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“Do not worry about your difficulty in mathematics, mine are still greater.”
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Materials and methods

Reagents

All reagents were of analytical grade or higher. Unless mentioned otherwise, all
chemicals were purchased from Sigma Chemical Co. (St-Louis, MO). Reagents for the
COPI vesicle budding assay were obtained as described previously " 2. Tritiated uridine
bisphosphate n-Acetyl-D-Glucosamine was obtained from PerkinElmer (Wellesley, MA).
PD-10 desalting columns, protein G sepharose beads and P** labeled ATP were obtained
from Amersham Biosciences (Piscataway, NJ). Phospholipids standards, (PI(4,5)P,, PA,
PS and PI(4)P) was obtained from Avanti Lipids (Alabaster AL). GTP, PMSF, N-
Ethylmaleimide, PBS-Tween (0,05%) and Kodak BiomaxTM X-Omat XAR or MR films
were from Sigma-Aldrich (Stockholm, Sweden). ATP, creatine phosphate, and creatine
kinase were from Roche AB (Stockholm, Sweden). ECL detection kit was from GE
Healthcare Bio-Sciences AB (Uppsala, Sweden). 30% (wt/vol) acrylamide/0.8% (wt/vol)
bis-acrylamide solution was from Bio-Rad (Sundbyberg, Sweden). Protran nitrocellulose

membranes (0.45 pm) were from Schleicher and Schuell (Dassel,Germany).

Mouse GST-PI4P5K type If, a generous gift of Y. Kanaho °, was cloned, sequenced and
introduced to pGEX-2T (Amersham, Piscataway, NJ) to generate a GST-PI4P5K type I

fusion protein which was expressed and purified from E. coli BL21 cells.

The PI(4,5)P, 5’phosphatase domain (residues 592-900) of yeast Synaptojanin-like 2
(Inp52p) was a generous gift of P. De Camilli (Yale University, CT). Clones were
sequenced and found to have two sequence alterations, one silent (G7¢s), the other
replacing Q799 with R. This alteration did not have any effect on the phosphatase
specificity. The construct was cloned in pET-28A (Novagen, San Diego, CA) and
transformed in BL21 cells. Phosphatase activity was measured with a malachite green

. . 4
colorimetric assay .

Recombinant His 6-tagged NSF, a-SNAP"™ and a-SNAP™! were purified on Ni-NTA-

agarose as described °. Recombinant proteins were desalted using a PD-10 column pre-
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equilibrated in 20 mM Hepes, pH 7.2, 150 mM NaCl, 1 mM MgCl2, 5% glycerol, 1 mM
GSH and in the case of NSF, 5 mM ATP. Recombinant His6tagged a-SNAP™" was

aliquoted and snap-frozen.

Recombinant VSV-G(TS045)-KDELr-Myc was a kind gift of Dr. Nelson B. Cole.

Mass spectrometry

ESI-MS was performed in negative ion mode using a Micromass Quattro II triple
quadrupole mass spectrometer (Waters, Canada) equipped with a Z-spray interface.
P1(4,5)P, from standards or extracted from purified rat liver Golgi employing the
chloroform/methanol/1N HCI (1:1:1) method of Siddhanta et al. ®, dried under a stream of
N, and then resuspended in acetonitrile/water/triethylamine (70%/30%/30mM) was used
for ESI-MS analysis. Analysis was accomplished by direct infusion using a Harvard
model 11 infusion pump at 5 pL/min. MassLynx 3.5 software was employed for data
accumulation in multiple-channel analysis mode and for data analysis. Nitrogen was used
as drying gas (150 1/h) and nebulising gas (20 I/h). The ESI-MS analyses were performed
with the electrospray capillary set at 4.7 kV, the cone voltage of 45 V, a scan rate of 400
Da/s and an interscan delay of 0.1 s. For tandem MS experiments, Argon at a partial
pressure of 2 x 10~ mbar was employed as collision gas, with collision energies of 35 V

for tandem MS and 100 V for precursor ions scans.

Fusion assay

The fusion assay was performed as described previously ’. Briefly, purified COPI-derived
vesicles were generated in the budding assay and incubated in the presence of 20% Lecl
cytosol, 10% VSV-infected Lecl Golgi membranes, an ATP Regenerating system (final
50uM ATP, 250uM UTP, SmM creatine phosphate, 8U/ml creatine kinase), 10X hepes
buffer (final 25mM Hepes/KOH pH 7.2, 2.5mM MgOAc;), 1.5 uCi of previously
evaporated tritiated N-acetyl-Glucosamine and final sucrose and KCI concentration

adjusted to 0.25 M and 30-60mM, respectively.
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Pre-Incubation of the COPI-derived vesicles in the presence of the mouse GST-
PI(4)P5Kinase type Ip or the 5’phosphatase domain of Inp52p was performed in 0.25 M
sucrose, 150mM KCIl, 25mM Hepes/KOH pH 7.4, ImM EGTA, 2.5mM MgCl,. 250uM
ATP was added for pre-incubation with GST-PI(4)PSKIfB. The vesicles were then added
to the fusion assay and the sucrose and salt concentration was adjusted to meet the
requirements mentioned above. For protease K, vesicles were incubated in the same
buffer as above in the presence of PK for 30 min at 4°C. I mM PMSF final dissolved in
ETOH was added to the reaction after incubation. Vesicles were then introduced to the

fusion assay.

After 2 hours incubation at 37°C, reactions were stopped at 4°C. Samples were added to
the antibody complex (purified mouse anti-VSV-G and goat anti-mouse, optimized for
sensitivity) in lysis buffer (50mM Tris pH 7.4, 250mM NaCl. 5SmM EDTA, 1% Triton X-
100), mixed and incubated for one hour at RT. Samples were then filtered on blocked
glass fiber prefilters (Sigma GF/C or Millipore APFC02500), washed 5 times with lysis

buffer, dried and counted.

Cell culture, cytosol and membranes purification.

CHO Lecl cells ® were obtained from the ATCC. For cytosol purification, cells were
pelleted and washed once with PBS, once with 200mM sucrose/10mM tris pH 7.4 (ST)
buffer and resuspended in identical buffer. They were then homogenized using a ball-
bearing homogenizer (Boehring Ingelheim, Mannheim, Germany) and centrifuged at
14000 rpm for 3x10 min. until no pellet was visible. Cytosol was then desalted in PD10

column, aliquoted, snap-frozen and kept at -80°C.

For Lecl Golgi membrane preparations, cells were pelleted and resuspended in 50 ml
VSV infection media containing VSV, alpha-MEM, 25mM Hepes/KOH pH 7.2, 0.5 mg
actinomycin D) for 45 min. at 37°C. After the infection, 200ml of 10% FBS alpha-MEM
medium was added to the volume and incubated for 2h15 min at 37°C. In order to
concentrate the VSV-G in the CGN, the cells were incubated or 3h15min at 15°C. Cells

were washed and homogenized as described above. To purify Golgi membranes, the
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homogenate was mixed 1:1 with 62% sucrose, 10mM Tris pH 7.4, ImM EDTA. The
fraction was then introduced to the bottom of SW 40 Ultraclear tubes (Beckman,
Fullerton, CA). Sucrose fractions of 35% and 29% were applied at the top of the tubes,
centrifuged for 90 min. at 40 000rpm. Golgi membranes were collected at the 29-35%
sucrose interface, aliquoted, snap-frozen and stored at —80°C. The budding assay was

performed as described previously .

Thin layer chromatography

All TLC were performed as described previously °. Briefly, samples were incubated in
kinase/phosphatase buffer (final 0.25M Sucrose, 25mM Hepes/KOH pH 7.4, 150mM
KCL, ImM EGTA, 2.5mM MgCl, and 250uM ATP) for 60min. at 37°C in the presence
of radiolabeled **P-ATP. The phospholipids were extracted with MeOH/Chloroform/IN
HCL, (1:1:1) dried, resuspended in chloroform:MeOH:9N HCL (200:100:1.33) and
resolved by TLC. Phospholipids were identified by co-migration with known standards °.

Antibodies and electron microscopy

Mouse monoclonal antibodies to VSV-G, a kind gift from P. Melancon (University of
Alberta, Edmonton) were purified from hybridomas. The degree of antibody complex
formation was assayed by mixing varying quantities of mAB to VSV-G and Anti-Mouse
Goat AB (ICN, Montreal, Canada) until the optimal ratio was obtained in the fusion
assay. Mouse monoclonal IgGy, antibody to phosphatidylinositol 4,5-bisphosphate was
obtained from Assay Designs Inc. (Ann Arbor, MI). Mouse monoclonal antibody against
Golgin-84, p115 and GM130 were obtained from BD Biosciences. Rabbit polyclonal
antibodies against P1(4)P5’kinase type la and 1B were kind gifts of Dr. Dennis Shields.
Antibodies to B-cop were a kind gift from Drs. Rothman and Kreis. HRP labeled AB for
western were obtained from Dianova (Hamburg, Germany). All other antibodies were

kind gifts of Dr. Tommy Nilsson.

For electron microscopy, vesicles were prepared, immuno-labeled with an antibody
directed towards the cytoplasmic domain of p24f;, (a small transmembrane protein

enriched in COPI vesicles * ') and analyzed by negative stain as described previously .



Graphs and curvefitting
All curvefitting was done with the help of Maccurvefit 1,5 (Kavin Raner Software

(www.krs.com.au)). In regards to the fusion assay, a non-saturation amount of vesicles

refers to an amount of vesicles that would normally generate a signal that is a fraction of
the maximum signal, generally a 1:1 ratio of vesicles to Golgi cisternae’. While
experiments done under these conditions provide accurate and reliable data, the precise
extent of how the fusion assay is affected can only be ascertained by comparing the
apparent concentration of vesicles. All error bars refer to one standard deviation in both

directions, calculated with EXCEL (Microsoft, Seattle, WA).

Immunofluorescence

Transfections were performed according to manufacturer instructions (Invitrogen,
Carlsbad, California). For immunofluorescence, cells where washed with PBS, fixed
with 4% paraformaldehyde and further permeabilized with 0.2% saponin. Alexa
Antibodies of wavelengths 488 nm and 594 nm were obtained from invitrogen (Carlsbad,
California) and were excited with a 488 nm Argon laser and a HeNe laser to excite at 594
nm. Cells were visualized with Axiovert 200/LSM 510 META system microscope (Carl

Zeiss) with a 40x objective.
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Thesis




Abstract

Coatomer proteins 1 (COPI) are recruited to Golgi membranes in an ADP ribosylation
factor 1(ARF1)-dependent manner that couples protein sorting to vesicle formation.
Using a modified intra-Golgi transport assay with highly purified COPI vesicles, we
demonstrate that fusion of retrograde-directed vesicles with Golgi membranes requires
phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2). The dependency on PI(4,5)P2 appears
to be COPI vesicle associated since pre-treatment of the vesicles with either a specific
5’phosphatase or a 5’kinase resulted in inhibition or gain of fusion, respectively. In
contrast, corresponding pre-treatment of Lecl Golgi target membranes had no effect on

the efficiency or extent of COPI vesicle fusion with the Lecl Golgi membranes.

We continued our investigation in order to determine the identity of the protein(s)
recruited by PI(4,5)P, which enable the fusion process. Using Protease K (PK) treatment
of both vesicles and target Lecl Golgi to investigate the cytoplasmic protein
requirements, we detected a marked asymmetry between the target Golgi and COPI
vesicles, as PK treated vesicles were still able to fuse with limited cytoplasmic proteins
while target Golgi rapidly lost all fusogenicity. Kinetic evaluation of vesicles treated as
such observed a decrease in the binding constant, however we observe little or no effect
on the actual fusion constant. Furthermore, we were able to identify a Protease K resistant
core of Golgin-84 whose location was limited to fusogenic COPI vesicles. Investigation
of a potential link between Golgin-84 and PI(4,5)P, was unsuccessful. We were also able
to determine that while the Golgin-84 resistant core was necessary for fusion to occur, it

was not sufficient.

Fusion of COPI vesicles to Golgi membranes involves a heterotypic event supporting the
notion that COPI vesicles are both biochemically and functionally distinct from Golgi
cisternae. We propose that, simultaneously to the budding of the COPI vesicles, ARF1
recruits the kinase responsible for PI(4,5)P, synthesis and, in a still unidentified
mechanism, alters the conformation of Golgin-84. ARF1 can therefore effectively prime

COPI vesicles for fusion already at the onset of vesicle formation.



Abrégé

Les protéines de coatomer de type 1 (COPI) sont recrutées par 1’appareil de Golgi sous
I’action de I’activité de la protéine ADP-Ribolysation factor 1 (ARF1), ce qui permet
d’associer la formation de vésicules et I’incorporation spécifique des protéines et lipides
qui forment ces vésicules. Avec ’aide d’un protocole expérimental mesurant le transport
intra-Golgien, nous avons démontré que la fusion de vésicules COPI rétrograde est

dépendante de la présence de phosphatidylinositol 4,5-bisphosphates (PI1(4,5)P,). Cette

dépendance apparait associée aux vésicules COPI étant donné que leur prétraitement en
présence de 5’kinase ou 5’phosphatase spécifique résulte en une activation ou inhibition
respective. De facon contrastante, le méme prétraitement des membranes de Golgi cibles
issues de cellules CHO Lecl n’affecte pas la fusion entre les vésicules et les membranes

de Golgi.

