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Abstract

Secretory and integral membrane proteins contribute to approximately one third of
the eukaryotic cellular proteome. Maturation of these proteins requires passage
into the Endoplasmic reticulum (ER), a process facilitated by the heterotrimeric
protein complex known as the Sec61 translocon. The three subunits that constitute
the Sec61 translocon in yeast/mammals are Sec61/Sec61a, Sss1/Sec61ly and
Sbh1/Sec61p. The functionality of the translocon is reliant on its ability to facilitate
the induction of nascent proteins while maintaining the barrier between the two
distinct environments of the ER and cytosol. However, the translocon is found to
also participate in a controlled flux of essential metabolites, a role that is thought to
be vital in maintaining these functional environments as well as for cellular
processes such as Ca?* signalling. The dynamic nature of the translocon is
fundamental in the channels ability to participate in these collectively distinct
functions; and while ER channels and components in translocation have been
described with roles in disease progression, the involvement of dysregulated

translocon dynamics is only recently being implicated.

The current literature that describes the mechanisms involved in regulating
translocon conformational dynamics is very Sec61/Sec61a centric. Yet our own
structural analysis revealed the extreme C-terminus of Sss1/Sec61y to be
juxtaposed to a key gating module of Sec61/Sec61la. We therefore hypothesised
that the highly conserved C-terminus of Sss1/Sec61y has a functional role in
regulating translocon dynamics. This work is founded in the characterisation of a
heptapeptide within the extreme C-terminus of the Sss1 subunit which we termed
as the KeoLIHIPl75 motif. This region is absolutely conserved in all eukaryotes studied
to date, which allowed us to take advantage of the well characterised and simplified
biology of the model organism, Saccharomyces cerevisiae. Our characterisation of
the KeoLIHIPI7s motif was instigated by the discovery of two temperature sensitive
(TS) mutations of this region, termed sss1-6 (P74A, 175A) and sss1-7 (H72K), which

yielded two main findings.



First, the TS phenotype of these mutants was found to be the result of dysregulated
translocon dynamics, specifically that which stabilises the open conformation and
perpetuates a leak across the translocon. We have leveraged the observable nature
of this phenotype along with the high levels of conservation present in the
translocon subunits in our design of a simplified system for assessing translocon
gating dynamics. The utility for such a system lies in its ability to identify the
manner in which disease associated mutations may be influencing translocon
dynamics. This work has also served as a pilot study for such utility, where we show
that cancer associated mutations of Sec61y, that are conserved within Sss1, can
influence the conformational stability of either the closed or open states of the

translocon.

The second main outcome from our investigations involved an observed
accumulation of Sss1 protein within the sss1-6 mutant. This would be attributed to
a disruption in the quality control of Sss1 that presented as increased protein
stability and led us to conclude that the KesLIHIPl75 peptide constitutes a degron for
Sss1. Herein, we have proceeded to characterise the mechanisms of Sss1
degradation, finding an increased rate in degradation upon diminished presence of
the major interacting partners, Sec61 and Ssh1l. This outcome identified Sss1 as a
guantity control substrate that is rapidly degraded when failing to interact with
either protein. We also found that Sss1 protein demonstrated varying levels of
stability across knockouts for three ER resident E3 ligase complexes, being HRD1,
DOA10 and ASI. This tight control that cells appear to have over Sss1 was also
demonstrated to be regulated via a family of peptidyl-prolyl cis-trans isomerases

(PP1) known as cyclophilins.

In essence, we have identified a highly conserved region Sss1 which encodes the
proteins degron and contributes to regulating translocon dynamics. Both findings
are novel to this work and contribute to our greater understanding of eukaryotic
cellular processes as well as the consequences to their dysregulation that can occur

within disease.
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Chapter 1

Literature review

The Endoplasmic Reticulum

The distribution of cellular processes to that of membrane bound organelles has
proved to be one of the greatest evolutionary advantages afforded to eukaryotic
cells. This compartmentalisation allows for specificity in an array of varying
functions to meet the demands of a eukaryotic cell and achieves a level of efficiency
required for such complexity observed in that of multicellular organisms. The
endoplasmic reticulum (ER) is one of the largest organelles, forming a tubular
network that can take up more than 10% of the cellular space at any given time (1).
The size of the ER reflects its importance within a cell as the ER contributes to
cellular function through lipid and steroid synthesis, protein maturation, transport
and degradation, and the storage of Calcium ions (2-7). The ER itself has several
morphologically distinct domains that specify in its many functions; the more
peripheral regions are heavily involved in the movement of proteins and cellular
organisation (8, 9), while the ER that envelopes the nucleus, known as the nuclear
envelope (NE), is more focussed on processes relating to centrosome localisation

and DNA repair (10-14).

On average, one third of the eukaryotic proteome is destined to the ER and includes
integral membrane proteins and precursors to the secretory pathway (15). The
secretory pathway exists for the processing and delivery of soluble proteins while
also utilised by transmembrane (TM) proteins so too reach their destined location
for functional expression. This pathway begins in the cytosol with the synthesis of
an appropriate nascent polypeptide at the ribosome followed by trafficking to the
ER membrane. The ER is the first point of contact for these proteins and performs
the necessary post translational modifications (PTM) and folding to tertiary and
quaternary structures. Proteins not resident to the ER are transported through

vesicular movement from ER exit sites to those organelles in the endo/exo-cytosis



network (Golgi apparatus, endosome, vacuole/lysosome and trafficking vesicles),
peroxisomes, lipid droplets, the mitochondria or the plasma membrane (15-17). At
the Golgi apparatus soluble proteins are packaged for distribution to the

extracellular space which is the process of secretion.

Sec61 Translocon Complex

Trafficking, and entry of nascent polypeptides to the ER is achieved via the process
of translocation. A TM protein complex, aptly named the Sec61 Translocon, serves
as the portal to the ER lumen and is cardinal in the translocation for the majority of
proteins that must precede the ER. The Sec61 translocon is a heterotrimeric protein
complex that is universally conserved, existing in prokaryota and archaea as SecYEG
and SecYEP respectively for the transport of protein across the plasma membrane
(18-20). The conserved nature of the Sec61 translocon proved advantageous in
providing the first structural insights. Initial studies dedicated to determining the
crystal structure utilised the simple biology of archaeal systems in generating the
homologous SecYEPB complex with X-ray crystallography (21). Advancements in
structural analysis, particularly the advent of cryo-EM have allowed researchers to
define translocon structure in eukaryotic systems with the initial discoveries still

used as the template for comparative characterisation.

The three subunits that constitute the yeast translocon are Sec61, Sbh1 and Sss1,
and represent the homologs to Sec61a, Sec61p and Sec61y of the mammalian
complex respectively (Fig. 1.1.). The Sec(retory)61 subunit is the largest component
of the translocon. Ten TM domains form two half structures around an aqueous
core that has been demonstrated to facilitate the translocating polypeptide (21-24).
The two halves of Sec61 are organised into TM helices 1-5 and 6-10 which are
connected by an external loop that extends between TM5 and 6 (L5/6) (Fig. 1.1., A
& C). At the opposing face there exists a junction between TM helices 2/3 and 7/8
known as the lateral gate. Three polar residues of the lateral gate form a cluster
that is sandwiched between an apolar patch of the plug domain and the

hydrophobic core of the lipid bilayer (Fig. 1.1.). This structural component of the
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Fig. 1.1. Ribbon diagram of the closed archaeal and open yeast translocon
apparatus. lllustration of the Sec61 crystal structure for the Methanocaldococcus
jannaschii complex (1RH5.pdb) (21), representing a truly closed conformation, and
the Saccharomyces cerevisiae SEC complex (6N3Q.pdb) (26) where Sec61 is
engaged into the fully open conformation via interactions with Sec62/Sec63
complex (hidden in diagram). Diagrams composed using ICM-Browser software. Key
structures are indicated: TM1-5 in red and green, and TM6-10 in blue and purple
form the two halves of the translocon; The lateral gate is formed by the helices in
purple and green; The pore ring and plug domain are highlighted in cyan and gold
respectively; A “hinge” is formed by the external loop L5/6 in yellow which joins the
two halves of the translocon; Cytosolic loops L6/7 and L8/9 are in pale green and
pale yellow respectively. The Sbh1 subunit is shown in silver while Sss1 is depicted
in orange. (A) Closed translocon, view looking from the cytosol inwards. The plug is
central to the pore. (B) Lateral view of closed complex. (C) Open translocon, view
looking from the cytosol inwards. The plug is displaced from the centre. (D) Lateral

view of open complex. (B,D) Hourglass-like shape highlighted by white guidelines.



translocon is found to be critical for establishing a hydrogen bond network that
stabilises the closed complex and coordinates interactions between the lateral and
lumenal gates of the translocon (25). Six hydrophobic residues of Sec61 project
their sidechains inwards at the approximate mid-section of the translocon. This
creates a central constriction known as the pore ring and gives the complex a
noticeably “hourglass-like” appearance (Fig. 1.1., B & D)(20, 21). The pore ring
ultimately governs movement through the translocon and while inactive, a short

helix of TM2 acts as a plug, interacting with the pore ring to seal the channel (27).

The Sbh1 and Sss1 subunits are less well characterised. Sss1 like Sec61 is an
essential subunit of the translocon. Sec Sixty-one Suppressor (Sss1), as the name
details, was discovered upon overexpression to supress a growth defect in a sec61
mutant (28). An N-terminal amphipathic helix sits horizontally along the
cytoplasmic face of the translocon while the C-terminus contains a transmembrane
domain (TMD) that diagonally spans the Sec61 subunit and anchors Sss1 to the ER.
The TM domain of Sss1 is positioned to stabilise the translocon at the opposing face
to the lateral gate and has been implicated in regulating lateral access to the
translocon (21, 29). The Sec61 Beta Homolog (Sbh1) is similarly anchored through a
C-terminal TM domain and locates to the periphery of the translocon (21). Unlike
the other two subunits, Sbh1 is only essential in higher eukaryotes, with the
absence of the two yeast homologs instead resulting in only a mild TS growth
phenotype (30, 31). The function of Sbh1 appears to be more regulatory with there

being less reliance on this subunit for the purposes of translocation.

Eukaryotes encode for a paralog to the canonical Sec61 complex that is solely
utilised for co-translational translocation, a protein trafficking pathway detailed
below. In yeast this complex is referred to as the Ssh1 (Sec sixty-one homologue)
while in mammals it is known as Sec61A2 (32). The Ssh1 complex comprises of
three subunits. The Ssh1 subunit forms the pore and shares 34% identity with
Sec61. Sbh2 is a second beta homolog with close relation to Sbh1. Interestingly,
Sss1 remains present and might suggest the critical role that this subunit plays in

the two complexes.



The Signal Sequence and Protein Trafficking

Currently protein sorting via the translocon is recognised to occur by one of two
predominant branches, co- and post- translational translocation. These diverging
pathways are described by the order of events in which trafficking of a substrate
occurs in respect to translation at the ribosome. At times these terms have been
synonymous with SRP-dependent and SRP-independent translocation respectively
(20). These terms describe the involvement, or lack thereof in the latter case, of a
highly conserved ribonucleoprotein known as the signal recognition particle (SRP)
(33-35). The potential for a nascent polypeptide to interact with an SRP occurs
during synthesis at the ribosome and is dependent on an amino-terminal signal
sequence (36, 37). This signal sequence (SS) is common to all polypeptides destined
to the ER as it is necessary for trafficking to the ER membrane and then for the
priming of an active translocon (38). The signal sequence is observed to consist of a
positively charged terminal region (N-region) followed by a hydrophobic core (H-
region) of approximately 16-22 amino acids (aa) and finally a polar carboxy-
terminus (C-region) that contains a cleavage site for recognition by a signal
peptidase (Fig. 1.2., A)(38-40). The hydrophobicity of the H-region is a major
determining factor in signal sequence recognition by the SRP, however, other
primary peptide characteristics are also relevant and include the peptide’s length
and structure as well as the location of the signal sequence (38, 41-43). Initiation of
translocation is dependent on successful intercalation of the signal sequence into
the ER lipid bilayer, of which the N-region is critical for providing the charge that
facilitates appropriate orientation at this locus (44). Furthermore, this has been in
context for soluble proteins, yet these processes are reflected in TM proteins where
amino-terminal transmembrane helices (TMH) share the characteristics of a signal
sequence, retaining the essential function while having some structural differences
(38, 45, 46). Positively charged aa residues remain important in orientating a TMH
as it becomes imbedded into the lipid bilayer in accord with the established
“positive inside” rule (45, 47). The location of the positively charged regions of a
TMH can differ however, existing either N- or C-terminal to the H-region. TMHs are

also of sufficient hydrophobicity to be recognised by an SRP and additionally lack
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Fig. 1.2. ER Trafficking. (A) The signal sequence divided into three regions; a
positively charged N-region, the H-region which consists of ~16-22 aa that form a
hydrophobic core, and the polar C-region which contains the signal cleavage site that
is highlighted in green. (B) Comparison of the yeast and bacterial SRP; Both contain
the RNA S-Domain, significant in its association with the highly conserved Srp54/Ffh
subunit in red. The M and NG domains are highlighted which are joined via a short
linker. Yeast, as with other higher order organisms contain the Alu-domain for
translation arrest. Yeast also contain additional subunits which are depicted here and
critical in the stepwise assembly of SRP from the nucleus to the cytosol. Image

created in BioRender.



the peptidase cleavage site of the SS as TMHs make up part of the functional

protein.

Co-translational Translocation - Trafficking

While common to our understanding of protein trafficking in the current age, the
existence of an aa sequence in coordinating the localisation of secretory proteins
was first proposed by G. Blobel et al. In 1971 (48). This “signal hypothesis” as it is
now known, would incite an insurgence in the field and later earn Blobel a Nobel
prize for his work. Studies performing in vitro reconstitution assays would be the
first to identify a key player, that of the mammalian SRP (49-53). A decade later, the
discovery of the bacterial homologue would result in great strides in the functional
characterisation of SRP due to the simplified biology and biochemical accessibility
that these prokaryotic systems provide (33, 34, 54). Here, it is worth noting that
significant homology is observed between these systems to such an extent that the
prokaryotic machinery is capable of functionally replacing that of the
eukaryotic/mammalian systems (54). An understanding of the mechanisms behind
SRP functionality has not only provided comprehension for the protein targeting
pathways but also for the processes that drive translocation. All of which will be
described here and while a lot of the initial work in the characterisation was
performed in prokaryotes | will henceforth focus on eukaryotic (yeast specific)

terminology for both relevance and clarity.

Recognition of a signal sequence or TMH by SRP serves to traffic most ER proteins
from the cytosol (55, 56). As previously mentioned, SRP is a ribonucleoprotein and
consists of a 7S RNA molecule (4.5S RNA in prokaryotes) and six protein subunits
that together make two observably distinct domains (Fig. 1.2., B) (55, 57). The Alu
domain, absent in prokaryotes, is the shorter of the two and forms an elongated
kinked structure that functions in translational arrest at the ribosome (58). The S-
domain however is critical in the association it has with the universally conserved
Srp54 subunit (Ffh in prokaryotes as the sole subunit) (55, 59). The C-terminal

methionine rich domain (M-domain) of Srp54 anchors the subunit proximal to the



7S RNA and juxtaposed to a conserved tetraloop (60-62). A flexible linker extends
from the M domain creating a junction to the remainder of Srp54 which consists of
an N-terminal four helix bundle (N-domain) and a unique GTPase domain (G-
domain) (63-65). The N- and G- domains are coupled in both Structure and function
forming the NG-domain where nucleotide dependent dimerisation provides

enzymatic activity (66, 67).

The SRP Receptor (SR) is a heterodimeric protein complex (SRa and SRB) that
localises to the ER. The Soluble SRa component possess an NG domain with high
homology to that found in SRP (66, 67). Dimerisation between these shared
domains supports the interaction between SRP and SR (SRPeSRa heterodimer) and
further enables GTP hydrolysis. SRB is a TM protein that associates with SRa
through an X-domain present in the later hence causing SRa to be tethered to the
ER membrane (68, 69). A GTPase domain in SRB permits this association when

bound with GTP (68).

With the key drivers now defined; SRP dependent translocation can be described as
a series of stepwise conformational changes that accommodate a viable substrate
on its passage to the ER membrane (Fig. 1.3.). Critical in the initiation of SRP-
dependent translocation is the availability of an appropriate SS within a nascent
polypeptide for the purposes of recognition by SRP. The key characteristics that
facilitate this recognition have been already described yet the importance in the
hydrophobicity of the H-region cannot be understated. The M-domain of Srp54
provides a hydrophobic groove to accommodate the H-region of the SS. The ability
of the M-domain to recognise a diverse array of substrates is established through
the enrichment of methionine residues. This phenomenon is explained by the
recognised “methionine bristle” hypothesis whereby the side chains of methionine,
while contributing to the hydrophobicity of the binding groove, also provide

adequate plasticity (34, 70).

Recognition of a SS by a SRP occurs at the ribosome during translation of the
nascent chain, forming the ribosome nascent chain complex (RNC). While SRP
binding was first thought to occur as the nascent chain emerges from the ribosomal

exit tunnel (RET), recent findings have demonstrated SRP to bind a ribosome with



80-100nM affinity as early as the nascent chain first enters the RET and in complete
disregard of an appropriate SS (71-73). This event results in the first conformational
change to occur in SRP, where the NG- and M-domain of Srp54 congregate to the
RET (74-77). Specifically, the NG-domain in the “proximal” position makes contact
with Rpl25 and Rpl35 while the M-domain is in contact with Rpl17 (58, 78-80).
These specific Ribosomal Proteins of the Large subunit or RPL elements are part of
the structure that forms a ring around the RET and also constitutes the sites at
which the ribosome will contact the Sec61 translocon, suggesting competitive

binding at this site.

The RET can house ~40-70 aa whereas substrate that extend greater than ~140 aa
become inviable for recognition by SRP, this in conjunction with the relatively low
stoichiometric abundance of SRP in the cytosol demonstrates the need for SRP to
survey ribosomes (81-84) (Fig. 1.3., [2]). SRP bound RNC are placed into a standby
phase as the SRP awaits the incoming nascent chain to ensure efficient targeting of
substrate proteins (73, 74, 76). Incorrect cargo at the RNC drives disassembly of SRP
so it may cycle between various ribosomes in search of a recognisable SS (73). In
the event of a SS being recognised, further conformational changes take place in
the SRP, increasing binding affinity 100-fold to an approximate 1nM affinity (71, 73,
77) (Fig. 1.3., [3]). Additionally, the highly structured Alu domain of SRP repositions
into direct interference with the ribosomal binding site that catalyses tRNA
translocation via elongation factor-2 and hence imparts translational arrest (58).
The need for this inhibitory event in eukaryotic cells is in stark contrast to
prokaryotes where it is absent and might reflect the grandeur scale at which these

systems operate on.

The now quiescent RNC forms a high affinity targeting complex with SRP that finds
itself locating to the SR at the ER membrane via the desired dimerisation of the
collective NG-domains (84, 85) (Fig. 1.3., [4]). At this stage the ribosome has paused
any further rearrangements from occurring at SRP as to remain competent for
translocation (86). The presence of the anionic lipids, abundant at the ER
membrane, has been observed to begin relieving this ribosomal pausing (87).

Thought to aid in this event, the ribosome now at the SR will activate hydrolysis of

10



the GTP bound SRP (88), resulting in dissociation of the SRa component. Occurring
in tandem, the SRPeSRa heterodimer facilitates the detachment of the “proximal”
NG-domain at the RET. Now mobile, the SRPeSRa heterodimer relocates “distally”
to the SRP RNA (78, 89, 90). At this stage, crosslinking analysis has demonstrated
the RNC remains associated with the now GDP bound SR (91) and with the NG-
domain of SRP repositioned away from the RET this complex is primed for
ribosomal handover to the translocon machinery (84, 90, 92) (Fig. 1.3., [5]). As the
translocon associates with this oligomeric complex it is found to positively regulate
the complete association of the SRPeSRa heterodimer into an active form for GTP
hydrolysis that is also stimulated by the distal RNA (93) (Fig. 1.3., [6]). In the GDP
bound state, SRP and SRa dissociate from each and are to be recycled for
subsequent rounds of targeting (Fig. 1.3., [7]). Furthermore, Sbh1 has been

demonstrated to serve as a nucleotide exchange factor (NEF) for SRp resetting the

subunit to be rebound with GTP and allowing it to reassociate with SRa (55).

Co-translational Translocation — Channel Interactions

Contact between the RNC and the translocon begins a cascading series of
conformational changes that take the translocon from the inactive state to a status
befitting the ability to accommodate protein translocation. The translocon lies
within the ER membrane and therefore positioned to a junction that separates the
distinct functional environments of the cytosol and ER lumen. As such a
coordinated approach is necessary in facilitating protein translocation while
maintaining the integrity of the ER membrane. The formation of the RNC-translocon
oligomer is seen as the binding of an interacting partner which is this first step in
the translocon entering a primed state capable of receiving a SS into the pore
region. Cytosolic loops L6/7 and L8/9 extend from the translocon to associate with
the ribosome at the common binding loci of RPL25 and RPL35 (Fig. 1.1., B & D) (94,
95). This interaction locks the translocon associated helices in place as a rotation is
triggered in the rest of the complex. An asymmetrical repositioning in the structure

of ~22° allows the cytosolic face to remain relatively unperturbed (19). At the
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Fig. 1.3. Stepwise guide to co-translational translocation. [1] Translation is
initiated at the ribosome. [2] GTP bound SRP scans ribosomes with a bound SRP
undergoing conformation changes that places the NG- and M-domains of Srp54 at
the RET as it awaits the peptide. [3] A recognisable SS initiates the formation of a
high affinity targeting complex which is directed to SR at the ER, translation is
inhibited. [4] Now associated with SR, the ribosome facilitates hydrolysis of the GTP
bound SRB which allows the SRPeSRa heterodimer to move distally along the RNA.
[5] The NG domain of SRP are now positioned away from the RET priming the
complex for ribosomal handover to the translocon, reinitiating translation to drive
translocation. [6] Association with the translocon regulates the complete
association of the SRPeSRa heterodimer into an active form for GTP hydrolysis that
is also stimulated by the distal RNA. [7] In the GDP bound State, SRP and SRa
dissociate from each and are to be recycled for subsequent rounds of targeting,
while SR is reset to a GTP bound state which is thought to occur via association
with Sbh1 of the translocon. while several residues of the pore ring associate
closely with TM2 to create a hydrophobic patch (19, 21). Image created in

BioRender.
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lumenal face however, the lateral gate is “cracked” to create a point of access to
the lipid bilayer between helices TM2 and TM7 (19). The pore ring is also
supplanted from the centre of the translocon at this time, initiating the
displacement of the plug domain. The translocon is now primed to receive the
SS/TMH of the nascent polypeptide. The determined hydrophobicity of the SS/TMH
is relevant in drawing the peptide past the mostly hydrophilic external regions of
the primed translocon and into the aqueous pore where the plug domain was
previously situated (19). As the nascent polypeptide enters the channel the
positively charged residues of the SS/TMH are attracted to the negatively charged
head groups of the phospholipids that constitute the ER membrane (20, 96). The
charged region is therefore retained in the cytosol resulting in ~45° kink to form in
the polypeptide, bringing about looped insertion (20, 97). Attractive forces between
the H-region of the SS/TMH and the hydrophobic patch, formed between non-polar
residues of the lateral gate and pore ring, positions the SS/TMH adjacent TM2 at
the “crack” in the lateral gate. This position allows the SS/TMH to intercalate into
the accessible lipid bilayer and in doing so, further disrupts the lateral gate. The
loop between TM5 and TM6 of the translocon act as a hinge at the opposing face
which is further stabilised by interactions with Sss1 (19). As the lateral gate is fully
extended, stability at the hinge results in unilateral opening at the translocon and
secures the open conformation. Brownian motion allows for the random movement
of the nascent polypeptide at the channel yet with SRP now dissociated from the
ribosome, translation can provide direction (20, 21, 98). These forces provide the
drive for unidirectional movement of the polypeptide into the ER lumen while the
looped insertion of the peptide at ~45° prevents the possibility of self-interaction

(20, 97).

Co-translational Translocation — Alternative Targeting

Despite the essential need for co-translational translocation, loss of SRP in
Saccharomyces cerevisiae does not represent a lethal phenotype, instead
presenting with cellular growth defects and an extended ER (35, 99). This poses the

existence of alternative pathways to SRP that facilitate the transport of co-
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translational substrates. Recently such a pathway has been described in yeast as a
co-translational targeting mechanism occurring independent of SRP and hence
known as the SRP-independent (SND) pathway (Fig. 1.4.) (100, 101). To this date
only a single homologue, that of hSND2, has been identified in mammals. This
pathway operates on a conceptual basis, quite similarly to that involving SRP where
a cytosolic component (SND1) binds a translating ribosome to form a complex
directed to a membrane bound heterodimer (SND2 & SND3) at the ER. The SND
pathway operates in parallel to alternative targeting pathways, preferentially
recognising substrate with TMHs relatively intermedial to those found at N- or C-

termini.

Synthetic genetic interaction screens propose the SND pathway can also
accommodate substrate that are trafficked by the SRP-dependent and GET
pathways (100, 102). This interaction with the later pathway is particularly
interesting as substrate to the GET pathway are usually translocated via an
alternative GET complex, owing to the pathway’s namesake. The guided entry of
tail anchored protein (GET) pathway is involved in the translocation of proteins that
contain a single C-terminally located TMH, otherwise known as tail anchored (TA)
proteins and includes the Sbh1 and Sss1 subunits of the translocon (Fig. 1.4.) (103).
Despite the specialised utility among each of these pathways an overlap is observed
between the various schools of substrate that they traffic (104). This demonstrates
a level of redundancy that may exist as a compensatory mechanism to relive
substrate burden. The GET pathway also functions post translationally and may
speak to conditional exchanges that could occur between the two broader branches

of translocation.

Post-translational Translocation

A subset of polypeptides that are translated to completion in the cytoplasm are
targeted to the ER as they still present with an appropriate SS/TMH. Due to the
nature of these proteins, they have managed to evade SRP recognition at the

ribosome and therefore must proceed by post-translational translocation (Fig. 1.4.).
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Fig. 1.4. SRP-independent translocation. The SND pathway involves Snd1 binding
to a translating ribosome and forming a complex directed to the membrane bound
heterodimer of Snd2/3 at the ER. The SND pathway has a preference for centrally
located TMHs bring substrate to the Sec61 translocon. The GET pathway is designed
for the trafficking of TA proteins. Getl and Get2 form the translocating complex
with substrate targeted via Get3. Smaller peptides or those with only a moderately
hydrophobic SS are directed via post-translational translocation. Substrate to this
pathway are fully synthesised in the cytosol yet remain competent for translocation
though the continual binding of HSP proteins, depicted here as the yeast proteins
Ssal and Ydj1. The heptameric SEC complex consists of the Sec61 complex in
addition to Sec62,63,71 and 72 which translocate substrate via a ratcheting

mechanism with Kar2. Image created in BioRender.
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Several occurrences can lead to this outcome, TA proteins for example contain a C-
Terminal TMH and therefore are fully synthesised before their hydrophobic domain
can engage an SRP (105). Smaller soluble proteins, namely pre-proteins (~¥<160 aa in
length i.e. Pre-Pro-insulin) are shielded from SRP within the RET which can house an
approximate ~40-70 aa (81, 106, 107). Even if large enough to emerge from the
RET, post-translational substrates have only moderate hydrophobicity in their SS

and are therefore incapable of efficiently engaging with an SRP (108).

Post translational translocation is an energy demanding process driven by
nucleotide hydrolysis through the involvement of the 70kDa family of heat shock
proteins (HSP70) at both substrate targeting and translocation (109, 110). This
molecular chaperone is functionally characterised through two distinct domains
that constitute of an N-terminal nucleotide binding domain (NBD) with weak
ATPase activity which regulates the adjoined substrate binding domain (SBD). The
bound nucleotide dictates the conformational related functions, with ATP bound
HSP70 observed to have fast binding and release of substrate, while the ADP bound
form slows these two processes (111-115). This approach to substrate binding is
coordinated through interactions with a specialised family of co-chaperones that
are characterised by the presence of a highly conserved J-domain (J-domain
protein, JDP) (116). HSP70s bind at the J-domain which expedites activity at the
NBD for efficient hydrolysis (117).

Post-translational polypeptides are fully synthesised in the cytosol where they are
engaged by these two families of molecular chaperones to ensure translocation
competency. The 40kDa family of Heat shock proteins (HSP40) are JDPs which
recognise misfolded/unfolded polypeptides that are subsequently escorted to the
HSP70. In the ATP bound state, HSP70 binds readily at exposed hydrophobic regions
of the polypeptide where HSP40 induced hydrolysis facilitates the conversion into
an ADP bound state with slowed substrate release (111, 118, 119). This is a cycled
reaction with repeated substrate binding and release being critical in polypeptides
gaining correct conformational status and preventing both the formation of protein

aggregates and recognition by cytosolic proteasomes.
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At the ER membrane the heterotrimeric translocon complex associates with a
tetramer of accessory proteins that collectively form the heptameric SEC complex
for post-translation translocation. The tetramer introduces the subunits Sec62,
Sec63, Sec71 and Sec72 for the purposes of protein trafficking and priming the
translocon for engagement with a polypeptide (120, 121). Sec63 makes extensive
interactions with the translocon subunits and is the foundation by which the other
accessory subunits associate, so that they too may facilitate interactions with the
translocon machinery (26). Positioned at the back face of the translocon opposing
the lateral gate, Sec63 has three TM domains that contact TM1 and TM5 of the
Sec61 subunit as well as the TMs of both Sbh1 and Sss1 (26, 122). A prominent
cytosolic tail at the C-terminal region of Sec63 contains the FN3 (Brl) domain which
interacts with the L6/7 of Sec61 (26). This interaction interferes with the ability of
the ribosome to bind to this loop; hence the ribosome cannot bind to the SEC

complex.

Sec71 and Sec72 appear to be fungal specific with no human homologs as yet
identified. Despite this, characterisation of Sec71/72 has elucidated the
mechanisms for trafficking post-translational substrate to the ER. A
tetratricopeptide repeat (TPR) in Sec72 creates a structural motif that provides the
means by which an unfolded polypeptide bound by HSPs 40 & 70 will targeted to
the ER (123). For context, the yeast proteins Ydj1 and Ssal are found in the roles of
the cytosolic HSP40 and HSP70 respectively (124). As described previously these
cytosolic chaperones will be involved in cycles of substrate binding and release,
keeping the unfolded polypeptide competent for translocation, until binding of Ssal
to the TPR domain of Sec72 through an acidic C-terminal tail (123). Sec72 is a
peripheral membrane protein that is tethered to the ER by association with Sec71, a
TM protein with a single membrane spanning domain at its N-terminus (125, 126).
The Sec71/72 dimer clamps Sec63 at the FN3 domain positioned above the
cytosolic face to the translocon channel (26, 127). This positioning is such that a tilt
resulting from the spatial arrangement of Sec63/71/72 allows for the substrate
peptide to be inserted straight into the translocon channel. Trafficking of

polypeptides via Ssal is non-discriminatory however, as Ssal has also been
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observed to traffic protein to the mitochondria via a similar mechanism with Tom70
(8, 128). Targeting specificity likely involves transient associations of Ssal with
membrane bound channels that are stabilised when an appropriate signal is
presented. These transient associations, however, could suffer from the relatively
lower hydrophobicity that presents in the SS/TMH of post-translational substrates,
as they would be met with a greater barrier of entry at the translocon. These
shortcomings can be overcome with timely recruitment of the polypeptide into the
translocon channel where interactions between Sec62/63 subunits and the

translocon promote efficiency through a pre-opening of the channel (127, 129).

Much in the same as the interactions with the ribosome during co translational
translocation, Sec62/63 cooperate as the interacting binding partner that initiates
conformation changes in the translocon. The points of contact between Sec63 and
the Sec61 subunit facilitate the initial “crack” in the lateral gate (130). Sec62 arrives
at the translocon associated to Sec63 where a basic cluster at the N-terminus of
Sec62 binds an acidic stretch of aa at the extreme C-terminus of Sec63 (131, 132).
Sec62 contains two TM domains that arrange at the translocon in a V shape and
positions the conjoining lumenal loop (L1/2) at the lateral gate (127). Localisation of
Sec62 to the lateral gate has been associated with a rotation in TM7 and TM8 of the
Sec61 subunit, causing further opening of the lateral gate and displacement of the
plug domain (127). At this point the translocon is primed for substrate insertion.
Sec62 is important at this stage for establishing protein topology as it has been
found to establish the correct orientation of the incoming SS/TMH. Translocation
proceeds in “ratcheting” process where Brownian motion again provides the
passive movement of the polypeptide through the channel (133). However, lacking
the translating ribosome, the process requires unidirectional moderation. The
lumenal loop L2/3 of Sec63 contains a ) domain that locates through an aperture
between TM5 of Sec61 and the TM of Sss1 to the lumenal exit of the translocon
(26). The J domain of Sec63 recruits an ER lumenal HSP70 chaperone protein known
as Kar2p (BiP; the mammalian homolog). ATP bound Kar2 undergoes hydrolysis on
association with Sec63, facilitating attachment of the ADP bound Kar2 to the

translocating polypeptide. This is a continuous process whereby additional
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molecules of Kar2 will subsequently bind, preventing the backflow of the
polypeptide (133). Once translocated, NEFs in the lumen of the ER promote the

dissociation of Kar2 from the polypeptide (133, 134).

Post-translational Modifications

Establishment of the 3D conformation of a protein is obligatory in maturation and
ultimately, expression as a functional component of the proteome. Protein folding
is a dynamic process that can be influenced by modification at specific aa residues
following synthesis. These post-translational modifications (PTM) are diversified by
the regions they function in as much as the nature of the modification itself, with
certain PTMs demonstrating region specificity. The ER is no exception with several
unique components initiating PTMs that include proteolytic cleavage, disulfide
bond formation, glycosylation, and chaperone activity (Fig. 1.5.) (135, 136). Often
considered to be the earliest modification to certain ER localised protein is the
cleavage of the SS. The timing of SS cleavage is protein dependent yet regularly
occurs during the translocation process (135, 137, 138). Lipid partitioning facilitates
the SS to leave from its position at the lateral gate and diffuse away from the
translocation machinery. At this time the once inaccessible SS is said to become
extended at the polar C-region exposing the cleavage site for recognition by a signal
peptidase (20, 135, 139). The SS is critical in protein localisation, establishing
topology and can even influence folding and modification events; yet cleavage is

necessary for the release of these proteins into ER lumen (135).

N-linked glycosylation is another PTM that can occur alongside protein
translocation. The multimeric Oligosaccharide transferase (OST) complex associates
with the translocon to permit the attachment of a core glycan to newly synthesised
proteins (140, 141). Specifically, the presence of an acceptor sequence Asn-Xaa-
Ser/Thr (where Xaa can be any aa expect for a proline and or aspartic acid) dictates
the transfer of the membrane bound glycan from a lipid-linked dolichol

pyrophosphate donor to the side chain amide group of the asparagine residue
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Fig. 1.5. Post translational modifications (PTM). The predominant PTM that take
place at the ER include: The attachment of a glycan core through N-linked
glycosylation via the OST complex; Cleavage of the SS from the translocated peptide
by signal peptidase; Molecular chaperones for foldase and holdase activity which
includes the action of HSPs 40 and 70 depicted here, binding to exposed hydrophobic
regions to prevent aggregation; Formation of disulfide bonds facilitated via the
activity of the PDI family of enzymes as well as the oxidising capacity of the ER lumen.

Image created in BioRender.
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(142, 143). The inclusion of glycoproteins is beneficial in enhancing the intrinsic
physiochemical properties of the cellular proteome, permitting an enhanced rate of
folding, greater thermodynamic stability, and a decreased propensity for forming

aggregates (135, 136).

Molecular chaperones are a family of proteins that include the likes of HSPs 40 &
70. Chaperones are observed to complex with unfolded proteins as only
intermediates to the native conformation, as they do not present in the final
functional structure (144, 145). The various functions of chaperones include
holdase and foldase activity which comes at a high energetic cost to cells as their
functional cycle involves the hydrolysis of ATP. These functions are essential to
keep proteins competent however, as they would otherwise become misfolded and

targeted for degradation (135, 136).

