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Abstract

Plasma membrane (PM) proteins are critical for cells to respond to environmental cues, such as the availability of nutrients.
The yeast Saccharomyces cerevisiae is able to sense extracellular amino acids using the SPS sensing system. Activation of
the multimeric PM-localized SPS(Ssy1-Ptr3-Ssy5)-sensor complex occurs upon binding of external amino acids to Ssy1,
inducing a conformational change. In a Ptr3-mediated event, the catalytic activity of the Ssy5 endoprotease is unfettered,
leading to the proteolytic processing of two latent transcription factors, Stp1 and Stp2. Ssy1, the primary sensor component,
is a non-transporting member of the amino acid permease (AAP) family of transport proteins, a family of eighteen complex
integral membrane proteins comprised of 12 transmembrane segments (TMS). The AAPs exhibit a common requirement for
the endoplasmic reticulum (ER)-localized membrane chaperone Shr3 to fold and to be transported to the PM. The absence
of Shr3 leads to the accumulation of misfolded AAP species that are targeted for ER-associated degradation. Thus, proper
Shr3 function is required as the most upstream and most downstream component of the SPS sensing system. In paper I, we
investigate the chaperone function of Shr3. We report a surprisingly low level of sequence specificity underlies Shr3-AAP
interactions. We used a split-ubiquitin approach to probe Shr3-AAP interactions in vivo. The Shr3-AAP interactions initiate
early after the first two-to-four TMS of AAPs insert into the ER membrane, successively strengthening and then diminishing
after all 12 TMS partition into the membrane. In paper II, we clarified the localization and trafficking determinants of
Ssy1. A study by Kralt et al. 2015 reported that Ssy1 primarily localizes to the ER and is sorted to ER-PM tethers. These
reported findings are clearly incompatible with the accepted model of amino acid sensing by the SPS-sensor. We critically
re-examined the localization of Ssy1 and found that it indeed localizes to the PM, and importantly does so independent
of ER-PM tethers. We also identified a novel ER exit motif in the carboxy-terminal tail of Ssy1 required for proper PM
localization and SPS-sensor function. In paper III, we report that Ssy5 is able to cleave substrates in unusual contexts,
i.e., an engineered substrate carrying rearranged recognition and cleavage determinants placed ectopically at the carboxy
terminus of Stp1, and an ER-anchored substrate with Stp1 fused to the carboxy terminus of Shr3. Strikingly, Ssy5 catalyzed
cleavage of Shr3-Stp1 in cells lacking ER-PM tethers, indicating that once activated, Ssy5 can find and cleave substrates
distant from the PM. Consequently, cells must be able to rein in the activity of the Ssy5 protease to prevent spurious and
improper proteolysis. Consistent with this notion, we report that the catalytic domain of Ssy5 is ubiquitylated in a Ptr3 and
Yck1/2 dependent manner, and under amino acid-inducing conditions is subject to degradation. We propose a model that
degradation of the Ssy5 catalytic domain is essential for resetting the SPS sensing system and a requisite for cells to regain
the ability to correctly sense extracellular amino acids.
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chaperone, amino acid permease, endoplasmic reticulum, membrane protein folding, Saccharomyces cerevisiae.
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1. INTRODUCTION

1.1 The secretory pathway
Roughly one fourth of the proteins encoded in eukaryotic genomes are
integral membrane proteins that pass through the secretory pathway to reach
their proper cellular location. Eukaryotic cells maintain several membranebounded organelles that enable them to create distinct intracellular milieus
optimized for distinct metabolic events, and to separate competing anabolic
and catabolic processes. Collectively, the plasma and organelle membranes
are highly dynamic structures comprised of a phospholipid bilayer that
physically functions as a selective permeability barrier and as a platform for
distinct sets of integral and membrane associated proteins that carry out
important functions. For example, plasma membrane (PM) associated
proteins respond to a variety of environmental cues, such as nutrient
availability, e.g., the presence of amino acids and sugars. The sensing of
external nutrients can lead to enhanced transcription, translation and PMtargeting of nutrient transporters. Newly synthesized integral membrane
proteins, e.g., nutrient transporters, enter the endoplasmic reticulum (ER),
the first compartment of the secretory pathway. In the ER, proteins fold,
often receiving post-translational modifications, and are concomitantly
subject to quality control processes. Quality control ensures that only
properly folded proteins destined to other cellular destinations are
incorporated into COPII-coated vesicles that mediate ER to Golgi transport.
The non-ER, or cargo, proteins subsequently transit from the cis- to transGolgi, acquiring additional post-translational modifications, and are sorted
into Golgi-derived transport vesicles that target them to proper post-Golgi
destinations, including the endosomes, lysosome (vacuole) and PM. Thus,
the secretory pathway can be characterized as an orchestrated series of
membrane vesicle fission and fusion events in which vesicles transport
soluble and membrane cargo in both anterograde (forward) and retrograde
(reverse) directions.
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1.2 Shr3 is a component of the secretory pathway
Shr3 was originally identified in a genetic selection for gene products
required for the proper uptake and compartmentalization of amino acids in
Saccharomyces cerevisiae (Ljungdahl et al., 1992). Briefly, the amino acid
histidine is toxic to yeast cells at media concentrations ≥ 1 mM and cells
carrying spontaneous mutations enabling growth in media containing 30 mM
histidine concentration were isolated. In a subsequent analysis, the resistance
was found to result from recessive mutations defining nine SHR (Super high
Histidine Resistant) complementation groups. Members of the SHR3 group
were found to pleiotropically affect the uptake of most amino acids, which
provided the explanation for their histidine resistant phenotype. The SHR3
gene was cloned and found to encode an integral ER membrane protein.
Shr3 is comprised of 210 amino acids with four transmembrane segments
(TMS) and a highly charged cytosolically oriented C-terminal tail, which
contain 24 charged amino acids out of 48 (Kota and Ljungdahl, 2005).
Remarkably, cells carrying shr3 mutations accumulate all 18 members of the
amino acid permease (AAP) protein family in the ER, suggesting that Shr3 is
required for the progression of AAPs through the secretory pathway. AAPs
are complex integral polytopic membrane proteins comprised of 12 TMSs.
The early secretory block imposed by shr3 mutations is specific to AAPs,
other families of integral membrane proteins of similar complexity, such as
hexose and glucose transporters, are unaffected (Kota and Ljungdahl, 2005).
The striking specificity for AAPs makes Shr3 particularly interesting to
study.

1.3 The amino acid permeases
The AAP protein family in the yeast S. cerevisiae is comprised of a group of
18 core members that are genetically distinct but structurally similar, each
with 12 TMSs. AAPs belong to the Amino acid-Polyamine-Organocation
(APC) family of transporters (André, 1995; Gilstring and Ljungdahl, 2000;
Nelissen et al., 1997; Saier, 2000). Recently, the Escherichia coli
arginine/agmatine antiporter AdiC bound with arginine was structurally
determined (Gao et al., 2010). The 12 TMSs in AdiC are organized in a
5+5+2 inverted repeat fold where TMSs 1-5 and TMSs 6-10 forms two
halves of the transporter core and TMSs 11 and 12 appear to hold together
the two halves (Figure 1). The TMSs 1, 3, 6, 8 and 10 are seen making
contacts with the arginine molecule and thus shapes the binding pocket (Gao
6

et al., 2010). To date, none of the yeast AAPs have been structurally
determined, but Bap2 (Usami et al., 2014), Can1 (Ghaddar et al., 2014a),
Gap1 (Ghaddar et al., 2014b) and Tat2 (Kanda and Abe, 2013) have been
successfully modeled onto the structure of AdiC. Based on the quality of the
modeling and the high degree of confidence obtained, it is likely that the
yeast AAPs are structurally similar to AdiC.

Figure 1. The crystal structure of the E. coli arginine/agmatine antiporter AdiC
bound with arginine. Left panel: Top view from periplasmic face. Middle panel:
Side view of TMSs 1-5. Right panel: Side view of inverted TMSs 6-10. AdiC has its
12 TMSs organized in a 5+5+2 inverted repeat fold where TMSs 1, 3, 6, 8 and 10
shape the binding pocket. Structural data was gathered from protein data bank
ID:3L1L and visualized with PyMOL.

