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Science may set limits to knowledge, but
should not set limits to imagination.

Bertrand Russell (1872 - 1970)



TABLE OF CONTENTS

LIST OF ORIGINAL PUBLICATIONS

ABBREVIATIONS
SUMMARY

INTRODUCTION.......c.oiieeieee ettt ettt ettt sbeeneenee s 1
1. Principles of intracellular membrane traffic..................c..coo 1
1.1 The exocytic pathway: an introdUCtiON...........cccverierierieriesierre e sre e sereenes 1
1.2 Membrane-enclosed compartments with individual properties ...........c..cceeuvenee.. 2
1.3 A model for vesicle-mediated transSport ...........cccveeeveeeeeeerieenieerie e 3
1.4 Rab GTPases as molecular SWitChes ..........ccccevieiieririienienieriese e 3
1.4.1 The Rab GTPase CYCIe ...c.ovuiruieiiiiiiiieiee e 4
1.5 Tethering fACLOTS.....ccuieriieeiieiieiieiee sttt ettt ettt steestaesaaestaessaensaeneeas 5
1.5.1 Bridging of membranes............ccccuevverierienieiie i 5
1.6 SNARE hypothesis and specificity of vesicular transport .............ccceeevveevervrenen. 6
1.6.1 SNARE 1€ZUIAtiON. ......cciuiiiiiieiieeciie et 8
2. Endoplasmic Reticulum .................cccoooiiiiiiiiiice e 10
2.1 Entry into the eXocytic Pathway ......c..cccviiiiiiiiiiieii e 10
2.1.1 Signal PEPLIAES ..eouveeeieiieiieii ettt ettt 10
2.1.2 Co-translational transloCation ............ccceevverieniieniienieiienieseeseesieeeee s 10
2.1.3 Post-translational transloCation ............cevcererierinerienenceceeeeeeee 13
2.2 Protein maturation in the ER ........cocoiiiiiii e 15
2.2.1 Signal peptide Cleavage........ceeveuiieriiieiiiiecie ettt 15
2.2.2 Core-glyCOSYIatioNn .......cccuieiuieiiieiieieieeie ettt 15
2.2.2.1 N-linked glycosylation ...........ccceevierienienieniieeeseeseeeeeeeieeene 15
2.2.2.2 O-linked glycoSylation ...........ccceerieriieniienieiieniieseeseeieeeeeeee s 16
2.2.3 Protein folding and quality control in the ER ...........ccccooiiiiiiiiinie, 18
2.2.3.1 Chaperones and folding enzymes...........ccceevverierierienieenienieenneens 18
2.2.3.2 Quality control and ER-associated degradation .............c..ccuee..... 19
2.3 Exiting the ER: COPIL VESICIES ......eeiuieiieiiiiieiiteiteieeieeiee e 22
2.3.1 Molecular features of COPIL Proteins .........ccecvevverereerienenenienieneneeiee, 22
2.3.1.1 Sarlp, Sec12p and SECLOP......ccverierieriieiieieerieeee e 23
2.3.1.2 Sec23p/24D COMPIEX...ccvierrierieriieriieiieieeieeie et steese e see e seeens 23
2.3.1.3 Secl3p/31P COMPIEX...iiiiirieiieiieiriecieeie ettt 26
2.3.1.4 ACCESSOTY PIOLEINS ...eevvieeeriretieeiieerireesiteeereeereeereeeseeenreeeseeensneas 27
2.3.2 Formation of COPII transport VesiCles..........eereerienieneenienienieiieieeieane 27

2.3.3 Fusion of vesicles with the Golgi membrane............ccccoocevieieninenenenne. 28



3. Golgi: The major sorting station of the cell......................ccccooiiiiiiiiniiii 29

3.1 Structure and fUNCHON ....c..eeivieiiieiieeeee e e 30
3.1.1 Topology Of the GOl ...ccueeeieiiiiieiieiiee e 30
3.1.2 Modification of protein-bound glycans ...........c.ccoceevievenininiinininiccne 30
3.1.3 PreCUISOr PrOCESSINE ..vievieriieiieiieieeieeteeseesseesseesseesseeseenseesseesseesseenseenns 32

3.2 Golgi maintenance and ER retrieval ..........cccoovveviievieniieniesieceeeeeeee e 33
3.2.1 Molecular features of COPI Proteins ..........ccoceevveeveeniienieneeneesieerieeneenns 34
3.2.2 Formation of COPI transport VesiCles.........cccuvervieriieiiieniieeiie e 35
3.2.3 Sorting signals in COPI-mediated traffic ..........ccccooeeviiniiiiiiiiiec 35

3.3 Station for SOrting Of PrOtEINS ....c..eeeeviriiriieieierieeiiee e 37

4. The endosomal/vacuolar system: a second sorting station.......................c......... 38

4.1 The CPY PathWay .....cceeiiiiiiiiieieieeieteeee et 38
4.1.1 Adaptor proteins: AP-1 complex and GGAS........ceccvvvverierienienieeiieeiene 39
4.1.2 Formation of functional transport vesicles.........coccovvververieriienienienrennens 41
4.1.3 SNARESs involved in late-Golgi to PVC vesicle fusion...........ccccccuveeunenn. 42

4.2 The ALP PAthWAY ......ooiiiiiieiieieiieieee ettt 43
4.2.1 The AP-3 adaptor complex provides sorting into the ALP pathway......... 43

4.3 Sorting into the CPY vs. ALP pathway.........cccoocvvvienienieniiiiecieceeee e 44
4.3.1 Separate pathways with common principles:

The dynamin-like protein VPSIp.....cccovevierievienieiieseece e 45
4.3.2 The CPY and ALP pathways converge at the vacuole .............cccceevveennenn. 47
4.3.3 The CORVET complex mediates intra-endosomal tethering..................... 49

4.4 Proteins are sorted from each other along the endosomal/ vacuolar pathway ...50

4.4.1 Protein sorting at the late endosome / MVB. .......cccccovivviiniiiniienieieee 50
4.4.1.1 The ESCRT complexes mediate sorting of ubiquitinated

cargo at the late endosome / MVB ..o 50

4.4.1.2 The Retromer mediates recycling of late-Golgi proteins .............. 52

5. Transport to the plasma membrane, the last step of the exocytic pathway....... 54

5.1 Different vesicles transport diStinct Proteins .........cccveeeeveeerieeerieerveeeveeereeeveens 54

5.2 Polarized delivery of secretory cargo to the plasma membrane ......................... 56
5.2.1 Motor molecules, actin cytoskeleton and spatial landmarks..................... 57

5.2.1.1 Targeting secretory vesicles for transport along actin cables......... 60

5.3 The Exocyst provides the tethering force at the plasma membrane ................... 63
5.3.1 Spatial regulation of the exocyst cOmMpPleX .......cccceevvveviieriieniieniieeieeeen. 63
5.3.2 Function of the exocyst COMPIEX ......c.cecuieiiiiiiieiiiiieieeee e, 64

5.3.2.1 The exocyst in higher eukaryotes ...........cccccveveeviieiiieieeeeieeeeee. 66

5.4 SNARE:s and the fusion regulation machinery ............cccoeeveeivecieeiennieeieeneene. 66
5.4.1 Sec1/Munc18-like family: SECIP ..ccccievieiiiiieiiee et 67
5.4.2 Lethal giant larvae family: Sto7p/STO77D ccveevvvevvieviieiieieeieeie e 68

5.4.3 The multicopy suppressor of Seclp MSOIP ...cccvvveiievieeriieiieieeeiee e 69



AIMS OF THE STUDY ..ottt 70

MATERIALS AND METHODS ..ottt 71
RESULTS AND DISCUSSION ...ttt 76
1. Role of the family members of the COPII coat component
Sec24p in ER exit of HSPI50 (I)......cccoooiiiiiiieie e 76
1.1 Hsp150 is secreted in the absence of functional Sec24p family proteins .......... 76
1.1.1 Hsp150 is secreted in sec24-1 Asfb2 and sec24-1 Asfb3 mutants............. 77
1.1.2 Hsp150 is secreted under conditions where all Sec24p
family proteins are abSENt..........coeveeiiririiiieieieeeee e 78
1.2 Deletion of all SEC24 family genes results in morphological changes
WIthin the Cell....ouiiiiiiiiii e 79
1.3 Hsp150 secretion and formation of the carrier in the absence of Sec24p
FAMILY MEMDEIS ....oiiiiiiiiiciie e e 81
2. The yeast secretory glycoprotein Hsp150 is selectively secreted in
a subset of post-Golgi secretory mutants (II) ..............cccooiiiiiiiiiniie 82
2.1 Hsp150 is secreted in the absence of functional Sec1Sp......cccoevvevveviieniieniiennnn. 83
2.1.1 Hsp150 is secreted in S€C15-1 CellS....cviiviinieniieiieiiesiiesiecieeeeieeieeiens 84
2.1.2 The sorting signal for bypass of the sec15-1 mutation
resides in the N-terminal/RR region of Hsp150 ........ccccoeiiiiiiniiniinenenn, 87
2.2 Hspl50 is selectively packaged into a subset of secretory vesicles................... 88
2.2.1 Hsp150 is packaged into a novel class of secretory vesicles .................... 88
2.2.2 Mutations affecting the Endosomal/vacuolar pathway do not affect
HSPI50 SECIELION ...evvieivieiiieiieiieieet ettt et ettt beebeesre e ereebeesseeaeens 90
2.2.3 Morphological characterization of the different secretory vesicles:
development of a novel HRP staining procedure for TEM ....................... 94
2.3 Msolp is required for fusion of secretory vesicles in sec15-1 cells................... 96
2.3.1 Deletion of MSO1 blocked fusion of Hsp150 transporting vesicles in
SECIS-T CRIIS 1ttt 97
2.3.2 The role of Msolp in the vesicle plasma membrane interface................ 100
2.4 Multiple pathways lead to the cell surface: Why the need for
divergent PAthways? .......ocieiiiiieierie e e 102
3. Hsp150 as a carrier for secretion of heterologous protein in yeast (III).......... 105
3.1 Aspects of recombinant protein eXpression in yeast........ccceevereereereeeeeneenne. 105
3.2 Hsp150 promotes the folding of heterologous fused proteins to active
and secretion COMPEtent fOIMS. .........eevverierierierie e ete et 106
3.2.1 Secretion efficiency of the Hsp150A carrier is higher than
the commonly used MFOL........ccoooiiiiiiiiiiiieieeeeee e 107
4. FINal remMATKS .......ooiiiiiiiiiiiiii ettt 112
ACKNOWLEDGEMENTS .....coooiiiiiiiiiiinneeeeee ettt 113

REFERENCES ..ottt 114



List of original publications

This thesis is based on the following publications, which are referred throughout the
article by their roman numerals

I) Karhinen L, Bastos RN, Jokitalo E, Makarow M. (2005).
Endoplasmic reticulum exit of a secretory glycoprotein in the absence of sec24p
family proteins in yeast. Traffic. 2005 Jul;6(7):562-74.

II) Bastos RN, Suntio T, Jokitalo E and Makarow M. (2008).
A selective protein transport route for secretion of Hsp150 occurs in the post-Golgi
secretory mutant secl5-1, Manuscript resubmitted to Traffic, 2008.

III) Makarow M, Hanninen AL, Suntio T, Bastos RN. (2006)
Production of heterologous proteins in yeast with the aid of the Hsp150A carrier.
Methods Mol Biol. 2006;313:333-43.



Abbreviations

ADP
ATP
ATPase
ARF
BiP
COP
CPY
Dol-P
ER
ERAD
GalNAc
GAP
GDI
GDP
GEF
GFP
GMP
Glc
GIcNAc
GPI
GTP
GTPase
HDSV
HRP
Hsp
kDa
LDSV
Man
M-Pol
NSF
OST
PDI
PLD
PMT
RNA
RNC
SDS-PAGE
Sfb
SNAP
SNARE
SPC

SR

SRP
TEM
TGN
TRAPP
UDP
UGGT UDP-Glc::
UPR

Adenosine diphosphate
Adenosine triphosphate

ATP phosphatase

ADP ribosylation factor
Immunoglobulin heavy chain binding protein
Coat protein

Carboxypeptidase Y

Dolichol pyrophosphate
Endoplasmic reticulum
ER-associated degradation
N-acetyl galactosamine

GTPase activating protein

GDP dissociation inhibitor
Guanidine diphosphate

guanine nucleotide exchange factor
Green fluorescent protein
Guanidine monophosphate
Glucose

N-acetyl glucosamine
Glycosylphosphatidylinositol
Guanidine triphosphate
Guanidine triphosphatase

Heavy density secretory vesicle
Horse radish peroxidase

Heat shock protein

Kilodalton

Light density secretory vesicle
Mannose

Mannosyl polymerase
N-ethylmaleidimide-sensitive factor
Oligosaccharyl transferase
Protein disulfide isomerase
Phospholipase D
Protein-mannosyl transferase
Ribonucleic acid

RNA-nascent chain complex
Sodium dodecyl sulfate-polyacrylamide gel electroforesis
Sed5 binding protein

Soluble NSF attachment protein
SNAP receptor

Signal peptidase complex

SRP receptor

Signal recognition particle
Transmission electron microscopy
trans-Golgi network

Transport protein particle

Uracil diphosphate

glycoprotein transferase

Unfolded protein response



Single letter code

Three letter code

Amino acid

A

“E< 3Ty AOUZICEARAR~T QDU O

Ala
Cys
Asp
Glu
Phe
Gly
His
Ile
Lys
Leu
Met
Asn
Pro
Gln
Arg
Ser
Thr
Val
Trp
Tyr

Alanine
Cysteine
Aspartic acid
Glutamic acid
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
Valine
Tryptophan
Tyrosine




Summary

Eukaryotic cells are characterized by having a subset of internal membrane
compartments, each one with a specific identity, structure and function. Proteins destined
to be targeted to the exterior of the cell need to enter and progress through the secretory
pathway.

Transport of secretory proteins from the endoplasmic reticulum (ER) to the Golgi
takes place by the selective packaging of proteins into COPII-coated vesicles at the ER
membrane. Taking advantage of the extensive genetic tools available for S. cerevisiae
we found that Hsp150, a yeast secretory glycoprotein, selectively exited the ER in the
absence of any of the three Sec24p family members. Sec24p has been thought to be an
essential component of the COPII coat and thus indispensable for exocytic membrane
traffic.

Next we analyzed the ability of Hsp150 to be secreted in mutants, where post-Golgi
transport is temperature sensitive. We found that Hsp150 could be selectively secreted
under conditions where the exocyst component Secl5p is defective. Analysis of the
secretory vesicles revealed that Hsp150 was packaged into a subset of known secretory
vesicles as well as in a novel pool of secretory vesicles at the level of the Golgi.
Secretion of Hsp150 in the absence of Sec15p function was dependent of Msolp, a
protein capable of interacting with vesicles intended to fuse with the plasma membrane,
with the SNARE machinery and with Seclp.

This work demonstrated that Hsp150 is capable of using alternative secretory pathways
in ER-to-Golgi and Golgi-to-plasma membrane traffic. The sorting signals, used at both
stages of the secretory pathway, for secretion of Hsp150 were different, revealing the
highly dynamic nature and spatial organization of the secretory pathway.

Foreign proteins usually misfold in the yeast ER. We used Hsp150 as a carrier to assist
folding and transport of heterologous proteins though the secretory pathway to the
culture medium in both S. cerevisiae and P. pastoris. Using this technique we expressed
Hsp150A-HRP and developed a staining procedure, which allowed the visualization of
the organelles of the secretory pathway of S. cerevisiae.



Introduction

INTRODUCTION

1. Principles of intracellular
membrane traffic

1.1 The exocytic pathway: an
introduction

Eukaryotic cells contain membrane-
enclosed compartments, called organelles,
which have specialized functions and
contain a unique combination of proteins,
lipids and cofactors. In order to conserve
their identity, structure and functional
dynamics, there has to be an organized
intracellular traffic to and from these
organelles. Only a few proteins can enter
these organelles directly from the cytosol.
Thus, most proteins have to be sorted and
further distributed to their final destination
(1, 2). They need to contain a signal peptide
in order to accomplish the first step of the
secretory pathway, this is, translocation
into the endoplasmic reticulum (ER).
From this point on they are transported

Seclp Secip
Sec2p Sec5p
Secdp Secép
Sec9p Sec8p
Sec17p | Sec10p
Sec18p = Secl15p
Vpsip Vps10p
Vps6p Vps15p
- PVC
Vps21p Vps34p
cis-Golgi Vpsd5p
I Sec17p Sec20p
Sec21p Sec18p Sec22p
Sec26p @
Sec27p Sec12p Sec21p Sec26p
* Sec13p Sec23p Sec27p
Sec16p Sec24p Sec31p
SecB1p SecB1p Sec63p
Sec63p Sec71p Sec72p
Bip/Kar2p Bip/Kar2p

in transport vesicles along the secretory
pathway, while being modified, and finally
delivered to their destinations. In addition
to maintaining the cell dynamics, the
secretory pathway is used for the delivery
of proteins, membrane and cell wall
components to the growing bud area as the
cell divides, and for secreting proteins to
the exterior of the cell.

The intracellular route of secretory
proteins was originally defined in
mammalian cells (3), and was shown to be
basically the same in S. cerevisiae by using
genetic analysis (4). The yeast secretory
pathway was initially defined using
temperature-sensitive secretory mutants
(sec) that reversibly accumulate exocytic
proteins at the restrictive temperature
of 37°C, whereas at the permissive
temperature (25°C) intracellular transport
is normal (5, 6). These conditional mutants
have provided the tools for investigating

Figure 1. A schematic illustration
of the yeast secretory pathway
and key proteins involved in
each transport step.

Protein translation from mRNA, is
initiated on free ribosomes in the
cytoplasm. Polypeptides are then
translocated into the ER lumen,
where they are modified and
folded into an active conformation.
For ER exit to occur proteins and
packaged into vesicular transport
carriers. Vesicles migrate to the
Golgi and release their cargo after
membrane fusion. In the Golgi
proteins are further modified and
sorted to their final destinations,
which can be either to the growing
bud (Plasma membrane, cell
wall or culture medium) or to
the vacuole. (PVC) prevacuolar
complex.

Vps8p Vps27
Vps33p
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the molecular mechanisms that regulate
and allow traffic through the secretory
pathway. Since then, the genes have been
identified and divided into functional
groups according to the transport step in
which they are involved (see Figure 1).

1.2 Membrane-enclosed compartments

with individual properties

Eukaryotic cells have membrane-
enclosed compartments. The existence
of a membrane separating the lumen of
the organelles from the cytosol permits
the creation of unique and individual
environments, which allow special
reactions to occur that would not be capable
of occurring in the cytosol. In Figure 2,
transmission electron microscope pictures
of a yeast cell can be found depicting the
different organelles typically found within
the cell.

Nucleus. The nucleus is the largest
organelle in the eukaryotic cell and is
easily visible with the light microscope.
It is separated from the rest of the cell
by an envelope consisting of an outer
and inner nuclear membrane. The region
between the two is the perinuclear space
and is continuous with the lumen of the
ER. Almost the entire DNA of the cell is

located within the nucleus, which is the
compartment for storage, replication and
expression of genetic information. Nuclei
often contain a nucleolus, or some times
several, which are the sites of ribosome
formation.

Mitochondria. Mitochondria are
the energy power station of the cell.
They are delimited by two membranes,
a smooth outer membrane and a folded
inner membrane that encloses the matrix.
The folds are referred as cristae and the
space between membranes is called the
intermembrane space. Components of the
respiratory chain and ATP synthesis reside
within the inner mitochondrial membrane.
The main function of the mitochondria is
the oxidative degradation to CO, and H,0
of energy-yielding substrates coupled with
the synthesis of ATP, which is the major
energy storage form used by the cell to
drive reactions. Mitochondria probably
evolved from aerobic prokaryotic bacteria
living in symbiosis with anaerobic host
cells (endosymbiotic theory) and hence
have their own DNA (mtDNA), which
is used to synthesize some of their own
proteins.

Endoplasmic Reticulum (ER). The
ER is a large intracellular compartment

Figure 2. Electron micrographs depicting the different organelles within a yeast cell.
Nucleus (N), endoplasmic reticulum (ER), Golgi complex (G), mitochondria (M), peroxisomes
(P), vacuole (Vac), plasma membrane (PM) and cell wall (CW).
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that extends throughout the cytoplasm. It
can be subdivided into to two types, the
rough ER (RER) and smooth ER (SER).
The RER have many attached ribosomes,
and is thus the site of protein biosynthesis.
Most of the proteins synthesized at
the SER undergo post-translational
modifications and are transported to their
final destination by transport vesicles, or
then remain within the ER.

Golgi Apparatus. Like the ER, the
Golgi is a complex network of membrane-
enclosed sub-compartments. There are cis,
medial and trans-Golgi regions. The main
function of the Golgi is protein maturation
(phosphorylation, modification of glycans,
and processing by proteolytic cleavages
for example) and sorting of proteins to the
various targets within the cell.

Vacuole. The main function of the
vacuole is the enzymatic degradation of
various cellular components, as well as
nutrients taken up from the surrounding
environment via endocytosis. For this
purpose vacuoles are filled with different
types of degradative enzymes, hydrolases
with acidic pH optima. Vacuoles also act
as storage compartments of amino acids
and detoxification components.

1.3 A model for vesicle-mediated
transport

It often takes only seconds for a secretory
vesicle to move between intracellular
organelles. But this very rapid traffic is
also very selective. Only a subset of the
proteins and lipids in the donor membrane
are allowed into the transport vesicle,
thus permitting membraneous organelles
to maintain their identity. During the
formation of the vesicle, a specific set
of proteins, including the coat proteins
COPI, COPII and clathrin, carries out a
sequential set of actions that lead to the
budding of vesicles. Coat components

are required to generate highly curved
membrane and to select cargo into them.
After vesicle fission, uncoating takes place
and the naked vesicle is allowed to fuse
with the target membrane. The budding
reaction is generally regulated by the
small G proteins of the ARF family, which
in the GTP-activated state initiates coat
assembly at the bud site. Coat disassembly
then results when GTP is hydrolyzed to
GDP (reviewed in (7, 8)) (Figure 3).

COPI and COPII coated vesicles are
used in the anterograde and recycling
pathways between the Golgi and the ER
- COPI from the Golgi to the ER and intra-
Golgi cisternae, and COPII from ER to
the Golgi. The clathrin-coated vesicles are
used in two major routes, from the plasma
membrane to the early endosome and from
the Golgi to the endosome. It should be
noticed that tubular transport containers
also exist in traffic between organelles (9,
10). Their formation should follow the
same principles as explained above.

1.4 Rab GTPases as molecular switches
The Rab proteins constitute a family
of GTPase proteins, that together with
other proteins take part in the transport
of vesicles, controlling the docking and
fusion of vesicles to the target membranes.
Many of the transport vesicles only form
if specific Rab and SNARE proteins are
coupled on their membrane, thus allowing
the vesicle to correctly fuse. Rab proteins
play an important role in the specificity
of vesicular transport. As with the
soluble NSF attachment protein receptor
(SNARES), each Rab protein has a unique
distribution at the cellular membranes and
each organelle has at least one type of
Rab on its cytosolic surface. Rab proteins
are known for facilitating and regulating
the tethering and fusion of the vesicles,
cargo sorting and cytoskeleton-dependent
transport.
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1. RabGTP activation
Coat recruitment

2. Coat polymerization

4. Coat disassembly

3. Vesicle budding

Figure 3. Model for the sequential assembly and formation of coated vesicles.

1. RabGTP activation and coat recruitment. The guanyl exchange factor (GEF) recruits
and activates the Rab by exchange of the bound nucleotide. Activated Rab in the GTP form
then recruits set of protens that function as a coat. 2. Coat polymerization. Additional coat
component are recruited and cargo intended for exit are packaged into the forming vesicle at
this stage. Transmembrane cargo directly interact with the coat proteins, while soluble cargo
interact via adapter proteins. 3. Vesicle budding. Polymerization of the coat leads to membrane
deformation and formation of a vesicle. Vesicles scission between the neck of the vesicle and the
donor compartment is severed either by direct action of the coat or by accessory proteins. 4. Coat
disassembly. After the vesicle has been released from the membrane, various events including
inactivation of the small GTPase, phosphoinositide hydrolysis, and the action of uncoating
enzymes lead to uncoating of the vesicle thus exposing proteins on the membrane, which are

involved in subsequent membrane fusion reaction.

1.4.1 The Rab GTPase cycle

As with all the other GTPases, Rab
proteins circulate between membrane and
the cytosol. When in the GDP form, they
are inactive and present in the cytosol. In
the GTP form, they are active and coupled
to membranes. An enzyme, guanine
nucleotide exchange factor (GEF),
catalyzes the change of GDP for GTP,
which leads to a conformational change
in the Rab (exposure of two isoprenoid
lipids) that allows it to anchor itself to the
membrane (Figure 4). Once in the GTP
form it recruits a specific subset of proteins,

called effectors, to particular sites on the
membrane and facilitate their assembly
into larger complexes. These effectors
carry out the downstream functions
associated with the Rab protein. The
GTP hydrolysis is facilitated by GTPase
activating proteins (GAPs) and returns the
Rab into the GDP form. A protein called
Rab GDP dissociation inhibitor (GDI)
removes the Rab GDP from the membrane
and solubilizes it, restoring the cytosolic
reservoir. Reattachment of the Rab to the
membrane for a new cycle is facilitated
by GDI displacement factors (GDF)
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Figure 4. Model of the RabGTP cycle

RabGTPases cycle between the cytosol and the membrane where they recruit a subset of effector
proteins, which carry downstream events. See text for details. Guanine nucleotide exchange
factor (GEF), GTPase activating proteins (GAPs), Rab GDP dissociation inhibitor (GDI), GDI

displacement factors (GDF).

(reviewed in (11)). For this controlled
mechanism that leads to a downstream
action triggered by the hydrolysis of GTP,
Rab proteins are often seen as molecular
switches, which regulate and synchronize
the sequential steps required in all aspects
of intracellular membrane traffic.

1.5 Tethering factors
In addition to SNARESs, other proteins
participate in the pairing of two opposing
membranes. Tethering factors recognize
two target membranes and help bring
them into close proximity, thus allowing
pairing of the t- and v-SNAREs. Their
ability to interact with Rabs and SNARE: ,
together with their restricted subcellular
localization, suggest that tethers help
determine the specificity of membrane
fusion (reviewed in (12, 13). As examples
we can find the transport protein particle
TRAPP I in ER to Golgi, TRAPP II in
intra-Golgi, GARP in early endosome/
PVC to Golgi and the exocyst in Golgi to
plasma membrane fusion events.
Tethering factors may be divided into
two families: long coiled-coil proteins
such as pll5, or large multisubunit
complexes such as the exocyst complex.

Unlike the Rab and SNARE families
where different members share a common
mechanism of action, the different
tethers may facilitate membrane traffic
through distinct mechanisms. Tethering
factors have been implicated in different
aspects of intracellular traffic such as
bridging of membranes, SNARE complex
assembly, cargo selection, coat dynamics,
cytoskeleton-linking and signaling events.

1.5.1 Bridging of membranes

One feature associated to tethers is
the physical association of transport
intermediates to the target membranes,
in a step that precedes SNARE paring
and membrane fusion. As the vesicle
approaches, tethering factors (exemplified
in Figure 5 by TRAPPI complex) can
bridge two opposing membranes at
distances more than 200 nm, where t- and
v-SNARESs cannot physically interact yet.
The tethering complex may then bring the
vesicle into close proximity to the target
membrane, where the SNARE pairs form
a complex. The assembly of the SNARE
complexes then leads to the fusion of
the transport vesicle with the target
membrane.
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1. Approach

2. Tethering 3. Pairing

Figure 5. Schematical representation of the role of tethering complexes.

1. Approach. The vesicle moves close to the target membrane compartment, possibly guided by
the action of the cytoskeleton. 2. Tethering. The vesicle then becomes tethered to the acceptor
compartment by the combination of a GTP bound Rab and a tethering factor. This step occurs at
a distance where v- and t-SNAREs do not interact. 3. Pairing. The tether then brings donor and
target membrane into close proximity where the SNARESs can assemble into a four-helix bundle.
This “trans-SNARE complex” then promotes fusion of the vesicle and acceptor lipid bilayers.

1.6 SNARE hypothesis and specificity
of vesicular transport

SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein
receptor) proteins are considered to be
the key components that drive membrane
fusion in all trafficking steps of the
secretory pathway (reviewed in (14)).
SNARE proteins form a superfamily
of small proteins with a characteristic
SNARE motif (stretch of 60-70 amino

acids arranged in heptad repeats). At the
C-terminus, most SNAREs have a single
transmembrane domain, or then are subject
to post-translational modifications that
lead to their insertion into the membrane.
Variations in the N-terminal region lead
to the classification of the SNAREs into
different subgroups.

SNAREs mediate membrane fusion
by forming a helical complex of elongated
coiled-coils of four parallel a-helices, each

Figure 6. Membrane fusion is mediated by the formation of SNARE complexes between
donor and acceptor compartments.

A general model for the regulation of SNARE assembly in membrane fusion events is shown.
Prior to membrane docking, donor and acceptor bilayers undergo a tethering process, mediated
by Rab GTPases and tethering complexes (see Figure 5), thus bringing frans-SNARE complexes
on apposed membranes within close proximity. At this stage members of the Sec1/Munc18 family
are recruited, which might promote the formation of a trans-SNARE complex between the two
membranes or maintain the primed complexes in a metastable intermediate (represented as a
plus or minus signals respectively). After input by some fusogenic signal, the SNARE regulators
are released, which allows for the full zippering of the trans complexes from their membrane-
distal to membrane proximal ends, this bringing the two membranes into close proximity. Bilayer
fusion between the two membranes then occurs (depicted here according to the stalk hypothesis).
Subsequently the four-helix cis-SNARE bundle is disassembled by NSF (Sec18p in yeast) and its
partner o-SNAP (Secl7p in yeast) and the v-SNARE is recycled back to the donor compartment.
See text for further details concerning the regulatory mechanisms. SNAREs (v-SNARE = yellow;
SNAP-25-like t-SNARE = green and blue; syntaxin-like t-SNARE = purple).
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one contributed by a different SNARE,
between two opposing membranes. At
the central layer of this complex, the “0”
layer, there are 4 conserved residues,
3 glutamines (Q) and one arginine (R).
The contributing SNARE motifs are
thus classified as Qa-, Qb, Qc- and R-
SNAREs.

Mechanisms of forming

SNAREs are broadly distributed
throughout the secretory pathway and
at the membrane they target for. NSF
(N-ethylmaleimide-sensitive factor, or
Sec18p in yeast) guarantees that a free
pool of SNAREs is always present.
Before a SNARE complex between donor
and acceptor can form, the SNAREs on

Mechanisms of preventing
SNAREs from entering into
acceplor complexes
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the target membrane form a partially
helical Qabc intermediate (see Figure
6). The formation of this intermediate is
rate limiting, but highly reactive after
formed. Factors such as Seclp/Muncl8
(SM) family members may bind to
these intermediates and stabilize them
until a R-SNARE is incorporated into
them. SNAREs are thought to drive
membrane fusion through the formation
of the 4 helical bundle, starting at the
N-terminus and proceeding to the C-
terminus, and hence the term Zippering.
Central to this zipper-like assembly
model, is the formation of the SNARE in
trans-configuration; i.e. where SNARESs
participating in the SNARE complex
reside in two opposing membranes. As
the SNARE complex assembles in the
N to C terminus direction, “zippering
up”, they exert mechanical forces on the
membranes bringing them into close
proximity while deforming there normal
curvature, thus facilitating the formation
of the stalks required for fusion. After
fusion, the SNARE complexes are now in
the cis-orientation, i.e. they reside on the
same membrane. These complexes remain
biologically inactive until they dissociate.
The disassembly requires energy (ATP),
NSF and SNAPs (soluble NSF attachment
proteins or Secl7p in yeast) that together
dissociate the complex. After disassembly,
some of the SNARESs are returned to their
original compartment by intracellular
membrane traffic. As a consequence,
SNARESs exist not only on the organelle
for which they mediate membrane fusion,
but also on the organelles involved in
their recycling. Thus, there needs to be
a temporal and spatial regulation of the
events leading to membrane fusion, to
avoid incorrect membrane fusion events.

1.6.1 SNARE regulation
SNARES are considered to be the elements
that drive membrane fusion, and hence the
names fusogens or engines for membrane
fusion. Thus, while being a central element
to the fusion of two membranes, they
alone are insufficient. Additional proteins
are required to mediate membrane fusion
in vivo. Many of these factors, which can
be called SNARE regulators, play a role
in the assembly and ability of SNARE:s to
form such complexes (reviewed in (15)).
Regulation of SNARE activity is crucial
for the maintenance of the organelle
identity. In this sense, regulators may
bind to SNAREs early in the secretory
pathway to avoid cognate SNAREs from
forming until they reach their appropriate
destination. SNAREs tend to be broadly
distributed, but on the other hand fusion
events tend to occur in localized regions,
for example in polarized delivery to the
bud tip of the yeast. In this sense only
SNARESs in the fusion region need to be
activated. Thus some factors may promote
the formation of these frans-complexes
in these regions while others may restrict
the activation of SNAREs in regions
distant to the site of fusion. When SNARE
complexes form, they exist in a metastable
state (loose trans-complex). SNARE
regulators may bind at this stage and either
promote the zippering up or then stabilize
this state until certain stimulus occurs (e.g.
regulated exocytosis). Thus, SNAREs may
be seen as switches that favour (match-
makers) or inhibit (match-breakers) the
assembly of SNARE complexes (15).
Sec1l/Muncl8 (SM) family. SM
family members bind to the syntaxin
(Qa-) class of t-SNARESs in both yeast
and mammalian cells. A feature of the
syntaxin class is that they have a N-
terminal regulatory domain (Habc) folded
as a three helice bundle that may fold back
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onto the SNARE motif, located in the C-
terminus, and form an intra-molecular
four-helix bundle, called the “closed”
conformation (16). In yeast, SM family
members (Seclp for example) may bind
to preassembled SNARE complexes
activating them, and prevent the folding
back of the Habc domain. In cases where
the syntaxin N-terminus does not form a
closed conformation (Sed5p or Tlg2p),
SM family members (Slylp or Vps45p)
may bind to the N-terminal peptide of
the regulatory domain (17, 18). Yeast
SM family members favour the transition
of inactive to active t-SNARE and thus
promote the assembly of the SNARE
complex. In contrast, in mammalian cells,
SM family members (Muncl8a) bind to
the closed conformation of syntaxin and
were therefore initially thought to prevent
SNARE assembly. Although SM family
members appear to play opposing roles
in yeast and mammalian cells, recent
evidence suggest a positive role for them,
by preventing for example oligomerization
between syntaxins, or by inhibiting their
association with other SNAREs while
trafficking to their final destination (19).
Synaptotagmins and Munc13/Unc-
13. These regulators are found exclusively
in higher eukaryotes and mediate stimulus-
coupled exocytosis.
Synaptotagmins have a C2 domain
that works as a calcium sensor and
hence mediates stimulus-coupled
secretion. Binding of synaptotagmins
to the metastable SNARE complexes
inhibits complete zippering up until the
influx of calcium. Upon calcium influx
synaptotagmins facilitate assembly of the
SNARE complex leading to fusion of the
docked vesicles (15).
Munc13/Unc-13 contains a C1 domain
that is sensitive to diacylglycerol and
binds to the N-terminal regulatory domain

of syntaxins. Munc13/Unc-13 may favour
SNARE complex assembly by promoting
the change from closed to the open state of
syntaxin (15).

LMAI1. Lmalp binds to the t-
SNARE (Vam3p) involved in vacuolar
fusion in yeast that is normally found
in cis-complexes. After disassembly of
the cis-SNARE complexes by Secl8p,
Lmalp is transferred from Secl8p to the
t-SNARE Vam3p, and prevents Vam3p
from reentering into a cis-complex.
Vam3p- Lmalp thus enters a fusion cycle,
when the SNAREs form a tight trans-
complex. The concerted action of calcium,
calmodulin and phosphatase activity lead
to the release of Lmalp from Vam3p, and
the bilayers fuse (20).

Phosphorylation as a mechanism of
regulation. Internal and external signals
in the cell lead to signaling cascades that
culminate in the activation or repression
of kinases and phosphatases. Regulation
of intracellular transport by protein
phosphorylation allows the cell to couple
vesicular traffic with the prevailing
conditions. Recently many of the elements
involved in the fusion event, such as
Rabs, tethering factors, SNAREs and their
regulators are subject to phosphorylation.
In general phosphorylation seems to
favour the binding of the SNARE
regulator at the expense of their binding
SNARE, thus disrupting the formation of
acceptor complexes, and hence inhibiting
the fusion of two membranes. For example
phosphorylation of the NH2-domain of
syntaxin (Sso1/2) inhibits the binding of
its partner t-SNARE SNAP-25 (Sec9) and
thus prevents the formation of acceptor
complexes (21).

Vsml. Vsmlp is capable of binding
to the yeast t-SNARE syntaxin Ssol/2p,
after the latter has been phosphorylated
(22). The binding of Vsmlp to Ssol/2p
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prevents binding of the t-SNARE partner
Sec9p, thus preventing the formation of
acceptor complexes for posterior fusions
events to occur (23).

2. Endoplasmic Reticulum

2.1 Entry into the exocytic pathway
Proteins destined to enter the ER can be
divided into two groups: a) soluble proteins
that are secreted to the exterior of the cell
or remain in the lumen of an organelle
such as the ER, Golgi or vacuole and b)
membrane proteins, such as those present
in the plasma membrane and those on the
membranes of the secretory organelles.

The synthesis of most exocytic proteins
begins on free ribosomes in the cytosol.
The presence of a 15 to 50 residue signal
peptide at the N-terminus of the nascent
polypeptide chain directs the ribosome to
the ER membrane and initiates transfer
of the growing polypeptide across the ER
membrane (24). The newly synthesized
polypeptide thus enters the exocytic
pathway. Translocation of the polypeptide
into the ER lumen can occur either
cotranslationally or posttranslationally.
In mammalian cells, translocation of
proteins into the ER occurs primarily
cotranslationally, i.e. simultaneously with
protein synthesis, whereas yeast is capable
of using both pathways (25). The reason
for this may be that in fast growing cells
translocation may not always keep pace
with translation (26).

2.1.1 Signal peptides

The decision on the translocation mode is
determined by the hydrophobicity of the
signal peptide. The signal peptide (from
15 up to more than 50 amino acids) is
composed by an essential hydrophobic
central region, called the h-region of 6 to
15 amino acids. The h-region is flanked
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by two polar regions, the n-region located
N-terminally and the c-region located
to the C-terminus. Within the c-region,
a cleavage site for the ER-located signal
peptidase is present, resulting in removal
of the signal peptide (27).

The more hydrophobic the signal
peptide, more likely the polypeptide will
be translocated cotranslationally. This
is mainly due to the signal recognition
particle (SRP), which mediates
cotranslational translocation, associates
with the h-region within the signal peptide.
Less hydrophobic cores do not bind SRP,
and thus these polypeptides use the post-
translational route (28). Both translocation
pathways require specific targeting of the
polypeptide to the site of translocation

2.1.2 Co-translational translocation

In cotranslational translocation,
synthesis of the polypeptide is coupled
to translocation or insertion into the
ER membrane. Essential to this type of
translocation is the presence of the signal
recognition particle (SRP) and its ER
membrane-bound receptor (SR).

When a protein is being synthesized,
the SRP recognizes the signal peptide that
emerges from the ribosome and directs
the polypeptide with the ribosome to
the ER membrane (for review see (29)).
Two domains, the S domain and the Alu
domain constitute the SRP (Figure 7).
The S domain mediates signal peptide
binding and docking to the SR, while the
Alu domain is responsible for a transient
delay in translation, i.e. elongation arrest
(30, 31). The SRP of higher eukaryotes is
composed of six proteins SRP9, SRP14,
SRP19, SRP54, SRP68 and SRP72
assembled on the SRP RNA 7SL (25). The
yeast SRP homolog is also composed of 6
proteins (Srpl4p, Srp21p, Srp54p, Srp65p,
Srp68p and Srp72p) assembled on scR1
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Transfer of the polypeptide
to Sec61 complex.
Translocation through the ER membrane

SRP binds to Signal sequence SRP binds to SR
Elongation arrest on ER membrane

Figure 7. SRP-mediated co-translational translocation.

In cotranslational translocation, the ribosome is bound to the translocon (Sec61 complex; Sec61p,
Sslp and Sbhlp), and translocation and translation occur simultanously. The N-terminal signal
peptide (yellow box) is recognized by the signal recognition particle (SRP) as soon as it emerges
from the ribosomal polypeptide exit tunnel. In eukaryotes peptide elongation is temporarily
arrested upon the formation of the SRP-RNC complex (RNC, ribosome nascent chain complex).
This complex is then targeted to the ER membrane by binding to its receptor SR. The nascent
polypeptide is then transferred to the Sec61 complex and translocated into the ER lumen as
translation of the remaining mRNA (green) proceeds. The ER chaperone Kar2p/BiP, in the ADP
from, binds to the emerging polypeptide. Thereafter the polypeptide looses its signal peptide.
Structures: Schematic overview of the mammalian SRP bound to the signal sequence carrying
80S ribosome (RNC) based on a cryo-EM structure (Wild ef al., 2004). The S and Alu domains
of SRP are illustrated. The 40S and 60S ribosomal subunits are yellow and grey respectively.
Reprinted, with permission, from Nature Structural & Molecular Biology, Volume 11, Number
11 (c) 2004.

The Methanococcus jannaschii SecY complex viewed from the cytoplasm. (Osborne et al., 2005).
The N-terminal domain of SecY (TMDI1-5) is shown in dark blue with TMD2b in bright blue.
The C-terminal domain (TMD6-10) is shown in red, with TMD?7 shown in yellow. The plug that
blocks the pore of the closed channel (TMD2a) is shown in green. The SecE and Secp subunits
are shown in white.

Cytosolic view of E. coli SecY channel, with the plug modeled in its open position (Osborne et
al., 2005). The asterisk indicates the region where introduced cysteines resulted in cross-links
between the plug and the TM segment of SecE.

Reprinted, with permission, from the Annual Review of Cell and Developmental Biology, Volume
21 (c) 2005 by Annual Reviews
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RNA, except that there is no SRP9 and
there are two copies of Srpl4p in yeast
(31). SRP54 constitutes the universally
conserved region of the S domain and
is responsible for the signal sequence
binding (32, 33) and the GTP-dependent
SR interaction (34, 35). The SRP9, SRP14
and the SRP RNA 7SL form the Alu
domain (36, 37).

The SRP binds to the signal peptide
as it emerges from the ribosome and then
targets the ribosome-nascent chain (RNC)-
SRP complex to the ER by interacting
with ER-membrane bound SR. At this
stage the elongation arrest induced by
the Alu domain provides a longer time
frame for the interaction to take place.
The elongation arrest is not essential
for translocation to occur but increases
translocation efficiency (38).

The ER membrane-bound receptor
SR is a heterodimeric complex composed
of SRa and SR} in mammals (39, 40) and
its homologues Src101p and Src102p in
yeasts (41, 42). SRa/Src101p is a GTPase
and SRB/Src102p is responsible for
anchorage to the ER.

Binding of GTP by SRP54 and
SRa, helps stabilize the complex formed
between SRP and SR and initiates the
transfer of the signal peptide from the
SRP54 subunit to the Sec61ca component
of the Sec61 complex at the translocation
site. Hydrolysis of GTP by both SRP54
and SRa is required to dissociate the SRP-
SR complex and to resume polypeptide
synthesis (43).

The Sec61 complex is composed
of three subunits, Sec61a, Sec61fB and
Sec61y in mammals. The yeast homolog
counterparts are called Sec61p, Sbhlp and
Ssslp in S. cerevisiae (44). Ss1p in yeast is
also present in a second trimeric complex,
called the Sshlp complex together with
Ssh1p and Ssh2p, homologues of Sec61p
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and Sbhlp, respectively. Sshlp has been
proposed to function in the cotranslational
pathway since it interacts with membrane-
bound ribosomes but not with components
involved with the posttranslational
pathway (45).

The largest subunit of the Sec61
complex is the Sec6la subunit and
spans the membrane ten times (44). The
protein-conducting channel formed by the
Sec61 complex is a passive pore, i.e. the
polypeptide can slide in either direction,
and therefore the channel requires
accessory proteins to provide the driving
force to ensure that the polypeptide slides
into the ER. In the case of cotranslational
translocation the force is provided by GTP
hydrolysis that occurs during translation
(46). Although the channel is passive, a
tight seal ensures that no ions or proteins
traverse freely the pore. There is a short
helix in the Sec61a-subunit (TM2a) that
functions as a plug. It slides back upon
binding of a ribosome and the signal
peptide to the a-subunit, opening the pore
for translocation (47). Once the signal
peptide is connected to the Sec61 channel
walls, the peptide region distant to the
signal sequence is pushed through the
pore and prevents the plug from returning
to the closed state. Although translocation
occurs through one pore of the Sec61
complex, the actual translocation complex
is composed of four Sec61 complexes.
Two of them are associated side by
side, with each dimer being packed
in a back-to-back fashion (48). The
oligomerization of the translocation
channel may recruit additional factors
such as TRAM (membrane chaperone)
and TRAP (unknown function), that
may play important roles for example in
translocation of transmembrane proteins,
or increase the surface area available to
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bind the ribosome, increasing the stability
of the connection (48, 49).

The polypeptide chain then elongates
into the ER lumen where the signal
peptide is cleaved off by the signal
peptidase and is rapidly degraded. The
polypeptide continues to elongate through
the translocon into the ER lumen.

After the translation is completed, the
ribosomes are released, the C-terminus
of the protein is drawn into the ER
lumen, the short a-helix that constitutes
the plug slides black closing the pore,
and the translocated protein assumes its
conformation.

Transmembrane proteins may be
orientated differently depending on
the flanking amino acids of the first
transmembrane region (for a more detailed
explanation see (50)). The transmembrane
region is composed of hydrophobic
amino acids usually arranged as a-
helical regions of 20 to 25 residues. This
sequence, called stop-transfer sequence,
blocks further translocation of the
polypeptide into the ER, the ribosome is
released from the translocation apparatus
and finishes its job in the cytosol. In the
case of a multispanning protein, the first
transmembrane region often determines
the orientation of the subsequent ones,
which alternate correspondingly. During
the synthesis of a membrane protein, the
transmembrane segments move from
the aqueous interior of the Sec61channel
through a lateral gate into the lipid phase
of the ER membrane (47). Proteins can
also be anchored in the ER membrane by
internal signal peptides that are not cleaved
by signal peptidase. Proteins that span
the membrane multiple times may result
from alternating series of internal signal
peptides and stop-transfer sequences.

Cleavage of the signal peptide, N-
linked glycosylation and folding of the

polypeptide are essential cotranslational
events. Since folding of many protein
precursors occurs simultaneously with
cotranslational translocation, the activity of
luminal proteins such as protein disulfide
isomerase (PDI) and the chaperone BiP/
Kar2p may be added to the list of functions
required for successful translocation (51).

2.1.3 Post-translational translocation

Eukaryotes have the capacity of
translocating proteins post-translationally,
i.e. after they have been fully synthesized
in the cytosol and released from the
ribosome. These proteins have a less
hydrophobic signal peptide, and may
therefore not interact with the SRP during
their synthesis (28). Posttranslational
translocation was determined in S.
cerevisiae (52, 53) and requires a seven-
component Sec complex constituted by
the Sec61 complex (the same used in
cotranslational-translocation), and the
Sec62/63 complexes together with the
luminal BiP/Kar2p, a member of the Hsp70
family of ATPases (54, 55). The Sec62/63
complex is composed of Sec62p and
Sec63p, and the nonessential components
Sec71p and Sec72p. The yeast Sec61
complex components are Sec61p, Sbhlp
and Ssslp, and those of the Sec62/63
subcomplex are Sec62p, Sec63p, Sec71p
and Sec72p. The mammalian homologue
of Sec62/63 subcomplex lacks Sec71p and
Sec72p homologs (56, 57). Presumably, the
completed polypeptide chain is presented
to the ER membrane in a complex with
cytosolic chaperones that cycle on and off,
and like in cotranslational translocation,
the Sec61 complex serves as the channel.
The signal peptide binds initially to
the Sec61p component of the Sec6l
complex and directs the polypeptide to the
translocation channel (58). While bound to
Sec61p, the signal peptide simultaneously
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contacts Sec62p of the Sec62/63 complex
(59) (Figure 8). When the signal peptide is
bound to the posttranslational translocation
complex, the cytosolic chaperones are
released, thus helping the passive forward
movement of the polypeptide (60). Since
the polypeptide in the channel can slide
in either direction, the driving force to
ensure the correct direction is provided
by BiP/Kar2p. Binding of BiP/Kar2p to
the polypeptide prevents its sliding back,
and hence posttranslational translocation
is thought to occur through a ratcheting
mechanism (53). BiP/Kar2p has a peptide-
binding pocket that is open in the ATP
form and closed in the ADP form. BiP-
ATP binds to a lumenal region of Sec63p

.........................................

b

J domain

Protein is kept in the
unfolded state by
cytosolic chaperones

Figure 8. Post-translational translocation.

Protein is targeted to
the Sec61 and Sec62/63
complex by its signal sequence

called the J domain that is close to the
incoming peptide. The interaction of BiP
with the J domain activates ATP hydrolysis
and the peptide pocket closes, capturing
a region of the incoming polypeptide.
The peptide-binding pocket shows no
sequence specificity when activated by the
J domain and the location of the J domain
guarantees that BiP/Kar2p activation only
occurs in close proximity to the incoming
polypeptide (61, 62), ensuring that no
backsliding occurs. The polypeptide
moves forward by Brownian motion,
other molecules of BiP/Kar2p bind to it
and this process continues until the whole
polypeptide has been translocated. After
the polypeptide has moved away from

.................

J domain of Sec63
activates hydrolysis by BiP
Binding of BiP avoides the
sliding back of the protein

After it is synthesized in the cytosol, the polypeptide is released from the ribosome. The
polypeptide is kept in solution in a loosely folded state by cytosolic chaperones of the Hsp70
family. The signal peptide targets it to the translocation channel, which is formed by the Sec61
complex and the Sec62/63 complex. Polypeptide binding to Sec62/63 induces conformational
changes that lead to the transfer of the signal peptide to the Sec61 complex and the polypeptide
is initially translocated through the channel. The J-domain of Sec63 stimulates ATP hydrolysis
by the ER chaperone Kar2p, which binds to the translocating polypeptide in the ADP bound form
and prevents it from slipping back into the cytosol. When the polypeptide has moved a sufficient
distance into the ER lumen, another Kar2p molecule can bind to it. This process is repeated until
the polypeptide chain has passed through the channel. Kar2p is released from the polypeptide
upon exchange of ADP for ATP, which opens the peptide-binding pocket.
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the channel, exchange of ADP for ATP
on BiP/Kar2p releases it for a new cycle

and rebinding to the polypeptide does not
occur (61).

2.2 Protein maturation in the ER

After translocation of the polypeptide
into the ER, the protein needs to adopt
the correct final conformation to be
fully functional. For this purpose the
polypeptide undergoes a series of post-
translocation modifications that are
initiated in the ER, such as signal peptide
cleavage, glycosylation and formation of
disulfide bonds. All of these processes
are required for the protein to fold into
its correct and active three-dimensional
conformation.

2.2.1 Signal peptide cleavage
Maturation in the ER begins by the removal
of the signal peptides while the protein is
being translocated or then shortly after. In
the case where the signal peptide serves as
the membrane anchoring transmembrane
domain it remains uncleaved. The signal
peptidase is a complex called the signal
peptidase complex (SPC). The mammalian
SPC is composed of five components
SPC18, SPC21, SPC22/23, SPC25 and
SPC12 (63). The yeast SPC consists of four
components, Secllp, Spclp, Spc2p and
Spc3p (64, 65), where the core catalytical
domain is constituted by the essential
Spc3p and Secllp components (66, 67).
Spclp and Spc2p are non-catalytical and
are not essential for the overall function.
They are tightly associated in the SPC
and their role may be in assisting the
interaction with the translocation channel
and in enhancing the overall activity of the
SPC (68, 69).

When a protein is being translocated,
the SPC is recruited to the translocation
channel and interacts with members of

the Sec61 complex. In mammalian cells,
SPC21 interacts with the Sec61-subunit
(70), whereas in yeast the interaction
with Sbhlp and Sbh2p (homologues of
Sec61p-subunit) is mediated by the Spc2p
component (69).

2.2.2 Core-glycosylation

The most common modification of
proteins that enter the ER is glycosylation.
The addition of glycans has been shown
to be important for a variety of functions.
The glycans are important in the folding of
the protein and serve as signals for quality
control. They play a role in conferring
stability to proteins, by protecting them
from pH-inflicted denaturation and from
proteases. They can also be involved in
targeting and signaling events. Addition
of different glycan chains may also help
creat different isoforms of the same
protein, which would allow an increase in
their specificity. From yeast to mammalian
cells, glycans are generally added to amino
(N-glycosylation) or hydroxyl groups
(O-glycosylation) of specific amino acid
residues (reviewed by (71-73).

2.2.2.1 N-linked glycosylation

In general, N-glycosylated proteins
are secretory proteins that are either
exported to the plasma membrane, or
to the extracellular matrix, or then to
the cell wall (72). N-linked core glycans
are added from a lipid carrier (dolichol-
pyrophosphate) to the protein en bloc
in the lumen of the ER. In Figure 9 the
biosynthesis of the core oligosaccharide
Dol-PP-GleNAc,Man,Glc, is shown.
The core glycan, which has a defined
structure in virtually all eukaryotes,
results from the sequential addition of
monosaccharides in a reaction catalyzed
by monosaccharyltransferases in the
ER membrane (74-76). Synthesis starts
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in the cytosol by the transfer of N-
acetylglucosamine phosphate from UDP-
GIcNAc to the carrier Dol-P, creating
GlcNAc-PP-Dol, in a step that is inhibited
by tunicamycin. After addition of 6 more
monosaccharides (one GLcNAc and five
mannose residues) donated by UDP-
GLcNAc or GDP-Man, the glycan chain
moiety is flipped across the ER membrane
to its luminal side, by an ATP-independent
bi-directional flipase. In yeast Rftlp is
responsible for this event (73). In the
lumen, four additional mannoses and
three glucoses are added sequentially and
specifically creating the final branched
glycan core. In the ER lumen, the lipid-
activated sugars Dol-P-Man and Dol-P-
Glc serve as donors. The addition of the
terminal a-1,2 linked glucose residue is of
special importance, since it is required for
efficient recognition by the ER-resident
oligosaccharyl transferase (OST) (71,
77). OST is responsible for the transfer
of the oligosaccharide core to the amino
group of the asparagine residue of the
consensus sequence Asp-X-Ser/Thr, where
X may be any amino acid except proline.
OST is composed of 8 proteins, Wbplp,
Swplp, Ost2p, Ostlp, Ost5p, Stt3p,
Ost3p/Ostop and Ostdp arranged in 3 sub-
complexes. Wbplp, Swplp, Stt3p, Ostlp
and Ost2p are essential, but cells lacking
the other three genes exhibit defects in
N-glycosylation and growth (reviewed
by (78)). All yeast OST components,
except Ost4p and Ost5p, have mammalian
homologues (79). The yeast Stt3p has
two homologues in mammalian cells,
STT3-A and STT3-B, and the Ost3p/
Ost6p are homologous to the mammalian
N33 and IAP. The formation of the OST
complex with these different proteins
creates different isoforms that differ in
activity, composition and tissue specificity
(80). Similarly in yeast the presence of
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either Ost3 or Ost6 subunits in the OST
complex modifies the transfer specificity
towards proteins to be glycosylated and
they specify the interaction with different
translocation complexes (81). The Stt3p
subunit appears to compose the active
site of the OST (82) and Wbplp interacts
directly with the Ssslp component of
the Sec61 translocation complex (83),
which results in close positioning of the
OST to the translocon complex where
N-glycosylation occurs as the nascent
polypeptide emerges. The potential N-
glycosylation site is approximately 65
amino acids away from the ribosomal
peptidyl-tRNA binding site and hence
interacts with the polypeptide chain
shortly after it has entered the ER lumen
(84). After the oligosaccharide core is
transferred to the polypeptide, in yeast and
in mammalian cells, some initial trimming
occurs where the terminal (1,2-glucose
and the remaining two (1,3-glucoses
residues are removed by (-glucosidase
I (CWHA41 in yeast) and (-glucosidase II
(ROT?2 in yeast), respectively (reviewed
by (85)). Further trimming may occur later
in the Golgi or in the ER (86). In Figure
9 examples of possible trimming events is
depicted on the core of the oligosaccharide
as well as the enzymes involved.

2.2.2.2 O-linked glycosylation

Unlike its higher eukaryotic partners,
yeast only possess one type of O-
glycosylation, which is typically known
as O-mannosylation, since it refers to
the addition of mannoses (Man) to the
hydroxyl groups of certain serine or
threonine residues of the polypeptide.
For approximately 30 years since
their discovery, protein mannosylation
was thought to be a fungal specific
modification. However In the late 90s a-
dystroglycan was isolated from muscle
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and nerve cells and showed to have
mannose residues (87).The biosynthesis
of O-glycans starts in the yeast ER lumen
during translocation. The first mannose
residue is linked to a serine or threonine in
areaction catalyzed by protein O-mannosyl
transferases (PMTs). The activated sugar
is supplied by Dol-P-Man, resulting in
o-D-mannosyl linkage (reviewed by
(88)). The PMT family can be subdivided
into three subfamilies PMT1, PMT2 and
PMT4 (88, 89), each one with different
substrate specificity (90). Depletion of any
one of the PMT genes is viable, although
cells lacking multiple PMT genes exhibit

severe defects (91). In yeast the active
enzyme consists actually of a dimer of
different members of the PMT family,
which is responsible for different substrate
specificities even within the same protein
(92, 93). The seven potential protein O-
mannosyl transferases (Pmtl to Pmt7)
have 50-80% homology (88). Addition of
mannose residues continues in the Golgi
apparatus. Higher eukaryotes on the other
hand, have the ability of O-glycosylating
other residues such as hydroxylysine
(Hyl), hydroxyproline (Hyp) and tyrosine
(Tyr) with a variety of sugars such as
N-acetylglucosamine (GlcNAc), N-
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acetylgalactosamine (GalNAc), glucose
(Glu), galactose (Gal), rhamnose (Rha),
xylose (Xyl), arabinose (Ara) and fucose
(Fuc) (71).

It has been proposed that O- and
N- glycosylation compete for the
same substrate in the ER and that O-
glycosylation precedes N-glycosylation
(94). In this study they show that cell
wall protein 5 (CcwS5) could only be N-
glycosylated when O-glycosylation of
certain sites was abolished. For proper
N-glycosylation to occur, the region
recognized by the OST, the sequon (N-
X-S/T, where X can be any amino acid
except proline) has to have a hydroxy
group donated by serine or threonine, to
mechanistically allow N-linkage between
the oligosaccharide and the peptide (95).
In this sense by modifying the hydroxy
group in the sequon it is possible to
regulate N-glycosylation.

2.2.3 Protein folding and quality control
in the ER

The ER provides an optimized
environment for folding, oxidation and
assembly of oligomeric proteins. The
composition of the ER lumen, as well
as its redox conditions favors the fold of
proteins to native conformations. A set of
proteins such as chaperones and folding
enzymes stabilize the partially folded
protein during the process of folding and
assembly. If the protein fails to achieve
its correct folded state, it is detected by the
ER quality control machinery and is either
refolded or then targeted to ER-associated
degradation (ERAD).