Redox greatly contributes to the cellular homeostasis and is established by a ratio
of reducing to oxidising agents. Glutathione presents as a major organic buffer for
redox, existing in either reduced (GSH) or oxidised (GSSG) states. Initial studies
investigating ER redox proposed a ratio of GSH to GSSG of 1:1 to 3:1 (146). These
reports, in comparison to overall cellular ratios of 30:1 to 100:1, found that the ER
harbours an environment which could be anywhere between 10-100 times more
oxidative than that of the whole cell. These experiments into cellular redox were
later proposed to be confounded by contamination from exogenous sources of
oxygen and may explain the magnitude of difference in which these values exist
between (147). More recent work has utilised fluorescent redox probes that can be
targeted to cellular compartments to specifically gauge redox potential (Voltage; V)
(148-151). Much in the same way that pH is a measure of free hydrogen ions,
voltage is used as a readout for redox potential through the measure of free
electrons. A more positive redox potential is representative of an analytes greater
propensity to gain electrons, or more simply, as having a greater oxidising
capability. Utilising the fluorescent redox reporters in yeast demonstrated the
oxidising capacity of the ER with a redox potential of ~-208 mV, relative to ~-320
mV that was described in the cytosol (148-150).
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A key rate limiting step in protein folding is the formation of a covalent bond
between the thiol groups of two separate cysteine residues, otherwise known as a
disulfide bond. Most secretory proteins will contain a disulfide bond to stabilise
folds, restricting the conformational dynamics of the protein as it assumes a tertiary
or even quaternary structure (152). A balanced redox poise is necessary for correct
bond formation with oxidising conditions driving the enzymatic pathways in
disulfide bond formation, while corrective mechanisms require significant reducing
power in the advent of aberrant folding (152-154). The cytosol is a hive for GSH
production and glutathione reductase activity and therefore maintains a high ratio
of GSH to GSSG (152, 155). These conditions are inappropriate for establishing the
oxidising requirement of disulfide bond production and as such this role is

appropriated by the ER.

Disulfide bond formation is best described by the activity of two ER resident
enzymes, Protein disulfide isomerase (PDI) and ER oxidoreductin 1 (Erol). As an
unfolded protein enters the ER, the close positioning of two cysteine side chains
can permit coupling through the catalytic action of PDI (152, 156). However, to
facilitate the formation of a disulfide bond, the internal pH must be sufficient to
prompt deprotonation at the cysteine side chain, converting the thiol group to a
reactive thiolate ion (151, 157). Catalysis by PDI then begins with a nucleophilic
attack from the thiolate ion (152, 158). The PDI family of enzymes are characterised
by the presence of a Cys-Xaa-Xaa-Cys thioredoxin-like motif within their catalytic
domain. Oxidised PDI forms a disulfide bond between the cysteines that comprise
thioredoxin-like motif (136, 159). The nucleophilic attack by thiolate resolves with
an Sn2 reaction, reforming the disulfide bond to one existing between the cysteines
of PDI and the substrate protein (152, 158). At this stage PDI has formed a mixed
disulfide intermediate with the substrate protein whereby the activity of PDI
donates the disulfide bond to the substrate, stabilising the protein fold and PDI
becoming reduced in the process. PDI can be reutilised for further rounds of bond
formation by reoxidation (160). Ero1l is a flavoprotein characterised by an
association with the cofactor flavin adenine dinucleotide (FAD) and catalyses the

restoration of PDI by the transfer of the electrons to itself (160, 161). FAD
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subsequently promotes Ero1l catalysed oxidation which results in the electrons
being dispensed to molecular oxygen, forming the reactive oxygen species H,0;

(136, 161).

Disulfide bond formation is ubiquitous to the ER and can occur even as the
polypeptide is being translocated. Due to the low discriminatory nature of these
modifications, cysteines are prone to mispairing and impact the early stages of
folding (162, 163). Reduced PDI can resolve non-native structures, performing
complementary to its oxidative state. This characterises the isomerase activity of
PDI where the non-native bonds will be dissolved in favour of the correct disulfide

bond that constitute part of the native structure (164).

Cells are unable to synthesise GSH in the ER lumen, instead GSH is imported into
this organelle from the cytosol (165). Lumenal supply of GSH plays important
regulatory roles in disulfide bond formation which extends to influences on overall
ER homeostasis. GSH can attach at the thiol side chain of a cysteine residue in what
is known as S-Glutathionylation. This PTM occurs ~0.1% of the time during normal
growth conditions, increasing to ~15% in the result of oxidative stress and thought
to protect protein thiols from irreversible over oxidation (151, 166). GSH is also
utilised by a ubiquitous family of proteins known as Glutaredoxins (GRX). Enzymes
of the GRX family demonstrate thioltransferase activity and perform a similar task
to that of reduced PDI, as they reduce non-native disulfide bonds in substate
proteins through the oxidation of GSH to GSSG (167, 168). Furthermore, GSH can
act as a nucleophile and therefore competes with substrate for oxidation. In doing
so GSH facilitates the reduction of PDI and therefore indirectly resolves protein
misfolding (169, 170). Interestingly, these previous two outcomes also implicate

GSH in promoting ER oxidation as it is converted to GSSG.

Accumulation of H,0; from the intrinsic activity of Erol results in the detrimental
hyperoxidation of the ER lumen. As such Erol must be regulated; a negative
feedback loop under increasingly oxidising conditions leads to the formation of
disulfide bonds at regulatory cysteines in Erol, inhibiting activity and by association,
the production of H,0; (151, 171). The feedback loop is interrupted by the influx of
GSH to the ER which reduces PDI and in turn Erol, reinitiating the cycle and
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establishing ER oxidation. Intuitively, GSH influx is also regulated under oxidising
conditions to ensure it does not pre-emptively override the Erol feedback loop.
Oxidation of the HSP70, Kar2, results in the chaperone interacting at the lumenal
face of the translocon, inhibiting GSH import (165). This begins to speak to the

translocons ability to influence ER homeostasis.

ER Homeostasis and The Translocon

Internal concentrations of metabolites control cellular function as they represent
the underlying components to metabolism. This in turn determines enzyme binding
site occupancy and the thermodynamics of metabolic reactions (172-174).
Metabolite levels are usually tightly maintained at an optimal range yet display
tolerance to accommodate the viability of organisms under changing conditions
(175-177). Large scale adjustments are usually directed through the utilisation of
active transporters, whereas the fundamental distribution of concentrates to an

optimal range is established by a controlled flux (172).

The regulation of glutathione for maintaining the homeostatic redox status of the
ER has already been discussed, yet the distribution of divalent cations between the
ER lumen and cytosol is equally regulated. The broad functions to which these ions
contribute include, cellular signalling, regulating molecular chaperones and
establishing enzymatic activity. Magnesium (Mg?*) for example is an important
cofactor for several enzymes including ATPases and protein kinases (178). ER
lumenal Mg?* on the other hand is crucial for the functioning of mammalian
MAGT1, the human ortholog to the Ost3 & Ost6 subunits of the yeast OST complex,
and as such can indirectly regulate N-linked glycosylation (179-181). Manganese
(Mn?%*) is an equally important cofactor to various enzymes. For instance, supply of
Mn?* impacts the sterol biosynthetic pathway, with cytosolic increases in Mn?*
upregulating the activity of farnesyl pyrophosphate (FPP) synthetase in the
production of squalene, an intermediate to sterol (182). Finally, calcium (Ca%*) and
zinc (Zn?*) ions are crucial cell signalling molecules that can be disseminated to

numerous membrane receptors, transporters, and channels. Association of Ca%* or
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Zn?* at these sites controls the regulation of upstream cellular processes which
include gene transcription, exocytosis, proliferation, and the induction of apoptosis

(183, 184).

It wasn’t until recently that the true involvement of the translocon in regulating
metabolite flux across the ER was revealed. Regarded as one of the largest
membranous pores of the ER, the translocon can reach an observed diameter of
approximately 40-60A when open through ribosomal binding. Integrity at the ER
membrane however, is maintained with the translocon in the inactive state
presenting with a smaller diameter of 9—-15A (185, 186). Still, the nature in which
the translocon can open to facilitate the translocation of polypeptide while
maintaining ER homeostasis has been under much study. Taking advantage of the
immediate effects of certain antibiotics and the conductance of analytes has
allowed researchers to characterise not only the ability of molecules to cross

through the translocon but the stages at which it is facilitated to do so.

Puromycin is an antibiotic that is highly selective at inhibiting translation through
releasing the nascent polypeptide from the translocon and was used to first
characterise the passage of small molecules via the translocon (187). Only following
treatment with puromycin would a small, neutral dye; methylumbelliferyl a-D-
glucopyranoside (4MaG) make its way into the ER lumen. There, association with a-
glucosidase Il would trigger activity in 4MaG which could be measured (188, 189).
The requirement for puromycin in this process would leave the group surmising
that a translationally inactive, ribosome-bound translocon could allow a flux yet the
biological relevance was not alluded to. Furthermore, this work implicated the
polypeptide in facilitating the integrity of the translocon during active translocation.
True enough, a gasket like seal is observed to form between the pore ring side
chains that contact the polypeptide as it transitions through the aqueous pore,

preventing any flux from taking place (21, 190).

The use of puromycin was later applied to the assessment of Ca?* across the ER in
mouse pancreatic acinar cells. It was hypothesised that not unlike the dye, Ca?*
could cross the ER membrane by way of the translocon. In agreement with the
initial predication, Ca?* was found to be depleted from the ER after treatment with
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puromycin (191). To collaborate that this was an outcome of flux through an
inactive, ribosome-bound translocon another translational inhibitor, Anisomycin,
was used. Anisomycin inhibits peptide elongation and therefore impacts upon the
action from puromycin by preventing stabilisation of ribosomal bound translocons
(192-194). The biological utility of the observed flux of Ca?* across the translocon
was later inferred to be necessary in cytosolic Ca?* signalling and preventing Ca®*

overload (193, 194).

It is now evident that the translocon can facilitate the diffusion of molecules across
the ER. But to what extent and at what stage in the translocons functional cycle
does this occur? The puromycin experiments revealed that an actively translocating
ribosome would interfere with the capacity to facilitate flux, ruling this state out.
Even if you dismiss the established requirement of a bound ribosome; the closed
lateral gate, localisation of the plug domain to the pore ring, as well as interactions
from external factors such as Kar2, all collectively exclude any potential
involvement of an inactive translocon in facilitating flux (186, 190). Some studies
have found that a point of flux exists as the ribosome first docks to the translocon.
This interaction initiates the conformational changes that “crack” the lateral gate,
yet before the insertion of the polypeptide into the channel, the translocon is
allowed to “breathe” which presents as a release of metabolites (97, 195). Even
still, it wasn’t until work aiming to characterise the import of GSH, that the full
extent by which facilitated diffusion occurs at the translocon could be
demonstrated. Toledano and colleagues (165) would find that following
translocation and departure of the polypeptide from the translocon, an idle
ribosome will remain attached. A translocon bound by the idle ribosome remains
open but is unburdened by substrate and so the facilitated diffusion of GSH into the
ER lumen was observed. This introduced a third functional state to the translocon,
one that operates outside of protein transport and instead contributes to cellular

homeostasis through the facilitated diffusion of metabolites.
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Dysregulation and the Activation of UPR

Eukaryotic organisms are dependent on the production and organisation of
complex hetero-oligomeric proteins through ER function. The ER meets this
demand with highly regulated systems for protein modification and delivery
established by its unique lumenal environment. These systems are sensitive to
dyshomeostasis and therefore justifying the stringent regulation placed on
maintaining equilibrium. The merit of protein standard is determined during
maturation with only properly folded protein allowed to exit from the ER to the
Golgi. Yet even under tight control, disturbances to ER homeostasis can arise from
Ca?* depletion, hypoxia, altered glycosylation or viral infection (196). During these
times efficiency is impacted which results in what is known as ER stress, typified by
accumulation of misfolded/unfolded proteins. It is worth noting that ER stress can
be experimentally induced using compounds such as tunicamycin, thapsigargin and
dithiothreitol (DTT). These compounds impact N-glycosylation, Ca>* homeostasis
and disulfide bond formation respectively demonstrating again the importance in
regulating these processes (197, 198). During times of ER stress, quality control
systems are in place to slow production and clear misfolding. The unfolded protein
response (UPR) is a signalling cascade triggered by the accumulation of
unfolded/misfolded proteins in the ER. Coordinated activation of three lumenal
sensors drives the response, being IRE1, PERK and ATF6. IRE1 and ATF6 expedite
gene expression while PERK acts to reduce protein synthesis (199, 200). This
represents the metazoan response to ER stress, as yeast only express Irel. Human
PERK expressed in yeast (201) however does demonstrate functionality suggesting

that the final outcome is the same, just with less specificity under a single regulator.

The Irel pathway was first discovered in Saccharomyces cerevisiae (202, 203)
where it was used to define the UPR, and as such will be the focus here in. Irel has
three functional domains, an N-terminal sensor domain that extend into the ER
lumen and cytosolic domains at the C-terminus being a serine-threonine kinase and
an endoribonuclease (199, 204, 205). The sensor domain contains a deep groove
that has homology to a similar region found in the major histocompatibility

complex (MHC). The groove is observed to bind protein with high specificity yet
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located at a notable depth that is thought to be accessible to only unfolded proteins
(196, 206). Under normal cellular conditions Kar2 is bound to the sensor domain to
prevent unsolicited activation of Irel. As unfolded protein accumulates, Kar2 is
released from Irel to exert holdase activity at hydrophobic stretches of the
unfolded protein, maintaining competency (199, 207, 208). In the absence of Kar2,
Irel can bind along unfolded proteins and begin to form clusters. Oligomerisation at
these clusters initiates autophosphorylation at the serine-threonine kinase and
subsequently activation of the endoribonuclease domain (196, 199, 206, 209). The
endoribonuclease domain performs spliceosome independent splicing of the Hacl
(XBP1; the mammalian ortholog) transcriptional factor (196, 199, 204, 210). Spliced
Hacl binds to an unfolded protein response element (UPRE) at the promoter of
target genes with broad regulatory outcomes (211, 212). Protein synthesis is down
regulated and membrane synthesis is enhanced, aiming to accommodate for the
protein load. Expression of molecular chaperones is increased, Kar2 is one such
target but also PDI which aids in protein re-folding through its inherent isomerase
activity (196, 213). Protein degradation is also increased through upregulation of a

pathway known as ER-associated degradation (ERAD).

ERAD aims to restore ER homeostasis through the removal of terminally misfolded
proteins. Recognition of substrate for ERAD occurs through several means
including, cis/trans configuration of peptidyl-prolyl bonds, disulfide bonds or the
most well understood, glycan trimming (214-216). Attached N-glycans provides
checkpoints during protein folding as progressively more extensive trimming events
offers an opportunity for dynamic rearrangements to occur. However, at a terminal
de-mannosylation event the protein is subsequently targeted for degradation.
ERAD begins with the retro-translocation of a substate to the cytosol (215, 217).
Retro-translocation is still not fully understood with some implicating Sec61 in this
process yet the ubiquitin ligase complex Hrd1 serves as the better candidate (215,
218-220). At the cytosol the substrate associates with a ubiquitin ligase complex
where exposed lysine residues are subject to covalent binding of ubiquitin chains in
what is referred to as polyubiquitination. Polyubiquitin chains are recognised by the

cytosolic 26s proteasome that finalises protein degradation (215, 221).

30



ER-phagy is an autophagic response that can also be enlisted by the cell for
clearance of the ER to the vacuole/lysosome. The advantages of cellular
compartmentalisation are apparent in these outcomes as problematic regions of
the ER can be segregated to subdomains and relinquished for larger scale
degradation. Regulation by autophagy is a newly emerging quality control pathway
defined as ER to lysosome associated degradation (ERLAD) (216). ER-phagy is
mediated by three differing classifications. Macro-phagy is the bulk delivery of ER
constitutes to the vacuole via the formation of an autophagosome. Micro-phagy is
characterised by portions of ER that contain misfolded proteins being directly
engulfed by the vacuole. Finally, ER vesicles can be released for subsequent fusion
and degradation by the vacuole/lysosome (216, 222). These events coordinate with

UPR and ERAD to govern ER size, function, and homeostasis.

However, as stress on the ER persists, the chance for functionality to be restored
and homeostasis re-established diminishes. In response the UPR may instead seek
to prevent further reaching consequences, terminating the dysregulated cell via
apoptosis (196, 200, 223). While this serves to eliminate the apparent
dysregulation, significant apoptosis has been associated with several physiological

imbalances and cellular diseases (224-227).

Project Design & Hypothesis: Characterising the Outcomes of Dysfunctional Sss1

Loss of ER homeostasis can impact intracellular function, leading to prolonged ER
stress and presents as a risk factor to disease progression. Disturbances to ER
channels and components in translocation have long been understood to have a
role in disease progression and fall under the umbrella term of “Channelopathies”
(228). While many of these channelopathies at the translocon have traditionally
involved disruptions in protein translocation, the consequences of impaired gating
are becoming more apparent. A study in mice observing the effects of defective
Kar2 binding at the translocon was one of the first to demonstrate defective gating
in propagating disease phenotypes. Here, a Y344H mutation in the ER lumenal L7 of

Sec6la would result in significant apoptosis of pancreatic B-cells with the affected
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mice presenting with phenotypes commonly associated with diabetes (229).
Further work investing this mutation in a human cell line found the inability of Kar2
to bind the translocon was associated with Ca?* depletion at the ER, providing novel

insight to the pathological consequences of defective gating (230).

Our knowledge of cellular processes is determined through fundamental research
which allows us to predict nature and elucidate not only function but subsequently
the involvement of these processes in disease progression. At the start of this
project, literature describing translocon function focused on the pore forming
Sec61 subunit. Understanding of the equally essential subunit Sss1 was limited to
simply stabilising the Sec61 subunit at this time. However, our structural analyses
would find the extreme C-terminus of Sss1 was juxtaposed to a key gating module
of Sec61. This led us to hypothesise that the highly conserved C-terminus of Sss1
may regulate gating of the translocon. In our possession are two mutants within
this region of Sss1 that exhibit a temperature sensitivity (TS) growth defect, sss1-6
(P74A, 175A) and sss1-7 (H72K). The nature of the TS phenotype finds these strains
inviable at an elevated temperature of 37°C through which phenotypical
characterisation would serve as the basis of this project. Furthermore, this work has
benefited from the genetic and biochemical tractability of the yeast, Saccharomyces
cerevisiae when pursing our investigations. The degree of sequence and functional
conservation observed between yeast and higher eukaryotes has resulted in yeast
being extensively used for the understanding of fundamental eukaryotic processes,
without the difficulties associated with the added complexity. Three aims were

explored:

1. Investigating a role for Sss1 in translocon gating dynamics

2. Characterising cancer associated mutations of Sss1 that impart gating

dysregulation

3. Determining protein degradation pathways regulating Sss1 abundance
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Chapter 2

General Methodology

Growth Conditions

S. cerevisiae were grown in Yeast Peptone (YP) media (1% w/v yeast extract, 2% w/v
peptone) supplemented with 2% w/v D-glucose (YPD) or minimal media (0.67% w/v
yeast nitrogen base, 0.5% w/v Ammonium Sulphate (Difco©, BD)) supplemented
with 2% w/v D-glucose (YNB), 0.002% w/v amino acids (100x stock; Leu, His, Lys,
Ura, Trp, Ade) and lacking in one or more of the essential amino acids used as a
selectable marker on a plasmid at either 30°C or 37°C. Counter selection of URA3
selective plasmids was achieved by the addition of 5-Fluoroorotic Acid (5-FOA) at 1
mg/mL. E. coli was cultured in Luria Bertani (LB) media (0.5% w/v yeast extract, 1%
w/v tryptone, 1% w/v NaCl) at 37°C with the addition of 110 pg/mL ampicillin when
selecting for transformants. Solid media was made by supplementing with 2% w/v
bacteriological agar. The Biophotometer Plus (Eppendorf) was utilised to assess
growth via Optical density (OD) at 600 nm. All media were from FORMEDIUM
(Hunstanton, U.K.). For growth assays yeast were spotted in a 10-fold dilution series

on YPD agar and grown at either 30°C, 34°C or 37°C for 2-3 days.

Yeast Transformation

Cells grown overnight were isolated via centrifugation at 3000g for 10 minutes at
4°C, resuspended in 5 mL of LTE buffer (100 mM lithium acetate (LiOAc), 10 mM
Tris.acetate, pH 7.4, 1 mM EDTA) and incubated at 30°C for 1 hour with shaking.
Cells were isolated as before and resuspended in 0.2 mL of LTE buffer.
Transformation reactions consisted of 34 uL of yeast cells, 6 uL of single-stranded
DNA (8 mg/mL salmon sperm DNA dissolved in LTE), up to 2 pL of plasmid/PCR and
200 pL of LTE PEG (LTE containing 40% w/v PEG4000), vortexed and then incubated
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at room temperature for ~30 minutes. Finally, cells were heat shocked for 15-30

minutes at 42°C and then immediately plated on the appropriate selective media.

Isolation of Yeast Genomic DNA

Yeast was grown to saturation, ODesoonm>4 and isolated by centrifugation at 3000g
for 3 minutes. Cells were resuspended in 0.5 mL of water, transferred to a 1.5 mL
microfuge tube and then centrifuged at 11,000g for 5 minutes at room
temperature. Cells were retained and resuspended in 0.2 mL of buffer A (2% v/v
Triton X-100, 100 mM NaCl, 10 mM Tris.HCI, 1 mM EDTA pH 8.0), and 200 pL of acid
washed beads and 0.2 mL of phenol:chloroform:isoamyl alcohol (25:24:1) (PCI) was
added. Samples were homogenised with the FastPrep-24™ 5G (6.0m/sec for 40sec).
After microcentrifugation (described above) the aqueous layer was transferred to a
new tube containing 0.2 mL of PCl and vortexed. This was repeated twice with
chloroform instead of PCl and 0.2 mL of TE (10 mM Tris.HCl, pH 8, 1 mM EDTA) was
added to the final extraction. 40 pL of 3M NaOAc pH 5.2 and 1 mL 100% EtOH was
added to each aqueous sample and incubated at -20°C for 20 minutes. Samples
were centrifuged at 11,000 g for 5 minutes at room temperature and the pellet was
washed with 500 ulL of 70% EtOH. Following a final spin at 11,000 g for 5 minutes

the pellet was left to dry and resuspended in 100 uL of sterile H,O.

DNA Sequencing

Big Dye PCR reactions were setup as 10 plL reactions containing 1 pL BigDye, 1.5 plL
5xBigDye buffer, 1.5 uL water, 0.32 ulL of an appropriate primer, and either ~40ng
PCR product or ~300ng plasmid DNA as template. After amplification, 1 pL of
125mM EDTA, 1 uL of 3M sodium acetate and 25 uL of 100% ethanol was added to
the reaction mixture which was then incubated at room temperature for 25
minutes. Samples were then centrifuged at 18,000g for 28 minutes at room
temperature, the pellet washed in 125 pL of 70% ethanol and then centrifuged at

18,000g at room temperature for a further 5 minutes. The supernatant was
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discarded with the pellets left to dry in the dark. Samples were taken to Murdoch

University SABC sequencing facility where the sequencing was performed.

Cell Lysates from Yeast Strains

Yeast cells were grown to mid-log phase (ODeoonm < 1) and 10 ODeoonm Of cells were
isolated by centrifugation at 3000 g for 3 minutes at 4°C, washed twice in 1 mL of
sterile H,0 and transferred to a 1.5 mL screw top tube and centrifuged, isolating
cells. Laemmli Buffer (63 mM Tris pH6.8, 10% glycerol, 5% B-mercaptoethanol, 2%
SDS, 0.005% bromophenol blue) was added to cells at 200 L per 10 ODsgo in
combination with acid washed beads to the meniscus. Samples were heated to 95°C
for 5 minutes and cell lysis achieved utilising the FastPrep-24™ 5G (6.0m/sec for
40sec). The samples were then heated for a second time at 95°C for 5 minutes

before loading onto a polyacrylamide gel or storage at -20°C.

Immunoblotting

Gels were run with SDS running buffer at 25 mA with 5-10 pL of sample used
alongside 2 uL of protein ladder. Samples underwent semi-dry transfer at 150 mA,
25V for 1.5 hrs to PVDF membranes. After transfer, membranes were blocked for
>30 minutes in TBST (130 mM NacCl, 2.6mM KCI, 2 mM Tris pH 7.6, 0.1% v/v tween
20) containing 5% w/v skim milk powder (TBSTM) with shaking. Primary antibody
was applied with TBSTM at designated concentrations and left for 22 hours with
shaking. Membranes were washed three times in TBST for 5-10mins with shaking.
Blots were incubated with secondary antibody for an hour with shaking. Following
another wash done as previously, SuperSignal® West Pico chemiluminescent
substrate (Thermo Scientific) was applied to develop the blot which was then

visualised using the ChemiDoc™ MP System (BioRad).
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B-Galactosidase Assays

B-Galactosidase assays were performed according to Tyson and Stirling 2000 (1).
Briefly, yeast cells were grown at 30 °C in minimal medium containing 2% glucose
and appropriate supplements. Cultures were diluted to an Aeoonm 0f 0.2 and grown
for a further 4 h. Cells were isolated and resuspended in 2 mL of Z buffer (60 mM
NazHPO4, 40 mM NaH;P04, 10 mM KCI, 10 mM MgS04, 50 mM 2-mercaptoethanol,
pH 7.0). Aliquots (0.8 mL) were collected, cells were permeabilised in 50 pL of 0.1%
(w/v) SDS and 100 uL of CHCIs3, and samples were equilibrated to 30°C. Assays were
initiated by addition of 160 pL of o-nitrophenyl-galactopyranoside (4 mg/mL stock
solution in Z buffer) and incubated at 30°C for 20 min. Reactions were terminated
by addition of 400 pL of 1 M Na>COs, pH 9.0, the ODa420 nm Was measured, and LacZ
activity (U) was calculated by multiplying ODa20 nm/ODeoo nm by 1000. Three
independent biological replicates and at least two technical replicates were

performed.

Membrane Preparation

Yeast were grown in YPD to ODeoonm = 0.5 - 2, harvested by centrifugation at 3000g
for 3 minutes at 4°C. The harvested cells were then washed with 10 mL of
resuspension buffer (100 mM Tris.SO4 pH 9.4, 10 mM DTT) before being
resuspended in this buffer at 1 mL per 50 ODsoonm and incubated at room
temperature for 10 minutes. Cells were isolated by centrifugation at 3000g for 5
minutes at 4°C and resuspended in spheroplast buffer (0.7 M sorbitol, 0.5% w/v
glucose, 50 mM Tris.HCl pH 7.4) at 1 mL per 100 ODsoonm plus 1.5 U of lyticase per
ODsoonm and Phenylmethylsulfonyl fluoride (PMSF) at 10 uL per mL of buffer (PMSF
was added to all subsequent buffers) and incubated at 30°C for 30 minutes.
Following centrifugation at 2500g for 5mins at 4°C the spheroplasts were
resuspended in ice cold lysis buffer (0.1 M sorbitol, 50 mM KOAc, 20 mM HEPES pH
7.4,2 mM EDTA, 1 mM DTT) at 1 mL per 200 ODggonm. Acid washed beads were then
added to approximately 75% of the sample volume and samples were vortexed at

30 second intervals for 5 cycles. This was followed by centrifugation at 1000g for 10
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minutes at 4°C to remove debris. The soluble fraction was retained and then
centrifuged at 10000g for 20 minutes at 4°C to isolate membranes. The pellet was
washed twice in 1 mL of ice-cold membrane storage buffer (250 mM sorbitol, 20
mM HEPES pH 7.4, 50 mM KOAc, 1 mM DTT, 2 mM MgOAc) and then resuspended

in a final volume of 1 mL per 50 OD2sonm and snap frozen until use.

DSS Cross-linking

Yeast microsomes were prepared according to Rothblatt and Meyer, 1986 (2).
Microsomes were incubated at 30°C for 30 min in the presence of either 1 mM DSS
or equivalent volume of DMSO. The addition of 10 mM lysine and 10 mM Tris (final
concentration) supplied excess amine groups to quench the reaction. Crosslinking

was assessed through subsequent SDS PAGE, transfer and immunoblot.

Solubilisation of Membranes with Digitonin

Two Op2sonm Units of microsomes were harvested by centrifugation at 10,000 g for 5
minutes at 4°C. The membrane pellet was resuspended in 100 pL of solubilisation
buffer (S-buffer; 2% digitonin, 250 mM NaCl, 2 mM DTT, 30 mM Tris.HCl pH 7.6, 5
mM MgOAc, 12% glycerol, 1% v/v PIC) and incubated for 30 minutes on ice.
Samples were centrifuged at 10,000g for 15 minutes after which the soluble
fraction was retained and subject to ultracentrifugation at 400,000g for 1 hour to
separate the ribosome associated material. Finally, the soluble fraction was
retained and diluted to a total volume of 180 puL with S-buffer without NaCl and

digitonin.

ConA Dependent Fractionation of SEC Proteins

The fractionation of SEC proteins by ConA was performed according to Pilon et al.,
1998 (3). Briefly, microsomes were isolated and resuspended in 100 pL of
solubilisation buffer (50 mM HEPES/KOH, pH 7.4, 400 mM KAc, 5 mM MgAc, 10%

[wt/vol] glycerol, 0.05% [vol/vol] B-mercaptoethanol) on ice containing protease
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inhibitors (5 pg/mL leupeptin, 0.5 pg/mL pepstatin, 1 mM amino-benzamidine, 2.5
ug/mL chymostatin, and 0.1 mM PMSF). Membranes were solubilised by the addition
of 400 pL solubilisation buffer containing 3.75% (wt/vol) digitonin. Next, samples
were centrifuged at 100,000 x g in a Beckman TLA100.3 rotor for 60 min at 4°C to
isolate the ribosome attached membrane proteins (RAMPs). The supernatant
fraction was added to 100 uL of a suspension of concanavalin A (Con-A)-Sepharose
equilibrated in 50 mM HEPES/KOH (pH 7.4), 10% (wt/vol) glycerol, 0.05% (vol/vol) B-
mercaptoethanol, 1% (wt/vol) digitonin, and protease inhibitors, and incubated for
60 mins at 4°C. The beads were recovered by centrifugation at 2500 x g and the
supernatant fraction was cleared from any remaining beads at 12,000 x g (free
fraction). The Con-A beads were washed three times with 1 mL of equilibration
buffer. Equal aliquots of both fractions were analysed by SDS-PAGE and

immunoblotting with the indicated antibodies.

Blue Native PAGE Analysis

BN-PAGE was performed according to Jermy et al., 2006 (4). Two A280nm units of
microsomes were harvested by centrifugation at 10,000 x g, resuspended in 100 pL
of S-buffer (20 mM Tris-HCI, pH 7.6, 250 mM NacCl, 2 mM dithiothreitol, 5 mM
MgOAc, 2% digitonin, 12% glycerol, 1% (v/v) protease inhibitor mixture (Sigma))
and then incubated on ice for 30 min. The insoluble material was removed by
centrifugation at 10,000 x g, and then ribosomes were removed by centrifugation
for 60 min at 400,000 x g. The supernatant was then diluted to 180 pL with S-buffer
without NaCl and digitonin, followed by the addition of 20 pL of 10x sample buffer
(5% Coomassie Brilliant Blue G250, 500 mM 6-aminocaproic acid, 100 mM Bistris-
HCI, pH 7.0). 0.8 A280nm unit aliquots were loaded onto a 6-16% polyacrylamide
gradient gel (buffered with 500 mM 6-aminocaproic acid, 50 mM Tris-HCI, pH 7.0).
The samples were run at 200 V for 18 h with Coomassie-containing cathode buffer
(50 mM Tricine, pH 7.0, 15 mM Bistris-HCI, pH 7.0, 0.02% Coomassie Brilliant Blue
G250) and then for a further 3 h at 500 V in buffer lacking Coomassie (50 mM
Tricine, pH 7.0, 15 mM Bistris-HCI, pH 7.0). Anode buffer (50 mM Bistris-HCIl, pH 7.0)
was constant throughout. The samples were then transferred to polyvinylidene
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difluoride membrane and analysed by Western blotting. Complex sizes were
determined using the high molecular weight calibration kit for native

electrophoresis (Amersham Biosciences).

Cycloheximide Chase Analysis

Yeast cells were grown in YPD overnight at 30°C. Overnight cultures were then
diluted back to 0.2 ODsoonm in 15 mL of fresh medium and left to recover until they
reach log growth phase (0.8-1.2 ODeoonm). When cells have reached log growth, 2
ODeoonm Of cells were collected for each time point that was to be taken. Cells were
centrifuged at 3000g for 3 mins and the supernatant was subsequently discarded.
Cell pellets were then resuspended in fresh YPD to reach the desired 2 ODeoonm
culture which was placed back at 30°C for 5 mins to re-equilibrate. To initiate the
chase, cultures were treated with cycloheximide (chx) to final concentration of 250
ug/mL and timer swiftly started following treatment to the first sample, with chx
added to subsequent samples in 30 sec intervals. Following a 10-minute pre-
treatment, 950 ul of cells were collected every 30 minutes, over a 90-minute time
course and placed in a screw cap tube on ice with 50 uL of 20x stop mix (200 mM
sodium azide, 5 mg/mL bovine serum albumin). Samples were processed as soon as
possible following collection, in-between collection time point as per the cell lysate
protocol and then placed at -80°C until all samples were processed and ready to be
run on polyacrylamide gels. Samples were resolved on 15% polyacrylamide gels and

then immunoblotted as described above.

Mutagenesis and Selection for SEC61 Suppressors of the sss1-7 TS Phenotype

EP-PCR was carried out with Tag DNA polymerase in the presence of 500 uM MnCl;
and run for 10 cycles. Reactions were also performed with inverse dNTP
concentrations. Samples were pooled after EP-PCR and digested with Hind /Il for 1
hour at 37°C. sss1-7 yeast were transformed with restricted PCR product and
transformants were plated on YPD agar and incubated at 37°C for up to 5 days. The

SEC61 locus of suppressor colonies was sequenced, and individual mutations were
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introduced in pBW11 by site-directed mutagenesis using the Q5® Site Directed

Mutagenesis Protocol (NEB).

Fluorescence Microscopy

The GFP ORF was amplified with oligonucleotides flanked with 5’ Pacl and 3’ Sphl and
ligated into pJKB2 in which nucleotides -8 to -1 and 1 to 6 were mutated to encode
Pacl and Sphl restriction sites respectively giving pLB4 (YCp GFP-5551). The sss1-6 and
sss1-7 mutations were incorporated into pLB4 using the Q5°® Site Directed
Mutagenesis Protocol (NEB) givig pLB5 and pLB6 respectively. Oligonucleotides used
are listed in Table 1.3. Static images were collected of live cells attached to a
concanavalin A-coated slide using an Ultraview Spinning Disk Confocal Microscope

(Perkin Elmer Life Sciences).

Glutathione Sensitive Growth Assay

Yeast strains containing the Yep HGT1 were cultured at 30°C to mid-logarithmic
phase. Sub-cultures at 0.01 ODgponm in SC medium were produced omitting uracil and
with the addition of 0-10 uM of L-reduced glutathione. Growth was followed and
recorded at several key time points. Three independent biological replicates and at
least two technical replicates were performed. These results were averaged with

each concentration compared as a factor of the 0 uM result.

Invertase Secretion

Cells were grown in YPD (2% glucose) at 30°C, cultures were split, and cells
incubated at 30°C or 37°C for 1h in YPD (2% glucose). Cells were then pelleted
(2000g), washed twice with pre-warmed low glucose (0.1% glucose) YPD,
resuspended in the low glucose YPD medium, and incubated as before for 1.5 hrs.
To halt trafficking, samples were adjusted to 10mM NaN3, and incubated on ice.
The samples were washed 3X with 500 pL ice-cold 10mM NaN3 and re-suspended
in 500 pL of the same. The samples were split into 10mM NaN3 buffers + 0.2 %
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Triton X-100 (final) with the Triton-solubilised fractions also being subjected to one
cycle of freeze-thaw to generate the permeabilised cell fraction. The partner non-
permeabilised and permeabilised samples were used to determine extracellular and
total invertase activities, respectively. The pool of secreted invertase is expressed as

a fraction.

