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ABSTRACT

The cytoplasmic surface of Sec61p is the binding site fo.r the ribosome and has
been proposed to interact with the signal recognition particle réceptor during targeting of
the ribosome nascent chain complex to the translocation channel. Point mutations in
cytoplasmic loops six (L6) and eight (L8) of yeast Sec61p cause reductions in growth
rates and defects in translocation of nascent polypeptides that utilize the cotranslational
translocation pathway. Sec61 heterotrimers isolated from the L8 sec6] mutants have a
 greatly reduced affinity for 80S ribosomes. Cytoplasmié accumulation of protein

precursors demonstrates that the initial contact between the large ribosomal subunit and

the Sec61 complex is importaﬁt for efficient insertion of a nascent polypeptide into the
‘translocation pore. In contrast, point mutations in L6 of Sec61p inhibit cotranslational
translocation without significantly reducing the ribosome binding activity, indicating that
the L6 and L8 sec61 mutants impact different steps in the cotranslational translocation
pathway.

Integral membrane proteins are cotranslationally inserted into the endoplasmic
reticulum via the protein translocation channel, which mediates the translocation of
1umenal domains, retention of cytosolic domains and integration of transmembrane spans
into the phospholipid bilayer. We analyzed the in ViVQ kinetics of integration of model
membrane proteins in Saccharomyces cerevisiae using ubiquitin translocation assay
reporters. A signal anchor sequence from a type II membrane protein gates the
translocon pore less rapidly than a cleavable signal sequence from a secretory protein.
Transmembrane spans and lumenal domains are exposed to the cytosol during integration

of a polytopic membrane protein. The conformational changes in the translocon that
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permit opening of the lumenal and lateral channel gates occur less rapidly than elongation
of the nascent polypeptide. Cytosolic exposure of transmembrane spans and lumenal

domains poses a challenge to the fidelity of membrane protein integration.
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CHAPTER 1

Introduction

Signal hypothesis and signal sequence

The complex organization of eukaryotic cells is characterized by their many interactive
subcellular compartments. These membrane-enclosed organelles have distinct functions as
defined by the proteins located inside the lumen and the membrane. Proteins are synthesized by
ribosomes in the cytoplasm of cells. Newly synthesized proteins that won’t remain in the
cytoplasm, such as secretory and membrane proteins, have to be transported to their final
destiﬁations. Polypeptides cannot move freely across the hydrophobic barrier formed by a
membrane. Therefore, there must be specific meéhanisms to govern thé transport of
polypeptides. It has been determined that the endoplasmic reticulum (ER) is the first step of the
-polypeptide transport mechanism (pathway) for many proteins (Siekevitz and Palade, 1960).
After translocation into the ER lumen, polypeptides are then subsequently transported to the
Golgi apparatus. During translocation through these organelles, proteivns undergo post-
translocational modifications in ER and Golgi that facilitate their maturation and further
transportation. Although protein translocation was first recognized in the ER of eukaryotes, a
similar process is also utilized in prokaryotic organisms to integrate membrane protein"s or
secrete proteins into the periplasmic space.

One of the mechanisms to transport the nascent polypeptide chain across the ER
membrane was first revealed in studies on the biosynthesis of secretory proteins (Redman and
Sabatini, 1966; Redman et al., 1966). This process was originally called the “vectorial discharge

of nascent polypeptides”. In this mechanism, the transfer of proteins across the membrane




occurs concurrently with protein synthesis. The process also requires the binding of ribosomes
to some receptor proteins on thp rough ER membrane.. This concurrent relationship between
protein translation and translocation is now widely known as “cotranslational translocation”.
After the discovery of ER protein translocation, one major question to address is how the
fate of the polypeptides is determined. Why do some proteins remain in the cytoplasm while
others are transported into the ER lumen? The ribosome is unlikely to be the decision-maker
since free and rqembrane—bound ribosomes are identical in their composition and structure.
There are several pieces of evidence suggesting that the nascent pqupeptide may play a major
role in determining its own fate. First, after the amino-terminal portion of the nascent chain
emerges from the ribosome, the ribosome ié targeted to the membrane. Then the nascent
polypeptide is protected from exogenous proteases by the membrane-bound ribosome unless the
membrane is dissolved by detergents (Sabatini and Blobel, 1970). Second, ribosome binding to
the receptors on the ER membrane can be disrupted by high salt concentration. On the contrary,
ribpsomes which contain long nascent polypeptides can only be removed from the membranes
when nascent chains are released from ribosomes by puromycin (Adelman et al., 1973a;
Adelman et al., 1973b). These findings suggest the nascent polypeptide, especially the N-
terminal portion, is important for targeting to the ER membrane. Therefore, in 1971, it was
postulated by Blobel (Blobel and Sabatini, 1971) that the secret code determining the fate of tﬁe
protein is contained in the N-terminal segment of the nascent polypeptide. In 1975, the “signal
hypothesis” was proposed by Biobel and Dobberstein to explain the polysome-membrane
interaction mediated by the signal sequence. It was proposed that secretory proteins contain an
N-terminal signal sequence that is not present in non-secretory proteins. Although the initiation

of synthesis of all proteins occurs in the cytoplasm, proteins with signal sequences will be




directed to the ER membrane while proteins that lack signal sequences vyill vremain in the
cytoplasm (Fig. 1A). A model was also proposed in the “signal hypothesis” for the formation of
a tunnel in the membrane through §vhich the nascent chains would be transferred. The emerging
signal sequence may recruit two or more membrane receptor proteins to form a tunnel in the
membrane. Association of receptor proteins may also provide binding sites for the ribosome
(Fig. 1B). Binding of the ribosome not only links the polypeptide exit tunnel with the newly
formed membrane tunnel but also stabilizes the association of receptor proteins. The translation
of a nascent chain will then continue on the bound ribosome until the nascent chain is released
and vectorially discharged into the ER lumen. After discharge of the completed chain, the
ribosome is then detached from the membrane and can restart translation of another mRNA (Fig.
1A). The first evidence supporting this hypothesis came from the study of mRNA-dependent in
vitro synthesis of secretory proteins. In the absence of microsomal membranes, translation
products contain extra N-terminal segments missing in products found inside the microsomal
Jumen (Blobel and Dobberstein, 1975a; Blobel and Dobberstein, 1975b). Furthermore,
mutations within signal segments result in defects in the passage of polypeptides across the
membrane (Bedouelle et al., 1980). The essence of this “signal hypothesis” turned out to be
correct. Secretory proteins have N-terminal signal sequences that direct nascent polypeptide
transport across the ER membrane.

A typical signal sequence consists of a stretch of 7-15 hydrophobic residues, which are
likely to adopt an o-helical conformation. Frequently, the hydrophobic core of a signal sequence
is flanked by a few positively charged residues near the amino- terminal end and polar amino
acids at the carboxy-terminal end (Von Heijne, 1990). The amino acid composition of signal

sequence is highly variable as long as the hydrophobic core is conserved. Its hydrophobicity and







Fig 1. The “Signal Hypothesis”. A hypothetical model proposed by Blobel and Dobberstein in

1975. (A). Illustration of the essential features of the signal hypothesis. The initiation of
synthesis of all proteins occurs in the cytoplasm. Proteins that lack signal sequences will remain
in the cytoplasm, while proteins with signal sequences will be directed to the ER membrane
while. The translation orf a nascent chain will then continue on the bound ribosome until the
nascent chain is released and vectorially discharged into the ER lumen. After discharge of the
completed chain, the ribosome is then detached from the membrane. (B) Hypothetical model
for the formation of a transient tunnel in the membrane. The emerging signal sequence may
recruit two or more membrané receptor protéins to form a tunnel in the membrane. Association
of receptor proteins may also provide binding sites for the ribosome. Binding of the ribosome
not only links the polypeptide exit tunnel with the newly formed membrane tunnel but also
stabilizes the association of réceptor proteins. Ribosome binding site:s on the receptor proteins
are indicated by cones. Channel binding sites on the ribosome are indicated by notches. The

figure and the legend are adapted from (Blobel and Dobberstein, 1975a).
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conformational features rather than specific primary sequence, are required to carry out the
targeting function.
Overview of Cotranslational translocation

Upon the emergence of the nascent chain from the ribosome, the signal recognition
particle (SRP), a conserved ribonucleoprotein particle, recognizes and binds the signal sequeﬁce
to form the RNC (ribosome-nascent chain)-SRP complex (Fig. 2, step 1 and 2). When binding to
the signal sequence, SRP also interacts with the ribosome (Walter and Blobel, 198i) causing the
retardation of peptide elongation. Next, tﬁe RNC—SRP complex is targeted to the ER membrane
(Fig. 2, step 3) by the interaction with the SRP receptor (SR), a heterodimeric membrane protein
(Gilmore et al., 1982b). The interaction between SR and the RNC-SRP complex results in both
the GTP-dependent dissociation of the nascent polypeptide from SRP (Connolly et al., 1991) and
~ the transfer of the signal sequence to the channel (Fi g. 2, step 4). This interaction may also
trigger the rearrangement of SRP relative to the ribosome, since the binding site for SRP on the
ribosome overlaps with the binding site for the Sec61 complex on the ribosome (Halic et al.,
2004). The dissociation of the signal sequence from SRP is inhibited in the absence of a
functional translocon (Song et al., 2000), suggesting that the Sec61 complex regulates the GTP
hydrolysis cycle of the SRP-SR. This regulation may provide a mechanism to insure the direct
insertion of the signal sequence into the translocation channel upon release from SRP. After the
signal sequence is released from SRP and inserted into the channel, the nascent chain can then be

translocated while protein synthesis resumes (Fig. 2, step 5). Upon termination of translation,

the ribosome can then leave the channel (Fig. 2, step 6).
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Fig 2. Cotranslational translocation of a secretory protein. The scheme shows different steps in

the translocation of a eukaryotic secretory protein. For details see the text. The figure is taken

from (Osborne et al., 2005) and the legend is adapted from the original.
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SRP

An 118 ribonucleoprotein (RNP) named SRP was identified to be the binding factor for
the signal sequence in the mammalian system (Walter et al., 1981). This particle shows three
main activities in cotranslational targeting: 1) it binds to the signal sequence; 2) it slows dowh
peptide elongation; 3) it interacts with SRP receptor and transfers the RNC to the translocon.
Mammalian SRP contains a 7S RNA mdlecule and six proteins (SRP9, SRP14, SRP19, SRP54,
SRP68, SRP72) (Walter and Blobel, 1980; Walter and Blobel, 1982). The 300-nucleotide RNA
adopts an elongated conformation, providing the structural backbone for the SRP proteins. SRP
can be divided into two major functional units: the S and Alu domains. The S domain functions
in signal sequence recognition and interaction with SR. It includes the middle part of the 7S SRP
RNA in addition to four proteins: SRP19, SRP54, SRP68 and SRP72. The Alu domain, which
contributes to the elongation arrest activity, contains the 5’ and 3’ segments of the SRP RNA
along with the heterodimer SRP9/SRP14. In the S domain, the most important subunit is the
highly conserved subunit, SRP54 protein. This subunit is responsible for both signal sequence
recognition and RNC targeting to the membrane. SRP54 contains three domains: the N-terminal
domain (N), the GTPase domain (G) and a methioninev—rich C-terminal domain (M). The ras-like
G domain is closely related to another GTPase domain located in the SRP receptor subunit, SRa.
The N and G domains are structurally and functionally coupled (NG domain) to mediate the
interaction with the SRP receptor (SR). Cross-linking studies demonstrate that the M domain
contains the signal sequence binding site. Crystal structures of the M domain have also been
solved (Batey and Doudna, 2002; Batey et al., 2000) revealing a deep groove in the M domain

which may be responsible for signal sequence binding. This groove is surrounded by conserved




| hydrophobic residues on one side and a flexible finger loop on the other side. The
conformational flexibility of the groove may explain the ability to bind signal peptides of various
lengths and sequences. The detailed structural basis for the recognition and binding of the signal
sequence aWaits further structural study of the SRP54-signal sequence complex.
High-resolution X-ray structures of fhe SRP and cryo-EM structures of SRP bound to

RNCs have revealed detailed information about the interaction of SRP witﬂ both the ribosome
and SR (Andrews et al., 19'87; Halic et al., 2004). SRP has a kinked conformation with a hinge
connecting two domains. SRP stretches from the polypeptide exit site of the large ribosomal
subunit (S domain) to the elongation factor-binding site in the interface between two ribosomal
subunits (Alu domain). The recognition of the signal sequence by the S domain may lead to a
conforﬂlational change that places the Alu domain further into the intersubunit space, which in
turn could cause elongation arrest by competition with elongation factors (Fig. 3). This theory
agrees with the observation that SRP has a much higher affinity for the ribosome in the presence
of signal sequence (Walter et al., 1981).

Archaeal SRP contains SRP19, SRP54 and an RNA molecule of similar size and
conformation. Bactefial SRP only has one SRP54 homologue (Ffh) and a shorter 4.5S RNA
molecule/. In vitro translocation assays show bacterial SRP can functionally replace mammalian
SRP (Powers and Walter, 1997). This confirms the essential role of SRP54 and also suggests

additional re gulafory roles for the other subunits.
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Fig 3. Signal seciuence—dependent SRP-ribosome interaction. On signal sequence bipding by
SRP54, a kinked conformation of SRP involving possibly SRP68/72 and a rotation around |
hinge 1 is stabilized. As a result, SRP interacts with the ribbsome, stretching from the peptide
exit (S domain) to the elongation-factor-binding site in the intersubunit space (Alu domain),
where it causes elongation arrest by competition with elongation factors. The 40S small
ribosomal subunit is shown in yellow, 60S large ribosomal subunit in blue, the signal sequence

in green and SRP in red. Exit, peptide tunnel exit; EFS, elongation-factor-binding site. The

figure and the legend are taken from (Halic et al., 2004)
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SRP receptor

The mammalian SRP receptor is a heterodimer consisting of two GTPases, the SRa. and
the SRP subunits (Connolly and Gilmore, 1989; Miller et al., 1995; Tajima et al., 1986). The
existence of a receptor for SRP on the ER membrane was first suggested (Walter et al., 1979)
when translocation activity wasrestored by adding a proteolytic fragment back to protease
treated-microsomal membranes. This fragment was later identified to be a digestion product
from a 70kd protein (SRat), which can release the elongation arrest induced by SRP (Gilmore et
al., 1982a; Gilmore et al., 19821;). SRa. is a peripheral membrane protein anchored to the ER
membrane via its interactions with SRB. SRa contains an NG domain that is homologous to the
NG domain in SRP54. The association between the two NG domains initiates the docking of the
" RNC to the membrane. The GTPase domains in SRa and SRP54 are required for the
dissociation of SRP54 from the signal sequence. SRa also contains an N-terminal SRX domain
that interacts with SRB. Furthermore, biosensor experiments have revealed that SRa. élso has
high affinity for the ribosome (Mandon et al., 2003) and that the ribosome binding site can be
mapped to the N-terminal sé gment of SRa.. Such an interaction may accelerate the targeting of
RNCs to the rough ER, while the SRP-SR interaction insures the fidelity of the targeting. SRf3
consists of a cytosolic Arf-like GTPase domain and an N-terminal transmembrane helix.
Multiple mutations in the GTP-binding site compromise the association between SRa and SR8
(Oggetal., 1998). Surprisingly, SR without the TM span still can recruit SRP-RNCs to the ER
membrane (Ogg et al., 1998), suggesting the existence of specific binding sites for SR on the
membrane. The bacterial SR (FtsY) has a single subunit, which is homologous to the N and G

domains of SRa (Bernstein et al., 1989). FstY also contains an N-terminal acidic (A) domain,

Y
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which interacts directly with the phospholipids of the plasma membrane (Luirink et al., 1994;
Powers and Walter, 1997).
Sec61 complex
After being targeted to the ER membrane, polypeptides have to be transported across the

membrahe. It is now known that the central component of the translocation channel is a
heterotrimeric complex of membrane. proteins, called the Sec61p complex (Sec61a, Sec61,
S¢c61y) in eukaryotes and the SecY EG complex in prokaryotes. The a subunit of the complex
in S. cerevisiae was first discovered in a genetic screen for defects in secretory protein
translocation into the ER membrane and was subsequently named Sec61p (Deshaies and
Schekman, 1987). The temperature-sensitive alleles of Sec61p cause translocation defects at the
nonpermissive temperature (Stirling et al., 1992). The bacterial homolog (SecY) of Sec61p (Ito
et al., 1983) was also identified in genetic screens whereas the mammalian homologue (Sec61a.)
was identified by »photo—crosslinking experiments (Gorlich et al., 1992). These a. subunits,
encoded by essential genes, share an identical topology of ten transmembrane spans (Akiyama
and Ito, 1987; Gorlich et al., 1992) as well as significant sequence similarity among species.

The y subunit (Sec61y in mammals, Ssslp in S. cerevisiae and SecE in bacteria) of the Sec61
complex is also éncoded by an essential gene (Esnault et al., 1993). Overexpression of Ssslp
can suppress the translocation defect of the temperature-sensitive sec6/-2 mutant. Repression of
Sss1p expression blocks translocation of secretory, vacuolar, and membrane proteins. The vy
subunit has a single transmembrane (TM) span in eukaryotes and archaebacteria, while its
homologue in eubacteria has three TM spans. The conserved, essential regioﬁ however, consists
of a single TM span (C-terminal TM in eubacteria) and several surrounding residues (Hartmann

etal., 1994).




13

The B subunits of the heterotrimer do not show similarity in sequence and topology between
the eubacterial subunit (SecGp, two TMs), the archaebacterial subunit (Secf, one TM) and its
eukaryotic counterparts (Sec61f3 in mammals and Sbh1p in yeast, one TM) (Panzner et al.,
1995). These subunits are not required for cell viability and protein translocation, yet exhibit a
large stimulatory effect in an in vitro translocation assay (Kalies et al., 1998).

The purified Sec61 complex-and the SR are the only required membrane components for the
in vitro translocation of some proteins into proteoliposomes (Gorlich and Rapoport, 1993). Site-
specific photo-crosslinking experiments have shown that the translocating polypeptide is located
in a membrane environment, which is formed almost exclusively from Sec61a during
polypeptide transfer across the ER membrane (Motﬁes et al., 1994). These results suggest that
Sec61a., the major subunit in the Sec61p complex, forms the protein transport channel. When
native mammalian ER membranes, as well as the purified Sec61p complex in detergent solution
were viewed by electron microscopy, ring-shaped particles were observed with a volume and
mass suggesting assembly from 3-4 Sec61 heterotrimers (Hanein et al., 1996).

