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Functions and interactions of Sec613/Sbh1

ABSTRACT

Secretory and transmembrane proteins depend on the universally conserved Sec61
complex for their translocation into the endoplasmic reticulum (ER) or membrane insertion.
The function of the non-essential 3 subunit of the Sec61 channel, called Sbh1 in yeast, is not
fully understood and the existing data predominantly covers its conserved transmembrane
domain. The interactions and functions of the Sbh1 cytosolic domain, including its conserved
membrane proximal (CMP) region, and its intrinsically disordered N-terminal region with
multiple phosphorylation sites, remain unclear. In this work, | characterised defects of yeast
mutants that lack SBH1 and its paralog SBH2. | investigated the role of Sbh1 in the heptameric
Sec complex responsible for posttranslational ER protein import and found it to not be
essential for the complex stability. Based on molecular dynamics simulations that identified
the Sbh1 CMP region as a potential interaction site, | generated and functionally characterised
CMP mutants. | studied the interactions of the Sbh1 cytosolic domain and found that the CMP
region interacts directly and specifically with Sbh1-dependent signal peptides. Based on my
data, | hypothesise that the Sbhl CMP domain selectively facilitates Sec61 channel insertion

of specific signal peptides.
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Functions and interactions of Sec613/Sbh1

Zusammenfassung

Sekretorische und Transmembranproteine sind fiur ihre Translokation ins
Endoplasmatische Retikulum (ER) oder bzw. Membraninsertion auf den universell
konservierten Sec61-Komplex angewiesen. Die Funktion der nicht-essenziellen f3-
Untereinheit des Sec61-Kanals, in der Hefe Sbh1 genannt, ist nicht vollstandig geklart, und die
vorhandenen Daten befassen sich vorwiegend mit der konservierten Transmembrandomane.
Die Interaktionen und Funktionen der zytosolischen Domane von Sbh1l, einschliesslich der
konservierten membranproximalen (CMP) Region und dem intrinsisch ungeordneten,
mehrfach phosphorylierten N-terminalen Bereich sind nach wie vor unklar. In dieser Arbeit
habe ich funktionelle Defekte von Hefemutanten charakterisiert, denen SBH1 und sein
Paralog SBH2 fehlen. Ich habe die Rolle von Sbh1 im heptameren, fir posttranslationalen ER-
Import verantwortlichen Sec-Komplex untersucht und festgestellt, dass Sbh1 zur Stabilitat des
Komplexes nicht wesentlich beitragt. Auf der Grundlage von Molekulardynamiksimulationen,
die die CMP-Region von Sbh1 als potenzielle Interaktionsstelle identifizierten, habe ich CMP-
Mutanten erzeugt und funktionell charakterisiert. AuBerdem habe ich die Interaktionen der
zytosolischen Domadne von Sbhl untersucht. Ich konnte zeigen, dass die CMP-Region direkt
und spezifisch mit Sbhl-abhangigen Signalpeptiden interagiert. Auf der Grundlage meiner
Daten stelle ich die Hypothese auf, dass die CMP-Domane von Sbh1 selektiv die Sec61-Kanal-

Insertion spezifischer Signalpeptide erleichtert.
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1. Introduction

1.1. Secretory Pathway in Eukaryotes

In eukaryotic cells, biochemical functions are compartmentalised in membrane bound
organelles. The diversity between organelles allows for biochemical environments of varied
protein compositions, pH, and inorganic ions to exist simultaneously [1]. These organelles
receive their localised proteins and communicate with each other by protein secretion,
enabling them to coordinate their functions and maintain cell homeostasis [2]. Protein
secretion is an essential process in both prokaryotes and eukaryotes, and its mechanisms
have been extensively studied. Figure 1.1 depicts a simplified version of events in the

secretory pathway, its components and organelles that participate in it.

S
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Figure 1.1 Schematic representation of the secretory pathway. Figure from Reynaud and Simpson, 2002.
Components of the secretory pathway are shown. The pathway begins at the translocation of newly synthesised
polypeptides into the ER where they are folded, modified and transported to the Golgi for futher processing,
sorting and transport to their designated intracellular or extracellular location. Misfolded proteins in the ER are
detected and transported to the cytosol for degradation. ER, Endoplasmic Reticulum; IC, Intermediate Complex;
TGN, Trans Golgi Network; PM, Plasma Membrane.
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The endoplasmic reticulum (ER) serves as the entry point into the secretory pathway for
newly translated proteins where, upon translocation, they undergo maturation and folding
and are transported to the Golgi. They are further processed in the Golgi and targeted to their
destination where they are functional, within the cell, plasma membrane or extracellular

space [3].

Newly synthesised proteins enter the secretory pathway by translocating into the ER
either co-translationally or post-translationally (Figure 1.1). In Saccharomyces cerevisiae, co-
translational translocation is mediated by the trimeric Sec61 complex consisting of subunits
Sec61, Sbhl and Sss1, while post-translational translocation is mediated by the heptameric
Sec complex composed of Sec62, Sec63, Sec71, Sec72 and the Sec61 complex [4]. Protein
translocation in mammalian cells is similarly performed the homologs of Sec61 complex and
Sec complex [5]. The components and mechanisms of protein translocation into the ER will

be discussed further in Section 1.2.

The ER serves as a processing hub for newly synthesised proteins, where they undergo a
series of modifications, including cleavage of the signal peptide by the signal peptidase
complex, N-glycosylation by oligosaccharyl transferase complex, O-mannosylation by protein
mannosyltransferases, and disulfide bond formation by the enzyme protein disulfide
isomerase (PDI) in the ER lumen [6,7]. Molecular chaperones, such as Kar2, assist in folding
proteins and serve as critical checkpoints to detect misfolded proteins [8]. ER quality control
mechanisms, triggered by the recognition of misfolded or unfolded proteins, prevent their
exit from the ER by initially inhibiting aggregation, then attempting to facilitate correct

refolding, or ultimately marking them for degradation [9,10]. One such mechanism is the
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unfolded protein response (UPR), which upregulates chaperone expression to promote
folding efficiency [11]. When misfolded proteins continue to accumulate, the cell initiates ER
associated degradation (ERAD), whereby misfolded proteins are retro-translocated to the
cytosol for proteasome-mediated degradation [12]. These processes will be further discussed

in Section 1.3.

Following modification and quality control processes, ER resident proteins remain in the
ER, while proteins targeted to other organelles or for secretion will continue in this pathway
to enter the Golgi apparatus via vesicular transport (Figure 1.1). This transport can occur in

anterograde (forward, ER to Golgi) or retrograde (Golgi to ER) as shown in Figure 1.2 [13—15].
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Figure 1.2 Simplified model for bidirectional transport and fusion of vesicles. Figure from Brandizzi and
Barlowe, 2013. In anterograde transport from ER to Golgi, cargo proteins are packaged into COPIl coated
vesicles, while in retrograde transport from Golgi to ER, the vesicles are coated with COPI. Upon transport, the
fusion of the vesicles to the target membrane is mediated by SNARE proteins.

In S. cerevisiae, the proteins to be exported accumulate at ER exit sites where they are

packaged into transport vesicles coated with coat protein complex Il (COPII), composed of
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five subunits Sar1-GTPase, Sec23, Sec24, Sec13 and Sec31 [16,17]. Mammalian cells have a
specialised transitional ER, in addition to ER exit sites, where cargo proteins accumulate to be
packaged into COPII vesicles [18]. Sec12, a nucleotide exchange factor on the ER membrane,
activates Sarl GTPase, which triggers membrane-bound Sec23 and Sec24 to sort protein
cargos into a prebudding cargo complex, and subsequently recruit the soluble Sec13-Sec31
outer layer coat complex to bend the membrane and form the COPII-coated vesicles [19-21].
The multiple binding sites on the Sec24 subunit recognise sorting signals on correctly folded
transmembrane (TM) cargo proteins and selectively concentrate them into COPII vesicles,

thereby acting as a checkpoint [22].

Transported COPII vesicles in yeast directly fuse with cis-Golgi cisternae. In contrast, in
mammalian cells multiple COPII vesicles fuse to form the ER-Golgi intermediate compartment
before transport to cis-Golgi [23,24]. When COPII vesicles reach the cis-Golgi membrane in S.
cerevisiae, they are first tethered to the surface by TRAPPI complex. The membrane bound
soluble NSF attachment protein receptor (SNARE) proteins on the vesicle interact with those
on the membrane to mechanically pull the vesicle close to the membrane and create a fusion

pore as shown in Figure 1.2 [25,26].

In eukaryotes Golgi cisternae are typically arranged in stacks, while the Golgi complex in
S. cerevisiae is made of isolated cisternae scattered in the cytoplasm that associate together
[27,28]. Golgi cisternae are classified based on their protein content into cis-, median-, trans-
Golgi or the trans-Golgi network (TGN) [29,30]. The cargo proteins delivered to the cis-Golgi
are gradually transported between the cisternae while undergoing compartment specific

modifications such as O-glycosylation, sulfation, proteolytic processing, and outer chain
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carbohydrate modifications [8]. Mature proteins reach the TGN and are sorted into secretory
vesicles targeted to their final location in the plasma membrane, endosomes or the vacuole,
as shown in Figure 1.1 [24]. Proteins that reside in the Golgi are retained in the TGN, while ER
proteins are transported back to the ER in COPI-coated vesicles by the retrograde transport

pathway.

In retrograde transport from Golgi to the ER, the seven subunits, a, 3, f’, v, 9, € and -
COP, form the intact COPI which is recruited to the Golgi membrane and forms the vesicle
containing mature protein, which is transported to the ER, shown in Figure 1.2 [31]. COPI
coated vesicles are also responsible for inter-Golgi transport between different cisternae

[24,32,33].

Approximately one-third of the eukaryotic proteome consists of TM and secretory
proteins, which rely on the secretory pathway both for their structural modifications and
functional localisation [34]. Modulation of early secretory pathway is essential for
maintenance of cellular function and proteostasis. Accumulation of misfolded proteins in the
ER results in the formation of hazardous aggregates and leads to several diseases in humans
[35]. Several neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease
and Huntington’s disease, are caused by the aggregation of immature proteins leading to
neuron death [36]. An increase in ERAD has been linked to Cystic Fibrosis and is often treated
by proteostasis-enhancing therapeutic drugs [37,38]. Understanding the secretory pathway,
and factors that affect it, is thus important not only for advancing our knowledge of
fundamental cell biology, but also to develop new approaches to treat related human

diseases.

19



1.2. Protein Translocation into the ER

Nearly 30 % of all proteins synthesised by a cell are translocated into the ER before folding
occurs, either co-translationally or post-translationally [39]. These proteins are recognised by
the signal peptide (SP) at their N-terminus, or a hydrophobic N-terminal helix in the case of
membrane proteins [40]. Central to both translocation processes is the Sec61 channel, which
is the pore-forming unit of the translocon [41]. The components and mechanisms of

translocation will be discussed in this section.

1.2.1.Signal Peptides

The SP is a short peptide located at the N-terminus of a protein that acts as a molecular
address to direct the protein into the secretory pathway as well as to indicate its final location
[42]. SPs are typically 25-30 residues long and are cleaved by signal peptidase at their C-
terminal ends [43,44]. Longer SPs (~140 residues) and internally located, no-cleaved signal
anchored sequences also exist in eukaryotes [43,45]. SPs typically consist of three distinct
structural regions as shown in Figure 1.3: the positively charges N-region at the N-terminus,
H-region containing the helical hydrophobic core, and the C-region at the C-end containing
the cleavage site [44]. Although the structure of SPs is conserved, their amino acid
composition and length may vary considerably [46]. This variability in SP not only influences
translocation efficiency, cleavage sites, and post-cleavage processes but is also believed to
allow them to withstand mutations while maintaining high translocation efficiency [42,47].
Such SPs may differ in their interaction with the translocon or the signal cleavage machinery

[40].
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Figure 1.3 Structure of a signal peptide. Figure from Owiji et al., 2018. Signal peptides, in general, have a
positively charged N-terminus (N-region), a hydrophobic core forming an a-helix (H-region), and a B-sheet
forming cleavage site at the C-terminal region (C-region). The signal peptide is followed by a pro-region, which
is the initial part of the protein.

Residues at positions -1 and -3 relative to the SP cleavage site determine where cleavage
occurs, and the SPs regulate the timing of the process [40,48]. This timing control, which
differs between substrates, influences downstream events such as protein folding,
glycosylation, and their ER exit [40,49]. Cleavage timing might also influence if the
glycosylation sites at the N-terminus are used, and reciprocally the presence of glycosylation

sites or TM domains following the SP can modulate its function [50,51].

SPs translocate into the ER through the Sec61 channel. The structural and physicochemical
properties of SPs optimise them for this process. The high glycine and/or proline content,
variable in length, in the H-region increase its hydrophobicity, forming an a-helix with the
hydrophobic side chains exposed to the outside and hydrophilic peptide backbone hidden
inside [52,53]. The charge bias between the N- and C-regions facilitates the SP orientation
during channel insertion [52]. The “positive-inside rule” governs the TM insertion of both the
SP and, to a lesser degree, downstream TM domians through the influence of charge-flanking

residues [54].
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1.2.2.Sec61 Complex

The universally conserved Sec61 channel is the chief pore forming unit of the ER
translocon. It serves a dual function: it allows soluble polypeptides to pass through the ER
membrane and allows hydrophobic TM domains of proteins to integrate laterally into the lipid
bilayer co-translationally or post-translationally [41]. During co-translational translocation the
Sec61 complex acts as a receptor for the ribosome and allows the nascent polypeptide chain
to directly cross into the ER lumen [55-57]. In post-translational translocation, it forms the
Sec complex by interacting with the Sec62-63 subcomplex [4], mechanisms of which will be
address later in this section. Sec61 channel can readily alternate between the two modes of
translocation by switching its interaction partners [58]. The Sec61 channel has also been
suggested as the central component of the protein export channel and as the proteasome
receptor during ERAD [59,60]. The mammalian Sec61 channel is composed of a, B and vy
subunits. The homologs of Sec61 channel subunits in S. cerevisiae are Sec61, Sbh1, and Sss1,
respectively [61]. The SecYEG channel located in the inner membrane is the homolog of the
Sec61 channel in bacteria and archaea, composed of homologous subunits SecY/Sec61,
SecG/Sbh1 and SecE/Sss1 [62]. The genes coding for SEC61 and SSS1 in yeast are essential
[43]. The Sec61 channel is inherently passive and relies on auxiliary proteins to facilitate

translocation [41].

Figure 1.4 shows the cryo-electron microscopy (cryo-EM) structure of Sec61 complex as a
part of the Sec complexin S. cerevisiae [63]. The central Sec61/Sec61a subunit (shown in cyan
in Figure 1.4) consists of a hydrophilic pore surrounded by 10 TM helix bundle, with both of
its termini in the cytosol. It can be considered as having an N-terminal half and a C-terminal

half [64]. The channel pore is formed between TM5 and TM6 with a constriction at the
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midpoint of the membrane, called pore ring. The pore ring is formed by the hydrophobic side
chains of 6 aliphatic amino acids projecting inwards, giving it a characteristic hourglass shape
[61]. The cytosolic end of the pore remains open, but the luminal side is obstructed by a helical
plug domain that, together with the pore ring limits transmembrane movement [41,65]. At
the interface of TM2/TM3 and TM7/TMS lies the Sec61 lateral gate that serves as a SP binding
site in the initial stages of translocation and facilitates the integration of TM domains of
membrane proteins [64,66]. This gate, which is closed when idle, opens into the surrounding
membrane when the channel is opened [67]. The tail anchored Sbh1/Sec61f subunit, shown
in yellow in Figure 1.4, is peripherally associated with Sec61 [43]. This subunit will be
discussed in detail in Section 1.4. Sss1/Sec61y, an essential subunit of the Sec61 complex
(magenta in Figure 1.4), consists of an amphipathic helix on the cytosolic face of the ER
membrane and a diagonal TM segment [61,64] . Together, these helices form a stabilising

‘clamp’ around the Sec61 helix bundle [68].

51? Sec61
—/ f 4
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Figure 1.4 The Sec61 Complex. The Cryo-EM structure of Sec61 complex within the Sec complex in S. cerevisiae,
published by Wu et al., 2019 (PDB code 6ND1). Sec61 is shown in cyan, Sss1 in magenta and Sbh1 in yellow. The
unstructured cytosolic domain of Sbh1 is not visible.

As mentioned earlier, in the idle state the pore ring and the plug domain seal the Sec61
channel pore, and its lateral gate is closed. A sequence of interactions with partner proteins

and conformational changes is required to open the Sec61 channel for its functions, shown in
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Figure 1.5. First, a partner protein, such as the ribosome or the Sec62-63 complex, binds to
the cytosolic loops of Sec6la/Sec61 and primes the channel for opening [63,66,69]. This
interaction restricts the mobility of the C-terminal half of Sec6la/Sec61, inducing a
conformational change across the TM helix bundle. As a result, the pore ring expands, and
the lateral gate partly cracks open on the cytosolic side [70]. The plug shifts from its central
position in the pore to the front, creating a barrier to prevent phospholipids from seeping
through the lateral gate [71]. The positively charged N-termini of SPs or TM domains remain
in the cytosol while the SPs or subsequent TM sequences move into the partially opened
lateral gate and dock to a site between TM2 and TM7 creating a wide opening in the lateral
gate [64,66,72]. At this point, SPs stay in the hydrophobic groove of the lateral gate and newly
synthesised polypeptide chains insert through the channel as a hairpin loop [64,73].
Hydrophobic TM segments, on the other hand, displace TM2 to widen the lateral gate and

start to move into the membrane [64,74].

Idle channel Primed channel Open lateral gate

Sec61/Sec61a Pore ring widens and Lateral gate exposed
the lateral gate “cracks” to phospholipid bilayer

Figure 1.5 Opening of the Sec61 channel lateral gate. Schematic modified from Egea and Stroud, 2010. Idle
Sec61 channel is characterised by an obstructed central pore and closed lateral gate. The channel is primed for
polypeptide entry when the pore ring widens and the lateral gate partially opens on the cytoplasmic side. As an
SP of a secretory protein or N-terminal helix of a membrane protein engages the lateral gate, the lateral gate
widens to fully open.
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The Ssh1l complex in S. cerevisiae is a homolog of the Sec61 complex, which forms a
trimeric complex with Sbh2 and Sss1 [75]. Despite being non-essential and only sharing 30%
sequence identity with Sec61, the Ssh1l complex demonstrates similar ribosome affinity [76—
78]. Its inability to assemble with the Sec62-Sec63 complex, combined with its binding to
certain co-translationally translocated protein SPs, indicates an exclusive function in co-

translational translocation [75,79,80].

1.2.3.Co-translational Translocation of Proteins into the ER

Co-translational translocation of ribosome-bound nascent polypeptides is mediated by
signal recognition particle (SRP) and occurs mainly through the Sec61 channel in eukaryotes,
or the SecYEG channel in bacteria [81]. The SRP can also associate with the Ssh1 complex for
co-translational translocation [75]. While the properties of substrates marked for co-
translational translocation are not fully understood, SRP recognises highly hydrophobic SPs
[39]. Figure 1.6 summarises the main steps that occur during co-translational translocation

through the Sec61 channel.

The SRP complex is a ribonucleoprotein composed of a 7S RNA and six protein subunits,
two of which are not essential in S. cerevisiae [8,82]. In the cytosol, the SRP screens translating
ribosomes for suitable SPs [83,84]. Within the ribosome, mRNA is translated in the groove of
the large subunit and the nascent polypeptide chain is elongated through the peptide exit
tunnel, forming the ribosome-nascent chain complex (RNC) (Step 1 in Figure 1.6) [85,86]. The
SRP detects and binds preferentially to highly hydrophobic SPs of nascent chains exiting the
ribosome (Step 2 in Figure 1.6) [40,87—90]. The SP is engaged in the hydrophobic groove of

the 54 kDa subunit of SRP by the electrostatic interactions between the basic sidechains of its
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N-terminal residues and the phosphate backbone of the 7S RNA in the SRP [40,91]. In absence
of an SP, SRP binds to the hydrophobic N-terminal signal anchor or the first TM domain of the
nascent chains [44].The substrate specificity of SRP in yeast is also influenced by the RNC
[92,93]. The SP-bound SRP further binds to GTP, delaying or halting the chain elongation [94].
This temporary arrest is necessary as the rate of translation is slower than protein folding,
and allows for the nascent chain to remain unfolded until it is translocated [95-97]. SRP-

mediated arrest of translation has not been observed in S. cerevisiae [83].
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Figure 1.6 Co-translational translocation through the Sec61 channel. The steps involved in SRP-mediated co-
translational translocation through Sec61 channel in S. cerevisiae are described. Created with BioRender.com
Following the translation arrest, the SRP interacts with the o subunit of the heterodimeric
SRP receptor adjacent to the Sec61 complex in the ER membrane and relegates the RNC to
the translocon (Step 3 in Figure 1.6) [88,98,99]. The SRP is released from both the SRP

receptor and the RNC by GTP hydrolysis, and is recycled (Step 4 in Figure 1.6) [100,101]. The
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ribosome interacts with the cytosolic loops of Sec6la/Sec61 between TM6/7 and TM8/9
[57,69,79]. This interaction places the peptide exit tunnel of the ribosome directly over the
Sec61 channel pore and enables the direct passage of the nascent chain across or into the ER
membrane [55,56]. The lateral gate of Sec6 is opened to engage the SP or to allow the
insertion of membrane proteins into the bilayer [74]. Translation resumes, and the nascent
chain elongates into the ER, while the SP is cleaved by signal peptidase, an ER resident enzyme

(Steps 5 and 6 in Figure 1.6) [74].

1.2.4.Post-translational Translocation of Proteins into the ER

Post-translational translocation is employed by secretory proteins bearing SPs of low
hydrophobicity, which evade recognition by the SRP and are only translocated after their
complete ribosomal synthesis and release [89,102]. In eukaryotes, translated proteins are
predominantly translocated through the Sec complex which is formed by the association of
the Sec61 channel with Sec62-63 complex [58,103]. Other post-translational pathways have

also been identified [104].
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Figure 1.7 Structure of the Sec complex. Modified figure from Wu et al., 2019. A) Side view of the cryo-EM
structure of the Sec complex in S. cerevisiae (PDB code 6ND1). Sec62 is not shown. B) Schematic depicting the
association of Sec complex subunits. Plug domain of Sec61 is indicated by *. Subunits of Sec61 complex are not
shown.
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Figure 1.7 shows the structure of the Sec complex in S. cerevisiae, where the membrane-
bound Sec61 complex (described in Section 1.2.2) associates with the tetrameric Sec62-63
complex composed of the subunits Sec62, Sec63, Sec71 and Sec72 [63]. Of the Sec62-63
complex subunits, Sec62 and Sec63 are essential while Sec71 and Sec72 are non-essential in
yeast and are absent in higher eukaryotes [58,103,105]. Sec62 consists of two TM segments
and a cytosolic domain that binds to the C-terminus of Sec63 [63,106,107]. Sec63 consists of
a large cytosolic domain, three TM segments, and a flexible luminal J domain [63,108,109].
Sec61 and Sec63 interact at multiple sites and these interactions play a crucial role in
maintaining the association between the subcomplexes of the Sec complex and the opening
of the Sec61 lateral gate [108]. The Brl domain of Sec63 interacts with the cytosolic loops
between TM6/7 and TM8/9 on the C-terminal half of Sec61 in the cytosol, and in the ER
membrane, TM3 of Sec63 interacts with TM1 and TM5 of Sec61 in its N-terminal half as well
as the TM domains of Sec61 complex subunits Sbh1 and Sss1 [63,108]. Sec71 tethers the
soluble Sec72 to the ER membrane, and these proteins together clamp the Sec63 cytosolic

domain [63,108].

ER lumen L '

o)

Figure 1.8 Sec complex during post-translational translocation. Schematic from Wu et al., 2019 showing the
Sec complex engaged in the insertion of Hsp70 bound polypeptide chain into the ER. The SP, shown here as
signal sequence (SS), is engaged in the lateral gate of Sec61 while the polypeptide displaces the channel plug,
marked with *, and is inserted as a loop.
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Upon translation, cytosolic chaperones such as Hsp70 bind to the newly synthesised
polypeptide to maintain it in an unfolded state for translocation [110]. Sec62-63 complex
binds to the Sec61 complex and the Sec63 Brl domain obstructs ribosomes from binding to
the Sec61 complex [63]. Interactions of Sec63 and Sec61 open the lateral gate, and it is held
in that conformation by Sec63 which acts as a scaffold [63,108]. The Sec63 Brl domain also
recruits Sec71 and Sec72 to the Sec complex [111]. As shown in Figure 1.8, substrate-bound
Hsp70 interacts with Sec72 and orients the polypeptide to enter the translocon [112]. In the
absence of Sec71 and Sec72, this substrate transfer step is mediated by calmodulin in higher
eukaryotes [113]. Sec62 identifies the incoming SP and transfers it to the Sec61 channel pore
where it enters the lateral gate and the cytosolic chaperones bound to the polypeptide
dissociate as in Figure 1.8 [64,73,110,114]. The wide opening of the lateral gate allows for the
SP, and subsequent TM helices for insertion, to freely enter the lipid bilayer despite their low
hydrophobicity [63]. The J domain of Sec63 activates Kar2, a luminal ATPase called BiP in

mammals, which binds to the polypeptide and drives its insertion [115].

1.2.5.Insertion of membrane proteins into ER

Membrane proteins are inserted into their designated membranes predominantly
through translocons [116]. In eukaryotes, integral membrane proteins are directly inserted
into the ER membrane through the Sec61 channel, almost exclusively co-translationally [117].
Like co-translational translocation, polypeptides for insertion are recognised by SRP by their
hydrophobic N-terminal helix and targeted to the Sec61 channel for insertion through the
lateral gate. Figure 1.9 shows the schematic representation of membrane insertion of a multi-
span membrane protein. The TM helix segments dislodge the Sec61 plug domain by moving

TM7 towards TM10, widen the lateral gate by displacing Sec61 TM2, and begin to move into
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the surrounding lipid phase [64,108,118]. TM segments are inserted sequentially with the
initial N-terminal segment determining the orientation of all subsequent TM segments,
following the positive-inside rule [119]. Inserted segments move further into the lipid phase
and away from the Sec61 channel as the polypeptide inside the channel elongates to a

sufficient length [64,120,121]. Insertion takes place iteratively until all the TM segments in

the polypeptide are inserted [113].
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Figure 1.9 General scheme for the assembly of multi-span membrane proteins. Schematic representation from
Cymer et al., 2015. Nascent polypeptide sequence is N-terminally inserted into the Sec61 translocon while being
elongated at the C-terminal end. The TM segments enter the ER membrane through the lateral gate of Sec61
and move further away from the translocon as the polypeptide is elongated.

1.2.6.Diseases related to protein translocation

Protein translocation into the ER is an essential cellular function. Disruptions in
translocation machinery have been linked to several diseases and disorders. Defects in
functioning and cleavage of SPs result in certain disease pathologies. Point mutations
adjacent to the cleavage site can disrupt SP cleavage and subsequent protein folding, resulting
in ER stress and cytotoxicity [122-124]. Hereditary diabetes has been associated with

impaired SP cleavage of preproinsulin [125].

Sec61 channel dysfunctions, called Sec61 channelopathies, are associated with various

inherited disorders and cancers. In humans, tubule-interstitial kidney disease and common
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variable immune deficiency have been linked to mutations in the gene encoding Sec6la
[126]. Sec61 impairs biosynthesis of protein components of influenza virus, and also
suppresses replication of HIV and dengue virus [127], suggesting the potential of Sec61 as a
target for antiviral therapies. Mutations in mice lead to the development of diabetes [126].
Polycystic liver disease is caused by mutations in SEC61B gene [128]. The SEC61G gene is

essential for the survival of glioblastoma tumour cells [129].

Mutations in genes coding for Sec62 and Sec63 are frequently mutated or overexpressed
in several cancers, indicating their role in oncogenesis [130]. Specifically, mutations in SEC63
have also been linked to polycystic kidney disease [130]. Research into Sec complex and Sec61
channel function is crucial not only for elucidating mechanisms of these diseases, but also for

exploring its potential as a therapeutic target.

1.3. Protein Processing in the ER
1.3.1.Protein modifications and folding in the ER

Proteins are translocated into the ER in an unfolded chain conformation. Once in the ER
lumen, polypeptide chains with hydrophobic domains are at risk of aggregation if left
unfolded in the aqueous environment. To prevent aggregation, molecular chaperones non-
covalently bind to the hydrophobic patches on the polypeptide chain as it exits the translocon
pore [131,132]. These chaperones, present in high concentrations in the ER lumen, also aid in
folding of both, soluble and membrane proteins, act as a quality control mechanism to ensure

correct folding, and prevent early ER exit of unfolded and misfolded proteins [133,134].
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A principal family of molecular chaperones is the 70 kDa heat shock proteins (Hsp70), that
are ubiquitous in eukaryotes and widely prevalent in prokaryotes [132,135]. Hsp70s play key
roles in protein folding, transportation and target misfolded or aggregated proteins for
degradation [136]. Hsp70s also exhibit low intrinsic ATPase activity, which is enhanced by
DNAJ or Hsp40 co-chaperones and nucleotide exchange factors (NEFs) [137-139]. Kar2 or BiP,
as mentioned in Section 1.2.4, is the predominant Hsp70 chaperone which also participates
in protein folding [140]. Kar2 employs Sec63, Scjl and Jem1l as co-chaperones for ATP
hydrolysis when binding to partially folded proteins, shown in Figure 1.10 [141-143]. This
activity of Kar2 doubles as a protein quality control checkpoint, as will be discussed in later

sections.
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Figure 1.10 Hsp70 assissted protein folding. Modified diagram from Hartl et al., 2011 depicting the protein
folding function of Hsp70 family chaperones.

Protein disulfide isomerases (PDI) are another ER resident chaperone family which are

involved in disulfide bond formation [144]. PDI family participate in protein folding and quality
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control through their interactions with Kar2, Calnexin and Htm1 [145-147]. ER resident PDI
chaperonesin yeast include Pdil, Mdp1, Mdp2, Eugl and Eps1 [148]. Pdil acts as a chaperone
by binding to polypeptides prone to self-assembly, preventing their aggregation [149,150].
Though the chaperone function and isomerase activity are interlinked, Pdil also assists in

folding of polypeptides that lack disulfide bonds [150-152].

Glycosylation is an essential post-translational modification that most secretory proteins
undergo in yeast [8]. Addition of carbohydrate moieties or glycans not only increases the
solubility of a polypeptide, but also serves as a signal for lectin chaperones during folding by
its conformation [153]. While considerable diversity exists among glycans and their linkages,
N-linked glycosylation and O-mannosylation are the most common and occur upon entry into
the ER lumen [7,154]. Proteins are N-glycosylated at Asn-Xxx-Ser/Thr motifs, Xxx being any
residue except Pro, by oligosaccharyl transferase (OST) complex [155]. In the ER lumen, OST
interacts with the Sec61 translocon and catalyses the transfer of the glycan from a lipid-linked
donor during co-translational translocation [156,157]. Protein O-mannosyl transferases
(Pmts) also associate with the Sec61 channel and add a mannose residue to Ser/Thr residues

[158].

1.3.2.Protein quality control in the ER

Despite the accuracy of polypeptide synthesis, factors such as mutations and
environmental factors leading to cell stress may cause proteins to misfold [159].
Accumulation and aggregation of misfolded proteins disturbs cellular homeostasis and has
been linked to diseases such as Alzheimer’s disease, amyotrophic lateral sclerosis, and aging

[160]. Sophisticated quality control (QC) mechanisms in the ER identify and retain misfolded
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proteins in the ER and attempt to refold them into their native state [161]. Retention in the
ER prolongs the exposure of proteins to folding machinery and increases the probability of
correct folding [162]. When attempts to salvage misfolded proteins fail, they are retained in

the ER and targeted for degradation (Figure 1.11) [12].

. Ribosome

P

Chaperone proteins Correctly
folded

o
/l\~ l

Ubiquitination Aggregation Hsc70 Golgi apparatus
S A
A 1 1 N
Proteasome Autophago- Stress Lysosome ER/Golgi trafficking
. lysosome Granule @
a ‘/ \t
ERAD - CMA
Macroautophagy

Figure 1.11 Mechanisms of protein quality control in the ER. lllustration from Shahheydari et al., 2017.

Chaperones in the ER play an additional role as protein quality sensors by detecting
misfolded proteins [141]. Their high concentration in the ER lumen enables them to maintain
a constant surveillance of protein folding. The presence, absence, or delay of post-
translational modifications signal the conformational status of the protein to chaperone
sensors, which then covalently tag misfolded proteins with glucose or ubiquitin and are

subsequently recognised by folding or degradation machinery, respectively [163].

The modification of N-glycan moiety by sequential trimming of glucose and mannose
residues and specific addition of glucose residues governs the maturation and degradation of

proteins in mammals and yeasts [164]. This is performed by glucosidases Gls1 and Gls2, and
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yeast specific mannosidases Mns1 and Htm1 [165]. The presence of glucose residues in N-
linked glycans serves as a signal to retain the protein in the ER [166]. N-terminal M8GIcNAc2,
which is formed by Mns1 trimming the terminal mannose residue in M9GIcNAc2, signals the
fully folded glycoprotein to be exported [167]. Terminally misfolded proteins are further
trimmed by Html to form M7GIcNAc2, which is targeted for ERAD by the lectin Yos9
[168,169]. The calnexin/calreticulin cycle in mammalian cells retain and redirect non-ER
resident glycoproteins for refolding or degradation [170]. However, this cycle is not essential

in S. cerevisiae [171].

1.3.3.Unfolded Protein Response in the ER

Accumulation of unfolded or misfolded proteins in the ER causes an imbalance in
proteostasis and triggers the unfolded protein response (UPR) [11]. During UPR in yeast,
protein synthesis is decreased, and the production of chaperones and degradation machinery

is increased to enhance folding and eliminate misfolded proteins [172].

Figure 1.12 provides an overview of the UPR mechanism in yeast. Irel is an ER membrane
protein that interacts with Kar2 at proteostasis conditions and with unfolded or misfolded
proteins when stressed [173,174]. Accumulation of proteins in the ER lumen disrupts its
interaction with Kar2, leading Irel to oligomerise and subsequently activating its kinase and
ribonuclease domains [175]. Activated Irel splices the pre-mRNA of HAC1 gene and Rlgl, a
tRNA ligase, ligates the splicing product to produce mature HAC1 mRNA which is subsequently
translated to Haclp [176]. Haclp is a transcription factor which activates genes coding for

UPR components such as chaperones, leading to upregulation of their synthesis and induction
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of UPR. Irelp, Haclp and Rlglp regulate the transcription of a significant number of genes

related to protein folding and biosynthesis, thus playing a central role in ER proteostasis [177].
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Figure 1.12 UPR mechanism in yeast. Schematic illustration from Chakraborty et al., 2016. When ER undergoes
stress due to protein accumulation, Kar2/BiP dissociates from Irel , causing Irel to bind to the
unfolded/misfolded proteins and oligomerise. This activates the cytosolic ribonuclease domain of Irel leading
to the splicing and RIgl mediated maturation of HACZ mRNA. Translated Haclp upregulates the production of
UPR elements (UPRE) such as chaperones and protein modification enzymes which subsequently manage the
accumulated proteins and restore ER homeostasis.

1.3.4. ER-Associated Degradation of Proteins

Irreparably misfolded proteins are degraded through the conserved ER-associated
degradation (ERAD) mechanism [178]. This process involves the ubiquitination misfolded
proteins, their retrotranslocation to the cytosol, and subsequent degradation by the
proteosome [179]. Disruptions in ERAD can lead increased ER stress and compromised cellular
proteostasis [12]. The ERAD system in yeast comprises three main pathways, ERAD-L, -M, and
-C, each targeting proteins with the misfolding located in the luminal, membrane or cytosolic
domain [168,180]. These pathways are also characterised by their use of distinct ubiquitin

ligase, such as Hrd1 or Doal0 [145,181]
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Figure 1.13 Key steps of ERAD in yeast. Schematic illustration from Smith et al., 2011. Misfolded proteins stably
bound to chaperones in the ER lumen are recognised by their trimmed N-glycan and retrotranslocated into the
cytosol where they are ubiquitylated and subsequently degraded by the proteasome.

Figure 1.13 shows the key steps involved in the three ERAD pathways in yeast. Misfolded
proteins in the ER lumen are stably associated with chaperones and retained in the ER, where
their N-terminal glycan is de-mannosylated by Mns1 and Htm1 to Man7GIcNAc2 [182-184].
This glycan acts as an intrinsic signal targeting the protein for ERAD and binds to the lectin
Yos9 [165,185]. Yos9 then interacts with Kar2 and membrane-bound Hrd1 ubiquitin ligase and

the proteins are retrotranslocated into the cytosol [169,186]. Three complexes, Sec61, Hrd1

and Der1, have been proposed as the retrotranslocon [187-189].

Once in the cytosol, the misfolded proteins are degraded by the ubiquitin-protease
system [190]. First, ubiquitin chains are added to lysine residues of target substrates by an
enzyme cascade involving ubiquitin activating (E1), ubiquitin conjugating (E2) and ubiquitin

ligase (E3) enzymes [191,192]. The polyubiquitinated proteins are then directed to the 26S
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proteasome, a large multi-subunit complex that degrades the proteins and cleaves the

ubiquitin chains for reuse [193].

1.4. Intrinsically Disordered Proteins and Protein Regions

Intrinsically disordered proteins and intrinsically disordered protein regions (IDRs) cannot
independently form a stable tertiary structure. In eukaryotes, 10-20% of full-length proteins
and 25-40% of all residues are intrinsically disordered and exhibit more mutations than
structured proteins/regions [82,194]. IDRs have reduced sequence complexity, abundant
charged and hydrophilic residues, and fewer hydrophobic residues [195]. Their skewed amino
acid distribution the residues extensively exposed to the solvent resulting in flexible

structures [196,197]. In this work, | will be focussing on IDRs.

Molecular recognition features (MoRFs) are specific motifs within the IDR that tend to
form a secondary structure to interact with proteins as well as nucleic acids and lipids,
conferring function to the IDR [198]. MoRFs are islands of about 20 amino acids in length
within the IDR, typically containing conserved aromatic and hydrophobic residues [199].
Based on the structure they adopt, MoRFs are classified as follows: a-helix forming a.-MoRFs,
-sheet forming 3-MoRFs, irregular structures with non-repeating psi- and phi- angles called

1-MoRFs, and complex MoRFs with multiple, equally distributed secondary structures [200].