Reverse Transcription (RT)-PCR

Total RNA was isolated from cells using the FavorPrepTM blood cultured cell total
RNA mini-Kit and 1 pug was used to template reverse transcription using
WarmStart® RTx Reverse Transcriptase to generate cDNA (20 L final volume). H,0
was used in no RT controls. To analyse HGT1, PMR1 or ACT1 expression, PCR was
performed using 1 uL of cDNA fraction as template and specific oligonucleotides as

primers. Products were quantified with Image J software.
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Chapter 2 Tables

Table 1.1. Yeast strains used in this study.

Yeast Genotype Reference
BWY12 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | Wilkinson et al. 1997
3,112 can1-100 sec61A::HIS3 pBW7 (5)
BWY530 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | Wilkinson et al. 2010
3,112 can1-100 sss1A::KanMX4 FKp53 (6)
BWY531 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | Wilkinson et al. 2010
3,112 can1-100 sss1A::KanMX4 FKp53 (6)
55851 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | Wilkinson et al. 2010
3,112 can1-100 sss1A::KanMX4 pJKB2 (6)
5§5851-3 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pHD1
5551-4 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pHD2
5§5851-5 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pHD3
sss1-6 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pJKB16
sss1-7 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 canl1-100 sss1A::KanMX4 pCM205
CMY5 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sec61A::HIS3
sss1A::KanMX4 YCp SEC61 SSS1 URA3
Cwy1 sss1-7 + YCp SEC61V3%F (pCW2) This study
CWY2 sss1-7 + YCp SEC61°%%%F (pCW3) This study
CWyY3 sss1-7 + YCp SEC61M392K (pCW4) This study
CWY4 sss1-7 + YCp SEC61"392Y (pCWS5) This study
CWY5 sss1-7 + YCp SEC61™37°4 (pCW6) This study
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CWY6 sss1-7 + YCp SEC61M302L (pCW7) This study
CWY8 sss1-7 + YCp SEC61V8%F (pCW?2) + pJT30 This study
CWY9 sss1-7 + YCp SEC61°%8%F (pCW3) + pJT30 This study
CWY10 | sss1-7+YCp SEC61N392K (pCW4) + pJT30 This study
CWY11 | sss1-7 +YCp SEC61N392Y (pCWS5) + pJT30 This study
CWY12 | sss1-7+YCp SEC61™794 (pCW6) + pJT30 This study
CWY13 | sss1-7 +YCp SEC61N302L (pCW7) + pJT30 This study
CWY15 | sss1-6 + YCp SEC61Y3% (pCW2) + pCW10 This study
CWY16 | sss1-6 +YCp SEC61°?5%F (pCW3) + pCW10 This study
CWY17 | sss1-6 +YCp SEC61N392K (pCW4) + pCW10 This study
CWY18 | sss1-6 + YCp SEC61N39?Y (pCWS5) + pCW10 This study
CWY19 | sss1-6 +YCp SEC61737°4 (pCW6) + pCW10 This study
CWY20 | sss1-6 +YCp SEC61N3%2L (pCW?7) + pCW10 This study
CWY22 | sss1-6 +YCp SEC61V3%F (pCW2) + pJT30 This study
CWY23 | sss1-6 + YCp SEC61°%5%F (pCW3) + pJT30 This study
CWY24 | sss1-6 + YCp SEC61N302K (pCW4) + pJT30 This study
CWY25 | sss1-6 + YCp SEC61N392Y (pCW5) + pJT30 This study
CWY26 | sss1-6 +YCp SEC61™74 (pCW6) + pJT30 This study
CWY27 | sss1-6 + YCp SEC61N3%2L (pCW7) + pJT30 This study
CWY29 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sec61A::HIS3 pCW8

CWY30 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study

3,112 can1-100 sec61A::HIS3

sss1A::KanMX4 pBW11 pLB1
Ccwy31 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study

3,112 canl1-100 sec61A::HIS3

sss1A::KanMX4 pCW8 pLB1
CWyY32 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study

3,112 can1-100 sec61A::HIS3
sss1A::KanMX4 pBW11 pLB2
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CWY33

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3
sss1A::KanMX4 pCW8 pLB2

This study

CWY34

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3
sss1A::KanMX4 pBW11 pLB3

This study

CWY35

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3
sss1A::KanMX4 pCW8 pLB3

This study

CWY36

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61
(pBW11)

This study

Cwy37

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61V4%F
(PCW?2)

This study

CWY38

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61°?8%F
(pCW3)

This study

CWY39

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61N30K
(pCW4)

This study

CWY40

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61N302Y
(PCWS5)

This study

Cwy41

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61T3794
(pCW6)

This study

CWY42

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61N302t
(PCW7)

This study
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Ccwy43 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 canl1-100 sss1A::KanMX4 pLB4
pSM1960
Cwy44 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pLB5
pSM1960
Cwy45 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pLB6
pSM1960
sss1-8 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 canl1-100 sss1A::KanMX4 pCW11
sss1-Kl MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 canl1-100 sss1A::KanMX4 pCW12
sss1-KE MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW13
sss1-AV MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW14
sss1-LF MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW15
sss1-VT MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW16
sss1-6 KI MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW17
sss1-6 KE MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW18
sss1-6 AV MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW19
sss1-6 LF MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW20
sss1-6 VT MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW21
sss1-7 Kl MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study

3,112 can1-100 sss1A::KanMX4 pCW22
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sss1-7 KE MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW23
sss1-7 AV MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 canl1-100 sss1A::KanMX4 pCW24
sss1-7 LF MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 canl1-100 sss1A::KanMX4 pCW25
sss1-7 VT MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCW26
CwyY4e sss1-8 + YCp SEC61 (pBW11) This study
cwya7 $ss1-8 + YCp SEC61M392K (nCW4) This study
CWY48 sss1-8 + YCp SEC61M3%%t (pCW?7) This study
CWY49 sss1-8 + YCp SEC619%4 (pCW27) This study
CWY50 sss1-6 KE + pRS315 This study
Cwys1 sss1-6 KE + YCp SEC61 (pBW11) This study
CWY52 sss1-6 KE + YCp SEC61"3%2L (pCW7) This study
CWY53 sss1-6 KE + YCp SEC61M3%%K (pCW4) This study
CwWY54 sss1-7 KE + pRS315 This study
CWY55 sss1-7 KE + YCp SEC61 (pBW11) This study
CWY56 sss1-7 KE + YCp SEC61M3%L (pCW?7) This study
CWY57 sss1-7 KE + YCp SEC61M3%%K (pCW4) This study
CWY58 5§551+ YCp SEC61 (pBW11) + pJT30 Witham et al., 2020 (7)
CWY59 sss1-6 + YCp SEC61 (pBW11) + pJT30 Witham et al., 2020 (7)
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CWY60 sss1-7 + YCp SEC61 (pBW11) + pJT30 Witham et al., 2020 (7)
Cwyel sss1-6 LF + YCp SEC61 (pBW11) + pJT30 This study
CWY62 sss1-7 LF + YCp SEC61 (pBW11) + pJT30 This study
CWY63 sss1-6 AV + YCp SEC61 (pBW11) + pJT30 This study
CwYe64 sss1-7 AV + YCp SEC61 (pBW11) + pJT30 This study
CWY65 sss1-7 VT + YCp SEC61 (pBW11) + pJT30 This study
CWY66 sss1-8 + YCp SEC61 (pBW11) + pJT30 This study
CWY67 sss1-8 + YCp SEC61M3%2K (pCW4) + pJT30 This study
CWY6S8 sss1-8 + YCp SEC61M3%%L (pCW?7) + plJT30 This study
CWY69 sss1-8 + YCp SEC619%4 (pCW27) + pJT30 This study
CWY70 S$551 + YCp SEC61 (pBW11) + pCW10 Witham et al., 2020 (7)
CWY71 sss1-6 + YCp SEC61 (pBW11) + pCW10 Witham et al., 2020 (7)
CWY72 sss1-7 + YCp SEC61 (pBW11) + pCW10 Witham et al., 2020 (7)
CwWY73 sss1-6 LF + YCp SEC61 (pBW11) + pCW10 This study
CWY74 sss1-7 LF + YCp SEC61 (pBW11) + pCW10 This study
CWY75 sss1-6 AV + YCp SEC61 (pBW11) + pCW10 This study
CWY76 sss1-7 AV + YCp SEC61 (pBW11) + pCW10 This study
Cwy77 sss1-7 VT + YCp SEC61 (pBW11) + pCW10 This study
CWY78 sss1-8 + YCp SEC61 (pBW11) + pCW10 This study
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CWY79 sss1-8 + YCp SEC61"30K (pCW4) + pCW10 This study
CWY80 sss1-8 + YCp SEC61"3%%L (pCW7) + pCW10 This study
cwysi1 sss1-8 + YCp SEC619%4 (pCW27) + pCW10 This study
Ccwys2 sss1-7 + YCp SEC619%5% (pCW31) This study
cwys3 sss1-7 + YCp SEC611449M (hCW32) This study
CWwys4 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sec61A::HIS3 YCp SEC61°25%
(PCW31)
CWY85 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sec61A::HIS3 YCp SEC61-449M
(pCW32)
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Winston et al. 1995
(8)
BWY530t | MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::TRP1 FKp53
PRY14 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 ssh1A::kanMX4, HIS3-pMET3-
SEC61
sss1P74A | MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 canl1-100 sss1A::KanMX4 pCW28
sss1'7A | MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 canl1-100 sss1A::KanMX4 pCW29
sss1K20R | MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
K38R 3,112 can1-100 sss1A::KanMX4 pCW30
lhs1A MATa his3A1 leu2A0 lys2A0 ura3A0 Winzeler et al. 1999
lhs1A::KanMX4 (9)
pmrlA MATa his3A1 leu2A0 lys2A0 ura3A0 Winzeler et al. 1999

pmrlA::KanMX4

(9)
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hrdiA

MATa his3A1 leu2A0 lys2A0 ura3A0
hrd1A::KanMX4

Winzeler et al. 1999
(9)

derlA MATa his3A1 leu2A0 lys2A0 ura3A0 Winzeler et al. 1999
derlA::KanMX4 9)

usalA MATa his3A1 leu2A0 lys2A0 ura3A0 Winzeler et al. 1999
usalA::KanMX4 9)

ubc7A MATa his3A1 leu2A0 lys2A0 ura3A0 Winzeler et al. 1999
ubc71A::KanMX4 9)

doal0A | MATa his3A1 leu2A0 lys2A0 ura3A0 Winzeler et al. 1999
doal0A::KanMX4 9)

530t MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study

hrd1A 3,112 can1-100 sss1A::TRP1 hrd1A::KanMX6

530t MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study

doa10A 3,112 can1-100 sss1A::TRP1

doal0A::KanMX6

530t MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study

asilA 3,112 can1-100 sss1A::TRP1 asilA::KanMX6

530t MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study

cpr5A 3,112 can1-100 sss1A::TRP1 cpr5A::KanMX6
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Table 1.2. Plasmids used in this study.

Plasmid Description Reference
pJT30 UPRE-LacZ reporter Tyson and Stirling, 2000 (1)
pBW11 YCp SEC61 LEU2 Wilkinson et al., 1997 (5)
pDR195 YEp URA3 containing the PMA1 Rentsch et al. 1995 (10)
promoter and CYC1 terminator to
enable high level gene expression.
pSM1960 | YEp SEC63-mRFP URA3 Metzger et al., 2008 (11)
pJKB2 YCp S551 HIS3 Wilkinson et al., 2010. (6)
pJKB16 YCp sss1P74A175A HIS3 This study
pCM203 YCp SEC61 5551 URA3 This study
pCM205 | YCp sss1"72KH|S3 This study
FKp52 YCp S551 URA3 Esnault et al., 1993 (12)
FKp53 YEp S551 URA3 Esnault et al., 1993 (12)
pFA6a- Kanamycin resistance cassette Bahler et al., 1998 (13)
kanMX6
pRS316 Yeast centromeric URA3 vector Sikorski and Hieter., 1989
(14)
pCW?2 YCp SEC61V3F LEU2 This study
pCW3 YCp SEC61°%%%F LEU2 This study
pCW4 YCp SEC61M302K [EU2 This study
pCW5 YCp SEC61N302Y LEU2 This study
pCW6 YCp SEC61™*7°A LEU2 This study
pCW7 YCp SEC61M302L [EU2 This study
pCW8 YCp SEC61M302D | EU2 This study
pCW10 YEp HGT1 URA3 This study
pCW11 YCp sss1H72R HIS3 This study
pCW12 YCp sss1%38' HIS3 This study
pCW13 YCp sss1/4E HIS3 This study
pCW14 YCp sss14°3V HIS3 This study
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pCW15 YCp sss1Y79F HIS3 This study
pCW16 YCp sss1V78T HIS3 This study
pCW17 YCp ss51K381P74A1754 1|53 This study
pCW18 YCp sss1KHEP7AAIZSA 1S3 This study
pCW19 YCp ss51A°3VP74AI75A 1S3 This study
pCW20 YCp sss1L70FP74AI75A 1S3 This study
pCW21 YCp s551V78TP74A17354 H|S3 This study
pCW22 YCp sss1/381H72K H|S3 This study
pCW23 YCp sss1K4EH72K HIS3 This study
pCW24 YCp ss514°3VH72K H|S3 This study
pCW25 YCp sss1L70FH72K H)S3 This study
pCW26 YCp sss1V78TH72K H|S3 This study
pCW27 | YCp SEC61%%%7 LEU2 This study
pCW28 YCp sss1P7#A HIS3 This study
pCW29 YCp sss1'7°AHIS3 This study
pCW30 YCp ss51K20RK38R 1S3 This study
pCW31 | YCp SEC61626% [EU2 This study
pCW32 | YCp SEC61“49M EU2 This study
pHD1 YCp 5551684 K694 H|S3 This study
pHD2 YCp sss1t70A171A H|S3 This study
pHD3 YCp sss1H72A173A H|S3 This study
pLB1 YCp SSS1 TRP1 This study
pLB2 YCp sss1P744 175A TRP1 This study
pLB3 YCp sss1"72KTRP1 This study
pLB4 Ycp GFP-5551 HIS3 This study
pLB5 Ycp GFP-sss1P744 1754 1S3 This study
pLB6 YCp GFP-sss1172K HIS3 This study
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Table 1.3. Oligonucleotides used in this study.

Name Sequence

M13_F GTAAAACGACGGCCAGT
M13_R CAGGAAACAGCTATGAC
SEC615’_F CCGTGTTCTAGACTTGTTTAAGC

SEC61 V82F_F

AATTGGGTTTTTCGCCCATCATCAC

SEC61 G262E_F

ATATTTACAAGaaTTCCGTTACGAATTGCCCATC

SEC61 G262E_R

GTAACGGAAttCTTGTAAATATAAAACAAAGAGG

SEC61 V82F_R

CCAGTAAAGTACCACGGTTGG

SEC61 S289F _F

CTTTTATACTTtCAACACCCCAATCATGTT

SEC61 S289F_R

TGGGGTGTTGaAAGTATAAAAGAGTTTGAT

SEC61 N302K_F

CATTGACTTCTAAaATTTTCTTGATCTCTC

SEC61 N302K_R

CAAGAAAATITTAGAAGTCAATGCACTCTG

SEC61 N302Y_F

CATTGACTTCTttCATTTTCTTGATCTCTC

SEC61 N302Y_R

CAAGAAAATGEaAGAAGTCAATGCACTCTG

SEC61 T379A_F

ATTTTCCAAGECATGGATCGAAATCTCCGG

SEC61 T379A_R

TTCGATCCATGCcCTTGGAAAATACTGCGCA

SEC61 L44SM _F

CATCCATTaTGATGGCTACTACCACCATCTAC

SEC61 L448M_R

GTAGCCATCAtAATGGATGCCCCAGAACCTAA

SEC61 N302L_F

CATTGACTTCTctCATTTTCTTGATCTCTC

SEC61 N302L_R

CAAGAAAATGagAGAAGTCAATGCACTCTG

SEC61 N302D_F

CATTGACTTCTgaCATTTTCTTGATCTCTC

SEC61 N302D_R

CAAGAAAATGtcAGAAGTCAATGCACTCTG

5551 168A K69A_F

TTACGCCgcCgcGTTGATTCATATTCCAAT

5551 168A K69A_R

GAATCAACEgcGgcGGCGTAACCAATGATAC

S551 L70A 171A_F

CATCAAGgECGgcTCATATTCCAATCAGATA

S551 L70A 171A_R

GAATATGAgcCgcCTTGATGGCGTAACCAA

S551 H72A 173A_F

GTTGATTgcTgcTCCAATCAGATACGTTAT

S$551 H72A 173A_R

TGATTGGAgECAgcAATCAACTTGATGGCGT

S551 P7AA175A_F

GATTCATATTgCAgcCAGATACGTTATTGT

5551 P74A175A _R

GTATCTGEcTGCAATATGAATCAACTTGAT
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SSS1 H72K_F

AAGTTGATTaAaATTCCAATCAGATACGTTATTG

SSS1H72K R TGATTGGAATtTtAATCAACTTGATGGCGTAAC

Sphl pJKB2_F gCcatgcAGAGCTAGTGAAAAAGGTGAAGAG

pJKB2 Pacl_R ttaattaaTCAATGTTATACGTGATTTTATCTTTGG

Pacl GFP_F ttttttttaattaaatgAGTAAAGGAGAAGAACTTTTCAC
Sphl GFP_R ttttttgcatgc TTTGTATAGTTCATCCATGCC

HGT1_F ATATAGCGGCCGCATGAGTACCATTTATAGGGAGAGCG
HGT1_R ATATAGGATCCTTACCACCATTTATCATAACC

S$551 P74A175A_F

GATTCATATTECAgcCAGATACGTTATTGT

5551 P74A175A_R

GTATCTGEcTGCAATATGAATCAACTTGAT

S551 H72K_F AAGTTGATTaAaATTCCAATCAGATACGTTATTG
S$551 H72K_R TGATTGGAATtTtAATCAACTTGATGGCGTAAC
5551 K38I_F AATTCTTGGCCAttTGTAAGAAACCTGATT
5551 K38l _R TTCTTACAaaTGGCCAAGAATTGAGTACCT
5551 K41E_F CAAGTGTAAGEAACCTGATTTGAAGGAATA
S551 KA1E_R CAAATCAGGTTCCTTACACTTGGCCAAGAA
5551 A53V_F GATTGTCAAGGtTGTTGGTATTGGTTTTAT
S$551 A53V_R AATACCAACAaCCTTGACAATCTTGGTGTA
S$851 L70F_F CATCAAGTTtATTCATATTCCAATCAGATACG
S$551 L70F_R GCTGCAATATGAATAAACTTGATGGCGTAACC
S$551 H72R_F CATCAAGTTGATTagaATTCCAATCAGATACG
S§51 H72R_R ATTGGAATtctAATCAACTTGATGGCGTAACC
S551 V78T_F CAGATACacTATTGTTTAAAAGAGATAAAAG
S§51V78T_R TCTTTTAAACAATAgtGTATCTGATTGGAAT

5551 L70F P74A 175A_F

CATCAAGTTtATTCATATTGCAGCCAGATACG

5551 L70F P74A 175A_R

ATTGGAATATGAATaAACTTGATGGCGTAACC

S$§51 L70F H72K_F

CATCAAGTTtATTaAaATTCCAATCAGATACG

S§851 L70F H72K_R

ATTGGAATtTtAATaAACTTGATGGCGTAACC

5551 V78T P74A175A_R

TCTTTTAAACAATAgtGTATCTGGCTGGAAT

HGT1 gpcr_F

CCCAATTGGTAGGATACTGG

HGT1 _gpcr_R

GTAAGACCTGCAGCACCATAAC
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PMR1_gpcr_F GGCAACCAAGATTCTCAACC
PMRI_gpcr_R GCCATAGAATTTGCGCACTC
ACT1_qpcr_F GCCTTCTACGTTTCCATCCA

ACT1_qgpcr_R GGCCAAATCGATTCTCAAAA

5551 P74A_FWD

GATTCATATTGCAATCAGATACGTTATTGTTTAAAAG

5551 P74A_RVS

AACGTATCTGATTGCAATATGAATCAACTTGATGGCG

S§51 175A_FWD

GATTCATATTCCAGCCAGATACGTTATTGTTTAAAAG

S$551 175A_RVS

AACGTATCTGGCTGGAATATGAATCAACTTGATGGCG

5551 K20R_FWD

CAACCAGGTTGAAAGGCTGGTTGAAGCACCTG

$5S1 K20R_RVS

CAACCAGCCTTTCAACCTGGTTGTTGCTCTGC

$SS1 K38R_FWD

CTTGGCCAGGTGTAAGAAACCTGATTTGAAGG

5551 K38R_RVS

GGTTTCTTACACCTGGCCAAGAATTGAGTACC

HRD1_FWD GCTTCACCACTAGTTATACTGTCG

HRD1_RVS GGTCAGACGTAGCTGATCGATGTAG

DOA10_FWD GACCGATCTATGAAGCCATAAG

DOA10_RVS CTTGAAAGCACTCGCACGCATAG

ASI1_KO_FWD ITTTTTTCTTCTTTTTACAAAGAAACTATGCTAAGAATATGC
GTACGCTGCAGGTCGAC

ASI1_KO_RVS AAACCTCTTTTAGATACCATGCAAAAGTTCTTAAACTATTA
ATCGATGAATTCGAGCTC

CPR5_KO_FWD CAATAAACAAAAGGCACAGCGATATCCGCAATTATGCGTA
CGCTGCAGGTCGAC

CPR5_KO_RVS GCTGGCCTATACATCTCCTGAATAGTGATGCAGTTTACGAT

GAATTCGAGCTCG

HRD1_Check_FWD

CGATAAATTTCCATACGTGCCG

DOA10_Check_FWD

CGCATCGATTGAGGACATTG

CPR5_Check_FWD

CCATCCTTACTACTTTCCTCGAGGAG

ASI1_Check_FWD

GGGAATACTCAGGTATCGTAAGATGC

KAN_Check_RVS

GATGTGAGAACTGTATCCTAGC
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Table 1.4. Antibodies used in this study.

Antibody Dilution Reference

Anti-Sec61p, rabbit polyclonal 1:10,000 Stirling et al., 1992 (15)
Anti-Sss1p, sheep polyclonal 1:5000 Wilkinson et al., 2010 (6)
Anti-Sec63p, sheep polyclonal 1:10,000 Young et al., 2001 (16)
Anti-DPAP B, sheep polyclonal 1:5000 Tyson and Stirling 2000 (1)
Anti-Kar2p, sheep polyclonal 1:10,000 Tyson and Stirling 2000 (1)
Anti-Prepro alpha factor, sheep | 1:10,000 Young et al., 2001 (16)
polyclonal

Anti-Sil1, sheep polyclonal 1:10,000 Tyson and Stirling 2000 (1)
Anti-GAPDH, mouse polyclonal 1:20,000 N/A

HRP conjugated anti-sheep 1:20,000 N/A

HRP conjugated anti-rabbit 1:20,000 N/A

HRP conjugated anti-mouse 1:10,000 N/A

67




References

1. Tyson JR, Stirling CJ. LHS1 and SIL1 provide a lumenal function that is essential for
protein translocation into the endoplasmic reticulum. The EMBO journal.
2000;19(23):6440-52.

2. Rothblatt JA, Meyer DI. Secretion in yeast: translocation and glycosylation of
prepro-alpha-factor in vitro can occur via an ATP-dependent post-translational mechanism.
The EMBO journal. 1986;5(5):1031-6.

3. Pilon M, Romisch K, Quach D, Schekman R. Sec61p serves multiple roles in
secretory precursor binding and translocation into the endoplasmic reticulum membrane.
Molecular biology of the cell. 1998;9(12):3455-73.

4, Jermy AJ, Willer M, Davis E, Wilkinson BM, Stirling CJ. The Brl domain in Sec63p is
required for assembly of functional endoplasmic reticulum translocons. The Journal of
biological chemistry. 2006;281(12):7899-906.

5. Wilkinson BM, Esnault Y, Craven RA, Skiba F, Fieschi J, K'Epes F, et al. Molecular
architecture of the ER translocase probed by chemical crosslinking of Sss1p to
complementary fragments of Sec61p. The EMBO journal. 1997;16(15):4549-59.

6. Wilkinson BM, Brownsword JK, Mousley CJ, Stirling CJ. Sss1p is required to
complete protein translocon activation. The Journal of biological chemistry.
2010;285(42):32671-7.

7. Witham CM, Dassanayake HG, Paxman AL, Stevens KLP, Baklous L, White PF, et al.
The conserved C-terminus of Ssslp is required to maintain the endoplasmic reticulum
permeability barrier. The Journal of biological chemistry. 2020;295(7):2125-34.

8. Winston F, Dollard C, Ricupero-Hovasse SL. Construction of a set of convenient
saccharomyces cerevisiae strains that are isogenic to $288C. 1995;11(1):53-5.
9. Winzeler EA, Shoemaker DD, Astromoff A, Liang H, Anderson K, Andre B, et al.

Functional characterization of the S. cerevisiae genome by gene deletion and parallel
analysis. Science. 1999;285(5429):901-6.

10. Rentsch D, Laloi M, Rouhara |, Schmelzer E, Delrot S, Frommer WB. NTR1 encodes a
high affinity oligopeptide transporter in Arabidopsis. FEBS Lett. 1995;370(3):264-8.

11. Metzger MB, Maurer MJ, Dancy BM, Michaelis S. Degradation of a cytosolic protein
requires endoplasmic reticulum-associated degradation machinery. The Journal of
biological chemistry. 2008;283(47):32302-16.

12. Esnault Y, Blondel MO, Deshaies RJ, Scheckman R, Képés F. The yeast SSS1 gene is
essential for secretory protein translocation and encodes a conserved protein of the
endoplasmic reticulum. The EMBO journal. 1993;12(11):4083-93.

13. Bahler J, Wu JQ, Longtine MS, Shah NG, McKenzie A, 3rd, Steever AB, et al.
Heterologous modules for efficient and versatile PCR-based gene targeting in
Schizosaccharomyces pombe. Yeast (Chichester, England). 1998;14(10):943-51.

14. Sikorski RS, Hieter P. A system of shuttle vectors and yeast host strains designed for
efficient manipulation of DNA in Saccharomyces cerevisiae. Genetics. 1989;122(1):19-27.
15. Stirling CJ, Rothblatt J, Hosobuchi M, Deshaies R, Schekman R. Protein translocation
mutants defective in the insertion of integral membrane proteins into the endoplasmic
reticulum. Molecular biology of the cell. 1992;3(2):129-42.

16. Young BP, Craven RA, Reid PJ, Willer M, Stirling CJ. Sec63p and Kar2p are required
for the translocation of SRP-dependent precursors into the yeast endoplasmic reticulum in
vivo. The EMBO journal. 2001;20(1-2):262-71.

68



Chapter 3

Investigating a Role for Sss1 in Translocon Gating Dynamics

Introduction

The Endoplasmic Reticulum (ER) is a multifunctional organelle that acts as the entry
point to the secretory pathway and is a major site for protein biogenesis. The
heterotrimeric Sec61 translocon forms the channel through which secretory and
integral membrane proteins are translocated. This function demands that the channel
sits a junction between the ER and cytosol, and as such must be structured to prevent
the free flow of various solutes. During the inception of this project, we found that the

current mechanisms describing how the translocon is gated to be very Sec61 centric.

Sss1 Function

Sssl is an essential subunit of the heterotrimeric Sec61 complex. Structural analysis
shows Sss1 to be a small C-terminal anchor protein consisting of an N-terminal
cytosolic domain and a C-terminal TM domain. Sss1 was previously indicated to act as a
clamp to hold both halves of the Sec61 subunit together and hence regulate lateral
access to the translocon (1, 2). Some of the first characterisation of Sss1 involved a
series of novel mutations within the cytosolic and TMDs of the protein (2). This work
found that the cytosolic domain was responsible in establishing interactions with the
Sec61 subunit. Analysis at the TMD of Sss1 however, revealed that deletion of this
domain led to a loss of cell viability due to defective protein translocation. To further
characterise this outcome fusion mutants were created using the two domains of Sss1
with those corresponding to another single membrane spanning protein, that of the
ubiquitin conjugating enzyme Ubc6. The generated fusion mutants were able to

associate with Sec61 but could not supress the lethality of a sss14 mutation which was
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attributed to an obstruction in translocation. This was the first study to indicate a
requirement for the Sss1 TMD in the activation of protein translocation. These findings
would be complemented with a later study that found point mutations within the tail
anchored TMD of Sss1 led to diminished growth, defects in co- and post- translational
translocation, inefficient ribosome binding to Sec61 complex, reduction in the stability
of both heterotrimeric Sec61 and heptameric SEC complexes and a complete

breakdown of ER structure (3).

Our own structural analysis revealed that the highly conserved extreme C-terminus of
Sssl is juxtaposed to a key gating module of Sec61. Therefore, we hypothesised that
the C-terminus of Sss1 is important for gating the Sec61 translocon. This work would
become the first to detail a role for the Sss1 subunit in regulating translocon gating.
With its completion, we have furthered the fundamental understanding of how the
translocon is regulated which is a critical step in understanding the pathways to
dysfunction that arise in disease. This was achieved through the characterisation of
two mutants within the extreme C-terminus of Sss1 which exhibited temperature

sensitivity at 37°C, being sss1-6 (P74A, 175A) and sss1-7 (H72K) (4).

Temperature Sensitive Mutations

The study of temperature sensitive (TS) mutations has served fundamental biology
from as early as 1963 (5, 6). This class of mutants has been utilised in both the
identification of genes as well as analysing their essential functions within a cell. TS
alleles are generally missense variants that provide a straightforward mechanism to
control gene function. Standard growing conditions are permissive to cellular growth of
these mutants. However, the essential function of the mutated genes becomes ablated
under elevated temperatures which can be observed at both, high non-permissive
temperatures, and intermediate, semi permissive temperatures. This provides an

inducible environment where the impact of these mutations on cellular physiology can
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be assessed, and by characterising the loss of an essential function, we can implicate

the assessed gene in regulating these processes.

The Yeast of All Model Organisms

Despite the compelling utility of TS mutants, the task of generating them can be quite
arduous. These mutations must be incorporated into the genome of the organism of
interest and as such the screening process requires a large number of isolates. This
number is only exacerbated as the size of the organism’s genome increases. Using the
fruit-fly, Drosophila melanogaster as an example, the screening process to isolate TS
mutations can be in the order of several hundred thousand separate isolates (7, 8).
Such a task is considered infeasible, especially if you take the fact that more complex
organisms require longer culturing times. Therefore, it has become necessary to use

simple model organisms in such screens.

Escherichia coli is commonly used due to its unburdened and well described biology in
addition to the fact it can be cultured quite rapidly. However bacterial systems can be
inappropriate in the study of eukaryotic genes due to the lack of PTMs such as
proteolytic cleavage of signal sequences and glycosylation. It is for this reason that the
budding yeast, Saccharomyces cerevisiae has been extensively used in the
understanding of fundamental eukaryotic processes. In addition to fast culturing and
an ability to perform PTMs, Yeast possess a genetic system that allows for
complementation and dominant versus recessive studies, a transformation efficiency
of up to 1x108 transformants/ug of DNA and a highly developed and conserved
secretory pathway (9). S. cerevisiae also demonstrates a high frequency of homologous
DNA recombination which can be performed with DNA elements with as few as 40
base pairs that are homologous to the gene of interest (9, 10). Collectively these
characteristics make yeast ideal for creating genetic libraries as part of a study,

particularly those conducting directed evolution screens.
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Experimental Design and Aims

Directed evolution in a laboratory setting takes a Darwinian approach which involves
generating genetic diversity followed by selection through function. Random
mutagenesis is generally used to achieve diversity in the genes of interest and can be
performed using Error-Prone PCR (EP-PCR), chemical mutagenesis and DNA shuffling
(11). We endeavoured to generate a library of sec61 mutants through EP-PCR to
determine whether mutations in this major interacting partner to Sss1 could supress
the temperature sensitivity of our sss1 mutants. Any difficulty associated to directed
evolution usually comes at selection stage and as is the benefit to our approach,
whereby using our TS mutants we can select for suppression. We also take advantage
of the fact that the Sec61 subunit was well-described in the literature and has a strong
association with our gene of interest, SS51. Therefore, by exploiting the genetics of
Sec61 we subsequently infer similar functionality to Sss1. We found several mutations
within key gating modules of Sec61 that were capable of supressing the TS phenotypes
of both sss1-6 and sss1-7. We also further characterised the TS phenotype to be a
consequence of disturbed gating at the translocon which perpetuates an uncontrolled
flux of metabolites across the channel. These collective outcomes granted a greater
understanding of the consequences that the TS mutations had on cellular anatomy and
offers direction in exploring the physiology and associated pathologies at the

mammalian ER.

* The greater part of this work has undergone peer review and was subsequently
accepted for publication. The submitted manuscript has been included to form part
of this chapter together with supplementary results that we found relevant in our
path to discovery yet didn’t make it to submission. This is followed by a brief

discussion on the topic matter that includes some deeper insights upon reflection.
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Results

Structural Analysis Finds a Role for Sss1 in the Translocon Gating Module

Sssl is a small C-terminal anchor protein and an essential component of the
heterotrimeric Sec61 complex. Clustal omega sequence analysis of Sss1/Sec61y protein
sequences identifies the TM domain of these orthologues to be 57% identical and 83%
similar (Fig. 2.1., A) thus indicating substantial conservation. Further structural analysis
revealed that the extreme C-terminus of Sss1/Sec61y lies at the opening of the
translocation channel within the ER lumen, juxtaposed to the key gating module of
Sec61/Sec6la which comprises the lumenal loop connecting TM1 and the TM2a plug
domain (Fig. 2.1., B).

Two mutants of sss1 were generated to query the functional importance of the Sss1 C-
terminus. The first of these mutants contains a substitution of a highly conserved
histidine residue to a lysine (H72K) and was termed sss1-7. The other mutant, which is
the outcome of a substitution to two highly conserved residues being that of a proline
and isoleucine for alanine residues (P74A, 175A), was termed sss1-6. These two

mutants confer TS growth at 37°C (Fig. 2.1., C).

Sec61 Mutants Suppress the Temperature Sensitivity of sss1-7

A genetic approach was used to discern the nature of the TS sss1 mutations and the
physiological impact they impose onto the ER. This involved a directed evolution screen
where EP-PCR served as the conduit for mutagenesis to introduce point mutations into
the gene encoding for the major interacting partner of Sss1, Sec61. This allowed us to
identify intergenic suppressors of sss1-7 TS growth (Ts+). Error prone PCR (EP-PCR)
utilises the low fidelity of Taq polymerase which is exacerbated when Mn?* is
introduced into the reaction. Increased Mg?* and unequal dNTP concentrations were
also applied. After 5 PCR cycles the mutagenised PCR product was transformed into

sss1-7 cells and transformants grown at 37°C. 203 Ts+ colonies were isolated and the
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Fig. 2.1. sss1-6 and sss1-7 are mutants located at the extreme C-terminus of Sss1 and
present with a temperature sensitive growth defect. (A) Sequence alignment of Homo
sapiens (H.s.) Sec61y and budding yeast (S.c.) Sss1p using Clustal omega sequence
alignment software. Sequence identity and similarity are noted in black, and grey
respectively. (B) Crystal structure of the Ssh1 translocon. Sshilp is indicated in slate,
Ssslp in red and Sbh2p in blue. The Sec61 complex remains to be crystallised. Sss1p
H72 is circled. (C) WT, sss1-6 and sss1-7 cells were spotted on YPD in a 10-fold dilution

series and incubated at 30 and 37°C for 3 days.
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complete nucleotide sequences of 50 determined. On average EP-PCR yielded 3.5
mutations per 1 kb yet only 25 of the 50 sequenced mutants contained a single
nucleotide substitution in the SEC61 open reading frame (ORF). In total seven different
SEC61 mutant alleles, V82F, G262E, S289F, N302K, N302Y, T379A, and L449M, were
obtained from this screen and their ability to suppress the TS growth defect of sss1-7
cells was reconfirmed (Fig. 2.2.). The SEC61737°4 and SEC61'44°M mutants were each
identified in ten different suppressor colonies, giving confidence that these represent
bona fide suppressors of sss1-7. Mapping each mutation on the crystal structure of the
Sec61 homologue Ssh1l revealed these mutations to localise at critical sites for
translocation that include the site adjacent to the ribosomal binding site and the pore

ring (Table 2.1).