Initially, it was thought that the channel would be formed by the interface between three
or four Sec61 heterotrimers. In contrast to this theory, the recent X-ray structure of the SecYEf
complex from Methanococcus jannaschii has suggested that one copy of Sec61 heterotrimer is
sufficient to serve as the translocation channel (Van den Berg et al., 2004). As seen in the X-ray
crystal structure, the ten transmembrane segments of the o subunit (SecY) can be divided into
two linked halves, each consisting of five TM spans. The two halves are clamped together by the
v subunit (SecE) (Fig. 4A). The SecY TMs form an hourglass like interior containing a ring of

hydrophobic residues at its constriction. A short helix (TM2a), that is part of the second TM

segment, occupies the luminal exit of the channel and could serve as a moveable plug of the
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channel (Fig. 4B). Wrapped by both B (SecP) and y subunits, the o subunit can only open the

two halves laterally in one diregtion, with the hinge for the motion being the loop between TMS

and TM6 (Fig. 4C). Previous crosslinking experiments (Plath et al., 1998) have suggested that
the binding site for the signal sequence of nascent polypeptides is located between TM2 and

TM7. The X-ray structure shows that these two TMs are in opposite halves of the o subunit and

Jateral opening of the channel would allow the intercalation of the signal sequence between TM2

and TM7. Binding of the signal sequence may trigger opening of the channel by destabilizing the

closed conformation of the channel. The plug is proposed to move towards to the back of o
subunit where the C-terminus of y subunit is located (Fig. 4D). Movement of the plug would

open the channel towards the lumen and allows the polypeptide movement across the membrane.

Moreover, opening the channel from the lateral exit also allows the partitioning of

transmembrane domains of membrane proteins into the lipid. The Sec61 complex in eukaryotes
likely has a similar structure because the o subunits are well conserved between the archae and

eukaryotic translocation channels.

o . Although one copy of the Sec61 heterotrimer may serve as the translocation pore, the
native channel is likely formed by more than one Sec61 complex. When visualized by electron
microscopy, the size of the channel suggests an oligomer of three to four copies of the Sec61
complex (Hanein et al., 1996). Three-dimensional EM reconstructions of thé ribosome-Sec61

‘complex and the RNC-Sec61 complex have revealed four étalklike connections between the
channel and the ribosome (Beckmann et al., 2001; Morgan et al.,i 2002), which ié consistent with
the presence of three to four Sec61 heterotrimers per channel. On the contrary, fitting the

SecYEp X-ray structure into the electron density map of the 2D crystal structure of the E. coli
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Fig 4. Architecture of the translocation channel and proposed mechanism of its gating. (A, B)
Top view (A) and cross-sectional view (B) of the closed channel. Transmembrane segments
1-5 and 6-10 of the a-subunit are shown in blue and red, respectively. The 8- and y-subunits
are shown in gray. The hydrophobic pore-ring residues are shown in green and TM2a (plug) in

dark green. (C, D) (Van den Berg et al., 2004) (C) Top views with faces of the helices (TM2b,

TM3, TM7 and TMB8) that rform the signal-sequence-binding site and the lateral gate

highlighted. The plug is colored in green. The hydrophobic core of the signal sequence

probably forms a helix, modeled as a magenta cylinder, which intercalates between TM2b and
TM?7 above the plug. Intercalation requires opening the front surface, as indicated by the broken
arrows, with the hinge for the motion being the loop between TM5 and TM6 at the back of the
molecule (5/6 hinge). A solid arrow pointing to the magenta circle indicates schematically how

a TM of a nascent membrane protein would exit the channel into lipid. (D) View from the side
with the front half of the model cut away. The modeled plug movement towards the y-subunit
(magenta) is indicated. The figure was created by combining figures from (Rapoport et al.,

2004) (A, B) and (Van den Berg et al., 2004) (C, D). The legend is adapted from the original.

O
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SecYEG complex, determined by EM (Breyton et al., 2002), suggests that the SecYEG complex
is dimer. Not only is the number of the Sec61 hetefotrimers per channel unclear, but the
arrangement of the Sec61 complexes in the channel is also under debate. The exit of
transmembrane domains from the channel wduld suggest the lateral gate of the Sec61 complex
faces the phospholipids. A back-to-back orientation of two SecY EG complexes was observed in
two-dimensional crystals. However, a recent cryo-EM reconstruction of the E. coli channel
bound to a translating ribosome favors a front-to-front arrangement with lateral gates in contact
(Mitra et al., 2005). The role of the non-translocating Sec61 complexes in the translocon during
the translocation reaction is not understood. Oligomerization of Sec61 heterotrimers may be
required to recruit important components such as the OST, TRAM, to the translocation site or to
provide a high affinity binding site for the ribosome.
SRP-independent pathway

A posttranslational translocation pathway was first revealed in yeast when an in vitro
translocation assay showed that prepro-alpha-factor, a soluble secretory protein, can be
translocated into yéast microsomal membranes after the completion of translation (Hansen et al.,
1986; Waters and Blobel, 1986). Later, it was observed that yeast cells can tolerate mutations
that block the cotranslational targeting pathway (Hann and Walter, 1991). This confirmed the in
vivo existence of a posttranslational pathway. Although both pathways may be present in
prokaryotes and eukaryotes, the relative contributions of the two pathways are different. In
yeast, partitioning of nascent polypeptides between the co-and posttranslational pathways is
governed by the relative hydrophobicity of the signal sequence (Ng et al., 1996). Proteins
containing a more hydrophdbic signal sequence (¢.g. membrane proteins) are selected for the

cotranslational pathway. Conversely, proteins with a less hydrophobic signal (e.g. many secreted
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proteins) are directed to the posttranslational pathway. In prokaryotes, posttranslational
translocation is mainly utilized to transport outer membrane proteins and periplasmic proteins,
while Ffh and FtsY are required for integration of inner membrane proteins (Koch et al., 1999;
Ulbrandt et al., 1997). In the case of mammals, cotranslational translocation is the predominant
pathway while a subset of low molecular weight proteins (usually fewer than 70 residues) can be
transported posttranslationally (Zimmermann et al., 1990).
Overview of posttranslational translocation pathway
In a posttranslational translocation pathway, preventing premature folding of a fully translated
polypeptide is critical, since folded proteins are too large to be transported across the channel.
“Genetic experiments revealed that the Hsp70 family of heat shock proteins (hsp) is involved in
the posttranslational pathway. Depletion of a subset of Hsp70 (Ssal-Ssa4) results iﬁ the
accumulation of precursor proteins in the cytoplasm (Deshaies et al., 1988). Additionally, highly
purified Hsp70 proteins have been shown to stimulate the in vitro translocation of prepro-o.-
factor, which was synthesized by a wheat germ translation system (Chirico et al., 1988). This
translocation-stimulating activity can be mimicked by destabilizing precursor proteins with either
urea or point mutations, suggesting the fully translated polypeptides are held in an unfolded state
by the interaction with Hsp70 to maintain a translocation competent conformation (Fig. 5, step
1). In Saccharomyces cerevisiae, Ydjlp, a Dnal homolog localized to the cytoplasm and the
peripheral ER, associates with Ssalp (Hsp70 protein) to regulate the chaperones activity: (Caplan
et al., 1992). The interaction between Ydj1p and Ssalp releases the chaperones from secretory
protein precursors before the translocation can occur (Brodsky et al., 1998).
Studies in yeast have shown that post-translational translocation can be reproduced with

reconstituted proteoliposomes containing the SEC complex, which consists of the Sec61
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complex plus the tetrameric Sec62/63 complex (Deshaies et al., 1991; Panzner et al., 1995) aﬁd a
Jumenal chaperone (BiP in mammals and Kar2p in yeast), a member of the Hsp70 family of
ATPases. Results from cross-linking studies have suggested that in the posttranslational
pathway, the recognition and insertion of the signal sequence is mediated by Sec61p and two
subunits of Sec62/63 complex: Sec72p (Feldheim and Schekman, 1994) and Sec62p (Miisch et
al., 1992). Movement of polypeptideé across the membrane is facilitated By BiP. ATP-bound
BiP interacts_with the ER membrane via contact with the lumenal J dofnain of Sec63p. This
interaction stimulates ATP hydrolysis, which in turn enhances the binding of BiP to the
polypeptide (Fig. 5, step 2). A hypothetical model was proposed for the in vivo function of BiP
(Matlack et al., 1999). When a nascent pélypeptide emerges into the ER lumenal, BiP binds to
the nascent polypeptide and prevents its movement back into the cytosol. Every time a new
segment is exposed, another BiP molecule would bind until the nascent polypeptide completely
crosses the membrane. Thus, BiP is proposed to act as a ratchet and provide‘ the driving force for
posttranslational translocation (Fig. 5, step 3). After translocation is complete, BiP dissociates
from the polypeptide and becomes available for binding to another nascent chain (Fig. 5, step 4
and 5).
Sec62/63 complex

The Sec62/63 complex consists of Sec62p, Sec63p, Sec71p and Sec72p. The Sec61
complex associates with the Sec62/63 complex to form a seven-component SEC complex.
SEC62 and SEC63 were first identified in a genetic selection for mutant yeast cells that fail to
translocate a signal peptide-cytosolic enzyme hybrid protein (Deshaies and Schekman, 1989;

Rothblatt et al., 1989). Sec62p and Sec63p span the ER membrane two and three times
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Fig 5. Posttranslational translocation in eukaryotes. The scheme shows different steps in
posttranslational translocation of a eukaryotic secretory protein. For details see text. The figure

is taken from (Osborne et al., 2005). The legend is adapted from the original.
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respectively. Both genes are essential for cell viability. On the contrary, Sec71p and Sec72p are
qot essential proteins. These proteitis were also identified in genetic selection f0 isolate
mutations that inhibit membrane protein insertion into the ER membrane of Saccharontyces
cerevisiae (Green et al,, 1992). Sec71p, the only glycoprotein in the complex, spans the
membrane once. Sec71p null strains are temperature—sensitive for growth. Accumulation of
precursors in Sec71p null cells is obs;:rved at the permissive temperature and becomes more
severe at the restrictive temperature (Feldheim et al., 1993). Deletion of Sec71p also causes
rapid degradation of Sec72p, suggesting that the two subunits interact with each other (Fang and
Green, 1994). Sec7 2pisa peripheral membrane protein tightly associated on the cytoplasmic

/ side of the ER. Sec72 null cells are viable but accumulate a subset of precursor proteins
(Feldheim and Schekman, 1994).

Sec63p contains a lumenal J domain that is a homologte of E. coli DnaJ protein (Sadler et al.,

1989). The J domain in Sec63p functions to recruit the lumenal chaperon Kar2p (BiP), a
homologue of DnaK in E. coli, to the membrane. Other than the J domain, the precise functions

of those subunits in Sec62/63 complex remain unclear.

Ssh1p complex

The yeast Ssh1p complex consists of Ssh1p (a distantly related Sec61p homolog), Sbh2p
(Sbh1p homolog) and Sss1p (Finke et al., 1996). Sshlp is only ~32% identical in sequence to
yeast Sec61p and mammalian Secola (Fig. 6), while the latter two are more closely related to
each other (~55% sequence identity). Unlike Sec61p, Sshlp is not essential for cell viability as
.an sshIA strain shows only a slight growth defect. The Ssh1p complex interacts with membrane-

bound ribosomes (Finke et al., 1996), which is consistent with the high sequence identity

between the cytoplasmic loops of yeast Ssh1p and Sec61p (Fig. 6). The Ssh1p complex does not '
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~ agsociate with the Sec62/63 complex (Finke et al., 1996), hence, overexpression of Sshlp cannot |
compensate for loss of Sec61p. Sshlp may interact with the signal sequences of cotranslational
translocation Subétrates and with SR[& (Wittke et al., 2002). These results suggest that the Sshlp
complex functions as an auxiliary translocon specific for the cotranslational pathway. In
mammals, a second gene which shows 95% identity to Sec61a has been identified (Gorlich et
al., 1992). I'ts expression level and function remain unclear.
Integration of membrane proteins during translocation

Most membrane proteins in eukaryotic cells are integrated into the ER membrane before
they are subsequently transported to their sites of function. The signal that binds SRP and directs
membrane proteins to the ER membrane can be either a cleavable signal sequence or the first
transmembrane span. Integration of membrane proteins is considerably more complicated than
translocation of secretory proteins, since only the lumenal regions of a membrane protein are
translocated across the membrane. The transmembrane segments have to be eventually exposed
to the phospholipid bilayer. During the integration of membrane proteins, Sec61 channels have
to deal with some challenging tasks, such as the orientation of the TMs, binding the TMs and
releasing the TMs into the lipid phase.

While a cleavable signal sequence inserts into the channel in the N_,-C,,,, orientation, a ™
span may assume a final topology with either a cytoplasmic N- and a lumenal C-terminus (Ngye
C,,.) or with the opposite orientation (N,,-C,,0) (Fig. 7, 1). The insertion orientation of a TM
span is primarily influenced by the charge distribution of the flanking residues (Beltzer et al.,
1991) in accordance with the "positive inside" rule (Hartmann et al., 1989). The more positive

flanking segment is generally in the cytoplasm. The uneven charge distribution likely affects the

orientation of a TM span by an interaction with the charged head groups of phospholipids as well
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as charged protein residues at or near the translocon. Additional factors also contribute to the
adoption of cerrect topology. N-terminal sequences preceding the first TM are exposed to the
‘cytosol before the docking of RNCs to the channel. Rapid folding of an N-terminal domain will
prevent the translocation of the N terminus, thus, favoring a type 11 (Ncyt—,Clum) orientation

| (Denzer et al., 1995). Moreover, the hydrophobicity of a TM segment also affeets its orientation,
which was suggested by both in vitro (Sato et al., 1990) and in vivo (Wahlberg and Spiess, 1997)
experiments. Extending the hydrophobic core of a single-TM protein would favor the
translocation of the N-terminus. Although various mechanisms have been proposed (for review
(Goder and Spiess, 2001)), how a TM span achieves the correct orientation during the membrane
protein integration remains unclear.

Siie-specific incorporation of photoactivatable amino acid analogues (Heinrich et al., 2000;
Heinrich and Rapoport, 2003; Mothes et al., 1997; Sadlish et al., 2005) or fluorescent reporters
(Liao et al., 1997, Woolhead et al., 2004) into nascent membrane proteins that are encoded by
termination codon-deficient mRNA molecules has allowed a mechanistic analysis of membrane
protein integration. Sequential events in membrane protein biosynthesis have been investigated
by the analysis of these in vitro-assembled integration intermediates. Photocrosslinking
experiments have shown that the Sec61 heterotrimer has a nrimary binding site for the signal
sequence (Plath et al., 1998). This binding site, formed by TM2b and TM7 of Sec61a, is located
at the interface of the channel and the lipid bilayer. Later it was proposed that a single TM span
binds to the same site in the Sec61 complex (Heinrich and Rapoport, 2003; Sadlish et al., 2005).
The X-ray crystal structure of the closed-conformation of the M. Jannaschii SecY Ef§ complex
indicates that TM2 and TM7 are located at the front of the channel (the mouth of the

“clamshell””), which is the only surface of the Sec61 heterotrimer that can open to the lipid
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bilayer. When intercalated between TM2 and TM7, the TM span of nascent polypeptides can
make contact with the lipid (Fig. 4C) The existence of such proteln-lipid contact soon after the
“insertion of a TM span is supported by crosslinking experiments (Heinrich et al., 2000; Mothes
et al., 1997). The opening of the lateral gate between TM2 and TM7 is critical for the lateral
movement of a hydrophobic TM into thé lipid bilayer. The hydrophobicity of a TM may
determine how fast it can be released from the channel. A more hydrophobic TM partitions into
the lipid rapidly, while a less hydrophobic TM stays close to the channel for an extended time
period (Heinrich et al., 2000). Other factors, such as the flahking sequences may also play a role
(McCormick et al., 2003).

Very little is known about the integration of polytopic membrane proteins. The insertion of
multi-TM proteins OCCUrs sequentially and the final topology is primarily determined by the
insertion orientation of the initial TM span (Fig. 7, ii and iil). Individual TM spans must
sequentially move from the transport pore to the signal sequence-binding site, and exit through
the lateral gate of the channel into the membrane bilayer (Heinrich et al., 2000; Sadlish et al.,

- 2005). Conformational changes in the Sec61 heterotrimeric complex that facilitate the lateral

moment of TM spans between these three distinct environments and mediate the gating of the

central pore in the translocon are not well understood.
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Fig 7. Integration of membrane proteins of different topology. (a) Three stages of integration of
a membrane protein with a cleavable signal sequence. (i) The si gnal sequence (green) has
emerged from the ribosome (blue) and has inserted as a loop into the Sec61 channe] (brown)
(ii) At chain elongation, the signal sequence has been cleaved by signal peptidase (scissors),

and a transmembrane segment (TM; red stripes) is synthesized by the ribosome. (iii) The TM
(red) has emerged from the ribosome, and has left the channel sideways and entered lipid. (b, ¢)
Three stages of integration of a membrane protein with a non-cleaved first TM. that adopts N-
Cum (b) or N 1um~Ceyi (€) orientation. (i) The first TM has émerged from the ribosome and has
inserted into the Sec61 channel. (ii) The first TM has left the channel sideways and entered’
lipid, and a second TM is synthesized. (iii) The second TM has emerged from the ribosome,
and has left the channel and entered lipid. The figure is taken from (Rapoport et al., 2004). The

legend is adapted from the ori ginal.
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Enclosed work
The research reported here has two parts. First, we have identified residues in L6 and L8

of Sec61pthat are critical for the cotranslational translocation pathwayv, as well as defined
segments of Sec61p that interact with the ribosome and possibly with the SR. Point mutations in
cytoplasmic loops six (L.6) and e'ight (L8) of yeast Sec61p cause reductions in growth rates and
defects in translocatioﬁ of nascent polypeptides that utilize the cotranslational translocation
pathway. Sec61 heterotrimers isolated from the L8 sec6] mutants have a greatly reduced affinity
for 80S ribosomes. In contrast, point mutations in L6 of Sec61p inhibit cotranslational
translocation without significantly reducing the ribosome binding activity, indicating that the L6
and L8 sec6] mutants impact different steps in the cétranslational translocation pathway.