2.2.3.1 Chaperones and folding enzymes
The formation of disulphide bonds
between the correct cystein residues plays
an important role in the stability of the
final protein structure. In average a protein
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has a disulphide bond for every 500 amino
acids, and the formation of such a bond
is spontaneous. Acquisition of correct
disulphide bonds is crucial for the protein.
In eukaryotic cells oxidoreductin 1
(Erolp) and protein disulphide isomerase
(PDI) enzymes ensure correct formation
of disulphide bonds (for review see (96)).
Erolp is an ER membrane-associated
protein that has seven conserved cysteine
residues that are thought to be involved
in catalyzing the electron transfer. In
agreement with its function in assisting
the folding of the protein in the ER,
expression of both yeast Erolp and human
hEROI1-L are induced by the unfolded
protein response (UPR) (97). PDI is an
abundant soluble ER protein and contains
two thioredoxin-like Cys-Gly-His-Cys
(CGHC) active sites. Depending on the
reduction state of PDI, it may aid in the
formation, removal or isomerization of
the disulphide bond (98). Formation of
the disulphide bond is thought to occur
through a relay mechanism with the
transfer of oxidizing equivalents. In this
mechanism flavin adenine dinucleotide
(FAD)-bound Erolp oxidizes PDI directly
though disulfide exchange, PDI then
catalyzes the formation of disulfides in
folding proteins. The ability of FAD-bound
Erolp to rapidly pass electrons directly
to the terminal acceptor O, provides the
driving force for disulfide formation (99,
100). Formation of disulphide bonds
requires that the oxidizing conditions be
maintained in the ER. Glutathione is the
major redox buffer in eukaryotic cells,
and exists in two states reduced (GSH)
and oxidized (GSSG) (101). The ratio
of GSH/GSSG in the ER is much more
oxidizing than the ratio in the cytosol (3:1
vs. 100:1) and hence for a long time it was
thought that glutathione was the source
of oxidizing equivalents for disulphide
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bond formation, but the Erolp-PDI
mechanism is independent of glutathione
(99). The function of glutathione appears
to provide the net reducing equivalents to
the ER that buffer the ER against transient
hyperoxidizing conditions (102). PDI has
four homologues in yeast (EUG1, MPDI,
MPD2 and EPS1) and Erolp specifically
oxidizes only PDI (96). PDI and its
homologues are required to rearrange/
isomerase the disulphide bonds since
many of them occur simultaneously in
the protein. But to fulfill this function PDI
and its homologues have to exist in the
reduced state. Thus the redox-exchange
between cytosol and ER ensures that some
PDI can exist in the reduced state for
proper isomerization of the polypeptides
(96, 103).

The ER has additional proteins in the
lumen that assist the folding of the protein,
like BiP (Kar2p in S. cerevisiae), an Hsp70
family molecular chaperone. BiP like
other HSP70 proteins is composed of two
domains, an N-terminal ATPase domain
and a C-terminal substrate domain,
whose affinity is regulated by nucleotide
binding to the ATPase domain. (ATP
low affinity, rapid and ADP high affinity
and slow) (104). BAP (Sillp in yeast) is
the nucleotide exchange factor of BiP
mediating the exchange of ADP for ATP
(105, 106). The difference of exchange
rate is the basis of the posttranslational
mechanism, where ADP-BiP remains
attached to the incoming polypeptide
preventing its sliding back (discussed
above). BiP does not bind to proteins
in their native state but instead binds
temporarily to newly synthesized proteins
and more permanently to misfolded, under-
glycosylated or unassembled proteins that
are captured by the ER quality control
machinery and hence cannot exit the
ER (107). BiP performs its action by

recognizing unfolded polypeptides and
inhibiting molecular aggregation, thus
maintaining them in a form capable for
correct folding and oligomerization (104).
BiP is an essential protein with multiple
functions that is conserved in eukaryotes. It
has a role in translocation of polypeptides,
in their folding and assembly (104), in ER
quality control (108), in ER-associated
protein degradation (109), in sensing ER
stress (110) and is also required for fusion
of nuclear membranes (karyogamy) during
cell mating in yeast (111).

The ER has another Hsp70 family
molecular chaperone called GRP170
(Lhslp in yeast) that shares some
overlapping functions with BiP. Lhslp
does not interact significantly with the J-
domain of Sec63 but is required for correct
folding of polypeptides translocated into
the ER as well as in the refolding and
processing of misfolded proteins (105,
112, 113). Lhslp and BiP are thought to
interact with each other coordinating their
ATP cycles (114) where Lhs1p stimulates
the nucleotide exchange phase of BiP,
while BiP favors the ATP hydrolysis of
Lhs1p. This mutual mechanism may allow
coordinated binding and release of Kar2p
and Lhslp to and from different regions
of the unfolded polypeptide. This might
enhance native folding of the released
region while minimizing the possibility
of aggregation with other non-native
sequences.

2.2.3.2 Quality control and ER-
associated degradation

Before a protein can exit the ER, it has
to be correctly assembled in its native
conformation. If the protein fails to
achieve its correct conformation the
ER quality control machinery (ERQC)
detects the protein and targets it either for
degradation or then attempts to refold it
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Figure 10. ER quality control.

Calnexin and calreticulin assist in the folding of glycoproteins in the ER. After the N-glycan core is
transferred to the nascent chain of the protein two glucose residues (red) are removed by glucosidase
Iand II. The protein in the monoglucosylated form can then interact with calnexin and callreticulin.
Correct disulphide-bond formation is promoted by the thiol-disulphide oxidoreductase ERp57.
In addition, the enzymes oxidoreductin 1 (Erolp) and protein disulphide isomerase (PDI) ensure
that the correct disulphide bonds are formed. Cleavage of the remaining glucose by glucosidase
II terminates the interaction of the polypeptide with either calnexin or calreticulin. If the protein
is correctly folded it is allowed to exit the ER. GRP170 (Lhs1p) and BiP coordinately bind to and
are released from different regions the folding polypeptide, which is thought to enhance native
folding while preventing aggregation. However in the scenario the protein is not in the native
state it is a substrate for the UDP-glucose:glycoprotein glucosyltransferase, which adds a single
glucose and the polypeptide may enter a new folding cycle attempt. If the polypeptide remains
too long in the unfolded state, the ER o1,2-mannosidase I removes one mannose residue. This
leads to recognition by the ER degradation-enhancing 1,2-mannosidase-like protein (EDEM),
which targets these proteins for the ER-associated degradation (ERAD) pathway. The unfolded
protein is retro-translocated back into the cytosol, where it is ubiquitinated and degraded by the
proteasome.
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(Figure 10). In general the other organelles
to which exocytic proteins are destined do
not support proper folding. The ERQC
guarantees that unfolded proteins are not
targeted to their terminal destinations
where they might potentially damage the
cell (108). The cell uses two mechanisms
to distinguish between the native and
incorrect conformation, one is the use
of a variety of sensor molecules, such as
chaperones, and the second is by tagging
them with ubiquitin or glucose. The tags
are added to the protein when hydrophobic
residues, unpaired cysteine residues and
aggregates are detected. In the majority
of the cases, there are no specific signals
or motifs that surrender the protein to the
ERQC, so all proteins that pass through
the ER are subjected to it (108).

In mammalian cells one of the best-
characterized ERQC systems is the
calnexin/calreticulin cycle. Calnexin and
calreticulin are members of the legume
lectin family and are homologous to
each other. They bind to the N-glycan
core. Calnexin is a type I transmembrane
protein, while calreticulin is soluble (115).
Although a functional calnexin/calreticulin
cycle has not been characterized fully in
yeast, some homologues can be found
in the yeast ER, for example CWH41/
glucosidase I and GLS2/glucosidase
IT (116, 117), KRE5/UGGT (118) and
Cnelp/Calnexin (119). Imperfect
polypeptides must be eliminated to avoid
injury to the cell. For this purpose the cell
has developed a subset of mechanisms
that correctly recognize a protein, which
should be destroyed. Such a system has
to be capable of distinguishing between a
protein to be destroyed from a protein that
is in the process of acquiring the correct
form. The mechanism adopted appears
to be the residence time in the ER, thus
giving the glycopeptide sufficient time

to fold and assemble before it is targeted
for degradation (73). The cycle starts
when the N-glycan core is added to the
nascent polypeptide by the OST (reviewed
in (73, 108)). Two glucose residues are
removed by the action of glucosidase I
and glucosidase 11, respectively (Figure
10). The presence of a monoglucosylated
core serves as a ligand and is recognized
by calnexin or calreticulin. The binding of
calnexin/calreticulin prevents aggregation,
degradation and export of the non-native
polypeptide. The binding of calnexin
and calreticulin recruits ERp57, a thiol-
disulphide oxido-reductase with homology
to PDI. Release of the glycopeptide from
the complex is provided by the action
of glucosidase II. The glycopeptide
is now free in the lumen and does not
bind to lectins. If the protein is correctly
folded, it is allowed to be exported
out of the ER. If the glycoprotein has
hydrophobic residues exposed, it is
recognized by UDP-Glc::glycoprotein
glucosyltransferase (UGGT), and the
glycoprotein reglucosylates. UGGT only
reglucosylates improperly folded proteins
and hence serves as a folding sensor in the
cycle. The glycoprotein can reenter a new
cycle in an attempt to be properly folded.
If the glycoprotein remains too long in
the ER, which is a signal that the protein
is improperly folded, the ER manosidase
I removes a mannose residue. The ER
manosidase I has a very low activity,
thus giving a chance to the polypeptide to
adopt its native conformation. After the
ER mannosidase I has removed a mannose
residue, the membrane bound ER protein
called EDEM (ER degradation-enhancing-
mannosidase-like protein, Htm1p/Mnllp
in yeast) binds to it. Once the mannose
residue has been removed, the affinity of
both UGGT and glucosidase II is reduced,
thus preventing the entry of the unfolded
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protein into a new folding cycle. EDEM
and calnexin can associate with each other
forming a complex. Presumably EDEM
then targets misfolded Man GlcNAc, -
glycoproteins for degradation. The non-
native glycoprotein is removed from the
ER by retrotranslocation into the cytosol
and is subsequently targeted to ubiquitin-
dependent degradation by the proteasome,
in a process called ER-associated
degradation (ERAD). The ERAD system
involves three steps: recognition of
misfolded proteins, retrograde transport
or dislocation back to the cytoplasm, and
ubiquitin-dependent degradation involving
the proteasome (reviewed in (73, 120).
The sequential trimming of N-linked
glycans is not the only mechanism that
targets misfolded proteins for degradation.
The ER chaperones associate with
hydrophobic surfaces of unfolded proteins,
whereas oxido-reductases bind to them
and control the formation/isomerization
of disulphide bonds. Epslp, a homolog
of PDI, for example targets misfolded
membrane protein for degradation (121).
In the second step these unfolded proteins
are dislocated back to the cytosol through
a putative channel like the heterotrimeric
Sec61 complex, or then possibly through
a channel formed by Derlp (Derlin-1 in
mammalian cells) (122). The driving force
for the retrotranslocation seems to be
provided by the sequential ubiquitination
of the cytoplasmic exposed lysine residues
by ubiquitin ligases and the binding of
ubiquitin binding factors. An example of
such ubiquitin ligases is Ubc6p, Ubc7p
and Cuelp. Ubc6p is and ER membrane
protein, while Ubc7p relies on Cuelp for
ER membrane recruitment (120). Another
ubiquitin ligase complex present on the ER
is composed of Hrd1p/Der3p ligase that is
localized to the ER through Hrd3p, Ubc7p
and the ubiquitin conjugating enzyme
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Ubclp and is responsible for the regulated
degradation of HMG reductase and CPY
(123, 124). A third ubiquitin ligase present
at the ER membrane is DoalOp that works
together with Ubc6p and Cuelp/Ubc7p to
remove integral membrane proteins and is
capable of targeting soluble proteins also
(125). Therefore it seems that different
substrates use different degradation
targeting mechanisms and may use
different ERAD (126). In the third step,
targeting to the ubiquitin-dependent
degradation involving the proteasome
starts with binding of Cdc48p—Npldp—
Ufdlp to monoubiquitinated proteins.
Then Rad23p and Dsk2p bind to
polyubiquitinated proteins through a UBA
domain, and deliver the protein to the
proteasome system due to the presence of a
UBL (ubiquitin-like) region that mediates
its interaction with the 26S proteasome.

2.3 Exiting the ER: COPII vesicles
Transport vesicle-mediated traffic
provides a versatile and dynamic
connection between two organelles, and
allows specific cargo to be selected from
the donor compartment and delivered to
the target compartment. The formation
of these transport vesicles depends on
molecular coats that cover the cytosolic
face of the vesicles. In this section we will
discuss the features of the coat proteins
involved in exit of cargo proteins from the
ER.

2.3.1 Molecular features of COPII
proteins

Three protein components are required
to form COPII-coated vesicles. These
include Sarlp in its GTP-bound state, and
the heterodimers Sec23p/24p and Sec13p/
31p (127). These proteins are sufficient to
reconstitute the physical characteristics
of the COPII coated vesicles in vitro.
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Given that more than one third of the
proteome is targeted to the ER, probably
additional components assist the core
COPII components in functions related to
specialized cargo sorting (128). Recent
studies carried out on each of these
components have revealed the molecular
features that allow these proteins to fulfill
their functions.

2.3.1.1 Sarlp, Secl2p and Secl6p

Formation of the coat starts with the
recruitment of cargo proteins to ER exit
site. Recruitment of coat proteins starts by
change of the secretion associated and Ras-
related protein-1 (Sarlp) from the inactive
GDP-bound state to the activated GTP-
bound state. The GEF of Sarlp, Secl2p,
is a 70 kDa type II transmembrane protein
localized to the ER membrane, with a
large cytosolic domain that catalyzes
the exchange of nucleotide on Sarlp
(129). Upon activation, Sarlp becomes
localized to the ER membrane due to
a conformation change, where a 20-23
amino acid amphipathic helix is exposed.
A hydrophobic patch at the N-terminus
of the helix contains a STAR (Sarl N-
terminal activation recruitment) motif
that mediates its partitioning into the ER
membrane (130, 131). Sarlp is a GTPase
belonging to the Ras superfamily (132).
The Sarlp GTP hydrolysis is activated
by binding of Sec23p, which contributes
a key arginine to the active site of Sarlp,
accelerating the slow intrinsic GTPase
activity of Sarlp (133). Further binding
of the Secl3p/31p complex accelerates
the GTPase activity of Sec24p-Sec23p-
Sarlp (134). GTP hydrolysis is required
for cargo sorting (135) and for COPII
vesicle disassembly. Generation of
COPII vesicles occurs at subdomains of
the ER membrane called ER exit sites or
transitional ER sites, which are ribosome-

free subdomains. These specialized
domains have been shown to be stable, but
very dynamic structures in mammalian
cells (136) and in the yeast P. pastoris
(137). The components responsible for
the formation of these subdomains are not
known, but may involve scaffold proteins
on the cytoplasmic side of the ER that
would recruit the components required
for formation of COPII vesicles. One
such possible scaffold protein and COPII
interacting protein is Secl6p. SEC16 is
an essential gene in S. cerevisiae that
encodes a 240 kDa hydrophilic protein
that associates peripherally, yet tightly
with the ER membrane. Sec16p is capable
of interacting with Sec23p (138) and with
Sec31p (139). The function of Secl6p
appears to involve the nucleation and
stabilization of the COPII vesicle coat at
the ER membrane. The ability of Sec16p
to localize to the ER and to interact with
both of the COPII heterodimers, together
with the ability of Sec23p/24p and Sec13p/
31p to polymerize, could create such a
specialized domain at the ER membrane
(140). Although Secl6p has been
proposed to play a role in scaffolding, the
presence of such ER domains remains to
be verified.

2.3.1.2 Sec23p/24p complex

Sec23p (84 kDa) and Sec24p (104 KDa)
come together to form a heterodimer of 195
kDa. Sec23p is structurally homologous
to Sec24p, each one is composed of an
a-helical region, a B-barrel region, a zinc-
finger domain, a gelsolin-like domain and
a trunk domain (141). The 3D structure
of Sec23p/Sec24p in complex with Sarlp
has been solved (133, 142)(Figure 11).
The ER membrane interface region of the
assembled Sec23p/24p/Sarlp complex
forms, a concave and positively charged
surface that fits to the shape and charge
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of a standard COPII vesicle. Although
structurally related, Sec23p and Sec24p
have specific roles. Sec23p is the specific
GAP of Sarlp (143), contributing a
specific arginine residue to the active
site of Sarlp, while Sec24p is the cargo
adaptor subunit. The GTPase activity of
Sec23p is independent of Sec24p, and
the cargo selection capacity of Sec24p is
independent of Sec23p (140, 144).
Detailed analysis of the Sec23p/
Sec24p complex interaction with cargo
molecules, have revealed the presence of at
least three binding pockets in Sec24p (A, B
and C sites) that allow the accommodation
of both cargo and SNARE (145, 146).
Binding of proteins to the COPII coat
takes place though sorting motifs. These
sorting motifs are present in the cytosolic
SNARESs and in the cytoplasmic tails of
transmembrane cargo proteins. In the case
of soluble cargo proteins, the sorting motifs

are apparently located in the cytosolic tails
of their putative transmembrane receptors
(146, 147) These motifs can be subdivided
into 4 general categories: Di-acidic motifs
such as [DE]X[DE], di-basic motifs such
as RR, di-hydrophobic motifs such as
FF,FY,LL or VV and then other motifs
(146-148).

An interesting feature of the COPII
coat can been observed in reference to
SNARE selectivity. The binding pocket
A can recognize an YNNSNPF sequence
present in the N-terminal regulatory
domain of the SNARE protein syntaxin
Sed5p, the B site can recognize Lxx-
L/M-E on the N-terminus of Betlp and
Sed5p, and the C site recognizes Sec22p
(146). Since a fusion event between two
membranes can only occur if the SNAREs
are pre-disposed, this is if they are in
the acceptor complex form, the COPII
coat recognizes the assembly state of

Figure 11. COPII coat vesicle formation.

1. Coat recruitment. At the endoplasmic reticulum Sec12p recruits and activates Sarlp, which
results in the insertion of the N-terminal helix of Sarlp—GTP into the membrane bilayers. This
stabilizes Sarlp on the ER membrane which in turn recruits the Sec23p/24p complex through
Sar1p—GTP binding to the Sec23 subunit. Cargo is packaged at this stage. Transmembrane cargo
directly interacts with the COPII coat, meanwhile soluble cargo interact via adapter proteins.
Finally, the Sec13p/31p complex binds to the forming coat resulting in completion of the coat
at the ER membrane. 2. Coat propagation and vesicle budding. The Sarlp—Sec23p/24p
cargo complex becomes concentrated in local scaffolds such as in increased regions of Sarlp,
Secl6p and also by binding to the self-assembled Sec13p/31p cage. These properties result
in the construction of a cuboctahedral cage. Sarlp displacement is accelerated by both cargo-
and Sec31p-mediated stimulation of the GAP activity of Sec23p. Insertion of Sarlp into the
membrane together with its interaction with the concave face of Sec23p/24p help curve the
membrane. Recruitment of an active ring of newly recruited Sarlp-GTP to the vesicle neck may
help membrane curvature and formation of the fission pore. 3. COPII coat structures. The
molecular structures of the core components involved in COPII-coated-vesicle budding from
the ER are shown. Left panel: structures of Sarlp represented by ribbon diagrams, showing the
transition from the GDP- to GTP-bound states. Structural prediction of Secl12p modeled as a
B-propeller WD40 domain. Middle panel: Structure of the Sarlp—Sec23p/24p complex showing
the multivalent cargo adaptor platform sites. Right panel: model of the Sec13p/31p complex. It
is composed of B-propeller WD40 domains and a-solenoid motifs. In green the self-assembled
Sec13p/31p heterotetramers are shown without Sec23—Sec24, revealing that Sec13p/31p is
necessary and sufficient to generate the COPII cage. Structures reprinted, with permission, from
the Nature Reviews in Molecular Cell Biology, Volume 7 (c) 2006 by Nature publishing group.
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the SNAREs and binds preferentially
to fusogenic SNAREs. Thus the B-site
preferentially binds to the free v-SNARE
Betlp and the A-site to SedS within the t-
SNARE acceptor complex composed of
Sec22p, SedSp and Bos1p.

In mammalian cells there are two
isoforms of Sec23p, called hSec23Ap
and hSec23Bp, which are 85% identical
to each other and 48% to yeast Sec23p.
The expression profile varies between cell
types, with hSec23Ap being the functional
counterpart of yeast Sec23p (149). Sec24p
has four isoforms in mammalian cells
(Sec24A to Sec24D), each one with tissue-
specific expression (150). In addition to
Sec24p, yeast has two homologous proteins
Stb2p/Iss1p and Stb3p/Istlp that are 56%
and 23% identical to Sec24p, respectively.
Both homologues can form a complex with
Sec23p and appear to be involved in cargo
packaging (151-155). The Sec23p/Sfb3p
complex is capable of driving COPII coat
formation and generate vesicles, but is
unable to package the v-SNARE Betlp
and hence these vesicles are not capable
of fusing to the target membrane (155).
Thus it seems that the function of Sfb3,
is to confer cargo-sorting diversity, since
the COPII coats formed exclusively of
Sec23p/Sec24p are not capable of sorting
the plasma membrane ATPase Pmalp into
vesicles (154). In a similar way, COPII
coats formed of Sec23p/Sfb2p are capable
of driving vesicle formation and promote
the recruitment of pro-a-factor (153, 156).
Unlike the complex formed with Sfb3p,
Sec23p/Stb2p is capable of packaging
the correct pair of SNARESs, and further
more overexpression of Sfb2p is able to
suppress the lethality of Asec24 deletion
(151). Thus, COPII-coated vesicles may be
formed by all of these combinations, this
is, Sec23p with Sec24p, Stb2p or Stb3p,
thus maximizing the sorting capacity of
the budding vesicle (140).
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2.3.1.3 Secl3p/31p complex
The Secl3p/31p complex is composed
of two copies of Sec13p and two copies
of Sec31p that come together to form a
stable asymmetric heterotetramer. Similar
to S. cerevisiae, there are two mammalian
Secl3 isoforms called SECI13-like-1
protein or SEC13R and SEC13-like, or
SEH1 (157). Secl13p is composed of a
WD40 domain, a structural arrangement
of several blades arranged radially around
a central axis. Each blade consists of four-
stranded anti-parallel B-sheet formed by
WDA40 repeats. The WDA40 repeats are 40
amino acid motifs that often terminate with
the conserved Trp-Asp dipeptide (158).
Like for Sec13p, there are also two
mammalian SEC31 isoforms, called A
and B (159). Structure prediction of
Sec31p suggests a WD40 domain in its
N-terminus, two regions of a-solenoid
structure separated by a region with low
complexity (158). Previous studies have
suggested that the heterotetramer arranges
itself in an elongated globular domain with
two-fold symmetry with the following
organization Sec31p-Secl3p-Secl3p-
Sec31p (160), and that formation of the
COPII cage requires both Sec23p/24p
and Sec13p/31p (161). But recent studies
suggest that Sec13p/31p can self-assemble
into a cage with a novel cuboctahedral
structure with the subunits arranged in
the Sec13p-Sec31p-Sec31p-Secl3p order
(162). This self-assembling cytosolic cage
would act as a scaffold agent recruiting
the Sec23p/24p-cargo to the emerging
vesicle. Secl13p and Sec31p interact
through the common WD40 domains and
the Sec31p-Sec31p interaction results
from the dimerization of the C-terminal
a-solenoid domains, with each vertices
of the cage being formed by four Sec13p
molecules. The same type of interactions,
i.e. the B-propeller-a-solenoid scaffold,
are found in the clathrin cage, reflecting
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an evolutionarily conserved feature of coat
protein complexes (144). The arrangement
of the cage in a cuboctahedral design,
instead of the icosahedral symmetry in
clathrin-coated cages, results in a less
rigid structure of the COPII cage. This
would allow the cage to be more flexible
for the incorporation of a wide variety
of cargo, some of which do not fit in the
typical COPII cage, like procollagen and
chylomicrons (144).

2.3.1.4 Accessory proteins
Even though the purified coat components
and guanine nucleotides are sufficient to
drive vesicle formation in vitro, additional
proteins may be involved in the budding
event to ensure appropriate spatial-
temporal regulation. There is a subset
of proteins such as Shr3p, Chs7p and
Vma22p that are capable of interacting
with secretory cargo proteins and
facilitate their incorporation into COPII
vesicles (128). They may either assist the
formation of a secretion-competent form
or by sorting the cargo proteins into the
vesicles. ER exit of GPI-anchored proteins
is dependent of Usolp, the tethering factor
required to fuse COPII vesicles with the
Golgi membrane. Sec34p and Sec35p are
members of the conserved oligomeric
Golgi (COG) complex, required for
tethering functions in retrograde traffic
within the Golgi. Incorporation of GPI-
anchored proteins into COPII vesicles is
also dependent on the Rab GTPase Yptlp
as well as the SNAREs Boslp, Betlp
and Sec22p (163-165). Although these
proteins play a crucial role in the sorting
of GPI-anchored proteins, they are not
required for the uptake of other types of
cargo molecules.

Another protein required to for the
biogenesis of COPII vesicle is the Yptlp-
interacting protein, Yiplp, which is an

integral membrane protein that cycles
between the ER and the Golgi (166).
Yiplp together with Yiflp, another Yptlp-
interacting protein, form a heteromeric
complex (167). Yptlp and Yiplp may
work as a diffusion barrier and increase
the possibility of forming a vesicle at
a certain region of the ER membrane.
Mechanistically, Usolp and Yptlp may
bind to sorting motifs of specific cargo
molecules, whereafter Yiplp and Yiflp
may cluster the secretory cargo together,
until the coat proteins initiate their
polymerization at these sites (168).

2.3.2 Formation of COPII transport
vesicles

In previous models of COPII cage vesicle
assembly, the first step is the activation of
Sarlp by its GEF, Sec12p present on the
ER membrane, allowing Sarlp to become
ER membrane-attached due to exposure
and membrane insertion of an N-terminal
a-helix. In a second step, Sar1p recruits the
heterodimeric complex Sec23p/24p, which
captures cargo destined from the ER to
the Golgi. In a third step, the Sec13p/31p
heterotetramer together with Sec23p/24p
drive cage assembly, leading to vesicle
budding and formation of a COPII-coated
transport vesicle (169). But recent studies
suggest a novel model for formation of
COPII-coated vesicles. This model is in
agreement with models of clathrin-coated
vesicle formation, and suggest a common
mechanism for formation of coated
transport vesicles (144). In the subsequent
section we will address these new features
and their implications.

In addition to the function of Sarlp-
GTP in recruiting the Sec23p/24p
complex to the ER membrane, Sarlp may
also facilitate generation of membrane
curvature and vesicle fission (131, 170).
Sarlp-GTP, in the absence of Sec23p/24p
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and Sec13p/31p appears to be capable of
inducing membrane curvature, resulting
in the formation of tubules at ER exit
sites. Additionally, Sarlp-GTP seems to
be recruited to the fission pore to form a
ring of activated molecules. Fission of the
vesicle requires GTP hydrolysis.

The GEF activity of Secl2p is
10-fold faster than the GAP activity of
Sec23p, and thus continuous charging of
the growing bud with Sarlp-GTP would
help propagate coat assembly, stabilizing
the coat at sites where GTP hydrolysis
has occurred (171) by the cross-linking
functions of Sec13p/31p (162). Formation
of a ring of activated Sarlp is essential
to control the balance between positive
and negative curvature of the membrane
prior to vesicle fission (131, 170, 172).
Novel and important information came
from the fact that Sec13p/31p can self-
assemble into a cuboctahedral cage, thus
providing a potential local scaffold where
COPII components can assemble (162). In
addition to the pre-assembled Sec13p/31p
cage, additional scaffold agents may
be involved such as Secl6p (144). The
intrinsic GAP activity of the Sec23p/24p/
Sarlp was elicited approximately 30
seconds after the addition of Sarlp-GTP
to Sec23p/Sec24p. This complex may
diffuse along the ER membrane capturing
cargo. When Sec24/24/Sarlp come into
contact with the preassembled Sec13p/31p
cage, they become stably associated to it,
forming the final COPII cage.

Structural analysis has revealed that
the cargo sorting Sec24p subunit associated
to the middle domain of Sec31p, closer to
the vertices formed by Secl13p whereas
Sec23p associates to the C-terminal domain
of Sec31p, which is relatively accessible
and in the center of the cage (162). This
would allow independent control of the
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release of Sarlp by the GAP activity of
Sec23p, which is further stimulated by the
binding of Sec31p from the cargo related
packaging activity of Sec24p (144). The
formation of multivalent interaction
between the different coat components
as well with the transmembrane cargo or
receptors would help stabilize the coat
until vesicle budding has occurred (144).
The COPII Sec13p/31p cage is formed by
the four vertices at each intersection, this
arrangement would allow the cage to be
relatively flexible and assume different
sizes depending on the angles formed
between the four vertices (144, 162).
Interestingly the Sec24p subunit of the
Sec23p/24p complex, the one responsible
for cargo sorting is localized in the region
proximal to the vertices formed by Sec13p
and hence may influence the geometry
and the size of the cage accordingly to
the cargo incorporated. In Figure 11 the
interactions and a schematic overview of
the molecules that drive COPII-coated-
transport carriers can be seen.

2.3.3 Fusion of vesicles with the Golgi
membrane

After budding of the COPII transport
vesicle from the ER membrane, GTP
hydrolysis leads to the uncoating of the
vesicle, preparing it for fusion with the
Golgi membrane. Although in yeast
little evidence supports a role for the
cytoskeleton in delivery of transport
vesicles to the Golgi membrane, in
mammalian cells the ER to Golgi
transport is dependent on the microtubule
cytoskeleton and the motor protein dynein/
dynactin (173-175). In mammalian cells,
an ER to Golgi intermediate compartment
(ERGIC) exists between the ER and the
Golgi. This compartment is defined by
the presence of the lectin ERGIC-53
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(176). Analysis of the ERGIC dynamics in
mammalian cells revealed that uncoated
vesicles migrate forward to the Golgi
complex and COPI-coated vesicles
derived from the Golgi are directed to
the ER (See chapter in molecular features
of COPI coats). ERGIC may represent
the first compartment that discriminates
between anterograde and retrograde
transport (177). The existence of ERGIC
in mammalian cells could be due to the
fact that vesicles have to be transported
across long distances from dispersed ER
exit sites to the central peri-nuclear Golgi
(169). Since yeast cells are small compared
to mammalian cells, traffic between the
ER and Golgi may occur in the absence
of an ERGIC-like compartment by simple
diffusion (178).

After the vesicle is relatively close to
the membrane of the Golgi, two separate
processes ensure that only the correct
vesicles fuse. Vesicle tethering and
SNARE assembly, ensure the specificity
of vesicle traffic. The first interaction
between the transport vesicle and the
Golgi membrane is provided by tethering
factors, these include Usolp and the
TRAPP I complex (179-181). TRAPP
I (transport protein particle I) is a large
oligomeric complex composed of seven
subunits (Bet5p, Bet3p, Trs20p, Trs23p,
Trs31p, Trs33p, Trs85p) that helps bridge
the distance between the Golgi membrane
and the vesicle (182). Besides functioning
in tethering TRAPPI also functions as a
GEF for the RabGTPase Yptlp (183), a
yeast Rabl homolog that is present on ER-
to-Golgi transport vesicles. Once these
vesicles arrive at the Golgi membrane
Yptlp recruits Usolp to the membrane
(180). Usolp is the yeast homolog of
mammalian p115 and is a large coiled-
coil protein that helps bridge the target

membrane and the vesicle, and possibly
also facilitates SNARE complex assembly
(184).

When the vesicle is sufficiently close
to the Golgi membrane to allow SNARE
assembly, fusion of the two membranes
is initiated. The SNARESs involved in this
fusion reaction are Betlp (Qc) present
on the vesicle and Sed5p (Qa), Boslp
(Qb) and Sec22 (R) present on the target
Golgi membrane (185). The yeast Slylp
belongs to the Seclp/Muncl8p family
that is involved in modulating SNARE
activity. The yeast Slylp interacts with
the N-terminal regulatory domain of the
syntaxin Sed5p and helps promote the
assembly state of the SNARE-complex
and consequently fusion (17, 186). After
fusion of the two membranes, soluble
and transmembrane cargo proteins are
delivered to the Golgi, and the cis-
SNARESs are disassembled by the action
of Sec18p and Sec17p.

3. Golgi: The major sorting
station of the cell

The next compartment of the secretory
pathway is the Golgi complex. In this
compartment exocytic proteins are
subjected to modifications of their glycans
and to proteolytic processing of precursor
proteins. In addition to these functions,
the Golgi is involved in sorting of
proteins to proceed through the secretory
pathway or to be retrieved to the ER or to
remain in the Golgi. Thus the Golgi is a
highly specialized sorting organelle that
is capable of maintaining its structural
organization while sorting proteins to the
cell surface or the endosome/vacuole. In
this section we will address briefly the
features and characteristics that allow the
Golgi to perform these functions.
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3.1 Structure and function

3.1.1 Topology of the Golgi

The general image of a Golgi is a stack
of flat cisternae that can be subdivided
into different sub-compartments like cis-,
medial- and trans-Golgi. The number of
cisternae within an individual stack varies,
but in animal cells it is approximately
seven (187). In a typical mammalian
cell the Golgi occurs normally in the
perinuclear region. In contrast, in the
yeast S. cerevisiae the Golgi is scattered
throughout the cytoplasm, and usually
occurs as single cisternae (178). On the
other hand, the yeast P. pastoris appears to
have Golgi structures organized as stacks
(see Figure 2) (137).

3.1.2 Modification of protein-bound
glycans

In the ER a universal glycan core was
added to the polypeptide and further
trimmed. It functioned as a sensor for
folding state of the polypeptide. This core-
N-glycan is further modified in the Golgi
by glycosidases and glycosyltransferases
that generate the diversity of protein-bound
N-glycans. Although the core structure
is universally conserved from yeast to
human, the modifications that occur in the
Golgi are very different. Mammalian cells
have a wide variety of structures where a
core consisting of N-acetylglucosamine
and mannose is decorated with more N-
acetylglucosamine, galactose, sialic acid
and fucose. In contrast, the yeast N-glycans
are extended with only mannose residues
(188). Extension may give rise to a smaller
(hex_,,) core or to a larger (Hex_ ;) outer
chain (188). Many of the glycoproteins
incorporated into the cell wall and
periplasmic space contain a large mannose
backbone composed of approximately 50
mannose residues. Meanwhile proteins that
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remain intracellularly, like for example
CPY, have smaller glycan chains where
only a small amount of mannose residues
are added (189).

Elongation of the N-glycan core
starts with the cis-Golgi resident o.1,6-
mannosyltransferase, Ochlp, that extends
Man,GlcNAc, by one single mannose
residue (190) (See Figure 12). Further
elongation occurs by sequential addition
of mannose residues by two enzyme
complexes called mannan polymerase
(M-Pol) I and 11, creating the backbone
of al,6-linked mannose residues. M-Pol I
is responsible for addition of the first 10
mannose residues (191), where after, M-Pol
II elongates the chain by approximately 40
more mannose residues. This backbone is
then branched by the sequential addition of
more mannose residues by Mnn2p, Mnn5
and Mnnlp. Some of the branches may
acquire a phosphomannose in a reaction
catalyzed by Mnn4p and Mnn6p (192,
193). The N-glycan core of intracellular
proteins is extended by only three mannose
residues. The first is added by Ochlp, then
an unidentified (1,2-mannosyltransferase
adds the second mannose and the third is
added by Mnnlp (188).

All of the mannosyl transferases
are putative type II membrane proteins
with a short cytoplasmic N-terminus, a
short membrane-spanning region and
a conserved catalytic lumenal domain.
This type Il orientation is relatively
uncommon in membrane proteins of other
compartments than the Golgi, and their
transmembrane domain is significantly
shorter than that of other membrane
proteins (188). These features seem to
be involved in retention of the glycan-
modifying enzymes in the Golgi, as well
as in targeting them to specific cisternae.

In the Golgi the single O-linked
mannose residue attached in the ER is
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Figure 12. Golgi post-translational modifications.

In the cis- and medial-Golgi O- and N-glycosylation proceeds. These are carried out by Golgi
cisternae resident enzymes, which catalyze different steps of the glycan elongation process. In
the trans-Golgi for example proproteins may be processed into the final mature form by action of
cleaving enzymes such as Kex2p.
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extended by up to five mannose residues.
Like in N-glycosylation, the donor
is GDP-mannose, and the mannosyl
transferases are type Il transmembrane
proteins. The transfer of the second al,2-
linked mannosyl residue is catalyzed by
either Ktrlp, Ktr3p or Mnt1p/Kre2p (194).
Mntlp/Kre2p adds the third mannose
residue. The fourth and fifth mannose
residues are added by Mnnlp resulting in
al,3-linked mannose (88). Interestingly
only proteins, transported to the exterior
of the cell are O-mannosylated. When
mannosylation of externalized proteins is
disturbed, detection of these proteins in
the extracellular space is greatly reduced.
Since no intracellular accumulation
of these proteins is detected in
O-mannosylation mutants, it is not certain
if O-mannosylation is a prerequisite for
secretion or if these proteins are just more
susceptible to protease degradation, (88).
Almost all of the cell wall proteins show
this type of modification, hence mutations
disturbing O-glycosylation disturb cell
wall stability by either reducing their
secretion or then the glycan side chain
residues are important for conferring
structural stability (88). One possibility
that could explain their reduced secretion
and the lack of intracellular accumulation
is if reduced O-mannosylation functions
as a signal for vacuole sorting (the
main proteolytic compartment) and
consequently their degradation. Yeast cells
with mutations in the O-glycosylation
pathway show decreased cell wall stability
as well as cell growth and multiplication
vulnerability (91).

3.1.3 Precursor processing

Some proteins are synthesized as larger
precursors that are proteolytically
cleaved to a mature protein by specific
endoprotease in late compartments of
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the secretory proteins, such as the trans-
Golgi. Examples of such proteins include
the yeast pheromone a-factor, killer
toxin K1, Hsp150/Pir2p, proinsulin and
digestive enzymes. The yeast trans-
Golgi harbors three enzymes responsible
for proteolytic precursor cleavage of
these proproteins, carboxypeptidase
Kex1p, the serine protease Kex2p and
the dipeptidyl aminopeptidase Stel3p
(195). The first and best-characterized
proprotein processing protease is the Kex2
protease, so we will address this one as an
example. Kex2p itself is synthesized as
a zymogen (proenzyme), which itself is
autocatalytically processed after its role
in folding (196). Kex2p is composed of
an N-terminal signal sequence, followed
by the pro-domain, a catalytic domain
belonging to the subtilase superfamily
of Ca*-dependent proteases, a unique P
domain, a transmembrane domain and
a C-terminal cytosolic tail (197). The C-
terminal extensions are required for proper
cycling among late compartments of the
secretory pathway (TGN and endosomes)
(198). The unique P domain is responsible
for stabilization and activity. Swapping
this domain within the different members
of the family of serine proteases results
in differences in substrate recognition,
stability and pH optimum (199). Kex2p
uses the serine protease mechanism,
where the catalytic triad composed of
serine, histidine and aspartate are involved
(198). The same catalytic triad is present
in the enzymes of the trypsin superfamily
(200), so it is essential to the processing
protease to be capable of discriminating
the correct substrates. It is also important
that they are very efficient since they are
only exposed to their substrates briefly
during their passage through the secretory
pathway. Enzymes such as Kex2p have
a high catalysis rate with high specificity
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and do not show rate-limiting acylation
(197). In contrast, the related subtilisins,
which are digestive enzymes, have low
catalysis rates with broad specificity, since
they are exposed to the substrate for long
periods of time and their role is to degrade
the whole protein. One well known
substrate of Kex2p is the pheromone
precursor pro-o.-factor, which contains
2 to 4 copies of the a-factor pheromone
separated by Kex2 cleavage sites (201).
This structural organization is similar
to that of the mammalian neuropeptide
precursor proopiomelanocortin (POMC),
which is processed by the yeast Kex2p,
when expressed in yeast cells (202). An
other substrate of yeast Kex2p is pro-
killer-toxin. Similar to proinsulin it is a
folded precursor with multiple chains
connected by disulphide bonds (203).
Studies on different potential substrates
showed that Kex2p prefers dibasic sites
like (K/R)-R with Arg (R) at the P1 site
(198). Shortly after the discovery of the
yeast Kex2 protease, several mammalian
homologues were found, including human
furin, the related prohormone convertases
(PC) PC1/3, PC2, PC4, PC6A, PC6B and
PC7, and the paired base amino acid-
cleaving enzyme (PACE) 4 (197). All
of these proteins have the same overall
structure and features of the yeast Kex2p,
with the exception of enzymes like PC2
that are soluble proteases.

3.2 Golgi maintenance and ER
retrieval

The Golgi is organized in three regions, the
cis-, medial- and trans-Golgi. Currently
there are two models that explain how
protein trafficking occurs through the
Golgi apparatus in the cis to frans direction
(204, 205). The vesicular transport model
predicts that the Golgi cisternae are
stable and distinct compartments that

are connected by means of vesicular
traffic (206). The cisternal progression
and maturation model suggests that the
cisternae are transient structures that form
de novo and progress in the cis to trans
direction while maturing, and then dissipate
at the trans-Golgi (207). Both models
have their limitations and are not mutually
exclusive, since the cisternal progression
and maturation model cannot explain the
presence of anterograde cargo detected
in the COPI vesicles, or the different
transport rates of anterograde cargo. On
the other hand, the vesicular transport
model cannot explain the transport of large
molecules that would not fit in the typical
COPI vesicle (208). Recent imaging data
support the maturation model for yeast
cells, where individual cis-Golgi cisternae
maturate in a very dynamic way to form
trans-Golgi cisternae (209, 210). While
the cisternal maturation model can explain
rapid protein secretion in yeast, it cannot
explain the transport rate of proteins in
higher eukaryotes. In higher eukaryotes
the Golgi cisternae are tightly stacked to
each other, hence maturation of individual
cisternae occurs at a relatively slow rate.
The discussion of the biogenesis and
maintenance of the Golgi compartment
is beyond the scope of this study but a
comprehensive discussion of the models
can be found in two excellent reviews
(205, 211), where a revision of the
models is proposed in order to include
the novel findings found in the structural
organization and traffic of cargo within
this organelle. These recent findings
include the presence of inter-cisternal
connections that connect adjacent cisternae
(212, 213), which would be responsible
for the transport within the different Golgi
cisternae, and hence lead to the formation
of the continuity-based models (211). In
addition, they refer to the possible presence
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of peri-Golgi vesicles that emerge at the
tips of the different cisternae and traffic
cargo in a bidirectional fashion. In order
to maintain the dynamics and functionality
of the cisternae, resident cisternae proteins
that mature to later cisternae have to be
returned to the new forming cis-cisternae.
This is postulated to occur by retrograde
transport by means of vesicles that capture
components from later cisternae and then
transport them back to earlier ones (214,
215). Similar to the vesicles that form at
the ER membrane, these Golgi-derived
vesicles are also formed by cytosolic coat
proteins that capture cargo and deform
the membrane. In this case, specific coat
proteins form the so called COPI coat.
Due to membrane traffic from the ER to
the Golgi performed by COPII vesicles,
the ER membrane is gradually consumed
and some ER-resident proteins may escape
to the Golgi. This retrograde traffic also
requires COPI-coated vesicles, which are
responsible for returning from the Golgi
to the ER SNARES, cargo adaptor proteins
and membrane components.

3.2.1 Molecular features of COPI
proteins

The minimal components required to
form COPI-coated vesicles in vitro are the
COPI coatomer proteins, the small Rab
family GTPase ADP-ribosylation factor 1
(ARF1) and nucleotides (216). The COPI
coatomer is a complex composed of seven
different subunits a, B, B’, v, 0, € and {
subunits in mammalian cells, and Retlp,
Sec26p, Sec27p, Sec2lp, Ret2p, Sec28p
and Ret3p, respectively, in yeast (169).
Even though under certain conditions
the coatomer may exist as two separate
complexes, the F-COPI subcomplex (j3’,
7,9,8) and the B-COPI subcomplex (a, B,
€), in vivo it appears to exist solely as a
completely formed complex (217). Similar
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to COPII coats, the COPI coatomer has
N-terminal B-propeller WD40 domains
and a-solenoid motifs (158). Some of the
COPI subunits are structurally related to
those of the clathrin coat and appear to
fulfill the same functions (218-220). The
B-COPI subunit may function as the outer
surface layer of the coat, similar to the
role played by the polymerized clathrin
triskelions. Meanwhile, the F-COPI
subunit may form the surface of the coat
proximal to the membrane, similar to the
adaptins of the clathrin coat.

The function of the GTPase ARF1,
or yARF1/2/3 in yeast, is similar to that
of Sarlp in COPII cage assembly. ARF1
in its GDP-bound form is inactive and
soluble, and upon binding of GTP, a
conformational change in the N-terminus
leads to exposure of a myristoylated group,
which allows its membrane association,
and activates ARF (221). Two additional
factors, like in the case of COPII assembly,
modulate the activity of ARF1 and assist
in the assembly/disassembly of the COPI
coat. These are the GTP exchange factor
ARFGEF (in yeast Gealp and Gea2p) and
the GTPase-activating protein ARFGAP
(in yeast Glo3p, Geslp) (222, 223). The
ARFGEFs share a conserved 200 amino
acid catalytic Sec7 domain (221). Unlike
Sec12p (GEF in COPII assembly),
ARFGEFs are soluble proteins that localize
transiently to the Golgi membrane by an
unidentified receptor. ARFGAPs contain
a conserved zinc finger motif catalytic
domain with a conserved arginine residue
that is involved in GTPase activation
(223). Initially, ARFGAP was thought not
to structurally make part of the coat, and
the primarily function of ARFGAP was
thought to be to induce vesicle uncoating
by stimulating GTP hydrolysis (224, 225).
Recent results suggest an involvement of
ARFGAP as a component of the coat due
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to its requirement in cargo sorting and
vesicle formation (226-228).

3.2.2 Formation of COPI transport
vesicles

The formation of the COPI transport
carrier is initiated by recruitment of
ARFTI to the Golgi membrane (see Figure
13). This involves both the recruitment
of ARFGEF (soluble) to an unknown
receptor and ARF-GDP to the Golgi
membranes. Targeting of ARF1-GDP to
the Golgi membrane may be assisted by
its interaction with the cytoplasmic region
of p23, a member of the abundant p24 type
I transmembrane Golgi-cargo receptors
(229, 230). In addition, ARF1 may also
be targeted to the Golgi membrane though
its interactions with SNAREs that are
normally present in COPI vesicles (231,
232). Following nucleotide exchange on
ARF1 by its GEF, ARF-GTP is released
from p23/p24 and becomes associated to
the Golgi membrane though membrane
insertion of the myristoylated group.
At this stage recruitment of the COPI
coatomer takes place and coat assembly
and cargo packaging is initiated (233).
Simultaneously, ARFGAP1 is initially
recruited to the Golgi membrane though
its interaction with KDEL transmembrane
receptors (Erd2p in yeast) (234, 235), with
transmembrane proteins with dilysine
motifs (228), through the cytoplasmic
tail of p23/p24 (222) and its interactions
with v-SNAREs involved in Golgi to
ER traffic (236). The complex of ARFI,
ARFGAP and coatomer together with
cargo, start assembling on the Golgi
membrane. At this stage GAP activity on
ARF1 is still low and the coat assembly
and cargo sorting still goes on. As the coat
assembles and the COPI lattice is formed,
the GAP activity increases at regions
distal to the forming bud by a membrane

curvature-dependent mechanism (224,
237). In these studies, GAP activity of
ArfGapl was shown to be sensitive to
membrane curvature. ArfGAP1 has a
lipid-packaging sensor that recognizes
when the membrane is positively curved,
as is the case in the outermost region of
the budding membrane vesicle (238). An
increase in GAP activity was detected
when the artificial used liposomes where
similar in size to that of an authentic
COPI vesicle (60 nm), suggesting that
coat formation should be stable at the
bud neck, where the membrane curvature
is negative, allowing formation of the
COPI coated vesicle. In support of these
observations, a ring of ARF-GTP forms
at the vesicle neck. As the GAP activity
on ARFI1 increases at regions distal to the
vesicle neck, GTP hydrolysis takes place
and ARF1-GDP is released from the coat
lattice. These dynamics between ARF1
and ARFGAPI activation allows specific
and accurate spatiotemporal regulation of
the initiation of GTP hydrolysis (239).The
polymerized coatomer may be maintained
by multiple lateral interactions between its
subunits that occur within the lattice even
in the absence of Arfl1-GTP (238).

3.2.3 Sorting signals in COPI-mediated
traffic

In order to proper sort proteins within
the COPI vesicles that are destined to be
transported back to the ER, or from later
Golgi cisternae to previous ones, the
cell uses a mechanism that relies on the
presence of sorting signals on the cargo
proteins. These sorting signals specify the
intracellular localization of the protein
and bind directly to the coat subunits,
or to adaptor proteins. One such sorting
signal that mediates ER retrieval of
transmembrane proteins is the cytosolic
canonical KKXX motif signature (where K
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is lysine and X is any amino acid), which
binds to the a- and ’-COP subunits of the
coat using two distinct but overlapping
binding sites (240-242). As mentioned
previously, the p24 protein family can bind
to the y-COP coatomer (243). For this they
use mainly the di-phenylalanine motif but
may also use two basic residues KK(X)n

1. Coat recruitment

or KR(X)n where n>2 (217). Luminal ER
resident proteins that escape the ER must
be distinguished and efficiently retrieved
from Golgi proteins and newly synthesized
proteins on their way beyond the Golgi.
For this purpose the cell uses a KDEL
sequence (HDEL in yeast) that is typically
found in the C-terminal end of luminal
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ER-resident proteins. The presence of
this sequence allows recycling from early
Golgi back to the ER (244). This sorting
sequence binds in the Golgi to the KDEL
receptor (Erd2p in yeast) (245-247), a
transmembrane protein that spans the
membrane 7 times (248) and is transported
from the Golgi to the ER by means of the
COPI pathway (249, 250). The binding of
the ER proteins to the KDEL receptor is
pH-dependent, which ensures the capture
of the ligand in the Golgi and release
in the ER (251). Additionally, ligand
binding by the KDEL receptor induces
oligomerization of the receptor, which may
have an important role in its recruitment
to COPI vesicles (235). The presence of
a double lysine signal sequence together
with a phosphorylated serine residue (in
mammalian cells) is responsible for the
recruitment of the KDEL receptor to the
COPI-pathway (252).

Another ER retrieval signal present
in the cytoplasmic tail of transmembrane
proteins, such as Sec71p, is the oL
motif (WXXW/Y/F). This sorting motif
allows its association to 3-COP (253).
One interesting ER retrieval-sorting
signal is the RXR sequence, which can
be found in the cytoplasmic loops or C-
terminal tails of the subunits of the ATP-
sensitive K* channel (254). These subunits

Figure 13. COPI coat vesicle formation.

assemble in the ER to a fully functional
receptor. The binding of COPI coatomer
to the individual subunits ensure that they
remain in the ER until fully assembled.
Upon assembly, multiple RXR motifs
are exposed, and as a consequence it can
bind to the 14-3-3 dimer proteins, which
successfully mask the retention sequence
and successfully compete for binding
instead of COPI coatomer proteins, thus
allowing transport of the fully assembled
receptor to the plasma membrane (255).

3.3 Station for sorting of proteins

The transport of newly synthesized
proteins through the ER and Golgi
cisternae occurs in a vectorial manner
with virtually no diversion to alternative
routes. However once proteins reach
the trans-Golgi they may be directed to
various destinations. They may be targeted
to the extracellular space, to the plasma
membrane and to the vacuole. Therefore
the Golgi must be capable of sorting
secretory proteins and cell surface proteins
from proteins destined for endosomes or
vacuoles (256, 257). The trans-Golgi also
receives extracellular content and recycled
proteins//lipids from the endosomal/
vacuolar compartments. The late Golgi
compartment is for this reason regarded
as the major protein sorting station and

1. Coat recruitment. Arfl is recruited to the Golgi membranes by its interaction with members
of the p23/p24 family and with Golgi SNARESs involved in intra-Golgi and Golgi to ER transport.
At the same time its GEF, ARFGEF is recruited to the ARFGEF receptor. Nucleotide exchange on
AREF is mediated by the Sec7 domain of the GEF, which results in change of the bound nucleotide
and insertion of an a-helix into the membrane bilayers. When ARF is in the activated GTP form,
it recruits the COPI coatomer. 2. Coat propagation and vesicle budding. At this stage, cargo
is packaged into the forming vesicle. Transmembrane cargo are capable of interacting directly
with the COPI coat, meanwhile soluble cargo interact via adapter proteins, such as the HDEL
receptor. In the initial phase of the budding, the GAP activity is relatively low, insuring that the
coat remains sufficient time to stabilize membrane deformation and cargo recruitment. As the bud
grows, GAP activity increases at the distal sites of the forming vesicle by a membrane curvature
dependent mechanism.
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is responsible for the correct targeting of
newly synthesized proteins to their final
destinations. To correctly fulfill this role,
the Golgi must be capable of successfully
discriminating between different sorts of
proteins and be capable of segregating
them into specific sets of vesicles. Two
different populations of secretory vesicles
may deliver secretory and cell wall cargo
proteins to the cell surface (258). One
population originates directly from the
trans-Golgi membrane and delivers its
cargo to the plasma membrane, while
the other, appears to transit through an
endosomal intermediate compartment
“en route” to the plasma membrane (259,
260). In the following sections we will
address how these pathways function and
are organized.

4. The endosomal/vacuolar
system: a second sorting station
The vacuole is responsible for enzymatic
degradation of cellular components, as
well as breakdown of nutrients taken up
from the surrounding environment. The
endosomal/vacuolar system is subdivided
into biochemically distinct compartments
such as the early endosome, late
endosome and vacuole (261, 262). Yeast
genetic studies have helped elucidate the
molecular details underlying the traffic to
these compartments. Instrumental for this
understanding were large-scale screens
that identified several mutants defective
in different steps of this pathway. This
lead to the classification of the mutants
according to the observed phenotype. For
example, vps (vacuolar protein sorting)
mutants typically secrete the vacuolar
carboxypeptidase Y (CPY), pep mutants
are defective in vacuolar protease activity,
vam mutants have unusual vacuole
morphology, end mutants are defective in
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endocytosis, and vac mutants are defective
in vacuolar segregation (263).

Cargo intended for delivery to the
vacuole may follow two distinct pathways.
They may be targeted directly to the
vacuole (ALP pathway) or they may transit
through endosomes from where they are
then further sorted and finally delivered to
the vacuole (CPY pathway) (263-265).

4.1 The CPY Pathway

Research on the delivery of
carboxypeptidase Y (CPY) to the vacuole
elucidated the first pathway that cells
employ to deliver proteins to the vacuole
and hence the name of this pathway (266-
269). CPY is synthesized as a prepro form
and translocated across the ER membrane.
After signal peptide cleavage by signal
peptidase in the ER, the precursor form
(pl, 67kDa) is glycosylated and delivered
to the Golgi. Here it acquires sugar
modifications and becomes the Golgi (p2,
69kDa) form. Exit of CPY from the Golgi
occurs by its receptor, Vps10p/PEP1(270).
The crucial residues required for proper
sorting of proCPY to the vacuole are
the residues QRPL (271). The receptor
and its bound cargo, the Vpsl10-CPY
complex, are transported from the trans-
Golgi to the late endosome (also known
as pre-vacuolar/endosomal compartment,
PVC) by vesicular traffic mediated by
clathrin-coated vesicles and involves the
dynamin related GTPase Vpslp (272). In
the endosome, CPY dissociates from its
receptor and is transported to the vacuole
where it is proteolytically cleaved to the
active mature form (mCPY, 61kDa).
Meanwhile the receptor Vps10p is recycled
back to the Golgi through the retrograde
transport pathway and is available for a
new sorting cycle (273). Vpsl10p is a type
I transmembrane protein that is localized
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predominantly to late Golgi membranes.
The signal that mediates and controls the
cellular localization of Vps10p is found
in the cytosolic domain of the protein,
where two aromatic-based signals,
YSSL and FYVF, enable the protein to
cycle between the trans-Golgi and the
endosome (274, 275). The luminal portion
of the receptor recognizes cargo, where
binding occurs between the cystein-rich
domain and the transmembrane domain
of the receptor (276). When Vps10p is
absent, CPY is secreted to a large extent
to the culture medium. In addition, other
vacuolar hydrolases of the proteinase A
family (PrA, Pep4p) and aminopeptidase
Y (APY) are also secreted, although to a
lower extent, and are thus believed to be
ligands for the receptor Vps10p (263, 275,
277).

Two other proteins that cycle
between the late Golgi and the endosomal
compartments are Kex2p, and the
dipeptidyl aminopeptidase A (DPAP A or
more commonly known as Stel3p)(263).
Recycling is achieved by aromatic-based
amino acid motifs that associate with the
retromer complex (278, 279). However,
in contrast to VpslOp, these proteins
have trans-Golgi retention signals that
increase their local concentration in the
late compartments of the Golgi (280).

4.1.1 Adaptor proteins: AP-1 complex
and GGAs

Transport of cargo between the endosome
and the late-Golgi requires clathrin and
clathrin-adaptor proteins. The function of
clathrin is to provide a scaffold for vesicle
budding, similar to the function of the
COPI and COPII coats. Meanwhile, the
adaptor proteins link vesicle formation
with protein sorting due to the ability to
bind both to cargo and clathrin (281).
Transport along the CPY pathway

involves three such adaptor proteins, the
heterotetrameric adaptor-protein (AP)-1
complex and the Golgi-localized, y-ear
containing, Arf-binding family of proteins,
commonly referred as GGAs, (Ggalp and
Gga2p).

In addition to the AP-1 complex
(TGN to late endosome sorting) (282),
three additional AP complex exist
that participate in the sorting events
along different pathways, namely AP-2
(endocytosis) (283, 284), AP-3 (endosome/
TGN sorting to the vacuole) (285) and
AP-4 which is present only in mammals
and plants (TGN sorting to vacuole and
basolateral sorting to plasma membrane)
(286, 287). Besides these ubiquitous AP
complexes, two additional complexes
exist in higher eukaryotes that are cell-
type specific. These are AP-1B (polarized
epithelial cells, used in basolateral sorting)
(288) and AP-3B (neurons, used for
synaptic vesicle biogenesis) (281, 283).

The AP-lcomplex similar to the
other AP complexes consists of two
large subunits, Apl2p (a homologue of
the mammalian B1 adaptin) and Apldp
(a y adaptin homologue), one medium
subunit ApmIp (a pl chain homologue)
and one small subunit Apslp (a ol
chain homologue). The AP-1 complex
is organized into three domains (289).
The core domain is responsible for
the recruitment of the complex to
membranes by binding to Arf-GTP,
to phosphoinositides and to sorting
signals present on the cytoplasmic side
of transmembrane cargo proteins. The
hinge segments contain clathrin-box
sequences that mediate the binding of
clathrin. The third domain of the AP-1
complex is organized into two ear or
appendage domains that are responsible
for the recruitment of accessory proteins.
AP complexes selectively recognize and
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bind to sorting signal(s) usually present in
the cytoplasmic region of transmembrane
proteins (290). Such signals include
the tyrosine signal such as the NPXY
sequence present on proteins destined
for endocytosis, which is recognized by
the AP-2 complex and the YXXO motif
(where Y is tyrosine and & is a bulky
hydrophobic residue) (290, 291). Another
type of sorting signal to which AP
complexes attach is the dileucine signal
D/EXXXLL (where D/E is aspartate or
glutamate and L is leucine) (290).

The other group of adaptor protein that
are recruited to the late-Golgi membranes
by Arf-GTP are the GGA proteins (292).
The GGA proteins are organized into three
folded domains and are arranged in a fold
that is similar to the overall structure of
the AP-1 complex (289, 293). The VHS
(Vps27, Hrs, Stam) domain functions as a
recognition module for sorting signals that
are exposed on the cytoplasmic tails of
transmembrane cargo (294-297). Several
of the transmembrane protein that traffic
between the late Golgi and endosomes
have a DXXLL signal that interact with
the VHS domain of GGAs. The key D
(aspartate) and LL (leucine) of the signal
bind to an electropositive pocket and two
shallow hydrophobic pockets, respectively
on the surface of the VHS domain of
GGAs (298, 299). In contrast, yeast GGAs
do not have the specific residues in the
VHS domain that recognize the canonical
DXXLL signal of the transmembrane
cargo. Thus, the sorting determinant
of yeast GGAs appears to be different.
The GAT (GGA and TOM) domain is
responsible for the ability of GGAs to
bind specifically to the GTP-bound form
of Arfl (300, 301). The GAT domain
is subdivided into two subdomains, an
amino-terminal hook that interacts with
specific regions of Arf and is capable of
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discriminating between the GTP and GDP
forms (302), and a carboxy-terminal triple
helix bundle that possibly may interact
with SNAREs and with Rabaptin-5 that
together with Rabex-5 participate in
endosomal tethering and fusion events
(303-305). The GAE (y-adaptin ear)
domain shares structural similarities with
the ear domains of the y1- and y2 adaptin-
subunit isoforms (Apl4p in yeast) of AP-1.
These domains interact with a specific
set of accessory proteins all of which
share a canonical peptide motif DFGXJ
(where @ is a bulky hydrophobic residue)
(306). Differences in the peptide motifs
and in their overall shape may account
for the distinct binding preferences of a
subset of specific accessory proteins for
either GGAs or y-adaptins (289). Another
significant different between yeast and
mammalian GGAs is that yeast GGAs
are less dependent on Arf and clathrin
to fulfill their function, as compared to
their mammalian homologues. Deletion
of the genes encoding Ggalp or Gga2p
individually result in minor phenotypic
changes but deletion of both genes,
similar to the sorting defects observed
in Avpsl(0 mutants cells, result in
inappropriate processing of the inactive
precursors of vacuolar hydrolases such
as CPY, PrA and the transmembrane
carboxypeptidase S (CPS) (307). Pro-CPY
and pro-PrA are sorted to the endosome by
binding to the transmembrane receptor
Vps10p. Meanwhile, sorting of pro-CPS
(transmembrane protein) is Vps10p-
independent and correct sorting to the
vacuole is dependent upon ubiquitination
of the pro-CPS tail that occurs in the
late-endosome/PVC (308). A Pro-CPS
sorting defect is more severe than the
sorting defects of pro-CPY and pro-PrA in
ggalAggalA cells (307). Taken together,
pro-CPS appears to be more dependent on
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GGA:s for proper sorting, and for example
the late endosomal SNARE Pep12p, the
transmembrane endopeptidase Kex2p and
the transmembrane receptor Vps10p are
missorted in ggalAgga2A cells. Thus, it
appears that GGA proteins are involved
in proper sorting of transmembrane
proteins to the late endosome (307, 309,
310). The differences in sorting defects
observed between the distinct cargo
proteins may be due to the recruitment
of a diverse subset of accessory proteins,
by either AP-1 complex or GGAs, that
recognize a specific set of cargo proteins/
transmembrane receptors.