IDRs transition into a stable secondary structure on binding with their interaction partners
by undergoing coupled folding and binding interactions [201,202]. Figure 1.14 shows the two
models that explain this process: induced fit and conformational selection. In the induced fit

model, IDRs first form weak interactions with their partners which, also influenced by the
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binding partner’s surface residues, drive the transition to their final conformation with strong
intramolecular contacts [203]. The conformation selection model, on the other hand,
suggests that IDRs transiently adopt a range of structures which are selectively recognised

and bound by their interaction partners [204].
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Figure 1.14 Mechanisms of coupled folding and binding interactions. Schematic from Theillet et al., 2014
representing the two models for disorder-to-order transitions. In induced fit model (blue arrow), IDRs are
influenced by their initial weak interactions with their binding partner to mold into a conformation with stronger
interactions. In conformational selection model (red arrow), IDRs exist in a range of conformations, which are
then preferentially bound by their interaction partner to form a complex.

The structural plasticity of IDRs allows them to engage in versatile interactions with
diverse set of binding partners [199]. This flexibility also exposes sites for post-translational
modifications and allow IDRs to bind partners with high specificity but a moderate affinity
that facilitates rapid association/dissociation [205,206]. Collectively, these properties make
IDRs ideal for controlling and regulating intracellular signalling and are present in 75% of
signalling proteins [1,207]. Conformational transitions of IDRs modify binding site affinity and
interaction surfaces, amplifying signal complexity [208]. IDRs are also crucial in protein
biosynthesis and are essential structural components in chaperones [1]. During co-

translational translocation in mammalian cells, a MoRF in the linker domain of the SRP

receptor is critical for ribosome detection [209].
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Post-translational modifications in IDRs can modulate stability of the secondary structures
they form and calibrate their interactions, effectively acting as molecular switches [210-212].
Sites for phosphorylation, the most common regulatory post-translational modifications in
eukaryotic cells, are often located as clusters within IDRs [213]. Phosphorylation of multiple
sites in an IDR of a signalling protein, sequentially or in combination, leads to precise

regulation of signalling cascades [195].

1.5. The Beta Subunit of the Sec61 Channel — Sbh1

The B subunit of the Sec61 complex, Sec61, is a small tail anchored protein peripherally
associated with Sec61 [41]. Its single TM domain is conserved among species (Figure 1.15).
While non-essential in mammals and yeasts, it is essential for development in Drosophila and

conserved in Caenorhabditis elegans [214,215]. The Sec613 homolog in S. cerevisiae is called

Sbh1 or Seb1, encoded by SBH1, and has 30% similarity to the mammalian sequence [58,216].
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Sbh2 DEANGFRVDSLVVLFLSVGFIFSVIALHLLTKFTHII 88

Figure 1.15 Evolutionary conservation of Sec61f3/Sbh1. A) Conservation of Sec613 homologs among species
generated by eVFold sequence alignment. B) Sequence alignment of Sec61f3 (human), Sbh1 and Sbh2 from S.
cerevisiae. Residues forming the transmembrane helix are in green. Phosphorylation sites on Sbhl are
highlighted in red.
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Sbh2 or Seb2, is a paralog of Sbhl in S. cerevisiae originating from a whole genome
duplication. Similar to SBH1, SBH2 is also non-essential, and the protein shares about 50% of
its sequence with Sbh1 [75]. Sbh2p forms the 3 subunit of the Sec61 complex homolog Ssh1
complex. Sbhl and Sbh2 perform separate functions during protein translocation, as
evidenced by their synthetic lethality patterns [216,217]. In the absence of Sbhl and Sshil,
Sbh2 can associate with Sec61 as a substitution as can Sbh1 when Sbh2 and Sec61 are absent

[75].
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Figure 1.16 Structure of Sbh1. Cryo-EM structure of Sbh1 as a part of the Sec complex in S. cerevisiae (PDB code
6ND1). Unstructured cytosolic domain is not a part of the structure and is not drawn to scale. Approximate
locations of phosphorylation sites are marked by purple P.

Sbhl in S. cerevisiae is an 82 amino acid long, C-terminally tail anchored protein with a
single, conserved, transmembrane domain (Figure 1.16). The cytosolic domain is of 54
residues, of which the 38 N-terminal residues are intrinsically disordered, and the conserved
membrane proximal (CMP) domain is 16 residues long and structured [218]. The N-terminal
IDR has two clusters of phosphorylation sites: S2, S3, T5, T12, S20, and S21 phosphorylation
sites are close to the N-terminus, and S35 and S38 sites are close to the CMP [219].

Phosphorylation sites are also present in mammalian Sec61f3, with all but one site present in
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its cytosolic IDR [220]. Except for the proline-flanked T5, all other phosphorylation sites are
poorly conserved [219,220]. The conserved T5 residue, however, is not found in Sbh2 and
lower eukaryotes, suggesting that the residue is the result of convergent evolution and plays
a potentially significant role in Sbh1 function [219]. The IDR also has a centrally located
positively charged patch of Lys residues. The short C-terminal tail extends into the ER lumen

[61].

Recently published cryo-EM structures revealed the interactions of Sbh1l TM domain with
the components of the yeast Sec complex [63,108]. Given its central location in the Sec
complex, the Sbhlp TM helix interacts with TM3 of Sec63p and makes contact with Sec71p

[63]. Within the Sec61 complex, Sbh1l TM interacts with TM1 and TM4 of Sec61 [63,221].

In S. cerevisiae, both SBH1 and SBH2 are non-essential, and cells do not show a growth
defect when either is absent. However, Asbh1 Asbh2 cells show a synthetic growth defect at
37 °C [75,216,222]. The TM domain of either Sbhl or Sbh2 is sufficient to rescue this
temperature sensitivity [222]. Absence of Sbh1 in the Sec61 channel complex leads to delays
in protein insertion [223]. Translocation defects observed in Asbh1 Asbh2 cells so far are
contradictory: Finke et al. first found moderate defects in the post-translational import of
Kar2 and yeast pheromone precursor prepro-a factor (ppoaF) in Asbh1 Asbh2 cells at both
permissive 30 °C and restrictive 37 °C and in vitro heterologous translation systems
experiment the import was 2 to 5 times lower than that in wildtype [75]. Feng et al. found
moderate co-and post-translational translocation defects in in vitro translocation
experiments at 37 °C [222]. The difference in observations is attributed to different
experiment systems used by the groups [222]. The levels of Gls1p and Mnsl1p are reduced in

Asbh1 Asbh2 cells even at permissive temperatures, resulting in an N-glycan trimming defect
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[222]. Like temperature sensitivity, both co-translational translocation defect and N-glycan
trimming defects are rescued when the cells are substituted with a truncated Sbhl TM
including 5 preceding CMP residues [222]. Sbh1l is dispensable for post-translational

translocation [222].

The cytosolic domain of mammalian Sec61p interacts directly with ribosomes during co-
translational translocation, likely after the ribosome has already been targeted to the ER
membrane [224,225]. N-terminal targeting sequences of nascent polypeptides in the Sec61
channel vestibule interact with the cytosolic domain of Sec61f3, and this interaction intensifies
when the insertion of SP into the lateral gate is blocked [226,227]. As this activity is not
essential for most proteins, Sec61f contributes to the recognition and insertion of specific
SPs. IDR in the cytosolic domain of Sec61f also interacts with the tRNA bound RNC complex
[226,227]. Sec61P thus ensures effective insertion of nascent polypeptides into the

translocation complex [101].

Sbh1 plays a major role in the assembly and function of components of co-translational
translocation even before nascent peptide insertion. Mammalian Sec61f3 was cross-linked to
the signal peptidase complex, suggesting that Sec61f plays a role in recruiting the signal
peptidase complex during co-translational translocation [223]. This interaction has also been
reported in yeast in the absence of ribosomes [228]. The cytosolic domain of yeast Sbh1l in
isolated Sec61 complex acts as a guanine nucleotide exchange factor for the 3 subunit of the
SRP receptor and participates in the GTP switch cycle [229]. Sbh2 also plays a similar role in
the Ssh1 complex [80,230]. The guanine exchange factor function of Sbh1 is inactivated when
part of the post-translational Sec complex [229]. Simultaneous deletion of both Sbh1l and

Sbh2 leads to abnormal gating of translocation [101].
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As discussed in section 1.4, IDRs have clusters of charged residues that can transiently
interact with binding partners [1]. MoRFs in IDRs often contain multiple phosphorylation sites
that function as molecular switches that modulate the conformations and interactions of the
IDR based on the order and combination of their phosphorylation states [208,231,232].
Phosphorylation patterns in the cellular Sbh1 pool are dynamic and potentially play a role in
regulation Sbh1 function [219]. When individual Sbh1 phosphorylation sites were mutated to
Ala, S35A mutation rendered Sbh1l incapable of complementing growth defects in Asbh1
Asbh2 cells at 37 °C whereas the phosphomimetic S35E mutation could [219]. Individual S3A
and T5A mutations did not affect Sbh1 function, but the sbh1S3A/T5A combination mutant
led to a moderate growth defect at 37 °C and Gls1 import defect comparable to Asbh1 Asbh2
which was not found in sbh1 S3E T5E phosphomimetic mutants [222]. Altogether, evidence
suggests that interactions Sbhl may be regulated by differential phosphorylation of its

cytosolic domain.

The interdependence of microtubules that form the cytoskeleton and the ER is considered
key to the spatial organisation of the ER [233,234]. Sec61f3 directly contacts microtubules via
the basic residues in its cytosolic region interacting with the acidic tail of tubulin [215]. Sec61f3
likely also connects the Sec6l translocon microtubules and enhances the stability of

ribosome-Sec61 complex during translocation [215].

The conserved, octameric exocyst complex tethers secretory vesicles to the plasma
membrane [235]. Even though the Sec61 translocon and the exocyst are at opposite extremes
of the secretory pathway, Sbh1 and Sec61f interact with exocyst complex subunits [236,237].
Sbh1 also interacts with Sec4, a Rab GTPase linked to secretory vesicles that binds to the

exocyst [236]. Overexpression of SBH1 alleviates growth defects in exocyst mutants, but Sbh1
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TM domain alone could not mitigate these defects [222,236]. When not associated with the
Sec61 complex, Sbh1l interacts with Rtnl which is an ER TM protein that copurifies with the
exocyst and plays a role in ER morphogenesis and ER inheritance [222,238-240]. Hence,

interaction of Sec61f/Sbh1 cytosolic domain with the exocyst is crucial for its function.

Sec61p has been implicated in various pathological conditions. The expression of SEC61B
was found to be upregulated in colorectal cancer cells, suggesting its potential contribution
to tumour growth or progression [241]. Mutations in SEC61B have been identified as a cause
of polycystic liver disease [128]. This suggests the potential Sec61f3 as a biomarker for these

diseases.

Research so far has mainly focussed on the conserved TM domain of Sec61f3/Sbh1. The
Sbh1 cytosolic domain may play crucial roles beyond its interaction with microtubules and the
exocyst complex. The presence of an IDR rich in phosphorylation sites at the N-terminal
suggests a regulatory role, the mechanisms of which are still unclear. The role of its CMP
region is unknown. These knowledge gaps highlight the need for further investigation into the
functions of Sbh1l, particularly its cytosolic domain, to fully understand its role in cellular

processes.
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1.6. Aim of the Study

The purpose of this study is to determine the role of Sec61 channel subunit Sbh1l in S.
cerevisiae. | first studied the effect of the absence of Sbh1 in the overall structure and function
of the Sec61 and Sec channels. | then focussed on the functions and interactions of the

cytosolic domain of Sbh1.

The objectives of this study were as follows:
e To characterise Asbh1 Asbh2 mutant.
e Toinvestigate whether Sbh1 stabilises the Sec complex and the Sec61 complex.

e To examine the role of conserved membrane proximal (CMP) region of Sbh1 in its

function.

e To identify potential interaction partners of the Sbh1 cytosolic domain.
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2. Materials and Methods
2.1. Materials

2.1.1.Laboratory Equipment

Table 2.1 List of Laboratory Equipment used in this study.

Equipment

Manufacturer

GN 5235-20 freezer
4K15 Refrigerated Centrifuge
583 Gel Dryer

Amersham™ Autoradiography Hypercassettes™

Amersham™ Imager 600 RGB
Amersham™ Ultrospec™
Spectrophotometer
Analytical Balance
Avanti® J-E Highspeed Centrifuge
Axioskop Microscope

Concentrator plus

DX-150 Autoclave

E-BOX VX2 Gel Documantation System
EUROSTAR Power-B Overhead Stirrer
Duomax 1030 platform shaker
Invitrogen™ Mini Gel Tank

JA25.50 Rotor

JLA-10.500 Rotor

Biobasic 410 Refrigerator
Microcentrifuge 5415R

MilliQ Integral Water Purification System
Mini Blot Module (Invitrogen™,
Mini-Beadbeater-24

MiniSpin® Plus

Multitron Standard Incubation Shaker
NanoDrop™ 2000 Spectrophotometer
Neubauer Haemocytometer

Optima™ L-90K Ultracentrifuge
Optima™ MAX-XP Ultracentrifuge
Overhead Rotator

peqSTAR 2X Gradient Thermocycler

2100 Pro UV/Vis
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Liebherr

Sigma Laborzentrifugen GmbH
Bio-Rad Laboratories Inc.

GE Healthcare

GE Healthcare

GE Healthcare

Sartorius AG

Beckman Coulter Inc.
Zeiss Microscopy Co.
Eppendorf

Systec

Peglab Biotechnologie GmbH
IKA-Werke GmbH
Heidolph

Thermo Fischer Scientific
Beckman Coulter Inc.
Beckman Coulter Inc.
Gram Bioline

Eppendorf AG

Merck KGaA
ThermoFisher Scientific
BipSpec Products Inc.
Eppendorf AG

Infors HT AG

Thermo Scientific

Roth GmbH & Co. KG
Beckman Coulter Inc.
Beckman Coulter Inc.
Neolab Migge GmbH
Peglab Biotechnologie GmbH



Equipment Manufacturer

PerfectBlue Gelsystem Mini S Peqlab Biotechnologie GmbH
pipetus® pipette controller Hirschmann™ Laborgerate
PIPETMAN Classic Set Pipettes Gilson Inc.

PowerPac™ 3000 Power Supply Bio-Rad Laboratories Inc.
PowerPac™ HC Power Supply Bio-Rad Laboratories Inc.
Quartz Cuvettes Hellma Analytics

RCT Basic Magnetic Stirrer IKA-Werke GmbH

Rocking Shaker Neolab Migge GmbH
Storage Phosphor Screens GE Healthcare

SW6O0Ti Rotor Beckman Coulter Inc.
Temperature Freezer C340 New Brunswick Scientific
ThermoMixer® C Eppendorf AG

TLA120.1 Rotor Beckman Coulter Inc.
Trans-Blot® Cell Bio-Rad Laboratories Inc.
Typhoon TRIO™ Variable Mode Imager GE Healthcare

Vortex-Genie 2 Scientific Industries Inc.
Sonorex Ultrasonic bath Bandelin electronic GmbH & Co. KG

2.1.2.Chemicals, Reagents and Consumables

Table 2.2 List of chemicals and reagents used in this study.

Chemical

Manufacturer

1 kb DNA Ladder

New England BiolLabs®

10X CutSmart® Restriction Buffer

New England BiolLabs®

4-trans-(4-trans-Propylcyclohexyl)-cyclohexyl a-maltoside

GLYCON Biochemicals
GmbH

Acetone

VWR® International

Adenine (>99 %)

Sigma-Aldrich®

Agar agar, Kobe |

Sigma-Aldrich®

Albumin Fraction V, Protease-free, >98% for protein
analysis and molecular biology

Carl Roth GmbH

Ammonium peroxydisulfate (>98% p. a.)

Carl Roth GmbH

Ampicillin sodium salt, 297 %, BioScience grade

Carl Roth GmbH

BigCHAP, deoxy

Merck Millipore

Bolt™ Bis-Tris Plus Mini Protein gels, 4-12% gradient, 1 mm

Thermo Scientific™

Boric acid, BioXtra, >99.5 %

Sigma-Aldrich®

Bromophenol blue sodium salt

Sigma-Aldrich®
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Chemical Manufacturer
Calcium chloride dihydrate, >99 % p.a. Grussing GmbH
cOmplete™ ULTRA Tablets, Mini, EDTA-free, EASYpack Roche
Protease Inhibitor Cocktail
Con A - Sepharose™ 4B GE Healthcare
COUNT OFF Liquid concentrate Perkin Elmer
D-(+)-Glucose (299.5 %) Sigma-Aldrich®
Digitonin-wasserldslich Matrix BioScience GmbH
Digitonin, High Purity Merck Millipore
DL-Dithiothreitol, BioUltra, 299.0 % Sigma-Aldrich®
DMSO, anhydrous Sigma-Aldrich®
Drop-out -Leu Formedium™
Drop-out -Ura Formedium™
EasyTag™ EXPRESS 35S Protein Labelling Mix PerkinElmer
EDTA disodium salt, dihydrate Sigma-Aldrich®
Ethanol, 99,8% HPLC VWR® International
Ethanol, absolute Sigma-Aldrich®
Ethidium bromide Solution, 1 % Carl Roth GmbH
GenElute™ PCR Clean-up Kit Sigma-Aldrich®
GenElute™ Plasmid Miniprep Kit Sigma-Aldrich®
Glacial acetic acid VWR® International
Glycerol, >98 % Carl Roth GmbH
Glycine (PUFFERAN, >99 % p. a.) Carl Roth GmbH
GTP Solution, 100 mM Thermo Scientific™
HEPES sodium salt 299.5 % Sigma-Aldrich®
Hydrochloric acid, 37 % Bernd Kraft GmbH
Invitrogen™ UltraPure™ Agarose Thermo Scientific™
IPTG, dioxanfrei, 98 % Carbolution Chemicals
GmbH
L-Leucine (>98.5 %) Sigma-Aldrich®
L-Tryptophan, >98% Sigma-Aldrich®
Lithium acetate dihydrate, BioXtra Sigma-Aldrich®
Magnesium acetate Grussing GmbH
Magnesium chloride Grussing GmbH
Magnesium sulfate Applichem GmbH
Manganese chloride, 97 % Sigma-Aldrich®
Methanol, >99.8 % Grad. - HPLC VWR® International
MOPS, BioPerformance Certified, suitable for cell culture, ) )
Sigma-Aldrich®
299.5 %
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Chemical

Manufacturer

NuPAGE® MES SDS Running Buffer (20X)

Thermo Scientific™

NuPAGE® MOPS SDS Running Buffer (20X)

Thermo Scientific™

OneTaq® 2X Master Mix

New England BiolLabs®

PageRuler™ Plus Pre-stained Protein Marker

Thermo Scientific™

Peptone from casein

Carl Roth GmbH

PMSF (>99 %)

Carl Roth GmbH

Poly(ethylene glycol) 4000, BioUltra

Sigma-Aldrich®

Potassium acetate, >99% p. a. Grussing GmbH
Potassium chloride, >99 % p.a. Grussing GmbH
Potassium hydroxide, 85% Grussing GmbH

Protein A-Sepharose™ CL-4B

GE Healthcare

Puromycin dihydrochloride, >98 % for Biochemistry

Carl Roth GmbH

Purple 6X Gel Loading Dye

New England BiolLabs®

Rotiphorese® Gel 30 (37.5:1) Acrylamide-bisacrylamide

Carl Roth GmbH

Salmon testes DNA

Sigma-Aldrich®

SDS Pellets >99%

Carl Roth GmbH

Skim milk powder

Sucofin

Sodium azide, BioUltra, >99.5 %

Sigma-Aldrich®

Sodium chloride, for molecular biology (>98 %)

Sigma-Aldrich®

Sodium hydroxide pellets

Grussing GmbH

Sorbitol

Sigma-Aldrich®

Streptavidin-HRP

Sigma-Aldrich®

SuperSignal™ West Pico PLUS Chemiluminescent Substrate

Thermo Scientific™

T4 DNA Ligase

Thermo Scientific™

T4 DNA Ligase Buffer

Thermo Scientific™

TEMED, 99 % p. a.

Carl Roth GmbH

Trichloroacetic acid, >99 % p. a.

Carl Roth GmbH

Triton™ X-100 for molecular biology

Sigma-Aldrich®

Trizma® Base, for molecular biology, >99.8%

Sigma-Aldrich®

Tryptone, enzymatic digest from casein

Sigma-Aldrich®

Tunicamycin Sigma-Aldrich®
Tween® 20 Sigma-Aldrich®
Uracil, >99% Sigma-Aldrich®
Urea Sigma-Aldrich®

Yeast Extract

Carl Roth GmbH

Yeast nitrogen base

Formedium™

Yeast nitrogen base without amino acids and ammonium
sulfate

Formedium™
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Chemical Manufacturer

B-Mercaptoethanol (99%, p. a.) Carl Roth GmbH

Table 2.3 List of consumables used in this study.

Product Manufacturer
Graduated cylinders DWK Life Sciences GmbH
Petri dishes, 92 x 16 mm, with vents Greiner Bio-One
Cuvettes SARSTEDT AG & Co. KG
Quartz cuvettes Hellma Analytics
Reaction tubes 0.5 mL, 1.5 mL, 2 mL SARSTEDT AG & Co. KG
Glass beads, acid washed, 1 mm Sigma-Aldrich®
Amersham Protran® 0.2 NC Nitrocellulose Membrane (0.2 . . .

Cytiva LifeSciences
um)
3MM Chr Chromatography Paper (Whatman™) Cytiva LifeSciences
Conical tube, sterile, 15 mL, 50 mL Greiner Bio-One
Phosphor Imaging plates GE Healthcare
Open-Top Centrifuge Tubes, Polyclear, 11 x 60mm Seton Scientific
Thickwall Polycarbonate Tube 7 x 20 mm Thermo Scientific
Sterican hypodermic needle 0.9 x 40 mm Braun Melsungen AG
Surgical disposible scalpel Braun Melsungen AG
Parafilm M Bemis
surPhob Pipette tips Biozym Scientific GmbH
gel loading tips Biozym Scientific GmbH
Inoculating loop, 10 L, Sterile SARSTEDT AG & Co. KG
Stripette™ serological pipettes 5 mL, 10 mL, 25 mL, 50 mL Corning®
Erlenmeyer flasks DWK Life Sciences GmbH
Beakers DWK Life Sciences GmbH
Reagent bottles 100 mL, 250 mL, 500 mL, 1L,2 L DWK Life Sciences GmbH
Amersham Hypercassette autoradiography cassette Cytiva LifeSciences
Filtropur Sterile filtration system, PES 0.2 um, 100 mL, 250

SARSTEDT AG & Co. KG
mL
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2.1.3.Software

Table 2.4 List of software and online tools used in this study.

Software Use

AlphaFold Protein 3D structure prediction
BioRender creating illustrations

Clustal X multiple sequence alignment
eVFold Evolutionary conservation
I-TASSER Protein structure prediction
[llustrator Image editing, Figure generation

ImageQuant™ TL software
IUPred2/ANCHOR?2
MFSPSSMPred
Microsoft Excel
MoRFChiBi
MoRFPred
Photoshop
PredictProtein
PSIPRED

PyMol

Robetta Fold
SnapGene

Zotero

Immunoblot quantification

Protein disorder and interaction prediction
MoRF prediction in protein

Generating graphs

Identification of MoRFs in protein sequences
MoRF prediction in disordered protein
Image editing

Protein secondary structure prediction
Protein structure prediction

Protein 3D structure visualisation

Protein 3D structure prediction

Primer desin, plasmid visualisation
Bibliography and reference management
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2.1.4.Saccharomyces cerevisiae Strains

Table 2.5 List of S. cerevisiae strains used used in this study.

Strain ID Alias Full Genotype Source

KRY200 sec61-32 MATa can1-100 leu2-3,112 his3-11,15 Pilon et al.,
trpl1-1 ura3-1 ade2-1 sec61::HIS3 1998 [242]
pDQ1[sec61-32]

KRY585 | SBH1 SBH2 MATa leu2-3,113 ura3-52 Toikkanen et

al., 2003 [236]

KRY588 Asbh1 Asbh2 MATa leu2-3,112 ura3-52 GAL+ Soromani et
sebl::KanMx seb2::hphMx al., 2012 [219]

KRY869 | sec63-201 MATa ura3A499, leu2A1, trp1A99, ade2- Ng et al., 1996
101ochre, sec63-201 [243]

KRY1015 | sbh1S3A/T5A MATa seb1::KanMx seb2::hphMx leu2- Rémisch Lab
3,112 ura3-52 GAL+ [pRS415 sbh1 S3A
T5A]

KRY1044 | SBH1 MATa leu2-3,112 ura3-52 GAL+ Rémisch Lab
sebl::KanMx seb2::hphMx [pRS415 SBH1]

KRY1045 | Asbhl Asbh2 MATa leu2-3,112 ura3-52 GAL+ Rémisch Lab
sebl::KanMx seb2::hphMx [pRS415]

KRY1077 | BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Giaever et al.,

2002 [244]

KRY1080 | Airel MATa his3A1 leu2A0 lys2A0 ura3A0 Giaever et al.,
irel::kanMX4 2002 [244]

KRY1274 | sbh1D45-G49A | MATa leu2-3,112 ura3-52 GAL+ This work
sebl::KanMx seb2::hphMx [pRS415 sbh1
D45-G49A]

KRY1275 | sbh1L50-V52A MATa leu2-3,112 ura3-52 GAL+ This work
sebl::KanMx seb2::hphMx [pRS415 L50-
V52A]

KRY1276 | sbh1P54A MATa leu2-3,112 ura3-52 GAL+ This work
sebl::KanMx seb2::hphMx [pRS415 P54A]

KRY1279 | Acox6 MATa his3A1 leu2A0 lys2A0 ura3A0 Morgan Lab
cox6::kanMX

KRY1280 | rhoO MATa his3A1 leu2A0 lys2A0 ura3A0 [rho0] | Morgan Lab
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2.1.5.Escherichia coli Strains and Plasmids

Table 2.6 List of E. coli strains and plasmids used in this study.

Strain ID Alias Genotype Description Source
KRB3 i E. coli (DH5a) Lyticase expression Shen et al.,
expressing lyticase and purification 1991 [245]
recAF- Competent cells for Hanahan,
@80 A lacZ AM15 transformation with 1983 [246]
AlacZYA argF U169 plasmid vectors
KRB46 DH5a deoR recAl endAl
hsdR17 Cr-K
mK+ supE44 A- thil
gyrA96 relAl
p416-ppaf-Serin ppaf expression in ROmisch Lab
KRB262  ppof DH5a MATa yeast
Empty pRS415 plasmid | Sikorski and
KRB536 | pRS415 Z;S;lii fDC:’SV&LEUZ’ Hieter, 1989
[247]
pRS415-SBH1 in SBH1 expression in Soromani et
KRB6BS | SBH1 DH5a KRY588 (Asbh1 Asbh2) | al., 2012
(RB1a6, SPh1D45- | PRSAIS-sbh1DAS- *:’(fos ‘:i;f‘(’gf/l - This work
G49A G49A in DH5a
mutant)
(Re1zeg  SDMILSO- | PRSA15-sbh1L50- Zﬁgﬁfﬂ;f(chM - This work
V52A V52A in DH5a.
mutant)
KRB1269 | shhiP54A pRS415-sbh1P54A in | sbh1P54A expression This work
DH5a (CMP mutant)
KRB1270 P1D45- | PRSA1S-sbh1D45- Z?(Zfsﬁ;?(lgéf:j A | T werk
G49A/P54A | G49AP54A in DH5a.
mutant)
sbh1D45- pRS415-sbh1D45- sbh1D45-V52A This work
KRB1271 )
V52A V52A in DH5a. (Combo mutant)
KRB1272 sbh1L50- pRS415-sbh1L50- sbh1L50-V52A/P54A This work
V52A/P54A | V52AP54A in DH5a (Combo mutant)
KRB1273 Sbh1D45- pRS415-sbh1D45- Sbh1D45-V52A/P54A This work
V52A/P54A | V52AP54A in DH5a (Combo mutant)
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2.1.6.Primers

Table 2.7 List of primers used in this study.

T
Name 5’ = 3’ Sequence (orcn) Application

M13_Fwd GTAAAACGACGGCCAGT 53 | M13 forward
primer used in
MP generation
M13_Rev CAGGAAACAGCTATGAC 47 | M13 reverse
primer used in
MP generation
46 | sbh1D45-G49A
GAAGATTTATTCTGCTGCAGCTGCTGCACTAAG mutant
AGTAGATCCC generation,
upstream
46 | sbh1D45-G49A
GGGATCTACTCTTAGTGCAGCAGCTGCAGCAG mutant
AATAAATCTTC generation,
downstream
52 | sbh1L50-V52A
GAGGCTACGGGAGCAGCTGCAGATCCCTTAGT mutant
TG generation,
upstream
50 | sbh1lL50-V52A
CAACTAAGGGATCTGCAGCTGCTCCCGTAGCCT mutant
C generation,
downstream
54 | sbh1P54A
mutant
generation,
upstream
49 | sbh1P54A
mutant
generation,
downstream
56 | sbh1D45-
GAAGATTTATTCTGCTGCAGCTGCTGCACTAAG G49A/P544

DP_Fwd AGTAGATGCTTTAGTTGTGTTGTTTCTAGCGG mutant

DEATG49A_Fwd

DEATG49A_Rev

LRV52A_Fwd

LRV52A_Rev

P54A_Fwd GGGACTAAGAGTAGATGCTTTAGTTGTGTTG

P54A_Rev CAACACAACTAAAGCATCTACTCTTAGTCCC

generation,
upstream
DP Rev CCGCTAGAAACAACACAACTAAAGCATCTACTC > E;ZZJAD/ﬁS_ZI A
- TTAGTGCAGCAGCTGCAGCAGAATAAATCTTC mutant
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Name 5’ = 3’ Sequence ;I'rcn) Application
generation,
downstream

55 | sbh1D45-V52A
DL Fwd 2 CGATTTTGAAGATTTATTCTGCTGCAGCTGCTG mutant
- - CAGCAGCTGCAGATCCCTTAGTTGTGTTGTTTC generation,
upstream
GAAACAACACAACTAAGGGATCTGCAGCTGCT >3 | sbh1D45-V52A
DL_Rev_2 GCAGCAGCTGCAGCAGAATAAATCTTCAAAAT mutant
G generation,
downstream
55 | sbh1L50-
P Fwd GATGAGGCTACGGGAGCAGCTGCAGATGCTTT r\:izt':ﬁlflm
- AGTTGTGTTGTTTCTAG .
generation,
upstream
53 | sbh1L50-
LP Rev CTAGAAACAACACAACTAAAGCATCTGCAGCT r‘ﬁi’:ﬁlflm
- GCTCCCGTAGCCTCATC .
generation,
downstream
DLP_Fwd_2 CGATTTTGAAGATTTATTCTGCTGCAGCTGCTG 57 | sbhiD45-
CAGCAGCTGCAGATGCTTTAGTTGTGTTGTTTC V52A/P54A
TAGCGGTCG mutant
generation,
upstream
DLP_Rev_2 CGACCGCTAGAAACAACACAACTAAAGCATCT 57 | sbhiD45-
GCAGCTGCTGCAGCAGCTGCAGCAGAATAAAT V52A/P54A
CTTCAAAATCG mutant
generation,

57

downstream



2.1.7.Antibodies

Table 2.8 List of antibodies and their dilutions used in this study.

Antibody Dilution Source
Anti-Biotin antibody HRP Westen Blot 1:10000 Sigma-Aldrich
Anti-CPY IP 1:100 Rémisch Lab
Anti-DPAPB IP 1:100 Pool Lab
Anti-Gls1 Western Blot 1:2000 Barlowe Lab
Anti-Kar2 Westen Blot 1:10000 Rémisch Lab
Anti-Pdil Westen Blot 1:4000 Rémisch Lab
Anti-ppoF Westen Blot 1:2000 Rémisch Lab
Anti-RpL17a Westen Blot 1:20000 Rospert Lab
Anti-Rpn12 Westen Blot 1:5000 Rémisch Lab
Anti-Sbh1i-1s) Westen Blot 1:2500 Rémisch Lab
Anti-Sbh13g.45) Westen Blot 1:2000 Rémisch Lab
Anti-Sbh1 Westen Blot 1:2500 Rémisch Lab
Westen Blot 1:2000 Rémisch Lab

Anti-Sec61 C-terminal

Anti-Sec62

Anti-Sec63

Anti-Sss1

Goat Anti-Rabbit I1gG biotinylated
secondary antibody

Goat Anti-Rabbit IgG HRP-
conjugated secondary antibody

2.1.8.Enzymes

Table 2.9 List of enzymes used in this study.

Enzyme

IP1:100

Westen Blot 1:2500
Westen Blot 1:2500
Westen Blot 1:2500

Westen Blot 1:10000

Westen Blot 1:10000

Use

Schekman Lab
Schekman Lab
Schekman Lab
Sigma-Aldrich

Sigma-Aldrich

Source

Apal
BamHI

FastAP Thermosensitive
Alkaline Phosphatase

Lyticase
OneTaq® 2X Master Mix

Restriction enzyme
Restriction enzyme

Phosphotase treatment of
digested vector

Microsome preperation
DNA Polymerase

Pstl Restriction enzyme

T4 DNA Ligase

Ligation of vector and DNA
fragment
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2.1.9.Media and Buffers

Deionised MilliQ water was used for preparing all buffers and media in all experiments
unless specified. All media were sterilised by autoclaving, unless specified. All buffer

compositions are described with their corresponding methods in Section 2.2.

Table 2.10 List of S. cerevisiae growth media used in this study.

Medium Composition
Yeast extract, Peptone, Dextrose =1 % (w/v) Yeast extract / 2 % (w/v) Peptone / 2 % (w/V)
(YPD) D-Glucose*
(For solid medium: 2 % (w/v) Agar-agar)
YPD + Tunicamycin 1 % (w/v) Yeast extract / 2 % (w/v) Peptone / 2 % (w/v)

D-Glucose/ 2 % (w/v) Agar-agar / 0.5 pg/mL
Tunicamycin**

Yeast extract, Peptone, Glycerol 1 % (w/v) Yeast extract / 2 % (w/v) Peptone / 3 % (v/v)

(YPG) Glycerol / 2 % (w/v) Agar-agar

Selective Medium*** 0.67 % (w/v) Yeast nitrogen base without amino acids /
0.13 % (w/v) Synthetic complete drop-out mixture (-Leu
or-Ura) /2 % (w/v) D-Glucose
(For solid medium: 2 % (w/v) Agar-agar)

*from filtered 50% (w/v) Glucose added prior to use

**added prior to use
***Sterilised by filtration. For solid media, dissolved media components were filtered into autoclaved Agar-agar

in MQ water

Table 2.11 List of E. coli growth media used in this study.

Medium Composition

Lysogeny broth (LB) 0.5 % (w/v) Yeast extract / 1 % (w/v) Tryptone / 0.05 %
(w/v) NaCl /1 mM NaOH
(For solid medium: 2 % (w/v) Agar-agar)

LB-Amp 0.5 % (w/v) Yeast extract / 1 % (w/v) Tryptone / 0.05 %
(w/v) NaCl /1 mM NaOH / 100 pg/mL Ampicillin*
(For solid medium: 2 % (w/v) Agar-agar)

*added prior to use
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2.2. Methods

2.2.1. Sterilisation

All glassware were sterilised by autoclaving at 100 kPa and 134 °C for 20 min. Media (yeast
and bacterial), and all autoclavable solutions and buffers were sterilised by autoclaving at 100
kPa and 121 °C for 20 min. Synthetic media, and all other non-autoclavable solutions and

buffers were sterilised by filtration through 0.2 um PES filter.

2.2.2. Growth Cultures

2.2.21. Growth of S. cerevisiae

S. cerevisiae cells were grown in YPD (1 % (w/v) Yeast extract / 2 % (w/v) Peptone / 2 %
(w/v) Glucose) or selective medium (0.67 % (w/v) Yeast nitrogen base / 2 % (w/v) Glucose /
0.13 % (w/v) Drop-out mixture) with continuous shaking at 200 rpm, or on solid media plates
with agar at 30 °C unless stated otherwise. Cells were generally harvested in the early

exponential phase.

2.2.2.2. Growth of E. coli

E. coli cells were grown in LB medium (1 % (w/v) Tryptone / 0.5 % (w/v) Yeast extract / 0.5
% (w/v) NaCl) with continuous shaking at 200 rpm or on LB-Agar plates at 37 °C. When

required, the antibiotic Ampicillin (Amp) was added to a final concentration of 100 ug/mL.
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2.2.3. Yeast Growth Assays

An ODeggo of 1 of yeast grown to early exponential phase in appropriate medium was
harvested, washed with sterile deionised water and serially 10-fold diluted 4 times for a total
of 5 concentrations. For each dilution, 5 pL (equivalent to 10°-10 cells) was spotted onto a

media plate. Growth was documented after 3 days.

2.2.4. Protein Gel Electrophoresis and Western Blot Analysis

2.241. Preparation of Cell Extracts

Yeast cells were grown to an ODeoo of 1 at 30 °C, 200 rpm, unless specified otherwise. Cells
(2 ODgoo) were harvested at 600 x g for 1 min (Microcentrifuge 5415R, Eppendorf) and the
supernatants were discarded. Pellets were washed with 1 mL of sterile deionized water,
resuspended in 100 pL 2x SDS sample buffer (100 mM Tris-HCl pH 6.8 / 4 % (w/v) SDS / 0.2 %
(w/v) Bromophenol blue / 20 % (v/v) Glycerol / 200 mM DTT). Glass beads (50 uL by volume,
acid washed, 1 mm) were added and the cells were disrupted in a bead beater (Mini-
BeadBeater-24, BioSpec Products Inc.) at 4 °C for 1 min twice, with 1 min pause in between
cycles. Samples were incubated at 65 °C for 10 min for membrane proteins, or 95 °C for 5 min
for soluble proteins and centrifuged at 11,000 x g for 1 min. Samples were then loaded onto
pre-cast 4-12% gradient Bis-Tris acrylamide gels (NuPAGE Novex, Invitrogen) for

electrophoresis.
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2.2.4.2. Trichloroacetic Acid (TCA) Precipitation of Protein
Samples
Proteins in sample solution were precipitated with equal volume of 20 % (v/v) TCA for 30
min on ice. After centrifugation of the samples at 16,000 x g for 10 min, at 4 °C, the
supernatant was discarded, and the pellet was washed with 1 mL of ice-cold Acetone. The
pellet was air-dried and resuspended in 50 puL 2X SDS sample buffer and incubated at 65 °C
for 10 min. Samples were then loaded onto pre-cast 4-12% gradient Bis-Tris gels for

electrophoresis unless specified.