The expression of AAPs is often linked to the presence of extracellular
amino acids, or to metabolic needs, e.g., lack of “good” source of nitrogen.
The presence of extracellular amino acids induces the expression of AAPs
with broad substrate ranges, while growth on ‘poor’ nitrogen sources induces
the expression of AAPs that take up amino acids for use as a nitrogen source,
e.g., Gap1 that can transport most D- and L-amino acids (Grenson et al.,
1970; Rytka, 1975). For a summary of AAP substrate specificity and
regulation, see a review (Ljungdahl and Daignan-Fornier, 2012). AAPs are
also regulated post-translationally by cargo-specific ubiquitin-dependent
endocytosis in response to changes in nutrient availability (Soetens et al.,
2001), transport of substrate (Ghaddar et al., 2014b; Lin et al., 2008) or
stress conditions (Crapeau et al., 2014; Lin et al., 2008). The E3-ubiquitin
ligase Rsp5 plays a central role in cargo-specific ubiquitin-dependent
endocytosis and use adaptor proteins, called arrestin-related trafficking
adaptors to achieve cargo specificity (Lin et al., 2008; Soetens et al., 2001).
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1.4 Nutrient sensing by the SPS-sensor
Wildtype strains of S. cerevisiae are prototrophic, i.e., they can synthesize all
amino acids required for growth but can also sense and take up extracellular
amino acids. It is easy to envision that it is more efficient to take up amino
acids instead of using cellular carbon and nitrogen sources in the amino acid
biosynthetic pathways. This provides the rationale for a regulated amino acid
sensor that can correctly respond to changes in nutrient availability in its
growing environment. Consistent with this idea, genes required for uptake of
amino acids were identified, named Ssy1, Ptr3 and Ssy5 (Barnes et al., 1998;
Didion et al., 1998; Iraqui et al., 1999; Jørgensen et al., 1998; Klasson et al.,
1999). The integral membrane protein Ssy1 together with peripherally
associated proteins Ptr3 and Ssy5 form a complex named the Ssy1-Ptr3Ssy5(SPS)-sensor that allow cells to sense the presence of extracellular
amino acids (Figure 2) (Forsberg and Ljungdahl, 2001; Ljungdahl, 2009).
Ssy1 is a unique member of the AAP family with an unusually long Nterminus. Ssy1 does not facilitate detectable amino acid uptake, instead it is
required for transcriptional upregulation of AGP1, BAP2, BAP3, GNP1,
TAT1 and TAT2 in response to presence of amino acids (Didion et al., 1998;
Iraqui et al., 1999; Klasson et al., 1999).

Figure 2. The proteins Ssy1, Ptr3 and Ssy5 make up the PM-bound SPS-sensor. The
SPS-sensor allow cells to sense and respond to the presence of extracellular amino
acids. Activation of the SPS-sensor leads to amino acid-induced transcription of
amino acids. The integral ER-membrane protein Shr3 is required for trafficking of
AAPs to the PM. Figure is adapted from Ljungdahl, 2009.
8

There is substantial evidence suggesting that Ssy1 functions as an amino
acid sensor by direct binding of amino acids in a substrate-like manner. First,
Ssy1 exhibits substrate-specificity, leucine followed by phenylalanine and
isoleucine are the strongest inducers (Gaber et al., 2003). Secondly,
mutations in Ssy1 that cause constitutive, hyper and hypo-responsive
signaling were identified and characterized (Gaber et al., 2003; Poulsen et
al., 2008). Constitutively signaling alleles do not require amino acids to
stabilize a signaling conformation of Ssy1. Hyper and hypo-responsive
signaling alleles have reduced and increased EC50 for amino acids,
respectively (Poulsen et al., 2008). Thirdly, increased intracellular levels of
leucine, by the addition of extracellular leucine prior to activation or by a
mutation in LEU4 that inhibits feedback inhibition, increased the EC50 for
leucine (Wu et al., 2006). Based on these observations it was proposed that a
transporter-like sensor can adopt four states of a canonical transporter, (I)
outward-facing, (II) outward-facing ligand bound, (III) inward-facing ligand
bound and (IV) inward-facing, where the outward-facing ligand bound
represents the signaling conformation. Unlike transporters, transporter-like
sensors do not transition from (II) outward-facing ligand bound to (III)
inward-facing ligand bound. However, the recent structural determination of
human GLUT3 in complex with D-glucose requires a revision on the
previous model of transporter-like sensors (Deng et al., 2015). The revised
model now includes six conformational states (communicated by Morten
Kielland-Brandt): (I) ligand-free outward-open, (II) substrate-bound
outward-occluded, (III) substrate-bound occluded, (IV) inward-open, (V)
partly inward-occluded and (VI) ligand-free occluded (Deng et al., 2015).
Considering this revised model, transporter-like sensor would be blocked
from transitioning between (III) substrate-bound occluded and the (IV)
inward-open conformations. In this model the signaling and non-signaling
would be (III) substrate-bound occluded and (VI) ligand-free occluded,
respectively (Figure 3) (communicated by Morten Kielland-Brandt).

9

Figure 3. Transporters go through several discrete steps during a transport cycle.
Transporter-like sensors bind substrate but cannot transition through the transport
cycle. Based on new available structural data from human GLUT3 in complex with
D-glucose, a new revised model on how a transporter-like sensor, e.g. Ssy1 may
transmit signals. Figure is adapted from Deng et al., 2015 with intellectual
contribution communicated by Morten Kielland-Brandt.

1.5 Stp1/2 are the targets of the SPS-sensor
The transcription factors Stp1 and Stp2 are the only known targets of the
SPS-sensor and affect the transcription of SPS-sensor regulated genes (e.g.
the AAPs AGP1, BAP2, BAP3, GNP1, TAT1 and TAT2) that have amino
acid-dependent upstream activating sequences (UASAA) (Abdel-Sater et al.,
2004b; de Boer et al., 1998; de Boer et al., 2000; Jørgensen et al., 1997).
Stp1 and Stp2 are synthesized as latent cytoplasmic transcription factors due
to the presence of an N-terminal regulatory domain. In Stp1, the N-terminal
regulatory domain is comprised of residues 1-125 and contains two regions
of special interest (Andréasson et al., 2006; Andréasson and Ljungdahl,
2002), region I (residues 16-35) that confers nuclear exclusion (Andréasson
and Ljungdahl, 2004) and region II (residues 65-97) that contains the Ssy5
10

cleavage site, which is between residues 85 and 86 (Figure 4) (Martins et al.,
2018). Activation of the SPS-sensor leads to the proteolytic processing of
Stp1 and Stp2, which releases the nuclear exclusion region from the
transcription factor that allows for efficient nuclear targeting (Andréasson
and Ljungdahl, 2002). Interestingly, the N-terminal regulatory domain is
transferable and confers nuclear exclusion under the control of the SPSsensor (Andréasson and Ljungdahl, 2004; Omnus and Ljungdahl, 2014).

Figure 4. The latent transcription factor Stp1 has a N-terminal regulatory domain
comprise two regions, region I and II. Region I (residues 16-35) confers nuclear
exclusion and region II contains the Ssy5 cleavage site. The N-terminal regulatory
domain is transferable and confers SPS-sensor regulated nuclear exclusion. Figure is
adapted from Martins et al., 2018.

1.6 The Asi-complex
The proteins Asi1, Asi2 and Asi3 were found in a screen aimed to identify
genes that restore amino acid uptake in an SPS-sensor deficient strain
(Forsberg et al., 2001). Asi1 and Asi3 have RING-domains (Forsberg et al.,
2001) and functions as E3-ubiquitin ligases for nuclear mis-localized Stp1
and Stp2 by recognizing region I in the N-terminal regulatory domain
(Boban et al., 2006; Khmelinskii et al., 2014; Omnus and Ljungdahl, 2014).
The deletion the Asi1, Asi2 or Asi3 enables Stp1 and Stp2-dependent amino
acid uptake in absence of activation of the SPS-sensor pathway, suggesting
that the Asi-complex maintains the off-state of the SPS-signaling pathway in
the absence of activation (Boban et al., 2006; Zargari et al., 2007).
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Interestingly, the Asi-complex, was recently found to constitute a novel
protein quality control pathway at the inner nuclear membrane that mediates
degradation of mis-localized integral membrane proteins (Foresti et al.,
2014; Khmelinskii et al., 2014).

1.7 SPS-sensor signaling events
One of the features that distinguish Ssy1 from the other AAPs is the
presence of an unusually long N-terminal domain (Iraqui et al., 1999).
Several observations led to the conclusion that the N-terminal domain has a
regulatory role. First, overexpression of Ssy1(1-276) partially complemented
growth in a gap1Δ ssy1Δ strain growing with leucine as sole nitrogen source
(Bernard and André, 2001a). Secondly, overexpression of Ssy1(1-276)
interfered with amino acid-induced expression of Agp1 in a gap1Δ SSY1
strain (Bernard and André, 2001a) and overexpression of Ssy1 and Ssy1NT
exerted dominant negative effect on amino acid sensor function (Forsberg
and Ljungdahl, 2001). Based on these observations, and the observation that
Ptr3 can interact with Ssy1 (Uetz et al., 2000) it was further proposed that
Ptr3 interacts with the N-terminus of Ssy1 (Bernard and André, 2001a).
Indeed, the N-terminus of Ssy1 was shown to interact with Ptr3 and Ssy5 in
a yeast two-hybrid analysis (Liu et al., 2008). Furthermore, Ptr3 was also
found to interact with Ssy5 and itself (Bernard and André, 2001a), an
interaction that occur independently of Ssy1 (Liu et al., 2008; Omnus and
Ljungdahl, 2013), suggesting that Ptr3 and Ssy5 form a complex
independent of Ssy1. These observations support a model in which binding
of extracellular amino acids by Ssy1 stabilizes a signaling conformation that
allow Ptr3 and Ssy5 with the N-terminus of Ssy1 to transduce SPS-sensor
mediated signals.