Nous avons continué notre investigation pour déterminer I’identité des protéines recrutées
par PI(4,5)P, qui permettent la fusion. Avec 1’aide de I’enzyme protéase K (PK), nous
avons détecté¢ une asymétrie entre les vésicules COPI ainsi que les membranes de
I’appareil de Golgi: tandis que les vésicules étaient en grande partie résistantes au
traitement avec PK, les membranes de Golgi se montraient trés susceptibles et perdaient
toute fusogenicité. Une évaluation cinétique des vésicules soumis a ce traitement a permis
de détecter une diminution du rythme d’association des vésicules mais aucun ou trés peu
de changement significatif du rythme de fusion ne fut détecté. De plus, nous avons
identifié un noyau de la protéine Golgin-84 résistant au traitement avec PK présent sur la
surface des vésicules COPI. Une recherche plus poussé ne nous a pas permis cependant
d’identifier un lien entre Golgin-84 et P1(4,5)P,. Nous avons également pu déterminer que
méme si Golgin-84 est nécessaire a la fusion des vésicules COPI, sa présence seule n’est

pas suffisante.

La fusion des vésicules COPI au Golgi implique un mécanisme hétérogéne, ce qui
supporte la notion que les vésicules COPI sont des organelles biochimiquement et

fonctionnellement différentes de I’appareil de Golgi. Nous proposons que, simultanément



a la formation de vésicules COPI, ARF1 recrute la kinase responsable pour la synthese de

PI(4,5)P, et, avec un mécanisme non-identifi€, altére la conformation de Golgin-84.

ARF1 peut dans ce cas primer la vésicule pour fusionner au moment méme ou elle

contribue a la formation de la vésicule.



Thesis introduction

The goals of the investigations presented here is to further the understanding of the Golgi
apparatus, the central organelle of the early secretory pathway. Located along the
secretory pathway, the Golgi apparatus process proteins and lipids transported from the
endoplasmic reticulum. Within the Golgi, resident enzymes are responsible for extensive
post-translation modifications; most importantly extensive N- and O- linked glycosylation
and proteolytic processing. Both the regulation of the enzymatic reactions and the
mechanisms of transport to, from and within the Golgi have been the subject of decades

of intensive research.

Our investigation concentrated on studying the properties of COPI vesicles, a
controversial transport intermediate of the Golgi apparatus essential for the maintenance
of Golgi homeostasis. It does so by transporting proteins and lipids between Golgi
cisternae and from the Golgi apparatus to the endoplasmic reticulum. However, the
mechanisms of budding from and fusion with the Golgi cisternae are largely unknown

and are at the core of the previously mentioned debate about the Golgi.

This thesis will first review the current literature. We will start by providing an overview
of the different models for Golgi transport. These models try to explain the experimental
observations that have been collected by a large number of researchers and are the subject
of intensive debate. We will then continue by summarizing the current knowledge about
the budding and fusion of COPI vesicles. Emphasis will be on the potential versatility of

COPI vesicles in mediating multiple transport events within the Golgi apparatus.

Within this scope, our investigations specifically tried to further the understanding of the
fusion mechanisms of COPI vesicles. For this, we developed a cell-free assay using
purified COPI vesicles and Golgi membranes. We were able to show that efficient fusion
requires the presence of glycerophospholipid, PI(4,5)P,. Therefore, with these premises,
the last part of our literature review will examine the roles of PI(4,5)P, within the cell and

the links between P1(4,5)P, and membrane fusion



Finally, our result section will explain that after the positive identification of PI(4,5)P; as
a promoter of vesicles fusion, our research attempted to identify the protein(s) mediating
the PI(4,5)P, requirement. While our attempts were successful in discovering another
requirement for the fusion of COPI vesicles in the identification of Golgin-84, we were
unsuccessful in demonstrating a link between PI(4,5)P, and Golgin-84 in the fusion

process of COPI vesicles.



Literature Review

Section 1: The secretory pathway

Every cell possesses mechanisms that allow it to replenish its proteins constituents and
keep it in homeostasis. Parts of these homeostasis mechanisms are mediated by secreting
proteins in the interstitial space or by synthesizing the correct receptor on the surface of
the cell. The pathway that is responsible for regulating most of these interactions between

the cell and its environment is termed the secretory pathway >+,

Production of new proteins starts in the nucleus with the transcription of mRNA from
DNA. The mRNA sequence is then exported to the cytosol, where it attaches to
ribosomes for translation. After translation, the newly synthesized peptide chain can be
targeted to certain organelles, such as mitochondria, peroxisomes or chloroplasts. In the
case of secretory proteins, a signal sequence incorporated in their peptide chain targets

them to the endoplasmic reticulum (ER) for processing 2”2’

Upon entering the ER, the newly synthesized proteins are glycosylated and folded into the
appropriate conformation. Protein folding is accomplish by chaperone mediated quality
control mechanisms that allow for the sensing of protein conformation ***2. Unfolded or
misfolded proteins are retained in the ER until they become properly folded or are

targeted for proteolysis if a stable conformation cannot be attained V¥ **,

Upon reaching appropriate conformation, newly synthesized proteins destined for latter
part of the secretory pathway are gathered at ER exit sites where they are incorporated
into COPII vesicles ** which mediate exit of secretory cargo proteins from the ER ™ ™"ie"
s 35 After exiting from the ER, the COPII vesicles can fuse to form vesiculo-tubular

clusters (VTC) which are then transported along microtubules to the Golgi apparatus *°.

Upon arrival to the cis face of the Golgi apparatus, the VTCs coalesce and form the cis-

Golgi-network (CGN). Cargo proteins are then transported to the cis face of the Golgi



apparatus (see section 1.1), where they are sequentially glycosylated. During this process,
they move through the Golgi until they reach the frans-Golgi-Network (TGN) where they
are sorted according to their destination and packaged into vesicles *"*°. After exiting
from the Golgi apparatus, cargo proteins that follow the default pathway are then secreted
(for luminal proteins) or are incorporated into the plasma membrane (for proteins with
transmembrane domains or membranes anchors). Alternatively, at the exit from the Golgi
apparatus, proteins can also be directed to endosomes, lysosomes (through endosomes) or

. for revi 25, 41-44
secretory vesicles VY S¢S

In the direction opposite to the flow of COPII vesicles, another type of vesicles termed
COPI mediates the transport of lipids and proteins from the Golgi apparatus back to the
ER #5748 forreview see 18,99 "ER broteins that are transported to the Golgi by COPII vesicles
and proteins that are required for the generation of COPII vesicles are retrieved from the
Golgi apparatus through motifs present on the cytoplasmic tails of their transmembrane

. 50-54
domains

. This mechanism provides a pathway where the budding machinery as well
as the lipids from the ER that have been incorporated within the COPII can be recycled
and reused. This distillation process is also used within the Golgi apparatus, where Golgi
resident enzymes are segregated and recycled from cargo proteins by COPI vesicles H. 53
(see section 1.1). The methods involved in the recycling of Golgi resident enzymes are

the main interest of this thesis.

Section 1.1: The Golgi apparatus and Golgi transport models

The Golgi apparatus is composed of a series of flattened and elongated membranous
cisternae stacked in parallel (fig. A). In animal cells, it is located in the juxtanuclear
region and is composed of an average of 5 to 7 cisternae '* **. However the amount of
cisternae can vary greatly from one cell to another, depending on the secretion workload
of the cell ** *°. The Golgi apparatus is also polarized: it has a cis face, where VTCs carry
newly formed proteins from the ER, and a trans face, where cargo is exported from the

ER to post-Golgi compartments.
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Figure A. The Golgi apparatus. Electron microscopy (EM) representation of the Golgi w1th1r1 a cell
(up), after 3d tomography analysis (middle) or as it appear after sucrose gradient purification (bottom)
asin 17 Figures (up and middle) are from ** . Note: a microtubule is identified for comparison (red
arrow).



The elucidation of the mechanisms underlying the transport of cargo proteins within the
Golgi apparatus is currently the subject of great debate '* ' ' > Several models have
been proposed over the course of the years. These models tried to explain how an
organelle could sequentially and efficiently glycosylate cargo molecules and at the same
time segregate the glycosylation enzymes from the cargo protein flow in order to

maintain the Golgi apparatus distinctive molecular and morphological identity.

Section 1.2: The Static Vesicular Transport Model

In a classical experiment, Jamieson and Palade, were able to inhibit protein synthesis and
discovered that it had little effect on the shape of the Golgi apparatus at the level of
electron microscopy *. It appeared to be static. Subsequent electron microscopy studies
of the Golgi apparatus also determined that small, spherical membranous structures were
located in proximity to the flattened cisternae °* ®. Furthermore, EM studies revealed that
each cisterna of the Golgi apparatus had different proportions of glycosylation enzymes,

61-64 " 1n order to

organized cis to trans to sequentially glycosylate cargo proteins
accommodate a model to the investigative results presented in these experiments, i.e.
static Golgi, abundant vesicles and enzymatic gradient, a novel working model that would

explain these findings was suggested.

In the vesicular transport model ®°, cisternae are distinct from each other and possess their
characteristic ratios of glycosylation enzymes. Movement of cargo from one cisterna to
another is the consequence of anterograde vesicular transport: vesicles sequentially bud
from one cisterna and fuse with the next cisterna located in the frans direction, forming a
cycle that is repeated until the cargo proteins have visited every cisterna. Newly formed
cargo proteins would therefore be sequentially glycosylated as they move from one
cisterna to the next (fig. B). Therefore, cargo proteins would encounter each of the
glycosylation enzymes in sequence. At the same time, Golgi resident enzymes are
envisaged to be excluded from the vesicles and remain into their cisternae, thus keeping

the ratio of glycosylation enzymes intact.



Vesicular transport

4  ®
C O
LO O o (O )
C ) ®

Figure B. The vesicular transport
model. In this model, glycosylation
enzymes are in gold, while cargo is
represented in green. The cis face is at the
bottom and the trans face is at the top ™™
¥ Cargo is seen moving from one
cisternae to the next, while Golgi resident
enzymes are static.

This model was able to explain the finding of the vesicles under EM as well as the

structured glycosylation enzymes distribution of the Golgi apparatus. It was also

supported by investigations that demonstrated that transport could occur between purified

cisternae from different cells and that these transport events were mediated by cargo

contained within vesicles ® . At the same time, it was demonstrated that vesicle

formation was dependent on coatomer proteins I (COPI proteins)

Section 1.3: The Cisternal Maturation model

59, 66-69

However, contradictory evidence surfaced that jeopardized the vesicular transport model.

First and foremost, the vesicular transport model would never be able to explain the

transport of proteins larger than the 50 to 100 nm size of vesicles seen under electron

10



micrograph "*7*. How could large proteins, in these cases "** fish scales and procollagen,

be secreted in such a model?

Second, new evidence pointing to COPI vesicles mediating retrograde transport was
uncovered *> *®. COPI vesicles were discovered to posses Golgi resident enzymes and

7,8, 11, 12, 55, 75-78
P e . It was also

P24s proteins but only a small quantity of cargo proteins
discovered that the CGN and the ER were the target of COPI derived vesicles > ** 2> 7¢,
and that cargo could migrate through the Golgi without leaving the lumen of the cisternae
7 Therefore, it appeared that the transport observed previously in the Rothman transport
assay was not the result of cargo VSV-G being transported form one cisterna to the other,

but rather the results of the transport of Golgi enzymes.

Furthermore, if the Golgi apparatus was by definition a static organ, one would expect to
have a mechanism of inheritance similar to that of other organelles, such as mitochondria.
However, studies of the Golgi apparatus during mitosis revealed that rather than
separating equally, the Golgi apparatus actually disassembles and is dispersed

stochastically throughout the cell and within the ER ***%.

Lastly, while the static vesicular transport model can explain the flux of proteins
betweens the organelles of the secretory pathway, it failed to explain the flux of lipids. In
effect, such a system would result in a very large flux of lipids from the ER to the Golgi
and eventually from the Golgi to post-Golgi organelles. The next model would have to

accommodate the lipid flux as well and present a way to recycle them.

In the wake of these observations, a second model, the cisternal maturation/progression
model was developed. This model actually predated the vesicular transport model but had
been abandoned in the wake of the success of the vesicular transport model ®. In this
model, transport is achieved through the Golgi by each cisterna slowly maturing from the
cis to the trans face of the Golgi apparatus. This system allowed for large proteins that

were unable to be incorporated within vesicles to be sequentially glycosylated 2.

11



In this model, when cisternae are moving from cis to frans, they are acquiring Golgi
resident enzymes from previous cisternae. These enzymes move in a retrograde direction,
from trans to cis. This movement of Golgi resident enzymes is mediated by COPI
vesicles. Therefore, as the cisterna progress along the Golgi apparatus, it matures by

obtaining a new set of glycosylation enzymes.

Therefore when new VTC’s arrive from the ER, they would slowly become a cisterna by
fusing with COPI vesicles that would bud off from the Golgi apparatus. This process
would be repeated over and over from cisternae to cisternac where the frams most
cisternae would continuously send retrograde vesicles to cis located cisternae. In the
process, cargo proteins would be sequentially glycosylated. Eventually, the cisternae
evolve into the TGN where their membrane is vesicularised and the cargo is sent to post-

GOlgl targets (ﬁg C) for review 18, 57, 84—88.