Secondly, ubiquitin translocation assays (UTA) were utilized to study in vivo kinetics of the
targeting and integration of membrane proteins. Radiolabel experiments show that translocon
gating is delayed in L6 and L8 sec61 mutants. The results indicate that yeast cells adapt to
defects in cotranslational translocation by increasing the flux through the SEC complex. Our
studies define the time window for translocon gating by the RNC, which is a slow step relative to
the in vivo rate of polypeptide elongation. The model for the integration of polytopic membrane
proteins is also refined by our in vivo analysis with UTA reporters. Translocation of the lumenal
domain can be affected by the orientation of a N,-C,,, TM and the movement of a TM into the
lipid bilayer. A long lumenal loop facilitates rapid insertion of the following TM by allowing
both events to occur before the following TM emerges from the ribosome. On the contrary, a
long cytosolic loop retards the translocation of the following TM since the channel is closed

during the translation of a cytosolic loop.
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. Isolation and characterization of the sec61 L8 mutants were done by Ying Jiang. Ribosome

binding assays were performed by Dr. Elisabet C. Mandon.
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CHAPTER 11

Experimental Procedures

Plasmid /and Strain Constructions for the sec61 1.6 and L8 mutants

The strains used to express the sec6] L6 and LS mutants are derived from BWY 12 (MATq,
irpl -1, ade2, leu2-3, 112, ura3, }zis3—1 1, canl sec61::HIS3[pBW7]); provided by C. Stirling,
Univérsity of Manchester, Manchester, UK). The SSHI gene in BWY 12 was disrupted to obtain
RGY400. PCR using the plasmid pFA6a-KanMX4 as a template (Wach et al., 1994) was used to
generate a DNA fragment containing a kanamycin resistance gene flanked by 5' (nucleotides -
203 to -1) and 3' (nucleotides 12’24 to 1470) regions from the SSHI gene. Following
transformation of BWY 12, G418 resistant colonies were selected and disruption of the SSHI
gene was confirmed by PCR. Transformation of RGY400 and BWY 12 with.pGAL-Kar2GFP
(derived from pDN182) yielded RGY401 and RGY402 respectively.

An N-terminal His,-FLAG tag was added to Sbhlp using a ‘two—step PCR-based gene
disruption method. The SBHI gene in RGY400 was disrupted using a.linear DNA fragment
encoding the hygromycin B resistance gene (hph) gene derived from plasmid pAG32 (Goldstein
and McCusker, 1999) flanked by 5' (-198 to -1) and 3' (249 to 528) SBHI noncoding regions.
Integration of the disruption construct into the SBH1 locus to obtain RGY403 was confirmed by
PCR analysis of hygromycin B resistant transformants. RGY403 was transformed with a linear
DNA fragment containing the following segments: (a) the 5' noncoding region of the SBH1
gene, (b) the Sbhip coding sequence with a Hise-FLAG tag inserted after the initiation codon,

(c) the heterologous TRP! gene from K. lactis (derived by PCR amplification of the plasmid

pYM3 (Knop et al., 1999) and (d) the 3' SBH1 noncoding segment. Integration of the construct
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into the SBHI locus to obtain RGY404 was confirmed by PCR analysis of trp* hygromycin B-
sensitive transformants. Expression of epitope-tagged Sbh1lp was confirmed by protein

immunoblotting.

Cassette Mutagenesis of Sec61

’Restriction sites (Pst1 to Sacl, Xhol to Sall) in the polylinker of pRS315 were removed by
éequential rounds of double digéstion, filling in with T4 DNA polyfnerase followed by blunt end
ligation and plasmid isolation. The resulting plasmid is designated pRS315ARS. Silent unique
restricﬁon sites for Sall (nt 810 relative to the ATG initiation codon), Sacll (nt 825), Spel (nt
862) and Aatll (nt 901) were introduced into the coding sequence of SEC61 by PCR
amplification of the plasmid pBWll (Wilkinson et al., 1996) using a QuikChange mutagenesis
kit (Stratagene) and synthetic oligonucleotide primers. Digestion of the resulting plasmid with
HindIll yielded a 3.2 kb fragment which was cloned into the HindIII site of pRS315ARS to
obtain the plasmid designated pZCSEC61-L6. Uniqué restriction sites for BamHI (nt 1111),
BgllI (nt 1145), Xhol (nt 1163), Ncol (nt 1196), Sacl (nt 1241) and PstlI (nt 1263) were
introduced into plasmid pZCSEC61—L6 by the same procedure to obtain the plasfnid designated
pZCSEC61-L6L8. The Ncol site in the L8 coding regioﬁ causes a substitution (G399A) at a non-
conserved residue in Sec61p (see Fig. 10A). The G399A mutation does not cause growth or
translocation defects (not shown).

Oligonucleotides that were 32-fold degenerate at a single codon (NNG/C on the sense strand,
G/CNN on the nonsense strand) vyvvere designed to span the gap between unique restriction sites in

pZCSEC61-L6 or pZCSEC61-L6L8. The oligonucleotides were annealed and li gated to double-

digested ZCSEC61-L6 or pZCSEC61-L6L38 to introduce mutations in L6 or L8 respectively. E.
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coli (DH5a) was transformed with the resulting plasmid pbols, and 40-60 transformants were
selected for plasmid isolation and DNA sequencing.

RGY401, RGY402 and RGY404 were transformed with the pZCSEC61-L6 or pZCSEC61-
16L8 derivatives, and Leu* Trp* prototrophs were selected on synthetic defined media (SD)
plates supplemented with uracil and adenine. Several transformants for each point mutant were
~ streaked onto 5-FOA plates and incubated for 2 d at 30°C to select colonies that had lost pBW?7.
Yeast L6 and L8 sec6] mﬁtants were maintained on SEG media (synthetic minimal media

containing 2% ethanol and 3% glycerol) to select against p- cells.

Immunoprecipitation of radiolabeled proteins and protein immunoblots

Yeast strains bearing pZCSEC61-L6 or pZCSEC61-L6L8 derivatives were transformed with
the URA3 marked plasmid pDN317 which encodes DPAPB-HA under control of the
glyceraldehyde 3-phosphate dehydrogenase promoter (Ng et al., 1996). DPAPB-HA expression
is roughly10-fold greater than endogenous DPAPB.

After growth at 30°C in SEG media to mid-log phase (0.2 to 0.6 OD at 600 nm) yeast
were collected by centrifugation and resuspended in SD media and growri for 4 h at 30°C. Yeast
cells were collected by centrifugation and resuspended in fresh SD media at a density of 6
Agy,/ml and pulse-labeled for 7 min with Tran->°S-label (100 xCi/OD). In pulse-chase
experiments, the chase was initiated by adding unlabeled cysteine and methionine to a final
concentration of 0.6 mg/ml. Radiolabeling experiments were terminated by the addition of an
equal volume of ice-cold 20 mM NaN,, followed by freezing in liquid nitrogen. Rapid lysis of
cells with glass beads and immunoprecipitation of yeast proteins was done as described

(Rothblatt and Schekman, 1989). Spheroplasts, prepared as described below from cells grown in
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SD media for 4 h at 30°C, were allowed to recover for 15 min in SD media adjusted to 1.2 M 1
sorbitol prior to ’pulse—labeling. | |

Total protein extracts were prepared as described (Arnold and Wittrup, 1994) from cells
after 4 h of growth at 30 °C in SD media. Aliquots of the protein extracts were digested with
Endo H (New England Biolabs) prior to CPY immunoblots. Proteins were resolved by PAGE in
SDS, transferred to PVDF membranes, and incubated with polyclonal or monoclonal antibodies.
Peroxidase-labeled second antibodies were visualized using an ECL Western blotting detection
kit (Amersham Corp.). .

Degradation of CPY *y,,, expressed from the plasmid pDN431, was evaluated using a
cycloheximide-chase protocol (Spear and Ng, 2003). Cell extracts prepared at 30 min intervals
after adjustment of the culture to 100 yg/ml cycloheximide were resolved by SDS—PAGE; for

protein immunoblot analysis using anti-HA monoclonal antibodies. Densitometric scans of |

protein immunoblots were used to determine the half-life for p1 CPY *,.

Growth curves and frequency of petite phenotype

Forlserial dilution experiments, yeast strains were grown in SEG media at 30°C to mid-log
phase. After dilution of cells to 0.1 OD at 600 nm, 5 pl aliquots of 10-fold serial dilutions were
spotted onto YPD plates that were incubated at 30 or 37°C for 2 days. RGY402 (sshlA) did not
show a colony sectoring phenotype when grown on YPD plates, in contrast to a previous report
(Wilkinson et al., 2001).

Yeast cells grown to mid-log phase in YPEG media were harvested by centrifugation and

transferred to YPD media for subsequent growth at 30°C. The yeast cells were diluted into fresh

media when the Ay, reached 0.8-1 OD. After 20 generations of growth, the cells were diluted
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and plated onto YPD-agar. After two days, 208 colonies were tested for respiratory competence

by replica plating colonies onto YPD and YPEG plates.

Cell fractionation and purification of Sec61p complexes
5 g of yeast cells grown'in YPD media at 25°C to a density of 1.8 OD at 600 nm were
collected by centrifugation, chilled to 4° C, adjustéd to 10 mM NaN;, and converted to
| spheroplasts with Zymolase (IéN) as described (Walworth and Novick, 1987). Spheroplasts
were centrifuged for 10 min at 0.5 Kg, and broken by resuspension in 10 ml of 10 mM.
triethanolamine-acetate pH 7.2, 0.8 M sorbitol, 1mM EDTA using a serological pipette.
Microsomes were isolated from spheroplast lysates as described (Goud et al., 1988). Puromycin
high salt-stripped membranes (PK-RM) were prepared from yeast nﬁcrosomes as described
(Gorlich and Rapoport, 1993). Spheroplast lysates from sec6/L6DDD cells were fractionated as
described (Gerrard et al., 2000).
Purification of the Sec61 complex was facilitated by construction of a strain (RGY404) that
- expresses His,-FLAG-Sbh1p. The plasmid shuffie procedure was repeated to allow purification
of the L6 and L8 sec61 mutants from RGY404 derivatives. The Sec61 complex was pﬁrified
from digitonin-solubilized PK-RM by sequential chromatography on Con-A Sepharose, Ni-NTA
agarose, Q-Sepharose fast flow and SP-Sepharose fast flow using chromatography conditions
described previously (Panzner etral., 1995) and standard chromatography methods for Ni-NTA
agarose. The Sec complex is resolved from Sec61 heterotrimers by Con-A chromatography.
Purification of Sec61 heterotrimers was monitored by coomassie blue staining after SDS-PAGE
and by protein immunoblot analysis using anti-FLAG and anti-Sec61p antibodies. Point

mutations in Sec61p do not destablize the Sec61p-Sbh1p-Sss1p heterotrimer. The Sec61-

proteoliposomes were prepared as described (Song et al., 2000).
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Ribosome binding to yeast PKRM, Sec61 proteoliposomes of Sec61 heterotrimers

Ribosomes were isolated from wild type yeast as described (Beckmann et al., 1997).
Loosely associated proteins were separated from 80S ribosomes by two sequential
centrifugations through a high salt-sucrose cushion followed by sucrose density gradient (10-
30%) centrifugation and resuspension in 50 mM triethanolamine-acetate pH 7.5, 150 mM KOAc,
5 mM Mg(OAc),. Bindihg of ZI-labeled ribosomes to PK-RM or Sec61-proteoliposomes was
assayed as described previously (Mandon et al., 2003; Raden et al., 2000). Membrane or
proteoliposome-bound and unbound ribosomes were separated by gel filtration chromatography -
(Raden et al., 2000). The cosedimentation assay to measure binding of purified Sec61p
heterotrimers to ribosomes in detergent solution was performed as described (Prinz et al., 2000a).
Strains construction for ubiquitin translocation assay

Yeast strains were derived from BWY 12 (MATa, trpl-1, ade2, leu2-3,112, ura3, his3-11,

canl sec61::HIS3[pBW7)); provided by C. Stirling, University of Manchester, Manchester, UK).
Expression of L6 and L8 sec6] mutants in RGY400 (BWY12 ssh1A) has been described as
above (Cheng et al., 2005).

To generate a null allele of SRP54, a 1700bp Sall-Sacl fragment from the plasmid
- pAG32 (Goldstein and McCusker, 1999) containing a hygromycin B resistance (Hph) gene was
inserted between 5' (nucleotides -434 to -1) and 3' (nucleotides 1627 to 1927) regions from the
SRP54 gene. The resulted DNA fragment was used to disrupt the SRP54 gene in BWY 100

((MATa/MATa, trpl-1/ trpl-1, ade2/ade2, leu2-3,112/leu2-3,112, ura3/ura3, his3-11/his3-11,

canlicanl sec6l::HIS3/SEC61) (Wilkinson et al., 2000). Hygromycin B resistant diploids were
transformed with pBW7 (SEC61 URA3) and sporulated. The Hph* His* Ura* haploids (RGY407)

were selected and disruption of the SRP54 gene was confirmed by PCR.
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A hygromycin B resistance (Hph) gene flanked by 5° (bp, =512 to -1) and 3’ (bp, 736-
941) regions of SRP102 gene was used to transform BWY 100. Hygromycin B resistant diploids
were trahsformed with pJYO1 (SEC61, SRP102, URA3) and sporulated. The Hph" His* Ura®
haploids (YJY101) were selected and the disruption of SRP102 géne was confirmed by PCR.
YJY 101 was transformed with pZC511 [SEC61, srpl 02(K511), LEU2] (Ogg et al., 1998). The
Leu Ura’ prototrophs (ZCY 108) were selected on SD media containing 5-fluoroorotic acid.
Construction of UTA reporter plasmids

The plasmids described here are derived from the Suc2,,,-Ub-Ura3p UTA reporter
(construct IV, (J ohnsson and Varshavsky, 1994)). In the Dpa2p-Ub-Ura3p reporter ((Mason et
al., 2000); pJEY 117 provided by J Brown, University of Newcastle) the invertase (Suc2p)
coding sequence has been replaced with DNA encoding residues 1-310 of DPAPB. The
resulting.construct has a Bglll site immediately upstream of the start codon, with reporter protein
expression under control of the Pgyp; promoter. DNA encoding a HA, epitope tag was appended
to the construct to obtain the plasmid pZC401-4 (Dap2,;,,-Ub-Ura3-HA). Point mutations (I3G
and 113G) were introduced into the Ub coding sequence to produce Ub*, a folding-defective
form of Ub (thnsson and Varshavsky, 1994). Shorter spacer segments (49, 104, or 149
residues) between the DPAPB TM span (Dap2s.4s) and the Ub domain were obtained by PCR
amplification of plasmid pJEY 117 using a sense primer containing the BglIl site upstream of the
start codon, and antisense primers containing a Sall site. The BglII-Sall digested PCR products
were ligated into Bglll-Sall digested pZC401-4. The DPA-Nub reporter was derived from
DPA49. The Dap2p-derived portion of the DPA-Nub réporter contains the following sequence:

Dap2, g,-Ub,54-L-Q-Dap2s.ou-
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A BglIl-Sall digested PCR product encoding Suc2, 5; or Suc2, ,, was ligated into BglII-Sall
digested pZC401-4 to obtain the Suc2-33 and Suc2-59 reporters. Suc2-295 was produced by
replacing the coding sequence for Dap2, ,5in pZC401-4 with sequences encoding Suc2, s;.

Recombinant PCR was used to construct the 3TM series of reporters. The Dap2p-derived
portion of the 3TM49 reporter contains the following sequence: (Dap2, ¢5)-E-(Dap2sq.4s)-K-R-
(Dap2,0.0s)- Acidic (E69) and basic (K86 and R87) residues flanking TM2 in this construct were
added to favor the 3TM (N,,-C,,) topology according to the "positive-inside" rule (Hartmann et
al., 1989).

An Xhol site (encoding L-E) was inserted between codons 68 and 69 of the 3TM reporters to
obtain p3TM-Xhol. A Bglll-Xhol digested PCR product encoding Dap2, ,,, was ligated into
BglII-Xhol digested p3TM-Xhol to obtain the L1-IN series of reporters. The Dap2p-derived
portion of L1-IN49 reporter contains the following sequence: (Dap2, _o,)-L-E-E-(Dap2; 45)-K-R-
(Dap2,50,). A Pstl site (encoding L-Q) was introduced between codons 93 and 94 of the 3TM
reporters to obtain p3TM-Pstl. A Pstl di gested PCR product encoding Dap2,, s Was ligated into
Pstl-digested p3TM-Pstl to obtain the L2-IN series of reporters. The Dap2p-derived portion of
L.2-IN49 reporter contains the following sequence: (Dap2, ¢)-E-(Dap2;;.45)-K-R-(Dap2,4 5)-L.OQ-
(Dap2,9.145)-LQ-(Dap2 ¢ o4)-

The S2TM series of UTA reporters was obtained by replacing the (Dap2, ¢) segment in
p3TM-Xhol with a BgllI-Xhol digested PCR product encoding Suc2, .. The protein sequence
that precedes the Ub-Ura3-HA reporter domain in S2TM49 is (Suc2, ,,)-L-E-E-(Dap2,,4s)-K-R-

(Dap2,y.,,)- The protein sequence that precedes the Ub-URA3-HA reporter domain in SL1-IN49

reporter is (SUC21.53)‘(D3P249-194)‘L'E‘E'(DaP230.45)‘K'R‘(DaP210»94)- :
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[mmunoprecipitation of radiolabeled UTA reporters

The pulse labeling and rapid lysis of yeast strains expressing UTA reporters were
performed as described above. N-ethylmaleimide (NEM) was added in the lysis buffer to a final
concentration of 50 mM to inhibit endogenous UBPs (Johnsson and Varshavsky, 1994).
Immunoprecipitation of cleaved and uncleaved UTA reporters was performed using anti-HA
antibodies (Rothblatt and Schekman, 1989). Labeling cells in the presence of cycloheximide
was performed as above except that the cells were preincubated for 10 min in growth medium

containing 0.5 ug/ml cycloheximide before pulse labeling. The inhibition of translation by

cycloheximide was determined by counting total TCA-insoluble 355, The volume of labeled cells .

and the exposure times for autoradiograms were doubled to compensate for a 4-fold reduction in
protein synthesis in CHX-treated cells.
Quantification of UTA reporter cleavage

Immunoprecipitated proteins were resolved by PAGE in SDS, and the radioactive bands
detected with a BioRad FX Molecular Imager. Reporter cleavage (%) was calculated using the
following equation: % = 100*Ura3-HA* F,,, /(intact reporter+ Ura3-HA * Fy,) where (F,)isa
correction factor to account for loss of radioactivity upon reporter cleavage. Non-glycosylated

DPA-reporters (Fig. 22) were observed in mutant cells, and represent non-translocated uncleaved

reporters. The distribution of methionine and cysteine residues in the intact UTA reporter and the

Ub-Ura3-HA fragment was determined. Given that Tran>>S-label has a 4-5 fold higher
concentration of methionine than cysteine, the four cysteine residues in Ura3 were treated as one
methionine during calculation of F. Correction factors (Fy,) have different values in the Ub
fusions with different length of spacers. For instance, the values for DPA3TM series were 1.25

(3TM49), 1.375 (3TM103 and 149) and 1.5 (3TM265).
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CHAPTER III

Identification of cytoplasmic residues of Sec61p involved in ribosome

binding and cotranslational translocation

Introduction

Translocation of proteing across the rough endoplasmic reticulum can occur by
cotranslational or posttranslational pathways. The signal sequence of a protein that is
translocated by the cotranslational pathway is recognized by the signal recognitibn particle (SRP)
as the nascent chain emerges from the polypeptide exit site on the large ribosomal subunit (Halic
et al., 2004; Walter and Johnson, 1994). Targeting to the RER is mediated by the interaction
‘between the SRP-ribosome nascent chain (RNC) complex and the SRP receptor (SR) (Mandon et
al., 2003), which initiates a GTPase cycle that culminates in attachment of the RNC to the
protein translocation channel (Song et al., 2000). In S. cerevisiae, proteins that are translocated
by the posttranslational pathway are not targeted to the Sec61 translocation channel by SRP (Fig.
8), but are instead delivered to the SEC complex by cytosolic Hsp70 proteins (as reviewed in
(Corsi and Schekman, 1996). Translocons that mediate cotranslational tranélocation are
oli gbmers formed from 3-4 copies of a Sec61 heterotrimer (Beckmann et ali., 2001; Morgan et
al., 2062) that is in turn composed of Sec61p, Sbhlp and Sss1p (Panzner et al., 1995). The Sec
complex is composed of a Sec61 translocon plus the Sec62/Sec63 complex (Deshaies et al.,
1991; Panzner et al., 1995). Yeast Sshlp, a distantly related homologue of Sec61p (Fig. 8),
assembles with Sbh2p and Sss1p to form an auxiliary translocon that is specific for the
cotranslational pathway (Finke et al., 1996; Wittke et al., 2002). Sshlp translocons are not

incorporated into the Sec complex (Finke et al., 1996), hence overexpression of Ssh1p cannot

compensate for loss of Sec61p.
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The relative contributions of the co- and posttranslational pathways to precursor transport
across the RER have been extgnsively investigated in S. cerevisiae. Partitioning of nascent
polypeptides between the targeting pathways is governed by the relative hydrophobicity of the
signal sequence (Ng et al., 1996), with SRP selecting more hydrophobic signals for the
cotranslational pathway (Fig. 8). Although the cotranslational pathway is the predominant
pathway in vertebrate organisms;, SRP and the SR are dispensable in S. cerevisiae (Hann and
Walter, 1991; Ogg et al., 1992).