Characterisation of the Isolated SEC61 Mutants

To confirm the validity of each of these Sec61 mutants, site directed mutagenesis was
performed to recreate the exact mutation within a plasmid system using the YCp
Sec61, pBW11. All mutant plasmid variants were successfully generated and confirmed
with sangar sequencing. The generated plasmids were then transformed into the sss1-
7 mutant yeast strain to confirm the previously noted suppressive effect. The sss1-7
strain holds an endogenous chromosomal copy of Sec61 so any potential suppressive
effects observed post transformation with the mutant plasmids would indicate that
they are of a dominant nature. We were pleased to find SEC61V8?F, SEC61°2%°F,
SEC61N302X SEC61N302Y and SEC61™37°A all demonstrated suppressive capabilities in our
sss1-7 strain as a second copy of Sec61. The full characterisation of the dominant

mutants served as the basis for the attached manuscript.

The SEC615%%%F and SEC61'**°M mutants however, did not show any dominance within
sss1-7 which could be explained through one of two possible scenarios, first is that
these are silent mutants that arose secondary to the main effector or second, that they

are recessive in nature. To test the later outcome we transformed pBW11, SEC61626%¢

75



Fig. 2.2. Isolated suppressor colonies demonstrating restoration of the sss1-7 growth

defect. Single representation of a WT yeast strain (BWY530 + pJKB2) and each of the
isolated suppressors with mutations that were successfully sequenced within the

SEC61 ORF as they were streaked onto YPD medium and incubated at 30°C and 37°C

for 2 days.
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Table 2.1. Each isolate signified by mutation, location, and number.

Mutation Location Number of isolates
V82F Pore ring 1
G262D TM6 1
S289F TM7 (Prlagjacent) 1
N302K/Y Lateral and lumenal gate 2
T379A T™M8 10
L449M TM10 (Prl) 10

Prladjacent= Mutations found lying adjacent to identified Prl residues
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and SEC6144°M along with pJKB2 and pCM205 into the yeast strain CMY5
(sss1A::KanMX4 and sec61A::HIS3 pCM203). Both SEC61 and SSS1 are essential and as
such viability of the CMYS5 strain is maintained though pCM203 which contain both
genes on a URA3 plasmid backbone. Following transformation with of our Sec61 and
Sss1 plasmids of interest, cells were plated onto 5-FOA medium to counter select for
the URA3 containing plasmid as it converts the FOA into a toxic by-product. Strains
harbouring pBW11 and pJKB2 yielded viable colonies, as did the mutant plasmids,
whereas strains transformed with vector alone could not. The CWY32 (SEC61'44°M +
pCM205) strain, but not CWY31 (SEC615%%%F + pCM205), demonstrated suppression of
the TS phenotype at both 34°C and 37°C, indicating that the L449M was a true

recessive suppressor (Fig. 2.3.).

The inability for the G262E to demonstrate any suppression in both the dominant and
recessive screens may be indicative of false positive by one of two outcomes. G262E
may have been an artefact of the sequencing reaction or arose as a secondary silent
mutation to a spontaneous mutation located elsewhere in the isolated suppressors

genome.

The L449M mutant impacts upon a site of TM10 at the Sec61 complex that can harbour
a prl phenotype. The prl phenotype belongs to a class of well characterised mutations
found to reduce the hydrophobicity threshold at the translocon that is necessary for
integration of the signal sequence (12, 13). Such mutations are described to destabilise
the closed state of the translocon at critical gating sites such as the plug, lateral gate
and site of ribosomal binding and hence allow for a less specific signal sequence to be
integrated for translocation (12-15). We therefore predict that the L449M is a pr/
located suppressor that is having the inverse effect, creating a more stringent

threshold to compensate a channel suspected to be in a more open state.
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sss1-7

WT
SEC61

SEC61 G262E
5EC61 L449M

30°C 34°C

Fig. 2.3. SEC616%6%F and SEC61'44°™ demonstrate recessive suppression of sss1-7.
CMYS5 yeast were transformed with either YCp SEC61, YCp SEC619%%%f or YCp SEC61144M
alongside either YCp SS51 or YCp sss1-7 and were subsequently spotted on YPD agar in
a 10-fold dilution series and incubated at 30°C, 34°C or 37°C for 2 days. The L449M is

shown here to demonstrate suppression at both 34 °C and 37 °C.
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Abstract

The endoplasmic reticulum (ER) is the entry point to the secretory pathway and
major site of protein biogenesis. Translocation of secretory and integral membrane
proteins across or into the ER membrane occurs via the evolutionarily conserved
Sec61 complex, a heterotrimeric channel that comprises the Sec6lp/Sec6la,
Ssslp/Sec6ly and Sbhlp/Sec61B subunits. In addition to forming a protein
conducting channel, the Sec6l complex also functions to maintain the ER
permeability barrier, preventing the mass free flow of essential ER enriched
molecules and ions. Loss in Sec6l integrity is detrimental and implicated in the
progression of disease. The Sss1p/Sec61ly C-terminus is juxtaposed to the key gating
module of Sec6lp/Sec6la and we hypothesise it is important for gating the ER
translocon. The ER stress response was found to be constitutively induced in two
temperature sensitive sss1 mutants (sss1%) that are still proficient to conduct ER
translocation. A screen to identify intergenic mutations that allow for sss1% cells to
grow at 37°C suggests the ER permeability barrier to be compromised in these
mutants. We propose the extreme C-terminus of Ssslp/Sec6ly is an essential
component of the gating module of the ER translocase and is required to maintain

the ER permeability barrier.
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Introduction

The endoplasmic reticulum (ER) plays a major role in the biosynthesis of about a third
of a cell’s proteome (1). Proteins are targeted to and translocated across the ER
membrane either co- or post-translationally. Co-translational translocation is
initiated upon recognition of the hydrophobic signal sequence by the signal
recognition particle (SRP) as it emerges from the ribosome (2-6). The resulting
complex is targeted to the ER by association of the SRP with the SRP receptor (3, 5,
6). Interaction with the translocon results in SRP dissociation followed by looped
insertion of the nascent chain into the translocation channel (3, 7, 8). Upon
resumption of translation the nascent chain moves through the pore and into the
lumen of the ER where cleavable signal sequences are processed by the signal

peptidase complex (9-12).

Smaller proteins or those containing a moderately hydrophobic signal sequence are
completely synthesised in the cytoplasm and translocated post-translationally (3,
13). Cytosolic chaperones associate with these substrates in order to maintain them
in a translocation competent state (12, 14, 15). Post-translational translocation
proceeds via the SEC complex, an assembly of the translocon and the
Sec62p/Sec63p/Sec71p/Sec72p sub-complex (3, 16-20). Upon association with the
SEC complex, chaperones are released and the signal peptide of the secretory
precursor is inserted into the translocation channel after which translocation is

facilitated by Kar2p (BiP in mammals) (16, 21).

The translocon is formed by the conserved heterotrimeric Sec61 complex. It
comprises two essential subunits, Sec61p and Ssslp, and the non-essential Sbhlp
subunit (Sec6la , Sec6ly and Sec61B in mammals respectively) (3, 16, 22). This
complex forms an hourglass shaped structure with an agueous pore. At the centre
lies the pore ring, formed by hydrophobic amino acids, the side chains of which form
a gasket through which a polypeptide is threaded during translocation (12, 23, 24).
In the closed conformation the pore is sealed by a short helix of TM2 in Sec61p,
TM2a, which acts as a plug (23, 25). A Sec61 paralog exists that exclusively functions

in the co-translational pathway (26-28). This paralog is known as Ssh1 and Sec61A2
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in yeast and mammals respectively (29). In yeast the Ssh1 complex comprises Sshlp

and Sbh2p, related to Sec61p and Sbh1p respectively, as well as Sss1p (26, 27).

The conformational changes that take place within the translocon upon the initiation
of translocation are best understood for co-translational translocation. Interaction of
the ribosome-nascent chain complex (RNC) with cytosolic loops 6 and 8 of Sec61p is
critical for initiating the preliminary conformational changes that facilitate
translocation (3, 30-33). This includes partial displacement of the plug and opening
of the lateral gate, formed by TM2b and TM7 of Sec61p, to allow the intercalation of
the signal sequence (23, 34). The latter promotes further conformational changes
that includes full displacement of the plug and further lateral gate separation to

establish an open channel to allow protein translocation to proceed.

Previous studies have shown Sss1p/Sec61y to stabilise the translocon; defects in the
Sss1p/Sec6ly TMD lead to various outcomes such as inefficient ribosomal binding,
breakdown of ER structure, defective co and post translational translocation and loss
of cell viability (22, 35). Additionally, structural analyses show the extreme C-
terminus of Ssslp is juxtaposed to the key gating module of Sec6lp (32, 36).
Therefore, we hypothesised that the highly-conserved C-terminus of Ssslp is critical
in gating the ER translocon. Through phenotypical characterisation of two mutants,
sss1-6 and sss1-7, we show that the C-terminus of Ssslp is important for ER
homeostasis but does not influence the stability of the ER translocation machinery.
Furthermore, we found that mutations in key gating modules of Sec61p, suppress
the temperature sensitivity of sss1-6 and sss1-7. Together, this provides insight into
the role of Ssslp/Sec6ly plays in translocon function and in mammalian ER
physiology and pathology associated with dysregulated diffusion of small molecules

through the ER translocon.
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Results

The C-terminus of Sss1p is Highly Conserved

The Sec61l complex comprises Sec61/Sec6la, Sbhlp/Sec61B and Ssslp/Sec61ly.
Eukaryotes also encode for a second ER translocase which contains Sshlp/Sec61az2,
Sss1p/Sec6ly and Sbh2p/Sec61B, (Fig. 3.1., A). Given that Sss1p/Sec61ly is the only
essential protein to be a component of both ER translocases we considered the
possibility that its activity may be tightly regulated. The Ssslp transmembrane
domain is highly conserved, in particular the C-terminal portion where the KesLIHIPI75
heptapeptide is absolutely conserved. We hypothesised this region to be functionally
important, and performed double-alanine scanning mutagenesis throughout it,
creating variants Sss1p'68AK69A Ggg1 pl70AITIA Gog] pH72AI73A and Sss1pP74A175A (Fig. 3.1.,
B), to investigate the role of these residues in Sss1p function. As S551 is essential we
tested if expression of these variants could sustain cell viability. YCp S551 and each
mutant was transformed into BWY530 (sss1A::KanMX4 FKp53) and tested for the
ability of these strains to grow after loss of FKp53 on 5-FOA medium. Strains
harbouring YCp SS51 or any of the mutants, unlike cells transformed with vector

alone, produced viable colonies that expressed stable Sss1 protein (Fig. 3.1., C & D).

Mutations in the Sss1p C-terminus Disrupt ER Homeostasis

The growth of cells expressing the sss1P74A17A double mutant, referred to as sss1-6
herein, is temperature sensitive as they grow poorly at 37°C (Fig. 3.2., A). We have
isolated a second mutation within the C-terminus that is temperature sensitive (Fig.
3.2., A). The Sss1p"7?X variant (referred to as sss1-7) was originally generated to
enable us to identify potential lumenal interacting proteins by cross-linking. The
resulting strain was even more temperature sensitive than sss1-6 cells (Fig. 3.2., A &

B).

The hydrophobicity of the extreme C-terminus of tail anchored proteins is a critical
property that allows their stable integration into membranes by the GET complex

(37). Hydropathy analysis shows that the mutations in the C-terminus of Sss1-6p and
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Fig. 3.1. The Sss1p C-terminus is highly conserved. (A) Ribbon diagram of the Sec61
homologue complex crystal structure (2WWA.pdb) (32) was composed using
Chimera software. Sshlp, Sbh2p and Ssslp are coloured grey, blue and red
respectively. The highly conserved KLIHIPI heptapeptide is highlighted in gold. (B) The
sequence of the extreme C-terminus of Sec61y and Ssslp are aligned using clustal
omega sequence alignment software and the position of each double alanine
scanning mutation indicated. (C) BWY530 yeast transformed with either YCp HIS3,
YCp SS51, YCp S5S511/68% K69A Y(Cp SSS1L70A, I71A YCp SSS1H72A, 1734 or YCp SSS1P74A 1754
were streaked onto —His selective medium and medium containing FOA and
incubated at 30°C for 2 days. (D) Cell extracts derived from wildtype cells or cells
expressing either S551/684 K694 GGG1L70A I71A  §GG1H72A, 173A or SSS1P74A 175A \were

immunoblotted with anti-Sss1p or anti-Sec61p antibodies.
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Fig. 3.2. sss1-6 and sss1-7 are inserted into the ER membrane. (A) Wildtype, sss1-6
or sss1-7 yeast were spotted on YPD agar in a 10-fold dilution series and incubated
at 30°C or 37°C for 2 days. (B) Cell extracts derived from wildtype sss1-6 or sss1-7
yeast were immunoblotted with anti- Sss1p, anti-Sec61p and anti-Sec63p antibodies.
(C) GFP-Sss1p, GFP-Sss1-6p and GFP-Sss1-7p was visualised in cells grown at 30°C and
37°C and co-localised with Sec63p-RFP (5 uM bar).
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Sss1-7p have little effect on the hydrophobicity of this region relative to Sss1p (Supp.
Fig. S3.1.). We used fluorescence microscopy to investigate if these mutations affect
the integration of Ssslp into the ER membrane. GFP-Sss1p shows a perinuclear and
peripheral locality and co-localises with the ER resident protein Sec63p (Fig. 3.2., C).
As with GFP-Ssslp, we observe GFP-Sssl-6p and GFP-Sss1-7p to localise to the

perinuclear and peripheral ER and both entirely co-localise with Sec63p (Fig. 3.2., C).

Given that Ssslp is an essential translocon component, we investigated if the
integrity of the translocation apparatus was affected in Sss1p variants by measuring
the stability of other essential translocon associated proteins. We find the stability of
both Sec61p and Sec63p to be unaffected in sss1-6 and sss1-7 at 30°C or 37°C (Fig.
3.2., B). Next, we investigated the integrity of the translocon. The interaction
between Sss1p and Sec61p required to form the translocon can be stabilised by the
crosslinking reagent disuccinimidyl suberate (DSS) (38, 39). We detected a DSS-
dependent immunoreactive band of = 46 kDa with both anti-Sss1p and anti-Sec61p
specific antibodies in membranes isolated from wildtype cells (Fig. 3.3., A). This
adduct was also detected in membranes isolated from either sss1-6 or sss1-7 cells
treated with DSS, regardless of whether cells were grown at 30°C or 37°C (Fig. 3.3,,
A).

Binding of the Sec71p glycoprotein with the lectin concanavalin A (ConA) enables the
affinity purification of the heptameric SEC complex (20, 40). Digitonin solubilised
membranes isolated from WT, sss1-6 and sss1-7 cells were incubated with ConA
coupled sepharose beads, the bound fraction retained and Sec6lp, Ssslp and
Sec63p, were visualised by immunoblot analysis (Fig. 3.3., B). As expected, Sec61p,
Ssslp and Sec63p were associated with the ConA bound fraction of digitonin
solubilised membranes isolated from WT cells. Likewise, these proteins were
associated with the ConA bound fraction of digitonin solubilised membranes isolated
from sss1-6 and sss1-7 cells, grown at 30°C or 37°C. Therefore, neither the sss1/72¢
nor the sss1P744 17°A mutations disrupted the ability to form protein complexes

required for ER translocation.

The biogenesis of DPAP B, which is translocated co-translationally, as well as Lhs1p

and a-factor, which are translocated by post-translational translocation (41), were
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Fig. 3.3. ER translocation is not affected in sss1-6 and sss1-7. (A) Membranes
derived from wildtype sss1-6 or sss1-7 yeast incubated with and without 1 mM DSS
were immunoblotted with anti-Ssslp and anti-Sec61p antibodies. (B) Membranes
prepared from wildtype sss1-6 or sss1-7 yeast were subject to ConA chromatography.
An equal portion of each fraction was analysed by immunoblotting with either anti-
Sss1p, anti-Sec61p or anti-Sec63p specific antibodies. The bound fraction is shown.
(C) Cell extracts derived from wildtype sss1-6 or sss1-7 yeast were immunoblotted
with anti-Sss1p, anti-Sec61p, anti-a factor and anti-DPAP B antibodies. Secretory

mutants, sec63-1 and sec65-1 (sects) were included as a negative control for a-factor

and DPAP B respectively.
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monitored to determine whether ER translocation is compromised in sss1-6 and sss1-
7. There was no obvious translocation defect in sss1-6 and sss1-7 mutants,
irrespective of growth conditions, as the levels of both pDPAP B and Lhs1p did not
exceed that that accumulates in wildtype cells (Fig. 3.3., C). This was also the case for
a second post-translational translocation substrate pre-pro-alpha factor (ppaf) (Fig.
3.3., C). To further validate this, we reasoned that the mating efficiency of MATa
variants of both sss1-6 and sss1-7 would be comparable to wildtype cells at both
permissive and semi-permissive temperatures. Indeed, we observed no difference in
the ability of these sss1 mutants to mate as compared to wildtype cells (Supp. Fig.

$3.2., A).

We observed significant ER distension and expansion in sss1-6, in particular, and sss1-
7 indicating the ER to be stressed in these mutants (Fig. 3.2., C). Given this, we tested
if the unfolded protein response (UPR) was induced in sss1-6 and sss1-7 mutants. For
this we used a lacZ reporter placed under transcriptional control of a yeast UPR
enhancer (UPRE) (Wilkinson et al., 2000). WT cells were treated with the reducing
agent dithiothreitol (DTT) to gauge a typical UPR response. UPR dependent Lac Z
activity was significantly elevated in DTT treated cells compared to WT (Fig. 3.4., A),
ensuring the range of response expected from these controls. LacZ activity in both
sss1 mutants at 30°C and 37°C was up to 11-fold greater than that of WT. This

confirms that the UPR is constitutively induced in sss1-6 and sss1-7 cells.

Together, these experiments confirmed that despite their large effects on cell
viability at 37°C and causing constitutive induction of the UPR, these Ssslp point
mutations did not affect the abundance, overall integrity, or general translocational
activity of the translocon. This suggested that the role of this conserved section of

Ssslp is independent of protein translocation.

The ER is More Permeable in sss1-6 and sss1-7

The Sec61 complex has been shown by Toledano and colleagues to facilitate the
diffusion of reduced glutathione into the ER (42). Furthermore, it has also been

suggested that the Sec61 complex may facilitate the diffusion of other small
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Fig. 3.4. ER homeostasis is perturbed in sss1-6 and sss1-7. (A) Wildtype, sss1-6 and
sss1-7 yeast transformed with pJT30 (UPRE-LacZ) were grown in —Ura medium and
B-Galactosidase activity determined. Wildtype cells treated with 5 mM DTT for 2
hours were used as a positive control. (B) Wildtype, SEC61"39?P and sss1-6 yeast
transformed with YEp HGT1 were grown in —Ura selective medium with increasing
concentrations of GSH. The relative growth of each strain determined and the GSH
sensitivity (1/relative growth) presented. (C) Wildtype, sss1-6 and sss1-7 yeast were
spotted on YPD agar or YPD agar containing 1 pg/mL terbinafine in a 10-fold dilution
series and incubated at 30°C or 34°C for 2 days.
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molecules across the ER membrane. We wanted to determine whether sss1-6 and
sss1-7 cells possessed phenotypes consistent with altered ER permeability. WT cells
that overexpress Hgtlp, the plasma membrane high-affinity GSH transporter
(MM HGT1 cells hereafter), accumulate high levels of glutathione when supplied with
exogenous GSH, which becomes cytotoxic due to hyper-oxidation of the ER (42, 43).
HGT1 is overexpressed in THGT1 cells by placing the HGT1 open reading frame under
transcriptional control of the constitutive and robust PMA1 promoter on a multicopy
plasmid (YEp). In our hands WT M Hgtlp cells easily tolerate up to 10 uM GSH (Fig.
3.4., B) whereas the growth of SEC61N392P INHgt1p cells is hypersensitive (Fig. 3.4.,
B). sss1-6 M Hgtlp growth is also hypersensitive to GSH as it was severely perturbed
by 2.5 uM GSH and 5 uM GSH, and completely arrested by 10 uM GSH (Fig. 3.4., B).

Mn?* is an essential cofactor for cytoplasmic farnesyl pyrophosphate (FPP)
synthetase (Fpplp) (44-46). Schuldiner and colleagues have shown that Fpplp
activity is elevated upon deletion of the ER resident Mn?* transporter Spflp due to a
failure to store Mn?* in the ER which gives rise to elevated Mn?* levels in the cytosol
(44). Elevated Fpp1p activity leads to increased squalene synthesis, which inhibits cell
proliferation if cells cannot remove it through metabolism; such as when cells are
challenged with the squalene epoxidase inhibitor terbinafine (44). We used this
system to test if Ssslp mutants were also defective in maintaining normal Mn?Z*
homeostasis, and possessed increased Fpplp activity. sss1-6 and sss1-7, in particular,
cell growth is extremely sensitive to terbinafine as, unlike wildtype, 1 pg/mL
terbinafine completely inhibited the growth of sss1-7 and sss1-6 at 30°C and 34°C
respectively (Fig. 3.4., C). Importantly, neither sssi-6 nor sss1-7 cells are
hypersensitive to the 14a-sterol demethylase inhibitor miconazole (Supp. Fig. S3.2.,
B). Therefore, the hypersensitivity of both sss1-6 and sss1-7 cells to terbinafine is not
simply due to these mutants being hypersensitive to small molecules that inhibit

ergosterol biosynthesis.
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Mutations in Residues of Sec61p Located in Important Gating Modules Suppress

sss1-6 and sss1-7 Temperature Sensitivity

To understand how mutations in the C-terminus of Sss1p disrupt ER homeostasis we
sought to identify mutations in the major interacting partner of Sss1p, Sec61p, which
could suppress sss1-7 temperature sensitive growth. Missense mutations were
incorporated into the SEC61 gene by error-prone PCR and mutagenised SEC61 genes
were then transfected into sss1-7 yeast and integrated into the SEC61 genetic locus
by homologous recombination. In total 203 Ts* colonies were isolated and the
complete nucleotide sequence of 50 was determined. On average EP-PCR yielded 3.5
mutations per 1 kb and 23 of the 50 mutants sequenced contained a single nucleotide
substitution in the SEC61 open reading frame (ORF). In total five different SEC61
mutant alleles, V82F, S289F, N302K, N302Y and T379A were obtained from this
screen. We were surprised to discover that each mutation was able to suppress the
temperature sensitive growth of sss1-6 and sss1-7 (Fig. 3.5., A) and reduced UPR
induction (Fig. 3.5., B) in these sss1 mutants when expressed from a low-copy,
centromeric plasmid, avoiding the need to integrate these mutations into the SEC61

locus.

The functionality of these suppressive SEC61 mutants is not compromised as each
mutant supports the robust growth of cells when expressed as the only copy of SEC61
(Fig. 3.6., A & B). Furthermore, neither mutant possessed temperature growth
phenotype (Fig. 3.6., A). We did not detect any major SRP dependent or SRP
independent translocation defects in these mutants. The SRP dependent precursor
pDPAP B readily accumulates in the sec65-1% control at both permissive and non-
permissive temperatures but not in our panel of SEC61 mutants (Fig. 3.6., C). Also,
neither SRP independent translocation precursor pLhslp nor ppaf accumulated in

these SEC61 mutants at 30°C and 37°C unlike the sec62-1% control (Fig. 3.6., C).

Mapping each mutation on the crystal structure of the Sec61 homologue Sshl
revealed them to be positioned at critical sites for translocon gating including the
pore ring (V82) and the lateral and lumenal gate (S289F, N302K/Y and T379A) (Supp.
Fig. S3.3.). Residue N302 is part of a network that is responsible for the opening and

closing of the lateral and lumenal gates of the translocon. That the SEC61V39%K and
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Fig. 3.5. Mutations in residues of Sec6lp located in important gating modules
suppress sss1-6 and sss1-7 temperature sensitivity. (A) Wildtype, sss1-6 or sssi-7
yeast transformed with either YCp SEC61, YCp SEC61V8%F, YCp SEC61°?%%, YCp
SEC61N302K YCp SEC61M3%?Y or YCp SEC61737°A were spotted on YPD agar in a 10-fold
dilution series and incubated at 30°C or 37°C for 2 days. (B) Wildtype, sss1-6 or sss1-
7 yeast transformed with either YCp SEC61, YCp SEC61V3%f, YCp SEC61°%%%, YCp
SEC61N302K YCp SEC61M39?Y or YCp SEC6137°4 and with pJT30 (UPRE-LacZ) were grown
in —Ura selective medium and B-Galactosidase activity determined. As a positive

control wildtype cells were treated with 5mM DTT for 2 hours.
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Fig. 3.6. SEC61 dependent suppressors of sss1-6 and sss1-7 are functional. (A)
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at 30°C or 37°C for 2 days. (B) Cell extracts derived from wildtype SEC61V8%,
SEC61°%%%F,  SEC61N302K SEC61N392Y,  SEC61™7°A or SEC61M09?L vyeast were
immunoblotted with anti- Ssslp, anti-Sec61p and anti-Sec63p antibodies. (C) Cell
extracts derived from wildtype SEC61v8%, SEC61°%%%F, SEC61M392K  SEC61N302Y,
SEC61737%A or SEC61M3%?L yeast grown at 30°C or 37°C were immunoblotted with anti-

Lhs1p, anti-DPAP B and anti- alpha factor antibodies.
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SEC61MN392Y mutations suppresses both sss1-6 and sss1-7 suggests that dynamics of
the lateral and lumenal gate of the translocon is altered somehow in these sssi
mutants. Substitution of N302 to a polar (N302D) or hydrophobic residue (N302L)
destabilises the closed or open conformation of the Sec61 complex, respectively (47).
To investigate if sss1"72K and sss1P744 17°A mutations destabilise either the open or
closed conformation of the translocon we tested if the SEC61"3%2L or the SEC61N302D
mutation suppressed sss1-6 and sss1-7 temperature sensitivity. The SEC61V30%t
mutant suppressed sss1-6 and sss1-7 temperature sensitive growth (Fig. 3.7., A) and
reduced UPR induction (Fig. 3.7., B) like SEC61N392K and SEC61N39?Y, In contrast, co-
expression of SEC61N392D with either sss1-6 or sss1-7 exacerbated the growth defects
of these mutants (Fig. 3.7., C & D). Furthermore, we were unable to isolate sss1-7
sec61M39?0 double mutants (Fig. 3.7., C), suggesting the possibility that these
mutations, when co-expressed, are synthetically lethal. Together, this suggests that
the sss1-6 and sss1-7 mutations may destabilise the closed conformation of the

translocon.

Mutations in Residues Located in Important Sec61p Gating Modules Suppress the

Elevated ER Permeability Observed in sss1-6 and sss1-7

Given the impressive manner in which our SEC61 mutants were able to diminish the
level of ER stress in both sss1-6 and sss1-7 we were keen to determine whether these
mutants were also able to suppress phenotypes associated with altered ER
permeability. Co-expression of each of the SEC61 suppressors of sss1-7 temperature
sensitive growth were able to suppress the hypersensitivity of the sss1-6 mutant to
GSH (Fig. 3.8., A & B). Furthermore, co-expression of the SEC61 mutants that
suppressed sss1-6 and sss1-7 temperature sensitive growth also suppressed their

hypersensitivity to terbinafine, albeit with varying strength (Fig. 3.8., C & D).
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Fig. 3.7. Mutations in the lumenal lateral gate genetically interact with sss1-6 and
sss1-7. (A) Wildtype, and sss1-6 or sss1-7 yeast transformed with either YCp SEC61,
YCp SEC61N302K or YCp SEC61N392t were spotted on YPD agar in a 10-fold dilution series
and incubated at 30°C or 37°C for 2 days. (B) Wildtype or sss1-7 yeast transformed
with either YCp SEC61, YCp SEC61N392K or YCp SEC61N3%2L gand with pJT30 (UPRE-LacZ)
were grown in —Ura selective medium and B-Galactosidase activity was determined.
As a positive control wildtype cells were treated with 5mM DTT for 2 hours. (C) CMY5
yeast were co-transformed with either YCp SS51, YCp sss1-6 or YCp sss1-7 and either
YCp SEC61 or YCp SEC61M3920, Transformants were streaked out onto either —Leu, -
Trp selective medium or medium containing FOA and incubated at 30°C for 3 days.
(D) CMY5 yeast co-transformed with YCp sss1-6 and either YCp SEC61 or YCp
SEC61M392D recovered from FOA containing medium were spotted on YPD agar in a

10-fold dilution series and incubated at 30°C or 37°C for 2 days.
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Fig. 3.8. Mutations in residues of Sec6lp located in important gating modules
suppress ER permeability defects in sss1-6 and sss1-7. (A) Wildtype, or sss1-6 yeast
transformed with either YCp SEC61, YCp SEC61V3%F, YCp SEC61°%%%F, YCp SEC61N39%K or
YCp SEC617™7°4 were transformed with YEp HGT1 were grown in —Ura selective
medium with increasing concentrations of GSH. The relative growth of each strain
determined and the GSH sensitivity (1/relative growth) presented. (B) Wildtype, sss1-
6 or sss1-6 yeast transformed with either YCp SEC61V392K or YCp SEC61"3%L and YEp
HGT1 were grown in —Ura medium with increasing concentrations of GSH, the
relative growth of each strain determined and the GSH sensitivity (1/relative growth)
presented. (C) Wildtype, and sss1-6 or sss1-7 yeast transformed with either YCp
SEC61,YCp SEC61V8%F, YCp SEC61°%%%F, YCp SEC61N39%K, or YCp SEC61737°A were spotted
on YPD agar or YPD agar containing 1 pg/mL terbinafine in a 10-fold dilution series
and incubated at 30°C or 34°C for 2 days. (D) Wildtype, sss1-6, sss1-7 or sss1-6 and
sss1-7 yeast transformed with either YCp SEC61N39%K or YCp SEC61V39?L were spotted
on YPD agar or YPD agar supplemented with 1 pg/mL terbinafine in a 10-fold dilution

series and incubated at 30°C or 34°C for 2 days.
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Discussion

Sss1p/Sec61y is an essential and highly conserved subunit of the ER translocase yet
its function is poorly understood. A heptapeptide, KLIHIPI, located towards the C-
terminus of the protein is absolutely conserved in all eukaryotes studied to date.
Herein, we discover the KLIHIPI peptide to be an important factor that influences ER

permeability.
The Extreme Sss1p/Sec61ly C-terminus Influences ER Permeability

Cells expressing sss1 mutants with defective TM domains have been shown to be
defective in ER translocation (22, 35). We were surprised to find no ER translocation
defect in both sss1-6 and sss1-7 cells even though the UPR was highly induced in both
mutants. Ssslp, like Sec6lp, is essential for both SRP dependent and SRP
independent ER translocation. That we find no evidence of the accumulation of
secretory precursor proteins at steady state suggests that mutation of the highly
conserved C-terminus of Ssslp does not result in the gross perturbation in the
formation of protein complexes that are required to conduct ER translocation. Given
that Sss1p/Sec61y is a C-terminally anchored protein it is possible that both Sss1-6p
and Sss1-7p may not be efficiently targeted to and incorporated into the ER
membrane. Our data does not support this notion. We do not observe a decrease in
either the membrane associated pool of Sss1-6p and Sss1-7p nor do we observe a
decreased ability to crosslink both Sec61p and Ssslp with DSS. The latter point is
crucial to this conclusion as the insertion of C-terminal anchored proteins proceeds
via the GET complex and not the ER translocase. Therefore, the cross-linking of
Sec61p with both Sss1-6p and Sss1-7p reflects a functional interaction rather than a
trivial interaction of Sec61p with a translocation intermediate. In further support, we
observe no reduction in the ability to isolate components of the ER SEC complex by

Con A pull down.

Those secretory proteins that are N-glycosylated are modified by the Oligosaccharyl
transferase (OST) as they are translocated through the translocation channel. Sss1p
is physically located at the interface between the translocon and OST. It is possible

that mutation of the highly conserved Sss1p C-terminus perturbs the association of
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OST with the translocon. However, we find no evidence of N-glycosylation being
perturbed in sss1-6 and sss1-7, the N-glycosylation status of Lhslp and DPAP B is
indistinguishable from wildtype. Furthermore, MAT a derivatives of both sss1-6 and
sss1-7 secrete sufficient quantity of a factor to enable their mating with MAT a
strains. We therefore have to consider other possibilities to explain the severe ER

stress in sss1-6 and sss1-7 mutants.

A directed evolution approach was therefore used to obtain SEC61 mutants that
suppressed the temperature sensitive growth defect of sssi1-7 cells in order to
understand what aspect of translocon function was disrupted in these sss1 mutants.
We isolated two different classes of suppressor mutation: class one mutations (V82F)
mutations are located in the pore ring and class two mutations (5289F, N302K/Y and
T379A) are located in the lateral and lumenal gate that coordinates the opening and
closing of the protein conducting channel. A common feature of both classes of
suppressor mutation is that they are situated in regions of the Sec61 protein that are
required to gate the channel. The lateral gate, formed by TMs 2 and 7 of Sec61p,
enables the incorporation of signal peptides or transmembrane helices into the lipid
bilayer once they have emerged from the ribosome. Thus, the opening of the “lateral
gate” is a critical process that allows protein translocation to proceed whilst
maintaining the ER permeability barrier to ensure that ER lumenal equivalents do not
leak into the cytosol and vice versa. Apolar residues in the lumenal gate and a cluster
of polar residues within the lateral gate forms a highly conserved gating motif that
regulates the opening and closing of the Sec61 complex (47). One critical residue is
Sec61p N302. Importantly, mutations that reconfigure the hydrogen bonding
network have been shown to elicit a Prl phenotype (47). In contrast, mutations that
increase the hydrophobicity enhance the nonpolar interactions between the lateral
and lumenal gates, stabilises the closed conformation. Enhancing the non-polar

interaction network suppressed both sss1-6 and sss1-7 temperature sensitivity.

Taken together this suggests the possibility that the ER is more permeable in sss1-6
and sss1-7. We consider that our panel of SEC61 mutations in the lumenal and lateral
gate negate the ability of sss1-6 and sss1-7 to destabilise the closed conformation of

the Sec61 complex. It is possible that these mutations suppress sss1-6 and sss1-7 by
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reducing the rate of ER translocation to such an extent that a translocating
intermediate can seal the channel by clogging the translocon. However, we consider
this to be highly unlikely as each mutant is fully functional with no detectable defect

in either SRP dependent or SRP independent translocation.