4.1.2 Formation of functional transport
vesicles

So how does a transport vesicle carrying
cargo destined to the vacuole through the
CPY pathway form at the trans-Golgi
membrane? As in the case of COPI and
COPII coats, the first step in vesicle
formation is membrane recruitment of
the individual coat components. This
involves localized activation of Arf by
Arf-GEF, which converts Arf-GDP to Arf-
GTP. This change of nucleotide induces
a structural rearrangement with exposure
of a myristoylated amino-terminal a-helix
and a change of the spatial rearrangement
of the “switch 1 and “switch 2” regions
of Arf. Exposure of the myristoylated
helix allows tethering of the Arf-GTP to
the membranes of the late-Golgi, while
the spatial rearrangement of the switch
regions allows the recruitment of Arf
effectors (301, 311, 312). The insertion of
Arf-GTP to the membrane thus allows the
recruitments of either GGAs or/and AP-1
complex to the membrane. The precise
mechanism of action of GGA and AP-1
binding to Arf-GTP and cargo molecules
is not fully elucidated and it is not known
if binding of GGA is a prerequisite for

binding of AP-1 complex or if these
adaptors mediate transport in different
directions, act in parallel pathways, or
cooperate in the same transport steps (282,
293,313). Given that Arf-GTP is also found
associated with the cis-Golgi membranes,
the specificity of binding of the adaptor
proteins to the late-Golgi membranes may
be accomplished by either Arf-GEFs, Arf-
GAPs or in particular the local enrichment
of phosphoinositide in the late-Golgi
membranes. For instance, in yeast Laalp
is required for correct localization of AP-1
to the late Golgi membranes, while no
significant effect is seen in GGA protein
distribution (314). The subsequent binding
of GGAs through their GAT domain to
Arf-GTP may stabilize this complex
and hinder the activation action of the
Arf-GAP on Arf-GTP, thus allowing the
subsequent assembly steps (315). The
binding of the adaptor proteins to Arf-
GTP present on the late-Golgi membrane
places them in close proximity to the
membrane, where they can interact with
specific signals exposed on the cytosolic
side of transmembrane cargo/receptor
proteins. The membrane-bound adaptors
then initiate recruitment of clathrin to the
TGN through interactions between the
clathrin heavy chain and clathrin-box-like
sequences present in the hinge segments
of GGA and AP-1 complex (300, 316). At
this stage the ear domain of the y-adaptin
subunit of AP-1 complex and the GAE
domain of GGAs initiate the recruitment
of a subset of accessory proteins that
mediate or regulate, and are required for
the formation of a functional clathrin-
coated vesicle. Such accessory proteins are
for example the phosphoinositide-binding
epsin-like proteins Ent3p and Ent5p that
might help curve the membrane to allow
vesicle budding and sort cargo (317, 318).
These proteins, in addition to assisting
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the function of GGA and AP-1 complex,
may also be classified as adaptor proteins
themselves, due to the ability to interact
with clathrin and cargo proteins. Besides
the above functions, accessory proteins are
involved in vesicle budding, disassembly
of the coat, vesicle targeting/fusion by
establishing functional links to tethers
and SNAREs on the target membrane,
and may also provide interactions with
the cell cytoskeleton (289). One such
example of the involvement of accessory
proteins in vacuolar protein sorting is
the Vps15p/Vps34p complex. Vpsl5p is
a myristoylated serine/threonine protein
kinase that interacts with the GDP-
bound form of Gpalp and recruits the
phosphatidylinositol 3-kinase, Vps34p,
to Golgi membranes (319, 320). This
membrane-associated complex, which
is activated by the GTP-bound form of
Gpalp, regulates vacuolar protein sorting.

4.1.3 SNARE: s involved in late-Golgi to
PVC vesicle fusion

After the vesicle pinches off from the late-
Golgi it has to fuse with the appropriate
target membrane. This specificity is
achieved due to the presence of a specific
subset of SNAREs on the target and
donor membranes that help dock and
fuse the vesicle with the endosomal target
membrane. Mutant cells that lack these
proteins accumulate a large number of 40-
60 nm vesicles in the cytoplasm and display
a single large round and poorly acidified
vacuole that is incapable of forming
the segregation structures required for
vacuolar inheritance (264). These mutant
genes are commonly referred as members
of the class D VPS genes. Characterization
of these genes revealed that many of their
products are components of the SNARE
complex machinery (267). These include
the SNAREs Pep12p/Vps6p (t-SNARE,
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Q,) and Vtilp (v-SNARE) that functions
in both retrograde transport within the
Golgi and transport to the PVC) (321, 322).
SNARE complex formation is regulated
by Vps45p (Seclp like function) and the
Rab GTPase Vps2lp/Ypt51p (a Rab$5
homologue that functions in endosome
fusion in mammalian cells) and by Secl7p
(yeast a-SNAP) and Sec18p (NSF) (323,
324). An additional Seclp/Munc18 family
protein, Vps33p, is required for fusion of
late Golgi-derived vesicles with the late
endosome (325). Vps33p is part of the large
class C Vps protein complex (addressed
in the following sections) and is required
for fusion of transport intermediates
from early endosomes to late endosomes,
as well as of late endosome-derived
membranes with the vacuole through
interactions with the vacuolar t-SNARE
Vam3p (326, 327). Both Vps33p and
Vps45 interact with the t-SNARE present
on early endosome membranes Pepl2p
(325, 328). Similar to Vps33p, Vps45 is
capable of interacting with another Q, -
SNARE, Tlg2p, where this (Q,) t-SNARE
appears to be responsible for membrane
association of Vps45p during the cycle of
membrane fusion. Vps45p is thought to
act as a molecular switch for the formation
of the SNARE complex between Tlg2p/
Tlglp/Snc2p and Vtilp, since prior to
membrane fusion Vps45p dissociates
from Tlg2p and only reassociates with
the cis-SNARE complex after membrane
fusion (329-331). Additional accessory/
regulatory proteins include Vps9p, Vps8p
and Vps19p/Pep7p/Vaclp (263, 264,
332, 333). Vps9p functions as a GEF
for Vps2lp (Rab5 homologue), and is
homologous to the mammalian Rab5
regulator, rabex-5 (332). Vps8p belongs
to the class D VPS genes and is conserved
across species. It is essential for sorting
proteins to the endosome but dispensable
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for delivery of proteins through the AP-3
pathway to the vacuole (333-335). Vps8p
is possibly a functional homologue to
the mammalian rabaptin-5, and hence
in analogy to the functional Rabex-5/
rabaptin-5 pair may work together with
Vps9p in intra-endosomal membrane
traffic. It is also a component of the
CORVET complex. Vps19p/Pep7p/Vaclp
is the effector molecule of the RabGTPase
Vps21p and hence facilitates/regulates
vesicle-mediated vacuolar protein sorting
(336).Tethering of transport intermediates
to the endosomal membranes is provided
by the class C Vps complex proteins,
which bind to Vps8p instead of the
vacuolar membrane partners Vps41p and
Vamé6 (13, 325, 337).

4.2 The ALP Pathway

Studies on the secretion of another
membrane vacuolar protein, alkaline
phosphatase (ALP) revealed that this
protein is correctly localized to the vacuole
when transport into or out of the PVC is
defective, such as in class D and class E
vps mutants (338, 339). In these studies the
vacuolar maturation of ALP was followed
and compared with the maturation of the
vacuolar ATPase subunit (Vbh1p) and with
the maturation of the vacuolar membrane
protein carboxypeptidase S (CPS) under
conditions where transport through the
PVC is blocked, such as in vps27, vps45
and pep 12 mutants. Under these conditions
transport of ALP is unaffected, while
transport of other cargo along the CPY
pathway was blocked. Correct delivery
of ALP to the vacuole was not due to
bypass to the cell surface and subsequent
endocytosis, since additional late secretory
mutants did not effect the correct sorting of
ALP (338, 339). Due to the ability of ALP
to follow an alternative transport pathway
to the vacuole that completely bypasses the

PVC, this pathway is commonly referred
as the ALP pathway.

4.2.1 The AP-3 adaptor complex
provides sorting into the ALP pathway
Since ALP is not found in Golgi-derived
40-60 nm vesicles that accumulate in
vps45 mutant cells, it appears that ALP
and other proteins that follow this pathway
such as Vam3p and the vacuolar t-SNARE
are sorted into a different class of transport
vesicles that emerge from the late-Golgi
(339). The vacuolar-sorting signal was
identified in the cytoplasmic domain of
ALP (13 to 16 amino acid sequence, rich
in lysine and arginine residues). Domain
swapping experiments showed that this
region is sufficient to provide VPS27-
independent sorting of the hybrid Dap2p
and CPS to the vacuole (264, 338, 339).
The correct sorting of ALP to the vacuole
is mediated by the binding of the AP-3
adaptor complex to the cytosolic sorting
sequence (285, 340, 341). Similar to the
other family of AP complexes, the AP-3
complex consists of two large subunits,
Apl6p (a homologue of the mammalian
B3 adaptin) and Apl5p (a & adaptin
homologue), one medium subunit Apm3p
(a u3 chain homologue) and one small
subunit Aps3p (a 63 chain homologue)
(281, 282, 342, 343). However, unlike
the related AP-1 and AP-2 clathrin
adaptor complexes that recognize sorting
sequences exposed on the cytosolic tail of
transmembrane proteins and recruit them
into clathrin-coated pits, the AP-3 complex
is not associated with clathrin. Deletion of
any one subunit of the AP-3 complex delays
transport of ALP to the vacuole through
the ALP pathway. Under these conditions
ALP is transported by default through
the CPY pathway, which is unaffected by
mutations in the AP-3 complex (340, 341).
The precise mechanism and place of action
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of the AP-3 complex is still not clear. One
model suggests that the AP-3 complex
recognizes the sorting sequence present
in the cytoplasmic tail of transmembrane
cargo protein in membranes of the trans-
Golgi, and selectively recruits them into
a distinct class of non-clathrin-coated
vesicles (340). This model is based on the
observations that GFP-ALP accumulates
in the Golgi and cofractionates with Golgi
markers. Due to the increased residence
time in the Golgi and hence exposure to
Golgi-localized glycosyltransferases,
proALP is hyperglycosylated in AP-3
mutants. A second model suggests that
instead of the AP-3 complex working at
the frans-Golgi level, it may be working in
a post-Golgi compartment, where it would
recycle certain ALP pathway proteins back
to the Golgi (341). This model is based
on the observations that ALP is found
in a distinct population of small vesicle-
like structures that appear to be incapable
of fusing with their target membrane. In
AP-3 mutant cells, due to the inability
of recycling the corresponding SNAREs
back to the Golgi, the transport vesicles
lack the SNARE machinery required for
fusion, preventing their subsequent fusion.
This block on the pathway could indirectly
lead to missorting at the trans-Golgi, and
subsequent accumulation in the Golgi and
leakage to the CPY pathway.

Unlike the AP-1 complex, the AP-
3 complex is not associated to clathrin,
since in yeast AP-3-dependent transport
of ALP to the vacuole, is not impaired in
clathrin mutant cells (344). However the
B3A subunit (Apl6p in yeast) is capable
of interacting with clathrin through
the clathrin-binding domain, and AP-3
colocalizes with endosomal membranes in
HeLa cells (345). Although it is possible
that AP-3 is capable of functionally
associating with clathrin to form clathrin-
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coated vesicles in vivo, the only protein
reported to be preferentially involved in
the ALP pathway is Vam2/Vps41p (338,
346), which contains a highly conserved
sequence related to the linker region of
the clathrin heavy chain. Interestingly,
Vps4lp can be cross-linked to Vamo6/
Vps39p, and these two proteins appear
to be involved in the same role, and part
of a subcomplex that functions in vivo.
Although these proteins would be good
candidates for alternative proteins that
could fulfill the role of clathrin, they are
localized to one or two distinct patches
on the vacuole membrane, and hence in
principle should not mediate sorting at the
Golgi (264, 347).

4.3 Sorting into the CPY vs. ALP
pathway

As was discussed in the previous
sections, two pathways target proteins to
the vacuole. So how does the cell know
which proteins are to be sorted into these
pathways? The list of proteins to be
transported to the vacuole through the
CPY pathway includes a large number of
proteins, while the ALP pathway includes
mainly two reported proteins. Studies
carried out on the sorting signals of these
two pathways lead to the suggestion that
entry to the ALP pathway is a signal-
mediated sorting event and hence saturable,
since overexpression of ALP or in the
absence of AP-3, ALP is delivered to the
vacuole through the CPY pathway (338).
Vacuolar delivery of Dap2p (dipeptidyl
aminopeptidase B, DPAP B) through the
CPY pathway is unaffected by removal
or replacement of either the cytoplasmic,
transmembrane or lumenal domains (348).
Moreover, when the localization signals of
resident ER or Golgi membrane proteins
are mutated, these are directly transported
to the vacuole (349). These data suggest
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that transport of membrane proteins
through the CPY pathway in yeast occurs
by default. However recent data suggest
that entry into the CPY pathway may be
mediated by certain signals that selectively
target these proteins to the different
pathways. One such example includes
the general amino acid permease Gaplp.
The final destination of Gaplp, changes
according to physiological clues, namely
the available nitrogen source (350). In
cells grown under rich nitrogen conditions,
such as glutamate medium, Gaplp is
transported directly from the Golgi to the
vacuole. Change to suboptimal nitrogen
concentrations, such as urea, causes
Gaplp to be transported to the plasma
membrane (351). Proper sorting of Gaplp
to the plasma membrane is dependent on
the COPII complex component Secl3p,
the ER-resident membrane protein Shr3p,
the GSE complex, as well as of Nprlp,
which is involved in stability and retention
of Gaplp at the plasma membrane (351-
354). Transport of Gaplp to the vacuole is
dependent on the ubiquitination of Gaplp
by the Rsp5p E3-ubiquitin ligase complex
together with Bullp/Bul2p (355), and
occurs through the CPY pathway since it
is dependent on Pep12p and facilitated by
Ggalp and Gga2p (351, 356). The second
example includes the selective transport
of a mutant form of plasma membrane
H*-ATPase (Pmalp). In wild type cells
Pmalp is transported from the trans-Golgi
to the plasma membrane through selective
packaging into a specific subset of secretory
vesicles (258). When a mutant form of
this protein is used, pmal-7, the normal
delivery to the cell surface is inhibited and
the protein is rerouted to the endosomal/
vacuolar compartment for degradation
(357-359). Transport to the vacuole occurs
through the CPY pathway, since mutations
that affect the transport between Golgi

and the PVC, such as vpsi, vps8, pepl2,
ggal and gga? mutant cells, block the
transport of pmal-7p for degradation
and instead pmal-7p is rerouted to the
cell surface (357, 358, 360). Similar to
Gaplp, transport of mutant pmal-7 for
degradation is dependent of Rsp5p-Bullp-
Bul2p ubiquitin ligase protein complex
(360). Thus it appears that ubiquitination
is one regulatory mechanism that serves
to target proteins to different pathways,
and understanding how these proteins
specifically recognize and control the fate
of exocytic proteins is object for further
investigation (361).

4.3.1 Separate pathways with common
principles: The dynamin-like protein
Vpsip

If indeed proteins that follow these
pathways are separated into distinct
vesicles, how are these regulated and how
does the cell distinguish these vesicles
from the secretory vesicles targeted to
the cell surface? Functional studies on
the formation of vesicles at the Golgi
implicated one VPS gene encoding the
dynamin-like GTPase Vpslp, in the
budding of vesicles transporting vacuolar
cargo from the Golgi apparatus (362, 363).
In addition to VPSI, clathrin has also
been implicated in such vesicle formation
events, since a sudden loss of clathrin
function results in mislocalization of
vacuolar proteins to the cell surface (364).
Even though clathrin plays a fundamental
role in sorting into the CPY pathway, the
ALP pathway is relatively unaffected by
clathrin mutations, so the role of clathrin
will not be addressed in this section (364).
Thus, we will focus on Vpslp, due to its
importance in both pathways. Mutations
that lead to the inactivation of Vpsl1p result
in missorting of proteins destined to the
vacuole into secretory vesicles destined
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for the cell surface. Vpslp is an 80-kDa
protein with homology to the mammalian
GTPase dynamin, which is required for
endocytosis and appears to be involved in
the pinching off of vesicles from the plasma
membrane (362, 365-367). Mammalian
dynamin is thought to act as a regulatory
GTPase and as a mechanochemical fission
factor, by accumulating at the emerging
bud necks, where it initiates tubulation
and vesiculation of membranes (368, 369).
Dynamin and its homologues share three
common domains, an amino-terminal
GTPase domain, a middle domain and a
GTPase effector domain (370). Dynamin
itself contains two additional domains,
the pleckstrin homology domain,
which is responsible for the binding to
phosphoinositides, and a proline-rich
domain. Yeast cells lacking Vpslp do
not display any defect in endocytosis but
instead secrete the Golgi form of CPY
(p2 form). In vpsl mutants, Golgi and
vacuolar membrane proteins are delivered
to the vacuole via the plasma membrane
(363, 371). Vpslp is required in yeast for
the transport of proteins through both the
CPY and ALP pathway. This observation
and the homology to dynamin suggest a
similar role for Vpslp in the pinching off
of vesicles (vesicle scission) that divert
proteins intended for the vacuole from
the secretory pathway in wild type cells.
Vpslp is also required for maintenance
and stability of Golgi-localized proteins,
since in vpsIA cells Kex2p and Vps10p
are also delivered to the vacuole via
the plasma membrane (272, 363, 371).
Moreover, Vpslp appears to be involved
in vesicle fission at vacuolar membranes.
The yeast vacuole is a highly dynamic
organelle that undergoes constant
cycles of fission and fusion during both
vacuole inheritance, and due to changes
in osmolarity of the environment. When
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a yeast cell is exposed to hyperosmotic
stress the vacuoles fragment, and when
Vpslp is mutated the vacuoles lose the
ability to fragment and enlarge (372, 373).
Surprisingly, Vpslp also appears to be
involved in regulating vacuolar membrane
fusion since antibodies against Vpslp and
temperature-sensitive mutations in Vpslp
block vacuole fusion (373). Studies carried
out on the localization of Vpslp revealed
that the protein localizes to vacuoles,
and to be exact, to vacuole membrane
constrictions, and to a number of spots on
vacuole membranes (373). The presence
of Vpslp to membrane constrictions is
in agreement with the role of Vpslp in
vesicle fission. The presence of Vpslp
in discrete spots appears to be linked to
formation of complexes of Vpslp and
the vacuolar SNARE Vam3p (373). The
release of Vpslp from the Vpslp-Vam3p
complex required the yeast NSF Secl8p,
but did not its co-factor Secl7p (the yeast
a-SNAP) (373). So how does Vpslp
coordinate vacuole fusion? Vpslp may
trap Vam3p on the vacuole membrane
making it a rate-limiting factor for fusion,
thus favoring fission events. Alternatively,
it may be involved as a sorting factor by
separating v- and t-SNAREs or it may
support the enrichment of Vam3p at
docking sites (374, 375). The release of
Vpslp at the onset of vacuole membrane
fusion by the SNARE-activating ATPase
Secl18p releases the t-SNAREs that may
now initiate fusion events, bringing to an
end the intrinsic fission activity of Vpslp.
Alternatively, it is known that actin plays
an active role in vacuolar fusion (376,
377) and dynamins as well as dynamin-
like proteins, such as Vpslp, control actin
dynamics. Consequently, it is possible that
release of Vpslp from the Vpslp—Vam3p
complex allows Vpslp to interact with
actin or actin-regulating proteins, such as
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Slalp (378), and thus regulate a later step
in vacuole membrane fusion.

In contrast to the mammalian
homologue dynamin, the yeast Vpslp
does not appear to be required for
endocytosis, as in vpsIA cells proteins are
delivered to the vacuole via the plasma
membrane (371). When a temperature-
sensitive mutant allele of £END4, which
specifically blocks the internalization
step of endocytosis (379), is combined
with vpsIA cells, vacuolar proteins are
no longer delivered to the vacuole but
accumulate at the plasma membrane (371).
In support of the idea that Vps1p does not
play an essential role in endocytosis at
the plasma membrane, the internalization
kinetics of uracil permease Fur4p in
vpsIA cells (at 30°C) is similar to that of
wild type cells (378). Furdp is localized
at the plasma membrane and mediates
the specific uptake of uracil. Similar to
Gaplp, its expression and localization
are tightly regulated by the uracil levels
and environmental clues. Under normal
conditions Furdp is delivered directly to
the cell surface via the secretory pathway.
However in the presence of excess uracil,
newly synthesized Furdp can be directed
to the degradative vacuolar pathway
without ever passing through the plasma
membrane (380). Normal degradation of
plasma membrane Furdp occurs through
phosphorylation, which in turn facilitates
ubiquitination of Furdp, a process that is
dependent on the Npilp/Rsp5Sp ubiquitin-
protein ligase (381, 382). Furdp is then
internalized, and following endocytosis it
is targeted to the vacuole for proteolysis
(383). Three possible explanations for the
observation that Vpslp is not required
for endocytosis include that a dynamin-
like GTPase is not required for the
endocytosis step, or then other dynamin
related proteins might be involved in

the scission of endocytic vesicles (263).
These may include for example Mgm1p or
Dnmlp, which coordinate mitochondrial
fission and fusion (384). In addition to the
above functions, Dnmlp is involved in
the endocytic system although at a post-
internalization step, namely before fusion
to the late endosome (385). Alternatively,
Vpslp may be required under normal
conditions, whereas under conditions
where Vpslp is nonfunctional, other
pathways, perhaps clathrin-independent,
may compensate.

4.3.2 The CPY and ALP pathways
converge at the vacuole

The CPY and ALP transport pathways,
which start diverging at the level of the
late Golgi and follow two separate and
distinct pathways to the vacuole, intersect
only at a late stage, namely at the fusion
with the vacuole. Class B and C vps
mutants generally have a fragmented
vacuole with more than 20 small vacuole-
like compartments, or lack any identifiable
vacuoles, respectively. Many of these
genes encode components of the SNARE
machinery, or components of a very large
vacuole-associated complex that appears
to be required for vacuolar membrane
fusion events. These mutants typically
show defects in ALP maturation and
CPY processing. Delivery of CPY and
ALP occurs by two parallel pathways,
which meet at the vacuole. One such
class B VPS gene encodes Vam3p, which
is a vacuole-localized t-SNARE (Q,)
that is delivered to the vacuole through
the ALP pathway and is required for the
fusion of multiple transport intermediates
with the vacuole (339, 386). In vam3
mutants correct processing of both CPY
and ALP is blocked. Although mature
CPY is formed over time, this is due to
aberrant intermediate processing of p2-
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CPY that occurs outside of the vacuole,
since proALP processing does not occur
in these cells, suggesting that ALP is
trapped in a intracellular compartment
distinct form the one which contains CPY
(326, 387). In addition to Vam3p, the
other proteins involved in the formation
of the SNARE complex are Vtilp (Q,)
and Vam7p/Vps43p (Q_) exposed on the
vacuole membrane, and Ykt6p (R) present
on the transport intermediate membrane
(386, 388-391). Membrane fusion to
the vacuole is regulated by the Rab-
GTPase Ypt7p and by Secl7p, Secl8p
(392, 393). Other mutants such as the
members of the class C VPS genes encode
components of a large detergent-insoluble
complex that is partially associated with
vacuolar membranes known as the class
C Vps complex. The class C Vps complex
functions at two distinct protein trafficking
steps. It has been reported to be required
for fusion of late Golgi vesicles with the
late endosome, and to be involved in
fusion events at the vacuole (325, 337).
In the latter case the class C Vps complex
is also known as the homotypic fusion
and vacuole protein sorting (HOPS)
complex (327, 337). The HOPS/class C
Vps complex is composed of six different
subunits, the class B proteins Vps4lp
(Vam2p) and Vam6p (Vps39p) and the
class C subunits Vps11p (Pep5p), Vpslop,
Vps18p (Pep3p) and Vps33p (327, 347,
394, 395). This complex is thought to
mediate the transition from tethering to
trans-SNARE pairing at the membrane
due to its ability to interact with the GTP
form of Ypt7 (the yeast Rab7) and to the
SNAREs Vam3p/Vam7p (396-398). Each
of the subunits of the HOPS/Class C
Vps Complex appear to have specialized
domains that contribute to the correct
tethering function of this complex. Vps33p
is homologous to the Sec1/Muncl18 (SM)
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family proteins (325, 399). Vpsllp and
Vps18p have essential RING finger zinc
binding domains at their C-terminus
(327). Vam6p (Vps39p) acts as a GEF on
the Rab GTPase Ypt7p thus stimulating
the nucleotide exchange on Ypt7p (395).
Finally Vps41p appears to be specialized
in two functions one is in tethering as a
component of the HOPS complex and the
second appears to be in the biogenesis
of the AP-3 vesicles that transport cargo
such as ALP from the Golgi to the vacuole
(341, 394, 400, 401). Due to the specific
involvement of Vps41p in the biogenesis
of the AP-3 vesicles and the localization
of Vps41p/Vps39p to vacuolar membranes
these two proteins are thought to be
preferentially involved in the ALP pathway
possibly by stabilizing the interaction
between the vacuolar t-SNARE Vam3p
and an ALP pathway-specific v-SNARE
(263, 347). Within all of the known
class B and C mutants no synaptobrevin-
like molecules are found. One potential
protein, Nyvlp, is required for fusion of
transport intermediates containing ALP in
vam3 mutant cells and is transported to the
vacuole through the ALP pathway, where
it works as a specific v-SNARE (392,
402). A null mutant of vps41 typically has
phenotypes similar to class B/C mutants
with fragmented vacuoles, defects in CPY
maturation and ALP processing (347,
403). Many of these defects are thought to
be an indirect effect of blocking the ALP
pathway, since incubation of vps4I-ts
mutant cells at the restrictive temperature
lead to a rapid block in ALP processing,
while maturation of both CPY and CPS
remained unaffected, as well as vacuole
morphology. The long-term effect of the
vps41 null mutation could be explained
taking into count that the vacuolar
t-SNARE Vam3p, which is required for
the fusion of transport intermediates of the
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CPY pathway to the vacuole, is delivered
to the vacuole through the ALP pathway
(347, 403). When the ALP pathway is
blocked, newly synthesized Vam3p is no
longer delivered to the vacuole and as
soon as the free/active Vam3p present on
the vacuole membrane is consumed the
fusion of transport intermediates from
the CPY pathway starts to be defective,
and culminates with the appearance of
fragmented vacuoles.

4.3.3 The CORVET complex mediates
intra-endosomal tethering

The class C proteins that constitute the
previously mentioned HOPS complex
that functions at the vacuolar membrane
interface are also present on endosomal
membranes (337, 387). Here they form a
novel-tethering complex referred as the
class C core vacuole/endosome tethering
(CORVET) complex (335). The CORVET
complex is composed of the class C
subunits Vps11p (PepSp), Vps16p, Vps18p
(Pep3p) and Vps33p together with the
class D subunits Vps8p and Vps3p (325,
335, 404). CORVET and HOPS complex
thus share a great degree of similarities.
Both of these complexes have the class
C core proteins as a common platform
and both are composed of six subunits
with approximately the same size.
The differences appear concerning the
remaining two components. In the HOPS
complex Vps41p/Vamé6p functions as an
effector of the Rab Ypt7p (393, 395, 399),
while in the CORVET complex Vps8p/
Vps3p functions as an effector of the Rab
GTPase Vps21p (yeast Rab5 homologue)
(333, 335). Vps3p is very similar to
hVam6p with exception of the n-terminus.
Additionally, Vps3p can bind to Vps21p-
GDP and promote nucleotide exchange in
a GEF-like function similar to the role of

Vamo6p in promoting nucleotide exchange
on Ypt7-GDP (335, 395). Thus it appears
that the HOPS and CORVET complex are
structurally organized into three parts: the
class C core, a GEF (Vam6p or Vps3p) and
an effector protein (Vps4lp or Vps8p).
Since the HOPS complex is present at
the vacuole interface and the CORVET
complex at the endosomal interface,
endosomal-vacuolar biogenesis might
be regulated by which tethering agents
is recruited. From elegant studies carried
out on the dynamics and presence of these
complexes at each step of the endosomal
vacuolar pathway (335), it was possible to
perceive that these complexes interchange
according to their respective site of action
and that a intermediate complexes exist.
The first step in the conversion of these
complexes appears to be the exchange of
the putative GEF subunit, which binds to
the class C subunit Vps33p (335, 395).
Both Vps3p and Vam6p compete for
binding to the effector subunit Vps41p at
this stage. The next step is the exchange
of the potential Rab effector. When the
intermediate complex Vps3p-Vps4lp-
Class C core is formed Vps8p can replace
Vps4lp and the CORVET complex is
formed. One important observation in the
inter-conversion of these complexes is
that Vps41p can replace Vps8p; but Vps8p
cannot displace Vps4lp without first
Vps3p being brought to the system (335).
The order of conversion is especially
interesting since the GEF would recruit
the next Rab, which would bind to the
next effector, and in this way ensure
appropriate membrane fusion events. In
summary there appears to be a direct role
of the tethering complexes in the way
the endosomal/vacuolar organization
is regulated possibly by controlling the
RabGTPase switching and stability (335).
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4.4 Proteins are sorted from each other
along the endosomal/ vacuolar pathway
Multiple pathways emerge from the late-
Golgi, which transport proteins and lipids
to the vacuole. In addition to this pathway,
membranes and proteins are continuously
internalized through endocytosis. These
two pathways intersect at the level of the
early/late endosome. The late endosome
is morphologically characterized by
the presence of membrane-bound inner
membranes or vesicles, and for this
reason is also known as the multivesicular
body (MVB). At the late endosome/
MVB, proteins are sorted to their correct
destination through the presence of
sorting signals similar to what occurred
at the frans-Golgi. At this stage certain
proteins such as transmembrane receptors
and proteins that occasionally enter these
transport intermediates and endocytic
vesicles need to be correctly returned
to their right place of function in order
to maintain the appropriate trafficking
dynamics in the cell. In the following
sections we will address briefly how the
cell recycles cargo back to the plasma
membrane and how proteins are recycled
back for further cycles of protein sorting.

4.4.1 Protein sorting at the late
endosome / MVB.

Once proteins arrive at the MVB, they are
once again sorted from each other (405).
It appears that one of sorting signals for
transport to the vacuole is the addition
of ubiquitin (406). For example addition
of monoubiquitin to the G-protein-
coupled pheromone receptors, Ste2p and
Ste3p present at the cell surface, acts
as a signal for internalization, and also
functions as a sorting determinant at the
late endosome/MVB (308, 407, 408).
Other proteins travel from the late Golgi
to the vacuole and are ubiquitinated either
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at the late Golgi or at the late endosome/
MVB. The addition of monoubiquitin to
certain proteins allows them to interact
with the ubiquitin-binding domain of
the GGA proteins that mediate sorting
at the late-Golgi to the MVB (356). For
the addition of ubiquitin to the respective
substrates the cell relies on Rsp5p, an
ubiquitin ligase of the Nedd4 family that
is localized to diverse sites such as the
plasma membrane, Golgi and endosomes
(409, 410). Rsp5p is responsible for the
ubiquitination of proteins at the surface
prior to internalization, and is involved in
the ubiquitination of biosynthetic cargo
destined to the vacuole, a step required
for cargo to enter the CPY pathway.
(352, 409, 411-413). The broad range of
action of Rsp5p in the cell appears to be
accomplished by specific domains within
Rsp5p, since different mutations in RspSp
affect different cargos (414). For example
the C2 domain is responsible for the binding
of Rsp5p to phosphoinositides and may be
the key feature required for recruitment
of Rsp5p to Golgi/endosomal membranes
(415). When the C2 domain of Rsp5p is
deleted, ubiquitination of biosynthetic
cargo such as carboxypeptidase S is
affected, while the ubiquitination and
internalization of Ste2p at the plasma
membrane is unaffected (409, 412, 415).

4.4.1.1 The ESCRT complexes mediate
sorting of ubiquitinated cargo at the late
endosome / MVB

The class E vps mutants are characterized
by the presence of a large and aberrant
late endosome/M VB, where proteins that
follow the CPY pathway and endocytic
pathway accumulate (416). The class E
VPS family is composed of 18 genes,
17 of which encode soluble proteins
form membrane-associated complexes
with each other on the MVB membrane.



Introduction

Biochemical and genetic analyze have
revealed the formation of four endosomal
sorting complexes required for transport,
commonly referred as ESCRT complexes:
ESCRT-0 (Vps27p and Hselp); ESCRT-1
(Vps23p, Vps28p and Vps37p); ESCRT-II
(Vps22p, Vps25p and Vps36p) and finally
ESCRT-III (Vps2p, Vps20p, Vps24p and
Vps32p) (407,417-421). Vps44p/Nhx1p is
the only member of the class E VPS genes
that encodes a transmembrane protein,
namely a sodium/proton exchanger
localized to the MVB membrane (422).
Although its precise function still remains
unclear, it appears that its ion exchange
activity is essential for late endosome/
MVB sorting, possibly by regulating the
lumenal MVB ionic/pH environment.
This in turn could affect the recruitment
of ESCRT or ESCRT-associated proteins
to the membrane and consequently affect
protein sorting (263, 423).

The ESCRT-0 complex provides the
sorting receptor for ubiquitinated cargo
into lumenal vesicles at the late endosome/
MVB. This feature is provided by the
presence of ubiquitin interacting motifs
(UIMs) in both Vps27p and Hselp (419,
424). The ESCRT-0 complex is recruited
to the membranes through the interaction
of the FYVE domain of Vps27p with
phosphatidyl inositol 3-phosphate
(PI3P) (425). This recruitment is further
enhanced by the interaction of Vps27p
with the ENTH domain proteins Ent3p
and Ent5p (426). These proteins also bind
phosphatidyl inositol-3,5-bisphosphate,
and are required for correct sorting of
proteins to the lumenal membranes (426).
When the ESCRT-0 complex is correctly
positioned, it may recruit the ESCRT-I
complex through the interactions between
the PTAP-like motifs present on the
C-terminal region of Vps27p and Vps23p
(425, 427). In addition to recruiting

ESCRT-I to the MVB membranes,
it is possible that it also recruits the
ubiquitin ligase Rsp5p, thus allowing the
ubiquitination of cargo that would then be
closely positioned to ESCRT-0 complex
for MVB sorting (263, 420). ESCRT-I is
also capable of binding to ubiquitinated
cargo, but this interaction is provided
by the ubiquitin E2 variant (UEV)
domain (407). After ESCRT-I is correctly
positioned, ESCRT-II and ESCRT-III
are recruited to the late-endosome/MVB
membrane (417, 418, 420). ESCRT-
Il associates with both ESCRT-I and
with ESCRT-III and thus helps increase
the membrane-binding/recruitment of
ESCRT-IIII (428). Additionally, ESCRT-
IT appears to have the ability to bind to
ubiquitinated cargo, since point mutations
in the NZF-ubiquitin-binding domain
of Vps36p abolish the correct sorting of
GFP-CPS at the late endosome/MVB
(429). ESCRT-III complex is made itself
from two subcomplexes composed of
Vps2p/Vps24p and Vps20p/Vps32p
(417). ESCRT-III is recruited to the late
endosome membranes through interactions
between Vps20p subunit and ESCRT-I and
—II (420). At this stage ESCRT-III recruits
accessory proteins such as Vps4p, Vps31p/
Brolp, Vps46p, Vps60p and Vtalp (263,
420, 430). Brolp in turn recruits the
deubiquitinating enzyme Doadp to the
ESCRT-III complex through interactions
of Vps31p/Brolp with Vps32p (420, 431,
432). Doadp removes ubiquitin from the
cargo molecules prior to their incorporation
into the budding lumenal vesicles and is
essential for proper maintenance of the
normal intracellular ubiquitin levels (433).
Vpsdp is an AAA-ATPase that is required
for membrane dissociation of the ESCRT
complexes thus allowing recycling of the
ESCRT complexes for further cycles of late
endosome/M VB sorting (407, 434, 435).
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In summary, the ESCRT complexes
mediate sorting into the lumenal vesicles
through the following steps: ESCRT-0 is
recruited to the MVB membrane via PI3P-
binding that is generated by the Vps34p/
Vps15p complex. Rsp5p is recruited to
the membrane by ESCRT-0 and may
ubiquitinate cargo. ESCRT-0 recruits
ESCRT-I and ESCRT-II, and ubiquitinated
cargo binds to these complexes in this
order (429). In turn, ESCRT-III is recruited
through interactions with ESCRT-I and
—II, and ESCRT-III-associated proteins
are recruited leading to deubiquitination
of cargo to be incorporated into the
lumenal vesicle through the action of Do-
a4p. ATP hydrolysis by Vps4p leads to
disassociation of the ESCRT complexes
from the membrane and cargo is sorted
into the inward budding vesicle. (234)

4.4.1.2 The Retromer mediates recycling
of late-Golgi proteins

The transport of vacuolar proteins from
the /ate-Golgi to the PVC requires the
efficient recycling of many /ate-Golgi
membrane proteins that cycle between
these two organelles and have to return to
the Golgi. Such proteins include the acid
hydrolase receptor Vps10p, the enzymes
Kex2p and Stel3p and the SNAREs
Snclp and Tlglp. This is accomplished
by the presence of critical aromatic
amino acids in the cytosolic tail of these
transmembrane proteins that function as
sorting signals for their retrieval from a
post-Golgi compartment (274, 275, 278,
279). The mechanism of signal recognition
and retrieval is still not well understood
but involves a number of genes, including
VPS35, VPS29, VPS26, VPS5 and VPS17,
which are thought to encode components
of the recycling machinery namely the
Retromer complex (273, 436-439).
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Two subcomplexes constitute the
retromer complex, the Vps35p—Vps29p-
Vps26p subcomplex that has a role in
cargo selection, and the Vps5p—Vpsl7p
subcomplex that has a structural role
namely in membrane recruitment and
vesicle formation. With exception of
the Vps17p subunit, which seems to be
specific to fungi, retromer subunits are
conserved in all eukaryotes. Vps35p
appears to be the platform onto which the
remaining components of the retromer
associate. This observation came from
studies that revealed that Vps35p could
interact directly with cargo proteins such
as VpslOp (273, 440, 441). Membrane
binding of Vps35p to the late endosome
membrane/MVB is further promoted
by Vps26p, which also mediates the
interaction with the VpsS5p-Vpsl7p
dimer, thus linking cargo selection and
self-assembly (442). Association of the
retromer to endosomal membranes appears
to result from a direct interaction of the
retromer with lipids of the endosomal
membrane. Vps5p and Vpsl7p are both
members of the sorting nexin (SNX)
family, which are characterized by the
presence of a conserved Phox homology
(PX) domain, a BAR (Bin, amphiphysin,
Rvs) domain and a function in the sorting
of membrane proteins namely by avoiding
that the protein reaches the vacuole (443,
444). The PX domain is responsible
for the ability to bind to the endosomal
lipid phosphatidylinositol 3-phosphate
(PtdIns3P) (445). Since in yeast there is
only one phosphatidylinositol 3-kinase,
the product of the VPS34 gene, this
protein regulates the action of the retromer
by regulating the level of PtdIns3P (446,
447). Thus, Vps34p together with an
adaptor complex composed of Vps30p/
Vps38p, which is required for stimulation
of kinase activity, regulates the production
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of PtdIns3P, which in turn is required for
proper localization of Vps5p-Vps17p and
the remaining components of the retromer
complex (446, 447). The function of the
retromer is to associate to endosomal
membranes and selectively sort cargo
proteins into the transport vesicle. But
does the retromer function as a vesicle
coat? Two characteristics define a vesicle
coat, the ability to select cargo and the
ability to self-assemble thus driving
vesicle formation that selectively encloses
cargo within. The retromer appears to
fulfill these characteristics, since Vps35p
provides the cargo selection function,
while the self-assembly function is
provided by the BAR domains of Vps5p/
Vpsl17p, which dimerize and bind to
highly curved membranes (448, 449). If
the retromer can be classified as a typical
vesicle coat, like clathrin or adaptor
coats is still not fully clear. However it
appears that the transport intermediate
that emerges from endosomes, and closely
positioned to the observed retromer site of
action, may indeed be tubules rather than
vesicles (449-451). The retromer has not
been shown to form electron dense coats
as the classical vesicles coats do, and the
mechanism of sorting cargo appears to be
distinct from that of classical membrane
coats (147, 452). A recycling pathway
between the endosome and the Golgi also
exits in yeast. This pathway is involved in
the specific retrieval of the endocytosed
exocytic SNARE Snclp, and is mediated
by another set of sorting nexins, namely
SNX4, SNX41 and SNX42 (453). These
sorting nexins might constitute another
sorting complex that is involved in
retrograde transport.

The nature and properties of the
transport carriers that mediate the
retrograde transport of cargo to the late-
Golgi is still unknown. Nevertheless

for fusion to occur with the late-Golgi,
tethering factors have to be recruited
from the cytosol. These tethering factors
facilitate the assembly of SNARE
complexes between the v-SNAREs on
the retrograde carriers and the t-SNAREs
on the late-Golgi. One such tethering
factor implicated in endosome-to-late
Golgi transport is the hetero-oligomeric
complex GARP/VFT (Golgi-associated
retrograde transport / Vps fifty three). The
GARP/VFT complex is constituted by
four subunits Vps51p, Vps52p, Vps53p
and Vps54p and is recruited to the late-
Golgi membranes through interaction
with the Rab-GTPase Ypt6p. VpsS51p
interacts with the t-SNARE Tlglp, thus
it may coordinate tethering events with
membrane fusion (454-456). The GARP/
VFT complex is involved in tethering
of transport carriers that originate from
both the early and late endosome (454-
457). Interestingly two other hetero-
oligomeric complexes, where recently
reported to be involved in tethering of
retrograde transport carriers (458). These
are the COG complex and the TRAPP-II
complex. The COG complex is composed
of eight subunits Coglp to Cog8p,
organized in two domains and is recruited
to the late-Golgi by the Rab-GTPase
Yptlp, and interacts with the t-SNARE
SedSp (459-461). The main function of
the COG complex appears to be in intra-
Golgi membrane fusion events. However
mutations in individual COG subunits,
revealed impaired retrograde transport
from both early and late endosomes to
the Golgi (459, 460). The other hetero-
oligomeric complex is the transport
protein particle (TRAPP) complex
(181). This complex is present in the cell
in two forms, TRAPP-I and TRAPP-II
(462). While TRAPP-I acts at the ER-
Golgi interface and mediates tethering of
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COPII to the cis-Golgi membrane face,
TRAPP-II acts at the intra-Golgi level and
mediates the tethering of COPI vesicles
(462-465). These two TRAPP forms share
seven subunits, whereas three subunits
are specific to TRAPP-II (Trs130p,
Trs120p and Trs65p) (462). Mutations
in Trs130p disrupt Golgi traffic, while
mutations in Trs120p interrupt recycling
of proteins from the early endosomes to
the late-Golgi (463). Taking into count,
that Trs120p colocalizes with the late-
Golgi marker Sec7p and Trs120p mutants
reveal a defect in the recruitment of COPI
subunits to the early endosome, it appears
that Trs120p and the TRAPP-II complex
are required for tethering of vesicles that
traffic from the early endosome to the late-
Golgi (463).

5. Transport to the plasma
membrane, the last step of the
exocytic pathway

In the previous sections we addressed how
proteins destined to the secretory pathway
enter the ER and are transported through
the Golgi apparatus. During these transport
events little differences are observed
between exocytic cargo and proteins that
have an intracellular function such as the
carboxypeptidase Y receptor VpslOp.
At the late-Golgi proteins intended for
delivery to the plasma membrane, to
be incorporated into the cell wall, or
secreted to the medium, are sorted from
proteins destined to remain intracellular.
Meanwhile, proteins intended for delivery
to the endosomal membrane system are
sorted into a separate pathway. In some
but not all cases, the N- or O-glycans
added to the newly synthesized proteins
provide sorting information. Proteins to be
exocytosed are delivered to the cell surface
in a specific set of vesicular carriers, which
enclose a unique set of proteins in their
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membrane, although the coat proteins
that participate in the formation of these
carriers have not yet been fully identified
(2, 258, 260, 466). In the following
sections we will address how exocytic
cargo is targeted to the plasma membrane
and the fusion machinery involved in the
regulation, fusion and delivery of these
transport intermediates to the plasma
membrane.

5.1 Different vesicles transport distinct

proteins

In the majority of the eukaryotic cells,
exocytic cargo can reach the cell surface
by multiple pathways (256, 257). For
example in polarized epithelial cells
distinct vesicles with specific subsets of
cargo are targeted preferentially to the
apical or basolateral membranes (467-
470). This suggests a unique sorting
mechanism for the different classes of
cargos. This idea is further supported by
the fact that when apical and basolateral
proteins are expressed in fibroblasts (i.e.,
nonpolarized cells), the sorting machinery
of the cell segregates these cargos into
different populations of vesicles using
the same sorting signals as in polarized
cells (471, 472). Similar to their higher
eukaryotic partners, the yeast S. cerevisiae
also has the ability of packaging exocytic
cargo into two classes of secretory
vesicles, which differ in their cargo
(258-260, 473). These two populations
of vesicles were first identified using
an isolation procedure that allowed the
specific enrichment of secretory vesicles,
followed by further separation according
to their densities (258, 474). Thus, the
vesicles classes were designated as LDSV
(light density secretory vesicle) and the
HDSV (heavy density secretory vesicle).
The LDSV class carries the cell wall
component Bgl2p (endo-B-1,3-glucanase),
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Pmalp (the major plasma membrane
ATPase) and Gaslp (GPI anchored B-1,3-
glucanosyltransferase) (258). On the other
hand, invertase (a periplasmic secreted
sucrose hydrolyzing enzyme) and acid
phosphatase (PHO11/PHO12/PHOY)
are found in the HDSV class of vesicles
(258). These two classes of vesicles also
differ in their transit times through the
secretory pathway. While the LDSV cargo
is secreted in 30 minutes, the HDSV cargo
is transported in only 5 minutes (4, 258,
475, 476). The asynchrony between the
different cargos develops before the final
exocytic step. One possible explanation
suggested for this difference in secretion
kinetics is transported through different
compartments (4, 258). Indeed, cargo
found in the HDSV class of vesicles is
dependent on a functional endosomal
pathway, and hence thought to transit
through an intermediate endosomal
compartment (259, 260). In mutants
deficient in the endocytic pathway such
as vpsIA, vps4A and clathrin mutants,
the biogenesis of HDSV is abolished
and HDSV cargo is now found in LDSV
(259, 260). Meanwhile, the biogenesis
and sorting of cargo into LDSV appears
unaffected in these mutants. Thus, it
appears that LDSV are generated directly
at the late-Golgi membrane, while HDSV
are generated at endosomal membranes
(258-260, 477, 478).

Although the best-known mechanism
of transport from the early endosomes
to the plasma membrane is the recycling
of the transferrin receptor and synaptic
receptors, newly synthesized proteins are
also capable of entering this pathway (479-
481). This is illustrated by the trafficking
of newly synthesized transferrin receptor,
asialoglycoprotein receptor H1 and the
major histocompatibility complex class
II molecules (482-485). It appears that in

yeast, an endosomal to plasma membrane
pathway is also functional. Mutant plasma
membrane ATPase, pmal-7p, is normally
delivered to the vacuole for degradation,
however when delivery to the vacuole is
blocked pmal-7p is rerouted to the plasma
membrane (357, 358). Vps mutant cells
are characterized by the missorting of
the vacuolar protein carboxypeptidase
Y to the cell surface (371). This feature
can be observed by the packaging and
accumulation of CPY into LDSV in vps/A
sec6-4 cells, since this mutant appears
to lack dense secretory vesicles due to
the block of all trafficking events to the
vacuole (260). However, in vps10A sec6-4
mutant cells, where traffic to the vacuole
is normal, but the receptor for CPY is
lacking, CPY is found in the HDSV class
of vesicles (259, 260). The reason for
two divergent pathways for delivery of
proteins to the plasma membrane is not
fully understood. Perhaps certain proteins
may need special processing requirements
or alternatively need to be regulated
differentially.

Another difference between the
LDSV and the HDSV is the nature of
their cargo. While the LDSV transports
cargo involved in cell surface expansion,
the HDSV transports newly synthesized
soluble exocytic proteins that appear to
be required under certain physiological
conditions (260). The cargo transported
in the HDSV is under transcriptional
regulation, e.g. invertase and acid
phosphatase. Packaging these proteins
separately from constitutively expressed
ones that are required for cell surface
expansion, may add one layer of regulation
at a post-translational level. One such
example is the approach yeast uses to
regulate the levels of active general amino
acid permease, Gaplp, whose localization
to the plasma membrane is regulated by
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the available nitrogen source (350, 486,
487). Gaplp is capable of transporting
all the naturally occurring amino acids
into the yeast cell. Under poor nitrogen
conditions, Gaplp is transported to the
plasma membrane to increase amino acid
uptake. On the other hand, under nitrogen-
rich conditions, the presence of Gaplp on
the membrane is downregulated through
the action of Rsp5p ubiquitin ligase,
which targets Gaplp for degradation in
the vacuole (355).

The rapid relocation of Gaplp to the
plasma membrane appears to involve a
novel complex called the GSE complex
(GTPase-containing complex required
for Gaplp sorting in the endosome) that
recognizes Gaplp in the endosomes
(354). The GSE complex is composed
of two small GTPases (Gtrlp and Gtr2p)
and three additional components (Gselp,
Gse2p and Ltvlp). The Gtr2p subunit
provides the Gaplp recognition by binding
to a di-aromatic motif (Trp-Tyr) exposed
on the cytosolic domain of Gaplp (354).
Whether the GSE complex is indeed a coat
complex, which mediates the sorting of
proteins into vesicles for transport to the
plasma membrane, still remains to be fully
addressed. The GSE complex is capable of
binding cargo but the second feature of a
coat complex, the ability to oligomerize and
remodel the membrane thus driving vesicle
budding, still remains to be elucidated.
The GSE complex appears to form a
complex with an M_ of approximately
600K, though its components have a
total M of approximately 170K. Thus,
the GSE complex could possibly mediate
its self-assembly, or then associate with
an accessory protein that would mediate
the oligomerization and remodeling of
the membrane. One such candidate is
Mvplp, which is capable of interacting
with Gselp (488). Mvplp is a member of
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the sorting nexin family of proteins, which
are characterized by the presence of a p40
Phox homology (PX) domain that allows
the binding to phosphatidyl-inositol-
3-phosphate present in the endosomal
membranes (445, 489). The ability of
sorting nexins to bind to membrane lipids,
together with the feature that many sorting
nexins contain BAR (Bin/Amphiphysin/
Rvs) domains that may mediate tubulation,
raises the possibility that the GSE complex
may fulfill the role of coat complexes
(444, 448, 489).

From the previous example we can
see that the existence of a parallel pathway
to the cell surface with an additional level
of regulation, would be especially useful
in adjusting the levels of external proteins
that are required only under certain
physiological conditions, or for soluble
proteins, which cannot be efficiently
retrieved (258, 260). Due to the complexity
of the late secretory pathway, it has been
difficult to characterize the transport routes
involved and the machinery responsible
for sorting and packaging cargo into these
vesicles. Nevertheless, these two classes
of vesicles do reveal some distinct features
that may allow, better understanding of
how these parallel pathways work and are
regulated.

5.2 Polarized delivery of secretory
cargo to the plasma membrane

The major mechanism for delivery of new
membrane components to the cell surface
involves the delivery, docking and fusion
of secretory vesicles with the plasma
membrane. This process is essential since
it allows the cell to transport proteins
to the cell surface that will permit it to
interact with the surrounding environment.
Polarized growth is a phenomenon that
occurs in almost all of the cells, from
prokaryotic to specialized eukaryotic
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tissues and plays an important role in
diverse cellular events such as organism
development and cell movement. In the
majority of eukaryotic cells this process
occurs at discrete sites of the cell surface
and is tightly coordinated with the
overall polarity of the cell. For example,
in epithelial cells, polarized delivery of
basolateral and apical proteins to the
correct membranes has to be spatially
regulated to allow correct morphology and
physiology (468, 469). Yeast cells display
a high degree of polarized traffic during
their life cycle, where the sites of active
vesicle fusion to the plasma membrane
change during the progression through
the life cycle. This is accomplished by a
shift in the protein machinery involved
in cell polarity and exocytosis to discrete
sites of the plasma membrane (490, 491).
During vegetative growth yeast cells
undergo polarized growth by budding.
When a haploid cell is at the end of the G1
phase of the cell cycle, secretory vesicles
are directed to the emerging bud tip. As
the bud grows in the G2 phase, vesicle
fusion becomes transiently isotropic
(unpolarized) within the bud. During
cytokinesis the machinery is relocated to
the mother-bud neck until cell separation
occurs. In yeast cells the budding pattern
depends on their mating type. In haploid
cells, the next round of budding occurs
in an axial fashion, where the bud forms
at the pole adjacent to the previous bud
site. Diploid cells show a bipolar budding
pattern, where daughter cells bud opposite
to the previous budding event (490). In
yeast, the polarized delivery of secretory
vesicles to the site of active membrane
growth involves three steps: 1) polarized
delivery of vesicles along actin cables
towards sites of polarized growth; 2)
Docking of secretory vesicles with the
plasma membrane, and 3) Fusion of

secretory vesicles at sites of polarized
growth. In the following sections we will
address these issues separately.

5.2.1 Motor molecules, actin
cytoskeleton and spatial landmarks
During the different cell cycle stages, the
yeast S. cerevisiae spatially and temporally
regulates exocytosis by directing surface
growth and secretion to distinct sites
on the plasma membrane. The accurate
delivery of secretory vesicles to the sites
of active membrane expansion involves
both an actin-dependent vesicle transport,
and actin-independent establishment of
the machinery involved in receiving the
vesicle at the cell surface (for reviews see
(492-494)). In animal cells, transport of
secretory vesicles to the cell surface relies
primarily on microtubule-based transport,
which is accomplished by kinesin-
dependent transport along microtubules,
followed by actomyosin-dependent
transport (495, 496).

Actin filaments are dynamic polymers
whose ATP-driven assembly in the cell
cytoplasm drives shape changes, cell
locomotion and chemotactic migration.
Actin is the most abundant protein in the
eukaryotic cell, accounting for about 15%
in some cell types. The protein is highly
conserved, and forms a huge variety of
structures in cells in concert with a huge
number of actin-binding proteins. The yeast
actin cytoskeleton is organized into at least
four biochemically and morphologically
distinct structures: cortical patches, actin
cables, the cytokinetic ring and the cap
(494). Actin cables are highly dynamic
structures containing actin (Actlp),
fimbrin (Sac6p), and tropomyosin
(Tpmlp, Tpm2p). The actin present in the
actin cables is capable of rapid turnover
(497). The dynamics of the actin cables
appear to result from equilibrium between
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protection/stabilization through the action
of tropomyosin and disassembly by the
cofilin (Coflp)-Aiplp complex (498,
499). The polarization of the actin cable
arrays is intimately linked to a group of
proteins called the “polarity cap” (490,
493, 494). This term refers to a group of
interacting cellular factors, shaped into a
cap-like structure that localize during the
bud emergence and apical growth and
have a role in the regulation of the overall
cytoskeleton polarity thus directing cell
growth (Figure 14). The polarity cap is
thought to function as a nucleation/anchor
site for actin cables and is composed of
proteins such as Cdc42p, Cdc24p, Bemlp,
Ste20p, Cladp, formins and the polarisome
(490, 493, 500). One of the most crucial

elements required for the polarization of
the actin cytoskeleton is the small GTPase
Cdc42p of the Rho/Rac subfamily of Ras-
GTPases, and its GEF Cdc24p (501-504).
A key event in the polarization function
of Cdc42p is its recruitment to the plasma
membrane, where it can locally activate
its downstream effectors that signal to
the actin cytoskeleton (505, 506). The
association to the membrane is mediated
by a geranylgeranyl anchor, which is
transferred to Cdc42p through the action
of Cdc43p, a type I geranylgeranyl
transferase (507). The local cycles of
hydrolysis and relocalization are facilitated
by the activating effects of the GAPs
(Bem3p, Rgalp and Rga2p) as well as by
the action of the GDI Rdilp (508-511). On

A. Polarization of the actin cytoskeleton. Establishment of spatial landmarks

C. Tethering function of the Exocyst complex

open (unfixed)
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the plasma membrane Cdc24p and Cdc42p
form complexes with a subset of different
effectors, forming putative scaffolds that
function as clusters transmitting signals
to the cell and orientating the actin
cytoskeleton (493). Two such effector
molecules essential in the Cdc42p-actin
signaling and are involved in all stages of
growth (bud emergence, bud growth and
cytokinesis), are the two p21-activated
kinases (PAKs) Ste20p and Cladp (512,
513). Cdc42p in the GTP-loaded form
binds to the CRIB domain of the PAKs,
that functions as an N-terminal PAK
inhibitory domain, preventing the PAK
from entering into the auto-inhibited
conformation and thus activates these
kinases that then mediate further
signaling that control actin organization
and polarized growth (514). The initial

polarization of Cdc42p/Cdc24p to the sites
of active membrane expansion is strongly
affected by Bem1p, which plays a crucial
role in maintaining a polarized cell, since
it links the Cdc42p/Cdc24p complex to the
polarity determinants involved in shmoo-
and bud-site selection (515-517). For
example during early bud emergence pre-
existing cortical cues mark the proper site
to initiate bud emergence. These cues are
left by the previous budding events, which
resulted from a set of actions controlled by
the BUD gene products. These cues lead
to the local activation of the Ras-related
protein Budlp/Rsrlp GTPase by its GAP
Bud2p and GEF Bud5p (518, 519). At
this stage Budlp is capable of binding
to Cdc24p and to Bemlp, which in turn
recruits Cdc42p to a discrete region of the
plasma membrane where the nascent bud

Figure 14. Spatial landmarks for polarized delivery of secretory vesicles.

A. Polarization of the actin cytoskeleton. Establishment of spatial landmarks. Actin cable
assembly is regulated by the action of the polarity cap components, which are localized to the
bud tip. The polarity cap may be further linked to the plasma membrane via components that
directly associate with phospholipids. Nucleation of the actin filaments is provided by the formin
Bnil, which uses profilin- and Bud6-bound actin subunits as substrates. Bnil is typically associ-
ated with the fast-growing (barbed) end of the actin filament it nucleates, facilitating insertional
growth while protecting ends from the capping protein (Cap1/2). Cables are stabilized along their
sides by tropomyosin, which competes with cofilin for binding F-actin. Whereas individual actin
cables are connected to each other by cross-linking proteins such as Sac6 and Abp140. Actin ca-
bles are disassembled, by the action of cofilin and Aip1. Transport of secretory vesicles and other
cargo along actin cables is provided by the action of the barbed-end-directed type V myosins.
Reprinted, with permission, from the Microbiology and Molecular Biology Reviews, Volume 70
(c) 2006 by American Society for Microbiology.