The predicted topology of yeast Sec61p in the ER (Wilkinson et al., 1996) has now been
refined by the structural determination of the archaebacterial translocation channel SecYE (Van
den Berg et al., 2004). The N and C-terminus of Sec61p aﬁd the even numbered loops (L2, L4,
L6 and L8) that separate the 10 membrane spans face the cytoplasm. Proteolytic mapping
experiments of canine Sec61a indicated that L6 and L8 are highly exposed on the cytoplasmic
surface of the Sec61 complex (Song et al., 2000). Proteolysis of canine Sec6lo in L6 and L8
inhibits SRP-dependent translocation activity (Song et al., 2000) and eliminates ribosome
binding to the translocon (Raden et al., 2000). Nonetheless, the detailed mechanism that allows
transfer of the RNC from the GTP-bound conformation of the SRP-SR complex to the translocon
is not well understood. The ribosome-binding site on the translocation channel had not been
mapped with precision. Because L6 aﬁd L8 have a net positive charge it was not clear whether
specific residues, as opposed to the overall charge distribution, were important for the ribosome
binding affinity of the Sec61 complex. Here, we have identified residues in L6 and L8 of
Sec61p that are critical for the cotranslational translocation pathway, and defined segments of

Sec61p that interact with the ribosome and possibly interact with the SRP receptor.




More-Hydrophobic Signals |
Membrane proteins (DPAPB) -
Karzp and invertase (Suczp) -

-t Co-translational
.. Translocation

Fig 8. Two translocation pathways in S. cerevisiae. The scheme shows different steps in

cotranslational and posttransiational translocation in yeast. For details see text. 1
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Results

Mutagenesis of cytosolic loops of Sec61p

A sequence comparison of L6 of Sec61 from diverse eukaryotes reveals a high degree of
amino acid identity particularly in the segments that are proximal to transmembrane spans 6 and I
7 (Fig. 9A). A seven-residue loop, which connects two ‘[S—strands in the M. jannashii SecY I

structure (Van den Berg et al., 2004), contains several highly conserved polar residues (K273,

R275 and Q277). These three residues, together with G276 and K284 were selected for site

directed mutagenesis in S. cerevisiae Sec61p. The haploid BWY12 was chosen as a starting

strain to analyze yeast sec6] mutants using a plasmid shuffle procedure. In BWY 12, a HIS3-
marked disruption of the essential SEC61 gene is rescued by the URA3 marked CEN plasmid I

pBW7 that encodes Sec61p. We disrupted the non-essential SSHI gene to provide a sensitized

genetic background for the analysis of the Sec61p mutants. Although the initial description of an
sshlA strain noted a minor decrease in growth rate (Finke et al., 1996), a more recent study

reported that a yeast strain lacking Ssh1p rapidly acquires a petite phenotype when grown on a

fermentable carbon source, and displays severe defects in protein translocation and dislocation
when maintained on a non-fermentable carbon source (Wilkinson et al., 2001). As shown below,
the growth phenotype of our sshlA strain (RGY401) was consistent with the initial report (Finke
et al., 1996), hence this strain was suitable for the analysis of L6 and L8 sec6] mutants. For
example, when RGY401 cells are grown on glucose containing media (YPD or SD), petite cells
(p) arise at a low frequency (~0.3%cell division).
RGY401 (sshlA) and RGY402 (SSHI) were transformed with LEU2 mgrked plasmids
encoding sec61 point mutants,'and plated on media containing 5-FOA to select against retention

of pBW7 (Fig. 9B). Positive and negative controls for the screen are based upon the
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observations that Ssh1p is nonessential (SEC61 ssh] Ais viable), and that expression of Sshlp
cannot suppress a sec61 null (sec61R275\ *SSHI is not viable). Amino acid substitutions at R275
cause a growth rate defect in the a‘bsence, but not in the presence, of Sshlp. Differences in
growth rate were evaluated by plating serial dilutions of cells onto YPD (Fig. 9C) or YPEG
plates. With the exception of lysine (sec61R275Kssh] A), amino acid substitutions at R275 cause
obvious reductions in growth rate at 30°C that are accentuated at 37°C, and not apparent at 18°C
(not shown). Reductions in the growth rates of the mutants relative to RGY401 or RGY402
were slightly less obvious on YPEG plates (not shown). The effects of L6 point mutations are

summarlzed in Fig. 9D. Substitutions that reverse the charge (R275D or R275E) or substitute an
aliphatic or aromatic amino acid for arginine cause a severe growth defect. Less severe growth
defects were caused by substitutions of polar (R275S, R275T) or positively charged amino acids
(R275H). A wider variety of substitutions were tolerated at K273 and G276. The triple charge-
reversal mutant (sec61K273D, R275D, K284D sshlA) designated sec61L6DDD has a more
severe growth defect than sec61R275Dsshl A (not shown).

| several conserved residues between R389 and BA07 were selected for mutagenesis based upon
a sequence comparison of the L8 region of eukaryotic Sec61 (Fig. 10A). The structure of M.
Jjannashii SecY indicates that four of these residues (G404, K405, R406 and E407) are located
in the tip of the L8 loop between two a-helices that project into the cytoplasm from the
membrane surface. Point mutations in L8 did not cause a growth rate defect in strains that
express Sshlp (Fig. 10B). Serial dilution experiments (Fig. 10C) demonstrated that mutations
at K405, R406 and to a lesser extent K396 cause growth rate defects (Fig. 10D). Substitutions
at the other tested residues had little or no effect including a two-residue deletion

(R389AD3904).




Figure 9. Point mutations in L6 of Sec61p. (A) Secondary structure of L6 (M. jannaschii SecY)
and sequence alignment between eukaryotic and M. jannaschii L6 segments. Identities are
boxed and asterisks indicate residues subjected to mutagenesis. (B) Yeast strains RGY401
(sshl1A) and RGY402 (SSHI) that had been transformed with plasmids expressing wild type or
mutant (R275*, R275S, R275L or R275G) alleles of Sec61p were streaked on S-FOA plates
and allowed to grow for2 d at 30°C. Sec61R275* has a termination codon at position 275. (C,
D) Growth rates of L6 sec6] mutants were compared by serial dilution analysis (C) as
described in the Materials and Methods and used to assign the L6 sec61sshlA mutants to a

growth phenotype category (D).
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Figure 10. Point mutations in L8 of Sec61p. (A) Secondary structure of L8 (M. jannaschii

SecY) and sequence alignment between eukaryotic and M. jannaschii L8 segments. Identities
are boxed and asterisks indicate residues subjected to mutagenesis. (B) Yeast strains RGY401
(sshiA) and RGY402 (SSHI) that had been transformed with plasmids expressing wild type
SEC61, or mutant alleles (R406%*, R406E; L6L8EE (R275E, R406E) or K396D) of Sec61p were
streaked onto 5-FOA pla}tres and allowed to grow for 2 d at 30°C. (C, D) Serial dilution

experiments were performed as described in Fig. 8C and used to assign the L8 sec61sshiA

mutants to a growth phenotype category (D).
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A double mutant (L6L8EE) that combined two severe L6 and L8 mutations (R275E and R406E)
was suppressed by expression of Sshlp (Fig. 10B).

Y east strains with the ade2 mutation turn red after growth in YPD for more than two days
(Fig. 11A, R275R). This phenotype is due to accumulation of a red pigment, which is the
oxidative metabolite of an intermediate in the biosynthetic pathway of adenine. Higher
percentages of white colonies are observed in the sec6] mutants (Fig. 11A). One mechanism that
can cause loss of the red pigment is a loss of mitochondrial respiration. Although additional
mutations preceding the ADE2 step in the biosynthetic pathway of adenine (e.g. ade2 ade3
double mutants) also prevent formation of the red pigment, such mutations should occur at a
much lower rate. To determine the rate of respiration loss, yeast cells were first grown in YPEG
media containing nonfermentable carbon sources, then shifted to YPD media for ~20
generations. Cells were diluted onto YPD plates and replicated to YPEG plates after two days.
The percentages of colonies that are unable to grow on YPEG plates were calculated. RGY401
derivatives expressing L6 or L8 sec6] mutants lose respiratory competence at a 3-10 fold higher
frequency (~1-3% per generation) than the parental sshlA strain.
To study mitochondrial morphology in wild-type and sec6] mutants, cells were transformed
with a plasmid (B742, provided by J. Shaw, University of Utah) encoding mitochondria-
targeted GFP. After cells were shifted from YPEG media to YPD media, mitochondria in wild-
type strain show a staining pattern of interconnected uots and short tubes around the cortex of
the cells (Fig. 11B), which is the normal mitochondrial morphology in yeast cells (Shaw and
Nunnari, 2002). Mitochondria in 16 and L8 sec61 mutants undergo morphology changes after

the shift, featuring elongated tubes and clusters of bright dots that are not evenly distributed in

the cells. These phenotypes indicate defects in the dynamic fusion and fission pathway of




112

CHAPTER V

Discussion

Alleles of sec61 that selectively interfere with the cotranslational translocation pathway have
not been despribed previously. Although proteolytic mapping experiments sug gested that L6 and
L8 are specifically involved in SRP-dependent translocation activity (Song et al., 2000), the
ribosome-binding sites on Sec61p had not been mapped with precision. Cassette mutagenesis of
the L6 and L8 segments of Sec61p allowed the isolation of a novel class of sec61 mutants that
are primarily defective in the cotranslational translocation pathway.

The structure of SecY EB had not been solved when we selected residues in L6 and L8 of
Sec61p for site-directed mutagenesis. The transmembrane and loop domains of Sec61p were
defined based on the predicted membrane topology of the protein (Wilkinson et al., 1996).
Highly conserved, charged residues in the middle region of L6 and L8 were selected for
mutagenesis. The growth and translocation defects caused by mutations in L6 and L8
demonstrate that these cytosolic loops are critical for cotranslational translocation. The X-ray
structure of M. jannaschii SecY Ef (Van den Berg et al., 2004) confirmed that most of those
residues are located at the tip of the two loops, highly exposed and oriented towards the cytosol.
The effect of the L6 and L8 point mutations on the cotranslational translocation pafhway was
confirmed using ubiquitin translocation assays (UTA), which show that L6 and L8 mutations
cause a delay in the gating of thé Sec61p complex by DPA RNCs.

As seen in the SecY Ef structure, L6 and L8 project ~20A into the cytosol from the
membrane surface (Fig. 20A). When viewed frdin the top, the critical residues in L6 and L8

define a triangular surface with vertexes separated by 15-20 A (Fig. 20D). Our observations
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agree with the results from the three-dimensional EM reconstruction of the ribosome-Sec61
complex and the RNC-Sec61 complex, which revealed a ~15 A gap between the channel and the
ribosome that is bridged by fou? stalklike connections with diameters of ~20 A As expected, the
mutations in positively charged residues on L8 caused reductions in ribosome-bind activity,
suggesting that salt bridges between the basic side chains on Sec61p and the phosphodie\ster
backbone of the 25S rRNA are critical for ribosome attachment.

Surprisingly, L6 mutants do not cause a significant reduction in ribosome-binding
affinity, suggesting that point mutations in L6 may affect a different step in the attachment of the
RNC complex to the channel. One possibility is that L6 serves as the marker for an unoccupied
translocon. L6 may interact with the posttargeting intermediate (SR-SRP-RNC complex) to
facilitate the transfer of the RNC to the channel after the dissociation of SRP from the signal
sequence. The existence of a binding partner for SR on the ER membrane is supported by the
observation that deletion of the TM span from SR does not prevent the binding of SR to the ER
membréne (Ogg et al., 1998). Investigation of the interaction between SR and the Sec61p
complex will provide more insight into the cotranslational targeting pathway.

Previous research has suggested that the Sshl complex is an auxiliary channel that is
specific for cotranslational pathway (Finke et al., 1996). Ubiquitin translocation assays using
DPA series of UTA reporters provided direct evidence to support the specific involvement of

© Sshlp in cotranslational pathway. Elimination of the Ssh1p translocon increases the plateau
value for reporter cleavage, which is consistent with a decrease in the number of translocons for
cotranslational substrates. Moreover, sec6/ mutants in the SSH1 background display a marked
decrease in reporter cleavage, indicating that the Ssh1 complex rescues translocation defects in

the mutants by providing an additional translocon for the cotranslational translocation pathway.
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Expression of Ssh1p eliminates both co- and posttranslational transport defects caused by the L6
and L8 sec6] mutants, supporting the theory that the kinetic delay in the posttranslational
pathway was caused by accumulation of SRP-dependent substrates in the cytosol. The
physiological reason why S. cerevisiae express an additional cotranslational translocon (the
Sshlp complex) remains unclear. The Sshlp complex may provide a mechanism to balance
precursor flux between two targeting pathways or regulate cotranslational translocation without
affecting posttranslational translocation. Further biochemical and structural studies of the Ssh1p
complex may shed light on how Sshlp translocons function in vivo.

SRP pathway mutants (e.g. srp54A, srpl 01A), as well as our L6 and L8 mutants are able
to adapt to defects in the cotranslational translocation pathway. The adaptation of srp54A
correlates with the induction of cytosolic chaperones and reductions in protein synthesis rate
(Mutka and Walter, 2001), which suggests a dynamic partitioning of nascent polypeptides
between the two targeting pathways. This hypothesis was sﬁpported using the DPA series of
UTA reporters, which provide a powerful tool to distinguish between the two targeting
pathways. Surprisingly, srp54A strain translocates polypeptides by cotranslational as well as
posttranslational translocation pathway. Further research is required to determine how RNCs are
targeted to the trﬁnslocon in the absence of SRP54.

Few previous studies have investigated the kinetics of membrane protein integration in
vivo. In the second part of my thesis, I have used UTA reporters derived from the type II
integral membrane protein DPAPB to analyze cotranslational integration of membrane proteins
into the yeast endoplasmic reticulum. Our in vivo analysis with UTA reporters defined the time
window for gating of the channel by the RNC. The study also reveals that one or more of the

events that precede RNC gating of the translocon are slow relative to the in vivo rate of
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polypeptide elongation in a eukaryotic cell. The delay causes the transient exposure of
downstream lumenal sequences to the cyfosol. The slow steps may be the conformational
changes in Sec61p that allow signal sequence insertion and gating of the transport pore. A
longer delay was observed for the insertion of a TM span in the type II (Ncermm) orientation.
Here, the rate-limiting step appears to be a nascent chain length-dependent event that permits the
adoption of the type II topology. Our ubiquitin translocation assays provide ihsi ght into the
kinetics of RNC targeting to the channel, which was not revealed in previous in vitro assays that
utilize elongation arrested RNCs.

Integration of multi-pass integral membrane proteins is considerably more complicated
than integration of a type II membrane protein. Current models describe an orderly and stepwise
integration of membrane spanning segments, translocation of lumenal loops and retention of
cytoplasmic loops in a process that is tightly coupled to elongation of the nascent polypeptide.
Analysis of the 3TM series of UTA reporters revealed an unanticipated cytoplasmic exposure of
reporter domains that follow TM3, which is also integrated in the N,,-C,,,, orientation. Several
steps that may cause the delay in the transport of the lumenal domain could be the insertion of a
TM span in the type II orientatioﬁ, the availability of the signal sequence binding site and the
closing of the channel. If the binding site is still occupied by a preceding TM when a new TM
emerges from the ribosome, the insertion of the following TM could be delayed. Continued
elongation of the polypeptide results in cytoplasmic exposure of the lumenal domain.

Having a long lumenal loop allows the preceding N_,,-C,,,, TM to adopt the correct.
topology, exit the channel and leave the SSB site open, hence facilitating the insertion of the
following TMs and the lumenal dorﬁain. EXpansion of a cytosolic loop would allow the exit of

the previous TM long before the insertion of a following N,-C,,,, TM. When unoccupied by the
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polypeptide, the channel may be closed by the TM2a plug. The insertion of the follow TM
would require reopening of the channel. Moreover, accommodating a large cytosolic loop in the
ribosome-channel connection may interfere with the interaction between the ribosome and the
channel.

More UTA reporters derived from the DPA 3TM reporters could be cdnstructed to
provide deeper understanding into the integration of membrane proteins. As discussed,
integration of multi-pass membrane proteins can be complicated by different steps. UTA
reporters that combine the L1 and L2 insertion could be used to selectively study the insertion of
TM3. Expansion of both loops will allow the previous two TMrs to achieve the correct topology
and exit the channel, so that the insertion of TM3 won’t be delayed by the integration of early
segments of the reporter. It would also be interesting to construct 3TM UTA reporters in which
TM3 is replaced by a signal sequence. As we know, a signai sequence can rapidly bind the
channel in N,,-C,,, orientation if the binding site in the translocon is available. Although
proteins with a signal sequence following several TMs have not be found in nature, study of
these UTA reporters with various length of loop 2 will provide more information about the time
required for the preceding TM to leave the channel and render the binding sites available. UTA
reporters containing two TMs (a Nyy,-Cy, TM followed by a N,-C,,,, TM) can also be used to
study whetﬁer a delay in the insertion of an N,,-C;,,, TM span also exits in other types of
membrane proteins.

