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ABSTRACT

During or following mRNA translation by cytosolic ribosomes the nascent protein
being synthesised can be targeted to the endoplasmic reticulum (ER). This targeting of
nascent proteins leads to either their transport across the ER or in the case of
transmembrane proteins their integration into the ER membrane. This process is carried
out by the Sec61 complex which is conserved across organisms including bacteria,
yeast and mammals. The ER is a site of protein folding, modification, forward transport
and quality control. Misfolded proteins can be directed to the ER associated
degradation pathway which mediates retrotranslocation of proteins out of the ER and
degradation by the proteasome.

A lot is already known about ER associated processes, however, the function of many
factors associated with the ER are still poorly understood. Two examples of such
factors in yeast include Ysy6p and the ER membrane complex (EMC). The mammalian
homolog of Ysy6p, RAMP4 has been shown to be recruited to ribosomes during the
integration of transmembrane proteins into the ER and implicated in processes such as
protein degradation. The function of the EMC is unknown but has been suggested to
function in either protein folding, forward trafficking from the ER or ERAD.

Here it has been shown that deletion of EMCI1, EMC2, EMC3, EMC6 but not EMC4 or
EMCS5 causes defects in growth at 39.5°C or on media containing SDS. Defective
growth on media containing SDS is suggestive of defects in cell wall or membrane
biogenesis and both SDS and elevated temperature are known to cause the induction of
the unfolded protein response. This suggests that certain members of the EMC complex
are involved in stress responses or secretory processes. Functional investigation of ER
associated pathways showed that a Aemc5 strain has a defect in clearance of the
ERAD-M substrate Hmg2-6myc however Aemcl does not. The ERAD and competitive
growth phenotypes are therefore unlinked and suggests that the EMC complex has a
function in multiple pathways which are independently affected by deletion of
individual members of the complex.

To test whether Ysy6p was a functional yeast homolog of RAMP4, processes
previously observed to be involved with the function of RAMP4 were investigated.
Strikingly, it has been demonstrated that Ysy6p, similarly to RAMP4, is a protein
which tightly associates with ribosomes. In addition, RAMP4 has been previously
observed to affect protein degradation whereas here it has been shown that deletion of
YSY6 causes an alteration in the degradation profile of Hmg2-6myc. The findings are
therefore consistent with the notion that Ysy6p and RAMP4 are functional homologs.

In order to further characterise the molecular basis for ribosome association N terminal
truncations of opsin tagged Ysy6p were made. It was demonstrated that partial deletion
of a conserved cytosolic domain predicted to form a helix-turn-helix resulted in a near
loss of cosedimentation of Ysy6p with ribosomes. Furthermore, it was shown that
Ysy6p crosslinks with MBS to three factors of 22 kDa, 18 kDa and 10 kDa the
identities of which remain undetermined.

The data therefore suggest that Ysy6p is involved in processes associated with co-
translational integration of proteins and ERAD. In addition, the data also suggest that
the EMC complex is involved in ERAD and stress responses.
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CHAPTER 1 - Introduction

1.1 The secretory pathway: directing protein localisation.

Eukaryotic cells are composed of a network of functionally distinct membrane bound
compartments (Lodish et al., 2000). The vast majority of protein synthesis is carried out
by cytosolic ribosomes. However, in many cases these proteins need to be targeted to
specific compartments for them to carry out their biological function. This is carried

out by the secretory pathway.

The secretory pathway starts at protein translation where the nascent chain can stall
translation and cause the ribosome to bind to the endoplasmic reticulum (ER)
(Rapoport, 2007, Lodish et al., 2000). The protein can therefore be targeted to the ER
in a co-translational manner. Alternatively, the protein may be synthesised in the
cytosol and post-translationally transported to the ER via binding to chaperones. When
targeted to the ER the nascent protein is either integrated into the ER membrane or
translocated into the ER lumen. This translocating process is carried out by a translocon
known as the Sec61 complex. The ER lumen constitutes an environment where proteins
can undergo many modifications such as glycosylation or disulphide bond formation
(Braakman and Bulleid, 2011, Zimmermann et al., 2011). In addition, the ER contains
multiple chaperones which assist the correct folding of proteins. Following correct
protein folding in the ER, proteins can be transported to other compartments such as the

Golgi and the plasma membrane via directed vesicular transport.

The ER also targets misfolded proteins for degradation in a process known as ER
Associated Degradation (ERAD) (Benyair et al., 2011). The ER therefore plays a

central role in the secretory pathway by sorting, modifying and assembling proteins.

1.2 Protein targeting and integration at the Endoplasmic Reticulum

1.2.1 The diversity of protein substrates destined for the Endoplasmic Reticulum
Proteins fold into distinct structures which enable them to carry out their function.
Proteins, including those targeted to the ER, are therefore topologically diverse (Skach,
2007, Ott and Lingappa, 2002). Integral membrane proteins need to be correctly

13



lumenal Typel Typelll Tailanchored Polytopic

N

Cytosol

ER Lumen

Figure 1.1 Classes of ER targeted proteins. Proteins targeted to the ER have diverse final
topologies. Soluble lumenal proteins are translocated across the ER membrane.
Transmembrane proteins are integrated into the ER membrane and have been classified on the
basis of the number of transmembrane domains and the localisation of their N and C termini.
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integrated into the ER whereas ER lumenal proteins have to be transported across the
ER membrane. ER membrane proteins have been classified on the basis of the relative
localisation of their N and C termini relative to the ER membrane (Figure 1.1). Type |
membrane proteins contain a lumenal N terminus and cytosolic C terminus. The
converse classifies type II membrane proteins. Tail anchored (TA) proteins contain a
short lumenal C terminus and cytosolic N terminus and polytopic proteins span the
membrane multiple times with their C or N terminus located either in the cytoplasm or
ER lumen. The challenges facing the early secretory pathway are therefore to correctly
integrate transmembrane proteins into the ER membrane in a manner that avoids the
aggregation of their hydrophobic transmembrane segments. Correct protein topology is
attained with the help of a translocase known as the Sec6lp complex which can
function in either a co-translational or post-translational manner (Plath et al., 2004,
Gorlich and Rapoport, 1993). Strikingly however, the Sec61p complex has also been
shown to be sufficient for protein integration (Gorlich and Rapoport, 1993). However,
the existence of a secondary pathway termed the GET pathway which specifically aids
the insertion of TA proteins at the ER has recently been characterised (Schuldiner et al.,

2008).

1.2.2 Targeting to the ER via the co-translational pathway

In the co-translational pathway polypeptide elongation is arrested shortly after the
translation of a signal sequence (Walter et al., 1981). Signal sequences are poorly
conserved in sequence across proteins but their comparison enabled von Heijne (1985)
to construct a minimal signal sequence. This minimal signal sequence is composed of,
as shown in Figure 1.2: an N-terminal Met residue; a strictly hydrophobic segment of
seven amino acids, which may at most contain one Ser, Gly, Thr or Pro residue; and a
third more polar segment of five amino acids (von Heijne, 1985). The arrest in
translation is caused by the binding of a protein to the ribosome known as the Signal
Recognition Protein (SRP) (Walter et al., 1981). SRP is conserved across all domains
of life and is composed of an RNA molecule to which proteins are recruited to form an
RNA-Protein complex (Pool, 2005). This complex preassembles in a stepwise manner
before mediating translational arrest (Hainzl et al., 2002, Oubridge et al., 2002, Siegel

and Walter, 1988). The manner in which translational arrest occurs is still not

15



) . Strictly hydrophobic ¥ amino acid Met
5 amino acid sequence sequence residue

-~ - i o

Figure 1.2 The minimal signal sequence. The minimal signal sequence constructed by von
Hejine (1985) contains an N terminal met residue, a strictly hydrophobic 7 amino acid
sequence (blue); and a sequence of 5 amino acids (green) which is more polar than the 7 amino
acid sequence.
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understood. However, it is thought that SRP binds to the ribosome close to the nascent
chain exit tunnel, independently of the presence of a signal sequence (Halic et al., 2004,
Flanagan et al., 2003, Pool et al., 2002, Walter et al., 1981). The emergence of the
nascent chain causes SRP to bind via hydrophobic interactions to the signal sequence
(Hainzl et al., 2011). In addition, the binding of SRP to the signal sequence seems to
promote rearrangements in ribosome-SRP binding in a manner that has been suggested
to hinder association of elongation factor 2 (EF-2) with the ribosome which rationalises

translational stalling (Halic et al., 2004).