B. Genetic interactions between exocyst components. Solid lines depict physical interactions
between each of the exocyst subunits that have been shown to occur either by co-immunopre-
cipitation or by two hybrid screens Dashed lines reveal possible interactions hypothesized by
their loss when the respective interacting partner is mutated. C. The tethering function of the
exocyst. After the vesicle has been properly marked by the active form of the RabGTPase Sec4
and transported to the sites of active membrane fusion, Sec15p interacts with Sec4-GTP. The
remaining components of the exocyst arrive to these sites either due to the polarization of the
secretory pathway or are individually localized due to their interaction with the polarization ma-
chinery. The exocyst subunits assemble into the multisubunit complex at the interface between
the secretory vesicle and the plasma membrane, helping to bridge a distance where the SNAREs
cannot yet interact. At this stage the exocyst appears to be in a starfish shape. As the exocyst
subunits start to assemble and pack there coiled coil regions against each other, they bring the
vesicle closer to the plasma membrane where SNAREs on opposing membranes may interact.
The exocyst in the closed form shows a T-shape.
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site will be marked and bud emergence will
begin (520). One additional set of proteins
required for maintaining the polarized
state of the cell, is the polarisome, which
is a complex formed by Spa2p, Pea2p,
Bud6p and the additional proteins Sphlp
and Bnilp (521). In polarisome mutants
shmoo growth is affected and the mother-
daughter necks are enlarged, suggesting
that initial bud emergence is not focused
(522). Taking into count that Cdc42p/
Cdc24p remains clustered during apical
growth and the polarisome proteins are
required for apical actin organization, the
polarisome proteins may function as apical
scaffolds that help maintain a tight cluster
of Cdc42p/Cdc24p during the elongation
of bud (493). The polarisome appears to
play a central role in the integration of
the different signals inside the cells that
help regulate polarization. Such signals
are mediated by a family of Rho GTPases
such as Cdc42p, and additional family
members such as Rholp, Rho3p and
Rho4p, which in the activated state bind
to the central element of the polarisome,
Bnilp, and link Rho GTPase signaling to
actin filament assembly (523-526). Actin
assembly is further promoted by the ability
of Bnilp to bind to profilin (Pfylp), which
stimulates actin polymerization, and to the
actin bundling proteins Teflp/Tef2p (527,
528). Proper localization of the polarisome
to the growth sites is provided by Spa2p,
Sphlp and Pea2p that provide the docking
site for Bnilp and Bud6p (521, 523, 529-
533).

Regulation of the overall polarity state
in S. cerevisiae is under the coordinated
control of Rho GTPases and cyclin-
dependent protein kinases. The Rho
family GTPases, including Rho and Rac
GTPases, are small monomeric GTPases
primarily involved in polarization, control
of cell division, and reorganization of
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cytoskeletal elements (534). Yeast has
six Rho family members RHO1-5 and
CDC42. Rholp and Rho2p are partially
redundant GTPases that are involved in
a variety of roles within the cell (535,
536). In particular, they are key proteins in
maintaining cell integrity by stimulating
directly two B-1,3-glucan synthases
(Fkslp and Fks2p) which participate in
the construction of the cell wall at the
sites of polarized growth (537). Since
some rhol alleles cause depolarization of
actin cytoskeleton it is thought that Rholp
activity promotes polarity (538). This
role is accomplished by signaling through
the Pkclp and Mpklp MAPK cascade,
but the precise mechanism of signaling
remains unclear (539). The Rho GTPases
Rho3p and Rho4p play an important
role in growth polarization by acting on
the cytoskeletal polarity (493). Genetic
evidence suggest that Rho3p/Rhodp
and Cdc42p share a common polarizing
function, although Rho3p/Rho4p appear
to be involved after initiation of the bud
formation and are required to maintain
cell polarity during the maturation of the
daughter cells (540).

5.2.1.1 Targeting secretory vesicles for
transport along actin cables

Besides the role in actin polarization,
Rho3p appears to have a function in
targeting of secretory vesicles to the
sites of active plasma membrane fusion
by positively regulating actin cable-
based vesicular transport (541, 542).
This function can be subdivided into two
steps: the transport of exocytic vesicles
from the mother cell to the bud, and in a
second step docking and fusion of vesicles
with the plasma membrane. In the first
stage, Rho3p directly interacts with the
unconventional Myo2p motor. Myo2p is
an myosin V heavy chain and constitutes
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a type V myosin motor, which is involved
in actin-based transport of cargos (543).
Class V myosins are characterized by
a particular domain architecture and
distinct modes of regulation. Myo2p has
a N-terminal actin-binding motor domain,
a neck region that contains six IQ motifs
that can bind calmodulin, and a globular
C-terminal tail domain separated by a
coiled-coil dimerization domain (544,
545). The globular C-terminal domain
mediates the association to the vesicle
to be transported and the C-terminal tail
appears to be required for bud localization
(546, 547). Rho3p regulation of Myo2p is
mediated by its direct association with the
coiled-coil region of Myo2p (542). Myo2p
is additionally regulated by, and physically
associated to the myosin light chain 1,
Mlclp (548). Mlc1p belongs to a branch of
the calmodulin superfamily and is essential
for vesicle delivery at the mother-bud neck
during cytokinesis due to is ability to bind
to the IQ motifs of the class V myosin
Myo2p (549). Although Mlc1p belongs to
the calmodulin superfamily, it is unable to
bind calcium and the precise mechanism
of its interaction with target motifs is not
clear. Myosin motors polarize transport of
secretory vesicles by translocating them
along actin cables in direction of the cap.
Unidirectional transport is ensured by the
fact that class V myosins are processive,
barbed end-directed motors, and by the
fact that the filaments in the cables appear
to be of uniform polarity with their barbed
ends directed towards the cap (550, 551).
Myo2p-driven transport of secretory
vesicles along actin cables is very rapid,
which results in the accumulation of these
vesicles in the cap (552). Under conditions
where actin cables are lost, such as in
tropomyosin mutants, or in cases where
the motor activity of Myo2p is lost,
vesicles are no longer delivered to the cap

and cell growth becomes depolarized, the
cells enlarge isotropically (552-554).

The formation of a functional complex
between Myo2p and the vesicle appears
to require three proteins, Smylp, Sec2p
and Sec4p. Defects in these proteins are
synthetically lethal, which suggested that
their functions are interrelated (547, 552,
555). This is further supported by the fact
that Rho3p, which is directly associated
with Myo2p, also interacts genetically
with SEC4 and TPM1(542, 556). Smylp is
anon-essential kinesin-related heavy chain
homologue that is capable of interacting
directly with the C-terminal tail of Myo2p
and is polarized to the cap by the motor
activity of myosin (557). Although Smy1p
is non-essential, overproduction of this
protein enhances polarization of Myo2p to
sites of polarized growth and can partially
compensate for defects in the myo2-
66 mutant (555). Although Smylp is a
kinesin-related protein, it appears that its
function does not rely on microtubules or
on the kinesin motor activity but rather is
associated to an activity in promoting the
assembly of the transport complex (493,
558).

Sec4p is a Rab GTPase that controls
the final stage of the exocytic pathway
in the yeast S. cerevisiae (559-561).
Like above, activation of Sec4p involves
exchange of GDP for GTP in a reaction
mediated by its guanine nucleotide
exchange factor (GEF) Sec2p (562, 563).
Sec4p and Sec2p are found on the surface
of secretory vesicles and escort the vesicle
to the sites of active membrane fusion
(562). The proper recruitment of Secdp to
the vesicle membrane appears to involve
a Rab cascade where Sec2p is both a GEF
for one Rab and an effector for the Rab
that acts upstream (564). The first step of
this cascade is the recruitment of Sec2p to
the vesicle in a reaction catalyzed by the
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Rab GTPases Ypt31p/Ypt32p, which is
homologous to the mammalian Rab11 that
regulates export from the Golgi apparatus
(565, 566). When Sec2p is on the vesicle
membrane it recruits the downstream Rab
GTPase Secdp (567). The ability of Sec2p
to interact with these two Rab GTPases
in a step-wise process is provided by the
structural organization of Sec2p. The
C-terminal region (amino acids 450-
508), designated the localization domain,
is required for Sec2p to associate to the
vesicle; the exchange activity for Sec4p is
localized in the N-terminus region (amino
acids 1-160), and the Rab GTPase Ypt32p
binds to a region localized within these
two (567, 568).

Secl5p is a component of the exocyst
complex that provides the tethering force
required to bring two membranes into
close proximity prior to fusion (see next
section for further details) (569, 570).
The exocyst is an effector of Sec4p and
the direct effector of this interaction is
mediated by the subunit Sec15p (571-573).
Interestingly, Sec2p also binds to Sec15p,
which means that Sec2p binds to the Rab
GTPase and to the effector of the GTPase
they activate (568). This interaction
occurs on secretory vesicles and couples
nucleotide exchange on Sec4p to the
recruitment of the downstream Sec4p
effector. These interactions are particularly
useful to increase signaling specificity
or to establish a positive-feedback loop
that maintains a localized domain of
activated GTPase that would in turn help
maintain a polarized cell (564). It appears
that the Sec15p and Ypt32p binding sites
on Sec2p overlap to some extent (amino
acids 161-258) and these two proteins
compete with each other for the binding
to Sec2p (567, 568). Thus it appears that
the following sequence of events takes
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place to correctly deliver the vesicle to the
plasma membrane: Ypt32p-GTP recruits
Sec2p to the vesicle; the exchange activity
domain of Sec2p activates Sec4p by
exchanging the bound nucleotide. Taking
into count that Sec4p is polarized to the
cap in a Myo2p-dependent manner and
that Sec2p is required for the delivery of
vesicles along actin cables, it appears that
one of these proteins promotes binding
of Myo2p-Smylp to the vesicle, which
in turn, carries the vesicle along the actin
cables to the sites of polarized growth
(547, 562) (Figure 14). Overexpression
of Ypt32p in a constitutively activated
form stimulates the interaction between
Miclp and Myo2p (549). As the vesicle
approaches the site of active membrane
fusion, Secl5p, which has a higher
affinity for Sec2p than Ypt32p, displaces
Ypt32p (568). The interaction between
the Rab GTPase and its effector SeclSp
helps establish and maintain a domain
of highly activated Sec4p on the vesicle,
which then triggers downstream events.
After the vesicle is tethered at the plasma
membrane, the localization domain of
Sec2p falls back and helps displace bound
Secl5p, which releases Sec2p for further
rounds of vesicle transport (574). Sec4p
in turn relies on two accessory proteins to
ensure its proper recycling (575). These
are Gdilp (GDP dissociation inhibitor) and
Dss4p (dominant suppressor of the sec4-8
temperature-sensitive mutation). Gdilp
slows down the dissociation rate of GDP
from Sec4p after hydrolysis has occurred
on the membrane, and releases the GDP-
bound form from the yeast membranes,
thus ensuring a soluble pool of Sec4p
(576). Dss4p in turn is a nucleotide release
factor that assists the dissociation of GDP
from Sec4p thus stimulating the activation
of Secdp by Sec2p (563, 577).
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5.3 The Exocyst provides the tethering
force at the plasma membrane

The exocyst complex is an evolutionarily
conserved multiprotein complex composed
of eight components, Sec3p, Sec5p,
Sec6p, Sec8p, SeclOp, SeclSp, Exo70p
and Exo84p (5, 570, 578, 579). Although
the yeast and mammalian exocyst
components share a limited sequence
homology (17-24%), both complexes
contain eight subunits and are of similar
molecular weights (569). Morphological
characterization of exocyst mutants
indicate that this complex functions at
a step after vesicles have been delivered
to the site of active membrane fusion,
but prior to the formation of SNARE
complexes (570, 571, 580, 581). Exocyst
mutants typically accumulate a pool of
secretory vesicles at exocytic sites, which
supports the notion that the vesicles
are correctly targeted to the plasma
membrane, but fail to successfully fuse
with it. The yeast exocyst is concentrated
in sub-regions of the plasma membrane
that correspond to sites of active vesicle
fusion (581, 582).

5.3.1 Spatial regulation of the exocyst
complex

During progress through the cell cycle, the
exocyst complex changes its localization
and is found specifically in the bud tip or
in the mother/daughter connection, which
represent regions of active membrane
growth. Thus, the exocyst complex must
be capable of integrating itself into the cell
cycle and re-localizing to the appropriate
sites on the plasma membrane. One such
component proposed to function as a
spatial landmark allowing the proper
positioning of the exocyst is Sec3p.
Sec3p appears to be the component of
the exocyst that is most proximal to the
plasma membrane and was suggested

to localize to the plasma membrane
independently of an ongoing secretory
pathway and of mutations in the remaining
exocyst complex (582, 583). However,
Sec3p many not be the only landmark for
exocytosis. For example, deletion of SEC3
yields viable cells at 24°C, so additional
factors must ensure that the exocyst is
correctly localized (584, 585).

One component that has been
suggested to be responsible for the Sec3p-
independent exocyst localization is Exo70p
(583, 586). Both Sec3p and Exo70p are
capable of responding to signals coming
from the Rho family of small GTP-binding
proteins, which are master regulators of
a wide range of cellular processes (569,
587). Sec3p appears to use a vesicle-
independent mechanism, which appears
to be dependent on the ability of Sec3p
to interact with the polarity-establishing
protein Cdc42p and Rholp in the activated
GTP form (582, 586, 588, 589). Both
Rholp-GTP and Cdc42p-GTP interact with
the N-terminus of Sec3p and truncation of
this binding domain (sec3AN), leads to its
depolarized localization within the cell
(586, 588). The N-terminus of the exocyst
component Sec3 also has the ability to
directly interact with phosphatidylinositol
4,5-bisphosphate (589). The interaction of
Sec3p with Cdc42p, which is essential for
establishment of yeast polarity, and with
Rholp, which is important for maintenance
of polarized growth, may help restrict
the exocyst and hence exocytosis to the
sites of polarized cell growth, where
new plasma membrane components are
intended to be delivered. The additional
component that appears to help localize
the exocyst is Exo70p. Exo70p relies on
both a vesicle-dependent and on a vesicle-
independent mechanism to be correctly
placed and is capable of interacting with
Rho3p (542, 583, 590). The binding region
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of Rho3p has been mapped to the domain
C of Ex070p (590), however recent studies
suggest that the polarized localization of
the exocyst is not controlled by Rho3p
(591), and this is further supported by the
fact that a mutant form of Exo70p that
does not have the ability to bind to Rho3p,
exo70-1521, did not display any growth
defects and neither did the double mutant
exo70-1521/sec3AN (592). The domain
D, localized in the C-terminus of Exo70p,
was crucial for its ability to associate to the
plasma membrane (592). This association
seems to be mediated between a positively
charged surface patch of domain D and
the phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P,] in the plasma membrane.
Despite the low sequence homology
between mammalian and yeast exocyst
subunits, this C terminal region of Exo70p
is the most conserved and fulfills the
same function in mammalian cells (593).
It appears that Exo70p and Sec3p work
together to correctly place the exocyst at
the vesicle/plasma membrane interface.
Defects in either of these subunits are
insufficient to affect membrane targeting
of the exocyst, and do not give rise to any
severe growth or secretion defects. But
when these two are combined, the exocyst
can no longer be anchored to the plasma
membrane, resulting in severe growth and
secretion defects and inviability (592). In
order to describe the mechanism of vesicle
tethering we need to understand how
the exocyst components themselves are
targeted to the plasma membrane.

Using techniques such as
FRAP (fluorescence recovery after
photobleaching), GFP-tagged proteins and
immunoelectron microscopy, it was shown
that the yeast exocyst subunits Sec5p,
Sec6p, Sec8p, Sec10p, Secl5p and Exo84p
travel to exocytic sites by association
with exocytic vesicles, transport which is
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dependent on actin cables (571, 582, 583).
Meanwhile a portion of Exo70p and Sec3p
become localized to the exocytic regions
of the plasma membrane by associating
themselves to patches of activated
Cdc42p-GTP and Rho3p-GTP (591). The
association of Rho3p to Exo70p may
induce structural changes that expose the
surface patch involved in phospholipids
binding and thus promote anchoring to
the plasma membrane (592, 593). At this
stage the activated patch of Rhop/Cdc42p
proteins would work as allosteric regulators
on the initially unpolarized late secretory
machinery targeting an initial fraction of
these vesicles to this region of the plasma
membrane. Since many components of the
docking and fusion machinery, as well as
Cdc42p and Rholp, are associated with the
secretory vesicles, this would result in the
reinforcement of allosteric regulation by
depositing an increased amount of exocyst
components. The increased docking
and fusion rates at these sites would be
expected to lead to the polarization of the
secretory pathway by an positive feedback
mechanism (591). This proposed model is
called the localized activation / allosteric
model. It suggests that the polarization of
the secretory pathway is the consequence,
rather than the cause of ongoing polarized
delivery of secretory vesicles to the plasma
membrane. This model suggests that the
exocyst is locally activated rather than
sequestered, and functioning as a spatial
landmark as proposed by the landmark /
recruitment model (591, 594).

5.3.2 Function of the exocyst complex

The exocyst complex is essential for the
ability of secretory vesicles to interact
with the plasma membrane, in a process
that is called tethering. This process
occurs through a physical interaction, at
some distance, between the vesicle and
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the target membrane. Tethering events
occur at a stage after vesicles have been
delivered by cytoskeletal motors, but
prior to the engagement of SNARES on
opposing membranes. This is supported by
the fact that upon loss of exocyst function,
secretory vesicles are still delivered to
exocytic site but SNARE complexes do
not form and hence fusion is blocked (466,
562). The working model for assembly of
the exocyst is that this complex is only
fully assembled once the vesicles arrive
at the sites marked by Sec3p and Exo70p
(583). The component of the exocyst
that links the complex to the vesicle is
Secl5p (571). Not only is Secl5p an
effector of the Rab GTPase Sec4p but it
also interacts with Bemlp, a downstream
effector of the Cdc42p-mediated polarity
establishment pathway, which plays an
essential role in the initial localization
of Secl5p to the early bud (571, 595,
596). Although the yeast exocyst and
the mammalian exocyst interact with a
somewhat different set of proteins, the
primary mechanism and function appears
to be the same (579, 597). An insight into
the mechanism of how the exocyst may
function is provided by availability of the
structures of some of the exocyst subunit
domains, namely the C-terminal domains
of Sec15p, Sec6p and Exo84p, as well as
nearly full length Exo70p (590, 598-600).
Despite the very low sequence similarity
between the different subunits, all of them
share a similar motif — a tandem repeat of
helical-bundle units, arranged in a mixed
antiparallel-parallel right-handed bundle,
which appear to be packed together in an
end-on manner, forming elongated rod-
like structures (599, 601). Taking into
count that the interaction of Exo70p with
Sec8p and Sec10p are distributed along the
length of the structure of Exo70p, some of
the exocyst subunits may pack together

in an elongated side-to-side fashion
(590, 601). Images of the mammalian
exocyst complex have been obtained
by quickfreeze/Deep-etch EM, under
conditions where the sample was either
unfixed or prefixed in glutaraldehyde (602).
In the unfixed state, the complex appears
in different conformations usually as a set
of 4-6 arms that radiate outwards from a
central point in an arrangement similar
to an open flower (Figure 14). The arms
are about 4-6 nm in width and 10-30 nm
in length. For comparison, the elongated
Exo070p structure is 3 nm by 16 nm (598).
After fixation, the exocyst adopts a less
variable structure that assembles the letter
T or Y, which is composed by an elongated
body (13 nm wide and 30 nm long) and
two arms (15 nm and 6 nm) that spread
outwards and appear to be connected to
the body by an flexible hinge region (602).
The change of exocyst structure from
“open flower” to the “T-Y” shape may
reflect the normal function of the exocyst.
In the open conformation the exocyst may
initially tether the vesicle at long distances,
but as the subunits pack together in an
elongated side-to-side fashion, the vesicle
is drawn closer to the plasma membrane
where it may promote SNARE complex
formation and membrane fusion. The
precise functioning of the exocyst still
remains to be fully described (601, 602).

In addition to the association of the exocyst
with the plasma membrane, the exocyst
is capable of interacting with earlier
compartments of the secretory pathway.
Such interactions include for example the
association of the exocyst with Seblp, a
component of the ER translocon (584, 603-
605). In yeast, overexpression of SEB/
suppressed mutant alleles of the exocyst
components (604). Overexpression of
certain exocyst subunits increased overall
protein synthesis (603). The interaction
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between exocyst and ER is further
supported by the fact that a prominent
patch of Sec61p-GFP is observed at the
bud tip when Sec3p is overexpressed,
whereas sec3A cells show a defect in
inheritance of the cortical ER into the bud
(584, 606). This association might ensure
the optimal function of the secretory
pathway by balancing protein synthesis
and secretory capacity. In this scenario the
translocation machinery would modulate
vesicular transport, and the downstream
tethering proteins would themselves in
turn regulate upstream protein synthesis
by a feedback loop mechanism (605).

5.3.2.1 The exocyst in higher eukaryotes
Although the yeast exocyst and the
mammalian exocyst interact with a
somewhat different set of proteins, the
primary mechanism and function appears
to be the same, although some notable
differences should be mentioned (579,
597). For example in polarized epithelial
cells the exocyst is required for delivery
of secretory cargo to the basolateral
membrane, but apparently not to the
apical membrane (607). In neurons, the
exocyst has been shown to be required for
neurite branching and syntaptogenesis.
However, it is not required for synaptic
vesicle release at mature synapses (608-
610). Additionally the exocyst has also
been associated to the endocytic-recycling
pathway that operates between endosomes
and the plasma membrane and is used
to return internalized receptors to the
cell surface (600, 611, 612). Therefore
it appears that in higher eukaryotes,
depending on which cell type and in which
developmental phase they are, the exocyst
responds to a number of different signaling
pathways and determines where and when
vesicles may fuse to the plasma membrane.
In support of this idea, in animal cells the
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exocyst interacts with a subset of different
GTPases. For example, Secl5p interacts
with Rabl1p, a Rab GTPase involved in
the regulation of the recycling pathway
(600, 613), and SeclOp interacts with
Arf6p, a small GTP-binding protein of
the ADP-ribosylation factor family that
regulates membrane recycling to the
plasma membrane through the endocytic
pathway (611); Sec5p and Exo84p both
interact with the RalA GTPase, which is
required for regulated exocytosis and for
neurite branching (610, 614, 615). Exo70p
is recruited by the G protein TC10 to the
plasma membrane after insulin activation,
and this interaction is required for targeting
of the glucose transporter GLUT4 from the
adipocytes to the cell surface (616-618).

5.4 SNARESs and the fusion regulation
machinery

The yeast exocytic SNARE complex that
forms at the plasma membrane is composed
of one molecule each of the Ssol/2p
t-SNAREs (Qa type), Sec9p t-SNARE
(Qbc type) and Sncl/2p v-SNAREs (R
type), which form a fusion complex
that is conserved throughout evolution.
Besides the interaction of the exocyst
with polarity establishment proteins and
phospholipids of the plasma membrane,
certain exocyst subunits are also capable
of interacting either with SNAREs or with
SNARE regulators. This suggests that the
exocyst might promote SNARE complex
assembly, or possibly assist in the process
of SNARE-mediated membrane fusion
(564, 619, 620). The first observations of
the exocyst possibly linking tethering and
fusion events at the plasma membrane
came from data showing that Sec6p in the
dimer form is capable of interacting with
the t-SNARE Sec9p, which in turn inhibits
the association of the two t-SNAREs Ssolp
and Sec9p (621). Although the interaction
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between Sec6p and Sec9p proposes a
negative regulator function, this is not in
agreement with the role of the exocyst,
which has a positive role in SNARE
complex assembly and membrane fusion.
The interaction studies between Sec6p and
Sec9p were performed in the absence of
Sec6p partners and therefore the scenario
with the entire exocyst present may be
different.

The N-terminal autoinhibitory domain
of Ssolp, which is capable of folding back
and forming a stable complex, inhibits
the binding to its partner t-SNARE Sec9p
(622, 623). It is thought that this inhibition
is one of the mechanisms the cell adopts
to spatially and temporally regulate the
places where membrane fusion events
may occur. SNARE complex assembly
can only occur after relieve of the
regulation domain, which is thought to
be released by a regulator/opener that
localizes to sites of secretion. The exocyst
complex is one the best candidates as
regulator of SNARE complex formation.
It is localized to the sites of active
membrane fusion, interacts genetically
with SNAREs and has a function prior
to SNARE complex assembly (624-626).
One possible mechanism explaining how
the exocyst may function, is that upon
vesicle arrival at the plasma membrane,
the fully assembled exocyst would interact
with the SNARESs. At this stage, Secop
would interact with Sec9p and together
with additional regulatory proteins would
promote Sec9p-Ssolp assembly, which
then would lead to the subsequent ternary
SNARE complex formation (together with
the v-SNARE Snclp) and vesicle fusion
at the plasma membrane (621). Possible
regulator candidates of the transition from
tethering to SNARE complex assembly
are Seclp, Sro7p and Msolp (627-629).

5.4.1 Secl/Muncl8-like family: Seclp
Seclp is a member of the Secl/Munc18-
like (SM) family of proteins, which are
involved in all SNARE-mediated fusion
events. In yeast, Seclp is localized to
the sites of active vesicle fusion and is
capable of binding to the pre-assembled
t-SNARE complexes and to the fully
assembled SNARE complex, with higher
affinity to the final one (628, 630, 631).
The association of Sec1p with the SNARE
complexes directly stimulates SNARE-
mediated membrane fusion. For this
reason it is thought to be a key regulator
in fusion events at the plasma membrane.
The exocyst complex is composed of eight
subunits, three of which (Sec3p. Sec5p
and Exo70p) appear to be specifically
involved in regulation of exocyst function,
by integrating signals originating from
different signaling pathways within the
cell. Interestingly, sec3A, sec5A and
exo70A cells are viable and these proteins
appear not to be essential for growth
or secretion under conditions where
the upstream Rab GTPase Sec4p or the
downstream SNARE-binding fusion
enhancer protein Seclp are overexpressed
(619). Overexpression of Seclp in these
cells resulted in an increased level of
assembled SNARE complexes over the
wild type levels, suggesting a possible
mechanism by which the defect in exocyst
assembly can be compensated (619). Since
a fraction of Seclp could be coprecipitated
with the exocyst (619), and the normally
polarized distribution of Seclp is lost
when the exocyst function is lost (466,
628), the interaction between exocyst and
Seclp may serve to localize and possibly
activate Seclp at exocytic sites where it
can promote the transition from tethering
to SNARE-mediated vesicle docking and
fusion.
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5.4.2 Lethal giant larvae family: Sro7p/
Sro77p

A screen for suppressors of the growth
defect observed in cells with loss of Rho3
GTPase function identified two proteins,
Sro7p and Sro77p (632). They are yeast
homologs of the lethal giant larvae (Lgl)
family of proteins identified as tumor
suppressors in Drosophila melanogaster
and implicated in cell polarity in animal
epithelial cells (633). The first functional
evidence that revealed a direct role of Lgl
in exocytosis was provided by the ability
of Sro7p and Sro77p to interact with
the plasma membrane t-SNARE Sec9p
(634). This finding was further supported
by the fact that Sro7p is found in the
cell periphery associated to Sec9p, and
is also associated to the ternary SNARE
complex formed by Sec9/Sso/Snc (634).
The fact that sro7A/sro77A cells have
a severe exocytic defect at restrictive
temperature and act downstream of
Rho3 GTPase, suggests that members
of the lethal giant larvae/tomosyn/Sro7
family play an important role in polarized
exocytosis by regulating SNARE function
at the plasma membrane (634). Structural
analysis of Sro7/Lgl proteins revealed the
presence of two seven-bladed WD40 [3-
propellers followed by a 60-residue-long
‘tail’, which is bound to the surface of
the amino-terminal propeller, and turned
out to be a conserved SNARE regulatory
domain (635-637). The binding site for the
‘tail” on Sro7 is largely hydrophilic, which
suggests that the tail serves a regulatory
rather than a structural role. Studies on
the interaction between Sro7p and Sec9
suggest that Sro7p may exist in two
conformational states, one where Sro7p
binds preferentially to the Qbc-SNARE
domain of Sec9p, and another where this
domain of Sec9p is displaced by the Sro7p
tail (636). The decision between which
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state is preferred may be affected by
factors involved in Sro7p regulation.
Taking into count the structural
arrangement of Sro7p, the regulation
appears to occur by an allosteric
mechanism, where interactions with
bound ligands lead to rearrangements
in the B-propeller domain interface,
which are then propagated to the tail
(636). One such potential regulator is
Sec4p, which can directly interact with
Sro7p. This interaction is dependent of
the nucleotide state of the Rab GTPase
(629). Furthermore, a ternary complex is
formed between Sec4p-GTP, Sro7p and
the t-SNARE Sec9p, which suggests that
Sro7p is an effector of the Rab GTPase
Sec4p and may act in parallel to the
exocyst to promote SNARE complex
formation or SNARE-mediated fusion
in response to Sec4-GTP (629). In yeast,
Sro7p and Sro77p are also capable of
interacting with the exocyst subunit
Ex084p, and this interaction may promote
SNARE-mediated membrane fusion at
specific regions of the plasma membrane
(638). Genetic data collected on Sro7p
suggest that this member of the Lgl family
has many of the properties required of a
key downstream effector in transmitting
Rab GTPase function onto the SNARE
assembly process (629, 634, 638). Thus it
appears that Sec4p, Sro7p and Seclp work
in concert with the exocyst to ensure that
the vesicle fuses correctly with the plasma
membrane. This regulatory mechanism
is further supported by the finding that
overexpression of Sec4p, Sro7p and
Seclp, which enhance SNARE-mediated
function, can overcome the partially
defective exocyst complex in sec3A and
exo70A cells (619, 629, 638). Suppression
by Sec4p, however, requires that its
downstream effector Sro7p/Sro77p is
fully functional. Meanwhile Seclp, which
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works downstream or independently of
Sro7p, does not require Sro7p (629).

5.4.3 The multicopy suppressor of Seclp
Msolp

Msolp was found in a screen for
suppressors of the temperature-sensitive
mutation sec/-1, and was found to directly
interact with Seclp (639). Deletion of
MSOI yielded viable haploid cells with
no obvious growth phenotypes except a
mild accumulation of secretory vesicles
in the small bud tip (639, 640). Deletion
of MSOI! in diploid cells resulted in
sporulation defects, namely in formation
of the prospore membrane, which is the
precursor of the spore membrane, forming
on the cytoplasmic side of the spindle
pole bodies (641-643). In addition to the
association of Msolp to Seclp, Msolp is
capable of interacting with the SNARE
complex, Secl5p and it appears to
functionally interact with Sec4p GTPase
and its exchange factor Sec2p (642).
Although the precise function of Msolp is
not fully understood, the set of interacting
partners of Msolp places it in the interface
between the exocyst complex and the
exocytic SNARE machinery (Figure
14), where it may bridge the connection
between Rab GTPase and Seclp function
facilitating the binding of Seclp to the
SNARE complex prior to membrane
fusion (627, 642). On the other hand,
overexpression of MSO! inhibited growth
of sec4-8, sec8-9 and secl5-2 mutants
even at permissive and semirestrictive

temperature, which suggest that Msolp
may have a second role in attenuating Sec4p
function (627). One model for the function
of Msolp in secretory vesicle membrane
fusion would be that it coordinates the
recruitment and subsequent removal of
Seclp in response to the GTPase cycle
of Secdp (627). According to this model,
the pair Msolp-Seclp is recruited by
activated Sec4-GTP to the assembling
v-SNARE and t-SNARE complexes,
formed between membranes tethered by
the exocyst complex. GTP hydrolysis
on Sec4p would trigger dissociation of
Msolp and Seclp from the preassembled
trans-SNARE complex, leading to full
SNARE assembly and membrane fusion.
In support of the regulatory function
of Msolp, local sequence alignments
revealed that the C-terminus of Msolp is
highly homologous to the Munc13/Mint
family members of SNARE regulators,
and that this region is required for proper
localization of Msolp to the plasma
membrane (627, 642). Both Msolp and
Munc-13 members are connected with
exocytosis, interact with Seclp/Munc18p
and with the SNARE complex (15, 644).
Furthermore, in Caenorhabditis elegans
and in Drosophila melanogaster UNC13/
Munc13 displaces Uncl18/Muncl8 from
the SNARE complex prior to exocytosis
(644-646). Therefore, the role of Munc13
and Munc18 proteins in SNARE-mediated
fusion corresponds well with the binding
of Msolp and Seclp to yeast SNAREs
and the proposed regulatory mechanism.
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AIMS OF THE STUDY

The aims of the present study was to elucidate whether Hsp150 is capable of entering
parallel or alternative post-ER routes in the yeast secretory pathway.

First the role of the COPII coat member Sec24p and its two homologues Sfb2p
and Sfb3p in ER exit of Hsp150 was elucidated. Second, the dependence of Hsp150
secretion in post-Golgi secretory mutants was studied as well as the structural signatures
that guided Hsp150 to these alternative pathway. In addition we also wanted to further
clarify the role of the exocyst components and accessory regulatory proteins.

While searching for the signature that guided Hsp150 exit in the yeast secretory
pathway, we found that Hsp150A was capable of working as a carrier, allowing the fused
protein to proper fold and be secreted. Therefore we explored the potential of using
Hsp150A as a carrier for the expression of recombinant heterologous proteins in both S.
cerevisiae and P. pastoris. The same technology was to be used in the development of a
staining procedure to be used to visualize secretory organelles at the electron microscopy
level.
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MATERIALS AND METHODS

A summary of the experimental methods used in this study, together with the references
to the respective publications in which they are described can be found in Table 1. The
yeast strains used in this study are listed in Table 2, together with the publications in
which they are described. Table 3 highlights the relevant features of the yeast mutants
used. A schematic representation of the recombinant proteins used throughout this study
can be found in Figure 15.

Table 1. Experimental methods used in this study

Method Publication
B-lactamase activity assay I, 1l
Calcofluor staining of bud scars I
Fermentationof yeast cells 1
Immunoprecipitation I, 1
Invertase activity assay Il
Invertase activity staining in non-denaturing gels I, 1l
Metabolic labeling of proteins I, 1
Nucleotide sequencing I, 1
Plasmid constructions I, 11, 1l
HRP staining method developed for yeast electron microscopy I, 1l
Scanning electron microscopy I
SDS-PAGE I, 1, 1l
Secretory vesicle analysis by density gradients 1]
Subcellular fractionation Il
TCA precipitation of secretory proteins Il
Transmission electron microscopy I, 1l
Western blot analysis [, 10,
Yeast mating and tetrad dissection I, 1l
Yeast strain construction I, 10,
Yeast transformation I, 11, 1
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Table 2. Yeast strains used in this study

Strain  Relevant mutant genotype Pl:JbSIiecda;inon Source/reference
Control cells
H1 None I R.Schekman
H245 None I, 1l K. Kuchler & J. Thorner
H247 None I, 1l K. Kuchler & J. Thorner
H335 URAS3::Hsp150A—B-lactamse Il Simonen et al., 1994
H1718 LEUZ2::Hsp150A—-HRP 1] This study
H306 Ahsp150 1] This study
H2260 sec15-1 SEC15 1] This study
ER to Golgi transport
H1101 sec24-1 | C. Kaiser
H1735 sec24-1 LEU2::Hsp150A-HRP Il This study
H1866 sec24.::kanMX4/SEC24 | Euroscarf
H1914 sec24-1/SEC24 Asfb3/SFB3 Asfb2/SFB2 | Karhinen et al., 2005
H1895 sec24-1 Asfb3 | Karhinen et al., 2005
H1930 sec24-1 Asfb3 Asfb2 | Karhinen et al., 2005
H1927 ésEel\cI:24 URA::SEC24-HIS, LEU2::PCM244 | Karhinen et al., 2005
H1996 éze,\fiif&RA"SEC%HISS LEU2::PCM244 | Karhinen et al., 2005
H2025 éz%:iifé/zRA..SEC%-HISG LEU2::PCM244 | Karhinen et al., 2005
H2023 é‘;ﬁi‘; f&RAAS'f‘;ZECZ 4-HIS, LEU2:PCM244 | Karhinen et al., 2005
H1141 Asec24b (Asfb2) | J.P. Paccaud
H1142 Asec24c (Asfb3) | J.P. Paccaud
H2006 Asfb3 Asfb2 | Karhinen et al., 2005
H4 sec18-1 1] R.Schekman
H1735 sec18-1 LEU2::Hsp150A-HRP Il This study
Intra-Golgi transport and trans-Golgi sorting
H3 sec7-1 Il R.Schekman
H1732 sec7-1 LEU2::Hsp150A-HRP Il This study
H10 sec7-1 1] R.Schekman
H1734 sec7-1 LEU2::Hsp150A-HRP Il This study
H206 sec14-3 Il This study
H1720 sec14-3 LEU2::Hsp150A-HRP Il This study
H815 vps10A::HIS3 Il Scott Emr
H2335 vps10A::LEU2 Il This study
Endosomal / Vacuolar pathway
H2079 vps1A::LEU2 Il A. Chang
H2077 vps8A::LEU2 Il A. Chang
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Table 2 continuing
Tethering of Secretory vesicles / Exocyst regulation

H211 sec2-56 Il R.Schekman
H213 sec4-2 Il R.Schekman
H212 sec3-1 Il R.Schekman
H214 secb-24 Il R.Schekman
H216 sec8-6 Il R.Schekman
H2129 sec10-2 Il P. Novick
H2074 sec6-4 Il P. Novick
H2253 sec6-4 LEU2::Hsp150A—B-lactamase Il This study
H2255 sec6-4 LEU2::Hsp150A-HRP Il This study
H2409 sec6-4 vps1A::LEU2 Il This study
H2075 sec15-1 Il P. Novick
H2087 sec15-1 LEU2::Hsp150A—B-lactamase Il This study
H2257 sec15-1 LEU2::Hsp150A-HRP I This study
H2182 sec15-1 Amso1::URA3 Il This study
H2319 sec15-1 Amso1::URA3 LEU2::Hsp150A-HRP Il This study
H2188 sec15-1 Amso1::.LEU2 1] This study
H2336 sec15-1 vps10A::LEU2 Il This study
H2328 sec15-1 vps1A::LEU2 Il This study
H2356 sec15-1 vps8A::LEU2 Il This study
Fusion of secretory vesicles with the plasma membrane
H2 sect1-1 I R.Schekman
H217 sec9-4 Il R.Schekman
H2181 Amso1::URA3 Il This study
H2316 Amso1::URA3 LEUZ2::Hsp150A-HRP Il This study
H2187 Amso1::LEU2 Il This study
Actin cytoskeleton
H2311 tom1A::LEU2 Il A. Bretsher
H2312 Ssrv2A::HIS3 Il D.G. Drublin
Pichia pastoris strains
P714 Control 1] Invitrogen
P1405 Hsp150A-Kex2p-B-Lactamase 11 This study
P1407 MFaA-Kex2p-B-Lactamase 1 This study
P1402 Hsp150A-ST3Ne 11 This study
P1403 MFaA-ST3Ne 1] This study
P1476 Hsp150A-Kex2p-B-NGFR Il This study
P1477 MFaA-Kex2p-B-NGFR 1] This study
P1478 Hsp150A-Kex2p-B-TRAP 1] This study
P1479 MFaA-Kex2p-B-TRAP 1] This study
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Table 3. Relevant defects of the mutants used in this study

Mutation Description of gene product Phenotype Reference
sec24-1 Component of the COPII coat. Role in cargo Defect in formation of Hicke et
selection. Required for recruitment of the COPII coat leading to ER al., 1992
Sec13/31 complex to ER membranes accumulation
Asec24b/  SEC24 family member. Mutant phenotype  Altered ER to Golgi Peng et al.,
Asfb2/Iss1  found only in combination with other transport when in 2000
mutants. combination with other
mutants
Asec24c/  SEC24 family member. Secretion defect Growth and Pma1p Roberg et
Asfb3/Ist1  observed at elevated temperatures. secretion defects observed al., 1999
at elevated temperature
sec18-1 ATPase required for the release of Sec17p  Vesicles cannot fuse to Kaiser &
during the priming step of vesicle fusion. their target membane. ER ~ Schekman,
accumulation 1990
sec7-1 GEF for ADP ribosylation factores. Required Protein accumulation in ER Franzusoff &
for ER to Golgi and Intra-Golgi transport and Golgi. Formation of Schekman,
Berkley bodies 1989
sec14-3 PI/PC transfer protein involved in Protein transport from the  Hama et
phospholipid metabolism. Regulates Golgi  trans-golgi is inhibited al., 1999
to PM transport
vps10A Transmembrane sorting receptor. Required CPY is not targetted to the Marcusson
for proper targeting of CPY to the vacuole  vacuole. Secretion of CPY et al., 1994
to the medium
vps1A Dynamin-like GTPase. Required for protein  Golgi to endsome trafficis  Vater et al.,
targeting from the Golgi to the vacuole blocked. Proteins normally 1992
targetted to the vacuole via
endosome are secreted
vps8A Membrane protein that interacts with the Endosome to vacuole Chen et al.,
small GTPase Vps21p. Required for traffic is blocked 1996
protein transport from the late endosome to
vacuole
sec2-56 Sec4 GEF. Essential for post-Golgi Unpolarized secretory Walch-
secretory vesicle transport vesicle accumulation Solimena et
al., 1997
sec4-2 Secretory vesicle associated RabGTPase.  Unpolarized secretory Goud et al.,
Required for proper delivery of the vesicle  vesicle accumulation 1988
to the sites of membrane fusion
sec3-1 Exocyst subunits. Required for tethering Accumulation of secretory  Novick et
secb5-24 of secretory vesicles to the sites of active vesicles at the sites of al., 1980
sec6-4 membrane fusion on the plasma membrane active membrane fusion
sec8-6
sec10-2
sec15-1
Binds to assembled SNARE complexes. Secretory vesicle Novick &
sec1-1 Required for docking and fusion of exocytic . Schekman,
b accumulation
vesicles. 1979
PM t-SNARE. Important for fusion of Secretory vesicle Brenwald et
sec9-4 . )
secretory vesicles accumulation al., 1994
Possible component required for vesicle Secretory yeS|_cIe
Amso1 docking. Interacts with Sec1p and SNAREs. accumulation in Fhe Aalto et al.,
Required for prospore membrane formation small bu_d. Required for 1997
sporulation
Binds and stabilizes actin cables and . Liu et al,,
tom1A i Loss of actin cables
ilaments 1992
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Figure 15. Hsp150 and Mating factor o constructs used in this study.
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RESULTS AND DISCUSSION

1. Role of the family members of
the COPII coat component Sec24p
in ER exit of Hsp150 (1)

The HSP150 gene and its products, were
first identified and characterized in our
laboratory in 1992 (647). Hsp150 is a
secretory glycoprotein expressed in several
yeast strains, like S. cerevisiae, P. pastoris
(647-653). It consists of a cleavable signal
peptide of 18 amino acids, subunit I and
subunit II (Figure 15). The two subunits
are separated by a Kex2p recognition
site, which is presumably cleaved in
the late-Golgi, yielding two subunits,
(SUI of 54 amino acids and SUII of 341
amino acids) that remain noncovalently
attached to each other. Subunit II contains
a repetitive region of 11 tandem repeats
of mostly 19 amino acid peptides, and
a unique C-terminal region containing
four cysteine residues, which form at
least one disulfide bond (647-649, 651).
Hsp150 lacks any N-glycosylation sites
but is extensively O-glycosylated (647).
The HSP150 gene is constitutively
expressed, however the promoter of the
HSPI150 gene includes heat-inducible
elements (heat shock elements, HSE) and
accordingly, the expression of HSP150
is upregulated by shift of the cells from
physiological temperature 25°C to heat
shock temperature 37°C (647, 648).
Hsp150 was found to be secreted to the
culture medium with a half-time of about
2 minutes in wild type S. cerevisiae
(647, 649). We have previously found
that normal function of Sec13p was not
required for ER exit of the Hsp150 (654).
Sec13p is a functional component of the
COPII coat and is thought to be required
for vesicle formation at the ER membrane
and therefore essential for protein transport
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from the ER to the Golgi. Sec13p function
is linked to Sec31p where together they
can self-assemble into a cytosolic cage
and possibly function as an scaffold agent
recruiting the Sec23p/24p-cargo to the
emerging vesicle. We also found that the
C-terminal domain of Hsp150 harbors an
active mediator of Secl3p-independent
secretion, and when fused to invertase was
capable of recruiting invertase out of the
ER (654). Since Sec24p functions as the
cargo selection subunit of the COPII coat,
we were interested in exploring the role of
Sec24p and its two homologues Sfb2p and
Stb3p, in the exit of proteins from the ER.

1.1 Hsp150 is secreted in the absence of
functional Sec24p family proteins

Sec24p is an integral component of the
COPII coat, which has thought to be
essential in the formation of functional
COPII-coated vesicles that emerge at
the ER membrane, and transport cargo
to the next compartment of the secretory
pathway, the Golgi. Incubation of the
temperature sensitive strain S. cerevisiae
sec24-1 at 37°C turns this component of
the COPII dysfunctional, and ER exit of
CPY and invertase is blocked under these
conditions (655). To verify the block in
ER exit, CPY pulse chase experiments
with [¥S]-methionine/cystein were carried
out under the permissive temperature
(24°C) and restrictive conditions (37°C),
whereafter cell lysates were analyzed by
immunoprecipitation with CPY antiserum
(655). At 24°C the vast majority of CPY
was detected in the mature form as soon
as 10 minutes after chase. At 37°C, CPY
remained in the ER-specific pl form
even after chase periods up to 120 min.
In order to follow invertase, the sec24-1
cells were shifted to low glucose medium
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to derepress the synthesis of invertase,
followed by incubation either at 24°C or
37°C (655). Under permissive conditions,
invertase was secreted to the periplasmic
space, because it was detected by non-
denaturating gel electrophoresis in the
periplasmic space in the mature form, i.e.
with similar mobility as control cells. In
contrast, at the restrictive temperature,
invertase remained intracellular and in
the ER-specific form co-migrating with
invertase blocked in the ER at 37°C in
secl8-1 cells. When the experiment was
repeated at 37°C in sec24-1 cells Hsp150
exited the ER and was efficiently secreted
(655). After immunoprecipitation of cell
lysates and culture medium samples using
Hspl150 antiserum, the majority of the
signal was found to reside in the culture
medium and due to the mature form of
Hsp150 (655). Therefore, while CPY and
invertase accumulated in the ER under
conditions where the Sec24p function
was impaired, Hsp150 was selectively
exported to the medium.

1.1.1 Hsp150 is secreted in sec24-1
Asfb2 and sec24-1 Asfb3 mutants

In this previous study, the roles of Sfb2p
and Sfb3p, the two homologues of Sec24p
in ER exit of Hsp150, was not addressed.
Cells lacking either of these genes or
both of them, are viable and have no
observable phenotype. However there is a
possibility that in the absence of Sec24p,
Stb2p or/and Stb3p may contribute to the
formation of the COPII coat, and therefore
be functionally redundant. Indeed in
vitro, both of these members are capable
of forming COPII vesicles when Sec24p
was missing, but the size of the vesicles
and the nature of the cargo selectively
incorporated into them appeared to differ
from Sec24p COPII-coated vesicle (151,
152). To verify if Sfb3p was responsible

for the exit of Hsp150 in the absence of
functional Sec24p, the double mutants
sec24-1 Asfb2p and sec24-1 Asfb3p were
constructed, and secretion of Hsp150 was
followed by pulse-chase experiments.
Immunoprecipitation experiments with
Hsp150 antiserum revealed that Hsp150
was efficiently secreted in the double
mutants, and with kinetics similar to the
sec24-1 strain (I, Figure 2A and Fig 7
of (655)). During the chase period, the
apparent molecular weight of the ER
form of Hsp150 increased from 86 to 105
kDa. This was due to O-glycan extension,
carried out in the ER by Golgi mannosyl-
transferases that normally recycle between
the Golgi and the ER, but became trapped
in the ER in COPII mutants (656). Thus,
it appears that Sfb2p and Sfb3p are
dispensable for ER exit of Hsp150 in the
absence of functional Sec24p.

To verify that ER exit of Hspl150
was the result of active and specific
recruitment rather than to bulk flow,
the fate of two other reporter proteins
known to be dependent of Sec24p was
followed. Pulse-chase analysis of cell
lysates using CPY antiserum showed that
after approximately two hours, CPY still
persisted in the ER p1 form (67 kDa) in
the double mutants sec24-1 Asfb3 and
sec24-1 Asfb3, and in the parental sec24-
1 cells, and failed to evolve to the p2
Golgi form (69 kDa) or mature form (62
kDa) (I, Figure 3B). The overall intensity
of the CPY ER-specific form decreased
with chase time, and this coincided with
the appearance of an unreported 59 kDa
form, which was not detected in secl$§-
1 cells which accumulate CPY in COPII
vesicles due to the incapacity of fusing
to the Golgi membrane. We suspect that
the faster migrating molecules represent a
partially degraded form of CPY.
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Next we followed the maturation
of Gaslp under the same conditions
described previously. Gaslp is a
glycolipid-anchored plasma membrane
protein whose exit from the ER is slowed
down in cells lacking Sfb3p (153, 657,
658). Immunoprecipitation experiments
using Gaslp antiserum revealed that
Gaslp was translocated into the ER
(86 kDa) and acquired glycans in both
the parental sec24-1 strain as in the
double mutant sec24-1 Asfb3 but failed
to achieve the mature form (92 kDa)
detected under permissive temperature
(I, Figure 3A). To further study whether
Hsp150 was the only protein secreted to
the culture medium in sec24-1, sec24-1
Asfb2 and sec24-1 Asfb3 under restrictive
conditions, TCA precipitates of culture
medium samples of **S-labelled cells were
analyzed by SDS-PAGE. One protein,
of 150 kDa corresponding to the mature
form of Hsp150, was detected in the
culture medium (unpublished data). This
suggests that no other proteins, detected
under our experimental conditions, were
secreted in these cells. We therefore
concluded that neither Sfb2p nor Stb3p
compensated for the nonfunctional
Sec24p in ER exit of Hsp150. Under these
conditions, functional transport vesicles
were still generated at the ER membrane
and delivered, at least Hsp150 cargo, to
the next compartment of the secretory
pathway.

1.1.2 Hsp150 is secreted under
conditions where all Sec24p family
proteins are absent

Since deletion of SFB2 or SFB3 had no
severe effect on the secretion of Hsp150
in the sec24-1 background, and to ensure
that the possible third member of the
family was not compensating in the
double mutants, we set out to construct
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the triple mutant sec24-1 Asfb2 Asfb3.
The strain was viable but had a very long
generation time (6,5 h) when compared
to the parental sec24-1 (3 h) and to the
double mutants sec24-1 Asfb2 and sec24-
1 Asfb3 (4 h). Immunoprecipitation of
Hsp150 from lysates and culture medium
samples of the triple mutant revealed that
Hsp150 was capable of exiting the ER
even in the absence of all three family
members, albeit slowly. Under these
conditions proteins corresponding to the
mature form of Hsp150 could be observed
in the culture medium as early as after 15
min of chase. After 2 hours, approximately
45% of Hsp150 had been exported from
the ER (I, Figure 5). Therefore it appears
that Sfb3p and Sfb2p are not required
for ER exit of Hspl150 in the sec24-1
background. In the above experiments we
used sec24-1, where the last 35 C-terminal
amino acids of Sec24p(ATLRLWASST
LVEDKILNNESYREFLQIMKARISK)
are replaced by an unrelated 8 amino acid
peptide (VNAKTMGF). Therefore, it
could be possible that the mutated Sec24
protein still allowed the formation of
semi-functional COPII-coated vesicles
that could eventually allow the ER exit of
Hsp150. To address this issue we decided
to construct a strain that lacked the SEC24
gene. To overcome the fact that deletion
of SEC24 is lethal, a mutant strain lacking
the original SEC24 gene but carrying
SEC24 under a controllable tetracycline-
regulated dual system promoter was used.
In the absence of tetracycline, the tefO
promoter expresses SEC24, however
when cells are grown in the presence of
tetracycline (or its derivative doxycycline),
tetracycline-activable repressor elements
bind to the promoter and expression of
SEC24 is turned off (659). To follow the
expression of SEC24 and find out the
optimal time period where no Sec24p is
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present, but protein synthesis goes on,
an epitope-tagged version of Sec24p was
used. Results collected from the assays of
depletion of Sec24p-HA versus protein
synthesis revealed that after 24 hours of
addition of doxycycline, Sec24p-HA had
been completely depleted as tested by
Western blot assay using anti-HA antibody
(I, Figure 6). Under these conditions,
Hsp150 was still efficiently synthesized as
could be verified by immunoprecipitation
3S- Hsp150 (I, Figure 7).

To analyze the influence of complete
absence of Sec24p on ER exit of Hsp150,
the Asec24 cells were incubated for
24 hours in the presence or absence of
doxycycline to turn off expression of
SEC24-HA. At this stage cells were shifted
to 37°C and labeled with [**S]-methionine-
cystein. The pulse chase experiment
revealed that secretion of Hsp150 to the
medium in the absence of the antibiotic
was very efficient (I, Figure 7A). In the
presence of the antibiotic, Hsp150 could
be secreted to the culture medium (I,
Figure 7C). After 15 min of chase a small
amount of Hsp150 was detected in the
culture medium, and after 1 hour, about
40% was detected. The secretion kinetics
of Hsp150 in the absence of Sec24p were
slightly slower than in sec24-1 cells. But
the experimental conditions were also
different, so no direct relationship between
these two independent experiments could
be done. To verify that secretion of
Hsp150 was specific, CPY and invertase
were studied. Under the same conditions
as above, in the presence of doxycycline,
CPY remained in the ER after 2 hours
chase (I, Figure 8A). Similarly, after
incubation of cells in the presence of
doxycycline for 24 hours and shift to low
glucose conditions, invertase remained
quantitatively in the ER (I, Figure 8B).
Thus it appears that Hsp150 was secreted

to the culture medium in cells lacking
Sec24p, while two other exocytic proteins,
invertase and CPY, remained trapped in
the ER.

After establishing the conditions in
which Sec24p was absent, we set out to
investigate the role of its two homologues
Sfb2p and Stb3p. For this purpose we
constructed strains lacking either or
both of the homologues in the Asec24
background. Secretion analysis was
carried out as previously and the same
controls were used. Secretion of Hsp150
in Asec24 Asfb2p and Asec24 Asfb3p cells
was similar to that in the parental Asec24
strain (data not shown). In Asec24 Asfb2p
Asfb3p cells, a small fraction of Hsp150
was secreted to the culture medium, as
early as 15 min, and this fraction increased
up to 30% after 2 hours of chase (I,
Figure 7E). Taking into count that under
the same experimental conditions CPY
and invertase remained trapped in the
ER (I, Figure 8) it appears that all Sec24
family proteins are dispensable for ER
exit of Hsp150. The decrease in Hsp150
secretion kinetics in the Asec24 and
Asec24p Asfb2p Asfb3p mutants may be
the result of a diminished Golgi complex
as a result of the continuous Golgi-to-
ER traffic mediated by COPI retrograde
traffic, which gradually depletes the
Golgi membranes and hence the secretion
capacity of Hsp150.

1.2 Deletion of all SEC24 family genes
results in morphological changes

within the cell

Due to the proposed role of the Sec24p
family members in ER exit of secretory
cargo we set out to study the subcellular
morphology of the mutants. Deletion of
SFB2 or SFB3 individually in the sec24-
1 background yielded viable cells with
a slightly prolonged generation time.
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Deletion of both SFB2 and SFB3 from
sec24-1 cells also gave viable cells, but
with a very long generation time. First we
analyzed the overall shape of the mutants
by scanning electron microscopy (SEM)
at the permissive temperature 24°C.
Structural abnormalities were observed
in sec24-1 Asfb3 cells, as compared to
parental strain sec24-1 (I, Figure 1A). The
double mutant was irregularly shaped with
small depressions in the cell surface. Bud
scars appeared to be localized on opposite
sides, whereas in the parental strain they
were adjacent to each other. Calcofluor
staining and confocal image analysis
revealed that in the double mutant, bud
scars were randomly distributed around the
cell surface (I, Figure 1B). Furthermore,
the triple mutant sec24-1 Asfb2p Asfb3p
revealed an even more severe phenotype
(I, Figure 4A and B). These cells displayed
an irregular shape; the cell wall appeared
collapsed and had even more severe
depressions. A significant number of cells
had undetached daughter cells. These
cells also displayed a random budding
pattern (I, Figure 4B). Interestingly,
deletion of SFB3, SFB2, or even both, in
a cell carrying a normal copy of SEC24
yielded no defects in the budding pattern.
Therefore, it appears that the combination
of sec24-1 with either Asfb3p or Asfb2p
Asfb3p, but neither deletion alone, resulted
in a random budding pattern observed.
Next, the cells were incubated
for 1 hour at the permissive (24°C) or
restrictive (37°C) temperature prior to
fixing and processing for transmission
electron microscopy (TEM) (II). The
parental sec24-1 strain at both 24°C and
at 37°C displayed no severe ultrastructural
abnormalities (I, Figure 1C-1 and C-
2). At both temperatures, structures
corresponding to what appears to be a
cluster of vesicles surrounded by a coat
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were detected. In sec24-1 Asfb3 mutants
incubated at the permissive temperature
displayed some proliferated ER (I, Figure
1C-3). Incubation of these cells at 37°C
further increased this phenotype, and ring-
like structures that appear to be composed
of 1 to 3 layers of membranes juxtaposed
to each other were also detected (I, Figure
1C-4). None of these structures were
observed in the parental sec24-1 cells.
Analysis of the triple mutant sec24-1 Asfb2
Asfb3 revealed severe morphological
defects that supported the observations
collected from the SEM analysis (I,
Figure 4C). At the permissive temperature
segments of cell wall projecting into the
cytosol, indicative of abortive daughter
cell budding were detected. This was
further supported by the finding of
multiple or fragmented nuclei within the
same cell. Alternatively, the abnormal cell
shape may cause unusual shapes of the
nuclei, which in thin sections appear as a
fragmented nucleus. In addition, the cell
wall depressions detected previously by
SEM were detected as donut shape cells
(data not shown).

The triple mutant sec24-1 Asfb2
Asfb3, had already at 24°C ER
proliferations, similar to the double mutant
sec24-1 Asfb3 and this phenotype was
further exacerbated after shift of the cells
to the restrictive temperature (I, Figure
4C). Extensive ER accumulation was
observed throughout the cell and multiple
ER membranes (4 to 8) were detected
closely to each other, positioned in a
stack-like manner (I, Figure 4C-3). They
appeared to extend throughout the cell and
make connections with cortical ER. This
suggests that the Sec24p family members
are involved in ER-to-Golgi traffic, and
have overlapping functions in export of
secretory cargo from the ER.
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One additional observation that
deserves to be mentioned is that the
depressions observed in the SEM samples
of sec24-1 Asfb3 and sec24-1 Asfb2
Asfb3 cells, in cells in early logarithmic
growth phase, were also observed in
control cells grown to late stationary
phase and therefore were in senescence.
Interestingly, aged cells also appear to
have fragmented nucleolus, display a
symmetrical cell division and increased
generation time and cell size (660, 661).
All of these aging symptoms were also
observed in sec24-1 Asfb3 and sec24-
1 Asfb2 Asfb3 cells at the permissive
temperature in early logarithmic phase.
How exactly the Sec24 proteins influence
the aging of yeast cells is unknown. It is
known that deletion of SFB2 and SFB3
reduces the cargo repertoire selected into
the COPII-coated vesicles. Hence proteins
such as the plasma membrane ATPase
(Pmalp), the GPI-anchored protein Gaslp,
invertase, CPY and alkaline phosphatase
(ALP) are blocked or display show delay
in ER exit (151, 153-155). Therefore one
possibility for the early aging phenotype
may be that the Sec24 proteins and
perhaps other proteins not yet identified,
may play an important role in the normal
yeast life cycle by affecting either the cell
wall stability or intracellular regulatory
mechanisms.

1.3 Hsp150 secretion and formation

of the carrier in the absence of Sec24p
family members

In summary we have shown that the
soluble secretory glycoprotein Hsp150, is
secreted under conditions in which other
secretory cargo proteins remain trapped
in the ER. This suggests that sorting of
Hsp150 is selective rather due to bulk
flow. Since Hsp150 is a soluble protein,
and the coat components are cytosolic

proteins, it has to interact with a putative
transmembrane receptor, for ER exit to
occur. The sorting signal responsible for
the selective ER exit of Hsp150 in the
absence of Sec24p family members was
mapped to the C-terminal domain of
Hsp150 (Figure 15, amino acids 299-413).
The same region of Hsp150 has also been
shown to mediate Secl3p-independent
ER exit (654). This transmembrane
adaptor protein may possibly have on
its cytosolic side, ER exit motifs, which
ensure its active packaging into COPII-
coated vesicles, similar to what is found
for Emp24p. Emp24 together with Erv25p
forms a heteromeric transmembrane
protein complex, and mediates the active
incorporation of Gas1p into COPII vesicles
(662, 663). Emp24p/Erv25p heteromeric
complex cycles between the ER and the
Golgi, where it is capable of binding to
both coat proteins and cargo molecules,
thus mediating their active incorporation
into the COP vesicles. Emp24p and
Erv25p have a di-aromatic motif on their
cytoplasmic sequences that bind to COPII
coat subunits and promote their export
from the ER. The Erv25p tail sequence,
which binds to COPI coat subunits, is
responsible for returning this complex to
the ER (662). Since Hsp150 contains one
signature for ER exit in COPII mutants
and another for ER exit in COPI mutants,
perhaps more than one cargo receptor
exist for Hsp150. In ongoing work in
our laboratory, candidates for an Hsp150
receptor are being searched for.