2.2.43. Protein Gel Electrophoresis

Proteins were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Samples were loaded onto pre-cast Bolt™ Bis-Tris Plus Mini Protein gels, 4-12%
gradient (Invitrogen™, ThermoFisher Scientific) 1.0 mm thickness with 10- or 12- wells, if not
stated otherwise. After loading the appropriate volume of the protein sample onto the gel,
samples were run in a Mini Gel Tank (ThermoFisher Scientific) using 1X NUPAGE® MOPS SDS
Running Buffer (Invitrogen™, ThermoFisher Scientific) or 1X NuPAGE® MES SDS Running
Buffer (Invitrogen™, ThermoFisher Scientific), depending on the size of the protein of interest,
at 80V for 15 min and 160 V until the end of the gel run (approx. 1 h), at RT using a PowerPac™
3000 (Bio-Rad Laboratories, Inc.) power supply. The PageRuler™ Plus Pre-stained Protein
Marker (ThermoFisher Scientific) was used as the molecular weight standard as per

manufacturer’s instructions.
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2244. Western Blot Analysis

For transferring the proteins separated by SDS-PAGE onto a nitrocellulose membrane, a
“sandwich” was assembled with the acrylamide gel and the Protran® 0.2 NC Nitrocellulose
Membrane (0.2 um pore size, Amersham™, Cytiva), 3MM Chr Chromatography Paper
(Whatman™, Cytiva) and sponges soaked in Transfer Buffer (25 mM Tris / 200 mM Glycine /
20 % (v/v) Methanol / 0.2 % (w/v) SDS). The protein transfer was then conducted in Transfer
Buffer for 2 hr at 100 V at 4 °C using a Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad
Laboratories, Inc.). Alternatively, Mini Blot Module (Invitrogen™, ThermoFisher Scientific) was

used with a transfer time of 1 h, at 10 V and RT.

For immunoblotting, the membrane was blocked in Blocking buffer (50 mM Tris-HCI, pH
7.4 /150 mM NaCl / 2 % (w/v) milk powder /0.1 % (v/v) Tween20 /5 mM NaNs) for 1 hr while
being gently shaken on a Rocking Shaker (NeoLab Migge GmbH). The membrane was then
incubated with agitation with the primary antibody diluted in Blocking buffer for 2h at RT or
o/n in the cold room. All antibodies used and their dilutions are mentioned in Section 2.1.7.
The membrane was then washed twice (10 min each) in Blotting buffer followed by 2 washes
(also of 10 min each) in 1x TBST (50 mM Tris-HCI, pH 7.4 / 150 mM NaCl / 0.1 % (v/v) Tween20
/ 5 mM NaNs). The membrane was then incubated with the Goat Anti-Rabbit 1gG HRP
conjugated secondary antibody (Sigma-Aldrich) diluted to 1:10000 in 1x TBST shaking for 1 hr
at RT. The membrane was washed 6 times for 10 min each with 1x TBST. Immunoreactivity
on the blots was visualised using the SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (ThermoFisher Scientific) according to the manufacturer’s instructions. Signals were
detected using AI600 Imager (Amersham) and quantified using ImageQuant™ TL software (GE

Healthcare), when required.
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2.2.4.5. Preparation of Acrylamide-Bisacrylamide Gels

When required, 15 % acrylamide-bisacrylamide gels were prepared with a 4 % Stacking

gel. Components for the gel mixture are given in Table 2.12.

Table 2.12 Components of Acrylamide-Bisacrylamide Gels

4 % Stacking Gel 15 % Running Gel
Component - -
Volume | Concentration Volume | Concentration

37:1 Acrylamide- 1.3 mlL 4% (v/V) 15 mL 15 % (v/v)
Bisacrylamide
0.5 M Tris-Hcl, pH6.7 1.25mL 62.5 mM -- --
1.5M Tris-HCl, pH 8.7 -- -- 8.1mL 400 mM
20 % (w/v) SDS 65 uL 0.13 % (w/v) 200 pL 0.13 % (w/v)
MilliQ Water 7.23 mL -- 7.3 mL -
10 % (w/v) APS 15 uL -- 225 uL --
TEMED 10 uL -- 10 uL --

2.2.5. Pulse-Labelling

For pulse-labelling with [3°S] isotope, yeast strains were grown in YPD or selective media

at their permissive temperature (24 °C or 30 °C) to an ODeoo of 0.5 and transferred to their

respective restrictive temperature (38 °C or 20 °C) for 3 hours. Cells were harvested at 4500 x

g for 5 mins, washed twice with Labelling Medium (0.67 % (w/v) Yeast nitrogen base without

amino acids and ammonium sulfate / 5% (w/v) Glucose / auxotrophy supplements as

required, mentioned in Table 2.13) and resuspended to ODeoo of 6 using Labelling Medium.

Table 2.13 Concentrations of auxotrophy supplements used in labelling medium.

Compound Concentration
Uracil 76 mg/L
L-Leucine 380 mg/L
L-Tryptophan 76 mg/L
Adenine 18 mg/L
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Aliquots of 1.5 ODeoo were made for each strain and pre-incubated at their restrictive
temperatures for 10 min at 800 rpm in ThermoMixer® C (Eppendorf). Proteins were labelled
for 5 mins (for soluble proteins) or 15 mins (for membrane proteins) with 30 uCi of EasyTag™
EXPRESS 3°S Protein Labelling Mix (PerkinElmer) per sample at their restrictive temperature.
The pulse was stopped by killing the cells using ice-cold Tris-Azide Buffer (20 mM Tris-HCI, pH
7.5 /20 mM NaN3s) and immediately transferred to ice. Cells were harvested for 1 min, 4 °C,
at full speed in an Eppendorf 5424-R microfuge and washed once with Tris-Azide buffer. Cells
were then resuspended in Resuspension Buffer (100 mM Tris-HCI, pH 9.4 / 10 mM DTT/ 20
mM NaN3s), incubated for 10 mins at room temperature, and collected at full speed for 1 min
at 4 °C. Cells were subsequently resuspended in Lysis Buffer (20 mM Tris-HCI, pH 7.5 / 0.5 %
(w/v) SDS /1 mM DTT / 1 mM PMSF). An equal volume of glass beads was added to each
sample and the cells were disrupted by bead-beating twice for 1 min, with 1 min break
between intervals at room temperature. Samples were denatured at 90 °C (for soluble
proteins) or 65 °C (membrane proteins). The beads were washed thrice with 250 uL Washing
Buffer (150 mM NaCl / 1 % (v/v) Triton X-100 / 15 mM Tris-HCI, pH 7.5 /2 mM NaN3 / 1 mM

PMSF). The supernatant for each sample was collected from each wash and combined.

During immunoprecipitation, non-specifically binding proteins were first cleared from
each sample by incubation with 60 pL of 20% Protein A-Sepharose™ CL-4B (GE Healthcare) in
IP Buffer (150 mM NaCl / 1 % (w/v) Triton X-100 / 15 mM Tris-HCl, pH 7.5 /2 mM NaNs/ 0.1
% (w/v) SDS) and incubated for 30 min at room temperature on a rotating wheel.
Supernatants were collected by a quick spin in an Eppendorf 5424-R microfuge and incubated
overnight at 4 °C under rotation with Protein A-Sepharose™ CL-4B in IP Buffer and 1:100

dilutions of the appropriate antibodies (Table 4). The beads were collected by a quick spin
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and serially washed twice with IP Buffer and twice with Urea Wash (2 M Urea / 200 mM NaCl
/ 1% (v/v) Triton X-100 / 100 mM Tris-HCI, pH 7.5 / 2 mM NaN3s). This was followed by one
wash with Con A Wash (500 mM NaCl / 1 % (v/v) Triton X-100 / 20 mM Tris-HCI, pH 7.5/ 2
mM NaN3) and once with Tris-NaCl Wash (50 mM NaCl / 10 mM Tris-HCI, pH 7.5/ 2 mM NaN3).
Beads were collected by a quick spin and resuspended in 2x SDS-PAGE sample buffer. Samples
were denatured at 95 °C (for soluble proteins) or 65 °C (membrane proteins), loaded onto 4-
12% pre-cast Bis-Tris gels and subjected to electrophoresis. Gels were fixed for 30 min in a
Fixing Solution (10 % (v/v) Acetic acid / 40 % (v/v) Methanol), washed with deionised water,
and dried for 1 hour at 80 °Cin a gel dryer (Model 583, Bio-Rad). The dried gels were exposed
to phosphorimaging plates for 72 hours. The signal was acquired using a Typhoon Trio™

Variable Mode Imager (GE Healthcare) and analysed using ImageQuant™ TL software.

2.2.6. Preparation of Rough Microsomal Membranes

2.2.6.1. Preparation of Lyticase

Lyticase was from lyticase expressing E. coli cells by inducing them with IPTG followed by
a cold osmotic shock, according to a R. Scheckman laboratory protocol. E. coli strain KRB3 was
grown o/n in 100 mL LB-Amp medium (1 % (w/v) Tryptone / 0.5 % (w/v) Yeast extract / 0.5 %
(w/v) NaCl / 100 pg/mL Ampicillin) at 37 °C, 200 rpm. LB-Amp medium (5 L) divided into 4
flasks of 1.25 L each, was inoculated with 15 mL of the o/n KRB3 culture per flask and cells
were grown at 37 °C, 200 rpm to an ODggp of 0.5. The cultures were induced with 0.5 mM IPTG
for 5 h at 37 °C, 200 rpm. Cells were harvested at 6300 rpm for 10 min, 4°C (Avanti® J-E
Centrifuge, JLA-10.500 rotor, Beckman Coulter). Pellets were resuspended in 400 mL of 25

mM Tris, pH 7.4 and centrifuged as before. The supernatant was discarded, and the pellet
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was resuspended with 200 mL 25 mM Tris, pH 7.4 / 2 mM EDTA. An equal volume of 25 mM
Tris pH 7.4 / 40 % (w/v) sucrose was then slowly added to the pellet and the suspension was
gently stirred for 20 min at RT on a magnetic stirrer. The suspension was then centrifuged,
and the supernatant was discarded. The pellet was resuspended with 75 mL of ice-cold 0.5
mM MgSO0s, slowly stirred at 4 °C for 20 min and centrifuged for 10 min at 6300 rpm. The
supernatant containing the lyticase was aliquoted in 15 mL falcon tubes, frozen in liquid

nitrogen and stored at -80 °C for future use.

The activity of the lyticase was determined using the yeast strain KRY585 cultures, which
were grown in 50 mL YPD to an ODego of 2. The cultures harvested by centrifugation for 5 min
at 4200 rpm (4K15 Refrigerated Centrifuge, Sigma Laborzentrifugen GmbH), at RT and
resuspended in 100 mM Tris-HCI pH 7.4 / 10 mM DTT to an ODsgo of 2. Aliquots of 1 mL yeast
culture (in duplicates) were incubated with different amounts of Iyticase (0.01, 0.02, 0.5, 1, 2
uL). Samples were incubated at 30 °C for 30 min and the ODsgo Was immediately measured.
The activity of the lyticase was calculated based on the principle that a 10% decrease of ODsoo
corresponds to 1U of lyticase activity. The two most diluted points of the curve were taken in

consideration for the calculation of the activity.

2.2.6.2. Preparation of Microsomal Membranes

A yeast culture (2.5-5 L) was grown o/n either in YPD or selective medium at 30 °C (unless
specified) with continuous shaking at 200 rpm to a maximum ODgoo of 4 for YPD or ODego of 2
for selective media. Cells were harvested at 5000 rpm and RT for 3 min (Avanti® J-E Centrifuge,
JLA-10.500 rotor, Beckman Coulter), the pellet was resuspended in 100 mM Tris-HCl, pH 9.4 /

10 mM DTT to a concentration of 100 ODeoo/mL and incubated for 10 min at RT to weaken
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the cell walls. Cells were centrifuged at 5000 rpm and RT for 5 min and then resuspended in
Lyticase Buffer (50 mM Tris-HCI, pH 7.5 / 0.75X YP / 700 mM Sorbitol / 0.5 % (w/v) Glucose /
10 mM DTT) to a concentration of 100 ODsoo/mL. Lyticase was added to a final concentration
of 40 U per ODeno of cells and incubated with agitation for 20 min at 30 °C, 80 rpm. Cells were
then transferred onto ice for 2 min and then centrifuged for 5 min at 5000 rpm, 4 °C. The
supernatant was discarded, and the pellet was washed with 2x JR Buffer (40 mM HEPES-KOH,
pH 7.4 / 400 mM Sorbitol / 100 mM KOAc / 4 mM EDTA) to a concentration of 250 ODggo/mL
and centrifuged at 10,000 rpm and 4 °C for 10 min (Avanti® J-E Centrifuge, JA25.50 rotor,
Beckman Coulter). The pellet was then resuspended in 2X JR buffer to a concentration of 500

ODgoo/mL and slowly frozen at -80 °C overnight.

The spheroplasts were thawed in an ice-cold water bath and an equal volume of cold
deionised MQ water was added. After the addition of PMSF and DTT to a final concentration
of 1 mM, the spheroplasts were disrupted with ten strokes of a motor-driven Potter-Elvehjem
homogeniser (EUROSTAR Power-B Overhead Stirrer, IKA) at 4 °C. The lysate was centrifuged
for 5 min at 3000 rpm, 4 °C (Avanti J-E Centrifuge, JA-25.50 rotor, Beckman Coulter) to
sediment nuclei and undisrupted cells. The supernatant was transferred to a clean
polycarbonate tube and centrifuged at 17,500 rpm and 4 °C for 15 min to pellet the
membrane fraction. The sample was then transferred into ice and the pellet was resuspended
in @ minimum volume (0.5 mL) of B88 (20 mM HEPES-KOH, pH 6.8 / 250 mM Sorbitol / 150
mM KOAc / 5 mM Mg(OAc),), gently homogenised on ice using a small teflon pestle and
carefully resuspended using a pipette. The sample was then loaded ontoa 1.2 M/ 1.5M (1.5
mL of each sucrose solution previously layered into an SW60Ti tube (Beckman Coulter))

Sucrose Gradient (20 mM HEPES-KOH, pH 7.5 / 50 mM KOAc /2 mM EDTA/ 1 mM DTT /1.2
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M or 1.5 M Sucrose) and centrifuged at 44,000 rpm and 4 °C for 70 min (Optima™ L-90K
Ultracentrifuge, SW60 Ti rotor, Beckman Coulter). Lysosomes at the top of the gradient were
aspirated and discarded. ER-derived microsomes were collected at the interphase of the
gradient and washed once with 50 mL of cold B88 followed by centrifugation at 17,500 rpm
and 4°C for 15 min (Avanti® J-E Centrifuge, JA-25.50 rotor, Beckman Coulter). The pellet was
carefully resuspended in a small volume of B88 (approx 0.2 mL). Membrane concentrations
were measured at OD,go in 2 % SDS at a 1:200 dilution. The concentration was adjusted to an
OD2so of 30 with B88 and the samples were aliquoted (25 pL or 50 ulL), frozen in liquid

nitrogen, and stored at -80 °C for future use.

2.2.7. Concanavalin A Binding Assay

This method was adapted from Falcone et al., 2011 [248]. Microsomes (0.3 ODzso
equivalent) were washed and resuspended in Extraction Buffer (50mM HEPES-KOH, pH 7.4 /
400mM KOAc / 5mM Mg(OAc)2 / 10 % (v/v) Glycerol / 0.05 % (v/v) B-Mercaptoethanol / 1 X
Protease Inhibitor Cocktail (Roche)). For solubilisation, 400 uL Extraction Buffer containing
digitonin was added to a final concentration of 3 % (w/v) and incubated on ice for a total of 1
h. Alternatively Extraction Buffer containing Triton X-100 was added to a final concentration
of 1% (w/v). Samples were centrifuged for 10 min at 16,000 x g (Microcentrifuge 5415R,
Eppendorf), and 4 °C. The supernatants were diluted with Extraction Buffer (without
detergent) to a digitonin concentration of 1 % (w/v) and added to 100 pL Concanavalin A (Con
A)- Sepharose™ beads (Cytiva) equilibrated in Equilibration Buffer (50mM HEPES-KOH, pH 7.4
/ 10 % (v/v) Glycerol / 0.05 % (v/v) B-Mercaptoethanol / 1 X Protease Inhibitor Cocktail

(Roche) / 1 % (w/v) Detergent), followed by an incubation for 1 h, on a rotating wheel at 4°C
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to precipitate the complexes. Con A- Sepharose beads were collected with a short spin,
washed thrice with 1 mL Equilibration Buffer, mixed with 50 pL of 2X SDS-PAGE sample buffer
and denatured at 65 °C for 10 min. Unbound proteins in the supernatant were precipitated
and prepared for SDS-PAGE by the TCA Precipitation method (Section 2.2.4.2). Proteins were

separated by SDS-PAGE (Section 2.2.4.3) and analysed by Western Blotting (Section 2.2.4.4).

2.2.8.Ribosome-associated Membrane Protein (RAMP) Fractionation

This method was adapted from Pilon et al., 1998 [242]. Microsomes (2.1 ODzs0 equivalent)
were washed and resuspended in Extraction Buffer (50mM HEPES-KOH, pH 7.4 / 400mM
KOAc / 5mM Mg(OAc)2/ 10 % (v/v) Glycerol / 0.05 % (v/v) B-Mercaptoethanol /0.1 mM PMSF
/ 1 X Protease Inhibitor Cocktail (Roche)). For solubilisation, 400 uL Extraction Buffer
containing digitonin was added to a final concentration of 3 % digitonin and incubated on ice
for a total of 30 mins. Alternatively, Extraction Buffer containing Triton X-100 was added to a
final concentration of 1%. Following incubation, the solubilised samples were centrifuged at
60,000 rpm for 30 mins at 4 °C in an ultracentrifuge (TLA-120.1 Rotor, Optima™ MAX-XP
Ultracentrifuge, Beckman Coulter). The supernatants were diluted to have a final digitonin
concentration of 1 % (w/v) with Extraction buffer (no detergent), while Triton X-100 samples
were not diluted and precipitated with ConA-Sepharose as described in Section 2.2.7. The
ultracentrifugation pellets were resuspended in RAMP Buffer (50 mM HEPES-KOH, pH 7.6 /
1M KOAc / 17.5 mM Mg(OAc)2 / 2.5% (w/v) Digitonin or 1 % (v/v) Triton X-100 / 1 X Protease
Inhibitors / 1 mM Puromycin / 0.2 mM GTP / 5 mM DTT) and incubated first on ice for 30
mins, followed by 30 mins, 300 rpm in a ThermoMixer® C (Eppendorf) set to 30 °C. The

samples were then subjected to ultracentrifugation at 100,000 rpm for 30 mins and 4 °C.
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Ribosome-associated membrane proteins (RAMPs) were recovered from the supernatant by
TCA precipitation (Section 2.2.4.2). Samples from each fraction were resuspended in 50 plL 2
X SDS-PAGE sample buffer, denatured by incubating at 65 °C for 10 mins and analysed by

Western Blotting (Section 2.2.4.4).

2.2.9. Native Co-IP

Microsomes (0.3 OD2so equivalent) were washed and resuspended in Extraction Buffer
(50mM HEPES-KOH, pH 7.4 / 400mM KOAc / 5mM Mg(OAc), / 10 % (v/v) Glycerol / 0.05 %
(v/v) B-Mercaptoethanol / 1 X Protease Inhibitor Cocktail (Roche)). For solubilisation, 400 pL
Extraction Buffer containing Digitonin was added to a final concentration of 3 % (w/v) and
incubated on ice for 1 h. Samples were centrifuged for 10 min at 16,000 xg (Microcentrifuge
5415R, Eppendorf), and 4 °C. The supernatants were diluted with Extraction Buffer (without
detergent) to a digitonin concentration of 1 % (w/v) and added to 100 pL of 20 % (v/v) Protein
A-Sepharose™ CL-4B (GE Healthcare) equilibrated in Equilibration Buffer (50mM HEPES-KOH,
pH 7.4 /10 % (v/v) Glycerol / 0.05 % (v/v) B-Mercaptoethanol / 1 X Protease Inhibitor Cocktail
(Roche) / 1 % (w/v) Digitonin), and incubated for 30 min under rotation at 4 °C to preclear
proteins binding non-specifically to Protein A. Protein A-Sepharose beads were collected by a
short spin, and the supernatant was transferred to a fresh tube. Then, 100 uL of equilibrated
Protein A-Sepharose and 1:100 dilution of the appropriate antibody was added to the
supernatant. The samples were then incubated on a rotating wheel at 4 °C for 2-4 h. The beads
were collected by a short spin and washed thrice with Equilibration Buffer. The supernatant
was fully aspirated and 30 pL of 2X SDS-PAGE sample buffer was added to the beads, followed
by denaturing at 65 °C for 10 mins. The samples were analysed by Western Blotting (Section

2.2.4.4).
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2.2.10. DNA Extraction

2.2.10.1. Isolation of Plasmid DNA from E. coli

This was the general method for isolating plasmid DNA from E. coli for DNA sequencing
and for transforming S. cerevisiae using GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich). E.
coli strain containing the plasmid of interest was grown overnight and cells from 1 mL of the
culture was harvested at 16,000 x g for 1 min. The supernatant was discarded, and the cells
were resuspended in 200 pL Resuspension Solution, gently mixed with 200 pL of Lysis Solution
and rested for 5 mins at RT. Next, 350 pL of Neutralisation Solution was added, mixed gently
and the lysate was cleared by centrifuging at 16,000 x g for 10 mins at RT. Parallelly, the
binding column was placed in a collection tube and activated by adding 500 uL of Column
Preparation Solution and centrifuging at 16,000 x g for 1 min. The cleared lysate was then
added to the binding column and the plasmid DNA was bound to the column by a short spin
in the centrifuge for 1 min. The column was then washed using 750 uL of Wash Solution. The
column was dried by another short spin for 1 min. The plasmid DNA bound to the column was
eluted using 100 pL of Elution Solution. The thus obtained plasmid DNA was quantified using

the NanoDrop™ 2000 Spectrophotometer (Thermo Scientific).

2.2.10.2. Isolation of Plasmid DNA from E. coli by Alkaline Lysis

This method was modified from Birnboim et al., 1979 [249]. This alternative method was
specifically used for isolating plasmid DNA from a large number of samples at a time during
cloning and for protocols that do not require a high purity of plasmid, such as restriction
analysis. A single colony of E. coli containing the plasmid of interest was grown overnight at

37 °C. Cells from 1.5 mL of this culture were harvested by centrifuging at 16,000 x g for 1 min
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at RT. The supernatant was discarded, and the pellet was resuspended in 350 pL of Buffer P1
(50 mM Tris HCI, pH 8.0 / 10 mM EDTA). The cells were lysed by gently mixing 350 uL of Buffer
P2 (200 MM NaOH / 1 % (w/v) SDS) and incubating at RT for 5 mins. Then, 400 pL of Buffer P3
(3 M KOAc, pH 5.5) was added and gently mixed to neutralise the reaction. Cell debris was
pelleted by centrifuging at 16,000 x g for 10 mins at RT. The supernatant was transferred into
a fresh tube, equal volume of ice-cold isopropanol was added and incubated on ice for 15
mins. The precipitated DNA was pelleted by centrifuging at 16,000 for 5 mins at 4 °C. The
pellet was washed once with ice cold 75 % (v/v) ethanol and dried in a Concentrator plus
(Eppendorf). The pellet was resuspended in 75 pL of sterile MQ water and quantified using
NanoDrop™ 2000 spectrophotometer. Isolated plasmids were stored at -20 °C until further

use.

2.2.11. Plasmid Insertion
2.2.11.1. Preparation of Competent E. coli DH5a Cells

A pre-inoculum of E. coli DH5a strain (KRB46) was grown overnight in LB medium at 37 °C
with 180 rpm shaking. Fresh LB medium, 25 mL, was inoculated with 1 mL of the pre-inoculum
and grown to an ODesgo of 0.5 at 37 °C with 180 rpm shaking. Cells were harvested by
centrifuging at 4000 rpm and 4 °C for 6 mins and resuspended in 8.5 mL of cold, sterile TFPI
buffer (30 mM KOAc / 100 mM KCI / 10 mM CaClz/ 50 mM MnClz / 10 % (v/v) Glycerol). Cells
were incubated on ice for 10 mins and collected at 4000 rpm at 4 °C for 6 mins. Cells were
then resuspended in 1 mL of cold, sterile TFPII buffer (10 mM KCI / 75 mM CaCl, / 10 % (v/v)
Glycerol / 10 mM MOPS) and incubated on ice for 30 mins. Aliquots of 100 uL each were

made, flash-frozen in liquid nitrogen and stored at -80 °C until further use.
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2.2.11.2. Transformation of Competent E. coli DH5a

Competent E. coli DH5a. cells were gently thawed on ice. Once thawed, 1 uL of isolated
plasmid DNA was added, mixed gently, and incubated on ice for 30 mins. A heat shock was
then given to the cells at 42 °C for 45 sec and immediately transferred on to ice for 2 mins. LB
medium was preheated to 42 °C and 1 mL was added to the cells. The mixture was incubated
at 37 °C for 1 h with 300 rpm shaking in a ThermoMixer® C (Eppendorf) and collected by
centrifuging for 1 min at 10,000 x g. The supernatant was discarded, the pellet was
resuspended in 100 puL LB buffer and plated on LB Agar plates containing 100 pg/mL

Ampicillin.

2.2.11.3. Transformation of S. cerevisiae strains using heat shock

This was the general method used for transforming S. cerevisiae adapted from Gietz and
Woods, 2002 [250]. The strain to be transformed was grown overnight and 2 mL of the culture
was harvested at 3000 rpm for 2 mins. The supernatant was discarded, the pellet was washed
with 1 mL of sterile LiAc-TE solution (100 mM LiAc, pH 7.5 / 10 mM Tris HCIl, pH 7.5 /1 mM
EDTA) and centrifuged at 3000 rpm for 2 mins. The pellet was resuspended in 100 L sterile
LiAc-TE buffer and incubated at RT for 10 mins. To this 20 uL denatured carrier DNA (10 mg/mL
Salmon testes DNA (Sigma) heated at 95 °C for 3 mins), 1 ug plasmid DNA and 600 pL sterile
PEG buffer (100 mM LiAc, pH 7.5 / 10 mM Tris HCI, pH 7.5 / 1 mM EDTA / 400 mg/mL PEG
4000) and mixed gently. Then 50 pL of sterile 1M LiAc, pH 7.5 was added, gently mixed, and
incubated at 30 °C for 1 h. Then 20 pL of DMSO was added, mixed gently, and incubated for

15 mins at 42 °C. The cells were then collected by centrifugation at 3000 rpm for 2 mins and
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washed twice with 1 mL sterile TE buffer (10 mM Tris HCl, pH 7.5 / 1 mM EDTA). Cells were

then resuspended in 100 pL sterile TE buffer and plated on required auxotrophic plates.

2.2.11.4. Transformation of Temperature Sensitive S. cerevisiae
Mutant Strains

This method was used for transforming temperature sensitive S. cerevisiae mutant strains
by avoiding heat shock. The strain to be transformed was grown to early exponential phase
(ODeoo = 1.0) and 2 mL was harvested at 3000 rpm for 2 mins. The supernatant was discarded,
the pellet was washed with 1 mL of sterile LiAc-TE solution (100 mM LiAc, pH 7.5 /10 mM Tris
HCI, pH 7.5 /1 mM EDTA) and centrifuged at 3000 rpm for 2 mins. The pellet was resuspended
in 100 pL sterile LiAc-TE buffer and incubated at RT for 15 mins. To this 20 pL denatured carrier
DNA (10 mg/mL Salmon testes DNA heated at 95 °C for 3 mins and placed onice), 1 ug plasmid
DNA and 600 pL sterile PEG buffer (100 mM LiAc, pH 7.5 / 10 mM Tris HCl, pH 7.5 / 1 mM
EDTA / 400 mg/mL PEG 4000) and mixed gently. Then 50 L of sterile 1M LiAc, pH 7.5 was
added, gently mixed, and incubated at 30 °C for 1 h. Then 20 uL of DMSO was added, mixed
gently, and incubated for 30 mins at 30 °C. The cells were then collected by centrifugation at
3000 rpm for 2 mins and washed twice with 1 mL sterile TE buffer (10 mM Tris HCl, pH 7.5/ 1
mM EDTA). Cells were then resuspended in 100 uL sterile TE buffer and plated on required

auxotrophic plates.
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2.211.5. Gentle Method for Transformation of Temperature
Sensitive S. cerevisiae Mutant Strains

This method was used for transforming temperature sensitive S. cerevisiae mutant strains
by avoiding heat shock and minimising the growth of suppressor mutants. The strain to be
transformed was grown to early exponential phase (ODsgo = 1.0) and 2 mL was harvested at
3000 rpm for 2 mins. The supernatant was discarded, the pellet was washed with 1 mL of
sterile LiAc-TE solution (100 mM LiAc, pH 7.5 / 10 mM Tris HCl, pH 7.5 / 1 mM EDTA) and
centrifuged at 3000 rpm for 2 mins. The pellet was resuspended in 100 pL sterile LiAc-TE
buffer and incubated at RT for 15 mins. To this 20 uL denatured carrier DNA (10 mg/mL
Salmon testes DNA heated at 95 °C for 3 mins and cooled to RT), 1 ug plasmid DNA and 600
uL sterile PEG buffer (100 mM LiAc, pH 7.5/ 10 mM Tris HCI, pH 7.5 /1 mM EDTA / 400 mg/mL
PEG 4000) and mixed gently. Then 50 pL of sterile 1M LiAc, pH 7.5 was added, gently mixed,
and incubated at RT for 1 h. Then 20 uL of DMSO was added, mixed gently, and incubated for
1 h at RT. The cells were then collected by centrifugation at 3000 rpm for 2 mins and washed
twice with 1 mL sterile TE buffer (10 mM Tris-HCl, pH 7.5 / 1 mM EDTA). Cells were then

resuspended in 100 puL sterile TE buffer and plated on required auxotrophic plates.

2.212. Site Directed Mutagenesis

Mutations in the conserved membrane proximal region of Sbh1l were generated by site
directed mutagenesis (SDM). Forward primers were designed by substituting specific codon
in the SBH1 coding sequence with appropriate codon for the intended mutation in 5" =2 3’
direction. Reverse complement of the forward primer was used as the reverse primer. All
primers were commercially synthesised by Sigma-Aldrich Custom DNA Oligos service.

Lyophilised primers were reconstituted to 100 uM using sterile MQ water and stored at -20
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°C. For PCR, the primers were diluted to 10 uM as the working concentration. The strategy

employed for SDM is shown in Figure 2.1.

Source Plasmid

Fwd Primer
[N

\07
Rev Primer

Megaprimer Generation / \

Mutation Mutation

Insert Fragment Generation l

13 Fuc (0o ]
=
[everse M ] e

Mutation

Fragment for Insertion

Figure 2.1 Strategy for Site Directed Mutagenesis. First, using the wildtype protein coding sequence as the
template, the forward primer containing targeted mutations was amplified with the M13 reverse primer, and
the reverse primer containing complement to the mutated codons was amplified with the M13 forward primer,
to generate megaprimers (MP). Next, the megaprimers were used as template and amplified with M13 forward
and reverse primers to generate the insert fragment comprised of the initial protein coding sequence with
targeted mutations in specific codons.

Plasmid containing the SBH1 coding sequence was isolated from E. coli (KRB689) as
described in Section 2.2.10.1. The plasmid was used as a template for generating
“megaprimers” (MP) in the first polymerase chain reaction (PCR) step. The MPs were then
amplified together to generate the insert fragment, which was inserted into the plasmid

vector of choice after restriction digestion. The ligated plasmids were then used to transform
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competent E. coli DH5« as described in Section 2.2.11.2. Plasmids were then isolated from
selected transformants by alkaline lysis method (Section 2.2.10.2) and successful mutagenesis
was confirmed by DNA sequencing. The confirmed plasmids were then used to transform S.
cerevisiae strains (Sections 2.2.11.4 and 2.2.11.5), which were then grown on selective

medium and used for characterisation experiments.

2.212.1. Megaprimer Generation

As the first step in SDM, the DNA template to be mutated was amplified by PCR in two
separate reactions, each using a designed primer in one direction and M13 primer in the
opposite direction, to generate megaprimers (MPs) which are partial fragments of the
template with the targeted mutations. The template was diluted to 10 ng/uL with sterile
nuclease-free water before use. The reaction was done in a total volume of 25 pL or 50 uL
using OneTaq® 2X Master Mix (New England Biolabs), which contains a blend of DNA

polymerases, dNTPs and MgCl,. The reaction mixture composition is detailed in Table 2.14.

Table 2.14 PCR reaction mixture composition for megaprimer generation during SDM.

Component 25 pL Vol. 50 pL Vol.
Primer 1 (Designed Fwd/Rev) 0.5 uL 1pul
Primer 2 (M13 Rev/Fwd) 0.5uL 1ul
Template DNA 1ul 2uL
Nuclease free/Sterile MilliQ Water 10.5 pL 21 L
2X OneTaq PCR MasterMix 12.5uL 25 uL

A reaction mixture containing the DNA template, both M13 forward and reverse primers
and no designed primers was used as the positive control, and a reaction mixture containing
both the designed forward and reverse primers, no DNA template and no M13 primers was
used as the negative control. All reaction mixtures were subjected to PCR in peqSTAR 2 X

Gradient Thermocyler (Peqlab) using the program detailed in Table 2.15.
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Table 2.15 PCR program for megaprimer generation during SDM.

Step Temperature Duration
Preheat 94 °C Hold
Denaturation 94°C 30 sec
Denaturation 94 °C 15 sec

Annealing 52°C 15 sec | 30 cycles
Elongation 68 °C 40 sec

Elongation 68 °C 5 min

Hold 4°C o0

The presence of megaprimers in the PCR products was confirmed by agarose gel
electrophoresis. The remaining PCR products were purified using GenElute™ PCR Clean-up Kit

(Sigma-Aldrich) and stored at -20 °C until further use.

2.212.2. Agarose Gel Electrophoresis

DNA products and fragments were resolved and identified by agarose gel electrophoresis.
First, 5 uL of each DNA sample was stained using 1 uL Purple 6X Gel Loading Dye (New England
Biolabs) unless pre-stained using OneTaq® 2X Master Mix (New England Biolabs) during a PCR
step. The samples were loaded onto a 0.8 % (w/v) agarose gel containing 0.5 pg/mL Ethidium
bromide made using TBE buffer (100 mM Tris Base / 100 mM Boric Acid / 2 mM EDTA) along
with pre-stained 1 kb DNA Ladder (New England Biolabs) as the molecular weight marker. The
gel was electrophoresed using TBE buffer in a Peglab gel tank with a constant 0.1 A current
until the end of the gel run. The gel was visualised under UV light and imaged using E-Box VX2

Gel Documentation System (Peqlab).
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2.2.12.3. PCR Product Purification

Amplified DNA in PCR reactions was purified from the reaction mixture using GenElute™
PCR Clean-Up Kit (Sigma-Aldrich). First, the DNA binding columns were prepared by adding
0.5 mL Column Preparation Solution and centrifuged for 1 min at 16,000 x g. Samples were
prepared by mixing 5 volumes of Binding Solution with 1 volume of the PCR product. The
samples were then transferred to the prepared columns and centrifuged at 16,000 x g for 1
min, and then washed with 0.5 mL Wash Solution at 16,000 rpm for 1 min. The column was
further centrifuged for 2 mins at 16,000 x g to remove excess wash solution. DNA bound to
the column was eluted by adding 50 uL of Elution Solution and incubating it for 1 min at RT,
and collected by centrifuging at 16,000 x g for 1 min. The obtained purified DNA was

guantified using NanoDrop™ 2000 spectrophotometer and stored at -20 °C until further use.

2.212.4. Insert Fragment Generation

Megaprimers generated in Section 2.2.12.1 were amplified together to produce the
extended insertion fragment in two PCR cycles. In cycle |, the reaction mixture containing both
the megaprimers and OneTag® 2X Master Mix was subjected to 5 cycles of denaturation,
annealing and elongation. For cycle Il, M13 primers were mixed into the reaction mixture
after cycle | and PCR was continued for another 30 cycles. The reaction mixture composition

is detailed in Table 2.16.
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Table 2.16 PCR reaction mixture composition for insert fragment generation.

Component Volume
Megaprimer 1 1pul
Megaprimer 2 1pul
2X OneTaq PCR MasterMix 25 uL
Nuclease free/Sterile MilliQ 21 L
Water
Total Volume =48 uL; PCR upto Cycle |

M13 Fwd 1ul
M13 Rev 1ul

A reaction mixture containing 2 pL of template DNA used for megaprimer generation
instead of megaprimers was used as positive control and reaction mixture with sterile
nuclease free water instead of megaprimers acted as the negative control. The PCR program

used is detailed in Table 2.17.

Table 2.17 PCR program for insert fragment generation.

Step Temperature Duration
Preheat Lid 110°C --
Preheat Block 94 °C 10 sec
Pause 94 °C Hold
Denaturation 94 °C 30 sec
Denaturation 94 °C 10 sec

. s 5 cycles
Annealing 52°C 15 sec

: . : (Cycle 1)
Elongation 68 °C 1 min
Pause 8°C Hold
Denaturation 94 °C 15sec | 30 cycles
Annealing 52°C 15sec | (Cyclell)
Elongation 68 °C 40 sec
Elongation 68 °C 5 min
End Cycle 8°C o0

Generated insert fragment in the PCR products was confirmed by agarose gel
electrophoresis (Section 2.2.12.2). The PCR products were purified before further use (Section

2.2.12.3).
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2.2.12.5. Restriction Digestion of Vector and Insert

To be able to insert the DNA fragment generated in Section 2.2.12.4 into a plasmid vector,
both are to be digested using the same set of restriction enzymes. The plasmid into which the
generated fragment is to be inserted was isolated from E. coli as described in Section 2.2.10.1.
Digestion mixtures containing 10X CutSmart® Restriction Buffer (New England Biolabs) and
restriction enzymes were prepared as described in Table 2.18 and incubated for a minimum
of 2 h or o/n at 37 °C. Restriction enzymes used are detailed in Section 2.1.8. Digestion was
confirmed by agarose gel electrophoresis with undigested vector and cleaned, undigested
insert fragments as negative controls. The digested vector was treated with alkaline
phosphatase. Both the digested vector and digested insert were purified using GenElute™
PCR Clean-Up Kit, quantified using NanoDrop™ 2000 spectrophotometer and stored at -20 °C

until further use.

Table 2.18 Digestion mixture composition for the restriction digestion of vector and insert fragment.

