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Abstract

The secretory pathway of dog pancreas, liver parenchyma, cultured CHO
cells and yeast has been analyzed with reagents focusing on the p24 family of
membrane proteins. The results show that at least one of the p24s is ribosome
associated in a nascent chain dependent manner. The cell free reconstitution of the
endoplasmic reticulum (ER) cargo exit sites has demonstrated that the p24s are
involved in the generation of both the cargo exit sites and vesicular tubular
clusters (VTCs) in a COPI dependent manner. Work done iz sifu and in isolated
subcellular fractions has indicated that the p24-enriched cis Golgi compartment is
the primary site of retrieval of Golgi resident enzymes during membrane
maturation as well as being the boundary for the major site of cargo (albumin)
concentration. The morphogenic properties of the p24s were studied in yeast, with
DNA chip analysis revealing 160 genes whose expression was altered coincident
with the perturbation of members of the p24 family. Over expression of one of the
members of the p24 family has led to the increase in ER membranes and a p24
enriched VTC compartment. Taken together, these data indicate that the p24s are
present both when newly synthesized cargo enter and exit the ER and that the

p24s are involved in the morphological transitions of the early secretory pathway.



Resumeé

La voie sécrétrice du pancréas canin, du parenchyme hépatique, de
cellules CHO cultivées et de la levure a été analysée 4 1’aide de réactifs visant la
famille de protéines membranaires p24. Les résultats indiquent qu’au moins une
des p24 présente un lien ribosomal dépendant d’une chaine naissante. La
reconstitution acellulaire des sites de sortie de cargo du réticulum endoplasmique
(RE) a montré que les p24 interviennent dans la formation des sites de sortie du
cargo et des groupes vésiculo-tubulaires (GVT) de fagon COPI-dépendante. Des
travaux réalisés in situ et sur des fractions subcellulaires isolées ont indiqué que le
compartiment cis golgien enrichi en p24 est le principal lieu de récupération des
enzymes résidentes de ’appareil de Golgi pendant la maturation membranaire et
forme la bordure du principal site de concentration de cargo (albumine) du
parenchyme hépatique. Les propriétés morphogéniques des p24 ont été etudiées
dans la levure; des analyses réalisées & I’aide de puces a ADN ont révélé une
modification de Pexpression de 160 génes compatible avec la perturbation de
membres de la famille p24. La surexpression d’un des membres de cette famille a
entrainé 1’expansion du RE et la formation d’un compartiment & GVT enrichi en
p24. Ensemble, ces résultats indiquent que les p24 sont présentes lorsque le cargo
nouvellement synthétisé entre dans le RE et en sort et que les p24 interviennent
également dans les transitions morphologiques des premiéres étapes de la voie

sécrétoire.
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Cy - Cyanine

Cys — Cysteine

d - day

dCTP - Deoxy-cytosine triphosphate
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DGT1 - Delayed GPI-anchored protein transport
DEPC — Diethyl pyrocarbonate

DPBS - Delbosco's phosphate buffered saline
DTT - Dithiothreitol

EDTA — Ethylenediamine tetra-acetic acid

EM - Electron microscopy

EMP24 - Endomembrane protein of the precursor of 24 kDa

ER - Endoplasmic reticulum

ERAD — ER-associated degradation

ERGIC — ER to Golgi intermediate compartment
ERK1 — Extracellular-signal regulated kinase-1
ERO1- ER oxidoreductin 1

ERp — Endoplasmic reticulum protein

Erp - Emp24p- and Erv25p-related proteins
ERS-24 — Endoplasmic Reticulum SNARE of 24 kDa
Erv25p — ER vesicle protein of 25 kDa

Erv29p — ER vesicle protein of 29 kDa

EST — Expressed Sequence Tags

EsRM — EDTA striped rough microsomes

FALS - Familial amyotrophic lateral sclerosis
FKB2- FK506 binding

G1 — Growth phase 1

GA - Golgi apparatus

GalT - Galactosyl transferase

GAP — GTPase-activating protein

Gaslp - Glycophospholipid-anchored surface protein
GDI - GDP dissociation inhibitor

GDP — Guanosine diphosphate

GEF - Guanine nucleotide exchange factor
GERL — Golgi-endoplasmic reticulum-lysosome

Glc — Glucose
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GlcNac — N-acetylglucosamine

Glu —~ Glutamic acid

gp25L — Glycoprotein of 25 kDa low

GP27 - Glycoprotein of 27 kDa

GPI - Glycosylphosphatidyl inositol

GRASP — Golgi reassembly stacking protein

GTP ~ Guanine triphosphate

GTPase — Guanine triphosphatase

GTPyS — Guanosine 5'-3-O-(thio}triphosphate

h - hour

HC1 - Hydrogen chloride

HDEL - Histidine-Aspatic acid-Glutamic acid-Leucine
HMG-CoA — 3-hydroxyl-3-methyl-glutaryl coenzyme A
Hoclp - Homologous to OCH1

1251 _ Jodine isotope 125

IC ~ Intermediate compartment

IgG — Immunoglobulin heavy chain gamma

Ile — Isoleucine

IR — Inositol response

K - Lysine

KAR - Karyogamy

KCl — Potassium chloride

kDa - KiloDalton

KDEL — Lysine-Aspatic acid-Glutamic acid-Leucine
Kex2p — Kexin 2 protein

kV —Kilovolts

LAG! — Longevity-assurance gene 1

LAS21 - Local Anesthetics Sensitive 21

LbrA - Long branch A

Ldb - Low dye binding

LDM - Low density microsome
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Leu — Leucine

LHS1 — Luminal HSP70

LV - Lysine-valine

Lys — Lysine

M1 — Membrane fraction 1

M2 — Membrane fraction 2

Man — Mannose

min - Minute

mM - Millimolar

Mnn - Mannan

mRNA — Messenger RNA

MSH — Melanophore-stimulating hormone
N-terminus — Amino terminus

NAC — Nascent polypeptide-associated complex
NADH - Nicotinamide adenine dinucleotide, reduced form
NaF — Sodium fluoride

NAGT — N-acetylglucosamine transferase
NaOH - Sodium hydroxide

NE — Nuclear envelope

NEM - N-ethylmaleimide

Ngd - N-linked glycosylation defective
nm — Nanometer

NMR - Nuclear magnetic resonance

NSF — N-ethylmaleimide-sensitive factor

Och - Outer chain

O-linked - Linkage between N-acetylgalactosamine and a serine or threonine

residue via oxygen

p23 - Protein of 23 kDa
p24 - Protein of 24 kDa
p25 - Protein of 25 kDa
p27 - Protein of 27 kDa
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p58 - Protein of 58 kDa

p97 — Protein of 97 kDa

p450 — Protein of 450 kDa

PBS - Phosphate buffer saline

PC - Phosphatidylcholine

PDI - Protein disulfide isomerase

pH — Negative logarithm of proton concentration

Phe — Phenylalanine

PI - Phosphatidylinositol

PM — Plasma membrane

PMSF - phenylmethylsulfonyl fluoride

POMC - Pro-opiomelanocortin

PS1 - Presenilin gene

Q — Glutamine

R — Arginine

rER — Rough endoplasmic reticulum

RM — Rough microsomes

RNA - Ribonucleic acid

RNAIi — RNA interference

RNC - Ribosome-nascent chain complex

rp24a2 — Rat protein of 24 kDa of the alpha subfamily, number 2
r.p.m. - revolutions per minute

S - Serine

S phase — Stationary phase

SAR - Secretion-Associated Ras-related

SCAMP — Secretory carrier-associated membrane protein
SDS-PAGE — Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEC - Secretory

SEL — Suppressors/enhancers of LIN-12

Ser - Serine

sER — Smooth endoplasmic reticulum
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SNAP — Soluble NSF attachment protein

SNARE — Soluble NSF-attachment protein receptor

SR — Signal recognition particle receptor

SRP - Signal recognition particle

t-SNARE — Target- soluble NSF-attachment protein receptor
TC ~ Transport complex

tER — Transitional endoplasmic reticulum

TGN — Trans-Golgi network

Thr — Threonine

TRAP — Translocon associated protein

tRNA — Transfer RNA

Tyr — Tyrosine

UAS - Upstream activating sequence

UGGT - UDP-glucose:glycoprotein glucosyl transferase
UDP - Uridine diphosphate

UPR - Unfolded protein response

VAMP - Vesicle-associated membrane protein

Vanlp - Vanadate resistance protein 1

VPS — Vacuolar sorting protein

v-SNARE — Vesicle-soluble NSF-attachment protein receptor
VSV-G — Vesicular stomatis virus glycoprotein

VTC — Vesicular-tubular cluster

WT — Wild type

X — Any amino acid

Y — Tyrosine

Ypslp — Yaspin 1 protein

1Ci - Microcurie

ug - Microgram
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Introduction

Many key components of the secretory pathway have been identified (e.g.,
COPIL, COPII, NSF, SNARESs, Rabs) through in vitro, biochemical and genetic
studies (Novick et al., 1980; Rothman, 1994). Subcellular fractionation coupled
with mass spectrometry has also provided the means to study the protein
constituents of purified organelles (Bell ef al., 2001; Gagnon ef al., 2002). The
identification and characterization of individual components of the secretory
pathway has allowed a dissection of this system and has led to a resolution of

several of the mechanisms of this highly regulated system.

Despite all of these findings, a very fundamental mechanism of this
pathway, how proteins and membranes move, has yet to be resolved. Some of the
early models that were proposed were the membrane flow and cisternal
maturation models (Morre and Ovtracht, 1977; Morre and Keenan, 1997). These
models used electron microscopy to describe a fluid movement for the Golgi
apparatus. Specifically, cisternae would continually form at the cis face of the
Golgi, progress or mature until the cisternae reached the trans side, where the
cisternal membrane would vesiculate and shuttle the proteins via vesicles to their
next destination (Grasse, 1957). A major concern with this type of study is that it
uses static images to describe a dynamic view of the system. Furthermore, the
long half-life of resident proteins of the secretory pathway (hours and days)
versus the short half-life of cargo transport (less than 1 hour) was considered
incompatible with the cisternal maturation or membrane flow models (Meldolesi,
1974, Franke et al., 1971; Becker ef al., 1995). Indeed, a more stable view of the
organelle was soon favored (Jamieson and Palade, 1968) and the vesicular

transport model was proposed (Jamieson and Palade, 1967a; Jamieson and Palade,

1967b; Palade, 1975).
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Unlike the maturation model, the vesicular model viewed the organelles as
stable structures through which proteins are transported. The movement of these
proteins was predicted to occur through transport vesicles. In 1967, a pulse-chase
study in pancreatic exocrine cells showed that transport of secretory proteins
occurred from the ER to the Golgi apparatus via small membrane bound vesicles
(Jamieson and Palade, 1967a). Indeed, the discoveries of COPI (Orci et al., 1986)
and COPII (Salama et al., 1993; Barlowe ez al., 1994) vesicles seemed to prove
that the vesicular model was the true mechanism for protein transport through the
secretory pathway. COPII vesicles transport cargo from the ER (Barlowe et al,
1994) while COPI vesicles move cargo through the successive cisternae of the
Golgi (Ostermann et al., 1993; Malhotra et al., 1989). Indeed, COPI vesicles were
shown to contain the cargo protein VSV-G and to be devoid of Golgi enzymes
(Orci et al., 1997; Orci et al., 2000).

Recently, however, the fundamental aspects of this model have been
questioned. The distribution of the Golgi enzymes as a gradient over the stacks of
the cisternae (Nilsson et al., 1993; Rabouille et al., 1995) rather than each enzyme
in its own cisternae indicated that the Golgi cisternae are not discrete entities. The
movement and maturation of large macromolecules such as algae scales (Brown,
1969; Melkonian et al, 1991) or procollagen (Marchi and Leblond, 1984;
Bonfanti et al., 1998), which can not fit into transport vesicles also favored the
cisternal maturation model. In addition, previous studies that had appeared to give
value to the vesicular model were put into question. One such study used a cell
free assay to describe the anterograde movement of cargo (Balch et al, 1984),
however, the re-evaluation of the assay has indicated that it in fact reconstitutes
the retrograde flow of Golgi enzymes in a COPI-dependent fashion (Lin et al.,
1999 discussed in Chapter 3). Other studies has used the non-hydrolysable GTPyS
to isolate COPI vesicles and analyze their content (Melancon er al, 1987,
Malhotra et al., 1989). However, when more physiological conditions were used
(i.e., GTP hydrolysis was allowed to occur), COPI vesicles had low amounts of

cargo and large amount of Golgi enzymes (Lanoix ef al., 1999). This effect was
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further supported by in vivo work (Pepperkok et al., 2000) and electron
microscopy studies (Dahan et al., 1994; Martinez-Menarguez et al., 2001), where
no cargo was found in COPI vesicles. These results are in contrast to the work of
Orci (Orci et al., 1997; Orci et al., 2000) who found the vesicular stomatis virus

glycoprotein (VSV-G) cargo protein in COPI structures.

Indeed the bulk flow hypothesis, once thought to be the mechanism
through which proteins were secreted was also rejected. It had been proposed that
the flow of proteins through the secretory occurs through a bulk flow model
(Pfeffer and Rothman, 1987; Rothman, 1987). This model predicts that, by
default, proteins are transported through the secretory pathway and secreted.
Sorting is only required for proteins destined to other parts of the cell. However,
not all proteins are secreted at the same rate (reviewed in Lodish, 1988; Rose and
Doms, 1988). In fact, not all proteins exit the ER at the same rate (Fries ef al.,
1984; Fitting and Kabat, 1982; Lodish ef al., 1983; Ledford and Davis, 1983;
Scheele and Tartakoff, 1985; Williams et al., 1985). The reason for the different
rates of exit is unclear. Some propose that differences in folding rates may be
responsible or proteins may be retarded due to interactions with resident ER
proteins or sorting factors (Pfeffer and Rothman, 1987; Pelham, 1989; Hurtley
and Helenius, 1989; Rose and Doms, 1988). Others have hypothesized that cargo
receptors are responsible for the differing rates of secretion (Lodish, 1988;
Schimméller er al., 1995). In yeast, it has been shown that sorting of cargo occurs
in the ER, before cargo enters COPII vesicles (Campbell and Schekman, 1997;
Muniz et al., 2001). Indeed, not all proteins are packaged into the same ER-
derived vesicles, but that there is a segregation or sorting of proteins before they
leave the endoplasmic reticulum (Muniz et al., 2001). Erv29p is one component
of this sorting machinery. It is required for the packaging of glycosylated pro-
alpha-factor into COPII vesicles (Belden and Barlowe, 2001a). Emp24p was
proposed as a candidate cargo receptor (Schimméller er al, 1995). Deletion of
EMP24 causes a delay in the kinetics of a subset of proteins. In addition, Muniz

and colleagues have shown that Emp24p is required for efficient packaging of
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certain proteins (Gaslp and Ypslp) into ER-derived vesicles (Muniz ef al., 2000;
Muniz et al., 2001).

Thus the vesicular transport model is now in question and the cisternal
maturation model has re-emerged (reviewed in Storrie and Nilsson, 2002).
However, neither has been completely proven or rejected. The fact remains that
COPI and COPII vesicles exist and that there is some controversy as to the
contents of the vesicles. It has yet to be proven if the Golgi is a pre-existing
structure or whether it is self-forming. Some in vitro work has shown that VICs
can be derived from ER membranes (Lavoie et al., 1999; Roy et al, 2000;
Chapter 2). However, attempts to reconstitute the Golgi have so far been
unsuccessful (Pelletier ef al., 2000). Another element to this field is the fact that
there are continuities within the Golgi stack (Rambourg and Clermont, 1990;
Hermo et al, 1991; Hermo and Smith, 1998). It is also relevant that the
fragmentation of the Golgi renders it more active in an intra-Golgi transport assay
(Dominguez et al., 1999). Indeed, there are several ways to fragment a Golgi:
mechanically (Dominguez et al., 1999), with the phosphatase inhibitor okadaic
acid (Lucocq et al., 1991; Reaven et al., 1993), with 1-butanol (Siddhanta ef al.,
2000; Sweeney et al., 2002), with the sea sponge metabolite ilumaquinone
(Takizawa et al., 1993), with Brefeldin A (Fujiwara et al., 1988; Lippincott-
Schwartz et al., 1989), nocadozole (Rogalski and Singer, 1984) or when the cell
goes through mitosis (Lucocq ef al., 1987). It is unclear whether the re-formation
of the Golgi (e.g., after wash out or telophase) is due to a de novo formation or if
the Golgi elements converge upon a pre-existing matrix. In addition, a third model
proposes that movement of proteins occurs through tubular elements (reviewed in

Lippincott-Schwartz, 2001).

In order to distinguish between these models, we chose to characterize the
p24 proteins. This group of proteins was chosen because they are of high
abundance in the secretory pathway and they are linked to protein secretion

(Dominguez et al., 1998; Schimméller er al.,, 1995). To characterize the p24
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proteins we wanted to determine (1) what types of interactions the proteins had
(Chapter 1), (2) if the proteins had a role in cargo exit site formation (Chapter 2),
(3) to isolate the p24-compartment (Chapter 3), (4) to look at protein content of
the p24 compartment (Chapter 4), and (5) to perform mutational analyses of the
p24s in Saccharomyces cerevisiae (Chapters 5 and 6). The following thesis

describes the characterization of the p24 proteins.
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Literature R

Eukaryotic cells contain a considerable amount of internal organization.
They possess a dynamic system of membranes that forms all of the internal
compartments of the cell (Palade, 1975). The introduction of electron microscopy
into biological sciences was instrumental in defining the morphology of the cell
and the membrane compartments within. For the first time, researchers were able
to see that the interior of the cell was filled with membrane bound organelles. The
secretory (biosynthetic or exocytic) pathway is one of the membrane systems
contained within the cell. It is involved in the production and transport of

proteins.

The secretory pathway of all eukaryotic cells is composed of distinct
membrane bound organelles. It is these organelles that provide the machinery for
the synthesis, folding, modification and delivery of cargo proteins. The organelles
of the secretory pathway consist of the endoplasmic reticulum (ER), the
intermediate compartment (IC), the Golgi apparatus (GA) and the plasma
membrane (PM). This text deals predominantly with the early secretory pathway
that is composed of the endoplasmic reticulum, the intermediate compartment and

the Golgi apparatus.

Each of the membranous compartments of the secretory pathway has a
multitude of functions. The endoplasmic reticulum is involved in protein
synthesis (Hedge and Lingappa, 1999), lipid synthesis (Helms et al., 1991; van
Meer, 1993), proteolytic processing (Blobel and Dobberstein, 1975; Lyko et al.,
1995), protein folding (Zapun et al, 1999; Chevet er al., 2001), N-linked
oligosaccharide modification of proteins (Komfeld and Kornfeld, 1985),
packaging of newly synthesized proteins (Pryer et al., 1992; Herrman et al,
1999), and calcium storage (Meldolesi and Prozzan, 1998). The intermediate
compartment is the site of recycling of escaped ER proteins and concentration of

cargo proteins (Martinez-Menarguez et al., 1999). The Golgi apparatus is the site
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where sphingolipid synthesis (van Meer, 1993; Fang e al, 1998),
phosphorylation of cargo proteins (Bingham et al., 1972; Rosa et al., 1992; Swift,
1996; Vegh and Varro, 1997), sulfation (Neutra and LeBlond, 1966), sorting and
further modifications occurs (Jamieson, 1998; Fullekritg and Nilsson, 1998).

Below is a description of various elements of the secretory pathway for
both multicellular (mammalian) and unicellular (Saccharomyces cerevisiae)
systems. This text will also discuss the models that predict how these various
elements are linked and attempt to unravel pieces of the molecular framework of

this pathway.

1. The Secretory Pathway

The secretory pathway is a system of organelles whose function is to aid
and monitor the maturation of proteins and lipids and deliver them to their proper
destination. The organelles of this system also face the challenge of maintaining
their resident protein and lipid content, and thus their functional integrity, while a
host of newly synthesized proteins and lipids is passed through them. Below are
descriptions of various components of the secretory pathway, the functions

associated with them and their regulation of membrane and protein movement.

1.1, The Endoplasmic Reticulum

The endoplasmic reticulum was identified by Keith Porter in 1945 (Porter,
1945). The term endoplasmic means within the cytoplasm, while reticulum is a
Latin term meaning little net. Indeed, the ER forms an internal network of
membranes within the cell. This organelle is generally seen as the most extensive
membrane system in the cell. The membrane of the ER is composed of a
phospholipid bilayer that is approximately 5-8 nm thick (DePierre and Dallner,
1975). The endoplasmic reticulum is synonymous with protein synthesis, but this

organelle is also involved in lipid synthesis, signal transduction, detoxification
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and stress response. Along with its many functions, the ER has many
subcompartments (Sitia and Meldolesi, 1992). This text will address four of these
ER subcompartments: the rough endoplasmic reticulum (rER), the smooth
endoplasmic reticulum (sER), the transitional endoplasmic reticulum (tER) and

the ER exit sites.

1.1.1. The Rough Endoplasmic Reticulum

The endoplasmic reticulum is designated as the beginning of the secretory
apparatus. It is on the surface of the ER that proteins are synthesized by
ribosomes {(complexes of RNA and protein that compose the machinery for
protein synthesis). Numerous ribosomes stud the surface of the ER, thus the term
rough ER. Only a subset of proteins passes through to the secretory pathway.
Specifically, proteins that contain a signal sequence (usually at the N-terminus)
are targeted to the ER membrane. The targeting process is effected by a signal
recognition particle (SRP) that recognizes the hydrophobic sequence and halts the
synthesis of the protein. The ribosomal-nascent chain complex (RNC) is then
targeted to a specific site on the ER membrane where the SRP receptor (SR) and
the translocon are located (Rapoport et al., 1996). The binding of the SRP-RNC to
the SR causes a dissociation of the signal sequence from the SRP in a GTP-
dependent fashion (Connolly ef al., 1991) and the nascent polypeptide is then
transferred to the Sec 6la subunit of the translocon. The nascent polypeptide-
associated complex (NAC) is present as a quality control measure to prevent the
association of the SRP molecule with ribosome associated peptides that do not
possess a hydrophobic signal sequence. Protein synthesis resumes once the
ribosome is associated with the ER membrane. As the protein is being synthesized
by the ribosome, it is passed through the trimeric Sec61 protein complex
(composed of Sec61a, B and v, termed the translocon) that forms a pore in the ER

membrane and gains access to the ER lumen.
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The lumen of the ER provides newly synthesized proteins with an
oxidizing redox milieu conducive to the folding of these proteins (Frand ef al.,
2000; Hwang et al., 1992; Braakman et al., 1992). In addition, there are numerous
ER resident proteins, termed chaperones, that aide these proteins to attain their
correct structural conformation (Zapun er al, 1999; Chevet et al., 2001). The
chaperones can be classed into two subgroups based on the manner in which they
function. The chaperones can either function by catalyzing protein folding
reactions (e.g., protein disulfide isomerase and cis-trans prolyl isomerase) or by
maintaining proteins in a folding competent state (e.g., calnexin, BiP, GRP78)
(Zapun et al., 1999). These molecules form part of the quality control machinery

of the endoplasmic reticulum.

1.1.1.1. Sugar Modifications

Some proteins receive N-linked or O-linked oligosaccharide
modifications. N-linked glycosylation occurs in the endoplasmic reticulum while
O-linked glycosylation occurs in the Golgi or pre-Golgi compartment. The
oligosaccharide moieties are synthesized in the ER on a lipid dolichol phosphate
and subsequently transferred to the asparagine (Asn— X — Ser/Thr motif) of newly
synthesized proteins (reviewed in Kornfeld and Komnfeld, 1985). The
oligosaccharides are then processed and trimmed and further modified in the
Golgi apparatus. The glycosylation of proteins may provide various roles,
including stability, proper folding and protease resistance. The sugar moieties are
essential for a group of chaperones that are lectins (e.g., calnexin, calmegin, and
calreticulin). These chaperones bind to the oligosaccharide portion of the
glycoprotein. Calnexin, for example, Interacts specifically with the
monoglucosylated form of the oligosaccharide (Hammond et al., 1994; Ou ef al.,

1993; Zapun et al., 1999).
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1.1.1.2. Retrieval Sequences

Resident ER proteins must be distinguished from cargo proteins and must
be maintained at steady state in the ER compartment. One way this is achieved is
by the presence of a motif of short stretches of amino acids on the cytosolic tail of
ER membrane proteins. This motif, usually a KDEL sequence (HDEL for yeast
for ER luminal proteins) or a di-lysine motif (K(X)KXX) for the cytosolic
terminus of transmembrane proteins, serves as a retrieval signal for escaped ER
proteins (Pelham, 1989; Munro and Pelham, 1987). A KDEL receptor (ERD2),
mainly located in the cis Golgi network (CGN), recycles the escaped ER proteins.
The affinity of ERD2 for the KDEL motif is pH sensitive and has been proposed
to be increased in the Golgi, a slightly acidic environment, and reduced in the ER,

which has a neutral pH (Wilson er al., 1993).

1.1.1.3. Misfolding

Misfolded proteins can accumulate in the ER for various reasons, e.g.,
calcium depletion, exposure to certain metabolites, over expression of proteins.
When this accumulation occurs, the cell initiates an unfolded protein response
(UPR). The UPR in turn induces the synthesis of many ER resident proteins (see
Table 1, Kaufman, 1999). This is one of the many ways the ER ensures the proper

processing of proteins through its quality control.

The quality control of the ER 1is in place to regulate the processing of
proteins. It is a stringent mechanism and proteins that fail the quality control are
retained and/or degraded. The quality control system of the ER is not only
important for maintaining the proper operation of the secretory pathway and
protein maturation, it also prevents defects in the cell that can lead to the death of
the cell or disease of the organism (reviewed in Ellgaard et al., 1999; Aridor and

Balch, 1999).
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1.1.2. The Smooth Endoplasmic Reticulum

The rough endoplasmic reticulum and the smooth endoplasmic reticulum
are a continuous unit of membrane (DePierre and Dallner, 1975). Although there
is a continuity between the two membrane systems, the two are segregated into
distinct masses (reviewed in Bruni and Porter, 1965). Syntaxin 17, which is a
SNARE involved in membrane trafficking, specifically localizes to the smooth
ER (Steegmaier et al., 2000). The sER in rat liver hepatocytes, which is involved
in glycogen metabolism, is predominately found in regions that are rich in
glycogen. The tubular anastomosing networks of the smooth ER are postulated to
increase in surface area for drug detoxification via the cytochrome p450. Indeed
the sER specifically proliferates in response to drug challenge (e.g.,
phenobarbital, 3-methylcholanthrene) in order to accommodate more
detoxification enzymes (Jones and Fawcett, 1966; Bolender and Weibel, 1973;
Baron et al., 1982).

The smooth ER is the site of lipid and sterol synthesis, including the
synthesis of cholesterol, diacylglycerol-based phospholipids, the sphingolipid
backbone, ceramide and galactosylceramide. In addition, many of the enzymes
involved in this process, like hydroxymethylglutaryl-CoA reductase, are localized
to the sER (Rodwell et al., 1976).

1.1.3. The Transitional Endoplasmic Reticulum

The transitional endoplasmic reticulum is a portion of the ER that is
continuous with the rER but does not have the abundance of ribosomes. The
morphology of the tER is also distinct from that of the rER. Instead of long
regular cisternae, it has a more convoluted form. The tER has been reconstituted
in vitro in a nucleotide-dependent step (Lavoie ef al., 1996; Lavoie et al., 1999;
Chapter 2) that requires the actions of the AAA ATPase p97 and the t-SNARE
syntaxin 5 (Roy ef al., 2000 discussed in Chapter 2).
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1.1.4. ER Cargo Exit Sites

It is in this part of the ER that COPII coats are seen to concentrate on the
membrane, forming a coat complex for a budding vesicle. The buds contain newly
synthesized proteins that have passed the quality control check points of the ER
system and are competent to travel to the next compartments to receive further
modifications. It is at this site that cargo proteins must be segregated from ER
proteins in order to prevent the escape of resident proteins. From the ER, the
newly synthesized proteins will travel to the IC, to the Golgi apparatus and will
then be targeted to their resident organelle, stored in secretion vesicles or

transported to the plasma membrane.

1.2. The Intermediate Compartment

The intermediate compartment is a membranous network that closely
opposes the Golgi apparatus. This smooth tubular membrane system is distinct
from the ER and the Golgi and has received a battery of names and morphological
definitions. It has been described as the intermediate compartment (IC)
(Schweizer et al., 1990), vesicular tubular clusters (VTCs) (Balch et al., 1994;
Bannykh and Balch, 1997), the ER to Golgi intermediate compartment (ERGIC)
(Schweizer et al., 1991; Hauri and Schweizer, 1992), the salvage compartment
(Warren, 1987), export complexes (Bannykh er al, 1996) and transport
complexes (TCs) (Scales et al., 1997). In addition, some investigators confuse or
combine the IC with the cis Golgi network (CGN). The intermediate compartment
has been widely described with little coherency and much diversity among
descriptions, including where this structure begins and ends (Pelham, 1995;
Scales et al., 1997). No attempt to consolidate these terms will be made here
rather this section will point out the similarities and discuss the possible role that

this membrane compartment plays.
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1.2.1. Roles of the Intermediate Compartment

That the intermediate compartment is a distinct compartment from the ER
and Golgi apparatus was evident through its isolation from Vero cells. The
isolated compartment was composed of smooth membrane bound vesicles with an
average diameter of 89 nm (Schweizer et al., 1991). This study revealed a distinct
protein pattern for the IC from that of the ER and Golgi apparatus. This indicated
that the intermediate compartment is distinct from both ER and Golgi and thus

has a distinct role.

Some of the proteins that have been shown to concentrate in or cycle
through the intermediate compartment include rp24a2 (Dominguez et al., 1998),
COPI (Griffiths et al., 1995; Oprins et al., 1993), the small GTPases, Rabl and
Rab2 (Pind et al., 1994; Chavrier et al., 1990), the v-SNARE SEC22/ERS-24
(Zhang et al., 1999) and ERGIC-53, which is involved in the proper processing of
cargo (Nichols ef al., 1998).

One of the widely used characteristics of this compartment is that it
accumulates cargo proteins at 15°C. At this reduced temperature, the compartment
becomes significantly enlarged and accumulates secretory products (reviewed in

Kuismanen and Saraste, 1989).

One of the proposed roles of the IC is that it is a site of retrieval of
escaped ER proteins. Proteins possessing a retrieval sequence of KDEL are
sequestered by the KDEL-receptor (ERD2) and returned to the ER through
vesicular intermediates. In addition, the IC has been shown to be a site of cargo
protein concentration, possibly effected through the recycling of membrane by
COPI vesicles (Balch ef al., 1994; Bannykh et al., 1996; Martinez-Menarguez et
al., 1999). Thus the intermediate compartment is the compartment where ER
proteins are segregated from cargo proteins, the latter of which will move forward

to the Golgi apparatus.
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1.3. The Golgi Apparatus

The Golgi received its name from the man who first identified this
organelle, Camillo Golgi. In an attempt to achieve better pictures, Camillo Golgi
treated neural cells with silver nitrate. The result was a “reazione nera”, a black
reaction, which occurred in the Golgi apparatus (GA) (reviewed in Droscher,
1998). Camillo Golgi described this in 1898 as the “apparato reticolare interno”,
an internal reticular network that is now referred to as the Golgi apparatus. The
Golgi apparatus consists of tightly stacked membrane subunits (Mollenhauer and
Morre, 1991). The stacked subunits are generally referred to as saccuoles or
cisternae (Latin for “collecting vessels”). The Golgi apparatus is the site where

further maturation and sorting of proteins and lipids occurs.

1.3.1. Golgi Structure

The initial description of the Golgi apparatus was at the light microscope
level, but it was electron microscopy that truly revealed the complex structure of
the Golgi apparatus. The structure of the Golgi apparatus varies dramatically from
cell type to cell type. Generally, secretory cells or cells that produce a lot of
glycoproteins/lipids, exhibit a well-developed Golgi apparatus. Those cells that do
not express a large amount of protein generally have a less extensive Golgi

apparatus.

This organelle is divided into the cis Golgi network (CGN), the cis, medial
and trans cisternae, and the trans Golgi network (TGN). The CGN is located in
the forming side of the Golgi stack. It is a network of anastomotic tubules
(Rambourg and Clermont, 1990). The CGN opposes the stack of the Golgi
cisternae. The Golgt stack is formed of adjacent saccuoles that generally appear to

be separate membrane units but that are in fact interconnected by dilated tubules
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(Rambourg and Clermont, 1990; Hermo et al., 1991; Hermo and Smith, 1998).
There are also wells that form within the stacked structure. This is believed to be a
site for vesicular interaction (Hermo and Smith, 1998). These interconnections
and wells are not obvious in all sections, but they have been widely described
(Rambourg and Clermont, 1990; Hermo et al.,, 1991; Mollenhauer and Morre,
1991; Thorne-Tjomsland et al., 1998; Hermo and Smith, 1998; Dominguez et al.,
1999; Ladinsky ef al, 1999). The Golgi is indeed a continuous organelle with

both compact (Golgi cisternae) and non-compact (interconnecting tubules) zones.