The Sec61 complex has been shown by Toledano and colleagues to facilitate the
diffusion of reduced glutathione into the ER (42). It is important to note that the
SEC61M392L mutation in the lumenal-lateral gate was also utilised in this study to verify
that the translocon forms the channel that facilitates the diffusion of GSH into the
ER. Our panel of SEC61 suppressors as well as SEC61N392L suppresses sss1-6
hypersensitivity to GSH. These SEC61 mutations also rescues the hypersensitivity of
both sss1-6 and sss1-7 to terbinafine, a phenotype that has been previously shown
to arise in mutants defective in ER Mn?* storage (44). We appreciate that the
hypersensitivity of both sss1-6 and sss1-7 growth to terbinafine is itself an indirect
measure of increased ER permeability in these mutants. However, both sss1-6 and
sss1-7 are not hypersensitive to the 14a-sterol demethylase inhibitor, miconazole
ruling out that this phenotype is due to these sss1I mutants being hypersensitive to
reagents that inhibit ergosterol biosynthesis. Together we hypothesise that the C-
terminus of Sss1p/Sec61y constitutes an important component of the gating module
that coordinates the opening and closing of the translocon with both sss1-6 and sss1-
7 destabilising the closed state. Future work will provide a mechanistic insight in to
the role of this domain. The importance of the C-terminus of Ssslp as a key
component of the translocon gating module is reflected in the absolute conservation

of the KLIHIPI heptapeptide throughout the eukaryota.
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Materials and Methods

Yeast Strains and Growth

Saccharomyces cerevisiae strains are listed in Supp. Table S3.1. and plasmids are
listed in Supp. Table S3.2. Yeast strains were grown routinely at 30°C in YP medium
(2% peptone, 1% yeast extract) containing 2% glucose (YPD) or in minimal medium
(0.67% yeast nitrogen base; YNB) with 2% glucose plus appropriate supplements for
selective growth. All media were from FORMEDIUM (Hunstanton, U.K.). For growth
assays yeast were spotted in a 10-fold dilution series on YPD agar and grown at either
30°C, 34°C or 37°C for 2-3 days. 1 pg/mL terbinafine or DMSO was added to YPD agar

where indicated.

Mutagenesis and Selection for SEC61 Suppressors of sss1-7 Temperature

Sensitivity

EP-PCR was carried out with Tag DNA polymerase in the presence of 500 uM MnCl;
and run for 10 cycles. Reactions were also performed with inverse dNTP
concentrations. Samples were pooled after EP-PCR and digested with Hind /Il for 1
hour at 37°C. sss1-7 yeast were transformed with restricted PCR product and
transformants were plated on YPD agar and incubated at 37°C for upto 5 days. The
SEC61 locus of suppressor colonies was sequenced and individual mutations were
introduced in pBW11 by site-directed mutagenesis using the Q5® Site Directed

Mutagenesis Protocol (NEB), oligonucleotides used are listed in Supp. Table S3.3.

Fluorescence Microscopy

The GFP ORF was amplified with oligonucleotides flanked with 5" Pac/ and 3’ Sphl/ and
ligated into pJKB2 in which nucleotides -8 to -1 and 1 to 6 were mutated to encode
Pacl and Sphl restriction sites respectively giving pLB4 (YCp GFP-5551). The sss1-6 and

sss1-7 mutations were incorporated into pLB4 using the Q5® Site Directed
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Mutagenesis Protocol (NEB) givig pLB5 and pLB6 respectively. Oligonucleotides used
are listed in Supp. Table $3.3. Static images were collected of live cells attached to a
concanavalin A-coated slide using an Ultraview Spinning Disk Confocal Microscope

(Perkin Elmer Life Sciences).

DSS Cross-linking

Yeast microsomes were prepared according to Rothblatt and Meyer, 1986 (48).
Membranes were treated with DMSO or 1 mM DSS at 30 °C or 37 °C for 30 min and
then quenched by the addition of 10 mM lysine and 100 mM Tris for 10 mins.

Immunoblotting

Antibodies used are listed in Supp. Table $3.4.

ConA Dependent Fractionation of SEC Proteins

The fractionation of SEC proteins by ConA was performed according to Pilon et al.,
1998 (40). Briefly, microsomes were isolated and resuspended in 100 pL of
solubilisation buffer (50 mM HEPES/KOH, pH 7.4, 400 mM KAc, 5 mM MgAc, 10%
[wt/vol] glycerol, 0.05% [vol/vol] B-mercaptoethanol) on ice containing protease
inhibitors (5 pug/mL leupeptin, 0.5 pug/mL pepstatin, 1 mM amino-benzamidine, 2.5
ug/mL chymostatin, and 0.1 mM PMSF). Membranes were solubulised by the
addition of 400 pL solubilisation buffer containing 3.75% (wt/vol) digitonin. Next,
samples were centrifuged at 100,000 x g in a Beckman TLA100.3 rotor for 60 min at
4°C to isolate the ribosome attached membrane proteins (RAMPs). The supernatant
fraction was added to 100 pL of a suspension of concanavalin A (Con-A)-Sepharose
equilibrated in 50 mM HEPES/KOH (pH 7.4), 10% (wt/vol) glycerol, 0.05% (vol/vol) B-
mercaptoethanol, 1% (wt/vol) digitonin, and protease inhibitors, and incubated for
60 mins at 4°C. The beads were recovered by centrifugation at 2500 x g and the

supernatant fraction was cleared from any remaining beads at 12,000 x g (free
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fraction). The Con-A beads were washed three times with 1 mL of equilibration
buffer. Equal aliquots of both fractions were analysed by SDS-PAGE and

immunoblotting with the indicated antibodies.

B-Galactosidase Assays

B-Galactosidase assays were performed according to Tyson and Stirling 2000 (49).
Briefly, yeast cells were grown at 30 °Cin minimal medium containing 2% glucose and
appropriate supplements. Cultures were diluted to Asoonm Of 0.2 and grown for a
further 4 h. Cells were isolated, and resuspended in 2 mL of Z buffer (60 mM
NazHPO4, 40 mM NaH;P04, 10 mM KCl, 10 mM MgS04, 50 mM 2-mercaptoethanol,
pH 7.0). Aliquots (0.8 mL) were collected, cells were permeabilised in 50 pL of 0.1%
(w/v) SDS and 100 pL of CHCIls, and samples were equilibrated to 30°C. Assays were
initiated by addition of 160 pL of o-nitrophenyl-galactopyranoside (4 mg/mL stock
solution in Z buffer) and incubated at 30°C for 20 min. Reactions were terminated by
addition of 400 pL of 1 M NazCOs, pH 9.0, the ODa420 nm Was measured, and LacZ
activity (U) was calculated by multiplying ODa20 nm/ODeoo nm by 1000. Three
independent biological replicates and at least two technical replicates were

performed.

Glutathione Sensitive Growth Assay

Cells harbouring YEp HGT1 were grown to mid logarithmic-phase and then sub-
cultured to 0.01 ODesgonm in SC media without uracil containing 0-10 uM GSH and the
growth rate recorded. The growth rate of cells cultured in the absence of GSH was
set to 100% and relative growth rates plotted. Three independent biological

replicates and at least two technical replicates were performed.
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Manuscript Supplementary Data

Supp. Table S3.1. Yeast strains used in this study.

Yeast Genotype Reference
BWY12 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- Wilkinson et al. 1997
3,112 can1-100 sec61A::HIS3 pBW7 (39)
BWY530 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- Wilkinson et al. 2010
3,112 can1-100 sss1A::KanMX4 FKp53 (35)
BWY531 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- Wilkinson et al. 2010
3,112 can1-100 sss1A::KanMX4 FKp53 (35)
5581 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- Wilkinson et al. 2010
3,112 can1-100 sss1A::KanMX4 pJKB2 (35)
5§5851-3 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pHD1
5551-4 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pHD2
§58581-5 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pHD3
sss1-6 MAToa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pJKB16
sss1-7 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pCM205
CMY5 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sec61A::HIS3 sss1A::KanMX4
YCp SEC61 S551 URA3
CWY1 sss1-7 + YCp SEC61V8%F (pCW2) This study
CWY2 sss1-7 + YCp SEC61°%5%F (pCW3) This study
CWY3 sss1-7 + YCp SEC61N302K (pCW4) This study
CWY4 sss1-7 + YCp SEC61"3%?Y (pCWS5) This study
CWY5 sss1-7 +YCp SEC61™3794 (pCW6) This study
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CWY6 sss1-7 + YCp SEC61M3%L (pCW7) This study
CWY8 sss1-7 + YCp SEC61V3%F (pCW2) + pJT30 This study
CWY9 sss1-7 + YCp SEC61%%5%F (pCW3) + pJT30 This study
CWY10 sss1-7 + YCp SEC61M302K (pCW4) + pJT30 This study
CWY11 sss1-7 + YCp SEC61M302Y (pCW5) + pJT30 This study
CWY12 sss1-7 + YCp SEC61737% (pCWE6) + pJT30 This study
CWY13 sss1-7 + YCp SEC61M302L (pCW7) + pJT30 This study
CWY15 sss1-6 + YCp SEC61Y8%F (pCW2) + pCW10 This study
CWY16 sss1-6 + YCp SEC61°%%%F (pCW3) + pCW10 This study
CWY17 sss1-6 + YCp SEC61M302K (pCW4) + pCW10 This study
CWY18 sss1-6 + YCp SEC61N30?Y (pCWS5) + pCW10 This study
CWY19 sss1-6 + YCp SEC61737%4 (pCW6) + pCW10 This study
CWY20 sss1-6 + YCp SEC61N3%2L (pCW?7) + pCW10 This study
CWY22 sss1-6 + YCp SEC61V3%F (pCW2) + pJT30 This study
CWY23 sss1-6 + YCp SEC61°2%%F (pCW3) + pJT30 This study
CWY24 sss1-6 + YCp SEC61"302K (pCW4) + pJT30 This study
CWY25 sss1-6 + YCp SEC61N30?Y (pCWS5) + pJT30 This study
CWY26 sss1-6 + YCp SEC61737%A (pCW®6) + pJT30 This study
CWY27 sss1-6 + YCp SEC61N3%2L (pCW?7) + pJT30 This study
CWY29 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sec61A::HIS3 pCW8

CWY30 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study

3,112 can1-100 sec61A::HIS3 sss1A::KanMX4

pBW11 pLB1
Ccwy31 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study

3,112 canl-100 sec61A::HIS3 sss1A::KanMX4

pCWS pLB1
CWyY32 MAToa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study

3,112 can1-100 sec61A::HIS3 sss1A::KanMX4
pBW11 pLB2
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CWY33

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 canl1-100 sec61A::HIS3 sss1A::KanMX4
pCW8 pLB2

This study

CWY34

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 sss1A::KanMX4
pBW11 pLB3

This study

CWY35

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 sss1A::KanMX4
pCW8 pLB3

This study

CWY36

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-

3,112 can1-100 sec61A::HIS3 YCp SEC61 (pBW11)

This study

Cwy37

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61V3%F
(PCW2)

This study

CWY38

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61528%F
(pCW3)

This study

CWY39

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61N302K
(pCW4)

This study

CWY40

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61N302Y
(PCWS5)

This study

Cwy41

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61737°A
(PCW6)

This study

CWY42

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sec61A::HIS3 YCp SEC61N302L
(PCW?7)

This study

Cwy43

MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2-
3,112 can1-100 sss1A::KanMX4 pLB4 pSM1960

This study
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cwy44 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study
3,112 can1-100 sss1A::KanMX4 pLB5 pSM1960
Cwy45 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- This study

3,112 can1-100 sss1A::KanMX4 pLB6 pSM1960
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Supp. Table $3.2. Plasmids used in this study.

Plasmid Description Reference
pJT30 UPRE-LacZ reporter Tyson and Stirling, 2000
(49)

pBW11 YCp SEC61 LEU2 Wilkinson et al., 1997 (39)

pDR195 YEp URA3 containing the PMA1 Rentsch et al. 1995 (50)
promoter and CYC1 terminator to
enable high level gene expression.

pSM1960 | YEp SEC63-mRFP URA3 Metzger et al., 2008 (51)

pJKB2 YCp S551 HIS3 Wilkinson et al., 2010. (35)

pJKB16 YCp sss1P744 1754 HIS3 This study

pCM203 YCp SEC61 5551 URA3 This study

pCM205 | YCp sss1"72KHIS3 This study

pCW2 YCp SEC61V82F LEU2 This study

pCW3 YCp SEC61°%%%F LEU2 This study

pCW4 YCp SEC61M302K [EU2 This study

pCW5 YCp SEC61N302Y LEU2 This study

pCW6 YCp SEC61™*7°A LEU2 This study

pCW?7 YCp SEC61M302L [EU2 This study

pCW8 YCp SEC61M302D | EU2 This study

pCW10 YEp HGT1 URA3 This study

pHD1 YCp ss51/68A K694 H|S3 This study

pHD2 YCp sss170A171A HIS3 This study

pHD3 YCp sss1H72A173A H|S3 This study

pLB1 YCp SSS1 TRP1 This study

pLB2 YCp sss1P744 175A TRP1 This study

pLB3 YCp sss1t7?KTRP1 This study

pLB4 Ycp GFP-5551 HIS3 This study

pLB5 Ycp GFP-sss1P744 1754 1S3 This study

pLB6 YCp GFP-sss1172KH|S3 This study
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Supp. Table $S3.3. Oligonucleotides used in this study.

Name Sequence

M13_F GTAAAACGACGGCCAGT
M13_R CAGGAAACAGCTATGAC
SEC615’_F CCGTGTTCTAGACTTGTTTAAGC

SEC61 V82F_F

AATTGGGTTTTTCGCCCATCATCAC

SEC61 V82F_R

CCAGTAAAGTACCACGGTTGG

SEC61 S289F_F

CTTTTATACTTtCAACACCCCAATCATGTT

SEC61 S289F_R

TGGGGTGTTGaAAGTATAAAAGAGTTTGAT

SEC61 N302K_F

CATTGACTTCTAAaATTTTCTTGATCTCTC

SEC61 N302K_R

CAAGAAAATITTAGAAGTCAATGCACTCTG

SEC61 N302Y_F

CATTGACTTCTttCATTTTCTTGATCTCTC

SEC61 N302Y_R

CAAGAAAATGgaAGAAGTCAATGCACTCTG

SEC61 T379A_F

ATTTTCCAAGEgCATGGATCGAAATCTCCGG

SEC61 T379A_R

TTCGATCCATGCcCTTGGAAAATACTGCGCA

SEC61 N302L_F

CATTGACTTCTctCATTTTCTTGATCTCTC

SEC61 N302L_R

CAAGAAAATGagAGAAGTCAATGCACTCTG

SEC61 N302D_F

CATTGACTTCTgaCATTTTCTTGATCTCTC

SEC61 N302D_R

CAAGAAAATGtcAGAAGTCAATGCACTCTG

5551 168A K69A_F

TTACGCCgcCgcGTTGATTCATATTCCAAT

5551 168A K69A_R

GAATCAACgcGgcGGCGTAACCAATGATAC

$SS1L70A 171A_F

CATCAAGgcGgcTCATATTCCAATCAGATA

S551 L70A171A_R

GAATATGAgGcCgcCTTGATGGCGTAACCAA

SSS1 H72A 173A_F

GTTGATTgcTgcTCCAATCAGATACGTTAT

S$§51 H72A173A_R

TGATTGGAgcAgcAATCAACTTGATGGCGT

S551 P74A175A_F

GATTCATATTgCAgcCAGATACGTTATTGT

5551 P74A175A _R

GTATCTGgcTGCAATATGAATCAACTTGAT

SSS1 H72K_F AAGTTGATTaAaATTCCAATCAGATACGTTATTG
SSS1H72K R TGATTGGAATtTtAATCAACTTGATGGCGTAAC
Sphl pJKB2_F gCcatgcAGAGCTAGTGAAAAAGGTGAAGAG
pJKB2 Pacl_R ttaattaaTCAATGTTATACGTGATTTTATCTTTGG
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Pacl GFP_F ttttttttaattaaatgAGTAAAGGAGAAGAACTTTTCAC
Sphl GFP_R ttttttgcatgcTTTGTATAGTTCATCCATGCC

HGT1_F ATATAGCGGCCGCATGAGTACCATTTATAGGGAGAGCG
HGT1_R ATATAGGATCCTTACCACCATTTATCATAACC
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Supp. Table S3.4. Antibodies used in this study.

Antibody Dilution Reference

Anti-Sec61p, rabbit 1:10,000 Stirling et al., 1992 (52)
polyclonal

Anti-Sss1p, sheep polyclonal | 1:5000 Wilkinson et al., 2010 (35)
Anti-Sec63p, sheep 1:10,000 Young et al., 2001 (18)
polyclonal

Anti-DPAP B, sheep 1:5000 Wilkinson et al., 2000 (53)
polyclonal

Anti-a factor, sheep 1:10,000 Tyson and Stirling 2000 (49)
polyclonal

HRP conjugated anti-sheep 1:20,000 N/A

HRP conjugated anti-rabbit 1:20,000 N/A
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SSS1

Hydrophobicity

1 4 710131619222528 31 34 37 40 43 46 49 52 55 58 61 64 67 70
Residue

Supp. Fig. $3.1. The hydrophobicity of the Sss1-6p and Sss1-7p C-terminus is not

compromised. Kyte-Doolittle analysis of Ssslp, Sss1-6p and Sss1-7p.
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-Ura

Mated at
30°C

- His

- Ura
-His

- Ura

Mated at
34°C

- His

10 ng/mli 25 ng/ml
miconazole miconazole

Supp. Fig. $3.2. (A) Wildtype, sss1-6 and sss1-7 cells were mated, overnight, with
BWY531 (wildtype, Mat a) at 30°C and 34°C. After mating cells were grown on
either -Ura, -His or synthetic complete media containing 1g/L 5’Fluororotic acid and
grown at 30°C for 2 days. (B) Wildtype, sss1-6 and sss1-7 yeast were grown on

either YPD or YPD containing 10 ng/mL or 25 ng/mL miconazole at 30°C.
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Supp. Fig. $3.3. Mutations in residues of Sec61p located in important gating
modules suppress sss1-6 and sss1-7 temperature sensitivity. The equivalent
residues of V82, S289, N302 and T379 are highlighted on the crystal structure of the
Ssh1 complex (2WWA.pdb) (32).
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Chapter 4

Characterising Cancer Associated Mutations of Sss1 that

Impart Gating Dysregulation

Introduction

Translocon gating is an important regulatory process that enables the Sec61
complex to perform its essential function in protein translocation while
simultaneously maintaining the integrity of the ER. However, the translocon has
also been implicated to function as a leak channel that facilitates the flux of
essential metabolites. This function is attributed to a third state of the translocon
that follows the complete delivery of the polypeptide into the ER lumen. At this
stage the translocon is found to remain bound to an idle ribosome, keeping the
complex in the open conformation, and with the polypeptide no longer blocking the
channel a facilitated flux of metabolites can occur (1). The facilitated flux of both
Ca?* and GSH have been demonstrated to occur through this process (1-3). These
important biological metabolites are involved in establishing cellular signalling and
redox status respectively, which demands that they are kept within an optimal

range through the cooperation of active transporters and passive leak channels.

Calcium Regulation

In mammalian cells, the ER facilitates the storage of Ca®* (4). A local supply of Ca?*
at the ER is necessary for optimal function with depletion having a negative impact
on protein folding as many ER resident chaperones demonstrate an affinity for the
ion (5). However, the role of Ca?* far exceeds its action at the ER with involvement
in critical cellular signalling, metabolism, autophagy, and apoptosis (6). The
involvement of Ca%* in these pivotal cellular events, places it under significant
scrutiny. Mammalian cells evolved to have a highly responsive network of Ca?*

transporters that respond to Ca?* oscillations. Depletion of Ca2* at the ER results in

120



activation of store operated calcium entry (SOCE). This process begins as the ER
transmembrane protein STIM1 senses the diminished lumenal Ca?* and responds by
aggregating at the ORI1 channel on the plasma membrane. This engages the influx
of Ca?* into the cytosol from the extracellular environment (7, 8). At the ER the local
Ca?* environment is controlled via influx and efflux channels. Sarco/endoplasmic
reticulum Ca?*-ATPase (SERCA) predominately enables influx while inositol
trisphosphate receptors (IP3Rs) and ryanodine receptors (RYRs) in co-operation
with calcium leak channels (i.e. Sec61 translocon) permit Ca?* efflux (6-9). More
specifically Ca?* leak channels and the more ubiquitously present isoform, IP3R1,
impact steady state Ca%* levels, working to preventing Ca®* overload (10, 11). RYRs
and the IP3R3 isoform are more generally localised to contact sites between the ER
and mitochondria known as mitochondria-associated ER membranes (MAMs) (12).
Ca?* flux from these receptors fuels the mitochondria in a manner that drives

bioenergetics (i.e TCA cycle for ATP synthesis) (12, 13).

The management of Ca?* is similar in yeast which possess functional homologs to
the mammalian Ca®* transporters. The most prominent difference is in the storage
of Ca?* at the vacuole instead of the ER (14, 15). Even so, Ca?* remains important in
optimal ER function and as signalling molecule, vital for cellular physiology. Yeast
permit the influx of Ca?* through the high-affinity Ca%* influx system (HACS) and the
low-affinity Ca?* influx system (LACS) which collectively respond to depleted Ca?* in
the secretory pathway (14-16). HACS is the better described of the two systems and
utilises a pair of TM proteins, Mid1l and Cch1. These two proteins localise to the
plasma membrane where they interact to form a high affinity channel for the
import of Ca?* from the exogenous environment (15, 17). Intracellular Ca* is then
sequestered to the vacuole through the action of two resident transporters the Ca?*
ATPase Pmc1 and the Ca*/H* exchanger Vcx1. The yeast vacuole can contain up to
95% of the cells total CaZ* which is found in complex with inorganic polyphosphate
(14). Pmrl and Spf1/Cod1 represent to two leading Ca?* ATPase pumps that supply
the secretory pathway with Ca?* (15, 18, 19). Pmr1 and Spf1/Cod1 are also crucial

in the maintenance of Ca?* homeostasis and cellular physiology as deletion of both
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these transporters leads to fragmentation of the vacuole and disturbances to

protein folding (14, 15).

The intracellular levels of Ca%* are maintained at relatively low concentrations (50-
200 nM) (14, 15). In response to certain stimuli however, Ca?* channels open to
flood the intracellular space with Ca?* from both the exogenous environment and
internal stores. This sudden spike of Ca?* triggers a cascading series of events that
drive Ca®* requiring biosynthetic pathways such as those involved in ATP synthesis
and autophagy (6, 12, 13). To avoid persistent signalling that is incongruous to the
needs of the cell, basal levels become restored through the coordinated activity of
two molecular chaperones calmodulin (CaM) and calcineurin (CN). CaM is a Ca?*
binding protein that can respond to increases in intracellular [Ca?*] (20, 21). In such
an event the Ca?* bound CaM interacts with CN stimulating its activity as a
phosphatase. Upon activation, CN responds via dephosphorylating a series of C;H»-
type zinc finger transcriptional factors such as Crz1 (21-23). Activation of Crz1 and
its orthologues initiates their translocation from the cytosol to the nucleus where
they tune the expression of certain Ca%* regulatory genes. Import channels such as
Pmc1 and Pmrl become upregulated, yet Ca®* uptake via the vacuole is limited
through repression of Vcx1 (21-24). The combined activity of this transcriptional
regulation serves to sequester Ca?* to organelles and in turn reduces intracellular

Ca?* to basal levels.

Glutathione Regulation

The acquisition of glutathione within the cytosol is achieved via both local
production as well as through transporters such as the yeast high affinity
glutathione transporter, Hgtl (25). The ER is not privy to such mechanisms however
and is demonstrated to obtain GSH through facilitated diffusion at the translocon
(1). The ER establishes an internal redox with higher oxidising capabilities than that
of the cytosol, which is key in driving several PTMs such as disulfide bond formation
and the glycosylation of certain proteins. A component of the

oligosaccharyltransferase complex (OST) complex, Ost3, contains a conserved CxxC
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thioredoxin motif that allows this subunit to sense the redox status of the ER (26).
The function of Ost3 is regulated via this mechanism with reductive stress resulting
in a downregulation in the activity of Ost3. N-glycosylation is an essential PTM to
certain proteins, assisting in folding and stability so that they may achieve their
native conformation (27-29). The ER NEF, Sill, presents as a substrate to Ost3 for
glycosylation, yet this interaction has an interesting connotation to establishing ER
homeostasis. In times of reductive stress, the activity of Ost3 is absent which results
in an accumulation of unglycosylated Sill (uSil1). This outcome has been associated
with a gain of function to Sil1l where its NEF activity is enhanced, demonstrated
through the ability of uSill to compensate for the loss of Lhs1, another ER resident
NEF (30). This implicates an accumulation of uSill in having a regulatory function
during reductive stress and demonstrates the level of dynamic control the redox

status has on the functionality of the ER proteome.

| have previously indicated that the import of GSH operates on a feedback loop. The
activity of Erol in the formation of disulfide bonds leads to the production of H,0,
which oxidises the ER lumen (31, 32). As a reactive oxygen species, hyperoxidation
through the accumulation of H,0; is detrimental to cellular physiology. In these
conditions however Ero1l activity is supressed through disulfide bond formation at a
pair of regulatory cystines (33, 34). Likewise, oxidation of the HSP70, Kar2 halts any
further import of GSH which could be utilised to reinitiate the activity of Erol. This
prevents any further exacerbation to the ER environment as quality control
measures begin to restore homeostasis (1). The actions of Sil1 and Kar2 collectively
provide examples of regulatory mechanisms within the ER that are designed to
restore an optimal redox environment. Additionally, by permitting the import of
GSH into the ER, the translocon acts as regulatory hub that contributes to

establishing optimal redox conditions.

Experimental Design and Aims

In Chapter 1 | discussed the literature surrounding dysregulated gating at the

translocon and how this can impact upon the homeostatic levels of certain
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metabolites of which can consequently lead to pathologies associated with disease.
These outcomes are described as channelopathies, and | provided an example
where perturbed Ca?* flux at the translocon presents with phenotypes often
associated to diabetes. The literature describes similar outcomes with a mutation at
the pore ring region of the translocon that is also involved in forming the
hydrophobic patch during translocation, being found to result in autosomal
dominant tubulointerstitial kidney disease (ADTKD) (35, 36). A non-exhaustive list of
similar mutations and their clinical outcomes can be found in Table 4.1 and
demonstrates the diversity in which these Sec61 associated channelopathies
present. Furthermore, with the reliance on metabolites in regulating certain
biosynthetic pathways it is not surprising to find that several components of the
translocon machinery are manipulated to the benefit of cancer. This link became
extremely relevant to us when we discovered a cancer associated mutation within a
Sec61 gating motif we had previously characterised as part of Aim1. The mutation,
N302S, is at a critical residue found in regulating the dynamics of the translocon’s
lateral gate (1, 3). When we expressed this mutation within our gating defective
sss1-7 strain, we found that it had a suppressive effect and hence implies that this
mutation was regulating translocon gating dynamics to some extent. This
observation demonstrated the utility of sss1-7 as part of a novel system that can be
used to routinely screen for disease associated mutations that may be affecting
gating dynamics at the translocon. Not only that, but we could assess the manner in
which they do so. l.e., those supressing the phenotype of sss1-7, as is observed with
N302S, are due more stringent gating. While those found to exacerbate the TS
phenotype demonstrate an ability to perpetuate a leak through the channel. This is
an important distinction to make as the way a mutation alters gating at the
translocon can reveal the metabolic demands of the associated disease and should
be a consideration in clinical settings for both developing treatment plans and when
designing personalised approaches to medicine. In this aim we characterise the
mechanism by which sss1-7 (H72K), and its cancer associated variant sss1-8 (H72R),
perpetuate a leak through stabilising the open conformation of the translocon. This
work has also served as a pilot study for utilising sss1-7in a system to characterise

gating defects in disease. We found that cancer associated mutations of
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Table 4.1. Disease associated mutations of the translocon Sec61a subunit.

Mutation Location Disease

Association

BiP (Kar2)
Y334H binding site | Type 2 diabetes
Autosomal
Sec6la TMH 2 dominant
(Mammalian) Q92R Lateral severe
gate congenital
neutropenia
Plasma cell
V85D Pore ring deficiency
Autosomal
dominant
V67G Plug helix | tubulointerstitial
kidney disease
TMH 5, Congenital
T185A Pore ring anaemia
adjacent neutropenia
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Sec61y/Sss1 present with an ability to influence the conformation of the translocon

through stabilising either the closed or open state.

* The greater part of this work has undergone peer review and was subsequently
accepted for publication. The submitted manuscript has been included to form
part of this chapter together with supplementary results that we found relevant
in our path to discovery yet didn’t make it to submission. This is followed by a
brief discussion on the topic matter that includes some deeper insights upon

reflection.

Results

The Translocon Establishes ER Redox Poise

In the attached manuscript of Chapter 3 we developed an assay that assessed
translocon gating via a cells tolerance to increased supply of exogenous reduced
glutathione (GSH). This assay is established on the basis that cells overexpressing
the high-affinity glutathione transporter (Hgt1) at the plasma membrane,
accumulate increase levels of GSH within the cytosol. WT cells overexpressing HGT1
are found to become sensitive to increasing concentrations of GSH supplemented
to the media as the ER becomes hyper-oxidised (37, 38). Overexpression of HGT1 is
achieved by placing the open reading frame under transcriptional control of the
constitutive and robust PMA1 promoter on a multicopy episomal plasmid (YEp).
Our analysis of sss1-6 and sss1-7 within this system found the cell lines to be
hypersensitive to GSH, which we attributed to the increase permeability afforded to
these mutants. Furthermore, this outcome could be averted via introducing any of
suppressive Sec61 mutations which highlights the translocons direct role. We have
also utilised this approach to characterise a series of cancer associated mutations of
Sss1 within this chapter. While this assay is useful in characterising the nature by
which certain mutations influence translocon gating, it also implicates a potential

for these mutations to cause dysregulation in ER redox poise. The ER of WT cells is

126



found to become hyper-oxidised upon increased supply of GSH, yet we
hypothesised that the perpetual flux of sss1-6 and sss1-7 would result in hyper-
reduction of the ER. In our characterisation of the TS sss1 mutants, we assessed
levels of UPR induced proteins Lhs1 and Kar2 (See chapter 3) in addition to Sill. As
mentioned in the introduction, Sill glycosylation status is dependent upon the
redox sensing thioredoxin motif of Ost3, with a reduced ER environment leaving Sil
unglycosylated. We were elated to find then that immunoblotting for Sil1 within
our TS sss1 mutants revealed an accumulation of uSill (Fig. 4.1.). This result, in
collaboration with the GSH analysis implicates mutations that lead to a more open
translocon in not only an uncontrolled flux of GSH but in manner that reduces the

redox potential of the ER.

Translocon Gating Defects Can Flood the Cytosol with Calcium

The ability of yeast cells to react to increasing concentrations of Ca%* in the cytosol
is dependent on the Czrl response. This response is reliant on the phosphatase
activity of calcineurin within the cytosol which can become silenced upon
treatment with calcineurin inhibitors such as the macrolide, FK506 (39). Yeast cells
that a defective in their capacity to regulate the transport and storage of Ca®* from
the cytosol are found to be hyper-sensitive to treatment with FK506 (40-43).
Should sss1-7 truly represent an uncontrolled flux of metabolites we would expect
an accumulation of Ca?* at the cytosol and a reliance on Crz1 to maintain cell
viability. Therefore, we hypothesised that sss1-7 would be hypersensitive to
treatment with FK506. To test this, we spotted WT and sss1-7 yeast at permissive
temperature on media containing varying concentration of FK506. We found that
sss1-7 growth was inviable on media containing 1 ug/mL of FK506 where WT
growth seemed largely unperturbed (Fig. 4.2.). In support of this being a local effect
from dysregulated translocon gating dynamics, a characterised suppressor,
Sec619%%, demonstrated restored growth of sss1-7 on FK506 containing media (Fig.
4.2.). The UPR is constitutively induced in sss1-7 cells which we attribute to ER
stress. It is worth noting that the activity of calcineurin is required to maintain cell

viability during times of ER stress and as such the effects of FK506 on sss1-7 might
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Fig. 4.1. uSill accumulates in sss1* gating mutants. Cell extracts derived from cells
expressing either S551, sss1-6 or sss1-7 were immunoblotted with anti-Sill antibody

at both 30°C and 37°C. Accumulation of uSill identified in both ts Sss1 mutant strains.
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Fig. 4.2. sss1-7 is hypersensitive to FK506. Wildtype, lhs1A, pmrlA or sss1-7
(sss1172k) yeast transformed with either YCp SEC61, YCp SEC61V392L or YCp SEC6124¢4
were spotted on YPD agar or YPD agar containing 1 ug/mL FK506 in a 10-fold

dilution series and incubated at 30°C for 3 days.
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be attributed to this outcome and hence irrelevant to cytosolic Ca?* (44). To address
this, we plated /hs1A mutant yeast cells on media containing FK506. Like sss1-7, the
UPR within lhs1A cells is constitutively induced, yet we saw no effects on growth at

the concentration demonstrated to ablate the viability of sss1-7 (45). Therefore, we
confidently suggest that the sensitivity of sss1-7 to FK506 is attributed to perturbed

Ca?* homeostasis.
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Abstract

Translocation of secretory and integral membrane proteins across or into the ER
membrane occurs via the Sec6l complex, a heterotrimeric protein complex
possessing two essential sub-units, Sec61p/Sec6la and Ssslp/Sec6ly and the non-
essential Sbh1p/Sec61B subunit. In addition to forming a protein conducting channel,
the Sec61 complex maintains the ER permeability barrier, preventing flow of
molecules and ions. Loss of Sec61 integrity is detrimental and implicated in the
progression of disease. The Sss1p/Sec61y C-terminus is juxtaposed to the key gating
module of Sec61p/Sec6la and is important for gating the translocon. Inspection of
the cancer genome database identifies six mutations in highly conserved amino acids
of Sec61y/Sss1p. We identify that five out of the six mutations identified affect gating
of the ER translocon, albeit with varying strength. Together, we find that mutations
in Sec6ly that arise in malignant cells result in altered translocon gating dynamics,
this offers the potential for the translocon to represent a target in co-therapy for

cancer treatment.

Author Summary

The first step in the biogenesis of secretory proteins is the targeting and translocation
into the endoplasmic reticulum (ER). Secretory proteins enter the ER via a gated
channel in the ER membrane called the translocon, a protein complex composed of
Sec61p/Sec6la, Sbhlp/Sec61B and Ssslp/Sec6ly. As a protein conducting channel
the translocon must be sealed in a regulated manner to prevent the free flow of ions
and small molecules between the ER and cytosol. We have discovered that mutations
in Sec61y that arise in cancer affect this seal but not the ability of this protein complex
to translocate secretory proteins into the ER. We hypothesise that altered translocon
gating contributes to malignancy by influencing factors such as migration, autophagy

and chemotherapy resistance.
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Introduction

The endoplasmic reticulum (ER) is the entry point into the secretory pathway (1, 2).
To enter this organelle proteins are conducted through a channel known as the
translocon (3). Secretory proteins are marked by the presence of a signal sequence
that comprises an N-terminal positively charged N-domain, a largely hydrophobic
central H-domain, and a polar C-terminal cleavage site or C-domain (4, 5). The signal
peptide instructs the targeting and subsequent translocation of a precursor through
the ER translocase by one of two distinct mechanisms (6, 7). Proteins that possess a
signal sequence of sufficient hydrophobicity are translocated co-translationally by a
mechanism dependent on the signal recognition particle (SRP) (8-10). Translocation
may also occur independent of the SRP (6) whereby a secretory protein is fully
synthesised and then maintained in an unfolded, translocation competent state by
cytosolic chaperones prior to post-translational translocation via the SEC complex in

yeast (11, 12).

The ER translocase is formed by the conserved Sec61 heterotrimeric complex (3). In
yeast the Sec61 complex is comprised of Sec6lp, Ssslp and Sbhlp with the
equivalent in mammalian organisms being Sec61a, Sec61ly and Sec61p respectively
(7, 13). Within the complex, Sec61p forms the subunit through which proteins pass
(14, 15). This essential subunit contains ten transmembrane domains (TMDs) (13)
which create the two halves of Sec6lp, TMDs 1-5 and TMDs 6-10 (13, 16). These
halves are joined by an external loop between TMD 5 and TMD 6 (loop 5/6) (13). A
distinct hourglass shape results from the central constriction of the channel created
by the pore ring, a series of hydrophobic residues that help to form a seal during
translocation. While inactive, a plug formed by the first portion of TMD 2 (2a) resides
within the pore ring (13). This plug is partially displaced to allow for translocation to
occur (13). The two halves of Sec61p also form the lateral gate (13). A hinge is formed
between loop 5/6 which acts as an important regulator of translocon opening via
facilitating exposure to the lipid bilayer of the ER membrane (13, 17). Ribosomal
binding initiates partial opening of the lateral gate which is completed through the

integration of the signal sequence between TMD 2 and TMD 7 (13, 17).