Overall, retrograde oriented COPI vesicles can
account for the continuous recycling occurring along the Golgi apparatus, as well as from
the Golgi apparatus to the ER. It also allows the Golgi apparatus to remain in a lipidic

steady state, where the amount of lipids going to the Golgi is equivalent to those exiting

from the Golgi.
Cisternal maturation Figure C. The cisternal maturation model. A
| Golgi resident enzyme is represented as gold
C J circles, while cargo proteins are green ™™ '°. Here,

it is the Golgi resident enzymes which are
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Section 1.4: Improvements on Cisternal Maturation: The percolating model *

Following the development of the cisternal maturation model, it was noticed that while it
can account for the data about the processing of large macromolecules, it appeared at first

(fee 79 for conflicting resultsy ¢t the rate at which macromolecules were being processed was

much slower than the transition time of smaller molecules '+ 7>

. When the Golgi apparatus
was modified to allow large fusion proteins to enter vesicles, the rate at which the large
proteins were processed was greatly increased, implying that the vesicles could move in
an anterograde direction . Furthermore, while the presence of retrograde transport
carriers had been widely accepted, two publications from the Orci and Rothman group °*
I demonstrated that COPI vesicles around the Golgi apparatus were depleted of Golgi
resident enzymes and contained cargo instead. It was suggested that there could be more
than one type of COPI vesicles *. A model was put forth that explained these results:
large macromolecule would move along the Golgi apparatus by cisternal maturation,
while smaller molecules would bud and fuse back and forth between cisternae in the
anterograde direction, alike what had been proposed in the vesicular transport model. At

the same time, concurrent COPI vesicles would recycle ER and Golgi resident enzymes in

a retrograde direction (fig. D).

Since this model has been proposed, several subtypes of COPI vesicles have been
identified. Lanoix et al. '' was able to purify two subtypes, one enriched in p24 and one
enriched in Golgi resident enzymes. This work was followed by Malsam et al. >> which
were able to purify two different types of COPI vesicles using tether pairs as purification
tools: one with Golgi resident enzymes and one with p24 and cargo proteins. This was
further investigated by Béthune et al.* who demonstrated that COPI can discriminate
between ER enzymes and p24 proteins. The ability of COPI vesicles to sense specific
cargo proteins and differentiate between them could point to a mechanism that would

make COPI vesicles very polyvalent in terms of the cargo they transport.

13



"Fast Track"” by percolating COPI vesicles

POST-GOLGI
CARGO

Cis Trans

Retrograde transport by other COPI vesicles

Figure D. The percolating Golgi. In this model, COPI vesicles percolate, both with
anterograde cargo (green) and with ER and Golgi resident enzymes (red *note: the
percolation here is not shown ** '), the red arrows indicate the overall direction of flow in
a retrograde direction. At the same time, large proteins and molecules move by slow
cisternal maturation ™™ ',

Section 1.5: Improvement on Cisternal Maturation: The heavy workload model 18

Another version of the cisternal maturation model was proposed recently to account for
the observed formation of membranous bridges, which were later termed ’’tubules’’,
within the Golgi apparatus that connect different cisternae > ** °* **%°_ To explain the
presence of these tubules, it was demonstrated that these tubules often did not occur
within cells with a normal secretory load, but rather when the cells were submitted to a

23,92

temperature block resulting in the accumulation of cargo , in heavy secretory cells >

93

or when it was submitted to secretory stimulus . Simultaneously, other groups

examining the structure of the Golgi failed to observe any tubules 2% 77 7% 96:99 for review see
100, Therefore, a new variant of the cisternal maturation model was established: at normal
Golgi secretory activity, COPI vesicles would move back and forth from one cisterna to

the other, in both retrograde and anterograde directions, while the cisternae would mature

14



from cis to trans. Under stress to augment secretory output, tubules would start to appear

as seen in 23, 93

simultaneously to the transport by COPI vesicles ( ) in order to give cargo

proteins faster access to glycosylation enzymes (fig. E) '®.

Figure E. The two speeds/heavy workload model. At normal secretory workload (left), cisternae
maturation is supplemented with transport via anterograde and retrograde vesicles. When the Golgi
experience superior secretory workload, tubules start to appear (right, membranous connections
between cisternae) that mediate a faster glycosylation of proteins. Furthermore, this model also
accounted for the COPI-independent recycling pathway from the Golgi to the ER, which is thought to

be a way for the Golgi to recycle membranes ™™ %,

Furthermore, this new model also tried to give an explanation for two ongoing discoveries
in connection with the Golgi apparatus. First the discovery of a COPI-independent
transport pathway between the Golgi and the ER '°'"'* and the fact that the ER and the

29 was interpreted as a way for the

Golgi appear to be closely associated at the TGN
Golgi apparatus to get rid of excess membranes that could accompany the cisternal

. 1
maturation model '%.
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Lastly, Kartberg et al. '® tried to explain the mechanisms that could be involved in the
gradient distribution of Golgi residents enzymes. The model implies that this is
accomplished by COPI mediated transport ' >> 7> 77 and that sorting within the COPI
vesicles is dependent on ARFGAP]1 through its action on ARF1 '+ !> 1%1% However, the
association between ARF1 and ARFGAPI sorting and the actual selection of the proteins
incorporated within the vesicles is open to debate. While it has been shown that some
Golgi resident enzymes possess known cytoplasmic tail that interact with coatomer
proteins, most Golgi resident enzymes do not have this characteristic '°. Therefore, two
possibilities have been put forward as to the mechanism that drives Golgi resident

enzymes to establish a gradient along the cisternae of the Golgi apparatus.

The first one links the localization of proteins within the Golgi to the composition of their
transmembrane domains '*"%. It has been previously published that the concentration of
cholesterol and sphingomyelin in the Golgi membranes increases from cis to trans, which
in turn leads to an increase membrane thickness ''"°. Considering that Golgi resident
enzymes possess unusually short transmembrane domains with low hydrophobicity

compared to PM proteins '

, it was suggested that the size of the lipid bilayer would
dictate in which Golgi cisternae the Golgi resident enzymes would locate '®. In such a
model, Golgi resident enzymes which are located in frans of their preferred cisternae
would segregate to local regions of lower sphingomyelin and cholesterol content within
the cisternae. It was shown that COPI vesicles form preferentially in regions with such

. c i 114,115
lipid characteristics ~ " .

However, other studies have shown that often, the size of the transmembrane domain was
not sufficient for Golgi localization ''*'?°. Therefore, another model was proposed: in the
’kin’” recognition model, the gradient distribution of Golgi resident enzymes is due to
the formation of complexes (homo- or hetero-dimers) between Golgi resident enzymes.
An enzyme would thus be retained within cisternae depending on its ability to form

121-12
complexes 3

. Furthermore, it was also hypothesized that the pH might play an
important role in the sorting of Golgi resident enzymes, since pH seems to be a critical

factor in the formation of complexes and that pH loses one log value between the ER and

16



trans cisternae ''*. Therefore, different proteins would form complexes at certain pH’s. In
this scenario, an enzyme’s ability to form complexes would determine its rate of

incorporation within COPI vesicles and its localization within the Golgi apparatus '* ''®

124-126

Analysis

A recent publication '*” proposed another mechanism that would explain the retention of
glycosyltransferases into COPI vesicles. They discovered, using yeast genetics, that the
protein Vps74p served as a linker that binds multiple Golgi resident proteins as well as
COPI proteins. They were able to demonstrate that deletion of the Vps74 gene resulted in
mislocalization of Golgi resident enzymes. They were also able to pinpoint a conserved
amino acid sequence present on the cytoplasmic tail of the Golgi resident enzyme
necessary for their binding to Vps74p and proper localization. Therefore, it is possible
that a third factor would come into play; the localization of the Golgi resident enzymes
might depend on their affinity for adaptor proteins that would mediate their recruitment
into COPI vesicles. A similar system is seen in clathrin coated vesicles with AP-1 and its

128, 129
homologues > .

With regards to the last two models that include anterograde directed COPI vesicles
transport, a criticism can arise from the fact that while intra-Golgi anterogradely-directed
vesicles have been identified on EM °*°" 1*°  they have yet to be isolated biochemically.
Recent studies, as well as our own development of the fusion assay have not

7, 8,10, 55

demonstrated the presence of these vesicles , even when the cells displayed high

77, 79, 131

level of secretory activity . Furthermore, the findings of peri-Golgi vesicles

depleted of Golgi resident enzymes '** have been under severe criticisms, as it has been

argued that the techniques used to make these discoveries were not optimal '**.

Kartberg et al.'® acknowledges this problem, and stipulates that, since some anterograde

COPI vesicles have been found and are probably active between VTCs and the CGN or in

the cis-most part of the Golgi >, anterograde vesicles could exist in other parts of the
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Golgi apparatus '®. In contrast, Rabouille and Klumperman '** dismiss this *° evidence for
anterograde vesicles. They observe that while the “anterograde” vesicles described in
Malsam et al. >> were shown to have more cargo protein than the “retrograde” vesicle, it
was not shown to be more concentrated than in the cisternae >°. In this > as well as in

previous publications * *'> 1%

, it is possible that the cargo proteins found in peri-Golgi
vesicles are due to insufficient sorting from the COPI machinery resulting in the leaking
of cargo in COPI vesicles. This concept has been demonstrated in a recent proteomics
study, where cargo was present but not enriched in COPI vesicles . It is to be noted that
the absence of evidence is not evidence itself as there might be a mechanism that would
allow an anterograde subtype of COPI vesicles to be formed: ARF1 sorting abilities

11, 55, 78, 134

allows for the selection of various cargoes which in combination with the

recent discovery of new coatomer sub-units allows the possibility for multiple coatomer
polymerization pathways that could influence the selection of cargo proteins '*.
Furthermore, since Malsam et al. > demonstrate a link between subtypes of COPI
vesicles and their tethers, it could be possible that the tethers are involved in the cargo

. 133
selection process themselves .

Lastly, the last two models do not take into account that VSV-G and pro-collagen 1, a 300
nm protein, were demonstrated to be transported through the Golgi apparatus at the same

rate, without leaving the lumen of the cisternae and in the absence of observable tubules
79

Section 1.6: Improvement on Cisternal Maturation: Rapid Partitioning within a

Two-Phase Membrane System model Y

While the cisternal maturation model can account for most experimental findings
concerning the regulation of Golgi transport, it does not explain all findings. Publications
from the Lippincott-Schwartz laboratory and others using proteins tagged with GFP
suggested that rather than consisting of separate static cisternae, the Golgi apparatus was
able to communicate quite easily between the different cisternae, either through tubules,

14, 36, 136

or through vesicles . Their group first proposed a model of the Golgi which would
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be more dynamic and in which tubules are the norm, not the exception as in Kartberg et
al. '8, This view was further supported by the demonstration that tubules, not vesicles,
were responsible for the transport of proteins across the Golgi Stack '*? and that
peripheral Golgi vesicles were depleted of Golgi resident enzymes, which would be
expected in the typical cisternal maturation model °"* '*2. Furthermore, the Mironov and
Luini groups also proposed that not only cargo, but also Golgi resident enzymes could

travel from one cisterna to another via these tubules > %2,

In contradiction to what would be expected from the dynamic model, Trucco et al.> also
demonstrated that, when cargo proteins were incorporated into the Golgi apparatus, they
did not readily redistribute to all cisternae, but rather advanced smoothly over time from
the cis face of the Golgi apparatus to the trans face, similar to what would be expected of
the cisternal maturation model.

In this context of controversy, Patterson et al. "

studied the exit and entry rates from the
Golgi apparatus of secretory cargo proteins. They first infected cells with three different
types of secretory cargoes. Using an inverse fluorescence recovery after photobleaching
methodology (iFRAP), they then bleached the whole cell except of the Golgi apparatus
and studied the transfer of signal from the Golgi apparatus to the remainder of the cell.
Using a large luminal, a small luminal and a transmembrane cargo protein, they were able
to determine that the different cargoes would exit the Golgi apparatus in a decreasing
exponential curve, in which the exit rate from the Golgi apparatus was proportional to the

amount of cargo present. This result seems to indicate that all Golgi cisternae behave as

one common organelle.

They continued this investigation with a short pulse experiment in order to determine if
cargo proteins, once they have entered the Golgi, could exit rapidly, in accordance with
their model. They infected cells with a variant of the VSV which stably express VSV-
G(TS045)-GFP. However, in this experiment, they first started by bleaching the Golgi
apparatus, which was followed by a 5 minute pulse allowing the VSV-G(TS045)-GFP to
repopulate the Golgi apparatus. Following the pulse, they bleached the whole cell and
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recorded the loss of signal from the Golgi apparatus as proteins were being exported.
Again the loss of signal had the characteristics of an exponential curve. In order to make
sure that no new signal would come from the ER, they performed these sets of experiment
at the non-permissive temperature (40°C) in order to avoid newly produced VSV-
G(TS045)-GFP from forming '*’. Furthermore, the incubation time had been chosen to be
much less than what was previously demonstrated to be needed for the cisternal

maturation model 2> 7°.