In vitro, the minimal components
required to drive the formation of the
COPII coated vesicle are Sarlp, Sec23p/
24p complex and Sec13p/Sec31p complex
(127, 161). Sec24p is thought to act as the
cargo sorting subunit of the COPII coat
(145). However, Sec24p is not absolutely
indispensable, since vesicles can still be
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generated in the mutant sec24A strain.
Under these conditions the homologues
Sfb2p and Sfb3p compensate. But
these vesicles only contain a subset
of the cargo proteins packaged into
Sec24p containing vesicles (151-155).
Furthermore, Sfb3p generated vesicles are
not capable of packaging SNARE proteins
and can therefore not fuse with the
Golgi membrane. In normal cells, these
homologues may co-exist with Sec24p
in the formation COPII-coated vesicles,
and thus extend the repertoire of the cargo
sorting machinery. So how can an ER-
derived carrier vesicle be formed in the
absence of all Sec24p family members?
Perhaps in vivo, unusual transport vesicles
are formed in such conditions, which
are still capable of recruiting Hsp150,
but do not recruit other secretory cargo.
We would however like to suggest some
possible mechanisms for how ER export
may possibly be mediated in the absence
of Sec24p family proteins. In the first
model, an incomplete COPII coat might
be formed, where the Sec23p binding
partner, Sec24p would be missing. This
coat could possibly be temporarily
stabilized by Secl16p, which is capable of
interacting with Sec23p and with Sec31p,
for sufficient time to allow budding of
the vesicle (138, 139, 142). Alternatively,
since Sec23p and Sec24p are structurally
related to each other (133, 141, 144,
162), it may be possible that the COPII
coat formed in the absence of Sec24p,
includes two copies of Sec23p. This
could possibly provide some structural
stabilization to the deforming membrane.
However, these two models have two
major problems. How exactly would the
incomplete COPII coat recruit secretory
cargo and SNAREs in the absence of the
cargo sorting Sec24p family members.
A novel uncharacterized component X
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may possibly interact with Sec23p and
form a complex, thus supporting COPII
formation, by providing coat stabilization
and recruiting cargo, such as Hsp150 and
SNAREs. Alternatively, if the putative
transmembrane receptor is long enough,
it may recruit Hsp150 and allow local
deformation of the ER membrane, by
enrichment of this receptor in a specific
sub-region of the ER membrane. The
remaining COPII coats may then provide
some additional stabilization. Alternatively
Hsp150 may use an ER exit route that is
completely independent of COPII, where a
novel set of proteins would recruit Hsp150
and the necessary SNAREs into the
budding membrane. However, successful
ER exit of Hsp150 required functional
Sec12p, Sec23p and Sec31p, thus making
the last model unlikely.

Future work will be required to address
all this unanswered issues. For instance,
the identification of the putative
transmembrane receptor for Hspl150,
may allow the subsequent identification
of interacting proteins, which may give
some insight into the ER exit mechanism.
Additionally through a detailed TEM
analysis, it may be possible to elucidate if
indeed COPII vesicles are formed in cells
lacking all Sec24 family members, and if
Hsp150 incorporated into them.

2. The yeast secretory glycoprotein
Hsp150 is selectively secreted in

a subset of post-Golgi secretory
mutants (1)

Our previous results suggested that
Hspl50 is selectively secreted to the
culture medium in cells with a deficient
COPII subunit Sec13p (654), and in the
absence of all Sec24p family members
(655, 664), or in cells with a deficient
COPI component Sec2lp (665, 666).
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Therefore we wanted to explore if Hsp150
was capable of bypassing additional post-
Golgi secretory mutants. To investigate
this possibility a subset of different post-
Golgi temperature sensitive mutants (see
Table 2 for details) were shifted to the
restrictive temperature and metabolically
labeled. After 60 minutes of incubation,
TCA precipitation of culture medium
samples was performed (11, Figure 2A and
B). Under these conditions no proteins
were detected in the cases of mutants
such as sec4-2 (RabGTPase) or sec2-41
(Sec4p GEF) that work prior to vesicle
docking, and neither in mutants that affect
SNARE-mediated membrane fusion such
as secl-1 (SM family member) or sec9-
4 (t-SNARE). Interestingly, we found
that one specific and significant band
with similar electrophoretic mobility as
mature Hsp150 was detected in the culture
medium of secl5-1 exocyst subunit mutant
cells (lane 8). Meanwhile, in the other
exocyst mutants sec5-24, sec6-4, secS-
6 and secl0-2 secretion of all proteins
was severely or completely blocked. It
thus appeared that Hsp150 bypassed the
secl5-1 mutation. To further validate
this, a pulse-chase experiment was
performed. *S-labelled cells were chased
in the presence of cycloheximide for 60
minutes at the restrictive temperature, and
cell lysates and culture medium samples
were analyzed by immunoprecipitation
with Hsp150 antiserum. In wild type cells
approximately 80% of Hsp150 was found
in the culture medium, meanwhile, in
secl8-1 cells Hsp150 was detected solely
in the intracellular fraction and in the ER
form. Analysis of the remaining post-
Golgi temperature-sensitive secretory
mutants revealed that Hsp150 appeared
to be significantly secreted (>50%)
only in sec/5-1 mutant cells. In all the
mutants screened, secretion of proteins

appeared to be blocked with exception of
the sec3-1 mutant, where a small amount
of Hspl50 (approximately 20%) was
secreted. Taking into count that deletion
of SEC3 yielded viable cells (584) it
appears that under certain conditions,
additional spatial landmarks such as
Exo70p may compensate absence of
Sec3p in the exocyst complex (583, 619).
In view of the fact that Hsp150 appears to
be secreted in secl5-1 cells while other
proteins fail to be secreted, we decided to
further investigate the role of the exocyst
in secretion of Hsp150.

2.1 Hsp150 is secreted in the absence of
functional Sec15p

Secl5p is the exocyst subunit that
interacts with the approaching secretory
vesicle, marked by the RabGTPase
Secdp, and bridges the vesicle to the
plasma membrane through the action
of the tethering exocyst complex (569,
571, 573). Besides the interaction of
Secl15p with the secretory vesicle and
with the remaining exocyst complex
subunit, Sec10p, Secl5p is also capable
of interacting physically with Bemlp
(595). The polarity establishment protein
Bemlp is considered to be required for
proper localization of several proteins
involved in polarity including Cdc42p and
its exchange factor Cdc24p (596, 667).
The interaction of Secl5p with Bemlp
may provide an additional link that helps
coordinate the polarity machinery and
the secretory pathway components (595).
The interaction of Secl5p with Bemlp is
thought to occur though the C-terminus
of Sec15p, and this interaction is required
for proper localization of Secl5p, even
under conditions where actin is disrupted
(595). Interestingly, in the case of the
temperature-sensitive mutant form of
Sec15p in the secl5-1 mutant, the last 76
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C-terminal amino acids are missing due
to premature termination. This shorter
version of Secl5p fails to interact with
Bemlp (595). This truncation did not
affect the binding of Sec15p with Sec10p.
This interaction has been shown to be due
to the first 82 amino acids localized in the
N-terminus of Sec15p (595).

To address the functional importance
of the C-terminal region of Secl5p, wild
type Secl5p and the truncated form were
tagged with GFP and compared with an
other exocyst component Sec8p-GFP
(595). Here they showed that wild type
cells show a bright and proper localization
of both Sec15-GFP and Sec8-GFP to sites
of active membrane expansion at both
permissive and restrictive temperature. In
contrast, truncated sec/5-GFP and Sec8-
GFP localization was faint and appeared
to be cytoplasmic even at permissive
temperature. Shift to the restrictive
temperature lead to the appearance of
disorganized punctate-staining over
both mother and daughter cells. From
these studies it was concluded that the
C-terminal region of Secl5p, which is
lacking in sec15-1 cells, is important for
proper localization of both Secl5p and
the remaining exocyst components. In
support to these observations, the exocyst
complex was found to be disrupted in
lysates of secl5-1 cells (580, 581, 595,
668). Furthermore, the level of exocyst
assembly is reduced significantly in
the secl5-1 strain even at permissive
temperature. When sec/5-1 cells were
shifted for 30 minutes to the restrictive
temperature, the isolated complex was
dramatically reduced to almost non-
detectable levels (581). In addition to
the instability of the exocyst complex in
the secl5-1 strain, Sec4p appeared to be
unable to associate to Secl5 and to the
remaining exocyst complex (668). Taking
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together, the data collected on the sec/5-
1 mutant, it appears that at the restrictive
temperature the sec/5-1 mutation severely
affects the overall stability and integrity
of the exocyst complex, and consequently
fusion of secretory vesicle to the plasma
membrane. Therefore, the secl5-1
mutation seems to be a viable platform to
carry out secretory studies to understand
the possible mechanism by which Hsp150
appears to be selectively secreted.

2.1.1 Hsp150 is secreted in secl5-1 cells

To verify if indeed secl5-1 is a tight
temperature-sensitive secretory mutant,
growth at permissive and restrictive
temperature was studied and compared
with that of known secretory mutants (IL,
Figure 2 E and Supplementary Figure
S1). Cells were grown overnight to early
logarithmic phase in either rich medium
(YEPD) or synthetic complete medium
(SC). Samples from each strain were
taken and standardized to Od,,=0,2
and incubated either at permissive or
at restrictive temperature. Samples
were collected hourly and cell density
measured. Growth of the sec/5-1 strain
at the permissive temperature (24°C)
was indistinguishable from control cells
or from the remaining temperature-
sensitive mutant strains addressed (II,
Supplementary Figure S1). However at
the restrictive temperature (37°C) these
cells failed to grow. Similar results were
observed for secl8-1 and sec6-4 mutant
cells. In contrast, control cells incubated at
the restrictive temperature divided steadily
Next aliquots of 10* cells and 4 tenfold
dilutions were carried out for each strain
and spotted onto YEPD or SC plates. The
samples were then incubated at 24°C or
37°C for 2 to 3 days. All temperature-
sensitive post-Golgi secretory mutants
analyzed failed to grow at the restrictive
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temperature reflecting the importance of
the respective proteins in the late stages
of the secretory pathway. In conclusion
secl5-1 is a non-leaking temperature-
sensitive mutant and the resulting Secl5p
is nonfunctional at 37°C.

To analyze the secretion kinetics
of Hspl150 in the sec/5-1 mutant, cells
were preincubated at the restrictive
temperature and pulse-chase experiments
were performed. ¥S-labelled cells were
chased in the presence of cycloheximide
for up to 60 minutes. We have previously
reported that a small fraction of secreted
Hsp150 remains cell wall-associated in
normal cells in a non-covalent fashion,
and can thus be released by SDS treatment
(654, 669). Covalently bound cell wall
proteins can be released by mild-alkaline
treatment. Using this technology we
investigated if the cell-associated pool of
Hsp150 was extracellular or intracellular.
These cell wall samples together with the
intracellular and culture medium samples
were immunoprecipitated with Hsp150
antiserum and subjected to SDS-PAGE
analysis. After a preincubation period
of 15 minutes at restrictive temperature,
the secretion kinetics of Hspl150 was
very rapid and some Hsp150 could be
detected in the culture medium already
after a 5 minute chase (II, Figure 3Ba).
After 60 minutes chase, 60% of Hsp150
was found in the medium, 16% was
associated to the cell wall and only 22%
remained intracellular. For comparison,
in control cells, after 60 minutes of chase
79% of Hspl150 was in the medium,
10% remained associated to the cell wall
and a very low amount was detected
intracellular (II, Figure 3Aa). In contrast,
when using another exocyst subunit
mutant, sec6-4, Hsp150 was found solely
as an intracellular form and no Hsp150
was secreted to the cell exterior (II,

Figure 3C). Similar results were obtained
for the exocyst mutants sec5-24, secS-
6 and secl0-2 (data not shown). It has
been reported that incubation of secl5-1
cells, for 30 minutes at the restrictive
temperature damages the integrity of the
exocyst complex and its ability to interact
with the RabGTPase Sec4p (581, 668). To
ensure that the preincubation period was
sufficient to render secl5-1 defective, we
extended it to 30 and 60 minutes. When
cells were preincubated for 30 minutes,
48% of the labeled Hsp150 was found
in the culture medium, 22% was cell
associated and 30% remained intracellular
(I1, Figure 3Bb). After 60 minutes of
preincubation at 37°C lead to the following
distribution of Hsp150, 28% in the culture
medium, 37% in the cell wall and 35%
intracellular (II, Figure 3Bc).

Increase of the preincubation period
appeared to increase the relative amount
of covalently cell wall-attached Hsp150,
relative to secreted and noncovalently
attached. The faster migrating Hsp150
bands detected in the lanes subjected to
alkaline treatment (I1, Figure 3 lanes 3, 7,
11, 15 and 19) are the result of release of
O-glycans by B-elimination (669). Also in
control cells increase of the preincubation
period lead to a greater fraction of Hsp150
(approximately 29%) being covalently
attached to the cell wall (II, Figure
3AB). In summary, in control cells 90%
and 85% of Hsp150 was secreted to the
cell exterior when cells where either
preincubated at 37°C for 15 or 60 minutes,
respectively. Meanwhile sec/5-1 cells
externalized 78%, 70% and 65%, when
the preincubation periods lasted 15, 30
and 60 minutes, respectively. In other
exocyst mutants such as sec6-4, sec5-24,
sec8-6 and secl0-2, Hsp150 remained
quantitatively intracellular.
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TCA precipitation of culture medium
samples of secl/5-1 cells revealed that
Hsp150 was the only labeled protein
detected. To verify if indeed the ability
to be secreted in secl5-1 was unique
to Hspl150, secretion of other reporter
proteins was assed in the same set of
secretory mutants. Invertase, a periplasmic
secreted glycoprotein, is often used as a
reporter to measure secretory defects in
S. cerevisiae. To derepress the synthesis
of invertase, cells were shifted to pre-
warmed low glucose growth medium and
incubated at the restrictive temperature
for up to 120 minutes, followed by
quantification of intra- and extracellular
activity (I, Fig 5). In control cells over
80% of invertase activity was external,
meanwhile in sec/8-1 and sec6-4 cells the
activity remained intracellular. In sec/5-1
cells an initial secretion of invertase
(<20%) to the extracellular space was
detected in the first 30 minutes, followed
by no increase during the following 90
minutes. Incubation of these strains at
permissive temperature yielded a similar
distribution as the control cells. To
further analyze invertase traffic in these
strains, samples were collected at 90
minutes and intracellular and periplasmic
samples were subjected to native gel
electrophoresis, followed by invertase
activity staining (II, Fig 5). Under these
conditions we found invertase in the
fully mature form in control, sec6-4 and
secl5-1 cells, meanwhile in sec/8-1 cells,
invertase remained trapped in the ER and
failed to extend its N-glycans. In control
cells the vast majority of invertase was
in the periplasmic space. In contrast,
in sec6-4 and secl8-1 cells the entire
detected amount of invertase was trapped
intracellular. In secl5-1 cells a small
amount of Hspl150 was also found in
the periplasmic space, thus verifying the
results obtained for invertase above.
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Next we addressed the secretion of
Bgl2p, Gaslp and Pmalp in the same
secretory mutants. Secretion analysis
revealed that these proteins completely
failed to be secreted in secl8-1, sec6-4
and sec8-6 cells, as well as in the secl5-1
mutant (data not shown).

Thus it appears that secretion in
secl5-1 cells at the restrictive temperature
is a unique feature of Hsp150. However,
a small fraction of invertase was also
secreted in these cells. One possibility for
the differences of secretion ratios observed
between these proteins may reside in
the different kinetics in translation/
processing/transport through the secretory
pathway. To address this issue we carried
out a comparative secretion kinetics
assay on invertase and Hsp150 in control
cells, in a subset of exocyst mutants
and in the post-Golgi secretory mutant
secl4-1 (II, supplementary figure S2).
At permissive temperature, invertase
secretion to the periplasmic space was
similar in all the mutants observed where
extracellularly invertase activity could
already be detected, as early as 5 minutes
after shift to low glucose conditions.
At the restrictive temperature secretion
of invertase was completely blocked in
secl4-1, sec5-24, sec6-4 and sec8-6 cells.
However in sec3-1, sec10-1 and secl5-1
cells a small amount of activity (typically
below 20%) was detected extracellular.
This partial secretion occured in the first
30 minutes of incubation and failed to
increase after that. For comparison, wild
type cells incubated at the restrictive
temperature efficiently secreted invertase
and in average more than 80% was found
in the exterior of the cell. In parallel with
the above experiments a pulse-chase
experiment was performed to address
the secretion kinetics of Hsp150. Similar
to invertase, secretion of Hsp150 to the
culture medium was completely blocked
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in sec5-24, sec6-4 and sec8-6 cells. In
addition, in sec3-1 and secl(0-1 mutants
the same low secretion ratio and kinetics
for Hsp150 and invertase was observed,
where approximately 20% of the labeled
Hsp150 was secreted to the culture
medium in the first 30 minutes. However
in the case of sec/4-1 and secl5-1 mutants,
an increased ratio of Hsp150 secretion was
observed in comparison to the amount of
invertase secreted. In the case of Hsp150,
a total of approximately 50-60% of
Hsp150 was secreted. TCA precipitation
of culture medium samples revealed only
one protein that migrated in SDS-PAGE
like mature Hsp150. Thus it appears
that Hsp150 is specifically and more
efficiently secreted in secl15-1 and seci4-1
mutants than invertase. The secretion
kinetics of invertase was also addressed
by Harsay et al., (1995). They concluded
that invertase was rapidly secreted after 5
minutes of derepression (258). We have
also shown that Hsp150 can be found in
the culture medium as soon as 5 minutes
after pulse (649). Therefore it appears that
both these proteins are secreted with the
same kinetics in control and in a subset of
exocytic mutants other than secl/5-1. The
differences between invertase and Hsp150
in secl5-1 cells possibly reflect a selective
secretion pathway for Hsp150, instead of
a difference in the kinetics of progression
of Hspl150 and invertase through the
secretory pathway.

2.1.2 The sorting signal for bypass of
the sec15-1 mutation resides in the N-
terminal/RR region of Hsp150

As previously referenced, Hspl50 is
selectively secreted to the culture medium
in cells that have a deficient COPII
subunit Sec13p (654), and in the absence
of all Sec24 family members (655, 664),
and even in cells with a deficient COPI
component Sec2lp (665, 666). We

have previously found that ER exit of
Hsp150 in COPII-deficient mutant cells
is dependent on a molecular signature that
resides in the unique C-terminal domain
of Hsp150 (Figure 15) (654, 655), and in
the case of COPI-independent ER exit,
to the repetitive region of SUII (666). In
search of the molecular signature guiding
secretion of Hspl50 in secl5-1 cells,
variants of Hsp150 lacking either the
C-terminal domain (Hsp150A) or having
a shorter version of the repeat domain of
SUII (Hsp1504RA) were to B-lactamase
and expressed in secl5-1 cells (Figure
15). The B-lactamase portion originating
from E. coli folds in the yeast ER to a
bioactive conformation and in normal
conditions the fusion protein is efficiently
secreted to the medium (650, 651). A
pulse chase experiment of the variant
lacking the unique C-terminal fragment
was first carried out to see if this region
was required for bypass of Secl5p. Cells
were preincubated at the restrictive
temperature, labeled, and chased for 60
minutes in the presence of cycloheximide.
After cell fractionation, Hsp150A—f-
lactamase was immunoprecipitated
with B-lactamase antiserum. In secl5-1/
cells, after a 5 minutes chase, we could
already detect Hspl50A-B-lactamase
in the culture medium and after 1 hour
of chase, 50% was found in the culture
medium, 16% was non-covalently
attached to the cell wall and 7% was
covalently cell wall-bound, while only
30% remained intracellular (II, Figure
4C). In control cells similar secretion
results were obtained for Hsp150A—f-
lactamase (II, Figure 4A). In sec6-4
cells Hsp150A—B-lactamase failed to be
secreted and accumulated intracellularly.
At the permissive temperature the fusion
protein is efficiently secreted to the culture
medium.
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To further elucidate the sorting
determinant we analyzed the secretion of
Hsp1504RA—B-lactamase (Figure 15).
Pulse-chase experiments revealed that
analogous to Hsp150A—f-lactamase (II,
Figure 4), this shorter version of the fusion
protein was efficiently secreted in wild
type cells and in secl5-1 cells, but failed
to be secreted in sec6-4 cells incubated at
restrictive temperature (data not shown).

From these results it is apparent that
the molecular signature that mediates
Hsp150 secretion in sec/5-1 mutant cells
does not reside in the unique C-terminal
fragment and neither in the full repetitive
region of Hsp150, but rather appears to
reside in either subunit I or in the first 4
repeats of SUII (Figure 15). Alternatively,
since Hsp150 is heavily O-glycosylated
in both SUI and SUII (651, 666), the
molecular signature may reside in the
oligosaccharides (670). However, deletion
of the protein O-mannosyltransferase
gene PMT4, which is responsible for the
transfer of mannose residues from the
dolichylphosphate-D-mannose to serine
or threonine residues on the target protein
(90, 91, 93) yielded no secretory defects
in these cells (unpublished data).

2.2 Hsp150 is selectively packaged into
a subset of secretory vesicles

Secretory cargo destined to the exterior
of the cells is packaged into secretory
vesicles, which selectively concentrate
cargo and transport them to the plasma
membrane. Two pools of post-Golgi
vesicles, which differ in respect to their
cargo, have been identified by isodensity
gradient centrifugation (258, 260, 474).
The vesicles detected in the lighter region
of the gradient were classified as LDSV
(low density secretory vesicle) and contain
proteins such as the endo-p3-1,3-glucanase
Bgl2p, the plasma membrane ATPase
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Pmalp and the GPI-anchored B-1,3-
glucanosyltransferase Gaslp. Meanwhile,
the vesicles detected in the heavier region
of the gradient HDSV (heavy density
secretory vesicles) contained proteins such
as invertase, exo-pB-1,3-glucanase Exglp
and alkaline phosphatase ALP. Both
vesicle populations transport cell wall-
modifying enzymes such as glucanases,
which are thought to be involved in the
softening of the yeast cell wall in order to
allow its expansion and insertion of new
wall materials. Since Hsp150 is secreted
to the culture medium in wild type and
secl5-1 cells, we set out to investigate
in which population of secretory vesicles
was Hsp150 transported.

2.2.1 Hsp150 is packaged into a novel
class of secretory vesicles

To address into which population of
secretory vesicles Hsp150 was guided,
cells were grown to early logarithmic
phase and shifted to restrictive temperature
for 2 hours to allow accumulation of
secretory vesicles. The cells were then
lyzed, and after differential centrifugation
steps, the secretory vesicles were
isolated as an individual pellet (for a
detailed description see II, Methods and
materials). This pellet was then loaded
on the bottom of an Optiprep density
gradient and centrifuged for 19 hours at
100.000 x g, which allowed the vesicles to
migrate to their corresponding densities.
Subsequently aliquots were sequentially
removed and analyzed for the presence
of different proteins by either activity
measurements or by SDS-PAGE analysis.
Unlike previous reports (258-260), which
used Nycodenz to construct the density
gradients, we used Optiprep for the
following reasons. Similar to Nycodenz/
Iohexol, Optiprep is a nonionic derivate
of metrizoic acid which is constituted by
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lodixanol, essentially a dimer of iohexol.
The main differences between Nycodenz
and Optiprep is that Nycodenz gradients
are hyperosmotic at densities above 1,16g/
mL even when inverse gradients are used
to balance the osmolarity. In contrast
Optiprep is capable of forming isoosmotic
solutions at all densities (671, 672). Also a
better performance/resolution by Optiprep
versus Nycodenz has been observed in the
separation/purification of organelles that
fractionate close to this density limit (671,
672). Thus, in an attempt to preserve the
structural properties and identity of the
vesicles we used Optiprep in this study.
We isolated vesicles from secl5-1, sec6-4
and control cells at both permissive and
restrictive temperatures and loaded them
on the bottom of a 12-30% Optiprep
gradient constructed in 0.8 M Sorbitol
/ TEA. Control cells and temperature-
sensitive mutant cells, incubated at the
permissive temperature accumulated very
little secretory vesicles, as confirmed
by transmission electron microscopy.
Therefore, detection of proteins by SDS-
PAGE analysis was difficult under these
conditions. For this reason vesicle analysis
was carried out in the temperature-
sensitive sec6-4 and secl5-1 mutants
which accumulate a significant number
of secretory vesicles (258). The aliquots
collected from the gradient were subjected
to SDS-PAGE analysis and probed by
western blotting for the presence of a
subset of different marker proteins. To
verify the purity of the isolated secretory
vesicles and to address the integrity of
both experimental sets we first followed
the ER marker Kar2p/BIP. In both sec6-4
and secl5-1 cells Kar2p/BIP was found on
the top of the gradient together with the
syntaxin Pep12p, which is commonly used
as a late endosomal marker (II, Figure 6 A
and B). When probing for proteins such

as Bgl2p, Gaslp and Pmalp, which are
found in the LDSV population, we found
that these proteins were detected in the
same fractions (1-7) in both sec6-4 and
secl5-1 cells (II, Figure 6, A and B). The
accumulation of Gaslp, Pmalp and Bgl2p
in the LDSV population was similar in
sec6-4 and secl5-1 cells (11, Figure 6E).
When the samples were assayed for
invertase activity, we found that the
distribution profile was different.
Invertase could be detected in fractions 5-
15 (HDSYV, see next section) and at a very
high density (fractions 24-28) (11, Figure
6 C and D). The total amount of invertase
activity in the gradient was in the case of
sec15-1 cells about 20% lower than in
sec6-4 cells (11, Figure 6 E).

In the case of sec6-4 cells, invertase
and Hspl150 were detected in the same
fractions (I, Figure 6C), this is in the
HDSV (C3-17) as well as in the very
heavy density fractions (C23-27). In
contrast, in the case of sec/5-1 cells (11,
Figure 6D), Hsp150 was found in the
HDSYV population only (D3-15). Less than
50% of Hsp150 was found throughout the
gradient in the sec/5-1 strain as compared
to sec6-4 cells (I, Figure 6 E)

Previous studies carried out on the
identity of the secretory vesicles using
Nycodenz, placed the LDSV at a density
equal to 1.14 g/mL and the HDSV at a
density of 1.16 g/mL (258, 260). In our
experimental conditions using Optiprep we
found LDSV at a density approximately
of 1.11 g/mL and the HDSV at 1.13 g/
mL. This difference in density between
Optiprep and Nycodenz has previously
been reported, and appears to be due to
the different ability of these two media in
forming isoosmotic solutions (672). In this
study they found that for example that the
endoplasmic reticulum, mitochondria and
lysosomes sediment at significantly lower
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densities in Optiprep when compared to
Nycodenz. This may be the reason why
vesicles detected in the very heavy density
fractions (with a density of 1.198 g/mL)
were not detected in the previous studies,
which had a maximum density range
of 1.195 g/mL. This also explains the
differences observed between the densities
found for LDSV and HDSV in our versus
previous studies.

In summary, we have detected
Hspl150 together with invertase in the
HDSYV population of secretory vesicles,
and in a novel population of vesicles,
which sedimented in the very heavy
density fractions of the gradient. In the
secl5-1 strain, where much of Hsp150 is
secreted, its amount within the secretory
vesicles, accumulated during restrictive
temperature, was much lower than in
sec6-4 cells, where Hsp150 was found
only in the HDSV population. Invertase,
however, was found in sec6-4 and secl5-1
mutants, in both the HDSV population and
in the novel very heavy density fractions.
Proteins carried in LDSV accumulate to
similar levels internally in both sec6-4 and
secl5-1 cells. Conclusion: a novel type of
vesicles was identified, in which part of
the Hsp150 is transported.

2.2.2 Mutations affecting the
Endosomal/vacuolar pathway do not
affect Hsp150 secretion

Previous reports have documented that
mutants that disturb the endosomal/
vacuolar pathway also disturb the
formation of the HDSV population
of vesicles (259, 260). Under these
conditions, cargo typically found in the
HDSV is rerouted to the LDSV population
(260). In addition, when the pathway that
targets CPY from the Golgi to the vacuole
is blocked, like in vps/ and vpsI0 mutants,
CPY is targeted to the plasma membrane
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through the LDSV population of vesicles.
Thus, to further elucidate the pathway
through which Hspl50 is secreted in
secl5-1 cells, we set out to investigate the
role of the endosomal/vacuolar pathway
in exocytosis of Hsp150.

To address this issue we crossed
vps10A, vpsIA and vps8A mutants with
either sec15-1 or sec6-4 cells. Spores were
dissected and scored for the appropriate
genotype (see Table 2 for details).
Crossing of the different vps mutants with
either secl5-1 or sec6-4 yielded viable
cells with no severe effects on growth (I,
Supplementary Figure S4.1-S4.3 C). Next
secretion of Hsp150 and invertase was
followed in the single and double mutants
by pulse chase experiments and invertase
activity assays (11, Supplementary Figure
S4.1 to S4.3). Under these conditions no
secretion defects were observed for either
protein in vpsI0A, vpsIA or vps8A strains.
Furthermore, in the double mutants no
effects on secretion could be observed
when compared to the parental strains
secl5-1 and sec6-4. To verify that the
endosomal/vacuolar delivery pathway
was indeed affected in these mutants,
maturation of CPY was followed. In the
case of the vps deletants, CPY was found
intracellularly in the P2-Golgi form and
failed to acquire the mature form, which
occurs by protease cleavage in the vacuole.
Therefore it appears that the combination
of mutations that block traffic through the
endosomal/vacuolar pathway with sec/5-1
had no effect on the secretion of Hsp150.

Vps mutants have been shown to
abolish the formation of the HDSV
population of secretory vesicles while
the formation of the LDSV remains intact
(260). For this reason we decided to isolate
the different population of secretory
vesicles that accumulate in sec6-4 vpsIA,
secl5-1 vpslA, secl5-1 vpslOA and
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secl5-1 vps8A mutants, and investigate
the effect these double mutations have on
the biogenesis of the different population
of vesicles. Cell growth, isolation and
isodensity centrifugation of the secretory
vesicles was conducted as previously with
the exception that the gradient covered
a broader region (10-35%) in an attempt
to increase the resolution. Similar to the
previous fractionations carried out, the
distribution of the ER marker Kar2p/BiP
throughout the gradient was similar in all
of the mutants, as well as the total amount
of protein detected (II, Figure 9 and
Supplementary Figure S5). In addition,
fractionation of the congenic sec6-4 and
secl5-1 cells yielded comparable results to
those obtained previously, thus reflecting
the reproducibility of the fractionation and
density gradient analysis.

When post-Golgi secretory mutants
are combined with endosomal mutants
that block the delivery of CPY to the
vacuole, CPY is no longer delivered to
the vacuole and since fusion to the plasma
membrane is blocked, CPY accumulates
intracellularly (260) (II, Supplementary
Figure S5 I). Combination of sec/5-1 or
sec6-4 with the absence of the dynamin-
like GTPase Vpslp lead to relocalization
of cargo normally transported by the
HDSV into the LDSV population of
secretory vesicles, as previously mentioned
by Harsay et al., 2002 and blocks traffic
through the endosomal pathway (260, 358,
362)(see Figure 16). This relocalization
can be detected by a shift in the peak
of invertase activity, which runs in the
HDSYV region in the case of the secl5-1
and sec6-4 cells, to the LDSV region in
the case of the secl5-1 vpsIA and sec6-4
vpsIA mutants (II, Figure 9B and D). In
addition the majority of the unprocessed
P2-Golgi form of CPY cofractionated
with the LDSV population of secretory

vesicles. On the other hand, invertase
activity detected in the very heavy density
fractions remained unaffected by the
absence of the dynamin-like GTPase
Vpslp. Interestingly, packaging of Hsp150
into the LDSV population did not abolish
its secretion capacity in secl5-1 vpsiA
cells, since approximately 50% of the total
amount of Hsp150 was secreted in this
strain. Meanwhile, other proteins such as
Pmalp, Gaslp and to a significant degree
invertase, remained intracellular (II,
Supplementary Figure S5 I). In contrast,
in the single and double sec6-4 mutant
strains Hsp150 failed to be secreted and
accumulated intracellularly. In conclusion,
disturbing the endosomal pathway did not
block the secretion of Hsp150 in sec/5-1
cells, neither did it block the formation
of the novel pool of vesicles detected in
the very heavy density fractions of the
gradient.

Next, we analyzed the secretory
vesicles that could be found in the sec5-1
vps10A mutant strain. Since Vps10p is the
sorting receptor for carboxypeptidase Y,
we expect that its absence would not affect
the biogenesis of the HDSV population,
while CPY would still be missorted
into the secretory vesicles (Figure 16).
Indeed we found that formation of HDSV
prevailed and CPY accumulated within
the HDSV population (11, Figure 9E). The
unprocessed p2-Golgi form of CPY was
found together with invertase and Hsp150
in HDSV. In addition a significant amount
of p2 CPY was found in the very heavy
density region of the gradient together
with invertase. Hsp150 was efficiently
secreted in the double mutant sec/5-1
vps10A, and was not detected in the very
heavy density fractions of the gradient.
Externalization of Gaslp or Pmalp was
not observed during the time course of
the experiment. In conclusion absence of
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VPS10, lead to specific packaging of CPY
into the HDSV. Results collected from
the vps1A mutant suggest that HDSV are
formed from endosomal membranes. This
raises the questions where indeed does the
CPY receptor function. Is it at the trans-
Golgi, or does it sort CPY for transport
from early to late endosome (Figure 16).
We expected that vps/0 deletion would
lead to the packaging of CPY into LDSV,
since vps10p is proposed to function at
the trans-Golgi. However this was not
the case, since CPY was detected together
with HDSV cargo. Thus either Vps10p
functions in early to late endosome traffic
or alternatively HDSV may originate
directly from late-Golgi membranes.
Next we studied the secretory
vesicles that could be detected when the
CORVET component Vps8p was missing.
The CORVET complex is responsible
for intra-endosomal tethering and when
VPSS is deleted, delivery of proteins form
the early endosome to the late endosome
is blocked (334, 335, 358). Biogenesis
of the HDSV and LDSV population
prevailed in secl5-1 vps8A mutants, since
Gaslp and Pmalp profiles were distinct
from that of Hsp150 (II, Figure 91). In
addition, CPY coincided in the secl5-1
vps8A with the HDSV population, with
the majority of CPY being found in the
mature M form (I, Figure 91). The mature
CPY is thought to be due to processing of
CPY in a pre-vacuolar compartment, due
to accumulation of CPY and proteases in
the same compartment. In the case of the
double mutant secl5-1 vps8A, invertase
was found in the gradient fractions
containing the very heavy density vesicles,
with only a small amount occurring in the
HDSYV region. In contrast, Hsp150 was
not detected in the heavy density vesicles.
Thus Hspl50 was selectively secreted
in secl5-1 vps8A, while other proteins
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analyzed were trapped intracellularly.
Invertase was detected in the novel very
heavy density vesicles when traffic from
early- to late-endosome was blocked. This
suggests that the HDSV population may
preferentially be formed on the membranes
of late-endosomes, while the novel very
heavy density vesicles are formed on the
early-endosomal membranes (Figure 16).

In summary, we found that blocking
the endosomal/vacuolar pathway had no
inhibitory effect on secretion of Hsp150
in the secl5-1 background. Our results
support previous studies (260), which
suggest that the biogenesis of HDSV
population of vesicles takes place on the
membranes of a post-Golgi compartment,
most probably of endosomal nature
(Figure 16). When the endosomal/
vacuolar pathway was blocked (for
example vpsIA cells), formation of the
HDSV population was inhibited, and
when traffic from an early endosomal
compartment to the vacuole was disturbed
(such as in vps8A cells), proteins intended
for delivery to the vacuole were packaged
into HDSV. In vpsI0A seci5-1 cells CPY
was selectively packaged into the HDSV
population and into the novel very heavy
density vesicles, but remained absent
from the LDSV population, which is
puzzling. The CPY receptor VpslOp
selectively exports CPY from the late-
Golgi (270, 275). According to this
traditional perception CPY should be
found in the LDSV population of vesicles
in the vps10A secl5-1 cells. However, the
detection of CPY in the HDSV class of
vesicles in the absence of Vps10p suggests
that CPY may have a Vps10p-independent
step. Thus, an alternative view is that
CPY may undergo two sorting steps, one
at the Golgi (Vpsl10p-independent) and a
second at the early endosomes (Vps10p-
dependent) (260).
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Both invertase and CPY appear to
be transported to the early endosomes,
but once there, proteins intended to the
vacuole have to be separated from proteins
intended for delivery to the exterior of the
cell. The active involvement of Vps10p
at the early endosomal membranes would
help ensure that only the appropriate
cargos are selected, and thus explain

why in its absence, CPY is packaged into
HDSV. Thus, the function of VpslOp
may be similar to that of the mannose
6-phosphate receptor, which is involved
mainly in frans-Golgi to early endosome
sorting, but has also been suggested to be
required for early to late endosome sorting
prior to recycling back to the late-Golgi
(673-675).

corl @T@®

@ Losv (Gast, Pmat, Bgl2)
@ HDsV (Invertase Hsp150)
o Novel vesicle

@ CPY transporting vesicle

® Traffic disrupted in vps1, vps10 and clathrin mutants

@ Traffic disrupted in vps8 and pep12 mutants

T Vps10, CPY receptor
—p—p CPY pathway
=== Recycling pathways

ALP transporting vesicle

Figure 16. Post-Golgi sorting pathways. From the Golgi a multitude of different pathways
emerge, each transporting proteins and membranes to diverse targets. There are two pathways
for targeting proteins and membranes to the vacuole. One of these, the CPY pathway transits
through the endosomes prior to reaching the vacuole, meanwhile the ALP pathway appears to be
mediated in one unique direct step. Similarly there appears to be at least two pathways for target-
ing proteins to the cell surface. One is targeted directly from the Golgi to the PM (demonstrated
by the LDSV), and a second transits through an endosomal compartment, prior to be targeted to
the cell surface (demonstrated by the HDSV). It is possible to block specific transport events in
these pathways and analyze how cargo is incorporated into the different populations of secretory

vesicles. See text for further details.
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2.2.3 Morphological characterization

of the different secretory vesicles:
development of a novel HRP staining
procedure for TEM

The results collected so far suggest that
Hsp150 is selectively secreted in secl -
1 cells at restrictive temperature. Next, a
morphological approach was developed.
We took advantage of the fact that the
molecular signature that guides Hsp150
to bypass the secl5-1 block does not
reside in the unique C-terminal fragment
of Hsp150, and that the repetitive region
of Hspl150 (Hspl150A, see Figure 15)
promotes correct folding of heterologous
proteins fused to its C-terminus (see
further sections). We decided to test
whether the Hspl150A carrier would
assist proper folding in the yeast ER of
Horseradish peroxidase (HRP). HRP is
commonly used in morphological studies,
due to its ability to react with the substrate
diaminobenzidine (DAB) when in the
presence of hydrogen peroxide. This
reaction yields an insoluble precipitate in
the lumen of the intracellular compartment
where HRP is located. This precipitate
becomes electron dense upon subsequent
reaction with reduced osmium tetroxide,
and is visible in TEM as a dark staining
pattern (II, Material and methods). This
method that we have adapted now for
yeast, was previously developed for
mammalian cells (676).

The first step in the development of
this method was the construction of the
fusion protein Hsp150A-HRP, where the
unique C-terminus of Hsp150 was replaced
by HRP (Figure 15). This construct was
then expressed in wild type S. cerevisiae
cells to verify that indeed Hsp150A was
able to confer secretion competence to the
fused HRP protein. Immunoprecipitation
experiments with either Hsp150 or HRP
antiserum verified that the fusion protein
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was efficiently secreted to the culture
medium with kinetics similar to those
of wild type Hspl150. Next, we took
advantage of the fact that the C-terminal
fragment of Hsp150 is required for the
Hsp150 secretion in sec24-1 and sec7-
1 cells, and therefore in these mutants
Hsp150A-HRP should remain trapped
in the ER and Golgi, respectively (655).
In addition, we used control cells and
secl8-1 for comparison. This allowed
the development and optimization of
the conditions for application of this
staining procedure for yeast. Incubation
of these cells at the restrictive temperature
resulted in different morphologies that
were characteristic to each block of the
secretory pathway in the different mutants
(Figure 17). In control cells no significant
staining was observed due to the fact
that the protein is efficiently secreted.
Since Hspl150A-HRP is not capable of
exiting the ER in sec24-1 and in secl§-1
cells, in these cells a membrane-staining
characteristic of typical ER structures was
observed (Figure 17). In the sec7-1 cells
a different staining pattern was observed
suggestive of Golgi-stacks. Thus when
all the morphological data collected from
the different sec mutants was assembled;
a framework of the staining pattern
expected along the secretory pathway was
constructed.

Using this staining procedure we set
out to analyze whether any morphological
differences could be observed within
the secretory vesicles that accumulate
in sec6-4 and secl5-1 cells. To be able
to distinguish secretory vesicles that
transported Hspl50 we constructed
sec6-4 and secl5-1 cells expressing a
fusion protein where the C-terminal
fragment of Hsp150 was replaced by
horseradish peroxidase (HRP). These
mutants, accumulate secretory vesicles,
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Figure 17. Development of a novel HRP staining method for TEM. Taking advantage of
the dark precipitate formed by HRP when H,O, is added, we developed a novel HRP staining
procedure. To assist the proper folding and transport of HRP through the secretory pathway we
exploited the carrier ability of the Hsp150 fragment. When the H,O, treatment is omitted, no
precipitate is observed as can be observed in the control panels. However when H,0O, is added, a
precipitate visible under the TEM can be observed in the secretory compartments where the fu-
sion protein Hspl150A—HRP is localized.
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therefore we reasoned that Hspl150A-
HRP containing vesicles should have
electron dense material within them upon
DAB and H,0, treatment (I, Figure 7B).
Since in sec6-4 cells Hsp150 accumulates
intracellularly, a difference at the level of
quantifiable HRP-positive vesicles should
be obvious as compared to secl5-1,
which efficiently secretes Hsp150. Thus,
Hspl150A-HRP was expressed in secl5-
1 and sec6-4 cells, and secretion assays
at permissive and restrictive temperature
were carried out. Immunoprecipitation
of Hspl150A-HRP using HRP antiserum
showed that Hsp150A-HRP is secreted in
secl5-1 cells with similar kinetics to those
of the endogenous Hsp150. In contrast,
in sec6-4 cells, it remained quantitatively
intracellular. Since Hspl150D-HRP
behaved like Hsp150, the next step was
to visualize these proteins using TEM.
Cells were incubated for 90 minutes at
the restrictive temperature (to accumulate
secretory vesicles) and chased for 10
minutes in the presence of cycloheximide
(to enrich secretory proteins at the final
stages of the secretory pathway). Vesicle
were counted and scored for the presence
or absence of HRP. Both sec/5-1 and
sec6-4 mutants accumulated a significant
number of 100 nm secretory vesicles,
however quantification showed that almost
4-fold more HRP-stained vesicles were
detected in sec6-4 than in secl5-1 (11,
Table 2). Sections collected from sec6-4
mutants, revealed that they accumulated
a significant number of both stained and
unstained vesicles, whereas sections
collected from sec!5-1 mutants, showed
that the secretory vesicles accumulated in
these cells were in their majority unstained
(II, Figure 7).

Parallel samples of these cells
were collected and subjected to vesicle
isolation to verify if the HRP stained
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vesicles corresponded to the region where
Hsp150 was detected. After isodensity
centrifugation and fixation, the samples
were subjected to the HRP staining (11,
material and methods). Analysis by TEM
revealed a homogeneous population of
100 nm vesicles that corresponded to
the size of typical post-Golgi secretory
vesicles (I, Figure 8). A positive HRP-
staining pattern was observed within the
vesicles that were collected from fractions
of the gradient corresponding to vesicles
that were previously shown to transport
Hspl150, i.e., within the HDSV region,
as well as from the very heavy density
regions of the gradient. In contrast, no
significant staining pattern was observed
within the LDSV region. Once again,
much less stained vesicles were observed
in the samples collected from the secl5-1
cells in comparison to the number detected
in the sec6-4 cells. In addition, no HRP-
stained very heavy density vesicles were
detected in sec5-1 cells.

2.3 Msolp is required for fusion of
secretory vesicles in sec15-1 cells

Thus it appears that in secl/5-1 cells,
Hsp150 is selectively and efficiently
transported to the cell exterior, while
other secretory proteins are retained
intracellularly. Secl5p is the exocyst
subunit that responds to the activated
state of the RabGTPase Sec4p, and is
responsible for the connection between
exocyst and the incoming secretory
vesicle (571, 580, 581, 613, 668). The
later is a crucial step for vesicle tethering
at the plasma membrane. So how does the
vesicle carrying Hsp150 then fuse with
the plasma membrane in sec/5-1 cells?
In theory two alternatives could possibly
take place: A) fusion of these vesicles
with the plasma membrane is completely
independent of the exocyst function, or
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alternatively, B) The RabGTPase Sec4p
may recruit an alternative effector protein
in the absence of functional of Secl5p,
which may or may not use an alternative
set of accessory proteins.

Hsp150 was not secreted in the
following exocyst subunit mutants sec3-
1, sec6-4, sec5-24, sec8-6 and secl0-1
(I, Figure 1). Consequently it appears
that these components are essential for
the fusion of secretory vesicles carrying
Hsp150. Nevertheless, it is possible that
in the absence of secl5-1, an alternative
route may come into play, which would
direct the fusion of these vesicles to the
plasma membrane without the interplay of
the remaining exocyst subunits. However
due to the lethality of double temperature-
sensitive mutant strains, and a strain
that has a combination of sec/5-1 with a
deletion of an additional exocyst subunit,
we could not address this question to rule
out the first hypothesis.

RabGTPases are key regulators of
intracellular events. Once in the activated
state, they generally interact with a
multitude of different effector proteins,
which may either contribute to a specific
cellular event or may have different roles
within the cell (11, 677-679). However,
only one effector has been found for Sec4p,
namely the exocyst complex, and to be
more precise, through the interaction with
the Secl5p subunit. Recently however,
Sro7/77p has been suggested to function
as a new effector of the RabGTPase Sec4p
(629, 636). Sro7/77p appears to provide
one additional regulatory link between the
secretory vesicle and the fusion machinery
by responding to activated Sec4p and
interacting with the t-SNARE Sec9p
(636). In a screen performed to test which
proteins confer fusion competence to the
secretory vesicles carrying Hsp150, one
specific protein, Msolp, emerged as a key
component. Msolp was initially identified

in a multi-copy suppressor screen for
secl-1 temperature-sensitive mutants
(639) and has recently been proposed to
play a key role in the dynamic interface
that takes place between the RabGTPase
Secdp, Seclp and the exocytic SNARE
machinery (627, 642).

2.3.1 Deletion of MSO1 blocked fusion
of Hsp150 transporting vesicles in
secl5-1 cells

Deletion of the MSOI gene is not lethal
in vegetatively growing cells, although
they do show a slight reduction in growth
rate (639). In the msol deletant, a slight
accumulation of small secretory vesicles
is detected during the early stages of bud
expansion, which suggests a positive role
for Msolp in the last stages of the exocytic
pathway, namely in the fusion of secretory
vesicles with the plasma membrane.
Although Msolp appears not to be
essential in haploid cells, it plays a crucial
role in sporulation (641). At the end of the
second meiotic division that occurs during
sporulation, de novo plasma membrane is
generated by the fusion of the prospore
membranes to the meiotic plaque, which
is localized on the cytoplasmic side of
the spindle pole bodies (SPB) (680). This
meiotic plaque functions as a recruiting
platform for the fusion of further prospore
membranes, culminating in the protrusion
of this membranous structure through
the cytoplasm. The tips of the prospore
membrane are marked by the leading
edge coat proteins, which advance and
encapsulates the material required to
form a viable haploid cell. When MSOI
was deleted in diploid cells, the prospore
membranes failed to fuse to the meiotic
plaque. Instead numerous 60 to 70-
nm vesicles accumulated at the SPB.
Consequently, no prospore formation was
observed in these cells (641, 642).
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Taking into count the accumulation of
secretory vesicles in Amsol cells (639), and
the fact that Msolp interacts with exocytic
SNARES, Seclp and also with Secl5p
(641, 642), we investigated if Msolp
played a role in the secretion of Hsp150
in secl5-1 cells. To address this issue,
secl5-1 cells were crossed with msolA
cells, sporulated and the resulting haploid
cells were scored for their respective
genotype. Deletion of the MSOI gene in
the secl5-1 background yielded viable
cells that grew slightly slower than the
parental strains (II, Supplementary Figure
S6). We set out to analyze if any secretion
differences could be observed between
the double mutant and the background
secl5-1 mutant. Pulse chase experiments
were carried out at permissive (24°C) and
restrictive (37°C) conditions, followed by
immunoprecipitation of Hsp150. In msolA
cells Hsp150 was efficiently secreted
at both the permissive and restrictive
temperature, with kinetics similar to
those of wild type cells (II, Figure 10A).
TCA precipitation of medium samples
from msolA cells, revealed the presence
of the same set of proteins as in wild
type cells. As shown before, in seci5-1
cells, approximately 60% of Hsp150 was
secreted after 60 minutes of chase at the
restrictive temperature. However when
the MSO! gene was deleted in the secl5-1
background, no secretion of Hsp150 to the
medium or to the cell wall was detected
at the restrictive temperature. TCA
precipitation of medium samples and SDS-
PAGE analysis revealed the total absence
of any labeled proteins in the double
mutants. When sec5-1 msolA cells were
incubated at the permissive temperature, a
wild type secretion profile was observed.
Next we compared the secretion of
invertase in msolA, secl5-1 and secl5-
1 msolA mutants (II, Figure 10B). In
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msolA cells at permissive and restrictive
temperature, invertase was efficiently
externalized to the periplasmic space, with
secretion kinetics similar to those of the
wild type cells, which suggests that Msolp
is not a key factor under these conditions
in the secretion of either invertase or
Hsp150. Similar to previous results, in
secl5-1 cells, secretion of invertase was
significantly impaired, with only a very
small portion (<20%) of the active protein
being externalized. In contrast in the
double mutant secl5-1 msolA secretion
of invertase was completely blocked
and accumulated intracellularly at the
restrictive temperature, analogous to the
secretion block observed for Hsp150. At
the permissive temperature, the double
mutant msoIA secl5-1, efficiently secreted
invertase to the periplasmic space. In
addition, secretion of other secretory
cargo such as Pmalp, Bgl2p and Gaslp
were also analyzed, and under the same
experimental conditions no secretion of
these proteins was detected (data not
shown).

Since protein secretion was
completely blocked in the msolA secl5-1
strain, we next investigated which
secretory vesicles accumulated in this
double mutant and compared it to the
secl5-1, msolA and sec6-4 mutants. Cells
were grown to early logarithmic phase
and shifted to restrictive temperature for 2
hours to allow accumulation of secretory
vesicles. The cells were then lyzed, and
after differential centrifugation steps,
the secretory vesicles were isolated as
an individual pellet and loaded on to the
gradient as previously..

Secretion in the msolA strain is not
blocked at the restrictive temperature,
therefore they accumulated a very small
number of secretory vesicles. As a
consequence, detection of secretory cargo
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carried by these vesicles was hard to
follow due to their low signal.

Analysis of LDSV secretory cargo
such as Gaslp, Pmalp and Bgl2p, revealed
that they, accumulated intracellularly in
the same relative amounts and hence failed
to be secreted in either secl5-1, sec6-4 or
secl5-1 msolA cells (data not shown). As
before, in both sec6-4 and secl 5-1 mutants,
invertase activity was found in two peaks,
within the region corresponding to HDSV
and in the very heavy density vesicles.
In the case of the secl5-1 msolA mutant
invertase activity was also detected in the
same regions. However, while the total
intracellular invertase activity from sec/5-
1 mutants was slightly lower than in sec6-
4 mutants, in the double mutant secl5-1
msolA the invertase activity levels were
approximately equal to those detected
in sec6-4 mutants. This suggests, that
invertase secretion is completely blocked
in the double mutant and further supports
the invertase secretion assays carried out
previously (II, Figure 10B).

As previously, we found that
Hspl150 was detected in significantly
lower levels in the secl5-1 mutant than
in sec6-4 mutants, and that in secl5-1
mutants it was detected only in the region
corresponding to the HDSV (II, Figure
10C). However when MSO1I was deleted
in the secl5-1 background, a significant
higher amount of Hsp150 was detected
in the gradient, which supports the fact
that Hsp150 is not secreted in secl5-1
msolA mutant. Furthermore, in the double
mutant, Hsp150 was found in two regions,
the one corresponding to the HDSV and
now also in the region corresponding to
the very heavy density vesicles. Both
the distribution profile of the different
reporter proteins, as well as the total
amount detected in the double mutant
secl5-1 msolA were similar to sec6-4

mutants, where secretion of all cargo is
blocked. This suggests that Msolp plays a
key role in the ability of vesicles to fuse in
the sec15-1 background.

In summary, deletion of MSOI alone
apparently had no effect on the secretion
of Hsp150, invertase or other secretory
cargo analyzed. But, in a secl5-1
background, secretion of all proteins to the
culture medium was completely blocked
at the restrictive temperature including
that of Hsp150 which was selectively
secreted in sec5-1 cells. To further verify
the secretory block imposed on Hsp150
and other proteins in the double mutant
secl5-1 msolA, we decided to study
the accumulation of secretory vesicles
using the novel staining procedure
described above. For this end, Hsp150A-
HRP was expressed in msolA, secl5-1
and in secl5-1 msolA cells. Cells were
incubated at the restrictive temperature for
90 minutes and chased in the presence of
cycloheximide as previously. As reported
previously, msolA cells accumulated a
significant number of secretory vesicles in
the early bud tip, but as this bud expanded
and grew in size, the number of vesicles
decreases (II, Figure 11B). Similar
to previous results, the secl5-1 sister
cell accumulated a significant number
of secretory vesicles, nevertheless the
majority of them lacked HRP staining,
because both Hsp150 and Hsp150A-HRP
were secreted. In contrast, about half of
the secretory vesicles that accumulated
within the sec/5-1 msolA cells at the
restrictive temperature, were HRP stained.
The staining pattern and distribution ratio
observed in the double mutant secl5-1
msolA cells were very similar to those
in sec6-4 cells, where secretion of all
proteins was also completely blocked.

In conclusion we found a role
for Msolp in the fusion of Hspl50-
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containing secretory vesicles with the
plasma membrane, under conditions
where the exocyst is impaired due to the
secl5-1 mutation. Deletion of MSOI in
the sec15-1 background blocked secretion
of all proteins, including that of Hsp150.
Furthermore under these conditions,
where Hsp150 detected in the HDSV and
in the very heavy density vesicles, similar
to what was found in sec6-4 cells.

2.3.2 The role of Msolp in the vesicle
plasma membrane interface

Msolp is capable of interacting directly
with proteins , which have a key role in
exocytosis events at the plasma membrane.
Immunoprecipitation experiments revealed
that Msolp coprecipitated with the Secl/
Munc18 family member Seclp, with the
exocytic SNARE complex Sso1/2p-Sec9p-
Snc1/2p and specifically with the exocyst
subunit SeclS5p (642). Interaction with
the remaining exocyst components like
Sec8p was not detected in the complexes
containing Msolp-Seclp. Thus, it appears
that the role of Msolp at the plasma
membrane interface may be to temporally
regulate tethering of the secretory vesicle
with the pairing of the exocytic SNARES,
which subsequently leads to fusion of
the vesicle with the plasma membrane.
The precise mechanism that allows this
regulatory interaction to take place is
not fully understood. However, there are
regions within the C-terminus of Msolp
that are highly homologous to a conserved
region in the Munc13 family members
(627) and to the common phosphotyrosine
binding (PTB) domain in Mint proteins
(642). These proteins are proposed to work
as SNARE regulators in the stimulus-
coupled secretion pathway that takes place
in higher organisms, namely at the vesicle
“priming” stage (15, 644). Since both
Msolp and the Munc13 family members
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play a role in exocytosis, interact with
Sec1/Muncl18 and are components of the
exocytic SNARE complex, it is possible
that Msolp may indeed represent a yeast
ortholog of Munc13-related proteins.
When seci5-1 cells are incubated at
the restrictive temperature, association
of the mutant form of Secl5p with the
incoming secretory vesicle, as well
as assembly of the remaining exocyst
complex are impaired (570, 573, 580, 581,
595). Under these conditions secretory
vesicles fail to fuse to the plasma
membrane due to the inefficient tethering
function of the exocyst complex (Figure
18). Nevertheless, secretory vesicles
transporting Hsp150 are still capable
of fusing to the plasma membrane and
deliver their cargo to the culture medium,
while other secretory cargo accumulates
intracellularly. Thus, additional complexes
may exist in yeast that play an important
role in the fusion of subclasses of vesicles
to the plasma membrane in order to
ensure that specific proteins are delivered
to their final destination. Since Hsp150
is a soluble protein, it must interact with
a transmembrane receptor protein for
packaging into the forming secretory
vesicle. This putative receptor may
recruit either directly or indirectly a set of
alternative accessory proteins, or interact
directly with Msolp. This interaction
with Msolp at the plasma membrane may
help stabilize the secretory vesicle at the
plasma membrane, even if temporarily,
until a functional SNARE fusion complex
is formed. According to this hypothesis,
when the MSOI gene is deleted in the
secl5-1 background, these secretory
vesicles are no longer capable of being
stabilized at the plasma membrane
interface and fail to fuse. Consequently
secretion is blocked. When the MSO1
gene is deleted in a wild type background,
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no severe deficiencies are observed,
since, under these conditions, the fully
functional exocyst complex provides
sufficient stabilization of the vesicle at
the plasma membrane. During the early
stages of bud tip expansion that occur
in msolA cells, a significant number of
secretory vesicles accumulate at the tip
region. During this early phase, a large
amount of secretory vesicles are targeted
to a relatively small region within the
bud tip. This phenotype may arise due
to the fact that in the absence of Msolp
function, stabilization and temporal

A) Hypothetical model in wild type cells

Step 1: Incoming secretory vesicle
Exocyst: Fully assembled with correct polarization

B) Hypothetical model of sec15-1 cells

regulation may be slightly impaired. As
a consequence of this somewhat lower
stabilization or increase in the transition
time from tethering to fusion events,
secretory vesicles start to accumulate due
to the higher residence time of the vesicle
at this interface. As the bud tip grows and
vesicle fusion events become broader,
the secretory vesicles are distributed to
different regions of the plasma membrane
and the exocyst complex becomes capable
of handling this load efficiently, hence the
lower accumulation of secretory vesicles
and almost wild type phenotype observed.

Step 2: Tethering and SNARE assembly
Stabilization provided by exocyst, Mso1p and Sro7 members

Step 1: Incoming secretory vesicle
Exocyst:Unassembled, loss of polarization
Secretory vesicles fail to fuse with the plasma membrane

Step 2: SNARE assembly
Mso1p may temporarily stabilize Hsp150-containg vesicles

Figure 18. Tethering and SNARE assembly at the plasma membrane. A) Hypothetical
description of how the transition from tethering to SNARE assembly occurs in wild type cells
with some of the key protein depicted. B) Illustration of how the shift to 37°C of seci5-1 cells
disrupts the exocyst integrity and how possibly the cell may adapt to such changes. See discussion

for details.
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Alternatively, in the absence of Secl5p
function, Sec4p may recruit an alternative
effector protein, such as a possible
Sec15p homologue, that would partially
compensate for the lack of functional
Sec15p. Although an additional isoform
of Sec15p was found in the extracts of rat
brain (681), in yeast cells the presence of
isoforms has not been reported.

In conclusion, isolation of mutants
that abolish the secretion of Hsp150 in the
secl5-1 background may help uncover the
identity of additional proteins that possibly
play a role at the plasma membrane/
secretory vesicle fusion interface.