1.8 Ssy5 – a signaling endoprotease
To understand the sequence of events downstream of Ssy1 in SPS-sensor
signaling, a series of Ptr3 and Ssy5 overexpression experiments were
published by Bernard and André in 2001 (Bernard and André, 2001a).
Overexpression of Ptr3 bypassed the requirement of Ssy1 (Bernard and
André, 2001a) while the overexpression of Ssy5 did not bypass Ssy1 on
minimal media with 1 mM leucine as sole nitrogen source (Bernard and
André, 2001a). However, overexpression of Ssy5 on minimal media with
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ammonium as sole nitrogen source supplemented with the toxic amino acid
L-ethionine suggested that Ssy5 is able to partially bypass the Ssy1requirement (Bernard and André, 2001a). This indicated that Ssy5 is the
most downstream component of the SPS-sensor. Ssy5 was found to have a
conserved serine-protease like domain in the C-terminus displaying the
characteristic histidine aspartate and serine catalytic triad (Figure 5) (AbdelSater et al., 2004a). Ssy5 undergoes an auto-proteolytic processing event that
effectively yield a Pro and a Catalytic (Cat)-domain (Abdel-Sater et al.,
2004a; Andréasson et al., 2006; Poulsen et al., 2006). The Pro-domain is
required for protease maturation, based on the observation that individually
co-expressed Pro and Cat-domain will not result in a functional protease
(Andréasson et al., 2006). Furthermore, the Pro-domain remains associated
to the Cat-domain and thereby functions as an inhibitory domain
(Andréasson et al., 2006).

Figure 5. The SPS-sensor regulated signaling endoprotease Ssy5 undergo autolysis
to yield a Pro- and Cat-domain that stay non-covalently associated. The Cat-domain
has a conserved serine protease-like domain that has the characteristic histidineaspartate-serine catalytic triad. Figure is adapted from Martins et al., 2018.

1.9 Stp1/2 are the targets of the SPS-sensor
The activation of the Ssy5 Cat-domain depends on the release from the
inhibitory Pro-domain. This has also been demonstrated in an SPS-sensor
independent manner by fusing a temperature-sensitive degron to the Ssy5
Pro-domain (Pfirrmann et al., 2010). Upon induction of the SPS-sensor, the
levels of Pro-domain decrease in an Ssy1, Ptr3 and Grr1 dependent manner
(Andréasson et al., 2006). Grr1 has shown to be required for utilization of
multiple amino acids in a gap1Δ strain (Bernard and André, 2001b) and to be
required for Stp1-processing and Agp1 expression (Abdel-Sater et al.,
2004a). Grr1 is a specificity factor for the Skp1-Cul1-F-box protein (SCF)
13

E3-ubiquitin ligase complex that specifically recognizes phosphorylated
substrates (Skowyra et al., 1997). In addition to Grr1, the PM-associated
casein kinase I Yck1/2 has shown to be required for Stp1-processing and
Agp1 expression (Abdel-Sater et al., 2004a). Consistent with this, upon
leucine induction Ssy5 Pro-domain is stable in grr1Δ and yck1/2Δ strains
thereby rendering Ssy5 Cat-domain inactive (Omnus et al., 2011). The Prodomain of Ssy1 contains a phosphodegron that is controlled by casein kinase
I Yck1/2 (Figure 6) (Abdel-Sater et al., 2011; Omnus et al., 2011).

Figure 6. The activity of the Cat-domain is controlled by the SPS-sensor regulated
dissociation and degradation of the Pro-domain. The Pro-domain of Ssy5 contains a
phosphodegron that is controlled by the SPS-sensor activation. Upon SPS-sensor
activation, the casein kinase I Yck1/2 phosphorylates the Pro-domain in the
phosphoacceptor motif, which leads to SCFGrr1-dependent ubiquitination and
degradation of the Pro-domain. Figure is adapted from Martins et al., 2018.

The phosphorylated Ssy5 Pro-domain is a substrate for the SCFGrr1 E3ubiquitin ligase complex (Abdel-Sater et al., 2011; Omnus et al., 2011). The
need for SPS-sensor mediated Pro-domain phosphorylation can be bypassed
by genetically fusing Yck1 to Ssy5 (Omnus et al., 2011). It does however
not bypass the need for Grr1-mediated ubiquitination of the Pro-domain to
activate the Cat-domain (Omnus et al., 2011). Interestingly, the deletion of
RTS1, a regulatory subunit of the protein phosphatase 2A, resulted in amino
acid-independent Stp1-processing (Eckert-Boulet et al., 2006). The deletion
of RTS1 was found to have decreased levels of Ssy5 Pro-domain under noninducing conditions, suggesting that Rts1 sets the threshold of Ssy5 Catdomain activation (Figure 7) (Omnus and Ljungdahl, 2013). Activation of
Ssy1 brings Ptr3 and Ssy5 in spatial proximity to PM-bound casein kinases I
Yck1/2, which overcomes the threshold set by Rts1.

14

Figure 7. The activation of Ssy5 occur at the PM. Under non-signaling conditions,
the SPS-sensor is maintained in an off state due the action of Rts1, a regulatory
subunit of protein phosphatase 2A. Rts1 sets a threshold for Ssy5 activation that is
overcome by SPS-sensor activation. Figure is adapted from Omnus et al., 2013.
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2. AIM OF THESIS

A major unsolved problem in cell biology is a detailed understanding of how
membrane proteins are synthesized and folded to attain functional states,
requisites for being correctly localized to appropriate endogenous cellular
membranes. The core component of the SPS-sensor, Ssy1, as well as the
effector proteins, the AAPs, are membrane proteins that require Shr3 for
trafficking through the secretory pathway. In effect, Shr3 is the most
upstream and downstream component of the SPS-sensing pathway. The aim
of this thesis is to use Shr3-AAP interaction as a paradigm to gain insight of
processes that enable membrane proteins to fold in the ER. To put this into
perspective I will review what is known about the critical steps at the ER
that allow membrane proteins to reach their destination.
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3. MEMBRANE PROTEIN BIOGENESIS

3.1 Overview of membrane protein biogenesis
In AAP and membrane protein biogenesis there are four critical steps in the
early secretory pathway, i.e., targeting, translocation, folding and packaging
into ER-derived COPII-coated vesicles. Ribosomes translating proteins that
are destined for either co-translational or post-translational translocation
need to be recognized and targeted to the ER-membrane. Proteins need to be
inserted into the ER-membrane, fold in a molecularly crowded environment
and be packaged into COPII-coated vesicles. Because AAPs are likely to be
co-translationally inserted in the ER membrane, I will primarily focus on
what is known regarding the co-translational translocation and folding of
model membrane proteins that may serve as paradigms for understanding the
in vivo biogenesis of AAPs.

3.2 Targeting to the secretory pathway
Proteins are targeted to the secretory pathway either co- or posttranslationally. Membrane and secreted protein synthesis start in the cytosol
and during elongation, nascent polypeptide chains are scanned close to the
ribosomal tunnel exit by protein biogenesis factors, one of which is the
Signal Recognition Particle (SRP). Upon the emergence of a signal
sequence consisting of 7-12 hydrophobic amino acids, or a TMS, the SRP
binds to the emerging nascent chain. Binding of SRP arrests translation and
directs the Ribosome Nascent Chain (RNC) complex to the ER membrane
via the binding of SRP to the SRP-receptor (SR) (Walter and Blobel, 1981).
GTP-binding of SRP reduces affinity for the signal sequence (Miller et al.,
1993), which enables the nascent chain to be transferred to the translocon.
The translocon then stimulates GTP hydrolysis to recycle SR-bound SRP
(Song et al., 2000).
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3.3 Membrane protein topology
Integral membrane proteins may adopt different topological orientations
with respect to their N-terminal ends, i.e., the N-terminal may either orient
towards the cytoplasm or the ER lumen. The topology is dictated by the
presence of topogenic signals within the protein sequence. In the case of
single-spanning membrane proteins that have an N-terminally cleaved signal
sequence, the N-terminus is oriented in the lumen. The topology of polytopic
membrane proteins is usually dictated by the first TMS (Goder and Spiess,
2001), and heavily influenced by position of flanking positive residues (von
Heijne, 1986).

3.4 Sec61 – the protein conducting channel
After targeting to the membrane, proteins need to be translocated across or
into the ER-membrane and that is achieved by the translocon, a conserved
heterotrimeric membrane protein complex, called the Sec61 complex in
eukaryotes and the SecYEG complex in archaea and bacteria. The alpha and
gamma subunits are essential, while the beta subunit has been shown to be
dispensable (Rapoport, 2007). The alpha subunit of the Sec61 complex is an
integral membrane protein with ten TMSs that form the protein-conducting
channel. The channel is formed by two halves, TMSs 1-5 and TMSs 6-10
that is connected by a hinge region (Van den Berg et al., 2004). The channel
has an hourglass shape that is constricted at the middle by a ‘pore ring’
comprising six hydrophobic amino acid residues with their bulky sidechains
radially facing inwards. There is also a plug domain that is thought to seal
the central channel of the translocon from the ER-lumen side. The gamma
subunit extends an alpha helix over back of the alpha subunit contributing to
the hinge function. The connecting loop of TMS 5 and 6 allows the channel
to open a lateral gate, providing an entry point to the lipid bilayer.