136



Ssslp is an essential component of the translocon, acting to stabilise the
conformation of the channel (18). The amphipathic N-terminal helix and the TMD of
Sss1p wraps around Sec61p on the surface and diagonally around TMDs 1, 5, 6 and
10 of Sec61p respectively, clamping the two halves of the structure. Sbhlp is only
essential in higher eukaryotes. It contains one TM domain, the N-terminus of which
makes contact with Sec61p (12, 19, 20). The cytosolic domain of Sbhlp is largely
unstructured and not visible in any of the available structures. As such, it is unknown
to what extent this domain makes direct contact with Sec61, however, it is highly
likely that it does so as this domain can be crosslinked to polypeptides as they

translocate through the Sec61 complex (21).

The translocon must allow for passage of a protein while maintaining the
permeability barrier between the cytosol and ER lumen. The ER environment
facilitates lumenal processes such as protein folding and appropriate cellular
signalling. Disturbances to this system can result in ER stress which can lead to
induction of recovery mechanisms including the unfolded protein response (UPR)
(22, 23). During translocation there is opportunity for the movement of small
molecules into and out of the ER (24, 25). Docking of the ribosome to the translocon
during co-translational translocation initiates displacement of the plug usually
residing within the inactive Sec61 complex (26). As plug displacement occurs the
translating protein is thread through the translocon, keeping the pore blocked and
preventing the flow of molecules (24). Upon the immediate completion of
translation, the ribosome remains docked to the translocon in an idle state. (27, 28).
Here, the Sec61 complex remains open and empty prior to the detachment of
ribosomes (24, 25). At this stage small molecules can pass between the different
cellular environments through the translocon (24, 29). The dissociation of the idle
ribosome from the translocon causes a conformational shift within the Sec61
complex, closing the channel once again (30). Work by Trueman et al. and Ponsero
et al. demonstrated that mutations in Sec61p can destabilise the closed or open
conformation of the translocon (24, 29). Destabilisation of the closed translocon

increases the opportunity for molecules to pass into and out of the ER (24).
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Conversely, destabilisation of the open Sec61 complex decreases movement of small

molecules through the translocon (24).

The extreme C-terminus of Ssslp has been shown to be located adjacent to key
amino acids in Sec61p that gate this channel and genetic analyses suggest a role for
this region in gating the translocon (13). Inspection of the cancer genome database
identifies several mutations in highly conserved amino acids of Ssslp. We identify
that five out of the six mutations identified could affect gating of the ER translocon,
albeit with varying strength. Together, we find that mutations in Sec61y that arise in
malignant cells result in altered translocon gating dynamics, this offers the potential

for the translocon to represent a target in co-therapy for cancer treatment.

Results

Secb1ly Cancer Associated Mutations do not Disrupt ER Translocation

Cancer genome databases provide a repository of naturally occurring mutations in
genes that potentially impact the function of a protein they encode given their
association with disease. We were interested to determine whether mutations in
Sec61y that arise in cancer alter gating dynamics of the Sec61 complex. Mining the
COSMIC database identified 6 mutations in Sec6ly in residues that are highly
conserved in eukaryotes (Fig. 5.1., A). The R24]1 mutation was identified in a patient
with colorectal cancer, the K27E and 164T mutations were identified in patients with
endometrial cancer, the A39V mutation in a patient with pancreatic cancer and the
L56F and H58R mutations identified in patients with lung cancer. The equivalent
mutations in Sss1lp are K38I, K41E, A53V, L70F, H72R and V78T respectively and these
are found throughout the protein (Fig. 5.1., B). Importantly, these mutations do not
represent natural SEC61y polymorphisms as none of these mutations are annotated
in the genome aggregation database (gnomAD) that spans 125748 exome sequences
and 15708 whole genome sequences from unrelated individuals (31). We exploited
our yeast model to test whether these mutations grossly alter Sss1p function. 5551 is
an essential gene as sss1A cells are not viable. Therefore, we firstly tested if

expression of these cancer associated variants could sustain cell viability via a
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Fig. 5.1. The Sssl1p C-terminus is highly conserved. (A) The sequence of Sec61y and
Sss1p are aligned using clustal omega sequence alignment software and the
position of cancer associated mutations indicated. (B) Ribbon diagram of the Sec61
complex crystal structure (4CG7.pdb) (32) was composed using Chimera software.
Secbla, Sec618 and Sec61y, are coloured grey, blue and sand respectively. Cancer
associated mutations are indicated in red. (C) BWY530 yeast transformed with
either YCp HIS3, YCp S551, YCp SS51%3% YCp SSS1¥41E, YCp SSS14°3V, YCp SSS1+7%, YCp
§55172R or YCp S551V78 were streaked onto —His selective medium and medium
containing FOA and incubated at 30°C for 2 days. (D) Wildtype or cells expressing
either SSS1%39 SSS1K41E §§51453V §SS1L70F §SS1H72R or §§S1V78T 35 the sole source of
5551 were spotted in a 10 fold dilution series and grown on YPD at 30°C for 3 days.
(E) Cell extracts derived from wildtype cells or cells expressing either S55137,
SSS1K41E 6651453V §SS1L70F §SS1H72R or SSS1V78T were immunoblotted with anti-
Sss1p, anti-Sec61p or anti-Sec63p antibodies. * identifies a proteolysed product of
Sec63p.
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plasmid shuffle assay. This method involves introduction of a plasmid containing a
mutated copy of an essential gene into a strain carrying the wild-type gene on a URA3
plasmid to complement the disruption of the chromosomal copy of the gene. This is
followed by growth in the presence of 5-fluoroorotic acid (5-FOA) to prevent
propagation of the URA3 plasmid. 5-FOA resistant cells can only be isolated if the
mutated copy of the gene retains sufficient essential activity. We transformed YCp
5551 and each mutant into BWY530 (sss1A::KanMX4 FKp53) and tested for the ability
of these strains to grow after counter-selecting for FKp53 on 5-FOA medium. Cells
expressing plasmid derived copies of $551 or any of the mutants produced viable
colonies, whereas those transformed with vector alone could not, indicating that

these mutations do not ablate function (Fig. 5.1., C & D).

Structurally Sss1p is composed almost exclusively of alpha helices. Importantly, the
PSI-blast based secondary structure PREDiction (PSIPRED) program that uses artificial
neural network machine learning algorithms to predict secondary structure (32)
indicated that the cancer associated mutations did not alter Ssslp secondary
structure (Supp. Fig. S5.1.). Neither are key translocon subunits Sss1lp and Sec61lp
and accessory proteins (e.g. Sec63p) affected in these mutants (Fig. 5.1., E). The
biogenesis of DPAP B, which is translocated in an SRP dependent manner, prepro
alpha factor, which is translocated post-translationally and Kar2p which can be
translocated by both pathways were monitored to determine whether ER
translocation is affected in these mutants. There was no obvious translocation
defects in these mutants (Supp. Fig. S5.2., A). Finally, we investigated invertase
secretion to determine if the secretory capacity of the cell is altered by our panel of
cancer associated mutations. We observed no significant difference in the fraction of
invertase that is secreted by the cell in each mutant when compared to wild type
(Supp. Fig. S5.2., B). Therefore, the mutations in conserved residues in Sec61y that
arise in cancer do not perturb the essential translocation activity of the Sec61

complex nor do they alter the secretory capacity of the cell.
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The Sss1 H72R Mutation Affects Translocon Gating

The H58 residue in Sec61ly is absolutely conserved in all homologues identified to
date and corresponds to H72 in Ssslp (33, 34). Interestingly, the growth of cells
expressing sss1M7?R is temperature sensitive as they are inviable at temperatures
greater than 37°C (Fig. 5.2., A). However, the temperature sensitivity of sss1/72R is
not due to the stability of the key translocon subunits Ssslp and Sec6lp and key
accessory proteins Sec62p and Sec63p being affected in this mutant (see above; Fig.
5.1., D). Furthermore, the integrity of the translocon itself was not compromised in
the sss172F mutant. The Ssslp and Sec6lp interaction can be stabilised by the
crosslinking reagent disuccinimidyl suberate (DSS) (18, 35). We detected a DSS-
dependent immunoreactive band of = 46 kDa with both anti-Sss1p and anti-Sec61p
specific antibodies in membranes isolated from wildtype or sss1"72 cells treated with

DSS, regardless of whether they were grown at 30°C or 37°C (Supp. Fig. S5.2., B).

Blue native polyacrylamide gel electrophoresis (BN-PAGE) has been used to resolve
important translocation structures; specifically the Sec61 complex, the Sec63/71/72
subcomplex and the SEC’ and SEC complex (36). We therefore used BN-PAGE to
complement our cross-linking analysis. Microsomes isolated from wildtype cells that
were solubilised with 2% digitonin yielded the 140 kDa Sec61 complex, the 350 kDa
SEC’ complex and the 380 kDa SEC complex (Supp. Fig. S5.1., D). These complexes
were all observed in microsomes isolated from sss1-6, sss1-7 and sss1-8 (sss1/72R)
mutants (Supp. Fig. S5.2., C) further supporting the conclusion that the integrity of

ER translocation complexes are not compromised in sss1ts mutants.

Given that activity of the Sec61 complex is essential for ER homeostasis, we tested if
the unfolded protein response (UPR) was induced in sss1/72f mutants. For this we
used a LacZ reporter placed under transcriptional control of a yeast UPR enhancer
(UPRE) (34). WT cells were treated with the reducing agent dithiothreitol (DTT) to
gauge a typical UPR response. UPR dependent LacZ activity was significantly elevated
in DTT treated cells compared to WT (Fig. 5.2., B). LacZ activity in sss1"72R cells at 30°C
and 37°C was up to 11-fold greater than that of WT. This confirms that the UPR is

constitutively induced in sss1"72% cells.
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Fig. 5.2. The sss1"72Rk mutation disrupts ER homeostasis. (A) Wildtype or sss1-8
yeast transformed with either YCp SEC61, YCp SEC61"39%K or YCp SEC61M392L were
spotted on YPD agar in a 10-fold dilution series and incubated at 30°C or 37°C for 2
days. (B) Wildtype or sss1-8 yeast transformed with either YCp SEC61, YCp
SEC61N302K or YCp SEC61M392L and with pJT30 (UPRE-LacZ) were grown in —Ura
selective medium and B-Galactosidase activity determined. As a positive control
wildtype cells were treated with 5mM DTT for 2 hours. (C) Wildtype or sss1-8 yeast
transformed with either YCp SEC61, YCp SEC61"V392K or YCp SEC61M392 and with YEp
HGT1 were grown in —Ura selective medium with increasing concentrations of GSH.
The relative growth of each strain determined and the GSH sensitivity (1/relative
growth) presented. (D) Wildtype or sss1-8 (sss1"7?F) yeast transformed with either
YCp SEC61 or YCp SEC61%%84 were spotted on YPD agar or YPD agar containing
10mM EGTA in a 10-fold dilution series and incubated at 30°C for 3 days. (E) Ribbon
diagram of the open (4CG5/7.pdb ) and closed (4CG5/7.pdb) Sec61 complex crystal
structure (34) was composed and overlayed using Chimera software. The position
of Q47 and F51 in Sec61a relative to H58 in Sec61y are indicated. (F) Wildtype or
sss1-8 (sss172R) yeast transformed with either YCp SEC61 or YCp SEC612%4 were
spotted on YPD agar in a 10-fold dilution series and incubated at 30°C or 37°C for 2
days. (G) Wildtype or sss1-8 (sss172F) yeast transformed with either YCp SEC61 or
YCp SEC61%%4 and with pJT30 (UPRE-LacZ) were grown in —Ura selective medium
and B-Galactosidase activity determined. (H) Wildtype or sss1-8 (sss1/72R) yeast
transformed with either YCp SEC61 or YCp SEC61%%%4 and with YEp HGT1 were
grown in —Ura selective medium with increasing concentrations of GSH. The relative
growth of each strain determined and the GSH sensitivity (1/relative growth)

presented.
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The sensitivities of sss1"72F cell growth and degree of ER stress in the absence of an
obvious ER translocation defect suggested to us that the sss1/72f mutation may
compromise the permeability of the translocon. We have found in a related study
(34) that the SEC61M392t mutation, a mutation in the lumenal lateral gate described
by Gilmore and co-workers which destabilises the open conformation of the
translocon (29), and SEC61V39%K suppresses the growth defects of other temperature
sensitive sss1 mutants in a dominant manner. Expression of either SEC61V0%L or
SEC61M392K from a centromeric plasmid also suppressed the temperature sensitive
growth of sss1"72F cells (Fig. 5.2., A) and reduced UPR induction in this mutant (Fig

5.2., B). This suggests that translocon gating is defective in sss1"72f mutants.

The Sec6l translocon has been shown to facilitate the diffusion of reduced
glutathione (GSH) into the ER (24). WT cells that overexpress Hgtlp, the plasma
membrane high-affinity GSH transporter (TNHGT1 cells hereafter), amass high levels
of GSH, when it is provided exogenously, that become cytotoxic due to a regulated
response that results in hyper-oxidation of the ER lumen (24). Using this system, we
show that WT MHgtlp cells easily tolerate up to 10 uM GSH (Fig. 5.2., C) Moreover,
sss1M72R INHgtlp growth is extremely sensitive to GSH, as growth of these cells was
severely perturbed by 2.5 uM GSH and 5 uM GSH, and completely arrested by 10 uM
GSH (Fig. 5.2., C). Furthermore, the GSH hypersensitive growth defect of sssits
mutants is not due to differential expression of HGT1 (Supp. Fig. S5.3., A & B).
Importantly, co-expression of SEC61"3%2L or SEC61V392K also suppressed the extreme

sensitivity of sss1M72R PMHgt1p growth in the presence of GSH (Fig. 5.2., C).

Farnesyl pyrophosphate (FPP) synthetase (Fpp1p) activity is Mn?* dependent (37-39)
and Fpp1p activity is elevated when cytoplasmic Mn?* levels are raised, which results
in increased squalene synthesis (37). Squalene accumulation inhibits cell growth if it
cannot be metabolised; such as when cells are treated with the squalene epoxidase
inhibitor terbinafine (37). We used this system to determine whether sss1/72% cells
possessed increased Fpplp activity due to defective Mn?* homeostasis. sss1/72f cell
growth was extremely sensitive to terbinafine as, unlike wildtype, 1 pg/mL
terbinafine completely inhibited the growth of sss1/72f mutants at 30°C and 34°C

respectively (Supp. Fig. S5.3., C). Importantly, sss1"7?% cells are not hypersensitive to
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the 14a-sterol demethylase inhibitor miconazole (Supp. Fig. S5.3., D), indicating that
the hypersensitivity of sss1772R cells to terbinafine is not due to general inhibition of

the ergosterol biosynthetic pathway.

The cation content of the ER in yeast is controlled by both the Pmrlp and
Spflp/Codlp P-type ATPases (40-42). The growth of mutants that are defective in
the storage of Ca?* in secretory organelles, pmrliA and spflA specifically, is
hypersensitive to the presence of the Ca?* chelator EGTA in the growth medium.
Given this we hypothesised that the growth of sss1 mutants defective in translocon
gating would be hypersensitive to EGTA. Wildtype cell growth is resistant to up to 20
mM EGTA. However, sss172F cells showed similar hypersensitivity to EGTA as pmrlA
mutants (Fig. 5.2., D). Again, the EGTA hypersensitive growth defect of sssits
mutants is not due to differential expression of PMR1 (Supp. Fig. S5.3., A & B).
Importantly the deleterious effects of EGTA on sss1"7?f growth are negated by the

addition of exogenous Ca?*to the growth medium (Supp. Fig. S5.3., E).

Taken together we conclude that the hypersentivities of sss1® growth to GSH,
terbinafine and EGTA are due to the increased flux of GSH, Mn?* and Ca?%,
respectively, through the translocon in these mutants. Regarding the latter, however,
we must acknowledge that we cannot rule out the possibility that the biogenesis of

the Ca%* pump is affected when Sss1p is mutated.

Structural Rationale for Altered Translocon Gating in Sec61y H58R Mutant

When the structure of the translocation channel was first solved it was proposed that
the most significant structural rearrangement that takes place upon opening of the
translocon is the relocation of the plug domain, from within the central cavity of the
closed channel, to a site adjacent to C-terminal portion of TM1 of SecY/Sec61q, the
Sec61B TMD and the extreme C-terminus of SecE/Sec6ly in the open state (13).
However, structural analysis of the active mammalian translocon revealed it to only
undergo subtle rearrangement as it transitions from an inactive to active state (43).
We note F51, located at the extreme C-terminus of Sec6la TM1, shifts and rotates

towards the KLIHIPI peptide located near the extreme C-terminus of Sec61y (43) (Fig.
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5.2., E). This movement positions the sidechain of Q47 that flanks Sec61a TM1 close
to that of Sec61y H58 (43) (Fig. 5.2., E). We have modelled this structural feature in
several of the most high resolution structures of the translocon, specifically 6ND1
(CryoEM structure of the Sec Complex from yeast) (44), 6R7Q (Structure of XBP1u-
paused ribosome nascent chain complex with Sec61) (45), 6FTJ (Cryo-EM Structure
of the Mammalian Oligosaccharyltransferase Bound to Sec6l and the Non-
programmed 80S Ribosome) (46), 6Z3T (Structure of canine Sec61 inhibited by
mycolactone) (47) and 6W6L (Cryo-EM structure of the human ribosome-TMCO1
translocon) (48), and have found these to be highly comparable (Supp. Fig. S5.4.).
Substitution of H58 with R would position the charged moiety of these side chains
closer to one another, that may result in a strengthened interaction between these
two residues that could stabilise the open conformation of the translocon (Fig. 5.2.,
E). We reasoned that disrupting this potential interaction would phenocopy the
effect of mutations in the lumenal and lateral gate that destabilise the closed
conformation of the translocon. Sec6la Q47 is well conserved with the
corresponding residue being Sec61p Q48 in yeast. We tested whether SEC612484
could suppress the temperature sensitivity of the sss1/72fR mutant in a dominant
manner. Indeed, we found the suppressive effects of SEC61%*¥4 to be
indistinguishable from those of the SEC61N3%2L mutant (Fig. 5.2., F). Furthermore,
SEC612%%4 could dominantly suppress all phenotypes associated with altered

permeability of the ER translocase (Fig. 5.2., D, G & H).

Other Sec61y Cancer Associated Mutations Alter Translocon Gating

Mutations in SEC61 that alter the gating dynamics of the translocon do not
profoundly affect cell physiology under normal growth conditions. However, these
mutations have been shown to dramatically affect the growth defects of sssi
mutants that are defective in translocon gating; namely sss1-6 and sss1-7 (sss1P7%4
1754 and sss1M72K mutations respectively) (34). Specifically, mutations in the lateral
gate of Sec61p that destabilise the open conformation of the translocon, SEC61V302
(29), completely suppress the ts growth defect of both sss1-6 and sss1-7 mutants (34)

whereas a mutation that destabilises the closed conformation of the translocon,
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SEC61N392D (29), further exacerbates the ts growth defect of sss1-6 mutant, while the
sss1-7 SEC61N3%2D double mutant is inviable (34). Therefore, we have a novel and
elegant system that allows us to screen for mutations in components of the
translocon and its associated proteins that destabilise either the open or the closed
conformation of the translocon. That is mutations that destabilise the closed
conformation of the translocon will exacerbate sss1-6 temperature sensitivity, while,
mutations that destabilise the open conformation of the translocon will suppress

sss1-6 and sss1-7 growth defects.

We combined each of the mutations described in Fig. 5.1., A with either sss172K
(sss1-7) or the less severe sss1P7#4 1754 (sss1-6) and investigated whether they
suppressed or exacerbated sss1-6 and sss1-7 growth defects using the plasmid
shuffle strain BWY530. We were unable to counter-select for FKp53 on FOA medium
in cells expressing either sss1-6 "t or sss1-7 £ (Fig. 5.3., A). The simplest
explanation for this is that the incorporation of K41E into either sss1-6 and sss1-7
results in a completely functionless Sss1p variant. An alternative explanation is that
the magnitude of the translocon gating defect when the K41E mutation is combined
with either sss1-6 and sss1-7 is such that cells are no longer viable. To discern
between these two possibilities we reasoned that co-expression of the Sec61V3%%p
mutant, which destabilises the open conformation of the translocon, would restore
viability to sss1-6 K“1£ or sss1-7 K1E if the latter scenario is correct. Indeed this was
the case, as co-expression of SEC61"3%?L, but not SEC61 alone, allowed either sss1-6
K41E or sss1-7 K41E o sustain cell viability when expressed as the sole copy of SSS1 (Fig.

5.3., B).

A second mutation, L70F, was also found to exacerbate the growth defects of both
sss1-6, and sss1-7. The growth of sss1-6 17 mutants at 30°C and 32°C was barely
detectable after 2 days unlike sss1-6 (Fig. 5.3., C). Furthermore, we discovered the
GSH hypersensitive cell growth of sss1-6 179F and sss1-77% to be exacerbated relative
to sss1-6 and sss1-7 respectively as the former mutants were unable to grow in the
presence of 2.5 uM GSH whereas growth arrest of the latter mutants is observed at
10 uM GSH (Fig. 5.3., D). However, sss1-6 179 mutants, but not sss1-6, are inviable at

the semi-permissive temperature of 34°C (Fig. 5.3., C). The UPR was induced to an
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Fig. 5.3. The K27E and L56F mutations destabilise the closed conformation of the
translocon. (A) BWY530 yeast transformed with either YCp HIS3, YCp SSS1, YCp
SSS1P74AI75A 'Y Cp SSSIKHE P74A 1754 'y Cp SSS1H72K YCp SSS1K4E H72K \yere streaked onto
—His selective medium and medium containing FOA and incubated at 30°C for 2 days.
(B) BWY530 yeast transformed with YCp SSS1K41E P74A 1754 and YCp LEU2, YCp SEC61,
YCp SEC61N302K or YCp SEC61M302 or YCp SSS1K41E H72KA and YCp LEU2, YCp SEC61, YCp
SEC61N392K or YCp SEC61N302 were streaked onto —His selective medium and medium
containing FOA and incubated at 30°C for 2 days. (C) Wildtype or cells expressing
either SSS1P74A 1754 GGG 1L70F, P74A, 1754~ 666 1H72K or §§S1L70F H72K 35 the sole source of
5551 were spotted on YPD agar in a 10-fold dilution series and incubated at 30°C,
32°C or 34°C for 2 days. (D) Wildtype or cells expressing either S§51°744 175A 55§ 1L70F,
P7AAITSA | 66§1H72K or SSS1L70RH72K 55 the sole source of SSS1 transformed with YEp HGT1
were grown in —Ura selective medium with increasing concentrations of GSH. The
relative growth of each strain determined and the GSH sensitivity (1/relative growth)
presented. (E) Wildtype or cells expressing either SSS1P74A4 1754 SSS1L70F, P7AAIZ5A
§551172K or §SS1L70FH72K 35 the sole source of §SS1 transformed with pJT30 (UPRE-
LacZ) were grown in —Ura selective medium and B-Galactosidase activity determined.

As a positive control, wildtype cells were treated with 5mM DTT for 2 hours.
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equivalent extent in sss1-6 /9 and sss1-7 179 relative to sss1-6 and sss1-7 (Fig. 5.3.,
E). This likely indicates that the extent with which the UPR is induced in these mutants

has reached its maximum prior to the loss of cell viability.

In contrast to K41E and L70F, we find that two mutations, A53V and V78T, have
suppressive effects on either both sss1 mutants (A53V) or sss1-7 only (V78T). sss1-6
A53V could grow at 37°C whereas sss1-74°3V could grow at 34°C unlike sss1-6 and sssi-
7 respectively (Fig. 5.4., A) and the extent with which the UPR was induced was less
in both sss1-6 43V and sss1-74%3V (Fig. 5.4., B). The sss1-7 V78T mutant could also grow
at 34°C (Fig. 5.4., A) and the level to which the UPR was induced in sss1-7 Y787 was
less than that observed for sss1-7 (Fig. 5.4., B). We speculate that the P75A mutation
in sss1-6 alters the structure of the C-terminus such that the suppressive effects of
the V78T mutation are negated in this mutant. The suppressive effects of both the
A53V and V78T mutations also extended to overturn phenotypes associated with
altered ER permeability. The A53V mutation was able to suppress the
hypersensitivity of both sss1-6 and sss1-7 mutants to GSH (Fig. 5.4., C) and the V78T
mutation did so for sssi-7 (Fig. 5.4., C). Furthermore, A53V and V78T, have
suppressive effects on either both sss1 mutants (A53V) or sss1-7 only (V78T) on EGTA
hypersensitivity (Fig. 5.4., D) and terbinafine hypersensitivity (Supp. Fig. S5.2., B),

albeit with varying strength.

Given the suppressive effects of the V78T and A53V mutations, described above, we
were keen to determine whether these mutations alone were more resistant than
§S51 to the cytotoxic effects of exogenous GSH. S551V7%" cells were only found to be
fractionally more resistant to GSH than WT cells, however, S5514>3V cells were

significantly more resistant to the deleterious effects of exogenous GSH (Fig. 5.4., E).
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Fig. 5.4. The A39V and 164T mutations destabilise the open conformation of the
translocon. (A) Wildtype or cells expressing either SSS1P74A175A 551453V, P74A 1754
§SS1H72K, §5§1433Y, H72K or §§S1H72K V78T 35 the sole source of SSS1 were spotted on
YPD agar in a 10-fold dilution series and incubated at 30°C, 32°C, 34°C or 37°C for 2
days. (B) Wildtype or cells expressing either SSS1P7441754  §SS 1453V, P7AAI7T5A 5SS 1H72K,
§551433V, H72K or §§51H72K V78T 35 the sole source of S551 transformed with pJT30
(UPRE-LacZ) were grown in —Ura selective medium and B-Galactosidase activity
determined. As a positive control wildtype cells were treated with 5mM DTT for 2
hours. (C) Wildtype or cells expressing either SSS1P74A1754  §6§ 1453V, P74AI75A 5SS 1H72K,
5551433V, H72K or §§S1H72K, V78T 35 the sole source of SS51 transformed with YEp HGT1
were grown in —Ura selective medium with increasing concentrations of GSH. The
relative growth of each strain determined and the GSH sensitivity (1/relative
growth) presented. (D) Wildtype or cells expressing either SS51P74A1754  §6§1453Y,
P7AAITSA 66§ TH72K §§S1AS3V, H72K or §6S1H72K V78T 55 the sole source of SSS1 were
spotted on YPD agar or YPD agar containing 5 mM (sss1-7 derivatives) or 10 mM
(sss1-6 derivatives) EGTA in a 10-fold dilution series and incubated at 30°C for 3
days. (E) Wildtype or cells expressing either $5514°3V or S551 V78T as the sole source
of §551 transformed with YEp HGT1 were grown in —Ura selective medium with
increasing concentrations of GSH. The relative growth of each strain determined

and the GSH sensitivity (1/relative growth) presented.
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Discussion

The Sec61 translocon facilitates the translocation of nascent proteins into the ER
while maintaining the barrier between the two distinct environments of the ER
lumen and cytosol. Additionally, the translocon’s capability to allow the controlled
flux of essential metabolites across the ER membrane is vital to maintaining these
functional environments as well as coordinating cellular processes that are regulated
by small molecules. The dynamic nature of the translocon is fundamental in this
channel’s ability to participate in these distinct functions; and while other ER
channels have been described with roles in cancer and its progression (49, 50), the
involvement of dysregulated translocon dynamics had yet to be reported. Herein, we
have demonstrated a mechanism by which mutations in the essential translocon
subunit, Sec61y/Ssslp, influence translocon gating. Furthermore, we show that
cancer associated mutations of Sec61y/Sss1p present with an ability to influence the
stability of the translocon’s conformational states, stabilising either the closed or

open state.

A Possible Mechanism for sss1172R jn Disrupting Gating Dynamics

An intricate network of molecular interactions regulates the opening and closing of
the translocon. N302 contributes to this network within the lateral and lumenal gate
that functions in setting the hydrophobicity threshold of the translocon (29). The
incorporation of a signal sequence into the channel disrupts this network under
normal conditions, facilitating the transition to an open state (29). Increasing the
hydrophobicity of key residues (i.e N302L) complements non-polar interactions at
the lumenal and lateral gate which destabilises the open conformation (29). Seeking
a mechanism by which sss1/72R disrupts gating dynamics, we inspected the structure
of the active mammalian translocon, which revealed that upon translocon opening
the side chain of the Sec61a TM1 residue Q47 is juxtaposed to H58 of Sec61ly. The
substitution of H58 with R positions the charged moiety of these side chains within
2.1 A of Q47 which may facilitate the formation of a strong non-covalent interaction

between these two residues. This may affect the ability of the translocon to respond
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appropriately to signals for closure, therefore disrupting gating dynamics via

stabilising the open state.

Disrupting Translocon Dynamics: an Outcome in Cancer Related Mutations

Data presented in the human protein atlas suggests SEC61y to be a prognostic marker
for renal and liver cancer whereby high expression is shown to be unfavourable in
both cancers. In light of this we were interested to see if there existed cancer
associated mutations in SEC61y that had any effect on function. Search of the cancer
genome database revealed there to be six mutations in conserved residues.
Significantly, these mutations are not just natural polymorphisms as they are
documented in the genome aggregation database. Rather, they represent bona fide
mutations that have arisen in patients with cancer. Utilising our sss1 mutants (sss1-6
and sss1-7) we have developed a system for the assessment of perturbations in
translocon gating dynamics. These mutants destabilise the closed conformation of
the channel, therefore the introduction of a further mutation to these mutants can
have one of three possible outcomes: no effect on translocon gating, suppression
which indicates an ability to destabilise the open and exacerbation which is an
outcome of destabilising the closed further. Initially there was no apparent
phenotype observed in the cancer associated mutations of Sss1p with the exception
of sss1t72R. However, upon introduction into our system we found 4 (K41E, A53V,
L70F, V78T) out of the remaining 5 also demonstrated an ability to influence
translocon gating dynamics. It is important to indicate that the mutations in Sec61y
listed in the COSMIC database are alone, unlikely to be causative, driver mutations.
However, these mutations legitimately alter the permeability of the ER translocase
therefore we consider these mutations to be advantageous to cell fitness at a later
stage of disease, such as when chemotherapy is administered or when a tumour
metastasises. A subset of single nucleotide variants, proposed as passengers in

cancer, has been shown to influence tumour progression (51).

Cellular compartmentalisation has served as a significant advantage for eukaryotic

cells by facilitating specialisation of numerous cellular processes (52). The ER has a
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distinct environment that promotes the processing and maturation of proteins (53,
54). Ca%* contributes to establishing this environment and is present in abundance,
particularly in mammalian cells where the ER is the major store for thision (55) where
it is utilised by molecular chaperones to facilitate protein folding (56). In addition to
its role at the ER, Ca?* also regulates cell signalling, metabolism, autophagy and
apoptosis; i.e. pathways manipulated in cancer (57). Interestingly, the disparate
effects of these cancer associated SEC61y mutations appears to reflect the diverse
way in which Ca?* signalling affects cancer. The increasing energy demand of certain
cancers can lead to the sustained transfer of Ca?* from the ER to the mitochondria
(57) which serves to fuel mitochondrial bioenergetics resulting in the production of
ATP. Interestingly, in pancreatic ductal adenocarcinoma (PDAC) IP3Rs and STIM1 are
reorganised to the leading edge of migrating cells (58). Inhibition of IP3Rs and SOCE
repressed migration demonstrating the importance of these mechanisms in this
process (58). As migration is energy demanding, the redistribution of these
mechanisms likely represents the increasing demand for their role in enhancing
mitochondrial bioenergetics. In the same vein, some cancers have demonstrated an
ability to preferentially express certain isoforms of IP3R, i.e. upregulation of IP3R3
involved in calcium transport at MAMs (59). These findings establish a need for some
cancers to hoard calcium at the ER in order to sustain energy production. The A39V
and 164T mutations, identified in PDAC and endometroid carcinoma respectively,
might represent a contributing factor in this process. These mutations stabilise the

closed conformation of the translocon, which could serve to reduce ion leakage.

The literature reveals some lung cancer cell lines possess reduced ER Ca?* levels.
Down regulating the import of Ca?* levels makes the ER vulnerable to calcium leak.
Increased cytosolic Ca®* can induce autophagic flux that acts to compensate for
metabolic stress via supplying nucleotides for cellular processes such as the TCA cycle
and DNA repair (60). These lung cancer cell lines show chemoresistance likely
representing diminished ER to mitochondria Ca?* transfer which is critical for
induction of cell death (61, 62). Furthermore, cancerous cells develop an increased
demand for protein and lipid biogenesis and therefore must adapt to and increasingly

nutrient deprived environment. Uncontrolled ion movement from the ER can result
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in cellular stress and induce the UPR (22, 63, 64). While prolonged cellular stress
would typically induce apoptosis, some malignant cells can bypass apoptosis and
utilise UPR to increase the protein folding capacity of the ER which can increase
metastasis and chemotherapy resistance (65). Collectively these finding demonstrate
that depletion of ER Ca?* stores can prove beneficial to the progression of certain
cancers. Ssslp cancer mutations found to destabilise the closed / stabilise the open
translocon include L56F and H58R, mutations isolated from lung squamous cell
carcinoma as well as K27E of endometroid carcinoma origin. We propose that
mutations that impose such an effect on the translocon could perpetuate Ca?* flux,

contributing to cancer outcomes.

This work has served as a proof of concept for our system in determining influences
on translocon gating dynamics. This system could be utilised for future studies
investigating components/regions that have yet to be characterised to such a role.
Here, this system has set a precedent as a useful tool in identifying potential
manipulations of translocon gating dynamics which may act in benefit of
carcinogenesis and tumour progression. To our knowledge this is the first study to
identify mutations in the SEC61y gene that affect ER permeability to be associated
with pathology. Given that pathologies have been found to be associated with genes
encoding for translocon components (SEC61al1 and SEC618) as well as translocon
associated proteins (SEC62 and SEC63) we anticipate that several channelopathies
that alter the permeability of the ER membrane may be associated with mutations in
Sec61ly. If so we have a novel and elegant system in place that allows screening for

such mutations.
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Materials And Methods

Yeast Strains

Yeast strains (Supp. Table S5.1.) were grown in YP medium (2% peptone, 1% yeast
extract) in the presence of 2% glucose (YPD). Growth was predominately performed
at 30°C except where defined otherwise for the purposes of TS growth analysis which
involved spotting onto media at a 10-fold dilution series. Minimal medium (0.67%
yeast nitrogen base; YNB) with the addition of 2% glucose and appropriate
supplements (20 pg/mL) was utilised for nutrient selection. 2% (w/v) agar was
additionally added for solid media. Minimal media was prepared similarly yet with
the addition of 1 g/L 5-fluoroorotic acid (5-FOA) and 100 pg/mL uracil to achieve
counter selection of URA3 plasmids. 1 pg/mL terbinafine or DMSO was added to YPD

agar where indicated.

Plasmid Construction — Site Directed Mutagenesis

Site directed mutagenesis was performed according to Q5 Site Directed Mutagenesis
Protocol (NEB), the plasmids and oligonucleotides used are listed in Supp. Table S5.2.
and Supp. Table S5.3. respectively. The plasmid pJKB2 was used as template to

introduce the desired mutations into SS51.