During this arrest in elongation, the complex formed by the ribosome, the nascent-
chain and SRP is targeted to the ER translocon (figure 1.3). This process is mediated by
three main components: the SRP protein SRP54, the translocon and the SRP receptor
(SR). The SR is composed of an integral ER membrane protein, SR, and a peripheral
membrane protein, SRa (Miller et al.,, 1995). SRP54, SRa and SR are all GTPase
proteins which can bind GTP (Freymann et al., 1997, Montoya et al., 1997, Miller et al.,
1995). SRP54 binding to the ribosome causes an increase in affinity of SRP54 for GTP
(Bacher et al., 1996). SRa shares homology with SRP54. Both can bind GTP and
SRP54 and SRa associate only when GTP is bound to both (Rapiejko and Gilmore,
1997). The crystal structure of bacterial SRP54 and SRa homologs suggest that the
interaction leads to dimerisation of SRP54 and SRa via their nucleotide binding
domains (Focia et al., 2004). SR is stably associated with SRa (Tajima et al., 1986). It
is proposed that SR is maintained in a GDP bound state by interaction with ribosomal
proteins until the Sec61p complex has been recruited to the ribosome-SRP complex.
SR then binds GTP in a manner which promotes the release of the signal peptide from
SRP (Fulga et al., 2001). Recruitment of the translocon therefore stimulates signal
sequence release from SRP and its transfer to the translocon which results in GTP

hydrolysis (Halic et al., 2004, Pool et al., 2002, Song et al., 2000, Bacher et al., 1996).

Contacts between the ribosome and the translocon have been mapped to the ribosomal
proteins L23a and L35 (L25 and L35 in yeast) (Becker et al., 2009, Morgan et al., 2002,
Beckmann et al., 2001, Menetret et al., 2000). Upon translocon binding the SRP54
protein appears to be displaced away from the L23a protein (Halic et al., 2004, Pool et
al., 2002). It has been proposed that the displacement allows the translocon to approach
and bind the signal sequence thus promoting the release of SRP (Gu et al., 2003, Pool
et al., 2002).
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Figure 1.3 SRP targeting of the translating ribosome to the ER membrane. During
translation of a nascent chain (NC) containing an N terminal signal sequence SRP binds to the
ribosome and the signal sequence which causes translational arrest and the binding of GTP to
SRP54. The ribosome is then targeted to the ER where SRa and SRP54 dimerise via their
nucleotide binding domains. SR is maintained in the GDP bound form via interaction with
ribosomal proteins. Upon recruitment of the Sec61p complex SRP binds GTP and the signal
sequence is released from SRP and binds to the Sec61p complex. This process causes
hydrolysis of GTP, release of SRP form the ribosome and the SR and the resumption of protein
translation.
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1.2.3 Targeting to the ER via Post-translational pathways

Most proteins use the co-translational pathway for protein integration, most strikingly
in mammalian cells where the post-translational pathway seems less developed than in
yeast (Garcia and Walter, 1988). The co-translational pathway provides a protective
environment for the nascent protein which helps it to achieve correct topology as
translation and integration are coupled. In the post-translational pathway proteins are
not protected by the translocon as they emerge from the ribosome but can bind
chaperones which aid their solubility (Chirico, 1992, Deshaies et al., 1988). These
chaperones are then released before their translocation into the ER (Plath and Rapoport,
2000). The details of these processes remain unclear. In many cases SRP is not required
for the post-translational pathways (Ng et al., 1996). However, many post-translational
substrates contain a signal sequence which is generally of lower hydrophobicity than
for co-translationally targeted substrates (Ng et al., 1996). Even though SRP is not
required in the post-translational pathway it has been shown that post-translational
substrate pre-pro-o-factor (ppaf) can still bind SRP during translation (Plath and
Rapoport, 2000, Ng et al., 1996). In addition, the Nascent chain Associated Complex
(NAC) also binds nascent chains in a protective manner (Wang et al., 1995). For

example, ppaf is associated to both NAC and SRP during translation.

Following translation, post-translational substrates, such as ppaf, have been shown to
bind HSP70 chaperones and the tailless complex polypeptide 1 (TCPI) ring
complex/chaperonin containing TCP1 (TRiC/CCT) (Plath and Rapoport, 2000). In
yeast, Ydjlp and the Ssa class of HSP70 chaperones have been shown to affect the
post-translational import of the post-translational substrate ppaF but not CPY (Becker
et al., 1996). In summary, chaperone binding is thought to play a distinct role in
protein targeting by keeping substrates in a loosely folded form which allow their post-

translational targeting.

Both the post-translational pathway and the co-translational pathway have been shown
to use the ER localised transmembrane Sec61 complex (Plath et al., 2004). This
complex has been shown to be in association with the Sec62/63 complex (Panzner et al.,
1995, Deshaies et al., 1991). The Sec62/63 complex is comprised of Sec62p, Sec63p
and two non essential proteins Sec71p (also known as Sec66p) and Sec72p (Panzner et
al., 1995, Brodsky and Schekman, 1993). Sec63p, Sec71p and Sec72p are required for

the integration of co-translationaly targeted substrates (Jermy et al., 2006, Willer et al.,
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2003, Young et al., 2001, Green et al., 1992). However substrates which are targeted to

the ER by the post-translational pathway additionally require Sec62p.

The manner in which post-translational substrates are targeted to the
Sec61/Sec62/Sec63 complex is still under discussion (Plath et al., 2004, Lyman and
Schekman, 1997, Feldheim and Schekman, 1994). However, it seems that post-
translational substrates generally require the signal sequence to bind to the Sec62/Sec63
complex as part of the initial stages of translocation in a manner which is independent
of ATP. Interestingly it has been reported that the tail anchored protein, Syb2, can be
post-translationally targeted to the ER in a manner that requires SRP, SR and GTP
(Abell et al., 2004). Tail anchored (TA) proteins do not possess a signal sequence and
therefore binding of SRP is thought to occur at the hydrophobic C terminus.

The tail anchored protein Syb2 has been shown to use a post-translational SRP
dependent mode of insertion. However, this mode of insertion is not considered to be
widespread and constitutes only a complementary pathway for insertion (Abell et al.,
2004). In recent years a complex which delivers TA proteins to the ER has been
characterised called the GET complex in yeast and is homologous to the TRC40
complex in mammals (Schuldiner et al., 2008). The GET pathway is not essential, but
compromising the GET pathway leads to accumulation of tail anchored protein in the
cytoplasm. This includes the TA protein Ysy6p (Schuldiner et al., 2008). In yeast Sgt2p
binds the TA protein which then binds to the Get4p/Get5p heterodimer (figure 1.4)
(Wang et al., 2010). Getdp/GetSp also binds to Get3p, thereby bringing Sgt2p and
Get3p into close proximity. The purpose of this is to facilitate the transfer of the TA
protein from Sgt2p to Get3p. On a molecular level the transfer from Sgt2p to Get3p of
the tail anchored protein is thought to be mediated by the manner in which
Get4p/Get5p binds Get3 thereby exposing a hydrophobic groove in the latter (Chartron
et al., 2010). Once bound to Get3p the tail anchored protein is targeted to the ER
membrane via Getlp and Get2p (Schuldiner et al., 2008). Getlp and Get2p form a
membrane complex which mediates the insertion of tail anchored proteins into the ER
in an ATP independent manner. It is still unknown how the integration process occurs.
It may be that Getlp and Get2p are only required for localising TAs to the ER
membrane or they may possess ‘integrase’ activity. Either model is possible as it is

believed that unassisted TA protein insertion is not energetically unfavourable and that
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Figure 1.4 Targeting of tail anchored proteins via the GET pathway. Upon completion of
translation of a tail anchored protein (TA) Sgt2p associates with its transmembrane domain.
The TA is then handed over to Get3p due to binding of Sgt2p and Get3p to Getdp and Get5p.
Following handover of the TA from Sgt2p to Get3p the TA protein is targeted by Get3p to
Getlp and Get2p which promote insertion of the TA into the ER membrane.
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shielding from aggregation, especially for strongly hydrophobic TA proteins, is key to
insertion into the ER (Borgese et al., 2007).