3.5 Translocon associated proteins
Several proteins associated with the translocon have been shown to be
important for membrane protein biogenesis. Most of the translocon
associated proteins exert their function on nascent chains. Two examples are
the signal peptidase and the oligosaccharyl-transferase complex, responsible
for signal sequence cleavage and co-translational N-glycosylation,
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respectively (Johnson and van Waes, 1999). In mammals, the translocon is
closely associated with the translocating chain-associating membrane
(TRAM) protein, translocon-associated protein (TRAP) complex and SR
(Görlich et al., 1992; Görlich and Rapoport, 1993). The association between
Sec61, TRAM, TRAP complex and SR is not dependent on the presence of a
translocation substrate, which suggest that they are stable interactors (Snapp
et al., 2004). The TRAM protein appears to be required for translocation of
most but not all membrane proteins (Görlich et al., 1992; Görlich and
Rapoport, 1993). TRAM interacts with the charged amino region of signal
sequence early in the translocation process (High et al., 1993; Mothes et al.,
1994; Voigt et al., 1996). In E. coli, YidC has been shown to be required for
translocation and folding of some membrane proteins, thus apparently
having a similar role as the TRAM protein in mammals (Osborne et al.,
2005). YidC in E. coli is comprised of six TMSs, where TMS 1 is an
extension from the bacterial TMSs 2-6 conserved core structure (Hennon
and Dalbey, 2014). YidC has functions in a SecY-dependent manner as a
membrane chaperone, and in a SecY-independent manner as an insertase
(Kumazaki et al., 2014; Samuelson et al., 2000; Serek et al., 2004). Recently,
the crystal structure of YidC in Bacillus halodurans was reported (Kumazaki
et al., 2014). The structure of YidC has a novel fold where five TMSs form a
positively charged hydrophilic grove inside the membrane open to the
cytoplasm and lipids but closed to the extracellular side. Based on this
structure, a model was proposed that would enable YidC to translocate a
single-spanning membrane protein with a negatively charged N-terminal
extracellular region. The negatively charged hydrophilic region of the
substrate can interact with the positively charged hydrophilic groove of
YidC within the membrane. The substrate can then be released to the
membrane by hydrophobic interactions between the TMS and the
surrounding lipids and by electrostatic interactions powered by the
membrane potential.

3.6 Folding
Proteins need to fold into native conformations to exert their biological
functions. The information required to reach a protein’s native conformation
lies inherently within the linear amino acid sequence (Anfinsen, 1973).
Many proteins have been shown to be able to fold spontaneously in vitro,
however it is clear that in a cellular context, many proteins need the help of
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molecular chaperones to efficiently reach their native conformation in a
biologically relevant time-scale (Hartl, 1996; Hartl and Hayer-Hartl, 2009).
During the process of folding, proteins may go through several folding
intermediates on their way to attaining native conformations (Brockwell and
Radford, 2007). Folding intermediates in a crowded molecular environment
have an increased propensity to form aggregates (Ellis and Minton, 2006).
Given that the rate of translation is much slower than folding, nascent chains
are exposed in a partially folded state for extended periods of time. These
nascent chains are aggregation sensitive and this provides the basis for
understanding the requirement of molecular chaperones during the
translocation process. A molecular chaperone is defined as a protein that
interacts, stabilizes or helps client non-native protein substrates to reach
native conformations, without being included in the client’s final native and
functional conformation. Chaperones may function in a co-translational
manner to inhibit or prevent the misfolding of N-terminal folding
intermediates of client proteins prior to the complete translation of their
entire polypeptide chain.
In the case of membrane proteins, they first need to get access to the ERmembrane. The translocon provides an entry point from the aqueous
channel-pore to the hydrophobic ER-membrane. Based on the crystal
structure of SecY from Methanocaldococcus jannaschii, the channel of the
translocon is only large enough to accommodate one alpha helix (Van den
Berg et al., 2004). Consequently, as the nascent chain elongates, TMSs need
to partition individually and sequentially into the membrane. Because the
pore of the translocon is aqueous and the surrounding membrane is
hydrophobic, TMSs are thought to be partitioned because they are
energetically favored, and it has been shown that efficiency correlates with
their hydrophobicity (Hessa et al., 2005). How individual TMSs of polytopic
membrane proteins are prevented from forming non-native interactions and
thus preventing aggregation remains to be elucidated. During the folding of
soluble proteins molecular chaperones prevent aggregation during synthesis,
thus it is likely that TMSs require chaperone-like proteins to prevent their
aggregation. It has been postulated, and in some instances shown, that TMSs
can stay closely associated to the translocon and to auxiliary proteins (Do et
al., 1996; Meacock et al., 2002; Sadlish et al., 2005). Thus, the translocon
and associated auxilary proteins may prevent aggregation and function
analogous to chaperones. Using a FRET-approach that is based on the
placement of a donor in a TMS and with an acceptor in the lipid phase, it
was shown that Sec61 has two discrete TMS binding sites, the arrival of a
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third TMS cues release of TMS 1 and 2. Thus, the translocon itself appears
to have a chaperone-like capacity and can release multiple TMSs after
translational completion (Hou et al., 2012). Proteins that have more than
three TMSs may exceed the chaperone-like capacity of the translocon and
thus require additional and separate non-translocon components to prevent
aggregation of incompletely translocated nascent chains. This provides the
rationale for the presence of additional proteins with chaperone-like ability
to facilitate proper folding of more complex membrane proteins such as the
AAPs.

3.7 Chaperone-like proteins
In yeast, ER-resident proteins that appear to have chaperone-like properties
have been identified. The proteins Gsf2, Pho86 and Shr3 are specifically
required for ER-exit of hexose transporters Hxt1 and Gal2 (Sherwood and
Carlson, 1999), phosphate transporter Pho84 (Lau et al., 2000) and AAPs
(Kota and Ljungdahl, 2005), respectively. The absence of these chaperones
affect the propensity of their cognate substrates to form cross-links in
presence of membrane-permeable crosslinkers (Kota and Ljungdahl, 2005).
Together the proteins Gsf2, Pho86 and Shr3 constitute a group of
membrane-localized chaperones that assists in folding specific sets of
polytopic membrane proteins. In E. coli, YidC has been shown to be
required for folding of the polytopic membrane proteins LacY (Nagamori et
al., 2004; Zhu et al., 2013) and MalF (Wagner et al., 2008). Consistent with
a chaperone-like function, YidC was shown to suppress misfolding and
assist in folding of LacY (Serdiuk et al., 2016). YidC interacts with TMSs as
they insert into the membrane (Houben et al., 2002; Klenner et al., 2008;
Urbanus et al., 2001), and may act as an assembly site for alpha helices in
polytopic membrane proteins (Beck et al., 2001). Furthermore, YidCassisted folding of LacY was shown to follow several discrete folding
pathways prior to attaining its native structure (Serdiuk et al., 2016). It is
possible that through hydrophobic interactions YidC functions to shield its
substrate, providing a protective chamber that reduces energetically
unfavorable contacts in the non-native structure during translation (Zhu et
al., 2013).
The ER membrane protein complex (EMC) was identified in a screen with
the aim to identify genes required for protein folding in the ER (Jonikas et
al., 2009). The screen took advantage of the ER-localized protein misfolding
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sensor, Ire1, which activates the transcription factor Hac1. Activated Hac1
induces genes associated with the unfolded protein response (UPR), e.g.,
KAR2 and PDI1 (Travers et al., 2000). Briefly, GFP was put under the
control of the Hac1 transcription factor and RFP was put under the
constitutive TEF-promoter. The ratio between GFP and RFP in single cells
were used to identify genes that resulted in induction of the UPR. The
reporters were introduced into approximately 4500 strains from the
Saccharomyces cerevisiae deletion library (Giaever et al., 2002). Deletion of
genes involved in the secretory pathway were found to be highly enriched,
and expectedly, genes involved in ER protein quality control such as
chaperones, proteins associated with ER-associated degradation (ERAD) and
N-linked glycosylation. Furthermore, by examining the genetic interactions
using a double mutant approach, a previously uncharacterized cluster of six
genes, EMC1, EMC2, EMC3, EMC4, EMC5 and EMC6 was identified.
These genes encode a conserved stochiometric transmembrane complex,
termed the EMC. In addition to the EMC core components, Sop4 and Emc10
were found as accessory proteins (Jonikas et al., 2009), and recently,
substrate-specific chaperones of the EMC, e.g., Ilm1 and Gsf2 were
identified (Shurtleff et al., 2018). Based on these results, it was suggested
that loss of the EMC results in the accumulation of misfolded membrane
proteins (Jonikas et al., 2009). In yeast, deletion of each of the individual
EMC1-6 affect the trafficking of the PM-protein Mrh1-GFP, causing a
portion of Mrh1-GFP to localize to the ER (Bircham et al., 2011). The EMCcomponents Gsf2, Ilm1 and Sop4 were reported to be required for biogenesis
of Hxt1 (Sherwood and Carlson, 1999), Fks1 (Shurtleff et al., 2018) and
Pma1 (Luo et al., 2002), respectively. Using proximity-specific ribosomal
profiling it was shown that the EMC engages substrates co-translationally
(Shurtleff et al., 2018). The EMC clients were primarily transporters
enriched with TMSs containing charged and aromatic residues, which
suggested that the EMC may function as a biogenesis factor for membrane
proteins that are bioenergetically challenging (Shurtleff et al., 2018).
In parallel with folding, the ERAD protein quality control pathways monitor
protein misfolding in the ER, for a review see (Ruggiano et al., 2014). To be
identified as a target for degradation, sequential actions of ubiquitinactivating (E1), -conjugating (E2) and -ligase (E3) enzymes are required,
where the E3-ubiquitin ligase ultimately provides specificity (Ruggiano et
al., 2014), reviewed in detail by (Kostova et al., 2007; Pickart, 2001). Two
E3-ubiquitin ligase complexes, the Doa10 and Hrd1 complex, mediates
degradation of proteins with lesions in cytoplasmic, membrane and luminal
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domains, in pathways called the ERAD-C, -M and -L pathways, respectively
(Carvalho et al., 2006). There are two E2 ubiquitin-conjugating enzymes in
the ERAD-pathways. The Doa10-complex use Ubc6 and Ubc7 as (Swanson
et al., 2001), while the Hrd1-complex use Ubc7 (Bays et al., 2000; Bordallo
et al., 1998).