Their experimental data suggest that any cargo molecule, when it is present in any
cisterna of the Golgi apparatus, has an equal chance of being exported from the Golgi,
independently of when they arrived in the Golgi. This leads to a first order kinetic curve
where the quantity of protein that is being exported is directly proportional to the amount
of protein that is present in the Golgi apparatus, and not proportional to the amount of
cargo protein present in the TGN, as would be predicted by the cisternal maturation
model. Furthermore, their model proposes that not only the TGN, but also that every
cisterna has export sites. Such a system could explain the discoveries of peri-Golgi

90, 91, 132

vesicles that were enriched in cargo and not Golgi resident enzymes and also the

discovery of novel proteins thought to be potentially involved in transport from

Golgi/TGN to the PM %1%,

With the use of Berkeley-Madonna, a software used to design biological models & ¥, they
examined the ability of the current cisternal maturation model, with progressive
movement of cargo along the Golgi apparatus and continuous recycling of Golgi resident
enzymes, to fit the experimental data. They controlled two variables; the rate of cisternal
maturation and the rate of enzyme recycling. They were able to obtain a model that would
explain these rates, but only when they substantially increased the rate of cisternal
maturation to much higher values than previously observed and after they had reached a
level of recycling of 30%. However, such a recycling rate was unable to sustain a cargo
wave like the one seen in Trucco et al.*, as the wave would rapidly lose its cargo content

to extensive recycling.

20



Previous work had demonstrated that the Golgi apparatus possess specialized exit
domains, which export cargo from the Golgi apparatus and could probably not be from
the TGN '*. Patterson et al. studied the partition of newly formed cargo compared to
these export domains and were able to demonstrate that upon entering the Golgi, cargo
proteins readily distribute themselves in regions where processing enzymes were present
as well as regions where exit domains were located. They also demonstrated that cargo
proteins were able to exchange between these domains, therefore always keeping the exit

domain supplied with cargo to export.

While their model could fit and explain the behavior of cargo within their experimental
setup, a hypothesis had to be put forth in order to explain the behavior of Golgi resident
enzymes, more precisely their gradient distribution across the Golgi stack °"**. Patterson
et al. stipulated that the Golgi apparatus consisted of a lipid gradient across the stack, with
various compositions of lipids. According to their theory and alike what was mentioned
before, the cis face of the Golgi had a more ER-like lipid composition as its main lipid
component was glycophospholipids, while the frans most cisternae resembled the PM,
which is composed predominantly of sphingolipids. The cisternae in between gradually
change their lipid composition cis to frans 62 14143 The resulting changes in lipid
composition modify the size of the lipid bilayer. Golgi resident enzymes then migrate to
the layer that is the most energetically favorable for them, resulting in the formation of

the observed gradient ''" '

. It is also to be noted that in order for the lipid gradient to
remain stable, the rate of exchange of lipids from one cisterna to the other during
vesiculo-tubular cargo transport must remain below a certain value; if not, the lipid
gradient would not be stable and the Golgi apparatus would become mixed and
undifferentiated cis to frans.

Patterson et al. then used their model to explain the results seen in Trucco et al. .
According to their model, the 40°C to 15 °C temperature shift needed to concentrate the
VSV-G in the CGN also results in a shift of the lipid composition of the CGN, resulting

in an increased presence of sphingolipids in the CGN (see fig. F) and the destruction of

the normal Golgi lipid gradient. When the cells are allowed back at the permissive
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temperature, each cisterna slowly recuperates its steady state gradient. Since VSV-G also
possess a preferential GPI/SL in cis cisternae', it would migrate from one cisterna to the
other as their lipid composition changes to a GPL/SL ratio that corresponds more to CGN
values which is preferential for the localization of VSV-G, reproducing what could be

seen as a wave of cargo inside one cisterna > which is maturing from cis to trans.
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Figure F. The Golgi Lipid gradient ™™ ', SL/GPL ratios (left axis) in the Golgi exit domains are
shown for cisternae 1 (red line) through 7(black line). The temperature is indicated by the dashed black
line (right axis) and indicates the 40°C-15°C-40°C shifts, while the horizontal gray line indicates the
SL/GPL ratio hypothesized to be optimal for VSV-G partitioning verify if the vsv-g is more stable in
trans how come, the grey line is so low?. The course of the Horizontal grey line indicates that VSV-G
would rapidly migrate from cis to trans and then equilibrate between cisternae, as seen in > (Text was
adapted from ).

Temperature (°C)

Overall, the resulting model is determined by concepts that are derived from the observed
kinetics of cargo export and from previously published data (fig. G):

1) There is a lipid gradient between ER-lipids (glycerophospholipids) and PM-lipids
(sphingolipids).

2) The Golgi resident enzymes preferentially settle in certain ratios of ER-like vs PM-like
lipids.
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3) There is a constant kinetic for vesiculo-tubular traffic (the publication is not more
precise to determine if the transport is vesicular or tubular) that shuttles cargo back and
forth between the Golgi cisternae.

4) Cargo exit is allowed from all cisternae, and cargo can shuttle from cargo exit sites to
processing sites.

5) There is constant retrograde and anterograde transport between the Golgi and ER and

between the PM and the Golgi.

Glycerophospholipids
(GPL)

Golgi
enzymes

Wi/ vsva

PM

Figure G. The Rapid Partitioning within a Two-Phase Membrane System "™ '°, The Golgi is
composed of rapidly transported cargo between cisternae (vertical arrows). Transport of Golgi resident
enzymes (red) and cargo (green) is due to their stability in GPL (grey) versus SL (yellow) lipids, the
gradient of which increase from cis to trans. Furthermore, VSV-G can exchange from regions enriched
in Golgi resident enzymes to regions with exit sites (horizontal arrows). The Golgi is in constant flux
between the ER and PM (curved arrows).

Analysis

Patterson et al., seems able to explain much of the contradictory information emerging

from the study of the Golgi apparatus. They present a new model that consistently
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summarizes their previous findings and can explain the contradictory finding of Trucco et

al.. However, we should point out the following items:

1) One problem is that it oversimplifies the interaction between the proteins and the lipids
that surround these proteins. While the thickness of the bilayer leaflet affects the entropy
of a protein in a given system, its interactions are not limited to size. The lipid charge and
the resulting ionic interactions as well as the identity of the lipid head group allows for

example see 128, 145-199) "However, this criticism is partly

numerous non-covalent interactions (
addressed in a recent publication that demonstrated that the inhibition of non-vesicular
lipid flow from the ER to the Golgi leads to inhibition of post Golgi transport as the VSV-

13 Furthermore, the increasing

G has a decrease ability to leave the Golgi apparatus
evidence that COPI mediates localization (see previous section) points to the possibility
that cytoplasmic tails as well as adaptor proteins plays a role in the localization of Golgi

. 127
resident enzymes .

2) While its first data for the export kinetics uses a trio of reporter proteins, most of the
data is generated with a VSV-G(TS045). It would be interesting to know if endogenous

cargo proteins behave in the same fashion.

3) The model requires the equilibration of anterograde cargo proteins over the Golgi
stack. This is said to be done with a “vesiculo-tubular” character, similar to what had
been predicted '*. While the presence of tubules had been demonstrated, they have been
so only in very specific conditions that might or might not reflect the Golgi apparatus at
steady state. Furthermore, the publication acknowledges that there would be a possibility,
in the presence of the formation of constant and numerous tubules, that the lipid gradient
would be lost due to the mixing of lipids between the cisternae. Therefore, the rate of
tubule formation should be high enough to allow migration of cargo through the cisternae
and low enough so that the lipid gradient is maintained. The same reasoning applies to

14,18

models that would use vesicles instead of tubules , as they also carry lipids.
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4) It is a possibility that other models would also fit the experimental data. The
description of the recycling mechanism of the Golgi apparatus is not optimal, as it has
been shown that several subtypes of COPI vesicles exist which do not recycle proteins in
the same manner and have different targets '* ™ . The description of recycling is that
COPI vesicles can fuse with any cis cisterna. It has been shown that vesicles have distinct

55, 76

targets, one of them being the CGN . While it has been demonstrated that these

vesicles are not concentrated in cargo proteins, they do contain some cargo proteins >

737 and the result of sending cargo in cis to the Golgi apparatus would definitively
flatten the last portion of the curve. One would be curious to know if the cisternal
maturation with continuous recycling model, with these modifications and taking into
account that all cisternae can have exit sites, would also fit the data.

5) While exit from the Golgi is demonstrated to be the quasi-monopole of the TGN """
37 White et al. "*° do show potential evidence of TGN independent post-Golgi transport.
However, even the authors were reluctant to classify this as such. One can also wonder if
their model requires the presence of such exit sites: if there is rapid and discrete
connections between stacks of the Golgi and between Golgi and the TGN, would that not
imply that theoretically, all cargoes have access to the TGN and therefore are equally

susceptible of being exported?

6) Finally, it also seems this model could explain previous contradictory findings in
regards to COPI vesicles. Preceding publications 90-91. 132 had demonstrated the presence
of round spherical structures in the vicinity of Golgi apparatus which seemed deprived of
Golgi resident enzymes and enriched in cargo proteins. These spherical structures were
thought to be COPI derived vesicles and therefore a controversy arose about the nature of
COPI vesicles, i.e. if they contained cargo or Golgi resident enzymes. With the discovery
of exit sites present in every cisterna of the Golgi apparatus and in the context of

Patterson et al. practical demonstration of this model ' '*

, it would be possible that the
vesicles identified previously are not retrograde COPI vesicles (as described in " ') but
rather another type of vesicles of yet undetermined nature that would bud from the Golgi

exit sites.
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Section 2: COPI vesicles
Section 2.1 : Anterograde vs retrograde

Fries et al. "' and Balch et al.  first demonstrated that transport was possible between
two Golgi cisternae isolated from different cells by studying the glycosylation of VSV-G.
Using the glycoprotein as a reporter within a cell line that did not have an active N-acetyl-
Glucosamine transferase (GlcNac-T1) and therefore was unable to correctly glycosylate
VSV-G, they were able to complement the glycosylation of VSV-G by incubating
purified mutated Golgi membranes in vitro with purified Golgi membranes from non-
mutated cells. The question was asked: how did the VSV-G travel from one cisterna to

the other?

COPI vesicles were first discovered in EM as round profiles devoid of clathrin markers in
the peri-Golgi region > which were later associated with coatomer proteins 68132 Aga
follow-up on its previous transport experiments, the Rothman group then demonstrated
that the transport assay was dependent on the presence of coatomer generated vesicles .
They therefore assumed that these vesicles were transporting VSV-G glycoproteins from
one cisterna to the other. Within the vesicular transport model, these vesicles were thus
thought to transport cargo proteins in an anterograde direction, from a cis cisterna to one

. 14
located in trans .

However, the discovery of dilysine retrieval sequences on the cytoplasmic tail of ER
proteins which were able to bind coatomer proteins provided first evidence of a
retrograde transport mechanism * *°. In the cell, ER proteins with these motifs that had
escaped to the CGN or the Golgi are recycled back to the ER in a COPI dependent

mechanism.
Following this discovery, sucrose gradient analysis of Golgi membranes revealed that

VSV-G co-migrates with Golgi cisternae, and not within the same sucrose gradient as

vesicles . This observation was followed by the reproduction of GlcNac-T1 transport
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from the Golgi to the CGN in vitro, which was later indentified to be mediated by COPI
vesicles that were enriched in glycosyltransferases and depleted of cargo ' 7°.
Measurements of the fusion kinetics of COPI vesicles as well as proteomic evaluation of
protein content of purified COPI vesicles further demonstrated a potential role in
retrograde transport " ®. Finally, EM demonstrating the presence of peri-Golgi COPI
vesicle enriched in Golgi resident enzymes seem to validate once more that COPI vesicles

mediate retrograde transport '’

11, 55

However, recent discoveries of up to three different types of COPI vesicles as well as

contradicting evidence demonstrating the presence of peri-Golgi COPI vesicles depleted

90. 9. 132 tend to demonstrate that a role for anterograde

in Golgi resident enzymes
mediated COPI transport should not be excluded. This review, by the analysis of budding
and fusion mechanisms, will try to identify levels of selectivity that could lead to the

formation of COPI vesicle subtypes © "eview 18133,

Section 2.2: Budding of COPI vesicles

The successful formation of COPI vesicles is the result of a sequential chain of events.
First, the GDP bound form of ARFI is recruited to Golgi ' which leads to the

13136 " Upon binding to

recruitment and subsequent polymerization of coatomer proteins
the membrane, ARF1 dimerizes and, with coatomer, modifies the curvature of the
membrane which results in the formation of a bulge " '**. Simultaneously, ARFGAPI
mediation of ARF1’s GTPase activity mediates the sorting of proteins into vesicles. This
is accomplished with the help of ARFGAPI, which also activates the subsequent
uncoating of vesicles by releasing ARF1 into the cytosol ™ review 18 and figure H. s To be noted,

while the thesis was being published, a novel publication proposed a new mechanism for the recruitment of ARF1 to the membranes,

see 153

While coatomer complex continuously shuffles from the Golgi apparatus to the cytoplasm
199160 it polymerization is dependent on the recognition of discreet motifs present in the

cytoplasmic tails of integral membrane proteins *** *°. These motifs often, but not always,
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127, 161

contain a dilysine residue . This association is necessary for the successful

polymerization of the coatomer complex required for vesicle formation.