The sorting of secretory proteins occurs in the TGN (Griffiths and Simons,
1986). The TGN was first described as part of the Golgi-endoplasmic reticulum-
lysosome system (GERL) (reviewed in Novikoff, 1976) or the frans tubular
network (Rambourg ef al., 1979). The TGN is located at the mature side of the
Golgi, where proteins have been processed and are ready to be targeted to their
final destination. The TGN is not directly connected with the Golgi stack. It is a
fenestrated network of tubules with dilations filled with secretory proteins.
Clathrin coated buds can be seen on the membranes of the TGN. Specifically, AP-
1 directs traffic from the TGN to the endosome while AP-3 directs traffic from the
TGN to the lysosome or vacuole (Cowles et al., 1997). The release of secretory
vesicles from the TGN is effected by phospholipase D (Chen et al., 1997)
indicating a role for modified phospholipids in trafficking.

1.3.2. Golgi Composition

The Golgi apparatus can be described as a compartment intermediary
between the ER and the plasma membrane. As such, there are both ER and PM
components found in the Golgi apparatus. The ER enzymes are associated with
the dense portion of the Golgi apparatus and the PM enzymes are associated with
the less dense, electronegative GA (Bergeron ef al., 1973). This compartment also
contains nucleotide mono-, di- and tri-phosphatases, acid phosphatase, ghicose-6-

phosphatases, arylsulfatases, NADH dehydrogenases, enzymes for lipid
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biosynthesis, endo-alpha-mannosidase, tyrosyl protein sulfontransferase, and furin
(an endoprotease). Possibly the best known enzymes are mannosidases [ and II,
which remove the mannose residues from the GlcisMang oGlcNac,-N-linked

oligosaccharide chains (Tabas and Kornfeld, 1979; Tulsiani ez al., 1982).

The Golgi apparatus also contains specific transporters for UDP-galactose,
UDP-N-acetylglucosamine, UDP-N-acetylgalactosamine, GDP-fructose and
CMP-sialic acid (Hirschberg ef al., 1998).

1.3.3. Golgi Lipids

The lipid content of the Golgi membranes is about 54% phospholipid and
46% neutral lipids (Keenan and Morre, 1970). About 45% of the total
phospholipids are phosphatidylcholine (PC) and about 12% sphingonmyelin. The
Golgi apparatus is seen as the intermediate in the lipid gradient that goes from the
ER to the plasma membrane (Keenan and Morre, 1970). While the ER is rich in
phosphatidyl choline and phosphatidylinositol (PI), the PM is rich in
sphingomyelin, cholesterol, and phosphatidylserine (reviewed in Nickel e al.,
1998). In rat liver cells, 58% of the total phospholipids of the ER are
phosphatidylcholine and 3% sphingomyelin. 39% of the total phospholipids in the
PM are phosphatidylcholine and 16% sphingomyelin (van Meer, 1998). On the
other hand, phosphatidylinositol and phosphatidylethanolamine are about the
same percentage in the three membrane systems, accounting for approximately

10% and 22% of the total phospholipid, respectively (van Meer, 1998)

Unsaturated fatty acids form a gradient from highest abundance in the ER
to the lowest abundance in the PM (Keenan and Morre, 1970). The reverse is true

for cholesterol, which is low in the ER and high in the PM.

Biosynthesis of phosphatidyl inositol occurs in the Golgi apparatus (Jergil
and Sundler, 1983). In fact the Golgi contains many enzymes required for lipid
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biosynthesis and whose specific activity is about 45% that of the ER enzymes
(Jelsema and Morre, 1978).

1.3.4. Disease

The Golgi also plays a role in the disease pathology of ALS (Amyotrophic
Lateral Sclerosis), AD (Alzheimer’s disease) and ricin intoxication (reviewed in
Gonatas et al., 1998). For example, the trans-Golgi is the site of cleavage of the
amyloid-B protein by the P-site APP-cleaving enzyme (BACE) which is

associated with Alzheimer's disease (Huse e al., 2002).
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2. The Saccharomyces cerevisiae Secretory Pathway

Since the compartmentalization of the secretory pathway is conserved
from yeast to humans, then the application of yeast genetics has been a powerful
tool to categorize constituents and compartments of the secretory pathway
(Schekman and Orci, 1996). Indeed the SEC mutants have been instrumental in
discovering many aspects of the secretory pathway (including COPII) (Novick et
al., 1980). Importantly, many of the genes discovered have homologues in other

organisms, including humans.

2.1. The Yeast Endoplasmic Reticulum

Similar to the mammalian system, the yeast endoplasmic reticulum is
composed of long cisternae that are in continuity with the nuclear membrane
(Preuss et al., 1991). In yeast, the ER cisternae are poorly fenestrated, flat sheet-
like structures. The cisternae can be peripheral, just under the plasma membrane,
or located within the cytoplasm. The latter type links the subplasmalemmal ER to
the nuclear membrane. The yeast ER is also biochemically similar to the
mammalian ER. The translocation of secretory proteins across the ER membrane
into the lumen is effected by the translocon (Sec61p complex), Kar2p and Sec63p
(Young et al., 2001).

Translocation of proteins into the ER in yeast may occur in two ways (Ng
et al., 1996). The protein can be targeted co-translationaly, as in the mammalian
secretory pathway, where the ribosome-peptide complex is targeted to the ER
membrane, or posttranslationaly, where peptides are inserted into the ER after the
protein is synthesized. As in mammalian systems, co-translational targeting to the
ER membrane requires the proteins to have a signal sequence. The peptide is
targeted to the membrane through SRP (reviewed in Walter and Johnson, 1994).
SRP is recruited to the membrane by the SRP receptor (a heterodimeric protein).

The ribosome-peptide complex is docked onto a pore complex, the translocon. In
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the posttranslational (or SRP-independent) pathway, translation occurs in the
cytoplasm. The nascent protein is kept in an unfolded state and is targeted to the
Sec62p/Sec63p complex (composed of Sec62p, Sec63p, Sec71p and Sec72p) and
the translocon (Sec61p complex). The protein is then translocated across the ER
membrane (Ng et al., 1996). Yeast proteins may follow the SRP-independent
pathway, the SRP-dependent pathway, or both. CPY, a-factor, Gasip and PDI are
all SRP-independent. Kar2p and Ochlp can use either pathway and Pho8 and
DRAP B are SRP-dependent (Ng et al., 1996).

As in mammalian cells, many ER resident proteins are involved in the
processing of polypeptides and in assisting the newly synthesized proteins to
attaint their correct configuration. Among these are Kar2p, Pdilp, Mpdlp, Lhslp,
Erolp, Fkb2p, and Euglp (Normington ef al., 1989; Rose et al., 1989; LaMantia
et al., 1991; Partaledis and Berlin, 1993; Tachibana and Stevens, 1992; Craven et
al., 1996; Baxter et al., 1996; Tachikawa ef al., 1995; Norgaard et al., 2001).

In the ER, newly synthesized proteins undergo further modifications such
as signal sequence cleavage, side chain glycosylation, disulfide bond formation,
and addition of glycosylphosphatidyl inositol (GPI) membrane anchor. Proteins
that are destined to undergo GPI modification possess a peptide motif at the C-
terminal end. This C-terminal peptide signal is removed and replaced with a GPI
anchor (Englund, 1993). Las21p (Gpi7p) is among the proteins proposed to be
involved in the addition of the GPI anchors (Benachour ef al., 1999). The GPI
anchor is required for the exit from the ER (Nuoffer et al., 1993; Doering and
Schekman, 1996). Two genes, LAG! and DGT1, are postulated to be involved in
ER to Golgi transit of GPI-anchored proteins (Barz and Walter, 1999).

HMG-CoA  reductase  (3-hydroxy-3-methyl-glutaryl-coenzyme A

reductase) is a resident membrane protein of the ER. It catalyzes the production of

mevalonate, an intermediate of sterols and nonsterol isoprenoid compounds.
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Yeast cells have two HMG-CoA reductase enzymes, Hmglp and Hmg2p (Basson
et al., 1986).

Sec12p is associated with the ER cargo exit sites. This is the site where
COPII vesicle formation and cargo exit occurs. Sec12p is a type II transmembrane
glycoprotein that recruits Sar1p-GDP to the ER membrane (Nakano ez al., 1988;
d’Enfert et al., 1991a; Barlowe and Schekman, 1995). In §. cerevisiae, Secl12p 1s
distributed throughout the ER, indicating that COPII vesicle formation is not
restricted to specific subregions of the ER, but may in fact form vesicles

throughout the ER (Rossanese ef al., 1999).

2.2. The Yeast Golgi Apparatus

In the budding yeast, Saccharomyces cerevisiae, the Golgi apparatus is not
composed of closely stacked cisternae, as in the mammalian system, rather, the
Golgi cisternae are dispersed throughout the cytoplasm. (Preuss et al., 1992;
Rambourg et al., 1993; Rambourg et al, 1995). The morphology of the S
cerevisiae Golgi apparatus has not been described as extensively as the
mammalian Golgi. Tt is seen by some as a disk-like structure surrounded by
vesicles (Preuss et al., 1992) and by others as tubular networks with nodular
dilations (Rambourg e al., 1996), or even as membrane profiles (<400nm) that
are often curved and sometimes arranged in stacks of two cisternae (Wooding and
Pelham, 1998). The difficulty of describing the yeast Golgi apparatus is due to its
physical nature (a single membrane profile) and the scarcity of good fixation and

staining techniques (Preuss ef al., 1992; Rambourg et al., 1993).

Certain mutants, such as the sec7 and sec/4 mutants, when grown at a
restrictive temperature disrupt glycoprotein traffic and accumulate Golgi
membranes into a stack resembling those found in mammalian cells (Rambourg et
al., 1996; Novick et al., 1980; Franzusoff et al., 1991). Both SEC7 and SEC14 are

essential genes. Sec7p 1s found in both cytosolic (soluble) and membrane
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(pelleted) pools (Frauzusoff ef al., 1991). In addition, the sec7 mutant disrupts the
traffic of proteins destined for the cell surface as well as to the vacuole and is
possibly involved at a late stage in maturation. Sec7p contains a stretch of
approximately 200 amino acids, referred to as the sec7 domain. This domain is
involved in the guanine nucleotide exchange for ARF (Sata ef al., 1998). Secldp
is a phosphatidylinositol/phophatidylcholine transfer protein. It is required to
control the phosphatidyl content of the Golgi (McGee et al., 1994; Bankaitis et
al., 1990).

2.2.1. Glycosylation

Part of the function of the Golgi apparatus is to modify glycoproteins with
sugar residues. In yeast, the type and amount asparagine-linked (N-linked)
oligosaccharide can be divided into two general classes. The glycoproteins
associated with the outer surface (e.g., invertase) have a large glycan structure of
up to 200 mamnose residues. Those of the inner compartments (e.g., CPY) are
much smaller, with a single o-1,6-mannose attached to the core oligosaccharide to
which 2-3 more mannoses may be added (reviewed in Herscovics and Orlean,
1993; Trimble and Atkinson, 1986; Ballou er al., 1990). The sugars of the
glycoproteins associated with the outer surface of the cell are thought to act as a
shield to protect the cell, to give the cell wall integrity and to act in cell-cell
associations (Klis, 1994; Stratford, 1992). The glycosylation of proteins is also
important for the folding and the function of certain proteins (Varki, 1993). The
initial addition of the sugar moiety (GlusMangGIicNAc,) occurs in the ER, where
the core N-linked glycan is attached to newly synthesized proteins. Before leaving
the ER, the oligosaccharide is trimmed to MangGlcNac, (Esmon ef al., 1984).
Once in the Golgi, the extent to which the glycoprotein is modified is dependent
on the individual protein. As mentioned above, some glycoproteins will undergo
extensive modification while others will only have a few residues added. The
mannosyltransferase Ochlp is responsible for the addition of the a-1-6-mannose

to the core oligosaccharide (Nakayama ef al, 1992). Two protein complexes
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effect further elongation of the mannose residues. The first complex is composed
of Mnn9p and Vanlp. The second is a complex of Mnn9p, Anplp, Hoclp and
Mnnllp (Jungmann and Munro, 1998). Both complexes possess a—1,6-
mannosyltransferase activity. Mnn2p and Mnn5p are o—1,2 mannosyltransferases
that act sequentially to form and extend the mannan branches even further
(Raynor and Munro, 1998). Mnnlp adds the terminal o-1,3-linked mannose
residues to the sugar chains (Raschke et al., 1973; Yip et al., 1994; Wiggins and
Munro, 1998). Mnn6p is required for the addition of a phosphomannan (Wang er
al., 1997).

A separate family of proteins has been identified for serine/threonine-
linked (O-linked) glycans. Mntlp (Kre2p), Kirlp, Yurlp and Ktr3p are a-1,2-
mannosyltransferase that attach the second and third mannoses (Lussier ef al.,
1996; Hausler et al., 1992). GPI anchors also exhibit o-1,2-linked mannose
residues (Sipos et al., 1995).

2.2.2. Biochemical distinctions

The single, dispersed cisternae of the yeast Golgi are biochemically
distinct compartments. The specific regions of these Golgi compartments (i.e., cis
versus trans) can be defined by the enzymes that reside within them. The Mnn%p
complexes are located in the first (cis-most) element of the Golgi. MnnZ2p is in the
second. Mnnlp is in the third and Kex2p, an endoprotease, is in the fourth (trans-

most) element (Wooding and Pelham, 1998; Brigance et al., 2000).

The postranslational processing of pro-a-factor has also been used to
describe the functional compartments of the Golgi apparatus. The ER-core
glycosylation of pro-a-factor is sequentially modified from the «ol,6-
mannosylated form, to the al,2-mannosylated form, to the ol,3-mannosylated

form. The ol,3-mannosylated form is then proteolytically processed by Kex2p
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and exocitosed as the mature peptide (Graham and Emr, 1991; Redding ef al,
1991). The secl8 mutants were used to show that each modification step was in a
distinct membrane bound compartment (Brigance ef al., 2000). Thus four distinct,
biochemical compartments (cis, medial, trans, TGN) have been described i §.

cerevisiae.
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3. Miembrane Biogenesis and Regulation

The membrane systems of eukaryotic cells are as diverse in composition
as they are in function. Exactly how these membranes are regulated, coordinated
and established is not clear. Indeed, the molecular mechanisms that drive
membrane biogenesis are poorly understood. Since the structure, lipid content and
protein content of the various membranes of the cell are quite distinct, membrane
biogenesis requires careful orchestration of the synthesis and assembly of
membranes. In many cell types, over expression of certain membrane proteins

induces the proliferation of internal membrane systems.

3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase is an ER
membrane protein that is involved in mevanolate production. It catalyzes the rate-
limiting step in sterol biosynthesis (Shapiro and Rodwell, 1971; Rodwell et al.,
1976). Over expression of this protein in yeast or mammalian cells leads to
membrane proliferation (Wright er al., 1988; Kochevar and Anderson, 1987,
Anderson et al., 1983; Orci et al, 1984; Chin et al., 1982). There are two
1sozymes for HMG-CoA reductase in yeast, Hmglp and Hmg2p (Basson et al.,
1986). Increased expression of the isozymes creates distinct and dramatic
membrane proliferations that reflect the localization of the particular protein
(Wright et al., 1988; Koning et al., 1996). Hmglp is associated with nuclear
associated ER. Over expression of Hmglp causes proliferation of membranes
(karmellae) which are associated with the nuclear membrane. Hmg2p is also
associated with nuclear associated ER, but when over expressed, it has a more
peripheral localization. Indeed, peripheral karmellae are seen when this isozyme
is over expressed. The protein composition of these two membranes systems is
also distinct, possibly revealing two subregions of the ER involved in sterol
synthesis (Koning et al., 1996). Although subregions in the ER membrane are not
obvious in yeast, some evidence suggests that they exist (Wright et al., 1988;

Koning et al., 1996; Nishikawa ef ¢l., 1994).
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The other proteins that led to membrane structures when over expressed
include: (1) cytochrome hydroxylases, which are involved in sterol biosynthesis
(Vergeres et al., 1993; Schunk er al., 1991); (2) the peroxisomal membrane
protein, Pex15p (Elgersma et al., 1997); (3) the ER membrane protein, Seci2p
(Nishikawa et al., 1994); (4) the canine ribosome receptor (Wanker ez al., 1995;
Becker et al., 1999); (5) the protease B negative 1 protein (Naik and Jones, 1998);
(6) ARF (Deitz et al., 2000); (7) the cycling protein, p23 (Rojo et al., 2000) and
(8) the prosequence derivative of RNAP-I (Umebayashi et al., 1997). Conversely,
depletion or deletion of certain proteins has also led to new membrane structures.
In the vps45A mutant there is an accumulation of vesicles. VPS45 is a member of
the Seclp/Slylp/Vps33p family and is thought to be involved in the transport of
vesicles to the vacuole (Cowles er al., 1994). Depletion of Sec24p, a COPII
component, leads to an extensive membrane system, specifically, an amplification
of ER membranes (Kurihara ef al., 2000). In addition, phenobarbital treatment has
also been reported to induce membrane formation (Jones and Fawcett, 1966;

Bolender and Weibel, 1973).

Incidences of membrane proliferation in prokaryotes have also been
documented. In Escherichia coli, ATP synthase and fumarate reductase over
expression produces intracellular membrane tubules (Weiner ef al., 1984). Thus,
both eukaryotes and prokaryotes possess mechanism involved in de novo

membrane biosynthesis.

Some of the factors involved in membrane morphogenesis have recently
been clucidated through the use of cell free assays. COPL, rp2402, the AAA
ATPase p97 and the SNARE syntaxin 5 are all required for the transformation of
membrane structures in vitro (Lavoie et al., 1999; Roy ef al., 2000; Chapter 2).

In yeast, the volume of the ER changes in response to the accumulation of
proteins. This is controlled by the unfolded protein response (UPR) and the
inositol response (IR). The UPR increases the amount of chaperones (e.g., KAR2,
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PDL EUGI) while the IR induces membrane synthesis (e.g., INO1, CHO1).
These two pathways are activated through the actions of the transmembrane

kinase Irelp and the transcription factor, Haclp (Cox et al., 1997).

Increase in ER membrane structures may also occur in systems where
trafficking is perturbed. This is seen when SECI12 is over expressed (Nishikawa et
al., 1994), when ARF1 is over expressed in an Aarfl Aarf2 background (Deitz ef
al., 2000), or when Sec24p is depleted (Kuirihara ez al., 2000).
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4. Components of the Secretory Pathway

Although morphologically different, the mammalian and yeast systems
have many common factors. Genetic and biochemical studies have revealed that
S. cerevisiae and higher eukaryotes both utilize the same basic mechanisms for
the proper secretion of proteins and the overall functioning of the secretory
pathway (Novick er al, 1980; Schekman, 1985; Rothman and Orci, 1992).
Indeed, many components in one eukaryotic system are interchangeable with
those of another eukaryotic system (Wilson et al., 1989; Griff et al., 1992; Ferro-
Novick and Jahn, 1994; Minard ef al., 1998; Li et al., 1997). The sharing of the
basic machinery by many organisms has allowed us to use a wide varniety of
systems to study the mechanisms of the secretory pathway. This text will
concentrate on the yeast and the mammalian systems, which have been
instrumental in the discovery of the molecular components of this the secretory

pathway.

4.1. copri

COPI is a protein complex that is involved in vesicular transport
(Rothman and Wieland, 1996; Schekman and Orci, 1996). This protein complex
is recruited to membranes and forms a coat that surrounds the budding transport
vesicle. It was first identified in isolated Golgi membranes through the use of
electron microscopy (Orci ef al., 1986). The protein complex was seen as a fuzzy
coat over the membrane. This study also identified a cargo protein (a viral G
protein, VSV-G) in the COPI coated structures, thus implicating COPI in
anterograde transport (Orci er al., 1986). COPI coated vesicles were then isolated
with the use of GTPYS (Melancon et al., 1987; Malhotra et al., 1989). The COPI
components were identified and found to be composed of seven protein subunits
(a, B, B, 7, O, € and &) (Waters et al., 1991; Serafini ef al., 1991a; Stenbeck e al.,
1993; Duden et al., 1991) and the small GTP-binding protein ARF (ADP-
ribosylation factor) (Serafini e al., 1991b). The largest subunit is a (~150 kDa)
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and the smallest subunit is £ (~21kDa) (for the size of all subunits see Table 1 in
Gaynor et al., 1998). In a mammalian in vitro assay, COPI was found to bind to
Golgi membranes and induce the formation of functional transport vesicles
(Malhotra ez al., 1989). In yeast, the COPI subunits were identified as sec and ret
mutants (Hosobuchi et al., 1992; Duden et al., 1994; Letourneur e al., 1994;
Cosson ef al., 1996).

The formation of COPI vesicles is proposed to occur with the initial
binding of ARF-GTP to the membrane (Donaldson er al, 1992). Once the
membrane is primed, the coat protein self-assembles or polymerizes onto the
membrane (Palmer et al., 1993). The coat is released when ARF-GTP is
hydrolyzed to ARF-GDP and Pi, allowing the vesicle to fuse with target

membranes (Tanigawa et al., 1993).

As mentioned, initial studies implicated COPI in anterograde transport
(Pepperkok ef al., 1993; Peter et al., 1993), however, many subsequent studies
have implicated COPI in a retrograde pathway (Gaynor and Emr, 1997,
Letourneur et al., 1994; Pelham, 1994; Schekman and Orci, 1996; reviewed in
Aridor and Balch, 1996). Indeed, COPI has the ability to bind to a di-lysine
(KKXX) retrieval motif. This retrieval signal is found on the type I membrane
proteins of the secretory pathway (Jackson et al, 1993; Gaynor er al, 1994;
Townsley and Pelham, 1994; Cosson and Letourneur, 1994). Resident proteins
that escape the ER and contain a retrieval motif are cycled back to the ER in
COPI vesicles. Indeed, COPI is not essential for the anterograde transport of all
secretory proteins (Gaynor and Emr, 1997). Mutants in y-COP (sec2l) cause a
block in only a subset of proteins, which may in fact be a disruption in retrograde
transport rather than a direct effect on anterograde transport (Gaynor and Emr,

1997).

It appears that COPI has yet another role. A recent study has shown that

COPI binds to and dissociates from membranes in a continuous manner. The
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transient association of COPI is significantly longer than that of ARF1I and is
independent of vesicle formation. The proposed model is that coatomer generates
separate membrane domains prior to the formation of transport structures,

whether in coated vesicles or larger transport intermediates (Presley et al., 2002).

4.2. COPII

COPII is the membrane coat that in involved in cargo exit from the ER.
COPII was initially identified in yeast (Novick et al., 1980). It is a complex
composed of a Sec23p/Sec24p subunit (Hicke and Schekman, 1989; Hicke ef al.,
1992), a Secl3p/Sec31p subunit and the small GTP-binding protein Sarlp
(Salama et al., 1993; Barlowe ef al., 1994; see Table 1 in Barlowe, 1998).

Unlike the ambiguity associated with the role of COPI, the role of COPII
in vesicular transport is much more clear. The subunits of COPII, Sarlp, Sec13p
and Sec23p localize to the ER exit sites, the location where this complex effects
its role (Orci et al., 1991; Shaywitz et al., 1995; Kuge et al., 1994). Essentially,
COPII is required for the formation of ER-derived anterograde transport vesicles
(Barlowe et al., 1994; Bednark et al., 1995). Coat formation is proposed to be
initiated by the recruitment of Sarlp to the membrane by Secl2p in a process that
requires a guanine nucleotide exchange (d’Enfert et al., 1991a; d’Enfert et al.,
1991b). Sarlp then recruits the Sec23p/Sec24p complex, followed by the
Sec13p/Sec31p complex. Once the vesicle is released from the ER membrane it
will lose its coat, thus making the vesicle fusion competent and able to interact

with its target membrane (reviewed in Barlowe, 1998).

Two other proteins are potentially involved in the coat formation. Secl6p
has been suggested to be associated with Sec23p (Espenshade ef al., 1995). It may
provide a scaffold on which the coat complex is formed (Gimeno et al., 1996).

Alternatively, it may be involved in cargo selection (Campbell et al, 1997).
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Secdp is another potential component of COPII budding. Secdp shares 45%
identity with Sec12p, and Sec4p binds directly to Sec16p (Gimeno ef al., 1995).

4.3. SNAREs, NSF and Rabs

Once a transport vesicle is formed it must be able to find its target
organelle and fuse with it. The machinery that dictates this specificity and allows
the two membrane bilayers to fuse consists in part of SNAREs (soluble N-
ethylmaleimide-sensitive factor attachment protein receptors), NSF (N-
ethylmaleimide-sensitive factor), SNAPs (soluble N-ethylmaleimide-sensitive

factor attachment proteins) and Rabs.

SNAREs are molecules that are intimately involved in the targeting of
membrane fusion events. In fact, they define the vesicle (v) and target (t)
membranes (hence, v- and t-SNAREs). They function by forming fusion
complexes between v-SNAREs and t-SNAREs to bridge the vesicle and target
membranes (Rothman and Warren, 1994; Suiton et al., 1998). NSF and SNAP are
required to disrupt the SNARE complex. Rabs are small GTP-binding proteins
that are also involved in targeting and fusion events. These proteins are discussed

in greater detail below.

4.3.1. SNAREs

SNAREs are integral membrane proteins that are involved in various
membrane fusion events within the cell. In fact there are important commonalties
between the structural motifs of SNAREs and viral fusion proteins (Skehel and
Wiley, 1998). This indicates that the mechanism for membrane fusion is highly

conserved.

SNAREs associate to form complexes that consist of bundles of four

parallel helices. Three of the SNAREs are located on the target membrane while

50



the fourth SNARE is on the vesicle membrane (Parlati ef al., 2000). The syntaxin
and SNAP-25 families make up the target-SNAREs, while synaptobrevins or
VAMPs (vesicle-associated membrane proteins) make up the vesicle-SNAREs.
Recently, SNAREs have been divided into Q- (glutamine containing) and R-
(arginine containing) SNAREs. This designation is based on the highly conserved
central amino acids (Q or R) (Fasshauer ef al., 1998). It is not clear what the
precise role of the SNAREs are, whether they are involved in the docking or
fusion events (reviewed in Chen and Scheller, 2001) or even what level of
specificity they contribute to the targeting of vesicles (Pelham, 2001). The
SNARE hypothesis initially predicted that the v- and t-SNAREs provide the
complete specificity for the targeting of the vesicle to the target organelle and that
the interactions between the v- and t- SNARESs served to dock the vesicle onto the
target membrane (Sollner ez al., 1993). Recent studies, however, question the role
of SNAREs in docking (Hunt et al., 1994; Broadie et al, 1995) and provide
evidence that Rabs may be the molecules involved in vesicle docking (Cao ef al.,
1998). Thus SNAREs may be directly involved in membrane fusion, and the
formation of the SNARE complex may be the driving force (Chen and Scheller,
2001). |

4.3.2. NSF

NSF is a hexameric AAA (ATPase associated with various cellular
activities) ATPase that is required to dissociate the SNARE complexes. This
process also requires the presence of a-SNAP. Both NSF (Block et al., 1988;
Malhotra et al., 1989) and SNAPs (Clary er al., 1990) were initially identified
using a cell free system. The yeast homologue for NSF is Sec18p (Wilson et al.,
1989) and a—~SNAP is Sec17p (Griff ez al., 1992).

NSF uses the energy from ATP hydrolysis to drive the dissociation of the
complexes. o-SNAP interacts with the SNARE complex and with the ATP bound
form of NSF to form a 20S complex (Wilson ef al., 1993). Initially, it was thought
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that NSF and a-SNAP provide the driving force for membrane fusion through the
disassembly of the SNARE complexes (Sollner et al., 1993). However, it has been
postulated that NSF and a-SNAP act after membrane bilayers have fused and are
required instead to disassemble the SNARE complexes to allow recycling and

further rounds of fusion to occur (Littleton ef al., 2001).

4.3.3. Rabs

Rabs are small GTP-binding proteins that have been implicated in various
steps of vesicular traffic (reviewed in Zerial and McBride, 2001). Generally, Rabs
are associated with the docking or tethering events of the vesicle to the target
membrane, however, Rabs are also involved in vesicle formation, as a mutated
form of rabl inhibits protein export from the ER (Nuoffer et al, 1994). In
addition, a yeast two hybrid screen identified kinesin as a Rab interacting protein,

thus implicating Rabs in vesicle motility (Echard et al., 1998).

Rabs associate with a membrane through a prenylation on their carboxyl
termini. Once heterotypic fusion of membranes has occurred, the Rab GDP
dissociation inhibitor (Rab GDI) retrieves the Rab, which is now in a GDP-bound

state, and returns it to its resident membrane (Pfeffer ef al., 1995).

Due to the large number of Rabs that have been identified (>60; reviewed
in Zerial and McBride, 2001; Segev, 2001; Pereira-Leal and Seabra, 2000) these
proteins have recently been proposed to help define organelles by creating unique
protein scaffolds (Pfeffer, 2001). In addition to the large number of Rabs GTPases
there is also a large number of effector proteins to which they bind. The diversity
of these effector proteins appears to lend new functions to the Rabs (Segev,

2001).
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4.4. The p24 Family

One of the major protein constituents of the secretory pathway is a group
of type I transmembrane proteins termed the p24 family. These proteins are major
constituents of COPI vesicles, COPII vesicles and the organelles of the early
secretory pathway (Wada er al., 1991; Stamnes ef al., 1995; Sohn et al., 1996;
Belden and Barlowe, 1996; Dominguez et ¢l., 1998). They are found in a wide
variety of organisms, ranging from yeast to human. The p24 proteins have been
grouped into four categories (o, B, v, and 8) based on their amino acid sequence
(Dominguez et al., 1998). Below is a description of the data obtained on the p24

family from various species.

4.4.1. Mammalian

The first p24 protein (gp25L) was initially cloned in 1991 through its co-
isolation with calnexin, TRAPa and TRAPP (Wada ef al, 1991). In 1999, a
second paper recorded its relationship with calnexin (Chevet ez al., 1999; Chapter
1) and demonstrated that gp25L, now termed rp24a.2, (Dominguez et al., 1998), 1s
a ribosome-associated protein. More specifically, rp2402 requires a nascent
polypeptide chain to form an association with the ribosome (Chevet ef al., 1999;

Chapter 2).

The p24 proteins are abundant proteins of the early secretory pathway
(Dominguez et al., 1998; Fullekriig et al., 1999). They are mainly localized to the
Golgi apparatus and intermediate compartment, but are also found in the
endoplasmic reticulum and in phagosomes (Rojo ef al., 1997; Dominguez ef al.,
1998; Fullekriig et al., 1999; Lavoie ef al., 1999; Emery et al., 2000; Bell et al.,
2001; Garin et al., 2001). Indeed the different p24s possess various degrees of
glycosylation corresponding to their cycling pathway (Fullekriig ez al., 1999).
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The p24s have been proposed to be involved in both membrane structure
and the transport of the secretory proteins through the early secretory pathway
(Rojo et al., 1997). The expression of exogenous p23 in mammalian cells causes
p23 (both the endogenous and exogenous form) to relocate to the ER and
generates a smooth ER membrane structure (Rojo et af., 2000). Significantly,
protein transport was not blocked, although minor delays were seen. In addition,
the morphology of the Golgi was changed (Rojo et al., 2000). It is postulated that
the relocation of p23 to the ER may be a consequence of titration. That is, p23
may require a partner in order to exit the ER. If this partner is not as abundant as
the p23 molecule, then the p23 protein may be trapped in the ER. Indeed, other
members of the p24 family did not relocate to the ER (Rojo et al., 2000). In fact,
when at least 2 members of the p24 family are over expressed in mammalian cells
the exogenous p24s are detected in the CGN (Dominguez et al., 1998; Fullekriig
et al., 1999; Emery et al., 2000).