Component Amount
Plasmid 10-20ng
or or
Clean Insert ~45 pL
Restriction Enzyme 2.5 pL each
10X CutSmart® Restriction Buffer 7.5puL

Nuclease free/Sterile MilliQ Water | Make up to 75 pL

2.2.12.6. Phosphatase Treatment of Vector

Digested plasmid from Section 2.2.12.6 was treated with alkaline phosphatase to prevent
its self-ligation. To the digested vector, 1 uL of FastAP Thermosensitive Alkaline Phosphatase

(Thermo Scientific) was added and incubated for 15 mins at 37 °C, followed by incubation for
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15 mins at RT. An additional 1 uL of FastAP Thermosensitive Alkaline Phosphatase was added
to the vector and incubated again at 37 °C for 15 mins. The digested vector was then purified
using GenElute™ PCR Clean-Up Kit, quantified using NanoDrop™ 2000 spectrophotometer

and stored at -20 °C until further use.

2.212.7. Ligation of Digested Fragment and Vector

T4 DNA Ligase (Thermo Scientific) was used to catalyse the formation of phosphodiester
bonds between 3’ hydroxyl and 5’ phosphate termini of digested DNA samplesin the presence
of T4 DNA Ligase Buffer (Thermo Scientific) which contains ATP and MgCl, needed for ligation.
The phosphatase treated vector, and the digested insert fragment were ligated together in
1:1 and 1:3 ratios. The ligation mixtures consisting of T4 DNA Ligase and T4 DNA Ligase Buffer
were prepared as described in Table 2.19. A ligation mixture containing sterile, nuclease free
water instead of insert fragment, i.e., 1:0 vector to insert ratio, was prepared as a control for

vector self-ligation. The ligation mixture was incubated for minimum 2 h to o/n at RT.

Table 2.19 Ligation mixture composition for the ligation of digested insert fragment and vector.

Component Amount
Digested Vector 100 ng
Digested Insert 1:1 or 1:3 ratio to vector
T4 DNA Ligase 1pul

10X T4 DNA Ligase Buffer 1ul

Nuclease free/Sterile MilliQ Water Make up to 10 uL

Entire volume of ligation mixture was used to transform competent E. coli DH5a cells as
described in Section 2.2.11.2. The 1:0 ligation control mixture was also used to transform E.

coli and once again acts as a control.
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2.2.12.8. Confirmation of Mutagenesis

To confirm the ligation of insert and vector, the plasmid was isolated from transformed E.
coli, digested with restriction enzymes, and analysed by agarose gel electrophoresis. From the
transformed E. coli growing on LB + Amp plates, 12 colonies with picked using sterile
toothpicks and grown o/n in LB + Amp medium at 37 °C. Plasmid DNA was isolated from each
colony by alkaline lysis method as per Section 2.2.10.2. A smaller scale digestion mixture was
prepared using the isolated plasmids as described in Table 2.20. Plasmids were digested for 2
h at 37 °C. The digests were resolved by agarose gel electrophoresis and visualised under UV

light to confirm fragment insertion (Section 2.2.12.2).

Table 2.20 Digestion mixture composition for confirmation of fragment insertion into vector.

Component Volume
Plasmid 2L

10X CutSmart® Restriction Buffer 1ul
Restriction Enzyme 0.2 pL each
Sterile MilliQ Water Make up to 10 uL

From the isolated plasmids with successful insertion, plasmids from 3 colonies were
purified as described in Section 2.2.12.3 and submitted for Sanger sequencing to Eurofins
Genomics, a commercial service. Plasmids with confirmed sequence, one per mutation, were

used to transform S. cerevisiae strains.
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2.2.13. Peptide Panning Analysis

Peptide — peptide interactions were analysed by peptide panning. Peptides of Sbh1 and
Sbh2 cytosolic domains were synthesised as spots on an acid-hardened cellulose membrane
anchored by their C-terminus. The peptides span the length of their cytosolic domains up to
the beginning their TM domains, each 20-mer in length and sliding by 2 amino acids. The Sbh1
peptide spots included combinations of N-terminal acetylation and varied phosphorylation
states of each phosphorylatable residue. The peptides for interaction were synthesised with
a biotinylated lysine residue at their C-terminus, and the synthesised lyophilised powder was
dissolved in a 20 % (v/v) DMSO / 80 % (v/v) sterile MQ water mixture to a working

concentration of 10 uM and stored at -20 °C.

2.2.13.1. Peptide Binding Assay

A modified version of the method described in Schauble et al., 2014 was used [251]. The
acid-hardened cellulose membranes were activated using methanol and washed with
deionised MQ Water. The membranes were then equilibrated with Binding Buffer (50 mM
Tris-HCl pH 7.5 / 150 mM NaCl / 0.1 % (v/v) Triton-X 100) and blocked for 1 h with Binding
Buffer containing 1 % (w/v) Bovine Serum Albumin. Control spots were excised from the
membranes and incubated overnight with anti-phosphorylated Sbh1 antibody (1:2500
dilution) o/n at 4 °C with shaking. The membrane portions containing Sbh1 and Sbh2 peptides
was incubated overnight with 100 mL Binding Buffer containing 2 uM biotinylated peptide of
interest at 4 °C with shaking. After washing thrice for 10 mins each with Binding Buffer,
membranes were incubated for 1 h with HRP-tagged anti-Biotin antibody (1:10,000 dilution,
Sigma-Aldrich) and washed thrice again. Control spots were washed and incubated with

biotinylated goat anti-rabbit antibody (1:10,000, Sigma-Aldrich) for 1 h at 4 °C with shaking,
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followed by washing and incubation with HRP tagged anti-Biotin antibody. Peptide — peptide
interactions were detected using the SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Interactions were detected using AI600 Imager (Amersham) and analysed using

ImageQuant™ TL software (GE Healthcare), when required.

2.2.13.2. Stripping of Membranes

After each assay the cellulose membranes were stripped of all bound peptides and
antibodies and regenerated by incubating the membranes with approx. 100 mL Regeneration
Buffer A (8 M Urea / 50 mM Tris-HCI, pH 7.0 / 1 % (w/v) SDS / 0.5 % (v/v) B-Mercaptoethanol)
in an ultrasonic bath (Sonorex, Bandelin electronic GmbH) for 30 mins at RT twice, followed
by three washes for 10 mins each with approx. 100 mL Regeneration Buffer B (50 % (v/v)
Ethanol / 10 % (v/v) Acetic acid / 40 % (v/v) deionised MilliQ water). The membranes were

then completely air dried and stored at -20 °C.
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3. Results

The aim of this project was to decipher the role of Sec61 channel subunit Sbh1 (homolog
to Sec61f in mammals). | began with characterising the Asbh1 Asbh2 mutant. | explored the
contribution of Sbh1l to the stability of the Sec complex. | characterised the conserved
membrane proximal region (CMP) of Sbh1l regarding its role in Sbhl function. Further |
identified the potential of Sbh1l CMP to interact not only with the N-terminal helix of Sec61

but also with the signal sequences of incoming nascent polypeptide chains.

3.1. Characterisation of the Asbh1 Asbh2 Mutant Strain

Yeast lacking both SBH1 and SBH2 have a growth defect at higher temperatures which is
rescued when the strain is complemented with wildtype SBH1 or a truncated Sbh1 consisting
of the most C-terminal 5 cytosolic amino acids and the TM domain [222]. At the start of my
project, the data available on the translocation defects in Asbhl Asbh2 yeast were
inconsistent [75,222]. Finke et al. reported a moderate accumulation of post-translationally
translocated o-factor precursor, prepro-a-factor (ppaF) and of co-translationally and post-
translationally translocated Kar2 precursor pKar2 in vivo at both permissive 30 °C and
restrictive 37 °C. The post-translational translocation defect was more significant in in vitro
experiments using a heterologous translocation system in Asbh1 Asbh2 cells at a restrictive
temperature of 37 °C [75]. On the other hand, Feng et al. reported a moderate defect in the
post-translational translocation of ppaF and a pronounced defect in co-translational
translocation at 37 °C in vitro using a homologous yeast translation-translocation system
[222]. Specific translocation defects of cytosolic precursors of known Sbhl substrates Gls1

and Mns1 (pGls1 and pMns1, respectively) have been reported [75,222]. | started my project
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by exploring import of several secretory precursors in Asbh1 Asbh2 to better understand the
effect of SBH1 and SBH2 deletion on protein translocation. | specifically looked at the import
of precursors of Kar2, a-factor, Protein Disulfide Isomerase (PDI) and carboxypeptidase Y

(CPY).

Kar2, an Hsp70 ATPase resident in the ER lumen, acts as a chaperone to promote protein
folding during post-translational translocation [252]. The Kar2 precursor (pKar2, 74 kDa) is
translocated both co-translationally and post-translationally into the ER, where its signal is
cleaved to form the mature Kar2 (72 kDa). Accumulation of pKar2 in the cells implies a defect
in co-translational or post-translational translocation, or both. | analysed the translocation
into the ER of pKar2 by immunoblotting. | prepared cell extracts of wildtype SBH1 SBH2 and
the isogenic mutant Asbh1 Asbh2 strains grown at 24 °C and shifted to restrictive 38 °C for 3
h. The temperature shift duration was optimised in a prior experiment by students from M.Sc.
class of Infection Biology (2019) (Supplementary Figure 1). | resolved the protein content by
SDS-PAGE and immunoblotted with polyclonal anti-Kar2 antibodies. As shown in Figure
3.1(A), pKar2 accumulated in the Asbhl Asbh2 mutant grown at 38 °C, indicating a
translocation defect. This observation matches what was seen previously, and also

concurrently in our lab [75,253].

Next, | looked at the translocation of the yeast mating pheromone a-factor precursor,
prepro-a-factor (ppaF). Posttranslational translocation of ppaF (18 kDa) into the ER is very
well characterised [114]. Upon entering the ER, the ppaF signal sequence is cleaved and pro-
o-factor (~16 kDa) is triply N-glycosylated and transported to the Golgi where it is

proteolytically cleaved to produce mature a-factor [254]. A defect in the post-translational
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translocation of ppaF into the ER results in cytosolic accumulation of ppaF. A mild defect in
post-translational translocation of ppaF in vitro was previously reported in the Asbh1 Asbh2
mutant using a cell-free assay based on mutant microsomes and in vitro translated ppoF
[75,222]. | wanted to test whether this defect is present in vivo as well. Since the Asbh1 Asbh2
mutant strain and its isogenic wildtype that | used were of mating type a, | transformed the
strains with a plasmid expressing ppaF (KRB262). | grew SBH1 SBH2 and Asbh1 Asbh2 strains
at 24 °C and shifted to 38 °C for 3 hours. | used the cold-sensitive ER import mutant sec61-32
as control grown at 30 °C and shifted to restrictive 20 °C for 3 hours. The sec61-32 strain
accumulates ppaF even at permissive temperatures [255]. Following Western blotting of cell
extracts, | detected the presence of ppaF using anti-ppaF antibodies. | did not see a significant
accumulation of ppaF in the Asbh1 Asbh2 strain grown either at permissive or at restrictive
temperature when compared to the inherent defect in sec61-32 strain, as shown in Figure
3.1(B). This indicates that ppaF was translocated into the ER by the Asbhl Asbh2 strain. A

similar observation was made concurrently in our lab [253].

Protein Disulfide Isomerase (PDI, ~65 kDa) acts as an oxidoreductase and an isomerase in
the ER lumen, and plays an important role as a part of protein quality control machinery
during ERAD [146]. Its cytosolic precursor, pPDI (~58 kDa), translocates post-translationally
into the ER lumen where its signal sequence is cleaved, and the protein is N-glycosylated at 5
sites [256]. A defect in the translocation of pPDI into the ER would result in its cytosolic
accumulation in cells. To test this, | prepared cell extracts of wildtype SBH1 SBH2 and Asbh1
Asbh2 strains grown at 24 °C and shifted to 38 °C for 3 h, resolved proteins by SDS-PAGE, and
immunoblotted with polyclonal antibodies against PDI. Neither the SBH1 SBH2 nor the Asbh1

Asbh2 strain accumulated pPDI, as shown in Figure 3.1(C), suggesting that the import of pPDI
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into the ER was not affected. The bands of lower molecular weights seen in Asbh1 Asbh2 likely

correspond to different N-glycosylation states of PDIp.
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Figure 3.1 Sbh1 is required for ER import of specific substrates only. Yeast wildtype SBH1 SBH2 and mutant
Asbh1 Asbh2 strains were grown at their permissive temperature (24 °C) to an ODgoo of 0.5 and shifted to their
restrictive temperature (38 °C) for 3 hours. For immunoblotting experiments, 2 ODggo Of cells were harvested to
prepare cell extracts. For each sample 0.25 ODggo Was used to resolve by SDS-PAGE, followed by immunoblotting
against specific proteins. A) Kar2 precursor translocation detected by immunoblotting with anti-Kar2p antibody.
A band corresponding to pKar2 is seen in Asbh1 Asbh2 cells grown at 38 °C. B) Alpha Factor translocation
analysed by immunoblotting with anti-ppoF antibody raised against its precursor ppoF. The sec61-32 strain was
used as control, grown at permissive 30 °C and shifted to restrictive 20 °C for 3 hours. No accumulation of ppaF
was seen in SBH1 SBH2 or Asbh1 Asbh2 cells. C) PDI precursor translocation analysed by immunoblotting with
anti-PDI antibody. Accumulation of pPDI was not seen in either of the strains. D) CPY precursor accumulation
detected by pulse-labelling of cells grown to early exponential phase with [3S]-Met/Cys for 5 min. Cells were
then lysed and immunoprecipitated with anti-CPY antibody. Proteins were resolved by SDS-PAGE and detected
by phosphorimaging. The sec61-32 strain was used as control. The ppCPY incorporation product p1CPY was
detected in both SBH1 SBH2 and Asbh1 Asbh2 strains.

Carboxypeptidase Y (CPY) is a soluble, N-glycosylated vacuolar protease. The cytosolic
precursor of CPY, ppCPY (~59 kDa) is post-translationally translocated into the ER, where its
signal peptide is cleaved, and it is N-glycosylated at 4 sites to form p1CPY (67 kDa). This p1CPY
is transported to the Golgi where its N-glycans are extended with mannose to p2CPY (69 kD)
and then to the vacuole where it is proteolytically processed into its mature form, mCPY (59

kD) [257]. Because cytosolic ppCPY and mCPY are the same size, ppCPY translocation defects
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cannot be assessed by immunoblotting on cell lysates. | analysed the ER translocation of
ppCPY in Asbh1 Asbh2 by pulse-labelling with [3°S]-Met/Cys. For this, | grew wildtype SBH1
SBH2 and Asbh1 Asbh2 at 24 °C and shifted to 38 °C for 3 hours, and the control strain sec61-
32 at 30 °C and shifted to 20 °C for 3 hours. | pulsed the cells for 5 mins and
immunoprecipitated CPY from the cell lysates with polyclonal anti-CPY antibodies. | then
resolved the immunoprecipitated proteins by SDS-PAGE and visualized them by
phosphorimaging. The results, shown in Figure 3.1(D), show a band corresponding to p1CPY
in both the wildtype and Asbh1 Asbh2 whereas p1CPY was completely absent in the sec61-32
control. This means that the translocation of ppCPY was not compromised in the absence of

Sbh1.

Collectively, my precursor accumulation experiments suggest that the Asbh1 Asbh2 strain
does not show apparent general co-translational or post-translational translocation defects.

The translocation defect in the import of pKar2 seems to be specific to the protein.

Kar2 plays an essential role in protein quality control by activating the UPR when the ER
is under stress caused by an accumulation of unfolded proteins [124,258]. As the
translocation of Kar2 precursor is specifically affected in the Asbh1 Asbh2 strain, | investigated
whether the strain also shows defects related to UPR induction. I first tested for tunicamycin
hypersensitivity by performing a growth assay on YPD plates containing 0.5 pg/ml
tunicamycin. Tunicamycin activates the UPR by inducing ER stress through the inhibition N-
linked glycosylation [259]. Treatment with sublethal doses of tunicamycin leads to the
accumulation of misfolded proteins in the ER because N-glycosylation contributes to protein

folding and quality control in the ER. Cells with a proteostasis defect in the ER are
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hypersensitive to tunicamycin. | performed a growth assay of wildtype SBH1 SBH2 and Asbh1
Asbh2 cells spotted on YPD plates with and without tunicamycin such that each spot
contained 10%10 cells and documented the growth after 3 days. | used a Airel strain as a
control, which has a documented tunicamycin sensitivity [260]. As shown in Figure 3.2(A), the
growth of Asbhl Asbh2 yeast was comparable to that of wildtype on YPD + tunicamycin
medium, suggesting there is no ER proteostasis defect in Asbhl Asbh2 yeast. This

independently confirmed results concurrently reported by our lab [253].
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Figure 3.2 Sbh1 is not required for ER proteostasis. Yeast wildtype SBH1 SBH2 and mutant Asbh1 Asbh2 strains
grown to early exponential phase were harvested, washed and diluted to 1 ODgoo. Serial dilutions of each strain
corresponding to 10*-10 cells were grown on indicated solid media for 3 days. A) For Tunicamycin sensitivity,
the strains were grown on YPD supplemented with 0.5 pg/mL Tunicamycin. The Aire1 strain was used as control,
and its strain background BY4742 is indicated. Growth of SBH1 SBH2 and Asbhl Asbh2 was unaffected in
YPD+Tunicamycin plates. B) To test respiratory competence, the strains were grown on YP plates containing 3%
Glycerol (YPG). Both Acox6 and rhoO strains were used as controls, and their strain background BY4742 is
indicated. The Asbh1 Asbh2 strain showed growth similar to its wildtypes SBH1 SBH2 and BY4742 on YPG plates.
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Cheng et al. found that mutations in the Sec61 cytosolic loops caused kinetically delayed
post-translational import and improper ribosome binding, resulting in co-translational
translocation defects that directly correlate with the mutants losing their respiratory
competence [57]. As the Asbhl Asbh2 strain showed a specific defect in importing Kar2
precursor which utilises both co-translational and post-translational translocation pathways,
| wanted to test whether the strain was respiration competent. | grew the Asbh1 Asbh2 strain
and its isogenic wildtype on non-fermentable YPG plates (1 % Yeast Extract / 2 % Peptone /
3% Glycerol) containing glycerol as the sole carbon source. | used Acox6 and rhoO strains as
controls, both of which show respiration defects (Figure 3.2(B)) [261]. Respiration-competent
cells can grow on non-fermentable carbon sources. The Asbh1 Asbh2 cells were able to grow
on the YPG medium, akin to its wildtype seen in Figure 3.2(B), suggesting that their ability for

respiration was intact.
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3.2. Role of Sbh1 in Complex Stability

Our lab has shown that the temperature-sensitivity of the Asbhl Asbh2 strain can be
complemented with a truncated Sbh1 containing only the last 5 cytosolic amino acids and its
TM domain [222]. Wu et al. recently solved the cryo-electron microscopy (cryo-EM) structure
of the post-translational translocation complex from yeast, the Sec complex [63]. They have
shown that in the Sec complex TM domain 3 (TM3) of Sec63 interacts with the TM domain of
Sbh1, as well as TM1 of Sec61 [63]. The TM of Sbh1 also interacts with TM1 and TM4 of Sec61
[63,221]. Due to the central position of Sbh1 in the Sec complex and its highly conserved TM
domain, | asked whether these interactions of Sec63 and Sec61 with the TM of Sbh1 stabilise
the Sec complex, especially at higher temperatures. | examined the stability of the Sec
complex in the absence of Sbh1 at higher temperatures and high salinity by precipitating the
complex with Concanavalin A (ConA) — Sepharose. ConA is a lectin that binds to internal
mannose residues in N- and O- linked glycans [262]. The only suitable glycan in the Sec
complex is present on Sec71, a subunit of the Sec63 complex, and Sec61 complex subunits
are not glycosylated. When the Sec complex is stable in a sample, both Sec63 and Sec61 are
present in the ConA-bound fraction. If the Sec complex dissociates, Sec63 is still associated
with Sec71 and is found in the ConA-bound fraction, while Sec61 complex subunits are found

in the free fraction, not bound to ConA [248].

3.2.1.Selecting a Detergent for Sec Complex Isolation

| adapted the method for ConA precipitation from Falcone et al. (2011). Here, the starting
material for the ConA precipitation of the Sec complex is yeast microsomes. If TritonX-100
(TX-100) is used to solubilise the microsomes, it dissociates the Sec61 complex from the

Sec62-Sec63-Sec71-Sec72 complex. | use this as a control. In contrast, digitonin solubilisation
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of microsomes leaves the Sec complex intact [248]. Since digitonin is a natural product
extracted from Digitalis purpurea, its efficiency varies between manufacturing batches [263].
To try and avoid common problems caused variations between digitonin batches, | initially

investigated alternative detergents for Sec complex solubilisation to optimise the method.

My first choice as an alternative detergent was 4-trans-(4-trans-Propylcyclohexyl)-
cyclohexyl a-maltoside (PCC-a-M), a novel derivative of dodecyl-B-D-maltoside (DDM) [264].
In recent years, PCC-a-M has been increasingly adapted as the detergent of choice for
stabilising membrane proteins during cryo-EM and functional studies [265]. | first compared
its solubilisation efficiency with respect to the Sec complex to Digitonin. | solubilised 0.3 OD2so
of microsomes derived from SBH1 SBH2 grown at 24 °C in 3% PCC-a-M, or 3% digitonin, or
1% TX-100. | included a mock extraction with no detergent as negative control. After
centrifugation at 16,000 x g, | precipitated proteins in the supernatant fraction with TCA. |
analysed both the pellet and the supernatant fractions by SDS-PAGE and immunoblotted
against Sec63 and Sec61 with polyclonal antibodies. Both Sec63 and Sec61 were mainly found
in the solubilised fraction of PCC-a-M, with minimal amounts left in the pellet fraction. As
shown in Figure 3.3(A), PCC-a-M was more efficient in solubilising Sec61 when compared to

digitonin.
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Figure 3.3 Solubilisation Efficiency and Sec complex Stability in PCC-a.-M. A) A 0.3 OD,5o of microsomes derived
from SBH1 SBH2 grown at 24 °C were solubilised each in Equilibration Buffer containing 1% TX-100, 3% digitonin
and 3% PCC-a-M. A mock extraction without detergent was also included. Solubilised proteins were precipitated
and analysed by SDS-PAGE and immunoblotting with anti-Sec63 and anti-Sec61 antibodies. Pellet containing
insolubilised microsomes (P) and solubilised proteins (S) are marked. PCC-a-M could solubilise Sec63 with a
small amount remaining in the P fraction, and solubilise Sec61 with greater efficiency than digitonin, smaller
amount of Sec61 was left insolubilised in the P fraction as compared to that of digitonin. B) Microsomes from
SBH1 SBH?2 strain similarly solubilised in 3% PCC-a.-M, or 1% TX-100 were precipitated with equilibrated ConA-
Sepharose. The free fraction was aspirated, and proteins were precipitated. The samples were resolved by SDS-
PAGE and immunoblotted against Sec63 and Sec61. ConA bound fraction (C), and free, unbound fraction (F) are
marked. Sec61 was found in the F fraction when solubilised in PCC-a-M, similar to TX-100.

| then used 3 % PCC-a-M in a ConA precipitation experiment with SBH1 SBH2 microsomes
from cells grown at 24 °C to ascertain whether the Sec complex remained stable when
solubilised in PCC-a-M. | solubilised the microsomes as previously described in 3 % PCC-a-M
or 1% TX-100 and precipitated Sec complex from the samples with ConA equilibrated in buffer
containing 1 % of the respective detergent. | also precipitated proteins not bound to ConA
with TCA. | analysed the fractions by SDS-PAGE and immunoblotted against Sec63 and Sec61.
While Sec63 was found bound to ConA, Sec61 and a significant amount of Sec63 were found
in the free fraction in the sample solubilised in PCC-a.-M, shown in Figure 3.3(B). | repeated
the experiment two more times and found each time that the complex was unstable in PCC-

a-M, thus this detergent was unsuitable for my study.
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| also explored the suitability of Deoxy-BigCHAP (DBC), a non-ionic detergent that was
previously used to solubilise the Sec61 complex from yeast microsomes [59]. | tested the
efficiency of 3% DBC in solubilising 0.3 OD2so of microsomes derived from the SBH1 SBH2
strain grown at 24 °C as compared to 3% digitonin using the same method as mentioned
above for PCC-a-M. | found that DBC was able to solubilise the membranes but was not as
efficient as digitonin under the conditions | used, shown in Figure 3.4(A). | investigated
whether the Sec complex was stable when solubilised in 3% DBC by ConA precipitation as
described above. The resulting immunoblot, shown in Figure 3.4(B), showed bands
corresponding to both Sec63 and Sec61 in the ConA bound fraction, meaning that the Sec
complex was stable. However, the intensities of the Sec61 and Sec63 bands was noticeably
lower than what would be expected in the ConA-bound fraction in DBC and were considerably
less than those visualized in the sample solubilised in 1% TX-100. Subsequent repeat of the
experiment showed similar results. As this discrepancy could be a result of suboptimal

solubilisation of the microsomes in DBC, | decided to not use DBC in my further experiments.
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Figure 3.4 Solubilisation Efficiency and Sec complex Stability in DBC. A) A 0.3 OD,so of microsomes from SBH1
SBH2 strain grown at 24 °C were solubilised each in Equilibration Buffer containing 3% DBC, 3% digitonin, or 1%
TX-100. A mock extraction without detergent was also included. Solubilised proteins were precipitated and
analysed by SDS-PAGE and immunoblotting. Pellet containing unsolubilised microsomes (P) and solubilised
proteins (S) are marked. Higher amounts of Sec63 and Sec61 were present in the P fraction of DBC than in the S
fraction. B) Microsomes similarly solubilised in 3% DBC or 1% TX-100 were precipitated with equilibrated ConA-
Sepharose. Free fraction was aspirated, and proteins were precipitated. The samples were resolved by SDS-PAGE
and immunoblotted against Sec63 and Sec61. ConA bound fraction (C), and free, unbound fraction (F) are
marked. Both Sec63 and Sec61 were present in the C fraction of DBC.
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Since my alternative detergent options proved to be unsuitable, | reverted to using
digitonin to solubilise microsomal membranes. | tested the new batch of digitonin, acquired
from Matrix Bioscience, to confirm that it can maintain the stability of the Sec complex in

SBH1 SBH2 microsomes (Supplementary Figure 2).

3.2.2.Determining the Influence of Sbh1 on the stability of the Sec
Complex

To determine whether Sbh1 contributes to the interaction between the Sec61 complex
and the Sec63 complex to form the Sec complex, | tested the stability of the Sec complex by
precipitating it with ConA-Sepharose. | compared the Sec complex stability from microsomes
derived from Asbh1 Asbh2 cells grown at 24 °C and 38 °C with Sec complex stability from
microsomes derived from SBH1 SBH2 cells grown at 24 °C and 38 °C, which are permissive and
restrictive temperatures for growth, respectively. | solubilised each batch of microsomes in
Extraction Buffer containing 3% digitonin or 1% TX-100. A stable Sec complex would result in
Sec63 complex and Sec61 complex subunits detected in the ConA-bound fraction when
solubilised in digitonin. After precipitating the samples with ConA-Sepharose, | aspirated the
unbound fraction, and TCA precipitated its constituent proteins. | resolved the samples by
SDS-PAGE and transferred the proteins to nitrocellulose. | probed the membranes using
primary antibodies against Sec63, Sec61, and the Sec61 complex subunit Sss1. The resulting

immunoblots are shown in Figure 3.5.
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Figure 3.5 Sec complex stability in Asbh1 Asbh2. Microsomes, 0.3 OD,so each, obtained from SBH1 SBH2 (left)
and Asbh1 Asbh2 (right) strains grown at 24 °C and 38 °C were solubilised in 3% digitonin and 1% TX-100, as
control. The solubilised membranes were precipitated with ConA-Sepharose. The free, unbound proteins were
precipitated from the aspirated supernatant by TCA precipitation. The proteins in the ConA-bound fraction (C)
and free fraction (F) were resolved by SDS-PAGE and immunoblotting. The membranes were probed with
primary antibodies against Sec63, Sec61 and Sss1. In Asbh1 Asbh2 strain microsomes from 38 °C, Sec63, Sec61
and Sss1 were present in the C fraction when solubilised in digitonin (lane 15). The * marks a 70 kDa band
reacting with Sec63 antibody.

In the samples from the wildtype SBH1 SBH2 membranes Sec63, Sec61 and Sss1 were all
present in the ConA-bound fraction in digitonin solubilised samples both at 24 °C and 38 °C
(Figure 3.5, lanes 3 and 7). The presence of ConA also seems to affect the run of lower
molecular weight proteins, causing a curve in Sss1 band. In the samples from the Asbh1 Asbh2
mutant grown at 24 °C, Sec63, Sec61, and Sss1 were seen in the ConA-bound fraction in the
digitonin-solubilised sample (Figure 3.5, lane 11). | saw a similar result for the Asbh1 Asbh2
mutant membranes when the cells had been grown at 38 °C (Figure 3.5, lane 15), indicating
that the Sec complex remains stable in the Asbhl Asbh2 mutant at both permissive and
restrictive temperature. The experiment was repeated twice, and the same results were
obtained each time. My data suggests that Sbh1 is not essential for the stability of the Sec

complex.

100



Molecular dynamics (MD) simulations based on the cryo-EM structure of the Sec complex
which gave insight into the interaction sites between Sec63 and Sec61. They observed four
interaction sites between Sec63 and Sec61 in the simulations, of which two interaction sites
in the ER membrane were located close to their interaction sites with the Sbhl TM domain
[266]. If Sbh1 indeed contributes to the Sec complex stability as | hypothesised, its absence
alone would not destabilise the Sec complex as the other two interactions would suffice to
maintain stability. The results of a ConA precipitation experiment in such a scenario would
match what | saw in Figure 3.5. Taking into consideration these new insights, | wanted to re-
examine Sec complex stability in the absence of Sbh1 and determine if Sbh1 stabilises the
interactions between Sec63 and Sec61 TM domains in the presence of high salt, which would
disrupt the interaction at the Sbh1l-independent contact sites. Since the cytosolic interaction
was likely electrostatic and the ER luminal interaction was polar, these interactions can be

destabilised by increasing the salt concentration [266].

| first optimised the salt concentrations in a pilot experiment (Supplementary Figure 3). |
used 0.3 OD2so of microsomes from Asbh1 Asbh2 and SBH1 SBH2 strains both grown at 24 °C
and 38 °C. | solubilised the microsomes in Extraction buffer containing 3% digitonin and 400
mM Potassium acetate (KOAc), in duplicates. Before precipitation with ConA-Sepharose, |
added Extraction Buffer containing 1 M KOAc and no detergent to the samples to raise the
salt concentration to 800 mM and dilute the digitonin concentration to 1%. After
precipitation, | aspirated the free fraction and TCA-precipitated the unbound proteins. |
analysed the samples by Western Blot and probed for Sec63 complex subunits Sec62 and
Sec63, and Sec61 complex subunits Sec61 and Sss1 with polyclonal antibodies as before.

Precipitations from solubilised SBH1 SBH2 microsomes were used as control for the stability
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of the Sec complex under high salt conditions. In the resulting immunoblot shown in Figure
3.6, Secb3, Secb62, Secb61, and Sss1 were all found bound to ConA in Asbh1 Asbh2 microsomes
from cells grown at 24 °C and 38 °C (Figure 3.6, lanes 9 and 10, and 13 and 14). Equivalent
results were seen in immunoblots with SBH1 SBH2 microsomes from cells grown at 24 °C and
38 °C (Figure 3.6, lanes 1 and 2, and 5 and 6). My experiments confirm that the Sec complex
remains stable in the absence of Sbhil, at restrictive temperature and under elevated salt

concentrations.
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Figure 3.6 Sec complex stability in Asbhl Asbh2 in elevated salt concentration. Microsomes from SBH1 SBH2
and Asbh1 Asbh2 strains grown at 24 °C and 38 °C, 0.3 OD2go each, were solubilised in 3% digitonin and then
diluted to 1% digitonin in duplicates while raising salt concentration to 800 mM KOAc using Extraction Buffer
containing 1 mM KOAc and no detergent. Samples were then precipitated with ConA-Sepharose, free fraction
was aspirated, and unbound proteins were precipitated using TCA precipitation method. The samples were
analysed by Western Blotting and probed for Sec63, Sec62, Sec61 and Sss1. The SBH1 SBH2 strain acts as control.
Sec63, Sec62, Sec61 and Sss1 were all present in the C fractions of Asbh1 Asbh2, at both temperatures (lanes 9
and 10, and 13 and 14). The * marks a 70 kDa band cross-reacting with Sec63 antibody.

In the ConA-precipitation experiments, | noticed a 70 kDa protein band close to Sec63 in
its molecular weight appearing in the free, unbound fraction. This band is marked with an *
in Figures 3.5 and 3.6, was developed when probed with the Sec63 antibody. To clarify
whether the 70 kDa band is a protein cross-reacting with the Sec63 antibody, | used 0.075
OD2so of microsomes from SBH1 SBH2 and Asbh1 Asbh2 cells grown at 24 °C and 38 °C and

washed them with Equilibration Buffer, containing protease inhibitors. | used the sec63-201
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mutant strain, which has a truncated form of Sec63 that lacks C-terminal 27 amino acid
residues, as a control [267]. | grew sec63-201 strain at permissive 30 ‘C and shifted to
restrictive 37 °C for 3 hours and isolated microsomes. | subjected the samples to SDS-PAGE
transferred the proteins to nitrocellulose and probed the membranes with polyclonal anti-
Sec63 antibodies. As shown in Figure 3.7(A) none of the strains showed the cross-reactive 70

kDa band. This suggested that the 70 kDa protein was not present in the initial microsomal

samples.
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Figure 3.7 Identifying a Cross-reacting Band. A) Microsomes, 0.075 OD,sq each, from SBH1 SBH2 and Asbh1
Asbh2 strains grown at 24 °C and 38 °C and sec63-201 strain grown at 37 °C were washed with Equilibration
Buffer containing protease inhibitors. They were then analysed by Western Blot and probed for Sec63. B) A 0.3
OD3s0 each of microsomes from SBH1 SBH2 and Asbh1 Asbh2 strains grown at 24 °C and 38 °C and sec63-201
strain grown at 37 “C were solubilised in 3 % digitonin or 1 % TX-100 and precipitated with ConA-Sepharose. The
unbound proteins in the free fractions were precipitated by TCA precipitation. The samples were analysed by
Western Blot and probed for Sec63, and later for Sec61 and Sss1 after stripping. The * marks the reappearing
cross-reacting protein band seen in the F fractions (even numbered lanes).

To determine whether the 70 kDa protein band is developed during a ConA precipitation
experiment, | performed another ConA precipitation experiment with solubilised SBH1 SBH2

and Asbh1 Asbh2 microsomes from cells grown at 24 °C and 38 °C, and sec63-201 microsomes,
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grown at 37 °C. | first probed the immunoblots for Sec63. In the results, shown in Figure 3.7(B),
the 70 kDa band appears again in the free fractions of not only SBH1 SBH2 and Asbh1 Asbh2
lysates, but also in the free fractions corresponding to sec63-201 lysate. To confirm that the
Sec complex was stable in this experiment, | again probed the blots for Sec61 and Sss1. | found
that the Sec complex remained stable in all the microsomes solubilised in digitonin (Figure 3.7
(B). Altogether, my results suggest that the protein band 70 kDa is likely a degradation product

of Sec63 formed in the course of the ConA precipitation experiment.

Taken together, my results suggest that Sbhl does not stabilise the TM domain
interactions between Sec63 and Sec61 and does not contribute to the overall stability of the

Sec complex.

3.2.3. Investigating the Contribution of Sbh1 to the Co-translational
Translocation Complex Stability

During co-translational translocation, the cytosolic domain of mammalian Sec61f directly
interacts with the RNC bound to the Sec61 channel, as well as with the incoming SPs within
the Sec61 channel vestibule [224,225,227]. My next step was to investigate if Sbh1, through
a similar interaction, contributes to the stability of the Sec61-ribosome co-translational
translocation complex. | wanted to investigate the complex stability by ribosome-associated
membrane protein (RAMP) fractionation (detailed in Section 2.2.8). In this method,
microsomes are first solubilised in an extraction buffer containing 3 % digitonin and
ultracentrifuged to pellet ribosomes and RAMPs. The supernatant is subjected to ConA

precipitation (Section 2.2.7). The pellet is resuspended in RAMP buffer containing puromycin
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to dissociate bound proteins from ribosomes and subjected to another round of
ultracentrifugation to pellet ribosomes. The freed proteins are precipitated by TCA method
(Section 2.2.4.2) and all the samples are analysed by SDS-PAGE (Section 2.2.4.3) and
immunoblotting (Section 2.2.4.4). If the Sec61-ribosome complex is stable, Sec61 channel
components should be present in the RAMP fraction as well as in the ConA-bound fraction as

a part of the Sec complex.

| first wanted to optimise the method for RAMP fractionation using microsomes derived
from wildtype SBH1 SBH2 strain grown at 24 °C, as in Section 2.2.8. | solubilised the
microsomes in 3 % digitonin or 1 % TX-100 as control. After ultracentrifugation to sediment
ribosomes, | precipitated the non-RAMPs in the ultracentrifugation supernatant with ConA-
Sepharose to obtain the ConA-bound (C) fraction and the unbound free (F) fraction. |
resuspended the pellet containing ribosomes and RAMPs in RAMP buffer containing 1 mM
puromycin. Puromycin causes premature termination of translation and dissociation of the
RNC from the Sec61 translocon. Then | subjected the ribosome/RAMP fraction to a second
ultracentrifugation to sediment the dissociated ribosomes from RAMPs. | precipitated the
proteins in the supernatant by TCA precipitation to obtain the RAMP (R) fraction and directly
resuspended the ribosome containing final pellet (P) in SDS-PAGE sample buffer. | resolved
the proteins by SDS-PAGE and analysed them by immunoblotting against Sec63, Sec62, Sec61

and Sss1.
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Figure 3.8 Ultracentrifugation was insufficient to fully fractionate ribosomes. A 0.84 OD,s, of microsomes
derived from SBH1 SBH2 strain grown at 24 °C were solubilised in 3% digitonin (right) or 1 % TX-100 (left) and
subjected to ultracentrifugation to sediment ribosomes and RAMPs. The supernatant was used for ConA
precipitation to obtain ConA-bound (C) and free, unbound (F) fractions. The pellet was resuspended in RAMP
buffer containing puromycin to dissociate RAMPs from ribosomes and ribosomes were sedimented by a second
ultracentrifugation step to obtain the ribosomal pellet (P) fraction and the RAMP (R) fraction. The samples were
analysed by Western blotting and probed for Sec63, Sec62, Sec61 and Sss1. Sec63 and Sec62 were detected in
C fractions (Lanes 3 and 7) and partially in the F fractions (Lanes 4 and 8). Sec61 and Sss1 were only found in
the F fraction of TX-100 solubilised microsomes (Lane 4) and C fraction of digitonin solubilised microsomes (Lane
7). The immunoblot was reprobed for the ribosomal protein RpL17a, which was detected in all fractions.