2.4 Multiple pathways lead to the cell
surface: Why the need for divergent
pathways?

Two reported pathways for delivery of
exocytic cargo to the plasma membrane
exist, which use the LDSV and HDSV
populations of secretory vesicles (258,
260). These vesicle populations can be
distinguished on one hand by the presence
of specific secretory cargo, and on the
other hand by their secretion kinetics,
where HDSV cargo is secreted quickly.
Expression of cargo proteins transported
in the HDSV are typically regulated at
the transcriptional level. Perhaps these
proteins require specific processing. In
agreement with this, Hsp150 has a Kex2p
cleavage site and is transported by the
HDSYV population of secretory vesicles.
The HDSV exocytic branch transits
through the early-endosome, where the
Kex2p protease is believed to function.
Another difference between these two
exocytic branches was observed during
the early stages of the cell cycle of exo70
mutant cells (682). The exo70 mutant
strain accumulated a significant amount
of Bgl2p (LDSV-specific cargo), while
secretion of invertase (HDSV-specific
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cargo) appeared unaffected. Furthermore,
the combination of the vps/A mutation,
which causes a defect in invertase vesicle
trafficking with the exo70 mutation was
detrimental to the cell. One additional
difference observed between the behavior
of these different vesicle populations
appeared from studies carried out on
actin cytoskeleton mutants (551, 552,
554, 683). These cells accumulate a
considerable number of post-Golgi
secretory vesicles, but do not accumulate
significantly invertase. Interestingly, when
Hsp150 secretion assays were carried out
in tpmIA or srv2A mutants, which disturb
the actin cytoskeleton, we observed that
these mutations had no effect at all on the
secretion kinetics of Hsp150. Under these
conditions more than 90% of the total
labeled pool of Hsp150 was found in the
culture medium after 30 minutes chase
(IT, Supplementary Figure S8).

Yeast have myriad ways to respond to
the changing surroundings, to ensure that
they are operating at their peak efficiency.
At least two parallel routes for targeting
proteins to the cell surface have evolved
to ensure delivery of proteins to their final
destination. One of these pathways, the
HDSV pathway may function as a rescue
route, since proteins transported in this
class of secretory vesicles are generally
expressed when the cell is exposed to non-
physiological conditions. This pathway
appears to be less susceptible to changes
in growth conditions and unfavorable
mutations, such as disruption of the actin
cytoskeleton. When yeast cells are shifted
to adverse growth conditions, growth is
temporarily slowed down, which in turn
leads to a delay or block in polarized
delivery of secretory vesicles to the
emerging bud tip of the dividing cell.
Since the HDSV population appears to be
less dependent on an active cytoskeleton
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polarization for their delivery to the sites
of active membrane fusion. This suggests
that HDSV vesicles may fuse all around
the cell surface. This would allow essential
enzymes, such as Invertase and alkaline
phosphatase, to be secreted, which in turn
would provide the cells with the tools to
quickly adapt to the changing environment
and gain competence to continue the
normal cell cycle.

Studies carried out on the transport of
the general amino acid permease Gaplp
further supports the notion that proteins
required under certain growth conditions,
transit through the endosomal/Vacuolar
pathway. This permease is regulated both
transcriptionally, and posttranslationally
by differential sorting in the late secretory
pathway (351, 413, 487, 684). When
cells are grown on a nitrogen-limiting
media, such as urea, Gaplp is bound
by a membrane coat complex, the GSE
complex, present on the endosomal
membranes and transports Gaplp to
the plasma membrane (354). However,
when cells are grown under nitrogen-rich
conditions, for example on glutamate,
the RspSp ubiquitin ligase ubiquitinates
Gaplp, and the modified protein is
targeted to the vacuole for destruction
thus downregulating the levels of Gaplp
on the cell surface (355). Thus, it appears
that proteins that are only required
under certain growth conditions are first
transported to the early endosomes. The
endosome as a compartment, which
receives both exocytic and endocytic
material, may respond to clues from the
external environment, and alter its sorting
properties in order to direct various
cargoes either to the plasma membrane or
to the vacuoles for degradation (260).

Several different types of early
endosomes occur in mammalian cells,
which can be recognized by their distinct

morphologies and functions (479, 685).
Although yeast endosomes are clearly
less characterized, it is emerging that
they share a significant amount of
similarities (686). Biogenesis of the
HDSV population of secretory vesicles
is proposed to occur on the membranes
of the early endosome, since both vpsIA
and vps27A mutations abolished their
formation (260). However, a strong
effect on invertase sorting into the HDSV
population of vesicles has been reported
in pep 2 mutants, thought to block vesicle
fusion with the late endosome (260).
Therefore it is possible that invertase
(and secretory cargo typically found in
the HDSV population) is first transported
from early to late endosomes, from which
it is then selectively incorporated into the
HDSYV vesicles that reach the cell surface
(Figure 16). Due to the fact that certain
vps mutations abolish the formation of the
HDSYV population of secretory vesicles,
while the LDSV population appears
rather unaffected by such disturbances
in the endosomal/vacuolar pathway,
lead to the proposal that invertase is first
sorted into endosomes and packaged
into HDSV vesicles for exocytosis (258-
260). However, studies carried out on
drs2/dnf and clathrin mutants have
suggested that the HDSV population
of secretory vesicles may indeed arise
directly from the frans-Golgi membranes
(477, 478). One possible interpretation
forwarded for the mechanism by which
the endosomal mutants affect the traffic
of HDSV cargo was based on the fact
that late-Golgi resident proteins are in
continuous movement between the late-
Golgi and the endosomes (264, 365).
Thus when a strong endosomal block
is on, the continuous vesicle formation
without appropriate retrieval to the Golgi
through the endosomes, would eventually
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deplete the late-Golgi membranes of the
appropriate resident proteins required
for sorting invertase into clathrin coated
vesicles (259, 260, 478), and hence in
their absence formation of the HDSV
population of vesicles is abolished. If
indeed biogenesis of HDSV takes place on
the late-Golgi membranes, this hypothesis
provides some explanation for the fact
that in seci5-1 vpsI10A mutant cells, CPY
is detected in the HDSV population of
secretory vesicles (11, Figure 9E).

An alternative explanation forwarded
for the observation of CPY in the HDSV
region in sec6-4 vps10A mutants, is if CPY
is sorted both at the late-Golgi and at the
endosome. But only the endosomal CPY
sorting step would be Vps10p-dependent
(260). Several different proteins have been
shown to cycle from endosomes back to
the plasma membrane (354, 358, 405,
482, 687). Therefore proteins intended
for delivery to the vacuole have to be
efficiently sorted from those intended
to be recycled to the plasma membrane.
Therefore, although Vps10p has been
proposed to mainly function at the Golgi
(270, 275), it may also play an important
role in sorting cargo at early endosomes
(Figure 16).

A significant amount of data shows
that secretory cargo transported in the
HDSYV population is rerouted to the LDSV
vesicles upon disruption of the endosomal/
vacuolar pathway, and that a functional
delivery pathway for newly synthesized
proteins operates from the endosomes to
the plasma membrane. Further work will
need to be done to clearly define from
which membranes the HDSV vesicles
originate.

To add one more layer of complexity
to the parallel pathways found in the
yeast secretory pathway, we found a third
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distinct population of secretory vesicles
in sec6-4 and secl5-1 mutant cells. This
novel population of secretory vesicles was
found in the very heavy density fractions
of the gradient (d=1,198+0,003 g/mL) and
typically had diameters between 80 and
120 nm (II, Figure 6 and 8). No Golgi or
vacuolar/endosomal markers were found
in these vesicles and thus we suggest that
they indeed represent a new population
of secretory vesicles that transport cargo
typically found in the HDSV population
of secretory vesicles. These novel vesicles
appeared to display selectivity in their
cargo selection as could be observed
when they were HRP stained (II, Figure
8). While the HDSV population (that
transport both invertase and Hsp150)
revealed a homogeneous staining pattern,
part of the vesicles in the very heavy
density fractions were stained and part
was not.

This selective packaging may be
the key feature behind the secretion
differences observed between Hspl150
and invertase. In all the mutants analyzed,
which secreted Hsp150, such as secl5-1
cells, Hsp150 was not detected in the very
heavy density fractions, while invertase
which failed to be secreted was found
in significant levels in these vesicles. In
contrast when MSOI was deleted in the
secl5-1 mutant background, Hsp150
failed to be secreted (as in the case of
sec6-4 cells) and accumulated in two
populations: in the HDSV and in the very
heavy density vesicles. Since disturbing
the endosomal/vacuolar pathway did
not disturb the biogenesis of the very
heavy density vesicles we proposed
that these vesicles might arise from the
trans-Golgi membranes. However when
the biogenesis of the different secretory
vesicles was addressed in the vpsSA
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mutant, which blocks traffic from early
to late endosome and therefore is similar
in nature to the pep/2 mutant described
previously, we found that the majority
of the invertase activity was in the very
heavy density vesicles, with very little
being detected in the HDSV (I, Figure
9F). Thus one possibility is that these
very heavy density vesicles may form on
the membranes of the early endosomes,
whereas the HDSV form on the
membranes of the late-endosome (Figure
16). This possibility would explain the
preferential packaging of invertase into
the very heavy density vesicles in vpsSA
secl5-1 cells. Alternatively, in the double
mutant vps8A secl5-1, invertase may
just show a preferential packaging at the
trans-Golgi into the very heavy density
vesicles, if indeed they form at the frans-
Golgi. At this point we cannot rule out
the possibility that both HDSV vesicles
and very heavy density vesicles originate
from the same compartment. Hsp150 as
a soluble secretory cargo relies on the
interaction with a transmembrane receptor
(who’s nature is unknown so far) to be
selectively packaged into the different
secretory vesicles. This receptor may have
the ability to recruit additional accessory
proteins or even coat proteins, (as in the
case of GSE complex-mediated transport
of Gaplp to the plasma membrane) which
could possibly ensure efficient vesicle
formation and transport of Hsp150 to the
cell surface. We are currently aiming to
address the nature of the putative receptor
and identify proteins it may interact
with. This would allow us to get a deeper
understanding of the partners involved,
and possibly the key features characteristic
of the different exocytic pathways that
operate in yeast.

3. Hspl50 as a carrier for secretion of
heterologous protein in yeast (I11)

3.1 Aspects of recombinant protein
expression in yeast

Many factors have to be considered when
designing protein production in yeast
cells. The main objective of heterologous
expression is the production of secretory
proteins of mammalian origin. Therefore
the host must be capable of providing
eukaryotic-specific post-translational
modifications, which are required for
proper folding and full activity of the
recombinant protein. In contrast to
prokaryotes, yeast as a eukaryotic cell
is capable of executing many, but not
all of the required post-translational
modifications that take place during transit
through their native secretory pathway.
A second reason for using yeast as an
expression system is that the amount of
endogenous proteins in the yeast medium
is relatively low (<0,5%). Thus, secretion
of the protein product to the cell exterior
facilitates down stream processing and
purification (688). Other advantages of
using yeast as a recombinant expression
system are the well-established techniques
for genetic engineering, large-scale protein
production by fermentation, the capability
of the organism to grow in inexpensive
culture media, and the lack of ethical
concerns.

However, in order to achieve
extracellular production, it’s necessary
to fuse a functional signal peptide to the
protein of interest to direct the protein for
translocation across the ER membrane,
and thus to allow the protein to access
the yeast secretory pathway. Although
signal peptides are recognized with
low specificity in yeast, it is preferable
to choose a sequence of yeast origin
to ensure efficient translocation (689).
The most commonly used yeast species
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for heterologous protein expression
are Saccharomyces cerevisiae and the
methylotrophic yeast Pichia Pastoris.

3.2 Hsp150 promotes the folding of
heterologous fused proteins to active
and secretion competent forms

Usually secretion of heterologous proteins
in yeast requires a ‘carrier protein”, whose
role is to guide the foreign protein to the
ER translocation channel and to smuggle
the protein through the ER quality control
machinery thus facilitating ER exit and
secretion of the protein (688). Taking
into count the high secretion efficiency of
Hsp150 and its bypass of secretory blocks
in several temperature-sensitive mutants
under restrictive temperatures, we wanted
to explore the possibility of using Hsp150
as a carrier in the production of different
heterologous proteins and to compare S.
cerevisiae and P. pastoris as hosts (647,
654, 655, 664, 666). The Hsp150A carrier
fragment which was previously shown
to confer secretion competence to E. coli
B-lactamase in S. cerevisiae contains
the 321 N-terminal amino acids of the
endogenous Hsp150 protein and consists
of the signal peptide for ER targeting,
subunit I and the repetitive region of the
subunit I1 (651) (Figure 15). The carrier
portion has 95 potential O-glycosylation
sites, but it lacks N-glycosylation sites.
All of the O-glycosylation sites of the first
53 amino acids of the Hsp150 are used
(666). In order to release the fused protein
from the carrier, a Kex2p cleavage site
can be introduced between the carrier and
the foreign protein. Several recombinant
proteins such as E.coli B-lactamase, rat
nerve growth factor receptor and rat
alpha-2,3-sialyltransferase have been
successfully expressed using the Hsp150A
— carrier system (651, 652, 690-692). For
this reason we were interested in further
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analyzing the repertoire of heterologous
proteins that could be expressed using the
Hsp150A carrier method, and to compare
the performance of the Hsp150A carrier to
that of the mating factor (MF) a carrier
(688, 693-695).

The MFa carrier consists of the (-
factor preproprotein of the S. cerevisiae
mating factor a and it is composed of the
19 amino acid signal peptide followed by
a 66 amino acid fragment (pro) with three
consensus N-glycosylation sites, and a
dibasic Kex2 endopeptidase-processing
site (696) (Figure 15). Upon post-
translational translocation into the ER, the
signal peptide is removed by the signal
peptidase and in the late-Golgi, the Kex2p
endoprotease removes the pro-fragment
at the C-terminal side of the Kex2p site
(697). For the purpose of heterologous
expression, the foreign protein is fused to
the C-terminus of the MFa carrier, either
with or without the Kex2p cleavage site.
In the first case the protein of interest is
released into the medium free of its carrier.
Whereas in the second case, the fusion
protein is secreted in the unprocessed
form (698).

Despite the successes of S. cerevisiae
as a host organism the product yield
is usually low. In general, higher
protein yields can be obtained by the
methylotrophic yeast Pichia pastoris. The
simplicity and similarity of techniques
to those used in S. cerevisiae combined
with the higher ability to produce foreign
proteins have made P. pastoris the
preferred option for production of the
recombinant protein (693, 694, 699). The
high level of expression in P. pastoris
results from the use of a commercially
available expression system that is based
on the alcohol oxidase (AOX) promoter.
Alcohol oxidase catalyses the first step
in methanol utilization pathway by
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oxidation of methanol to formaldehyde
and hydrogen peroxide (699). To avoid
hydrogen peroxide toxicity, this first step
in methanol metabolism takes place within
a specialized organelle, the peroxisome,
where the resulting hydrogen peroxide is
degraded to oxygen and water by catalase.
Alcohol oxidase has a poor affinity for
oxygen and the methylotrophic yeasts
appear to compensate for this deficiency
by synthesizing large amounts of the
enzyme in the presence of methanol.
The regulation of the promoter of 40X/
is similar to that of the GAL/ gene of S.
cerevisiae, in the sense that the control
appears to involve two mechanisms: a
repression / derepression mechanism plus
an induction mechanism (700). However,
unlike GAL1 regulation, the absence of a
repressing carbon source, such as glucose
or glycerol in the medium, does not result
in substantial transcription of the A0X1
gene. The presence of methanol appears
to be essential to induce high levels of
transcription. One additional advantage
of P. pastoris over S. cerevisiae is that
it is a poor fermenter. Since it prefers
aerobic growth, it can reach extremely
high cell densities when the conditions are
optimized (701). In contrast, S. cerevisiae,
when grown to high cell densities,
produces ethanol as fermentation product,
which in turn at toxic levels inhibits cell
growth and production of recombinant
proteins. This quality of P. pastoris, is
particularly useful, when the secreted
protein is proportional to cell density.

Therefore the method we adopted
for recombinant protein production was
to insert our different fusion protein
constructs (Figure 15) under control of the
AOXI promoter, induce their expression
by methanol and collect samples at diverse
time points for comparison.

3.2.1 Secretion efficiency of the
Hsp150A carrier is higher than the
commonly used MFo

As a starting point for comparison
of the efficiency of the Hspl150A and
MFa carriers, we used the following
recombinant proteins, which included
E.coli B-lactamase, the ectodomain of rat
nerve growth factor receptor (NGFRe),
the ectodomain of rat alpha-2,3-
sialyltransferase (ST3Ne), and rat bone
tartrate-resistant acid phosphatase type 5
(TRAP). The constructs were inserted into
the pPICZa vector under the control of the
AOXI promoter, and the resulting plasmids
were transformed by electroporation into
P. pastoris (for strain list see table 2).
Strains were grown initially in BMGY
overnight at 30°C. On the next day the
cell density was measured and a new
shake flask grow period was now started
using BMMY as growth medium. On
the following day recombinant protein
production was initiated by the addition
of methanol (0,5% V/V). Samples were
collected daily and analyzed for the
expression of the proteins.

In the case of both carriers, E. coli
B-lactamase, folded correctly to an
enzymatically active form and the fusion
protein was efficiently secreted to the
culture medium (I11, Figure 4 and Figure
19A). When using the Hsp150A carrier
2,3 fold more protein was secreted in
comparison to the MFa carrier. In the case
of the MFa carrier a substantial amount of
the protein remained intracellular. On the
other hand, when we analyzed the activity
of the secreted protein we only observed a
1,6 fold increase when using the Hsp150A
carrier. The difference observed between
the amounts of protein secreted versus
active protein secreted may reflect that
the secretory pathway is overloaded. For
example if the ER protein disulphide
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isomerase (PDI) is saturated, it can no
longer form all of the disulphide bridges.
Since correct disulphide bridges are
essential for the activity of B-lactamase,
if PDI is saturated, we would expect a
reduction in the total amount of active
B-lactamase secreted. Alternatively the
protein may misfold while in the medium,
and in turn become inactive. TEM analysis
of P. pastoris strains expressing Hsp150A-
B-lactamase, showed heavily stained
vacuoles (Figure 19E). This suggests
that a significant amount of proteins
are targeted for degradation, which is
probably due to the overload placed on
the secretory pathway.

So to further optimize the production
of B-lactamase we decided to use a
fermentor, where the growth conditions
can be regulated and optimized to best suit
the expression of the protein(701). Under
these conditions the cells reached a high
density (OD, =400/ wet weight= 330g/L),
and 450 mg/L of B-lactamase was secreted
to the culture medium with a peak activity
of 200 U/mL (III, Figure 5).

Although B-lactamase was secreted
efficiently, the main interest is to
produce proteins of mammalian origin,
which can be used for therapeutic
purposes. One benefit of P. pastoris over
S. cerevisiae, is that P. pastoris does
not hyperglycosylated proteins or add
terminal o-1,3-linked mannose residues,

which are highly immunogenic in humans
(702, 703). a2,3-Sialyltransferase (ST3N)
is a type Il transmembrane protein of the
Golgi complex of mammalian cells. It
transfers sialic acid form CMP-NeuNAc
to terminal galactose residues of GalP1-
3-GlcNAc or GalB1-4-GlcNAc, creating a
a-2,3 linkage. Sialylation of glycoproteins
is particularly important since proteins
circulating in the blood plasma that lack
this modification are removed by the
hepatic asialoglycoprotein receptor (687).
Production of the soluble ectodomain of
ST3N would allow large-scale sialylation
of deficiently sialylated recombinant
proteins, thus increasing their half time
in circulation. Additionally, the a2,3-
linked sialic acid is a component of the
tetrasaccharide sialyl Lewis X exposed
on lymphocytes (704). This epitope
is recognized by selectins present on
endothelial cells that line the blood vessel
walls and is required for tissue invasion
and inflammation.

In order to facilitate folding and ER
exit the cytosolic and transmembrane
domain of ST3N were omitted and the
soluble catalytic ectodomain ST3Ne was
fused to the Hsp150A and MFa carriers.
Both carriers were equally effective in
promoting the folding of the ST3Ne
portion to a catalytically active and
secretion-competent conformation in the
ER of P, pastoris. Approximately 50% of

19. Production of recombinant proteins in P.pasftoris. A) Medium samples corresponding to
OD,,,=2 were collected from strains expressing [-Lactamase, which was fused either to the
Hsp150A or to the MFa carrier. Quantification of the secretion of B-lactamase to the medium
as well as activity measurements was carried out. B) Medium samples from strains expressing
NGFRe were collected and analyzed by SDS-PAGE followed by silver staining. Endoglycosidase
H treated cells are referenced. C) Activity measurement of ST3N fused to either carrier using a
radioactive substrate. The donor was sialic acid (CMP[*C]NeuNAc) and the acceptor was lacto-
N-tetraose (LNT). The final product was ["*C]NeuNAc o 2,3-Galp1-4GlcNac. D) TRAP activity
test was carried out using either the Hsp150 or the MFa carrier and the distribution of the activity
was measured. E) Electron microscopy pictures of Ppastoris expressing Hsp150A-B-lactamase or
Hsp150A-ST3N and control were collected at diverse time points and prepared for TEM.
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the total active protein remained attached
to the cell wall, the other half remained
intracellular in both cases (Figure 19C).
The Hsp150A carrier produced 6,7 fold
more protein than the MFa carrier. TEM
analysis of P. pastoris strains expressing
Hsp150A-ST3Ne, showed enlargement of
the cell wall during the induction period
(Figure 19E). This cell wall thickening
may be caused by the increased deposit of
Hsp150A-ST3Ne.

This data suggest that the yeast strain
carrying Hspl150A—ST3Ne could serve
as a self-perpetuating and inexpensive
source of a2,3-sialyltransferase activity.
By immobilizing ST3Ne on the cell wall,
substrates may diffuse through the cell
wall and gain access to the cell wall-bound
enzyme. After sialylation the product
is released back into the medium and
therefore easily purified afterwards (652,
705). This straightforward method could
potentially allow the large-scale sialylation
of glycoproteins and oligosaccharides
produced either in yeast or by other hosts.
By adding these mammalian specific
modifications, it may be possible to
increase the circulation half-time or even
use it for enzyme assisted synthesis of
glycodrugs for use in anti-inflammatory
therapy (706). Furthermore it is possible
to co-express both a-2,3-sialyltransferase
and a-1,3-fucosyltransferase VII
ectodomains in S. cerevisiae (707). Both
of these enzymes are actively targeted
to the cell wall and were capable of
producing the tetrasaccharide sialyl
Lewis X epitope. Thus suggesting, that
yeast cells can indeed be used as a self-
perpetuating source of glycosyltransferase
activity.

Next, we attempted to express rat
bone tartrate-resistant acid phosphatase
type 5 (TRAP), which is highly expressed
by osteoclasts, activated macrophages
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and neurons (708). TRAP is associated
with osteoblast migration to bone
resorption sites, and once there it initiates
osteoblast differentiation, activation
and proliferation by secreting TRAP
into the bone area, where resorption
occurs by dephosphorylation of the bone
matrix phosphoproteins (709). TRAP is
commonly used as a histochemical and
biochemical marker for osteoclasts and
bone resorption. It is also used to diagnosis
hairy cell leukemia and signals of bone
breakdown/destruction by cancer. TRAP
is translated as a monomeric polypeptide,
but the purified enzyme is composed by
two disulfide-linked subunits (20 and
16 kDa) (710, 711). The deduced amino
acid sequence of human, rat and mouse
TRAPs, show a high degree of similarity
to mammalian purple acid phosphatases.
TRAP is composed of 327 amino acids
with a putative cleavable signal peptide
of 21 amino acids. The mature form of
TRAP was joined to the Hsp150A and
MFa carrier, after the Kex2p cleavage site
(Figure 15).

In the case of the Hsp150A carrier, the
vast majority of active TRAP produced
was secreted to the cell exterior (61%
in the cell wall and 29% in the culture
medium) and only a very small portion
remained intracellular (<10%) (Figure
19D). In contrast, when using the MFa
carrier, a lower amount was secreted
(21% in the cell wall and 16% in the
culture medium), with the majority of the
protein accumulating intracellular (62%).
Western blot analysis confirmed that the
Hsp150A carrier was more skilled than it’s
rival MFa carrier, in conferring secretion
competence to fused TRAP. The Hsp150A
carrier produced 3,6 fold more protein than
the MFa carrier. Using our experimental
conditions we managed to secrete a total
of 40,6 mg/L of active TRAP (15,6 mg/L
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in the culture medium and 25mg/L in
the cell wall), which can be classified as
an efficient secretion rate for shake flask
growth. For comparison, a previous study
using the baculovirus expression system,
obtained a maximal level of 4.3 mg/L of
medium (712).

Producing TRAP using this relatively
straightforward and inexpensive
procedure, could potentially allow its use,
for example, in tissue regeneration therapy.
Where application of a thin layer of TRAP
on the surface of the new biomaterials
being discovered, may promote their use
as artificial bone substitutes. The intrinsic
bone matrix remodeling activity of TRAP,
may promote the integration of the new
material with the pre-existing material,
mimicking the natural process of bone
deposition on an osteoclast resorbed bone
surface (713, 714).

To further test the ability of the
Hspl150A carrier to promote correct
folding and secretion of the heterologous
protein fused to it, we decided to choose
a protein that would challenge the yeast
chaperone machinery. For this purpose
we selected the rat nerve growth factor
receptor ectodomain (NGFRe). NGFRe
has 41 potential O-glycosylation sites,
one N-glycosylation site and 24 cysteine
residues, and it is structurally arranged
into four domains, each containing
three disulfide bonds. (690, 692, 715).
Furthermore, heterologous proteins with
complex conformations or multiple
disulfide bonds are often misfolded and
targeted for degradation in yeast (688).
When expressing this protein in P. pastoris
NGFRe was secreted to the culture
medium revealing that the protein adopted
in the ER the correct conformation (Figure
19B). However in this case, the MFa
carrier was more efficient in promoting

the secretion of NGFRe (approximately 2
fold more) than the Hsp150A carrier was.
Our previous studies on the expression
of NGFRe in S. cerevisiae revealed that
NGFRe was N-glycosylated, but not O-
glycosylated (690, 692) whereas in P,
pastoris the NGFRe portion is also O-
glycosylated.

There is no consensus primary amino
acid sequence for O-glycosylation. Hence
it should not be assumed that P. pastoris
will not glycosylate a heterologous
protein just because that protein is not
glycosylated by its native host, neither
should it be assumed that the specific
Ser and Thr residue(s) selected for O-
glycosylation by P. pastoris will be the
same as their native host (702).

In conclusion it appears that
the Hspl150A carrier was efficient in
promoting proper folding of heterologous
proteins. The ability of Hspl50A to
function as a good carrier appears to reside
in the fact that it does not interfere with
the folding of the fused protein. Structural
analysis showed that the repetitive region
within SUII occurs as random coil. A
prediction that is supported by the fact
that this regions is heavy O-Glycosylated
(647, 666) and extensive O-glycosylation
cause peptides to adopt extended rod-like
configurations due to steric interference
(716).

Thus it appears that the lack of
structure in the repetitive region of
Hsp150 allows the fused protein to adopt
its native conformation and therefore
bypass the quality control machinery in
the ER, resulting in efficient ER exit and
secretion.
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4. Final remarks

This present study provides evidence
that in vivo, COPII vesicles are covered
by different compositions of the COPII
components. By alternating Sec24p and its
homologues Sfb2p and Sfb3p, the cargo
repertoire that the COPII coat recognizes
is altered. In the absence of Sec24p, Stb2p
or Stb3p may replace Sec24p in the COPII
coat. However in the absence of all Sec24
members, we found that Hsp150 was
specifically recruited for ER exit, while
other exocytic proteins remained in the
ER. Under these conditions an aberrant
coat was evidently formed. The signature
guiding Hsp150 for ER exit under these
conditions is located in the C-terminal
domain of the protein, which suggests an
active and specific recruitment rather than
bulk flow.

In this study we also showed that
Hsp150 was secreted under conditions
where the exocyst component Secl5p was
defective, meanwhile other secretory cargo
remained intracellularly. We found that
Hsp150 is transported in HDSV vesicles
and in a novel class of very heavy density
vesicles. The selective incorporation of
Hsp150 into this novel class of vesicles
may be responsible for its secretion in
secl5-1 mutant cells. Moreover, we found
that mutants that abolish the formation of
the HDSV population of secretory vesicles
by disturbing the endosomal/vacuolar
pathway, did not affect the secretion of
Hsp150. However, secretion of Hsp150
was dependent on Msolp, which may play
arole in stabilization of secretory vesicles
at the plasma membrane interface, and
hence allow secretion of a subset of
secretory vesicles. The signature guiding
Hsp150 exit in seci5-1 cells did not reside
in the C-terminal domain of Hsp150, like
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in the case of COPII independent pathway,
but rather in subunit I or in the first 4
repeat (Figure 15). Thus it appears that
Hsp150 uses different putative receptors
along the secretory pathway. This feature
may allow its efficient sorting and rapid
movement through the yeast exocytic
pathway

Although Hsp150 is not an essential
protein, its ability to escape multiple
secretory blocks, while other proteins
are trapped, suggests that it may have
an important biological function. As
secretion of Hspl50 is rapid and the
HSPI150 gene is strongly expressed
at 37°C, it may play a role under heat
shock conditions. However, deletion of
HSP150 yielded no obvious phenotype
(647). In yeast there are three proteins
homologous to Hspl150, PIRI/CCW6,
PIR3/CCWS8 and PIR4/CCW35, but none
of them are upregulated at 37°C. Deletion
of all family members is non-lethal, but
since the quadruple mutant exhibits cell
wall defects, it appears that one function
of the PIR family proteins is in cell wall
stabilization (717). Taking into count
the ability of Hsp150 to escape multiple
secretory blocks, Hspl50 may have a
more sophisticated role. The Hsp150A
carrier confers secretion competence
to fused heterologous proteins, which
indicates a possible chaperoning role
for Hsp150. Thus, Hsp150 might escort
proteins through the secretory pathway
under stress conditions.

Understanding how parallel
secretory pathways are coordinated is
a key challenge for future research and
will allow us to understand the dynamic
nature of the yeast secretory pathway, and
possibly how more complex secretion
pathways evolved in higher eukaryotes.



Acknowledgements

ACKNOWLEDGMENTS

This work was carried out at the Institute of Biotechnology, University of Helsinki,
during 2003-2008. I would like to acknowledge the financial support provided by the
Academy of Finland, the University of Helsinki and the Viikki Graduate School in
Biosciences.

I wish to express my gratitude to my supervisor Professor Marja Makarow for giving me
the opportunity of doing my PhD in Finland and all her support and encouragement.

I would also like to thank the members of the Institute of Biotechnology and its director
Professor Mart Saarma for creating a well organized and pleasant working atmospheres

I would also like to thank my thesis reviewers Docent Varpu Marjoméki and Docent
Johan Perénen for all their help and comments on my thesis. [ would also like to extend
my thanks to Professor Tapio Palva, the head of Division of Genetics for his help
concerning the last steps of my thesis.

My gratitude also extends to the members of my follow up group Eija Jokitalo and
Pekka Lappalainen for their input during the meetings, which were very helpful. I would
also like to especially thank Jussi Jantti and Eija Jokitalo for all their help during my
thesis and for the productive discussions we shared. Your comments really helped me
keep track of the objective.

I would also like to thank the members of the electron microscopy unit, especially Mervi
Lindman and Arja Strandell for all their help and patience with me during these years

My deepest gratitude also goes to the present and past members of the “Hiiva”, some
of which I had the pleasure of working Eeva, Mari, Hanna, Netta, Monica, Eija, Nina,
Ansku, Laura, Anna-Liisa, Sergey, Anton. In particular I would like to thank Taina and
Leena for all their guidance in the lab.

I would also like to thank “a gera do Poker de Helsinki” Leandro, Peter and Moacir that
made Helsinki a pleasant place to live and didn’t let me turn mad during these years.

A “malta dos Burgos”, Joao Vorkas, Joao Viana, Duda, Ana Sol, Manel Pax,, Xana,
Berto e Bi, muito obrigado pelo vosso apoio e companhia durante estes anos todos.

Principally I would like to thank my family for their enormous help, support and
encouragement during these years and to my loving girlfriend Sonia, to who I am
grateful for all her love, support and patience with me. It wasn’t easy being apart from
you. Obrigado por me aturares minha rosa maradita.

113



References

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

114

Nunnari J, Walter P. Regulation of organelle biogenesis. Cell 1996;84(3):389-394.

Harter C, Wieland F. The secretory pathway: mechanisms of protein sorting and transport.
Biochim Biophys Acta 1996;1286(2):75-93.

Palade G. Intracellular aspects of the process of protein synthesis. Science 1975;189(4200):347-
358.

Novick P, Ferro S, Schekman R. Order of events in the yeast secretory pathway. Cell
1981;25(2):461-469.

Novick P, Field C, Schekman R. Identification of 23 complementation groups required for post-
translational events in the yeast secretory pathway. Cell 1980;21(1):205-215.

Novick P, Schekman R. Secretion and cell-surface growth are blocked in a temperature-sensitive
mutant of Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 1979;76(4):1858-1862.
Kirchhausen T. Three ways to make a vesicle. Nat Rev Mol Cell Biol 2000;1(3):187-198.

Wieland F, Harter C. Mechanisms of vesicle formation: insights from the COP system. Curr Opin
Cell Biol 1999;11(4):440-446.

Simpson JC, Nilsson T, Pepperkok R. Biogenesis of tubular ER-to-Golgi transport intermediates.
Mol Biol Cell 2006;17(2):723-737.

Watson P, Stephens DJ. ER-to-Golgi transport: form and formation of vesicular and tubular
carriers. Biochim Biophys Acta 2005;1744(3):304-315.

Grosshans BL, Ortiz D, Novick P. Rabs and their effectors: achieving specificity in membrane
traffic. Proc Natl Acad Sci U S A 2006;103(32):11821-11827.

Sztul E, Lupashin V. Role of tethering factors in secretory membrane traffic. Am J Physiol Cell
Physiol 2006;290(1):C11-26.

Whyte JR, Munro S. Vesicle tethering complexes in membrane traffic. J Cell Sci 2002;115(Pt
13):2627-2637.

Jahn R, Scheller RH. SNAREs--engines for membrane fusion. Nat Rev Mol Cell Biol
2006;7(9):631-643.

Gerst JE. SNARE regulators: matchmakers and matchbreakers. Biochim Biophys Acta
2003;1641(2-3):99-110.

Gerst JE. SNARESs and SNARE regulators in membrane fusion and exocytosis. Cell Mol Life Sci
1999;55(5):707-734.

Yamaguchi T, Dulubova I, Min SW, Chen X, Rizo J, Sudhof TC. Slyl binds to Golgi and ER
syntaxins via a conserved N-terminal peptide motif. Dev Cell 2002;2(3):295-305.

Dulubova I, Yamaguchi T, Gao Y, Min SW, Huryeva I, Sudhof TC, Rizo J. How Tlg2p/syntaxin
16 ,snares® Vps45. Embo J 2002;21(14):3620-3631.

Toonen RF, Verhage M. Vesicle trafficking: pleasure and pain from SM genes. Trends Cell Biol
2003;13(4):177-186.

Xu Z, Sato K, Wickner W. LMAI1 binds to vacuoles at Secl18p (NSF), transfers upon ATP

hydrolysis to a t-SNARE (Vam3p) complex, and is released during fusion. Cell 1998;93(7):1125-
1134.

Marash M, Gerst JE. t-SNARE dephosphorylation promotes SNARE assembly and exocytosis in
yeast. Embo J 2001;20(3):411-421.

Marash M, Gerst JE. Phosphorylation of the autoinhibitory domain of the Sso t-SNARESs promotes
binding of the Vsm1 SNARE regulator in yeast. Mol Biol Cell 2003;14(8):3114-3125.



References

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lustgarten V, Gerst JE. Yeast VSM1 encodes a v-SNARE binding protein that may act as a
negative regulator of constitutive exocytosis. Mol Cell Biol 1999;19(6):4480-4494.

Blobel G, Dobberstein B. Transfer of proteins across membranes. 1. Presence of proteolytically
processed and unprocessed nascent immunoglobulin light chains on membrane-bound ribosomes
of murine myeloma. J Cell Biol 1975;67(3):835-851.

Walter P, Johnson AE. Signal sequence recognition and protein targeting to the endoplasmic
reticulum membrane. Annu Rev Cell Biol 1994;10:87-119.

Matlack KE, Mothes W, Rapoport TA. Protein translocation: tunnel vision. Cell 1998;92(3):381-
390.

Martoglio B, Dobberstein B. Signal sequences: more than just greasy peptides. Trends Cell Biol
1998;8(10):410-415.

Ng DT, Brown JD, Walter P. Signal sequences specify the targeting route to the endoplasmic
reticulum membrane. J Cell Biol 1996;134(2):269-278.

Wild K, Halic M, Sinning I, Beckmann R. SRP meets the ribosome. Nat Struct Mol Biol
2004;11(11):1049-1053.

Halic M, Becker T, Pool MR, Spahn CM, Grassucci RA, Frank J, Beckmann R. Structure
of the signal recognition particle interacting with the elongation-arrested ribosome. Nature
2004;427(6977):808-814.

Mason N, Ciufo LF, Brown JD. Elongation arrest is a physiologically important function of
signal recognition particle. Embo J 2000;19(15):4164-4174.

Romisch K, Webb J, Lingelbach K, Gausepohl H, Dobberstein B. The 54-kD protein of signal
recognition particle contains a methionine-rich RNA binding domain. J Cell Biol 1990;111(5 Pt
1):1793-1802.

Zopf D, Bernstein HD, Johnson AE, Walter P. The methionine-rich domain of the 54 kd protein
subunit of the signal recognition particle contains an RNA binding site and can be crosslinked to
a signal sequence. Embo J 1990;9(13):4511-4517.

Batey RT, Rambo RP, Lucast L, Rha B, Doudna JA. Crystal structure of the ribonucleoprotein
core of the signal recognition particle. Science 2000;287(5456):1232-1239.

Montoya G, Kaat K, Moll R, Schafer G, Sinning I. The crystal structure of the conserved GTPase
of SRP54 from the archacon Acidianus ambivalens and its comparison with related structures
suggests a model for the SRP-SRP receptor complex. Structure 2000;8(5):515-525.

Strub K, Fornallaz M, Bui N. The Alu domain homolog of the yeast signal recognition particle
consists of an Srpl4p homodimer and a yeast-specific RNA structure. Rna 1999;5(10):1333-
1347.

Strub K, Moss J, Walter P. Binding sites of the 9- and 14-kilodalton heterodimeric protein subunit
of the signal recognition particle (SRP) are contained exclusively in the Alu domain of SRP RNA
and contain a sequence motif that is conserved in evolution. Mol Cell Biol 1991;11(8):3949-
3959.

Thomas Y, Bui N, Strub K. A truncation in the 14 kDa protein of the signal recognition particle
leads to tertiary structure changes in the RNA and abolishes the elongation arrest activity of the
particle. Nucleic Acids Res 1997;25(10):1920-1929.

Gilmore R, Walter P, Blobel G. Protein translocation across the endoplasmic reticulum. II.
Isolation and characterization of the signal recognition particle receptor. J Cell Biol 1982;95(2 Pt
1):470-477.

Tajima S, Lauffer L, Rath VL, Walter P. The signal recognition particle receptor is a complex that
contains two distinct polypeptide chains. J Cell Biol 1986;103(4):1167-1178.

115



References

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

116

Ogg SC, Barz WP, Walter P. A functional GTPase domain, but not its transmembrane domain, is
required for function of the SRP receptor beta-subunit. J Cell Biol 1998;142(2):341-354.

Ogg SC, Poritz MA, Walter P. Signal recognition particle receptor is important for cell growth
and protein secretion in Saccharomyces cerevisiae. Mol Biol Cell 1992;3(8):895-911.

Rapiejko PJ, Gilmore R. Empty site forms of the SRP54 and SR alpha GTPases mediate targeting
of ribosome-nascent chain complexes to the endoplasmic reticulum. Cell 1997;89(5):703-713.

Rapoport TA, Jungnickel B, Kutay U. Protein transport across the eukaryotic endoplasmic
reticulum and bacterial inner membranes. Annu Rev Biochem 1996;65:271-303.

Finke K, Plath K, Panzner S, Prehn S, Rapoport TA, Hartmann E, Sommer T. A second trimeric
complex containing homologs of the Sec61p complex functions in protein transport across the
ER membrane of S. cerevisiae. Embo J 1996;15(7):1482-1494.

Osborne AR, Rapoport TA, van den Berg B. Protein translocation by the Sec61/SecY channel.
Annu Rev Cell Dev Biol 2005;21:529-550.

Van den Berg B, Clemons WM, Jr., Collinson I, Modis Y, Hartmann E, Harrison SC, Rapoport
TA. X-ray structure of a protein-conducting channel. Nature 2004;427(6969):36-44.

Menetret JF, Hegde RS, Heinrich SU, Chandramouli P, Ludtke SJ, Rapoport TA, Akey CW.
Architecture of the ribosome-channel complex derived from native membranes. J Mol Biol
2005;348(2):445-457.

Gorlich D, Rapoport TA. Protein translocation into proteoliposomes reconstituted from purified
components of the endoplasmic reticulum membrane. Cell 1993;75(4):615-630.

Rapoport TA, Goder V, Heinrich SU, Matlack KE. Membrane-protein integration and the role of
the translocation channel. Trends Cell Biol 2004;14(10):568-575.

Holkeri H, Paunola E, Jamsa E, Makarow M. Dissection of the translocation and chaperoning
functions of yeast BiP/Kar2p in vivo. J Cell Sci 1998;111 ( Pt 6):749-757.

Rapoport TA, Matlack KE, Plath K, Misselwitz B, Staeck O. Posttranslational protein translocation
across the membrane of the endoplasmic reticulum. Biol Chem 1999;380(10):1143-1150.

Matlack KE, Misselwitz B, Plath K, Rapoport TA. BiP acts as a molecular ratchet during
posttranslational transport of prepro-alpha factor across the ER membrane. Cell 1999;97(5):553-
564.

Panzner S, Dreier L, Hartmann E, Kostka S, Rapoport TA. Posttranslational protein transport
in yeast reconstituted with a purified complex of Sec proteins and Kar2p. Cell 1995;81(4):561-
570.

Deshaies RJ, Sanders SL, Feldheim DA, Schekman R. Assembly of yeast Sec proteins involved
in translocation into the endoplasmic reticulum into a membrane-bound multisubunit complex.
Nature 1991;349(6312):806-808.

Tyedmers J, Lerner M, Bies C, Dudek J, Skowronek MH, Haas IG, Heim N, Nastainczyk W,
Volkmer J, Zimmermann R. Homologs of the yeast Sec complex subunits Sec62p and Sec63p
are abundant proteins in dog pancreas microsomes. Proc Natl Acad Sci U S A 2000;97(13):7214-
7219.

Meyer HA, Grau H, Kraft R, Kostka S, Prehn S, Kalies KU, Hartmann E. Mammalian Sec61 is
associated with Sec62 and Sec63. J Biol Chem 2000;275(19):14550-14557.

Plath K, Mothes W, Wilkinson BM, Stirling CJ, Rapoport TA. Signal sequence recognition in
posttranslational protein transport across the yeast ER membrane. Cell 1998;94(6):795-807.

Plath K, Wilkinson BM, Stirling CJ, Rapoport TA. Interactions between Sec complex and prepro-
alpha-factor during posttranslational protein transport into the endoplasmic reticulum. Mol Biol
Cell 2004;15(1):1-10.



References

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Plath K, Rapoport TA. Spontaneous release of cytosolic proteins from posttranslational substrates
before their transport into the endoplasmic reticulum. J Cell Biol 2000;151(1):167-178.

Misselwitz B, Staeck O, Rapoport TA. J proteins catalytically activate Hsp70 molecules to trap a
wide range of peptide sequences. Mol Cell 1998;2(5):593-603.

Misselwitz B, Staeck O, Matlack KE, Rapoport TA. Interaction of BiP with the J-domain of the
Sec63p component of the endoplasmic reticulum protein translocation complex. J Biol Chem
1999;274(29):20110-20115.

Evans EA, Gilmore R, Blobel G. Purification of microsomal signal peptidase as a complex. Proc
Natl Acad Sci U S A 1986;83(3):581-585.

YaDeau JT, Klein C, Blobel G. Yeast signal peptidase contains a glycoprotein and the Secl1 gene
product. Proc Natl Acad Sci U S A 1991;88(2):517-521.

Bohni PC, Deshaies RJ, Schekman RW. SEC11 is required for signal peptide processing and
yeast cell growth. J Cell Biol 1988;106(4):1035-1042.

VanValkenburgh C, Chen X, Mullins C, Fang H, Green N. The catalytic mechanism of endoplasmic
reticulum signal peptidase appears to be distinct from most eubacterial signal peptidases. J Biol
Chem 1999;274(17):11519-11525.

Fang H, Mullins C, Green N. In addition to SEC11, a newly identified gene, SPC3, is essential for
signal peptidase activity in the yeast endoplasmic reticulum. J Biol Chem 1997;272(20):13152-
13158.

Mullins C, Meyer HA, Hartmann E, Green N, Fang H. Structurally related Spclp and Spc2p
of yeast signal peptidase complex are functionally distinct. J Biol Chem 1996;271(46):29094-
29099.

Antonin W, Meyer HA, Hartmann E. Interactions between Spc2p and other components of the
endoplasmic reticulum translocation sites of the yeast Saccharomyces cerevisiae. J Biol Chem
2000;275(44):34068-34072.

Kalies KU, Rapoport TA, Hartmann E. The beta subunit of the Sec61 complex facilitates
cotranslational protein transport and interacts with the signal peptidase during translocation. J
Cell Biol 1998;141(4):887-894.

Spiro RG. Protein glycosylation: nature, distribution, enzymatic formation, and disease
implications of glycopeptide bonds. Glycobiology 2002;12(4):43R-56R.

Lehle L, Strahl S, Tanner W. Protein glycosylation, conserved from yeast to man: a model organism
helps elucidate congenital human diseases. Angew Chem Int Ed Engl 2006;45(41):6802-6818.

Helenius A, Aebi M. Roles of N-linked glycans in the endoplasmic reticulum. Annu Rev Biochem
2004;73:1019-1049.

Kornfeld R, Kornfeld S. Assembly of asparagine-linked oligosaccharides. Annu Rev Biochem
1985;54:631-664.

Burda P, Jakob CA, Beinhauer J, Hegemann JH, Aebi M. Ordered assembly of the asymmetrically
branched lipid-linked oligosaccharide in the endoplasmic reticulum is ensured by the substrate
specificity of the individual glycosyltransferases. Glycobiology 1999;9(6):617-625.

Burda P, Aebi M. The dolichol pathway of N-linked glycosylation. Biochim Biophys Acta
1999;1426(2):239-257.

Burda P, Aebi M. The ALGI10 locus of Saccharomyces cerevisiae encodes the alpha-1,2
glucosyltransferase of the endoplasmic reticulum: the terminal glucose of the lipid-linked

oligosaccharide is required for efficient N-linked glycosylation. Glycobiology 1998;8(5):455-
462.

117



References

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

118

Yan Q, Lennarz WJ. Oligosaccharyltransferase: a complex multisubunit enzyme of the
endoplasmic reticulum. Biochem Biophys Res Commun 1999;266(3):684-689.

Knauer R, Lehle L. The oligosaccharyltransferase complex from yeast. Biochim Biophys Acta
1999;1426(2):259-273.

Kelleher DJ, Karaoglu D, Mandon EC, Gilmore R. Oligosaccharyltransferase isoforms that contain
different catalytic STT3 subunits have distinct enzymatic properties. Mol Cell 2003;12(1):101-
111.

Schwarz M, Knauer R, Lehle L. Yeast oligosaccharyltransferase consists of two functionally distinct
sub-complexes, specified by either the Ost3p or Ost6p subunit. FEBS Lett 2005;579(29):6564-
6568.

Nilsson I, Kelleher DJ, Miao Y, Shao Y, Kreibich G, Gilmore R, von Heijne G, Johnson AE.
Photocross-linking of nascent chains to the STT3 subunit of the oligosaccharyltransferase
complex. J Cell Biol 2003;161(4):715-725.

Scheper W, Thaminy S, Kais S, Stagljar I, Romisch K. Coordination of N-glycosylation and
protein translocation across the endoplasmic reticulum membrane by Sssl protein. J Biol Chem
2003;278(39):37998-38003.

Karamyshev AL, Kelleher DJ, Gilmore R, Johnson AE, von Heijne G, Nilsson I. Mapping
the interaction of the STT3 subunit of the oligosaccharyl transferase complex with nascent
polypeptide chains. J Biol Chem 2005;280(49):40489-40493.

Herscovics A. Processing glycosidases of Saccharomyces cerevisiac. Biochim Biophys Acta
1999;1426(2):275-285.

Herscovics A. Importance of glycosidases in mammalian glycoprotein biosynthesis. Biochim
Biophys Acta 1999;1473(1):96-107.

Chiba A, Matsumura K, Yamada H, Inazu T, Shimizu T, Kusunoki S, Kanazawa I, Kobata A,
Endo T. Structures of sialylated O-linked oligosaccharides of bovine peripheral nerve alpha-
dystroglycan. The role of a novel O-mannosyl-type oligosaccharide in the binding of alpha-
dystroglycan with laminin. J Biol Chem 1997;272(4):2156-2162.

Strahl-Bolsinger S, Gentzsch M, Tanner W. Protein O-mannosylation. Biochim Biophys Acta
1999;1426(2):297-307.

Willer T, Valero MC, Tanner W, Cruces J, Strahl S. O-mannosyl glycans: from yeast to novel
associations with human disease. Curr Opin Struct Biol 2003;13(5):621-630.

Gentzsch M, Tanner W. Protein-O-glycosylation in yeast: protein-specific mannosyltransferases.
Glycobiology 1997;7(4):481-486.

Gentzsch M, Tanner W. The PMT gene family: protein O-glycosylation in Saccharomyces
cerevisiae is vital. Embo J 1996;15(21):5752-5759.

Gentzsch M, Immervoll T, Tanner W. Protein O-glycosylation in Saccharomyces cerevisiae:
the protein O-mannosyltransferases Pmtlp and Pmt2p function as heterodimer. FEBS Lett
1995;377(2):128-130.

Girrbach V, Strahl S. Members of the evolutionarily conserved PMT family of protein O-
mannosyltransferases form distinct protein complexes among themselves. J Biol Chem
2003;278(14):12554-12562.

Ecker M, Mrsa V, Hagen I, Deutzmann R, Strahl S, Tanner W. O-mannosylation precedes
and potentially controls the N-glycosylation of a yeast cell wall glycoprotein. EMBO Rep
2003;4(6):628-632.

Bause E. Structural requirements of N-glycosylation of proteins. Studies with proline peptides as
conformational probes. Biochem J 1983;209(2):331-336.



References

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

Tu BP, Weissman JS. Oxidative protein folding in eukaryotes: mechanisms and consequences. J
Cell Biol 2004;164(3):341-346.

Frand AR, Kaiser CA. The ERO1 gene of yeast is required for oxidation of protein dithiols in the
endoplasmic reticulum. Mol Cell 1998;1(2):161-170.

Wilkinson B, Gilbert HF. Protein disulfide isomerase. Biochim Biophys Acta 2004;1699(1-2):35-
44,

Tu BP, Ho-Schleyer SC, Travers KJ, Weissman JS. Biochemical basis of oxidative protein folding
in the endoplasmic reticulum. Science 2000;290(5496):1571-1574.

Tu BP, Weissman JS. The FAD- and O(2)-dependent reaction cycle of Erol-mediated oxidative
protein folding in the endoplasmic reticulum. Mol Cell 2002;10(5):983-994.

Hwang C, Sinskey AJ, Lodish HF. Oxidized redox state of glutathione in the endoplasmic
reticulum. Science 1992;257(5076):1496-1502.

Cuozzo JW, Kaiser CA. Competition between glutathione and protein thiols for disulphide-bond
formation. Nat Cell Biol 1999;1(3):130-135.

Molteni SN, Fassio A, Ciriolo MR, Filomeni G, Pasqualetto E, Fagioli C, Sitia R. Glutathione
limits Erol-dependent oxidation in the endoplasmic reticulum. J Biol Chem 2004;279(31):32667-
32673.

Gething MJ. Role and regulation of the ER chaperone BiP. Semin Cell Dev Biol 1999;10(5):465-
472.

Tyson JR, Stirling CJ. LHS1 and SIL1 provide a lumenal function that is essential for protein
translocation into the endoplasmic reticulum. Embo J 2000;19(23):6440-6452.

Chung KT, Shen Y, Hendershot LM. BAP, a mammalian BiP-associated protein, is a nucleotide
exchange factor that regulates the ATPase activity of BiP. J Biol Chem 2002;277(49):47557-
47563.

Gething MJ, Sambrook J. Protein folding in the cell. Nature 1992;355(6355):33-45.

Ellgaard L, Helenius A. Quality control in the endoplasmic reticulum. Nat Rev Mol Cell Biol
2003;4(3):181-191.

Plemper RK, Bohmler S, Bordallo J, Sommer T, Wolf DH. Mutant analysis links the translocon
and BiP to retrograde protein transport for ER degradation. Nature 1997;388(6645):891-895.
Bertolotti A, Zhang Y, Hendershot LM, Harding HP, Ron D. Dynamic interaction of BiP and ER
stress transducers in the unfolded-protein response. Nat Cell Biol 2000;2(6):326-332.

Rose MD, Misra LM, Vogel JP. KAR2, a karyogamy gene, is the yeast homolog of the mammalian
BiP/GRP78 gene. Cell 1989;57(7):1211-1221.

Saris N, Holkeri H, Craven RA, Stirling CJ, Makarow M. The Hsp70 homologue Lhslp is
involved in a novel function of the yeast endoplasmic reticulum, refolding and stabilization of
heat-denatured protein aggregates. J Cell Biol 1997;137(4):813-824.

Craven RA, Egerton M, Stirling CJ. A novel Hsp70 of the yeast ER lumen is required for the
efficient translocation of a number of protein precursors. Embo J 1996;15(11):2640-2650.

Steel GJ, Fullerton DM, Tyson JR, Stirling CJ. Coordinated activation of Hsp70 chaperones.
Science 2004;303(5654):98-101.

Helenius A. How N-linked oligosaccharides affect glycoprotein folding in the endoplasmic
reticulum. Mol Biol Cell 1994;5(3):253-265.

Romero PA, Dijkgraaf GJ, Shahinian S, Herscovics A, Bussey H. The yeast CWH41 gene encodes
glucosidase 1. Glycobiology 1997;7(7):997-1004.

119



References

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

120

Simons JF, Ebersold M, Helenius A. Cell wall 1,6-beta-glucan synthesis in Saccharomyces
cerevisiae depends on ER glucosidases I and II, and the molecular chaperone BiP/Kar2p. Embo
J1998;17(2):396-405.

Meaden P, Hill K, Wagner J, Slipetz D, Sommer SS, Bussey H. The yeast KRE5 gene encodes a
probable endoplasmic reticulum protein required for (1----6)-beta-D-glucan synthesis and normal
cell growth. Mol Cell Biol 1990;10(6):3013-3019.

Xu X, Kanbara K, Azakami H, Kato A. Expression and characterization of Saccharomyces
cerevisiae Cnelp, a calnexin homologue. J Biochem (Tokyo) 2004;135(5):615-618.

Meusser B, Hirsch C, Jarosch E, Sommer T. ERAD: the long road to destruction. Nat Cell Biol
2005;7(8):766-772.

Wang Q, Chang A. Substrate recognition in ER-associated degradation mediated by Epsl, a
member of the protein disulfide isomerase family. Embo J 2003;22(15):3792-3802.

Ye Y, Shibata Y, Yun C, Ron D, Rapoport TA. A membrane protein complex mediates retro-
translocation from the ER lumen into the cytosol. Nature 2004;429(6994):841-847.

Bays NW, Gardner RG, Seelig LP, Joazeiro CA, Hampton RY. Hrd1p/Der3p is a membrane-
anchored ubiquitin ligase required for ER-associated degradation. Nat Cell Biol 2001;3(1):24-
29.

Bordallo J, Plemper RK, Finger A, Wolf DH. Der3p/Hrd1p is required for endoplasmic reticulum-
associated degradation of misfolded lumenal and integral membrane proteins. Mol Biol Cell
1998;9(1):209-222.

Ravid T, Kreft SG, Hochstrasser M. Membrane and soluble substrates of the Doal0 ubiquitin
ligase are degraded by distinct pathways. Embo J 2006;25(3):533-543.

Carvalho P, Goder V, Rapoport TA. Distinct ubiquitin-ligase complexes define convergent
pathways for the degradation of ER proteins. Cell 2006;126(2):361-373.

Matsuoka K, Orci L, Amherdt M, Bednarek SY, Hamamoto S, Schekman R, Yeung T. COPII-
coated vesicle formation reconstituted with purified coat proteins and chemically defined
liposomes. Cell 1998;93(2):263-275.

Herrmann JM, Malkus P, Schekman R. Out of the ER--outfitters, escorts and guides. Trends Cell
Biol 1999;9(1):5-7.
Nakano A, Brada D, Schekman R. Amembrane glycoprotein, Sec12p, required for protein transport

from the endoplasmic reticulum to the Golgi apparatus in yeast. J Cell Biol 1988;107(3):851-
863.

Huang M, Weissman JT, Beraud-Dufour S, Luan P, Wang C, Chen W, Aridor M, Wilson IA,
Balch WE. Crystal structure of Sar1-GDP at 1.7 A resolution and the role of the NH2 terminus in
ER export. J Cell Biol 2001;155(6):937-948.

Lee MC, Orci L, Hamamoto S, Futai E, Ravazzola M, Schekman R. Sarlp N-terminal helix
initiates membrane curvature and completes the fission of a COPII vesicle. Cell 2005;122(4):605-
617.

Nakano A, Muramatsu M. A novel GTP-binding protein, Sarlp, is involved in transport from the
endoplasmic reticulum to the Golgi apparatus. J Cell Biol 1989;109(6 Pt 1):2677-2691.

Bi X, Corpina RA, Goldberg J. Structure of the Sec23/24-Sar1 pre-budding complex of the COPII
vesicle coat. Nature 2002;419(6904):271-277.

Antonny B, Madden D, Hamamoto S, Orci L, Schekman R. Dynamics of the COPII coat with
GTP and stable analogues. Nat Cell Biol 2001;3(6):531-537.

Stephens DJ, Pepperkok R. Differential effects of a GTP-restricted mutant of Sar1p on segregation
of cargo during export from the endoplasmic reticulum. J Cell Sci 2004;117(Pt 16):3635-3644.



References

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Stephens DJ. De novo formation, fusion and fission of mammalian COPII-coated endoplasmic
reticulum exit sites. EMBO Rep 2003;4(2):210-217.

Bevis BJ, Hammond AT, Reinke CA, Glick BS. De novo formation of transitional ER sites and
Golgi structures in Pichia pastoris. Nat Cell Biol 2002;4(10):750-756.

Espenshade P, Gimeno RE, Holzmacher E, Teung P, Kaiser CA. Yeast SEC16 gene encodes a
multidomain vesicle coat protein that interacts with Sec23p. J Cell Biol 1995;131(2):311-324.
Shaywitz DA, Espenshade PJ, Gimeno RE, Kaiser CA. COPII subunit interactions in the assembly
of the vesicle coat. J Biol Chem 1997;272(41):25413-25416.

Mancias JD, Goldberg J. Exiting the endoplasmic reticulum. Traffic 2005;6(4):278-285.
Bickford LC, Mossessova E, Goldberg J. A structural view of the COPII vesicle coat. Curr Opin
Struct Biol 2004;14(2):147-153.

Barlowe C. Three-dimensional structure ofa COPII prebudding complex. Dev Cell 2002;3(4):467-
468.

Yoshihisa T, Barlowe C, Schekman R. Requirement for a GTPase-activating protein in vesicle
budding from the endoplasmic reticulum. Science 1993;259(5100):1466-1468.

Gurkan C, Stagg SM, Lapointe P, Balch WE. The COPII cage: unifying principles of vesicle coat
assembly. Nat Rev Mol Cell Biol 2006;7(10):727-738.

Miller EA, Beilharz TH, Malkus PN, Lee MC, Hamamoto S, Orci L, Schekman R. Multiple cargo
binding sites on the COPII subunit Sec24p ensure capture of diverse membrane proteins into
transport vesicles. Cell 2003;114(4):497-509.

Mossessova E, Bickford LC, Goldberg J. SNARE selectivity of the COPII coat. Cell
2003;114(4):483-495.

Bonifacino JS, Glick BS. The mechanisms of vesicle budding and fusion. Cell 2004;116(2):153-
166.