3.8 COPII-coatomer
After reaching native conformations, membrane proteins need to be
recognized as cargo and be segregated from other ER-resident membrane
proteins by the COPII secretory machinery (Barlowe et al., 1994). The
COPII-coatomer, consisting of cytosolic components Sar1, Sec23/24 and the
Sec13/31 enable vesicle formation and cargo incorporation at the ERmembrane for transport to the Golgi. (Barlowe et al., 1994). The first step in
vesicle formation is Sec12-dependent guanidine exchange of the Sar1
GTPase at the ER-membrane and is required for the initiation of vesicle
formation (Barlowe and Schekman, 1993; d'Enfert et al., 1991; Nakano et
al., 1988). Sar1-GTP exposes an N-terminal amphipathic helix that is
inserted in to the ER-membrane (Bielli et al., 2005; Lee et al., 2005). Sar1GTP recruits the inner-coat proteins Sec23/24 (Yoshihisa et al., 1993) thus
forming the Sar1-Sec23/24 pre-budding complex (Figure 8) (Jensen and
Schekman, 2011), which bend the membrane into a concave surface that
matches a 60 nm vesicle (Bi et al., 2002). The pre-budding complex is
capable of binding transmembrane cargo and binding depends on the
presence of a sorting signal (Kuehn et al., 1998).

Figure 8. Initiation of vesicle formation start with the guanidine nucleotide
exchange of Sar1-GDP by Sec12 to yield Sar1-GTP that can associate and bind to
the ER-membrane. Sar1-GTP interacts with Sec23 and recruits the inner-coat
proteins Sec23/24 where Sec24 can bind transmembrane cargo, thus forming the
pre-budding complex. Figure is adapted from Jensen and Schekman, 2011.
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There are several sorting signals, e.g., di-acidic, di-aromatic and dihydrophobic motifs (Barlowe, 2003). Some sorting signals are transferable,
for example the sorting signal of Sys1 to Gap1, while the Gap1 sorting
signal to Sys1 is not (Miller et al., 2003). Mutation of the di-acidic motif
DXE in Sys1 affected the ability to interact with Sec23/24 and resulted in an
approximately 30 % ER-retention (Votsmeier and Gallwitz, 2001). Sec24 is
the transmembrane cargo receptor (Miller et al., 2002) and contains cargo
binding sites (Miller et al., 2003). The AAPs have a conserved di-acidic
sorting signal and mutation of the di-acidic motif DID in Gap1 greatly
reduces incorporation into COPII-vesicles (Malkus et al., 2002).
Furthermore, packaging of Gap1 and Hip1 also requires the integral ERmembrane protein Shr3 (Kuehn et al., 1996). The pre-budding complex can
then interact with Sec31 to recruit the outer-coat Sec13/31 (Shaywitz et al.,
1997). When more pre-budding complexes are formed, the outer-coat
assembles to provide the structural framework for the shaping of the budding
vesicle (Figure 9) (Fath et al., 2007; Jensen and Schekman, 2011; Stagg et
al., 2006). The vesicle budding event can be reconstituted with defined
liposomes and purified coat proteins, which suggests that polymerization of
the is sufficient to promote vesicle budding (Matsuoka et al., 1998).

Figure 9. The pre-budding complexes drives assembly of the Sec13/31 outer-coat.
Binding of the outer-coat provide the structural framework for the formation of the
budding vesicle. Figure is adapted from Jensen and Schekman, 2011.
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4. SHR3

4.1 Shr3 is not required for translocation,
membrane partitioning or topology of AAPs
The specific requirement of Shr3 for the efficient exit of AAPs from the ER
implies that Shr3 interacts with one or more structural features shared by
AAPs. In the absence of Shr3, these structural features must impose a
physiological hurdle that either hampers AAPs from efficiently partitioning
into the ER membrane, folding properly or packaging into ER-derived
COPII-coated transport vesicles.
To test if Shr3 is required for proper translocation and partitioning into the
membrane the topology of Gap1 was determined by glycosylation scanning,
comparing the glycosylation status of specifically engineered forms of Gap1
in SHR3 and shr3 null mutant cells. No obvious difference in the overall
topology of Gap1 was found, suggesting that Shr3 is not required for
targeting, translocation or partitioning of AAPs into the ER membrane
(Gilstring and Ljungdahl, 2000). To assess the structure of the AAPs
accumulating in the ER of shr3 mutants, the activity of the UPR was
monitored. The accumulation of misfolded proteins activates the UPR,
leading to increased expression of stress response proteins, such as Kar2,
Pdi1 and Eug1 (Gilstring et al., 1999). The disruption of Shr3 did not lead to
increased expression of any of these stress response proteins, suggesting that
AAPs are not grossly misfolded, or at least do not expose extra hydrophobic
segments required to activate the UPR (Gilstring et al., 1999).

4.2 Shr3 is required for the efficient folding of
AAPs
Shr3 has a hydrophobic membrane domain, comprised of four TMSs and a
long hydrophilic cytosolically oriented C-terminal tail. Truncation analysis
showed that the presence of the membrane domain of Shr3 is sufficient and
required for significant and functional AAP expression at the PM, which is
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based on a combination of the analysis of amino acid uptake and AAP
localization by fluorescence microscopy (Kota and Ljungdahl, 2005). The
mutant Shr3ΔCT protein lacking the 48 amino acids of the C-terminal tail
retains roughly 50% of the activity of the full-length Shr3 (Kota and
Ljungdahl, 2005). Consequently, Shr3 function is primarily dependent on the
membrane domain that mediates a function distinct from the recruitment of
COPII-coat components and packaging (Gilstring et al., 1999).
Based on the insights gained from the truncation analysis, it was
hypothesized that the membrane domain of Shr3 might possess an AAPspecific chaperone function affecting the folding of AAPs. Consistent with
this notion, it was postulated that AAPs would exhibit altered physical
properties, perhaps, forming non-native structures prone to aggregation, in
cells lacking the chaperone function of Shr3. Indeed, in absence of Shr3,
AAPs were found to exhibit an increased propensity to form cross-links in
the presence of membrane-permeable crosslinkers, whereas other membrane
proteins did not (Kota and Ljungdahl, 2005). The migration pattern of Gap1
was investigated in SHR3 and shr3 cells under native non-denaturing
conditions. Membrane preparations were partially solubilized using the nonionic detergent n-Dodecyl β-D-maltoside (DM) and resolved by Blue
Native-PAGE. In wild-type cells, Gap1 migrated primarily as monomeric
forms, but in absence of Shr3, Gap1 migrated as high molecular weight
species, indicative of Gap1 being in an aggregated state (Kota and
Ljungdahl, 2005). The same pattern was observed for Agp1, a genetically
distinct but structurally related AAP (Kota and Ljungdahl, 2005). Together
these findings clearly suggest that Shr3 is required for AAPs to attain a
proper folded state, a requisite for incorporation into COPII-coated vesicles.

4.3 Shr3 interacts with AAPs at an early stage
during translocation into the ER
To define when Shr3 interacts with or to what structural determinants in the
AAPs Shr3 recognizes, the archetypal AAP Gap1 was expressed as a split
protein comprised of independently encoded N- and C-terminal fragments,
i.e., an N-terminal fragment with either TMSs 1-5 or TMSs 1-6 co-expressed
with a C-terminal fragment of TMSs 6-12 or TMSs 7-12. When coexpressed, both combinations, TMSs 1-5 / TMSs 6-12 and TMSs 1-6 / TMSs
7-12, assembled in vivo in a Shr3-dependent manner to facilitate amino acid
uptake (Kota et al., 2007). Importantly, and as anticipated, when the N- and
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C-terminal fragments of split-Gap1 were co-expressed, Shr3 was able to
prevent the formation of high molecular weight aggregated species of splitGap1 (Kota et al., 2007). Furthermore, Shr3 specifically affected the
propensity of the TMSs 1-5 construct to aggregate (Kota et al., 2007). These
results are very interesting with respect to the E. coli AdiC crystal structure
with TMSs organized in a 5 + 5 + 2 manner.