The relationship between the p24s and COPI is not clear. Some believe
that the p24s are COPI receptors while others believe that no association is
present. Initially p24s were isolated as abundant constituents of COPI vesicles
(Sohn et al., 1996; Stamnes et al., 1995), predicting a role for the p24s as either
sorting constituents or COPI receptors. Indeed, many have found that the p24s can
bind COPI (Dominguez et al., 1998; Sohn et al., 1996). However, others have
stated that they find no association of the p24s and COPI (Rojo ez al., 1997). The
differences in the experiments used to create these conclusions are significant.
Briefly, Sohn and colleagues added CHO cell lysates to p24 peptides linked to
thiopropyl Sepharose 6B via their NH2-terminal cysteine residues (Sohn ef al.,
1996). Coatomer subunits were detected by Western blot. Likewise, Dominguez
and colleagues used peptides corresponding to the cytosolic domain of five
different p24s (Dominguez ef al., 1998). The peptides were coupled to thiopropyl
Sephrose beads via cysteines and added to a pre-cleared Hela lysate. The
presence of COPI or COPII was detected through Western blots. These two

experiments test for only the interactions between the p24 peptide tails and COPI
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or COPIL The experiment that draws a different conclusion is one that uses
membrane fractions. Briefly, two membrane fractions (M1, essentially devoid of
p23; M2, high amounts of p23) were incubated with cytosol and nucleotides. COP
and p23 were detected by Western blot. Since both membrane fractions appeared
to recruit comparable amounts of COP, the authors concluded that the p24s do not
contribute to COPI binding. It is significant to note that the COPI-binding motif
of the p24s is K(X)KXX, a motif found on a large number of membrane proteins.
The authors neglect the fact that the M1 fraction may contain membrane proteins
with a COPI binding motif (including other members of the p24 family). It can be
concluded that the p24s are not essential for COPI recruitment, nor are they the
only proteins able to recruit coatomer. Recent work has shown that COPI has a
short, yet continuous interaction with the membrane (Presley et al., 2002). It is
possible that the p24s are able to enhance the COPI association with membrane.
Thus the p24s do bind to COPL but it is unlikely that they are true COPI

receptors.

The p24 proteins cycle throughout the early secretory pathway and their
localization is interdependent (Dominguez er al., 1998; Fullekriig er al., 1999,
Rojo et al., 2000; Emery et al., 2000). In fact, these proteins have been shown to
be in a complex (Dominguez ef al., 1998; Fullekriig et al., 1999; Marzioch et al.,
1999). Initially, rp24a2 was found to co-sediment in a complex with a peak
distribution around 35S (Dominguez et al, 1998). Immunoprecipitation
experiments reveal an interaction between p24 and p23 (Gommel ef al., 1999) and
between p27, p25, p24 and p23 (Fullekriig et al., 1999). As mentioned above and
consistent with the fact that the p24s form a complex, the exogenous expression
of only one member of the p24 family leads to a mislocalization to the ER (Rojo
et al., 2000). Only when two p24s are co-expressed (i.e., 2 member from the
delta/p23 and beta/p24 subfamilies), is the exogenous p24 able to exit the ER
(Dominguez, et al., 1998; Fullekriig, er al. 1999; Rojo, et al., 2000; Emery, ef al.,

2000). In fact, one member from each of the four subfamilies (alpha, beta, gamma
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and delta) must be expressed for the proper sorting/trafficking of the p24s to
occur (Fullekriig er al., 1999; Emery et al., 2000).

The expression of the p24s is tissue specific as well as being regulated by
various signaling pathways (Blum ez al., 1996; Baker and Gomez, 2000; Rotter et
al., 2002). p23 is developmentally regulated in the kidney and ureter development
of Sprague-Dawley rats (Baker and Gomez, 2000). When embryonic day 14
(E14), newborn and adult kidneys were compared, p23 was found to be the most
pronounced in the nephrogenic zone of the kidneys of newbom rats. Indeed, the
role of p23 in development is significant since p23 null mice are embryonic lethal

(Denzel et al., 2000). Thus the p24s are spatially and temporally regulated.

4.4.2. Saccharomyces cerevisiae

An N-terminal sequence for the first yeast p24 protein was initially
obtained from a partially purified endosomal fraction that was known to contain
ER and Golgi (Singer-Kruger e al., 1993). The gene for this protein was then
cloned and sequenced in 1995 (Schimmdéller et al., 1995). It was termed EMP24
(endomembrane protein of the precursor of 24kD). Subcellular fractionation
studies revealed that EMP24 mainly co-localizes with the ER marker Wbplp, but
also with the Golgi marker Ochlp (Schimmélier ef al., 1995). EMP24 was also
localized to COPII vesicles. The deletion of EMP24 causes a delay in the kinetics
of a subset of proteins, specifically, periplasmic invertase and Gaslp, while alpha-
factor, acid phosphatase, carboxypeptidase Y and alkaline phosphatase are
secreted normally (Schimmodller et al., 1995). The delay was found to occur in the
transport of Gaslp and invertase to the Golgi rather than due to a delay in
processing/modification of the proteins (Schimméller et al, 1995). Indeed, the
p24s are implicated in the sorting/concentration of a specific subset of secretory
proteins (Schimméller ef al., 1995; Muniz ef al., 2000). In addition, the secretion
of two resident ER proteins (Kar2p and Pdilp) was increased (Schimméller ef al.,

1995; Elrod-Erickson and Kaiser, 1996). Seven more p24 proteins were later
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identified, Erv25p (ER vesicle protein of 25 kDa) and Erplp-Erp6p (Emp24p- and
Erv25p-related proteins) (Belden and Barlowe, 1996; Marzioch et al, 1999).
Deletion of ERV25 (but not ERP1-6) also resulted in reduced invertase secretion
(Marzioch et al., 1999). Deletion of ERV25, ERP1 and ERP2 (but not ERP3-6)
resulted in reduced rate of Gaslp secretion and increased Kar2p secretion (Belden
and Barlowe, 1996; Marzioch ef al., 1999). The increase in Kar2p secretion
appears to be due to the activation of the unfolded protein response pathway
(UPR) in the deletion strains (Belden and Barlowe, 2001b). In fact, the
erv25Airel A and emp24Airel A strains showed a reduction in growth rate,
indicating a partial dependence of the p24s on this stress response pathway
(Belden and Barlowe, 2001b). Further experiments showed a modest UPR
response in the single knock out and that Kar2p secretion is dependent on IREI
(Belden and Barlowe, 2001b). In addition, defects in the rate of incorporation of
certain secretory proteins into COPII vesicles were found (Muniz ef al., 2000). As
mentioned previously, a subset of proteins has altered kinetics in p24 deletion
strains (Schimméller et al., 1995; Belden and Barlowe, 1996). One of these
proteins, Gaslp, has been found to cross link with Erv25p and Emp24p (Muniz ez
al., 2000). These data have led to the proposed role of cargo receptors for the p24s
(Schimmoller et al., 1995; Muniz et al., 2000).

Belden and Barlowe (1996) first documented an association between
ERV?25 and EMP24. Later, an association was shown between ERV25, EMP24,
ERP1 and ERP2 (Marzioch et al., 1999). Knockouts of the p24 proteins in yeast
are not lethal and show no distinct morphological changes. In fact a complete
deletion of all eight (8) p24s shows no increase in the secretion defects from the
most dramatic single knock outs (erv254 or emp244) (Schimmoller et al., 1995;
Belden and Barlowe, 1996; Springer et al., 2000). This result implies that a single
knock out is sufficient to perturb the function of the p24s. Indeed, the quadruple
and single knockouts show a perturbation in the stability/expression of the other
p24s, thus implying a destabilization of the p24 complex (Belden and Barlowe,
1996; Marzioch ef al., 1999; Ciufo and Boyd, 2000).
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The p24s are also postulated to be intimately involved with COPIL. The
p24s are abundant constituents of COPII vesicles (Belden and Barlowe, 1996), in
addition, EMP24 was identified as BST2 (bypass of SEC13) (Elrod-Erickson and
Kaiser, 1996). Thus an EMP24 deletion rescues the lethality of secl34. This
property is exclusive to SEC13 and BSTs will not rescue other null mutants such
as SEC12, SEC23 and SEC31 (Elrod-Erickson and Kaiser, 1996). In addition, all
three bst secl34 mutants exhibit an increase in Kar2p and Pdilp secretion and a
reduction in the release of invertase from the ER while CPY is only slightly
affected (Elrod-Erickson and Kaiser, 1996). This data shows that the phenotype
exhibited by the p24 deletions is not exclusive to this protein family. In fact erd
mutants are also characterized by an increase in Kar2p secretion (Hardwick et al.,
1990; Semenza et al., 1990). Two other p24s, ERV25 and ERP1, were later
shown to also rescue the null phenotype of sec/3A (Marzioch et al., 1999). In a
study that classified protein-protein interactions in yeast, Emp24p was found to
form interactions with Sarlp, Sec23p and Sec24p (Schwikowski et al., 2000).
Erv25p was found to interact with Ylr124w (Schwikowski et al., 2000). Emp24p,
Erv25p and Erplp have also been localized to Sed5p membrane vesicle fraction
(Cho et al., 2000). This fraction was identified as an early Golgi compartment
fraction (Cho et al., 2000).

The defects in secretion and retention appear to be due to exit from the
ER. Other data indicate that the p24 deletions have no effect on COPI or COPII
budding (Belden and Barlowe, 1996; Springer et al., 2000). Thus the p24s may be
involved in protein sorting, protein packaging or may just be a non-essential

component of the COPI/COPII recruitment machinery.

The rate at which Emp24p cycles through the early secretory pathway is
affected by the hydrophobic LV (lysine-valine) residues located at the terminal
end of the cytoplasmic tail of the protein (Nakamura et al, 1998). These

hydrophobic residues, which are somewhat conserved among the p24s, accelerate
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the forward movement of the proteins (Nakamura e al, 1998). Glutamine
residues in the transmembrane domain on the other hand, act to reduce the
transport rate of the proteins and counteract the accelerated anterograde
movement of the LV motif (Nakamura et al., 1998). Exactly how Emp24p is
recycled back to the ER is not clear because it does not contain a known retrieval
signal. Emp24p does, however, interact with Erv25p, which does have a KK
retrieval signal, and may be cycled back to the ER in this manner (Belden and
Barlowe, 1996; Nakamura et al., 1998). The interaction between p24 proteins
appears to be in the lJuminal domain (Ciufo and Boyd, 2000). The specificity for
Emp24p lies between Cys-99 and Lys-147, which encompass the coiled-coil
region of the protein (Ciufo and Boyd, 2000).

The p24s are regulated during the cell cycle. Several studies have
demonstrated an increase in the expression level of EMP24 during G1 and of
ERV25 during S phase (Cho er al, 1998; Spellman er al., 1998). ERV25
expression is also increased during the unfolded protein response (UPR) (Travers

et al., 2000).

4.4.3. Caenorhabditis elegans

In Caenorhabditis elegans, there are at least five p24 genes (Wen and
Greenwald, 1999; Kuiper and Martens, 2000). The first p24 gene, SEL-9, was
discovered through screens for suppressors/enhancers of LIN-12 (SEL genes)
(Sundaram and Greenwald, 1993; Wen and Greenwald, 1999). This genetic
screen looks for genes that enhance or suppress the activity of the LIN-
12/NOTCH family of proteins. The mutations in the luminal domain or deletion
of the cytosolic and part of the transmembrane domains in the sel-9 gene
increased the activity of both /in-12 and gip-1 (genes that have mutations in the
extracellular domain of LIN-12 and GLP-1, respectively). The increased activity
of lin-12 and gip-1 was due to the increased amount of /in-12 and glp-I that

reached the plasma membrane. The se/-9 mutant allowed the escape of mutated
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proteins that would otherwise accumulate in the cell, presumably in the ER.
Through database searching, four more p24 genes were identified in C. elegans in
this study (W02D7, F47G9.1, F57B10.5, and 08E4.6). RNAI experiments were
done with sel-9 and F47G9.1. This also produced an increased /in-12 and glp-/
activity (Wen and Greenwald, 1999).

Hence, SEL-9 and F47G9.1 appear to be negative regulators of LIN-12
and GLP-1 transport. The mutated gene, sel-9, relieved some of the rigidity of the
quality control of the ER, allowing proteins that would otherwise fail quality
control to escape. This led the investigators to predict a functional role in quality
control and cargo selection within the secretory pathway for SEL-9 and the p24s.
Specifically, the p24s may act as cargo receptors for the LIN-12 and GLP-1genes

in C. elegans.

4.4.4. Xenopus laevis

In the amphibian Xenopus laevis, the first member of the p24 family to be
identified (Xp245,) was found to be coordinately expressed with the translocon
associated protein TRAPS and pro-opiomelanocortin (POMC) in the
melanotropes of the intermediate pituitary during black background adaptation
(Holthuis ef al., 1995). These neuroendocrine cells possess a highly specialized
secretory pathway and control various physiological aspects of the organism
through neuropeptide and peptide hormone release (reviewed in Kuiper and
Martens, 2000). Black background adaptation causes an increase in protein
synthesis and depletion of melanophore-stimulating hormone (MSH). The
opposite was seen for white background adaptation (Jenks et a/., 1977). In 2000, a
second p24 from Xenopus, Xp240,, was identified (Kuiper et al., 2000). The
Xp243,, however, is not induced in melanotropes in coordination with POMC.
These two p24 proteins appear to be tissue specific, which may account for the
differences in expression levels with respect to POMC. Recently, Martens has

recently identified six more p24s in Xenopus laevis through screening of cDNA
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libraries (Rétter er al., 2001). Thus Xenopus have at least eight different p24
proteins: two alpha subfamily members (p240, and p240i), one beta subfamily
member (p24P1), three gamma subfamily members (p24y:, p24y, and p24y3), and
two delta subfamily members (p243; and p248,). In the amphibian, Xenopus
laevis, only six of the eight p24s are expressed in melanotrope cells, of which
only four are induced in active melanotropes (Rotter ef al., 2002). This same
group has also shown that the subcellular location of the p24s within the

melanotrope is dependent of its biosynthetic activity (Kuiper ef al., 2001).

4.4.5. Fugu rubripes, Anguilla anguilla and Cyprinus carpios

In fish, as in humans, the p24s have been identified in association with the
neural degenerative condition, Alzheimer’s disease. This diseased is characterized
by the deposition of amyloid-b, which forms plaques in neural tissue. In pufferfish
(Fugu rubripes), the p24 gene, S31iii125, was identified due to its location at the
AD?3 locus (a chromosomal region associated with Alzheimer’s disease) (Trower
et al., 1996). In a screen for G-protein coupled receptors from eel (dnguilla
anguilla) retinal cDNA, a clone was found that showed similarities to the p24
gene S31iii125 of pufferfish and human. This knowledge was then used to screen
for an orthologue in carp retina. In 1998, the carp (Cyprinus carpios) p24 was
identified. The discovery of this gene was in conjunction with the identification of
a presenilin gene PS1 (which is associated with Alzheimer’s disease). To this
point, the only association of the p24s with this disease is purely on the basis of

its chromosomal location.

4.4.6. Polyphondylium pallidum and Dictostelium discoidem

The p24 LbrA (long branch A) was identified in shime mold
(Polyphondylium  pallidum) through an insertional mutagenesis system,
restriction-enzyme-mediated integration (REMI) (Kawabe et af., 1999). The LbrA

gene was identified because the mutant strain M2323 (with a vector insertion site
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near the LbrA gene) produced a strain with altered morphology (longer branches).
Disruption of the /br4 gene produced the same changes in structure and for the
first time implicates the p24s in morphogenesis. The investigators proposed that
the role of the p24s in morphogenesis may not necessarily be a direct role, but
rather an indirect role in the transport and/or sorting of protein factors that are

involved in morphogenesis.

In addition, four potential p24 genes for Dictostelium discoidem were
found in the Dicty ¢DB (an EST database for Dictostelium discoidem). One of
which has 69% identity to LbrA, the other three with about 30% identity.

4.4.7. Other Species

The genomic sequencing projects have provided databases with complete
and incomplete genomes of various species. These databases have provided the
means to identify numerous p24s in other species, including Drosophila
melanogaster, Schizosaccharomyces pombe, Arabidopsis thaliana, Bos taurus,
Neurospora crassa and Salmo salar. In fact, the p24s have sequence related gene
products in at least fifty-four different species, with over a hundred p24 genes

identified (Chapter 5).

4.4.8. Cell Free Systems

In cell free systems, the p24 tails have been shown to bind to the coat
proteins COPI and COPII (Dominguez et ai., 1998). More specifically, a peptide
with the amino acid sequence of the cytoplasmic tail of p23 (YLRRFFKAKKLIE)
has been shown to bind specifically to the y subunit of COPI (Harter and Wieland,
1998). p23 is highly enriched in COPI vesicles. It is present in a ration of 4:1
(Sohn er al., 1996). The tail of p23 (and p24) has also been shown to be required
for COPI vesicle formation from lipid bilayers, along with ARF, coatomer and

GTP (Bremser et al, 1999). The binding of coatomer to p23 and vesicle
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formation is abolished by the mutation of the FF motif to AA and the KK motif to
SS (Dominguez ef al., 1998; Bremser et al., 1999). Nuclear magnetic resonance
(NMR) spectroscopy studies revealed that p23 tails form tetrameric o-helix
structures (Weilder er al., 2000).

The p24s are abundant proteins of the secretory pathway and are somehow
involved in the morphology and protein transport, whether through direct or

indirect means. A clear functional role, however, has remained elusive.

There are indeed many more molecular components essential to the
secretory pathway that are not described in this text. Noteworthy are the proteins
involved in nucleotide exchange, structural integrity, the cytoskeleton, recycling

and the regulation of all of these factors.
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Figure i. Summary of the effect of the p24s on the secretory pathway. A
collection of the data is presented in a schematic that represents the early

secretory pathway.
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5. The p24s and the Secretory Pathway

This thesis proposes to resolve some of the mechanisms of the early
secretory pathway by focusing on one of its abundant constituents, the p24 family
of transmembrane proteins. It is interesting that an increase in p23 protein elicits
the formation of large membrane structures (Rojo et al., 2000). In addition to the
formation of this novel membrane structure, there is a fragmentation of the Golgi
into mini-Golgi stacks. Microinjection of antibodies to p23 into mammalian cells
inhibits both the anterograde transport of the VSV ts045-G protein to the plasma
membrane (Rojo et al., 1997) and the retrograde transport of the cholera toxin
mutant (CTX-K63) from the Golgi to the ER (Majoul ef al., 1998). It is clear that

the p24s are involved in both protein transport and morphogenesis.

In addition to their associations with coatomer, the p24s have been found
to associate with ArfGAP1, Sec23p (SarlpGAP) and ARF1 (Lanoix ef al., 2001,
Dominguez et al., 1998; Gommel et al., 2001). These associations may contribute
to the recruitment of COPI and COPIIL. A recent study has found that COPI
associates/dissociates in a rapid and continuous manner with the membrane
(Presley et al., 2002). Presley and colleagues have also found that COPI generates
membrane domains (Presley et al., 2002). An increase in a p24 protein may
enhance the association of coatomer to the ER membranes, thus producing new
membrane domains as seen in the over expression studies (Rojo er al., 2000).
Since the p23 molecules appear to be unable to leave the ER in the p23
overexpressors and there is a delay in transport kinetics, it is possible that p23
causes a partial depletion of the pools of COPI/COPII/ARF1 to the extent that ER
transport is delayed. If p23 is tying up much of the coatomer/ARF, the effect is
somewhat reminiscent of a mild BFA response, where the Golgi becomes
fragmented. In light of these and other data we predict that the p24s may
contribute to the stability of the Golgi structure, the organization of the
membranes of the IC/CGN and the kinetics of protein transport through their

interactions with other components of the secretory pathway. Thus, the p24s may
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act to enhance the association of COPYVCOPIVARF to membranes and have an

indirect role in both transport and morphogenesis.
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CHAPTER 1.

Calnexin and rp24a2 Associate with the Ribosome

68



1.1, Abstract

Calnexin and gp25L (rp24c2) were initially identified as endoplasmic
reticulum (ER) type I integral membrane proteins, where calnexin was
phosphorylated on its cytosolic domain by ER-associated protein kinases.
Although the role of the ER luminal domain of calnexin has been established as a
constituent of the molecular chaperone machinery of the ER, less is known about
the role of the cytosolic domain of calnexin. On the other hand, the cytosolic tails
of the p24s have been associated with COPI and COPII binding, however, their
association with calnexin, TRAPo and TRAPJ remains unclear. Isolation of
rough microsomes was used to assay the associations of calnexin and rp24a2. It
was determined that both proteins are ribosome associated proteins, however, the
association of rp24a2 is dependent on the newly synthesized polypeptide chain,
while the ribosome-association of calnexin is not. This indicates that calnexin has

a direct association with the ribosome, while rp24a2 does not.
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1.2. Introduction

The endoplasmic reticulum (ER) is a highly regulated multifunctional
organelle. This organelle has several subdomains that are responsible for varying
roles. The rough endoplasmic reticulum (rER), so named for its ribosome-
studded surface, is responsible for the synthesis and conformational folding of
secretory proteins. The smooth endoplasmic reticulum (sER), which is devoid of
ribosomes and continuous with the rER, is responsible for detoxification and
glycogen synthesis. A third subdomain, the transitional ER (tER) is the site
where newly synthesized and folded proteins (cargo) are concentrated. The ER is
also responsible for the quality control of these processes, especially to ensure

proper folding and sorting of secretory proteins into cargo exit sites.

The ER has a plethora of resident proteins that carry out the various roles
of the organelle. One such group of proteins is the ER chaperones. These proteins
are responsible for ensuring the correct conformation of newly synthesized
proteins. Secretory proteins contain a signal sequence that targets the peptide
chain and attached ribosome to the ER membrane. The secretory protein enters
the ER lumen through a protein pore, consisting of Sec6l trimeric protein
complex. The peptide chain is captured by various resident ER proteins that are

intrinsic in the maturation of the protein. One such protein is calnexin.

Calnexin was initially identified as a kinase substrate in isolated rough ER
microsomes (Wada e al., 1991). It was co-purified with TRAPa and TRAPPB
(translocon-associated proteins) and the founding member of the p24 family,
gp25L (Wada er al., 1991). Calnexin was speculated to be involved in protein
translocation. Mass spectrometry was used to identify three phosphorylation sites
for the human sequence of calnexin (Ser534, Ser544 and Ser563; Wong et al.,
1998). The role of gp25L (rp240.2) has yet to be resolved.
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Calnexin is a type I transmembrane protein that is responsible for the
proper folding of glycoproteins. Specifically, calnexin interacts with
monoglucosylated moiety Glc,MangGlcNac,. ERpS57 is then recruited to this
complex to further assist in the folding of the newly synthesized glycoprotein
(Zapun et al., 1998). Once the oligosaccharide is released from calnexin the
terminal glucose is available for hydrolysis by a-glucosidase II (Zapun et al.,
1997; Trombetta and Helenius, 1998). When a glycoprotein does not possess the
correct conformation it may both be hydrolyzed by ER mannosidase I and
targeted for degradation or reglucosylated by the UDP-glucose:glycoprotein
glucosyl transferase (UGGT). The reglucosylation allows calnexin to bind once
again (Cannon and Helenius, 1999) in an aftempt to achieve the proper

conformational folding, thus creating the Calnexin Cycle.

rp2402 is also a type I transmembrane protein. It is the founding member
of the p24 family (Wada ef al., 1991; Dominguez et al., 1998). The p24 proteins
are major constituents of the early secretory pathway (Dominguez et al., 1998;
Fullekriig et al., 1999). They cycle through the early secretory pathway, they
appear to be involved in cargo transport and they have been linked to membrane
morphogenesis (Schimmdoller et al., 1995; Fullekriig et al., 1999; Rojo et al.,
2000). The p24 proteins have been shown to associate with many of the protein
constituents that make up the machinery that is responsible for cargo movement.
They have been found to interact with COPI, COPII, ArfGAPI, Sec23p
(Sar1pGAP) and ARF1 (Lanoix ef al., 2001; Dominguez et al., 1998; Gommel et
al., 2001). In spite of what is known about the p24 proteins, a mechanistic role

has yet to be described.
The following chapter details the analysis of the associations of rp24a2

and calnexin in the rough ER. In particular, it reveals the interactions of calnexin

and rp240.2 with the ribosome.
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1.3. Results

1.3.1. Calnexin and rp24 02 are ribosome associated proteins

Calnexin and gp25L were both initially co-isolated with the translocon-
associated proteins (TRAP) o and B (Wada et al., 1991). TRAPo and TRAP( are
ribosome-associated membrane proteins. In order to determine whether calnexin
and gp25L were also associated with the ribosome a methodology employed by
Gorlich er al. (1992) was used. Rough ER microsomes isolated from canine
pancreas were solubilized with 1% Triton X-100, 1.5% digitonin or 1% CHAPS.
A 1.5M sucrose cushion was then used to purify the ribosome-associated proteins.
Calnexin was found to be ribosome-associated when digitonin or CHAPS was
used as a detergent. 1p2402 was found to be ribosome —associated whether
Triton X-100, digitonin or CHAPS was used to solubilize the membrane (Figure
1.1.).

1.3.2. Morphology and morphometry of the isolated membranes

In order to assess the association of calnexin and rp24ca2 with the
ribosome, the isolated rough microsomes were treated with 750 mM potassium
chloride and 1 mM puromycin, 2mM EDTA or 25 mM potassium chloride and 1
mM puromycin (Figure 1.2.). The efficiency of ribosome removal from the
membranes was assessed by quantifying electron micrographs of treated and
untreated membranes. 750 mM KCI and 2 mM EDTA were comparable in their
removal of ribosomal particles from the membrane. 25 mM KCl did not remove

the ribosomal particles from the membranes (Table 1.1.).
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Figure 1.1. The associations of calnexin and rp2402 with ribosomes. Canine
pancreatic rough microsomes (RM) were solubilized with 1% Triton X-100 (T),
1.5% digitonin (D) or 1% CHAPS (C). Ribosome-associated protein fractions
were purified through a 1.5 M sucrose cushion, the pellet was suspended in SDS-
PAGE Laemmli sample buffer, resolved by SDS-PAGE, transferred onto
nitrocellulose and immunoblotted with anti-CNX-C1, anti-Sec61, anti-TRAPo or
anti-rp24a2 antibodies, followed by ['**I]goat anti-rabbit IgG and visualized by
radioautography using Kodak X-OMAT AR film.
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Figure 1.2. Ribosome removal from canine pancreatic rough microsomes.
Canine pancreatic rough ;nicrosomes were isolated as described in the Materials
and methods and treated with (A) 750 mM KCI + 1 mM puromycin (K750), (B) 2
mM EDTA (EsRM), (C) 25 mM KC! + 1 mM puromycin (K25) or (D) untreated
(control). Membranes were fixed with 2.5% glutaraldehyde m 0.1 M cacodylate
buffer with 0.05% calcium chloride pH 7.4, filtered onto 0.45 uM pore size filters

and processed for electron microscopy as described in the Materials and methods.
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Figure 1.2.
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Table 1.1. Quantitation of membrane-bound ribosomal particles
at the surface of ER microsomes

No. of
Ribosomes/vesicles vesicles
analyzed
750 mM KC1 + puromycin 242 66
EDTA 3+1 92
25 mM KCI + puromycin 375 110
Control 43+3 124

Canine pancreatic RM (control) were stripped as described by
Adelman et al. (1973). Membranes were then analyzed by electron
microscopy as described by Baudhuin ef af. (1967). The number
of ribosomal particles per vesicle was determined by counting on
electron micrograph pictures.
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1.3.3. Calnexin’s association with the ribosome is independent of the
nascent peptide chain, while rp24a2’s association is dependent on

newly synthesized cargo

To test the whether the association of calnexin and rp24a2 was dependent
on the nascent peptide chain, ribosome sedimentation experiments were carried
out on the membranes described in Figure 1.2. and Table 1.1. Calnexin remained
bound to the ribosome in isolates from rough membranes (untreated) or
membranes treated with 25 mM potassium chioride and 1 mM puromycin.
rp24a2 remained bound to the ribosome in isolates from rough membrane
(untreated) but not to membranes treated with 25 mM potassium chloride and 1
mM puromycin. (Figure 1.3.). This result indicates that the association of
calnexin with the ribosome is independent of the removal of the nascent chain by
puromycin. rp2402, however, requires the nascent peptide chain in order to be
associated with the ribosome. The calnexin-ribosome association 1s likely to be

direct while the p24 association is dependent of the nascent peptide chain.
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Figure 1.3. Characterization of calnexin association with ribosomes. Canine
pancreatic rough microsomes (RM) were stripped with EDTA (EsRM) or 1 mM
puromycin + 750 mM KCI (K750) or I mM puromycin + 25 mM KCl1 (K25) and
were immunoblotted with anti-ribosomal L4 antibodies. Ribosome-associated
proteins from membranes which had received the above treatments were purified
and analyzed by immunoblotting with anti-CNX-C4 or anti-rp2402 antibodies

and visualized by enhanced chemiluminescence.
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1.4. Discussion

This study revealed that calnexin and rp24a2 are both found to associate
with the ribosome. The association of calnexin is independent of the nascent
polypeptide chain but enhanced by ERK1 phosphorylation (Chevet ez al., 1999).
Thus calnexin’s association is mediated by its phosphorylation state and the
interaction is with the ribosome itself. 1p2402, on the other hand, has an
association that is dependent on the presence of a peptide chain, suggesting its
interaction is not directly with the ribosome but may be with the newly
synthesized polypeptide or with an accessory protein(s) that in turn interact with

the newly synthesized protein.

The association of rp24a.2 with the ribosome in a manner dependent on
the presence of a nascent peptide chain is significant. It implies that the p24
protein may, in part, act as a sensor for protein synthesis. Several roles can be
proposed for the p24s. (1) The p24s may act as a type of sorting mechanism. They
may identify particular proteins and sort them away from other proteins. In fact,
Emp24p has been established as the cargo receptor of GPI-linked proteins for ER
exit in yeast, while Erv29p has been documented to be the cargo receptor for ER
exit for pro-alpha-factor (Muniz et al., 2000; Belden and Barlowe, 2001a). (2)
The p24s may guide all newly synthesized proteins through the ER. The role of
the p24s would be to identify cargo proteins and guide them through the
molecular chaperone and then to the ER cargo exit sites. p24s and Erv29p are
both enriched in COPII derived vesicles in yeast (Otte ef al., 2001), and must thus
be present at the ER cargo exit sites. (3) The p24s may detect the presence of
newly formed cargo proteins and create cargo-specific exit sites as a consequence.
It has been documented that GPI-linked proteins and alpha factor can be
segregated before exit from the ER, thus different cargo exit sites must exist in
yeast (Muniz et al., 2001). (4) Alternatively, the p24 protein may be part of a
signaling pathway that recruits the machinery for cargo exit. Essentially, it is

know that the p24s are at the site of cargo exit. This study has revealed that the
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p24s are also located at the site of polypeptide entry into the ER. It can thus be

extrapolated that the p24s may have a role linking cargo entry with cargo exit.

Unlike calnexin, a protein whose association with newly synthesized
proteins has been proven, it is not clear why the p24s interact with the ribosome.
This study, however, clearly shows that while in the rER, both calnexin and
p2402 have an association with the ribosome. It is also of interest and
importance to note that the association of the p24s and the ribosome is dependent
on the presence of a nascent polypeptide chain. This lends further support to the
idea that the p24s are intimately involved in the processing or shuttling of newly
synthesized proteins. This study also confirms the presence of the p24s in the rER
and maintains the original link of the p24s to calnexin and TRAPa and TRAPP
(Wada et al., 1991). Further studies will have to be undertaken to identify the true
nature of the association of the p24s with the ribosome and the nascent peptide
chain. Indeed, it may be discovered that the role of the p24s begins as soon as a

peptide becomes associated with the endoplasmic reticulum.
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1.5. Materials and Methods

1.5.1. Reagents and antibodies

Rabbit anti-sera were raised against three synthetic peptides corresponding
to amino acids 30-48 (anti-CNX-C1), 487-505 (anti-CNX-C3) and 555-573 (anti-
CNX-C4) of canine calnexin (Ou ef al., 1995). Anti-rp24a2 antibodies have been
previously described in Dominguez et al., 1998. Anti-Sec61 and L4 antibodies
were generously provided by Dr C. Nicchitta (Duke University Medical Center).
Anti-TRAPo antiserum was raised against the C-terminal domain of TRAPo and
kindly provided by Dr G. Kreibich (NYU Medical Center). ['*’Igoat anti-rabbit
IgG (sa: 15 uCi/pg) were from ICN Biomedicals (Mississauga, ON). All other

reagents were of the highest grade commercially available

1.5.2. Subcellular fractionation

Translocation competent canine pancreatic rough microsomes were
prepared and stripped as described previously (Walter and Blobel, 1983).
Stripping was performed with 2 mM EDTA or 1 mM puromycin and 750 mM
KCl (Adelman ef al., 1973). Microsomes (10-12 mg/ml) were stored in aliquots
frozen at -80°C in 20 mM HEPES-NaOH, pH 7.4, 50% glycerol, 1 mM
dithiothreitol (DTT). The MLP fraction from rat liver homogenate was separated
on linear sucrose gradients (0.5-2.3 M) as described previously (Amar-Costesec ef
al., 1974). ER-associated ribosomes were purified from cells as described

previously (Loftus et al., 1997).
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1.5.3. Immunoprecipitations

Cells or microsomal membranes were solubilized for 30 min on ice in 30
mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 1 mM NaF, 1 pg/ml leupeptin, 5 KIU/ml aprotinin containing 1%
CHAPS (buffer A). The lysate was centrifuged at 100 000 r.p.m. in a Beckman
TLA-100.2 rotor for 20 min at 4°C, and the supernatant was incubated overnight
at 4°C with the indicated antibody. Protein A-Sepharose beads were added for 1 h
at 4°C with rotation then pelleted and washed four times with buffer A. Beads
were either directly resuspended in Laemmli sample buffer or subjected to
sequential immunoprecipitations. For this, the beads were resuspended in 50 pl of
30 mM Tris-HCI pH 8.0 containing 1% SDS and heated for 10 min at 95°C,
followed by centrifugation for 10 min at top speed in a Brinkmann microfuge.
The supernatant was diluted 15% with 30 mM Tris-HCl1 pH 8.0, 150 mM NaCl, 1
mM PMSF, 1% Triton X-100 and subjected to immunoprecipitation with the
indicated antibody overnight at 4°C. Protein A-Sepharose beads were added for 1
h at 4°C with rotation, following by washing and resuspension in Laemmli sample

buffer.