It would also be interesting to study‘ the mechanism that prevents premature folding of a
lumenal domain or aggregation of TM spans in the cytosol. Folding of a reporter domain that is
derived from a cytosolic protein (e.g. Ura3) may reduce the fidelity of membrane protein

integration. To address this possibility, the reporter segment Ura3 could be replaced with a
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segment derived from the lumenal domain of DPAPB. Monitoring the integration of this new
UTA reporter will revéal whether the lumenal domains of membrane proteins are maintained in a
translocation-competent state to prevent premature folding. Cytosolic chaperones may assist in
the cofranslatiohal integration of polytopic membrane proteins. Another possibility is that native

membrane proteins have intrinsic sequences that would cause pauses during translation. Pausing

‘may allow the previous TM to adopt the correct orientation, bind to the SSB site and exit the
channel through the lateral exit. Further study on cytosolic chaperones as well as “pause signals”

in membrane proteins will reveal the mechanism that maintains the fidelity of membrane protein

integration.
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Figure 11. L6 and L8 sec6] mutants cause a higher frequency of respiratory competence loss.

(A) Serial dilution experiments were performed as in Fig 8 and 9 except that cells were grown

in SD media before plating onto YPD. (B) Mitochondrial morphology in wild-type and sec61
mutants. Mitochondria are visualized by a mito-GFP reporter. Yeast strains were grown to mid-

log phase at 30°C in YPEG media and diluted into YPD media and allowed to grow for 4-8 h at

30°C. Both bright-field and green-fluorescent images of cells are shown.
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mitochondria (Fig. 11B) (Shaw and Nunnari, 2002). Eight hours after the shift, sec61L6DDD,
one of the most sevére mutants, shows a clump-like staining of mitochondria. The changed
mitochondrial morphology correlates with a loss of respiratory function (Fig. 11B, compare to
p-) and is known to lead to a loss of mitochondrial DNA. Although: the relationship between
translocation defects and loss of normal mitochondria function is unclear, this phenotype was
also observed for other SRP-pathiway mutants (Hann and Walter, 1991; Prinz et al., 2000c).
One possibility is that cytosolic accumulation of nontranslocated precursors may reduce the
effective concentration of the Hsp70 chaperones that are also required for mitochondrial protein

import (Deshaies et al., 1988).

Decreased growth rates correlate with protein translocation defects

| RGY401 and its deriVatives were maintained on SEG media to select against the
accumulation of p~ cells. When growth rates were determined after shifting cells into YPD
media, the ss}zl A mutaﬁt shows a 10-20% decrease in grthh rate relative to the wild type strain
(Fig. 12A), which is consistent with the initial description of an sshlA mutant (Finke et al.,
1996). The sec61R275E sshlA strain and the sec61R406E ssh1A strain showed a 2.5-fold
decrease in growth rate at 30°C relative to the ssh/A strain (Fig. 12A).

The sec61 L6 and L8 mutants were tested for defects in translocation of the SRP-
dependent substrate dipeptidylaminopeptidase B (DPAPB) and the SRP-independent substrate
carboxypeptidase Y (CPY). To facilitate detection of DPAPB, selected RGY401 derivatives
were transformed with a low copy plasmid that encodes DPAPB-HA (Ng et al., 1996). Wild type
and mutant cultures were pulse labeled with **S amino acids after cells were shifted into SD
media for 0-24 h (Fig. 12B). Integration of the type Il membrane protein DPAPB into the RER is

accompanied by the addition of 7 to 8 N-linked oligosaccharides, resulting in an increase of

#
3
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Figure 12. Translocatipn defects in sec6] mutants over time. (A) Wild type yeast (RGY 402,
solid squares) and ss/]A mutants expressing wild type Sec61p (solid circles), sec61R275E
(open squares) or sec6]R406E (triangles) were grown to mid log phase at 30°C in SEG media.
The cultures were diluted into YPD media at O h and allowed to grow for 8-12 h at 30°C. (B)
Wild-type and mutants were pulse labeled to evaluate integration of DPAPB-HA after 1,2,4,8
or 24 h of growth in SD rﬁedia. As needéd, cell cultures were diluted with fresh SD media to
maintain an Ay of less than 0.8. DPAPB-HA immunoprecipitates were resolved by PAGE in 7
SDS. The glycosylated (D) and nonglycosylated (p-D) forms of DPAPB-HA are labeled. (C)
Integration of DPAPB-HA in wild type yeast (RGY402, filled squares) and ssi/ A mutants
expressing wild type Sec61p (filled circles), sec61R275E (triangles) or sec61R406E (open

squares) at each time point were quantified with a BioRad FX Molecular Imager and plotted.
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molecular weight from the pfecursor forrﬁ (p-D) to the ER form (D) of DPAPB-HA (Fig. 12B).
While most of DPAPB-HA was integrated into the ER in wild-type cells, a significant
percentage of non-translocated DPAPB-HA was observed in sshIA and sshlAsec6] mutants.
The precursbr percentages of DPAPB—HA were quantified and plotted in Fig. 12C. DPAPB
integration in wild type cells was efficient at all time points after shift to SD media (Fig. 12C,
filled squares). The quantification revealed a reduction in DPAPB translocation in the sshilA
mutant that was greatest 4 h after transfer into SD media (Fig. 12C, filled circles). Importantly,
the percentage of non-translocated DPAPB (15-20% at 4 h) was 4-fold lower than previousl—y
reported for an sshlA strain (Wilkinson et al., 2001). Transport defects for the L6 (triangles) and
L8 (open squares) sec6/sshlA mutants were more significant relative to ssh/A mutant and
reached a peak 4 h after cells were transferred into the SD media and declined thereafter.

The sec61 L6 and L8 mutants were then tested for translocation defects in the presence or
absence of Sshlp. Unglycosylated DPAPB-HA synthesized by tunicamycin treated cells (wt
+TM) serves as a mobility marker for the non-translocated precursor (p-D) (Fig. 13A).
Expression of Sshlp suppresses the translocation defect caused by point mutations in L8 (Fig
13A), consistent with the lack of a growth defect. Non-glycosylated CPY obtained by labeling
cells in the presence of tunicamycin was used as a mobility marker for prepro-CPY (Fig. 13B).
As expected, there was little or no production of the Golgi (p2) or mature vacuolar forms of CPY
during the 7 min pulse-labeling period. Translocation of CPY was similar in the wild type and
the sshl A strain, consistent with the observation that the Ssh1p heterotrimer is not incorporated
into the Sec complex. Although point mutations in L8 do not cause a translocation defect when

expressed in an SSH1 strain, there was a substantial reduction in CPY translocation when the
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Figure 13. Translocation defects in sec6] mutants are suppressed by expression of Sshlp. (A,
B) Wild type and mutant yeast cultures were pulse-labeled for 7 min at 30°C after 4 h of growth
in SD media at 30°C. One sample of wild type cells was treated with tunicafnyciﬁ (wt + TM)
for 30 min prior to pulse-labeling. DPAPB-HA (A) and CPY (B) immunoprecipitates were
resolved by PAGE in SDS. The ER (pl), Golgi (p2) and precursor (ppCPY) forms of CPY and
the glycosylated (D) and nonglycosylated (p-D) forms of DPAPB-HA are labeled.
Translocation of CPY or integration of DPAPB-HA was quantified with a BioRad FX
Molecular Imager. (C) Pulse-labeled sec6/L6DDD spheroplasts were osmotically lysed and
centrifuged at O.SKg to remove unbroken cells. Spheroplast lysates were incubated on ice with

trypsin (100 ug/ml) as indicated. The lane designated 15-TX contained trypsin plus Triton X-

100. Trypsin was inactivated with PMSF prior to immunoprecipitation.
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sec6] mutants were tested in the sshlA strain (Fig. 13B). Endo H digestion experiments

confirmed that the protein designated as ppCPY was the precursor, and not comigrating mature

CPY (data not shown). Conceivably, a defect in N-linked glycosylation could cause the
accumulation of non-glycosylated pLCPY. To address this possibility, spheroplasts prepared
from the sec61L6DDD mutant were pulse labeled for 7 min prior to osmotic lysis. As shown in
Fig. 13C, the majority of i)lCPY was trypsin-resistant in the absence of detergent, unlike ppCPY
which was accessible to the protease. As observed for DPAPB integration (Fig. 12C), the
maximal defect in CPY translocation was observed 4 h after transfer of cells into SD Iﬂedia (not

shown). Suppression of a CPY transport defect in the SSH/ strain is unlikely to occur by

transport of CPY through an Sshlp transiocon (Wittke et al., 2002), suggesting that reduced
translocation of Ci)Y in the L8 sec6] mutants arises by an indirect mechanism.

| A larger collection of the L6 and L8 sec61 mutants were assayed for defects in
translocation of DPAPB-HA, CPY and Gaslp (Fig. 14). Between 30 and 50% of the DPAPB
was not integrated in each of the sec61sshl A mutants that were tested. Deficiencies in CPY
translocation showed significantly greater variation, with some substitutions (e.g. R275F and
R275V) causing only minor defects relative to the parental ssh]A strain. A second SRP-

independent substrate (Gas1p) was analyzed to determine if the L6 and L8 sec6 mutants have

! defects in translocation of other substrates that utilize the posttranslational translocation pathway.
The percentage of Gaslp that was not translocated during the 7 min pulse was much lower than
‘ observed for CPY. Taken together with the genetic evidence presented in Figs 9-11, these data

suggest that mutations in L6 and L8 preferehtially interfere with the SRP-dependent

translocation pathway.
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Figure 14. Differential effect of Sec61p mutations upon SRP-dependent and SRP-independent
translocation pathways. Integration of DPAPB-HA and translocation of CPY and Gaslp was
evaluated by pulse labeling of wild type and mutant yeast strains that were grown for 4 h in SD

media at 30°C. Pulse labeling and immunoprecipitation of proteins was conducted as in Fig.

13.
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Impact of sec61 mutations on protein dislocation and precursor accumulation
A mutation that reduces folding of Sec61p should inhibit all protein transpbrt pathways that

are mediated by the translocon due to a reduction in the cellular content of the Sec61
heterotrimer. Identical amounts of total protein extracts of yeast cells were resolved‘ by PAGE in
SDS for a subsequent protein immunoblot using antibodies specific for Sec61p (Fig. 15A).
Similar amounts of Sec61p were expressed in the wild type and L6 and L8 sec61 mutants.
Migration differences between lanes are explained by increases in the number of acidic residues
in the mutant proteins. Thus, the translocation defects are not explained by a reduction in the
cellular content of Sec61p.

Dislocation of unfolded proteins from the ER lumen back into tﬁe cytosol for degradatién
be the proteaéome is thought to occur through the‘ Sec61 complex (Wiertz et al., 1996).
Degradation of the well characterized degradation substrate CPY *y, was monitored using a
cycloheximide-chase procedure (Spear and Ng, 2003), as the apparent rate of dislocation
'determinled using this method should not be perturbed by the kinetic delay in CPY *,
translocation (Fig. 15B). The p1 form of CPY*;, was degraded rapidly with a calculated half life
of less than 30 min in all strains, suggesting that mutations in L6 and L.8 of Sec61p do not
interfere with the dislocation pathway. Mutations in gene products that are required for CPY *,;,
dislocation typically increase the half time of degradation to roughly 1 h (Spear and Ng, 2003).

Cytoplasmic precursors (pre-Kar2p, prepro-CPY and prepro-o. facfor) that are translocated

through the Sec complgx are readily detected by protein immunoblot analysis when sec62 or lh&]
mutants are analyzed at a semi-permissive temperature (Baxter et al., 1996; Hamilton and Flynn,
1996). Protein immunoblot analysis of total cell extracts prepared from the L6 and Lé sec61

mutants revealed a single immunoreactive species for CPY (Fig. 16A). Mature
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Figure 15. Sec61 stability and dislocation activity in sec6] mutants. All experiments were

conducted after 4 h of growth in SD media at 30°C. (A) Equal amounts of total protein (25 ug)
were resolved by PAGE in SDS for protein immunoblot analysis using a C-terminal specific
antibody to Sec61p. (B) Degradation of CPY *;,, in L6 and L8 sec6] mutants. Cell extracts
prepared at 30 min intervals after cycloheximide addition were resolved by PAGE in SDS.
Non-translocated ppCPY ;’iHA and translocated p1CPY *y,, were detected using anti-HA
antibodies. Protease digestion experiments confirmed that p1CPY *y,, but not ppCPY*,,, was
in a membrane-enclosed compartment (not shown). Protein immunoblots were quantified by

densitometry. The apparent half-life (t,,) of plCPY*,, determined according to a first order

decay process is plotted below representative time courses.
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CPY comigrates with prépro-CPY due to cleavage of the propeptide in the vacuole.

Deglycosylation of mature CPY with Endo H resolved prepro-CPY from deglycosylated mature ‘
CPY. Prepro-CPY was only faintly visible in the Endo H digested lanes demonstrating that the
majority of the CPY precursor detected in a 7 min pulse—labgling experiment is subsequently |
translocated into the ER.

Additional evidence supporting a minor kinetic delay in transport of SRP-independent
precursors was obtained by pulse-chase analysis of Gaslp biosynthesis (Fig. 16B). Although the
Gaslp precursor was detected after the 7 min pulse, the majority of the precursor was
translocated into the ER during the subsequent 10-min chase (Fig. 16B). These results suggest
that there is a reduction in transport rate for precursors that utilize the Sec complex.

Protein immunoblots showed that the non-translocated DPAPB-HA precursor
accumulates in the sec61 niutants after 4 h of growth in SD media (Fig. 17A). Cellular
accumulation of pDPAPB-HA was elevated 2 to 3-fold relative to the ssh/A mutant and reached
a maximal value 6-8 h after the sec61 mutants were transferred into SD media (Fig. 17B). We
next asked whether the non-translocated DPAPB was soluble or membrane-associated.
Differential centrifugation of spheroplast lysates achieved a partial resolution of the pDPAPB-
HA from DPAPB-HA (Fig. 18A). As expected, DPAPB-HA was recovered in the P13 fraction
that contains vacuoles. RER membranes, as detected using antibodies to the
oligosaccharyltransferase subunit Ost1p, were enriched in the P0.5 and P13 fractions (not
shown). The precursor (pDPAPB-HA) was not in the cytosol fraction (§100) but instead
sedimented at low and intermediate speeds. Subsequent centrifugation of the P13 fraction on a

sucrose step gradient demonstrated that the precursor was membrane associated since it did not

sediment through a 1.6 M sucrose cushion (Fig. 18B). In contrast to mature DPAPB-HA, the
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Figure 16. Kinetic delay in posttranslational translocation pathway. (A) Total cell extracts were
prepared for PAGE in SDS with or without prior digestion by{ Endo H. Deglycosylated mature
CPY (dgm) is resolved from vacuolar CPY (m) and non-translocated preproCPY (p). The
asterisk designates an incomplete Endo H digestion product. (B) Yeast cultures were pulse-

labeled for 7 min and chased for 10, 20 or 30 min. The non-translocated precursor (p-Gas1),

the translocated ER-form (Gasl) and the mature form (m-Gas1) of Gaslp are labeled.
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Figure 18. DPAPB precursor protein forms a membrane-associated aggregate.

(A) Differential centrifugation of spheroplast lysates prepared from the sec61 L6DDDsshlA
mutant. Total lysates (T), supernatant (S) and péllet (P) fractions were obtained after
centrifugation at 0.5 Kg, 13 Kg and 100 Kg. (B) The P13 fraction (T) was resuspended in
buffer A (50 mM Hepes pH 7.5, 150 mM KOAc, 5 mM Mg(OAc),, 1 mM DTT) adjusted to
250 mM sucrose and applied to a sucrose step gradient in buffer A with 1.6 M and 2 M sucrose
layers. Follow‘ing centrifugation for 1 h at 100 Kg, the gradient was resolved into the following
fractions: (1) 0.25 sample load plus 0.25/1.6 M interface, (2) 1.6M sucrose layer plus 1.6/2 M

interface, (3) 2 M sucrose layer, (4) pellet. The P13 fraction (T) was solubilized in 3%

digitonin, 500 mM KOAc and centrifuged at 100 Kg for 1 h to obtain supernatant (S) and pellet

(P) fractions.
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precursor was insoluble in the non-ionic detergent digitonin (Fig. 18B), suggesting that it is
incorporated into a membrane-associated aggregate. These results suggest that pPDPAPB-HA

molecules that are not translocated by the SRP-dependent pathway rapidly adopt a translocation

incompetent conformation.