1.2.4 Structure of the ER translocon

The ER translocon is composed of a protein heterotrimer which is conserved in
structure across eukaryotic as well as prokaryotic organisms (Rapoport et al., 1996).
The translocon complex in mammals is called Sec61, Sec6lp in yeast and SecY in
eubacteria and archaea (Hartmann et al., 1994). The mammalian Sec61 complex is
composed of Sec61a, Sec61P and Sec61y. These are called Sec61p, Sbhlp and Ssslp in
yeast, SecY, SecG and SecE in bacteria and SecY, Secp and SecE in archaea,
respectively as shown in table 1.1. In addition, some organisms possess more than one
SEC locus (Bensing and Sullam, 2002, Finke et al., 1996). Yeast contains homologs of
Sec61p and Sbhlp termed Sshlp and Sbh2p whereas bacteria contain a homolog of
SecY termed SecY?2 (Bensing and Sullam, 2002).

The first high resolution structure of the translocon complex was first described for the
SecYEP complex of Methanococcus jannaschii (figure 1.5) (Van den Berg et al., 2004).
The structure reveals that that SecY contains ten transmembrane (TM) domains which
form a pore. TMs 1-5 and TMs 6-10 each form two half rings which are connected by
an external loop. The SecE subunit consists of two helices which span the back of the
SecY molecule. The SecE molecule lies diagonally across the back of the SecY subunit
making contacts with TMs 1, 5, 6 and 10. The SecE subunit is therefore thought to act
as a clamp which holds the SecY subunit in the appropriate conformation. Finally, the
SecP subunit is small, consisting of a TM domain and a loop. Sec makes contacts with
the SecY subunit but these are not extensive and Secf homologs in archaea, mammals
and yeast have been shown to be non-essential for the function of the complex (Van
den Berg et al., 2004, Bensing and Sullam, 2002, Finke et al., 1996). The SecY subunit
forms the core of the SecYEP complex. Its structure has been described as having an
hourglass conformation. The outer surfaces of the translocon contain many charged
The SecY subunit forms the core of the SecYEP complex. Its structure has been
described as having an hourglass conformation. The outer surfaces of the translocon
contain many charged residues which may stabilise the proteins within the membrane

(van den Berg et al., 2004). The interior cavities are lined with uncharged hydrophilic
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Table 1.1 Nomenclature of translocon protein homologs

Organism Name of Complex Name of complex subunit homolog

Mammals Sec61 Seca. Secf Secy

Yeast Sec61p Sec61p Sbhlp Ssslp
(Sshlp) (Sbh2p)

Eubacteria SecYEG SecY SecG SecE
(SecY2)

Archaea SecYEPB SecY Secp SecE

cytosol

membrane

lumen

Figure 1.5 X ray Structure of SecYEP from Methanococcus jannaschii at a resolution of
3.2A. SecYEP is composed of a heterotrimer of SecE (gray), Secp (magenta) and SecY (blue
and red). SecY forms two half rings composed of TMs 1-5 (red) and TMs 6-10 (blue) which
are connected by a loop which protrudes into the lumen (yellow). A view of the complex from
the cytosol (a.) and from the lipid bilayer is shown (b). Image made from pdb structure 1RH5
using PyMol and fitted into the membrane as described by Van de Berg et al., (2004).
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residues (van den Berg et al., 2004). The two cavities get narrower towards the centre
of the pore where there is a narrow pore ring consisting of six hydrophobic residues
(figure 1.6 a and b). In the closed conformation the pore is blocked by TM2a of SecY
which forms a plug (van den Berg et al., 2004). It is suggested that the main purpose of

the plug is to maintain membrane permeability.

1.2.5 The co-translational translocation process

Reconstructed Cryo-EM structures of the mammalian Sec61 complex and the yeast
Sshlp interacting with the actively translating ribosome structure has been solved and
been shown to be in good agreement with the structure of SecYEP previously described
(Becker et al., 2009). In addition the Cryo-EM structure of the actively translocating
Sec61-ribosome complex was carried out using dog (Cannis familiaris) Sec6lp
complex with plant (7riticum aestivum) ribosomes. This further demonstrated the

conserved nature of the ribosome-translocon interactions across organisms.

Co-translational translocation starts after binding of the Sec61 complex to the ribosome.
This as previously discussed is mediated by the interaction between SRP, the
translocon and SR. The binding sites of SRP correspond to points of major contact
between the Sec61 complex and the ribosomes (Halic et al., 2006, Halic et al., 2004).
This further suggested that ribosome association with the translocon is hindered prior to
iteraction with SR. This site of SRP, ribosome and translocon interaction has been
named the Universal ribosomal Adapter Site and is composed of ribosomal proteins
L23a and L35 (L25 and L35 in yeast) (Becker et al., 2009, Halic et al., 2004). The
signal sequence is transferred from SRP to the translocon and binds to the translocon in
a manner that was first described, in yeast, in the context of post-translational
translocation, as binding at the protein lipid interphase (Plath et al., 1998). These results
have since been corroborated by structure determination which places the signal
sequence as binding to the translocon between TM2b and 7 (figure 1.6 ¢ and d) (Van
den Berg et al., 2004). As mentioned previously the Sec61p/SecY complex consists of
two connected half ring like structures. TMs 2b and 7 are located on opposite ends of
the interconnected two half ring structures but spatially adjacent to each other (Van den

Berg et al., 2004).
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Figure 1.6 Structural features of the SecYEP complex of Methanococcus jannaschii. The
pore of SecY (green) is lined by six hydrophobic amino acids (blue) and is occluded in the
closed conformation by TM 2a (red) (a and b). During translocation of proteins the signal
sequence binds the translocon between TM 2b (red) and TM 7 (blue) (c and d). The lateral gate
from which TM segments segregate into the lipid bilayer is composed of TM domains 2b (red),
3 (orange), and 8 (purple). Images made from pdb structure 1RHS using PyMol.
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The Universal Adapter Site is not the only contact point between the translocon and the
ribosome and the translocon also makes contacts with ribosomal RNA (Frauenfeld et
al., 2011, Becker et al., 2009, Morgan et al., 2002). In addition, early experiments
showed that the interaction between the signal sequence, the ribosome and the Sec61p
complex to be strong by being resistant to high salt washes (Gorlich et al., 1992b). The
dissociation of the ribosome from the translocon requires the release of the nascent by
incubation with high salt and puromycin (Gorlich et al., 1992b). In addition, the strong
association of the translocon with the ribosome is only maintained in the presence of
the nascent chain and therefore in the actively translating ribosome (Jungnickel and

Rapoport, 1995).

So far the structure of the translocon has been described as being composed of two half
rings which can be plugged by a small transmembrane domain. The question is
therefore how this structure mediates the integration of proteins into the ER or their
translocation across the ER. The binding of the signal sequence is proposed to trigger
rearrangements in the translocon which leads to the displacement of the plug and the
opening of a lateral gate into the membrane (figure 1.6 ¢ and d) (Van den Berg et al.,
2004). The lateral gate is thought to be the location where TM sequences integrate into
the membrane (Van den Berg et al., 2004). The pore, from which the plug is displaced,
allows lumenal protein domains to pass through the membrane (Rapoport, 2007). The
pore in the closed conformation is narrow, at most, allowing only for segments to pass
as sequences devoid of secondary structure (Van den Berg et al., 2004, Tani et al., 1990,
Kurzchalia et al., 1988). Van den Berg et al., (2004) however, propose that the pore
may widen to allow the passage of an alpha helix. However, further simulations based
on this structure suggest that the plug maintains occlusion of the pore thereby guiding
hydrophobic segments to the lateral gate but opens in the presence of hydrophilic
sequences (Zhang and Miller, 2010). In addition, this process is affected by cross
communication between the ribosome and the translocon due to the fact that rpll7
seems to be able to sense the presence of a transmembrane segment and relay this
information to the translocon (Lin et al., 2011, Pool, 2009, Liao et al., 1997). The exact
mechanism of segregation of hydrophobic and hydrophilic segments is therefore still a
point of discussion. However, it seems clear that the lateral gate is the location of TM