In the resulting immunoblot, shown in Figure 3.8, | detected Sec61 and Sssl in the F
fraction of microsomes solubilised in TX-100 (Lane 4) and the C fraction of digitonin solubilised
sample (Lane 7) as is expected. | did not detect Sec61 and Sss1 in the final P fraction (Lanes 1
and 5), implying that the RAMPs fully dissociated from the ribosomes. However, | did not
detect Sec61 or Sssl in the R fraction of either detergent solubilised sample (Lanes 2 and 6),
which should be present in an optimal method. To detect whether the ribosomes were
properly sedimented, | decorated the immunoblot with antibodies against the ribosomal
protein RpL17a. | detected RpL17a in every fraction of both the samples (Figure 3.8, lower
blot), suggesting that ribosomes were only partially sedimented by the ultracentrifugation
steps, with significant amounts of ribosomes/RAMPs still present in the supernatants

aspirated and used for further fractionation. Presence of RpL17a in the R fractions (Lanes 2
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and 7) suggests that protein content present after TCA precipitation, and that Sec61 and Sss1

were likely present at too low of a concentration to be detected by immunoblotting.

In the next experiment, | increased the starting concentration of SBH1 SBH2 microsomes
(derived from cells grown at 24 °C) by 2.5 times, to 2.1 OD2so to improve the concentration of
proteins across all fractions. | increased speed and time of the first ultracentrifugation step to
90,000 rpm for 1 h at 4 °C and the second ultracentrifugation to 100,000 rpm for 2 h at 4 °C
(TLA-120.1 Rotor, Optima™ MAX-XP Ultracentrifuge, Beckman Coulter) to match the
conditions used by Kalies et al. in a similar study [224]. After the first ultracentrifugation, |
resuspended the pellet in RAMP buffer not containing puromycin and added puromycin to a
final concentration of 2 mM after the pellet was fully resuspended to avoid its degradation in
the buffer. | followed all other steps for RAMP fractionation as described in Section 2.2.8.
After SDS-PAGE, | transferred the entire gel with the stacking gel intact to detect any protein

aggregates.

| first probed the blot with anti-Sec61 antibody and detected Sec61 only in F fraction of
TX-100 solubilised sample and C fraction of digitonin solubilised sample (Figure 3.9, Lanes 4
and 7 respectively). | also detected a high molecular weight band in P and R fractions in the
stacking gel with the Sec61 antibody, suggesting its dissociation from ribosomes and
subsequent aggregation (Lanes 2, 5 and 6, marked with an arrow). | further probed the blot
with antibodies against Sec63, Sec62 and Sss1. | detected Sec63 in the C fraction (Lanes 3 and
7), Sec62 in both C and F fractions (Lanes 3, 4, 7 and 8), and Sss1 only in the F fraction of TX-
100 solubilised sample (Lane 4) and the C fraction of digitonin solubilised sample (Lane 7). |

stripped the blot and probed with anti-RpL17a antibodies and detected RpL17a in both the P
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and R fractions (Lanes 1, 2, 5 and 6). Together, my results suggest that the first
ultracentrifugation step was sufficient to pellet ribosomes/RAMPs, while the second
ultracentrifugation step could either not fully sediment the ribosomes or | was inadvertently
aspirating the ultracentrifugation pellet while separating the supernatant. As Sec61 is known
to aggregate when solubilised, prolonged incubation time in the RAMP buffer likely resulted

in the Sec61 aggregates detected in the R fraction.
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Figure 3.9 Changes in ultracentrifugation parameters were insufficient to sediment ribosomes. A 2.1 OD,g, of
microsomes derived from SBH1 SBH2 strain grown at 24 °C were solubilised in 3% digitonin (right) or 1 % TX-100
(left) and subjected to ultracentrifugation at 90,000 rpm to sediment ribosomes and RAMPs. The supernatant
was used for ConA precipitation to obtain ConA-bound (C) and free, unbound (F) fractions. The pellet was
resuspended in RAMP buffer containing 2 mM puromycin to dissociate RAMPs from ribosomes and ribosomes
were sedimented by a second ultracentrifugation at 100,000 rpm to obtain the ribosomal pellet (P) fraction and
the RAMP (R) fraction. The samples were analysed by Western blotting and probed for Sec63, Sec62, Sec61 and
Sss1. Sec63 and Sec62 were detected in C fractions (Lanes 3 and 7) and Sec62 was also detected partially in the
F fractions (Lanes 4 and 8). Sec61 and Sss1 were only found in the F fraction of TX-100 solubilised microsomes
(Lane 4) and C fraction of digitonin solubilised microsomes (Lane 7). Aggregated Sec61 was also detected in P
fraction (Lane 5) and R fractions (Lanes 2 and 6). The immunoblot was reprobed for the ribosomal protein
RpL17a, which was detected in P and R fractions (Lanes 1, 2, 5 and 6).
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In the next optimisation experiment | solubilised 2.1 OD2go each of microsomes derived
from SBH1 SBH2 and Asbh1 Asbh2 strains (grown at permissive temperature) in Extraction
Buffer containing 3 % digitonin. Like in the previous experiment, | ultracentrifuged the
solubilised microsomes first at 90,000 rpm for 1 h at 4 °C (TLA-120.1 Rotor, Optima™ MAX-
XP Ultracentrifuge, Beckman Coulter) to sediment ribosomes/RAMPs with a 100 pL sucrose
cushion (200 mM sucrose in Extraction Buffer) to separate the pellet from the supernatant.
After resuspending and incubating the first pellet with RAMP buffer containing 2 mM
puromycin, | separated the ribosomes from the dissociated RAMPs by ultracentrifugation at
100,000 rpm for 2 h at 4 °C including a 100 pL sucrose cushion (200 mM sucrose in RAMP

buffer).

| resolved the proteins by SDS-PAGE in one set of the duplicates using pre-cast Bolt™ Bis-
Tris Plus Mini Protein gels, 4-12% gradient (Invitrogen™, ThermoFisher Scientific) and
analysed by Western blotting probed for Sec63, Sec61 and Sss1. For better resolution of lower
molecular weight proteins, the other set of samples were resolved by SDS-PAGE using 15 %
acrylamide-bisacrylamide gel (Section 2.2.4.5) using electrophoresis as described in Section
2.2.4.3, following Western blotting were probed for Sbh1l and RpL17a. | probed for Sbh1l to
detect the location of all Sec61 complex subunits in the various fractions. | detected Sec63,
Sec61 and Sss1 in the ConA-bound fraction of both strains (Figure 3.10, Lanes 3 and 7), as well
as partially in the free fraction (Lanes 4 and 8). | detected Sbh1 only in the ConA-bound
fraction of SBH1 SBH2 (Lane 3). | detected RpL17ain P, C and F fractions of both strains (Lanes
1,3,4,5,7and 8). | did not detect any of the proteins in the R fraction of either strain (Lanes
2 and 6). These results indicate that neither of the ultracentrifugation steps could sufficiently

sediment ribosomes.
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Figure 3.10 Inconsistent sedimentation of ribosomes points to a technical error. A 2.1 OD;g, of microsomes
derived from SBH1 SBH2 and Asbh1 Asbh2 strains grown at 24 °C were solubilised in 3% digitonin and subjected
to ultracentrifugation with a sucrose cushion at 90,000 rpm to sediment ribosomes and RAMPs. The supernatant
was used for ConA precipitation to obtain ConA-bound (C) and free, unbound (F) fractions. The pellet was
resuspended in RAMP buffer containing 2 mM puromycin to dissociate RAMPs from ribosomes and ribosomes
were sedimented by a second ultracentrifugation with a sucrose cushion at 100,000 rpm to obtain the ribosomal
pellet (P) fraction and the RAMP (R) fraction. The samples were analysed by SDS-PAGE and Western blotting
using a 4-12% Bis-Tris gel and a 15% arylamide-bisacryamide gel. The blot from the 4-12% gel was probed for
Sec63, , Sec61 and Sss1 (top) and the blot from the 15% gel was probed for Sbh1 and RpL17a. Sec63, Sec61 and
Sss1 were detected mainly in the C fractions (Lanes 3 and 7) and also detected partially in the F fractions (Lanes
4 and 8). Sbh1l was only detected in the C fraction of SBH1 SBH2 (Lane 3). RpL17a was detected in P, C and F
fractions (Lanes 1, 3,4,5, 7 and 8).

Taken together, my inconsistent results point to a technical error with the ultracentrifuge
used (Optima™ MAX-XP Ultracentrifuge, Beckman Coulter). Due to the unavailability of a

suitable ultracentrifuge in Saarbriicken campus, | could not continue with this study.
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3.2.4. Sec61-Sbh1 interaction with native Co-IP

The TM of Sbh1 interacts with TM1 and TM4 of Sec61 and TM3 of Sec63 within the Sec
complex [63,221]. The deletion of SBH1 and SBH2 leads to temperature sensitivity at 38 °C
[75,222]. As an alternative method to investigate the Sec complex at 38 °C, | wanted to study
the interaction between Sec61 and Sec63 by native co-immunoprecipitation (Co-IP) in the
presence and absence of Sbhi, i.e., in SBH1 SBH2 and Asbh1 Asbh2 strains grown at 38 °C. In
this method, microsomes are solubilised in Extraction buffer containing 3 % digitonin and the
samples are incubated with anti-Sec61 antibody and Protein A-Sepharose (ProtA), which
binds to immunoglobulin, to co-precipitate Sec61. The Sepharose beads are then collected,
and the co-precipitated proteins are analysed by Western blotting. Probing the blot with anti-

Sec63 antibodies would detect the presence of Sec61-bound Sec63.

| performed an experiment to optimise the order and time of incubation of ProtA and the
anti-Sec61 antibody with the solubilised microsomes. | solubilised microsomes derived from
SBH1 SBH2 cells grown at 24 °C in Extraction Buffer containing 3 % digitonin and incubated
the samples with ProtA-Sepharose to pre-clear non-specific ProtA binding proteins. | prepared
4 sets of samples, each with different conditions in duplicate. Set | was pre-cleared sample
precipitated by TCA method (Section 2.2.4.2) to detect the proteins present after the pre-
clear step. Set Il was incubated first with anti-Sec61 antibody for 1 h and then incubated with
ProtA for 1 h. Set Ill was incubated with both Anti-Sec61 antibody and ProtA together for 2 h.
Set IV was incubated only with ProtA. | collected the Sepharose beads after incubation and
analysed the precipitated proteins by Western blotting, probing for Sec61. | probed one of
the two blots also for Sss1 and the other blot for Sbh1l. Due to Sec61 having the same

molecular weight as a non-specific band, it could not be detected reliably. Sss1 was detected

111



in Sets |, Il and 1l (Figure 3.11 (A), Lanes 1 - 6). Sbh1 was detected in Sets Il and Il (Figure 3.11
(B), Lanes 11 - 14). Molecular weight difference in Sbh1 and Sss1 in Sets Il and Il was likely
caused by the uneven movement of the buffer front due to the presence of ProtA in the
samples. My results imply that Sec61 does not non-specifically bind to ProtA and Sec61-
associated proteins can be co-precipitated efficiently irrespective of the order of antibody
and ProtA addition. Sharper proteins bands in Set Il (Figure 3.11 (A) lanes 5 and 6, (B) lanes
13 and 14) suggest that it is preferable to incubate the sample with anti-Sec61 antibody and
ProtA together for 2 h. Sec61 could not be detected in the blots due to the presence of
antibody heavy chains which run at approximately similar molecular weights and are detected
by the secondary antibody. Unfortunately, due to inherent time constraints and competing

priorities, | could not continue with this project.
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Figure 3.11 Optimising incubation conditions for Native Co-IP. A 0.3 ODyg of SBH1 SBH2 microsomes derived
from strains grown at 24 °C were solubilised in 3 % digitonin and pre-cleared with ProtA to remove non-
specifically binding proteins. Proteins in Set | were TCA precipitated. Set Il was incubated first with anti-Sec61
antibody, followed by ProtA. Set Il was simultaneously incubated with anti-Sec61 antibody and ProtA. Set IV
was only incubated with ProtA. The samples were analysed by Western blotting. A) Immunoblot probed for
Sec61 and Sssl. Sss1 was detected in all samples, except Set IV. B) Immunoblot probed for Sec61 and Sbh1l.
Sbh1 was detected in Sets Il and Ill. Sec61 could not be reliably detected due to the presence of cross-reactive
bands at similar molecular weights.
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3.3. Deciphering the role of Sbh1 CMP region

The amphipathic N-terminal helix of Sec61 is deeply embedded in the ER membrane [64].
The Sbhl TM and Sec61 TM1 and TM4 interact, the presence of a positive patch of Lys
residues in the Sbh1 IDR, and a negative patch of Asp and Glu residues on the Sec61 N-
terminal helix, together with their proximity makes it likely for the Sec61 N-terminal helix and
Sbh1 cytosolic IDR to interact. Pratiti Bhadra modelled MD simulations for such an interaction.
She saw that a segment YEVIAPERK?® of Sec61 was always in close contact with *°DEATG* of
Sbh1, shown in Figure 3.13 (A). An extended conformation also suggested an interaction with
45DEATGLRV>? residues of Sbh1 [268]. The “*DEATGLRV>? residues are a part of the conserved
membrane proximal (CMP) region of Sbhl. The CMP region of Sbh1l is 16 residues long
situated between its cytosolic IDR and TM domain, extending from 139 to P54 residues and is

structured [218].
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Figure 3.12 MD simulation of Sbh1l and Sec61 N-terminal region revealed putative contact sites. A) Final
snapshot of 50 ns MD simulation between Sec61 N-terminus and Sbh1l showing close contact berween
19EVIAPERK?® of Sec61 and *DEATG™ of Sbhi. The sidechains in contact are highlighted with an orange box.
Modified figure from Yadhanapudi et al., 2024. B) Amino acid sequence of Sbh1. Phosphorylation sites are in red
and the TM residues are in green. Sec61 contact site is highlighted with an orange box.
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Previously Feng et al. had reported that the growth defect of Asbh1 Asbh2 strain at 38 °C
is rescued when the cells are supplemented with the truncated TM domain of Sbh1 [222]. The
truncated Sbh1l supplemented included 5 residues preceding the TM domain, namely,
0LRVDP>* residues of the CMP region. Given the apparent relevance of this region as
indicated by published data and MD simulations, | studied the Sbh1l CMP region. | generated
mutations in this region and characterised the resulting mutant strains for translocation

defects.

3.3.1. Generation of mutants in Sbh1 CMP region by site directed
mutagenesis

The extended MD simulation revealed that the *DEATGLRV>? sequence in the Sbh1 CMP
region interacted with Sec61. The P54 residue of Sbh1 is critical for the Sbh1l TM interaction
with Sec61 TM1 and TM4 and is suggested to function as a hinge to direct the Sbh1 cytosolic
domain away from the Sec61 lateral gate [64,221]. This led me to mutate D45-V52 and P54
residues in Sbh1l CMP region to Ala for my study. For logistical simplicity, | broke down the
mutation sites into 3 stretches: D45-G49, L50-V52 and P54 and exchanged them to Ala by site
directed mutagenesis (referred to as “CMP mutants”). | then mutated the CMP mutants to
create combinations of the mutation sites: sbh1D45-G49A/P54A, sbh1D45-V52A, sbh1L50-
V52A/P54A and sbh1D45-V52A/P54A. The mutation sites are indicated in Figure 3.13. Table

3.1 lists all the mutants generated, and their mutation sites.
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Figure 3.13 mutation sites in Sbhl CMP region targeted by site directed mutagenesis. In the Sbhl protein
sequence, phosphorylation sites are highlighted in red and the TM domain is highlighted in green. Within its
CMP region, D45-G49 mutation sites are highlighted in blue, L50-V52 mutation sites in magenta and the P54
mutation site in orange. These sites were mutated to Ala by site-directed mutagenesis.

Table 3.1 List of mutants and their mutations generated by site directed mutagenesis.

Strain Mutation

sbh1D45-G49A D45-G49A

sbh1L50-V52A L50-V52A CMP mutants
sbh1P54A P54A

sbh1D45-G49A/P54A D45-G49A, P54A

sbh1D45-V52A D45-V52A

Combo mutants
sbh1L50-V52A/P54A L50-V52A, P54A

sbh1D45-V52A/P54A D45-V52A, P54A

| designed the forward primers for site directed mutagenesis by substituting specific
codons in the SBH1 coding sequence with Ala codon in 5" = 3’ direction and included 12 bases
upstream and downstream of the mutation site. | used the reverse complement of the
forward primer as the reverse primer. Supplementary Figure 4 shows the primers aligned with

mutation sites in SBH1 coding sequence. All the designed primers are listed in Section 2.1.6.

| used SBH1 coding sequence in a pRS415 plasmid (KRB689) to generate the mutations as
described in Section 2.2.12. | inserted the mutated sbh1 fragments into the yeast centromeric
vector pRS415. The plasmid map for pRS415 is shown in Supplementary Figure 5, for KRB 689

in Supplementary Figure 6, CMP mutants in Supplementary Figure 7 and for combo mutants
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in Supplementary Figure 8. Once the mutations were confirmed by DNA sequencing, |
transformed the plasmids into the Asbh1 Asbh2 strain (KRY 588) for my experiments. | also
transformed the KRY 588 strain with an empty pRS415 plasmid (as Asbh1 Asbh2 strain) and
with pRS415-SBH1 plasmid from KRB 689 (as SBH1 strain) to use as controls for further

experiments.

3.3.2.Characterisation of CMP and combo mutants

| used the Asbh1 Asbh2 strain transformed with pRS415 plasmid containing mutant sbh1
to functionally characterise the Sbhl CMP region. | subjected mutants to growth assays at
different temperatures, quantified the levels of Sbh1 and the Sbh1 dependent substrate Gls1

produced by the mutants, and evaluated them for translocation defects.

| transformed the 3 CMP mutant plasmids into KRY 588 strain: sbh1D45-G49A, sbh1L50-
V52A and sbh1P54A. When 5 randomly picked colonies showed similar growth behaviour in
a preliminary test, | used one of the colonies for growth assay at 20°, 30° and 38 °C as
described in Section 2.2.3. | used KRY 588 strain transformed with SBH1-pRS415 as positive
control (SBH1). | also used KRY 588 transformed with empty pRS415 (Asbh1 Asbh2) as control
for severe temperature sensitivity at 38 “C and shh153A/T5A mutant as a control for moderate

temperature sensitivity at 38 °C [253].
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Figure 3.14 CMP mutants do not show temperature sensitivity. Transformed yeast strains grown to early
exponential phase were harvested, washed and diluted to 1 ODeqo. Serial dilutions of each strain corresponding
to 10°-10 cells were grown on -Leu media for 3 days at lower 20 °C, permissive 30 °C and restrictive 38 °C. The
growth of the three CMP mutants, sbhl D45-G49A, sbh1 L50-V52A and sbh1 P54A, was similar to the SBH1
positive control strain. The negative control strain Asbhl Asbh2 strain showed severe growth defect and
sbh1S3A/T5A strain showed moderate growth defect at 38 °C. All strains used were generated by transforming
KRY 588 strain with mutated SBH1 coding sequence, or wildtype SBH1 sequence in the case of SBH1 strain. The
10-cell spot in sbh1S3A/T5A strain grown at 30 °C was misaligned on the agar plate and spliced in to fit in the
figure.

All three CMP mutants that were assayed showed growth similar to SBH1 strain at the
three temperatures tested (Figure 3.14). As expected, Asbh1 Asbh2 strain showed a severe
growth defect at 38 °C and sbh1S3A/T5A strain showed a moderate defect at 38 °C. My results
imply that the Sbh1l CMP mutants sbh1D45-G49A, sbh1L50-V52A and sbh1P54A do not show
growth defects as compared to SBH1 strain, suggesting that CMP mutations do not interfere

with the function of Sbhlp.

Next, | transformed the combo mutant plasmids into KRY 588 strain: sbh1D45-
G49A/P54A, sbh1D49-V52A, sbh1L50-V52A/P54A and sbh1D49-V52A/P54A. For a preliminary
growth test, | randomly picked 5 colonies each and resuspended them in 100 pL of -Leu
medium. | used 50 pL of the resuspension to inoculate 5 mL of -Leu medium and measured

the growth of these colonies in real-time by growing them at 30 °C and periodically measuring

117



their ODsoo. | observed that the different colonies of each mutant were not growing at the
same rate. | streaked 10 pL of each colony on -Leu plates along with the transformed SBH1
and Asbh1 Asbh2 strains. Suspicious of a growth defect even at 30 °C, | included 25 °C as a

potential alternative for permissive temperature along with 20 °C, 30°C and 38 °C.

| documented the results after 3 days, shown in Figure 3.15. While most colonies from the
same strain showed growth comparable to each other and to SBH1 strain, | saw variations in
growth phenotypes of certain colonies of the same mutant. Colony 3 of sbh1D45-G49A/P54A
strain showed a growth defect at 20 °C while the other colonies showed growth comparable
to SBH1 strain at all temperatures tested. Among sbh1D45-V52A strain colonies, colonies 1
and 2 showed lower growth than SBH1 strain and other colonies at 20 and 25 °C, and colony
2 also showed growth defect at 38 °C. Colonies 1 and 2 of sbh1L50-V52A/P54A strain showed
mild defects at 38 °C as compared to SBH1. In sbh1D45-V52A/P54A, colony 1 appears to show
a mild growth defect at 20 °C as compared to SBH1. | retransformed the strains and performed
growth assays two more times but could not achieve consistent growth between picked
colonies. | decided to not proceed with characterising the combo mutants as the strains

appeared to adapt rapidly and unpredictably to compensate for their phenotype.
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sbh1D45-V52A

sbh1L50-V52A/P54A

sbh1D45-V52A/P54A

Figure 3.15 Combo mutants show variations in growth of different colonies even at the same temperature.
Five colonies were randomly picked from transformed sbh1 mutant strains grown on -Leu selective media plates
at 20°, 25°, 30" and 38 °C for 3 days. KRY 588 strain transformed with SBH1-pRS415 plasmid (SBH1 strain) and
with empty pRS415 plasmid (Asbh1 Asbh2 strain) were used as controls. Specific colonies from each mutant
strain did not show a growth phenotype that matched the rest of the colonies or the control SBH1 strain:
sbh1D45-G49A/P54A colony 3 appears sensitive to 20 °C; sbh1D45-V52A colonies 1 and 2 appear to be sensitive
to 20° and 25 °C and colony 2 is additionally also sensitive to 38 °C; sbh1L50-V52A/P54A show mild defects at 38
°C; sbh1D45-VV52A/P54A colony 1 appears to be sensitive to 20 °C.

I moved forward with characterising the CMP mutants sbh1D45-G49A, sbh1L50-V52A and
sbh1P54A. | determined the steady-state levels of Sbh1 produced by each of these mutants
at 30 "C using whole cell extracts. | also determined the steady-state levels of Gls1l in CMP

mutants at 30 °C, as Asbh1 Asbh2 strain was previously shown to have reduced Gls1 levels
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even at permissive temperature [222]. GIsl is dependent on the phosphorylation of S3 and
T5 residues of Sbh1 [253]. | used KRY 588 strain transformed with SBH1-pRS415 as positive
control (SBH1) and KRY 588 transformed with empty pRS415 (Asbhl Asbh2) as negative
control. | analysed the cell extracts by Western blotting (Section 2.2.4), probing for Sbh1 or
Gls1 and Rpn12 as a loading control. | quantified the immunoblots using ImageQuant™ TL
software (GE Healthcare). The results are presented in Figure 3.16 (A). | found that sbh1D45-
G49A strain produced 165% of Sbh1 in the control SBH1 strain, sbh1L50-V52A strain produced
only 22% of Sbh1 in SBH1 strain and sbh1P54A strain produced 72% (Figure 3.16 (A), left).
Among the Gls1 levels, sbh1D45-G49A strain had closest to SBH1 strain with 130%, sbh1L50-
V52A had 170% of SBH1 strain level, and sbh1P54A produced 230% Gls1 of SBH1 strain (Figure
3.16 (A), right). While Sbh1 levels vary greatly from SBH1 strain, Gls1 levels produced by the

CMP mutant appears to be higher than SBH1 strain as a general trend.

When | repeated this experiment, saw very different results. Sbh1 levels for sbh1D45-
G49A strain reduced to 88% of SBH1 strain, Sbh1l level in sbh1L50-V52A strain stayed within
a similar range at 26% and sbh1P54A strain Sbhl level increased to 140% of SBH1 strain
(Figure 3.16 (B), left). On the other hand, Gls1 levels in all the CMP mutants changed to be
closer to SBH1 strain level, with both sbh1D45-G49A and sbh1L50-V52A strains producing

128% of SBH1 strain Gls1 and sbh1P54A strain producing 110% (Figure 3.16 (B), right).
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Figure 3.16 Sbh1 and Gls1 levels in CMP mutants vary with time. Cells extracts were prepared from 1 ODggo of
CMP mutant strains grown to early exponential phase at 30 °C. KRY 588 strain transformed with pRS415- SBH1
plasmid (SBH1 strain) and with empty pRS415 plasmid (Asbh1 Asbh2 strain) were used as positive and negative
controls, respectively. The extracts were analysed by Western blotting and probed for Sbh1 or Gls1, and Rpn12
as loading control. The amount of Sbh1/Gls1 detected in the immunoblot was quantified and plotted in a chart
given below each immunoblot. A) Sbh1 (left) and Gls1 (right) levels in CMP mutants 1 week after transformation.
When compared to the levels in SBH1 strain, sbh1D45-G49A strain produced 168 % of Sbh1 but 130 % of Gls1,
sbh1L50-V52A strain produced 22 % of Sbh1 and 170 % of Gls1, and sbh1P54A strain produced 72 % of Sbh1 but
230 % of Gls1, more than twice the amount of Gls1 seen in SBH1 strain. B) Sbh1 (left) and Gls1 (right) levels in
CMP mutants 3 weeks after transformation. The sbh1D45-G49A strain reduced the amount of Sbh1 produced
to 88 % of SBH1 strain level, sbh1L50-V52A strain produced nearly the same amount of Sbhl at 26 %, and
sbh1P54A strain increased the amount of Sbhl produced to 140%, nearly twice the Sbhl seen in new
transformants. The amount of Gls1 produced by each strain altered closer that in SBH1 strain, with sbh1D45-
G49A and sbh1L50-V52A strains both producing 128 % and sbh1P54A strain producing 110%.

121



| used the same transformants of the CMP mutant strains for both experiments. The
strains were 1 week old at the time of the first experiment, and 3 weeks old at the time of the
second. | retransformed the CMP mutant strains and repeated the experiment within one
week of their transformation. | determined the levels of Sbh1 and Gls1 in 5 randomly picked
colonies of each mutant (Supplementary Figure 9). | found the amount of both Sbh1 and Gls1

matched those seen in Figure 3.16 (A).

Taken together, my results show that with time, the CMP mutants adapt to compensate
for their phenotype in uncertain ways, similar to what | had seen in the previous section when
characterising growth defects in combo mutants. To minimise any variation in results, |
retransformed the CMP mutants, picked one colony from each mutant and cryopreserved it
within 4 days of transformation. | confirmed that they show similar growth as in Figure 3.15
by repeating the growth assay. | revived these newly transformed CMP mutant strains at the
beginning of each week and ensured to use strains that were no older than 10 days from

transformation for each experiment in the following sections.

| assessed the Sbhl and Gls1 levels in the newly transformed CMP mutant strains grown
to early exponential phase at 30 °C, in duplicates, by Western blot analysis of their cell
extracts. | probed the blots for Sbh1 or Gls1 and for the loading control Rpn12. | quantified
the immunoblots using ImageQuant™ TL software (GE Healthcare). | found the Sbh1 level in
sbh1D45-G49A is 158% of that in SBH1 strain, in sbh1L50-V52A it is 48% and in sbh1P54A it is
83% (Figure 3.17, left). Gls1 level in sbh1D45-G49A is 108% of that in SBH1 strain, in sbh1L50-

V52A it is 145% and in sbh1P54A it is 140% (Figure 3.17, right).
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Figure 3.17 CMP mutants have impaired Sbh1 production and Gls1 import. Cells extracts were prepared from
1 ODggo of newly transformed CMP mutant strains grown to early exponential phase at 30 °C. KRY 588 strain
transformed with SBH1-pRS415 plasmid (SBH1 strain) and with empty pRS415 plasmid (Asbh1 Asbh2 strain) were
used as positive and negative controls, respectively. The extracts were analysed by Western blotting and probed
for Sbh1 or Gls1, and Rpn12 as loading control. The amount of Sbh1/Gls1 detected in the immunoblot was
quantified and plotted in a chart below each immunoblot. When compared to the levels in SBH1 strain, sbh1D45-
G49A strain produced 158 % of Sbh1 but 108 % of Gls1, sbh1L50-V52A strain produced 48 % of Sbh1 and 145 %
of Gls1, and sbh1P54A strain produced 83 % of Sbh1 but 140 % of Gls1.

My results show that mutations in Sbh1 CMP residues alters the production of Sbh1. The
amount of Gls1, a Sbh1 phosphorylation-dependent substrate, produced in CMP mutants is
also affected. As the amount of Gls1 produced by the CMP mutants alters with time to be

closer to that produced by SBH1 strain, the ER import function of Sbh1 is likely affected by

the CMP mutations.

Next, | investigated the general translocation efficiency of CMP mutants. For these
experiments, | looked at the ER import of specific precursors at restrictive temperatures,

namely, the precursors of Kar2, DPAPB, PDI and CPY. | grew the CMP mutant strains at
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permissive 24 °C until they reach 0.5 ODeoo and transferred the strains to restrictive 38 °C for
3 hours. | used KRY 588 strain transformed with pRS415-SBH1 as positive control (SBH1) and
depending on the substrate being investigated, KRY 588 transformed with empty pRS415
(Asbh1 Asbh2) or sec61-32 strain as the negative controls. The sec61-32 strain is cold sensitive,

| grew the strain at permissive 30 °C and shifted to restrictive 20 °C when used [242].

First, | checked the import of Kar2 precursor pKar2, which is translocated both co-
translationally and post-translationally into the ER. Kar2 is an ER resident Hsp70 ATPase. As
demonstrated in Section 3.1, Kar2 depends on Sbh1 for its import at 38 °C. | analysed whole
cell extracts of CMP mutants, SBH1 and Asbh1 Asbh2 strains by Western blotting and probed
the blot with anti-Kar2 antibodies. | did not detect accumulation of pKar2 in the CMP mutants,

indicating that its import was unaffected (Figure 3.18(A)).

To test for the presence of general co-translational translocation defects, | analysed the
import of DPAPB precursor. DPAPB (120 kDa) is an integral membrane protein. Its cytosolic
precursor pDPAPB (96 kDa) is imported co-translationally into the ER where it is glycosylated
to form mature protein [269]. | investigated the accumulation of pDPAPB in the CMP mutants,
SBH1 and sec61-32 strains grown at their restrictive temperatures by pulse-labelling cells with
[3°S]-Met/Cys, immunoprecipitation with DPAPB antibody and detecting by autoradiography.
The sec61-32 strain acts as the positive control here. | did not detect pDPAPB in the CMP

mutants, shown in Figure 3.18(B), implying that it was imported into the ER.
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Figure 3.18 CMP mutants do not show general protein translocation defects. Accumulation of co-translationally
and post-translationally imported protein cytosolic precursors in CMP mutant strains. CMP mutants, SBH1,
Asbh1 Asbh2 and sec61-32 strains were grown at their permissive temperature (24° or 30 °C) to 0.5 ODggo and
shifted to their restrictive temperature (38° or 20 °C) for 3 h. For Western blotting, cell extracts were prepared
from 2 ODgoo Of cells grown at both permissive and restrictive temperatures and sample corresponding to 0.25
ODgoo of cells was resolved by SDS-PAGE, followed by immunoblotting against specific proteins. In pulse-labelling
experiments, 1.5 ODgoo duplicates of each strain grown at their restricted temperature for 3 h were pulse-
labelled with [3°S]-Met/Cys and extracted, immunoprecipitated with specific antibodies, and detected by
autoradiography. In all experiments SBH1 strain acts as the negative control, and Asbh1 Asbh2 or sec61-32 strain
acts as the positive control. A) Kar2 precursor accumulation analysed by Western blotting. B) DPAPB precursor
accumulation by pulse-labelling the cells with [**S]-Met/Cys for 15 mins and immunoprecipitated with anti-
DPAPB antibody.. C) PDI precursor accumulation analysed by Western blotting. D) CPY precursor incorporation
analysed by pulse labelling the cells with [**S]-Met/Cys for 5 mins and immunoprecipitated with anti-CPY
antibody.

Next, | tested the import of post-translationally translocated PDI precursor, pPDI. PDI is
an ER resident chaperone. | analysed the accumulation of pPDI in cell extracts of CMP
mutants, SBH1 and sec61-32 strains grown at their permissive and restrictive temperatures
by Western blotting of cell extracts and probed the blot with antibodies against PDI. The CMP
mutants did not accumulate pPDI, as shown in Figure 3.18(C), suggesting that its import into

the ER was not affected.
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| investigated the post-translational import of the cytosolic precursor of CPY vacuolar
protease, ppCPY. Upon its import into the ER, ppCPY is glycosylated to p1CPY. | pulse labelled
CMP mutants, SBH1 and sec61-32 strains grown at their restrictive temperatures with [3°S]-
Met/Cys, immunoprecipitated the proteins with anti-CPY antibodies and detected the
presence of CPY precursors by autoradiography. | saw that the CMP mutants were not
defective in ppCPY import, implied by the presence of the ER incorporation product p1CPY in

Figure 3.18(D).

My results suggest that CMP mutants do not have general defects in co-translational or
post-translational translocation of proteins. While the import of Kar2 is dependent on Sbh1,
it is independent of its phosphorylation [253]. The import of Gls1, which was defective even

at 30 °C (Figure 3.17), depends on phosphorylation of S3 and T5 residues of Sbh1 [253].

Altogether, my results imply that the CMP region of Sbh1 plays a specific role in the import
of S3/T5 phosphorylation dependent Sbh1 substrate, Gls1. Mutations in CMP region affect
the ability of Sbh1 to import Gls1 into the ER and CMP mutant strains can compensate for this

defect by adjusting the amount of Sbh1 produced.
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3.4. Identifying interactions of Sbh1 cytosolic domain

Structural versatility of IDRs enables them to interact with various binding partners [199].
These disorder-to-order transitions are often modulated by post-translational modifications
such as phosphorylation [195]. The cytosolic domain of Sbhl includes an N-terminal IDR which
has 7 phosphorylation sites and the CMP region. The cytosolic domain of mammalian Sec61f3
interacts with the ribosome [224,225], nascent polypeptide in the Sec61 channel vestibule
[226,227] and helps effectively insert the nascent polypeptide chain [101]. Several proteins
have been identified as dependent on Sbh1, and Sbh1 phosphorylation for their insertion in
yeast [253]. My data indicates the involvement of Sbhl CMP region in the insertion of S3/T5
phosphorylation dependent substrates. Given this context and the broader implications of
regulation of the structural configuration of Sbh1 IDR, | wanted to investigate the protein-
protein interactions of Sbh1 cytosolic domain and identify the specific residues involved in

these interactions.

3.4.1.Predicting molecular recognition features in Sbh1

IDRs can adopt a structure suitable for an interaction with their target protein. Molecular
recognition features (MoRFs) are short binding sites within the IDR that interact with the
binding partner and contribute to the function of the IDR [198]. MoRFs are typically islands of
conserved aromatic and hydrophobic residues [199]. As Sbh1 IDR has such residues, | wanted

to assess the possibility of them being MoRF(s).
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Figure 3.19 Sbh1 IDR has two potential MoRFs. A) Tendency for disorder and protein binding in Sbh1. IUPred2
plot (red) shows M1 to S35 residues have a propensity score >0.5 and tend to be disordered. ANCHOR2 plot
(blue) shows M1 to K17 residues have a propensity score >0.5 and are protentially protein binding. B) MoRF
predictions using MoRFcisi_web. Conservation based propensity score ICS (gray) was >0.5 for M1 to R16. MC
propensity score (green) based on physicochemical properties of residues was >0.5 for the Sbh1 IDR, except for
residues T5 to Q10. Overall MoRF propensity score MCW (brown) was >0.65 for the Sbh1 IDR, with M1 to Q18
being >0.75. C) MoRFs in the Sbh1 IDR as predicted by MoRFpred. Potential MoRFs are highlighted with a red
M, non-MoRFs are identified with a green n.

Various computational algorithms have been developed to predict MoRFs. | ran the full
Sbh1l sequence through one such tool, IUPred2/ANCHOR2 [270]. IUPred2 identifies
disordered regions and the disorder tendency of residues. ANCHOR?2 identifies disordered
binding regions and the probability of the residues being part of a binding region. The
prediction in Figure 3.19(A), IUPred2A plot showed Sbh1 N-terminal residues M1 to S35 have
a score > 0.5 and have a greater probability of being disordered, and an ANCHOR2 plot shows

residues M1to K17 have a > 0.5 score and have a higher probability of protein binding.
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| used MoRFChiBi system as another way to predict MoRFs in Sbh1. This method assesses
physicochemical properties of the sequence, and its conservation generates propensity
scores using Bayes rule [271]. Figure 3.19(B). The MC score based on physiochemical
properties showed a > 0.5 propensity score for all residues except T5 to Q10. The conservation
score ICS was > 0.5 for M1 to R16 residues. MoRFCHiBi_Web showed an overall propensity
score (MCW) > 0.75 for M1 to Q18 residues and > 0.65 for the rest. The S35 to A47 residues,
which include the C-terminal of IDR and the first 9 residues of the CMP region, showed high

scores despite mostly not being in the IDR.

| also used MoRFPred and MFSPSSMPred which showed MoRFs in similar regions, one
close to N-terminal including at least the T12 phosphorylation site, one towards the C-end of

the IDR and extending into CMP (Supplementary Figure 10) [272].

To focus only on the Sbhl IDR, | ran more predictions using Sbh1l M1 to S38. MoRFPred
uses sequence alignment, residue properties, disorder prediction, solvent accessibility and B-
factor [273]. It identified two MoRFs: Q10 to T12 and K30 to S38 (Figure 3.19(C)). | used the
Sbh1 IDR in Disopred3 and MoRFChiBi tools and saw the same MoRFs (Supplementary Figure

11).

Taken together, the predictions imply the presence of at least 2 MoRFs in Sbh1 cytosolic
domain, one between Q10 to T12 phosphorylation site and another encompassing the C-
terminal end of the disordered region including S35 and S38 phosphorylation sites. ANCHOR2
and MoRFChiBi tools also predict a high propensity of the N-terminal residues M1 to R16 to

be protein binding. This region has 4 phosphorylation sites, including S3 and T5, which could
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potentially participate in the disorder-to-order transition of the IDR, thereby regulating Sbh1

function.