Defects in Ribosome Binding

Microsomal membranes that fwere isolated from the sshlA strain as well as several L6 and L8
sec61sshlA mufants were treated with puromycin and high salt to remove endogenous membrahe
bound ribosomes. The resulting ribosome-stripped microsomes (PK-RM) were assayed for
ribosome-binding activity in a physiological ionic strength buffer (Fig. 19A and 19B). PK-RM
prepared from the sshA strain bind ribosomes in a saturable manner (Fig. 19A, filled circles)
with a binding affinity (K,=5.5+0.5 nM) that is in good agreement with previous réports (Prinz et
al., 2000a; Prinz et al., 2000b). The negative reciprocal of the slope of a Scatchard plot is /
proportional tb the K, so a decrease in the absolute value of the slope corresponds to a decrease
in binding affinity. Mutagenesis of R275 to aliphatic or acidic residues (Fig. 19A) caused a
minor reduction in apparent ribosome bindiﬁg affinity (R275L, K;=13.1+0.3 nM; R275E,
K=15.7£3.2 nM; R275V K,=20.7+3.5 nM). The ribosome binding affinity of the triple mutant
(L6DDD) was similar (K;=17+2.6 nM), suggesting that basic residues in L6 are not the primary
determinants for the ribosome-Sec61p interaction. Point mutations in L8 (Fig. 19B) that caused
mild growth defects also reduced the ribosome binding affinity by 2-3 fold (K396D,
K.,=18.2£1.7 nM; R406H, K,=11.3+1.5 nM). Less conservative substitutions at R406 caused a

more significant decrease in ribosome binding affinity (R406D, K,=37.4+10.6 nM; R406W,

K,=54.2+9.8 nM; RRL6LSEE, K,=38.2 +7.7 nM).
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The reduction in ribosome binding affinity caused by several L8 sec6/ mutations was
accompanied by an apparent increase in ribosome binding sites, suggesting that the residual i
binding activity might be non-s’pecific.. To address this possibility, wild type and mutant Sec61 i
heterotrimers were purified from yeast strains expressing an affinity tagged derivative (His;-
FLAG-Sbh1p) of the Sbh1p subunit of the Sec61 complex. All three subunits of Sec61 complex
were detected in the purified Sec61 complex (not shown), suggesting the stability of Sec61
complex is not affected by the affinity tag or the purification process. The ribosome binding
affinity of purified Sec61 translocons was determined after reconstitution into liposomes (Fig.
19C). Proteoliposomes prepared with wild type Sec61p and a loop 6 mutant had similar binding
affinities for the 80S ribosome (wild type K,=6.5+1.7 nM; R275E, K;=2.3+£0.4 nM). In contrast,
proteoliposomes prepared using sec61 R406E or sec6] LOLSEE had a dramatically reduced
capacity and affinity for the ribosome (Fig. 19C) even though the proteoliposomes contained
comparable amounts of Sec61p (not shown). A marked reduction in ribosome binding sites in L8
sec61 proteoliposomes suggests that dissociation of the channel into 3-4 Sec61 complexes is
unhkely to be the reason for increased number of binding sites in PK-RM prepared from L8
sec6] mutants. The Sec61p-ribosome interaction was also monitored in detergent solutlon using
a cosedimentation assay (Prinz et al., 2000a). Wild type and mutant Sec61p heterotrimers, as
detected using anti-FLAG sera (Fig. 19D) or antibody to Sec61p (not shown), were recovered in
the supernatant fraction in the absence of added ribosomes. Purified wild type Sec61p
heterotrimers and two different L6 mutants (R275E and R275L) quantitatively co-sedimented

with ribosomes in this assay (Fig. 19D). Cosedimentation of the L8 mutant (R406E) and the

L6L8 double mutant (RRL6LSEE) with the ribosome was undetectable using anti-FLAG sera
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(Fig. 19D) or antibody to Sec61p (not shown). The identity of the protein or proteins responsible

for the residual ribosome binding activity of PK-RM isolated from the L8 mutants is not known
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Figure 19. Binding of ribosomes to yeast PK-RM and Sec61 proteoliposomes. (A-C) Scatchard

plots of ribosome binding to

PK-RM (A, B) or Sec61p proteoliposomes (C) isolated from wild

type (SEC61sshl A)or L6 (A, C) and L8 (B, C) sec61ssh1A mutants. (D) Sec61 heterotrimers

(150-300 fmol) purified from wild type and selected L6 and L8 mutants were incubated in the

presence or absence of 900 fmol of yeast ribosomes prior to centrifugation to obtain supernatant

(S) and pellet (P) fractions. Following PAGE in SDS, Sbh1p was detected using anti-FLAG

antibodies.
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Discussion

Isolation of a novel class of sec61 mutants

Alleles of sec61 that selectively interfere with the cotranslational translocation pathway have
not been described previously, in part because expression of Ssh1p suppresses the growth and
translocation defects. Two temperature sensitive sec6/ alleles (sec61-2 and sec61-3) encode
unstable proteins that are degraded at the restrictive temperature (Sommer and Jentsch, 1993),
hence these mutants do not display selective defects in translocation or dislocation at the
restrictive temperature (Plemper et al., 1997; Stirling et al., 1992). A screen for cold-sensitive
sec6] mutants yielded several Strains (sec61-8, sec61-10, sec61-110) that were primarily
defective in transport of substrates that utilize the posttranslational translocation pathway (Pilon
et al., 1998).
Cytosolic loops of Sec61p are critical for cotranslational translocation

Mutagenesis of yeast Sec61p can be interpreted in the context of the recently solved X-

ray structure of M. jannashii SecYEp because the length, and to ra lesser extent, the sequence of
L6 and L8 are well conserved between the archae and eukaryotic translocation channels. The
amphipathic H2 a-helix in SecE (y-subunit, homoiogous to Sss1p) defines the interface between
the membrane and the cytosol (Van den Berg et al., 2004). L6 and L8 of SecY project ~20A into
the cytosol from the presumed membréne surface (Fig. 20A). Four (K273, R275, G276 and
Q277) of the five residues in L6 that were selected for mutagenesis are located at the tip of the
loop between two B-strands, while the fifth residue (K284) is located near the polar head group
region of the membrane bilayer (Fig. 20B). Examination of the corresponding residues (R239

and K241) in M. jannashii SecY Ef reveals that the positively charged side chains of K273 and

R275 in Sec61p are exposed and oriented towards the cytosol. In contrast, the side chain on
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A243 (Q277 in Sec61p) is oriented towards the membrane surface, which likely explains why

point mutations at this site do not cause growth defects. Point mutations at G276 (G242 in M.

jannashii) that cause growth defects in S. cerevisiae might do so by introducing a negative
charge (G276E) or by reducing the flexibility of L6 (e.g. G276P). G276 may be important for
the conformatipn of the seven-residues loop connecting two @ strands in L6.

Four of the ei ght/ residues selected for mutagenesis in L8 of Sec61 are located in the tip of
a loop that connects two a-helical segments (Fig. 20B). The importance of K405 and R406 in
Sec61p is readily explained by the orientation and location of the corresponding side chains ik
(F359 and K360) in M. jannashii SecY (Fig. 20B). Interestingly, replacement Qf K405 with
phenylalanine (as in M. jannashii SecY) did not cause growth or translocation defects (not 0
shown) indicating that basic or bulky hydrophobic residues are tolerated at this site. The top view
of SecYEG shows that the side chains of four residues in L8 (R389, D390, K393, EA07) that did B
not cause growth defects upon mutagenesis (Fig. 20C, yellow side chains) are closer to the [
membrane surface and directed away from the proposed translocation pore in the SecY subunit
(Van den Berg et al., 2004). When viewed from the top, the critical residues in L6 and L8 are in

three separate clusters separated by 15-20 A (Fig. 20D).

Point mutations in L6 and L8 of Sec61p interfere with RNC transfer to the translocation
channel

How might single amino acid substitutions in L6 and L8 of Sec61p interfere with
translocation of SRP-dependent substrates? The non-additive nature of the translocation defects
displayed by the RRL6L8EE sec6] mutant suggests that the R275E and R406E mutations affect

different steps in a single pathway, not parallel pathways, leading to cotranslational translocation

of SRP-dependent substrates. Attachment of a ribosome-nascent chain complex to the
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Figure 20. Point mutations in L6 and L8 define a contact surface for cytoplasmic ligands of the
Séc61 complex. (A) A ribbon diagram of SecYEG complex showing the three subunits (Secy,
green; SecE, cyan and SecG, magenta) as viewed from within the plane of the membrane. The |
L6 (blue) and L8 (white) regions in SecY are highlighted. The SecY residue that aligns with a
Sec61 residue subjected to mutagenesis is designated by a colored side chain; mutagenesis of
red, but not yellow, side chains caused growth defects. (B) An expanded view of panel A
showing that the critical residues in Sec61p are located at the tips of L6 and L8. (C) A top-
view of the SecYEG complex. The subunité, loops and mutagenized residues are colored as in
A. The dimerization interface for the SecYEG complex is formed by the TM span of SecE
(cyan chain). The asterisk designates the proposed translocation pore in SecYEG that is
plugged by the short TM2a helix. (D) An expanded top-view of the L6 and L8 regions. SecE

is hidden to simplify the image. The fi gure was created with MacPyMOL software using SEC

YEG structure (PDB 1RHZ).
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translocation channel is a multi-step process that is regufated by the SRP and .SR GTPases and is
dependent upon critical interactions between Sec61p, the ribosome and the signal sequence
(Jungnickel and Rapoport, 1995; Song et al., 2000). There are at least two steps in this reaction
pathway that are likely dependent upon cytoplasmic segments df the Sec61 complex. The two |
steps correspond to recognition of an unoccupied translocon by a post-targeting intermediate,
and docking of the ribosome onto the channel. A stable post-targeting intermediate (SR-SRP-
RNC complex) is formed when SRP-RNC:s are incubated with microsomes or proteoliposomes
that lack a functional Sec61 complex (Song et al., 2000). The binding sites for SRP54 on the
large ribosomal subunit overlap with the Se061 binding sites, hence SRP must dissociate from
the ribosome prior to Sec61 attachment (Halic et al., 2004). Previously we proposed that a direct
interaction between the post-targeting intermediate and a vacant Sec61 complex facilitates
transfer of the RNC to the translocation channel following dissociation of SRP54 from the signal
sequence (Song et al., 2000). Cytosolic loops of Sec61p would be the optimal marker for an
unoccupied translocon, as these segments will be occluded upon attachment of a ribosome to the
translocation channel (Morgan et al., 2002). Residues in L6 of Sec61p are excellent candidates
for such a recognition determinant, as point mutations in L6 (e.g. R275E) interfere with the
cot_ranslational protein translocation pathway without causing a si gnifi;:ant reduction in ribosome
binding affinity. Although current models for the cotransiational translocation pathway typically
depict an interaction between the SR and the Sec61 complex, biochemical evidence to support
this conjecture is scant. Study of the interaction between residues in L6 of Sec61p and SRP, the
SR or a translating ribosome may reveal how the 1.6 mutants affect the cotranslational

translocation pathway.
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An analysis of RNC-translocon interactions (Jungnickel and Rapoport, 1995) has
indicatéd that the initial binding of an RNC to the Sec61 complex is sensitive to salt, and ol
precedes signal sequence insertion into the translocation pore. Point mutations that reduce the
affinity between the translocation channel and the ribosome should reduce the efficiency ‘of RNC N
attachment to the translocon by destabilizing this intermediate. RNCs can bind to. protease-
inactivated Sec61 complexes that lack detectable affinity for non-translating ribosomes (Raden et
al., 2000), hence signal sequence insertion into the translocation pore is not obligatorily
dependent upon intimate ribosome-channel contact. This may explain why certain point
mutations in L8 (R406E) do not cause a complete block in the cotranslational translocation
pathway. Three-dimensional EM reconstructions of the ribosome-Sec61 complex and the RNC-
Sec61 complex have revealed the presence of a 15A gap between the channel and the ribosome
which is bridged by four stalk-like connections (Beckmann et al., 2001; Morgan et al., 2002).
Four connections per translocon would be consistent with the presence of three to four Sec61
heterotrimers per channel and this would impiy that a single structﬁral element in Sec61p forms
the stalk-like connections. Notably, the diameter of the ribosome-channel connections observed
by elecfron microscopy (~20A (Morgan et al. 2002)) is very similar to the diameter of the SecY
domain formed by the L6 and L8 loops (Fig. 20C). Contact points on the ribbsome for the Sec61
complex correspond to several large subunit proteins (L25, L26 and L35) and specific 255 rRNA
segments (Beckmann et al., 2001; Morgan et al., 2002). Inhibition of ribosome binding to the
mammalian Sec61 complex by the canine 28S rRNA, but not by the 18S rRNA, supports the
conclusion that specific protein-rRNA contacts contribute to the evolutionarily consefved

binding of the ribosome to Sec61p/SecY (Prinz et al., 2000a). Here, we observed that point

mutations in surface exposed residues in L8 cause dramatic reductions in ribosome-binding
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activity, suggesting that salt bridges between the basic side chains on Sec61p and the
~ phosphodiester backbone of the 25S rRNA are critical for ribosome attachment. The Sec61
channel is likely formed by three to four Sec61 complexes. Oligomerization of three to four
Sec61p complexes in the channel may provide a high affinity binding site for the ribosome.
Simultaneous loss of three to four basic residues in the binding sites may explain how a single
amino acid substitution in L8 causes a dramatic reduction in ribosome-binding activity.
Extensive mutagenesis of E. coli SecY has shown that R357 (R406 in Sec61p) is a crucial

residue for the translocation activity of SecY EG (Mori and Ito, 2001). Suppression of the
translocation defect of the E. coli SecY R357E mutant by "superactive alleles of SecA" has been
interpreted as evidencé that a functional SecA binding site maps to the C5 region (L8) of SecY.
However, other SecY point mutations (A363T) in L8 selectively interfere with the Fth/FtsY
dependent integration of inner membrane proteins (Newitt and Bernstein, 1998). Clearly, this
region of the translocation channel is an evolutionarily conserved segment that is critical for
interaction with cytosolic effectors of the translocation pathway.
Secondary defects in posttranslational translocation

Kinetic delays in transport of the SRP-independent substrates CPY and Gasip were observed
when the sec61 mutants were grown in rich media. Expression of Ssh1p eliminates the
posttranslational transport defects caused By the sec6] mutants suggesting that cytosolic
accumulation of SRP-dependent substrates interferes with one or more steps in the
posttranslational targeting pathway. Accumulation of non-translocated precursors in the cytosol

may reduce the effective concentration of Hsp70 chaperones that deliver precursors like

preproCPY to the Sec complex. Posttranslational translocation via the Sec complex of substrates
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that are normally transported by a cotranslational pathway could also cause kinetic delays in , Hfﬂ!

transport of posttranslational substrates by increasing precursor flux through the Sec complex. It

Shared phenotypes with SRP pathway mutants i
A comparison of the phenotypes of the L6 and L8 sec6/ mutants with those described for |

SRP targeting pathway mutants is informative. The 4-5 fold decrease in growth rate that is i

caused by repressing expressionrof SRP54 or SRa in S. cerevisiae (Hann and Walter, 1991; Ogg
et al., 1992) is more severe than the 2-3 fold reductions in growth rate that are caused by point |
mutations in the cytosolic loops of Sec61p. The simplest interpretation of this difference is that
point mutations in L6 and L8 do not eliminate the SRP-dependent targeting of RNCs to the RER, il
but instead interfere with the efficient transfer and attachment of the RNC to the translocation
channel. The rate at which the L6 and L8 sec6] mutants acquire a petite phenotype is less
pronounced than the rapid and complete conversion of srp54A strains to a p- phenotype (Hann

and Walter, 1991). Although the mechanistic link between a defect in cotranslational protein

translocation and subsequent loss of mitochondrial respiration remains undefined, the

| | morphologies of the cortical ER and the mitochondria are grossly perturbed when temperature
sensitive SRo. mutants are shifted to the restrictive temperature (Prinz et al., 2000c). Here we
also oBserved an alteration in mitochondrial morphology when the sec61 L6 and L8 mutants
were shifted from SEG media to SD media. A third characteristic of the L6 and L8 ‘sec61
mutants is the tfansien't nature of thé translocation defect. Gene product depletion experiments
using the GAL1/GALI10 promoter have shown that repression of SRP54 or SRa synfhesis is
accompanied by a severe, Yet transient defect in translocation of SRP-dependent substrates

(Hann and Walter, 1991; Ogg et al., 1992). Adaptation of yeast cells to the elimination of the

SRP-dependent targeﬁng pathway occurs by induction of cytosolic chaperones and reductions in
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the protein synthesis rate (Mutka and Walter, 2001). The L6 and L8 sec6] mutants described

here likely adapt by a comparable mechanism.




79

CHAPTER 1V

Cytosolic exposure of transmembrane spans and lumenal domains during in
vivo integration of membrane proteins

Introduction

Membrane protein integration into the endoplasmic reticulum (ER) is more complex than
secretory protein translocation because the nascent polypeptide has domains that are ultimately
exposed to the phospholipid bilayer in addition to the ER lumen and cytosol. Recognition of the
first traknsmembrane (TM) span by the signal recognition particle (SRP), targeting of the SRP-
ribosome nascent chain complex (RNC) to the SRP receptor (SR) and GTP-dependent delivery
of the RNC to the protein translocation channel occur by reactions that are analogous to those
characterized for secreted proteins (Do et al., 1996; Heinrich et al., 2000; Wilson et al., 1988).
The final topology of membrane protein integration is determined by the insertion orientation
(Neyi- Cium OF Ny~ Cy) of the initial TM span, which is influenced by the charge distribution of
the flanking residues (Beltzer et al., 1991) in accord with the "positive inside" rule (Hartmann et
al., 1989). In addition, integration in the type I topology (N,,,- C,,) is favored for unusually long
hydrophobic TM spans (Wahlberg and Spiess, 1997), whilé rapid folding of an N-terminal
domain that precedes the first TM span favors a type II (N, C,,,) orientation (Denzer et al.,
1995).

Site-specific incorporation of photoactivatable amino acid analogues (Heinrich et al.,
2000; Heinrich and Rapoport, 2003; McCormick et al., 2003; Mothes et al., 1997; Sadlish et al.,
2005) or fluorescent reporters (Haigh and Johnson, 2002; Liao et al., 1997; Woolhead et al.,
2004) into nascent membrane proteins that are encoded by termination codon-deficient mRNA

molecules has allowed an in vitro mechanistic analysis of membrane protein integration.

k3
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Photocrosslinking experiments have shown that the Sec61 heterotrimer has a primary binding
site for a TM span (Heinrich and Rapopon 2003; Sadlish et al., 2005) that is now thought to be
identical to the signal-sequence binding (SSB) site formed by TM2b and TM7 of Sec61p (Plath
et al., f998). The X-ray crystal structure of the closed-conformation of the M. Jjannaschii
SecYEp complex (Van den Berg et al., 2004) suggests that the lumenal domain of a type 1I
membrane protein is threaded through an hourglass-shaped transport pore in Sec61, while the
TM span occupies the SSB site adjacent to the lateral gate of the translocon that is forﬁed by
TM2b, TM3, TM7 and TMS of Sec61 (Rapoport et al., 2004). Prior to nascent chain termmatlon
the TM span exits the SSB site to enter an environment where it contacts phospholipids, Secola
and in some cases the TRAM protein (Heinrich et al., 2000; McCormick et al., 2003).
Integration of a membrane protein with two or more TM spans is considerably more complex, as
individual TM spans must sequentially move from the transport pore to the SSB site, and exit
through the lateral gate of the channel into the membrane bilayer (Heinrich and Rapoport, 2003;
Sadlish et al., 2005). Conformational changes in the Sec61 heterotrimer that facilitate the lateral
moment of TM spans between these three distinct environments and mediate the gating of the
lumenal transport pore in SecY/Sec61p/Sec6la are not well uﬁderstood. Three-dimensional
reconstructions of eukaryotic ribosome-channel complexes are of insufficient resolution to
provide structural details concerning the open conformation'of a Sec61 heterotrimer (Beckmann
et al., 2001; Morgan et al., 2002).

Photocrosslinking analysis of in vitro—.assembled integration intermediates does not yield
kinetic information about the mechanism of membrane protein integration because reporter
photoactivation typically occurs minutes to hours after polypeptide elongation is complete.