integration into the ER.
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The existence of the lateral gate has lead to the proposal of a “breathing model” for
protein integration. In this model the lateral gate, formed by TMs 2b, 3, 7 and 8, allows
the nascent chain to sample the hydrophobic interior of the membrane (Rapoport et al.,
2004, Van den Berg et al., 2004). Very hydrophobic segments would segregate
immediately into the lipid phase whereas more weakly hydrophobic segments would do
so more slowly. This model is supported by crosslinking experiments by Ismail et al.,
(2008) who showed that TM 7 of opsin is released more quickly when replaced by a
more hydrophobic TM. It has also been demonstrated that some transmembrane
domains exit the translocon and then reassociate with it transiently (Heinrich and
Rapoport, 2003, Lin and Addison, 1995, Skach and Lingappa, 1993) It has been
suggested that TMs which are unstable, for example due to weak hydrophobicity, need
to assemble with a previously synthesised TM in order to exit the translocon (Rapoport
et al., 2004). It has been shown that the translcon can support topological inversions of
transmembrane domains inside the translocon as this is required for achieving the
correct orientation for type II membrane proteins (Devaraneni et al., 2011). One factor
that can cause topological inversion is the flanking of a TM with a positive charge. This
is known as the positive inside rule (von Heijne, 1989). This positive inside rule can
also affect the topology of upstream TM segments (Ojemalm et al., 2012); for example,
insertion of a positive charge at the N terminus of a TM can cause an upstream TM
domain to mislocalise to the cytosol. Lastly, the translocon has to allow for cytosolic
domains to escape into the cytosol. There has been much debate about a potential gap
between the ribosome and the translocon (Frauenfeld et al., 2011, Menetret et al., 2000,
Crowley et al., 1994, Simon and Blobel, 1991). However, recent publications suggest
that the ribosome goes through cycles of tight and loose associations which permit the

release of cytosolic domains into the cytosol (Lin et al., 2011, Devaraneni et al., 2011).

1.2.6 The post-translational pathway and accessory factors associated with
translocation

The Sec61 complex is sufficient for protein integration at the ER but other proteins are
also involved (Gorlich et al., 1992b). However, many of these are lost upon
solubilisation of membranes as is the case in Cryo-EM studies (Menetret et al., 2000).
In addition, integration or translocation of certain substrates requires additional factors.

For example, as previously mentioned, the Sec62/Sec63 complex is required of post-
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translational integration (Willer et al., 2003, Panzner et al., 1995, Feldheim and
Schekman, 1994, Deshaies et al., 1991). This pathway seems to more prevalent in yeast
than mammalian cells as mammalian cells have been said to lack efficient post-
translational activity (Meyer et al., 2000). However, this view has recently been
challenged by the demonstration that knockdown of the human SEC62 gene inhibits
post-translational transport of proteins (Lang et al., 2012). The way in which the
Sec62/63 complex mediates substrate integration is poorly understood. However, it has
been shown that the association of the Sec63/Sec62p complex with the Sec61 complex
occurs via the brl domain of Sec63p and cytosolic loops of the Sec61 complex (Harada

et al., 2011).

The Sec62/Sec63 complex has also been shown to work closely with BiP, known as
Kar2p in yeast, and is a HSP70 chaperone (Corsi and Schekman, 1997, Lyman and
Schekman, 1997, Rose et al., 1989). Mutations of Kar2p give rise to a protein
translocation stalling phenotype. Kar2p binds proteins as they become exposed to the
ER lumen (Simons et al., 1995). Kar2p associates with substrate proteins in ATP
dependent cycles of binding and release (Hale et al., 2010, Steel et al., 2004). Kar2p
has ATPase activity and binds substrate in the ADP bound form. Substrate is released
upon exchange of ADP for ATP, a process demonstrated in yeast to be promoted by
Lhslp. Sillp on the other hand has been shown to promote the ATPase activity of
Kar2p. Kar2p has therefore been proposed to function as a molecular ratchet driving
protein translocation (Simon et al., 1992). In addition, Kar2p has been proposed to
function as a seal for the Sec61p complex thereby maintaining membrane permeability
(Haigh and Johnson, 2002). Lastly, it has been reported that the action of mammalian
Kar2p, BiP, is coordinated by the Ribosome Associated Membrane Protein (RAMP)
ERjlp (Blau et al., 2005, Dudek et al., 2002, Chevalier et al., 2000). This further
demonstrates the ability of the ER to coordinate the action of cytosolic and lumenal
factors. Further evidence of this coordination has been seen with RAMP4 which has
been shown to be recruited to the ribosome translocon complex upon detection by the
ribosomal protein L17 of the formation of an alpha helix in the exit tunnel (Pool, 2009).
However, the actual function of RAMP4 has still to be elucidated. It is likely that
RAMP4 has more than one function as it has been observed to be part of a complex by
blue native-PAGE which does not contain the Sec61 complex (Wang and Dobberstein,

1999). Other factors which are known to be recruited to the translocon in mammalian
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cells include the TRanslocating chain-Associating Membrane (TRAM) protein and the
TRanslocon-Associated Protein (TRAP) complex (Hartmann et al., 1993, Gorlich et al.,
1992a). TRAM is required for the translocation of many secreted proteins and is biased
for proteins with moderately hydrophobic signal sequences (Voigt et al., 1996). TRAM
closely interacts with signal sequences and is proposed to regulate and mediate
membrane protein integration (Heinrich et al., 2000, Hegde et al., 1998, High et al.,
1993). Similarly, the TRAP complex also associates with nascent chains and the Sec61
complex (Menetret et al., 2005, Mothes et al., 1994). In addition it has been shown to
promote integration of substrates which have signal sequences which are thought to

poorly interact with the translocon (Fons et al., 2003).

As well as mediating integration other translocon associated factors can modify
translocating proteins. These include the Oligosaccharide Transferase Complex (OST)
and the signal peptidase complex (SPC) (Silberstein and Gilmore, 1996, Evans et al.,
1986). The OST complex and the SPC complex are both translocon associated
complexes and conserved across eukaryotes (Wollenberg and Simon, 2004, Gorlich et
al.,, 1992b, YaDeau et al., 1991). The OST catalyses the addition of oligosaccharide
chains, also known as N-linked glycosylation, to the nascent polypeptide in the ER
lumen. The signal peptidase complex catalyses the removal of the signal sequence in

substrate proteins as it emerges from the translcon complex.

The core Sec61 complex as has been discussed here forms a platform for the
recruitment of other proteins ranging from the ribosome, in co-translational
translocation, to facilitators of translocation such as the TRAM and TRAP complexes
and also nascent chain modifiers such as the OST and SPC. Many of these factors have
been discovered and continue to be discovered as examplerised by Erjlp but many of
these factors remain functionally poorly understood. However, the Sec61p-ribosome
complex is clearly not just a ‘pore’ but a highly regulated and modulatable complex
which can tailor itself to the needs of each substrate protein being translocated or

integrated into the ER.
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1.3 Protein integration and translocation in bacteria and plastids

1.3.1 Differences between bacterial and eukaryotic Sec dependent transport

As has previously been discussed in section 1.2 the Sec61 complex is conserved in
function and structure across mammals, yeast, eubacteria and archaea (Becker et al.,
2009, Van den Berg et al., 2004). In addition, both the post-translational, SRP
independent, and the co-translational, SRP dependent, pathways are also conserved.
For example, in E. coli the ribosome is targeted to the cytoplasmic membrane by a
homolog of SRP and an SRP receptor known as FtsY (Pool, 2005). Bacterial SRP is
however smaller than eukaryotic SRP and is composed of a single protein, homolog of
SRP54, a smaller RNA molecule and lacks an alu domain which in eukaryotes
mediates translational arrest. In addition, bacterial SRP does not seem to cause

elongation arrest (Raine et al., 2003).