4.4 Shr3 prevents premature degradation of AAPs
In wild-type cells, AAPs, like other PM proteins are primarily degraded in
the vacuole. Deleting the gene encoding the vacuolar protease Pep4
significantly stabilizes Gap1 in wild-type cells (Kota et al., 2007). By
contrast, in shr3Δ cells, the knock-out of PEP4 has no effect on the stability
of Gap1 (Kota et al., 2007). Clearly, AAPs in shr3Δ cells are degraded in a
different fashion. ERAD is a protein quality control pathway that is active at
the ER membrane and is responsible in clearing of misfolded proteins within
the ER. The ERAD pathway uses two E3-ubiquitin ligase complexes, the
Doa10- and Hrd1-complex, in which Doa10 and Hrd1 E3-ubuiquin ligases
provide specificity, cooperating with the E2-ubiquitin conjugating enzymes
Ubc6 and Ubc7 (Ruggiano et al., 2014). Single or double deletions of UBC6
and UBC7 do not significantly affect the stability of PM-located Gap1 in
SHR3 cells, but greatly increase stability of Gap1 in shr3Δ cells (Kota et al.,
2007). Similarly, the deletion of the genes encoding the two ERAD E3ubiquitin ligases Doa10 and Hrd1 affect Gap1 stability in shr3Δ but not
SHR3 cells. These findings clearly demonstrate that ER-aggregated Gap1 in
shr3Δ cells is an ERAD substrate. Further experiments showed that Agp1 is
degraded in a similar manner as Gap1 (Kota et al., 2007). Interestingly,
mutations that impair ERAD partially suppress shr3-null phenotypes; shr3Δ
strains carrying ubc6Δ ubc7Δ or doa10 hrd1Δ mutations show increased
amino acid uptake capacity, and Gap1 shows less aggregation, indicating
that folding and quality control processes act concomitantly (Kota et al.,
2007). Thus, it appears that during their folding, Shr3 protects AAPs from
premature degradation by ERAD.
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4.5 Shr3 is required for efficient packaging of
AAPs into COPII-coated vesicles
In vitro studies have demonstrated that Shr3 is required for efficient
packaging of the general amino acid permease (Gap1) and histidine-specific
permease (Hip1) into COPII-coated vesicles (Kuehn et al., 1996).
Intriguingly, the requirement of Shr3 was traced to the specific incorporation
of AAPs into pre-budding complexes comprised of Sar1-Sec23/24 (Kuehn et
al., 1998; Kuehn et al., 1996). Strikingly the overexpression of Shr3 was
found to facilitate vesicle formation in absence of fully functional Sec12,
Sec13 and Sec31, the latter two components make up the outer-coat of
COPII vesicles (Gilstring et al., 1999). These findings suggested that Shr3
couples the packaging of AAPs with the formation of COPII-coated vesicles.
Consequently, based on these findings it was initially proposed that Shr3
acts as an AAP-specific packaging chaperone.
Consistent with this notion, Gap1, the inner (Sec23/Sec24) and outer
(Sec13/Sec31) COPII-coat components co-purify in pull-down experiments
with the C-terminal tail of Shr3 (Gilstring et al., 1999). Significantly, Sar1
was not recovered in the pull-down fractions. Also, although the mutant
shr3-23 protein, with threonine 19 replaced with arginine (T19R), is unable
to interact with Gap1, it was able to productively interact with COPII-coat
components, including Sar1, and suppress the temperature sensitivity of the
sec12-1 mutation. This latter result suggests that the ability of Shr3 to recruit
COPII-components to the ER membrane can initiate vesicle formation in a
manner independent of the GTP exchange activity of Sec12.
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5. SUMMARY OF PAPERS

In this section I will summarize and discuss the results from the
experimental work that make up this thesis. The papers discussed in this
section deal with different aspects of the SPS-sensing pathway. The focus of
this thesis has been the function of the membrane-localized chaperone Shr3
and how Shr3 enable large complex membrane proteins, the AAPs, to fold in
a space-restricted molecularly crowded environment. Through-out the work,
we routinely used a growth-based assay to test SPS-sensor function, i.e.,
growth was monitored on YPD supplemented with (2-{[({[(4-methoxy-6methyl)-1,3,5-triazin-2-yl]-amino}carbonyl)amino]-sulfonyl}-benzoic acid
(MM) (YPD+MM), which is an inhibitor of branched-chain amino acid
synthesis (Jørgensen et al., 1998). Growth on YPD+MM requires the
capacity of high-affinity uptake of branched-chain amino acids, a process
that depends on cells being able to sense and induce the expression of a
select group of AAPs. In effect, this growth assay can be used to effectively
monitor the function of Shr3, the SPS-sensor, and SPS-sensor regulated
AAPs. All of these components are required for branched-chain amino acid
uptake. Furthermore, growth on this media is strictly dependent on the SPS
sensor-catalyzed proteolytic activation of two latent transcription factors
Stp1/2, an event that can be monitoring by analyzing Stp1/2 cleavage in
response to extracellular amino acids, e.g., leucine.
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5.1 Paper I
The function of Shr3 in the biogenesis of AAPs has been well documented,
but mechanistic details regarding the Shr3-AAP interaction is lacking. A
crude attempt to dissect out important motifs or sequence has been done by a
truncation analysis of the C-terminal domain (Kota and Ljungdahl, 2005).
The analysis showed that the membrane domain was sufficient and required
for the chaperone function of Shr3. In Paper I, we used scanning
mutagenesis of the entire membrane domain of Shr3 to identify residues that
were important for function. To replace all residues in the membrane domain
of Shr3, 45 mutant proteins were created. Briefly, intramembrane residues
were mutated to leucine and extramembrane residues were mutated to
alanine. To our surprise, there was very little specific sequence requirement
in Shr3. Only three mutations, located in TMS 1, loop 1 and TMS 4, resulted
in a null phenotype (Figure 10). We initially used the YPD+MM growth
assay, but we became concerned about the potential of missing important
information, such as AAP-specific effects, or that the growth-assay lacked
sufficient sensitivity. Therefore, the screen was extended to test growth on
medias containing the toxic amino acid analogues D-histidine, L-canavanine,
azetidine-2-carboxylate (AzC), which are taken up by the AAPs Gap1
(Gresham et al., 2010), Can1 (Ono et al., 1983) and Agp1/Gnp1 (Andréasson
et al., 2004), respectively. Using these additional growth-assays, we
identified mutations that affected Shr3 function in TMS 3, loop 3 and TMS
4, where some of them exhibited differential Shr3 substrate specificity
(Figure 10).

Figure 10. Shr3 has a membrane domain comprised of four TMS and a C-terminal
hydrophilic tail. The membrane domain is sufficient and required for AAP-specific
chaperone function. Mutational analysis of the membrane domain reveals very little
sequence requirements. The three non-functional mutants have mutations in the
location of the red stars. Mutations affecting TMS 3, loop 3 and a part of TMS 4,
highlighted in orange, were found to exhibit substrate-specific effects.
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To my knowledge this is the most extensive structure-function analysis of a
membrane protein chaperone that has been done. The mutational analysis
suggests that Shr3 is not likely exerting its function through specific amino
acid to amino acid interactions, it is more likely that Shr3 recognize larger
structural motifs. This is in agreement with Shr3’s ability to fold 18
members of the AAP protein family that are structurally similar but diverse
in sequence (André, 1995; Gilstring and Ljungdahl, 2000; Nelissen et al.,
1997; Saier, 2000).
Next, we examined if the observed growth-based effects were the result
of altered Shr3-AAP interactions. The split-ubiquitin assay can be used to
monitor protein interactions in vivo (Johnsson and Varshavsky, 1994).
Ubiquitin is split into two halves, Nub and Cub, which are fused to proteins
of interest. The Cub also carries a detectable reporter that will be cleaved off
by ubiquitin-specific proteases (UBPs) when Nub and Cub reconstitute
ubiquitin (Figure 11).

Figure 11. Protein-protein interactions can be monitored in vivo using the splitubiquitin assay. The N- and C-terminal parts of ubiquitin are fused to two proteins
of interest. Upon interaction between the proteins of interest, split-ubiquitin
reconstitute and a reporter is cleaved off by UBPs.

We used the split-ubiquitin assay to monitor the interaction between Shr3
and AAPs. NubA was fused to the C-terminus of Shr3. NubA carries a
mutation (I13A) that increases stringency of the split-ubiquitin assay
(Johnsson and Varshavsky, 1994), was fused to Shr3. The AAPs were fused
with the C-terminal part of ubiquitin containing a reporter construct (GST6xHA) (Figure 12).
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Figure 12. The split-ubiquitin assay was used to monitor Shr3-AAP interactions in
vivo. The N-terminal part of ubiquitin carrying a mutation (I13A) to increase
stringency was fused to the C-terminus of Shr3. The C-terminal part of ubiquitin
containing a reporter construct (GST-6xHA) was fused to the C-terminus of the
AAPs.

We tested interactions between three Shr3 alleles: WT, the non-functional
mutant in TMS1 (NFM1) and a mutant with an internal deletion in loop 3
that exhibited altered substrate-specificity (IDL3) with a subset of AAPs:
Agp1, Bap2, Can1, Gap1, Gnp1, Lyp1 and Ssy1. The AAPs were decided
based on the growth-based assays, the toxic amino acid analogues AzC, Dhistidine, L-canavanine are taken up by Agp1/Gnp1 (Andréasson et al.,
2004), Gap1 (Gresham et al., 2010), Can1 (Ono et al., 1983). Growth on
YPD+MM, require Ssy1 and SPS-sensor regulated AAPs, e.g. Agp1, Bap2
and Gnp1. Finally, Lyp1 was chosen because it is similar to Can1, we
reasoned that although Lyp1 function was not directly assayed by our
growth-based assays, it would be affected due to its high degree of sequence
similarity with Can1.
The split-ubiquitin measured interaction efficiency between different
Shr3-AAP pairs were variable, but importantly, interaction between
Shr3NFM1 and AAPs were almost non-detectable (Figure 13). From these
interaction studies, we conclude that it is the ability or inability of Shr3 to
interact with AAPs that result in the phenotypes seen in the growth-based
assay. Interestingly, Shr3IDL3 interacted with Ssy1 at wild-type efficiency,
while interaction efficiencies with other tested AAPs were reduced by
approximately 50 %. This raises the question why Shr3IDL3 maintains ability
to interact with Ssy1. It is possible that Ssy1 is less Shr3-dependent because
it is not a transporting AAP due to a slightly different structure.