1.5.4. Analysis of ribosome-associated membrane proteins

The association of membrane proteins with ribosomes was assayed as
described previously (Gorlich ef al., 1992; Kalies et al., 1994) except that five
equivalents of canine pancreatic microsomes were solubilized in 75 pl of 50 mM
Tris-HC1 pH 7.6, 400 mM K acetate, 10 mM Mg acetate, 15% glycerol, 5 mM B-
mercaptoethanol, protease inhibitors and 1.5% digitonin, or 1% CHAPS or 1%
Triton X-100. After incubation for 30 min on ice, the ribosomes were centrifuged

through a 100 pl cushion of 1.5 M sucrose in the same buffer, containing only
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0.1% of the corresponding detergent. Membrane proteins in the ribosomal pellet
were analyzed by immunoblotting after SDS-PAGE. The trypsin protection assay

was performed as described previously (Kalies et al., 1994).

1.5.5. Electron Microscopy

Membranes were diluted to reach 0.25 M sucrose final concentration.
Samples were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer with
0.05% calcium chloride pH 7.4 for 2.5 h, and filtered onto 0.45 uM pore-size
filters (Baudhuin et al., 1967), and washed with 0.1 M cacodylate buffer
overnight.  Samples were treated with a 1:1 solution of 3% potassium
ferrocyanide and 2% osmium tetroxide for 1 h on ice (Karnovsky, 1971), and then
washed with 0.1 M maleate buffer, pH 5.7, and stained with 5% uranyl acetate for
2 h onice. After two washes with 0.1 M maleate buffer and one with 0.1 M
cacodylate buffer, samples were dehydrated with a graded series of ethanol
washes followed by 100% propylene oxide and then placed in a 1:3 mixture of
Epon and propylene oxide for 1 h. This was followed by a 1:1 mixture for 1 h and
then 100% Epon for 1 h. Samples were then placed in a 60°C oven for
polymerization. Thin sections were cut, stained for 2 min in lead citrate and 5 min
in uranyl acetate, and micrographs were taken at 37 500 magnification on a JEOL
JEM-2000FX electron microscope operating at 80.0 kV; prints were magnified a
further 1.8x.
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CHAPTER 2.
Reconstitution of the Morphological
Changes of the Early Secretory Pathway
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2.1. Abstract

A two-step reconstitution system for the generation of ER cargo exit sites
from starting ER-derived low-density microsomes (LDMs; 1.17 g/cc) is described.
The first step is mediated by the hydrolysis of Mg”*ATP and Mg**GTP, leading to
the formation of a transitional ER (tER) with the soluble cargo albumin,
transferrin, and the ER-to-Golgi recycling membrane proteins rp2402 and p58
(ERGIC-53, ER-Golgi intermediate compartment protein) enriched therein. The
transitional endoplasmic reticulum (tER) consists of confluent rough and smooth
endoplasmic reticulum (ER) domains. The ATPase associated with different
cellular activities, p97, has been identified as the relevant ATPase. The t-SNARE
syntaxin 5 was observed within the smooth ER domain of tER. The successful
reconstitution of the transitional ER along with protein sorting has been achieved.
In addition, the AAA ATPase p97 and syntaxin 5 are involved in the regulation of
the assembly of the smooth ER domain of tER and hence one of the earliest

membrane differentiated components of the secretory pathway.

87



2.2, Introduction

The organelles of the secretory pathway provide a milieu in which
proteins and lipids can maturate. These organelles are also involved in the
movement and delivery of these lipids and proteins to their proper destination.
The organelles of this system must maintain their functional integrity while a host

of newly synthesized proteins and lipids is passed through them.

Newly synthesized secretory proteins attaint their correct conformational
state in the endoplasmic reticulum (ER). Once this is achieved, the proteins must
then continue to travel through the secretory pathway. The mechanism through
which this is achieved has been the subject of much controversy. Two popular
models are the maturation model and the vesicular model. The maturation model
predicts that both membrane and cargo move in an anterograde direction while
resident proteins cycle in a retrograde manner (Morre and Keenan, 1997). Thus a
maturation of cargo and the compartment in which it resides occurs. The vesicular
model predicts that cargo is shuttled between pre-existing static organelles via
small vesicular carriers (Rothman and Wieland, 1996). In this case, only the cargo
matures. A third and more recent model has been proposed whereby transport
between the ER and Golgi occurs in tubular structures (Lippincott-Schwartz ef al.,
1998). Another characteristic of this model is that it describes the Golgi apparatus
as one compartment, not as a set of discrete, separate cisternae. Indeed, the
interconnections between the Golgi saccuoles have been identified (Clermont et
al., 1994). In order to distinguish among these models, careful analysis of the
secretory pathway must be undertaken. Indeed, many efforts have been put forth
to identify the proteomes of various organelles (Bell et al., 2001), to analyze the
mutants of the secretory pathway (Novick er al., 1980), to visualize in vivo
transport (Presley et al., 1997) and to study cell free systems that reconstitute
certain aspects of the secretory pathway (Rothman, 1994).
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The following chapter is a description of the faithful reconstitution of the
ER in an in vitro system. ER derived low-density microsomes were used to
reconstitute transitional ER and ER cargo exit sites. Immunocytochemical
analysis revealed that both the morphology and protein segregation were
reconstituted in this assay. In addition, p97 is identified as the ATPase involved in
the ATP-depend step of the formation of tER. Syntaxin 5 and rp24a2 were also

identified as requirements for the tER formation.
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2.3. Results

2.3.1. Distribution of soluble cargo and integral membrane proteins

in reconstituted ER system

The cell-free reconstitution of the rough and smooth regioné of the
endoplasmic reticulum has previously been documented (Lavoie et al., 1996).
This was achieved by incubating an isolated fraction of low-density microsomes
(LDMs) with magnesium GTP and magnesium ATP. The structures that are
generated consist of an array of rough ER cisternae continuous with a smooth
transitional region, which corresponds to the tER. In order to determine the
protein distribution of the reconstituted networks gold immunolabeling was

performed (Figure 2.1.).

The luminal cargo proteins albumin and transferrin were assessed for their
localization in the reconstituted ER compartment. Albumin is an abundant protein
of the blood plasma. Transferrin is a glycoprotein with the ability to bind ferric
iron. Both of these secretory proteins were found to be more concentrated in the
smooth ER than in the parallel rough cisternae (Figure 2.1. A and B; Table 2.1.).
The membrane proteins ribophorin, calnexin, rp24a2 and p58 were also assessed.
Ribophorin is a subunit of the oligosaccharyltransferase of the ER (Kelleher et al.,
1992). Calnexin is an ER lectin that is involved in the protein folding of
glycoproteins. rp2402 and p58 are membrane proteins that cycle through the
secretory pathway but that are concentrated in the ER-to-Golgi-intermediate-
compartment (Dominguez et al., 1998; Saraste and Kuismanen, 1992; Tisdale ez
al., 1997; Fullekriig ez al., 1999). Ribophorin was found to be more concentrated
in the rough cisternae (Figure 2.1.E; Table 2.1). rp24a2 and p58 were both more
concentrated in the sER compartment (Figure 2.1. C and D; Table 2.1).
Surprisingly, calnexin was also concentrated over the SER compartment (Figure

2.1. F; Table 2.1).
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These results indicate that, despite the continuity between the rough and
smooth membrane systems, there is a sorting of luminal and membrane proteins.
It is also noteworthy that the ribosome distribution also exhibits a distinct

segregation, thus producing areas of rough and smooth membrane.

Protein concentrations in the starting material were calculated as a control.
Labeling densities for calnexin and rp2402 were calculated to be each 1.2x more
concentrated in the smooth microsomes than over the rough microsomes in the
LDM fraction. In the reconstituted networks, rp2402 was concentrated 2.1x and
calnexin 1.6x over the sER as compared to the rough ER. This clearly indicates
that the reconstitution of the ER networks also causes a concentration or sorting

of proteins.

2.3.2 Localization of p97 and Syntaxin 5

Syntaxin 5 and p97 were determined to be key factors in the formation of
the sER portion of the reconstituted ER networks (Roy et al., 2000). Cryo
immunolabeling was performed on the ER networks with antibodies to p97 and
syntaxin 5. No detectable labeling was found for p97 (results not shown). This is
consistent with the idea that p97 dissociates from the membranes during the in
vitro reconstitution, after the membranes have formed. Immunoblots with p97
revealed that it was found in the cytosol and microsomal fraction (Figure 6A of
Roy et al., 2000). In contrast, syntaxin 5 labeling was readily visualized (Figure
2.2.). Gold particles were detected over the smooth interconnecting tubules, with
some labeling over the rough portions of the membrane. In fact, syntaxin 5 was

concentrated 1.4x on the smooth ER as compared to the surrounding rough ER.
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Figure 2.1. Concentration of albumin, transferrin, rp24a2, p58, ribophorin,
and calnexin in tER. LDMs were incubated in the presence of mixed
nucleotides to form tER. Antibodies to albumin (A), transferrin (B), rp24a2 (C),
p58 (D), ribophorin (E), and calnexin (F) were applied to ultrathin cryosections.
Gold particle labeling is predominantly distributed over interconnecting ER
tubules for all antigens studied, except in the case of ribophorin (E), where gold
particle labeling is mainly over rough ER. Inset in C shows rp24a2 labeling over
a bud in the tER. rer, Parallel rough ER cisternae; ser, interconnecting smooth ER

tubules. Bars, 0.2 pm.
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Table 2.1. Amount of Soluble Cargo and Integral Membrane Proteins
in Reconstituted tER

Surface Labeling
Gold area of over Concentration

Protein Networks particles SER’ SER in SER®
n n % %
Albumin 26 319 60.6 73 1.6x
Transferrin 15 131 57.9 64.9 1.2x
rp24a2 20 395 6641 76.7 2.1x
p58 12 303 76.0% 82.8 1.6x
Calnexin 17 185 61.7% 74.6 1.6x
Ribophorin 19 332 616" 425 0.5%

" SER corresponds to the smooth ER tubules of the reconstituted tER.

! Qurface area of tER excludes the lumen of the central cisternae of the
rough ER compartment.

¥ To calculate concentrations, percent antigen labeling densities were
determined for the rough and smooth ER compartments, and these
values were compared to the relative amounts of surface areas
occupied by each compartment as described in Materials and Methods.
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Figure 2.2. Localization of syntaxin 5 within reconstituted tER. LDM were
incubated in the presence of mixed nucleotides to form tER. Antibodies to
syntaxin 5 were applied and gold immunolabeling studied using the post
embedding immunolabeling procedure described in the Materials and Methods.
Gold particle labeling (arrows) is predominantly distributed over interconnecting
smooth tubular portions of tER. Structures labeled rm correspond to parallel
rough ER membranes, and those labeled st correspond to smooth ER tubules.
Large arrows point to clusters of gold particle labeling, whereas small arrows

point to single gold particle label. Scale bars represent 200 nm.
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2.4. Discussion

This chapter details the reconstitution of the morphological and molecular
changes of the early secretory pathway. This is achieved through the use of low-
density microsomes and the addition of magnesium and nucleotides. This
produces a membrane system consisting of arrays of rough ER cisternae that are
continuous with a network of smooth membranes. The cargo proteins albumin and
transferrin are concentrated in the sER along with the membrane proteins rp24a2,
p58, calnexin and syntaxin 5. The ER protein ribophorin is more concentrated in

the rER network.

p2402 was found to be involved in the morphological changes of this
system as the addition of antibodies to rp24a?2 affected the morphogenesis of the
membrane system (Figure 4, Lavoie et al., 1999). B-COP, likewise, is involved in
the morphogenic transformation of the membranes. Addition of BFA or partial
depletion of B-COP from the cytosol both affected the generation of VTCs
(Lavoie et al., 1999).

The membrane fusion events of this system are highly specific and involve
different sets of molecular machinery for the fusion between rough membranes
and the fusion between smooth membranes. Indeed, p97 and syntaxin 5 are
essential for the formation of the smooth ER membranes, but are not required for
the formation of the rough ER networks (Roy et al., 2000). Antibodies to either
protein greatly affected the formation of sER networks. Thus rp24a2, B-COP, p97
and syntaxin 5 are part of the molecular machinery involved in the morphogenesis

of smooth membranes of the early secretory pathway.

The assay described in this chapter clearly demonstrates the ability of the
membranes of the early secretory pathway to undergo morphological changes and

to mature. In fact, the analysis of this cell free assay has led to the identification
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several constituents that are necessary for this process to occur. p97, syntaxin 5,
rp2402 and B-COP are all required for the reconstitution and morphological
transitions of the early secretory pathway (Lavoie ef al., 1999; Roy et al., 2000).
These data are consistent with the model where the entire membrane compartment
is dynamic and can undergo morphological change. Indeed, vesicular structures
were accompanied by tubular structures when cytosol is added to this system
(Lavoie ef al., 1996; Lavoie et al., 1999). This data would be consistent with
either a maturation model or a model where movement occurs in tubular

structures.
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2.5. Materials and Methods

2.5.1. Preparation and Characterization of Microsomes

Total microsomes were obtained by differential centrifugation of rat liver
homogenates (Paiement and Bergeron 1983). They were suspended in sucrose to
give a final concentration of 1.38 M, placed under a step-gradient of 1.0, 0.86, and
0.25 M sucrose, and centrifuged using a Beckman SW 60 rotor at 300,000 g,, for
60 min. A subfraction containing smooth microsomes and low density rough
microsomes (1.17 g/cm®) was obtained from the upper half of the 1.38 M sucrose
step above the residual pellet after centrifugation. This fraction, characterized as
LDMs, was washed once by centrifugation and resuspension in 0.25 M sucrose at
100,000 g.v (Lavoie et al., 1996). High density rough microsomes were prepared
as previously described (Paiement and Bergeron 1983). These fractions have
been shown by electron microscope cytochemistry to contain a uniform
distribution of the ER marker glucose-6-phosphatase. Further biochemical
characterization for UDP-galactose:ovomucoid galactosyltransferase enzyme
activity revealed a 2.2-fold increase over the homogenate for these microsomes,
while that of a Golgi apparatus fraction prepared by the method of Dominguez et
al., 1998 revealed a 138-fold enrichment in galactosyl transferase activity. Hence,

LDMs were at the most 1.6% contaminated by Golgi elements.
2.5.2. Cell-free Incubation Conditions

Unless otherwise indicated, the medium consisted of 0.25 ml of buffer
contaming 150 pg microsomal protein, 100 mM Tris-HCl, pH 7.4, 5 mM MgCl,,
I mM GTP, 2 mM ATP, an energy regenerating system (7.3 IU/ml creatine
kinase, 2 mM creatine phosphate), 0.1 mM DTT, 0.02 mM PMSF, 1 pug/ml
leupeptin, and 50 mM sucrose. Incubations were carried out at 37°C for 180 min.
For studies on the effect of cytosol, 750 pg of rat liver cytosolic protein (in the

presence or absence of 1 mM GTPyS) was added to the medium described above
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after 180 min and the incubation was continued for 5-60 min. To assess the effect
of Brefeldin A (BFA; 200 uM final concentration), this reagent was added to the
medium 10 min before addition of cytosol. For fusion of classical rough ER, high
density rough microsomes were incubated at 37°C in the presence of Mg* GTP
(Paiement and Bergeron 1983). For the effects of antibodies, 20 pg (protein) of

affinity-purified anti-rp24a2 or anti-calnexin was added where indicated.

2.5.3. Immunogold Labeling of Cryosections.

After incubation of membranes under assembly conditions, membranes
were fixed using 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) at 4°C. Cryoprotection, freezing, sectioning,
immunolabeling, and contrasting were carried out as previously described by

Dahan et al. (1994).

2.5.4. Analysis of Gold Label Distribution.

Rough membrane cisternae were defined as large cisternal profiles limited
by ribosome-studded membranes. SER were defined as branching and
anastomosing tubules limited by membrane devoid of associated ribosomes. The
number of gold particles over rough ER membranes, as well as those over the
SER that made up the reconstituted networks, were expressed as average number
of gold particles per ER membrane network. Counts were compared for different

membrane incubation conditions.

For quantification of rp24a2, p58, albumin, transferrin, calnexin,
ribophorin and p97 labeling on cryosections, gold particles associated with rough
membranes and SER comprising the ER networks were counted. Gold particles
were counted over parallel juxtaposed ER cisternae (representing rough ER
cisternae) and over the adjacent continuous mass of interconnecting membranes

(corresponding to interconnecting smooth ER tubules). Surface area
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measurements of each compartment comprising the reconstituted ER networks
were measured as previously described for ER membranes in situ (Paiement ez al.,
1988). Gold particle densities were calculated as number of particles per
compartment of ER network and concentrations expressed in each category of
membranes were then expressed as average number of gold particles per surface

area for each ER network.

2.5.5. Antibodies

Rabbit polyclonal antibodies against calnexin (Ou ef al., 1993) and
rp2402 (Dominguez et al,. 1998) have been previously described. Polyclonal
antibodies against p58 were a gift from Dr. J. Saraste (Ludwig Institute for Cancer
Research, Stockholm, Sweden). Antibodies to rat albumin and rat transferrin
were obtained from Cappel Laboratories (Organon Teknika Inc.). Rabbit
polyclonal antibodies against p97 used in the in vitro assays have been previously
described (Zhang et al, 1994). Rabbit polyclonal antibodies against heat-
denatured p97 from dog pancreatic cytosol, described above, were used in
immunoblot studies. Affinity purified rabbit polyclonal antibodies against
recombinant C-terminally HisX6-tagged cytoplasmic domain of syntaxin 5 were
previously described (Subramaniam ez al., 1997). Rabbit polyclonal antibodies
against ribophorin II were a gift from G. Kreibich (Department of Cell Biology,
New York University, School of Medicine, New York, NY).
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CHAPTER 3.
The p23 Compartment is the Site of Golgi Enzyme

Retrieval
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3.1. Abstract

Secretory proteins exit the ER in transport vesicles that fuse to form
vesicular tubular clusters (VTCs) which move along microtubule tracks to the
Golgi apparatus. Using the well-characterized in vitro approach to study the
properties of Golgi membranes, we determined whether the Golgi enzyme NAGT
I is transported to ER/Golgi intermediates. Secretory cargo was arrested at distinct
steps of the secretory pathway of a glycosylation mutant cell line, and in vitro
complementation of the glycosylation defect was determined. Complementation
yield increased after ER exit of secretory cargo and was optimal when transport
was blocked at an ER/Golgi intermediate step. The rapid drop of the
complementation yield as secretory cargo progresses into the stack suggests that
Golgi enzymes are preferentially targeted to ER/Golgi intermediates and not to
membranes of the Golgi stack. Two mechanisms for in vitro complementation
could be distinguished due to their different sensitivities to brefeldin A (BFA).
Transport occurred either by direct fusion of preexisting transport intermediates
with ER/Golgi intermediates, or it occurred as a BFA-sensitive and most likely
COP I-mediated step. Direct fusion of ER/Golgi intermediates with cisternal

membranes of the Golgi stack was not observed under these conditions.
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3.2. Introduction

This chapter discusses the next stage of the secretory pathway: from
ER/Golgi intermediates to the Golgi. The p24s have previously been shown to
cycle in the early secretory pathway and are particularly concentrated in the cis
Golgi network (CGN) (Dominguez ef al., 1998). This study takes advantage of
this fact by using an antibody to p23 to isolate the pre-Golgi and early Golgi
compartment. These structures in turn are used to confirm the pre-Golgi location
of VSV-G. In addition, a cell free assay was used in order to determine where
glycosylation of a viral cargo protein (VSV-G) occurs and how the appropriate
Golgi enzymes gain access to this compartment. This is significant with regard to
the molecular mechanism of transport through the secretory pathway.
Specifically, to distinguish between the vesicular model of protein transport
(Farquhar, 1985; Orci et al., 1997), the cisternal maturation model (Beams and
Kessel, 1968; Becker and Melkonian, 1996; Bonfanti et al, 1998) and an
alternative view where the continuities seen in the Golgi stacks are involved in the
flow of cargo and/or enzymes within the organelle (Rambourg et al, 1993;
Clermont ef al., 1994; Dominguez et al., 1999). If the vesicular model holds true,
cargo is delivered to the pre-existing Golgi cisternae that contain the required
processing enzymes. The cisternal maturation model, however, predicts that the
cargo moves forward in larger membrane structures while the enzymes are cycled

backwards to these anterograde moving structures.

This chapter relies on isolated fractions and cell-free assays to distinguish
the molecular mechanisms whereby cargo becomes modified by Golgi enzymes.
Specifically, cells deficient in the Golgi enzyme N-acetylglucosamine transferase
I (NAGT 1) and transfected with the vesicular stomatis virus glycoprotein (VSV-
G) were subjected to various temperature blocks to accumulate cargo at various
stages of the secretory pathway. Membranes were isolated and a complementation
assay was performed to determine the optimum location for cargo to receive

glycosylation by the Golgi enzymes of membranes isolated from control cells.

104



3.3. Results

3.3.1. Immunoisolation of ER/Golgi intermediates with p23

antibodies

The in vitro complementation assay used to measure intra-Golgi transport
in the study by Lin ef al., 1999 uses a combination of Golgi enriched membranes
isolated at various temperature block in VSV-G-transfected glycosylation-
deficient cells and isolated membranes from WT cells. The goal of this study is to
determine the cellular compartment in which VSV-G is located when it accesses
glycosylation enzymes in the in vitro assay. It was determined that enzymatic
modifications still occurred when VSV-G was accumulated in the ER/Golgi

intermediate compartment by a 15°C block (Lin e al., 1999).

In order to isolate the ER/Golgi compartment, p23 antibodies were
conjugated to magnetic beads in order to pull down p23 enriched membranes.
p23 is known to be concentrated in the ER/Golgi intermediate compartment, but
also extends into the Golgi. Isolated membranes were analyzed by electron
microscopy in order to visualize the compartment that was sedimented by p23.
Figuré 3.1. (A-F) are samples of membrane that were brought down with p23
antibodies conjugated to magnetic beads with an anti-rabbit IgG antibody. These
membranes are enriched in anastomosing sectioned tubules characteristic of the
ER/Golgi intermediates. In some instances, cisternae reminiscent of the Golgi
cisternae were present. Figure 3.1. (G-H) are controls where no p23 antibody was
present. No membranes were conjugated to the magnetic beads in the absence of
the p23 antibody. Overall, the p23 derived fraction was enriched in anastomosing
tubular element reminiscent of pre-Golgi structures as well as some Golgi

cisternae.
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Figure 3.1. Immunoisolation of the p23 compartment. Elements of the cis-
Golgi network are prominent. Partial stacks of Golgi cisternal also observed (Gc)
as well as pleiomorphic tubular structures (ps). The magnification bars (500 nm)
are indicated as are the sectioned magnetic beads themselves. Control beads (G
and H) are indicated. The variation in two separate experiments is shown (A, B,
C, D, and G are from one experiment; E, F, and H are from a separate

experiment).
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3.3.2. Co-immunoisolation of VSV-G and Golgi enzymes with p23

In order to further assess the location of the VSV-G protein, Golgi-
enriched membrane were isolated from cells with radiolabeled VSV-G in the
15°C compartment and cells that had been chased for 20 minutes at 37°C. Thus in
the former fraction VSV-G should be in the ER/Golgi intermediate compartment
and in the latter the VSV-G should have reached the Golgi. These membranes
were then incubated with magnetic beads with and without antibodies to p23. The
membranes were then analyzed for their content of p25 (another p24 protein) and
VSV-G (Figure 3.2.). p25 was completely removed from the supernatant in
fractions isolated with p23 antibody-coated beads. The majority of the VSV-G
that had been accumulated in the 15°C compartment was precipitated with p23
antibody-coated beads. When the p23 antibody was omitted, both VSV-G and
p25 remained in the supernatant, and very little binding to the beads was
detectable. When cells were incubated after the 15°C chase for an additional 20
min at 37°C, then only approximately one-third of VSV-G was recovered with

p23 antibodies. The immunoisolation of p25 was unaffected.

The percentage of different Golgi enzyme activities that was precipitated
with p23 antibodies was also assessed. Approximately 30% of the total
mannosidase activity was immunoisolated with p23 antibodies, which is a yield
similar to the recovery of VSV-G after release of the 15°C block. When p23-
containing membranes were immunoisolated from wt cells, an average of 38% of
N-acetylglucosamine (GicNAc) transferase (NAGT) and 23% of galactosyl
transferase (GalT) activities were immunoprecipitated. This indicates that by the
end of the 15°C incubation, VSV-G was in ER/Golgi intermediate and cis-Golgi
network membranes, but after a 20-min chase at 37°C, it entered the Golgi stack.
It also indicates that there is a significant amount of Golgi enzymes in the p23

fraction.
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Figure 3.2. Immunoisolation of VSV-G and Golgi marker enzymes with p23
cytoplasmic tail antibodies. Magnetic beads were coated with p23 antibodies
and incubated with membranes isolated from VSV-infected 15B cells containing
labeled VSV-G in the 15°C compartment. Beads were recovered with a magnet
and membranes that remained in the supernatant were pelleted by
ultracentrifugation. When indicated, cells were incubated for 20 min at 37°C
before homogenization of cells and isolation of membranes. A fraction of
membranes bound to beads and membranes that were pelleted by
ultracentrifugation were dissolved in electrophoresis sample buffer, and another
fraction was dissolved in mannosidase assay buffer. VSV-G was visualized by
phosphorimaging, p25 by Western blotting, and mannosidase activity was

determined using a fluorescent substrate.
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3.4. Discussion

This study has shown that the glycosylation of the cargo protein VSV-G is
most efficient in the ER/Golgi or 15°C compartment. This is significant and
surprising, since the glycosylation efficiency of VSV-G was reduced once it had
reached the Golgi apparatus, the site where the majority of the NAGT I enzyme is

located.

This study has also determined that the ER/Golgi or 15°C compartment is
identical to the p24 compartment. In fact, the p24 compartment was isolated for
the first time in this study. This newly identified compartment is composed of
anastomosing tubules and some elements of the Golgi stack. It accounts for
approximately 30% of the Golgi enzyme activity. Thus Golgi enzymes are not

restricted to the stacked cisternae of the Golgi apparatus.

In addition, this study has also revealed that glycosylation in the
complementation assay is not due to fusion of Golgi membranes, but through
another method. It appears that COPI vesicles are the mode of retrograde
transport for Golgi enzymes from the Golgi apparatus to the ER/Golgi
intermediate compartment. This finding is of great importance as it provides
further evidence for the mechanisms through which cargo, membranes and
enzymes are transported through the early secretory pathway. Indeed, this data is
consistent with the maturation model. This model predicts that enzyme movement
occurs in a retrograde fashion. These enzymes are predicted to fuse with

anterograde moving structures that contain secretory cargo (Lin et al., 1999).

This Chapter describes the site where glycosylation by the NAGT 1
enzyme is most efficient with respect to the VSV-G cargo protein. Further studies
will have to be undertaken to identify where and how cargo modifications that

occur at a later stage are carried out.
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3.5. Materials and Methods

3.5.1. Cell Growth

CHO wt and 15B cells were grown on tissue culture plates in MEMo
supplemented with 10% fetal calf serum plus penicillin and streptomycin in a 5%
CO; atmosphere at 37°C and split 1 to 10 every 2 d. For large scale production of
cells for isolation of membrane fractions or cytosol, cells were grown in spinner

flasks until confluent.

3.5.2. VSV Infection

15B cells from a confluent spinner culture were pelleted, resuspended in
50 ml of infection media (serum free media, 1 ml VSV, 0.1 mg/ml actinomycin D,
25 mM Hepes, pH 7.2), and incubated for 45' at 37°C in a small spinner flask. 200
ml of media with serum were added, and the infection was continued for an

additional 2°h 15 min.

3.5.3. Pulse—Chase Labeling

Cells were pelleted by centrifugation, washed once, and resuspended in 10
ml of methionine-free media per 1 ml of cell pellet. After 5 min at 37°C, 0.1 to 0.5
mCi per ml of 33S-methionine/cysteine were added, and cells were incubated for
an additional 5 min at 37°C (pulse). The labeling mixture was then diluted into a
spinner flask containing a large volume of methionine-containing media in a water
bath set to the desired temperature to be incubated for the indicated times (chase).
For an additional chase at 37°C, aliquots were withdrawn and incubated for the

indicated times in a water bath at 37°C.

112



3.5.4. Preparation of Cisternal wt Golgi Membranes

To prepare Golgi-enriched membranes, homogenate was centrifuged for 5
min at 1,000 g. The supernatant was loaded on a 1-ml cushion of 40% sucrose in
10 mM Tris, pH 7.2, and Golgi membranes were pelleted on this cushion by a 10-
min centrifugation at 17,500 g. The bottom 2 ml were collected, mixed in an
SW40 tube with 62% sucrose to ~40% final, and overlaid with 4 ml of 35% and 3
ml of 29% sucrose. After 90 min centrifugation at 40,000 rpm, Golgi membranes
were harvested at the interface between 29% and 35% sucrose. For small scale
preparations of Golgi membranes from cells after pulse—chase incubations,
homogenates were mixed with 62% sucrose to 37.5% sucrose final and were
overlaid with 2 ml 35% and 1 ml 29% sucrose in an SW55 centrifuge tube. After
90 min centrifugation at 50,000 rpm, Golgi membranes were harvested at the
interface between 29% and 35% sucrose. To prepare salt-washed Golgi
membranes, Golgi membranes harvested after flotation were diluted with 4
volumes of 10 mM Tris, pH 7.2, and KCl was added to 250 mM final
concentration. After 20 min incubation on ice, the mixture was loaded on 1 ml
40% and 3 ml 20% sucrose in an SW40 centrifuge tube. Golgi membranes were
pelleted through the 20% layer on the 40% cushion by 20 min centrifugation at

15,000 rpm and were harvested at this interface.

3.5.5. Electron Microscopy

Membrane fractions were prepared for routine electron microscopy using a
filtration apparatus for random sampling exactly as described previously by
Dominguez et al., 1999. Membranes associated with magnetic beads were
processed identically to the conditions described in Dominguez ez al. 1999, except
that the material was retained by magnets throughout the washing and fixation

procedures.
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3.5.6. Immunoisolation of Membranes

M450 (for gel electrophoresis and enzyme assays) or M500 (for electron
micrographs) magnetic beads were cross-linked with anti-rabbit IgG according to
the manufacturer's instructions. Typically, 10 and 40 ul of the bead suspension
was used per immunoisolation. Beads were preincubated with affinity-purified
p23 cytoplasmic tail antibodies and re-isolated with a magnet. Antibody coated
magnetic beads were incubated with membranes in immunoisolation buffer (KHM
buffer plus 0.2 M sucrose and 0.5 mg/ml milk powder) for ~2 h in the cold room
with gentle agitation. Beads were re-isolated with a magnet and washed
repeatedly in buffer (last wash without milk powder). Beads were either extracted
with electrophoresis buffer (for gel electrophoresis and Western blotting) or in
NAGT, GalT, or mannosidase assay buffers. Membranes that remained in the
supernatant after immunoisolation were pelleted by ultracentrifugation. For EM

analysis, samples were frozen for shipment and storage.
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CHAPTER 4.