The post-translational pathway in E. coli however differs from both yeast and
mammalian post-translational translocation. In these eukaryotic systems the protein
substrate is thought to be translocated through the Sec61p complex by a Brownian
ratchet comprising lumenal Kar2p which binds and releases substrate in an ATP
regulated manner (Matlack et al., 1999). However, in bacteria it has been shown that
the translocating force is provided by a cytosolic ATPase known as SecA (Kusters and
Driessen, 2011). The exact manner in which SecA drives protein integration is poorly
understood however it has been shown that SecA binds proteins in an unfolded or
partially unfolded state via a clamp domain (Bauer and Rapoport, 2009). This process
in some cases is assisted by SecB which maintains proteins in an unfolded state prior to
binding to SecA (Bechtluft et al., 2007, Hartl et al., 1990). SecA interacts with SecYEG
complex by partial insertion into the latter of a two helix finger and forms contacts with
the SecYEG complex which resemble ribosome-SecYEG binding (Kuhn et al., 2011,
Erlandson et al., 2008).

1.3.2 Protein transport by the Twin Arginine Targeting pathway

The Twin Arginine Targeting (TAT) pathway transports folded proteins across the
bacterial and archeal cytoplasmic membrane as well as across the thylakoid membrane
in plant chloroplasts (Albiniak et al., 2012, Frobel et al., 2012, Palmer and Berks, 2012).

Many substrates of the TAT pathway contain metal or nucleotide cofactors which
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require to be folded in the cytoplasm. In addition, it has been hypothesised that other
proteins rely on the TAT pathway for export as they are unable to fold properly in the
environment of the periplasm or fold too rapidly for export via the Sec pathway

(Albiniak et al., 2012, Palmer and Berks, 2012).

As for the Sec dependent pathway, proteins destined for the TAT pathway contain an
N-terminal signal sequence which is composed of an n terminal region which contains
a twin arginine motif which is required for efficient transport (Palmer and Berks, 2012,
Stanley et al., 2000). This is followed by a moderately hydrophobic region and a C
terminal region which contains a basic residue. These features give rise to specificity
for entry into the TAT pathway as increasing the hydrophobicity of the hydrophobic
region or removal of the basic residue in the C region has been shown to cause entry

into the Sec dependent pathway (Cristobal et al., 1999, Bogsch et al., 1997).

Transport via the TAT pathway is largely mediated by three membrane proteins known
as TatA, TatB and TatC (Albiniak et al., 2012). TatB and TatC have been shown to
recognise and bind the signal sequence. TatC is thought to be involved in the initial
binding of the signal sequence by recognition of the twin arginine consensus sequence
independently of TatB (Alami et al., 2003). However, TatB also binds the hydrophobic
domain of the signal peptide. Together TatB and TatC have been shown to form a
tightly associated hetero-oligomer (Bolhuis et al., 2001). In contrast, this same study
shows that only a fraction of the TatBC complexes are associated with TatA.
Furthermore, it has been shown that TatA is only associated with TatBC when the
signal sequence is bound (Mori and Cline, 2002). It is also proposed that TatBC, when
substrate bound, promotes the recruitment of TatA in a maner that causes
oligmoerisation of the latter (Dabney-Smith and Cline, 2009, Dabney-Smith et al.,
2006). TatA is then proposed to form the pore through which the protein is translocated
(Gohlke et al., 2005, Oates et al., 2005). Oligomerisation of TatA has been suggested to
allow the formation of a pore which is tailored to the size of the protein being
translocated thus enabling protein translocation of folded substrates without
compromising membrane permeability. This process has been shown to be independent
of ATP but instead relies on proton motive force (Bageshwar and Musser, 2007, Yahr
and Wickner, 2001, Mould and Robinson, 1991). Following translocation, the signal
sequence can be cleaved from the protein and the TatABC complex then disassembles

(Luke et al., 2009, Mori and Cline, 2002).
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1.3.3 Protein import into chloroplasts by the TIC/TOC complexes

Chloroplasts are composed of an inner and an outer membrane transport through which
is largely mediated by two complexes known as the Transport at the Outer membrane
of the Chloroplast (TOC) complex and the Transport at the Inner membrane of the
Chloroplast (TIC) Complex (Andres et al., 2010, Kovacs-Bogdan et al., 2010).
Furthermore, protein import into chloroplasts plays a significant role in chloroplast
biogenesis as over 95% of proteins contained in the choloroplast are encoded in the

nucleus (Abdallah et al., 2000).

Proteins targeted to the TOC complex contain an N terminal signal sequence which is
poorly conserved in sequence (Bruce, 2000). The TOC complex consists of a core
complex composed of proteins Toc34, Toc75 and Toc159 (Schleiff et al., 2003b). In
addition, other proteins such as Toc64 and Tocl12 have been shown to associate with
the core Toc complex (Becker et al., 2004, Sohrt and Soll, 2000). Proteins are thought
to be targeted to the TOC complex in a manner which is dependent on the
phosphorylation state of the signal sequence and involves binding of chaperones in the
cytosol and in some cases Toc64 (Andres et al., 2010). For example, Qbadou et al.,
(2006) have demonstrated that TOC targeted proteins bind to HSP90 which then
associate with Toc64. Toc64 is then proposed to bind Toc34 in a GTP dependent
manner which is followed by release of the substrate protein in an ATP dependent
manner. It has to be noted however that the core TOC complex has been shown to be
sufficient for translocation and therefore suggests that cytosolic targeting factors are not
essential (Schleiff et al., 2003a). Toc75 is thought to form the pore through which
proteins are translocated and to be of a diameter wide enough to allow the passage of
only unfolded or partially folded proteins (Hinnah et al., 2002). Schleiff et al., (2003a)
propose a model where, after binding of the substrate protein by Toc34, Toc159 drives
protein translocation through multiple rounds of GTP hydrolysis. An alternative model
however has been proposed where protein translocation may be driven by HSP70 in the
intermembrane space (Aronsson and Jarvis, 2008). There is however limited
experimental evidence to this effect and the model is largely based on analogy with the
mitochondrial HSP70. It is however known that the Hsp70 is recruited to the TOC
complex by Toc12 (Becker et al., 2004). In addition, Becker et al., (2004) propose that
Hsp70 could maintain substrate proteins unfolded for transfer to the TIC complex by

soluble Tic22.
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The TIC complex has been shown to comprise eight proteins known as Tic110, Tic62,
Tic55, Tic 44, Tic32, Tic 22, Tic21 and Tic20 which work in close association with a
stromal HSP93 (Flores-Perez and Jarvis, 2012, Kovacs-Bogdan et al., 2010). To date
only Tic110 has been implicated in pore formation of the TIC complex. Ticl10 is
thought to form the TIC translocon pore on the basis of structure determination by
circular dichroism and electrophysiological measurements which suggest that Tic110
forms a six transmembrane cation gated channel which would allow the passage of
partially folded proteins (Balsera et al., 2009, Heins et al., 2002). Tic22 and Tic20
have been shown to be able to crosslink to translocating proteins and Tic20 has been
proposed to contribute to the formation of the pore (Kouranov et al., 1998, Kouranov
and Schnell, 1997). However, Tic22 and Tic20 have been shown only to associate with
the Tic110 in the presence of the TOC complex (Kouranov et al., 1998). This is
supported by the demonstration that Ticl110 can coimmunoprecipitate with Toc75
(Nielsen et al., 1997). It has also been shown that Tic21 is required for inner-membrane
translocation (Teng et al., 2006). Interestingly, Tic21 was observed to be associated
with a 1 mega Dalton inner membrane complex which is primarily composed of Tic20
and required for protein transport (Kikuchi et al., 2009). Furthermore, this complex was
shown not to contain Ticl110 which suggests the existence of a secondary pore. It has
been suggested that Tic20 may form this secondary pore (Flores-Perez and Jarvis,
2012). However, Kikuchi et al., (2009) suggest that the pore may be formed by as of

yet unidentified other components of this 1 mega Dalton complex.