32

Figure 13. Schematically represented is the interaction efficiency of three Shr3
alleles with a subset of AAPs, thick lines and thin lines represent Shr3 wild-type and
Shr3 null efficiency, respectively. The interactions efficiency of Shr3 IDL3 was for
Ssy1 at wild-type levels but reduced with 50 % in the other tested AAPs.

Shr3 has been shown to be required for folding of the AAPs and specifically
in the first five TMSs, which would fit the role of a chaperone (Kota et al.,
2007). Indeed, folding of AAPs cannot be completed until the full
polypeptide is translated, resulting in nascent chains that are sensitive to
aggregation. During translation of AAPs, due to physical constrictions of the
translocon, TMSs need to be inserted sequentially and individually into the
ER-membrane. Information on how Shr3 enable AAPs to fold and details of
temporal aspects of the Shr3-AAP interaction are unclear. To get more
insight, we constructed 2TM/4TM/6TM/8TM/10TM/12TM split-ubiquitin
truncation alleles of Agp1, Gap1 and Ssy1.

Figure 14. Fraction split-ubiquitin cleavage of (A) Gap1 and (B) Agp1
2TM/4TM/6TM/8TM/10TM/12TM truncation alleles. Each data point is presented
in mean with error bars indicating standard deviation (n=3).
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The truncation alleles were co-expressed with Shr3 to monitor Shr3-AAP
interactions. In the case of Gap1, Shr3 interaction is not detected with gap12TM (Figure 14A). There is a possibility that gap1-2TM fails to insert in the
proper topology and that is the cause of the inability of Shr3 to interact with
it. To test the topology of gap1-2TM, we isolated microsomes and tested the
sensitivity to proteinase K. From these experiments we conclude that gap12TM has the right Ncyt/Ccyt topology (Gilstring and Ljungdahl, 2000). When
more TMSs are translated, up to 10 TMSs, the cleavage efficiency increases,
which indicates stronger interactions between Shr3 and gap1-intermediates,
until there is a sudden drop for gap1-12TM (Figure 14A). In the case of
Agp1, we observe the same trends, although there is more variation,
strikingly however, is the sudden drop in agp1-12TM (Figure 14B) as seen
in gap1-12TM (Figure 14A). These observations are interesting when you
consider the crystal structure of AdiC (Figure 1) (Gao et al., 2010), which
several AAPs have been structurally modeled onto (Ghaddar et al., 2014a;
Ghaddar et al., 2014b; Kanda and Abe, 2013; Usami et al., 2014). In AdiC,
and presumably AAPs, the TMSs 1, 3, 6, 8 and 10 shape the binding pocket.
In both Agp1 and Gap1, interaction with Shr3 increase up to TM10, which
could fit with the assembly of the transporter core. Interestingly, Shr3 lose
interaction with agp1/gap1-12TM (Figure 14), which represent a state where
all TMSs are present and can be folding into the native transmembrane
structure. In this scenario, analogous to chaperones, a membrane-localized
chaperone should dissociate from its substrate when native folding is
achieved. These results are consistent with Shr3 being displaced upon the
completion of translation and possibly folding of TMSs 11 and 12. In the
case of Ssy1 (Figure 15), the interaction with Shr3 is detected at an early
stage with 2TM. However, by contrast to what was observed with Agp1 and
Gap1, the interaction is not as stably maintained, and appears reduced with
the 4TM and 6TM constructs. The interactions with the 8TM and 10TM
constructs are robust and remain so even with the ssy1-12TM, again, clearly
different to agp1/gap1-12TM. A possible explanation for this difference
might be linked to the function of Ssy1. A transporter-like sensor does not
transition through the transport cycle (Figure 3), which could mean that Ssy1
attains a less close packed conformation, perhaps being more ‘loosely’
folded. If the native conformation of Ssy1 does not possess a tightly folded
core structure, it is possible that Shr3 retains a high affinity for Ssy1.
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Figure 15. Fraction split-ubiquitin cleavage of Ssy1
2TM/4TM/6TM/8TM/10TM/12TM truncation alleles. Each data point is presented in mean with error bars
indicating standard deviation (n=3).

5.2 Paper II
The SPS-sensing pathway has been well characterized over the years. The
central component is the integral PM protein Ssy1 that initiates amino acidinduced signaling events that lead to increased transcription of SPS-sensor
regulated AAPs. Ssy1, has been localized to the PM using subcellular
fractionation (Klasson et al., 1999), however, a recent publication by Kralt et
al., challenged the view of Ssy1 as a PM-localized amino acid sensor (Kralt
et al., 2015). The authors of this work claim, based on a modified subcellular
fraction approach, that Ssy1 localizes to the ER, and more specifically, to
ER-PM contacts. Furthermore, they state that Ssy1 is sorted to ER-PM
contacts due to the presence of a plasma membrane binding (PMB) domain
(Kralt et al., 2015). With little regards for previous work, the authors suggest
a revision of the SPS-sensing pathway without offering a reasonable
explanation for how Ssy1 could sense extracellular amino acids if localized
to the ER (Kralt et al., 2015). S. cerevisiae has extensive ER-PM contacts,
which are sites where the ER-membrane is as close as 16 nm (average 33
nm) to the PM (Figure 16) (West et al., 2011). ER-PM contacts have been
shown to be important for PIP4 metabolism (Manford et al., 2012; Stefan et
al., 2011) and sterol transport (Schulz et al., 2009). Contacts between ER and
PM are largely mediated by six proteins: Ist2, scs2/22 and Tcb1/2/3 (Figure
16) (Manford et al., 2012). Strains carrying null alleles of all of the genes
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encoding these proteins, so called Δtether strains, exhibit a collapse of
cortical ER, misregulation of PIP4 at the PM, and activation of the UPR
(Figure 16) (Manford et al., 2012).

Figure 16. The cortical ER make extensive contacts with the PM. ER-PM contacts
are largely mediated by Ist2, Scs2, Scs22, Tcb1, Tcb2 and Tcb3. Strains lacking
these proteins (Δtether) exhibit a collapse of cortical ER.

In Paper II, we critically re-examined the subcellular localization of Ssy1.
Subcellular fractionation is a powerful tool used to separate cellular
components based on density. Because of the discrepancy between our
previous observation that Ssy1 localizes to the PM and the new observation
that Ssy1 resides in the ER (Kralt et al., 2015), our objective was to obtain a
good separation between the PM and the ER. Addition of EDTA to the lysis
buffer and to the sucrose step-gradients reduces ER-association of
ribosomes, resulting in a less-dense ER that gives better separation between
the PM and the ER. The subcellular fractionation experiments were, in brief,
performed as follows: cell lysates were generated by bead beating, precleared and loaded on top of sucrose step-gradients (Figure 17). The lysates
were spun for 3 hours at 150 000 x g and then fractions were collected from
bottom to top. By following the distribution of well-characterized marker
proteins, we could identify how e.g., PM, ER and soluble proteins
fractionate through the gradient. Because we were particularly interested in
the PM and ER, we used Pma1 and Dpm1 as markers for PM and ER,
respectively. We consistently found that Ssy1 co-fractionated with the PMmarker Pma1, which is distinctly different from the ER-marker Dpm1.
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Figure 17. Schematic of the subcellular fractionation approach. Lysate is loaded on
top of sucrose step-gradients and centrifuged to separate. Bottom, middle and top
fractions contain PM, ER and soluble proteins, respectively.

Next, we tested whether ER-PM tethers were important for Ssy1 localization
and function. We performed subcellular fractionation with lysates from the
Δtether strain, which has drastically reduced ER-PM tethers (Figure 16)
(Manford et al., 2012). We found that Ssy1 co-fractionates with the PMmarker Pma1, showing that ER-PM tethers are not required for proper
localization of Ssy1. Furthermore, we found that SPS-sensor signaling was
not affected when ER-PM tethers were absent.
We then investigated the importance of the PMB-domain in Ssy1
localization and function. The PMB-domain in Ssy1 was identified because
of its similarity to a PMB-domain in the tether protein Ist2 (Kralt et al.,
2015). We directly tested the importance of the PMB-domain by deleting it
and we were unable to detect any effects on Ssy1-localization or SPS-sensor
signaling.
In our previous studies, we have not identified a sorting signal, or any
other determinant except Shr3 required for proper Ssy1 localization.
However, similar to all other members of the AAP family of proteins, Ssy1
has a di-acidic motif. In several well-studied AAPs, the di-acidic motif is
required for being recognized as cargo and for packaging in COPII-coated
vesicles (Malkus et al., 2002). No such motif had been characterized in Ssy1.
Using multiple sequence alignments, we identified a di-acidic motif that
indeed was subsequently found to be required for export and function of
Ssy1 and for SPS-sensor signaling.
To conclude, we find that Ssy1 is a PM protein that, like all other AAP
family members, requires the membrane-localized chaperone Shr3 and the
presence of a di-acidic motif to be exported from the ER (Figure 18A). The
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PM-associated Casein kinase I Yck1/2 is required for activation of Ssy5 in
response to amino acid induction (Figure 18C) (Abdel-Sater et al., 2004a).
The localization and function of Ssy1 as well as SPS-sensor signaling does
not depend on the presence of ER-PM contacts (Figure 18E). The claim that
Ssy1 is localized to ER-PM contacts (Figure 18B) (Kralt et al., 2015) where
it senses extracellular amino acids by an unknown mechanism (Figure 18D)
(Kralt et al., 2015), does not fit with the observation that ER-PM tethers are
dispensable for SPS-sensor signaling (Figure 18F).