Consequently, the environment detected by the fluorescent reporters or photocrosslinking probes




81 “‘ ;\11

may represent an equilibrium distribution of accessible endpoints, rather than the most probable

probe location during elongatiqn of the polypeptide. The accessible endpoints are defined by the il
length, in amino acid residues, and conformation of the nascent polypeptide between the reporter i
group and the peptidyl-transferase site on the ribosome. Based upon the possibility that one or

more steps in membrane protein inte gfation could be slow relative to the in vivo rate of protein

synthesis, we employed an experimental approach that would provide in vivo kinetic information
during integration of membrané proteins. Ubiquitin translocation assay (UTA) reporters were \‘\
first developed by Johnnson and Varshavsky (1994) to analyze the in vivo kinetics of protein I
translocation in yeast. Here, we have used UTA reporters derived from the type Il membrane
protein dipeptidylaminopeptidase B (DPAPB) to investigate the in vivo kinetics of integration of I

DPAPB and model polytopic membrane proteins. ' , L
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Results

UTA reporters for membrane protein integration

The ubiquitin translocation assay (UTA) reporters consist of a signal sequence, a spacer
segment, an Ub domain, a linker sequence and a reporter domain (Fig. 21A). Rapid
cotranslational folding of the Ub domain permits cleavage after Gly76 (Fig. 21A, arrow) by Ub-
specific proteases (UBPs) to liberate the reporter domain in the cytosol (Johnsson and
Varshavsky, 1994). If polypeptide transport through Sec61p initiates before the Ub sequence
emerges from the ribosome, folding of the Ub domain will not occur in the cytosol hence the
reporter will not be cleaved. Since a folded Ub domain blocks reporter transport through the
translocon even when the UBP processing site is deleted (J ohhsson and Varshavsky, 1994),
reporter cleavage does not need to be cotranslational. Partitioning of nascent polypeptides
between the cotranslatiénal and posttranslational translocation pathways in the yeast S.
cerevisiae is governed by the relative hydrophobicity of the signal sequence (Ng et al., 1996),
with SRP selecting proteins with more hydrophobic signals for transport by the cotranslational
pathway. Three factors that influence the efficiency of UTA reporter cleavage are therefore the
hydrophobicity of the signal sequence, the length of the spacer segment and mutations in gene
products (e.g. SRP54) that mediate the cotranslational targeting pathway (Johnsson and
Varshavsky, 1994). UTA reporters derived from proteins that are translocated by the
posttranslational targeting pathway are cleaved efficiently in vivo regardless of the spacer length
(Johnsson and Varshavsky, 1994) (Fig. 21B, IIT). In contrast, reporter cleavage decreases as the

spacer length is increased for UTA reporters that are targeted as RNCs by SRP to the Sec61

complex (Fig. 21B, I and II). A long spacer allows translocon gating by RNCs to occur before
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Figure 21. The ubiquitin tranglocation assay (UTA) reporters can be used to monitor the in vivo
kinetics of protein translocation. (A) The five elements in a UTA reporter are: (a) a signal
sequence, (b) a spacer segment, () én Ub domain, (d) a linker sequence and (e) a reporter
domain. Rapid folding of the Ub domain permits cleavage after Gly76 (arrow) by cytosolic Ub-
specific proteases (UBPs) to liberate the reporter domain in the cytosol. (B) Processing of the
UTA reporter depends on the signal sequence and the length of spacer. If RNC gating of the
Sec61 complex occurs before the Ub domain has emerged from the ribosome, folding of the Ub
domain will not occur in the cytosol. Reporter cleavage decreases as the spacer length is
increased for UTA reporters that are targéted as RNCs by SRP to the Sec61 complex (compare
I and II). In contrast, UTA reporters that contain signal sequences from proteins that are
translocated by the posttranslational targeting pathway (III) are cleaved efficiently in vivo

regardless of the length of the spacer (Johnsson and Varshavsky, 1994).
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the Ub domain emerges from the ribosome. In this study, the in vivo kinetics of translocon
gating is studied using UTA reporters with different spacer lengths.

The signal and spacer segments of the DPA series of UTA reporters (Fig. 22A) consist of
94 to 310 residues of DPAPB sequence, with the reporter name (e.g. DPA49) designating the
length of the spacer segment between the TM span of DPAPB (residues 30-45) and the N-
terminal residue of the Ub domain. Point mutations (I3G and 113G) were introduced into the Ub
domain to produce a previously characterized folding-defective mutant (ub*) to determine
whether DPA49 is integrated in the Type I (Ngy- Ciu) topology. Since folding of the Ub
domain is a prerequisite for UBP cleavage (Johnsson and Varshavsky, 1994), integrated and non-
integrated forms of intact DPA49-ub* can be immunoprecipitated with anti-HA antibodies from
pulse-labeled yeast cells (Fig. 22B). Cultures labeled in the presence of glycosylation inhibitor
tunicamycin (Tm) provide a marker for the unglycosylated (49*) reporter. The majority (92%) of
DPA49-ub* was glycosylated at both N-X-T/S sites (Fig. 22B) irldicating that the reporter is
integrated as a type 11 (NeyeCuum) membrane protein.

Wild-type yeast and ssh/A mutants expressing wild—type Sec61p or the sec61 L6 and L8
mutants were transformed with DPA series of UTA reporters. Wild-type and mutant cultures
were grown in SEG media to mid-log phase, and pulse labeled with 35S- amino acids 4 h (Fig.
22C-E) or 24 h (not shown) after cells were shifted into SD media. As shown here for DPA49;
DPA 103 and DPA 149 (Fig. 22C- E, wt), glycosylated intact (g49, g103, g149) and
proteolytically cleaved (U-HA) forms of the reporter were detected upon expression in wild type
yeast. Quantification of reporter cleavage (Fig. 23B, filled squares) revealed a striking

dependence upon the length of the spacer segment. Little intact reporter (<20%) was detected

when DPA49 was tested, while insertion of longer spacer segments (DPA 149 or DPA265) did
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not significantly reduce cleavage below that observed for DPA103. The gating window is
defined as the minimal spacer length required for reporter cleavage to decrease to the plateau
value. At this spacer length the rﬁajority of the reporters from the ribosome have gated the
translocon before the Ub domain emerges. For most DPA RNCs, gating of the Se§61 channel
occurred as the spacer was increased from 49 to 94 residues. The plateau value for DPA
cleavage (28%) was greater than the percentage of non-integrated DPA49-ub*, hence roughly
20% of the DPA reporters are integrated by a posttranslational pathway. If translocon gating
does not occur before the nascent polypeptide reaches a critical length, the nascent chain enters
the posttranslational targeting pathway.

Kinetic delays in translocon gating in sec61 mutants

How do mutations in protein transiocation components affect the kinetics of the RNC
' targeting and translocon gating steps for DPA RNCs? A rapid and complete blockade of the
SRP-targeting pathway can be achieved by shifting a temperature sensitive SRP receptor mutant
(srpl02K511, (Ogg et al., 1998)) to the restrictive temperature (37°C). As shown in Fig. 23A,
translocation of DPAPB in the srp/02 mutant is blocked at the restrictive terﬁpefature. Cleavage
of the DPA265 reporter in the srp]02 mutant was virtually complete at 37°C (Fig. 23A, 23B
closed diamond) but not at 25°C (Fig. -23A, 23B open diamond).

The pulse-labeling experiments revealed an increase in the reporter cleavage as well as
traces of the ungiycosylated forms of the reporters in the ssh].A strain (Fig. 22C-E). Elimination
of the auxiliary Sshlp translocon (e;. g. sshl ASEC61) increased the plateau value for reporter
cleavage consistent with a decrease in the number of protein translocation channels (Finke et al.,
1996). However, elimination of Sship translocons did not significantly delay translocon gating

by the DPA RNCs (Fig. 23B, closed circles). Point mutations in the cytoplasmic loops of
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Figure 22. Kinetics of DPA reporter integration. (A) The DPA series of UTA reporters contain
the following five elements: (a) the N-terminal cytoplasmic domain of DPAPB ( gray box,
DPA, 55); a TM span (black box, DPA,, ,.); (b) 49-265 residue spacer segments (diagonal hatch)
derived from the lumenal domain of DPAPB; (c) a Ub domain; (d) a 42 residue linker (vertical
hatch) with a processing site (arrowhead) for a Ub-specific protease; (e) Ura3p with a triple-HA
tag (stippled box). Sites for N-linked glycosylation (Y) are indicated. (B) Wild-type yeast
expressing a folding-impaired reporter (DPA49-ub*) were pulse labeled in the presence or
absence of tunicamycin (Tm). HA-immunoprecipitates were resolved by SDS-PAGE.
Glycosylated (g49*) and non-glycosylated (49*) DPA49-ub* are indicated by labeled arrows.
The percent integration of the reporter in the Ng,-Cim topology corresponds to (100 x
g49*/g49* + 49%) in untreated (-Tm) cells. (C, D, E) Yeast strains éxpressing the DPA49 ©),
DPA103 (D) or DPA149 (E) reporters were grown to mid-log phase at 30°C in SEG media,

transferred into SD media and pulse labeled after 4 h of growth. Intact glycosylated (e.g. g49)

and non-glycosylated (e.g. 49) reporter and the processed reporter (U-HA) are indicated by

labeled arrows.
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Figure 23. Delayed translocon gating in the sec61 L6 and L8 mutants at peak time. (A) The
srpl02(K511) mutant expressing DPAPB-HA or DPA265 was pulse labeled at 25°C, or after 3
h of growth at 37°C. Immunoprecipitates of DPAPB-HA or DPA265 were resolved in SDS-
PAGE. (B) With the exception of the srpl02(K511) strain, all yeast strains were pulse-labeled at
30°C after 4h of growth in SD media. Cleavage of the DPA reporters was quantified as
described in the Materials and Methods. Reporter cleavage (% cytosolic Ura3-HA) is expressed
as a function of spacer length for the following strains: wild-type (filled squares), srpl02(K511)
(25°C, open diamond; 37°C, filled diamond), sshIA (filled circles), sshIA sec61R275E (filled
triangles), sshIA sec61R406E (open squares), sshlA sec61R275E R406E (open circles).
Standard deviation of the reporter cleavage in wild-type strains was calculated from three sets

of experimental data. For the definition of gating window, see text.
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Sec61p (1.6 and L8 sec6] mutants) cause a severe but transient defect in the integration of
DPAPB in an sshiA background roughly 4 h after a culture is shifted from a nutrient poor (SEG)
to a richer (SD) growth media (Cheng et al., 2005). Pulse-labeling experiments of the sec61
mutants revealed a dramatic increase in reporter cleavage as well as the unglycosylated forms of
the reporters (Fig. 22C-E). Non-integrated DPAPB accumulates as a membrane-associated
aggregate in the sec6] mutants (Cheng et al., 2005), which likely explains the presence of
uncleaved non-glycosylated DPA reporters. Regardless of spacer length, DPA reporter cleavage
was elevated in the L6 and L8 sec6] mutants (Fig. 23B, open circles, squares and triangles). The
gating kinetics of the Sec61 complex were retarded in the L6 and L8 sec6] mutants relative to
the wild type strain, as reporter cleavage decreased across a wider range of spacer lengths.

After 24h of growth in SD media (Fig. 24B), wild-type cells display identical kinetics of
translocon gating. A decrease in reporter cleavage is observed for the sshl null strain (Fig. 24B,
closed circles), which shows a similar rate of translocon gating by RNCs relative to wild-type
étrain. The L6 and L8 sec61 mutants show roughly a 10% decrease in the cleavage of DPA149
and DPA265. Again, the translocon gating by RNCs was retarded in sec61 mutant strains at 24h.
However, sec6] mutants in SSHI background display a marked decrease in repdrter cleavage
(Fig. 24B, open triangles). This result agrees with the theory that the Ssh1 complex rescues the
translocation defects in the L6 and L8 sec61 mutants by providing an auxiliary translocon for the
cotranslational pathway.

Y east srp54A mutants are viable (Hann and Walter, 1991) and adapt to the loss of the
SRP targeting pathway by a complex response that includes increased expression of cytosolic
chaperones and a decreased rate of protein synthesis (Mutka and Walter, 2001). In contrast to

the sec61 L6 and L8 mutants (Fig. 22), unglycosylated forms of intact reporters are not detected
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Fi gﬁre 4. Translocon gating in srp54A and the sec6] L6 and L8 mutants after adaptation. (A)
The srp54A mutant expressing DPA series of UTA reporters was pulse labeled at 30°C in SD
media. (B) With the exception of the srp54A strain, all yeast strains were pulse-labeled at 30°C
after 24h of growth in SD media. Clea{/age of the DPA reporters was quantified as in Fig 22.

Reporter cleavage (% cytosolic Ura3-HA) is expressed as a function of spacer length for the

following strains: wild-type (filled squares), srp54A (stars), sshiA (filled circles), sshiA

sec61R275E (filled triangles), sshIA sec61R406E (open squares), sshl A sec61R275E R406E

(open circles), SSHI sec61R275E R406E (open triangles). ' i
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in the srp54A straiﬁ, which is consistent with efficient translocation in the srp54A strain after
adaptation. Interestingly, the s;jp54D strain shows high, yet incomplete reporter cleavage. (Fig.
24A, 24B stars), suggesting that DPAPB integration in the s7p54D strain following adaptation is
not solely dependent upon a posttranslational pathway. The rapid translocon gating by RNCS in
the srp54D strain suggests that the delay observed in sec6] mutants is not due to a slow SRP-
dependent targeting step. |

After 24h of growth in SD media, the L6 and L8 sec6/ mutants display relatively minor
defects in DPAPB integration (Cheng et al., 2005), yet show an elevated level of DPA265
cleavage (Fig. 25). For both wild type and mutant strains, DPA reporter cleavage (%) was
greater than the DPAPB precursor accumulation (Fig. 25). We conclude that roughly 20% of
DPAPB is integrated by a posttranslationéll pathway in vivo. Prior to adaptation the
posttranslational targeting pathway for DPAPB is readily saturated, hence pPDPAPB accumulates
in the cytosol of the sec6] mutants as shown in Fig. 14. Adaptation of the L6 and L8 sec6/
mutants, like the srp54A strain, appears to occur by an enhanced ability of pPDPAPB to enter a
posttranslational translocation pathway (Fig. 25, compare 4 and 24 h columns). Together, these
results indicate that DPA series of UTA reporters can be used to investigate the in vivo kinetics

of membrane protein integration.

Delayed gating of the translocon by DPA RNCS

As reported previously (Johnsson and Varshavsky, 1994) and confirmed here using the
Suc2-34 and Suc2-60 reporters (Fig. 26A, 26B), translocon gating by the invertase (Suc2) signal
sequence is rapid. Moreover, the DPA spacer segment in Suc2-296 does not interfere with rapid

translocon gating (Fig. 26A, 26B, quantified in 26D, circles). The spacer length dependence for

the DPA and Suc?2 reporters is strikingly different (Fig. 26D, filled squares). Delayed translocon
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Data for DPAPB-HA integration is taken from Fig. 11. (Chengetal.,
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gating by DPA-RNC:s relative to Suc2-RNCs might be explained by slow targeting of the DPA-
RNC to the translocon. Reducing the protein synthesis rate should allow additional time for a
slow early step, resulting in a decreased percentage of reporter cleavage. Pulse labeling of cells
in the presence of sufficient cycloheximide to reduce 35S methionine incorporation by 4-fold did
| not significantly alter the spacer-length dependence of reporter cleavage (Fig. 26C, quantified in
\Fig. 26D). We conclude the slow. step in translocon gating likely occurs after the DPA-RNC has
been targeted to the Sec61 complex.

The DPA Nub reporter (Fig. 26A) was constructed to test whether the N terminal 34
residues of ﬁbiquitin (Nub) acquires sufficient secondary structure to interfere with reporter
translocation prior to emergence of the entire Ub domain from the ribosome. Complex
formation between ubiquitin fragments (Nub and Cub) is the basis for the split-ubiquitin
procedure for detecting protein-protein interactions (Johnsson and Varshavsky, 1994). If a
folded Nub domain interferes with lumenal domain transport, reporter cleavage for DPA-Nub
should be similar to DPA49. Quantification of DPA-Nub cleavage indicates that the Nub
domain serves as a relatively inert spacer segment (Fig. 26D, open square), so it seems likely that
the entire Ub domain must emerge before reporter domain translocation is prevented. Thus, 125-
170 residues of the nascent polypeptide following the TM span (49-94 residue spacer plus 76

residue Ub domain) are exposed to the cytosol before the translocon is gated by a DPA-RNC.

Ribosome dynamics during integration of a polytopic membrane protein

Once the translocon is gated by an RNC synthesizing a polytopic membrane protein,
downstream TM spans might act as extra "spacer segments" in the ubiquitin translocation assay.
However, if exit of TM spans from the channel into the lipid bilayer is slow relative to the rate of

protein synthesis, a loop of non-translocated protein could form on the cytoplasmic face of the
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Figure 26. Kinetics of translocon gating by Suc2 and DPAPB RNCs. (A) Diagrams of DPA-
Nub and the Suc?2 series of UTA reporters. In DPA-Nub, the N-terminal 34 residues of the Ub .
domain are inserted between tandem copies of the 49 residue DPA spacer segment. In the Suc2
series, the signal sequence of Suc2p (black box, Suc2, ;) is followed by spacer segments
derived from Suc2p (horizontal hatch) and DPAPB (diagonal hatch). The remaining elements
of the reporter are identical to the DPA series. (B, C) Yeast expressing either the Suc2 series
(B) or the DPA series (C) of UTA reporters were pulse-labeled in the absence or presence of
0.5 ug/ml of cycloheximide (CHX). The volume of labeled cells and the exposure times for the
autoradiograms were doubled to compensate for a 4-fold reduction-in protein synthesis in CHX-
treated cells. Intact reporters and processed products (U-HA) are indicated by labeled arrows.
(D) Reporter cleavage is expressed as a function of spacer length for the Suc2 series (circles),

DPA-Nub (open square) and DPA series (- CHX, squares; +CHX, triangles) of UTA reporters.
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membrane. To investigate the dynamics of the ribosome-channel junction during integration of a
polytopic membrane protein, the DPAPB TM span and flanking sequences were triplicated to
obtain the 3TM series of reporters (Fig. 27A). Charged residues were introduced into the
segments flanking TM2 to favor integration of this TM in the Ny,,- C.,, orientation.