Translocation across the TIC complex is thought to be driven by stromal HSP93 (Chou
et al., 2006). In the model proposed by Chou et al., (2006) substrate bound Ticl110
binds Tic40. Tic40 then recruits HSP93 which allows the latter to bind and excise the
substrate protein in an ATP dependent manner. However, the function of stromal
HSP70 has also been shown to function in protein import by the TIC/TOC complexes
and to co-immunporecipitate with the latter (Shi and Theg, 2010). In addition, to
activation by HSPs the function of the TIC/TOC complex is also regulated by other
members of the Tic complex such as Tic62, Tic55 and Tic32 (Kovacs-Bogdan et al.,
2010). The TIC/TOC complex therefore imports unfolded or partially folded proteins
across the inner and outer chloroplast membranes in an ATP and GTP dependent

manncr.
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1.3.4 Protein transport across mitochondrial membranes

Similarly to chloroplasts, over 95% of mitochondrial proteins are encoded in the
nucleus (Becker et al., 2012). Mitochondria are composed of an outer and an inner
membrane into or across which proteins need to be transported or integrated and is
mediated by several complexes. However, transport at the outer membrane for most, if
not all, proteins requires the Translocase of the Outer Membrane (TOM) complex
(Becker et al., 2012, Endo et al., 2011, Mokranjac and Neupert, 2009). Integration at
the outer membrane is, however, assisted by the Sorting and Assembly Machienry
(SAM) complex, also known as the TOB complex. Transport across or into the
innermembrane is mediated by Translocases of the Inner Membrane (TIM) such as the
TIM22 and TIM23 as well as the OXA1 complex. In addition, translocation across or
integration into both membranes is assisted by small TIM proteins.

Proteins destined for mitochondrial import can be classified into two categories: those
with and without N-terminal signal sequences (Endo et al., 2011, Brix et al., 1999).
These N terminal sequences are poorly conserved in sequence and have a length of
between 12 to 70 amino acid residues (Roise and Schatz, 1988). These sequences are
recognised by the TOM complex receptor, Tom20. The Tom complex however
possesses a second receptor known as Tom70 which recognises proteins without N
terminal signal sequences. The recognition of substrates by Tom70 is mediated by
cytoslic HSP90 and HSP70 (Young et al., 2003). After recognition by the receptor
proteins the substrate protein is transferred to Tom40 for translocation in a manner
which is organised by Tom22 (van Wilpe et al., 1999). Tom40, similarly to Toc75,
forms a beta-barrel (Hill et al., 1998). The TOM complex pore is of approximately 25A
which is large enough to accommodate partly folded proteins such as a helix-loop-helix
domain (Endo et al., 2011). It is currently unknown how translocation across the
Tom40 channel is driven however it has been suggested that an electrostatic potential

could provide the translocating force (Mahendran et al., 2012).

It has been shown that Tom40 is capable of lateral gating of substrates into the outer
membrane (Harner et al., 2011). Other integral proteins, such as beta barrel proteins, do
not use this lateral gate and are translocated into the intermembrane space (IMS) where
they bind small TIM proteins which is thought to direct them to the SAM complex for
their integration (Dukanovic and Rapaport, 2011). For example, it has been

demonstrated that small TIM proteins are soluble factors of the IMS deletion or
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mutation of which leads to defective beta-barrel protein biogenesis (Wiedemann et al.,
2004). As for the TOM complex, partitioning into the lipid phase by lateral gating of
beta-barrel proteins from the SAM complex has been proposed but not demonstrated
and therefore the mode of insertion of this complex remains elusive (Dukanovic and

Rapaport, 2011).

Small TIM proteins also guide proteins to the TIM22 complex for integration or
translocation into the inner membrane (Koehler et al., 1998). Initial binding of substrate
proteins to the TIM22 complex has been shown to be energy independent which is then
followed by energy dependent insertion into the translocon and inner membrane
(Rehling et al., 2003, Kovermann et al., 2002). In addition, Tim22 has been shown to
form a voltage gated ion channel with a pore size of 11-18A and the integration of

substrate proteins to be powered by the membrane potential.

The inner membrane also contains the TIM23 complex which recognises the N
terminal signal sequence of substrate proteins as they emerge from the TOM complex
(Mokranjac et al., 2003, Yamamoto et al., 2002, Bauer et al., 1996). Tim23 is proposed
to form a 13-24A channel and translocation of proteins is driven by both the membrane
potential and ATP hydrolysis (Truscott et al., 2001, Ungermann et al., 1994, Martin et
al., 1991). The membrane potential is thought to translocate the charged N terminal
signal sequence which is then followed by an ATP dependent Brownian ratcheting
mechanism driven by matrix HSP70 (Liu et al., 2003, Bauer et al., 1996). The TIM23
complex is also able to integrate proteins into the inner membrane, however, membrane
proteins can also be translocated and then reinserted in a manner that depends on
Oxalp (Chacinska et al., 2005, Hell et al., 1998). Intrestingly, the Oxalp is also able to
bind ribosomes and implicated in the co-translational translocation of mitochondrial
encoded proteins (Szyrach et al., 2003). Lastly, following translocation into the matrix

N-terminal signal sequences can be cleaved to yield the mature protein (Mossmann et

al., 2012).

1.3.5 Comparison of different membrane protein translocation complexes.

Transport by the Sec, TIC/TOC, TIM/TOM complexes all proposed to translocate
proteins which are in at least a partially unfolded state (Endo et al., 2011, Van den Berg
et al,, 2004, Hinnah et al.,, 2002). The structures of these pores, although poorly
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characterised in many cases, display at least two types of structures which include the
beta-barrel pores such as the Toc75 and Tom40 pores or the “hour glass” shaped Sec61
complex formed by helical transmembrane domains (Van den Berg et al., 2004, Hill et
al., 1998). However, both types are proposed to mediate both translocation and lateral
gating (Harner et al., 2011, Rapoport et al., 2004). The TAT pathway is distinctly
different as it translocates fully folded proteins with a pore which is formed by
oligomertisation of TatA subunits in a manner which is thought to polymerise a pore
tailored in size for the substrate (Frobel et al., 2012). Targeting of substrate proteins to
the correct pore is however a conserved feature of protein translocation. This usually
takes the form of an N-terminal signal sequence however targeting may also be
achieved by internal signal sequences such as TIM22 complex destined proteins
(Palmer and Berks, 2012, Kovermann et al., 2002, Bruce, 2000, Roise and Schatz, 1988,
von Heijne, 1985). The driving forces of translocation vary. One of the most prominent
models for translocation is the Brownian ratchet model which has been proposed for
the Sec, TIM and TIC dependent translocation which requires ATP (Chou et al., 2006,
Liu et al, 2003, Matlack et al., 1999, Simons et al., 1995). However, the SecA
mediated translocation is also proposed to occur via active insertion (Kusters and
Driessen, 2011). Other forces which promote translocation are membrane potentials as
shown in the function of the TIM22, TAT and also TIM23 dependent pathways (Frobel
et al., 2012, Rehling et al., 2003, Truscott et al., 2001). Lastly, it can be noted that
import of nuclear encoded proteins via the TOC or TIM complexes occurs post-
translationally as ribosomes have not been shown to bind with high affinity to the outer
membranes of these plastids (Andres et al.,, 2010, Mokranjac and Neupert, 2009). In
contrast, the Sec machinery is capable of both co-translational and post-translational
integration of proteins as previously discussed in sections 1.2.2 to 1.2.6. Protein
translocation systems therefore display diversity in their molecular machinery but also

show mechanistic similarities.

1.4 Forward trafficking of proteins from the ER

Following integration, proteins that are not ER resident need to be targeted to their
correct end cellular localisation. This process is carried out by a system of directed
vesicular trafficking. The starting point of forward trafficking from the ER occurs at

ER exit sites (ERES) (Okamoto et al., 2012, Shindiapina and Barlowe, 2010). In S.
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cerevisiae, ERES was identified to be located in areas of the ER with high curvature
and that destabilisation of ER curvature domains was shown to cause displacement of
ERES and cause changes in Golgi morphology. ERES localisation in the ER is spatially
distinct from sites of protein translocation as ribosomes are depleted on the plasma
membrane facing side of the ER which contains the high curvature domains associated

with ERES (West et al., 2011).

ERES is the location of the formation of COPII vesicles which mediate forward
trafficking from the ER to the Golgi (Barlowe et al., 1994). The formation of these
vesicles is initiated by Sarlp which upon exchange of GDP for GTP initiates ER
tubular membrane deformation (Lee et al., 2005). This leads to the recruitment of a
heterodimer composed of Sec23p and Sec24p which exacerbates the tubular
deformation initiated by Sarlp by coating the outer surface of the vesicle. This event is
then followed by the recruitment of the heterotetramer Sec13/Sec31p which is proposed
to stabilise the vesicle (Gillon et al., 2012). Sarlp, Sec23p, Sec24p, Sec13p and Sec31p
have been demonstrated to constitute the minimal machinery required for vesicle
formation in vitro (Figure 1.7) (Matsuoka et al., 1998). However, in vivo other factors
are required such as Sec12p and Sec16p for ERES formation (Shindiapina and Barlowe,
2010).