Identification of Novel Golgi Membrane Proteins
and Cargo Concentration in Pre-Golgi

Compartment
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4.1. Introduction

To extend the work done to distinguish between the various models for the
molecular mechanisms of protein and membrane movement, two further studies
were performed. The first was to gain insight into the workings of the Golgi
apparatus by sequencing the entire set of membrane proteins of the Golgi
apparatus (Bell er al., 2001). Mass spectrometry of a Golgi fraction has previously
been used to identify additional members of the p24 family (Dominguez et al.,
1998). Indeed many of the mechanisms of this pathway have been elucidated by
analyzing the protein constituents of the secretory pathway (Novick et al., 1980;
Rothman, 1994; Gagnon et al., 2002). The first study in this chapter details the
analysis of the entire proteome of membrane proteins of an isolated Golgi

fraction.

The second study consists of a rigorous immunocytochemical study of rat
liver hepatocytes and Golgi fractions. In an attempt to define more clearly the role
of COPI-coated compartments in cargo concentration through the secretory
pathway, we have undertaken a quantitative analysis of the distribution of the
cargo protein albumin relative to that of COPI coatomer protein 3-COP. This was
undertaken in both ultrathin cryosections of liver and isolated liver Golgi
fractions. The abrupt concentration of albumin at the RER/SER boundary,
between the COPI decorated cis-Golgi network and stacked flattened Golgi
cisternae and diminishment of albumin in intercisternal COPI vesicles renders

unlikely a vesicular transport model of anterograde cargo secretion.

In this chapter we have identified and characterized the key trafficking
proteins as well as novel proteins of the Golgi apparatus. Thus defining, in part,
the protein machinery available in this organelle. We have also identified the
stages of cargo concentration and protein localization in order to define the

morphological and molecular boundaries of this organelle.
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4.2, Abstract

A mass spectrometric analysis of proteins partitioning into Triton X-114
from purified hepatic Golgi apparatus (84% purity by morphometry, 122-fold
enrichment over the homogenate for the Golgi marker galactosyl transferase) led
to the unambiguous identification of 81 proteins including a novel Golgi-
associated protein of 34 kDa (GPP34). The membrane protein complement was
resolved by SDS-polyacrylamide gel -electrophoresis and subjected to a
hierarchical approach using delayed extraction matrix-assisted laser desorption
ionization mass spectrometry characterization by peptide mass fingerprinting,
tandem mass spectrometry to generate sequence tags, and Edman sequencing of
proteins. Major membrane proteins corresponded to known Golgi residents, a
Golgi lectin, anterograde cargo, and an abundance of trafficking proteins
including KDEL receptors, p24 family members, SNAREs, Rabs, a single ARF-
guanine nucleotide exchange factor, and two SCAMPs. Analytical fractionation
and gold immunolabeling of proteins in the purified Golgi fraction were used to
assess the intra-Golgi and total cellular distribution of GPP34, two SNARESs,
SCAMPs, and the trafficking proteins GBF1, BAP31, and rp24a2 identified by
the proteomics approach as well as the endoplasmic reticulum contaminant
calnexin. Although GPP34 has never previously been identified as a protein, the
localization of GPP34 to the Golgi complex, the conservation of GPP34 from
yeast to humans, and the cytosolically exposed location of GPP34 predict a role

for a novel coat protein in Golgi trafficking.
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4.3. Results

4.3.1. Morphometric analysis of Golgi fractions

This study identified 81 proteins isclated from a Golgi fraction. The Golgi
fraction that was selected is highly enriched in galactosyl transferase, a Golgi
marker, and had low endosomal contamination (Dominguez et al., 1999). The
morphology of this Golgi fraction was also analyzed. Morphometry was done
using a random sampling method (Baudhuin and Berthet, 1967). Electron
microscopy of the filtered Golgi fractions revealed, as deduced from the point hit
method (Weibel, 1979), that 84% of the profiles were Golgi complexes. The
remaining profiles were endoplasmic reticulum or plasma membrane (14%),
mitochondria (1%), or peroxisomal cores (1%), as based on the analysis of 100
micrographs (x 27,000 final magnification) and a point hit methodology
employing 42 points per grid (per micrograph) (Figure 4.1; Table 4.1).

4.3.2. Immunoisolation of novel membrane proteins

Included among the 81 proteins identified in this study is a novel protein
that 1s conserved from yeast to humans, GPP34. The absence of a signal sequence
and transmembrane domain predicts that GPP34 is a peripheral membrane
protein. To assess whether selected trafficking proteins were indeed in Golgi
membranes or contaminants, an immunolocalization study was effected. We
elected to study the intra-Golgi and cellular distribution of selected trafficking

proteins and GPP34 by electron microscope immunolabeling of the Golgi fraction.

Antibodies were raised to GPP34. Western blotting confirmed that the
antigen was membrane-associated as well as cytosolic (data not shown).
Immunolabeling of cryosections of the WNG fraction with the peptide-specific
antibody to GPP34 revealed specific labeling at the periphery of the Golgi stack.

Antigenicity was found on the cis and trans sides as well as at the lateral edges of
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stacked cisternae (Figure 4.2. arrowheads). Controls without primary antibody but
with secondary antibody conjugated to gold revealed no detectable gold labeling

in the fraction (datanot shown).
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Figure 4.1. Electron micrograph of WNG fraction. Golgi fractions were
isolated as described in Dominguez ef al., 1999. Samples were processed for
routine electron microscopy. Quantitation of the contaminating organelles was
effected by using the point hit method. Essentially a 42-point grid was
superimposed over the electron micrographs (as shown) and the number and type
of organelle that appeared under each point or hit was recorded. Endoplasmic

reticulum (ER), peroxisome (p), mitochondrion (m). The bar represents 250 nm.
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Table 4.1. Morphometric Analysis of the WNG fraction.

Organelle Total Hits Mean + Standard Deviation % Purity
Golgi elements 1772 17.7+4.9 84
Peroxisomal cores 22 0.2+0.7 1
ER & plasma membrane 288 29+27 14
Mitochondria 31 0.3+0.7 1

Morphometric assessment of contamination by relative volume distribution was
carried out on the WNG fraction. Random views of the WNG fraction, as
prepared for electron microscopy by filtration, were evaluated by the point hit
method for contaminants. Based on the analysis of 100 micrographs and 42 points
per grid, Golgi elements are the major component of the fraction. Not shown is

the proportion of free space in the micrographs (50%).
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Figure 4.2. Localization of GPP34 in the Golgi fraction. Cryosections of the
Golgi fraction were labeled with antipeptide antibodies to GPP34. Gold particle
(10 nm) labeling is seen at the periphery of stacked Golgi flattened cisternae on

both cis and trans sides. Arrowheads indicate gold particles; Ge, Golgi cisternae.

Bar, 100 nm.
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Figure 4.2.
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4.4. Abstract

The steady state distribution of the small monomeric soluble protein,
albumin, has been assessed in rat liver parenchyma and isolated Golgi fractions
by quantitative immunogold labeling. Two concentration steps were observed
with the first (2-fold concentration) at the continuity between the rough and
smooth ER. The second (6.3-fold concentration) was found at the interface
between the cis-Golgi network (CGN) and the tightly apposed Golgi flattened
cisternae (G). Throughout the Golgi, cargo content was found to be uniform from
the cis to trans cisternal compartments. A detailed analysis of COPI decorated
vesicular profiles of 50-90 nm at the periphery of stacked Golgi cisternae revealed
negligible labeling for albumin in situ. COPI-positive vesicular profiles were
similarly weakly labeled for albumin in a purified Golgi fraction isolated
following gentle homogenization and low speed differential centrifugation.
Taken together, the data indicate a major concentration step for albumin in liver
parenchyma between the CGN and the stacked Golgi cisternae coinciding with a
sorting away of COPI coatomer and rp24a2 into the intercisternal vesicular

profiles devoid of albumin and presumably other soluble cargo.

125



4.5. Results

4.5.1. The Major Site of Cargo Concentration in Hepatocytes is
Within the Golgi Apparatus

That albumin is concentrated as it migrates from the ER to the Golgi
apparatus was evident in many micrographs, one example of which is shown in
Figure 4.3. An apparent uniform distribution of immunoreactive albumin was
observed throughout the stacked flattened cisternae of the Golgi complex and in
dilated lipoprotein-filled distensions (Figure 4.3. A and B; Figure 4.4.A).
Vesicular profiles of approximately 50-60 nm in diameter (arrowheads) are
clearly seen at the lateral edges of Golgi cisternae and occasionally in apparent
continuity with Golgi cisternae (Figure 4.4.). These are predominantly devoid of

Immunoteactive albumin.

The high abundance and distribution of albumin throughout all major
compartments of the secretory pathway greatly facilitated a detailed quantitative
analysis of cargo concentration sites. Quantitative analysis of gold particle
density of albumin in the secretory apparatus compartments revealed an apparent
concentration step of 2- to 3-fold within anastomosing tubular networks (DTP)
distal to the Golgi complex compared to albumin content in the rough ER
cisternae (Figure 4.3). Remarkably, at the Golgi apparatus, albumin
concentration increased 5-fold relative to levels detected in adjacent tubules of the
CGN (Figure 4.3.). In contrast, albumin concentration appeared to be similar at
all levels of the Golgi stack and along the length of individual Golgi flattened
cisternae. Indeed, separate quantitation of albumin labeling in the cis, medial and
trans cisternae revealed no significant differences in concentration between these
compartments (1176 gold particles scored in n=34 Golgi apparatus revealed a
p<0.7 for G=5.288 in a Goodness of Fit Test for >2 classes). The large increase
in albumin density in the Golgi did not result from aggregation of gold conjugates

or signal amplification due to multiple antibody binding since each gold cluster on
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sections, which accounted for less than 16% of the total gold particles, was scored
as a single hit (for details see Dahan et al., 1994 and Materials and Methods). It
should be noted that qualitative analysis of the distribution of another soluble
cargo protein, apoE, and an integral membrane protein, the polymeric IgR,
revealed a similar low concentration in pre-Golgi compartments relative to
stacked cisternae (not shown). The difference in cargo concentration between
pre-Golgi structures and flattened cisternae is important as it facilitates

identification of the COPI-labeled structures.

4.5.2. p-COP Localization is Largely Distinct from that of Secretory
Cargo In Rat Liver Golgi Apparatus in situ

Previous studies on the presence of anterograde secretory cargo in small
vesicles near Golgi stacks have yielded conflicting results (Dahan er al., 1994;
Orci et al., 1997). Vesicular structures at the edges of flattened cisternae were
found to be decorated with B-COP (Figure 4.4. B-D). Out of these B-COP-labeled
vesicular structures, 8.5+0.8% also labeled for albumin. Moreover these vesicular
profiles accounted for less than 0.2% of all albumin labeling relative to that
present over Golgi flattened cisternae. Quantitation of 10 nm gold labeling
density measurements for albumin in Golgi cisternae compared to that measured
within vesicular profiles around Golgi stacks revealed that albumin content was
approximately 4.4-fold depleted in vesicular profiles compared to Golgi cisternae
(labeling densities: 176.4 particles/um” cisternal profile area, n=57 cisternae vs.
40.1 particles/;,tm2 vesicular profile area, n=558 vesicular profiles). Hence B-
COP-decorated intercisternal vesicular profiles were largely devoid of albumin
cargo (Figure 4.4. B-D). Those containing cargo may likely be interdigitations

within Golgi flattened cisternae of the CGN rather than true vesicular profiles.
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4.5.3. Analysis of p-COPB, Albumin, rp24a2, and ERD2 in Purified

Golgi Fractions

A protocol for the isolation of a hepatic fraction that is highly enriched in
Golgi marker enzyme content and greatly diminished in endosomal contamination
has been documented (Dominguez ef al., 1999). This Golgi fraction reveals coats
over the flattened cisternae as well as in bud-like profiles abutting Golgi stacks in
cryosections (Figure 4.5.A, arrowheads) and in Epon-embedded sections (Figure
4.5 A, inset, arrowheads). Few free small intercisternal vesicles were observed in
this fraction by electron microscopy (Figure 4.5.A and Figure 2 in Dominguez et
al., 1999). This was expected since the low speed centrifugation step used to
sediment the starting material to isolate this fraction from liver homogenates
would have excluded any untethered free vesicles (Dominguez er al., 1999).
However, this fraction does contain stacked Golgi apparatus with the closely
associated CGN compartment. Notably, this fraction might allow for a better
visualization of the immunogold signal for our proteins of interest owing to the

greater accessibility of cytoplasmic epitopes in fractions compared to whole cells.

Gold immunolabeling revealed 3-COP and albumin to be heterogeneously
distributed with most albumin labeling over Golgi flattened cisternae while most
B-COP labeling was in the CGN (Figure 4.5. B-E). A similar distribution to that
of B-COP was found in fractions for COPI binding protein, rp24a2 (Figure 4.5. F
and G), and the KDEL receptor, ERD2 (Figure 4.5. H and I), two ER-Golgi
recycling proteins. Remarkably, 75-85% of gold particle labeling for p-COP,
1p2402, and ERD2 was scored within the CGN, compared with only 15-25%
within Golgi stacks (Figure 4.6. A). Albumin, in contrast, was found to be more

abundant in Golgi flattened cisternae.

These apparent protein enrichment patterns were confirmed by more
rigorous gold particle labeling density measurements in Golgi fraction

cryosections that were double-labeled for albumin and B-COP, to rule out
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subjectivity in distinguishing between the tubular CGN and the tubular TGN
(Figure 4.6.). This was a necessary precaution since albumin is in higher
abundance within the TGN than in the CGN in sifu. The results with double-
labeled fractions revealed a higher concentration of albumin in the Golgi cisternae
as opposed to the B-COP-decorated CGN. B-COP, in contrast, was at a higher
density in the CGN (Figure 4.6.). The ratio of albumin labeling in Golgi flattened
cisternae over that in the CGN was 2.4-fold, while for B-COP, the ratio was 0.56.
This compares with a quantitation done with cryosections of rat liver parenchyma.

The in situ work revealed a 5.1-fold ratio for albumin and 0.42 for B-COP.

Finally, the quantitative analysis was extended to p24a2 and ERD2 in
single-labeling studies of Golgi-enriched fractions. As was observed for B-COP
in the double-labeling studies above (Figure 4.6), p24a2 and ERD2 were 3- and
1.8-fold enriched in labeling density in the CGN over the Golgi cisternae,
respectively (86 and 213 gold particles were evaluated, for p24a2 and ERD2,
respectively). Hence, the analyses of fractions as well as the in situ results
demonstrate that a concentration step for albumin occurs between the CGN and
the closely apposed stacked Golgi flattened cisternae. Importantly, this
concentration step coincides with depletion of 3-COP as well as p24a2 and

ERD?2.
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Figure 4.3. Mean labeling density of albumin in the rough ER, smooth ER,
Golgi-associated tubular compartment and the Golgi apparatus. A. The
profile area of the Golgi apparatus is indicated by the thick dashed lines and that
of the Golgi-associated tubular compartment (CGN) is indicated by the thin
dashed lines. Gold particles were scored as shown in the CGN compartment
(circles) where aggregates of 2 or 3 particles were scored as a single ‘hit’ (see
Materials and Methods). In this particular micrograph 249 particles were found
over 1.16 pum? profile area of Golgi apparatus versus 161 particles over 1.18 pm?
profile area of CGN; this represents a 6.3-fold increase in albumin concentration
between the CGN and Golgi apparatus. cis and frans indicate the polarity of the
stack. Bar, 400 nm. B. Liver cryosection labeled for albumin showing examples
of the CGN and distal tubular profiles (DTP) in relation to the Golgi apparatus
(G). Although similar in morphology and albumin content, the CGN appears to
be a tighter network of tubules than the DTP. These compartments were defined
by their relative distance (CGN tubules being within a 750 nm radius at the cis
side of the Golgi, and the DTP tubules being at least 750 nm away from the Golgi
apparatus in the Golgi region) (see Materials and Methods). Gold labeling for
albumin in the DTP and CGN is indicated by arrowheads and arrows,
respectively. L, lysosome; P, peroxisome. Bar, 400 nm. C. Ultrathin liver
cryosections (n=36 micrographs from 4 animals) were immunolabeled with anti-
albumin followed by goat anti-rabbit IgG 10 nm gold and the labeling density
(particles/um?®) was estimated as described in Materials and Methods. Golgi
stacks in which secretory vesicles were observed, were quantitatively analyzed to
enable the identification of the cis vs. trans sides of the Golgi apparatus.
Background labeling (as evaluated by labeling density measurements over
mitochondria and peroxisomes) was subtracted from labeling densities over
secretory compartments in albumin-labeled cryosections to yield the values
presented. The numbers (#) in the bars of the graph represent the absolute

number of gold particles counted.
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Figure 4.4. In situ distribution of albumin and B-COP within liver
hepatocyte Golgi apparatus. A. Rat liver cryosections were labeled for albumin
with 10nm gold particles. Albumin immunoreactivity is concentrated within Golgi
stacked saccuoles (*). Small vesicular profiles at the edge of the stack are mostly
devoid of albumin labeling (large arrowheads). B-D. Sections were double
immunolabeled for albumin and B-COP with 10 and 5 nm gold particles,
respectively. The stacked cisternae of the Golgi apparatus (*) are labeled for
albumin throughout their lumen. Small vesicular profiles, 50-80 nm in diameter
about the peripheral rims of Golgi stacks are indicated by arrowheads; vesicular
profiles harboring (B-COP are indicated by arrows.  Notably, albumin
immunoreactivity is undetectable in these vesicular profiles. Bar, 400 nm for

panel A, 200 nm for panels B-D.
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Figure 4.5. Distribution of albumin, 3-COP, and p240a2 in a purified rat liver
Golgi fraction. Cryosections of the WNG fraction (Dominguez et al, 1999)
were immunolabeled with antibodies against albumin, B-COP, rp2402, or the
KDEL receptor, ERD2. A. A cryosection of the WNG Golgi fraction reveals that
it consists predominantly of intact, stacked Golgi cisternae (Gs) with few small
vesicles (arrowheads). Fuzzy coats can also be seen at the delimiting membrane
of many of the Golgi-associated structures. Imset: Tannic acid treatment of an
Epon-embedded fraction reveals some of the vesicular profiles to be coated
(clathrin coats indicated with arrowheads, possible COPI coats are indicated by
arrows). B and C. Albumin can be detected mostly throughout the stacked
cisternae (Gs) Detectable but weak immunoreactivity can be found over tubular-
vesicular profiles (arrowheads) at the lateral edges of stacked Golgi cisternae. D
and E. In sections labeled for B-COP (small arrows) gold particle labeling is
predominantly found in Golgi-associated tubular-vesicular profiles (arrowheads).
F-1. Like B-COP, rp24a2 (F and G) and ERD2 (H and I) immunoreactivity is
mainly present within small tubular-vesicular profiles (arrowheads) about Golgi
stacks (Gs). The latter reveal low immunoreactivity for 3-COP, p24a2, and
ERD2. Bars, 200 nm.
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Figure 4.6. Percent distribution of B-COP, p2402, ERD2 and albumin in the
WNG Golgi fraction. A. Golgi flattened cisternae and vesicular-tubular profiles
within approximately 750 nm from Golgi stacks were examined for gold particle
labeling in cryosections of the WNG Golgi fraction single-labeled for p-COP
(n=17 Golgi apparatus profiles), ERD2 (1=10), rp2402 (n=16), or albumin (n=19)
as shown in Figure 4.5. B-I. B-COP , ERD2 and p24a2 are enriched within the
CGN compartment relative to the Golgi flattened cisternae. In contrast, albumin
is predominantly found within Golgi cisternae. B. Cryosections of the WNG
Golgi fraction double-labeled for B-COP and albumin were evaluated for the gold
particle labeling density of these antigens (n=10 Golgi apparatus profiles; 378
and 53 gold particles were scored for albumin and B-COP, respectively) in the two
compartments. C. Representative micrograph used for the labeling density
quantitation of albumin and B-COP shown in Panel B. Gold particle labeling for
albumin (arrows) is concentrated within the Golgi apparatus and also present
within the CGN (CGN, encircled by the thin broken line). B-COP is localized in
majority within the CGN compartment. The thick broken line indicates the
delimitation between the Golgi apparatus and the TGN (7GN) which included

secretory vesicles (sv). Bar, 400 nm.
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4.6. Discussion

The first study described in this chapter identifies a novel Golgi protein,
GPP34, by analyzing a purified Golgi fraction. This was done by isolating the
membrane proteins from the Golgi fraction through phase partitioning followed
by protein characterization from one-dimensional SDS-PAGE by Edman
degradation and mass spectrometry. In fact, 81 proteins were identified through
the use of this method (Bell et al., 2001). This type of analysis identifies novel
proteins as well as establishes the total protein constituents of the organelle.
Indeed, a surprisingly high number of Rabs and low number of SNAREs were
identified in this study (Bell ef al., 2001).

The second study involved the assessment of protein concentration in rat
liver. Isolated Golgi fractions as well as in situ work revealed that there is a
concentration of cargo that occurs in the secretory pathway. In fact, our irn sifu
work has identified that this occurs in two steps. The first step occurs between the
rough and smooth ER, while the second concentration step occurs just before the
stacked Golgi cisternae. In addition, this study revealed that B-COP and the cargo
protein albumin were not present in the same vesicular profiles. Indeed, most of
the B-COP labeling was found in the CGN, while albumin was concentrated in the
Golgi stacks. Qur data are consistent with cargo being concentrated during
transport between the ER and Golgi apparatus by exclusion from retrograde-
directed (COPI-positive) recycling carriers as put forward by Martinez-
Menarguez ef al. (1999) and Shima et al. (1999). Lanoix et al., (1999) have also
documented depletion of anterograde-directed cargo in COPI-dependent vesicles
derived in vitro from the starting hepatic Golgi fraction. The vesicles were
enriched in Golgi-resident enzymes, thereby supporting a recycling model. In
summary, the low abundance of anterograde-directed cargo in vesicles between
Golgi cisternae, the uniform labeling of albumin throughout the Golgi apparatus,

as well as the gated transport between the CGN and Golgi-stacked cisternae

138



(deduced from the concentration step differences) represent significant in sifu

evidence to support the continuous network model of secretion (Griffiths, 2000).
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4.7. Materials and Methods

4.7.1. Isolation of Golgi Fractions

The WNG fraction was isolated exactly as described by Dominguez et al.
(1999) and characterized for protein yield and galactosyl transferase marker
enzyme enrichment also as described by Dominguez ef al. (1999). Galactosyl
transferase relative specific activity was 122 + 32-fold (n = 3) enrichment over the
homogenate. The protein in the fraction corresponded to 0.043 £ 0.018% of the

original homogenate protein.

4.7.2. Antibodies

Rabbit anti-peptide antibodies were raised against a peptide sequence
(LKDREGYTSFWNDC) derived from the human GPP34 sequence. The peptide
was coupled via the C-terminal cysteine residue to keyhole limpet hemacyanin
using m-maleimidobenzoyl-N-hydroxysuccinimide ester as the cross-linker. An
initial subcutaneous injection of an emulsion of peptide in complete Freund's
adjuvant was followed by four boosts of peptide (100 mg each) in incomplete
adjuvant. Total IgG was purified by protein A-Sepharose affinity chromatography
(Harlowe and Lane, 1988). Rabbit antiserum was also raised to a bacterial
recombinant GST chimera of the human GPP34. Polymerase chain reaction
products encoding GPP34 cDNA (amplified from IMAGE clone 664740, GB
number AA232616, Research Genetics) were purified by agarose gel
electrophoresis, ligated into pGEX2T (Amersham Pharmacia Biotech) and
pTrcHisA (Invitrogen) using EcoRI/BamHI as restriction sites, and transformed
into Escherichia coli DH 5. Positive clones were identified by polymerase chain
reaction, and expression of the fusion protein was confirmed by SDS-PAGE and
Coomassie R-250 staining. His-tagged GPP34 and GST-GPP34 were purified
from isopropyl-1-thio-B-D-galactopyranoside-induced bacterial cultures and

affinity-purified according to the manufacturer's instructions on NiNTA resin
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(Qiagen) or glutathione-Sepharose beads (Amersham Pharmacia Biotech),
respectively. Antibodies were raised as above, employing complete Freund's
adjuvant. Anti-GST-GPP34 antibodies were further purified by affinity
chromatography employing His-tagged GPP34 bound to Sepharose 4B
(Amersham Pharmacia Biotech), as described by Harlow and Lane (1988).

Rabbit-anti rat albumin was from Cappel Laboratories (West Chester,
PA). E5A3 was generously supplied by Dr. T.E. Kreis (University of Geneva,
Switzerland). ERD2 antibodies were a kind gift of H.-D. Séling (Majoul et 4/,
1998). Antibodies against luminal domain peptides of rp24a2 have been
described previously (Dominguez et al., 1998). Goat anti-rabbit and goat anti-
mouse IgG gold conjugate secondary antibodies were obtained from Sigma

Chemical CO. (St. Louis, MO).

4.7.3. EM Immunolocalization and Morphometry

Freshly prepared Golgi fractions were incubated with primary antibodies
and processed for EM immunolocalization as described by Lavoie ef al. (1999). In
the case of GPP34, cryosections of Golgi fractions were prepared using the
protocol description in Lavoie ef al. (1999) and incubated with the anti-peptide

antibodies to GPP34.

4.7.4. Preparation of Liver Samples for Cryoimmune EM.

Liver samples were prepared essentially as described previously (Dahan et
al., 1994). Cryosectioning of liver tissue samples was based on procedures of
Tokuyasu (1980), Griffiths er al. (1984, 1993) and Geuze et al. (1984) and was
carried out as described in Dahan ef al. (1994). Section thickness was determined
to be 50.4 + 8.8 nm by the fold method of Small (1968) as described in Weibel
(1979).
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The WNG fraction was prepared as described by Dominguez ef al. (1999).
Following isolation, the fraction was fixed with 4% paraformaldehyde/0.5%
glutaraldehyde (final concentrations) for 2 hr on ice. The membranes were
centrifuged for 10 min at 10000Xg and the supernatant was discarded. The pellet
was washed 3 times with 0.1 M cacodylate buffer and equilibrated in 2.3 M
sucrose for 2-3 hrs. The pellet, which slowly floated to the top of the sucrose,
was then cut into small pieces which were placed on nickel stubs and quick-

frozen in liquid No.

The immunolabeling procedure and staining was carried out as described
in Dahan et al. (1994). Sections were viewed in a Philips 400 T electron

microscope, operating at 80 kV.

4.7.5. Antibody Dilutions.

Antibodies were diluted as follows for the immunolabeling of WNG
fraction cryosections: 1:100 for rabbit anti-albumin: 1:5 for rabbit anti-rat

p24a2, 1:10 for mouse anti-B-COP, and 1:10 for anti-ERD2.

Double-labeling experiments were conducted only with antibodies raised
in different species. In this case both primary antibodies were incubated together
in one step, and both secondary antibodies (conjugated to different size gold
particles) were also incubated in a single step. Controls where the primary

antibodies were omitted revealed negligible labeling (not shown)

4.7.6. Analysis of Gold Label.

Quantitation of gold particle density was carried out as described by
Griffiths and Hoppeler (1986) and Dahan ef al. (1994). Liver stubs from at least

three animals were used for the quantitative analysis of albumin and 3-COP in
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situ. Hepatocyte Golgi regions which had well-preserved morphology and in
which secretory vesicles were clearly visualized (to discern cis from trans sides of
the Golgi apparatus), were photographed randomly at a primary magnification of
14500X.  Gold particles were scored on micrographs printed at a final
magnification of 37800X over the following compartments: Golgi apparatus
flattened stacked cisternae, Golgi-associated tubules within 750 nm from a Golgi
stack (i.e., tubular networks at the cis side and at the peripheral edges of Golgi
apparatus) termed CGN (cis-Golgi network), rough ER cisternae, smooth tubular
networks (at least 750 nm away from Golgi stacks) termed DTP (distal tubular
profiles), mitochondria, and peroxisomes. Gold particle labeling density over
these compartments was evaluated by scoring the total number of gold particles in
a given compartment and dividing by the total profile area (in pm?) of that
compartment in all micrographs. Profile area was obtained by placing
micrographs on the measuring tablet of a Zeiss MOP-3 digitizer (Carl Zeiss Inc.,
Don Mills, Ontario). For the 3-COP labeling only gold particles within 20 nm of
a membrane were counted. Gold aggregates (defined as 2 or more gold particles
separated by less than one gold particle diameter (i.e., separated by less than 10
nm)) were counted as a single ‘hit’. Background labeling for albumin and 3-COP
in in situ cryosections (over mitochondria and peroxisomes) was subtracted from
gold labeling obtained over secretory pathway compartments for each respective

antigen.
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CHAPTER 5.
Morphological Analysis of p24 Mutants
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5.1, Introduction

The secretory pathway of Saccharomyces cerevisiae is a morphologically
simple and compact system. Unlike the organelles of mammalian secretory cells,
the yeast endoplasmic reticulum (ER) is not an extensive labyrinth and there is no
stacked Golgi apparatus. Rather the cell has single strands of ER weaving through
the cytoplasm and below the plasma membrane. The Golgi apparatus consists of
single cisternae dispersed throughout the cell. The general mechanisms and
protein composition of this system, however, are conserved among eukaryotes.
Yeast have been touted as model organisms for study due to the ease of
mutational analysis, facility of growth and conserved homology to higher
eukaryotes. Indeed many cellular components have been identified in yeast

(Novick et al., 1980).

The roles of several proteins of the secretory pathway have been identified
using mutational analysis (Novick et al., 1980; Wuestehube et al., 1996; Click et
al., 2002). By deleting or mutating a gene one can determine first and foremost if
the gene is essential. If the cells with the mutation are viable, one can analyze the
cells in order to determine what effect, if any, the mutation has. If there is a
change in the cell, whether in morphology, protein secretion or otherwise, one can
predict what role the protein plays in the cell. Alternatively, one can over express
a gene to discover the order in which proteins effect their roles, the function of a
protein or even discrete differences between similar proteins. For example the
over expression of Golgi v-SNAREs in yeast can suppress the temperature
sensitive mutation of usol-1. In particular, the over expression of two of the
SNARESs is able to suppress the full usoA mutation, indicating that these SNAREs
act downstream of Usolp (Sapperstain er al., 1996). The over expression of
cRac1B in primary neurons increases the number of neurites per neuron as well as
increasing neurite branching (Albertinazzi et al., 1998). The over expression of
two HMG-CoA isozymes (Hmglp and Hmg2p) leads to different types of

membrane proliferation indicative to the localization of the particular isozyme
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(Wright et al., 1988; Koning et al., 1996). This chapter proposes to analyze the
function of a set of proteins (the p24 family) through deletion and over expression

studies.

The p24 proteins are integral membrane proteins of the early secretory
pathway. These proteins were identified as constituents of COPI and COPII
vesicles (Stamnes ef al., 1995; Sohn er al., 1996; Belden and Barlowe, 1996). In
addition, p24 deletion strains exhibited a delay in the kinetics of the secretion of
Gaslp and periplasmic invertase with an increase in Kar2p and Pdilp secretion
(Schimmoller ef al., 1995, Elrod-Erickson and Kaiser, 1996; Belden and Barlowe,
1996). This strain also induces a slight unfolded protein response (UPR) (Belden
and Barlowe, 2001b). The unfolded protein response is a signal transduction
pathway induced by a stress in the ER. When there is an accumulation of
unfolded proteins or other stress in the ER, Haclp signals to the nucleus to induce

the expression of ER chaperones (reviewed in Patil and Walter, 2001).

The p24 were first identified in 1991 (Wada et al., 1991), however, no
clear role has been assigned to these proteins after over a decade of work. Thus
far, it has been shown that the p24s cycle through the secretory pathway
(Fullekriig et al., 1999), form complexes with other p24 proteins (Dominguez et
al., 1998; Marzioch et al., 1999; Fullekrlig er al., 1999) and bind to various
components of the secretory pathway including COPs, GRASPs, ArfGAP1 and
ARF1 (Dominguez et al., 1998; Weidler et al., 2000; Barr er al., 2001; Majoul et
al., 2001; Lanoix et af., 2001; Gommel et al., 2001). For this study we used
electron microscopy to study each p24 knock out to determine if there was any
change in the morphology of the secretory pathway. In addition, the p24s were
over expressed in yeast and the morphology was analyzed. Protein localization

studies were also performed using cryo-immuno techniques.
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5.2. Results

5.2.1. The p24 Family

The p24 proteins are small (~24kDa) type I transmembrane proteins with a
short cytosolic tail and a larger luminal domain. The transmembrane domain is
generally 10-12 amino acids long. Since the discovery of the first p24 protein in
1991 (Wada et al., 1991), the number of p24 proteins identified has increased
dramatically. Access to a multitude of genomic and proteomic databases have
allowed the sequence comparisons of known p24 genes with these databases. This
study identifies 54 different species that contain at least one p24 gene (Table 5.1).
As a result, it is obvious that the p24 proteins are found in a wide range of
organisms, with multiple p24 proteins in many organisms. The yeast
Saccharomyces cerevisiae has eight (8) p24 proteins (Marzioch e al., 1999),
humans have eight (8) p24 genes identified to date, C. elegans have five (5) (Wen
and Greenwald, 1999; Kuiper and Martens, 2000), Mus musculus have twelve
(12), while Drosophila melanogaster have six (6). The species identified in Table
5.1. include nineteen (19) vertebrates, nine (9) of them being mammalian, and

thirty-six (36) invertebrates.