3.4.2.Peptide Panning Strategy and pilot experiments

Sbh1 is required for translocation of specific proteins. Recent results identified proteins
that specifically depended on phosphorylation of Sbh1 [253]. Phosphorylation can induce
disorder-to-order transitions in IDRs [195]. Sbh1 IDR has residues that can potentially act as a
MoRF and has 7 phosphorylation sites possibly regulate the IDR structure and function. In
Section 3.2 | identified a potential interaction between Sbhl CMP region and Sec61 N-
terminal helix and demonstrated its importance for the import of specific Sbhl S3/T5
phosphorylation dependent substrates. Sec61f3 was crosslinked to incoming polypeptides in
the vestibule of Sec61 channel [226,227]. This motivated me to explore the interactions of

Sbh1 cytosolic domain.

| wanted to identify specific residues of the of Sbh1 cytosolic domain that can directly
interact with other proteins. To achieve this, | used a peptide panning technique, summarised
in Figure 3.20. In this method, an array of Sbh1 peptides is synthesised on an acid-hardened
membrane and is probed with biotinylated peptides of potential interaction partners. The
peptide-peptide interaction is then detected using anti-biotin antibodies, similar to an

immunoblot.
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Figure 3.20 Overview of Peptide Panning Analysis. Step 1. Peptides panning the length of Sbh1 cytosolic domain
are C-terminally anchored to an acid-hardened cellulose membrane in a pre-designed array. The peptide array
is probed with C-terminally biotinylated peptides to investigate their interaction with Sbhl. Step 2. The
membrane is probed with HRP conjugated anti-biotin antibodies to detect Sbh1-peptide interactions. Step 3.
Sbhl-peptide interactions are revealed by chemiluminiscence. Detection spots may appear lighter or darker
depending on the strngth of the interaction with the peptide at that spot. Here, the array design and interactions
are for representation only. Created with BioRender.com.

Sbh1 peptides panning the cytosolic domain from M1 to L55 were synthesised onto an
acid-hardened cellulose membrane, each 20 residues in length and moving with a 2-residue
sliding window (Figure 3.21(A)). Peptides were anchored to the membrane at their C-terminal
end to mimic their orientation in the intact protein in the ER membrane. To reflect the effect
of Sbh1 phosphorylation on interactions, phosphorylated state of each S and T residue and all
combinations of these residues were included. For the N-terminal peptide, combinations of

N-terminal phosphorylation, which is seen physiologically, was also included [274]. Cytosolic

domain peptides of Sbh1 paralog Sbh2 from M1 to L62 were analogously synthesised. Sbh2 is
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a part of Ssh1 complex and was previously shown to rescue cells from temperature sensitivity
in the absence of Sbh1 [222]. Phosphorylation of Sbh2 has not yet been shown, hence not

included in this study.

The layout of the peptide panning array is shown in Figure 3.21(C). The array starts with
N-terminally acetylated Sbh1 S2 to S21 residues at position AO1. The next set is Sbhl M1 to
S20 residues starting at spot A17, followed by P4 to K23 residues, and so on and ends with
combinations of N36 to L55 residues at position 122. A spot was left empty between two
peptide sets to help with orientation. Sbh2 peptides are from spot 124 to J15. Spots K01 to
T15 are a duplicate of spots A01 to J15. Thus, each experiment is inherently run as duplicates.
Spots T20 and T24 are positive controls, containing a peptide of phosphorylated Sbh1. Spots
T22 and T26 are negative controls, containing a peptide which does not show similarity with

Sbh1. Complete index of spots is provided in Appendix B.

For the experiments, | spliced the control spots from the membrane and incubated them
with anti-phosphorylated Sbhl instead of biotinylated peptide, then with biotinylated
secondary antibody and finally detected using HRP conjugated anti-biotin antibody (Figure
3.21 (B)). I imaged the membranes in AI600 Imager (Amersham) with a 2 sec exposure time.

After each experiment | stripped and reused the blots.
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Figure 3.21 Design of peptide panning membrane. A) Selection of peptides for peptide panning. Sbh1 20-mer
peptides were synthesised from M1 to L55 panning the entire cytosolic domain with a 2 residue sliding frame,
indicated by an orange box. Peptides with combination of Ser/Thr phosphorylation states and N-terminal
acetylation were included. Sbh2 cytosolic domain peptides panning M1 to L62 were also synthesised (not
pictured). B) Detection of control peptides. A short phosphorylated Sbh1 peptide was used as positive control
and a non-Sbh1 peptide was used as negative control. During experiments, the control spots were spliced out
of the peptide panning membrane and separately probed with anti-Sbh1p antibody. The membrane was further
probed with biotinylated secondary antibody, followed by HRP conjugated anti-biotin antibody to detect the
control peptides. C) Layout of the peptide panning membrane. Each stretch of white spots corresponding to a
Sbh1 20-mer and its variations is separated by a blank spot (gray). Spots KO1 to T30 are a duplicate set of the
spots from AO1 to J30. Table gives the legend for the peptide array.




Potential Sbh1 interaction partners to test were chosen based on previously reported
associations. Additionally, the peptides needed to be synthesised in soluble form to be usable
in the experimental setup. Since MD simulations identified an interaction between Sbh1 CMP
region and Sec61 N-terminal helix (Figure 3.13), Sec61 N-terminal helix was a potential
interaction partner to investigate [268]. SPs of two Sbh1 dependent proteins, Gls1 and Irc22,
and two Sbh1l-independent proteins, ppCPY and ppaF, were also selected to investigate for
their interaction with Sbh1 cytosolic domain. These SPs do not depend on Sbh2 for their

import. The sequences of the biotinylated peptides used are listed in Table 3.2.

Table 3.2 List of biotinylated peptides used in this study.

Peptide Sequence
Gls1 Peptide
(first 24 aa-Biotin)
Irc22 Peptide
(first 21aa-Biotin)
Prepro-CPY Peptide
(first 20 aa-Biotin)

MLISKSKMFKTFWILTSIVLLASAK-Biotin

MRFSMLIGFNLLTALSSFCAAK-Biotin

MKAFTSLLCGLGLSTTLAKAK-Biotin

ppaF (first 20 aa-Biotin) MRFPSIFTAVLFAASSALAK-Biotin

Sec61 N-terminal Helix acSSNRVLDLFKPFESFLPEVIAPERK-Biotin

| began my investigation by running pilot experiments to optimise the method. Initially, |
planned to detect protein interactions using HRP conjugated streptavidin. Streptavidin has a
high affinity for biotin and binds to it non-covalently. To rule out any cross-reactions in the
experiment system, | activated an intact membrane (control spots were not spliced out),
blocked it with BSA, and incubated it with streptavidin-HRP. | visualised the membrane using
chemiluminescence. Unexpectedly, | saw interactions with Sbhl N-terminal peptides
corresponding to the N-terminus (Figure 3.22). Various positions between spots AO1 and C29,

corresponding to Sbh1l M1 to T33 residues, including acetylated N-terminus. Among these,
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strongest interactions were observed with peptides ranging from M1 to K23 residues.
Comparable Sbh2 residues also showed interactions in row 124 to J01, covering M1 to T32

residues. Same interactions were seen in the duplicate spots as well.
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Sbhl MSSPTPPGGQRTLQKRKQGSS--QKVAASAPKKNTN-———— SNNSILKIYSDEATGLRVDPL 55

Sbh2 MAASVPPGGORILOKRRQOAQSIKEKQAKQTPTSTROAGYGGSSSSILKLYTDEANGFRVDSL 62

Figure 3.22 N-terminal peptides cross-react with streptavidin. The peptide panning membrane was activated
with methanol, blocked with 1 % BSA, washed with binding buffer and probed with streptavidin-HRP.
Interactions were revealed by chemiluminiscence. Interactions were revealed with various Sbh1 peptide spots
between A01 and C29 corresponding to M1 to T33 residues. Sbh2 peptide spots 124 to JO1 corresponding to M1
to T32 residues also showed interactions. The interacting residues of Sbh1 and Sbh2 are highlighted in purple.

| repeated the experiment in an unused membrane by activating it with methanol,
equilibrating it in binding buffer and probing it with streptavidin-HRP. | saw the exact same
interaction spots again, implying that streptavidin was cross-reacting with Sbh1 and Sbh2 N-
terminal peptides. | decided to avoid using streptavidin further experiments and switched to
HRP conjugated anti-biotin antibody instead. Upon repeating the experiment, | observed
cross-reactivity with the anti-biotin antibody as well, shown in Supplementary Figure 12.

However, it was easier to strip the antibody from the membrane than streptavidin, which

requires harsher stripping protocol that would degrade the peptide array faster. Bearing
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practicality in mind, | decided to use anti-biotin-HRP antibody to reveal the peptide-peptide

interactions.

3.4.3. Interactions of Sbh1 cytosolic domain

| first wanted to study the interactions between Sbh1 cytosolic domain and Sec61 N-
terminal helix. | probed the activated and blocked peptide panning membrane with
biotinylated Sec61 N-terminal peptide. Surprisingly, | saw interactions only with cross-
reacting spots (Figure 3.23). The Sec61 N-terminal helix is amphipathic and is embedded into
the lipid bilayer. Incompatibility of the isolated residues with the aqueous buffer system used

could lead to the lack of interactions that may occur in physiological conditions.
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Figure 3.23 Sec61 N-terminal helix does not interact with Sbh1 cytosolic domain peptides. Peptide panning
membrane was activated with methanol, blocked with 1 % BSA, probed with 2 uM biotinylated Sec61 N-terminal
peptideand visualised using anti-biotin HRP antibody. The interactions seen with Sbh1l and Sbh2 N-terminal
peptides correspond to the cross-reacting peptides seen previously. The spliced control spots were imaged
separately.
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Next, | investigated the interactions of Sbh1 cytosolic domain with SPs. | wanted to study
the interactions of Sbh1 cytosolic domain with the SPs of proteins that depend on Sbh1l for
their translocation. The first SP | analysed was that of Glsl, which depends on S3 T5
phosphorylated Sbhl for its import. | probed the activated and blocked membrane with
biotinylated Gls1 SP. | visualised the interactions using anti-biotin HRP antibody, shown in
Figure 3.24(A). | saw strong interactions in positions A01 to F17, corresponding to Sbh1l M1
to K41 residues, including N-terminally acetylated residues. This was followed by a stretch of
spots showing no interaction, from F19 to F29 corresponding to V24 to Y43 residues.
Interactions picked up again from GO1 to 122 spots where Sbh1 peptides end, i.e., A26 to L55
residues with varying intensities. Intensity of interactions seem to increase as the sliding
frame moves towards the C-terminal end as it is including more CMP domain residues, from
G30to122.InSbh2, | saw strong interaction from 124 to JO3 spots corresponding to N-terminal
peptides M1 to G38 and interaction of varying intensities from J10 to J15 which corresponds
to Sbh2 CMP region, with little to no interaction between J04 to J09. My results imply Gls1 SP
shows strong interactions with Sbh1 N-terminal peptides and CMP peptides, and with Sbh2

N-terminal peptides.

| examined Sbhl cytosolic domain interactions with the SP of another Sbhl
phosphorylation dependent substrate Irc22. | probed blocked peptide panning membrane
with 2 uM biotinylated Irc22 SP and visualised their interactions, shown in Figure 3.24(B). |
saw strong interactions with Sbh1 N-terminal peptides in spots A0l to F17, corresponding to
M1 to K41 residues and no interaction with a stretch of spots from F19 to F29, corresponding
to V24 to Y43 residues. Interactions picked up again from spots GO1 to 122, starting weak but

get stronger as they move towards Sbh1l CMP region. Similarly, for Sbh2, strong 124 to JO3
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interactions corresponding to N-terminal peptides M1 to G38, strong interactions from J10 to
J15 spots corresponding to Sbh2 CMP region and weak to no interaction from J04 to JO9 spots.
Both Gls1 and Irc22 interactions are very similar, showing strong interactions with Sbh1l N-
terminal peptides and CMP peptides, and with Sbh2 N-terminal peptides. This could be

indicative of a pattern of interaction.
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Figure 3.24 Sbh1 dependent signal peptides interact with Sbh1 N-terminal and CMP peptides. Peptide panning
membrane was activated, blocked with 1 % BSA and probed with 2 uM biotinylated SPs. The interactions were
detected by chemiluminiscence using anti-Biotin HRP antibody. Strong interactions were detected with Sbh1 N-
terminal peptides in spots AO1 to F17, F19 to F29 spots do not show any interaction, and interactions are seen
again with Sbhl CMP peptides in spots GO1 to 122. Sbh2 N-terminal peptides in spots 124 to JO3 and CMP
peptides in spots J10 to J15 also interact with the SPs. A) Interactions with biotinylated Gls1 SP. B) Interactions
with biotinylated Irc22 SP.
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| further investigated Sbh1l cytosolic domain interactions with SPs of proteins not
dependent of Sbh1 for their import into the ER. First, | probed the blocked peptide panning
membrane with biotinylated ppCPY SP. | revealed interactions using anti-biotin HRP antibody,
shown in Figure 3.25(A). | saw interactions of varying intensities between A0l to F17,
corresponding to Sbhl N-terminal peptides of M1 to K41 residues. | saw no further
interactions with Sbh1l peptides. For Sbh2, | saw interactions between 124 to JO3 spots
corresponding to Sbh2 N-terminal M1 to G38 residues and with J11 to J15 spots
corresponding to Sbh2 CMP region residues R35 to L62. My results imply the Sbh1 and Sbh2

N-terminal peptides, and Sbh2 CMP peptides interact generally with peptides.

Next, | looked at the interactions of ppaF SP, which is also not dependent on Sbh1 for its
import, shown in Figure 3.25(B). | saw interactions of varying intensity between AO1 to F17
spots of Sbh1l N-terminal M1 to K41 residues and no interaction with peptides between F19
to F29 spots. | further occasional interactions with spots H19 to H26 and 104 to 109
corresponding to Sbhl N32 to D53. The peptides of the interacting spots include
phosphorylation of T33, S44 and T48 residues which are not seen physiologically in Sbh1. For
Sbh2, strong interactions seen between 124 and JO3 corresponding to N-terminal, and weak
interactions with JO9 to J15 spots corresponding to Sbh2 P31 to L52 residues. N-terminal
interactions of Sbh1 and the interactions of Sbh2 with ppaF SP match with the interactions

with ppCPY SP. Sbh2 CMP peptides appear to interact with SPs in general.
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Figure 3.25 Sbh1 independent SPs do not interact with Sbhl CMP peptides. Peptide panning membrane was
activated, blocked with 1 % BSA and probed with 2 uM biotinylated SPs. The interactions were detected by
chemiluminiscence using anti-Biotin HRP antibody. Strong interactions were detected with Sbh1l N-terminal
peptides in spots AO1 to F17. Sbh2 N-terminal peptides in spots 124 to JO3 and CMP peptides in spots J11 to J15
also interact with the SPs. A) Interactions with biotinylated ppCPY SP. B) Interactions with biotinylated ppoF SP.
Strong interactions are seen in spots H19 to 26 and 104 to 109 corresponding to Sbh1l CMP peptides with non-
physiological phosphorylation states.

| observed that the peptide panning membranes often showed high background around
the spots at the outer corners of the membrane, i.e., rows A and T and columns 01 and 30.
This was likely due to the accumulation of proteins and peptides in the corners during the

long incubation times with shaking. | tried to offset this with shaking in different angles and
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rigorous washing. With each successive use of the membrane, there was a noticeable increase
in the background noise. | analysed the imaged membranes using ImageQuant software to
subtract background and normalised spot intensities using positive control spots as 100%. |

only considered spots that were detected by the software as interactions.

Taken together, my results demonstrate that the Sbh1l N-terminal M1 to K23 residues
tend to interact generally with SPs. Sbh1 V24 to 142 do not interact with any SPs. Residues
Y43 to L55 interact specifically with Sbhl dependent SPs. The interactions seem to be
independent of Sbh1 S35 S38 phosphorylation. Sbh2 N-terminal M1 to G38 residues and CMP
L49 to L62 residues also interact with SPs in general. Additionally, Sbh1l M1 to K23 and Sbh1
M1 to G38 also cross-react with streptavidin and anti-biotin HRP antibody. A peptide panning
experiment with a randomised peptide needs to be performed to determine if these N-
terminal interactions are SP and streptavidin/anti-biotin HRP antibody specific or if these
residues interact non-specifically with proteins. The results of peptide panning analysis are

summarised in Figure 3.26.

Sbhl MSSPTPPGGORTLOKRKQGSS—-QKVAASAPKKNTN-—-——— SNNSILKIYSDEATGLRVDPL 55
Interaction with
General interactions No interactions Sbh1-dependent

signal sequences

Sbh2 MAASVPPGGQRILQOKRRQAQSIKEKQAKQTPTSTROAGYGGSSSSILKLYTDEANGFRVDSL 62

No General

General interactions interactions interactions

Figure 3.26 Summary of interactions between SPs and Sbh1/Sbh2. Sbh1 N-terminal M1 to K23 residues and
Sbh2 N-terminal M1 to G38 residues show general interactions with SPs, streptavidin and anti-biotin HRP
antibody and are highlighted in purple. Sbh1 CMP Y43 to L55 residues interact specifically with Sbh1 dependent
SPs and are highlighted in green. Sbh2 CMP L49 to L62 residues interacts generally with SPs and are highlighted
in orange.
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4. Discussion

My objective in this study was to better understand the function of Sbh1/Sec61f in ER
protein translocation. For this purpose, | characterised the S. cerevisiae Asbh1 Asbh2 mutant
for defects in protein translocation, UPR, and respiratory competence. | evaluated the effect
of Sbh1l in stabilising the Sec complex. Subsequently, | studied the functions of Sbhl CMP
domain and examined the interactions of the Sbh1 cytosolic domain with signal peptides and

the Sec61 N-terminus.

Sbh1/Sec61f is the only non-essential subunit of the Sec61 complex. An estimated 12 %
of signal peptides in S. cerevisiae depend on Sbh1l for their translocation into the ER [253].
Our lab had additionally identified a small number of proteins (2% of the secretome library)
that are dependent on S3/T5 phosphorylation of Sbh1 for their transport into the ER [253].
Sec61p expedites co-translational translocation by directly interacting with the translating
ribosome and aiding the insertion of nascent polypeptides into the Sec61 channel [223-225].
The cytosolic domain of Sec61f directly interacts with the signal peptides or N-terminal

sequences of nascent polypeptides, likely contributing to their recognition [226,227].

In S. cerevisiae, the absence of Sbhl combined with the absence of its paralog Sbh2
causes temperature-sensitivity at higher temperatures [75,222]. Supplementing the said
Asbh1 Asbh2 strain with truncated Sbh1l consisting of its TM domain and 5 cytosolic amino
acids was sufficient to rescue the temperature-sensitive growth defect [222]. Sbh1 has
previously been shown to be required for ER translocation of specific substrates [75,222]. The
data available on translocation defects in Asbh1 Asbh2, however, was contradictory. The Sbh1

TM domain interacts with TM1 and TM4 of Sec61, as well as with TM3 of Sec63 in the Sec
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complex. Whether these interactions within the TM domains stabilise the Sec complex was

unknown.

The Sbh1l CMP region is 16 amino acid long and universally conserved, suggesting its
functional importance (Figure 1.15) [218]. The truncated Sbhl TM domain that could
complement the temperature sensitivity defect in the Asbh1 Asbh2 strain included 5 CMP
residues that precede the TM helix [222]. The role of the Sbh1 CMP region was unknown prior

to my work.

The N-terminal IDR of Sbhl includes the first 38 amino acids and contains at least 7
phosphorylation sites [219]. These phosphorylation sites can potentially regulate the
functions and interactions of Sbh1 by controlling the disorder-to-order transition of the
cytosolic IDR into a stable structure that can interact with specific interaction partners
[275,276]. The cytosolic IDR of mammalian Sec61f3 has been directly crosslinked to signal
sequences of nascent polypeptide chains, but interactions of the Sbh1 unstructured cytosolic

domain have not yet been explored [226,227].

Deletion of Sbh1l homolog MoSec61f in the rice blast fungus Magnaporthe oryzae leads
to reduction in its pathogenicity and increases susceptibility to plant immunity [277]. Sbh1 is
essential for virulence Cryptococcus neoformans where it regulates the biogenesis of
virulence factors [278]. Mutations in the gene encoding human Sec61f3, SEC61B, have been
linked to polycystic liver disease [128]. Upregulation of SEC61B has been suggested as a

biomarker for early detection of colorectal cancer [241]. Investigating the function of
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Sec61B/Sbhl could provide crucial insights into the underlying mechanisms of these

pathologies, potentially leading to the development of novel therapeutic approaches.

In this work, | started with characterising Asbh1 Asbh2 for defects in protein translocation,
UPR, and respiration. | then explored the stability of Sec complex in the absence of Sbh1l at
permissive and restrictive temperatures, and under high salt conditions. Based on a MD
simulation by Pratiti Bhadra that identified a potential site for interacting with Sec61 N-helix
in the Sbh1 CMP region, | created CMP mutants using site-directed mutagenesis and assessed
their ER import efficiency. Finally, to explore the interactions of the Sbh1 cytosolic domain, |
used peptides representing the Sbh1 cytosolic domain synthesised onto an acid-hardened
cellulose membrane and probed these with the Sec61 N-terminal helix and Sbh1-dependent
and Sbh1 independent synthetic biotinylated signal peptides. | discovered that signal peptides
dependent on Sbh1l for their import into the ER specifically interacted with the Sbhl CMP
domain. Based on my data, | hypothesised that Sbh1 acts as a gatekeeper for ER import and

aids specific signal peptides for insertion.

4.1. Characteristics of the Asbh1 Asbh2 Mutant Strain

As the first step in deducing the role of Sbhl in yeast, | characterised the Asbh1 Asbh2
mutant (Section 3.1). It was previously shown that deletion of both SBH1 and its paralog SBH2
leads to a growth defect at 37 °C, while the deletion of only one of either genes does not
result in a growth phenotype [75,216,222]. The Asbh1 Asbh2 strain showed reduced levels of
mannosidase 1 (Mns1) and glucosidase 1 (Gls1) even at permissive 30 °C, leading to an N-

glycan trimming defect [222]. The temperature-sensitivity and the N-glycan trimming defects
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were rescued when the Asbh1 Asbh2 cells were complemented with only the Sbhl TM domain
and five preceding CMP residues (residues 50 — 75 of Sbh1p) [222]. The TM domain of Sbh2

alone can also salvage Sbh1 TM domain function in the Sec61 complex [222].

Reports on the translocation dynamics of the Asbhl Asbh2 strain, however, were
contradictory. In intact yeast cells, Finke et al. found moderate defects in the post-
translational translocation of o factor precursor ppoaF and in the transport of co-
translationally and post-translationally translocated Kar2 precursor pKar2 in Asbhl Asbh2
cells at both permissive 30 °C and restrictive 37 °C [75]. In in vitro translocation experiments
in a heterologous translocation system consisting of yeast microsomes and reticulocyte
lysate, they found a 2- to 5- fold reduction in the rate of transportation of ppaF and bacterial
proOmpA into the mutant membranes as compared to wildtype membranes [75]. In contrast,
the in vitro translocation experiments using homologous yeast translation-translocation
system with microsomes and yeast cell extract, resulted in moderate post-translational and
co-translational transportation defects into Asbhl Asbh2 membranes at 37 °C [222]. The
difference in the defects seen can be attributed to the different in vitro translocation systems
used or different strain backgrounds. To obtain a clearer picture of protein translocation in
the absence of SBH1 and SBH2, | looked at the import of precursors of Kar2, o factor, PDI, and

CPY in intact yeast cells.

Accumulation of Kar2 precursor pKar2 in Asbhl Asbh2 mutants had previously been
reported at even at permissive 30 °C [75]. Since 24 °C was shown to be permissive to the
grown of Asbh1 Asbh2 before, | chose 24 °C as the permissive temperature and 38 °C as the

restrictive temperature for my protein translocation experiments [222]. | planned to grow the
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strains at the permissive temperature, shift them to the restrictive temperature for a fixed
period of time to induce translocation defects and analyse proteins in the cell extracts by
Western blotting. To optimise the shift period, | analysed the pKar2 in Asbhl Asbh2 strain
grown at 24 °C, shifted to 38 “Cfor 2 h, 3 h, 4 hand 5 h. The Asbh1 Asbh2 cells grown only at
24 °C did not show pKar2 accumulation, confirming that 24 °C functions as permissive
temperature (Supplementary Figure 1(B)). Accumulation of pKar2 was seen in Asbh1 Asbh2
cells after each shift period, while the resolution between the pKar2 and Kar2 bands
decreased from the 4 h mark possibly as the cells began to upregulate Kar2 due to ER stress
(Supplementary Figure 1(B)) [124]. This experiment was performed by students of M.Sc. class
of Infection Biology in 2019 under my supervision. These results led me to choose 3 h as the
optimal shifting period for my experiments as the corresponding cell extract showed distinct
bands for pKar2 and Kar2. This optimisation experiment also established that precursor
accumulation in Asbh1 Asbh2 could also be analysed by the less sensitive Western blotting
method instead of pulse-labelling method using [3°S]-Met as in previously published
experiments [75,222]. | repeated the experiment and found accumulation of pKar2 only in
Asbhl Asbh2 cells grown at restrictive temperature (Figure 3.1(A)). Guido Barbieri
concurrently found accumulation of pKar2 in Asbh1 Asbh2 using [3°S]-Met/Cys pulse-labelling

of cell extracts [75,253].

As Kar2 is translocated both co-translationally and post-translationally into the ER, either
or both transport pathways could have been affected. | first looked for defects in post-
translational translocation of o factor precursor ppaF, which was previously found to be
defective in Asbh1 Asbh2 mutants [75,222]. As the SBH1 SBH2 and Asbh1 Asbh2 strains | was

using for my experiments were of mating type a, | transformed the strains with p416 plasmid

147



expressing wildtype MFalphal. In contrast to previous reports, | did not find a defect in ppaF
translocation at 38 °C in the Asbh1 Asbh2 strain, while the control sec61-32 strain showed a
distinct defect at its restrictive temperature (Figure 3.1 (B)). Similar conclusion was derived
from a parallel experiment performed by Guido Barbieri in our lab [253]. | also investigated
the translocation of two additional post-translationally translocated proteins, PDI and CPY. |
analysed cell extracts for the PDI by Western blotting and did not detect the presence of its
precursor pPDI, suggesting that its import is not affected in the absence of Sbh1 (Figure 3.1
(C)). I investigated the incorporation of CPY precursor ppCPY into the ER by pulse-labelling
Asbh1 Asbh2 cells grown at 38 °C with [3°S]-Met/Cys and detected the presence of its ER
glycosylation product p1CPY, implying efficient import into the ER and processing of ppCPY
(Figure 3.1 (D)). Combined, my results imply an absence of post-translational translocation

defects.

No translocation defect was detected in the co-translational translocation of DPAPB in
Asbh1 Asbh2 strain in contemporaneous experiments performed at our lab [253]. Altogether,
my results support the observation that the absence of general translocation defects in the
Asbh1 Asbh2 strain. The translocation defect in the import of Kar2 precursor appears to be
specific for the protein. Two other substrates that were known dependent on Sbh1 for their
import into the ER, Gls1 and Mns1, were found to be dependent on phosphorylation of Sbh1
at S3/T5 residues [222,253]. Recent studies at our lab showed that while the import of pKar2
into the ER is dependent on Sbh1, it is independent of its S3/T5 phosphorylation and the exact
mechanism of its translocation is not yet known.[253]. Kar2 plays several roles in protein
processing: it participates in ER import of newly synthesised proteins, acts as a chaperone

during protein folding, and maintains proteostasis through the UPR. Due to its critical
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functions, Kar2 biosynthesis is likely regulated by multiple mechanisms and not wholly
dependent on Sbh1. My results, and concurrent observations made in our lab, indicate that

pKar2 relies on Sbh1 for its import into the ER under specific physiological conditions [253].

At times of ER stress the UPR is induced, causing a substantial upregulation of Kar2
[124,258]. Kar2 binds to precursors of secretory and TM proteins in the ER lumen to prevent
misfolding. In the absence of folding intermediates, Kar2 is bound to Irel to inactivate it [173].
During the UPR, Kar2 dissociates from Irel to bind to excess unfolded proteins and Irel is in
turn activated which starts a signalling cascade to increase levels of Haclp by HAC1-mRNA
splicing, another component of UPR [258]. As the Asbh1 Asbh2 strain exhibits defective Kar2
precursor translocation into the ER, | was prompted to check if the strain also has UPR defects.
| performed a growth assay of Asbh1 Asbh2 on YPD plates containing tunicamycin, a known
UPR inducer [259]. The Asbh1 Asbh2 strain, in the presence of tunicamycin, showed growth
comparable to that of SBH1 SBH2 (Figure 3.2 (A)). My result shows that even with
translocation defect, Kar2 function and UPR are not affected when Sbh1 and Sbh2 are absent.

This observation was confirmed in a parallel experiment by Guido Barbieri in our lab [253].

| also examined Asbh1 Asbh2 for respiratory competence. S. cerevisiae is a facultative
anaerobe [279]. A previous study showed that Sec61 loop mutants that lost respiratory
competence had low growth rates and this correlated with their co-translational ER import
defects and delayed post-translational ER import [57]. Since the Asbh1 Asbh2 strain has a
specific defect in the import of co-translationally and post-translationally translocated Kar2
precursor, | assayed its growth on non-fermentable YPGlycerol medium. | found that the

growth of Asbh1 Asbh2 was unaffected, similar to its wildtype SBH1 SBH2, unlike the controls
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rho0 and Acox6 (Figure 3.2 (B)). A recent study by Phuong et al. suggested that UPR
upregulation by HACI-mRNA splicing is aggravated in hypoxic conditions and this ER stress is
alleviated by both mitochondrial respiration and Erol-mediated oxidative protein folding
[280]. The lack of UPR defects and the retention of respiratory competence in Asbh1 Asbh2

seen in my results imply that Sbh1 is not vital for ER proteostasis.

4.2. Sbh1 does not Contribute to Sec complex Stability

In the recently published cryo-EM structure of the Sec complex in yeast, the TM3 of Sec63
interacts with the TM of Sbh1, as well as TM1 of Sec61 [63]. The TM of Sbh1 also interacts
with TM1 and TM4 of Sec61 [63,221]. The complementation of Asbh1 Asbh2 cells with Sbh1
TM including 5 preceding cytosolic residues is sufficient for alleviation of its translocation
defects and temperature-sensitivity [222]. These observations motivated me to investigate
whether the interactions of Sec63 and Sec61 with the TM of Sbh1 stabilise the Sec complex,

especially at higher temperatures, as described in Section 3.2.

| planned to study the Sec complex stability in the absence of Sbh1 by precipitating the
Sec complex with ConA-Sepharose, which binds to the internal mannose residues of the only
N-glycosylated subunit of the Sec62-Sec63 complex, Sec71. The established method for ConA
precipitation of the Sec complex utilises digitonin as the detergent to solubilise microsomal
membranes in native conditions [248]. Digitonin, however, is a natural product with limited
availability, and shows high inter-batch and intra-batch variations in efficiency, requiring
titration for each batch prior to use [263]. In the interest of time and resources, | sought cost-

effective alternatives to digitonin to use in my experiments (Section 3.2.1). The first detergent
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| tested was PCC-a-M, a novel derivative of DDM often used to stabilise membrane proteins
in functional studies [265]. PCC-a-M could effectively solubilize the Sec complex but could not
keep it stable during ConA precipitation (Figure 3.3). Another detergent | tested was DBC,
which was previously used to solubilise the Sec61 complex from yeast microsomes [59]. DBC
could solubilise the Sec complex but was not effective enough in stabilising it during a ConA
experiment, as the complex subunits could be found in the unbound, free fraction (Figure
3.4). As the alternative detergents were ineffective, | chose to continue using digitonin for my
experiments. To avoid problems associated with batch-to-batch variation, | acquired a
substantial quantity of digitonin which Prof. Romisch was able to finance through an
'Anschubfinanzierungs-Grant' from the Forschungsausschuss of the UdS. | tested this batch of
digitonin first, and confirmed it as appropriate for ConA precipitation experiments. The new
batch of digitonin, acquired from Matrix Bioscience, efficiently solubilised the Sec complex

while maintaining its integrity, see Supplementary Figure 3.

In Section 3.2.2, | investigated whether Sbh1 contributes to the interaction between Sec61
and Sec63 in the Sec complex by determining the stability of the Sec complex in microsomes
derived from Asbh1 Asbh2 cells grown at the permissive temperature of 24 °C. Since Sbh1 is
essential for growth at elevated temperatures, | also determined Sec complex stability in
microsomes derived from Asbh1 Asbh2 grown at 38 °C to evaluate of Sbh1l is necessary for
this interaction at the restrictive temperature. | compared the Sec complex stability to that in
Asbh1 Asbh2 microsomes to its stability in microsomes derived from wildtype SBH1 SBH2
strain grown at 24 °C and 38 °C. As a control, | also solubilised microsomes in TX-100 at each
condition. TX-100 dissociates the Sec62-Sec63 complex from the Sec61 complex. | saw that

the Sec complex in the wildtype membranes was stable at both 24 °C and 38 °C, as expected.
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The Sec complex in Asbh1 Asbh2 remained stable at both 24 °C and 38 °C as well (Figure 3.5).
| repeated this experiment twice with different batches of microsomal preparations and made
the same observations. My results imply Sbh1 is not essential for the stability of the Sec

complex, under my experimental conditions. This result was later published in collaboration

with Pratiti Bhadra [266].
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Figure 4.1 Interaction sites between Sec63 and Sec61 complex subunits. Sec63 is coloured in pink, Sec61 in
grey, Sbhl in red and Sss1 in green. The four interaction sites (IS) seen in cryo-EM structure are magnified.
Interacting residues are as follows: IS1) V274-G276 of Sec61 and S446 to T448 of Sec63. IS2) A61-F63 of Sbhl

and G232-1235 of Sec63. 1S3) T202 of Sec61 and G207 of Sec63. 1S4) G37-L40 of Sec 61 and 1234 to Y237 of
Sec63. Figure from Bhadra et al., 2021.

Subsequent to my initial Sec complex stability experiments, Pratiti Bhadra had shown that
Sec63 and Secb61 stably interact at 4 sites, two of which, 1S2 and 1S4, are in the ER membrane
and close to where they individually interact with Sbh1 [266] (Figure 4.1). Given this new
perspective about the Sec63-Sec61 interactions in the Sec complex, it is likely the Sec complex

is stabilised by several interactions. Although Sbh1 contributes to the Sec61-Sec63 TM domain
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interactions, in its absence the other two interactions, IS1 and 1S3, seem to be sufficient to
stabilise the Sec complex. This could explain the stability of the Sec complex that | saw in my

experiment in Figure 3.5.

In Figure 4.1, the interaction at IS1 is likely electrostatic and the interaction at IS3 is polar
[266]. | therefore tested the stability of the Sec complex again by ConA precipitation, this time
in the presence of high salt to destabilise the polar/electrostatic interactions between Sec61
and Sec63. Through a pilot experiment, | optimised 800 mM as the salt concentration to use
as this was the highest concentration | could realistically achieve without compromising the
total volume of each sample or the quality of the final Western blot (Supplementary Figure
3). | first solubilised the microsomes in digitonin and destabilised the polar/hydrophobic
interactions by raising the salt concentration to 800 mM, twice the concentration in the
previous experiment, followed by ConA precipitation. | found that the Sec complex stability
in Asbhl Asbh2 was unaffected by the increase in salt concentration both in microsomes
derived at 24 °C and at 38 °C (Figure 3.6). This result reaffirms that Sbh1 does not contribute

to the Sec61-Sec63 TM domain interactions.

Throughout my ConA precipitation experiments, | noticed a recurring 70 kDa band close
to Sec63 in its molecular weight cross-reacting with the Sec63 antibody, marked by an * in
Figures 3.5 and 3.6. A band at the same location was also observed by Falcone et al. in their
ConA precipitation experiments, whose method | used as reference [248]. To determine
whether this band can be attributed to a protein cross-reacting with the Sec61 antibody, |
treated microsomes derived from Asbh1 Asbh2 and SBH1 SBH2 strains grown at 24 °C and 38

°C with protease inhibitors and probed them with Sec63 antibody after Western blotting.
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These microsomes were from the same preparation that | had previously used for testing the
stability of the Sec complex, shown in Figure 3.5. | also analysed microsomes derived from
sec63-201 strain grown at restrictive 37 °C as a control for this experiment. The sec63-201
strain expresses a truncated form of Sec63 in which C-terminal 27 residues are deleted [89].
| did not observe the 70 kDa band in any of the microsomes tested (Figure 3.7 (A)), indicating
that the protein in question was not present in the microsomes used. This could be the case
if the 70 kDa band was a product formed during a ConA experiment, either due to protein
degradation or protein aggregation. | performed a ConA precipitation experiment using Asbh1
Asbh2 and SBH1 SBH2 microsomes from strains grown at 24 °C and 38 °C and sec63-201
microsomes from the strain grown at restrictive 37 °C as control. | first probed the resulting
immunoblot with only anti-Sec63 antibody and detected the 70 kDa band in all unbound (F)
fractions (Figure 3.7 (B)). | further probed the blots for Sec61 and Sss1 and found that the Sec
complex remained stable in this experiment (Figure 3.7 (B)), and the result was comparable
to the previous experiment (Figure 3.5). The Extraction Buffers and the Equilibration Buffers
used in the method for ConA precipitation contain protease inhibitors. Since the 70 kDa band
was present only in immunoblots from ConA experiments and could be detected when
probed only with anti-Sec63 antibody, | concluded that the 70 kDa band was likely a
degradation product of Sec63 that formed during the long incubation times during a ConA
precipitation. This partial degradation of Sec63 did not affect the ability of the cells to form a
stable Sec complex. The truncated Sec63 expressed by sec63-201 strain was previously shown
to have an impaired interaction with Sec62, while still being functional [89,267]. The stability
of the Sec complex in sec63-201 strain seen in my results (Figure 3.7 (B), Lanes 19 & 20)
confirm the previous observation made by Young et al. that the role of Sec63 in stabilising the

Sec complex is independent of its interaction with Sec62 [267].
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| planned to use Blue Native PAGE as an alternative method to evaluate Sec complex
stability. A pilot experiment to optimise the method showed promising results. Due to
technical difficulties faced during the establishment of a Native PAGE setup | decided not to

pursue the experiment further.