Glutathione Sensitive Growth Assay

Yeast strains containing the Yep HGT1 were cultured at 30°C to mid-logarithmic
phase. Sub-cultures at 0.01 ODgponm in SC medium were produced omitting uracil and
with the addition of 0-10 uM of L-reduced glutathione. Growth was followed and
recorded at several key time points. Three independent biological replicates and at
least two technical replicates were performed. These results were averaged with

each concentration compared as a factor of the 0 uM result.
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B-Galactosidase Assays

B-Galactosidase assays were performed according to Tyson and Stirling, 2000 (66).
Specifically, overnight yeast cultures were diluted to 0.2 ODsoonm and left to recover
for 4 hrs at 30°C. Following a 2 hr temperature shift cells were harvested and
resuspended in 2 mL of Z buffer (60 mM Na;HPO4, 40 mM NaH,P04, 10 mM KCl, 10
mM MgS04, 50 mM 2-mercaptoethanol, pH 7.0). Reaction mixes were made from 0.8
mL of cell suspension, 50 pL of 0.1% (w/v) SDS and 100 uL of CHCl; and placed at 30°C
for 30 mins to achieve cellular permeabilisation. 160 uL of o-
nitrophenylgalactopyranoside (4 mg/mL stock) was added to initiate the reaction for
a 20 min duration. The addition of 400 pL of 1 M Na;COs, pH 9.0 acted to halt the
reaction. The ODa2onm Was measured, and LacZ activity (U) was calculated by
multiplying OD420nm/ODsoonm by 1000. Three independent biological replicates and at

least two technical replicates were performed.

Cell Lysate Preparation and Immunoblotting

Yeast cells were grown to mid-logarithmic phase where 10 ODggonm Of cells were
isolated for generation of crude cell lysates. Pelleted cells were resuspended in
sample buffer with 0.5 mm glass beads. Samples were heated for 10mins at 65°C and
disrupted via FastPrep-24 (6.0m/sec for 40 sec). Samples were placed back on heat
until use or stored. Samples were run via SDS page and subsequently transferred to
PVDF via a semi-dry transfer apparatus. Immunoblotting Antibodies used are listed

in Supp. Table S5.4.
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Manuscript Supplemental Data

Invertase Secretion

Cells were grown in YPD (2% glucose) at 30°C, cultures were split, and cells
incubated at 30°C or 37°C for 1h in YPD (2% glucose). Cells were then pelleted
(2000g), washed twice with pre-warmed low glucose (0.1% glucose) YPD,
resuspended in the low glucose YPD medium, and incubated as before for 1.5h. To
halt trafficking, samples were adjusted to 10mM NaN3, and incubated on ice. The
samples were washed 3X with 500 pL ice-cold 10mM NaN3 and re-suspended in
500 pL of the same. The samples were split into 10mM NaN3 buffers £ 0.2 % Triton
X-100 (final) with the Triton-solubiliaed fractions also being subjected to one cycle
of freeze-thaw to generate the permeabilised cell fraction. The partner non-
permeabilised and permeabilised samples were used to determine extracellular and
total invertase activities, respectively. The pool of secreted invertase is expressed as

a fraction.

DSS Cross-linking

Yeast microsomes were prepared according to Rothblatt and Meyer, 1986 (67).
Microsomes were incubated at 30°C for 30 min in the presence of either 1 mM DSS
or equivalent volume of DMSO. The addition of 10 mM lysine and 10 mM Tris (final
concentration) supplied excess amine groups to quench the reaction. Crosslinking

was assessed through subsequent SDS PAGE, transfer and immunoblot.

Blue Native PAGE Analysis

BN-PAGE was performed according to Jermy et al., 2006 (36). Two A280nm units of
microsomes were harvested by centrifugation at 10,000 x g, resuspended in 100 pL
of S-buffer (20 mM Tris-HCI, pH 7.6, 250 mM NaCl, 2 mM dithiothreitol, 5 mM
MgOAc, 2% digitonin, 12% glycerol, 1% (v/v) protease inhibitor mixture (Sigma))

and then incubated on
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ice for 30 min. Unsolubilised material was removed by centrifugation at 10,000 x g,
and then ribosomes were removed by centrifugation for 60 min at 400,000 x g. The
supernatant was then diluted to 180 pL with S-buffer without NaCl and digitonin,
followed by the addition of 20 uL of 10x sample buffer (5% Coomassie Brilliant Blue
G250, 500 mM 6-aminocaproic acid, 100 mM Bistris-HCI, pH 7.0). 0.8 A280nm unit
aliquots were loaded onto a 6—16% polyacrylamide gradient gel (buffered with 500
mM 6-aminocaproic acid, 50 mM Tris-HCIl, pH 7.0). The samples were run at 200 V
for 18 h with Coomassie-containing cathode buffer (50 mM Tricine, pH 7.0, 15 mM
Bistris-HCI, pH 7.0, 0.02% Coomassie Brilliant Blue G250) and then for a further 3 h
at 500 V in buffer lacking Coomassie (50 mM Tricine, pH 7.0, 15 mM Bistris-HCI, pH
7.0). Anode buffer (50 mM Bistris-HCI, pH 7.0) was constant throughout. The
samples were then transferred to polyvinylidene difluoride membrane and

analysed by Western blotting.

Reverse Transcription (RT)-PCR

Total RNA was isolated from cells using the FavorPrepTM blood cultured cell total
RNA mini-Kit and 1ug was used to template reverse transcription using WarmStart®
RTx Reverse Transcriptase to generate cDNA (20 pL final volume). H,0 was used in
no RT controls. To analyse HGT1, PMR1 or ACT1 expression, PCR was performed
using 1 uL of cDNA fraction as template and specific oligonucleotides as primers.

Products were quantified with Image J software.
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Supp. Table S5.1. Yeast strains used in this study.

Yeast Genotype Reference
BWY530 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | Wilkinson et al. 2010
3,112 can1-100 sss1A::KanMX4 FKp53 (68)
5851 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | Wilkinson et al. 2010
3,112 can1-100 sss1A::KanMX4 pJKB2 (68)
sss1-6 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | Witham et al., 2020
3,112 can1-100 sss1A::KanMX4 pJKB16 (34)
sss1-7 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | Witham et al., 2020
3,112 can1-100 sss1A::KanMX4 pCM205 (34)
sss1-8 MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW11
sss1-Kl MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW12
sss1-KE MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW13
sss1-AV MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW14
sss1-LF MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW15
sss1-VT MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW16
sss1-6 Ki MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW17
sss1-6 KE MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW18
sss1-6 AV MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW19
sss1-6 LF MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW20
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sss1-6 VT MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW21
sss1-7 Kl MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW22
sss1-7 KE MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW23
sss1-7 AV MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW24
sss1-7 LF MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW25
sss1-7 VT MATa ade2- 1 ura3-1 his3-11,15 trp1-1 leu2- | This study
3,112 can1-100 sss1A::KanMX4 pCW26
CWY46 sss1-8 + YCp SEC61 (pBW11) This study
CWY47 sss1-8 + YCp SEC61N302K (pCW4) This study
CWY48 sss1-8 + YCp SEC61N3%2L (pCW7) This study
CWY49 sss1-8 + YCp SEC61%%8A (pCW27) This study
CWY50 sss1-6 KE + pRS315 This study
CWY51 sss1-6 KE + YCp SEC61 (pBW11) This study
CWY52 sss1-6 KE + YCp SEC613%L (pCW?7) This study
CWY53 sss1-6 KE + YCp SEC61V392K (pCW4) This study
CWY54 sss1-7 KE + pRS315 This study
CWY55 sss1-7 KE + YCp SEC61 (pBW11) This study
CWY56 sss1-7 KE + YCp SEC61M392L (pCW?7) This study
CWY57 sss1-7 KE + YCp SEC61M302K (pCW4) This study
CWY58 S§SS1+YCp SEC61 (pBW11) + pJT30 Witham et al., 2020
(34)
CWY59 sss1-6 + YCp SEC61 (pBW11) + pJT30 Witham et al., 2020
(34)
CWY60 sss1-7 + YCp SEC61 (pBW11) + pJT30 Witham et al., 2020

(34)
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Cwyel sss1-6 LF + YCp SEC61 (pBW11) + pJT30 This study

CWY62 sss1-7 LF + YCp SEC61 (pBW11) + pJT30 This study

Cwye3 sss1-6 AV + YCp SEC61 (pBW11) + pJT30 This study

Ccwye4 sss1-7 AV + YCp SEC61 (pBW11) + pJT30 This study

CWY65 sss1-7 VT + YCp SEC61 (pBW11) + pJT30 This study

CWY66 sss1-8 + YCp SEC61 (pBW11) + pJT30 This study

CWY67 sss1-8 + YCp SEC61M302K (pCW4) + pJT30 This study

CWY68 sss1-8 + YCp SEC61M3%2L (pCW7) + pJT30 This study

CWY69 sss1-8 + YCp SEC61%%84 (pCW27) + pJT30 This study

CWY70 5551 + YCp SEC61 (pBW11) + pCW10 Witham et al., 2020
(34)

Cwy71 sss1-6 + YCp SEC61 (pBW11) + pCW10 Witham et al., 2020
(34)

CWY72 sss1-7 +YCp SEC61 (pBW11) + pCW10 Witham et al., 2020
(34)

CWY73 sss1-6 LF + YCp SEC61 (pBW11) + pCW10 This study

CWY74 sss1-7 LF + YCp SEC61 (pBW11) + pCW10 This study

CWY75 sss1-6 AV + YCp SEC61 (pBW11) + pCW10 This study

CWY76 sss1-7 AV +YCp SEC61 (pBW11) + pCW10 This study

CwWyY77 sss1-7 VT + YCp SEC61 (pBW11) + pCW10 This study

Cwy78 sss1-8 + YCp SEC61 (pBW11) + pCW10 This study

CWY79 sss1-8 + YCp SEC61N302K (pCW4) + pCW10 This study

CWYS80 sss1-8 + YCp SEC61N3%2L (pCW?7) + pCW10 This study

Ccwysi1 sss1-8 + YCp SEC61%84 (pCW27) + pCW10 This study
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Supp. Table S5.2. Plasmids used in this study.

Plasmid Description Reference
pJT30 UPRE-LacZ reporter Tyson and Stirling, 2000 (66)
pBW11 YCp SEC61 LEU2 Wilkinson et al., 1997 (35)
pDR195 YEp URA3 containing the Rentsch et al. 1995 (69)
PMA1 promoter and CYC1
terminator to enable high
level gene expression.
pJKB2 YCp SS51 HIS3 Wilkinson et al., 2010. (68)
pJKB16 YCp sss1P74A 1754 H|IS3 Witham et al., 2020 (34)
pCM203 YCp SEC61 SS51 URA3 Witham et al., 2020 (34)
pCM205 YCp sss1M72K HIS3 Witham et al., 2020 (34)
pCW4 YCp SEC61M3°K [EU2 Witham et al., 2020 (34)
pCW7 YCp SEC61N302L | FU2 Witham et al., 2020 (34)
pCW10 YEp HGT1 URA3 Witham et al., 2020 (34)
pCW11 YCp sss1H72R HIS3 This study
pCW12 YCp sss1/38! HIS3 This study
pCW13 YCp sss1f4E HIS3 This study
pCW14 YCp sss14%3V HIS3 This study
pCW15 YCp sss1t7%F HIS3 This study
pCW16 YCp sss1Y78T HIS3 This study
pCW17 YCp 5551138 P74A1754 ]G3 This study
pCW18 YCp sss1K41EP74AIZSA HIS3 This study
pCW19 YCp s5514°3VP74AI75A 1153 This study
pCW20 YCp sss1t70FP74AI75A 1S3 This study
pCW21 YCp s551V78TP74A1754 H|S3 This study
pCW22 YCp ss51/38/H72K 1S3 This study
pCW23 YCp sss1/41EH72K 1153 This study
pCW24 YCp sss14°3VH72K 1S3 This study
pCW25 YCp sss1t70FH72K 1153 This study
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pCW26

YCp sss1V78TH72K 1S3

This study

pCW27

YCp SEC619%A LEU2

This study
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Supp. Table S5.3. Oligonucleotides used in this study.

Name

Sequence

S$551 P7AAI75A_F

GATTCATATTgCAgcCAGATACGTTATTGT

S§51 P74A175A_R

GTATCTGECTGCAATATGAATCAACTTGAT

S551 H72K_F AAGTTGATTaAaATTCCAATCAGATACGTTATTG
S$551 H72K_R TGATTGGAATtTtAATCAACTTGATGGCGTAAC
S$551 K38I_F AATTCTTGGCCAttTGTAAGAAACCTGATT
5§551 K38l _R TTCTTACAaaTGGCCAAGAATTGAGTACCT
5551 KA1E_F CAAGTGTAAGEAACCTGATTTGAAGGAATA
S$551 K41E_R CAAATCAGGTTCCTTACACTTGGCCAAGAA
5551 A53V_F GATTGTCAAGGETGTTGGTATTGGTTTTAT
5551 A53V_R AATACCAACAaCCTTGACAATCTTGGTGTA
5551 L70F_F CATCAAGTTtATTCATATTCCAATCAGATACG
S$§51 L70F_R GCTGCAATATGAATaAACTTGATGGCGTAACC
S$551 H72R_F CATCAAGTTGATTagaATTCCAATCAGATACG
S$551 H72R_R ATTGGAATtctAATCAACTTGATGGCGTAACC
S551V78T_F CAGATACacTATTGTTTAAAAGAGATAAAAG
S551 V78T_R TCTTTTAAACAATAGtGTATCTGATTGGAAT

S551 L70F P74A 175A_F

CATCAAGTTtATTCATATTGCAGCCAGATACG

S551 L70F P74A 175A_R

ATTGGAATATGAATaAACTTGATGGCGTAACC

S$551 L70F H72K_F

CATCAAGTTtATTaAaATTCCAATCAGATACG

S$§51 L70F H72K_R

ATTGGAATtTtAATaAACTTGATGGCGTAACC

S551 V78T P74A 175A_R

TCTTTTAAACAATAgtGTATCTGGCTGGAAT

HGT1_qpcr_F CCCAATTGGTAGGATACTGG
HGT1_gpcr_R GTAAGACCTGCAGCACCATAAC
PMR1_gpcr_F GGCAACCAAGATTCTCAACC
PMRI_gpcr_R GCCATAGAATTTGCGCACTC
ACT1_qpcr_F GCCTTCTACGTTTCCATCCA
ACT1_qgpcr_R GGCCAAATCGATTCTCAAAA
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Supp. Table S5.4. Antibodies used in this study.

Antibody Dilution Reference

Anti-Sec61p, rabbit polyclonal 1:10,000 Stirling et al., 1992 (70)
Anti-Sss1p, sheep polyclonal 1:5000 Wilkinson et al., 2010 (68)
Anti-Sec63p, sheep polyclonal 1:10,000 Young et al., 2001 (71)
Anti-DPAP B, sheep polyclonal 1:5000 Tyson and Stirling 2000 (66)
Anti-Kar2p, sheep polyclonal 1:10,000 Tyson and Stirling 2000 (66)
Anti-Prepro alpha factor 1:10,000 Young et al., 2001 (71)

HRP conjugated anti-sheep 1:20,000 N/A

HRP conjugated anti-rabbit 1:20,000 N/A
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Supp. Fig. S5.1. The primary sequence of Sss1p, Sss1X38lp, Sss1K43Ep Ss51A53Vp,

Sss179Fp, Sss1H72Rp and Sss1V78Tp was analysed by PSIPRED 4.0 software (32).
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Suppl. Fig. S2
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Supp. Fig. $5.2. (A) Cell extracts derived from cells expressing either S551 with or

without tunicamycin (tm), SSS1¥39, SSS1¥41E, §551453V §§S1L70F SSS1H72R or SSS1V78T

were immunoblotted with anti-DPAP B, anti-Kar2p and anti-ppaf antibodies. (B)

Invertase secretion was determined in cells expressing either S551, SSS1%39/,

SSS1K41E §SS1453V §SS1L70F §§S1H72R or SSS1V78T (C) Membranes derived from

wildtype or sss1"72R yeast incubated with and without 1 mM DSS were

immunoblotted with anti-Sss1p and anti-Sec61p antibodies. (D) Two Azsonm units of

microsomes prepared from wild type, sss1-6 (sss1P744 1734) sss1-7 (sss177?) and

sss1-8 (sss177?R) were resolved by 6-16% BN-PAGE and analysed by Western

blotting for Sec63p (upper panel) and Sec61p (lower panel).
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Suppl. Fig. S3
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Supp. Fig. $5.3. (A) HGT1 and PMR1 expression was determined by RT-PCR on cDNA
derived from mRNA isolated from wildtype, sss1-6, sss1-7 and sss1-8 yeast
harbouring YEp HGT1. (B) Expression of HGT1 and PMR1 relative to ACT1 in
wildtype, sss1-6, sss1-7 and sss1-8 yeast was detetermined. The histogram shows
the average of at least 6 experiments. (C) Wildtype, sss1-6, sss1-7 and sss1-8 yeast
were spotted on YPD agar or YPD agar containing 1 pg/mL terbinafine in a 10-fold
dilution series and incubated at 30°C for 3 days. (D) Wildtype, sss1-6, sss1-7 and
sss1-8 yeast were spotted on YPD agar or YPD agar containing 50 ng/mL miconazole
in a 10-fold dilution series and incubated at 30°C for 3 days. (E) The relative growth
of wild type, pmr1A and sss1-8 cells, grown with and without CaCl,, was determined

when grown with either 0, 0.25 mM, 0.5 mM, 1 mM or 2.5 mM EGTA.
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Suppl. Fig. S4

Supp. Fig. $5.4. Ribbon diagram of the Sec61 complex from five recent high
resolution crystal structures; 6ND1 (44), 6R7Q (45), 6FTJ (46), 6Z3T (47) and 6W6L

(48), are visualised using Chimera software. The position of Q47 in Sec6la relative

to H58 in Sec61y are indicated.
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Suppl. Fig. S5
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Supp. Fig. S5.5. (A) Wildtype or cells expressing either SSS1P74A175A  §SS1L70F, P74A 1754,
§551H72K or SSS1L70FH72K 35 the sole source of SSS1 were spotted on YPD agar or YPD
agar containing 1 ug/mL terbinafine in a 10-fold dilution series and incubated at
30°C, 32°C or 34°C for 2 days. (B) Wildtype or cells expressing either SS51P7441754,
SSS1AS3V, P7AAI75A 666 1H72K 66§ 1AS3V, H72K o §651H72K V78T 35 the sole source of SSS1
were spotted on YPD agar or YPD agar containing 1 ug/mL terbinafine in a 10-fold

dilution series and incubated at 30°C or 32°C for 2 days.
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Chapter 5

Determining Protein Degradation Pathways Regulating Sss1

Abundance

Introduction

Organelles have dynamic proteomes that are in tune to the diverse needs of a cell
and the conditions of their environment. Control over their individual proteomes is
achieved through a coordinated balance of protein synthesis and degradation. ER
associated degradation (ERAD) was previously discussed as a quality control process
in the clearance of misfolded protein from the ER. The involvement of ERAD in
maintaining cellular homeostasis far exceeds this purpose and lends itself to other
quality control measures including maintaining stoichiometry, clearing mis-localised

proteins, and quantity control of biosynthetic pathways (1, 2).

Certain motifs, often those modified post-translationally, can detail the folding
state of proteins as well as their period spent within the ER lumen. This information
can be used as a degradation signal to present aberrant protein for recognition via
the ERAD pathways and is often referred to as the degron (3-5). The degron affords
cells a level of discrimination in isolating aberrant protein from those appropriately
folded or newly synthesised. Identification of the degron and subsequent
degradation is facilitated through the ER resident ubiquitin ligase complexes.
Mammalian systems have been demonstrated to have at least 10 such complexes
whereas these processes are simplified in yeast with three prominent pathways,
being HRD1, DOA10 and ASI (Fig. 6.1.) (6). These pathways work in parallel with
each other to accommodate for a wide variety in substrate, with three branches of
recognition granting an aspect of selectivity to each pathway. The location of the
degron determines the classification of selection, which includes substrate with a

degron exposed to the lumen (ERAD-L substrate), the cytosol (ERAD-C substrate) or

those imbedded in the ER membrane (ERAD-M substrate) (2, 7-9). ERAD-L and
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Inner Nuclear Membrane

DOA10
Complex

Fig. 6.1. The major ERAD pathways of yeast. Depiction of the three prominent E3
ligase complexes resident to the ER. The HRD1 complex localises to the peripheral
ER processing both ERAD-L and ERAD-M substrate. The DOA10 complex can localise
to both the peripheral ER and the INM and is involved recognising ERAD-C and
ERAD-M substrate. The ASI complex, located solely at the INM is depicted here in its
role in recognising ERAD-M substrate that, upon failing to interact with their
binding partners, have now mis-localised to the INM to be degraded. Image

created in BioRender.

181



ERAD-C substrate are exclusively processed via the HRD1 and DOA10 complexes
respectively. While ERAD-M substrates make no such distinction, being suitable for

processing by all three pathways.

A RING (Really interesting New Gene) finger E3 ligase constitutes the core to each
ubiquitin ligase complex and operates as part of a three-step process for protein
ubiquitination. First ubiquitin, a small cytosolic protein of 76 amino acids (aa) is
activated by an E1 ubiquitin-activating enzyme in an ATP dependent manner (10).
Second, ubiquitin then becomes fused to an E2 ubiquitin conjugating enzyme and in
some cases this leads to the formation of a poly-ubiquitin chain. The ubiquitin
conjugated E2 is consequently found to associate with an E3 ubiquitin-ligase.
Finally, during retro-translocation of a protein substrate to the cytosol, the E3
facilitates the attachment of the ubiquitin to a lysine side chain, marking the

substrate for degradation (11, 12).

The HRD1 Pathway

HRD1 represents the most extensively studied ERAD complex with well-defined
modes of substrate recognition and has been further implicated in the retro-
translocation of substrate, with both aspects to be explored in detail here. HRD1
complexes recognise two branches of substrate through the association of the core
RING-finger Hrd1 protein with various accessory subunits. This forms two known
subsidiaries. ERAD-L substrates for example, require a complex of Hrd1 with the
membrane proteins Hrd3, Usal and Der1 in addition to the lumenal protein Yos9 (7,
13-15). Yos9 is an essential lectin involved in the recognition of misfolded
glycoproteins (16, 17). However, a distinction must be made as certain glycan
modifications, such as those that arise from N-linked glycosylation, aid in the
folding of nascent polypeptides. As such several requirements must be met for the
degradation of glycoproteins to proceed. Early glycan processing by enzymes such
as glucosidases enables the recognition of substrate by lectins with protein folding
activity. Yet the glycan also acts as a timer, with stubborn proteins that loiter in the

ER lumen being subsequently processed via the late-stage mannosidase, Htm1 (18-
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20). Yos9 binds the al,6-linked mannose which arises from the late glycan trimming
by Htm1 and is the first point of recognition. Association of Yos9 with the HRD1
complex is achieved via the lumenal domain of Hrd3. For ERAD processing of the
substrate to proceed, the glycan bound to Yos9 must be within an unstructured
segment that can also bind Hrd3 (2, 21). As such Hrd3 serves as the second point in
substrate recognition of glycoproteins and has additionally been shown to function
independently of Yos9 for the recognition of non-glycosylated ERAD-L substrates.
After recognition the substrate must be retro-translocated from the ER lumen for
ubiquitination at the cytosol and while the literature is still ultimately uncertain, the
HRD1 complex is heavily implicated in this process. The current model suggests the
involvement of Hrd1 with Der1, where together they form a channel that facilitates
the movement of a substrate (5, 22, 23). Structures of Hrd1 and Derl have revealed
that their TMDs (of 6 and 8 respectively) assemble with a hydrophilic cavity with
each forming as one half of a channel. Oligomerisation of the complex is facilitated
through an association with Usal that interacts with both Hrd1 and Der1 at their
cytosolic face. The hydrophilic cavities formed by Hrd1 and Derl impact upon both
the cytosolic and lumenal faces of the ER membrane respectively. In combination
with molecular dynamic simulations and mutagenesis studies, these findings
suggest that Hrd1 and Derl manipulate their surrounding lipid environment,
thinning the bilayer and hence reduce the energetic barrier for substrate retro-
translocation. It should be mentioned that while both Hrd1 and Der1 collaborate to
form a channel they do not directly interact and are separated by lipid molecules

that may influence the substrate during retro-translocation (5, 6, 23).

The fully assembled HRD1 complex recruits substrate from Hrd3, which enters as a
hairpin into the channel. The looped substrate is then thought to slide back and
forth through the thinned bilayer until a suitable lysine residue is exposed (15, 24).
Ubiquitination of the lysine by Hrd1 would prevent backflow and further engages
the E2 ubiquitin conjugating enzyme, Ubc7. Ubc7 is a soluble protein that tethers to
the ER via association with the membrane protein Cuel (2, 15). Hrd1 engages with
Ubc7 to facilitate the transfer of the established poly-ubiquitin chain to the

substrate. The presence of a poly-ubiquitin chain permits recognition by the Cdc48
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ATPase complex which serves to pull the substrate to the cytosol for subsequent

degradation via the 26s proteasome (15, 25, 26).

As previously mentioned, the HRD1 complex is also involved in the degradation of
ERAD-M substrate. Processing of these substrates demands an alternative Hrd1
complex in which Hrd1, Hrd3 and Usal remain yet Derl is replaced for Dfm1 (27,
28). Additionally, Yos9 is absent in this complex which is indicative of the sole role
this component has in the recognition of lumenal substrate. Dfm1 is related to Derl
and suggested to function in a much similar way, that is to facilitate thinning of the
membrane for retro-translocation (6, 29). An ERAD-M substrate that has been of
interest is that of Hmg2, homolog to the mammalian HMG-CoA reductase and rate
limiting enzyme for cholesterol synthesis (30, 31). Hrd1 owes its name (HMG-CoA
Reductase Degradation 1) to this interaction which establishes a concept for ERAD

machinery in quantity control, an aspect that will be explored again with DOA10.

The DOA10 Pathway

As the name suggests, the Doal0 (Degradation Of Alpha 10) complex was first
identified through its involvement in the degradation of the ERAD-C substrate and
soluble transcriptional repressor, Mata2 (32). Until recently, the DOA10 complex
was thought to be dedicated solely in the recognition of ERAD-C substrate. Sbh2 is a
TA protein and subunit to the translocon paralog, Ssh1. Degradation of Sbh2 was
found to be dependent on both their TMD and the DOA10 complex which therefore
broadened the scope of DOA10 to include ERAD-M substrates (33). The core Doal0
is a 14 TMD protein with an N-terminal RING finger domain (34). A lot of how
Doal0 recognises and engages substrate is still to be found, yet a conserved
element at the proteins C-terminus has been implicated (35, 36). Doal0 requires
the action of two E2 ubiquitin conjugating enzymes, enlisting the partnered Cuel
and Ubc7 as well as Ubc6. Differing from its action at the HRD1 complex, Ubc7
functions with Doa10 to coordinate the transfer of the first ubiquitin molecule to
the substrate. This primes the substrate to now receive a pre-assembled ubiquitin

chain from Ubc6 again facilitated via the E3 activity of Doal0 (6, 37). At this point
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degradation proceeds as described with the HRD1 complex with the substrate
recognised by the Cdc48 ATPase for removal to the cytosol for degradation. The
Doal0 complex is also involved in regulating the sterol biosynthesis pathway via a
negative feedback loop. Squalene monooxygenase or simply, Ergl, is one of the
rate limiting enzyme that oxidises squalene to oxidosqualene as part of the
mevalonate pathway (38). Ergl is recognised for degradation by Doal0 in the
presence of high levels of lanosterol, a derivative of the same pathway (39). This is
critical in preventing the accumulation of toxic sterol intermediates and emphasises

the role ERAD has in regulating ER homeostasis though quantity control.

The ASI Pathway

While there is a functional distinction between the inner nuclear membrane (INM)
and the ER, the two domains remain contiguous with each other. This is especially
relevant for the third pathway in ERAD that involves the ASI complex. The ASI
complex is a trimer of two RING finger ubiquitin ligases (Asil and Asi3) and a
recognition factor (Asi2) which engage with the E2 enzymes Ubc4 and Ubc7 (as well
as Cuel by association) (5, 40-42). Ubiquitination at ASI occurs much in the same
manner as Doal0, with initial priming via Ubc7 followed by the attachment of the
poly-ubiquitin chain via Ubc4. Cdc48 is again found to associate with this ERAD
pathway at the end stages of degradation, with in vitro studies finding it to
coordinate retro-translocation in collaboration with the ASI complex (6, 42). The ASI
complex is restricted to the INM which is critical in its function in recognising mis-
localised substrates. Predominantly this role falls to the removal of orphan proteins
that have failed to interact with their binding partners (40, 41). The recognition of
orphan proteins has been demonstrated through the removal of unassembled
subunits to the oligosaccharyltransferase (OST) complex as well as Ergl1, a p450
protein family member that notoriously does not assemble into stable complexes
(41-44). This was found to be dependent on recognition of the protein’s TMDs and
hence classifies the ASI complex in the removal of ERAD-M substrate. Unassembled
subunits can constitute a significant burden to cells; therefore their swift removal is

pertinent to cellular homeostasis.
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Experimental Design and Aims

The sss1-6 mutant (P74A, 175A) is phenotypically similar to sss1-7 (H72K), its growth
is temperature sensitivity, the UPR is induced and unglycosylated Sil1 accumulates.
However, immunoblot analysis has demonstrated Sss1-6 mutant protein to be
expressed to much greater levels than WT Sss1. This has led us to hypothesise that
the mutation in sss1-6 has disrupted the degron required for efficient degradation.
Our analysis has found that Sss1 is a quantity control substrate that is rapidly
degraded when failing to interact with either of its major interacting partners,
Sec61 and Ssh1. Furthermore, an ER resident peptidyl prolyl isomerase (PPI)
appears to coordinate the ERAD of Sss1, suggesting that the stability of this subunit
is regulated via the interconversion between the cis and trans isomers of the
peptide bond that exists between 173 and P74. Sss1 to our knowledge is the first
substrate to be implicated for recognition via multiple ERAD pathways as part of its

regulated degradation.

Results

The Conserved KgsLIHIPI;s Heptapeptide Encodes the Sss1 Degron

Our characterisation of two TS mutants of the conserved translocon subunit, Sss1,
revealed the TS growth defect to be the result of metabolite leak from dysregulated
translocon gating. Immunoblot analysis also revealed Sss1 protein levels were
elevated within the sss1-6 strain (Fig. 3.1., D; Chapter 3). As Sss1 is known to
stabilise the translocon complex, we were intrigued to determine whether the
metabolite leak was the result of increased Sec61 channels formed due to
increased abundance of the Sss1-6 protein. We had first endeavoured to investigate
this outcome in the context of Sss1 over-expression. The WT yeast strain, BY4742
derived from S288C, was transformed with YCp Sss1 (pJKB2), YEp Sss1 (FKp53) an
over-expression yeast episomal plasmid and the plasmid-borne copy of sss1-6
(pJKB16). Immunoblot analysis of the BY4742 expressing pJKB16 demonstrated that
the Sss1 protein was present at significantly higher levels much like that seen

previously in BWY530 (sss1A::KanMX4 FKp53) (Fig 3.1., D; Chapter 3), while
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overexpression demonstrated only a moderate increase in Sss1 protein (Fig. 6.2.,
A). Collectively these findings imply a point of diversity that exists between the

overexpression and sss1-6 systems.

We attributed the difference in protein abundance observed in the immunoblot
analysis to reduced turnover of Sss1-6 protein. This led us to hypothesise that the
quality control for Sss1 has been perturbed within the sss1-6 mutant. To investigate
this a cycloheximide chase was performed on BWY530 cells expressing either the
pJKB2, or pJKB16. Cycloheximide (chx) is a translational inhibitor, binding to the
ribosomal e-site to block the translocation of tRNA during elongation (45, 46). Chx is
widely used as part of chase assays designed to interrogate the degradation kinetics
of the steady state population for the protein of interest. The degradation kinetics
of the BWY530 strain containing either pJKB2 (BWY530 Sss1) or pJKB16 (Sss1-6)
were assessed over a 90-minute time course and in agreement with previous
findings (47), the half-life (tx) of the BWY530 Sss1 was determined to be = 45 min.
In contrast however, Sss1-6 was found to remain stable throughout the time course
(Fig. 6.3., A & B). This indicated that the regulation of Sss1 degradation had been
perturbed in sss1-6 and that perhaps we had impacted upon the signal degron of

the protein.

The aa sequence of the Sss1 TMD is highly conserved and in particular at a C-
terminal motif where the KegLIHIPl75 heptapeptide is absolutely conserved. Given
this conservation we hypothesised that this region may functionally encode for the
degron. As part of chapter 3 we performed double-alanine scanning mutagenesis
throughout this region to investigate the role of these residues in regulating Sss1.
This created variants SSS1/684 K694 GG 1L70A I71A gnd SSS1H72A 1734. which together
with Sss1-6 spanned the conserved motif. Sss1 is essential, as sss14 cells are not
viable and as part of chapter 3 we had determined that these variants could sustain
cell viability. To briefly reiterate these findings, pJKB2 along with each mutant was
transformed into BWY530 and tested for the ability of these strains to grow after
loss of FKp53 on 5-FOA medium. Strains harbouring pJKB2 or any of the mutants
produced viable colonies, whereas strains transformed with vector alone could not.

Much to the interest to the aims of this chapter, was that upon analysis of Sss1
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Fig. 6.2. Phenotypical characterisation of Sss1 abundance. (A) Protein lysate
derived from BY4742 cells transformed with either YCp Sss1 (FKp52), YEp Sss1
(FKp53), pJKB16 (sss1P744 1754) or $551P744 were immunoblotted with anti-Sss1 or
anti-GAPDH antibodies. (B) BY4742 cells transformed with either YCp Sss1 (FKp52)
or YEp Sss1 (FKp53) as well as BWY530 cells transformed with pJKB2 (WT Sss1),
pJKB16 (sss1P744 1754)  §§S1P74A or SSS1'7°A with were spotted on YPD agar in a 10-

fold dilution series and incubated at 30°C or 37°C for 3 days.
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Fig. 6.3. The C-terminus of Sss1 regulates protein turnover. (A) Cells were pre-
treated for 10 minutes with 0.25 mg/mL chx. Afterwards cells were removed at the
indicated times and were immunoblotted with anti-Sss1 or anti-Sec61 antibodies.
(B) Densitometric analysis of (A) using Image J software. (C) PRY14 grown in the
absence or presence of methionine were pre-treated for 10 minutes with 0.25
mg/mL chx. Afterwards cells were removed at the indicated times and were
immunoblotted with anti-Sss1 or anti-Sec61 antibodies. (D) Densitometric analysis
of (C) using Image J software. (E) WT, doa10A and hrd1A cells of the S288C
background were pre-treated for 10 minutes with 0.25 mg/mL chx. Afterwards cells
were removed at the indicated times and were immunoblotted with anti-Sss1 or

anti-Sec61 antibodies. (F) Densitometric analysis of (E) using Image J software.
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protein within the alanine mutants, we observed a moderate increase in Sss1
protein levels of the $551/684 K694 mutant, herein termed SSS1-3 (Fig 3.1, D; Chapter
3). To determine whether this increase was conveying an enhanced protein stability
as seen in Sss1-6, we performed another chx chase to include Sss1-3. Again,
expression of WT Sss1 demonstrated a ty = 45 min while Sss1-3 levels remained
constant throughout the 90-minute chx chase, much like that observed in Sss1-6
(Fig. 6.3., A & B). Therefore, while Sss1 is usually readily turned over in cells,
substitution of the residue pairs 168 & K69 and P74 & 175 with alanine is found to

stabilise Sss1, indicating that these residues constitute part of the proteins degron.

P74A Individually Contributes to the Accumulation Observed in sss1-6

The mutant S551-3 demonstrated increased protein stability likened to that of sss1-
6, yet we found that it did not replicate the TS phenotype (data not shown) and
could perhaps be indicating that these two outcomes in sss1-6 are irrespective of
each other. As such we endeavoured to find whether we could separate the two
phenomena to investigate them specifically. $S5177%4 and S§51'7°4 were each
generated, and viability confirmed as previously detailed, with each mutant
transformed into BWY530 demonstrating growth on 5-FOA medium. Growth
analysis revealed neither mutant to possess a TS growth phenotype signifying that

the double mutant is necessary for this effect (Fig. 6.2., B).