The alignment of the p24 cytosolic domains reveals common motifs
conserved among the species (Figure 5.1.). The cytoplasmic tail of each p24
protein has either a double phenylalanine motif (FF), a di-lysine motif
(K(X)KXX), or both. These motifs are involved in the binding of the p24s to
COPII, COPI and ArfGAP1 (Dominguez et al., 1998, Cosson and Letourneur,
1994; Belden and Barlowe, 2001c¢; Lanoix ef af., 2001).
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Figure 5.1. Alignment of the tails of p24 proteins. The published sequences of
p24 genes were used to execute BLAST searches to identify p24 genes in various
databases. Proteins sequences from 57 p24 genes were used to perform analysis
with a Pattern-Induced Multi-sequence Alignment (PIMA) algorithm. Only the C-
terminal portions of the proteins are represented in this figure. Most p24 proteins
have a K(X)K (light grey) or FF (black) motif in their cytoplasmic tail. The
conserved arginine residue (R) is indicated in blue, the conserved serine (8S) in

yellow, and the conserved glutamine (Q) is in bold face.
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Table 5.1. Species Containing p24 Genes

Anguilla anguilia
Ancylostoma caninum
Arabidopsis thaliana
Bombyx mori

Bos taurus

Botryllus schiosseri
Botrytis cinerea

Brugia malayi
Caenorhabditis elegans
Canis familiaris
Ceratopteris richardii
Ciona intestinalis
Cricetulus griseus
Cypinus carpio

Danio rerio
Debaryomyces hansenii
Dictyostelium discoideum
Drosophila melanogaster

Entamoeba histolytica
Fugu rubripes

Gallus gallus

Gossypium arboreum
Halocynthia roretzi
Homo sapiens
Kluyveromyces lactis
Kluyveromyces maxianus
Kluyveromyces thermotolerans
Medicago truncatula
Mesocricetus auratus
Metarhizium anisopliae
Mus musculus
Neurospora crassa
Oryctolagus cuniculus
Oryzias latipes

Penaeus monodon
Paralichthys olivaceus

Pichia angusta

Pichia farinosa

Pleurotus ostreatus
Pneumocystis carinii
Polysphondylium pallidum
Rattus norvegicus
Saccharomyces bayanus
Saccharomyces cerevisiae
Saccharomyces kluyveri
Saccharomyces servazzii
Salmo salar

Schistosoma japonicum
Schistosoma mansoni
Schizosaccharomyces pombe
Strongyloides stercoralis
Sus crofa

Takifugu rubripes
Xenopus laevis

54 different species have been identified with at least one p24 gene. Searches for p24 genes were
effected by performing BLAST searches of the known p24s in various databases.
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5.2.2. Morphological Analysis of p24 Mutants

Previous studies have shown that none of the p24s in Saccharomyces
cerevisiae are essential (Schimmoller er al., 1995; Belden and Barlowe, 1996;
Elrod-Erickson and Kaiser, 1996; Marzioch ef al., 1999; Springer ef al., 2000).
However, selective cargo defects have been detected in a subset of proteins,
namely, Gaslp and invertase when one or more of the p24 proteins are deleted
(Schimmoller ez al., 1995; Belden and Barlowe, 1996; Elrod-Erickson and Kaiser,
1996; Marzioch et af., 1999). In addition, the increased secretion of Kar2p and
Pdilp has been detected and a mild unfolded protein response (UPR) is elicited in
deletion strains (Elrod-Erickson and Kaiser, 1996; Schimmoller et al., 1995;
Belden and Barlowe, 1996; Marzioch ef al., 1999; Belden and Barlowe, 2001b).
The deletion of a p24 gene, however, does not lead to any dramatic morphological
changes (Figure 5.2.). In fact, a complete deletion has been shown to provide no
morphological abnormalities (Springer ef al., 2000). We have analyzed all eight
single deletion strains, eight double deletion strains and two quadruple deletion

strains, none of which had in any morphological abnormalities (data not show).

5.2.3. Morphological Analysis of p24 Overexpressors

It has been previously reported in mammalian systems that over
expression of a p24 family member induces the formation of membrane systems
(Rojo et al., 2000). This finding was attributed a morphogenic property of the p24
proteins. To test this in yeast, the increased expression of ERV25, one of the &
family members was examined. It has a cytosolic tail with a YF motif and a
KXKXXX motif: KNYFKTKHII. ERV25 was expressed under a GALL
promoter and cultures were grown in 3% galactose media at 30°C. Cells were then
harvested and processed for electron microscopy as described in Material and
Methods. Here we report the first identification of a novel membrane structure

when a p24 protein in over expressed in yeast. Figure 5.3. shows the dramatic

151



morphological change in the membrane system of a yeast over expressing

ERV2S.

The membrane structure that is found in the overexpressors is composed
of long regular cisternae that are interconnected and continuous with the nuclear
envelope. In addition, there is a region that contains tubules and vesicles that is
closely opposed to long cisternae. These membrane structures have also been
identified in cells over expressing EMP24 and ERP1 (data not shown). In
addition, over expression of two p24s (EMP24 and ERV25, EMP24 and ERP! or
ERV25 and ERP1) also results in the same type of membrane structure (data not

shown). This result confirms that the p24s have a morphogenic property in yeast.

The membrane structure appears to be endoplasmic reticulum, due to its
continuity with the nuclear envelope (Figure 5.3.). The tubular/vesicular area may
be a type of transitional ER or intermediate compartment. This type of
compartment has been previously described in yeast where the cells were
subjected to various blocks in protein synthesis or temperature shifts in order to
identify the post-ER membrane compartments (Morin-Ganet et al., 2000).
Specifically, the first post-ER compartment is described as a cluster of small
vesicles that rapidly bridge to form tubules, resulting in a cluster of tubules and
vesicles. Indeed, these vesicular-tubular clusters (VTCs) are reminiscent of what
is seen in the ERV25 over expressing system. No Golgi stacks were seen to
accumulate in cells. The occurrence of the large membrane structures may be
attributed to a de novo formation elicited by the increase amount of a p24.
Alternatively, this membrane structure may be a consequence of a block/delay in
membrane movement or an increase in retrograde retrieval. It is also possible that
there may be a disruption of the p24 protein complexes due to the increase of only
one of the p24s (Rojo et al., 1997; Dominguez et al., 1998; Fullekriig ef al., 1999)

that has lead to a segregation of the excess p24 into a new compartment.
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Figure 5.2. Morphological Analysis of the p24 deletion strains of
Saccharomyces cerevisiae. Samples from a wild type strain (A), single deletion
strain erv254 (B), and quadruple deletion strain erv254emp24deripderp2A (C)
were processed for routine electron microscopy as describe in the Material and
Methods section. Electron micrographs were obtained with a Philips 400 electron
microscope. Nucleus (N), vacuole (V), mitochondrion (m), endoplasmic reticulum

(ER). The bar represents 250 nm.
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Figure 5.3. Morphological Analysis of S. cerevisiae Over expressing ERV2S.
Cells expressing the p426-ERV25 plasmid were grown in glucose and
subsequently transferred to galactose (A and B). The cells were then processed for
routine electron microscopy as describe in the Material and Methods section.
Electron micrographs were obtained with a Philips 400 electron microscope.
Nucleus (N), mitochondrion (m), endoplasmic reticulum (ER), small arrows
indicate budding structures, arrowheads indicate possible vesicular profiles, np
indicates the nuclear pores in the nuclear envelope, pER refers to the peripheral
ER, large arrows indicate the continuities between the new membrane system and

the nuclear envelope and the peripheral ER. The bar represents 250 nm.
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5.2.4. Cryo-immunolabeling of Overexpressors with Anti-Erv25p

To first identify where Erv25p was located, immunolocalization studies
were carried out in the ERV25 overexpressor. Frozen sections of the ERV25
overexpressors were first labeled with a primary antibody followed by a
secondary antibody conjugated to 10 nm gold particles in order to visualize the
staining pattern through electron microscopy (as described in Materials and
Methods). Immunolocalization studies revealed that Erv25p was localized almost
exclusively to the vesicular/tubular area of the cell, with some of gold particles on
the large membrane network, peripheral ER and nuclear envelope (Figure 5.4. and
Figure 5.6.C). Cryoimmunolabeling studies were also carried out with an
antibody to another p24 protein (Erplp) in order to determine the effect that the
over expression of ERV25 has on the other p24s. The labeling study with anti-
Erplp revealed a low level of labeling, consistent with endogenous level in WT
cells (data not shown). This indicates that the protein level of Erplp is most likely

not increased in conjunction with Erv25p.

5.2.5. Cryo-immunolabeling Analysis of the Overexpressors

In order to determine if the large membrane structures contained other
constituents of the secretory pathway or if they were a consequence of a
mechanism of the cell to segregate the over expressed membrane protein, further
cryo-immunolabeling studies were performed. Kar2p is an ER protein that has
many different roles. Kar2p is best known as an ER chaperone and for its role in
protein folding; however, it is also involved in protein translocation, the ER-
associated degradation (ERAD) pathway and the maintenance of a permeability
barrier between the ER and cytosol (Matlack ef al., 1999; Gething, 1999;
Hamman et al., 1998). Antibodies against Kar2p were used to label the cells
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expressing the p426-GALL-ERV2S vector. The gold labeling was detected over
the large ER structures as well as in concentrated areas that are reminiscent of BiP
bodies (Nishikawa ef al., 1994) (Figure 5.5. A). BiP bodies are a phenomenon that
is seen when secretion is blocked, whether by deletion of over expression of a
protein that is involved in the secretory pathway (Nishikawa et al., 1994). The
localization of Kar2p to the new membrane structures indicates that these large

membrane structures are indeed ER.

Sarlp is a small soluble GTP-binding protein that is involved in COPIL
vesicle formation. Sarlp-GDP is recruited to the cytosolic side of the ER
membrane by the Sec12p membrane protein. There, Sarlp-GDP is activated by a
guanine nucleotide exchange to Sarlp-GTP (Barlowe and Schekman, 1993). The
activated form of Sarlp then recruits the Sec23p-Sec24p complex and the Sec13-
Sec31p complex to form the COPII coat (Barlowe et al., 1994). Cells expressing
the p426-GALL-ERV2S vector were labeled with antibodies raised against Sarlp.
Again, the gold particle distribution was detected over the large membrane
structures (Figure 5.6. B). This result further confirms that the membranes are ER
and that the sites labeled with anti-Sarlp are possible recruitment sites for COPII

vesicle formation.

We then looked at a component of the COPI coat. Sec27p is the beta
prime subunit of the COPI complex. Antibodies to this protein were found on the
extensive ER membranes are well as on the VTCs and cytoplasm (Figure 5.6.C.).
In addition, anti-Sec27p labeling was found in the nucleus, which is an area where

high background labeling generally occurs (not shown).

Boslp 1s a v-SNARE that is necessary for transport from the endoplasmic
reticulum to the Golgi (Lian er al., 1993; Ossipov ef al., 1999). Gold particles
were found over both the VICs and ER when labeling was carried out with anti-

Boslp (Figure 5.6.D.).
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Sed5p is also involved in vesicular transport between the ER and Golgi
(Hardwick et al., 1992). Labeling with anti-Sed5p revealed gold particle labeling
over the VTCs (not shown) and the ER (Figure 5.6.E.).

Thus far we, have identified protein constituents that are involved in cargo
protein processing and cargo transport. In order to identify if cargo proteins are
present we immunolabeled with antibodies to prepro-alpha-factor. Alpha-factor is
a peptide pheromone that is involved in the mating process of Saccharomyces
cerevisiae. The precursor to this protein, prepro-alpha-factor, is translocated into
the endoplasmic reticulum for glycosylation (Waters er al., 1988). The protein
then passes through the secretory pathway and is eventually secreted. Labeling
studies revealed that prepro-alpha-factor is in the cytoplasm, the extensive ER
network (Figure 5.6.F.) and the VTC (not shown). This data indicates that the ER
membranes contain different protein constituents that are involved in this
pathway. The occurrence of BiP bodies and the accumulation of vesicular tubular

profiles may indicate that there is a block in secretion.
5.2.6. Plasmid Instability

Once transferred to galactose, the doubling time of the cells expressing the
p426-ERV25 plasmid is longer than that of wild type cells. Even control cells
with the p426 plasmid had an increased doubling time (not shown). This may be
due to a variety of factors including the carbon source. In order to determine if the
plasmid was having an effect on the cells, we investigated the stability of the
plasmid. The plasmid used for these studies (p426) contains a galactokinase
(GALL) promoter (a deletion variant of the GAL1 promoter) and a URA3
selection marker. Under experimental conditions, cells are grown in a -URA
medium to render the plasmid essential, thus ensuring the retention of the
plasmid. Cells were grown in galactose media to induce the expression of the
ERV25 gene. In order to test for the plasmid stability, transformed strains were

grown overnight in a standard 2% dextrose media (YPD) or a 2% galactose media
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(YP-GAL). Dilutions were then plated onto YPD agar. Afier two days of growth,
colonies were replica plated onto -URA agar plates with either glucose or
galactose. Cells with the p426 expression vector had a 29%-32% rate of loss of
the plasmid when grown in YPD followed by either glucose or galactose (-URA
agar plates) (Table 5.2.). Cells expressing the p426 vector and that had initially
been grown on YP-Gal (inducible condition) followed by glucose or galactose
had a 50%-52% rate of plasmid loss. Cells that had the p426-ERV2S5 plasmid that
were grown in YPD (non inducible condition) had a 39%-50% rate of plasmid
loss when transferred to either glucose or galactose. Significantly, those cells with
the p426-ERV25 plasmid that were grown in galactose, and thus ERV2S was over
expressed, had a 100% rate of plasmid loss. This indicates that given the
opportunity to lose the plasmid, 100% of the cells will ‘spit out’ the plasmid as
opposed to expressing an increased amount of Erv25p. This indicates that
increased levels of Erv25p are detrimental to the cell, whether through a direct or

indirect mechanism.

5.2.7. Quantitation of ERV25 Overexpressors

One of the characteristics of electron microscopy is that each image
represents a section of the cell and not the entire cell. As expected, we did not see
our phenotype in 100% of the cell sections. Owing to the fact that increased levels
of Erv25p are detrimental to the cell we decided to quantify the incidence of the
extensive membrane systems. Quantitation of the number of sections exhibiting
these profiles revealed that 39% of the total EM sections had irregular membrane
structures (Figure 5.6.A), while 46% of the cell sections had membrane systems
consistent with control cells (Figure 5.6.B). As mentioned, the sample populations
that were analyzed are not whole cells, but rather thin sections (29 nm). It is thus
possible that cells that appear to have normal membrane morphology actually do
exhibit irregular membrane formations, but that these structures are not seen due
to the plane of section. For comparison, the number of cell sections that had

nuclei was assessed on the same population of cells. 64% = 3% of the cell
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sections had a nucleus while 36% =+ 3% of the cells did not (Figure 5.8.). This
indicates that even a cellular structure as large as the nucleus will only be seen in
64% of the cell sections. Thus it is possible that the number of cells with irregular
membrane systems was underestimated. As a control, Epon sections of cells
expressing the empty vector (p426) had no membrane accumulation (Figure
5.6.B).

We then assessed the gold particle distribution of anti-Erv25p labeling in
cells expressing the p426-ERV2S plasmid. Quantitation of the
immunolocalization studies revealed that Erv25p was localized almost exclusively
to the vesicular/tubular area of the cell, with some of gold particles on the large
membrane network, peripheral ER and nuclear envelope (Figure 5.4. and Figure
5.6.C). Quantitation was also carried out on the sections that did not exhibit the
membrane proliferation (Figure 5.6.D. and Figure 5.7.). It is clear that the
majority of the gold labeling for anti-Erv25p is contained within the
vesicular/tubular profiles and the extensive ER networks. Cell sections not
showing this area of the cell have low levels of labeling for anti-Erv2S5p,
reminiscent of endogenous level. Indeed, the immunoclocalization studies on wild
type (DHY9 or W303-1a) strains with anti-Erv25p or anti-Erplp were very weak
due to the low exogenous level of the p24s (data not show). It is not clear if the
sections without membrane abnormalities are a consequence of plane of section,
loss of plasmid, mutation (possibly in the endogenous ERV25 gene) or if different
cells express a different number of plasmids and thus have different levels of
Erv25p expression (with only those cells with high levels of Erv25p producing

abnormal membrane morphologies).
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Figure 5.4. Erv25p localization in ERV25 expressing cells. Cells expressing
GALL-p426-ERV25 were grown in galactose media and processed for cryo-
electron microscopy as described in Materials and Methods. Immunolabeling of
ultrathin cryosections with antibodies to Erv25p revealed gold particle labeling to
be most concentrated over vesicular tubular clusters (VTCs) (A-D). The VTCs are
indicated by a broken line in A and D. Erv25p labeling was also seen on the
nuclear envelope (E). ER, endoplasmic reticulum; m, mitochondrion; N, nucleus,
np, nuclear pore; VTC, vesicular tubular clusters. Arrows in panel D indicate
labeling on ER network. Arrowheads in panel E indicate labeling on nuclear

membrane. The magnification bars represent 250 nm.
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Figure 5.4.
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Figure 5.5. Immunolabeling of ER profiles in ERV25 over expressing cells.
Cells expressing GALL-p426-ERV25 were grown in galactose media and
processed for cryo-clectron microscopy as described in Materials and Methods.
Cells were then labeled with antibodies to Kar2p (A), Sarlp (B), Sec27p (C),
Boslp (D), SedSp (E), and prepro-alpha-factor (F). Some of the gold particle
labeling is indicated by arrows or arrowheads. Arrowheads indicate labeling in the
VTCs; black arrows represent labeling over the ER profiles; white arrows indicate

labeling in the cytoplasm. Magnification bars represent 250nm.
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Figure 5.5.
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Table 5.2. Stability of the p426-ERV2S5 plasmid.

Strain Plasmid® Growth medium” Sugar® % URA3+

(=SD)

W303-1A p426 YPD Glucose 71+1.5

Galactose 68+ 1.0

p426 YPGal Glucose 50+£3.0

Galactose 48+ 3.2

p426-ERV25 YPD Glucose 61+4.1

Galactose 50+2.6
p426-ERV25  YPGal Glucose 0£0
Galactose 0x0

? Cells were transfected with either the empty plasmid (p426) or the ERV25-containing
plasmid (p426-ERV25) as described in Materials and Methods.

Y Transfected cells were grown overnight in either YPD or YPGal medium. Dilutions
were then plated onto YPD agar plates. At this stage, if the plasmid is detrimental to the
cell, the cell will be more likely to lose the plasmid.

¢ Colonies were replica plated onto —~URA plates containing either glucose or galactose

in order to detect those cells that retained the plasmid.
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Figure 5.6. Quantitation of ER membrane proliferation and Erv25p labeling.
Cells expressing GALL-p426-ERV25 were grown in galactose media and
processed for routine or cryo-electron microscopy as described in Materials and
Methods. Epon sections were used to quantify the occurrence of the proliferated
ER (A, B). No membrane proliferations were detected in control cells (p426)
while cells expressing ERV25 revealed membrane proliferation in 39% of the
cells (histograms represents mean + SD of 3 separate experiments with 134, 130
and 101 cells counted). In cryosections (C, D) gold particles were prominent only
on VTCs and large ER structures (C). Sections not revealing the phenotype had
negligible gold particle labeling (D) which was also negligible in control cells
(not shown). Categories for quantitation of Epon sections are as follows:
Extensive ER/VICs represents cell sections that had an abnormal or extensive
amount of ER or VICs; Normal membrane morphology represents sections that
had membrane morphology consistent with wild type cells; Poor morphology
represents cells whose membrane morphology was not preserved during the
processing for EM; vesiculated cells represent a population of cells whose
membrane systems have deteriorated into vesicular structures, mostly likely
representative of cell death. Categories for quantitation of cryo-sections are as
follows: pER, is the ER that is at the periphery of the cell; ER, includes the
extensive ER network and ER cisternae that are located within the cytoplasm;
V&T, are vesicular/tubular profiles; NE, nuclear envelope; Nucleus, nucleus not
including the nuclear membrane; Cell Wall/PM, the cell wall and the plasma
membrane; Other, this category includes mitochondria, vacuoles, cytoplasm and
all other parts of the cell not mentioned, in particular it also includes those
sections of the cell whose morphology has not been preserved and thus limiting

the identification of membrane systems (see Figure 5.7. bad morphology - bm).
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Figure 5.7. Cell section without membrane network. Micrograph of a section
of a cell that expresses the p426-ERV25 plasmid and that has been grown in
galactose media. No extensive or abnormal membrane system is present in this
cell section. Circles indicate the gold particles that label the cell. N, nucleus; ER,
endoplasmic reticulum; PM, the plasma membrane is indicated between the two
arrows; m, mitochondrion; V, vacuole; bm, represents an area of bad morphology.

Magnification bar represents 250nm.
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Figure 5.7.
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Figure 5.8. Quantitation of the incidence of nuclei in cell section. Cells
sections were quantified by electron microscopy to determine the number of
sections that exhibited nuclei. This was done for n=3 (>300 cell sections
analyzed). The data is presented as a percentage of cell sections where nuclei are
apparent or not apparent in a section. The standard deviation for both categories is

3%.

171



160%
90% -
80% -
70% - 64%
60%
50%

40%

Percentage of cells

30%

20%

10%

0%

Nuclei apparent m Nuclei not
section apparent m section

Figure 5.8.

172



5.3. Discussion

Yeast have long been used as tools to identify the role of proteins (Novick
et al., 1980). This chapter looks at mutations and over expression studies of the
p24 genes. The p24 family of genes has been associated with the early secretory
pathway but no clear role has been proven. Morphological assessment of the cells
confirmed past studies that the deletion of the p24 genes, whether single, double
or quadruple, does not alter the morphology of the yeast cell. Over expression of
one of three or two of three of the p24 proteins, namely ERV25, EMP24 or ERP1,
produces dramatic changes to the morphology of the yeast cell. The large
membrane structure is usually seen to be continuous with the nuclear membrane.
This fact alone indicates that the large membranes are endoplasmic reticulum. The
ER membrane system is interconnected and consists of several tubular elements.
A cross section of the membranes has a honey comb shaped appearance, while a
longitudinal section exhibits a set of parallel strands of membrane cisternae. There
are also vesicular/tubular and budding areas associated with this membrane
structure. Cryo-immunogold techniques revealed that the ER membranes are
labeled for Erv25p, however, the protein is most highly concentrated in the
tubular/vesicular areas. This indicates that there is a distinct segregation or sorting
of Erv25p. Labeling studies with anti-Erplp antibodies did not show a significant
increase in Erplp in the ERV2S overexpressors indicating that the increase in
expression of one of the p24 family members does not induce an increase in

another.

Membrane structures similar to those seen in the p24 overexpressors were
also observed in systems where SEC12 was over expressed (Nishikiawa et al.,
1994), where ARF1 was over expressed in an Aarfl Aarf2 background (Deitz et
al., 2000), where Sec24p was depleted (Kuirithara et al., 2000) and where the
prosequence-deleted form of RNAP-I was expressed (Umebayashi er al., 1997).
The ER chaperone, Kar2p, exhibited high labeling on the large ER networks of
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the ERV25 overexpressors. Kar2p was also found in large concentrations of what
appeared to be BiP bodies (Nishikawa et al., 1994). BiP bodies are also detected
when Sec12p is over expressed under a GAL1 promoter. Sec12p over expression
blocks ER-to-Golgi transport. Likewise, sec mutants that also inhibit ER-to-Golgi
transport also exhibit BiP bodies. In contrast, over expression of other ER proteins
that induce membrane formation, such as HMG-CoA reductase or Secdp, does not
produce BiP bodies (Nishikawa ef al., 1994). This indicates that since BiP bodies
are present in the ERV25 overexpressors with the large ER structures there may
be a perturbation in ER-to-Golgi transport in these cells. The accumulation of the
vesicular/tubular structures may indicate that a block may be occurring in a post-

ER compartment.

The COPII GTPase, Sarlp, also showed high labeling in the ERV25
overexpressors with large membrane structures. The majority of the gold particles
were seen over the large membrane system. Sarlp has been localized to the ER
membrane (Nishikawa and Nakano, 1991) further confirming that the large
membrane system is ER. Sarlp, however, was not found to any great extend on
the tubular/vesicular areas. This indicates that these areas are indeed post-ER
compartments since COPII vesicles shed their coat as Sarlp-GTP is hydrolyzed
and the COPII subunits disassociate. The COPI beta prime subunit (Sec27p) was
also found on the ER membranes as well as over the VITCs and cytosol. The
trafficking proteins SedS5p and Boslp, likewise, were found over the ER and
VTCs. In addition, the cargo protein prepro-alpha-factor was found in the ER.
This indicates that this membrane compartment contains many of the constituents

of the secretory pathway.

The data collected in this study confirms that deletion of the p24 proteins
does not affect the morphology of the cell. It has also emphasized the low
endogenous level of this protein in yeast. An increase in expression of one of the
p24 protein (whether Erv2S5p, Erplp or Emp24p) has a dramatic effect on the cell

morphology. Indeed, we have shown that cells expressing increased amounts of
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Erv25p have a large ER membrane system in the cell. This is accompanied by a
vesicular/tubular area, where most of the Erv25p protein is concentrated. This
latter compartment appears to be a post-ER compartment as it is not highly
labeled with Sarlp. The appearance of BiP bodies also tends to indicate that there
is a block in secretion in the cells and that the ER membrane structure is due to a

block in secretion as opposed to a de novo synthesis of ER membranes.
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5.4. Materials and Methods

5.4.1. Strains, Plasmids and Growth Media

The yeast strains used in this study are found in Table 5.1. Deletion
(DHY4 and RSY1888) and wild type (DHYD9) strains were grown in YDP media
at 30°C and harvested during logarithmic phase. Cells over expressing ERV25
and control cells were grown in 2% glucose and transferred to 3% galactose for 6,
12, 24 and 36 hours. Over expression of the yeast p24 (ERV25) was effected by
expressing the p426-ERV25 plasmid. Control cells contained the p426 plasmid
alone. The plasmids were obtained from A. Rowley (GlaxoSmithKline). Briefly,
the p24 gene was cloned behind the GALL promoter in the p426 plasmid
containing a URA3 selection marker (Mumberg et al., 1994; Mumberg et al,
1995).

5.4.2. Antibodies

Goat anti-rabbit gold conjugated antibodies (5nm or 10nm) were obtained
from Sigma Chemical Company (St. Louis, MO, USA). The antibodies directed
against Erv25p (Belden and Barlowe, 1996), Kar2p (Brodsky et al., 1993), Sarlp
(Barlowe et al., 1993) and Boslp (Cao and Barlowe, 2000) have been described.
The antibodies to prepro-alpha-factor were generously provided by Dr. R.
Schekman. The antibodies to Sec27p were generously provided by Dr. C.

Barlowe.

5.4.3. Yeast Transfection

Cells were transfected with the p426 and p426-ERV25 plasmid as
described by Chen et al. (1992). Briefly, cells were grown to stationary phase. 0.2
ml of cells were pelleted and suspended in 0.1 ml of One-Step-Buffer (0.2 ml IM
LiAc, 0.8 ml 50% PEG 3400, 15 mg DTT, 25 pg ssDNA). 2-10 pg of
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transforming DNA were added and the cells were incubated for 60 min at 45°C.

The mixture was then plated on -URA/SD agar plates.

5.4.4. Routine Electron Microscopy

Cells were harvested and fixed with 1.5 % potassium permanganate for 20
minutes. The cells were then washed with water and post-fixed with 2% uranyl
acetate overnight at 4°C. The samples were washed, dehydrated in a graded series
of ethanol followed by propylene oxide and embedded in Epon (M.E.C.A. Ltée,
Montreal, Quebec). Thin sections of 100 nm were cut with an ultracut E
microtome (Reichert Jung) and placed on copper grids. Sections were viewed
with a Philips 400 transmition electron microscope. For cells over expressing
ERV25, both the W303-1a and DHY9 were transfected and examined. Both
exhibited the same characteristic morphological features attributed to the over

expression of a p24.

5.4.5. Cryoimmune Electron Microscopy

The strain W303-1a expressing the p426 or p426-ERV2S5 plasmid was used for
cryoimmune experiments. Cells were fixed and processed as described in Dahan
et al., 1994. Briefly, cells were fixed in 4% paraformaldehyde and 0.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C. Cells were washed in
4% sucrose in 0.1M phosphate buffer (pH 7.4) and cryo-protected in 2.3 M
sucrose (Tokuyasu, 1980). Samples were mounted onto nickel stubs and frozen in
liquid nitrogen. 29 nm sections were cut with an ultracut E microtome with FC4D
attachment and placed onto copper grids. Sections were blocked with BCO (2%
bovine serum albumin 2% casein 0.5% ovalbumin) for 10 minutes followed by
0.02M glycine for 10 minutes. The sections were then incubated with antibody for
30 minutes followed by a washing in Delbosco’s PBS (six times 5 minutes). The
sections were then incubated with secondary gold-conjugated antibodies for 30

minutes. Another washing was done, consisting of six times 5 minutes DPBS and
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six times 5 minutes double distilled water. Sections were then treated with 2%
uranyl acetate 0.15M oxalic acid pH 7 for 5 minutes followed by two 2.5 minute

washes in water. Sections were protected with methyl cellulose.

5.4.6. Plasmid Stability

Stability of the plasmid under study was tested as described by Whiteway
et al. (1990). Cells were grown in YPD or YPGal medium overnight and then
plated on YPD plates (at ~1,000-fold dilution). After a two-day incubation at
30°C, colonies were replica plated on —URA plates (with either glucose or
galactose) in order to detect cells that maintained the plasmid (p426-GALL

plasmid contains a URA3 selectable marker).
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Table 8.3. VYeast Strains

Strain Genotype Source

DHY9 (wild type) MATw ura3-52 lys2-801 ade2-101 trpl-Al his3-  A.Rowley
A200 leu2-Al (derivative of YPH274, ATCC)

DHY4 (erv254) DHY9, Aerv25::HIS3 A. Rowley

ARY90 (p24A4)  DHYY, Aemp24::HIS3 Aerv25::HIS3 Aerpl:TRPI  A.Rowley
Aerp2::HIS3

RSY 1888 (p24A8) DHY9, Aemp24::HIS3 Aerv25::HIS3 Aerpl::TRPI R. Schekman
Aerp2::HIS3 Aerp3::loxP Aerp4::loxP Aerp5::loxP
Aerp6::loxP-Kan'-loxP

W303-1a Mata ade2-1 his3-11,15 leu2-3,112 ura3-1 trpl-1 M. Whiteway
canl-100
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CHAPTER 6.
Genetic Expression Profiles of p24 Mutants
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6.1. Introduction

The p24s are abundant protein constituents of COPII vesicles in yeast
(Belden and Barlowe, 1996). The deletion of these genes in yeast does not appear
to affect the morphology of the secretory pathway or the bulk of protein secretion.
There are however, some effects on the kinetics of the secretion of certain
proteins (Gaslp and invertase) and the retention of others (Kar2p and Pdilp)
(Schimméller ef al., 1995; Belden and Barlowe, 1996; Marzioch et al., 1999). The
p24 deletions also elicit a mild unfolded protein response (Belden and Barlowe,
2001b). The UPR is classically associated with an accumulation of unfolded
proteins in the endoplasmic reticulum. In the case of the p24 deletion strains, the
lack of retention in the ER or poor retrieval of escaped proteins may have caused
the response. That is, due to the increased secretion of several ER resident
proteins the cell must compensate by producing more of these chaperones, which

also occurs in the UPR (Patil and Walter, 2001).

The over expression of p24 proteins creates an entirely different response.
A dramatic increase in one or two of the p24 genes generates a large membranous
structure in the cells. The occurrence of this membrane network coincides with
the increase in Erv25p labeling within the cell (mainly on tubular structures,
vesicles and ER). The cells also exhibit BiP bodies and an increase in Sarlp and

Kar2p labeling on the ER membranes.