Taking all my results from the ConA precipitation experiments together, | conclude that
Sbh1 does not contribute to the interactions between Sec63 and Sec61 TM domains under
my experimental conditions and is not essential for the stability of the Sec complex even at
higher temperatures. The Sec complex stability is effectively maintained even when the polar
and electrostatic interactions between the subcomplexes are disrupted. Recent studies on
the Sec channel revealed several interaction sites between the Sec61 complex and the Sec62-
Sec63 complex with varied physiochemical properties [63,108,281]. The Brl domain of Sec63
is essential for the assembly of the Sec complex and interacts with Sec61 at TM6-TM7 and
TM8-TM9 cytosolic loops to form a static anchor point [63,282]. TM3 of Sec63 also interacts
with the TM of Sss1, and the N-terminus of Sec63 wedges between Sss1 and TM5-TM6 loop
of Sec61 in the ER luminal [63,108]. The TM1 of Sec62 interacts with the N-terminal and TM3
of Sec61 [283]. These diverse interactions likely contribute to the robustness of the Sec

complex, keeping it stable and functional.

The cytosolic domain of mammalian Sec61p has previously been crosslinked directly to ER
targeting sequences, suggesting that it extends into the large ribosomal subunit channel
[226]. Sec61P was also shown to directly interact with ribosomes during co-translational
translocation [224,225]. | wanted to investigate whether such an interaction between Sbh1

cytosolic domain and the ribosome in yeast stabilises the Sec61 — ribosome complex, and
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whether Sbh1 plays a role in Sec61-ribosome complex stability at elevated temperatures
(Section 3.2.3). l intended to examine the Sec61-ribosome complex stability in the absence of
Sbh1 by fractionating ribosome associated membrane proteins (RAMPs) and precipitating
from the non-ribosome bound fractions with ConA starting with microsomes from the Asbh1
Asbh2 strain grown at 24 °C and 38 °C. | wanted to compare the amount of Sec61 complex in
the RAMP fraction to that in microsomes from the wildtype SBH1 SBH2 strain grown at 24 °C
and 38 °C. | began with optimising the experiment using SBH1 SBH2 microsomes from cells

grown at 24 °C.

In my first experiment | probed for Sec61, Sec62, Sec63 and Sssl. | did not observe any
bands in the RAMP fraction, which should at least show a band correlating to Sec61 (Figure
3.8). | probed the immunoblot again for the ribosomal protein RpL17a to determine whether
the ribosomes had been sufficiently pelleted and removed during ultracentrifugation. | found
RpL17a bands in every fraction (Figure 3.8), implying that ribosomes had not been fully
dissociated from associated membrane proteins, the dissociated ribosomes were not fully
pelleted by ultracentrifugation and contaminated the supernatants that were next used for
ConA precipitation. In subsequent experiments, | optimised the puromycin concentration in
the RAMP buffer (Figure 3.9) and rectified ribosome contamination in the supernatants by
using a sucrose cushion to prevent accidental re-uptake of ribosomes from the pellet during
removal of the supernatant (Figure 3.10). Yet, | was unable to fully sediment ribosomes during
ultracentrifugation. In my second experiment, | increased the speed and duration of the two
ultracentrifugation steps, from 60,000 rpm for 30 mins and 100,000 rpm for 30 mins to 90,000
rpm for 1 h and 100,000 rpm for 2 h (TLA-120.1 Rotor, Beckman Coulter), respectively. This

resulted in the aggregation of significant amounts Sec61 in the solution due to the prolonged
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duration of the run and the second ultracentrifugation step was still insufficient to completely
pellet the ribosomes (Figure 3.9). | tried to increase the g force of the second
ultracentrifugation, but this began to test the technical limits of the tabletop centrifuge | was
using (Optima™ MAX-XP Ultracentrifuge, Beckman Coulter). Considering multiple equipment

failures disrupting my experiment, | decided to discontinue this study.

During the RAMP fractionation optimisation experiments, | faced multiple technical issues
while running the ultracentrifugation steps in the instrument | used. The alternative
ultracentrifuge available to me in Saarbriicken (Optima™ TL 100 Ultracentrifuge, Beckman
Coulter) was unable to function at the speeds | was using, and prematurely terminated the
runs. Lower speeds only increased the aggregation of Sec61 in solution. Due to delays in
purchasing a new ultracentrifuge and delays in its delivery due to the COVID-19 pandemic, |
was unable to continue with investigating the contribution of Sbh1 to the Sec61 channel-RNC

complex stability.

The interaction between Sec61 TM1 and Sec63 TM3 within the Sec complex prompted my
interest in examining whether this interaction undergoes any changes at restrictive
temperatures [63,283]. As a different approach to study the Sec complex at elevated
temperature, | planned to co-precipitate Sec61 with its complex subunits Sbh1 and Sss1 in
SBH1 SBH2 microsomes obtained from the strain grown at 38 °C (Section 3.2.4). | first wanted
to optimise the method using SBH1 SBH2 microsomes from cells grown at 24 °C (Figure 3.12).
Regrettably, absence of a functioning ultracentrifuge in our lab or the neighbouring labs in

Saarbricken prevented me from conducting the experiment as planned. It would be
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advantageous for another researcher to pursue this idea, given the potential importance of

the findings.

4.3. Sbh1 CMP Domain Plays a Role in Import of Specific Substrates
into the ER

The cryo-EM structure of the Sec complex shows that the Sec61 N-terminal amphipathic
helix is deeply embedded in the ER membrane and its TM1 and TM4 interact with the TM of
Sbh1 in the Sec complex [63]. The N-terminal helix of Sec61 is critical for protein import into
the ER [274]. Given the interaction between their TM domains and their close proximity in
the ER membrane, there is a possibility of an interaction between the patch of positively
charged amino acids in the Sbh1 cytosolic domain and the negatively charged amino acids in
the amphipathic Sec61 N-terminal helix. Pratiti Bhadra simulated this interaction by
molecular dynamics (MD) modelling and observed that the segment °EVIAPERK?® of Sec61
makes contact with °DEATGLRV>? of Sbh1, of which *°DEATG* remained in persistent close
contact (less than 5 A) (Figure 3.12) [268]. This contact site in Sbh1 is a part of its CMP region.
Previous experiments that showed the growth defect in Asbhl Asbh2 cells at 38 "C was
restored when the cells are compensated with truncated Sbh1l TM domain which included a
part of its CMP preceding the TM domain, *°LRVDP>* (Figure 3.12) [222]. Its potential
significance in the interactions of Sbh1l compelled me to study the Sbhl CMP domain, which

| detailed in Section 3.3.

The Sbhl P54 and V57 residues had been shown previously to be critical for the
interactions with Sec61 TM1 and TM4 domains (Figure 1.15) [221]. Zhao & Jantti also

hypothesised that the rigid P54 residue at the start of the Sbhl TM domain acts as a hinge,
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likely orienting the Sbh1 cytosolic domain towards away from the Sec61 lateral gate during
channel opening [64,221]. | wanted to investigate the effect P54 on Sbhl function and

included it in my CMP mutant study.

| explored the function of the Sbh1 CMP domain within Sbh1 by mutating the CMP domain
and characterising the resulting phenotypes. | generated mutations in SBH1 using site
directed mutagenesis method, by substituting the targeted residues with A (Figure 3.13). |
first generated mutations in D45-G49, L50-V52 and P54 residues and later combined the
mutations in various combinations, including a full CMP mutation to A (referred to as “combo
mutants”) (Table 3.1). After confirming mutagenesis by DNA sequencing, | inserted the
mutated sbhl sequence in yeast centromeric vector pRS415 and transformed the Asbhl
Asbh2 strain (KRY 588) with the plasmid for my experiments. As controls, | transformed the
KRY 588 strain with pRS415 containing wildtype SBH1 coding sequence as the wildtype SBH1
strain and KRY 588 strain transformed with empty pRS415 as Asbhl Asbh2 strain for
reference. Using SBH1 expressed from the same plasmid as control instead of using
chromosomally expressed SBH1 is critical because the amounts of Sbh1l in the cell are higher

when SBH1 is expressed from a plasmid, even if itis a CEN plasmid (Rémisch lab, unpublished).

| characterised the individual sbhl CMP mutants | had generated, sbh1D45-G49A,
sbh1L50-V52A, and sbh1P54A had no growth defects at low or high temperatures (20 °C and
38 °C) as compared to the wildtype strain (Figure 3.14). While growing combo mutants,
sbh1D45-G49A/P54A, sbh1D49-V52A, sbh1lL50-V52A/P54A and sbh1D49-V52A/P54A, for
determining their growth rate at 30 °C, | noticed inter-colony variations in growth rate within

each combo mutant. Suspecting a temperature sensitivity defect at even 30 °C, | performed a
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qualitative growth test for each of the combo mutants using 5 different colonies from newly
transformed strains. | found variations in growth among the 5 colonies of each mutant even
at 25 °C, which | had used as permissive temperature (Figure 3.15). | repeated the experiment
using newly transformed mutants and did not see consistent growth among colonies. It
appeared that mutating the Sbh1l CMP region impaired its function, but the cells appear to
adapt to these changes to achieve growth comparable to the wildtype. As the combo mutants
proved impractical to work with due to their variations in growth and fast adaptations, |

decided to not characterise these strains further.

| continued with the characterisation of sbh1D45-G49A, sbh1L50-V52A and sbh1P54A
strains (referred to as “CMP mutants”). When | repeated the Western blotting experiments
to determine the levels of Sbh1 and the Sbh1l-dependent translocation substrate, Gls1, in the
CMP mutants 2 weeks after the first experiment, | noticed that the strains had adapted by
adjusting their Sbh1l levels such that their Glsl levels were closer to that expressed by
wildtype cells (Figure 3.16). The CMP mutants can potentially achieve this by reducing their
rate of protein translation to allow for efficient protein import, as is the case for yeast SRP
mutant strains [284]. In the case of sbh1L50-V52A, the decrease in Glsl level from 170 % to
128 % after two weeks could also be caused by the elimination of excess Gls1 from the cells.
| transformed the Asbh1 Asbh2 strain again with Sbh1 CMP mutant plasmids and analysed the
Sbh1 and Gls1 levels in 5 colonies of each CMP mutant within one week of transformation.
The Sbh1l and Glsl levels in these new transformants matched those seen in my first
experiment with freshly transformed CMP mutants (Supplementary Figure 9). This proved
mutations in the Sbh1l CMP region raised more complications than deleting it entirely, and

with time CMP mutants adapt to efficiently compensate for the defects in their mutant Sbh1l
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function. To avoid discrepancies in results, | ensured to always use fresh transformants, no
older than 10 days since transformation, for all further experiments. | cryo-preserved the
colonies used for the experiment shown in Figure 3.17 4 days after their transformation and

used these to repeat experiments as needed.

The sbhl CMP mutants had altered levels of Sbh1l protein (Figure 3.17). | detected
elevated Sbh1 levels in the sbh1D45-G49A mutant, a near 50% reduction in sbh1L50-V52A
while sbh1P54A showed a normal amount of Sbh1 as compared to the wildtype (Figure 3.17,
left). The import of Sbh1l-dependent substrate Gls1 was close to wildtype levels in sbh1D45-
G49A and had increased in sbh1L50-V52A and sbh1P54A (Figure 3.17, right). Next, | analysed
the mutants for defects in general protein import into the ER. | did not detect the presence
of cytosolic precursors of co-translationally translocated DPAPB, post-translationally
translocated PDI and CPY, or co-translationally and post-translationally translocated Kar2 in
the mutants in any of the CMP mutants (Figure 3.18), indicating the absence of general
protein translocation defects. While the import of pKar2 is dependent on Sbhil, it is
independent of Sbh1 S3/T5 phosphorylation [253]. The import of Glsl is dependent Sbhl
S3/T5 phosphorylation [253]. These results collectively imply that Sbhl CMP domain plays a
role in the import of specific proteins dependent on Sbh1 N-terminal S3/T5 phosphorylation
for their efficient import. The levels of other Sbhl S3/T5-phosphorylation-dependent

substrates such as Mns1 need to be investigated for a definitive conclusion.

S3/T5 phosphorylation dependent Sbh1 substrates Glsl and Mns1 are involved in glycan
processing in the ER [253]. A reduced amount of Gls1 and Mns1 in the ER leads to N-glycan

trimming defects in Asbhl Asbh2 cells even at permissive temperature [222]. N-glycan
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trimming is critical for targeting misfolded proteins for ERAD [285,286]. However, Asbhl
Asbh2 strain are not defective in ERAD or the UPR (Figure 3.2) [222,287]. Complementing
Asbh1 Asbh2 cells with truncated Sbh1(50-75), which includes 5 residues of the CMP domain,
rescues the N-glycan trimming defect [222]. The variation in the amount of Sbh1 available in
CMP mutants and its efficiency in importing Gls1 suggests that Sbh1l possibly acts as a
“gatekeeper” for the import of Sec61 channel specific proteins that are critical for ER function.
The Sbh1 CMP possibly aids insertion of these proteins through direct interaction or through
its potential interaction with Sec61 N-terminal helix suggested by molecular dynamics
simulation (Figure 3.12). The adaptation in CMP mutants to maintain wildtype equivalent Gls1
levels with time implies that the gatekeeping function is impaired, but not fully lost. Studying
translation kinetics of Gls1 in CMP mutants could reveal if this adaptation occurs through

modifying the rate of protein translation.

The “gatekeeper” function of Sec61f/Sbh1 has been implied in virulence of pathogenic
fungi and to polycystic liver disease. Deletion of MoSEC61 S in rice blast fungus, Magnaporthe
oryzae, results in abnormal secretion and localisation of its apoplastic factors leading to a
reduction of its virulence [277]. Sbh1 in Cryptococcus neoformans regulates the biosynthesis
and secretion of virulence factors and is thereby essential for its virulence. In polycystic liver
disease caused by the inactivation of Sec61p, the biogenesis of cyst determinant protein
Polycystin-1 is impaired, and the reduction in its dosage leads to cyst formation in biliary

epithelium of the liver [128].

Truncated Sbh1(50-75) that includes CMP residues could interact with other Sec61

complex subunits Sec61 and Sss1 [222]. As Sbhl CMP mutants affect protein translocation,
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they likely associate with other Sec61 complex and Sec complex proteins. Their presence in
Sec61 complex can be verified by crosslinking Sbh1 CMP mutant with Sec61 complex subunits.

Its presence in the Sec complex can be determined by ConA precipitation.

To gain insight into the structure-function relationship of Sbhl CMP mutant proteins, |
used PSIPRED Protein Analysis Workbench to predict the 2D structure of the protein [288].
The program predicted an a-helix that included 6 residues between the C-terminal end of the
unstructured cytosolic domain and the CMP region in wildtype Sbh1, the length of which
shortened to three residues in Sbh1L50-V52A and increased to 7 residues in Sbh1P54A
(Supplementary Figure 13). Recent advances in protein structure prediction tools made it
possible to visualise 3D structures of proteins with intrinsically disordered regions (IDR) with
high accuracy. | predicted the possible 3D structures of sbhl CMP mutants using AlphaFold
ColabFold. The structures predicted by ColabFold showed a longer membrane proximal a
helix in all three mutants than the wildtype Sbh1 in the AlphaFold database (Figure 4.2).
Robetta predictions, shown in Supplementary Figure 14, show a close to wildtype structure
for Sbh1D45-G49A and reoriented cytosolic domains in the structures for Sbh1L50-V52A and
Sbh1P54A. The cytosolic domain of Sbh1L50-V52A is oriented up and away from where the
Sec61 channel would be located (Supplementary Figure 14 (C)) and Sbh1P54A cytosolic
domain is oriented in the opposite direction (Supplementary Figure 14 (D)). While the Robetta
predictions seem to account for the gatekeeping phenotype seen in the mutants, the
structural predictions are still speculative [268]. The structural predictions are based on a
combination of ab initio folding and multiple sequence alignment algorithms and reflect the
steady state structure of the protein [289,291]. The predictions do not account for the

physiological environment of the protein, its molecular dynamics, post-translational
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modifications such as phosphorylation and N-terminal acetylation, or the effect of its
interaction partners, which play a crucial role in the disorder-to-order transition of an IDR
[275,292]. Molecular Dynamics simulations of Sbhl mutant proteins within the Sec61
complex in the ER membrane may be able to predict their structures more accurately and

CryoEM studies are required to definitively prove the structures.
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Figure 4.2 Structures of Sbh1 CMP mutants predicted by ColabFold. Structure of Sbh1l was imported from
AlphaFold database (Accession number P52870). Structures of Sbhl CMP mutants were generated using
ColabFold. Residues mutated to A are highlighted.

4.4. Interactions of the Sbh1 cytosolic domain

IDRs in stable proteins can fold into a stable tertiary structure by binding to their
interaction partners [292]. Phosphorylation often regulates these structural transitions and
protein interactions [275,276]. MoRFs are specific motifs within the IDR that tend to interact
with proteins and initiate disorder-to-order transitions [198]. A MoRF in the disordered linker
domain of the mammalian SRP facilitates its interaction with the SRP receptor during SRP-
mediated co-translational protein import [209]. The IDR of the mammalian Sec61f was
crosslinked to the ER targeting sequences in nascent chains, and also to tRNA bound ribosome

— nascent polypeptide complexes [226,227]. Recognising the potential of the
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phosphorylatable unstructured Sbh1 cytosolic domain, | became interested in exploring its

interactions (Section 3.4).

Using various computational methods, | was able to identify two potential MoRFs in the
Sbh1 cytosolic domain, one MoRF that includes the phosphorylatable T12 residue, from Q10
to T12, and a second MoRF encompassing the C-terminal end of the cytosolic domain, K30 to
S38 (Figure 3.19). The C-terminal MoRF extended up to A47 in the CMP region when the full
sequence of Sbh1 was used as the query. The structure prediction tool DisoPred3 also showed
Q10 to T12 residues as a part of a helix, the location of which corresponded to the decrease
in disorder predicted by IUPred2A. This helix was also seen in the predicted Sbh1 structure in
the AlphaFold database (accession number P52870). The existing cryo-EM structures for Sbh1

show N36 to E47 as a part of a helix (PDB code 6ND1).

| wanted to pinpoint the specific residues of the Sbh1 cytosolic domain that can interact
with other proteins experimentally. The Sbh1 S3 and T5 residues, when phosphorylated, had
been previously reported to be involved in Sbh1-dependent protein translocation [253]. My
results from the characterisation of CMP mutants implied that Sbh1l CMP region is also
involved in translocating Sbh1l-dependent proteins. Following this line of thought, | decided
to examine protein interactions along the entire Sbhl cytosolic domain, including its CMP
domain, from M1 to L55 (Section 3.4.2). A peptide array was synthesised by Martin Jung’s lab
(UKS Homburg), with each spot corresponding to a 20mer of the Sbhl cytosolic domain
moving with a 2 amino acid sliding frame, including phosphorylation of every S and T residue
individually and in combinations, as well as combination with N-terminal acetylation (Figure

3.21). Sbh2 cytosolic domain peptides M1 to L62 were also synthesised and included as Sbh2
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can compensate for the lack of Sbhl in Asbhl Asbh2 cells [75,222]. The complete list of

peptides synthesised onto the cellulose membrane can be found in Appendix B.

As the MD simulations identified an interaction between Sbh1l CMP region and Sec61 N-
terminal helix (Figure 3.12), Sec61 N-terminal helix was selected as an interaction partner to
investigate [268]. Signal peptides were either dependent on Sbh1l like Gls1 and Irc22 signal
peptides were selected because an interaction between these signal peptides with S3/T5
phosphorylated Sbh1 was implied during the ER import of these proteins [253]. Two signal
peptides of Sbhl-independent proteins, ppCPY and ppaF, were also synthesised. Mns1 and
Pdil signal peptides, though planned, could not be synthesised in usable quality as the
synthesis of these peptides was limited by the solubility of the signal peptide. The peptides of

interest were C-terminally tagged with a biotinylated K residue and are listed in Table 3.2.

The membranes were stripped after each experiment and reused. At this point, peptide
panning method was relatively new and needed to be optimised for detecting peptide-
peptide interactions. My initial strategy was to probe the peptide panning membrane with
biotinylated peptides and detect interactions using streptavidin (Figure 3.22). During method
optimisation experiments, | unfortunately detected interactions between Sbhl M1 to T33
peptides and streptavidin. Equivalent Sbh2 peptides ranging from M1 to T32 also interacted
with streptavidin. Moreover, the membranes were designed to be stripped and reused after
each experiment. The stripping method mentioned in Section 2.2.13.2 could not sufficiently
disrupt the Sbh1 peptide — streptavidin interaction, and an alternative method for stripping
using dimethylformamide (DMF) had to be employed. The DMF stripping method, while

efficient, led to faster deterioration of the peptide panning membrane. The combination of
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these two factors led me to reconsider and ultimately modify my approach for detecting

specific interactions with my biotinylated probes.

| switched to detecting Sbh1l — peptide interactions with anti-Biotin-HRP followed by
chemiluminescence. | observed a gradual rise in background noise after each use. To ensure
consistent identification of interaction signals, | imaged each membrane using a fixed
exposure time of 2 sec. The membranes were reused multiple times until the background
noise made it harder to identify interactions. As membrane quality control | always imaged
the membrane after stripping to ensure all the interacting proteins and peptides were
dissociated. | additionally imaged the membrane prior to each experiment (after activation,

before blocking) to make note of any residual interactions.

| probed the peptide panning membrane with biotinylated signal peptides of Sbh1l-
dependent (Glsl and Irc22) and Sbhil-independent (ppCPY and ppoF) proteins, and the
biotinylated Sec61 N-terminal helix (Sec61N) (Section 3.4.3). | found that all four signal
peptides | tested interacted with the N-terminal region of Sbh1l cytosolic domain from
residues M1 to K23, independently of its acetylation (Figure 3.26). The residues spanning the
C-terminal end of the Sbh1 unstructured section of the cytosolic domain up to the beginning
of its CMP region, i.e., V24 to Y43, did not interact with any of the biotinylated peptides used
(Figure 3.24 and 3.25). The Sbh1l CMP region peptides S44 to L55 interacted only with the
signal peptides of Sbhl-dependent substrates (Figures 3.24). The interactions were
independent of phosphorylation of the Sbh1 derived peptides. Similar to the interactions with
Sbh1, Sbh2 N-terminal peptides M1 to Q20 also interacted with all peptides. Peptides

encompassing C-terminal of Sbh2 unstructured cytosolic domain to the beginning of its CMP
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region, S21 to Y50, did not interact with any peptides, while its CMP residues T51 to L62

interacted with all signal peptides (Figure 3.26).

| did not find any evidence for a specific interaction between the Sec61 N-terminal helix
and the Sbh1 CMP as had been suggested by MD modelling (Figures 3.12 and 3.23). The Sec61
N — Sbh1 cytosolic domain interactions in the peptide panning experiment shown in Figure
3.12 coincide with cross-reaction of streptavidin and anti-biotin antibody with Sbh1 that | saw
in an earlier experiment (Figure 3.11 and Supplementary Figure 12). In the ER membrane,
TM1 of Sec61 that is connected directly to the N-terminal amphipathic helix interacts with
the Sbh1 TM [63]. It is possible that the Sec61 N-terminal helix needs these TM interactions
in the ER membrane for it to be positioned such that it is able to interact with the Sbhl CMP
as simulated in the molecular dynamics modelling. This could explain the lack of specific

interaction seen in my peptide panning experiments.

The Sbh1l cytosolic domain N-terminal region M1 to K23 appears to interact
indiscriminately with all biotinylated peptides used as probes, irrespective of its N-terminal
acetylation. The Sbh1 M1 to K23 residues and corresponding Sbh2 M1 to Q20 residues also
cross-reacted with streptavidin (Figure 3.22) and anti-biotin-HRP antibody (Supplementary
Figure 13). To confirm whether these residues interact with proteins in general additional
experiments using “scrambled” peptides that do not resemble a signal peptide are required.
The intensity of the N-terminal interactions began to weaken as the peptide sliding frame
moved towards the C-terminal of the unstructured part of the cytosolic domain, non-specific
interactions began to weaken and eventually disappeared in the peptide spots correlating to

V24 to Y43 residues (Figure 3.24, Spots F19 to F29). This matches the decline in binding
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propensity scores of Sbhl unstructured cytosolic domain residues seen in ANCHOR2 and
MoRFchisi_web predictions (Figure 3.19 (B) and (C)). Sbh1l-dependent signal peptides start to
interact specifically with when the peptide sliding frame begins to include CMP residues
(Figure 3.24, Spots GO1 to 122). These specific interactions intensify as more CMP residues are
incorporated. A summary of the interactions of Sbh1 cytosolic domain is presented in Figure

3.26.

Phosphorylation of S3, T5, T12, S20 and S21 in the peptides did not make interaction of
Sbh1l-derived phosphorylated peptides with signal peptides specific for those whose ER
import is dependent on Sbh1 (Figure 3.24). This was surprising as we already knew that S3/T5
phosphorylation specifically enhances ER import of Gls1 and Irc22 [253]. It suggests that Sbh1
phosphorylation in the N-terminal half of the cytosolic domain is not a direct binding site for
Sbh1-phosphorylation-dependent substrates. While S35 and S38 were present in the CMP
peptides specifically interacting with Sbh1-dependent signal peptides, the variation in their
phosphorylation state did not influence their interaction. It is possible that the
phosphorylation of S3/T5 residues causes a large conformational change in the Sbh1 cytosolic
domain which generates, or exposes, the binding site for Sbh1-phosphorylation-dependent
substrates. Due to the short length of the Sbh1 peptides generated (20mers), such a change
cannot be reproduced in the peptide panning membrane and limits the interactions that can

be studied.

The N-terminal region of the Sbh2 cytosolic domain that interacted with all biotinylated
peptides is slightly shorter than that of Sbhi, extending from M1 to Q20 while the non-

interacting region is longer, extending from S21 to Y50 (Figures 3.24 and 3.25). The Sbh2 CMP

169



region, despite interacting only with signal peptides, did not demonstrate any specificity in its

binding preferences. Interactions of Sbh2 are also summarised in Figure 3.26.

The peptide panning method | used in this study has obvious limitations. | investigated
peptide-peptide interactions in isolation, outside of their physiological context. Full lengths
of Sbh1 and proteins of interest, native conditions, and the presence of Sec61 complex and
other components protein translocation machinery could impact their interaction
capabilities. Lastly, while the results | obtained in this study provide insights into potential
interactions based on physicochemical properties of the peptides in the buffer used (50 mM
Tris-HCI pH 7.5 / 150 mM NacCl / 0.1 % (v/v) Triton-X 100), they do not definitively confirm
that these interactions occur in vivo. Further studies in more biologically relevant settings will
be necessary to validate the observations. Cross-linking Sbh1 and signal sequences together
would show the existence of an interaction between them. Repeating the experiment with

CMP mutant Sbh1 could help determine the specific site of the interaction if there is any.

| also tried to visualise the interactions between the Sbhl cytosolic domain and signal
peptides using AlphaFold Colab [290,291]. In these interactions shown in Figure 4.3, the C-
terminal end of the unstructured cytosolic domain of Sbh1 and the CMP region appears to
have an oa-helical structure from N36 to G45, 2 residues longer than what is seen in the cryo-
EM structure of Sbh1 in the Sec complex. The Sbh1l-dependent signal peptides (Figure 4.3 (A)
& (B)) seem to interact parallelly with the Sbh1 CMP helix, with their N-terminal helix oriented
towards the C-terminal end of the Sbhl cytosolic domain where the vestibule of the Sec61
complex would be in the intact Sec61 complex (Figure 1.4). The Sbhl-independent signal

peptides (Figure 4.3 (C) & (D)) appear perpendicular to the Sbhl CMP helix. The relatively
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closer orientation of ppaF to the Sbhl CMP helix could be due to its physicochemical
properties and would also explain the occasional weak interactions with the N32 to D53
peptides in peptide panning (Figure 3.37). The visualisation of the interactions depicted here,
however, are purely illustrative and necessitates validation from biological studies. The
distances between Sbh1 cytosolic domain and the signal peptides are too large (>5 A) to be
considered physiological. | also noticed minor variations in the structures due to updates to

the algorithm used.
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Irc22 was recently identified to be dependent on Sbh1 and S3/T5 phosphorylation of Sbh1

for their import [253]. The same study also found that Sbh1l-dependent signal peptides, in

general, have low hydrophobicity and an inverse or no charge bias [253]. My results from the

Sbh1l CMP mutant characterisation imply that the Sbh1l CMP region is involved in efficient
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import of Sbh1 S3/T5 phosphorylation-dependent proteins. While the specific interaction of
these signal peptides with S3/T5 phosphorylated Sbh1 peptides could not be assessed by
peptide panning, it is possible that the regulation of Sbh1 S3/T5 phosphorylation-dependent
protein import contributes to the orientation of signal peptides in the Sec61 channel with the
N-terminus towards the cytosol. | hypothesise that S3/T5 phosphorylation instead causes a
conformational change in the Sbhl cytosolic domain that makes the signal peptide binding

site in the CMP region accessible or contributes to signal peptide orientation.

Phosphorylation-induced conformational change in IDPs is well documented [276].
Phosphorylation of Sbh1l at S3/T5 residues would lend a net negative charge to the N-
terminus. This could induce an interaction with the positive patch of K15-K17 residues in the
middle of the unstructured Sbh1 cytosolic domain, causing a conformational change that
obscures the interacting N-terminal residues. Recent results from our lab support the
existence of such a conformational change. Antibodies raised against two unphosphorylated
epitopes in the N-terminal region of Sbh1 could not recognise S3/T5 phosphorylated Sbh1 but
could recognise mutant Sbh1 S3A/T5A protein, implying that the epitopes were occluded in

the S3/T5-phosphorylated Sbh1 and hence unavailable for antibody binding [268].

Combining my data and recent studies from other lab members, | propose a hypothetical
model to explain the interaction and function of Sbhl CMP region in Figure 4.4: Signal
peptides not dependent on Sbh1 can insert into the Sec61 channel without interacting with
the CMP domain of the unphosphorylated Sbh1 (Figure 4.4 (A)). Phosphorylation of Sbh1 at
S3 and T5 residues would cause the N-terminus to fold over, allowing the negatively charged

phosphate groups to interact with the positively charged K15 and K17 residues in the within
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the unstructured part of the Sbh1 cytosolic domain (Figure 4.4 (B)). Signal sequences reliant
on this phosphorylation would then freely interact with the Sbh1 CMP residues and aided by
this interaction, orient towards the Sec61 channel for their subsequent insertion. While this
model explains the “gatekeeper” activity of Sbh1l, detailed structural and biochemical

evidence would be required to establish this mechanism.
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Figure 4.4 Hypothetical model for the CMP guided insertion of Sbh1 dependent import substrates. A) Insertion
of Sbhl-independent signal peptides. Structure of Sbhl was taken from AlphaFold database and Sbhl
independent signal peptide (ppCPY) modelled in PyMOL. Interaction shown here is hypothetical. B) Specific
interaction of Sbhl dependent signal peptide of a nascent polypeptide chain with the CMP region of
phosphorylated Sbhl. Phosphorylated S3/T5 (PP) residues interact with the positively charged K15-K17 (++)
residues of Sbhl causing a conformational change that masks the non-specific interaction site at the Sbh1 N-
terminus. Sbh1 dependent signal peptides can now freely interact with Sbh1l CMP residues. This interaction
orients the N-terminus of suboptimal signal peptides towards the Sec61 channel vestibule and guides its
insertion. Here, the Sbhl TM structure was taken from AlphaFold database and the Sbhl cytosolic domain
interaction with Sbh1 dependent signal peptide (Gls1) was generated using AlphaFold ColabFold.
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4.5. Conclusion

In this work | studied the role of Sec61 complex subunit Sbh1 in S. cerevisiae, | showed
that Sbh1 does not contribute to the Sec complex stability despite its central location in the
structure, and | discovered that the Sbhl SMP domain interacts specifically with Sbh1-

dependent signal peptides.

My results from the ER translocation experiments in Asbhl Asbh2 suggest that the
simultaneous deletion of Sbh1 and its paralog Sbh2 does not result in general defects in ER
protein translocation. Additionally, results from growth assays show that Sbh1 is not essential
for ER proteostasis or for maintaining their respiratory competence. These findings accord

with the observations made by previously at our lab [253].

| investigated whether the TM domain of Sbh1 stabilises the interaction between TM
domains of Sec61 and Sec63, consequently stabilising the Sec complex and found that Sbh1l

does not contribute to the stability of the Sec complex.

| generated mutations in the CMP region of Sbh1, which was identified by MD simulations
as a potential site for interaction with the Sec61 N-terminal helix. | found that the Sbhl CMP
mutants show impaired Sbh1 production, which causes a specific impact on the import of
S3/T5 phosphorylation dependent Sbh1 substrates. Through peptide panning, | demonstrated
that the Sbh1 CMP region engages in a direct and specific interaction with Sbh1 dependent
signal peptides, while the N-terminal region interacts non-selectively with most proteins and

all signal peptides.
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Based on the evidence presented, | proposed a hypothetical mechanism for
phosphorylation-mediated insertion of specific proteins into the ER, guided by interaction

with Sbh1l CMP domain, shown in Figure 4.3.
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APPENDIX A SUPPLEMENTARY DATA

A 24°C 38°C B 24°C 38°C
2h 3h 4h 5h 2h 3h 4h 5h
Kar2 —pKar2
—Aar
pweny =@l
SBH1 SBH2 Asbh1 Asbh2

Supplementary Figure 1 Accumulation of pKar2 with time in Asbh1 sbh2 cells. Yeast wildtype SBH1 SBH2 and
mutant Asbhl Asbh2 strains were grown at their permissive 24 °C to an ODeggo of 0.5 and shifted to their
restrictive 38 °C. A 2 ODgoo Of cells were harvested after 2h, 3h, 4, and 5h to prepare cell extracts. For each
sample 0.25 ODggo Was used to resolve by SDS-PAGE, followed by immunoblotting against Kar2. A) Kar2 in SBH1
SBH2 cells grown at permissive 24 “C to 1 ODgooand at restrictive temperature for 2-5h. No pKar2 accumulation
was seen in the cells at 38 °C. B) Kar2 in Asbh1 Asbh2 cells grown at permissive 24 °C to 1 ODggo and at restrictive
temperature for 2-5h. Accumulation of pKar2 increased with time at 38 “C. However, resolution between Kar2
and pKar2 bands decreased considerably from 4h. This experiment was performed by M.Sc. students from class
of Infection Biology in 2019 under my supervision.

@ @
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Supplementary Figure 2 Solubilisation Efficiency and Sec complex Stability in newly acquired Digitonin. A 0.3
OD,so of SBH1 SBH2 microsomes derived from cells grown at 24 °C were solubilised in 3% Digitonin (Merck,
existing), 3% Digitonin (Matrix Bioscience, newly acquired) or 1% TX-100 were precipitated with equilibrated
ConA-Sepharose. Proteins were precipitated from aspirated free fractions. The samples were resolved by SDS-
PAGE and immunoblotted against Sec63 and Sec61. ConA bound fraction (C), and free, unbound fraction (F) are
marked. Both Sec63 and Sec61 were found in the C fraction of digitonin (Matrix Bioscience), like digitonin
(Merck).
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Supplementary Figure 4 Optimising salt concentration to test Sec complex stability. Microsomes from SBH1 SBH2
strain grown at 24 °C, 0.3 OD,so each, were solubilised in 3% digitonin and then diluted to 1% digitonin in duplicates
while raising KOAc concentration to 600 mM or 800 mM KOAc using Extraction Buffer containing 1 mM KOAc and
no detergent, reducing to 200 mM using Extraction Buffer containing no KOAc and no detergent or keeping the
KOAc concentration at 400 mM using Extraction Buffer containing 400 mM KOAc and no detergent. Samples were
then precipitated with ConA-Sepharose, free fraction was aspirated, and unbound proteins were precipitated using
TCA precipitation method. The samples were analysed by Western Blotting and probed for Sec63, Sec62, Sec61 and
Sss1. The sample with 400 mM KOAc acts as control (lanes 5 to 8). Sec63, Sec62, Sec61 and Sss1 were all present in
all C fractions (lanes 1 and 2, 5 and 6, 9 and 10, and 13 and 14). The * marks a 70 kDa protein cross-reacting with

Sec63 antibody.

P54A_Fwd
GGCACTAAGAGTAGAT et TTAGTTGTETTO

LRV52A_Fwd
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DEATG49A_Fwd
GAAGATTTATTCTG . ACTAAGAGTAGATCCC
5 ACAGCAATAATTCGATTTTGAAGATTTATTCTGATGAGGCTACGGGACTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTC 3
A —
3 TGTCGTTATTAAGCTAAAACTTCTAAATAAGACTACTCCGATGCCCTGATTCTCATCTAGGGAATCAACACAACAAAGATCGCCAGCCAAAGTAGAAAAGS

N S N N S 1 L Kk 1 Y s oD E A T G L R VvV D P L v v L F L A

CTTCTAAATAAGACGACGTC TGATTCTCATCTAGGG!