Sec23/24p recruitment to the ERES is stabilised by the presence of cargo proteins
which are to be trafficked to the Golgi (Forster et al., 2006). Consistent with this is the
fact that Sec23/24p has been shown to be able to bind cargo proteins (Miller et al.,
2003, Mossessova et al., 2003). The term ‘cargo’ loosely refers to distinct sets of
integral membrane proteins: proteins which are substrates for forward trafficking such
pro alpha factor; and Yorlp and proteins which direct forward trafficking such as
SNARES (Figure 1.7) (Castillon et al., 2009, Pagant et al., 2007). These proteins may
bind directly to Sec23/24p or via adaptor proteins as is the case for Yorlp and pro-
alpha factor respectively. Much of the knowledge however surrounding Sec23/24p
binding has arisen from the study of SNARE proteins. Two populations of SNARE
proteins exist: tethering SNARES (T SNARES); and vesicular SNARES (V SNARES)
the expressions of which define the targeting route (Nichols and Pelham, 1998). Three
independent cargo binding sites have been located on Sec24p which have been since
named A, B and C (Buchanan et al., 2010). The A and B sites are well characterised

with the consensus binding sequences to have been established to be YxxxNPN and
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Figure 1.7 Formation of vesicles which mediate forward trafficking from the ER
Recruitment of Sarlp to the Sec23/24p heterodimer initiates deformation of the ER membrane
and recruitment of Sec13/31p. This process is also known to require Sec12p and Secl6p. The
Sec23/24p contains multiple binding sites which bind cargo proteins such as proteins destined
for export such as Yorlp and V-SNARES which direct vesicles to the appropriate docking sites.
It is thought that proteins may also be transported without interaction with Sec23/24p and is
known as bulk flow.
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LxxME/LE or DxE respectively (Mossessova et al., 2003, Votsmeier and Gallwitz,
2001, Nishimura et al., 1999). The C site has been identified in complex with a peptide
and therefore no consensus sequence has been constructed as of yet for this site (Miller
et al., 2003). However, this highlights the importance of binding motifs. For example,
Yorlp has been shown to contain a functional DXE motif (Pagant et al., 2007).

It is however proposed that not all substrates require a specific interaction with the
COPII proteins. One of the mechanisms by which this would occur is termed ‘bulk
flow’ (Thor et al., 2009, Wieland et al., 1987). Thor et al., (2009) propose that bulk
flow works as a form of passive packaging of substrate proteins into COPII vesicles.
Furthermore, that ‘bulk flow” movements of proteins may be restricted by association
with quality control chaperones, such as calnexin, until the protein has reached the

appropriate folding state for export.

There is currently a lack of evidence surrounding bulk flow theory. However, there is
evidence that Sec24p is not universally required (Fatal et al., 2004, Kurihara et al.,
2000). For example, it has been demonstrated that the glycoprotein Hspl150p is
trafficked in the absence of Sec24p or a homolog of Sec24p, Lsslp (Fatal et al., 2004,
Kurihara et al., 2000). However, there is a second homolog of Sec24p known as Lstlp
(Roberg et al., 1999). It is clear therefore that more knowledge of COPII vesicle
trafficking is required before it is known whether ‘bulk flow’ plays a bona fide role in

forward trafficking.

1.5 ER associated degradation (ERAD)

Following targeting to the ER targeted proteins are subject to quality control
mechanisms which sense their folding state (Benyair et al., 2011, Vembar and Brodsky,
2008). Proteins which are recognised as mis-folded or modified can interact with
chaperones which facilitate achieving the correct confirmation. Proteins which fail to
achieve a stable conformation can then be targeted for degradation by the ER
associated degradation machinery (ERAD). This process leads to the ubiquitination,
retrotranslocation out of the ER and degradation by the proteasome (Bagola et al., 2011,

Finley, 2009).
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1.5.1 Ubiquitin ligases form the core of the ERAD machinery

A central process of the ERAD machinery is ubiquitination of substrate proteins. This
process is carried out by ubiquitin ligases. Ubiquitin is encoded by a family of genes
(Ozkaynak et al., 1987). Many of these genes however encode fusions of ribosomal
protein to ubiquitin and the ubiquitin moiety has been shown to function in ribosome
biogenesis (Finley et al., 1989). The only gene encoding ubiquitin alone is UBI4 which
encodes polyubiquitin and is then cleaved to monomers after translation to yield
monoubiquitin (Ozkaynak et al., 1987). Ubiquitin is added to substrates by a cascade
of events mediated by E1, E2 and E3 ligases (Haas and Siepmann, 1997). The yeast E1
ligase is encoded by the Ubiquitin Activating enzyme 1, UBA1 (McGrath et al., 1991).
El enzymes function by binding ubiquitin in a two step process which includes ATP
dependent adenylation of ubiquitin which promotes transfer of ubiquitin to the active
site of the E1 ligase thus presenting ubiquitin in a competent form for transfer to E2
ligases (Pickart et al., 1994). In yeast, E2 ligases involved in ERAD, are the Ubclp,
Ubc6p and the Ubc7p (Chen et al., 1993, Seufert et al., 1990). The E3 ligases include
DoalOp and Hrd1p (Bays et al., 2001a, Swanson et al., 2001).

DoalOp and Hrdlp form the core of two distinct ERAD degradation pathways
(Carvalho et al., 2006, Vashist and Ng, 2004). This has been largely demonstrated on
the basis of substrate degradation requirements. For example the lumenal protein CPY *
is a constitutively unstable protein which requires Hrdlp but not DoalOp for its
degradation (Swanson et al., 2001, Vashist and Ng, 2004). The constitutively unstable
polytopic membrane protein Hmg2p which can be stabilised by point mutations in its
transmembrane domain is also a Hrd1p substrate (Theesfeld et al., 2011, Hampton et al.,
1996). However proteins such as Ste6-166 that contain a mutation in their cytosolic
domain are degraded by the DoalOp pathway (Huyer et al., 2004, Vashist and Ng,
2004). The DoalOp dependent pathway has been shown to be biased for the
degradation of integral ER membrane substrates with misfolded cytosolic domains. The
Hrd1lp dependent pathway on the other hand seems to exert a preference for the
degradation of substrates with unstable transmembrane or lumenal domains. These
observations have lead to a classification of ERAD pathways termed ERAD-C
(cytosolic), ERAD-M (membrane) and ERAD-L (lumenal) (Figure 1.8) (Carvalho et al.,
2006). However, proteins which have both misfolded cytosolic and transmembrane or

lumenal sequences may be degraded by either Hrd1p or DoalOp complexes (Vashist
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and Ng, 2004). One such protein is the clinically important human Cystic Fibrosis
Transmembrane conductance Regulator (CFTR) mutant forms of which cause cystic

fibrosis (Gnann et al., 2004).

1.5.2 Recognition of ERAD substrates

It is currently proposed that both DoalOp and Hrd1p can directly recognise misfolded
substrates (Sato et al., 2009, Ravid et al., 2006). The rational for this relies on the fact
that genetic interaction screens demonstrated that only the E2 ligases and DoalOp are
required for DoalOp dependent degradation (Ravid et al.,, 2006). The evidence for
direct substrate recognition by Hrdlp was described by point mutations of
transmembrane domains in Hrd1p which was shown to lead to defective degradation
but not association of Hrd1p with Hmg2p (Sato et al., 2009). On this basis the authors
suggest a “hydrophilic scanning” model for Hrdlp ERAD-M substrate recognition
where proteins become substrates for Hrdlp dependent ERAD upon exposure of

normally buried hydrophilic residues.