To further study these two systems, we used DNA microarrays. The
microarrays were used to study the genetic profile of the different cell types. This
tool provides detailed information about the changes in gene expression of a cell
and reveals the genes that are changed as a consequence of the over expression or
deletion of a gene. Having obtained a novel phenotype for the p24 overexpressors,
we wanted to further understand the mechanisms behind the formation of the
membranes. This technique was used to distinguish whether the large ER

membranes were due to an accumulation of membranes due to a block in
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secretion or a result of de novo biogenesis of ER, in which case a vast number of
genes would need to be activated. In addition, analysis of the deletion strains by

this method provided further insight into the level that a p24 deletion affects the

cell.
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6.2. Results

The advent of DNA microarray technology has provided a powerful tool
that has allowed scientist to use genomes on another level: to simultanecusly
examine the entire genomic expression of an organism. This study focuses on the
budding yeast, Saccharomyces cerevisiae and changes in genomic expression
when a p24 gene is deleted or the expression is increased. In order to assure a
high standard of data several quality control steps were set in place and much
statistical analysis was performed on the data. Below is a description of the DNA
microarrays, the quality control steps used throughout an experiment, the tools
and software used to analyze the data, as well as the statistical analysis and

genetic profiles.

6.2.1. Yeast ORF Microarrays

The Yeast ORF microarrays used in this study were the Yeast Arrays 6.4k
obtained through the Microarray Centre at University Health Network, Ontario
Cancer Institute (Toronto, Canada). These arrays have the entire genome of
Saccharomyces cerevisiae spotted onto a glass slide in duplicate. In addition there
are control spots (Arabidopsis thalania genes) and blank spots. The microarray
slide consists of 32 subarrays in a four by eight configuration. Each subarray is
composed of 400 (20 by 20) spots, for a total of 12,800 spots per microarray slide.
The spot to spot distance is 200 micrometers. The probe DNA for each spot is
immobilized (or spotted) onto CMT-GAPS slides (Coming Inc.) with a high-

precision micro-robotics technology.

6.2.2. The DNA Microarray System

RNA must be isolated from control and experimental cells (Figure 6.1. A

and Figure 6.2.). The RNA is used to transcribe cDNA that is labeled with either a
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Cyanine-3 or Cyanine-5 labeled deoxy-cytosine triphosphate (dCTP) fluorescent
nucleotide analogue (Figure 6.1. C). The large difference in the emission peaks
between the cyanine dyes makes them ideal for multicolor detection (the Cy3
emission maximum is 660-670 nm while the Cy3 is emission maximum 570-580
nm). In addition, the cyanine dyes produce a bright signal and are incorporated in
a relatively consistent manner as compared to other dyes pairs. However, since
there are some differences in the rates of incorporation of the two nucleotide
conjugated cytoflores, reciprocal labeling is always done to account for

discrepancies.

cDNA from the control cells is labeled with one dye and the cDNA from
the experimental cells is labeled with the other dye. The labeled cDNA from the
control and experimental cells is combined and hybridized to the glass microarray
slide (Figure 6.1. D). The gene expression for the control and mutant strains are
detected using a confocal laser scanner that scans for each cytoflore separately,
producing a TIFF image for both experimental and control (Figure 6.1. E). Figure
6.3. depicts two scans obtained for one chip. The image on the left is the Cy3 scan
of the wild type and the image on the right is the Cy5 scan of the erv25A. The
TIFF images contain valuable information about the expression of each gene. The
TIFF files are used to produce data sets that will reveal the genomic expression

levels.
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Figure 6.1. Schematic representation of the preparation of DNA microarrays.
RNA must be isolated from both control and experimental cell lines (A). Poly-A
RNA is obtained (B) for reverse transcription reactions to produce cDNA that is
either labeled with Cy3- or Cy5-conjugated nucleotides (C). The cDNA is then
hybridized to a glass microarray slide (D). Images are detected using a confocal

scanner (E).

185



Control Strain Experimental Strain

mRNA mRNA
Cyanine-5-dCTP Reverse Cyanine-3-dCTP
Transcription
Hybridization

Detection

Figure 6.1.

186



Figure 6.2. RNA isolation for gene expression analysis. 1% agarose gel with 2
ug of total RNA isolated from control cells (lane 2) and GALL-ERV25
expressing cells (24h) (lane 3). 1 ug of polyA™ RNA that was isolated from the
RNA of control cells and GALL-ERV2S5 expressing cells were electrophorized in
lanes 3 and 4, respectively. Molecular weight standards were electrophorized in

lane 1.
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Figure 6.2.
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Figure 6.3. Confocal laser image of a DNA microarray. DNA microarray was
scanned with a GSI lumonics confocal scanner. TIFF files were obtained for both

the cyanine-3 (Cy3) and cyanine-5 (Cy5) cytofluores.
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6.2.3. Quality Control and Statistical Analysis

In order to achieve high quality and reproducible data, each experimental
condition was repeated many times, starting from cell culture. From the
microarrays obtained from the various experiments, the best (most statistically
significant) chips are selected, with a minimum of 3 chips for each condition
(Table 6.1). Each experiment was subjected to an intense amount of quality
control, beginning with the RNA, which is visualized on 1% agarose to check the
purity (Figure 6.2). Once chips are produced for an experiment, they are scanned
by the confocal laser (Figure 6.3). Data is obtained from the scanned images and
analyzed (Figure 6.4). The original TIFF images (Figure 6.3) are imported into
the QuantArray software program, which converts the Cy3 image to green and the
Cy5 image to red (Figure 6.5). The differences in gene expression are visualized
by overlapping the two images. Figure 6.5. shows the wild type (Cy3) expression
pattern in green and the erv25A (Cy5) expression pattern in red. When the two
images are overlapped, a yellow spot denotes the same level of expression of that
particular gene in both samples. A red spot indicates a greater amount of
expression in the erv25A (Cy5 labeled) sample as compared to the wild type (Cy3
labeled) sample, while a green spot would indicate a greater expression of that
particular gene in the wild type (Cy3) sample. Figure 6.6. is a close up of the top
left subarray of the overlapped image of a microarray for the 24h time point of
ERV25 over expression (control is green, experimental is red). The arrows
indicate the spots that represent the ERV25 gene (in duplicate). The red color
indicates that the expression of this gene is greater in the ERV2S overexpressor

than in the control, as expected.

The QuantArray program also provides the medium for visual quality
control where erroneous spots can be eliminated. The program analyses each pixel
of the scanned TIFF file and assigns numerical values to each spot, including

background levels. A spreadsheet with values assigned to each spot is produced.
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This data is imported into an Excel spreadsheet where the data is analyzed. The
linear range of the data is first established by visually analyzing the distribution of
the data. This is done by plotting the intensity of the experimental condition to the
intensity of the control (Figure 6.7). The signal to noise ratio (the intensity of the
signal minus half a STD must be greater than the intensity of the background plus
half STD) is then calculated to eliminate non-significant spots. Background
subtractions and experiment to reference ratios are performed. The ratios are
denoted in Log2 values and normalization of the spots is effected by dividing by
the median of the Log2 ratios of a particular subarray. The duplicate variability is
then assessed and finally, an average of duplicate spots is produced. This analysis
is repeated for each chip. The data is compiled and Student-t tests are performed
to compare the variation in each condition. The data is then imported into a data
analysis software program (GeneSpring, Silicon Genetics) and various graphical
and cluster analyses are effected. The GeneSpring software program provides
various tools and links to databases in order to examine the data to determine

what genetic changes have occurred in the cells.

For this particular study, various internal controls were available, namely,
the p24 proteins. The expression of these genes was observed in the deletion
strains and through the over expression time course. The ERV25, EMP24, ERPS
and ERP4 mRNA are expressed at a moderate ectopic level and behaved as
expected and in a statistically significant manner. However, due to the low
expression of the other p24s (ERP1, ERP2, ERP3, and ERP6), they do not appear
to behave in the manner that is expected. Specifically, they do not exhibit a
dramatic decrease in the quadruple deletion (p24A4) or the complete deletion
(p24A8) (Figure 6.8). In order to confirm that the genes were in fact deleted, the
genomic DNA was isolated and PCRs were carried out on the deletion strains. As

shown in Figure 6.9, the appropriate p24 genes were deleted from each strain.

Due to many factors, including incorporation of dyes, variations in RNA

purity, slight differences in hybridization, amount of DNA spotted onto the shde,
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there is an inherent variability in each microarray experiment. To test this inherent
variability several experiments were carried out with wild type expression being
compared to wild type expression. For these experiments wild type RNA was
used for both Cy3 and Cy5 reverse transcription reactions, the cDNA was
combined and then hybridized to a chip. Eleven chips were analyzed and the data
is represented graphically in Figure 6.10. The majority of the genes (92% or
5834/6330) have a fold variation that is within the range of 0.5-2 fold variation
(Figure 6.10). Those few genes that exhibit a higher variability did not reveal a
significant change in expression in the other experimental conditions and are thus

accounted for.
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Table 6.1. Number of RNA preparations and DNA microarrays.

RNA
Preparations Microarrays

WT 5 11
erv25A 3 5
p24A4 3 5
p24A8 3 4
ERV25 12h 3 3
ERV2S5 24h 3 3
ERV25 36h 2 4
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Figure 6.4. Schematic representation of data amalysis. DNA microarrays are
scanned with a GSI Lumonics scanner to obtain TIFF files (A). The TIFF files are
imported to a QuantArray software program and file are represented in either
green (Cy3) or red (Cy5) (B). Data obtained from the analysis produced by the
QuantArray software is imported into a spreadsheet (C). Various statistical
analyses are performed (D). Data is imported into the GeneSpring software

program where further statistical analysis and data mining can occur (E).
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Figure 6.5. QuantArray Image of DNA Microarrays. Images of microarray
scans for the Cy3 (green) and Cy5 (red) are shown. The QuantArray software
program is used to overlap the images to identify the differences in signal
intensity between the control and experimental conditions. Genes that have the
same intensity with respect two control and experimental are shown in yellow.
Genes that are modulated appear in red (if up regulated in the experimental

condition) or green (if down regulated in the experimental condition).
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Figure 6.6. Enlarged image of subarray. Image represents an enlarged view of
the top left subarray of the microarray chip. The microarray was produced for the
ERV25 overexpressor (24h time point). The yellow spots represent genes whose
intensity is the same in both control and experimental conditions. The two red
spots are the duplicate spots of the ERV25 gene. The spots are in red, indicating
that the gene is up regulated in the ERV2S overexpressor (Cy5 or red) with

respect to the control (Cy3 or green).
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Figure 6.6.
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Figure 6.7. Intemsity Scatter Plot of ERV25 Overexpressor (36h). The
intensity scatter plot demonstrates the amount of scatter of the genes that occurs at
the various intensities. The lower the intensity value, the more inherent variability
and scatter there is among the genes. This type of graph demonstrates the linear
range of the data and indicates the cut off point for minimum and maximum
intensity values for further statistical analysis. Each diamond (@) represents an

individual gene.

201



100000 g

i

R+ 08775

=
o
e
o
-
-
-
o
-
—
@
8
=

10000 <me
1000

$9UAD) Y9¢ STAYH Jo Arsuaju]

100

100000

10000

1000

100

Intensity of Control Genes

Figure 6.7.

202



Figure 6.8. Expression profiles of the p24 genes. The expression profiles for the
p24 genes (ERV25, EMP24, ERP1-6) are shown for each experimental condition.
The y-axis of the graphs represents the ratio of logarithm base 2 of the intensity of
the p24 genes (experimental versus control). The x-axis is the intensity of gene

expression in the control. Graphs were produced with the GeneSpring software

program.

203



P
= o ]
® Control B £10 ervz2A
5107 <
= £
© | ERP3 ERP5 ERP4  ERPT @ |FRPIERPT . ERPS
S N P S A L £ + EMP24
% ‘K K 2
s [o]
5 ERP6 ERP2 EMP24 ERV25 -% ERP6 ERP4 ERP2
b
S
_8)0.1‘ 8)
T 1 ¥ T § F 1 ' ! I ' ! [ - 0.1_ + ERV25
300 500 1000 2000 300040005000 [ T 1 01 I I ] 1
Gene intenSity Of ContrOl 5000 7000 10000 20000 30000 40000
Gene intensity of control
= 107 2101
- p24A4 D = p24A8
oy
g 2
& £
o ERP5 ERP1 © |ERP1 ERP3 ERP2
5] vy G é/
o
- " T x +ERPS 4 £rps g T
S - 2 * 4ERV25
= = ERP5  ERP6 +
_87 + ERV25+ Eup2d _8 EMP24
0.1 0.1
1 ] i i § T 71 T T 1 T T | UL
2000 3000 4000 _5000 7000 10000 2000 3000 4000 ?OOO 7000 10000
Gene intensity of control Gene intensity of control
>
5 +ERv2s £
= £
o ERP3 ERP5 ERP1 ERP6 @ | ERP1  ERP3  ERP5
: V/ + S
o e
e T ‘t\ 5T #\ +\ + EMP24
S Q
= ERP2  ERP4 EMP24 o ERP2ERPGERP4
T
2 8
0.1
T T T TTT7 T 17 0.1
1000 10000 1OIOO i LI} | I I”1[0.000 i LR
Gene intensity of control Gene intensity of control
2
G 7 107 ERV25 36h
 ons
2 +ERV25
P ERP1ERP5ERP3
e l
5 +
5 " 7‘ + EMP24
8
® ERP2ERPGERP4
(2}
Q
Figure 6.8. 0.1 10100 T IREREL! T 171

. 10000
Gene intensity of control

204



Figure 6.9. PCR analysis of the p24 deletion strains. cDNA was extracted from
wild-type (DHY9) and knockout (RSY1888, ARY90, DHY4) yeast cultures and
subjected to PCR using primer pairs specific for the p24 proteins. Shown are
2% agarose gels stained with ethidium bromide. The single erv25A strain (B), the
quadruple deletion strain (A) and the complete deletion strain (C) are shown. M,

molecular weight marker (1kb ladder, Stratagene); WT, wild-type; KO, Knockout
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Figure 6.10. Inherent variability in DNA microarrays. In order to test for the
inherent variability in the DNA microarray system, control microarrays were
produced comparing wild type cells with wild type cells. The y-axis indicates the
normalized intensity in a Log2 scale. The x-axis indicates individual chip
experiments. Each gene is depicted as a line. The color of the genes are referenced
with respect to the first microarray experiment (15 nov 207997). Genes with
increase intensity are in red while those that have a decreased intensity are in
green. The majority of the genes (92%) fall within a 2-fold range of variation. The

graph was produced using the GeneSpring software program.
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6.2.4. Microarray Analysis

The variation in gene expression as a consequence of p24 gene deletion or
over expression is summarized in Figure 6.11.A. This figure shows only those
gene whose expression was modulated at least 1.5 fold above or below that of
control cells with a P value of 0.05 or better. This corresponds to 160 genes out of
~6300 genes on the DNA arrays. The graph is color-coded with respect to the 24h
time point of ERV25 over expression. Genes that are up regulated at the 24h time
point are colored red while the genes that are down regulated at the 24h time point
are in green (Figure 6.11.A). Although several genes were modulated by single or
multiple p24 gene disruptions, the most dramatic changes were seen following

ERV25 over expression.

It has been reported that the erv25A leads to a minor unfolded response.
More specifically, a cluster of genes, including KAR2, consistently increased
their expression whether p24 genes were deleted or ERV25 was over expressed.
However, global comparison of all the genes previously shown to be affected by
the UPR pathway (Travers et al., 2000) or the environmental stress response
pathway (Gasch ef al., 2001) revealed little overlap (data not shown).
Surprisingly, a correlation was found between the over expression of ERV25 and
the expression of activated form of the Rho GTPase (Figure 6.11.B) (Roberts ef
al., 2000). Many of the genes that are common to both systems have no assigned

function. We propose that they may be involved in a general stress response.

Hierarchical clustering analysis (Eisen et al., 1998) identified groups of
genes with similar changes in transcript abundance over the entire dataset (Figure
6.12.). This analysis also revealed the similarities between the quadruple and
complete deletion strains as well as the effects of expressing ERV25 for 24 or 36
hours (Figure 6.12). Of the 160 modulated genes, 70 had putative transmembrane

domains of which 29 had no known function. The number of predicted
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transmembrane domains is indicated in the #TM column while the gene names are
indicated on the right. The modulated genes are listed in Tables 6.2 and 6.3. The

genes that appear in more than one experimental condition are indicated in red.

The modulated genes were subjected to further analysis to identify
transcripts that encode proteins whose sequence is conserved in the proteome of
other species. 59 of the 160 encoded proteins were found to be conserved in the
yeast Candida albicans (C), the plant Arabidopsis thaliana (A), the nematode
Caenorhabditis elegans (N), the fruit fly Drosophila melanogaster (F) or humans
(H) (Figure 6.12 and Table 6.4.). Eight of these highly conserved proteins were of
unknown function. A list of the gene names indicated in Figure 6.12. has been

reproduced in Table 6.5. in larger print.
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Figure 6.11. GeneSpring Analysis. (A) Modulation of gene expression by the
p24 family. Expression profiles of 160 genes that show a significant change in
transcript abundance in control experiments (Ctr), following the deletion of erv25
alone (erv25A), the deletion of erv25, emp24, erpl and erp2 (p2444), the deletion
of all 8 members of the p24 family (p24A8) or following the over expression of
ERV2S5 for 12, 24 or 36 hours. Each gene is represented by a single line that is
colored according the change in expression in the quadruple deletion strain
(p2444) Up regulated genes are colored red while down regulated genes are
colored green. (B) Scatter plots showing the change in gene expression following
the over expression of ERV2S5 after 24h and 36h compared to the expression of an
activated form of Rho GTPase. There is significant correlation (P value 2 x 10e-
19) between the genes that were induced by these treatments. Among the 31 genes
induced by ERV25 and Rhol, 18 are part of the Environmental Stress Response
while 3 are enzymes of the Glyoxylate Pathway.
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Figure 6.12. Hierarchical clustering of 160 p24-modulated genes. The 6
columns on the left represent experimental conditions (defined in Figure 6.11.)
with the changes in expression of each genes represented on a red-green color
scale with up regulated genes colored red while down regulated genes are colored
in green. The genes were clustered according to the similarity in their expression
profile such that genes with a similar response over the entire data set are
positioned in proximity to each other. The dendogram on the y-axis represents the
extent of profile similarities. In the x-axis, the gene expression profiles under the
six experimental conditions were also clustered according to their similarity. The
next column (column 6) indicates the number of transmembrane domains for each
gene. Yellow indicates 1 transmembrane domain, light orange 1s 2 to 5, dark
orange is 6 to 9 and red is 10-20. No color (white) indicates no transmembrane
domain was predicted for that gene. The last 5 columns represents the
conservation in amino acid sequence between the S. cerevisiae protein and its
closest homolog in the fungi Candida albicans (C), the plant Arabidopsis thaliana
(A), the nematode Caenorhabditis elegans (N), the fruit fly Drosophila
melanogaster (F) and humans (H). Sequence homology, represented as the BlastP
E-value, is color-coded on a blue-red scale. The position of genes discussed in the
text is indicated. The gene names are indicated on the far the right. Table 6.5. is a

reproduction of this list of gene names in a larger font.
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Table 6.2. Genes Modulated in the Deletion Strains

erv25A p24A4 p24A8
Categories UP DOWN UP DOWN UP DOWN
ER genes KARZ KARZ KARZ
BEROY EROCI HROI
MPDI MPD
LHS!? LHS1
Metabolism
- amino acid LYS9 TRP1] ARGI LYS9
- carbohydrate GLK1
- glyoxylate cycle CIT2
- TCA cycle ACO1
Stress HSPi2 HSP12
TSL1
Transport
- phosphate transp. PHOg4
- zing transport ZRT1
- p24s ERVZ5 EMP24 EMP24
ERV25 ERP4
ERPS
ERPS
Others POR1 STF2 SHM?2 ALDA4 ECM11
IDH1 PET56
CHAI YLR123C
DLD3 LAS21
DIP5 CIT1
Cytosolic YDLIZ4W | YOLOISW | YDL124W
YORO50C | YCLO42W
YHROE7TW
YDRS516C
YIL207C
YHIO21C
YDL023C
Membrane YML131W YIL121W § YFLO32W
Membrane with SPI1
signal peptide YMRO40W
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Table 6.3. Genes Modulated in the ERV25 Overexpressors

12h 24h 36h
Categories UP | DOWN UP DOWN UP DOWN
ER genes KARZ PDIl HSP42 KARZ ERO1 P
Protein degrad. PRB1 RPN4
Metabolism
-gluconeogenesis PCK1FBP1
-glvoxviate LT MDHZ CIT2 MDHZ CIT2
-amino acid CPAl
-vitamin biosyn. THI12 SAM2
-carbohydrate PCK1 ICL1 ACSI SOL1
THI5
-lipid OYE2 INO1 CHO1
-energy PDE1L
-carnitine THI11 CAT2 CRC1
Stress AHP1 HSP26 HAC1 RCN1
CUP1-2 HOR7
Transport ERV2S ERV2ZS ERV23
- vescicular AUT7 PEP12
- iron facilitator FIT3
- hexose transp_ HXTS HXT2 HXT2
- a.a. transp. SAM3
- myo-inositol ITRI
Others GATI1 CUP9 BURSG WTM2 BTN2 YPLOB’W RPSSA
PIR3 SPS100 STF2 TRP4 ADO1T{RNA14 PCL5 PIR3 RPL1ISB
CUPI-1 YPS3 YET1 {PPT1FAA3 ([CHS6SEDI RPL2B
COX7 YPT6 SGA1 PRO2 RPLSA
PRE1 AAPT’
PCM1
Cytosolic YBR2ZBICIVELO74W YMRISIC IYGL218W [YDL124W YORIIIW
YMRI184W YHROO7C IYFRO44C [ YHRO87W YEZLO74W YPL141C
YMR295C YMLO39W [ YIL137C YMRIRIC YHRO97CIDIG?
YMR294W-A YIL211C YGR146C YIL144W
YNL157W YPRISIC YMRIOIW BDF2
YBLO73W YMRO03W YDRO70C
YGRO43C YPRISEW
YOR338W
YMRI185W YJL103C
YBR28ICYGL121C
Membrane YHRI133C [YFLO32W YMLO72C YELOI7TW
YBRO04C FUN34
S ecretory YIRIGAC YDR230OW YLR194( YOR383C
PRY2 PST1
Membrane with YHRI3BC YBROGSW YBR224W [YBROOSW YLR414C
signal peptide YLR414C  YDR366C|YBR220C |OM45
YNL114C YMR173W-
A

216



Table 6.4. Degree of Conservation of the Modulated Genes

Modulated
Functional categories  under all Conserved Genes No homology
conditions
ER genes
- folding KAR2, EROl KARZ, ERO1, MPD1,
PDI
-translocation RPN4 LHS1
Metabolism
- gluconeogenesis FBP1
- amino acid LYS9, CPA1L, SAM2
- carbohydrate GLK1
- glyoxylate cycle CI12 CIT2, MDH2
- TCA cycle ACO1
- nucleotide ACS1
- carnitine dependent CRC1
- lipid INO1
Stress RCNI, HOR7
Transport
- vesicular AUT7
- phosphate transp. PHOR4
- myo-inositol ITRI1
- hexose transporter HXT2, HXTS
- p24s ERPS-6, EMP24,
Others STF2 PORI, SHM2, IDH1, YLR123C, SPS100, BTN2,
CHAL1, DLD3, CIT1i, SED1
ALD4,LAS21, ADOIL,
PPT1, FAA3, PRO2,
AAPI’, PCMI, YPS3,
YPTe6, CUPY, PREI,
BURG, YPLOBSW,
RNA14, RPS9A,
RPLI18BRPI2B
Cytosolic YDL124W, YDL124W, YDRS16C, YJL211C, YORO50C,
YHRO87W, YIL137C, YGRO43C, YPRIS8W, YGL218W,
BDF2, YBLO4SW, YCLO42W, YBLO73W,
YPL141C, RTS2 YPR151C, YOLOISW,
YMRO03W, YGL121C,
YMRIOIW, YMR294W-A,
YGR146C, YMR184W,
YELO74W, YDRO70C,
YIL144W. YMRISIC
Membrane YFLO32W YMLO72C YFLO32W
Secretory Protein PRY2 YDR230W, YLR194C,

YOR383C

Membrane & signal
peptide

YBR224W, YNL114C,
YDR366C, SPII,
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Table 6.5. Gene list from Figure 6.12.

1 YNLOSSCPOR1
2 YOR374W ALD4
3 YJLO63W LAS21
4 YPR158W
5 YLROS58C SHM2
6 YOLOI5W
7 YNLO37C IDHI1
8 YPL265W DIPS
9 YNROGO1C CIT1
10 YLR304C ACO1
11 YCROO5C CIT2
12 YELO71W DLD3
13 YML131W
14 KAR2
15 YDL124W
16 ERO1
17 YHRO87TW
18 YMRO40W

41 YGR146C

42 YPLOBSW

43 YMR191W

44 YDRO55W PST1
45 YBRO04C

46 YKL163W PIR3
47 YGL121C

48 YOR036W PEP12
49 YDRO70C

56 YDRO77W SED1
51 YIL136W OM45
52 YBRO72W HSP2¢
53 YJLO99W CHS6
54 YGL248W PDE1
55 YDL020C RPN4
56 YELO60C PRBI
57 YHR179W OYE2
58 YGRO043C

19 YHLO21C RPS27B 59 YBLO78C AUT7

20 PDI1

21 YFLO21W GAT1
22 YFLO14W HSP12
23 YGROO8C STF2
24 YER150W SPI1
25 YFLO32W

26 HACH

27 YJL103C

28 YNROO2C FUN34
29 YDR171W HSP42

60 YOR338W

61 YMLO72C

62 YMROO3W

63 YMRO61W RNAI
64 YKL159C RCN1

65 YMRI85W

66 YDLO70W BDF2
67 YDLO37C

68 YBLO4SW

69 YKROS7W PCK1

30 YMR251W-A HOR 70 YMLO39W

31 YGR142W BTN2
32 YJL144W

33 YMLO42W CAT2
34 YHRO55C CUP1-2
35 YBR28IC

36 YELO74W

37 YMRI81C

38 YFLOS8W THIS
39 YLRI21C YPS3
40 YLR414C

71 YERO65C ICL1
72 YMRO11W HXT2
73 YHR138C

74 YDR230W

75 YKRO13W PRY2
76 YLR194C

77 YNL157TW

78 YOL126C MDH2
79 YHRO7C

80 YILO99W SGAl

81 YMR204W-A
82 YHRO96C HXTS
83 YHRO53C CUP1-]
84 YPR151C
85 YLR377CFBP1
86 YOR383C
87 YNL332 THI12
88 YLR262C YPT6
89 YMR295C
90 YERO12W PRE1
91 YBROOSW
92 YER159C BUR6
93 YDR366C
94 YHRO71W PCL5
95 YOR100C CRC1
96 YOR303W CPA1
97 YMR256C COX7
98 YLR109W AHP!
99 YALOS4C ACS1
180 YJR156C THI11
101 YPL177C CUPY
102 YKLO65C YET1
103 YMRI184W
104 YMRI73W-A
168 YBLO73W
106 YNL114C
167 YHR139C SPS100
108 ERV25
109 YML123C PHOS84
116 YIL121W
111 YOLOS8W ARG1
112 EMIP24
113 YOROG50C
114 YCL064C CHAI1
115 YGL255W ZRT1
116 YDR446W ECM1
117 ERP3
118 ERP4
119 ERPS5
1206 YPL274W SAM3

121 YDR354W TRP4
122 YJL105W ADOI
123 YOR323CPRO2
124 YIL137C

125 YELO58W PCM1
126 YDR4S7CITR1
127 YFR044C

128 YBR224W

129 YJL211C

136 YHR133C

131 YHRO47C AAPT
132 YGL218W

133 YOR229W WTM2
134 YILOOSW FAA3
135 YGR123C PPT1
136 YELO17TW

137 YBR220C

138 YPLO81W RPSGA
139 YER026C CHO1
140 YILO18W RPL2B
141 YNL301CRPL18B
142 YJL153CINO1
143 YDRS502C SAM2
144 YNRO34W SOL1
145 YPL141C

146 YORO7TW RTS2
147 YGL147C RPLOA
148 YOR111W

149 MPD1

150 LHS1

151 LYSY

152 YCLO42W

153 YDRS516C

154 YCL0O40W GLK1
155 YDLO23C

156 YML100W TSL1
157 YOR201C PETS6
158 YLR123C

159 YJL207C

160 YDROO7W TRP1
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6.2.5. Gene Deletion Analysis

Seven genes were up regulated in at least two of the three deletion strains
(Table 6.2.). Four of these genes are involved in protein folding (K4AR2, EROI,
MPDI, and LHSI). Kar2p (BiP) is an ER chaperone. Lhslp (luminal Hsp
seventy) is also an ER chaperone and shares 24% amino acid identity with KAR2
(Baxter et al., 1996; Hamilton er al., 1999). In fact, Lhslp appears to have
overlapping functions with Kar2p (Craven et al., 1996; Baxter et al., 1996) as
both proteins interact with each other and have been implicated in increasing the
efficiency of protein translocation across the ER membrane (Craven et al, 1996;
Baxter et al., 1996; Tyson and Stirling, 2000; Uetz et al., 2000). Mpdlp is a
protein disulfide isomerase (Tachikawa et al., 1995; Norgaard et al., 2001). The
MPD1 gene, although nonessential, can itself complement the essential phenotype
of PDII. Erolp is the oxidase of Pdilp. The KAR2 and ERO! transcripts were
both consistently more abundant in all three of the deletion strains. Belden and
Barlowe have previously documented that the erv25 deletion leads to a partial
unfolded protein response with an increase in secretion of Kar2p (Belden and
Barlowe, 2001b). This study indicates that only a very small subset of UPR-
induced genes changes due to a deletion of p24 genes (Table 6.2).

LYS9, HSPI2 and YDLI24W had increased transcript levels in the
quadruple (p24A4) and complete (p24A8) deletion strains. Lys9p is involved in
lysine biosynthesis. The increase in expression of this gene may be due to an
activation of the GCN pathway (Harding et al., 2002). HSP12 encodes one of the
two major small heat shock proteins. Its expression is affected by stresses such as
heat shock, entry into stationary phase, high levels of salt (osmostress), oxidative
stress, high concentrations of alcohol, and glucose depletion (Praekelt ef al., 1990;
Varela et al., 1992; Varela et al., 1995; de Groot et al., 2000). The YDLI24W

gene encodes a protein predicted to be cytosolic.
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The remaining gene products listed in Table 6.2. were genes seen in only
one of the knockout conditions, with a preponderance of novel genes modulated
in the complete (p24A8) deletion. Figures 6.13 to 6.15 indicate the predicted

subcellular location of the modulated genes.

6.2.6. Over expression of ERV25

By gene cluster analysis (Figure 6.11.A; Table 6.3), 125 genes were
shown to be modulated in response to ERV25 over expression at 24h and 36h with
little change seen at 12h. The gene analysis has initially focused on twelve genes
whose expression varied at both the 24h and 36h time points of ERV25 over
expression. Six of these genes encode proteins of known functions, while the

other six have no identified functional role.

Similar to the deletion strains, KAR2 was consistently up regulated in the
ERV25 overexpressor. A protein disulfide isomerase was also up regulated in the
overexpressors. However, rather than MPDI, it was PDII. Like the p24 gene
deletions, a mild unfolded protein response was likely a consequence the change
in expression of the p24 gene. Two genes required for gluconeogenesis were
consistently up regulated, PCK/ and ICL1. PCKI is involved in the rate limiting
enzyme in gluconeogenesis; J/CLI is an isocitrate lyase. MDH2 (malate
dehydrogenase), like JCL] functions in the glyoxylate cycle. These genes are
likely linked to the GCN pathway (Scheuner et al., 2001). PIR3 is a member of
the HSPI50 family and may be related to a stress response to the increase in

ERV25 expression (Toh-e et al., 1993).