DEATG49A_Rev
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DP_Fwd
CAAGCATTTATTCT Gy a8 C T8 C T8 T ARG AC TACAT s TTAGTTGTCTTCTTTCTAGC OO
TGCAGCTGCTGCAGCAGCTGE SRS
[CCRTTTTGAAGATTITATICT Gy 3 — G
DL_Fwd_2
CCATTTTCAACATTTATTCToocnCCTOC TOCACCACE IO e T CCCTTAGTTGTGTTETTTC
5 ACAGCAATAATTCGATTTTGAAGATTTATTCTGATGAGGCTACGGGACTAAGAGTAGATCCCTTAGTTGTGTTGTTTCTAGCGGTCGGTTTCATCTTTTC 3
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N S N N S 1 L kK 1 Y s Db E A T &6 L R VvV D P L v v L F L A Vv 6 F 1 E s

VAT Lef T G A ke
GCTAAAACTTCTAAATAAGACUYAT kel TG A kg TC TAGGGAATCAACACAACAAAG)
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Supplementary Figure 3 Primers used for site directed mutagenesis of SBH1. A) Primers used to generate CMP
mutants aligned with SBH1 coding sequence. B) Primers used to generate combo mutants aligned with SBH1

coding sequence.
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Supplementary Figure 5 Map of pRS415 plasmid. Yeast centromeric plasmid pRS415 used as the vector for
generation of Sbh1l CMP and combo mutants.
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\
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Supplementary Figure 6 Map of pRS415-SBH1. The SBH1 coding sequence was used as the template for site
directed mutagenesis of the CMP region.
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Supplementary Figure 7 Plasmids for CMP mutants. A) Map of pRS415-sbh1D45-G49A plasmid. B) Map of
pRS415-sbh1L50-V52A plasmid. C) Map of pRS415-sbh1P54A plasmid.
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Supplementary Figure 8 Plasmids for Combo mutants. A) Map of pRS415-sbh1D45-G49A/P54A plasmid. B) Map
of pRS415-sbh1D45-V54A plasmid. C) Map of pRS415-sbh1L50-V52A/P54A plasmid. D) Map of pRS415-sbh1D45-
V52A/P54A plasmid.
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Supplementary Figure 9 Average Sbh1 and Gls1 levels in 5 colonies of CMP mutants. Cells extracts were
prepared from 1 ODggo of CMP mutant strains grown to early exponential phase at 30 °C. KRY 588 strain
transformed with pRS415-SBH1 plasmid (SBH1 strain) and with empty pRS415 plasmid (Asbh1 Asbh2 strain)
were used as positive and negative controls, respectively. The extracts were analysed by Western blotting
and probed for Sbh1 or Gls1, and Rpn12 as loading control. The amount of Sbh1/Gls1 detected in the
immunoblot was quantified and plotted in a chart given below each immunoblot. Average Sbh1 (left) and
Gls1 (right) levels in 5 randomly picked colonies of each CMP mutant 1 week after transformation. When
compared to the levels in SBH1 strain, sbh1D45-G49A strain produced an average of 94 % of Sbh1 and 104 %
of Gls1, sbh1L50-V52A strain produced average of 26 % of Sbh1l and 127 % of Gls1, and sbh1P54A strain
produced 84 % of Sbh1 but 147 % of Gls1 on average.
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A

B

Predication result:
threshold:0.5

1 M 0.412 non-MoRFs
2 S 0.451 non-MoRFs
3 S 0.506 MoRFs *

4 P 0.550 MoRFs *

5T 0.605 MoRFs *

6 P 0.644 MoRFs *

7 P 0.685 MoRFs *

8 G 0.685 MoRFs *

9 G 0.686 MoRFs *

10 Q 0.686 MoRFs *

11 R 0.661 MoRFs *
12 T 0.654 MoRFs *

13 L 0.650 MoRFs *

14 Q 0.599 MoRFs *
15 K 0.534 MoRFs *
17 K 0.452 non-MoRFs
18 Q 0.390 non-MoRFs
19 G 0.353 non-MoRFs
20 S 0.319 non-MoRFs
21 S 0.286 non-MoRFs
22 Q 0.269 non-MoRFs
23 K 0.267 non-MoRFs
24V 0.277 non-MoRFs
25 A 0.303 non-MoRFs
26 A 0.330 non-MoRFs
27 S 0.386 non-MoRFs
28 A 0.451 non-MoRFs
29 P 0.486 non-MoRFs
30 K0.551 MoRFs *

31 K0.615 MoRFs *
32 N 0.680 MoRFs *

33 T 0.744 MoRFs *

34 N 0.779 MoRFs *
35 S 0.786 MoRFs *
36 N 0.795 MoRFs *
37 N 0.795 MoRFs *
38 S 0.754 MoRFs *
3910.710 MoRFs *

40 L 0.668 MoRFs *

41 K 0.624 MoRFs *

42 10.571 MoRFs *

43 Y 0.269 non-MoRFs
44 S 0.000 non-MoRFs
45 D 0.000 non-MoRFs
46 E 0.000 non-MoRFs
47 A 0.000 non-MoRFs
48 T 0.000 non-MoRFs
49 G 0.000 non-MoRFs
50 L 0.000 non-MoRFs
51 R 0.000 non-MoRFs
52V 0.000 non-MoRFs
53 D 0.000 non-MoRFs
54 P 0.000 non-MoRFs
55 L 0.000 non-MoRFs
56 V 0.000 non-MoRFs
57 V 0.000 non-MoRFs
58 L 0.000 non-MoRFs
59 F 0.000 non-MoRFs
60 L 0.000 non-MoRFs
61 A 0.000 non-MoRFs
62 V 0.000 non-MoRFs
63 G 0.000 non-MoRFs
64 F 0.000 non-MoRFs
65 1 0.000 non-MoRFs

Sbh1: MSSPTPPGGQRTLOKRKQGSSQKVAASAPKKNTNSNNSILKI Y SDEATGLRVDPLVVLFLAVGE I FSVVALHVISKVAGKLFE
MoRFpred:

66 F 0.000 non-MoRFs
67 S 0.000 non-MoRFs
68 V 0.000 non-MoRFs
69 V 0.000 non-MoRFs
70 A 0.000 non-MoRFs
71 L 0.000 non-MoRFs
72 H 0.000 non-MoRFs
73 V 0.000 non-MoRFs
74 10.000 non-MoRFs

75 S 0.000 non-MoRFs
76 K 0.000 non-MoRFs
77 \V 0.000 non-MoRFs
78 A 0.000 non-MoRFs
79 G 0.000 non-MoRFs
80 K 0.000 non-MoRFs
81 L 0.000 non-MoRFs
82 F 0.000 non-MoRFs

Supplementary Figure 10 Additional MoRF predictions for Sbh1. A) MoRF prediction by MoRFPred using full

Sbh1 sequence. B) MoRF prediction by MFSPSSMPred using full Sbh1 sequence.
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Supplementary Figure 11 Additional MoRF predictions for Sbh1 IDR. A) Prediction by MoRFchigi. B) Prediction
by DisoPred3. C) Structural prediction by DisoPred3.
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Sbh1l MSSPTPPGGORTLOKRKQOGSS--QKVAASAPKKNTN-—-——— SNNSILKIYSDEATGLRVDPL 55

Sbh2 MAASVPPGGORILOKRROAQSIKEKQAKQTPTSTROAGYGGSSSSILKLYTDEANGFRVDSL 62

Supplementary Figure 12 Sbh1 and Sbh2 N-terminal peptides cross-react with HRP conjugated anti-biotin
antibody. The peptide panning membrane was activated with methanol, equilibrated with binding buffer
and probed with anti-biotin-HRP antibody. Interactions were revealed by chemiluminiscence. Interactions
were revealed with various Sbh1 peptide spots between A01 and C29 corresponding to M1 to T33
residues. Sbh2 peptide spots 124 to JO1 corresponding to M1 to T32 residues also showed interactions. The
interacting residues of Sbh1 and Sbh2 are highlighted in purple.
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Supplementary Figure 13 Structures for CMP mutants predicted by PSIPRED. A) Structure of wildtype Sbhl
suggesting a helix in the IDR from Q10 to Q18, including the previously predicted MoRF between Q10 to T12
and the T12 phosphorylation site, and a second helix from S38 to Y33 including the last residue of the IDR and
the first 5 residues of the CMP region. B) Structure of sbh1D45-G49A suggesting a slightly shorter helix in the
IDR from Q10 to K17, and a second helix from S38 to Y33. C) Structure of sbh1L50-V52A suggesting a slightly
helix in the IDR from Q10 to K17, and a shortened second helix of K41 and 142. D) Structure of sbh1P54A
suggesting a slightly helix in the IDR from Q10 to K17, a longer second helix from N37 to Y33, and an elongated

TM helic to include A54.

211




A
N = Sbh1D45-G49A
Sbh1
N
C
C
N Sbh1P54A
Sbh1L50-V52A
N
C
C

Supplementary Figure 14 Structures of CMP mutants predicted by Robetta. Structure of wildtype Sbhl and
Sbh1 CMP mutant proteins as predicted by Robetta ab initio modelling. Figure adapted from Yadhanapudi et al.,
2024.
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APPENDIX B PEPTIDE PANNING MEMBRANE LEGEND

Supplementary Table 1 Legend for peptide panning membrane.

Location Peptide

A01 acS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S
A02 acS-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S
A03 acS-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S
AO4 acS-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-S
AO5 acS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S
A06 acS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS
A07 acS-pS-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S
A08 acS-pS-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-S
A09 acS-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S
A10 acS-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS
A1l acS-S-P-pT-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-S
A12 acS-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S
A13 acS-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS
Al4 acS-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS-S
A15 acS-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-pS
A16 acS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-E
A17 M-pS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
A18 M-pS-E-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
A19 M-pS-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
A20 M-pS-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S
A21 M-pS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS
A22 M-S-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
A23 M-S-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
A24 M-S-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
A25 M-S-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S
A26 M-S-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS
A27 M-S-pS-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
A28 M-S-pS-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S
A29 M-S-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS
A30 M-S-S-P-pT-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S
BO1 M-S-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS
BO2 M-S-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS
BO3 (space)

BO4 P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-5-Q-K
BO5 P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-5-S-Q-K
BO6 P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-S-Q-K
BO7 P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S-Q-K
BO8 P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K
BO9 P-pT-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-S-Q-K
B10 P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S-Q-K
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Location

Peptide

B11
B12
B13
B14
B15
B16
B17
B18
B19
B20
B21
B22
B23
B24
B25
B26
B27
B28
B29
B30
co1
co2
Co3
co4
C05
coe
co7
Co8
C09
C10
C11
C12
C13
Ci14
C15
Ci16
C17
C18
C19
C20
C21
C22
C23

P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-5-pS-Q-K
P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS-S-Q-K
P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-pS-Q-K
P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-E-Q-K
P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-5-S-Q-K-V-A
P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-S-Q-K-V-A
P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A
P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A
P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A
P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A
P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-E-Q-K-V-A
(space)
G-G-Q-R-T-L-Q-K-R-K-Q-G-5-5-Q-K-V-A-A-S
G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-S
G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-S
G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S
G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S-Q-K-V-A-A-pS
G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A-A-S
G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S
G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-pS
G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-E-Q-K-V-A-A-S
G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-pS
G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-pS
(space)
Q-R-T-L-Q-K-R-K-Q-G-S5-5-Q-K-V-A-A-5-A-P
Q-R-pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-S-A-P
Q-R-T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-S-A-P
Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P
Q-R-T-L-Q-K-R-K-Q-G-S5-S-Q-K-V-A-A-pS-A-P
Q-R-pT-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P
Q-R-pT-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P
Q-R-pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P
Q-R-T-L-Q-K-R-K-Q-G-pS-E-Q-K-V-A-A-S-A-P
Q-R-T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-pS-A-P
Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-pS-A-P
(space)
T-L-Q-K-R-K-Q-G-5-5-Q-K-V-A-A-5-A-P-K-K
pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-5-A-P-K-K
T-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K
T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K
T-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K
pT-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K
pT-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K
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Location

Peptide

C24
C25
C26
c27
C28
C29
C30
D01
D02
D03
D04
D05
D06
D07
D08
D09
D10
D11
D12
D13
D14
D15
D16
D17
D18
D19
D20
D21
D22
D23
D24
D25
D26
D27
D28
D29
D30
EO1
EO2
EO3
EO4
EO5
EO6

pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K
T-L-Q-K-R-K-Q-G-pS-E-Q-K-V-A-A-S-A-P-K-K
T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-pS-A-P-K-K
T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-pS-A-P-K-K
(space)
Q-K-R-K-Q-G-5-5-Q-K-V-A-A-S-A-P-K-K-N-T
Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-5-A-P-K-K-N-T
Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-5-A-P-K-K-N-T
Q-K-R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-T
Q-K-R-K-Q-G-5-5-Q-K-V-A-A-S-A-P-K-K-N-pT
Q-K-R-K-Q-G-pS-E-Q-K-V-A-A-S-A-P-K-K-N-T
Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-pS-A-P-K-K-N-T
Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-5-A-P-K-K-N-pT
Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-pS-A-P-K-K-N-T
Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-5-A-P-K-K-N-pT
Q-K-R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-pT
(space)
R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-S
R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-S
R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S
R-K-Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S
R-K-Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS
R-K-Q-G-pS-E-Q-K-V-A-A-S-A-P-K-K-N-T-N-S
R-K-Q-G-pS-S-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S
R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S
R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS
R-K-Q-G-S-pS-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S
R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S
R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS
R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-pT-N-S
R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-pS
R-K-Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-pS
(space)
Q-G-5-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N
Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N
Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N
Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N
Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N
Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N
Q-G-pS-E-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N
Q-G-pS-S-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N
Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N
Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N
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Location

Peptide

EO7
EO8
EO9
E10
E11
E12
E13
E14
E15
E16
E17
E18
E19
E20
E21
E22
E23
E24
E25
E26
E27
E28
E29
E30
FO1
FO2
FO3
FO4
FO5
FO6
FO7
FO8
FO9
F10
F11
F12
F13
F14
F15
F16
F17
F18
F19

Q-G-5-pS-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S5-N-N
Q-G-5-pS-Q-K-V-A-A-S-A-P-K-K-N-pT-N-5-N-N
Q-G-5-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N
Q-G-5-5-Q-K-V-A-A-pS-A-P-K-K-N-pT-N-5-N-N
Q-G-5-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-pS-N-N
Q-G-5-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-pS-N-N
(space)
S-5-Q-K-V-A-A-5-A-P-K-K-N-T-N-S-N-N-S-I
pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-S-I
S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-5-|
S-S-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-5-|
S-S-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-5-|
S-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-5-|
S-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-|
pS-E-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-S-|
pS-S-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-5-|
pS-S-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-5-|
pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-5-|
pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-|
S-pS-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S5-N-N-S-I
S-pS-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S5-N-N-S-I
S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-S-I
S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-I
S-S-Q-K-V-A-A-pS-A-P-K-K-N-pT-N-S5-N-N-S-I
S-S-Q-K-V-A-A-pS-A-P-K-K-N-T-N-pS-N-N-S-I
S-S-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-pS-I
S-S-Q-K-V-A-A-S-A-P-K-K-N-pT-N-pS-N-N-S-I
S-S-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-pS-I
S-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-pS-I
(space)
Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-S-1-L-K
Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-S-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-S-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-S-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-I-L-K
Q-K-V-A-A-pS-A-P-K-K-N-pT-N-S-N-N-S-I-L-K
Q-K-V-A-A-pS-A-P-K-K-N-T-N-pS-N-N-S-I-L-K
Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-pS-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-pT-N-pS-N-N-S-1-L-K
Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-pS-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-pS-I-L-K
(space)
V-A-A-S-A-P-K-K-N-T-N-5-N-N-S-I-L-K-I-Y
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Location

Peptide

F20
F21
F22
F23
F24
F25
F26
F27
F28
F29
F30
GO1
G02
GO3
G04
GO5
GO6
GO7
GO08
GO09
G10
G11
G12
G13
G14
G15
G16
G17
G18
G19
G20
G21
G22
G23
G24
G25
G26
G27
G28
G29
G30
HO1
HO2

V-A-A-pS-A-P-K-K-N-T-N-S-N-N-S-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-pT-N-S-N-N-S-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-T-N-pS-N-N-S-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y
V-A-A-pS-A-P-K-K-N-pT-N-S-N-N-S-|-L-K-I-Y
V-A-A-pS-A-P-K-K-N-T-N-pS-N-N-S-|-L-K-I-Y
V-A-A-pS-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-pT-N-pS-N-N-S-|-L-K-I-Y
V-A-A-S-A-P-K-K-N-pT-N-S-N-N-pS-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-T-N-pS-N-N-pS-I-L-K-I-Y
(space)
A-S-A-P-K-K-N-T-N-S-N-N-S-I-L-K-I-Y-5-D
A-pS-A-P-K-K-N-T-N-S-N-N-S-|-L-K-I-Y-S-D
A-S-A-P-K-K-N-pT-N-S-N-N-S-|-L-K-I-Y-S-D
A-S-A-P-K-K-N-T-N-pS-N-N-S-|-L-K-I-Y-S-D
A-S-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y-S-D
A-S-A-P-K-K-N-T-N-S-N-N-S-I-L-K-I-Y-pS-D
A-pS-A-P-K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-S-D
A-pS-A-P-K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-S-D
A-pS-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y-5-D
A-pS-A-P-K-K-N-T-N-S-N-N-S-|-L-K-1-Y-pS-D
A-S-A-P-K-K-N-pT-N-pS-N-N-S-I-L-K-I-Y-S-D
A-S-A-P-K-K-N-pT-N-S-N-N-pS-I-L-K-I-Y-S-D
A-S-A-P-K-K-N-pT-N-S-N-N-S-|-L-K-1-Y-pS-D
A-S-A-P-K-K-N-T-N-pS-N-N-pS-I-L-K-I-Y-S-D
A-S-A-P-K-K-N-T-N-pS-N-N-S-|-L-K-1-Y-pS-D
A-S-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-1-Y-pS-D
(space)
A-P-K-K-N-T-N-S-N-N-S-|-L-K-I-Y-S-D-E-A
A-P-K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-5-D-E-A
A-P-K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-5-D-E-A
A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y-5-D-E-A
A-P-K-K-N-T-N-S-N-N-S--L-K-I-Y-pS-D-E-A
A-P-K-K-N-pT-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A
A-P-K-K-N-pT-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A
A-P-K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A
A-P-K-K-N-T-N-pS-N-N-pS-I-L-K-I-Y-S-D-E-A
A-P-K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-pS-D-E-A
A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y-pS-D-E-A
(space)
K-K-N-T-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-T-G
K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-T-G
K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-T-G
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Location

Peptide

HO3
HO4
HO5
HO6
HO7
HO8
HO9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
H23
H24
H25
H26
H27
H28
H29
H30
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

K-K-N-T-N-5-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G
K-K-N-T-N-5-N-N-S-I-L-K-|-Y-pS-D-E-A-T-G
K-K-N-T-N-5-N-N-S-I-L-K-|-Y-S-D-E-A-pT-G
K-K-N-pT-N-pS-N-N-S-I-L-K-I-Y-5-D-E-A-T-G
K-K-N-pT-N-S-N-N-pS-I-L-K-I-Y-5-D-E-A-T-G
K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G
K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G
K-K-N-T-N-pS-N-N-pS-I-L-K-I-Y-5-D-E-A-T-G
K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G
K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G
K-K-N-T-N-5-N-N-pS-I-L-K-I-Y-pS-D-E-A-T-G
K-K-N-T-N-5-N-N-pS-I-L-K-I-Y-S-D-E-A-pT-G
K-K-N-T-N-5-N-N-S-I-L-K-|-Y-pS-D-E-A-pT-G
(space)
N-T-N-S-N-N-S-I-L-K-1-Y-S-D-E-A-T-G-L-R
N-pT-N-S-N-N-S-|-L-K-I-Y-S-D-E-A-T-G-L-R
N-T-N-pS-N-N-S-|-L-K-I-Y-S-D-E-A-T-G-L-R
N-T-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R
N-T-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R
N-T-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R
N-pT-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-T-G-L-R
N-pT-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R
N-pT-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R
N-pT-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R
N-T-N-pS-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R
N-T-N-pS-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R
N-T-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R
N-T-N-S-N-N-pS-I-L-K-I-Y-pS-D-E-A-T-G-L-R
N-T-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-pT-G-L-R
N-T-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-pT-G-L-R
(space)
N-S-N-N-S-I-L-K-1-Y-5-D-E-A-T-G-L-R-V-D
N-pS-N-N-S-1-L-K-I-Y-S-D-E-A-T-G-L-R-V-D
N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R-V-D
N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D
N-S-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D
N-pS-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R-V-D
N-pS-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D
N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D
N-S-N-N-pS-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D
N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D
N-S-N-N-S-|-L-K-I-Y-pS-D-E-A-pT-G-L-R-V-D
(space)
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Location

Peptide

116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
Jo1
J02
J03
104
JO5
J06
J07
J08
J09
J10
J11
J12
J13
J14
J15
J16
117
J18
J19
J20
J21
122
123
124
125
126
127
128

N-N-S-I-L-K-I-Y-S-D-E-A-T-G-L-R-V-D-P-L
N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R-V-D-P-L
N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D-P-L
N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D-P-L

N-N-pS-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D-P-L

N-N-pS-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D-P-L

N-N-S-|-L-K-I-Y-pS-D-E-A-pT-G-L-R-V-D-P-L
(space)

M-A-A-S-V-P-P-G-G-Q-R-I-L-Q-K-R-R-Q-A-Q
A-5-V-P-P-G-G-Q-R-I-L-Q-K-R-R-Q-A-Q-5-|
V-P-P-G-G-Q-R-I-L-Q-K-R-R-Q-A-Q-S-I-K-E

P-G-G-Q-R-I-L-Q-K-R-R-Q-A-Q-5-I-K-E-K-Q
G-Q-R-I-L-Q-K-R-R-Q-A-Q-S-I-K-E-K-Q-A-K

R-I-L-Q-K-R-R-Q-A-Q-S-I-K-E-K-Q-A-K-Q-T

L-Q-K-R-R-Q-A-Q-S-I-K-E-K-Q-A-K-Q-T-P-T

K-R-R-Q-A-Q-S-I-K-E-K-Q-A-K-Q-T-P-T-S-T

R-Q-A-Q-S-I-K-E-K-Q-A-K-Q-T-P-T-S-T-R-Q
A-Q-S-1-K-E-K-Q-A-K-Q-T-P-T-S-T-R-Q-A-G
S-I-K-E-K-Q-A-K-Q-T-P-T-5-T-R-Q-A-G-Y-G

K-E-K-Q-A-K-Q-T-P-T-5-T-R-Q-A-G-Y-G-G-S

K-Q-A-K-Q-T-P-T-S-T-R-Q-A-G-Y-G-G-5-5-S
A-K-Q-T-P-T-5-T-R-Q-A-G-Y-G-G-S-5-5-5-|
Q-T-P-T-S-T-R-Q-A-G-Y-G-G-5-5-5-5-I-L-K

P-T-S-T-R-Q-A-G-Y-G-G-5-5-S-S-I-L-K-L-Y
S-T-R-Q-A-G-Y-G-G-S-5-S-S-I-L-K-L-Y-T-D

R-Q-A-G-Y-G-G-S-S-5-S-I-L-K-L-Y-T-D-E-A
A-G-Y-G-G-S-5-5-5-1-L-K-L-Y-T-D-E-A-N-G
Y-G-G-S-S-5-5-I-L-K-L-Y-T-D-E-A-N-G-F-R
G-S-5-5-S-I-L-K-L-Y-T-D-E-A-N-G-F-R-V-D
S-S-5-I-L-K-L-Y-T-D-E-A-N-G-F-R-V-D-S-L

(newline)
(newline)
(newline)
(newline)
(newline)
(newline)
(newline)
(newline)
(newline)
(newline)
(newline)
(newline)
(newline)
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Peptide

129

130

KO1
K02
KO3
KO4
KO5
K06
KO7
KO8
K09
K10
K11
K12
K13
K14
K15
K16
K17
K18
K19
K20
K21
K22
K23
K24
K25
K26
K27
K28
K29
K30
LO1
LO2
LO3
LO4
LOS
LO6
LO7
LO8
LO9
L10
L11

(newline)
(newline)
acS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S
acS-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S
acS-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S
acS-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-S
acS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S
acS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS
acS-pS-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-5-S
acS-pS-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-S
acS-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S
acS-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS
acS-S-P-pT-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-5
acS-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S
acS-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS
acS-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS-S
acS-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-pS
acS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-E
M-pS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
M-pS-E-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
M-pS-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
M-pS-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S
M-pS-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS
M-S-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
M-S-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
M-S-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
M-S-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S
M-S-S-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS
M-S-pS-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S
M-S-pS-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S
M-S-pS-P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS
M-S-S-P-pT-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S
M-S-S-P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS
M-S-S-P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS
(space)
P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-5-Q-K
P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-5-S-Q-K
P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-S-Q-K
P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S-Q-K
P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K
P-pT-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-S-Q-K
P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S-Q-K
P-pT-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-5-pS-Q-K
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Location

Peptide

L12
L13
L14
L15
L16
L17
L18
L19
L20
L21
L22
L23
L24
L25
L26
L27
L28
L29
L30
MO1
MO02
MO03
MO04
MO5
MO06
MO07
M08
M09
M10
M11
M12
M13
M14
M15
M16
M17
M18
M19
M20
M21
M22
M23
M24

P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS-S-Q-K
P-T-P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-pS-Q-K
P-T-P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-E-Q-K
P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-5-S-Q-K-V-A
P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-S-Q-K-V-A
P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A
P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A
P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A
P-P-G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A
P-P-G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-E-Q-K-V-A

(space)
G-G-Q-R-T-L-Q-K-R-K-Q-G-5-S-Q-K-V-A-A-S
G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-5-Q-K-V-A-A-S
G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-S
G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S
G-G-Q-R-T-L-Q-K-R-K-Q-G-S-S-Q-K-V-A-A-pS
G-G-Q-R-pT-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A-A-S
G-G-Q-R-pT-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S
G-G-Q-R-pT-L-Q-K-R-K-Q-G-5-5-Q-K-V-A-A-pS
G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-E-Q-K-V-A-A-S
G-G-Q-R-T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-pS
G-G-Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-pS
(space)
Q-R-T-L-Q-K-R-K-Q-G-S5-5-Q-K-V-A-A-5-A-P
Q-R-pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-S-A-P
Q-R-T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-S-A-P
Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P
Q-R-T-L-Q-K-R-K-Q-G-S-S-Q-K-V-A-A-pS-A-P
Q-R-pT-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P
Q-R-pT-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P
Q-R-pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P
Q-R-T-L-Q-K-R-K-Q-G-pS-E-Q-K-V-A-A-S-A-P
Q-R-T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-pS-A-P
Q-R-T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-pS-A-P
(space)
T-L-Q-K-R-K-Q-G-5-S-Q-K-V-A-A-S-A-P-K-K
pT-L-Q-K-R-K-Q-G-S-5-Q-K-V-A-A-S-A-P-K-K
T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-S-A-P-K-K
T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K
T-L-Q-K-R-K-Q-G-S-S-Q-K-V-A-A-pS-A-P-K-K
pT-L-Q-K-R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K
pT-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K
pT-L-Q-K-R-K-Q-G-5-5-Q-K-V-A-A-pS-A-P-K-K
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Location Peptide

M25 T-L-Q-K-R-K-Q-G-pS-E-Q-K-V-A-A-S-A-P-K-K
M26 T-L-Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-pS-A-P-K-K
M27 T-L-Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-pS-A-P-K-K
M28 (space)

M29 Q-K-R-K-Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-T
M30 Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-S-A-P-K-K-N-T
NO1 Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-T
NO2 Q-K-R-K-Q-G-S-S-Q-K-V-A-A-pS-A-P-K-K-N-T
NO3 Q-K-R-K-Q-G-S-S-Q-K-V-A-A-S-A-P-K-K-N-pT
NO4 Q-K-R-K-Q-G-pS-E-Q-K-V-A-A-S-A-P-K-K-N-T
NO5 Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-pS-A-P-K-K-N-T
NO6 Q-K-R-K-Q-G-pS-5-Q-K-V-A-A-S-A-P-K-K-N-pT
NO7 Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-pS-A-P-K-K-N-T
NO8 Q-K-R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-pT
NO9 Q-K-R-K-Q-G-S-S-Q-K-V-A-A-pS-A-P-K-K-N-pT
N10 (space)

N11 R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-S
N12 R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-S
N13 R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S
N14 R-K-Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S
N15 R-K-Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS
N16 R-K-Q-G-pS-E-Q-K-V-A-A-S-A-P-K-K-N-T-N-S
N17 R-K-Q-G-pS-S-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S
N18 R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S
N19 R-K-Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS
N20 R-K-Q-G-S-pS-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S
N21 R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S
N22 R-K-Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS
N23 R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-pT-N-S
N24 R-K-Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-pS
N25 R-K-Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-pS
N26 (space)

N27 Q-G-5-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N
N28 Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N
N29 Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N
N30 Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N
001 Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N
002 Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N
003 Q-G-pS-E-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N
004 Q-G-pS-S-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N
005 Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N
006 Q-G-pS-S-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N
007 Q-G-S-pS-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N

223



Location

Peptide

008
009
010
011
012
013
014
015
016
017
018
019
020
021
022
023
024
025
026
027
028
029
030
PO1
P02
PO3
P04
PO5
P06
PO7
P08
P09
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20

Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N
Q-G-S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N
Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-pT-N-S-N-N
Q-G-S-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-pS-N-N
Q-G-S-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-pS-N-N
(space)
5-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-5-N-N-S-|
pS-5-Q-K-V-A-A-5-A-P-K-K-N-T-N-S-N-N-5-|
S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-5-|
5-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-5-|
5-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-5-|
5-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-5-|
5-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-5-N-N-pS-|
pS-E-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-5-|
pS-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-5-N-N-S-|
pS-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-5-N-N-S-|
pS-5-Q-K-V-A-A-5-A-P-K-K-N-T-N-pS-N-N-S-|
pS-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-|
S-pS-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-5-|
5-pS-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-5-|
S-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-5-I
5-pS-Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-|
5-5-Q-K-V-A-A-pS-A-P-K-K-N-pT-N-S-N-N-5-|
5-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-pS-N-N-5-|
5-5-Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-pS-|
5-5-Q-K-V-A-A-5-A-P-K-K-N-pT-N-pS-N-N-5-I
5-5-Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-pS-|
5-5-Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-pS-|
(space)
Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-S-1-L-K
Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-S-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-S-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-S-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-I-L-K
Q-K-V-A-A-pS-A-P-K-K-N-pT-N-S-N-N-S-1-L-K
Q-K-V-A-A-pS-A-P-K-K-N-T-N-pS-N-N-S-I-L-K
Q-K-V-A-A-pS-A-P-K-K-N-T-N-S-N-N-pS-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-pT-N-pS-N-N-S-1-L-K
Q-K-V-A-A-S-A-P-K-K-N-pT-N-S-N-N-pS-I-L-K
Q-K-V-A-A-S-A-P-K-K-N-T-N-pS-N-N-pS-I-L-K
(space)
V-A-A-S-A-P-K-K-N-T-N-5-N-N-S-I-L-K-I-Y
V-A-A-pS-A-P-K-K-N-T-N-S-N-N-S-I-L-K-I-Y
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Location

Peptide

P21
P22
P23
P24
P25
P26
P27
P28
P29
P30
Qo1
Q02
Qo3
Qo4
Q05
Q06
Qo7
Qo8
Q09
Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18
Q19
Q20
Q21
Q22
Q23
Q24
Q25
Q26
Q27
Q28
Q29
Q30
RO1
RO2
RO3

V-A-A-S-A-P-K-K-N-pT-N-S-N-N-S-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-T-N-pS-N-N-S--L-K-I-Y
V-A-A-S-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y
V-A-A-pS-A-P-K-K-N-pT-N-5-N-N-S-I-L-K-|-Y
V-A-A-pS-A-P-K-K-N-T-N-pS-N-N-S-I-L-K-I-Y
V-A-A-pS-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-pT-N-pS-N-N-S-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-pT-N-S-N-N-pS-I-L-K-I-Y
V-A-A-S-A-P-K-K-N-T-N-pS-N-N-pS-I-L-K-I-Y
(space)
A-S-A-P-K-K-N-T-N-S-N-N-S-I-L-K-I-Y-5-D
A-pS-A-P-K-K-N-T-N-S-N-N-S-|-L-K-I-Y-S-D
A-S-A-P-K-K-N-pT-N-S-N-N-S-|-L-K-I-Y-S-D
A-S-A-P-K-K-N-T-N-pS-N-N-S-|-L-K-I-Y-S-D
A-S-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y-S-D
A-S-A-P-K-K-N-T-N-S-N-N-S-I-L-K-I-Y-pS-D
A-pS-A-P-K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-S-D
A-pS-A-P-K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-S-D
A-pS-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y-S-D
A-pS-A-P-K-K-N-T-N-S-N-N-S-|-L-K-1-Y-pS-D
A-S-A-P-K-K-N-pT-N-pS-N-N-S-I-L-K-I-Y-S-D
A-S-A-P-K-K-N-pT-N-S-N-N-pS-I-L-K-I-Y-S-D
A-S-A-P-K-K-N-pT-N-S-N-N-S-|-L-K-I-Y-pS-D
A-S-A-P-K-K-N-T-N-pS-N-N-pS-I-L-K-I-Y-S-D
A-S-A-P-K-K-N-T-N-pS-N-N-S-|-L-K-1-Y-pS-D
A-S-A-P-K-K-N-T-N-S-N-N-pS-I-L-K-1-Y-pS-D
(space)
A-P-K-K-N-T-N-S-N-N-S-I-L-K-I-Y-S-D-E-A
A-P-K-K-N-pT-N-S5-N-N-S-I-L-K-1-Y-S-D-E-A
A-P-K-K-N-T-N-pS-N-N-S-I-L-K-1-Y-S-D-E-A
A-P-K-K-N-T-N-S-N-N-pS-I-L-K-1-Y-S-D-E-A
A-P-K-K-N-T-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A
A-P-K-K-N-pT-N-pS-N-N-5-I-L-K-I-Y-S-D-E-A
A-P-K-K-N-pT-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A
A-P-K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A
A-P-K-K-N-T-N-pS-N-N-pS-I-L-K-I-Y-S-D-E-A
A-P-K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-pS-D-E-A
A-P-K-K-N-T-N-S-N-N-pS-I-L-K-I-Y-pS-D-E-A
(space)
K-K-N-T-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-T-G
K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-T-G
K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-T-G
K-K-N-T-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G
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Location

Peptide

RO4
RO5
RO6
RO7
RO8
R0O9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
S01
S02
S03
S04
S05
S06
S07
S08
S09
S10
S11
S12
S13
S14
S15
S16

K-K-N-T-N-5-N-N-S-I-L-K-|-Y-pS-D-E-A-T-G
K-K-N-T-N-5-N-N-S-I-L-K-|-Y-S-D-E-A-pT-G
K-K-N-pT-N-pS-N-N-S-I-L-K-I-Y-5-D-E-A-T-G
K-K-N-pT-N-S-N-N-pS-I-L-K-I-Y-5-D-E-A-T-G
K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G
K-K-N-pT-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G
K-K-N-T-N-pS-N-N-pS-I-L-K-I-Y-5-D-E-A-T-G
K-K-N-T-N-pS-N-N-5-I-L-K-I-Y-pS-D-E-A-T-G
K-K-N-T-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G
K-K-N-T-N-5-N-N-pS-I-L-K-I-Y-pS-D-E-A-T-G
K-K-N-T-N-5-N-N-pS-I-L-K-I-Y-S-D-E-A-pT-G
K-K-N-T-N-5-N-N-S-I-L-K-|-Y-pS-D-E-A-pT-G

(space)
N-T-N-S-N-N-S-I-L-K-1-Y-S-D-E-A-T-G-L-R
N-pT-N-S-N-N-S-|-L-K-I-Y-S-D-E-A-T-G-L-R
N-T-N-pS-N-N-S-|-L-K-I-Y-S-D-E-A-T-G-L-R
N-T-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R
N-T-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R
N-T-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R
N-pT-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-T-G-L-R
N-pT-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R
N-pT-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R
N-pT-N-S-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R
N-T-N-pS-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R
N-T-N-pS-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R
N-T-N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R
N-T-N-S-N-N-pS-I-L-K-I-Y-pS-D-E-A-T-G-L-R
N-T-N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-pT-G-L-R
N-T-N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-pT-G-L-R

(space)
N-S-N-N-S-I-L-K-1-Y-5-D-E-A-T-G-L-R-V-D
N-pS-N-N-S-1-L-K-I-Y-S-D-E-A-T-G-L-R-V-D
N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R-V-D
N-S-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D
N-S-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D
N-pS-N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R-V-D
N-pS-N-N-S-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D
N-pS-N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D
N-S-N-N-pS-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D
N-S-N-N-pS-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D
N-S-N-N-S-|-L-K-I-Y-pS-D-E-A-pT-G-L-R-V-D
(space)
N-N-S-I-L-K-I-Y-S-D-E-A-T-G-L-R-V-D-P-L
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Location

Peptide

S17
S18
S19
S20
S21
S22
S23
S24
S25
S26
S27
S28
S29
S30
T01
T02
T03
T04
TO5
T06
T07
T08
T09
T10
T11
T12
T13
T14
T15
T16
T17
T18
T19
T20
T21
T22
123
T24
T25
T26
T27
128
T29

N-N-pS-I-L-K-I-Y-S-D-E-A-T-G-L-R-V-D-P-L
N-N-S-I-L-K-|-Y-pS-D-E-A-T-G-L-R-V-D-P-L
N-N-S-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D-P-L
N-N-pS-I-L-K-I-Y-pS-D-E-A-T-G-L-R-V-D-P-L
N-N-pS-I-L-K-I-Y-S-D-E-A-pT-G-L-R-V-D-P-L
N-N-S-I-L-K-I-Y-pS-D-E-A-pT-G-L-R-V-D-P-L
(space)
M-A-A-S-V-P-P-G-G-Q-R-I-L-Q-K-R-R-Q-A-Q
A-S-V-P-P-G-G-Q-R-I-L-Q-K-R-R-Q-A-Q-S-I
V-P-P-G-G-Q-R-I-L-Q-K-R-R-Q-A-Q-S-I-K-E
P-G-G-Q-R-I-L-Q-K-R-R-Q-A-Q-S-I-K-E-K-Q
G-Q-R-I-L-Q-K-R-R-Q-A-Q-S-1-K-E-K-Q-A-K
R-I-L-Q-K-R-R-Q-A-Q-S-I-K-E-K-Q-A-K-Q-T
L-Q-K-R-R-Q-A-Q-S-I-K-E-K-Q-A-K-Q-T-P-T
K-R-R-Q-A-Q-S-I-K-E-K-Q-A-K-Q-T-P-T-S-T
R-Q-A-Q-S-I-K-E-K-Q-A-K-Q-T-P-T-5-T-R-Q
A-Q-S-I-K-E-K-Q-A-K-Q-T-P-T-5-T-R-Q-A-G
S-1-K-E-K-Q-A-K-Q-T-P-T-S-T-R-Q-A-G-Y-G
K-E-K-Q-A-K-Q-T-P-T-S-T-R-Q-A-G-Y-G-G-S
K-Q-A-K-Q-T-P-T-5-T-R-Q-A-G-Y-G-G-S-S-S
A-K-Q-T-P-T-S-T-R-Q-A-G-Y-G-G-S-S-5-S-I
Q-T-P-T-S-T-R-Q-A-G-Y-G-G-S-S-5-S-1-L-K
P-T-S-T-R-Q-A-G-Y-G-G-S-5-S-S5-I-L-K-L-Y
S-T-R-Q-A-G-Y-G-G-S-S5-S-S-I-L-K-L-Y-T-D
R-Q-A-G-Y-G-G-S-S-S-S-I-L-K-L-Y-T-D-E-A
A-G-Y-G-G-S-5-S-S-I-L-K-L-Y-T-D-E-A-N-G
Y-G-G-S-S-5-S-1-L-K-L-Y-T-D-E-A-N-G-F-R
G-5-5-5-S-I-L-K-L-Y-T-D-E-A-N-G-F-R-V-D
S-S-S-I-L-K-L-Y-T-D-E-A-N-G-F-R-V-D-S-L
(space)
(space)
(space)
(space)
S-pS-P-T-P-P-G-G-Q-R-G-L
(space)
G-R-L-V-K-E-G-G-D-I-A-F
(space)
S-pS-P-T-P-P-G-G-Q-R-G-L
(space)
G-R-L-V-K-E-G-G-D-I-A-F
(newline)
(newline)
(newline)
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Peptide

T30

(newline) |
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