Coatomer complexes themselves are composed of 7 subunits (o, B, v, 9, €, {, B’), and are
required for the successful budding of COPI vesicles. In this process, some level of
diversification has been demonstrated which could explain in part the formation of
several subtypes of vesicles >°. First, it has been demonstrated with the discovery of two
novel coat subunits, y* and (%, that the composition of the COPI coat can vary *°. With
the help of immunofluorescence, these two new subtypes did not colocalize with their
isoforms y and { '*°, but rather seem active in different regions of the Golgi apparatus. It
has also been suggested that the recruitment and assembly of proteins incorporated into
COPI vesicles might be helped by adaptor proteins or lipids which would mediate the
interaction of the cytoplasmic tails of membrane proteins with the coatomer 27 4% 162,
thus referring another potential level of selectivity.

lGTP t

Since coatomer polymerization is dependent on the continuous association of ARF 0

the membrane, regulation of ARF1 is of critical importance. Similar to coatomer but with

seemingly different kinetics, ARF1 shuttles back and forth between the cytosol and Golgi

159, 160

membranes . Its binding to Golgi membranes is tightly regulated by guanosine

for review 18

exchange factors (GEFs) as well as GTPase activating proteins (GAPs)

The importance of GEFs can be asserted by their sensitivity to brefeldin A, a fungal
metabolite: incorporation of brefeldin A inhibits the exchange of ARFP? to ARFOT by
blocking the GEFs and results in the dissociation of the Golgi apparatus and its

163

redistribution to the ER . One GEF, Golgi specific brefeldin A resistance factor

(GBF1), seems to be particularly important in the Golgi apparatus 6. 164167 " Pirst, GBF1

168, 169
» 7 It was

was linked to the accumulation of coatomer on the Golgi apparatus in vivo
also demonstrated to be required for the reassembly of the Golgi apparatus after BFA
treatment and for Golgi integrity, as knockdown of GBF1 resulted in the redistribution of
the Golgi apparatus towards the CGN and the ER 1 Surprisingly, knockdown of GBF1

also resulted in inhibition of secretion of transmembranes proteins, but not of luminal
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proteins '®. Furthermore, it seems that various GEFs might be involved in the regulation
of ARF activity within the Golgi, as KO of other GEFs known as brefeldin A inhibited
GEFs (BIG1 and BIG2) as well as depletion of GBF1 also impaired TGN activity 170, 171,

Considering that these GEFs and their family have been shown to modulate the different

activities of several ARF family members '"* it would be interesting to investigate how
153,173

GEFs contributes to COPI vesicle distinctiveness

K ARFI(GDP)

@ ARFL(GTP)

W ARFGAPI

1 Resident proteins

T ARFGAPI interactors
(¢g. KDEL-R or p24fi1)

GOLGI cisternae

A. Coat component-role for ARFGAP1 B. Kinetic proofreading-role for ARFGAP1

Figure H. Two models for the role of the ARFGAP1 in COPI vesicle formation. (A) In the coat
component model, ARFGAP1 can recruit coatomer onto the cytoplasmic domains of cargo proteins.
ARFGAPI can also be recruited to pre-budding complexes consisting of ARF1/COPI when added to
Golgi membranes. The GTP hydrolysis by ARF1, stimulated by ARFGAP1, then promotes budding of
vesicles. Nascent-coated vesicles contain COPI and ARFGAP1 in stoichiometric amounts but appear to
be relatively depleted of ARFI1. This lack of ARF1 leaves the coat in an instable state that leads to
subsequent uncoating. (B) Kinetic proofreading envisions a functional cycling of ARFI on the
membrane for sorting of cargo molecules. A cargo-dependent sequestering of ARFGAP1 inhibits GTP
hydrolysis by ARF1. This results in a longer residence time of ARF1/COPI on the membrane allowing
for coat polymerization, membrane deformation and vesicle budding. The sharp increase in ARFGAP

activity as a result of membrane deformation may then overcome this inhibition enabling the vesicle to
uncoat Text and figure from 18
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The association of ARF1 with the Golgi membrane is also tightly controlled by GAPs,
which regulate the hydrolysis of ARF1°™ to ARF1°P". In the Golgi, ARFGAP1, which
colocalizes with coatomer proteins to the juxtanuclear region of cells '™ '”° has been
shown to greatly enhance the GTPase activity of ARF1 ', Overexpression of ARFGAPI

led to the redistribution of coatomer and ARF1 to the cytosol as well as redistribution of

176

the Golgi resident proteins into the ER " . Furthermore, while coatomer and ARF1 are

55, 177

sufficient to create budding vesicles , the complementary action of ARFGAP1 is

. . . . 11, 104, 106, 178-1
necessary for the sorting, uncoating and fission of COPI vesicles ' 104 106 178180,

First, the recruitment of ARFGAPI to the Golgi membranes is dependent on its
interaction with the cytoplasmic tails of transmembrane proteins which also stabilize its

11, 181 and see figure H

activity and probably through its interactions with ARF1 '**. After

binding, ARFGAP1 has been shown to be involved in the sorting of Golgi resident

11, 78, 106

enzymes into COPI vesicles , as incubation of Golgi membranes with a non-

hydrolysable form of GTP, GTP-y-S, leads to a continuously active ARF1 and to

inefficient sorting of COPI vesicles "'

ARFGAPI has also been shown to stabilize the polymerization of coatomer by increasing
the rate of binding between coatomer and the cytoplasmic tails of resident proteins '*'.
Following the formation of the vesicles, ARFGAP1 mediates the hydrolysis of ARF1°'™"
to ARF1°" which results in its dissociation from budded COPI vesicles '”°. The release

of ARF1°P" then triggers the release of coatomer from the vesicles ',

In order to understand the process behind the uncoating of the vesicles, it became
important to determine what factors could influence the activity of ARFGAP1. Bigay et
al.'"® demonstrated that ARFGAPI activity increased in areas with high positive
membrane curvature. It does so by the action of two amphipathic regions of its non-
catalytic domain that senses the curvature of the membrane as well as the presence of

negatively charged lipids 184185 Therefore, it was suggested that simultaneously to the
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bulging and budding of the membrane, the activity of ARFGAP1 would increase, leading

to the sequential uncoating of the vesicles '*.

Finally, the actual membrane bulging and final vesicle fission also seem to be tightly
regulated by ARF1 and ARFGAPI, respectively. The creation of vesicles requires the
deformation of the membrane bilayer where a central region of positive curvature is
surrounded by regions of negative curvature ¢ '8 ©r 4@l ARF]  through its modulation
of phospholipase D (PLD), increases the local concentration of phosphatidic acid (PA) '**
% PA in return is degraded to diacylglycerol (DAG) , an inverse-cone shaped lipid that
further promotes the formation of negatively curved membranes '°. Simultaneously, PA
recruits the protein BARS-50 which "', with the help of ARFGAP1 "% finalizes the

fission of COPI vesicles from the Golgi membranes '** '*°.

The modulation of ARF1 GTPase activity by ARFGAPI is primordial for the formation
of COPI vesicles. However, recent studies have demonstrated that ARFGAP1 is not the
only ARFGAP involved in the formation of COPI vesicles, as ARFGAP2 and ARFGAP3
are also implicated '**. Complementing what had been previously done in yeast © V¥ 18,
they were able to knockout the synthesis of ARFGAP2 which affected the retrograde
transport of COPI vesicles. Furthermore, they demonstrated a functional overlap between
ARFGAPI1 and ARFGAP2/3 as any of them was able to rescue the cell from lethality

when all of them were knocked down.

Overall, the versatility and variability of coatomer, GEFs and ARFGAPs could
potentially explain the formation of COPI vesicle subtypes. It is possible that unique
combinations of these three elements could be responsible for the formation of subtypes

of COPI vesicles.
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Section 2.3: COPI vesicles fusion

With the use of the in vitro-based transport assay ® where the glycosylation status of
VSV-G protein is monitored, Rothman and co-workers could identify, confirm or in other
ways characterize most of the important intra-Golgi transport components that we use
today. The identification of NSF (N-Ethylmaleimide sensitive factor) and a-SNAP
(soluble NSF attachment protein) as being required for fusion of vesicles led to the insight
that the membrane constituents of synaptic vesicles, VAMP and Syntaxin, were in fact
receptors for NSF and SNAP '°. Henceforth, these receptors were termed SNAREs
(soluble NSF attachment receptors) and today form a large family of receptors that
consists of 36 members in humans and is used in different complexes throughout the

SGCI'GtOI'y pathway for a recent review, see 20 (ﬁg I)

On a structural basis, SNAREs can be separated into R-and Q-SNAREs which forms
stable complexes consisting of 3Q and 1R SNARE (Q and R refers to amino acids
glutamine and arginine, respectively, that are found in the central position of the SNARE

motif, which is responsible for mediating fusion'*®

). The 3Q:1R ratio is important for
SNARE function in vivo "' Currently, the most likely mechanism seems to be that 3Q
SNAREs on the membrane (e.g. target Golgi) interact through their coiled-coil domains
with IR SNARE on the opposite membrane (e.g. COPI vesicles) and form parallel
bundles, resulting in a frans SNARE complex (fig. J). According to the SNARE-pin

hypothesis for membrane fusion '’

, the formation of a frans complex of SNARESs
bridging both membranes is suggested to pull the membranes to within 4 nm of each
other **. Indeed, Weber et al. '*” could fuse artificial liposomes containing SNAREs and
this, together with the finding that such fusion depends on how the SNARESs are anchored
to the membranes **', provide evidence for a SNARE-pin scenario which, albeit slowly,
can drive fusion in vitro. These stable receptor complexes persist after fusion and such cis
SNARE complexes then needs to be dissociated in order for SNARE proteins to be reused
in further fusion cycles > 2**. This dissociation is mediated by the NSF complex, which

is recruited through the binding of a-SNAP molecules to the SNARE complex ' 2042%.
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After NSF mediated unwinding, the 3Q SNARESs are ready for another round of fusion
while the IR SNARE can be recycled (fig. J).
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Figure I. Localisation of Mammalian and Yeast SNAREs. For many of the fusion reactions,
SNAREs have not yet been unambiguously identified. Also shown are the specialized storage organelles
for regulated exocytosis. The dashed double-headed arrow indicates homotypic fusion between two
sorting endosomes. Legend: COPI, coatomer protein complex-I; Gos1, Golgi SNARE protein-1; GS27,
Golgi SNARE of 27 kDa; SNAP-23, 23-kDa synaptosome-associated protein; SNAP-25, 25-kDa
synaptosome-associated protein; SNARE, soluble N-Ethylmaleimide-sensitive factor attachment protein
receptor; Spo20, sporulation-specific protein-20; Syn8, syntaxin-8; Tlg, t-SNARE affecting a late Golgi
compartment; Usel/USE1, unconventional SNARE in the ER protein-1; Vam, vacuole membrane;
VAMP, vesicle-associated membrane protein; Vtil/VTI1, Vps ten interacting-] e @nd text adapted from 20
Note: while investigating the literature, we found divergent views of the SNAREs that would be
involved in the fusion process of COPI vesicles **° *'.
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Figure J. The SNARE fusion machinery. As an example, we consider three Q-SNAREs on a Golgi
cisternac and an R-SNARE on a COPI vesicle. Q-SNARESs, which are organized in clusters (top left),
assemble into acceptor complexes, and this assembly process might require SM (Secl/Muncl8-related)
proteins. Acceptor complexes interact with the vesicular R-SNARESs through the N-terminal end of the
SNARE motifs, and this nucleates the formation of a four-helical trans-complex. Trans-complexes
proceed from a loose state (in which only the N-terminal portion of the SNARE motifs are 'zipped up')
to a tight state (in which the zippering process is mostly completed), and this is followed by the opening
of the fusion pore. In regulated exocytosis, these transition states are controlled by late regulatory
proteins that include complexins (small proteins that bind to the surface of SNARE complexes) and
synaptotagmin (which is activated by an influx of calcium). During fusion, the strained trans-complex
relaxes into a cis-configuration. Cis-complexes are disassembled by the AAA+ (ATPases associated
with various cellular activities) protein NSF (N-Ethylmaleimide-sensitive factor) together with SNAPs
(soluble NSF attachment proteins) that function as cofactors. The R- and Q-SNARESs are then separated
by sorting, details of which is still unknown Figue and text from 20
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Is this from another paper, did I miss a reference?’However, doubts were raised to
determine if SNAREs were sufficient in vivo to drive the fusion of membranes. Recent
biochemical data suggest that the initial fusion pore of vacuoles is not lipidic (as is the

case in the Weber et al. '’

model) but rather a proteinaceous channel formed by two
opposing VO hexamers of vacuolar H+-ATPases, binding head-to-head in a process that
requires Ypt7-GTP and calmodulin. Upon signalling by calcium-bound calmodulin, the
VO hexamers segregate whereby lipids are thought to invade the space to form an aqueous
fusion pore **. Fusion of vacuolar membranes requires the action of protein phosphatase
1 (PP1) which is in a complex with calmodulin. This step is thought to be the final step
triggering the actual fusion event and placed downstream of the action of SNARE
proteins **®. Therefore, much data exist to suggest that the current model for how SNARE

proteins drive fusion is too simplistic and that other steps and components are likely to be

required.