By far the greatest number of genes whose expression changed consequent
to ERV25 over expression were 54 genes of unknown function. Of these, only 6
were modulated at both 24 and 36h following ERV25 over expression. Three
genes were predicted to encode cytosolic proteins. A single soluble protein of the

secretory pathway, YLRI94C, was modulated by ERV25 over expression. The
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predicted gene product has a cleaved signal sequence but no ER localization
sequence. Two gene products whose expression increased were integral
membrane proteins. YBROO5W, a predicted type II transmembrane protein and
YLR414C, with a cleaved N-terminal signal sequence and 3 predicted
transmembrane domains. The remaining genes in Table 6.3, whose expression
changed significantly in either the 24h or 36h experiment, did not reveal any
mechanistic insight into the effects of the increase in expression of ERV2S.
Figure 6.16 and Figure 6.17 describe the predicted subcellular location of the

modulated genes for the 24h time point.
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Figure 6.13. Diagram representing the genes modulated for the erv25A
strain. Gene names in green represent down regulated genes, while those in red

are up regulated.
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Figure 6.14. Diagram representing the genes modulated for the p24A4 strain.
Gene names in green represent down regulated genes, while those in red are up

regulated.
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Figure 6.15. Diagram representing the genes modulated for the p24A8 strain.
Gene names in green represent down regulated genes, while those in red are up

regulated.
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Figure 6.16. Diagram representing the genes modulated for the ERV2S
overexpressor at the 24h time point. Gene names in green represent down

regulated genes, while those in red are up regulated.
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Figure 6.17. Diagram representing the gemes modulated for the ERV2S
overexpressor at the 24h time point. Gene names in green represent down

regulated genes, while those in red are up regulated.
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6.3. Discussion

The detailed analysis of the genetic expression patterns of p24 deletion
strains and cells over expressing ERV2S revealed several genes encoding ER

luminal proteins and an unexpectedly large number of unknown genes (42%).

The complete p24 deletion strain (p24A8) showed changes in the
expression of some ER proteins thus confirming the mild UPR response observed
in the erv25A (Beldén and Barlowe, 2001b) (Figure 6.13). In addition, metabolic
genes were affected possibly as an attempt to maintain homeostasis. Novel
cytoplasmic genes (6) were also modulated which may be relevant to a machinery
involved in cargo exit or cargo segregation in the absence of the p24s (Muniz et
al., 2001; Kaiser, 2000). It is noteworthy that L4827, which encodes a protein
involved in the attachment of GPI anchors, was up regulated, possibly due to the
fact that the p24s are involved in the selective packaging of GPI linked proteins
into COPII vesicles (Muniz et al., 2000).

Several novel ER genes were found to have increased transcript levels
after 24 hours of ERV25 over expression. These were predicted to be located
herein because of the presence of membrane spanning domains and/or cleaved
signal peptide. The large number of novel cytosolic proteins (20) may again be a
consequence of molecular machinery attempting to coordinate ER cargo exit in
such a morphologically perturbed cell. The increase in plasma membrane proteins
and metabolic enzymes may be to coordinate the entry of nutrients and metal ions
to maintain homeostasis. The increase in expression of the proteosome subunit

PRE] is likely in order to deal with the over expressed ERV25.

What is the significance of the phenotype of ERV25 over expression?
Firstly, the expression of ERV25 leads to the generation of a toxic level of the
Erv25p protein (Table 5.2.). Whether this is due to Erv25p itself or one of the
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modulated genes remains to be demonstrated. Secondly, the phenotype shown
here is similar to that seen when the same p24 family member {(mammalian p23)
was over expressed in mammalian cells (Rojo et al., 2000). Therefore, both in

mammalian cells and yeast, this p24 family member is a morphogenic gene.

The large number of novel genes (Figure 6.14.) whose expression is
increased predicts that they are relevant to the phenotype and with particular
emphasis on the ten conserved genes of unknown function found to be expressed

in mammalian cells (Table 6.4).

Taken together, these results demonstrate an expansion of ER and VTCs
consequent to ERV25 over expression. The morphogenic property of the p24s is
predicted to be linked to the expression of the genes of unknown function whose
expression was modulated consequent to ERV25 over expression. These genes

are for the first time linked to the phenotype shown here.

Similar phenotypes have been observed for strains over expressing
SEC12, the Sarlp guanyl-nucleotide exchange factor (GEF) (Nishikawa et al.,
1994). Over expression of ARF1 also showed a similar phenotype as well as when
the essential genes for COPII (SEC24 and SEC31), COPI (SEC26 and RET1), the
conserved oligomeric Golgi transport complex (COG2 and COG3), and the v-
SNARE BOS1 were depleted (Deitz et al., 2000; Kuirihara et al., 2000; Duden et
al., 1994; Wuestehube er al., 1996). Secl2p, Arflp, Sec24p, Sec31p, Sec26p,
Retlp, Cog2p (Sec35p), Cog3p (Sec34p) and Boslp (Sec32p) are all located and
implicated in ER cargo exit as are the p24s (Kaiser, 2000). It will be noteworthy

to compare the genes whose expression is altered by these above genes.
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6.4. Materials and Methods

6.4.1. Strains, Plasmids and Growth Media

As described in Chapter 5 and Table 5.1.

6.4.2. Microarrays

Yeast ORF microarray slides were obtained from the Ontario Cancer

Institute (Canada).

6.4.3. Cell Cultures for RNA Isolation

Knock outs and control strains were grown on YPD at 30°C. Single
colonies were inoculated into 3 ml to 5 ml volumes of YPD media and grown
overnight to stationary phase. Cells were then transferred to 50 ml volumes and
grown overnight to an ODggonm of approximately 1 A. Cells were then diluted to
0.1 A in 100 ml of YPD. Cells were harvested at an optical density (600 nm) of
approximately 0.5 A.

Single colonies of the overexpressors and control cells were inoculated
into 10 ml volumes of 2% glucose (-uracil) media and allowed to grow to
stationary phase. Cells were then transferred to 300 ml of 2% glucose (-uracil)
media and grown overnight until an ODggonm of about 1A was reached. Cells were
then centrifuged, washed with sterile water and transferred to 3% galactose (-

uracil) for 6h, 12h, 24h or 48 hours.

For all experimental conditions a control culture was grown at the same

time and under the same conditions.
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6.4.4. RNA Isolation for DNA Microarrays

RNA isolation was essentially carried out as described by Koehrer and
Domdey (1991). All nonsterile solutions were treated with 0.1% diethyl
pyrocarbonate and autoclaved. Materials were sterilized as appropriate for RNA
work. Cells were grown as above, harvested and frozen at —80°C. Cell pellets
were suspended in 10 ml of 50 mM sodium acetate 10 mM EDTA pH 5 (SAB)
and transferred to a tube with 1.2x the volume of hot SAB equilibrated phenol and
1/10 volume of 10% sodium dodecyl sulfate (SDS). Samples were vortexed 5x 30
seconds, returning the tube to a 65°C water bath between vortexing. Samples were
cooled to room temperature on ice and centrifuged at 3700 rpm for 10 minutes.
The lower organic phase was discarded and a fresh volume of equilibrated phenol
was added. The phenol extraction was repeated. The upper aqueous phase was
then transferred to a new tube with an equal volume of chloropane (50% phenol
equilibrated with 50 mM sodium acetate 100 mM sodium chloride 1 mM EDTA
pH 6 and 50% chloroform). Samples were vortexed for 2 minutes and centrifuged.
The upper aqueous phase was transferred to a new tube with an equal volume of
24:1 chloroform-iscamyl alcohol. Samples were vortexed for 2 minutes and
centrifuged. The upper aqueous phase was once again transferred to a new tube
and 3x volume of 95% ecthanol and 1/10 volume of 3M sodium acetate pH 5.3
were added. The samples were allowed to precipitate overnight at -20°C. The
RNA was then collected by centrifugation at 4°C for 20-30 minutes. The pellet
was washed with ice cold 70% ethanol, dried briefly and suspended in 0.3-1 mL
of diethyl pyrocarbonate (DEPC) treated water. 3x volume of 95% ethanol and
1/10 volume of 3 M sodium acetate pH 5.3 were added and the samples were
allowed to precipitate for 20 minutes at -80°C. The precipitate was centrifuged at
14,000g for 15 minutes. The pellet was washed with ice cold 70% ethanol, dried
briefly and suspended in 100-200 pl of DEPC water. Quantitation of RNA was
carried out using the RiboGreen™ RNA Quantitation Kit (Molecular Probes Inc.).
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mRNA isolation was effected using the Micro-Fast Track™ 2.0 (Invitrogen
Living Science, USA) isolation kit. Total RNA and mRNA samples were run on a
1% agarose gels to visualize the RNA (Figure 8). RNA from control and deletion

or overxpressing strains was always isolated at the same time.

6.4.5. cDNA Synthesis and Hybridization of Microarrays

c¢DNA synthesis and generation of microarrays were essentially carried
out as per the protocol provided by P. Jorgensen and T. Goh of the Ontario
Cancer Institute (Canada). 2-3 pg of mRNA were combined on ice with 8ul of 5x
First Strand Buffer (Gibco Life Sciences), 1.5 pl of AncT mRNA primer (T20VN,
100 pmol/ul), 3 ut 20 mM dNTPs — dCTP, 1 pl 2 mM dCTP, 2 pl of either
Cyanine-3 dCTP or Cyanine-5 dCTP (NEN, Perkin Elmer Life Sciences), 4 ul of
0.1 M DTT (Gibeco) and 1 pl of Arabidopsis thaliana mRNA (2 ng/ul). The
volume was made up to 40 pl with DEPC water. Reciprocal labeling was also
done. cDNA was synthesized (in reciprocate) for both control and experimental
conditions. The incubation mixes were incubated at 65°C for 5 minutes and then
at 42°C for 5 minutes. 2 ul of SuperScript II (GIBCO) were added to each
reaction and incubated for 2 hours at 42°C. The reaction was stopped by adding
5 pl of 50 mM EDTA pH 8.0, 2 pl of 10 N NaOH and incubating for 20 minutes
at 65°C. 4 ul of 5 M acetic acid and one volume of isopropanol were added to the
mixture. The ¢cDNA was precipitated for 1 hour at -20°C. The ¢cDNA was
centrifuged for 30-60 minutes at 4°C at 13,000 rpm. The pellet was washed 2-3
times with very cold 70% ethanol. The pellet was then suspended in 3 pl of water.

Microarray slides were prehybridized at 37°C with 50 ul of 1:1:20 baker’s
yeast tRNA (10mg/mL)/ssDNA (10 mg/mL)/filtered DIG EASY HYB
(Boehringer Mannheim, Germany) for at least 1 hour. Slides were washed in 0.1x
SSC before the hybridization mixture was added. 3 ul of labeled ¢cDNA from the

deletion or over expression strains were combined with 3 pl of labeled cDNA
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from control cells and 46 ul of 1:1:20 tRNA/ssDNA/DIG EASY HIB. This
mixture was applied to the slide and incubated for a minimum of 12 hours at
37°C. Slides were then washed 3 x 15 minutes in 0.1x SSC 0.1% SDS at 37°C
followed by 3 x 0.1x SSC at room temperature and 70% ethanol. Slides were

dried through centrifugation (8 minutes at 700 rpm).

6.4.6. Scanning of Microarray Slides and Analysis

The microarray slides were scanned with a ScanArray 5000 microarray
biochip confocal scanner using the ScanArray software program (Perkin Elmer).
TIFF images were quantified in QuantArray software version 2.0 (Perkin Elmer).
The data that was obtained from this program was imported into an Excel
spreadsheet program and computations and analyses were effected as described
previously (Cowen et al., 2002). Data was then imported in GeneSpring software

(Silicon Genetics) for graphical and clustering analyses.

237



Discussion

Several years ago, the vesicular model neatly summarized protein
transport through the secretory pathway (Rothman, 1994). This model described a
system whereby all transport of cargo proteins occurred via small vesicular
intermediates, namely, COPI and COPII vesicles. In an attempt to resolve some of
the mechanisms of this system we attempted to study a group of abundant protein
constituents of COPI and COPII vesicles, the p24 family of transmembrane
proteins. In doing so, our work, coincident with the work of many of our
colleagues, has led us to question the dogma that was the vesicular model

(reviewed in Storrie and Nilsson, 2002).

The vesicular model has dominated the field of the secretory pathway for
decades. However, many studies have put this model into question (Nilsson et al.,
1993; Dahan et al., 1994; Lin et al., 1999; Bonfanti et al., 1998; Lanoix ef al.,
1999; Martinez-Menarguez et al., 2001). In fact, a paradigm shift has occurred
and the maturation model has once again come to the forefront. The work in this
thesis supports the cisternal maturation model, where membrane systems are
dynamic and have the ability to be transformed. Our work does not support a
model where organelles are stable, static entities and where protem transport
occurs solely through small membrane bound vesicles. The objective of this thesis
is to resolve some of the mechanisms of the secretory pathway through the

analysis of p24 proteins.

The p24 proteins: from the ER to the Golgi and back

The p24s are distributed throughout the early secretory pathway, from the
ER to the Golgi (Wada ef al., 1991; Rojo et al., 1997; Dominguez et al., 1998;
Blum et al., 1999; Gommel ef al., 1999; Fullekriig e al., 1999). The a or p25

subfamily is found mainly in the ER, the & or p23 subfamily and y or p26/p27
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subfamily are found predominantly in the IC/CGN, and the § or p24 subfamily is
found in the Golgi (Wada et al., 1991; Blum ef al., 1999; Fullekriig et al., 1999;
Emery et al., 2000).

The Endoplasmic Reticulum

Although the p24 proteins have been shown to concentrate in the
intermediate compartment/cis-Golgi network (Blum et a/., 1996; Dominguez et
al., 1998; Fullekriig ef al., 1999) the presence of the p24s in the ER 1is significant.
Chapter 1 of this thesis describes the association of the p24s with the ribosome.
This is essentially the very beginning of the secretory pathway: where
polypeptides are formed and enter the secretory pathway. Indeed, the first p24 to
be identified was co-isolated with calnexin, TRAPa and TRAPP from an isolated
ER fraction (Wada et al., 1991). By studying the associations of calnexin and
rp2402 (gp25L) in isolated ER microsomes, we discovered that both proteins
have an association with the ribosome. While calnexin appears to bind directly to
the ribosome, the association of rp24a2 is abrogated by puromycin (Chevet et al.,
1999). This indicates that the association of rp24a2 with the ribosome is
dependent on the presence of the nascent polypeptide chain. The dependence on
the peptide chain further suggests that rp2402 does not associate directly with the
ribosome, but may in fact associate with the nascent polypeptide chain or some
effector molecule. One could speculate that rp24a2 is a cargo sensor. Thus it is
able to sense the presence of newly synthesized proteins and may do one of
several things: (1) rp24a2 remains with the cargo and is involved in a sorting
process; (2) rp240.2 remains with the cargo and is involved in moving the cargo to
the ER exit sites; (3) rp2402 dissociated from the ribosomal complex and begins
to organize cargo exit sites; and (4) rp24a2 is involved in a signaling pathway to

recruit machinery for cargo exit.
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Although we have shown a clear link between ribosomes and at least one
of the p24s, the majority of the data collected to date indicate that the p24
proteins have a functional role that is carried out somewhere between the ER
~ cargo exit sites and the CGN (Sohn et al., 1996; Dominguez et al., 1998; Emery
et al., 2000). Indeed, four of the eight yeast p24 proteins (Emp24p, Erv25p, Erplp
and Erp2p) have been identified as abundant constituents of COPII-coated
vesicles generated from an in vitro budding reaction (Schimméller et al., 1995;
Belden and Barlowe, 1996; Otte et al., 2001). In fact, Emp24p has been identified
as a gene that negatively regulates COPII vesicle formation (Elrod-Erickson and
Kaiser, 1996). It can thus be extrapolated that the p24 proteins must be
concentrated at the ER exit sites, where COPII buds are forming. Thus the
function of the p24s may very well begin in the endoplasmic reticulum, when
ribosomes are threading through polypeptide chains, however their functional role

extends far beyond the translocon.

Exit from the Endoplasmic Reticulum

Chapter 2 indicates the need for rp2402 in membrane morphogenesis. We
showed that low-density microsomes can be used to reconstitute a system of both
rough endoplasmic reticulum and smooth endoplasmic reticulum domains. In fact,
in addition to the morphological divisions, the protein constituents of this
membrane system are sorted and concentrated into their respective compartments
(Lavoie et al., 1999; Roy et al., 2000; Chapter 2). The smooth endoplasmic
reticulum portion of the reconstituted membranes was identified as transitional
endoplasmic reticulum. The addition of cytosol transforms the transitional
endoplasmic reticulum into vesicular tubular clusters (VICs) (Lavoie et al,
1999). Our data has shown that antibodies to rp24a2 abrogate the formation of
both transitional endoplasmic reticulum and vesicular tubular clusters (Lavoie et
al., 1999). Thus the p24s are clearly involved in membrane morphology. What 1s
not clear is the mechanisms through which this is achieved. It is possible that the

p24s are able to recruit factors (e.g., COPI, COPII or GAPs), which themselves
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can create subdomains and alter the membrane topology (Presley et al., 2002).
The new membrane domains that are created by this machinery are the cargo exit
sites that will produce COPII vesicles. These will then carry the cargo and the
p24s to the intermediate compartment.

Indeed this data indicates that low-density microsomes can reconstitute
rough endoplasmic reticulum and transitional endoplasmic reticulum, which can
then be transformed into vesicular tubular clusters. This clearly shows the
dynamic nature of these membranes and is inconsistent with a model for stable,

static organelles.

The Intermediate Compartment

We have also clearly shown that the p24s are in the intermediate
compartment. Chapter 3 details the immunoprecipitation of the p23 (delta)
compartment. Antibodies raised against the p23 protein were conjugated to
magnetic beads. These were then used to immunoprecipitate the p23 compartment
from a Golgi enriched fraction. We isolated a smooth tubular membrane system
that was occasionally seen to be associated with Golgi cisternae. This clearly
indicates that p23 is highly enriched in the intermediate compartment and early
Golgi membranes. Indeed we have also shown that VSV-G proteins are
glycosylated in the p24 compartment (Lin et al., 1999). In addition, we have
shown that the cell free Golgi assay that had once proven the vesicular model
(Balch et al., 1984) was actually misinterpreted. We have indicated that this assay
reconstitutes the retrograde cycling of Golgi enzymes to the intermediate
compartment, where cargo proteins (VSV-G) become glycosylated. These data

are also inconsistent with the vesicular model.
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The Golgi Apparatus

Not only is the p24 compartment the site of glycosylation, it is also the site
of cargo concentration (Chapter 4). We have shown that the p24s reach as far as
the Golgi through the detection of p24s in a purified Golgi fraction (Bell ef al.,
2001). The p24 proteins, along with Golgi resident proteins and other proteins
involved in trafficking, make up the abundant portion of membrane proteins of
the Golgi apparatus (Dominguez et al., 1998; Bell et al., 2001). This mndicates that
the p24s are a major protein of the Golgi apparatus. When p24 is over expressed
in mammalian cells, it relocates to the endoplasmic reticulum and the morphology
of the Golgi apparatus is disrupted (Rojo er al., 2000; Emery er al., 2000).
Similarly, the heterozygous p23 deletion in mice, which has reduced expression
levels of p23, also have morphological disruptions to the Golgi apparatus (Denzel
et al., 2000). Indeed, several p24s (alpha, beta and delta subfamilies) have been
shown to interact with the Golgi matrix proteins (Barr et al., 2001). This indicates
a clear structural or morphological requirement for the p24s by the Golgi

membrane system.

For the immunocytochemical analysis of the Golgi apparatus, we used
antibodies raised against the rat p24a2 protein. We have found that rp24a2,
BCOP and ERD?2 (the KDEL receptor) are all concentrated in the CGN (Chapter
4). We have also determined that cargo undergoes a two-step concentration. The
first step occurs between the endoplasmic reticulum and the Golgi associated
tubular compartment (or intermediate compartment), while the second
concentration of cargo occurs between the Golgi associated tubular compartment
and the Golgi apparatus (Chapter 4). This indicates that there is a selection for
cargo in the endoplasmic reticulum. It also indicates that the intermediate
compartment may cycle ER components backwards to concentrate cargo, which is
again inconsistent with the vesicular model. Alternatively, COPI anterograde

vesicles may select exclusively for cargo and deliver these cargo proteins to the
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Golgi apparatus. However, we did not detect albumin m PBCOP decorated

vesicular profiles found along the edges of the Golgi stack (Chapter 4).
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Saccharomyces cerevisiae

From our data and those of our colleagues it is clear that the p24s are
somehow involved in membrane morphogenesis and the COPV/COPII complexes.
In order to further investigate their role we used the budding yeast Saccharomyces
cerevisiae to study the morphology and gene expression profiles of strains whose
p24 genes had been manipulated (whether through disruption or over expression)

(Chapters 5 and 6).

Deletion of the p24 genes in yeast creates a kinetic defect in the transport
of a subset of proteins (Schimméller e al., 1995; Belden and Barlowe, 1996;
Marzioch er al., 1999). Needless to say, the p24s are not essential genes and
deletion only causes a minor defect in the cells. What is interesting about the
deletion of some of the p24s is that they bypass the requirement for the COPII
subunit Secl3p. This data implies that the p24s are involved in COPII protein
transport. What is also relevant is that these cells have no major morphological
phenotype. Thus there is no essential requirement for the p24s by the yeast
membrane system nor for the protein transport machinery. This indicates that the
p24s are not direct effectors of membrane morphogenesis or protein transport, but
rather are involved in recruiting, modulating or regulating the proteins that are.
Thus without the p24s, morphogenesis and protein transport will still occur (since
the cell still contains the machinery for these processes), however, the membrane
morphogenesis and protein transport do not unfold as smoothly, efficiently or

with as much regulation as when the p24s are present.

This regulation may be effected at several levels. p24p, (beta/p24
subfamily) is able to bind to ArfGAP1, the GTPase-activating protein for Arfl
(Lanoix et al., 2001). In fact, binding of the p24s to ArfGAP1 mediates the
sorting of the proteins into COPI-vesicles (Lanoix et al., 2001). The p24s have
also been shown to bind to Sec23p, the GAP for the Sarlp GTPase involved in
COPII vesicle formation (Dominguez ef «l., 1998). In addition, a delta (p23)
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subfamily member has been shown to bind to and recruit ARF1-GDP to Golgi
membranes (Gommel et al., 2001). Thus one member of the p24 family is
involved in recruiting ARF1-GDP, while the other recruits the ARF-GAP,

creating a favorable location for coatomer to polymerize.

Over expression of the p24 in yeast, as in mammalian cells, causes the
formation of large membrane structures that are continuous with the ER (Chapter
5, Rojo et al., 2000). This is consistent with our model, where the p24s are able to

recruit effectors that create membrane subdomains.

Microarray analysis of these yeast strains have revealed: (1) these strains
are accessing general stress response pathway. (2) Several ER luminal proteins
are being up regulated. (3) In the overexpressor, ER chaperones are being up
regulated (UPR genes) while inositol response (IR) genes are being down
regulated. Thus the cell is able to accommodate the need for UPR, while sensing
the abundance of ER and thus down regulating the IR. (4) We have identified
many unknown genes that are also modulated during other types of stress, and are
thus general stress response genes. (5) We have identified many unknown genes
that are not modulated during other types of stress and are thus postulated to be
involved in the role of the p24s. YDL124W in particular was seen to be up
regulated in many of the experimental conditions. Indeed, the genes of unknown

function can now be linked to a response to ERV25 over expression.
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Proposed Role of the p24 Proteins

The model we propose for the p24s is one where the p24 proteins are
involved in the recruitment/regulation of factors essential for membrane
morphogenesis and protein transport. Essentially, we predict that they are
involved in the recruitment of the COPI and COPII protein complexes and/or the
GAPs/GTPases  associated  with  these  complexes.  Since  the
association/dissociation of coatomer has been shown to be rapid (Presley et al.,
2002), we do not believe that the p24s are COPI-receptors, instead we believe that
the p24s are able to bind to the COP complexes, but that it is not a strong/tight
association. In addition, we propose that the alpha subfamily of p24s is able to

sense cargo as it enters the ER lumen.

We have shown that the p24 alpha subfamily is able to associate with the
ribosome only when a nascent polypeptide chain is present (Chevet et al., 1999;
Chapter 1). The alpha subfamily has also been shown to be present in the
endoplasmic reticulum (Wada er al., 1991; Chevet et al., 1999; Lavoie et al,
1999; Emery et al., 2000). In addition, the alpha subfamily has been detected in
COPH vesicles and binds to both COPI and COPII subunits (Otte et al., 2001;
Dominguez et al., 1998). The tails of the alpha subfamily contain a COPII binding
motif (FF) and an ER retrieval/COPI binding motif (K(X)KXX). Taken together,
these data indicate that the alpha subfamily detects cargo entry into the
endoplasmic reticulum and is somehow involved in cargo exit through COPII
vesicles. The alpha p24s along with the other subfamily members (beta, gamma
and delta) are at the ER exit sites, possibly through p24 interactions or interaction
with cargo. COPII is recruited via the FF motif on the cytoplasmic domains of the
p24s. COPII vesicles are formed, travel to the intermediate compartment and fuse
with the IC. The alpha subfamily members recruit COPI via their K(X)KXX
motif. The alpha p24s return to the endoplasmic reticulum via COPI retrograde
vesicles, taking some of the other subfamily members with them. Indeed, the

alpha p24 family member was found to be the most abundant in isolated COPI
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vesicle, followed by the gamma and delta subfamily members (the beta subfamily
was not analyzed) (Lanoix et al., 1999). Alternatively, it may be the beta family
members that modulate the ArfGAP] activity for sorting of the p24s mto COPI

vesicles (Lanoix ef al., 2001).

How cargo and the p24s progress from this point is unclear. Recycling of
resident ER proteins and membranes through retrograde COPI vesicles would
produce a concentration of cargo in the CGN. What is not clear is how the
distinction between anterograde and retrograde COPI vesicles is made. Campbell
and Schekman have shown that by altering the ratios of the machinery required
for COPII vesicle formation (i.e., Sarlp, Sec13/Sec31p and Sec23p/Sec24p) you
can achieve selective packaging into vesicles (Campbell and Schekman, 1997).
Specifically, when Sarlp is titrated, the COPII vesicles have drastically different
protein composition. For example, the cargo protein glycosylated pro-alpha-factor
(gpof) is incorporated into COPII vesicles in a way that is almost independent of
Sarlp levels. Conversely, for Emp24p and Boslp to be incorporated into COPII
vesicles they need a much greater amount of Sarlp. Betlp and Sec22p are
intermediary to gpof and Emp24p/Boslp (Campbell and Schekman, 1997). Thus
the titration of transport factors, or alternatively the recruitment of factors, can
greatly affect the protein constituents of a COPII vesicle. Reizman and colleagues
have found that GPI linked proteins (Gaslp and Ypslp) are sorted into different
vesicular carriers than those for other cargo proteins (Gaplp, gpof, ALP) (Muniz
et al., 2001). This group has also demonstrated that Gaslp interacts with p24s and
that p24 proteins are required for the efficient packaging of Gaslp into vesicles

(Muniz et al., 2000).

It is interesting to note that the guanine nucleotide exchange factor (GEF)
for the GTPase Sarlp is Secl2p (d’Enfert et al., 1991a; Barlowe and Schekman,
1993). When SEC12 is over expressed it produces a membrane system that is very

similar to that produced when p24s are over expressed (Nishikawa ef al., 1994;
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Chapter 5). In addition, these membranes are enriched in Sarlp (d’Enfert ef al.,
1991a; Campbell and Schekman, 1997; Chapter 5). Along a similar vein,
depletion of Sec24p (a COPII subunit) also creates a membrane system
reminiscent of the Sec12p and Erv25p overexpressors (Kurihara ef al., 2000;
Nishikawa et al., 1994; Chapter 5). In addition, an arfl Aarf2A strain expressing
pGAL::ARF1 also exhibits the same ultrastructural changes in the ER (Deitz er
al., 2000). These data implicate the p24s, Secl2p, Sec24p and ARF in the
mechanisms of membrane morphogenesis. In addition to the fact that there is a
physical link between these proteins, they also appear to act along the same
pathway since the membranes produced by these three systems are reminiscent of
one another and distinct from other types of membrane proliferation (Kurihara et
al., 2000; Nishikawa et al., 1994; Chapter 5; Wright ef al., 1988; Koning et al.,
1996). We have previously shown that COPI has a role in membrane
morphogenesis and others have indicated a role for COPI in membrane domain
formation (Lavoie et al., 1999; Presley et al., 20002). Indeed, COPII also seems
to be involved in membrane morphogenesis. This creates a link between the p24s
and proteins transport/membrane morphogenesis through the COPI and COPII

complexes.
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Conclusions

In summary, all of the different p24 family members have been detected in
each of the compartments of the early secretory pathway (Sohn et al., 1996;
Dominguez et al., 1998; Fullekriig et al., 1999; Chevet et al., 1999; Lavoie et al.,
1999; Lin et al., 1999; Emery et al., 2000; Bell et al., 2001; Otte et al., 2001,
Lanoix et al., 2001; Chapters 1-4). This is not surprising since these proteins
form complexes with one another and have been shown to cycle through the
secretory pathway (Dominguez ef al., 1998; Fullekriig et al., 1999; Marzioch ef
al., 1999; Emery et al., 2000). There is, however, a clear concentration of the
various p24 subfamilies in the different secretory compartments (Emery et al.,
2000). This indicates that the p24 complexes may be dynamic and alter their
ratios as they progress through the pathway. This correlates with the signal
sequences found on the cytoplasmic tails of the p24s. For example, the alpha
subfamily members have a COPII binding motif (FF) and an ER retrieval/COPI
binding motif (K(X)KXX). Indeed, a member of the alpha subfamily has been
detected in COPII vesicles and was found to be located in the ER (Wada et al.,
1991; Otte ef al., 2001; Emery et al., 2000). None of the other p24 subfamily
members contain true ER retrieval motifs, which may be why these family
members tend to be distributed in the intermediate compartment and Golgi

apparatus (Dominguez ef al., 1998; Emery et al., 2000; Lanoix et al., 2001).

Thus the p24s may not be true COPI receptors, however, they may
facilitate or regulate the binding of the COP complexes to the membrane through
GAPs (Lanoix ef al., 2001). They may also be involved in the titration of factors
that are involved in vesicle budding, thus having the capacity to regulate vesicle
content. Indeed, different types of ER vesicles have been detected in yeast and a
link between the p24s and sorting has been made (Muniz et al., 2000; Muniz et
al., 2001). What is still unclear is if and how the p24s interact with cargo.
Specifically, how the p24s are able to sense the nascent polypeptide chain in the

ribosome, and how mutations in the p24s can allow a misfolded protein to escape
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the ER (Chevet et al., 1999; Wen and Greenwald, 1999). Further work is needed
to identify the nature of the association of the p24 proteins with the ribosome and
nascent peptide chain. In addition, several novel genes in yeast have now been
linked to the phenotype of the increase in expression of ERV25. These genes may
be part of a molecular machinery that may provide insight into the functional and

mechanistic roles of the p24 proteins.
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Original Contributions

This body of work characterizes the p24 proteins in yeast and mammalian
systems. Cell culture, in vitro reconstitution, proteomics, quantitative immuno-
electron microscopy and DNA microarray technology were used for this
characterization. The following are original contribution to the existing scientific

data:

1. The characterization of the morphology of canine pancreatic rough
microsomes treated with KCl, puromycin , EDTA , as well as untreated
microsomes. Specifically, the identification of the abundance of ribosome

on the membranes under the various protocols.

2. Identified of a sorting of constituents of the secretory pathway in
reconstituted membrane systems through the use of cryo-immunolabeling
studies with antibodies to albumin, transferrin, rp24a.2 , p58 , ribophorin,

syntaxin 5 and calnexin.
3. The first isolation and morphological analysis of the p23 compartment.

4. Quantitation of the contaminating organelles by the point hit method in the
WNG fraction. This characterization identified the purity of this Golgi

fraction.

5. The first immunolocalization of the novel protein GPP34 in the Golgi

fraction by cryoimmune electron microscopy.

6. The comprehenstve immunocytochemical and quantitative analysis of
albumin, B—COP, 1p24a2, ERD2 in rat liver hepatocytes and in Golgi
fractions revealing two cargo concentration steps and the relative

distribution of the various constituents of the secretory pathway. This
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study has also confirmed the depletion of albumin in COPI labeled

structures.

. We have performed the first morphological analysis of p24 overexpressing

cells in yeast with a morphological phenotype.

. We have performed the first immunolableing studies on p24
overexpressing yeast. We have identified a concentration of Erv25p, an
accumulation of Kar2p in BiP bodies, as well as the localization of Sarlp,
Sec27p and prepro-alpha-factor in the proliferating ER of the ERV25

QVErCxpressors.

. We have performed the first microarray analysis of p24 mutants. We have
identified a number of genes with no assigned function that are associated
with the p24 proteins. Thereby indicating the first functional significance
in a link to p24 induced membrane proliferation. We have also identified a
number of genes that are involved in the secretory pathway that have been

modulated by p24 overexpression or deletion.
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