The next step was to determine whether Sss1 protein levels were higher in either
mutant. Immunoblot analysis found that the SS51°744 mutant, but not §551/7°4,
expressed Sss1 protein to the same extent as sss1-6 (Fig. 6.4., A). Chx chase
confirmed the stability of Sss1 protein in the S551°7%4 mutant, with no change in
protein levels over the time course (Fig. 6.4., B & C). Collectively these findings
demonstrate that the P74A alone can recapitulate the increase in Sss1 protein
levels, yet the two individual mutations of sss1-6 must be combined to impart the

growth defect that has been associated to dysregulated translocon gating.
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Fig. 6.4. Characterisation of the P74A mutant finds it responsible for the
accumulation of Sss1 protein observed within sss1-6. (A) Cell extracts derived from
BWY530 cells transformed with either WT Sss1 (pJKB2), SS51°744 or $551'7°A were
immunoblotted with anti-Sss1 antibodies. (B) Cells were pre-treated for 10 minutes
with 0.25 mg/mL chx. Afterwards cells were removed at the indicated times and
were immunoblotted with anti-Sss1 or anti-Sec61 antibodies. (C) Densitometric
analysis of (B) using Image lab software.
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Sss1 is a Quantity Control Substrate Degraded by Three E3 Ligase Complexes

Sssl is an integral membrane protein therefore it was intriguing to find it relatively
labile during the chx chase experiments. As an essential component of both the Sec61
and the Ssh1l complexes, we considered the possibility that Sss1 protein levels are
stabilised by its interaction with these binding partners. To determine this, we
investigated Sssl turnover in PRY14 (sshlA::kanMX4, HIS3-pMET3-SEC61) cells
grown in the presence or absence of methionine. In these cells the SSH1 gene has
been deleted (ssh14) and SEC61 expression is under the control of the MET3
promoter that is transcriptionally repressed in cells grown in the presence of
methionine. The Sssl degradation profile in methionine restricted PRY14 cells
resembled that observed in WT cells (tx = 45 min). In contrast, the rate of Sssl
degradation was enhanced 3-fold upon repressed SEC61 expression (tx = 15 min) (Fig.
6.3., C & D). This confirmed that Sss1 is stabilised by its interactions with Sec61 and
Ssh1. We therefore propose that Sssl1 requires interactions with its binding partners

to stabilise and avoid degradation.

Sss1is an ER-localised TA protein and as such quality control is regulated via ERAD.
HRD1 and DOA10 encode for the prominent major ER resident E3 ligases Hrd1 and
Doal0 in yeast (14, 30, 48). As Sss1-6 protein levels accumulate due to increased
stability we expected to observe a similar outcome in strains containing a knockout
to the involved ERAD pathways. Initial analysis was performed in S288C genetic
background due to availability at the time. Contrast to expectation, immunoblotting
for Sss1in BY4742, hrd1A and doa10A found no difference in protein stability
between each of the strains (Fig. 6.5., B - D). To emphasise any accumulation that
could be occurring from a potential lack in regulation, we opted to blot for Sss1
within the same base strains, yet were made to overexpress Sssl via transformation
with the 2-micron YEp plasmid FKp53. In this setting BY4742 had no observable
differences in protein expression. However, upon over-expression of Sss1, hrd1A
and to a lesser extent doa10A, did demonstrate an increase in Sss1 protein level
(Fig. 6.5., B— D). We were able to further investigate the role of the HRD1 complex
through the same assay with several components of the complex including Usal,

Derl, and the more universally present, Ubc7. Expression of the FKp53 plasmid in
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Fig. 6.5. Sss1 protein accumulates in knockouts for certain ERAD pathway
components. Cell extracts derived from BWY530 cells of the W303 background that
were transformed with either YCp Sss1 (pJKB2) or pJKB16 along with WT (BY4742)
doal0A4, hrd14, derlA, usalA and ubc7A cells of the S288C background expressing
were immunoblotted with anti-Sss1 or anti-Sec61 antibodies. The $288C
background were all transformed with either empty vector (pRS316), YCp Sss1
(FKp52) or YEp Sss1 (FKp53).
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all the tested components to the HRD1 complex demonstrated an increase in Sss1
protein that was absent in the BY4742 control (Fig. 6.5., E - G), heavily implicating
Hrd1 as the major ERAD pathway involved in the degradation of Sss1.

Protein levels in the ERAD knockout strains never reached what was observed in
sss1-6, and the need to overexpress Sss1 to observe any similarity was troubling.
The sss1-6 mutant is of the W303 genetic background which has approximately
9700 nucleotide distinctions to $288C with differences across ~700 genes (49). Due
to this disparity we opted to generate W303 ERAD knockouts using the BWY530t
strain (sss1A::TRP1 FKp53). At this time the involvement of the ASI complex in
recognising orphan subunits had come to light, and with Sss1 stability showing
reliance on association to binding partners, the potential for involvement of the ASI
pathway was promising. Three Knockout cassettes were generated by PCR;
hrd1A::KanMX6, doal0A::KanMX6, and asilA::KanMX6. This was approached using
primers with 5’ flanking regions homologous to the genes of interest and 3’ regions

designed to amplify the KanMX6 gene from the pFA6a plasmid.

Successful knockouts for each ERAD pathway were generated in the BWY530t
strain. Additionally, select lysine residues are known to be important during ERAD
as conventional acceptors of ubiquitin. Therefore, we complemented our
investigation of the ERAD pathways via generating an Sss1 mutant deficient in this
process, being that of SSS1K20R k38R ' 566 1K20R k38R impacts upon ubiquitinylated lysine
residues that were previously identified via a global ubiquitination proteomics
screen (50). Immunoblot analysis of SSS1X20k k38R in addition to each of the BWY530t
derived ERAD knockouts revealed no substantial change in Sss1 protein levels when
compared to the WT strain (data not shown). This finding was in opposition to what
we had previously found in respects to the hrd1A4 and doa10A strains of the $288C
background. Chx chase analysis was therefore used to determine the true extent by
which any of these ERAD pathways may be influencing Sss1 protein stability. As
expected, Sss1 turnover in BWY530t cells was comparable with previous findings (tx
= 45 min) (Fig. 6.6., A & B). In contrast, Sss1 levels of all E3 ligase knockouts being
hrd1A, doal10A and asilA appeared to demonstrate increased stability of Sss1

protein to varying extents throughout the 90-minute chase (tx = 253 min, ty = 204
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Fig. 6.6. Characterisation of Sss1 degradation pathways by chx chase of ERAD
defective strains. (A) WT, hrd14, doal0A4, asilA and SSS1%?0R k38R Cells were pre-
treated for 10 minutes with 0.25 mg/mL chx. Afterwards cells were removed at the
indicated times and were immunoblotted with anti-Sss1 or anti-GAPDH antibodies.
(B) Densitometric analysis of (A) using Image lab software. The pink banding
demonstrates the gating strategy for band identification as part of the

densitometry.
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min and ty = 156 min respectively) (Fig. 6.6., A & B). SSS1K20R k38R 3lso demonstrated
increased stability of Sss1 during the chase with a notably similar half-life to that
which we had observed in the asilA strain (ty = 144 min) (Fig. 6.6., A & B). Taken
together, these results show that Sss1 is a tightly regulated quantity control

substrate that is degraded by all the major E3 ligases complexes at the ER.

PPIs Appear to Coordinate ERAD for the Essential Translocon Component Sss1

Approximately 5.2% of all peptide bonds that precede a proline are found in the cis
conformation (51-53). As the proline residue was responsible for the Sss1 protein
accumulation in sss1-6, we suspected that we had perturbed a potential cis-trans
isomerisation event in the protein. Cis-trans isomerisation is a rate limiting step
during protein folding that is catalysed by the PPI family of enzymes. The individual
families of PPIs are highly conserved and named after the drugs they have been
demonstrated to bind. Of interest to our study were the FK506-sensitive proline
rotamases (FPR) and the Cyclosporin-sensitive proline rotamases (CPR) (54, 55). To
assess whether PPIs were responsible in facilitating the degradation of Sss1, we
treated BWY530 cells with either 50 ug/mL of FK506 or cyclosporine A (CsA). Cells
treated with FK506 showed a marginal increase in protein stability (t» = 54 min) (Fig.
6.7., A & B). Treatment with CsA on the other hand, demonstrated significant
stability in Sss1 protein (ty = 248 min) (Fig. 6.7., A & B) and hence provided more

promise for the CPR family of PPIs in having a role in Sss1 degradation.

The mammalian cyclophilin, CyPB, functions within the secretory pathway and has
been previously implicated in regulating ER quality control (56, 57). As there was
strong evidence for the notion of CPRs in regulating quality control processes we
decided to begin our investigations with the ER resident target of CsA, Cpr5. We
created the knockout strain, BWY530t cpr5A (cpr5A::KanMX6 + sss1A::TRP1 ), and
put it through the same analysis previously done when probing the ERAD pathways.
Immunoblotting revealed no elevation of Sss1 protein in the cpr5A strain when
compared to WT BWY530. Still, the chx chase data illustrates an ability for the

cpr5A strain to increase the stability of Sss1 to some extent throughout the 90-
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Fig. 6.7. Sss1 quality control is influenced via the action of cyclophilins. (A) WT,
cpr5A and cells pre-treated with 50 ug/mL of either CsA or FK506 for 4.5 hrs were
then treated for 10 minutes with 0.25 mg/mL chx. Afterwards cells were removed
at the indicated times and were immunoblotted with anti-Sss1 or anti-GAPDH
antibodies. (B) Densitometric analysis of (A) using Image lab software. The pink
banding demonstrates the gating strategy for band identification as part of the

densitometry.
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mintute time course (t; = 105 min) as opposed to the BWY530 WT cells (ty = 43 min)
(Fig. 6.7., A & B). As cpr5A does not recapitulate our findings upon treatment with
CsA we suggest that it is not solely responsible in regulating Sss1 protein
abundance. Our collective data is the first however to report that ER resident PPls

are involved in regulating the degradation of Sss1.

Discussion

Sssl is an essential subunit of the Sec61 translocon with an established importance
in stabilising the complex and, as we have previously discovered, regulating
conformational dynamics (58, 59). The stability of protein subunits is often dictated
through their association with key binding partners, with un-complexed proteins
found to become rapidly degraded (33, 60). We found Sss1 to fall under such a
mechanism for regulation, with the half-life of Sss1 becoming reduced significantly
when neither the major pore forming subunit, Sec61 nor the paralog Ssh1 are
present (Fig. 6.3., C). As to why such a level of regulation may be necessary, is that
an accumulation of Sss1 may be deleterious to cellular physiology. However, we
found that over-expression of Sss1 with a 2-micron yeast episomal plasmid had no
observable impact on growth at normal or elevated temperatures, where the later
imparts a greater demand on cells as metabolism is increased (Fig. 6.2., B). While
over-expression by itself does not present with a TS phenotype this does not rule
out that accumulation of Sss1 is deleterious to cell growth under exposure to
certain stimuli. In-fact we found that the TS sss1-6 mutant to accumulate Sss1
protein levels (Fig. 6.2., A). The TS growth defect of sss1-6 was previously
characterised as an outcome of dysregulated translocon gating dynamics,
specifically that which facilitates an uncontrolled flux of metabolites across the
translocon. A mechanism has yet to be attributed to the dysregulation observed in
sss1-6, therefore we hypothesised that the increased accumulation of Sss1 protein
contributes to the TS defect and represents a scenario where accumulation can be

deleterious to cells.
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We had initially thought that supply of Sss1 may be synonymous with the formation
of translocon complexes, where increased channel formation exaggerates the
facilitated flux of metabolites that can usually occur. The fact that overexpression of
Sss1 by itself does not similarly present with a TS growth defect would suggest that
this is not the case. It is worth noting however, that while the end result is the
same, the accumulation observed between Sss1 overexpression and sss1-6 does
differ mechanistically. We have now characterised the accumulation in sss1-6 to be
that of increased protein stability. Following this discovery, we surmised that the
ability of Sss1 to evade degradation may be necessary to achieve the observed
defects to translocon dynamics. To complicate things however, both the S551-3
mutant and the isolated S551°7#4 single mutant of sss1-6 were also found to

increase the stability of Sss1 protein and yet do not replicate the TS growth defect.

If stability alone is insufficient in recapitulating the TS growth defect perhaps the
very structure of the Sss1-6 protein is being perturbed. The P74 and 175 residues
contribute to the extensive hydrophobicity that constitutes the TM anchor of Sss1.
While we cannot completely rule out the potential for perturbations to the
hydrophobicity of this region in effecting all potential Sss1 protein interactions, we
do find Sss1 to assemble into the appropriate complexes for both co- and post-
translational translocation as demonstrated by our collective characterisation
included in chapter 3. The potential for the sss1-6 mutation in impacting Sss1
integration within the lipid bilayer of the ER also seems unlikely as demonstrated
with our previous kyte-doolittle analysis (Supp. Fig. S3.1., Chapter 3 Manuscript).
We instead propose that the stability of Sss1 must be in tandem with a secondary
mechanism that contributes to defects at the translocon. The synergistic effect
between two such mechanisms could be foreseen as an increase in the formation
of defective complexes and hence acts to exacerbate the localised issues at the
translocon. Alternatively, Sss1 accumulation may in its own right impart a level of
cellular stress that becomes deleterious in combination to other broad effects on
cellular homeostasis. Future work is aimed to fully characterise these outcomes in
the hopes of fully understanding the contributions that the Sss1 accumulation

makes to the growth defect of sss1-6.
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The chx chase analysis suggests that Sss1 protein is regulated via all major resident
E3 ligases in yeast (Fig. 6.6., A & B). The HRD1 complex appears to be the
predominant pathway for Sss1 degradation, with protein levels observed to have
the greatest stability in the hrd1A strain. Furthermore, only in all of our BY4742
knockouts of the HRD1 complex specific components did we observe a consistent
accumulation in Sss1 protein levels, offering additional plausibility to the previous
statement (Fig. 6.5.). It was surprising to find that the DOA10 complex could also
regulate the degradation kinetics of Sss1 and may represent a level of redundancy
or cooperation that exists between the two peripherally located E3 ligases. A more
expected outcome was the further involvement of the ASI complex. Located at the
INM, the ASI complex is found to recognise orphan subunits that, upon failing to
bind their key interacting partners, mis-localise to the INM for subsequent
degradation (41-44). Through this established role we assume that the ASI complex
similarly regulates Sss1 protein by clearing un-complexed subunits and therefore

prevents their unwanted accumulation.

The ability of the hrd1A and doa10A strains to stabilise beyond that seen in the
double lysine mutant (SSS1%20% k38R) would also suggest that these pathways work
to degrade Sss1 by a manner that may potentially require ubiquitination at
additional sites to those that have already been described in other studies. Other
lysine residues are present within the Sss1 sequence, yet only K20 and K38 have
been found to undergo ubiquitination thus far. It is also worth noting that the
literature contains several instances of atypical ubiquitination of ER resident
substrates. One relevant example includes the third component to the Sec61
translocon, Sbh1, which has been described to be degraded via the DOA10 complex
independently from its cytosolic lysine residues (61). Furthermore, both threonine
and Serine have been implicated as atypical ubiquitination sites in proteins and
therefore further investigation into the ubiquitination profile of Sss1 is warranted

(62, 63).

We have characterised the protein stabilisation of the sss1-6 mutation, or more
specifically, SSS1°7#4, to be the result of a disruption to the degron of Sss1. The

5$S51-3 mutant also appears to stabilise Sss1 protein levels, albeit to a lesser extent,
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implicating two regions of the KgsLIHIPI7s motif in regulating the degradation of
Sss1. Sss1 protein has been described here to proceed via multiple E3 ligase
complexes as part of its regulated degradation. Therefore, we are left to speculate
on whether the stability of the separate S551-3 and sss1-6 mutants represent two
distinct sites for recognition via differing E3 ligase complexes or alternatively
whether the entirety of the KegLIHIPI75s motif is necessary for efficient association of
the degron to the relevant E3 ligase complex. The P74 residue however does
appear key in regulating the Sss1 degron as substitution of the proline to alanine

alone is sufficient to recapitulate the observed protein accumulation.

Our analysis also suggests the involvement of cis/trans isomerisation in regulating
Sss1 degradation as both treatment with the immunosuppressant, CsA and the
knockout of a CsA target, the cyclophilin, Cpr5 demonstrated increased stability of
Sss1 protein (Fig. 6.7., A & B). We therefore suggest that Sss1 undergoes cis/trans
isomerisation at the amide bond between 173 and P74, with interconversion
between the two isomers dictating protein stability. While Cpr5 demonstrates
increased stability of Sss1 during the chx chase assay, we find that it does not
reflect our observations in cells treated with CsA. We chose to begin our
investigation into the role played by cyclophilins with Cpr5, as of all the yeast
cyclophilins, it demonstrates conservation between studied yeast species (64).
Furthermore, while both Cpr2 and Crp4 are also implicated to have action within
the secretory pathway, Cpr5 is unique in that it presents with a HDEL targeting
sequence that ensures it remains within the ER and thus specific to this domain (64,
65). Therefore, should CsA treatment be truly reflective of perturbed cis/trans
isomerise activity as the causative factor in the observed stability of Sss1 protein,
we would expect the comparatively limited contributions of Cpr5 to only part of a
larger regulatory mechanism. Future work should hence assess the contributions of
the other cyclophilins. Yeast strains containing knockouts for all the characterised
cyclophilins is found to remain viable and therefore should be useful in
characterising the impact that they have on Sss1 stability while additionally

avoiding the potential for compensation between the individual components (66).
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The effects we observe through the action of CsA may not be totally conclusive for
sequestering cyclophilin activity. The drug-ligand complexes that form following
treatment with an immunophilin (i.e. Cpr-CsA) have been found to interact with
and inhibit additional cellular pathways. One such example is that with calcineurin
where phosphatase activity is found to become diminished upon treatment with
CsA and may represent an indirect mechanism for CsA to influence Sss1 (67-72).
Treatment with FK506 can similarly complex with FKBPs to inhibit calcineurin, and
as we saw very limited stability when cells were treated with FK506 during our chx
chase analysis, it is unlikely that such mechanism is involved in this instance.
However, it will still be important for future work to not only identify any and all
contributing cyclophilins but perhaps also to perform mutagenesis at their active

sites to fully establish their isomerise activity in regulating Sss1 stability.

The implication for PPI catalysed interconversion of cis/trans isomers in regulating
protein degradation has seen some recent traction offering additional plausibility to
our observations. Previous work in mammalian cells has demonstrated that CyPB, a
mammalian cyclophilin resident to the secretory pathway, regulates the
degradation of ERAD-L substrates (56). This work related these findings to the
degradation of certain soluble proteins localised to the ER lumen. Their assessment
of a membrane tethered splice variant however, was found to evade this level of
regulation which would suggest that this phenomenon was exclusive to certain ER
soluble proteins. Our work would disagree with this assessment, finding the
degradation of the membrane bound Sss1 to be influenced by both CsA and Cpr5. It
is such that we propose that this work has identified a novel class of degron, where

recognition of ERAD-M substrate can be modulated by the action of PPls.

One question that remains is how the interconversion of cis/trans isomers might
dictate protein stability. One common thought in the literature is that the
conversion between the two isomers may disrupt turns that are otherwise un-
favourable when removing proteins from the ER membrane (56, 73, 74). Such a
mechanism has been implied to be important in facilitating protein processing via
the HRD1 complex, as CyPB has been found to interact with this pathway, indicating

a relationship between the E3 ligase complex and CyPs (56, 75). This became of
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particular interest to us as we found the ability of CsA to influence Sss1 protein
stability was comparable to that of the hrd1A strain which may suggest that
interconversion between the cis/trans isomers of Sss1 is important in regulating its
degradation via the HRD1 complex. It is worth noting that action of PPIs in
regulating the degradation of Sss1 may represent a general form of recognition by
all contributing E3 ligase complexes and therefore future work aims to identify the
relevant pathways with the HRD1 complex posed as a key candidate in these

investigations.

Accumulation of mis-folded/localised proteins at the ER contributes a significant
burden to cells and can be associated to various disease states such as tumour
growth and degenerative diseases (76-78). Here, we have established the essential
subunit to the translocon, Sss1, to be a highly regulated quantity control substrate
regulated via a coordinated response from the collective ERAD pathways of yeast.
We propose that Sss1 is predominantly degraded via the HRD1 complex in a
manner that appears to require additional ubiquitination sites to the lysine residues
that had been previously characterised in the literature. Furthermore, Doal0
appears to also be involved, whether as a cooperative or compensatory mechanism
remains to be decided, however this outcome does highlight a potential
redundancy that exists between these two E3 ligases. Sss1 that fails to interact with
a key interacting partner to form a stable translocon complex will instead mis-
localise to the INM where it will be targeted for degradation via the ASI complex;
the action of may be dependent on the presence of the aforementioned lysine
residues. Finally, the abundance of Sss1 appears to be regulated via the action of ER
resident cyclophilins, with Cpr5 being the first to demonstrate any role in this
process. This highly involved approach from all three analysed E3 ligases in
regulating protein levels of Sss1 begins to elude a need for cells to tightly control
the availability of the subunit and may be indicative of the role Sss1 accumulation

can have in dyshomeostasis and disease.
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Chapter 6

Concluding Remarks

The Complexity of Regulating Translocon Dynamics

The endoplasmic reticulum is a highly efficient organelle within eukaryotic cells,
capable of processing approximately one third of the cellular proteome (1). This is
achieved through the establishment of a unique lumenal environment that is
critical in achieving post-translational events that determine protein maturation
and localisation. Certain metabolites, including calcium and glutathione, contribute
to the established lumenal environment and must be kept within an optimal range
to maintain ER homeostasis (2-9). The usually tight control over metabolite balance
is afforded a level of flexibility, allowing the ER to react to the changing needs of the
cell (10-12). This is a coordinated effort from a range of ER receptors, channels and
molecular chaperones. Of specific interest to this study was the involvement of the
prominent protein import channel, the Sec61 translocon. When | had first
endeavoured to take on this project, the importance in maintaining the integrity of
the translocon to protect the ER environment had been well established. This
concept was described through the mechanisms that gated the translocon and
included aspects involving both the translocon machinery itself as well as
interacting partners, such as the HSP70, Kar2, and the ribosome (13-16).
Association of the interacting partners with translocon machinery is part of a
coordinated response that first, initiates the timely transition between the two
complex states and subsequently, the stabilisation of the respective state in a
manner that maintains the integrity of the ER membrane. This allows the translocon
to conduct its essential function in the translocation of polypeptides while
simultaneously preventing the uncontrolled flux of solutes between the unique

environments of the ER lumen and cytosol.

The findings of Ponsero and colleagues would be the first to describe a third state

of the translocon, that which follows the complete translocation of a nascent
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polypeptide where the now idle ribosome remains bound to the translocon to
sustain the open complex (2). Due to the absence of the translocating polypeptide
at this stage, a facilitated diffusion of molecules was found to occur across the ER
membrane, implicating the Sec61 translocon in a novel role as a leak channel. Leak
channels often play a subtle role in cellular physiology, contributing to homeostasis
via discreet adjustments to the metabolite balance between cellular compartments.
Furthermore, the function of leak channels is essential in responding to abrupt
changes to the metabolite concentrations at these compartments which usually
occur via the action of active import/export channels as they respond to the needs

of the cell (17-19).

As the translocon became more heavily implicated in regulating ER homeostasis as
a leak channel, investigations began to characterise dysregulation of metabolites
via the translocon and how this may contribute to the progression of various
disease phenotypes (20-23). One aspect of this has been to characterise regulators
of translocon gating dynamics with the current literature mostly describing the
mechanisms of the pore forming Sec61 subunit. However, our own investigations
have revealed the other essential subunit, Sss1, to be equally important in

regulating these processes.

Sss1 was previously described to stabilise the translocon complex, acting to clamp
the two halves of Sec61 that form the aqueous pore (24, 25). Our structural analysis
of Sss1 however, found the C-terminus positioned adjacent to a critical gating motif
of Sec61 and suggested to us a potential for Sss1 to influence the conformational
stability of the complex. We investigated this hypothesis through the
characterisation of an absolutely conserved region at the extreme C-terminus of
Sss1 which we termed as the KsoLIHIPI75s motif. Two main findings came from our
analysis; first, KesLIHIPl75s constitutes an important functional region of Sss1 that can
in-fact influence translocon dynamics. Second, this motif can additionally dictate
protein abundance by coding the degron to Sss1. Both conclusions are novel to this
study and offer greater insight into the regulatory mechanisms at the translocon

which maintain ER homeostasis and respond to exogenous stimuli. Consecutively,
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we expanded upon these findings to demonstrate the potential for Sss1 to

influence disease progression.

Our characterisation of two temperature sensitive (TS) sss1 mutants led to the
development of a yeast-based model for determining the potential of an
introduced variable in influencing translocon dynamics. The TS growth phenotype
of the mutant sss1 strains provides an observable read-out for defective gating, or
more specifically that which stabilises the open translocon and hence perpetuates
an uncontrolled flux across the ER membrane. The introduction of a variable,
whether a protein or compound of interest, can have one of three outcomes
associated with an ability to influence the TS phenotype. First, no effect upon
introduction to our system indicates the variable is unlikely involved in regulating
gating dynamics to any extent. Suppression of the growth defect however, indicates
that the variable influences translocon dynamics through either a destabilisation of
the open or stabilisation of the closed translocon states. Finally, the variable may
further disrupt translocon dynamics by stabilising the open or destabilising the
closed translocon and hence observed to exacerbate the TS growth defect of the
mutant yeast strains. It is worth noting that the TS sss1 mutants are considered as
“unhealthy” strains with a poor base fitness profile and as such, the effects of
exacerbation may be indirect to the gating of the translocon. As such any findings
from the growth evaluation within our model should likely be followed up with
further analysis to more accurately depict the effects on translocon dynamics.
Fortunately, we have included such analysis in the development of our system
through several “gating assays”. These involved assessing cell survival to extreme
perturbations to the availability of certain metabolites such as GSH, Ca?* and Mn?*,
Complementing our yeast system with the described gating assays provided us with
knowledge to the exact direction in which translocon dynamics are being
influenced, an essential distinction to make when assessing these outcomes in

disease.

211



Outcomes for Analysing Disease

The translocon is critical in regulating cellular physiology through the prominent
role as the entry-point into the secretory pathway. This is highlighted in the fact
that disrupted translocation can contribute to many diseases associated with
irregular metabolism and folding kinetics (26). Furthermore, the translocation
machinery may also be manipulated to the advantage of certain diseases. Fast-
growing cancers for example, rely on efficient translocation to maintain viability,
while viruses have been found to employ the host machinery for synthesis of viral
proteins and host related entry receptors (26-33). While the contribution that the
translocation process has in these disease outcomes cannot be understated, we
found ourselves following a different avenue. The observations we made from the
investigation of our sss1 mutants lead us to fully consider the contributions the
translocon makes to cellular homeostasis through the facilitated flux of molecules.
The potential for dysregulated translocon dynamics to have outcomes in metabolic
disease has been previously discussed in this document. To briefly revise the topic,
the introduction of a Sec61 mutant (Y344H) into a mice model resulted in the
inability of Kar2 to bind the lumenal face of the translocon (34). This facilitated the
uncontrolled flux of Ca?* and ultimately leads to the development of ER stress
induced apoptosis, with the mice presenting with phenotypes often associated with
type 2 diabetes (T2D). While this work contributed to initial insights linking
translocon gating to disease outcomes, this exact pathway has yet to be implicated
as part of human pathologies. In what has been found to be a more relevant
pathway to disease, is the involvement of the free fatty acid (FFA), palmitate (22). A
major risk factor for T2D is a high-fat, high-sucrose-diet which can lead to increased
palmitate in the blood and subsequently lipotoxicity (22, 35). This has been linked
to the induction of ER stress through the depletion of ER Ca?* stores via the Sec61
translocon (22, 36, 37). Pancreatic B cells respond poorly to these conditions, as
signalling pathways begin to promote apoptosis which consequently can lead to the
development of T2D phenotypes, as seen with the Y344H mutant. The translocon
represents a key driver in this scenario, contributing to the defects in Ca?* signalling

that in this case promotes sustained ER stress. This presents a generalised pathway
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to dyshomeostasis that we thought may be common to a variety of broader disease

outcomes.

Cancer cells are notorious in their ability to leverage survival pathways to their
advantage with processes involving Ca%* often highlighted as significant routes for
exploration (38, 39). In our assessment of six cancer associated mutations of the
Sss1 subunit we found these mutations could facilitate either an uncontrolled flux
of metabolites via the translocon or opposingly reduce the flux of metabolites. With
this in mind, we hypothesised that mutations that arise in malignancies can
dynamically manipulate the translocon, likely in the later stages of progression, to
meet the needs of the diseased cell. Manipulation of Ca?* at the ER within
cancerous cells is not a wholly novel topic, with one such example involving the
IP3R active Ca?* transporters in mammalian cells. These receptors can be
reorganised in certain tumours to exacerbate the efflux of Ca?* at the ER face that
contacts the mitochondria, fuelling ATP production (40, 41). This level of regulation
is likely critical in energy demanding processes such as propagating migration of
certain tumours. Prevention of CaZ* flux on the other hand, can be found to aid in
survival of certain cancer cells, as a sustained increase in Ca®* at the mitochondria
can lead to the induction of apoptosis (41-45). Furthermore, inducing apoptosis is
often leveraged in a clinical setting through the mode of action of certain
chemotherapeutic drugs such as Cisplatin (46). The reliance of Ca?* homeostasis in
regulating apoptosis presents the prevention of Ca%* flux from the ER as an aspect

that may also confer chemotherapeutic resistance.

Of the two TS sss1 mutants that we assessed, the sss1-6 mutant was unique in that
while it had similarly demonstrated dysregulation through the uncontrolled flux of
metabolites, it also presented with an increase accumulation in Sss1 protein. We
found this to be noteworthy as the mammalian SEC61y is found to be
overexpressed in various cancers including head and neck squamous cell carcinoma
(HNSCC), Hepatocellular carcinoma (HCC), breast cancer, gastric cancer,
glioblastoma and lung adenocarcinoma (LUAD) (47-53). SEC61y expression appears
to be important in these cancers for cell migration and invasion and is also

negatively correlated to immune cell infiltration (47-53). Knockdown of SEC61y is
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found to ablate these negative outcomes and impairs tumour cell survival (47, 48,
52, 53). The exact mechanisms by which SEC61y overexpression contributes to
cancer progression is still being elucidated yet an increased propensity for Sec61y
to bind other regulatory factors is found to be relevant as demonstrated in A549
cells where an interaction between Sec61y and the ER membrane-bound
transcription factor, CREB3 is thought to influence migration, invasiveness, and cell
survival (52). We contribute the increase of Sss1 protein observed in sss1-6 to be
that of increased stability through a disruption of the proteins degron rather than
an increase in S551 expression. Nevertheless, the end result remains the same
where we believe that the increase in Sss1 within sss1-6 contributes to the
dysregulated homeostasis that we have observed. Through our characterisation of
sss1-6 we have also found that the subunit is subject to a highly involved form of
quality control that likely highlights the need for cells to regulate the availability of
Sss1. Future work aims to understand the contribution that the accumulation of
Sss1 protein has in the phenotypical growth defect of sss1-6 with the hope of
revealing mechanisms by which Sss1 expression contributes to the afore mentioned

cancers.

It is unlikely that the Sss1 cancer associated mutations we assessed result in the
development of the initial tumour and instead we suspect that they function as
passenger mutations. By manipulating translocon dynamics, cancer associated
mutations may discreetly modulate metabolic signalling to sustain cellular fitness
throughout aspects such as metastasises and chemotherapeutic resistance. The
ability of single nucleotide variants to influence tumour progression as passengers
has been previously demonstrated, emphasising the need to assess an individual’s
variability at a single nucleotide level (54). Here in lies the advantage of our yeast
system in the context of disease. By introducing an associated mutation, we can
determine both the ability and manner in which these mutations may influence

translocon dynamics.
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How Can Yeast Help You

Translational research has since its conception provided an avenue for discovery
science to contribute to human health and is often viewed with a bench to bedside
attitude. The contribution of such research has been that of a “one size fits all”
approach, as observations in a laboratory setting are generalised to the subset
population. This approach can lead to the disregard of an individual’s unique factors
such as environmental conditions, cultural background and, variation in both
symptoms and genomics. On that last example specifically, while we as humans
share ~99.1% identity in genetics, the diversity of the remaining ~0.9% leads to the
greatest variability between individuals (55-57). The significance of such variation
comes down to not only an individual’s propensity to develop certain diseases but
also their response to treatment options (58-61). It is as such that recent times have
initiated a paradigm shift to the perception of healthcare, with observations made
on an individual basis in a clinical setting being taken back into the laboratory for
analysis. The results from such a workflow can be used by clinicians to tailor
treatment options to the patients’ individual needs in what is being termed as
“personalised medicine”. Growth in this domain of healthcare relies on basic
research to not only establish a foundation, through the characterisation of the
conventional physiological processes, but also to drive improvements in the speed
and accuracy of the laboratory techniques. A notable example is the vast
improvements to genomic sequencing. These techniques allow us to generate large
scale genomic databases that contribute a vast array of clinically relevant data for
comparative analysis in a manner synonymous with quality, consistency, and cost
effectiveness. We made use of such a database in the development of this project,
sourcing relevant mutations to assess the applications of our system in health-
based outcomes. This ultimately led us to infer that mutants of Sss1 that arise in

cancer contribute to the progression of the disease.

Personalised medicine is not without constraint, often requiring the discovery of a
mechanism related to the individual’s disease progression. This is not only
important for the identification of disease-causing mutations, but also in

establishing an effective treatment plan where optimal drug choices and patient
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response can be comparatively assessed. To illustrate the importance of
establishing such a physiological mechanism; Ca* contributes to signal transduction
pathways that regulate both cell survival and death responses (17, 62). These two
contrasting processes are maintained at a balance in healthy individuals, with
defects in the distribution of Ca?* able to tip the scale to favour of one response and
leads to the progression of various diseases (38, 39, 62, 63). The opposing
spectrums at which specific defects may operate towards disease progression
emphasises the importance in ensuring necessary distinctions are made when

considering a treatment plan.

There is an increasing need to discover new compounds and pathways for targeted
inhibition, particularly on the forefront of rising cases of antibiotic and
chemotherapeutic resistance. In the context of metabolite flux at the translocon,
novel small molecule inhibitors are beginning to reveal potential avenues for
disease intervention (64-66). High throughput screening assays are critical in the
discovery of novel therapeutic agents, yet the properties of Sec61 are notoriously
problematic for finding small molecule inhibitors, as the complex lacks any sort of
self-enzymatic activity, is limited in accessibility to compounds in live cells and
difficult to reconstitute functionally as part of in-vitro assays (26). It may be of
interest as part of future studies to see how our model system can respond to
certain translocon inhibitors with the hope that future aspects may aid in aspects of
drug discovery. We can infer some initial success in this avenue, for as part of our
analysis we have demonstrated the ability of our system to respond to several
inhibitors, that of the antifungal terbinafine and the immunosuppressant, peptidyl-
prolyl isomerase (PPI) inhibitor, FK506. Both of which impose an increased
sensitivity in our stabilised open translocon mutants. Furthermore, we found
another PPl inhibitor, Cyclosporine A (CsA), to regulate the quality control of Sss1.
This outcome may be implicated, through the observations made with the TS sss1-
6, to influence translocon dynamics and hence we also suggest that cyclophilins

present as a novel mechanism that could be used to target the translocon.

In summary, our investigation into the absolutely conserved Kz4LIHIPI7s motif has

revealed a novel function for the translocon subunit, Sss1, in regulating gating
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dynamics of the Sec61 translocon. This finding was predominantly achieved through
the characterisation of two TS mutants of this region, where the observed growth
defect was related to perturbed translocon dynamics. This was crucial in our design
of a yeast model that can be utilised to find novel regulators of translocon
dynamics, assess the impact of translocon dynamics in disease and may have future
applications as part of drug discovery. In addition to these outcomes, we found the
K7aLIHIPl7s motif to code the degron for Sss1 and revealed a level of complexity to
regulation of Sss1 degradation that appears to involve ER localised PPls. These
collective findings contribute to our greater understanding of the fundamental
processes that regulate ER homeostasis, with implications for the dysregulation of

these pathways in the development of disease.
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