One of the problems is a question of specificity. What is the mechanisms that allows the
fusion of two different lipid bilayers, while at the same inhibiting the fusion with other
bilayers than the intended target? One of the postulates of the original SNARE hypothesis
formulated by Rothman and coworkers in the early 90’s was that SNARE proteins
specifically target transport vesicles to the right membrane with which they are to fuse. In
other words, each “cognate” SNARE proteins form stable complexes in only one
particular trafficking step. This was later supported by findings showing that cognate

SNARE:S result in better fusion than non-cognate ones using artificial liposomes 209,210

210
However, Scheller and coworkers

synaptobrevin-2/VAMP-2 binds to different syntaxins. The yeast SNAREs SedS5p and

showed that the plasma membrane R-SNAREs

Vtilp, also seem to function in more than one transport step suggesting extensive
promiscuity among SNARE proteins 2 In vitro, complexes formed by four different
SNAREs further shows that one of the Q-SNAREs has to belong to the syntaxin
subfamily and the two others to subfamilies homologous to the first and the second
SNARE motif of SNAP-25, respectively. Substitution of particular SNAREs within these

212

defined subfamilies can occur without influencing complex formation “°. This results in
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the manipulation of SNARESs to perform fusion events that does not occur physiologically
13 Therefore, it seems that the Q-SNARE complex do not recognize one R-SNARE per

se, but will recognize one subfamily of R-SNARESs.

One level of control provided by the SNARE machinery to identify target membranes
from non-target membranes is provided by inhibitory SNAREs. In the target membrane,
the acceptor complex is composed of 3Q-SNAREs. In the presence of an additional
inhibitory SNARE, the acceptor complex can no longer form, which inhibits the fusion of

. 214
vesicles to the membrane

. This mechanism confers another level of specificity, as
certain combinations of SNAREs seem to be inhibitory, therefore fine tuning the targeting
of vesicles *'*. According to this model, a vesicle can only fuse if its R-SNARE matches
the 3Q-SNARE on the target membrane and if no inhibitory SNARE is present.
Furthermore, it seems the SNARE fusion machinery is also dependent on the recognition
of associated fusion factors, like MUNC-18, SEC1, Complexin-I and Synaptotagmin-I at
the PM, which promote the fusion process by greatly enhancing its rate. These

interactions of SNAREs by specific local chaperones might enhance their specificity *'>”
218

In COPI vesicles, the specific identity of the R-SNARE has yet to be determined beyond

21,21
219 a5 well as from the

reasonable doubt. Recent publications from the Rothman group
Jahn group * attribute GS15 (as well as rBET1) and Sec22 as the R-SNAREs involved in
the fusion of the vesicles, respectively. The situation is complicated by the fact that
rBET1 and GSI15 are not identified as R-SNAREs " **°. In order to further clarify the
situation, we were able to show in a proteomic study ’ that all three are present on the
surface of the vesicles, albeit in very different quantities. While a large quantity of Sec22
and a homolog of Sec22 were identified in COPI vesicles, GS15 or rBET1 were only
present in small quantities. In contrast, it should also be considered that a different R-
SNARE could be+ required for every subtypes of COPI vesicles and that our study is

thought to contain mostly one subtype as it is enriched in sugar transferases and depleted

in p24 proteins.
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In addition to SNARESs, another level of specificity is thought to involve the presence of

1 221, 222 fi i 223
tethering factors " or review

. The function of these tethers is proposed to be the
recognition of the intended target membrane as well as bringing the target membrane in
sufficient proximity for the SNARESs to continue the fusion process. There are at least two
types of tethers present in the Golgi apparatus: the cytosolic tethering complexes and the
long coiled-coil tethers with a transmembrane domain. Three tethering complexes have
been shown to be involved in the transport of COPI vesicles. First, depletion of one of the
subunits of the conserved oligomeric Golgi complex (COG) results in the accumulation of
peri-Golgi vesicles in HeLa cells ***. COG has also been shown to bind to Golgi SNAREs
as well as protein coat subunits “****°. However, it is not sure if COG is involved in COPI
mediated transport: while the authors demonstrates that the Shiga toxin is unable to move
in a retrograde direction to the ER and concluded that it interfere with COPI mediated
transport, they did not consider that Shiga toxin has been demonstrated to migrate to the
ER in a COPI-independent retrograde transport from the Golgi '°" '">. Two other
tethering complexes, TRAPPII and Dsllp, have also been shown to be involved at the
Golgi complex **°, as they associate with coat proteins " **. DslIp depletion was shown

227

to inhibit the retrieval of Sec22 from the Golgi to the ER “*’, confirming a potential role

in SNARE mediated transport.

The coiled-coil domains of the tethers are thought to mediate the binding of COPI
vesicles through the interaction of their coiled-coil domain with a specific matching tether
pair present on their target Golgi. The coiled-coil tethers have been directly linked to the

55
. two tethers were

fusion as well as the identification of COPI vesicles subtypes
identified that led to the characterization of two subtypes of vesicles. First the Golgin-84
vesicle tether was associated with the tether CASP in the Golgi apparatus, which was
shown to be involved in the retrograde transport of COPI vesicles enriched in
glycosyltransferases. The second vesicles subtype was characterized by the tether Giantin,

2 231 .
30231 The vesicles

which is known to associate itself to tethers GM130 as well as p115
possessing this tether were remarkably different from the Golgin-84 tethers, as they were
shown to be enriched in p24 and possess greater concentration of anterograde cargo .

Inhibition of Golgin-84 function in vivo resulted in inhibition of COPI mediated
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retrograde transport . Furthermore, the formation of two frans SNARE complexes,
GS15-Ykt6—-GOS-28—Syntaxin-5 complex and the Membrin—Betl-Sec22—Syntaxin-5
complex, have been previously linked to be dependent on the tether p115 **2. Taken

together, this information seems to confirm the previously established hypothesis that

identified tethers as the bridge between specificity and the start of the fusion process **~.

Another level of specificity can also be demonstrated by the regulation of the docking

233

step by small GTPases termed Rabs “°". In the Golgi, additional regulation is provided by

Rab1/Yptlp as it has been shown to mediate COPI retrograde transport in yeast and also
to help recruit coatomer during the COPI budding process **>* ***. Furthermore, Rabl

interacts with the tethers p115, GM130, Golgin-84, and COG as well as being critical for

225,233,235-238

the integrity for the Golgi apparatus . It has been proposed that Rab1 acts as a

“leash” of sorts that keep the vesicles in close proximity to the Golgi apparatus while at

the same time helping the vesicles find their target. Hydrolysis of Rab1“™" to Rab1P"

18, 22
d 5

leads to its dissociation, which allows the fusion to procee . However, it should be

kept in mind that the actual functions of Rabs within the Golgi apparatus are still under

investigation for other views see 223, 239.
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Section 3: P1(4,5)P,

Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) is a phospholipid whose main
characteristic is its two negatively charged phosphate groups mounted on an inositol ring
(fig K.). This large negative charge on its headgroup is rare among phospholipids and
confers an attraction focus in an otherwise positively charged or neutral lipid bilayer (see
fig. K for example). PI(4,5)P,, which compose up to 1% of all phospholipids in the cell,

contains two variable acyl chains, one glycerol-phosphate linker group followed by the

for complete review 5, 240

inositol ring and the two phosphate groups at the 4’ and 5” position

Figure K. PI(4,5)P, and other phospholipids. Visualization of PI1(4,5)P, compared to other common
phospholipids present on the surface of the membrane bilayer. Top; PI(4,5)P,, second from top;
phosphatidylethanolamine, second from bottom: phosphatidylserine, bottom: phosphatidylcholine.
These phospholipids are represented with 18:0, 20:4; 18:0, 18:1 and 16:0, 18:1 acyl chain conformation.
© Avanti-Lipids

39



Section 3.1: Metabolism of P1(4,5)P,

Synthesis of PI(4,5)P, is mediated by a series of kinases that use phosphatidylinositol (PI)
as a substrate and sequentially add phosphate groups to the 4’ and 5’ positions (fig. L).
The mechanism by which it does so depends on the intermediate substrate, as PI(4,5)P;
can be generated from both phosphatidylinositol 4-phosphate (PI(4)P) and
phosphatidylinositol 5-phosphate (PI(5)P) . However, it is much more common within the
cell to use PI(4)P as a substrate and these proteins are referred to as type I PI(4)P kinases
(fig. L). The PI(4)P kinase type 1 family consists of three proteins which are currently

review 16,

known to produce PI(4,5)P, from PI(4)P: a, B and y (which contains 3 isoforms)
240
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Figure L. Synthesis of phosphoinositides. Legend: PI(X)K; referrers to phosphatidylinositol kinase at
the x position. X-Pase; phosphatase that remove the phosphate at the X position. From '®
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Other phosphoinositides, which includes a family of 8 distinct PI derivatives, also serve
in different functions throughout the cell: e.g. PI(4)P is implicated in the formation of
clathrin coated vesicles at the TGN while PI(3)P is involved in endosome metabolism and

also plays a role in the fusion of yeast vacuoles '** '*% 24!,

The removal of phosphate groups from PI(4,5)P, is accomplished in two ways: first, with
the help of a phosphatase, P1(4,5)P, can be degraded to revert back to PI(4)P or PI.
Second, it can also be degraded by phospholipase C (PLC), which revert PI(4,5)P, back
to diacylglycerol (DAG) and inositol 1,4,5-trisphophate (INP3). Binding of these proteins
as well as other proteins affecting PI(4,5)P, mechanism is dependent on a series of
domains. Some of them can be grouped into categories, alike pleckstrin homology (PH)
domains, which mediate the association of PI(4,5)P, with PLCs, and epsin N-terminal
homology (ENTH) domains, which mediate the association of AP-2 and other adaptors
during clathrin coat formation. However, many other proteins have domains that can bind
PI(4,5)P, and the only common characteristic is that they are comprised of a cluster of
basic/aromatic residues. Since the conformation is dependent on the final three-
dimensional structure of the protein, it is challenging to predict PI(4,5)P, binding domains
from an amino-acid sequence as they occur without any discernable pattern. These
domains do not have many common characteristics besides the fact that their three-

dimensional structure allows them to bind large negative charges with high affinity **’.

Section 3.2: Roles of P1(4,5)P,

The functions of PI(4,5)P, within the cell are numerous and widespread. It is used at the
plasma membrane to mediate signaling, endocytosis, exocytosis as well as membrane
shuffling, activation of enzymes and actin polymerization. It is a very versatile lipid. As
an example, one of the best known pathways of P1(4,5)P; is the PLC mediated generation

of the secondary messengers DAG and IP; in response to certain cell signaling events. In
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return, DAG activates protein kinase C (PKC) and IP; releases intracellular calcium

stores for complete review 240.

PI1(4,5)P; in vacuoles

Vacuoles are a unique feature of yeast as well as other lower eukaryotes. They are
involved in the regulation of cell homeostasis through multiple pathways such as protein

for review, see 242

degradation, autophagy and storage of molecules . When undergoing mitosis,

243285 1n order to

or cell fusion, these vacuoles have been shown to fuse with each other
understand the fusion process, a study model using purified vacuoles was developed, in
vitro **. This model was first used to determine that the vacuoles fusion process was
divided into 4 steps: priming, tethering, docking and fusion, the first 3 steps require the

function of the NSF and a-SNAP yeast homologues Sec18p and Secl7p 2% 24247,

1.2** were able to demonstrate the involvement of PI(4,5)P; in two steps of the

Mayer et a
homotypic fusion process of vacuoles. First, they were able to demonstrate that P1(4,5)P,
is involved in Sec18p mediated priming of the SNARESs, which are ultimately responsible
for the fusion to occur ™ #ddition see 203. 249 “pyythermore, the publication demonstrated that
PI(4,5)P, was also involved in a second pre-fusion step just prior to the BAPTA(a Ca*"

chelator) sensitive step, which inhibits the final influx of Ca2+, the last step before fusion.

Recent advances in the understanding of the role of PI(4,5)P; in the fusion of vacuoles
have been accomplished by the discovery of a novel tethering complex, HOPS, as a
binding partner for PI(4,5)P, **°. Upon binding to PI(4,5)P,, HOPS has been shown to

mediate the function of SNAREs and to promote fusion *'

. Furthermore, experiments
using proteoliposomes with the basic fusion machinery of vacuoles (SNAREs , tethers,
specific lipids, Sec18p and Secl7p) have shown that removal of PI(4,5)P; leads to severe
inhibition of proteoliposome fusion '**. The function of HOPS has been shown to involve
the promotion of fusion through interaction with rans SNARESs complex”' 2>, It appears
also that in this system, the quantity of PI(4,5)P; is tightly regulated as over-production of

PI(4,5)P; leads to inhibition of fusion between vacuoles ***.
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PI(4,5)P; at the plasma membrane

The plasma membrane contains one of the largest pools of PI(4,5)P, present in the cell
33 Within the organelle, PI(4,5)P is generated mostly by PI(4)P5’kinase type 1 y and

has been demonstrated to be regulated by ARF6, another member of the ARF family ***

% PI(4,5)P, is required for many trafficking purposes, most notably for the fusion of
dense core vesicles (DCV) as well as for the endocytic and exocytic pathways of synaptic

260-265

vesicles It was shown that PI(4,5)P, mediates exocytosis by recruiting the

cytosolic CAPS-1/2 proteins in order to promote Ca” -triggered fusion of docked DCV’s

with the plasmalemma 2> 26¢2%

Furthermore, a recent publication '*> demonstrated a potential link between PI(4,5)P, and
SNARE:s in the fusion of DCV. In this publication, the authors sought to understand the
mechanisms involved in PI(4,5)P, mediated DCV exocytosis. Using purified PM extracts
obtained from PCI12 cell, they probed the inside of the plasma membrane with a PH
domain tagged with GFP which was shown to bind to P1(4,5)P,. They first were able to
show that PI(4,5)P, concentrates on micro-domains on the PM and that it co-localizes
with DCV’s and CAPS. Furthermore, they were able to show that Ca®" introduction to the
system resulted in the fusion of the DCV with the PM, but preferentially in areas that
contained both PI1(4,5)P, and CAPS. This confirmed previous experiments demonstrating

the PI(4,5)P,-CAPS-DCYV relationship.