Barlowe C. Signals for COPII-dependent export from the ER: what’s the ticket out? Trends Cell
Biol 2003;13(6):295-300.

Paccaud JP, Reith W, Carpentier JL, Ravazzola M, Amherdt M, Schekman R, Orci L. Cloning and
functional characterization of mammalian homologues of the COPII component Sec23. Mol Biol
Cell 1996;7(10):1535-1546.

Tang BL, Kausalya J, Low DY, Lock ML, Hong W. A family of mammalian proteins homologous
to yeast Sec24p. Biochem Biophys Res Commun 1999;258(3):679-684.

Higashio H, Kimata Y, Kiriyama T, Hirata A, Kohno K. Sfb2p, a yeast protein related to Sec24p,
can function as a constituent of COPII coats required for vesicle budding from the endoplasmic
reticulum. J Biol Chem 2000;275(23):17900-17908.

Miller E, Antonny B, Hamamoto S, Schekman R. Cargo selection into COPII vesicles is driven
by the Sec24p subunit. Embo J 2002;21(22):6105-6113.

Peng R, De Antoni A, Gallwitz D. Evidence for overlapping and distinct functions in protein
transport of coat protein Sec24p family members. J Biol Chem 2000;275(15):11521-11528.

Roberg KJ, Crotwell M, Espenshade P, Gimeno R, Kaiser CA. LST1 is a SEC24 homologue used
for selective export of the plasma membrane ATPase from the endoplasmic reticulum. J Cell Biol
1999;145(4):659-672.

Shimoni Y, Kurihara T, Ravazzola M, Amherdt M, Orci L, Schekman R. Lstlp and Sec24p
cooperate in sorting of the plasma membrane ATPase into COPII vesicles in Saccharomyces
cerevisiae. J Cell Biol 2000;151(5):973-984.

121



References

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.
173.

174.

122

Kurihara T, Hamamoto S, Gimeno RE, Kaiser CA, Schekman R, Yoshihisa T. Sec24p and Isslp
function interchangeably in transport vesicle formation from the endoplasmic reticulum in
Saccharomyces cerevisiae. Mol Biol Cell 2000;11(3):983-998.

Tang BL, Peter F, Krijnse-Locker J, Low SH, Griffiths G, Hong W. The mammalian homolog of
yeast Sec13p is enriched in the intermediate compartment and is essential for protein transport
from the endoplasmic reticulum to the Golgi apparatus. Mol Cell Biol 1997;17(1):256-266.

Devos D, Dokudovskaya S, Alber F, Williams R, Chait BT, Sali A, Rout MP. Components of
coated vesicles and nuclear pore complexes share a common molecular architecture. PLoS Biol
2004;2(12):e380.

Tang BL, Zhang T, Low DY, Wong ET, Horstmann H, Hong W. Mammalian homologues of yeast
sec31p. An ubiquitously expressed form is localized to endoplasmic reticulum (ER) exit sites and
is essential for ER-Golgi transport. J Biol Chem 2000;275(18):13597-13604.

Lederkremer GZ, Cheng Y, Petre BM, Vogan E, Springer S, Schekman R, Walz T, Kirchhausen
T. Structure of the Sec23p/24p and Sec13p/31p complexes of COPII. Proc Natl Acad Sci U S A
2001;98(19):10704-10709.

Antonny B, Gounon P, Schekman R, Orci L. Self-assembly of minimal COPII cages. EMBO Rep
2003;4(4):419-424.

Stagg SM, Gurkan C, Fowler DM, LaPointe P, Foss TR, Potter CS, Carragher B, Balch WE.
Structure of the Sec13/31 COPII coat cage. Nature 2006;439(7073):234-238.

Morsomme P, Riezman H. The Rab GTPase Yptlp and tethering factors couple protein sorting at
the ER to vesicle targeting to the Golgi apparatus. Dev Cell 2002;2(3):307-317.

Muniz M, Morsomme P, Riezman H. Protein sorting upon exit from the endoplasmic reticulum.
Cell 2001;104(2):313-320.

Morsomme P, Prescianotto-Baschong C, Riezman H. The ER v-SNAREs are required for
GPI-anchored protein sorting from other secretory proteins upon exit from the ER. J Cell Biol
2003;162(3):403-412.

Heidtman M, Chen CZ, Collins RN, Barlowe C. A role for Yiplp in COPII vesicle biogenesis. J
Cell Biol 2003;163(1):57-69.

Matern H, Yang X, Andrulis E, Sternglanz R, Trepte HH, Gallwitz D. A novel Golgi membrane
protein is part of a GTPase-binding protein complex involved in vesicle targeting. Embo J
2000;19(17):4485-4492.

Spang A. Vesicle transport: a close collaboration of Rabs and effectors. Curr Biol 2004;14(1):
R33-34.

Lee MC, Miller EA, Goldberg J, Orci L, Schekman R. Bi-directional protein transport between
the ER and Golgi. Annu Rev Cell Dev Biol 2004;20:87-123.

Bielli A, Haney CJ, Gabreski G, Watkins SC, Bannykh SI, Aridor M. Regulation of Sarl NH2
terminus by GTP binding and hydrolysis promotes membrane deformation to control COPII
vesicle fission. J Cell Biol 2005;171(6):919-924.

Futai E, Hamamoto S, Orci L, Schekman R. GTP/GDP exchange by Secl2p enables COPII
vesicle bud formation on synthetic liposomes. Embo J 2004;23(21):4146-4155.

Antonny B. Membrane deformation by protein coats. Curr Opin Cell Biol 2006;18(4):386-394.
Presley JF, Cole NB, Schroer TA, Hirschberg K, Zaal KJ, Lippincott-Schwartz J. ER-to-Golgi
transport visualized in living cells. Nature 1997;389(6646):81-85.

Scales SJ, Pepperkok R, Kreis TE. Visualization of ER-to-Golgi transport in living cells reveals
a sequential mode of action for COPII and COPI. Cell 1997;90(6):1137-1148.



References

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.
190.

191.

192.

193.

Watson P, Forster R, Palmer KJ, Pepperkok R, Stephens DJ. Coupling of ER exit to microtubules
through direct interaction of COPII with dynactin. Nat Cell Biol 2005;7(1):48-55.

Hauri HP, Kappeler F, Andersson H, Appenzeller C. ERGIC-53 and traffic in the secretory
pathway. J Cell Sci 2000;113 ( Pt 4):587-596.

Martinez-Menarguez JA, Geuze HJ, Slot JW, Klumperman J. Vesicular tubular clusters between
the ER and Golgi mediate concentration of soluble secretory proteins by exclusion from COPI-
coated vesicles. Cell 1999;98(1):81-90.

Preuss D, Mulholland J, Franzusoff A, Segev N, Botstein D. Characterization of the
Saccharomyces Golgi complex through the cell cycle by immunoelectron microscopy. Mol Biol
Cell 1992;3(7):789-803.

Barlowe C. Coupled ER to Golgi transport reconstituted with purified cytosolic proteins. J Cell
Biol 1997;139(5):1097-1108.

Cao X, Ballew N, Barlowe C. Initial docking of ER-derived vesicles requires Usolp and Yptlp
but is independent of SNARE proteins. Embo J 1998;17(8):2156-2165.

Sacher M, Jiang Y, Barrowman J, Scarpa A, Burston J, Zhang L, Schieltz D, Yates JR, 3rd,
Abeliovich H, Ferro-Novick S. TRAPP, a highly conserved novel complex on the cis-Golgi that
mediates vesicle docking and fusion. Embo J 1998;17(9):2494-2503.

Kim YG, Raunser S, Munger C, Wagner J, Song YL, Cygler M, Walz T, Oh BH, Sacher M. The
Architecture of the Multisubunit TRAPP I Complex Suggests a Model for Vesicle Tethering. Cell
2006;127(4):817-830.

Wang W, Sacher M, Ferro-Novick S. TRAPP stimulates guanine nucleotide exchange on Yptlp.
J Cell Biol 2000;151(2):289-296.

Sapperstein SK, Lupashin VV, Schmitt HD, Waters MG. Assembly of the ER to Golgi SNARE
complex requires Usolp. J Cell Biol 1996;132(5):755-767.

Parlati F, McNew JA, Fukuda R, Miller R, Sollner TH, Rothman JE. Topological restriction of
SNARE-dependent membrane fusion. Nature 2000;407(6801):194-198.

Peng R, Gallwitz D. Slyl protein bound to Golgi syntaxin Sed5p allows assembly and contributes
to specificity of SNARE fusion complexes. J Cell Biol 2002;157(4):645-655.

Ladinsky MS, Mastronarde DN, McIntosh JR, Howell KE, Stachelin LA. Golgi structure in three
dimensions: functional insights from the normal rat kidney cell. J Cell Biol 1999;144(6):1135-
1149.

Munro S. What can yeast tell us about N-linked glycosylation in the Golgi apparatus? FEBS Lett
2001;498(2-3):223-227.

Herscovics A, Orlean P. Glycoprotein biosynthesis in yeast. Faseb J 1993;7(6):540-550.
Romero PA, Herscovics A. Glycoprotein biosynthesis in Saccharomyces cerevisiae.
Characterization of alpha-1,6-mannosyltransferase which initiates outer chain formation. J Biol
Chem 1989;264(4):1946-1950.

Stolz J, Munro S. The components of the Saccharomyces cerevisiae mannosyltransferase complex
M-Pol I have distinct functions in mannan synthesis. J Biol Chem 2002;277(47):44801-44808.
Wang XH, Nakayama K, Shimma Y, Tanaka A, Jigami Y. MNN6, a member of the KRE2/MNT1
family, is the gene for mannosylphosphate transfer in Saccharomyces cerevisiae. J Biol Chem
1997;272(29):18117-18124.

Odani T, Shimma Y, Tanaka A, Jigami Y. Cloning and analysis of the MNN4 gene required
for phosphorylation of N-linked oligosaccharides in Saccharomyces cerevisiae. Glycobiology
1996;6(8):805-810.

123



References

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

124

Lussier M, Sdicu AM, Bussereau F, Jacquet M, Bussey H. The Ktrlp, Ktr3p, and Kre2p/Mntlp
mannosyltransferases participate in the elaboration of yeast O- and N-linked carbohydrate chains.
J Biol Chem 1997;272(24):15527-15531.

Bryant NJ, Boyd A. Immunoisolation of Kex2p-containing organelles from yeast demonstrates
colocalisation of three processing proteinases to a single Golgi compartment. J Cell Sci 1993;106
(Pt 3):815-822.

Wilcox CA, Fuller RS. Posttranslational processing of the prohormone-cleaving Kex2 protease
in the Saccharomyces cerevisiae secretory pathway. J Cell Biol 1991;115(2):297-307.

Rockwell NC, Thorner JW. The kindest cuts of all: crystal structures of Kex2 and furin reveal
secrets of precursor processing. Trends Biochem Sci 2004;29(2):80-87.

Rockwell NC, Krysan DJ, Komiyama T, Fuller RS. Precursor processing by kex2/furin proteases.
Chem Rev 2002;102(12):4525-4548.

Zhou A, Martin S, Lipkind G, LaMendola J, Steiner DF. Regulatory roles of the P domain of the
subtilisin-like prohormone convertases. J Biol Chem 1998;273(18):11107-11114.

Perona JJ, Craik CS. Structural basis of substrate specificity in the serine proteases. Protein Sci
1995;4(3):337-360.

Julius D, Schekman R, Thorner J. Glycosylation and processing of prepro-alpha-factor through
the yeast secretory pathway. Cell 1984;36(2):309-318.

Thomas G, Thorne BA, Thomas L, Allen RG, Hruby DE, Fuller R, Thorner J. Yeast KEX2
endopeptidase correctly cleaves a neuroendocrine prohormone in mammalian cells. Science
1988;241(4862):226-230.

Bussey H. K1 killer toxin, a pore-forming protein from yeast. Mol Microbiol 1991;5(10):2339-
2343,

Elsner M, Hashimoto H, Nilsson T. Cisternal maturation and vesicle transport: join the band
wagon! (Review). Mol Membr Biol 2003;20(3):221-229.

Pelham HR, Rothman JE. The debate about transport in the Golgi--two sides of the same coin?
Cell 2000;102(6):713-719.

Rothman JE. Mechanisms of intracellular protein transport. Nature 1994;372(6501):55-63.
Pelham HR. Getting through the Golgi complex. Trends Cell Biol 1998;8(1):45-49.

Bonfanti L, Mironov AA, Jr., Martinez-Menarguez JA, Martella O, Fusella A, Baldassarre M,
Buccione R, Geuze HJ, Mironov AA, Luini A. Procollagen traverses the Golgi stack without
leaving the lumen of cisternae: evidence for cisternal maturation. Cell 1998;95(7):993-1003.
Losev E, Reinke CA, Jellen J, Strongin DE, Bevis BJ, Glick BS. Golgi maturation visualized in
living yeast. Nature 2006;441(7096):1002-1006.

Matsuura-Tokita K, Takeuchi M, Ichihara A, Mikuriya K, Nakano A. Live imaging of yeast Golgi
cisternal maturation. Nature 2006;441(7096):1007-1010.

Mironov AA, Beznoussenko GV, Polishchuk RS, Trucco A. Intra-Golgi transport: a way to a new
paradigm? Biochim Biophys Acta 2005;1744(3):340-350.

Marsh BJ, Volkmann N, Mclntosh JR, Howell KE. Direct continuities between cisternae at
different levels of the Golgi complex in glucose-stimulated mouse islet beta cells. Proc Natl Acad
Sci U S A2004;101(15):5565-5570.

Trucco A, Polishchuk RS, Martella O, Di Pentima A, Fusella A, Di Giandomenico D, San Pietro
E, Beznoussenko GV, Polishchuk EV, Baldassarre M, Buccione R, Geerts WJ, Koster AJ, Burger

KN, Mironov AA, et al. Secretory traffic triggers the formation of tubular continuities across
Golgi sub-compartments. Nat Cell Biol 2004;6(11):1071-1081.



References

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

Martinez-Menarguez JA, Prekeris R, Oorschot VM, Scheller R, Slot JW, Geuze HJ, Klumperman
J. Peri-Golgi vesicles contain retrograde but not anterograde proteins consistent with the cisternal
progression model of intra-Golgi transport. J Cell Biol 2001;155(7):1213-1224.

Mironov AA, Beznoussenko GV, Nicoziani P, Martella O, Trucco A, Kweon HS, Di Giandomenico
D, Polishchuk RS, Fusella A, Lupetti P, Berger EG, Geerts WJ, Koster AJ, Burger KN, Luini
A. Small cargo proteins and large aggregates can traverse the Golgi by a common mechanism
without leaving the lumen of cisternae. J Cell Biol 2001;155(7):1225-1238.

Spang A, Matsuoka K, Hamamoto S, Schekman R, Orci L. Coatomer, Arflp, and nucleotide are
required to bud coat protein complex I-coated vesicles from large synthetic liposomes. Proc Natl
Acad Sci U S A 1998;95(19):11199-11204.

Fiedler K, Veit M, Stamnes MA, Rothman JE. Bimodal interaction of coatomer with the p24
family of putative cargo receptors. Science 1996;273(5280):1396-1399.

Eugster A, Frigerio G, Dale M, Duden R. COP I domains required for coatomer integrity, and
novel interactions with ARF and ARF-GAP. Embo J 2000;19(15):3905-3917.

Hoffman GR, Rahl PB, Collins RN, Cerione RA. Conserved structural motifs in intracellular
trafficking pathways: structure of the gammaCOP appendage domain. Mol Cell 2003;12(3):615-
625.

Watson PJ, Frigerio G, Collins BM, Duden R, Owen DJ. Gamma-COP appendage domain -
structure and function. Traffic 2004;5(2):79-88.

Jackson CL, Casanova JE. Turning on ARF: the Sec7 family of guanine-nucleotide-exchange
factors. Trends Cell Biol 2000;10(2):60-67.

D’Souza-Schorey C, Chavrier P. ARF proteins: roles in membrane traffic and beyond. Nat Rev
Mol Cell Biol 2006;7(5):347-358.

SpangA.ARF1regulatory factors and COPI vesicle formation. Curr Opin Cell Biol 2002;14(4):423-
427.

Bigay J, Gounon P, Robineau S, Antonny B. Lipid packing sensed by ArfGAP1 couples COPI
coat disassembly to membrane bilayer curvature. Nature 2003;426(6966):563-566.

Tanigawa G, Orci L, Amherdt M, Ravazzola M, Helms JB, Rothman JE. Hydrolysis of bound
GTP by ARF protein triggers uncoating of Golgi-derived COP-coated vesicles. J Cell Biol
1993;123(6 Pt 1):1365-1371.

Lee SY, Yang JS, Hong W, Premont RT, Hsu VW. ARFGAPI plays a central role in coupling
COPI cargo sorting with vesicle formation. J Cell Biol 2005;168(2):281-290.

Pepperkok R, Whitney JA, Gomez M, Kreis TE. COPI vesicles accumulating in the presence of a
GTP restricted arfl mutant are depleted of anterograde and retrograde cargo. J Cell Sci 2000;113
(Pt 1):135-144.

Yang JS, Lee SY, Gao M, Bourgoin S, Randazzo PA, Premont RT, Hsu VW. ARFGAP1 promotes
the formation of COPI vesicles, suggesting function as a component of the coat. J Cell Biol
2002;159(1):69-78.

Gommel D, Orci L, Emig EM, Hannah MJ, Ravazzola M, Nickel W, Helms JB, Wieland FT,
Sohn K. p24 and p23, the major transmembrane proteins of COPI-coated transport vesicles, form

hetero-oligomeric complexes and cycle between the organelles of the early secretory pathway.
FEBS Lett 1999;447(2-3):179-185.

Gommel DU, Memon AR, Heiss A, Lottspeich F, Pfannstiel J, Lechner J, Reinhard C, Helms
JB, Nickel W, Wieland FT. Recruitment to Golgi membranes of ADP-ribosylation factor 1 is
mediated by the cytoplasmic domain of p23. Embo J 2001;20(23):6751-6760.

125



References

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

126

Honda A, Al-Awar OS, Hay JC, Donaldson JG. Targeting of Arf-1 to the early Golgi by membrin,
an ER-Golgi SNARE. J Cell Biol 2005;168(7):1039-1051.

Springer S, Spang A, Schekman R. A primer on vesicle budding. Cell 1999;97(2):145-148.

Bremser M, Nickel W, Schweikert M, Ravazzola M, Amherdt M, Hughes CA, Sollner TH,
Rothman JE, Wieland FT. Coupling of coat assembly and vesicle budding to packaging of
putative cargo receptors. Cell 1999;96(4):495-506.

Aoe T, Cukierman E, Lee A, Cassel D, Peters PJ, Hsu VW. The KDEL receptor, ERD2, regulates
intracellular traffic by recruiting a GTPase-activating protein for ARF1. Embo J 1997;16(24):7305-
7316.

Majoul I, Straub M, Hell SW, Duden R, Soling HD. KDEL-cargo regulates interactions between
proteins involved in COPI vesicle traffic: measurements in living cells using FRET. Dev Cell
2001;1(1):139-153.

Rein U, Andag U, Duden R, Schmitt HD, Spang A. ARF-GAP-mediated interaction between the
ER-Golgi v-SNARESs and the COPI coat. J Cell Biol 2002;157(3):395-404.

Antonny B, Bigay J, Casella JF, Drin G, Mesmin B, Gounon P. Membrane curvature and the
control of GTP hydrolysis in Arfl during COPI vesicle formation. Biochem Soc Trans 2005;33(Pt
4):619-622.

Bigay J, Casella JF, Drin G, Mesmin B, Antonny B. ArfGAP1 responds to membrane curvature
through the folding of a lipid packing sensor motif. Embo J 2005;24(13):2244-2253.

Elsner M, Hashimoto H, Simpson JC, Cassel D, Nilsson T, Weiss M. Spatiotemporal dynamics of
the COPI vesicle machinery. EMBO Rep 2003:4(10):1000-1004.

Cosson P, Letourneur F. Coatomer interaction with di-lysine endoplasmic reticulum retention
motifs. Science 1994;263(5153):1629-1631.

Eugster A, Frigerio G, Dale M, Duden R. The alpha- and beta’-COP WD40 domains mediate
cargo-selective interactions with distinct di-lysine motifs. Mol Biol Cell 2004;15(3):1011-1023.

Letourneur F, Gaynor EC, Hennecke S, Demolliere C, Duden R, Emr SD, Riezman H, Cosson P.
Coatomer is essential for retrieval of dilysine-tagged proteins to the endoplasmic reticulum. Cell
1994;79(7):1199-1207.

Harter C, Wieland FT. A single binding site for dilysine retrieval motifs and p23 within the gamma
subunit of coatomer. Proc Natl Acad Sci U S A 1998;95(20):11649-11654.

Pelham HR, Hardwick KG, Lewis MIJ. Sorting of soluble ER proteins in yeast. Embo J
1988;7(6):1757-1762.

Dean N, Pelham HR. Recycling of proteins from the Golgi compartment to the ER in yeast. J Cell
Biol 1990;111(2):369-377.

Lewis MJ, Pelham HR. A human homologue of the yeast HDEL receptor. Nature
1990;348(6297):162-163.

Semenza JC, Hardwick KG, Dean N, Pelham HR. ERD2, a yeast gene required for the receptor-
mediated retrieval of luminal ER proteins from the secretory pathway. Cell 1990;61(7):1349-
1357.

Scheel AA, Pelham HR. Identification of amino acids in the binding pocket of the human KDEL
receptor. J Biol Chem 1998;273(4):2467-2472.

Lewis MJ, Pelham HR. Ligand-induced redistribution of a human KDEL receptor from the Golgi
complex to the endoplasmic reticulum. Cell 1992;68(2):353-364.

Majoul I, Sohn K, Wieland FT, Pepperkok R, Pizza M, Hillemann J, Soling HD. KDEL receptor
(Erd2p)-mediated retrograde transport of the cholera toxin A subunit from the Golgi involves
COPI, p23, and the COOH terminus of Erd2p. J Cell Biol 1998;143(3):601-612.



References

251.

252.

253.

254.

255.

256.
257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

Wilson DW, Lewis MJ, Pelham HR. pH-dependent binding of KDEL to its receptor in vitro. J
Biol Chem 1993;268(10):7465-7468.

Cabrera M, Muniz M, Hidalgo J, Vega L, Martin ME, Velasco A. The retrieval function of the
KDEL receptor requires PKA phosphorylation of its C-terminus. Mol Biol Cell 2003;14(10):4114-
4125.

Cosson P, Lefkir Y, Demolliere C, Letourneur F. New COP1-binding motifs involved in ER
retrieval. Embo J 1998;17(23):6863-6870.

Zerangue N, Schwappach B, Jan YN, Jan LY. A new ER trafficking signal regulates the subunit
stoichiometry of plasma membrane K(ATP) channels. Neuron 1999;22(3):537-548.

Yuan H, Michelsen K, Schwappach B. 14-3-3 dimers probe the assembly status of multimeric
membrane proteins. Curr Biol 2003;13(8):638-646.

Keller P, Simons K. Post-Golgi biosynthetic trafficking. J Cell Sci 1997;110 ( Pt 24):3001-3009.

Traub LM, Kornfeld S. The trans-Golgi network: a late secretory sorting station. Curr Opin Cell
Biol 1997;9(4):527-533.

Harsay E, Bretscher A. Parallel secretory pathways to the cell surface in yeast. J Cell Biol
1995;131(2):297-310.

Gurunathan S, David D, Gerst JE. Dynamin and clathrin are required for the biogenesis of a
distinct class of secretory vesicles in yeast. Embo J 2002;21(4):602-614.

Harsay E, Schekman R. A subset of yeast vacuolar protein sorting mutants is blocked in one
branch of the exocytic pathway. J Cell Biol 2002;156(2):271-285.

Singer B, Riezman H. Detection of an intermediate compartment involved in transport of alpha-
factor from the plasma membrane to the vacuole in yeast. J Cell Biol 1990;110(6):1911-1922.
Singer-Kruger B, Frank R, Crausaz F, Riezman H. Partial purification and characterization

of early and late endosomes from yeast. Identification of four novel proteins. J Biol Chem
1993;268(19):14376-14386.

Bowers K, Stevens TH. Protein transport from the late Golgi to the vacuole in the yeast
Saccharomyces cerevisiae. Biochim Biophys Acta 2005;1744(3):438-454.

Conibear E, Stevens TH. Multiple sorting pathways between the late Golgi and the vacuole in
yeast. Biochim Biophys Acta 1998;1404(1-2):211-230.

Bryant NJ, Stevens TH. Vacuole biogenesis in Saccharomyces cerevisiae: protein transport
pathways to the yeast vacuole. Microbiol Mol Biol Rev 1998;62(1):230-247.

Bankaitis VA, Johnson LM, Emr SD. Isolation of yeast mutants defective in protein targeting to
the vacuole. Proc Natl Acad Sci U S A 1986;83(23):9075-9079.

Rothman JH, Howald I, Stevens TH. Characterization of genes required for protein sorting and
vacuolar function in the yeast Saccharomyces cerevisiae. Embo J 1989;8(7):2057-2065.

Rothman JH, Stevens TH. Protein sorting in yeast: mutants defective in vacuole biogenesis
mislocalize vacuolar proteins into the late secretory pathway. Cell 1986;47(6):1041-1051.

Rothman JH, Yamashiro CT, Kane PM, Stevens TH. Protein targeting to the yeast vacuole. Trends
Biochem Sci 1989;14(8):347-350.

Marcusson EG, Horazdovsky BF, Cereghino JL, Gharakhanian E, Emr SD. The sorting receptor
for yeast vacuolar carboxypeptidase Y is encoded by the VPS10 gene. Cell 1994;77(4):579-586.

Valls LA, Winther JR, Stevens TH. Yeast carboxypeptidase Y vacuolar targeting signal is defined
by four propeptide amino acids. J Cell Biol 1990;111(2):361-368.

Deloche O, Yeung BG, Payne GS, Schekman R. Vps10p transport from the trans-Golgi network
to the endosome is mediated by clathrin-coated vesicles. Mol Biol Cell 2001;12(2):475-485.

127



References

273.

274.

275.

276.

2717.

278.

279.

280.

281

283.
284.

285.

286.

287.

288.

289.

290.

291.

292.

128

Seaman MN, Marcusson EG, Cereghino JL, Emr SD. Endosome to Golgi retrieval of the vacuolar
protein sorting receptor, Vps10p, requires the function of the VPS29, VPS30, and VPS35 gene
products. J Cell Biol 1997;137(1):79-92.

Cereghino JL, Marcusson EG, Emr SD. The cytoplasmic tail domain of the vacuolar protein
sorting receptor Vps10p and a subset of VPS gene products regulate receptor stability, function,
and localization. Mol Biol Cell 1995;6(9):1089-1102.

Cooper AA, Stevens TH. Vps10p cycles between the late-Golgi and prevacuolar compartments
in its function as the sorting receptor for multiple yeast vacuolar hydrolases. J Cell Biol
1996;133(3):529-541.

Jorgensen MU, Emr SD, Winther JR. Ligand recognition and domain structure of VpslOp, a
vacuolar protein sorting receptor in Saccharomyces cerevisiae. European journal of biochemistry
/ FEBS 1999;260(2):461-469.

Westphal V, Marcusson EG, Winther JR, Emr SD, van den Hazel HB. Multiple pathways for
vacuolar sorting of yeast proteinase A. J Biol Chem 1996;271(20):11865-11870.

Nothwehr SF, Roberts CJ, Stevens TH. Membrane protein retention in the yeast Golgi apparatus:
dipeptidyl aminopeptidase A is retained by a cytoplasmic signal containing aromatic residues. J
Cell Biol 1993;121(6):1197-1209.

Wilcox CA, Redding K, Wright R, Fuller RS. Mutation of a tyrosine localization signal in the
cytosolic tail of yeast Kex2 protease disrupts Golgi retention and results in default transport to
the vacuole. Mol Biol Cell 1992;3(12):1353-1371.

Bryant NJ, Stevens TH. Two separate signals act independently to localize a yeast late Golgi
membrane protein through a combination of retrieval and retention. J Cell Biol 1997;136(2):287-
297.

. Robinson MS. Adaptable adaptors for coated vesicles. Trends Cell Biol 2004;14(4):167-174.
282.

Nakatsu F, Ohno H. Adaptor protein complexes as the key regulators of protein sorting in the
post-Golgi network. Cell structure and function 2003;28(5):419-429.

Hirst J, Robinson MS. Clathrin and adaptors. Biochim Biophys Acta 1998;1404(1-2):173-193.
Kirchhausen T. Adaptors for clathrin-mediated traffic. Annu Rev Cell Dev Biol 1999;15:705-
732.

Dell’ Angelica EC, Ohno H, Ooi CE, Rabinovich E, Roche KW, Bonifacino JS. AP-3: an adaptor-
like protein complex with ubiquitous expression. Embo J 1997;16(5):917-928.

Dell’ Angelica EC, Mullins C, Bonifacino JS. AP-4, a novel protein complex related to clathrin
adaptors. J Biol Chem 1999;274(11):7278-7285.

Boehm M, Bonifacino JS. Genetic analyses of adaptin function from yeast to mammals. Gene
2002;286(2):175-186.

Folsch H, Ohno H, Bonifacino JS, Mellman I. A novel clathrin adaptor complex mediates
basolateral targeting in polarized epithelial cells. Cell 1999;99(2):189-198.

Bonifacino JS. The GGA proteins: adaptors on the move. Nat Rev Mol Cell Biol 2004;5(1):23-
32.

Bonifacino JS, Traub LM. Signals for sorting of transmembrane proteins to endosomes and
lysosomes. Annu Rev Biochem 2003;72:395-447.

Bonifacino JS, Dell’ Angelica EC. Molecular bases for the recognition of tyrosine-based sorting
signals. J Cell Biol 1999;145(5):923-926.

Dell’ Angelica EC, Puertollano R, Mullins C, Aguilar RC, Vargas JD, Hartnell LM, Bonifacino
JS. GGAs: a family of ADP ribosylation factor-binding proteins related to adaptors and associated
with the Golgi complex. J Cell Biol 2000;149(1):81-94.



References

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

3009.

310.

311.

Nakayama K, Wakatsuki S. The structure and function of GGAs, the traffic controllers at the
TGN sorting crossroads. Cell structure and function 2003;28(5):431-442.

Nielsen MS, Madsen P, Christensen EI, Nykjaer A, Gliemann J, Kasper D, Pohlmann R, Petersen
CM. The sortilin cytoplasmic tail conveys Golgi-endosome transport and binds the VHS domain
of the GGA2 sorting protein. Embo J 2001;20(9):2180-2190.

Puertollano R, Aguilar RC, Gorshkova I, Crouch RJ, Bonifacino JS. Sorting of mannose 6-
phosphate receptors mediated by the GGAs. Science 2001;292(5522):1712-1716.

Takatsu H, Katoh Y, Shiba Y, Nakayama K. Golgi-localizing, gamma-adaptin ear homology
domain, ADP-ribosylation factor-binding (GGA) proteins interact with acidic dileucine sequences
within the cytoplasmic domains of sorting receptors through their Vps27p/Hrs/STAM (VHS)
domains. J Biol Chem 2001;276(30):28541-28545.

Zhu'Y, Doray B, Poussu A, Lehto VP, Kornfeld S. Binding of GGA2 to the lysosomal enzyme
sorting motif of the mannose 6-phosphate receptor. Science 2001;292(5522):1716-1718.

Misra S, Puertollano R, Kato Y, Bonifacino JS, Hurley JH. Structural basis for acidic-cluster-
dileucine sorting-signal recognition by VHS domains. Nature 2002;415(6874):933-937.

Shiba T, Takatsu H, Nogi T, Matsugaki N, Kawasaki M, Igarashi N, Suzuki M, Kato R, Earnest T,
Nakayama K, Wakatsuki S. Structural basis for recognition of acidic-cluster dileucine sequence
by GGAI1. Nature 2002;415(6874):937-941.

Puertollano R, Randazzo PA, Presley JF, Hartnell LM, Bonifacino JS. The GGAs promote ARF-
dependent recruitment of clathrin to the TGN. Cell 2001;105(1):93-102.

Takatsu H, Yoshino K, Toda K, Nakayama K. GGA proteins associate with Golgi membranes
through interaction between their GGAH domains and ADP-ribosylation factors. Biochem J
2002;365(Pt 2):369-378.

Collins BM, Watson PJ, Owen DJ. The structure of the GGA1-GAT domain reveals the molecular
basis for ARF binding and membrane association of GGAs. Dev Cell 2003;4(3):321-332.

Lippe R, Miaczynska M, Rybin V, Runge A, Zerial M. Functional synergy between Rab5 effector
Rabaptin-5 and exchange factor Rabex-5 when physically associated in a complex. Mol Biol Cell
2001;12(7):2219-2228.

Mattera R, Arighi CN, Lodge R, Zerial M, Bonifacino JS. Divalent interaction of the GGAs with
the Rabaptin-5-Rabex-5 complex. Embo J 2003;22(1):78-88.

Miller GJ, Mattera R, Bonifacino JS, Hurley JH. Recognition of accessory protein motifs by the
gamma-adaptin ear domain of GGA3. Nature structural biology 2003;10(8):599-606.

Collins BM, Praefcke GJ, Robinson MS, Owen DIJ. Structural basis for binding of accessory
proteins by the appendage domain of GGAs. Nature structural biology 2003;10(8):607-613.

Costaguta G, Stefan CJ, Bensen ES, Emr SD, Payne GS. Yeast Gga coat proteins function with
clathrin in Golgi to endosome transport. Mol Biol Cell 2001;12(6):1885-1896.

Reggiori F, Pelham HR. Sorting of proteins into multivesicular bodies: ubiquitin-dependent and
-independent targeting. Embo J 2001;20(18):5176-5186.

Black MW, Pelham HR. A selective transport route from Golgi to late endosomes that requires
the yeast GGA proteins. J Cell Biol 2000;151(3):587-600.

Mullins C, Bonifacino JS. Structural requirements for function of yeast GGAs in vacuolar protein
sorting, alpha-factor maturation, and interactions with clathrin. Mol Cell Biol 2001;21(23):7981-
7994.

Donaldson JG, Jackson CL. Regulators and effectors of the ARF GTPases. Curr Opin Cell Biol
2000;12(4):475-482.

129



References

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

130

Shiba T, Kawasaki M, Takatsu H, Nogi T, Matsugaki N, Igarashi N, Suzuki M, Kato R, Nakayama
K, Wakatsuki S. Molecular mechanism of membrane recruitment of GGA by ARF in lysosomal
protein transport. Nature structural biology 2003;10(5):386-393.

Hinners I, Tooze SA. Changing directions: clathrin-mediated transport between the Golgi and
endosomes. J Cell Sci 2003;116(Pt 5):763-771.

Fernandez GE, Payne GS. Laalp, a conserved AP-1 accessory protein important for AP-1
localization in yeast. Mol Biol Cell 2006;17(7):3304-3317.

Jacques KM, Nie Z, Stauffer S, Hirsch DS, Chen LX, Stanley KT, Randazzo PA. Arf1 dissociates
from the clathrin adaptor GGA prior to being inactivated by Arf GTPase-activating proteins. J
Biol Chem 2002;277(49):47235-47241.

Puertollano R, van der Wel NN, Greene LE, Eisenberg E, Peters PJ, Bonifacino JS. Morphology
and dynamics of clathrin/GGA 1-coated carriers budding from the trans-Golgi network. Mol Biol
Cell 2003;14(4):1545-1557.

Copic A, Starr TL, Schekman R. Ent3p and EntSp exhibit cargo-specific functions in
trafficking proteins between the trans-Golgi network and the endosomes in yeast. Mol Biol Cell
2007;18(5):1803-1815.

Costaguta G, Duncan MC, Fernandez GE, Huang GH, Payne GS. Distinct roles for TGN/
endosome epsin-like adaptors Ent3p and Ent5p. Mol Biol Cell 2006;17(9):3907-3920.

Stack JH, DeWald DB, Takegawa K, Emr SD. Vesicle-mediated protein transport: regulatory
interactions between the Vps15 protein kinase and the Vps34 PtdIns 3-kinase essential for protein
sorting to the vacuole in yeast. J Cell Biol 1995;129(2):321-334.

Stack JH, Herman PK, Schu PV, Emr SD. A membrane-associated complex containing the Vps15
protein kinase and the Vps34 PI 3-kinase is essential for protein sorting to the yeast lysosome-like
vacuole. Embo J 1993;12(5):2195-2204.

Becherer KA, Rieder SE, Emr SD, Jones EW. Novel syntaxin homologue, Pep12p, required
for the sorting of lumenal hydrolases to the lysosome-like vacuole in yeast. Mol Biol Cell
1996;7(4):579-594.

von Mollard GF, Nothwehr SF, Stevens TH. The yeast v-SNARE Vtilp mediates two vesicle
transport pathways through interactions with the t-SNAREs Sed5p and Pepl2p. J Cell Biol
1997;137(7):1511-1524.

Horazdovsky BF, Busch GR, Emr SD. VPS21 encodes a rab5-like GTP binding protein that is
required for the sorting of yeast vacuolar proteins. Embo J 1994;13(6):1297-13009.

Piper RC, Whitters EA, Stevens TH. Yeast Vps45p is a Seclp-like protein required for the
consumption of vacuole-targeted, post-Golgi transport vesicles. European journal of cell biology
1994,65(2):305-318.

Subramanian S, Woolford CA, Jones EW. The Secl/Muncl8 protein, Vps33p, functions at the
endosome and the vacuole of Saccharomyces cerevisiae. Mol Biol Cell 2004;15(6):2593-2605.
Darsow T, Rieder SE, Emr SD. A multispecificity syntaxin homologue, Vam3p, essential for
autophagic and biosynthetic protein transport to the vacuole. J Cell Biol 1997;138(3):517-529.
Rieder SE, Emr SD. A novel RING finger protein complex essential for a late step in protein
transport to the yeast vacuole. Mol Biol Cell 1997;8(11):2307-2327.

Burd CG, Peterson M, Cowles CR, Emr SD. A novel Sec18p/NSF-dependent complex required
for Golgi-to-endosome transport in yeast. Mol Biol Cell 1997;8(6):1089-1104.

Bryant NJ, James DE. Vps45p stabilizes the syntaxin homologue Tlg2p and positively regulates
SNARE complex formation. Embo J 2001;20(13):3380-3388.



References

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

Bryant NJ, James DE. The Seclp/Muncl8 (SM) protein, Vps45p, cycles on and off membranes
during vesicle transport. J Cell Biol 2003;161(4):691-696.

Nichols BJ, Holthuis JC, Pelham HR. The Sec1p homologue Vps45p binds to the syntaxin Tlg2p.
European journal of cell biology 1998;77(4):263-268.

Hama H, Tall GG, Horazdovsky BF. Vps9p is a guanine nucleotide exchange factor involved in
vesicle-mediated vacuolar protein transport. J Biol Chem 1999;274(21):15284-15291.

Horazdovsky BF, Cowles CR, Mustol P, Holmes M, Emr SD. A novel RING finger protein,
Vps8p, functionally interacts with the small GTPase, Vps21p, to facilitate soluble vacuolar
protein localization. J Biol Chem 1996;271(52):33607-33615.

Chen YJ, Stevens TH. The VPS8 gene is required for localization and trafficking of the CPY
sorting receptor in Saccharomyces cerevisiae. European journal of cell biology 1996;70(4):289-
297.

Peplowska K, Markgraf DF, Ostrowicz CW, Bange G, Ungermann C. The CORVET tethering
complex interacts with the yeast Rab5 homolog Vps21 and is involved in endo-lysosomal
biogenesis. Dev Cell 2007;12(5):739-750.

Tall GG, Hama H, DeWald DB, Horazdovsky BF. The phosphatidylinositol 3-phosphate binding
protein Vaclp interacts with a Rab GTPase and a Sec1p homologue to facilitate vesicle-mediated
vacuolar protein sorting. Mol Biol Cell 1999;10(6):1873-1889.

Peterson MR, Emr SD. The class C Vps complex functions at multiple stages of the vacuolar
transport pathway. Traffic 2001;2(7):476-486.

Cowles CR, Snyder WB, Burd CG, Emr SD. Novel Golgi to vacuole delivery pathway in
yeast: identification of a sorting determinant and required transport component. Embo J
1997;16(10):2769-2782.

Piper RC, Bryant NJ, Stevens TH. The membrane protein alkaline phosphatase is delivered to the
vacuole by a route that is distinct from the VPS-dependent pathway. J Cell Biol 1997;138(3):531-
545.

Cowles CR, Odorizzi G, Payne GS, Emr SD. The AP-3 adaptor complex is essential for cargo-
selective transport to the yeast vacuole. Cell 1997;91(1):109-118.

Stepp JD, Huang K, Lemmon SK. The yeast adaptor protein complex, AP-3, is essential for the
efficient delivery of alkaline phosphatase by the alternate pathway to the vacuole. J Cell Biol
1997;139(7):1761-1774.

Panek HR, Stepp JD, Engle HM, Marks KM, Tan PK, Lemmon SK, Robinson LC. Suppressors
of YCK-encoded yeast casein kinase 1 deficiency define the four subunits of a novel clathrin AP-
like complex. Embo J 1997;16(14):4194-4204.

Simpson F, Peden AA, Christopoulou L, Robinson MS. Characterization of the adaptor-related
protein complex, AP-3. J Cell Biol 1997;137(4):835-845.

Vowels JJ, Payne GS. A dileucine-like sorting signal directs transport into an AP-3-dependent,
clathrin-independent pathway to the yeast vacuole. Embo J 1998;17(9):2482-2493.

Dell’ Angelica EC, Klumperman J, Stoorvogel W, Bonifacino JS. Association of the AP-3 adaptor
complex with clathrin. Science 1998;280(5362):431-434.

Wada Y, Ohsumi Y, Anraku Y. Genes for directing vacuolar morphogenesis in Saccharomyces
cerevisiae. 1. Isolation and characterization of two classes of vam mutants. J Biol Chem
1992;267(26):18665-18670.

Nakamura N, Hirata A, Ohsumi Y, Wada Y. Vam2/Vps41p and Vam6/Vps39p are components of

a protein complex on the vacuolar membranes and involved in the vacuolar assembly in the yeast
Saccharomyces cerevisiae. J Biol Chem 1997;272(17):11344-11349.

131



References

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

132

Roberts CJ, Nothwehr SF, Stevens TH. Membrane protein sorting in the yeast secretory pathway:
evidence that the vacuole may be the default compartment. J Cell Biol 1992;119(1):69-83.

Cooper A, Bussey H. Yeast Kexlp is a Golgi-associated membrane protein: deletions in a
cytoplasmic targeting domain result in mislocalization to the vacuolar membrane. J Cell Biol
1992;119(6):1459-1468.

Chen EJ, Kaiser CA. Amino acids regulate the intracellular trafficking of the general amino acid
permease of Saccharomycescerevisiae. Proc Natl Acad Sci U S A 2002;99(23):14837-14842.

Roberg KJ, Rowley N, Kaiser CA. Physiological regulation of membrane protein sorting late in
the secretory pathway of Saccharomyces cerevisiae. J Cell Biol 1997;137(7):1469-1482.

De Craene JO, Soetens O, Andre B. The Nprl kinase controls biosynthetic and endocytic sorting
of the yeast Gapl permease. J Biol Chem 2001;276(47):43939-43948.

Kuehn MJ, Schekman R, Ljungdahl PO. Amino acid permeases require COPII components and
the ER resident membrane protein Shr3p for packaging into transport vesicles in vitro. J Cell Biol
1996;135(3):585-595.

Gao M, Kaiser CA. A conserved GTPase-containing complex is required for intracellular sorting
of the general amino-acid permease in yeast. Nat Cell Biol 2006;8(7):657-667.

Helliwell SB, Losko S, Kaiser CA. Components of a ubiquitin ligase complex specify
polyubiquitination and intracellular trafficking of the general amino acid permease. J Cell Biol
2001;153(4):649-662.

Scott PM, Bilodeau PS, Zhdankina O, Winistorfer SC, Hauglund MJ, Allaman MM, Kearney
WR, Robertson AD, Boman AL, Piper RC. GGA proteins bind ubiquitin to facilitate sorting at
the trans-Golgi network. Nat Cell Biol 2004;6(3):252-259.

Luo W, Chang A. Novel genes involved in endosomal traffic in yeast revealed by suppression of
a targeting-defective plasma membrane ATPase mutant. J Cell Biol 1997;138(4):731-746.

Luo W, Chang A. An endosome-to-plasma membrane pathway involved in trafficking of a mutant
plasma membrane ATPase in yeast. Mol Biol Cell 2000;11(2):579-592.

Chang A, Fink GR. Targeting of the yeast plasma membrane [H+]ATPase: a novel gene AST1
prevents mislocalization of mutant ATPase to the vacuole. J Cell Biol 1995;128(1-2):39-49.

Pizzirusso M, Chang A. Ubiquitin-mediated targeting of a mutant plasma membrane ATPase,
Pmal-7, to the endosomal/vacuolar system in yeast. Mol Biol Cell 2004;15(5):2401-2409.

Bonifacino JS, Weissman AM. Ubiquitin and the control of protein fate in the secretory and
endocytic pathways. Annu Rev Cell Dev Biol 1998;14:19-57.

Ekena K, Vater CA, Raymond CK, Stevens TH. The VPS1 protein is a dynamin-like GTPase
required for sorting proteins to the yeast vacuole. Ciba Foundation symposium 1993;176:198-
211; discussion 211-194.

Wilsbach K, Payne GS. Vpslp, a member of the dynamin GTPase family, is necessary for Golgi
membrane protein retention in Saccharomyces cerevisiae. Embo J 1993;12(8):3049-3059.

Seeger M, Payne GS. A role for clathrin in the sorting of vacuolar proteins in the Golgi complex
of yeast. Embo J 1992;11(8):2811-2818.

Conibear E, Stevens TH. Vacuolar biogenesis in yeast: sorting out the sorting proteins. Cell
1995;83(4):513-516.

Damke H, Baba T, Warnock DE, Schmid SL. Induction of mutant dynamin specifically blocks
endocytic coated vesicle formation. J Cell Biol 1994;127(4):915-934.

Warnock DE, Schmid SL. Dynamin GTPase, a force-generating molecular switch. Bioessays
1996;18(11):885-893.



References

368.

369.

370.

371.

372.

373.

374.
375.

376.

371.

378.

379.

380.

381.

382.

383.

384.

385.

386.

Praefcke GJ, Ford MG, Schmid EM, Olesen LE, Gallop JL, Peak-Chew SY, Vallis Y, Babu MM,
Mills IG, McMahon HT. Evolving nature of the AP2 alpha-appendage hub during clathrin-coated
vesicle endocytosis. Embo J 2004;23(22):4371-4383.

Danino D, Hinshaw JE. Dynamin family of mechanoenzymes. Curr Opin Cell Biol 2001;13(4):454-
460.

Muhlberg AB, Warnock DE, Schmid SL. Domain structure and intramolecular regulation of
dynamin GTPase. Embo J 1997;16(22):6676-6683.

Nothwehr SF, Conibear E, Stevens TH. Golgi and vacuolar membrane proteins reach the vacuole
in vps1 mutant yeast cells via the plasma membrane. J Cell Biol 1995;129(1):35-46.

Weisman LS. Yeast vacuole inheritance and dynamics. Annual review of genetics 2003;37:435-
460.

Peters C, Baars TL, Buhler S, Mayer A. Mutual control of membrane fission and fusion proteins.
Cell 2004;119(5):667-678.

Antonny B. SNARE filtering by dynamin. Cell 2004;119(5):581-582.

Peplowska K, Ungermann C. Expanding dynamin: from fission to fusion. Nat Cell Biol
2005;7(2):103-104.

Eitzen G. Actin remodeling to facilitate membrane fusion. Biochim Biophys Acta 2003;1641(2-
3):175-181.

Eitzen G, Wang L, Thorngren N, Wickner W. Remodeling of organelle-bound actin is required
for yeast vacuole fusion. J Cell Biol 2002;158(4):669-679.

Yu X, Cai M. The yeast dynamin-related GTPase Vps1p functions in the organization of the actin
cytoskeleton via interaction with Slalp. J Cell Sci 2004;117(Pt 17):3839-3853.

Raths S, Rohrer J, Crausaz F, Riezman H. end3 and end4: two mutants defective in receptor-
mediated and fluid-phase endocytosis in Saccharomyces cerevisiae. J Cell Biol 1993;120(1):55-
65.

Blondel MO, Morvan J, Dupre S, Urban-Grimal D, Haguenauer-Tsapis R, Volland C. Direct
sorting of the yeast uracil permease to the endosomal system is controlled by uracil binding and
Rsp5Sp-dependent ubiquitylation. Mol Biol Cell 2004;15(2):883-895.

Hein C, Springael JY, Volland C, Haguenauer-Tsapis R, Andre B. NP11, an essential yeast gene
involved in induced degradation of Gap1 and Fur4 permeases, encodes the Rsp5 ubiquitin-protein
ligase. Mol Microbiol 1995;18(1):77-87.

Marchal C, Haguenauer-Tsapis R, Urban-Grimal D. Casein kinase [-dependent phosphorylation
within a PEST sequence and ubiquitination at nearby lysines signal endocytosis of yeast uracil
permease. J Biol Chem 2000;275(31):23608-23614.

Galan JM, Moreau V, Andre B, Volland C, Haguenauer-Tsapis R. Ubiquitination mediated by the
Npilp/Rsp5p ubiquitin-protein ligase is required for endocytosis of the yeast uracil permease. J
Biol Chem 1996;271(18):10946-10952.

Praefcke GJ, McMahon HT. The dynamin superfamily: universal membrane tubulation and
fission molecules? Nat Rev Mol Cell Biol 2004;5(2):133-147.

Gammie AE, Kurihara LJ, Vallee RB, Rose MD. DNM1, a dynamin-related gene, participates in
endosomal trafficking in yeast. J Cell Biol 1995;130(3):553-566.

Wada Y, Nakamura N, Ohsumi Y, Hirata A. Vam3p, a new member of syntaxin related protein, is
required for vacuolar assembly in the yeast Saccharomyces cerevisiae. J Cell Sci 1997;110 ( Pt
11):1299-1306.

133



References

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

134

Srivastava A, Jones EW. Pthl/Vam3p is the syntaxin homolog at the vacuolar membrane
of Saccharomyces cerevisiae required for the delivery of vacuolar hydrolases. Genetics
1998;148(1):85-98.

Sato TK, Darsow T, Emr SD. Vam7p, a SNAP-25-like molecule, and Vam3p, a syntaxin homolog,
function together in yeast vacuolar protein trafficking. Mol Cell Biol 1998;18(9):5308-5319.

Wada Y, Anraku Y. Genes for directing vacuolar morphogenesis in Saccharomyces cerevisiae.
II. VAM7, a gene for regulating morphogenic assembly of the vacuoles. J Biol Chem
1992;267(26):18671-18675.

Dilcher M, Kohler B, von Mollard GF. Genetic interactions with the yeast Q-SNARE VTI1
reveal novel functions for the R-SNARE YKT6. J Biol Chem 2001;276(37):34537-34544.

Kweon Y, Rothe A, Conibear E, Stevens TH. Ykt6p is a multifunctional yeast R-SNARE that is
required for multiple membrane transport pathways to the vacuole. Mol Biol Cell 2003;14(5):1868-
1881.

Nichols BJ, Ungermann C, Pelham HR, Wickner WT, Haas A. Homotypic vacuolar fusion
mediated by t- and v-SNARESs. Nature 1997;387(6629):199-202.

Schimmoller F, Riezman H. Involvement of Ypt7p, a small GTPase, in traffic from late endosome
to the vacuole in yeast. J Cell Sci 1993;106 ( Pt 3):823-830.

Price A, Seals D, Wickner W, Ungermann C. The docking stage of yeast vacuole fusion
requires the transfer of proteins from a cis-SNARE complex to a Rab/Ypt protein. J Cell Biol
2000;148(6):1231-1238.

Wurmser AE, Sato TK, Emr SD. New component of the vacuolar class C-Vps complex couples
nucleotide exchange on the Ypt7 GTPase to SNARE-dependent docking and fusion. J Cell Biol
2000;151(3):551-562.

Stroupe C, Collins KM, Fratti RA, Wickner W. Purification of active HOPS complex reveals its
affinities for phosphoinositides and the SNARE Vam7p. Embo J 2006;25(8):1579-1589.

Collins KM, Thorngren NL, Fratti RA, Wickner WT. Sec17p and HOPS, in distinct SNARE
complexes, mediate SNARE complex disruption orassembly for fusion. Embo J2005;24(10):1775-
1786.

Laage R, Ungermann C. The N-terminal domain of the t-SNARE Vam3p coordinates priming
and docking in yeast vacuole fusion. Mol Biol Cell 2001;12(11):3375-3385.

Seals DF, Eitzen G, Margolis N, Wickner WT, Price A. A Ypt/Rab effector complex containing
the Secl homolog Vps33p is required for homotypic vacuole fusion. Proc Natl Acad Sci U S A
2000;97(17):9402-9407.

Price A, Wickner W, Ungermann C. Proteins needed for vesicle budding from the Golgi complex
are also required for the docking step of homotypic vacuole fusion. J Cell Biol 2000;148(6):1223-
1229.

Rehling P, Darsow T, Katzmann DJ, Emr SD. Formation of AP-3 transport intermediates requires
Vps41 function. Nat Cell Biol 1999;1(6):346-353.

Wen W, Chen L, Wu H, Sun X, Zhang M, Banfield DK. Identification of the yeast R-SNARE
Nyvlp as a novel longin domain-containing protein. Mol Biol Cell 2006;17(10):4282-4299.
Radisky DC, Snyder WB, Emr SD, Kaplan J. Characterization of VPS41, a gene required
for vacuolar trafficking and high-affinity iron transport in yeast. Proc Natl Acad Sci U S A
1997;94(11):5662-5666.

Raymond CK, O‘Hara PJ, Eichinger G, Rothman JH, Stevens TH. Molecular analysis of the

yeast VPS3 gene and the role of its product in vacuolar protein sorting and vacuolar segregation
during the cell cycle. J Cell Biol 1990;111(3):877-892.



References

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

Raiborg C, Rusten TE, Stenmark H. Protein sorting into multivesicular endosomes. Curr Opin
Cell Biol 2003;15(4):446-455.

Hicke L, Dunn R. Regulation of membrane protein transport by ubiquitin and ubiquitin-binding
proteins. Annu Rev Cell Dev Biol 2003;19:141-172.

Katzmann DJ, Babst M, Emr SD. Ubiquitin-dependent sorting into the multivesicular body
pathway requires the function of a conserved endosomal protein sorting complex, ESCRT-I. Cell
2001;106(2):145-155.

Urbanowski JL, Piper RC. Ubiquitin sorts proteins into the intralumenal degradative compartment
of the late-endosome/vacuole. Traffic 2001;2(9):622-630.

Dunn R, Hicke L. Multiple roles for Rsp5Sp-dependent ubiquitination at the internalization step of
endocytosis. J Biol Chem 2001;276(28):25974-2598]1.

Wang G, McCaffery JM, Wendland B, Dupre S, Haguenauer-Tsapis R, Huibregtse JM.
Localization of the Rsp5p ubiquitin-protein ligase at multiple sites within the endocytic pathway.
Mol Cell Biol 2001;21(10):3564-3575.

Hicke L, Riezman H. Ubiquitination of a yeast plasma membrane receptor signals its ligand-
stimulated endocytosis. Cell 1996;84(2):277-287.

Katzmann DJ, Sarkar S, Chu T, Audhya A, Emr SD. Multivesicular body sorting: ubiquitin
ligase Rsp5 is required for the modification and sorting of carboxypeptidase S. Mol Biol Cell
2004;15(2):468-480.

Soetens O, De Craene JO, Andre B. Ubiquitin is required for sorting to the vacuole of the yeast
general amino acid permease, Gapl. J Biol Chem 2001;276(47):43949-43957.

Dunn R, Hicke L. Domains of the Rsp5 ubiquitin-protein ligase required for receptor-mediated
and fluid-phase endocytosis. Mol Biol Cell 2001;12(2):421-435.

DunnR, Klos DA, Adler AS, Hicke L. The C2 domain of the Rsp5 ubiquitin ligase binds membrane
phosphoinositides and directs ubiquitination of endosomal cargo. J Cell Biol 2004;165(1):135-
144.

Raymond CK, Howald-Stevenson I, Vater CA, Stevens TH. Morphological classification of the
yeast vacuolar protein sorting mutants: evidence for a prevacuolar compartment in class E vps
mutants. Mol Biol Cell 1992;3(12):1389-1402.

Babst M, Katzmann DJ, Estepa-Sabal EJ, Meerloo T, Emr SD. Escrt-I1I: an endosome-associated
heterooligomeric protein complex required for mvb sorting. Dev Cell 2002;3(2):271-282.

Babst M, Katzmann DJ, Snyder WB, Wendland B, Emr SD. Endosome-associated complex,
ESCRT-II, recruits transport machinery for protein sorting at the multivesicular body. Dev Cell
2002;3(2):283-289.

Bilodeau PS, Urbanowski JL, Winistorfer SC, Piper RC. The Vps27p Hselp complex binds
ubiquitin and mediates endosomal protein sorting. Nat Cell Biol 2002;4(7):534-539.

Bowers K, Lottridge J, Helliwell SB, Goldthwaite LM, Luzio JP, Stevens TH. Protein-protein
interactions of ESCRT complexes in the yeast Saccharomyces cerevisiae. Traffic 2004;5(3):194-
210.

Hurley JH, Emr SD. The ESCRT complexes: structure and mechanism of a membrane-trafficking
network. Annual review of biophysics and biomolecular structure 2006;35:277-298.

Bowers K, Levi BP, Patel FI, Stevens TH. The sodium/proton exchanger Nhx1p is required

for endosomal protein trafficking in the yeast Saccharomyces cerevisiae. Mol Biol Cell
2000;11(12):4277-4294.

135



423.

424.

425.

426.

427.

428.

4209.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.
440.

136

Nass R, Rao R. Novel localization of a Na+/H+ exchanger in a late endosomal compartment of
yeast. Implications for vacuole biogenesis. J Biol Chem 1998;273(33):21054-21060.

Shih SC, Katzmann DJ, Schnell JD, Sutanto M, Emr SD, Hicke L. Epsins and Vps27p/Hrs contain
ubiquitin-binding domains that function in receptor endocytosis. Nat Cell Biol 2002;4(5):389-
393.

Katzmann DJ, Stefan CJ, Babst M, Emr SD. Vps27 recruits ESCRT machinery to endosomes
during MVB sorting. J Cell Biol 2003;162(3):413-423.

Eugster A, Pecheur EI, Michel F, Winsor B, Letourneur F, Friant S. Ent5p is required with Ent3p
and Vps27p for ubiquitin-dependent protein sorting into the multivesicular body. Mol Biol Cell
2004;15(7):3031-3041.

Bilodeau PS, Winistorfer SC, Kearney WR, Robertson AD, Piper RC. Vps27-Hsel and ESCRT-I
complexes cooperate to increase efficiency of sorting ubiquitinated proteins at the endosome. J
Cell Biol 2003;163(2):237-243.

Teo H, Perisic O, Gonzalez B, Williams RL. ESCRT-II, an endosome-associated complex required
for protein sorting: crystal structure and interactions with ESCRT-III and membranes. Dev Cell
2004;7(4):559-569.

Alam SL, Sun J, Payne M, Welch BD, Blake BK, Davis DR, Meyer HH, Emr SD, Sundquist W1.
Ubiquitin interactions of NZF zinc fingers. Embo J 2004;23(7):1411-1421.

Shiflett SL, Ward DM, Huynh D, Vaughn MB, Simmons JC, Kaplan J. Characterization of Vtalp,
a class E Vps protein in Saccharomyces cerevisiae. J Biol Chem 2004;279(12):10982-10990.

Luhtala N, Odorizzi G. Brol coordinates deubiquitination in the multivesicular body pathway by
recruiting Doa4 to endosomes. J Cell Biol 2004;166(5):717-729.

Odorizzi G, Katzmann DJ, Babst M, Audhya A, Emr SD. Brol is an endosome-associated
protein that functions in the MVB pathway in Saccharomyces cerevisiae. J Cell Sci 2003;116(Pt
10):1893-1903.

Dupre S, Haguenauer-Tsapis R. Deubiquitination step in the endocytic pathway of yeast plasma
membrane proteins: crucial role of Doa4p ubiquitin isopeptidase. Mol Cell Biol 2001;21(14):4482-
4494.

Babst M, Sato TK, Banta LM, Emr SD. Endosomal transport function in yeast requires a novel
AAA-type ATPase, Vps4p. Embo J 1997;16(8):1820-1831.