The folding defective ub* derivatives were analyzed to.determine whether thes’e
constructs are integrated in the 3TM Ney-Cyy orientation (Fig. 27C). Incomplete glycosylation of
the N-X-T/S sites in the spacer domain is responsible for the doublet of glycosylated réporters
(g49* and g265%). Although 87% of the 3TM265ub* was integrated in the correct topology, the
fidelity of reporter orientation was lower for 3TM49ub*. Intact 3TM reporters as well as the
cleaved URA3-HA domain weré detected upon expression in wild type cells (Fig. 27B). The
spacer length dependence for 3TM reporter cleavage was initially calculated by defining the
spacer as being the segment between the C-terminal end of TMI1, and the start of the Ub domain
(Fig. 27D, open circles). A comparison to the results obtained with the DPA reporters (Fig. 27D,
squares) indicates that TM2, TM3 and the intervening loops do not act as spacer segments to
decrease 3TM reporter cleavage. When the spacer lengtﬁ is defined as the distance between
TM3 and the Ub domain, the translocon gating window is wider than that observed for the DPA
series (Fig. 27D, filled circles). These results indicate that a surprisingly large segment of the
lumenal domain of a polytopic integral membrane protein is transiently exposed to the cytosol

during integration.

Impact of loop size on translocon gating by TM3
Delayed gating of the Sec61 complex by TM1, and slow exit of TM spans into the membrane
bilayer could contribute to prolonged cytosolic exposure of the 3TM reporter domain. We tested

whether expansion of the lumenal loop (L1) by 128 residues or the cytoplasmic loop
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Figure 27. Cytoplasmic exposure of transmembrane spans and lumenal segments during
integration of a polytopic membrane protein. (A) A diagram of the predicted topology, loop
size, and location of glycosylation sites (Y) in the 3TM49 reporter. The remaining elements of
the reporter, including the spacer segments, are identical to the DPA series. (B) Yeast cells
expressing the 3TM series of reporters were pulse-labeled in the absence or presence of
tunicamycin (Tm). Glycosylated intact reporters (g49-g265), unglycosylated intact reporter
(49) and the cleaved reporter domain (U-HA) are labeled. (C) Pulse-labeling of yeast
expressing thé 3TMA49-ub* or 3TM265-ub*reporters. The % integration of the reporter in the
N,-Cium topology was calculated as in Fig. 21. (D) Reporter cleavage (% cytosolic Ura3—HA)
is expressed as a function of spacer length for the DPA series (filled squares) and 3TM series
(filled circles) of UTA reporters. Reporter cleavage for the 3TM reporters was re-plotted with

the spacer segment defined as the length in amino acid residues between the C-terminal end of

TM1 and the Ub domain (open circles).
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(L2) by 104 residues could overcome slow steps in 3TM integration (Fig. 28A). The L1-IN
reporters are more efficiently integrated in the 3TM (N,,-C,,,) topology than the L2-IN or 3TM
reporters (Fig. 28B). Expansion of L1 also caused a significant reduction in reporter cleavage
relative to the 3TM series (Fig. 28C, 28D, triangles and circles). The expanded L1 loop is
identical in length and sequence to the 149-residue spacer segment in DPA149. Thus, the L1-
insertion allows translocon gating to occur before TM2 emerges from the ribosome, justasa
spacer segment of this léngth allows translocon gating in DPA149. However, subsequent events
in the integration of the L1-IN reporter still favor cytosolic exposure of the Ub domain, as
reporter cleavage decreases as the spacer segment is increased from 49 to 149 residues.
Expansion of the cytosolic loop (L2) had a subtle, but interesting effect on the spacer-length
dependence of reporter cleavage (Fig. 28C and 28D). In comparison to the 3TM reporter, the
plateau value for L2-IN cleavage was reached at a shorter spacer length (L3-IN103) suggesting
that L2 expansion facilitates more rapid gating of the channel by TM3. |
‘Translocon gating by (N,-C,,,,) TM spans

The N-terminal 68 residues of the 3TM reporter were replaced with Suc2, ., (Fig. 29A,
S2TM) to determine whether rapid translocon gating by the invertase signal sequence would
eliminate the cytosolic exposure of the Ub domain. Signal sequence cleaved (c49*) and
uncleaved (49%) forms of S2TM49ub* were detected when cells were labeled in the presence of
tunicamycin (Fig. 29B + Tm). In the absence of tunicamycin, the major glycoform of the
reporter has three N-iinked oligosaccharides indicating that both pairs of N-X-T/S sites are
simultaneously exposed to the ER lumen in the majority (71%) of the reporter molecules. As
observed for several other ub* derivatives (Fig. 27B and 28B), the fidelity of reporter

integration was higher with the longer spacer segment (Fig. 29B). In contrast to the 3TM series,
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S2TM reporter cleavage decreased gradually as the spacer waé elongated from 49 to 265 residues
(Fig. 29C, 29D squarés), indicating delayed translocon gating by the final TM span. Thé
combination of the cleavable Suc2 signal sequence and a minimal lumenal domain retards
subsequent events in reporter integration. The SL1-IN reporters were constructed to determine
whether extension of the N-terminal lumenal segment by an additional 1i6 residues would
overcome the inhibitory effect of the Suc2 signal sequence (Fig. 29A). The SL1-IN reporters
were efficiently integrated in the 2TM (N,,n-Crum) Orientation regardless of spacer length (Fig.
29B). Expansion of the N-terminal lumenal domain significantly reduced reporter cleavage
relative to the 3TM series (Fig. 27) and to the S2TM series (Fig. 29C, 29D). Nonetheless, the

Ub domain is transiently exposed to the cytosol if the spacer segment is short.
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Figure 28. Effect of loop insertions on UTA reporter cleavage. (A) Diagrams of the predicted
topology, loop size, and location of glycosylation sites (Y) in the L1-IN49 and 1.2-IN49
reporters. The remaining elements of the reporter, including the spacer segments, are identical
to the 3TM series. (B) Wild type yeast expressing the folding-impaired UTA reporters were
pulse labeled in the presence or absence of tunicamycin (Tm). The percent integration of the
reporter in the Ny Crum topology was calculated as in Fig. 21. (C) Pulse-labeling of wild-type
yeast expressing the L1-IN and L2-IN series of UTA reporters. Glycosylated full-length
reporters (g49-265), and processed products (U-HA) aré labele(i. (D) Reporter cleavage is
expressed as a function of spacer length for the 3TM (circles, taken from Fig. 23), L1-IN

(triangles) and L2-IN (squares) series of UTA reporters.
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Figure 29. Targeting of membrane proteins by the Suc2 signal sequence. (A) Diagrams of the

predicted topology, lumenal domain length, and location of glycosylation sites (Y) in the S2TM

and SL1-IN49 reporters (see Methods for reporter construction). The N-terminal invertase

signal sequence is designated by the S. (B) Pulse labeling of yeast cultures expressing the

folding-impaired reporters in the presence or absence of tunicamycin (Tm). In the presence of
Tm, cleavage of Suc2p signal sequence yielded the polypeptide designated as c49. The percent v
integration of the reporter in the N,,-C,,, topology was calculated as in Fig. 21. (C) Pulse-

labeling of wild-type yeast expressing the S2TM and SL1-IN series of UTA feporters in the

presence or absence of tunicamycin (Tm). Glycosylated full-length reporters (g49-g265), and

processed products (U-HA) are labeled. (D) Reporter cleavage is expressed as a function of

spacer length for the S2TM (squares) and SL1-IN (triangles) series of UTA reporters.
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Discussion

' Few previous studies have investi gated the kinetics of membrane protein integration in vivo
(Goder et al., 2000; Goder and Spiess, 2003). Here, we have used UTA reporters derived from
the type Il integral membrane protein DPAPB to analyze cotranslational integration of
membrane proteins into the yeast endoplasmic reticulum. Yeast SRP reduces polypeptide
elongation rates in vivo, thus extending the time window for RNC targeting to the translocon
(Mason et al., 2000). In wild type cells, SRP recognition of DPA RNCs is inefficient as roughly
20% of DPAPB nascent chains reach a critical size that mandates entry into a posttranslational
targeting pathway. The posttranslational targeting pathway for DPAPB is saturable, resulting in
a low basal level of untranslocated precursor in wild type cells and increased pDPAPB in the
sec61 L6 and L8 mutants prior to adaptation (Cheng et al., 2005).

Rapid cotranslational folding of the Ub domain in the cytoplasm prevents translocation of
downstream segments and allows reporter cleavage (Johnsson and Varshavsky, 1994). These
properties allow the calculation of nascent polypeptide length when a translocon is gated by an
RNC translating a UTA reporter. Gating of the translocon by the majority of Suc2 RNCs
initiates after 110 (Johnsson and Varshavsky, 1994), but is completed before, 130 residues of
polypeptide emerge from the polypeptide exit tunnel on the large ribosomal subunit (19 residue
signal sequence + 13 to 33 residue spacer + 76 residue Ub domain). Translocon gating by the
majority of DPA RNCs occurs after 170, but before 220 residues of polypepﬁde emerge from the
ribosome. While translocon gating by DPA RNCs occurs within a narrow window, it is not
synchronous, but is instead stochastic. The calculated nascent polypeptide lengths for translocon
gating are in apparent conflict with a considerable amount of data obtained using in vitro

experimental systems. Secretory RNCs assembled using termination codon-deficient mRNAs
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can gate the mammalian Sec61 complex when as few as 50—60 residues of pofypeptide emerge
from the ribosome (Connolly gt al., 1989; Crowley et al., 1993; Jungnickel and Rapopo.rt, 1995). ol
Interactions between nascent integral membrane proteins and the translocon ére also detected |
shortly after the first TM span emerges from the ribosome (Heinrich et al., 2000; Heinrich and i
Rapoport, 2003; McCormick et al., 2003; Mothes et al., 1997; Sadlish et al., 2005). Moreover, ]
the yeast RNC-translocon complex that has been visualized by cryoelectron microscopy was \“
assembled using a truncated DPAPB mRNA that encodes the N-terminal 120 residues of i
DPAPB (Beckmann et al., 2001). We propose that the nascent polypeptide length defined by the |
in vitro expériments defines the minimal transit path for the polypeptide between the 1‘
~ peptidyltransferase site on the ribosome and the SSB site in the Sec61 heterotrimer. Our results

indicate that one or more of the events that precede translocon gating are slow relative to the in

vivo rate of polypeptide elongation in a eukaryotic cell (~ 5 residues/second) (Hershey, 1991; |
Pathak et al., 1988), hence the minimal transit path does not accurately describe the ensemble of
nascent polypeptide conformations that exist during secretory protein translocation or membrane
protein integration within the cell. The conformational changes in Sec61p that allow signal
sequence insertion into the SSB site and opening of the lumenal gate are good candidates for rate
limiting steps in translocon gating that are revealed by in vivé analysis using UTA reporters, yet
are not detected when elongation arrested RNCs are targeted to the Sec61 complex in vitro.
Signal sequences for secretory proteins are inserted into the SSB site of Sec61p in the N,
C,., orientation to allow translocation of the nascent polypeptide through the hourglass shaped
pore in Sec61p. The TM span in a type II integral membrane protein also adopts the N, -Ciyy,

orientation, yet we observe a considerable delay in translocon gating by DPA RNCs relative to

Suc2 RNCs. Compared to a cleavable signal sequence, a TM span usually has a longer and more
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hydrophobic core, which would favor the translocation of the N-terminus (Sato et al., 1990;
Wahlberg and Spiess, 1997). A recent in vivo analysis of membrane protein integration in
mammalian cells suggests that the TM span of a Type II protein is initially inserted in the Nim-
C.y: orientation (Goder and Spiess, 2003). The rate at which TM spans invert to adopt the type II
orientation is increased by the addition of positively charged residues that precede the TM span
and decreased as the TM span in-lengthened (Goder and Spiess, 2003). Although TM span

| inversion can occur during a surprisingly long time window (~50 sec), the DPA TM sequence
favors a more rapid inversion (< 20 sec) based upon the model proteins analyzed by Goder and
Spiess. A 10 sec delay to allow the DPA span to adopt the type II orientation in the translocon
could account for cytoplasmic accumulation of the Ub domain in the DPA reporters.

Current models for the integration of polytopic integral membrane proteins describe an
orderly and stepwise integration of membrane spanning segments, translocation of lumenal loops
and retention of cytoplasmic loops in a process that is intimately coupled to elongation of the
nascent polypeptide. Analysis of the 3TM series of UTA reporters revealed an unanticipated
cytoplasmic exposure of reporter domains that follow TM3, which like the DPA TM span, is
integrated in the N,-C,,,, orientation. Instead of acting as spacer segments that reduce cytosolic
exposure of Ub domain, TM2 and TM3 enhance exposure of the reporter domain. Several slow
steps contribute to the delay in translocation of the reporter domain. By the time the 3TM RNCs
are targeted to the translocon, TM2 has probably emerged from the large ribosomal subunit" (Fig.
.30a). Insertion of TM1 into the SSB site in the Nlum—Ccyt‘orientation without inversion (Fig. 30b)
leads to reporter misorientation. Based upon the translocon-gating window defined by the DPA

reporters, TM3 also emerges from the ribosome before the translocon is gated by TM1 (Fig.

30c). Before TM3 can insert into the SSB site in the Ney-Ciun orientation to re-gate the transport
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pore after synthesis of L2 (Fig. 30g), the following events are thought to occur: TM1 exits
Sec61p through the lateral gate (Fig. 30d), TM2 moves from the transport pore into ther SSB site
(Fig. 30e) and TM2 exits Sec61p through the lateral gate (Fig. 30f). Continued elongation of the
polypeptide during these steps results in cytoplasmic exposure of the lumenal domain. Based
upon the crystal structure of the SecY Ef complex (Van den Berg et al., 2004), the cytoplasmic
face of the Sec61p transport pore is not large enough to accommodate a folded Ubv domain,
henee the loop of untranslocated polypeptide must be extruded laterally into the cytoplasm. One
difference between this model, and previous models for membrane protein integration (Rapoport
et al., 2004; Sadlish et al., 2005), is that we explicitly indicate that the lateral movement of TM
spans between the transport pore, SSB site and the phospholipid bilayer are slow relative to the
rate of nascent polypeptide elongation.

The simultaneous extra-ribosomal exposure of TM2 and TM3 likely explains why the
3TMUb*49 construct shows a reduced efficiency of integration in the 3TM N,-C,,, orientation.
If the residues flanking TM2 had not been changed to favor‘ insertion in the N,,,-C.,, orientation,
misorientation could be explained by competition between adjacent topogenic sequence elements
(Monne et al., 2005). We observed a higher percentage of misorientation for the Ub*49
derivative than the Ub*265 derivative for the 3TM and L2-IN series of reporters. Cytoplasmic
folding of the URA3 domain in the ub* derivatives may interfere with reporter integration when
the spacer segments are short.

The 25 residue loops in the 3TM reporter are not unusually short for multi-pass integral
membrane proteiﬂs. Expansion of L1 by 128 residues reduced extra-ribosomal exposure of TM2

and TM3 during the time window for TM1 insertion (Fig. 30c), and this led to a significant

decrease in the percentage of misoriented Ub* derivatives. Secondly, expansion of L1 likely
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ins during in vivo integration of

Figure 30. Cytosolic exposure of TM spans and lumenal doma

a polytopic membrane protein. Intermediates a, ¢, d and e represent four channel conformations

that differ with respect to the presence (c and e) or absence (a and d) of a TM span in the SSB

site, and an open (¢ and d) or closed (a and ¢) transport pore.
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allows partitioning of TM1 into the bilayer prior to entry of TM2 into the transport pore, thereby
facilitating more rapid transfer‘ of TM2 into the SSB site (Fig. 30e). -Lateral exit of hydrophobic
TM spans is energetically favorable, and occurs before termination of protein synthesis (Heinrich
and Rapoport, 2003).

Expansion of the L2 loop does not prevent extra-ribosomal exposure of TM2 prior to
translocon gating, hence misorientation of the ub* derivatives was similar to the 3TM series.
Expansion of L2 reduces the delay associated with TM3 gating of the pore resulting in a spacer
length dependence curve that resembles the DPA series. How can we explain the residual delay
in reporter translocation displayed by the L2-IN reporters? Fluorescence quenching experiments
have shown that the lumenal gate of the translocon is closed during synthesis of a cytosolic loop
(Liao et al., 1997). Gating of the translocon by a TM3 and TM1 are mechanistically similar as
both segments are inserted into the channel in the Ncyt—Clum orientation. Contact between TM3
and the SSB site permits insertion of a polypeptide hairpin that gates the transport pore (Fig.
30g), and is dependent upon egress of TM2 through the lateral gate. Presumably, TM2 is primed
for lateral exit by the time TM3 emerges from the ribosome. Site-specific photocrosslinking
studies have begun to reveal how the translocon is gated by a TM span in the type II orientation
(Sadlish et al., 2005).

Replacement of TM1 with the invertase signal sequence provided a second strategy to
eliminate the delay in translocon gating caused by the type II orientation of TM1. This approach
did not result in decreased reporter cleavage when the L1 domain was short (e.g. 59 residues in
S2TM). Even though the invertase signal sequence allows more rapid translocon gating, TM2

and TM3 emerge from the ribosome within the gating window (110 to 130 residues for Suc2-

RNCs), and this leads to an elevated percentage of misoriented reporters when the spacer
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segment is short. Elevated cleavage of the S2TM reporters indicates that the close spacing
between the cleavable signal sequence and the TM spans causes an additional delay in channel
gating by the TM3 segment. The normal fate for an N-terminal signal sequence is to remain
bound to Sec61p until cleaved by signal peptidase, hence the invertase signal sequence may
impede exit of TM2 through the lateral gate. Signal sequence cleavage is not an early event
during nascent polypeptide transport. For example, cleavage of the preprolactin signal séquence
does not occur until 120-140 residues of polypeptide emerge from the ribosome (Gilmore aﬁd
Blobel, 1985; Mothes et al., 1994). Expansion of the lumenal domain to 185 residues virtually
eliminated misorientation of the Ub* derivatives because the translocon gating step was
completed before synthesis of the TM spans. Expansion of the lumenal domain accelerates one
of more of the slow steps in membrane protéin integration. Presumably, cleavage of the signal

sequence allows unobstructed movement of the TM2 segment from the channel pore into the

lateral gate, thereby minimizing the time required for channel gating upon exposure of TM3. iy
\‘\‘i \:i\““
i

Extensive cytosolic exposure of TM spans and lumenal domains could have a negative impact ‘v}‘\ |
Ly
Iy

on the fidelity of membrane protein integration if cells do not possess a mechanism to prevent iy
premature folding of a lumenal domain or aggregation of TM spans in the cytosol. C-terminal
reporter domains can reduce the fidelity of membrane protein integration in S. cerevisiae (Green it
and Walter, 1992; Kim et al., 2003), particularly when the reporter domain is derived from a i
cytosolic protein. Long loops or pauses during traﬁslation may allow the preceding segments to Wy
achieve the correct topology before the following domains emerge from tfle ribosome. Chemical o
differences in the protein-folding environment of the ER lumen and the cytosol may bias against

cytosolic folding of lumenal protein domains. In addition, cytosolic chaperones may assist in the
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cotranslational integration of membrane proteins that are composed of multiple closely spaced

. TM spans.