They continued their experiments using liposomes which had been optimized by
integrating physiological quantities of SNAREs to mimic DCV fusion '**, but without any
cytosol or cytosolic proteins. With this system, they were able to demonstrate that
PI(4,5)P; introduction in this assay inhibited liposome fusion, in contradiction to previous
publications. It also seemed that the inhibitory effect was not limited to PI(4,5)P, but
rather that it was also mediated by other phosphoinositides like PI(4)P and PI(3,4)P».

While the main cause of this inhibition remain unknown, it was suggested that it might be
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due to the fact that P1(4,5)P; is an inverse cone lipid, which would be very unfavorable to

the hemi-fusion transition state that occurs during the fusion of two membranes *’°.

Analysis of the interaction of the SNAREs SNAP-25/Syntaxin-1 with P1(4,5)P; revealed
an association between the juxtamembranous basic residues of the protein and PI(4,5)P,.
Mutation studies were performed to determine whether deletion of these amino acid
residues would increase the fusogenicity of liposomes. Surprisingly, the mutant inhibited
the fusion of liposomes. In light of these results, it was suggested that Syntaxin-1, by
sequestration of PI(4,5)P, through its juxtamembranous basic residues, facilitates the
fusion process. This provided a first account that PI(4,5)P,-SNARE interaction actually
facilitates the fusion process at the PM.

Further investigation of the liposome fusion assay revealed that insertion of CAPS into
the assay dramatically increased the fusogenicity of the liposome, but only if PI1(4,5)P2
and SNAREs were present in the liposomes. CAPS is ineffective in rescuing the
fusogenicity of liposomes that did not contain any SNAREs, or with SNAREs that had
been cleaved by protease botulinum neurotoxin B. The study also found that the CAPS-
PI1(4,5)P, activation of liposome fusion was asymmetrical; it only worked when the
PI(4,5)P, was located with the proteoliposomes containing PM SNAREs SNAP-
25/Syntaxin-1, in sync with previously published work that demonstrate a requirement of

PI(4,5)P; at the surface of the PM "%

The presence of inhibitory and activating phosphoinositides raises the question if such a
system could also be present in the Golgi apparatus. PI(4)P, which has been shown to be

present in large quantites within the Golgi apparatus '** !

, could inhibit the fusion
between cisternae similar to the mechanism seen above. The synthesis of PI(4,5)P, from
PI(4)P would have the added benefit of transforming an inhibitor of fusogenicity to an

activator.
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PI1(4,5)P; in the Golgi apparatus

While only small amounts of PI(4,5)P, can be detected at steady-state 2>°, synthesis of
PI(4,5)P;, is enhanced by incubation of ARF1 with the Golgi apparatus >''*”. Similar to
the action of ARF6 at the PM *** 2% PI(4,5)P, synthesis within the Golgi is tightly
regulated by ARF1, which mediates its levels by activating two different pathways.
Firstly, ARF1 directly stimulates the activity of PI4’Kinase type IIIf and a PI(4)P
5°kinase type I 27" *"> 27 Secondly, ARF1 activates the formation of phosphatidic acid
(PA) through its interaction with phospholipase D (PLD). PA in turn increases the rate of
formation of PI(4,5)P, through the same kinases '™ 272 This creates a positive

281

feedback loop as P1(4,5)P, has also been shown to activate PLD “*". The overall result is a

10-fold increase in the quantity of PI(4,5)P, when purified Golgi membranes are

incubated with ARF1 and cytosol *'".

It was also discovered that the Golgi apparatus has a high intrinsic PI(4,5)P;

8 55

5’phosphatase activity ***, which could explain the low levels of PI(4,5)P; in vivo .
This discovery was followed by the identification of two PI(4,5)P, 5’phosphatases,
OCRL1 and INPP5B, which localize to the Golgi apparatus *****°. One of those, INPP5B,
has recently been shown to be implicated in the retrograde transport from the ERGIC to

the ER 2%,

It was also demonstrated that the integrity of the Golgi apparatus was dependent on both
the activity of PI4Kinase type IIIp *"' as well as the formation of PI(4,5)P, 2** 2%,
Inhibition of PI(4,5)P, formation resulted in the fragmentation and vesicularisation of the

Golgi apparatus. This suggests a possible requirement of PI(4,5)P, for the maintenance of

the Golgi apparatus at the level of membrane fusion. Furthermore, the overall P1(4,5)P,
level has also been shown to be increased when ARF1 is incubated in the presence of
GTP-y-S, which renders it continuously active and also inhibits the uncoating and fusion

of COPI vesicles and results in its accumulation '> 27!
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Lastly, Luna et al. **” demonstrated a potential link between the presence of PI(4,5)P in
the Golgi apparatus and the successful polymerization of actin on its surface. Inhibition of
CDC42, which polymerizes actin on the surface of the Golgi, and N-WASP, which
anchors actin to the surface of membrane bilayers by binding to P1(4,5)P,, were shown to
severely inhibit both COPI dependent and COPI independent Golgi to ER transport.
Furthermore, it was later demonstrated that ARF1 can regulate actin polymerization at the
surface of PI(4,5)P, containing liposomes *** and that PI(4,5)P,-enriched lipid rafts can
successfully be utilized by N-WASP and actin for the migration of vesicles **% **,
Therefore, it is a possibility that PI1(4,5)P, could serve as an anchor on the surface of the
vesicles for actin polymerization and that this process would lead to the successful
migration of COPI vesicles. However, since CDC42 depletion inhibits both modes of
Golgi to ER transport and is not COPI specific, it might also be a possibility that the
inhibition of retrograde transport is the result of destabilization of the Golgi apparatus

resulting from loss of contact to the cytoskeleton as could also be suggested in 2*2,

Overall, ARF1, through its multiple roles within the Golgi apparatus, could
simultaneously stimulate the budding process as well as to prime vesicles for fusion by
introducing PI(4,5)P,. A possible mechanism would stipulate that upon formation of the
vesicles, PI(4,5)P, recruits the fusion machinery to the surface of the vesicles. After
fusion, PI(4,5)P, would be metabolized in order to avoid other fusion events, which could

explain the high 5’phosphatase in the Golgi apparatus > 2%
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Chapter 1: Establishment of the biochemical investigation process.

Introduction

: for revi 18
Previous work (" "VieWs s

) has demonstrated a two-step mechanism in the COPI
mediated intra-Golgi transport involving both COPI vesicles budding and fusion. During
the vesicles budding, coatomer proteins are recruited to the Golgi cisternae concurrently
with positive segregation of Golgi resident enzymes as well as depletion of secretory
cargo proteins * ' 1% 3% 75 77 78106 Thiq assembly process, mediated by ARF1 % 15
leads to the formation of COP1 protein complexes on the surface of the Golgi cisternae.

This latter triggers the bulging of the membrane '!- 1% 1% 160 186

and the subsequent
formation of spherical buds that pinch off the Golgi surface **° as functional COPI
vesicles ° 17520 At the end of this process, ARFGAP1 hydrolyzes ARF1°'" to ARF1°P?
'8 in order to induce the dissociation and release of the coatomer coat from the budding
vesicles ''. The final spherical COPI derived vesicles are approximately 45-60 nm in

diameter "' '% (fig. H).

Further biochemical studies and the recent use of proteomics have confirmed that COPI
vesicles are highly enriched in Golgi resident enzymes " »°. In addition, there was
evidence that the Golgi apparatus produces in fact at least three subtypes types of COPI
vesicles ' %, The first one is enriched in p24 proteins and is thought to mediate the
retrograde transport between the CGN and the ER, while the second one is enriched in
p24’s as well as cargo proteins. The last known subtype is mostly enriched in sugar
transferases and mediates the transport within the Golgi apparatus as well as from the cis
cisternae to the CGN "%, While some of the characteristics of the fusion machinery have
been investigated, especially in regards to the tethering factors involved > 22 ittle is
known about the underlying mechanisms. Hence, the goal of this thesis was to elucidate

the targeting, tethering and fusion of these COPI vesicles.

A significant challenge in such investigation was to experimentally separate the budding

and fusion process of COPI vesicles. For this purpose, we have developed two highly
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specific cell-free in vitro assays, termed the budding and fusion assay respectively. The
budding assay was performed to generate large quantities of purified COPI vesicles. The
concentrated vesicles were subsequently used in the fusion assay, which studied the
fusion of vesicles by monitoring their consumption by target Golgi cisternae. As
described in the following chapters, the development of these two assays has been proven

to be essential in the discovery of potential factors involved in intra-Golgi transport.

Results

The Budding assay

For our experiements, the main purpose of setting up a budding assay was to produce
highly purified COPI vesicles that were generated from donor Golgi membranes in vitro.
Briefly, the procedure was as follows (details described in Materials and Methods and in
*1). enriched preparations of Golgi membranes ® were incubated with salt buffers,
sucrose and cytosol, which reproduced a milieu in which ARF1, ARFGAPI and coatomer
proteins initiate the budding reaction. An ATP-regenerating system composed of ATP,
GTP, creatine kinase and creatine phosphate was also added to supply the energy

: 291
necessary for this process >

A critical step in the assay was to prevent the fusion of the formed vesicles back to the
Golgi cisternae, i.e. to trap them in a budded and uncoated yet unfused state ''. To do so,
a mutant form of a-SNAP, which is normally responsible for the proper alignment of
SNARE:s in the fusion process 2, was strategically introduced to the budding assay to act
as a competitive inhibitor of the endogenous wild type proteins. This approach has
allowed us to harvest a higher quantity of unfused COPI vesicles as revealed by the Golgi
resident enzyme marker, Golgi mannosidase II. In a typical budding assay, up to 20% of
the total Golgi mannosidase II pool could be found incorporated into budded COPI

vesicles ! (fig. 1a, 11).
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Figure 1a. Purification of COPI vesicles in the budding assay. i) In order to demonstrate that the COPI
derived vesicles generated in the budding assay was not the product of fragmented Golgi, we removed the
budded vesicles and collected the Golgi membranes by sedimentation at the beginning (up, left), after 10
minutes (up, right) and 30 minutes (bottom, left) of incubation under the budding conditions. We submitted
them to epon embedding and examined them by EM to compare the quantity and quality of cisternae
(bottom, right): first series of columns show the amount of cisternae compared to control, the second, the
amount of stacked cisternae and the third, the amount of membrane remnants (bar 100 um) ™™ 7. ii) COPI
vesicles are enriched in Golgi resident enzymes. By western blots, the protein content was compared
between COPI vesicle fractions generated under normal conditions at 37°C (lane 2), under inhibitory
temperature of 4°C (lane 1) or in the absence of an ATP regenerating system (lane 3). These fractions were
also compared with Golgi membranes (2.5%, 5%, 10%, 20% of starting material, left) for their levels in
MannlI and PIgR ™™ " iii-iv) Ultrathin sections of the COPI vesicles preparation were stained with tannic

acid. They were randomly selected for examination by electron microscopy (bar: 250 nm and 100 nm) ™™
7,12, 13
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The purification of the COPI vesicles involved a series of centrifugation steps that
separated the denser Golgi membranes from the COPI vesicles. First, vesicles were
detached from surrounding membranes with a highly concentrated KCl solution. The
majority of the Golgi membranes were then pelleted. To further remove the contaminants,
the resulting supernatant was applied to a sucrose cushion composed of one 30% (w/w)
and one 50% (w/w) sucrose layers. Following an ultracentrifugation for 45 min at
126,000 g,.0x and 4°C (3 hours at 407,000 gy and 4°C for large scale preparation *°"), the
COPI vesicles migrated to the 30-50% interface, where they were collected and snap
frozen in liquid nitrogen to preserve their fusogenicity *'. In figure la, we demonstrate
the quality and purity of the preparation by using EM. While the starting material was
composed of stacked Golgi cisternae, the collected end product was almost devoid of

them and contained a high concentration of COPI vesicles "' 1%,

Our budding assay generated both types of vesicles described in the introduction,' as
shown by their enrichment in Mannll and p24 proteins characterized in our previous

7,11

studies . However, only Mannll enriched vesicles that contain the GIcNAcT1 enzyme

can be detected in the fusion assay * '°.