Even though Hrd1p and DoalOp are required and proposed to be sufficient for ERAD
substrate recognition it is becoming clear that additional recognition factors play an
important role for the degradation of certain substrates. For example the DoalOp
dependent pathway has been shown to require SS4 gene family members for efficient
degradation of the ERAD-C substrate Ste6-166 (Han et al., 2007). The SSA genes
encode HSP70 cytosolic chaperones which bind substrate proteins promoting their
folding and preventing their aggregation (Bukau and Horwich, 1998, Hottiger et al.,
1992). Further evidence of the involvement of HSP70 chaperones in ERAD has been
observed for the Hrd1p dependent pathway where Kar2p has been shown to be required
for maintaining CPY* in an ERAD competent state by preventing aggregation under
conditions where the Unfolded Protein Response (UPR) is induced due to temperature

stress (Nishikawa et al., 2001).

In addition to chaperones promoting ERAD Hrd1p, unlike DoalOp, has been shown to
form complexes with many other proteins involved in substrate recognition (Carvalho
et al., 2006). The most notable of these is Hrd3p which is in a stoichometric complex

with Hrdlp (Gardner et al., 2000). Hrd3p has been shown to stabilise Hrdlp and
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Figure 1.8 ERAD pathways. The DoalOp and Hrdlp complexes constitute two distinct
pathways of ER associated degradation. Proteins with lesions (red dots) in their cytosolic
domains are degraded by the DoalOp complex in a pathway termed ERAD-C. Proteins with
lesions in their transmembrane domains such as Hmg2-6myc or lumenal domains such as
CPY* are degraded by the Hrdlp complex in pathways termed ERAD-M and ERAD-L
respectively. Some proteins such as Cystic Fibrosis Transmembrane conductance Regulator
(CFTR) can be degraded by either the DoalOp or Hrd1p pathway.
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hypothesised to promote interaction of Hrd1p with ERAD substrates. In addition, it was
shown that overexpression of Hrd1p could partially rescue the ERAD defect in a Ahrd3
strain. Hrd3p was later shown to form a complex with Kar2p and Yos9p by
coimmunoprecipitation (Denic et al., 2006). Hrd3p and Yos9p are suggested to form a
gating complex for the Hrd1p dependent pathway. This model relies on the basis that,
firstly, deletion of YOS9 or HRD3 caused a block in degradation of CPY* but in a
strain where Hrdlp expression was upregulated deletion of YOS9 had no effect on
ERAD and deletion of HRD3 alleviated the ERAD defect. Secondly, that when the
glycosylation sites of CPY* were abolished by mutation CPY* became stable in WT
cells but degraded in a Ahrd3 strain overexpressing Hrd1p. This therefore showed that
Yos9p and Hrd3p regulate ERAD substrate specificity and inhibit Hrdlp from

erroneously targeting substrates for degradation.

The manner in which Yos9p regulates substrate specificity has been well documented
in the recognition of glycoslyated proteins (Quan et al.,, 2008, Denic et al., 2006,
Bhamidipati et al., 2005, Kim et al., 2005, Szathmary et al., 2005, Buschhorn et al.,
2004). Protein glycosylation occurs in the ER by the Oligossacharride Transferase
Complex (OST) in a process which tightly associated with protein translocation
(Scheper et al., 2003, Knauer and Lehle, 1999). In this process the N-linked glycan
Glc;MangGIcNAc; is added at consensus sequence Asn-xxx-Ser/Thr. The glycan is
then sequentially trimmed until the protein is no longer recognised as misfolded and
exported or is targeted for degradation after the end of the trimming sequence (Benyair
et al., 2011). The end of the trimming sequence is mediated in yeast by Htmlp which
catalyses the removal of a mannose residue (Clerc et al., 2009). Yos9p has been
demonstrated to preferentially recognise terminally trimmed glycans and that deletion
of upstream glycan trimming enzymes negatively impacts ERAD of CPY* (Quan et al.,
2008). On the basis of this evidence the authors suggest a model where Yos9p mediates
selection of glycosylated substrates thereby further implicating it in a gating
mechanism for Hrdlp dependent pathway. It has to be noted however that Yos9p
substrate recognition does not depend on a proteins glycosylation state as CPY* with
mutated glycosylation sites is still recognised by Yos9p (Bhamidipati et al., 2005).
This therefore suggests that Yos9p recognises a bipartite signal and has lead to
suggestions that Yos9p’s function may be extended to non-glycosylated substrates

(Jaenicke et al., 2011, Benitez et al., 2011). However, this assertion is questioned by the
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fact that no native unglycosylated ERAD substrates have yet been reported which

require Yos9p for efficient degradation.

In addition to Yos9p and Hrd3p, other proteins have been associated with the Hrdlp
complex and include Derlp and Usalp. Usalp functions as a scaffold protein which
promotes oligomerisation of the Hrdlp complex which has been shown to be a
prerequisite for degradation of membrane proteins (Horn et al., 2009). In addition,
Usalp has been shown to promote recruitment of Derlp to the Hrd1p complex which
has been shown to be required for efficient degradation of ERAD-L substrates such as

CPY* (Hitt and Wolf, 2004, Taxis et al., 2003, Knop et al., 1996).

1.5.3 Retrotranslocation, ubiquitination and degradation of ERAD substrates.

In order for the DoalOp and Hrdlp E3 ligases to mediate substrate ubiquitination they
require the activity of the E2 enzymes (Bays et al.,, 2001a, Chen et al., 1993). The
DoalOp and Hrdlp proteins differ in their requirements for E2 enzymes. The DoalOp
dependent pathway requires Ubc6p and Ubc7p whereas the Hrd1p dependent pathway
requires Ubc7p and Ubclp (Bays et al., 2001a, Swanson et al., 2001, Chen et al., 1993).
The function of the cytosolic protein Ubc7p however is dependent on Cuelp for its
recruitment to the ER membrane (Biederer et al, 1997). It is currently not well
understood how E3s catalyse the transfer of ubiquitin from E2 to the substrate protein
but it is proposed that the E2 enzyme associates with the E3 enzyme via the E3 RING
H2 domain in a manner which promotes transfer of ubiquitin (Deshaies and Joazeiro,
2009). RING H2 domains, which both DoalOp and Hrd1p possess, are characterised by
a conserved motif which includes conserved histidine and cysteine residues (Swanson

et al., 2001, Bordallo et al., 1998, Freemont, 1993).

The E3 and E2 ligases catalyse the ubiquitination of substrate proteins which promotes
their degradation by the 26S proteasome (Deshaies and Joazeiro, 2009). It has been
shown that lysine residues of ubiquitin bind to the substrate protein which when
modified lead to stabilisation of ERAD substrates (Shang et al., 2005). In addition,
ubiquitin addition to substrates results in a polyubiquitin chain being attached to
substrates the length of which has been shown to impact efficiency of degradation
(Thrower et al.,, 2000, Chau et al., 1989). Ubiquitin has been proposed to directly

promote protein unfolding (Hagai and Levy, 2010). However, ubiquitination of
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substrates is also associated with the recruitment of factors thought to drive protein
excision from the ER membrane and targeting to the proteasome (Raasi and Wolf,
2007). One such factor is the cytosolic AAA ATPase, Cdc48p, conditional mutants of
which resulted in defective degradation of Hmg2-6myc and CPY* at restrictive
temperature (Rabinovich et al., 2002). In addition Cdc48p was also shown to be in a
complex with other cytosolic proteins Npll4p and Ufdlp (Hitchcock et al., 2001).
Mutations of the latter two proteins were also shown to cause defects in ERAD
(Jarosch et al., 2002). The cytosolic Cdc48-Npl4-Ufdlp has also been shown to be
recruited to the Hrd1p and DoalOp complexes via the transmembrane protein Ubx2p
therefore allowing interaction with the ERAD substrate (Schuberth and Buchberger,
2005). Together these proteins have been proposed to function as a molecular ratchet
which actively excises proteins from the ER (Raasi and Wolf, 2007). Upon excision
from the membrane proteins are targeted to the proteasome where they are digested in a
process which is proposed to be mediated by factors including Rad23p, Dsk2p and
Rpnl0p (Richly et al., 2005, Verma et al., 2004, Elsasser et al., 2004, Elsasser et al.,
2002, Chen and Madura, 2002). Richly et al., (2005) propose a model where Rpnl10p
and Rad23/Dsk2p are distinct proteasome targeting factors. In this model Rad23p and
Dsk2p can selectively bind ubiquitin chains which have been modified by Cdc48p
associated proteins. 