Babst M, Wendland B, Estepa EJ, Emr SD. The Vps4p AAA ATPase regulates membrane
association of a Vps protein complex required for normal endosome function. Embo J
1998;17(11):2982-2993.

Horazdovsky BF, Davies BA, Seaman MN, McLaughlin SA, Yoon S, Emr SD. A sorting nexin-
1 homologue, Vps5p, forms a complex with Vps17p and is required for recycling the vacuolar
protein-sorting receptor. Mol Biol Cell 1997;8(8):1529-1541.

Nothwehr SF, Hindes AE. The yeast VPS5/GRD2 gene encodes a sorting nexin-1-like protein
required for localizing membrane proteins to the late Golgi. J Cell Sci 1997;110 ( Pt 9):1063-
1072.

Seaman MN, McCaffery JM, Emr SD. A membrane coat complex essential for endosome-to-
Golgi retrograde transport in yeast. J Cell Biol 1998;142(3):665-681.

Seaman MN. Recycle your receptors with retromer. Trends Cell Biol 2005;15(2):68-75.

Nothwehr SF, Ha SA, Bruinsma P. Sorting of yeast membrane proteins into an endosome-to-
Golgi pathway involves direct interaction of their cytosolic domains with Vps35p. J Cell Biol
2000;151(2):297-310.



441.

442.

443,

444,

445.

446.

447.

448.

449

450.

451.

452.

453.

454.

455.

456.

457.

458.

459.

Nothwehr SF, Bruinsma P, Strawn LA. Distinct domains within Vps35p mediate the retrieval of
two different cargo proteins from the yeast prevacuolar/endosomal compartment. Mol Biol Cell
1999;10(4):875-890.

Reddy JV, Seaman MN. Vps26p, a component of retromer, directs the interactions of Vps35p in
endosome-to-Golgi retrieval. Mol Biol Cell 2001;12(10):3242-3256.

Seaman MN, Williams HP. Identification of the functional domains of yeast sorting nexins Vps5p
and Vps17p. Mol Biol Cell 2002;13(8):2826-2840.

Sato TK, Overduin M, Emr SD. Location, location, location: membrane targeting directed by PX
domains. Science 2001;294(5548):1881-1885.

Yu JW, Lemmon MA. All phox homology (PX) domains from Saccharomyces cerevisiae
specifically recognize phosphatidylinositol 3-phosphate. J Biol Chem 2001;276(47):44179-
44184.

Burd CG, Babst M, Emr SD. Novel pathways, membrane coats and PI kinase regulation in yeast
lysosomal trafficking. Semin Cell Dev Biol 1998;9(5):527-533.

Burda P, Padilla SM, Sarkar S, Emr SD. Retromer function in endosome-to-Golgi retrograde
transport is regulated by the yeast Vps34 PtdIns 3-kinase. J Cell Sci 2002;115(Pt 20):3889-
3900.

Carlton J, Bujny M, Peter BJ, Oorschot VM, Rutherford A, Mellor H, Klumperman J, McMahon
HT, Cullen PJ. Sorting nexin-1 mediates tubular endosome-to-TGN transport through coincidence
sensing of high- curvature membranes and 3-phosphoinositides. Curr Biol 2004;14(20):1791-
1800.

Peter BJ, Kent HM, Mills IG, Vallis Y, Butler PJ, Evans PR, McMahon HT. BAR domains as
sensors of membrane curvature: the amphiphysin BAR structure. Science 2004;303(5657):495-
499.

Zhong Q, Lazar CS, Tronchere H, Sato T, Meerloo T, Yeo M, Songyang Z, Emr SD, Gill
GN. Endosomal localization and function of sorting nexin 1. Proc Natl Acad Sci U S A
2002;99(10):6767-6772.

Kurten RC, Eddington AD, Chowdhury P, Smith RD, Davidson AD, Shank BB. Self-assembly
and binding of a sorting nexin to sorting endosomes. J Cell Sci 2001;114(Pt 9):1743-1756.
Bonifacino JS, Rojas R. Retrograde transport from endosomes to the trans-Golgi network. Nat
Rev Mol Cell Biol 2006;7(8):568-579.

Hettema EH, Lewis MJ, Black MW, Pelham HR. Retromer and the sorting nexins Snx4/41/42
mediate distinct retrieval pathways from yeast endosomes. Embo J 2003;22(3):548-557.

Conibear E, Cleck JN, Stevens TH. Vps51p mediates the association of the GARP (Vps52/53/54)
complex with the late Golgi t-SNARE Tlglp. Mol Biol Cell 2003;14(4):1610-1623.

Conibear E, Stevens TH. Vps52p, Vps53p, and Vps54p form a novel multisubunit complex
required for protein sorting at the yeast late Golgi. Mol Biol Cell 2000;11(1):305-323.
Siniossoglou S, Pelham HR. An effector of Ypt6p binds the SNARE Tlglp and mediates selective
fusion of vesicles with late Golgi membranes. Embo J 2001;20(21):5991-5998.

Luo Z, Gallwitz D. Biochemical and genetic evidence for the involvement of yeast Ypt6-GTPase
in protein retrieval to different Golgi compartments. J Biol Chem 2003;278(2):791-799.

Oka T, Krieger M. Multi-component protein complexes and Golgi membrane trafficking. J
Biochem (Tokyo) 2005;137(2):109-114.

Whyte JR, Munro S. The Sec34/35 Golgi transport complex is related to the exocyst, defining
a family of complexes involved in multiple steps of membrane traffic. Dev Cell 2001;1(4):527-
537.

137



460.

461.

462.

463.

464.

465.

466.

467.
468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

480.

138

Ungar D, Oka T, Krieger M, Hughson FM. Retrograde transport on the COG railway. Trends Cell
Biol 2006;16(2):113-120.

Fotso P, Koryakina Y, Pavliv O, Tsiomenko AB, Lupashin VV. Coglp plays a central role in the
organization of the yeast conserved oligomeric Golgi complex. J Biol Chem 2005;280(30):27613-
27623.

Sacher M, Barrowman J, Wang W, Horecka J, Zhang Y, Pypaert M, Ferro-Novick S. TRAPP |
implicated in the specificity of tethering in ER-to-Golgi transport. Mol Cell 2001;7(2):433-442.
Cai H, Zhang Y, Pypaert M, Walker L, Ferro-Novick S. Mutants in trs120 disrupt traffic from the
early endosome to the late Golgi. J Cell Biol 2005;171(5):823-833.

Miller EA. Vesicle tethering: TRAPPing transport carriers. Curr Biol 2007;17(6):R211-213.
Morozova N, Liang Y, Tokarev AA, Chen SH, Cox R, Andrejic J, Lipatova Z, Sciorra VA, Emr

SD, Segev N. TRAPPII subunits are required for the specificity switch of a Ypt-Rab GEF. Nat
Cell Biol 2006;8(11):1263-1269.

Grote E, Carr CM, Novick PJ. Ordering the final events in yeast exocytosis. J Cell Biol
2000;151(2):439-452.

Delacour D, Jacob R. Apical protein transport. Cell Mol Life Sci 2006;63(21):2491-2505.
Mostov KE, Verges M, Altschuler Y. Membrane traffic in polarized epithelial cells. Curr Opin
Cell Biol 2000;12(4):483-490.

Rodriguez-Boulan E, Kreitzer G, Musch A. Organization of vesicular trafficking in epithelia. Nat
Rev Mol Cell Biol 2005;6(3):233-247.

Folsch H. The building blocks for basolateral vesicles in polarized epithelial cells. Trends Cell
Biol 2005;15(4):222-228.

Musch A, Xu H, Shields D, Rodriguez-Boulan E. Transport of vesicular stomatitis virus G
protein to the cell surface is signal mediated in polarized and nonpolarized cells. J Cell Biol
1996;133(3):543-558.

Yoshimori T, Keller P, Roth MG, Simons K. Different biosynthetic transport routes to the plasma
membrane in BHK and CHO cells. J Cell Biol 1996;133(2):247-256.

Mulholland J, Wesp A, Riezman H, Botstein D. Yeast actin cytoskeleton mutants accumulate a
new class of Golgi-derived secretary vesicle. Mol Biol Cell 1997;8(8):1481-1499.

Walworth NC, Novick PJ. Purification and characterization of constitutive secretory vesicles
from yeast. J Cell Biol 1987;105(1):163-174.

Novick P, Schekman R. Export of major cell surface proteins is blocked in yeast secretory
mutants. J Cell Biol 1983;96(2):541-547.

Chang A, Slayman CW. Maturation of the yeast plasma membrane [H+]ATPase involves
phosphorylation during intracellular transport. J Cell Biol 1991;115(2):289-295.

Gall WE, Geething NC, Hua Z, Ingram MF, Liu K, Chen SI, Graham TR. Drs2p-dependent
formation of exocytic clathrin-coated vesicles in vivo. Curr Biol 2002;12(18):1623-1627.

Hua Z, Fatheddin P, Graham TR. An essential subfamily of Drs2p-related P-type ATPases is
required for protein trafficking between Golgi complex and endosomal/vacuolar system. Mol
Biol Cell 2002;13(9):3162-3177.

Brown PS, Wang E, Aroeti B, Chapin SJ, Mostov KE, Dunn KW. Definition of distinct
compartments in polarized Madin-Darby canine kidney (MDCK) cells for membrane-volume
sorting, polarized sorting and apical recycling. Traffic 2000;1(2):124-140.

Hannah MJ, Schmidt AA, Huttner WB. Synaptic vesicle biogenesis. Annu Rev Cell Dev Biol
1999;15:733-798.



481.
482.

483.

484.

485.

486.
487.

488.

489.

490.

491.

492.

493.

494,

495.

496.

497.

498.

499.

500.

Mellman I. Endocytosis and molecular sorting. Annu Rev Cell Dev Biol 1996;12:575-625.

Futter CE, Connolly CN, Cutler DF, Hopkins CR. Newly synthesized transferrin receptors can be
detected in the endosome before they appear on the cell surface. J Biol Chem 1995;270(18):10999-
11003.

Leitinger B, Hille-Rehfeld A, Spiess M. Biosynthetic transport of the asialoglycoprotein receptor
H1 to the cell surface occurs via endosomes. Proc Natl Acad Sci U S A 1995;92(22):10109-
10113.

Turley SJ, Inaba K, Garrett WS, Ebersold M, Unternaehrer J, Steinman RM, Mellman I. Transport
of peptide-MHC class II complexes in developing dendritic cells. Science 2000;288(5465):522-
5217.

Wolf PR, Ploegh HL. How MHC class II molecules acquire peptide cargo: biosynthesis and
trafficking through the endocytic pathway. Annu Rev Cell Dev Biol 1995;11:267-306.

Piper RC. Successful transporter gets an EGO boost. Dev Cell 2006;11(1):6-7.

Seaman MN. Endosome sorting: GSE complex minds the Gap. Nat Cell Biol 2006;8(7):648-
649.

Uetz P, Giot L, Cagney G, Mansfield TA, Judson RS, Knight JR, Lockshon D, Narayan V,
Srinivasan M, Pochart P, Qureshi-Emili A, Li Y, Godwin B, Conover D, Kalbfleisch T, et al.
A comprehensive analysis of protein-protein interactions in Saccharomyces cerevisiae. Nature
2000;403(6770):623-627.

Worby CA, Dixon JE. Sorting out the cellular functions of sorting nexins. Nat Rev Mol Cell Biol
2002;3(12):919-931.

Casamayor A, Snyder M. Bud-site selection and cell polarity in budding yeast. Curr Opin
Microbiol 2002;5(2):179-186.

Finger FP, Novick P. Spatial regulation of exocytosis: lessons from yeast. J Cell Biol
1998;142(3):609-612.

Pruyne D, Bretscher A. Polarization of cell growth in yeast II. The role of the cortical actin
cytoskeleton. J Cell Sci 2000;113 ( Pt 4):571-585.

Pruyne D, Bretscher A. Polarization of cell growth in yeast. I. Establishment and maintenance of
polarity states. J Cell Sci 2000;113 ( Pt 3):365-375.

Moseley JB, Goode BL. The yeast actin cytoskeleton: from cellular function to biochemical
mechanism. Microbiol Mol Biol Rev 2006;70(3):605-645.

Mallik R, Gross SP. Molecular motors: strategies to get along. Curr Biol 2004;14(22):R971-
982.

Small JV, Kaverina I. Microtubules meet substrate adhesions to arrange cell polarity. Curr Opin
Cell Biol 2003;15(1):40-47.

Karpova TS, McNally JG, Moltz SL, Cooper JA. Assembly and function of the actin cytoskeleton
of yeast: relationships between cables and patches. J Cell Biol 1998;142(6):1501-1517.

Okada K, Ravi H, Smith EM, Goode BL. Aipl and cofilin promote rapid turnover of yeast actin
patches and cables: a coordinated mechanism for severing and capping filaments. Mol Biol Cell
2006;17(7):2855-2868.

Yu R, Ono S. Dual roles of tropomyosin as an F-actin stabilizer and a regulator of muscle
contraction in Caenorhabditis elegans body wall muscle. Cell motility and the cytoskeleton
2006;63(11):659-672.

Bidlingmaier S, Snyder M. Regulation of polarized growth initiation and termination cycles by
the polarisome and Cdc42 regulators. J Cell Biol 2004;164(2):207-218.

139



References

501.

502.

503.

504.

505.

506.

507.

508.

509.

510.

S11.

512.

513.

514.

515.

516.

517.

518.

140

Zheng Y, Cerione R, Bender A. Control of the yeast bud-site assembly GTPase Cdc42. Catalysis
of guanine nucleotide exchange by Cdc24 and stimulation of GTPase activity by Bem3. J Biol
Chem 1994;269(4):2369-2372.

Toenjes KA, Sawyer MM, Johnson DI. The guanine-nucleotide-exchange factor Cdc24p is
targeted to the nucleus and polarized growth sites. Curr Biol 1999;9(20):1183-1186.

Ziman M, Preuss D, Mulholland J, O’Brien JM, Botstein D, Johnson DI. Subcellular localization
of Cdc42p, a Saccharomyces cerevisiae GTP-binding protein involved in the control of cell
polarity. Mol Biol Cell 1993;4(12):1307-1316.

Johnson DI. Cdc42: An essential Rho-type GTPase controlling eukaryotic cell polarity. Microbiol
Mol Biol Rev 1999;63(1):54-105.

Irazoqui JE, Gladfelter AS, Lew DJ. Cdc42p, GTP hydrolysis, and the cell’s sense of direction.
Cell cycle (Georgetown, Tex 2004;3(7):861-864.

Etienne-Manneville S. Cdc42--the centre of polarity. J Cell Sci 2004;117(Pt 8):1291-1300.

Adams AE, Johnson DI, Longnecker RM, Sloat BF, Pringle JR. CDC42 and CDC43, two additional
genes involved in budding and the establishment of cell polarity in the yeast Saccharomyces
cerevisiae. J Cell Biol 1990;111(1):131-142.

Koch G, Tanaka K, Masuda T, Yamochi W, Nonaka H, Takai Y. Association of the Rho family
small GTP-binding proteins with Rho GDP dissociation inhibitor (Rho GDI) in Saccharomyces
cerevisiae. Oncogene 1997;15(4):417-422.

Stevenson BJ, Ferguson B, De Virgilio C, Bi E, Pringle JR, Ammerer G, Sprague GF, Jr. Mutation
of RGAI, which encodes a putative GTPase-activating protein for the polarity-establishment
protein Cdc42p, activates the pheromone-response pathway in the yeast Saccharomyces
cerevisiae. Genes & development 1995;9(23):2949-2963.

Ziman M, O’Brien JM, Ouellette LA, Church WR, Johnson DI. Mutational analysis of CDC42Sc,
a Saccharomyces cerevisiae gene that encodes a putative GTP-binding protein involved in the
control of cell polarity. Mol Cell Biol 1991;11(7):3537-3544.

Barale S, McCusker D, Arkowitz RA. Cdc42p GDP/GTP cycling is necessary for efficient cell
fusion during yeast mating. Mol Biol Cell 2006;17(6):2824-2838.

Eby JJ, Holly SP, van Drogen F, Grishin AV, Peter M, Drubin DG, Blumer KJ. Actin cytoskeleton
organization regulated by the PAK family of protein kinases. Curr Biol 1998;8(17):967-970.

Holly SP, Blumer KJ. PAK-family kinases regulate cell and actin polarization throughout the cell
cycle of Saccharomyces cerevisiae. J Cell Biol 1999;147(4):845-856.

Lamson RE, Winters MJ, Pryciak PM. Cdc42 regulation of kinase activity and signaling by the
yeast p21-activated kinase Ste20. Mol Cell Biol 2002;22(9):2939-2951.

Peterson J, Zheng Y, Bender L, Myers A, Cerione R, Bender A. Interactions between the
bud emergence proteins Bemlp and Bem2p and Rho-type GTPases in yeast. J Cell Biol
1994;127(5):1395-1406.

Ayscough KR, Drubin DG. A role for the yeast actin cytoskeleton in pheromone receptor
clustering and signalling. Curr Biol 1998;8(16):927-930.
Ayscough KR, Stryker J, Pokala N, Sanders M, Crews P, Drubin DG. High rates of actin filament

turnover in budding yeast and roles for actin in establishment and maintenance of cell polarity
revealed using the actin inhibitor latrunculin-A. J Cell Biol 1997;137(2):399-416.

Bender A. Genetic evidence for the roles of the bud-site-selection genes BUDS and BUD2 in
control of the Rsrlp (Budlp) GTPase in yeast. Proc Natl Acad Sci U S A 1993;90(21):9926-
9929.



References

519.

520.

521.

522.

523.

524.

525.

526.

527.

528.

529.

530.

531.

532.

533.

534.

535.

Kawasaki R, Fujimura-Kamada K, Toi H, Kato H, Tanaka K. The upstream regulator, Rsrlp,
and downstream effectors, Giclp and Gic2p, of the Cdc42p small GTPase coordinately regulate
initiation of budding in Saccharomyces cerevisiae. Genes Cells 2003;8(3):235-250.

Zheng Y, Bender A, Cerione RA. Interactions among proteins involved in bud-site selection and
bud-site assembly in Saccharomyces cerevisiae. J Biol Chem 1995;270(2):626-630.

Sheu YJ, Santos B, Fortin N, Costigan C, Snyder M. Spa2p interacts with cell polarity proteins
and signaling components involved in yeast cell morphogenesis. Mol Cell Biol 1998;18(7):4053-
40609.

Zahner JE, Harkins HA, Pringle JR. Genetic analysis of the bipolar pattern of bud site selection
in the yeast Saccharomyces cerevisiae. Mol Cell Biol 1996;16(4):1857-1870.

Ozaki-Kuroda K, Yamamoto Y, Nohara H, Kinoshita M, Fujiwara T, Irie K, Takai Y. Dynamic
localization and function of Bnilp at the sites of directed growth in Saccharomyces cerevisiae.
Mol Cell Biol 2001;21(3):827-839.

Kovar DR, Harris ES, Mahaffy R, Higgs HN, Pollard TD. Control of the assembly of ATP- and
ADP-actin by formins and profilin. Cell 2006;124(2):423-435.

Kohno H, Tanaka K, Mino A, Umikawa M, Imamura H, Fujiwara T, Fujita Y, Hotta K, Qadota
H, Watanabe T, Ohya Y, Takai Y. Bnilp implicated in cytoskeletal control is a putative target
of Rholp small GTP binding protein in Saccharomyces cerevisiae. Embo J 1996;15(22):6060-
6068.

Evangelista M, Blundell K, Longtine MS, Chow CJ, Adames N, Pringle JR, Peter M, Boone C.
Bnilp, a yeast formin linking cdc42p and the actin cytoskeleton during polarized morphogenesis.
Science 1997;276(5309):118-122.

Umikawa M, Tanaka K, Kamei T, Shimizu K, Imamura H, Sasaki T, Takai Y. Interaction of
Rholp target Bnilp with F-actin-binding elongation factor lalpha: implication in Rholp-
regulated reorganization of the actin cytoskeleton in Saccharomyces cerevisiae. Oncogene
1998;16(15):2011-2016.

Imamura H, Tanaka K, Hihara T, Umikawa M, Kamei T, Takahashi K, Sasaki T, Takai Y. Bnilp
and Bnrlp: downstream targets of the Rho family small G-proteins which interact with profilin
and regulate actin cytoskeleton in Saccharomyces cerevisiae. Embo J 1997;16(10):2745-2755.

Valtz N, Herskowitz I. Pea2 protein of yeast is localized to sites of polarized growth and is
required for efficient mating and bipolar budding. J Cell Biol 1996;135(3):725-739.

Sheu YJ, Barral Y, Snyder M. Polarized growth controls cell shape and bipolar bud site selection
in Saccharomyces cerevisiae. Mol Cell Biol 2000;20(14):5235-5247.

Roemer T, Vallier L, Sheu YJ, Snyder M. The Spa2-related protein, Sphlp, is important for
polarized growth in yeast. J Cell Sci 1998;111 ( Pt 4):479-494.

Fujiwara T, Tanaka K, Mino A, Kikyo M, Takahashi K, Shimizu K, Takai Y. Rholp-Bnilp-
Spa2p interactions: implication in localization of Bnilp at the bud site and regulation of the actin
cytoskeleton in Saccharomyces cerevisiac. Mol Biol Cell 1998;9(5):1221-1233.

Amberg DC, Zahner JE, Mulholland JW, Pringle JR, Botstein D. Aip3p/Bud6p, a yeast actin-
interacting protein that is involved in morphogenesis and the selection of bipolar budding sites.
Mol Biol Cell 1997;8(4):729-753.

Ridley AJ. Rho-related proteins: actin cytoskeleton and cell cycle. Current opinion in genetics &
development 1995;5(1):24-30.

Hirata D, Nakano K, Fukui M, Takenaka H, Miyakawa T, Mabuchi I. Genes that cause aberrant
cell morphology by overexpression in fission yeast: a role of a small GTP-binding protein Rho2
in cell morphogenesis. J Cell Sci 1998;111 ( Pt 2):149-159.

141



References

536.

537.

538.

539.

540.

541.

542.

543.

544.

545.

546.

547.

548.

549.

550.

551.

552.

553.

554.

142

Nakano K, Arai R, Mabuchi I. The small GTP-binding protein Rhol is a multifunctional
protein that regulates actin localization, cell polarity, and septum formation in the fission yeast
Schizosaccharomyces pombe. Genes Cells 1997;2(11):679-694.

Cabib E, Drgonova J, Drgon T. Role of small G proteins in yeast cell polarization and wall
biosynthesis. Annu Rev Biochem 1998;67:307-333.

Yamochi W, Tanaka K, Nonaka H, Maeda A, Musha T, Takai Y. Growth site localization of Rhol
small GTP-binding protein and its involvement in bud formation in Saccharomyces cerevisiae. J
Cell Biol 1994;125(5):1077-1093.

Schmidt A, Hall MN. Signaling to the actin cytoskeleton. Annu Rev Cell Dev Biol 1998;14:305-
338.

Matsui Y, Toh EA. Yeast RHO3 and RHO4 ras superfamily genes are necessary for bud growth,
and their defect is suppressed by a high dose of bud formation genes CDC42 and BEM1. Mol
Cell Biol 1992;12(12):5690-5699.

Adamo JE, Rossi G, Brennwald P. The Rho GTPase Rho3 has a direct role in exocytosis that is
distinct from its role in actin polarity. Mol Biol Cell 1999;10(12):4121-4133.

Robinson NG, Guo L, Imai J, Toh EA, Matsui Y, Tamanoi F. Rho3 of Saccharomyces cerevisiae,
which regulates the actin cytoskeleton and exocytosis, is a GTPase which interacts with Myo2
and Ex070. Mol Cell Biol 1999;19(5):3580-3587.

Johnston GC, Prendergast JA, Singer RA. The Saccharomyces cerevisiac MYO2 gene encodes
an essential myosin for vectorial transport of vesicles. J Cell Biol 1991;113(3):539-551.
Mermall V, Post PL, Mooseker MS. Unconventional myosins in cell movement, membrane
traffic, and signal transduction. Science 1998;279(5350):527-533.

Brockerhoff SE, Stevens RC, Davis TN. The unconventional myosin, Myo2p, is a calmodulin
target at sites of cell growth in Saccharomyces cerevisiae. J Cell Biol 1994;124(3):315-323.
Reck-Peterson SL, Novick PJ, Mooseker MS. The tail of a yeast class V myosin, myo2p, functions
as a localization domain. Mol Biol Cell 1999;10(4):1001-1017.

Schott D, Ho J, Pruyne D, Bretscher A. The COOH-terminal domain of Myo2p, a yeast myosin
V, has a direct role in secretory vesicle targeting. J Cell Biol 1999;147(4):791-808.

Stevens RC, Davis TN. Mlclp is a light chain for the unconventional myosin Myo2p in
Saccharomyces cerevisiae. J Cell Biol 1998;142(3):711-722.

Bielli P, Casavola EC, Biroccio A, Urbani A, Ragnini-Wilson A. GTP drives myosin light chain 1
interaction with the class V myosin Myo2 IQ motifs via a Sec2 RabGEF-mediated pathway. Mol
Microbiol 2006;59(5):1576-1590.

Mehta AD, Rock RS, Rief M, Spudich JA, Mooseker MS, Cheney RE. Myosin-V is a processive
actin-based motor. Nature 1999;400(6744):590-593.

Pruyne DW, Schott DH, Bretscher A. Tropomyosin-containing actin cables direct the Myo2p-
dependent polarized delivery of secretory vesicles in budding yeast. J Cell Biol 1998;143(7):1931-
1945.

Govindan B, Bowser R, Novick P. The role of Myo2, a yeast class V myosin, in vesicular transport.
J Cell Biol 1995;128(6):1055-1068.

Karpova TS, Reck-Peterson SL, Elkind NB, Mooseker MS, Novick PJ, Cooper JA. Role of
actin and Myo2p in polarized secretion and growth of Saccharomyces cerevisiae. Mol Biol Cell
2000;11(5):1727-1737.

Liu H, Bretscher A. Characterization of TPM1 disrupted yeast cells indicates an involvement of
tropomyosin in directed vesicular transport. J Cell Biol 1992;118(2):285-299.



References

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

570.

571.

572.

573.

Lillie SH, Brown SS. Immunofluorescence localization of the unconventional myosin, Myo2p,
and the putative kinesin-related protein, Smylp, to the same regions of polarized growth in
Saccharomyces cerevisiae. J Cell Biol 1994;125(4):825-842.

Imai J, Toh-e A, Matsui Y. Genetic analysis of the Saccharomyces cerevisiae RHO3 gene,
encoding a rho-type small GTPase, provides evidence for a role in bud formation. Genetics
1996;142(2):359-3609.

Lillie SH, Brown SS. Suppression of a myosin defect by a kinesin-related gene. Nature
1992;356(6367):358-361.

Lillie SH, Brown SS. Smy1p, a kinesin-related protein that does not require microtubules. J Cell
Biol 1998;140(4):873-883.

Goud B, Salminen A, Walworth NC, Novick PJ. A GTP-binding protein required for secretion
rapidly associates with secretory vesicles and the plasma membrane in yeast. Cell 1988;53(5):753-
768.

Kabcenell AK, Goud B, Northup JK, Novick PJ. Binding and hydrolysis of guanine nucleotides
by Secdp, a yeast protein involved in the regulation of vesicular traffic. J Biol Chem
1990;265(16):9366-9372.

Salminen A, Novick PJ. A ras-like protein is required for a post-Golgi event in yeast secretion.
Cell 1987;49(4):527-538.

Walch-Solimena C, Collins RN, Novick PJ. Sec2p mediates nucleotide exchange on Sec4p and
is involved in polarized delivery of post-Golgi vesicles. J Cell Biol 1997;137(7):1495-1509.

Itzen A, Rak A, Goody RS. Sec2 is a highly efficient exchange factor for the Rab protein Sec4. J
Mol Biol 2007;365(5):1359-1367.

Novick P, Medkova M, Dong G, Hutagalung A, Reinisch K, Grosshans B. Interactions between
Rabs, tethers, SNARESs and their regulators in exocytosis. Biochem Soc Trans 2006;34(Pt 5):683-
686.

Benli M, Doring F, Robinson DG, Yang X, Gallwitz D. Two GTPase isoforms, Ypt31p and
Ypt32p, are essential for Golgi function in yeast. Embo J 1996;15(23):6460-6475.

Jedd G, Mulholland J, Segev N. Two new Ypt GTPases are required for exit from the yeast trans-
Golgi compartment. J Cell Biol 1997;137(3):563-580.

Ortiz D, Medkova M, Walch-Solimena C, Novick P. Ypt32 recruits the Sec4p guanine nucleotide

exchange factor, Sec2p, to secretory vesicles; evidence for a Rab cascade in yeast. J Cell Biol
2002;157(6):1005-1015.

Medkova M, France YE, Coleman J, Novick P. The rab exchange factor Sec2p reversibly
associates with the exocyst. Mol Biol Cell 2006;17(6):2757-2769.

Hsu SC, TerBush D, Abraham M, Guo W. The exocyst complex in polarized exocytosis. Int Rev
Cytol 2004;233:243-265.

TerBush DR, Maurice T, Roth D, Novick P. The Exocyst is a multiprotein complex required for
exocytosis in Saccharomyces cerevisiae. Embo J 1996;15(23):6483-6494.

Guo W, Roth D, Walch-Solimena C, Novick P. The exocyst is an effector for Sec4p, targeting
secretory vesicles to sites of exocytosis. Embo J 1999;18(4):1071-1080.

Medkova M, France YE, Coleman J, Novick P. The rab Exchange Factor Sec2p Reversibly
Associates with the Exocyst. Mol Biol Cell 2006.

Salminen A, Novick PJ. The Sec15 protein responds to the function of the GTP binding protein,
Sec4, to control vesicular traffic in yeast. J Cell Biol 1989;109(3):1023-1036.

143



References

574.

575.

576.

577.

578.

579.

580.

581.

582.

583.

584.

585.

586.

587.

588.

589.

590.

591.

592.

144

Elkind NB, Walch-Solimena C, Novick PJ. The role of the COOH terminus of Sec2p in the
transport of post-Golgi vesicles. J Cell Biol 2000;149(1):95-110.

Novick P, Brennwald P, Walworth NC, Kabcenell AK, Garrett M, Moya M, Roberts D, Muller
H, Govindan B, Bowser R. The cycle of SEC4 function in vesicular transport. Ciba Foundation
symposium 1993;176:218-228; discussion 229-232.

Garrett MD, Zahner JE, Cheney CM, Novick PJ. GDI1 encodes a GDP dissociation inhibitor that
plays an essential role in the yeast secretory pathway. Embo J 1994;13(7):1718-1728.

Moya M, Roberts D, Novick P. DSS4-1 is a dominant suppressor of sec4-8 that encodes a
nucleotide exchange protein that aids Sec4p function. Nature 1993;361(6411):460-463.

Guo W, Grant A, Novick P. Exo84p is an exocyst protein essential for secretion. J Biol Chem
1999;274(33):23558-23564.

Kee Y, Yoo JS, Hazuka CD, Peterson KE, Hsu SC, Scheller RH. Subunit structure of the
mammalian exocyst complex. Proc Natl Acad Sci U S A 1997;94(26):14438-14443.
BowserR,Novick P. Sec15 protein, an essential component of the exocytotic apparatus, isassociated
with the plasma membrane and with a soluble 19.5S particle. J Cell Biol 1991;112(6):1117-
1131.

TerBush DR, Novick P. Sec6, Sec8, and Sec15 are components of a multisubunit complex which
localizes to small bud tips in Saccharomyces cerevisiae. J Cell Biol 1995;130(2):299-312.
Finger FP, Hughes TE, Novick P. Sec3p is a spatial landmark for polarized secretion in budding
yeast. Cell 1998;92(4):559-571.

Boyd C, Hughes T, Pypaert M, Novick P. Vesicles carry most exocyst subunits to exocytic sites
marked by the remaining two subunits, Sec3p and Exo70p. J Cell Biol 2004;167(5):889-901.
Wiederkehr A, Du Y, Pypaert M, Ferro-Novick S, Novick P. Sec3p is needed for the spatial
regulation of secretion and for the inheritance of the cortical endoplasmic reticulum. Mol Biol
Cell 2003;14(12):4770-4782.

Zhang X, Zajac A, Zhang J, Wang P, Li M, Murray J, TerBush D, Guo W. The critical role
of Exo84p in the organization and polarized localization of the exocyst complex. J Biol Chem
2005;280(21):20356-20364.

Guo W, Tamanoi F, Novick P. Spatial regulation of the exocyst complex by Rhol GTPase. Nat
Cell Biol 2001;3(4):353-360.

Novick P, Guo W. Ras family therapy: Rab, Rho and Ral talk to the exocyst. Trends Cell Biol
2002;12(6):247-249.

Zhang X, Bi E, Novick P, Du L, Kozminski KG, Lipschutz JH, Guo W. Cdc42 interacts with the
exocyst and regulates polarized secretion. J Biol Chem 2001;276(50):46745-46750.

Zhang X, Orlando K, He B, Xi F, Zhang J, Zajac A, Guo W. Membrane association and functional
regulation of Sec3 by phospholipids and Cdc42. J Cell Biol 2008;180(1):145-158.

Dong G, Hutagalung AH, Fu C, Novick P, Reinisch KM. The structures of exocyst subunit
Exo70p and the Exo84p C-terminal domains reveal a common motif. Nat Struct Mol Biol
2005;12(12):1094-1100.

Roumanie O, Wu H, Molk JN, Rossi G, Bloom K, Brennwald P. Rho GTPase regulation of
exocytosis in yeast is independent of GTP hydrolysis and polarization of the exocyst complex. J
Cell Biol 2005;170(4):583-594.

He B, Xi F, Zhang X, Zhang J, Guo W. Ex070 interacts with phospholipids and mediates the
targeting of the exocyst to the plasma membrane. Embo J 2007;26(18):4053-4065.



References

593.

594.

595.

596.

597.

598.

599.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

610.

611.

Liu J, Zuo X, Yue P, Guo W. Phosphatidylinositol 4,5-bisphosphate mediates the targeting
of the exocyst to the plasma membrane for exocytosis in Mammalian cells. Mol Biol Cell
2007;18(11):4483-4492.

Brennwald P, Rossi G. Spatial regulation of exocytosis and cell polarity: yeast as a model for
animal cells. FEBS Lett 2007;581(11):2119-2124.

France YE, Boyd C, Coleman J, Novick PJ. The polarity-establishment component Bemlp
interacts with the exocyst complex through the Sec15p subunit. J Cell Sci 2006;119(Pt 5):876-
888.

Zajac A, Sun X, Zhang J, Guo W. Cyclical regulation of the exocyst and cell polarity determinants
for polarized cell growth. Mol Biol Cell 2005;16(3):1500-1512.

Hsu SC, Hazuka CD, Roth R, Foletti DL, Heuser J, Scheller RH. Subunit composition, protein
interactions, and structures of the mammalian brain sec6/8 complex and septin filaments. Neuron
1998;20(6):1111-1122.

Hamburger ZA, Hamburger AE, West AP, Jr., Weis WI. Crystal structure of the S.cerevisiae
exocyst component Exo70p. J Mol Biol 2006;356(1):9-21.

Sivaram MV, Furgason ML, Brewer DN, Munson M. The structure of the exocyst subunit Sec6p
defines a conserved architecture with diverse roles. Nat Struct Mol Biol 2006;13(6):555-556.

Wu S, Mehta SQ, Pichaud F, Bellen HJ, Quiocho FA. Secl5 interacts with Rabl1 via a novel
domain and affects Rab11 localization in vivo. Nat Struct Mol Biol 2005;12(10):879-885.
Munson M, Novick P. The exocyst defrocked, a framework of rods revealed. Nat Struct Mol Biol
2006;13(7):577-581.

Hsu SC, Hazuka CD, Foletti DL, Scheller RH. Targeting vesicles to specific sites on the plasma
membrane: the role of the sec6/8 complex. Trends Cell Biol 1999;9(4):150-153.

Lipschutz JH, Lingappa VR, Mostov KE. The exocyst affects protein synthesis by acting on
the translocation machinery of the endoplasmic reticulum. J Biol Chem 2003;278(23):20954-
20960.

Toikkanen JH, Miller KJ, Soderlund H, Jantti J, Keranen S. The beta subunit of the Sec61p

endoplasmic reticulum translocon interacts with the exocyst complex in Saccharomyces
cerevisiae. J Biol Chem 2003;278(23):20946-20953.

Guo W, Novick P. The exocyst meets the translocon: a regulatory circuit for secretion and protein
synthesis? Trends Cell Biol 2004;14(2):61-63.

DuY, Ferro-Novick S, Novick P. Dynamics and inheritance of the endoplasmic reticulum. J Cell
Sci 2004;117(Pt 14):2871-2878.

Grindstaff KK, Yeaman C, Anandasabapathy N, Hsu SC, Rodriguez-Boulan E, Scheller RH,
Nelson WIJ. Sec6/8 complex is recruited to cell-cell contacts and specifies transport vesicle
delivery to the basal-lateral membrane in epithelial cells. Cell 1998;93(5):731-740.

Murthy M, Garza D, Scheller RH, Schwarz TL. Mutations in the exocyst component Sec5 disrupt
neuronal membrane traffic, but neurotransmitter release persists. Neuron 2003;37(3):433-447.

Mehta SQ, Hiesinger PR, Beronja S, Zhai RG, Schulze KL, Verstreken P, Cao Y, Zhou Y, Tepass
U, Crair MC, Bellen HJ. Mutations in Drosophila secl5 reveal a function in neuronal targeting
for a subset of exocyst components. Neuron 2005;46(2):219-232.

Lalli G, Hall A. Ral GTPases regulate neurite branching through GAP-43 and the exocyst
complex. J Cell Biol 2005;171(5):857-869.

Prigent M, Dubois T, Raposo G, Derrien V, Tenza D, Rosse C, Camonis J, Chavrier P. ARF6
controls post-endocytic recycling through its downstream exocyst complex effector. J Cell Biol
2003;163(5):1111-1121.

145



References

612.

613.

614.

615.

616.

617.

618.

619.

620.

621.

622.

623.

624.

625.

626.

627.

628.

629.

146

Langevin J, Morgan MJ, Sibarita JB, Aresta S, Murthy M, Schwarz T, Camonis J, Bellaiche Y.
Drosophila exocyst components Sec5, Sec6, and Secl5 regulate DE-Cadherin trafficking from
recycling endosomes to the plasma membrane. Dev Cell 2005;9(3):355-376.

Zhang XM, Ellis S, Sriratana A, Mitchell CA, Rowe T. Sec15 is an effector for the Rab11 GTPase
in mammalian cells. J Biol Chem 2004;279(41):43027-43034.

Moskalenko S, Tong C, Rosse C, Mirey G, Formstecher E, Daviet L, Camonis J, White
MA. Ral GTPases regulate exocyst assembly through dual subunit interactions. J Biol Chem
2003;278(51):51743-51748.

Jin R, Junutula JR, Matern HT, Ervin KE, Scheller RH, Brunger AT. Exo84 and Sec5 are
competitive regulatory Sec6/8 effectors to the RalA GTPase. Embo J 2005;24(12):2064-2074.

Inoue M, Chiang SH, Chang L, Chen XW, Saltiel AR. Compartmentalization of the exocyst
complex in lipid rafts controls Glut4 vesicle tethering. Mol Biol Cell 2006;17(5):2303-2311.

Inoue M, Chang L, Hwang J, Chiang SH, Saltiel AR. The exocyst complex is required for
targeting of Glut4 to the plasma membrane by insulin. Nature 2003;422(6932):629-633.

Ishiki M, Klip A. Minireview: recent developments in the regulation of glucose transporter-4
traffic: new signals, locations, and partners. Endocrinology 2005;146(12):5071-5078.

Wiederkehr A, De Craene JO, Ferro-Novick S, Novick P. Functional specialization within a
vesicle tethering complex: bypass of a subset of exocyst deletion mutants by Seclp or Secdp. J
Cell Biol 2004;167(5):875-887.

Koumandou VL, Dacks JB, Coulson RM, Field MC. Control systems for membrane fusion in
the ancestral eukaryote; evolution of tethering complexes and SM proteins. BMC evolutionary
biology 2007;7:29.

Sivaram MV, Saporita JA, Furgason ML, Boettcher AJ, Munson M. Dimerization of the exocyst
protein Sec6p and its interaction with the t-SNARE Sec9p. Biochemistry 2005;44(16):6302-
6311.

Munson M, Hughson FM. Conformational regulation of SNARE assembly and disassembly in
vivo. J Biol Chem 2002;277(11):9375-9381.

Nicholson KL, Munson M, Miller RB, Filip TJ, Fairman R, Hughson FM. Regulation of SNARE
complex assembly by an N-terminal domain of the t-SNARE Ssolp. Nature structural biology
1998;5(9):793-802.

Brennwald P, Kearns B, Champion K, Keranen S, Bankaitis V, Novick P. Sec9 is a SNAP-25-like
component of a yeast SNARE complex that may be the effector of Sec4 function in exocytosis.
Cell 1994;79(2):245-258.

Finger FP, Novick P. Synthetic interactions of the post-Golgi sec mutations of Saccharomyces
cerevisiae. Genetics 2000;156(3):943-951.

Aalto MK, Ronne H, Keranen S. Yeast syntaxins Ssolp and Sso2p belong to a family of related
membrane proteins that function in vesicular transport. Embo J 1993;12(11):4095-4104.
Castillo-Flores A, Weinberger A, Robinson M, Gerst JE. Msol is a novel component of the yeast
exocytic SNARE complex. J Biol Chem 2005;280(40):34033-34041.

Carr CM, Grote E, Munson M, Hughson FM, Novick PJ. Seclp binds to SNARE complexes and
concentrates at sites of secretion. J Cell Biol 1999;146(2):333-344.

Grosshans BL, Andreeva A, Gangar A, Niessen S, Yates JR, 3rd, Brennwald P, Novick P. The

yeast Igl family member Sro7p is an effector of the secretory Rab GTPase Sec4p. J Cell Biol
2006;172(1):55-66.



References

630.

631.

632.

633.

634.

635.

636.

637.

638.

639.

640.

641.

642.

643.

644.

645.

646.

647.

648.

Burgoyne RD, Morgan A. Membrane trafficking: three steps to fusion. Curr Biol 2007;17(7):
R255-258.

Scott BL, Van Komen JS, Irshad H, Liu S, Wilson KA, McNew JA. Seclp directly stimulates
SNARE-mediated membrane fusion in vitro. J Cell Biol 2004;167(1):75-85.

Kagami M, Toh-e A, Matsui Y. Sro7p, a Saccharomyces cerevisiaec counterpart of the tumor
suppressor 1(2)gl protein, is related to myosins in function. Genetics 1998;149(4):1717-1727.

Bilder D, Li M, Perrimon N. Cooperative regulation of cell polarity and growth by Drosophila
tumor suppressors. Science 2000;289(5476):113-116.

Lehman K, Rossi G, Adamo JE, Brennwald P. Yeast homologues of tomosyn and lethal giant
larvae function in exocytosis and are associated with the plasma membrane SNARE, Sec9. J Cell
Biol 1999;146(1):125-140.

Gangar A, Rossi G, Andreeva A, Hales R, Brennwald P. Structurally conserved interaction of Lgl
family with SNAREs is critical to their cellular function. Curr Biol 2005;15(12):1136-1142.

Hattendorf DA, Andreeva A, Gangar A, Brennwald PJ, Weis WI. Structure of the yeast polarity
protein Sro7 reveals a SNARE regulatory mechanism. Nature 2007;446(7135):567-571.

Fasshauer D, Jahn R. Budding insights on cell polarity. Nat Struct Mol Biol 2007;14(5):360-
362.

Zhang X, Wang P, Gangar A, Zhang J, Brennwald P, TerBush D, Guo W. Lethal giant larvae
proteins interact with the exocyst complex and are involved in polarized exocytosis. J Cell Biol
2005;170(2):273-283.

Aalto MK, Jantti J, Ostling J, Keranen S, Ronne H. Msolp: a yeast protein that functions in

secretion and interacts physically and genetically with Seclp. Proc Natl Acad Sci U S A
1997;94(14):7331-7336.

Poussu E, Jantti J, Savilahti H. A gene truncation strategy generating N- and C-terminal deletion
variants of proteins for functional studies: mapping of the Seclp binding domain in yeast Msolp
by a Mu in vitro transposition-based approach. Nucleic Acids Res 2005;33(12):e104.

Jantti J, Aalto MK, Oyen M, Sundqvist L, Keranen S, Ronne H. Characterization of temperature-
sensitive mutations in the yeast syntaxin 1 homologues Ssolp and Sso2p, and evidence of a
distinct function for Ssolp in sporulation. J Cell Sci 2002;115(Pt 2):409-420.

Knop M, Miller KJ, Mazza M, Feng D, Weber M, Keranen S, Jantti J. Molecular interactions

position Msolp, a novel PTB domain homologue, in the interface of the exocyst complex and the
exocytic SNARE machinery in yeast. Mol Biol Cell 2005;16(10):4543-4556.

Moreno-Borchart AC, Knop M. Prospore membrane formation: how budding yeast gets shaped
in meiosis. Microbiological research 2003;158(2):83-90.

Rizo J, Sudhof TC. Snares and Munc18 in synaptic vesicle fusion. Nature reviews 2002;3(8):641-
653.

Richmond JE, Broadie KS. The synaptic vesicle cycle: exocytosis and endocytosis in Drosophila
and C. elegans. Current opinion in neurobiology 2002;12(5):499-507.

Sassa T, Harada S, Ogawa H, Rand JB, Maruyama IN, Hosono R. Regulation of the UNC-18-
Caenorhabditis elegans syntaxin complex by UNC-13. J Neurosci 1999;19(12):4772-4777.
Russo P, Kalkkinen N, Sareneva H, Paakkola J, Makarow M. A heat shock gene from Saccharomyces
cerevisiae encoding a secretory glycoprotein. Proc Natl Acad Sci U S A 1992;89(9):3671-3675.

Russo P, Simonen M, Uimari A, Teesalu T, Makarow M. Dual regulation by heat and nutrient
stress of the yeast HSP150 gene encoding a secretory glycoprotein. Mol Gen Genet 1993;239(1-
2):273-280.

147



References

649.

650.

651.

652.

653.

654.

655.

656.

657.

658.

659.

660.

661.

662.

663.

664.

665.

666.

148

Jamsa E, Simonen M, Makarow M. Selective retention of secretory proteins in the yeast
endoplasmic reticulum by treatment of cells with a reducing agent. Yeast (Chichester, England)
1994;10(3):355-370.

Simonen M, Jamsa E, Makarow M. The role of the carrier protein and disulfide formation in the

folding of beta-lactamase fusion proteins in the endoplasmic reticulum of yeast. J Biol Chem
1994;269(19):13887-13892.

Jamsa E, Holkeri H, Vihinen H, Wikstrom M, Simonen M, Walse B, Kalkkinen N, Paakkola J,
Makarow M. Structural features of a polypeptide carrier promoting secretion of a beta-lactamase
fusion protein in yeast. Yeast (Chichester, England) 1995;11(14):1381-1391.

Sievi E, Hanninen AL, Salo H, Kumar V, Makarow M. Validation of the Hsp150 polypeptide carrier
and HSP150 promoter in expression of rat alpha2,3-sialyltransferase in yeasts. Biotechnology
progress 2003;19(4):1368-1371.

Makarow M, Hanninen AL, Suntio T, Bastos RN. Production of heterologous proteins in yeast
with the aid of the Hsp150delta carrier. Methods in molecular biology (Clifton, NJ 2006;313:333-
343.

Fatal N, Suntio T, Makarow M. Selective protein exit from yeast endoplasmic reticulum in
absence of functional COPII coat component Sec13p. Mol Biol Cell 2002;13(12):4130-4140.

Fatal N, Karhinen L, Jokitalo E, Makarow M. Active and specific recruitment of a soluble cargo
protein for endoplasmic reticulum exit in the absence of functional COPII component Sec24p. J
Cell Sci 2004;117(Pt 9):1665-1673.

Karhinen L, Makarow M. Activity of recycling Golgi mannosyltransferases in the yeast
endoplasmic reticulum. J Cell Sci 2004;117(Pt 2):351-358.

Doering TL, Schekman R. GPI anchor attachment is required for Gaslp transport from the
endoplasmic reticulum in COP II vesicles. Embo J 1996;15(1):182-191.

Nuoffer C, Jeno P, Conzelmann A, Riezman H. Determinants for glycophospholipid anchoring
of the Saccharomyces cerevisiae GAS1 protein to the plasma membrane. Mol Cell Biol
1991;11(1):27-37.

Belli G, Gari E, Piedrafita L, Aldea M, Herrero E. An activator/repressor dual system allows tight
tetracycline-regulated gene expression in budding yeast. Nucleic Acids Res 1998;26(4):942-
947.

Sinclair D, Mills K, Guarente L. Aging in Saccharomyces cerevisiae. Annual review of
microbiology 1998;52:533-560.

Sinclair DA, Mills K, Guarente L. Molecular mechanisms of yeast aging. Trends Biochem Sci
1998;23(4):131-134.

Belden WJ, Barlowe C. Distinct roles for the cytoplasmic tail sequences of Emp24p and
Erv25p in transport between the endoplasmic reticulum and Golgi complex. J Biol Chem
2001;276(46):43040-43048.

Muniz M, Nuoffer C, Hauri HP, Riezman H. The Emp24 complex recruits a specific cargo
molecule into endoplasmic reticulum-derived vesicles. J Cell Biol 2000;148(5):925-930.
Karhinen L, Bastos RN, Jokitalo E, Makarow M. Endoplasmic reticulum exit of a secretory
glycoprotein in the absence of sec24p family proteins in yeast. Traffic 2005;6(7):562-574.
Gaynor EC, Emr SD. COPI-independent anterograde transport: cargo-selective ER to Golgi
protein transport in yeast COPI mutants. J Cell Biol 1997;136(4):789-802.

Suntio T, Shmelev A, Lund M, Makarow M. The sorting determinant guiding Hsp150 to the
COPI-independent transport pathway in yeast. J Cell Sci 1999;112 ( Pt 22):3889-3898.



References

667.

668.

669.

670.

671.

672.

673.

674.

675.

676.

677.

678.

679.

680.

Butty AC, Perrinjaquet N, Petit A, Jaquenoud M, Segall JE, Hofmann K, Zwahlen C, Peter M.
A positive feedback loop stabilizes the guanine-nucleotide exchange factor Cdc24 at sites of
polarization. Embo J 2002;21(7):1565-1576.

Bowser R, Muller H, Govindan B, Novick P. Sec8p and Secl5p are components of a plasma
membrane-associated 19.5S particle that may function downstream of Sec4p to control exocytosis.
J Cell Biol 1992;118(5):1041-1056.

Kapteyn JC, Van Egmond P, Sievi E, Van Den Ende H, Makarow M, Klis FM. The contribution
of the O-glycosylated protein Pir2p/Hsp150 to the construction of the yeast cell wall in wild-type
cells and beta 1,6-glucan-deficient mutants. Mol Microbiol 1999;31(6):1835-1844.

Proszynski TJ, Simons K, Bagnat M. O-glycosylation as a sorting determinant for cell surface
delivery in yeast. Mol Biol Cell 2004;15(4):1533-1543.

Graham J, Ford T, Rickwood D. The preparation of subcellular organelles from mouse liver in
self-generated gradients of iodixanol. Anal Biochem 1994;220(2):367-373.

Graham JM. Isolation of Peroxisomes from Tissues and Cells by Differential and Density Gradient
Centrifugation. Current Protocols in Cell Biology 2000:3.5.1-3.5.22.

Ghosh P, Dahms NM, Kornfeld S. Mannose 6-phosphate receptors: new twists in the tale. Nat
Rev Mol Cell Biol 2003;4(3):202-212.

Lin SX, Mallet WG, Huang AY, Maxfield FR. Endocytosed cation-independent mannose 6-
phosphate receptor traffics via the endocytic recycling compartment en route to the trans-Golgi
network and a subpopulation of late endosomes. Mol Biol Cell 2004;15(2):721-733.

Waguri S, Dewitte F, Le Borgne R, Rouille Y, Uchiyama Y, Dubremetz JF, Hoflack B. Visualization
of TGN to endosome trafficking through fluorescently labeled MPR and AP-1 in living cells. Mol
Biol Cell 2003;14(1):142-155.

Connolly CN, Futter CE, Gibson A, Hopkins CR, Cutler DF. Transport into and out of the Golgi
complex studied by transfecting cells with cDNAs encoding horseradish peroxidase. J Cell Biol
1994;127(3):641-652.

Deneka M, Neeft M, van der Sluijs P. Regulation of membrane transport by rab GTPases. Crit
Rev Biochem Mol Biol 2003;38(2):121-142.

Novick P, Zerial M. The diversity of Rab proteins in vesicle transport. Curr Opin Cell Biol
1997;9(4):496-504.

Zerial M, McBride H. Rab proteins as membrane organizers. Nat Rev Mol Cell Biol 2001;2(2):107-
117.

Taxis C, and Knop, M. Regulation of exocytotic events by centrosome-analogous structures. In:
Regulatory Mechanisms of Intracellular Membrane

Transport, ed S Keranen and J Jantti, Berlin: Springer 2004:193-208.

681.

682.

683.

684.

Brymora A, Valova VA, Larsen MR, Roufogalis BD, Robinson PJ. The brain exocyst complex
interacts with RalA in a GTP-dependent manner: identification of a novel mammalian Sec3 gene
and a second Secl5 gene. J Biol Chem 2001;276(32):29792-29797.

He B, Xi F, Zhang J, TerBush D, Zhang X, Guo W. Exo70p mediates the secretion of specific
exocytic vesicles at early stages of the cell cycle for polarized cell growth. J Cell Biol
2007;176(6):771-7717.

Novick P, Botstein D. Phenotypic analysis of temperature-sensitive yeast actin mutants. Cell
1985;40(2):405-416.

Rubio-Texeira M, Kaiser CA. Amino acids regulate retrieval of the yeast general amino acid
permease from the vacuolar targeting pathway. Mol Biol Cell 2006;17(7):3031-3050.

149



685.

686.
687.
688.

689.

690.

691.

692.

693.

694.

695.

696.

697.

698.

699.

700.

701.

702.

703.

704.

150

Lemmon SK, Traub LM. Sorting in the endosomal system in yeast and animal cells. Curr Opin
Cell Biol 2000;12(4):457-466.

Pelham HR. Insights from yeast endosomes. Curr Opin Cell Biol 2002;14(4):454-462.
McFarlane IG. Hepatic clearance of serum glycoproteins. Clin Sci (Lond) 1983;64(2):127-135.
Eckart MR, Bussineau CM. Quality and authenticity of heterologous proteins synthesized in
yeast. Current opinion in biotechnology 1996;7(5):525-530.

Romanos MA, Scorer CA, Clare JJ. Foreign gene expression in yeast: a review. Yeast (Chichester,
England) 1992;8(6):423-488.

Holkeri H, Simonen M, Pummi T, Vihinen H, Makarow M. Glycosylation of rat NGF receptor
ectodomain in the yeast Saccharomyces cerevisiae. FEBS Lett 1996;383(3):255-258.

Mattila P, Joutsjoki V, Kaitera E, Majuri ML, Niittymaki J, Saris N, Maaheimo H, Renkonen O,
Renkonen R, Makarow M. Targeting of active rat alpha 2,3-sialyltransferase to the yeast cell wall
by the aid of the hsp 150 delta-carrier: toward synthesis of sLe(x)-decorated L-selectin ligands.
Glycobiology 1996;6(8):851-859.

Simonen M, Vihinen H, Jamsa E, Arumae U, Kalkkinen N, Makarow M. The hsp150 delta-
carrier confers secretion competence to the rat nerve growth factor receptor ectodomain in
Saccharomyces cerevisiae. Yeast (Chichester, England) 1996;12(5):457-466.

Cereghino JL, Cregg JM. Heterologous protein expression in the methylotrophic yeast Pichia
pastoris. FEMS microbiology reviews 2000;24(1):45-66.

Cregg JM, Cereghino JL, Shi J, Higgins DR. Recombinant protein expression in Pichia pastoris.
Molecular biotechnology 2000;16(1):23-52.

Kjeldsen T. Yeast secretory expression of insulin precursors. Applied microbiology and
biotechnology 2000;54(3):277-286.

Kurjan J, Herskowitz I. Structure of a yeast pheromone gene (MF alpha): a putative alpha-factor
precursor contains four tandem copies of mature alpha-factor. Cell 1982;30(3):933-943.

Bitter GA, Chen KK, Banks AR, Lai PH. Secretion of foreign proteins from Saccharomyces
cerevisiae directed by alpha-factor gene fusions. Proc Natl Acad Sci U S A 1984;81(17):5330-
5334.

Kjeldsen T, Hach M, Balschmidt P, Havelund S, Pettersson AF, Markussen J. Prepro-leaders
lacking N-linked glycosylation for secretory expression in the yeast Saccharomyces cerevisiae.
Protein expression and purification 1998;14(3):309-316.

Gellissen G. Heterologous protein production in methylotrophic yeasts. Applied microbiology
and biotechnology 2000;54(6):741-750.

Tschopp JF, Brust PF, Cregg JM, Stillman CA, Gingeras TR. Expression of the lacZ gene from
two methanol-regulated promoters in Pichia pastoris. Nucleic Acids Res 1987;15(9):3859-3876.
Cereghino GP, Cereghino JL, Ilgen C, Cregg JM. Production of recombinant proteins in fermenter
cultures of the yeast Pichia pastoris. Current opinion in biotechnology 2002;13(4):329-332.
Daly R, Hearn MT. Expression of heterologous proteins in Pichia pastoris: a useful experimental
tool in protein engineering and production. ] Mol Recognit 2005;18(2):119-138.

Hamilton SR, Gerngross TU. Glycosylation engineering in yeast: the advent of fully humanized
yeast. Current opinion in biotechnology 2007.

Sperandio M. Selectins and glycosyltransferases in leukocyte rolling in vivo. The FEBS journal
2006;273(19):4377-4389.



705.

706.

707.

708.

709.

710.

711.

712.

713.

714.

715.

716.
717.

Sievi E, Helin J, Heikinheimo R, Makarow M. Glycan engineering of proteins with whole living
yeast cells expressing rat liver alpha2,3-sialytransferase in the porous cell wall. FEBS Lett
1998;441(2):177-180.

Maeder T. Sweet medicines. Scientific American Magazine 2002(July):40-47.

Salo H, Sievi E, Suntio T, Mecklin M, Mattila P, Renkonen R, Makarow M. Co-expression of two
mammalian glycosyltransferases in the yeast cell wall allows synthesis of sLex. FEMS Yeast Res
2005;5(4-5):341-350.

Minkin C. Bone acid phosphatase: tartrate-resistant acid phosphatase as a marker of osteoclast
function. Calcified tissue international 1982;34(3):285-290.

Sheu TJ, Schwarz EM, Martinez DA, O’Keefe RJ, Rosier RN, Zuscik MJ, Puzas JE. A phage
display technique identifies a novel regulator of cell differentiation. J Biol Chem 2003;278(1):438-
443,

Kaija H, Jia J, Lindqvist Y, Andersson G, Vihko P. Tartrate-resistant bone acid phosphatase: large-
scale production and purification of the recombinant enzyme, characterization, and crystallization.
J Bone Miner Res 1999;14(3):424-430.

Ljusberg J, Ek-Rylander B, Andersson G. Tartrate-resistant purple acid phosphatase is synthesized
as a latent proenzyme and activated by cysteine proteinases. Biochem J 1999;343 Pt 1:63-69.
Ek-Rylander B, Barkhem T, Ljusberg J, Ohman L, Andersson KK, Andersson G. Comparative
studies of rat recombinant purple acid phosphatase and bone tartrate-resistant acid phosphatase.
Biochem J 1997;321 ( Pt 2):305-311.

Roodman GD. Advances in bone biology: the osteoclast. Endocrine reviews 1996;17(4):308-
332.

Lee MYE, David Rodney; Weis, Mary Ann Eklof. Trap-coated bone grafts and prostheses. United
States Washington Research Foundation 2001.

Holkeri H, Makarow M. Different degradation pathways for heterologous glycoproteins in yeast.
FEBS Lett 1998;429(2):162-166.

Jentoft N. Why are proteins O-glycosylated? Trends Biochem Sci 1990;15(8):291-294.

Mrsa V, Tanner W. Role of NaOH-extractable cell wall proteins CewSp, Ccw6p, Cew7p and
Ccew8p (members of the Pir protein family) in stability of the Saccharomyces cerevisiae cell wall.
Yeast (Chichester, England) 1999;15(10A):813-820.

151