Figure 18. Schematic representation of Ssy1-localization and SPS-sensor signaling
events in the established versus new controversial view in WT and Δtether strain
with and without amino acid induction. Only a PM-localized Ssy1 reconcile all
observations.

5.3 Paper III
A great deal of work has been done to elucidate the mechanisms by which
amino acid-induced SPS-sensor signaling events activate Ssy5. The Prodomain functions as an inhibitory domain and the degradation of the Prodomain correlates with Ssy5 Cat-domain activity (Andréasson et al., 2006;
Pfirrmann et al., 2010). How the activity of the Cat-domain is regulated,
after Pro-domain release, is not known. In Paper III, our aim was to
investigate how the activity of the Ssy5 Cat-domain is regulated after
activation. The activity of Ssy5 can be controlled in two ways, either by
compartmentalization or by targeted inactivation. If the activity is controlled
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by compartmentalization, the first criteria that should be met is that Ssy5 and
its substrate Stp1/2 co-localize. It has been shown that the N-terminal
regulatory domain of Stp1 is modular and transferable (Andréasson and
Ljungdahl, 2004; Omnus and Ljungdahl, 2014). This is also observed in cellfree assays where activated Ssy5 is able to cleave recombinant Stp1
(Andréasson et al., 2006) or by combining lysates independently expressing
amino acid-induced Ssy5 with lysates independently expressing Stp1
(Martins et al., 2018). We further tested the modularity of the N-terminal
regulatory domain by inverting the order of the region I and II motifs and
fusing the rearranged regulatory domain to the C-terminus of Stp1. The
resulting Stp1InvNT construct was able to be proteolytically processed and
conferred SPS-sensor dependent growth on YPD+MM. These results
indicate that the Region II, containing the Ssy5 cleavage site, is correctly
recognized by the Cat-domain even when out of its native context.
To test whether Ssy5 activity is compartmentalized, we fused Stp1 to the
ER-membrane protein Shr3 and assessed whether Ssy5 is able to cleave
substrates distal from the plasma membrane. The Shr3-Stp1 complemented
both shr3Δ and stp1Δ strains and was localized to the ER as shown by
subcellular fractionation. We found that upon amino acid-induction, Ssy5
was able to cleave Shr3-Stp1 at a similar rate as Stp1. Due to the presence of
ER-PM contacts (Figure 16) it cannot be excluded that cleavage of Shr3Stp1 might happen at ER-PM contacts. Therefore, we tested the ability of
Ssy5 to cleave Shr3-Stp1 in the Δtether strain and found that Shr3-Stp1 was
still processed. The observation that Ssy5 could cleave ER-localized
substrate separated from the PM, encouraged us to look at the subcellular
localization of Ssy5 and Stp1. We found that Ssy5 and Stp1 co-fractionated,
but in a dispersed manner, together with the bulk of soluble proteins.
Together these results show that neither Ssy5 nor Stp1 is stringently
compartmentalized. Since Ssy5 activity is not compartmentalized, we
postulated that Ssy5 activity is regulated by targeted inactivation. During the
course of experimentation, we noticed the presence of a higher molecular
weight species of the Cat-domain. This species depended on the presence of
Ptr3, Yck1/2 and the presence of serine residues in a conserved motif in the
Ssy5 Cat-domain, which led us to believe that it could be phosphorylation.
We were, however, unsuccessful in our attempts to remove the species with
phosphatase-treatment. Based on the size of the modified species, we
examined the possibility that the Cat-domain was modified by
ubiquitylation. Using a pull-down approach, we showed that the higher
molecular weight species is indeed ubiquitylated and that the levels of
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ubiquitylated Ssy5 go down upon amino acid-induction. Lastly, we carried
out a cycloheximide chase to examine the turnover of Ssy5. Under noninducing conditions, Ssy5 levels were stable, in contrast, upon amino acidinduction Ssy5 levels dropped markedly. These results suggest that SPSsensor signaling is reset by degradation of the Cat-domain. Based on these
new observations we now have a more detailed view of Ssy5 function and its
role in the SPS-sensor signaling pathway (Figure 19).

Figure 19. Series of events of Ssy5 in SPS-sensor signaling. Extracellular amino
acids induce the SPS-sensor that leads to dissociation of the Cat-domain, which can
bind and cleave substrate. The Cat-domain is subjected to degradation that resets
SPS-sensor signaling.

40

6. SVENSK SAMMANFATTNING

I alla celler pågår komplicerade processer som tillåter cellen att utföra alla
nödvändiga funktioner. Dessa processer tar plats i speciella delar av cellen,
kallade för organeller. I cellkärnan lagras den genetiska koden, DNA som
skrivs om till mRNA innan den kan kodas om till protein av ribosomer i
cytosolen. Proteiner som ska skickas vidare till andra ställen än cytosolen,
till exempel till cellens yta, kodas om av ribosomer som finns vid det
endoplasmatiska nätverket. Här veckas, modifieras, packas och transporteras
proteiner till en annan organell kallad golgiapparaten. I golgiapparaten
modifieras proteinerna ytterligare och kan sedan transporteras vidare till
deras slutdestination, till exempel till cellens yta.
Utöver att koordinera processer inuti så måste celler också kunna svara på
signaler från deras omgivning. En viktig signal är tillgången av
näringsämnen, till exempel aminosyror. Dessa är nödvändiga för att bygga
upp de proteiner som gör att cellen kan fungera. Jästceller har ett system för
att kunna känna av aminosyror utanför cellen. Detta system sätter igång
signaler som leder till att aminosyratransportörer tillverkas, veckas och
transporteras till cellens yta. Sensorn sitter på cellens yta och kan känna av
fria aminosyror utanför cellen, precis som en aminosyra-transportör.
Aminosyra-sensorn (Ssy1) kan inte transportera aminosyror, men aktiverar
istället ett enzym (Ssy5) som frisätter två faktorer (Stp1 och Stp2). Dessa
faktorer går in i cellkärnan vilket leder till produktionen av
aminosyratransportörer vid det endoplasmatiska nätverket. Här veckas och
packas dem med hjälp av ett hjälparprotein (Shr3), vilket gör att de kan
transporteras till cellens yta där de kan ta upp aminosyror.
Den här avhandlingen består av tre delarbeten. Det första handlar om hur
hjälparproteinet Shr3 fungerar för att kunna vecka aminosyratransportörerna
så att de kan transporteras till cellens yta. Vi har funnit att man till stor det
kan mutera sekvensen av Shr3 utan att förlora dess funktion. Vidare finner vi
att Shr3 hjälper till tidigt under produktionen av aminosyra-transportörer.
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Shr3 hjälper till fram till att aminosyra-transportörer är färdigproducerade
och därmed skyddar dem från degradering och främjar veckning.
Det andra arbetet handlar om aminosyra-sensorn Ssy1 och dess lokalisering
inuti cellen. För en tid sen så publicerades det en studie som gick emot den
modell som flera labb, inkluderat vårt, har byggt upp om hur celler känner av
aminosyror i dess närmiljö. Denna publikation fick oss att återigen kritiskt
undersöka vart i cellen aminosyra-sensorn Ssy1 fungerar. Vi fann, återigen,
att Ssy1 fungerar vid cellens yta och vi fann konserverade sekvenser som
behövs för packning och transport av Ssy1 från det endoplasmatiska
nätverket med cellens yta som destination.
Det tredje arbetet handlar om enzymet Ssy5 och hur dess aktivitet är reglerad
efter aktivering. När enzymet Ssy5 aktiveras som frisätts faktorerna Stp1 och
Stp2, vilka går in i cellkärnan som startar produktionen av
aminosyratransportörer. Vi fann att Ssy5 och Stp1 inte har någon specifik
plats inuti cellen och dessutom att Ssy5 kan frisätta Stp1 som är ankrat vid
det endoplasmatiska nätverket. Detta betyder att efter att Ssy5 har aktiverats
så kan det röra sig till olika delar av cellen och frisätta Stp1 och Stp2. Detta
betyder att Ssy5-aktiviteten måste regleras efter aktivering för att undvika
frisättning av Stp1 och Stp2 vid fel tillfällen. Vi fann att Ssy5 är ett stabilt
enzym, men efter aktivering så degraderas Ssy5 vilket gör så att systemet
kan nollställas.
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