The Fusion Assay

In the fusion assay, we added the purified COPI vesicles, now as donor compartments, to
intact acceptor purified Golgi membranes in a reconstituted medium (containing buffering
salt, sucrose, an ATP-regenerating system and cytosol) and allowed them to fuse with
each other. In order to monitor this fusion process, we specifically used Golgi cisternae
isolated from a spinner culture of CHO Lecl cells, which have a mutation that makes
them unable to synthesize a functional GlcNacT1 2 GleNacTl1 is a key enzyme involved
in glycosylation of cellular proteins as well as viral products such as VSV-G. In order to
introduce a reporter protein to the system, the spinner CHO Lecl] cells were infected with
VSV and were incubated to produce large quantities of VSV-G. As a consequence, when

the CHO Lecl cells were synthesizing VSV-G, they were improperly glycosylated (fig.
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1b). Furthermore, previous investigations had revealed the fusion assay to be optimal
when the CHO Lecl cells had been preincubated at 15°C which concentrated the VSV-G
within the CGN. The CGN had been shown to be the most fusogenic compartment within
the Golgi apparatus. Therefore, the CHO Lecl cells were infected, grown at 37°C to allow
synthesis of sufficiently large quantities of VSV-G which was then concentrated in the
CGN by incubating the cells at 15°C. Golgi enzymes were then purified and snap frozen
before being use in the fusion assay’". The glycosylation of VSV-G in GIcNAcT1” CGN
becomes possible only when wild type copies of GIcNAcT]1 are transferred to the Golgi
cisternae from the COPI vesicles upon their fusion. In other words, the fusion assay was
based on the monitoring of the transfer of GIcNAcT1 and the extents of the VSV-G
glycosylation, reflected by the incorporation of tritiated UDP-N-acetylglucosamine,
which is included in the medium of the assay, to VSV-G(fig. 1b).
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Figure 1b. Schematic representation of the fusion assay. GIcNAcT1-positive COPI vesicles (left),
were incubated with Golgi membranes purified from GIcNAcT1-negative CHO Lecl cells infected with
VSV-G. The fusion of COPI vesicles rescued the enzyme deficiency and allowed the glycosylation of
the VSV-G within the Golgi cisternae (right). The assay was performed in the presence of tritiated
UDP-N-acetylglucosamine. The lysate from the reaction product was incubated with antibodies against
the VSV-G. The immune complexes were then collected on glass fiber filters that were directly counted
(bottom right).
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30/06/2002 Lane 1
09/10/2002 n/a

24/03/2003 25 Lane 2
27/03/2003 15 Lane 3
28/08/2005 28 Lane 4

Golgi prep (n) Westerns
9
9

Golgi 1 2 3 4

Table 1. CHO Lecl Golgi were infected by VSV to produce VSV-G. Top, List of CHO Lec 1 Golgi
preparations that were used for different fusion assays during the course of the thesis ((n) represents the
number of detailed cell free transport experiments using multiple concentrations of COPI vesicles
performed with these preparations, see table 2). Bottom, multiple western blots of VSV-G (a 67 kDa
protein) of the above Golgi preparations (its expression was not probed in the preparation made in
09/10/2002, also it is to be noted that these are not controlled to be compared to each other, but rather
that the infection process was successful, as it represents multiple different westerns).

In table 1, control for the infection of VSV infection in different batches of CHO Lecl
cells is shown by demonstrating the expression levels of the viral proteins in their Golgi

membrane fractions '% 7> 76 151293 (ape 1).

Following the mixing of the COPI vesicles and the Golgi membranes, they were
incubated at 37°C for 2 hours to ensure that all fusion events led to complete
glycosylation of the VSV-G present in the cisternae *. Membranes were then lyzed with
triton X-100 and the VSV-G was precipitated with primary mouse anti-VSV-G followed
by secondary goat anti-mouse 1gG. The resulting complexes were filtered and washed to

remove any excess free radiolabeled UDP-N-acetylglucosamine. The amount of
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radioactivity detected on the filters corresponded to the amount of glycosylation events,

which in turn represented the number of fusion events that had happened (fig. 1b)* '°.

Man Man Man Man GlcNAC
a—lk %1,3 OL—]A Al,:& /B_l )
Man Man Man Man
oc—l,()\%ﬁ (1—1,6\ %1,3
Man Man
B-14 p-14
GlcNAc GlcNAc
B-14 B-1,4
GlcNAC GlcNAC
GIcNACT1
| -ASN- | r—— -ASN- |
VSV-G VSV-G

Figure 1c. Diagrammatic representation of N-acetylglucosamine addition. CHO Lecl cells are
deficient in GIcNAcT1 enzyme. In these cells, the VSV-G glycosylation is incomplete (left). Upon
fusion with the COPI vesicles, GIcNAcT1 is transferred to the Golgi cisternae allowing the
incorporation of tritiated N-acetylglucosamine in the carbohydrate tree of VSV-G.

In order to more precisely evaluate the fusogenicity of COPI vesicles, we have developed
a simple method by which the vesicles were serially titrated while the concentration of
acceptor membranes were kept constant. The resulting curve, plotting the detected
fusogenic signal versus the amount of vesicles being added, was used to determine the
ability of the vesicle preparation to fuse (fig. 1d). This relationship could be
mathematically defined by the equation a+c(1-e™) ¥, where the parameters “a”, “b” and

[P

c” correspond to the minimal signal, the slope of the curve and the maximum signal

respectively. In practice, the variable “a” was directly related to the amount of

radioactivity that was counted when no vesicles were added to the fusion reaction, serving
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to calculate the overall background of the assay. The variable “c”, the maximum amount
of counted radioactivity after the subtraction from “a”, measured the total amount of
glycosylated VSV-G present in the system that in turn proportionally reflected the

quantity of Golgi membranes.

Importantly, this maximum amount of glycosylated VSV-G or “c” should not be
misinterpreted as the equivalent of vesicle fusogenicity. In fact, the maximum signal of
the assay will be the same independent of their fusogenicity: given a limited quantity of
“target” Golgi at which the fusion can occur, an increase of fusogenic vesicles will not
necessarily result in an increase of signal, as vesicles will likely fuse to Golgi membranes
that have already been fused with one or more COPI vesicles ®. In this case, the signal is
said to have become saturated. Furthermore, this variable “c” could be influenced by the
ratio of endogenous non-radiolabeled versus radiolabeled N-acetylglucosamine substrates
in the assay; glycosylation of VSV-G with the former will not yield any signal. The
source of non-radiolabeled N-acetylglucosamine might be from the cytosol as well as the
Golgi membranes themselves 8 Therefore, the variable of interest in this assay was“b”,
which represented the relationship between the concentration of vesicles and the slope of

the curve at which the maximum signal was obtained.

The slope at which the fusion proceeded depended on two factors. First, the amount of
vesicles which are present in the solution and second, the ability of these vesicles to fuse.
The assay only detected fusogenic vesicles. To put these factors into consideration, the
slope variable “b” was re-termed “C,*"” ®'° ak.a. the concentration of vesicles that is
apparent, thus capable of generating a signal. For example, a non-saturating population of
vesicles with a higher C," will generate a stronger signal than the one with a greater
vesicle concentration but with an overall lesser C,**. With this value, it is possible to

compare the fusogenicity of different preparations of vesicles (table 2).
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Figure 1d. Representation of a fusion assay. In this experiment, an increasing amount of vesicles was
added to a fixed amount of acceptor Golgi. The reaction was allowed to proceed until all VSV-G from a
Golgi cisternae that had fused with a COPI vesicles was glycosylated. The resulting radioactivity was
counted and plotted on the graph above. The ordinate, expressed in disintegration per minute (DPM but
sometimes expressed as counts per minutes, CPM), represents the counts that were detected on the
filters. The abscissa represents the amount of vesicles in micro liters (ul) that were introduced to the
fusion assay. The fusion assay success is determined by establishing the signal generated in relation of
the amount of vesicles added. The curve corresponds to the equation a+c*(1-exp™™™). We display here
‘a’, the minimum signal, ‘c’, the maximum signal, and the critical portion of the curve between ‘a’ and
‘c’ where the slope of the curve, ‘b’, was estimated to be the slope of the fusion reaction from which it
goes from ‘a’ to ‘c’.
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Vesicles Cc,2*® STDEV (n)
Sep-02 53.2 14.7 10
Jan-03 21.5 4.16 8
Apr-03 22.8 5.34 22

Apr-03* 10.4 1.84 12
Jan-05 13.3 3.25 3
Oct-05 5.17 1.66 8
Apr-06 4.08 1.38 5
Oct-06 4.55 0.97 3

Table 2. Fusogenicity of vesicles can be evaluated reproducibly by their C,”*. Although different
preparations of vesicles can have variable C,"*", depending on the quality of the Golgi membranes and
cytosol extracts as well as their production scale, the same preparation always gave a constant C,". (*)
Experiment with an additional pre-incubation for 1 hour at 37°C.

The developed fusion assay has been proven a reliable tool for the investigation of intra-
Golgi transport based on at least 3 important observations: First, it was strictly dependent
on the presence of cytosolic components, most probably a-SNAP and NSF that are
known to be crucial for the fusion to occur ® * > *** Second, while still in spinner
culture, the target Golgi must be pre-incubated at 15°C in order to concentrate the VSV-G
in the CGN, which is the most fusogenic sub-compartment of the Golgi apparatus.
Purification of the acceptor Golgi cisternae at higher temperatures resulted in VSV-G that
migrated instead to the medial and trans parts of the Golgi, which do not support the
fusion of COPI vesicles "°. Third, we provided evidence that the fusion was specifically
mediated by COPI vesicles but not by any other donors. While GlcNacT1 is shown to be
mostly enriched in COPI vesicles, it could also be found in COPII vesicles generated
from ER contaminants in the Golgi fraction or in clathrin-coated vesicles derived from
the TGN. Even though the level of GlcNacT1 activity present in the aforementioned
organelles is very low, it may be sufficient to produce a signal when these organelles

actually fuse with the target Golgi in the assay. To control for this possibility, we
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modified the budding assay by removing B-cop from the cytosol such that the formation
of COPI vesicles was inhibited (fig. le) '°. This was achieved by pre-incubating the
cytosol with anti-B-cop antibodies coupled to gelatin beads. Lanoix ef al. '* had
previously shown that this technique prevents the formation of COPI coats and allows
complete removal of all coatomer subunits. They also demonstrated that the inhibition is
reversible by addition of purified coatomer proteins alone. Figure le (i) compares the
levels of remaining B-cop between control, mock and depleted cytosol preparations.
These cytosol preparations were then collected and incorporated into separate budding
assays. The budded vesicles were introduced to fusion assays and their fusogenicity was
monitored (fig. 1e(ii)), which revealed that compared to control, the fraction that was
generated with depleted coatomer proteins 1 was 25 times less fusogenic than control.
Significantly, there were a clear correlation between the amount of B-cop present in the
budding assay and the fusogenicity of the collected vesicle fraction. Thus, we were
convinced that the fusogenic products collected in budding fraction and participating in

the fusion were indeed COPI vesicles '°.
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Figure 1e. The fusion assay monitors the fusion of COPI vesicles. i) COPI vesicles were generated
with normal (C), mock-depleted (M) or B-cop proteins-depleted cytosol (A). Their B-cop levels were
examined by immunoblotting. ii) Vesicle fractions generated by using the above different cytosol
preparations were titrated as in standard fusion assays. The experiments with mock-depletion (1) and
[-cop depletion (¢) had a C,™" that was 0.45 + 0.28 and 0.04 + 0.01 of control (O) respectively '°.
(Here, like in following experiments, the presented figure is a representation of a typical experiment.
The data was expressed as MEAN + STD obtained from at least three independently repeated

experiments)
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Discussion

This chapter described in depth the setup of the budding and fusion assays that enabled us
to reliably reproduce in vifro the molecular events in intra-Golgi transport. We used the
budding assays to purify COPI vesicles. Our method, however, differs from the
methodology previously described by Malsam et al. >>. While our technique used snap-
frozen purified cytosol to generate the vesicles in the budding assay, their method
supplied only purified ARF1 and coatomer. Another key player, ARFGAPI1, known to be
involved extensively in the budding of COPI vesicles '¥, was missing. Consequently, their
final vesicles appeared to remain coated under EM and were 75 nm wide, significantly
larger than our vesicle preparation. They explained that the coating of the vesicles was
preserved to inhibit the fusion and to facilitate their purification; a function similar to that

mut

of a-SNAP™" in our protocol. However, we favored the use of a-SNAP™ because it did
not affect the composition of the vesicles. Indeed, their vesicles have been shown to be
more heterogeneous and contaminated with other organelles. They were biochemically
distinct from vesicles produced with hydrolysable GTP and working ARFGAPI. In
addition, how the lack of other factors normally found in the cytosol has affected the
vesicle formation in vitro remained to be speculated. For instance, diacylglycerol (DAG),
phosphoinositides as well as BARS-50 are known to play a role in COPI vesicle budding
10. 1901921193 © AJtogether, the final uncoating step mediate by ARFGAPI is crucial in

determining the composition of COPI vesicles (** Vi se¢ I8

). Without this enzyme,
vesicles produced by the method of Malsam ef al. were likely to resemble more to those

generated with GTP-y-S 7, which is an inhibitor of ARFGAPI activity.

Another significant difference found in their technique was that they incorporated a
second step that precipitated the COPI vesicles by beads coated with CASP, a Golgin
tethering factor that was shown in vivo to play a role in the Golgi-to-ER transport >*. This
pull-down offered the advantage of allowing different pools of COPI vesicles to be sorted
out and selected. Unlike the vesicles observed in average prior to the precipitation, the
subpopulation recognized by CASP (constituting only 10% of the total) was smaller and

uncoated, probably biochemically closer to our preparation ’. It is possible that they were
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generated with the aid of residual ARFGAPI found in the Golgi membranes used during
the budding procedure.

With the purified COPI vesicles, we next sought to examine the consumption of COPI
vesicles by Golgi cisternae by developing the fusion assay. We provided supporting
evidence that our fusion assay reproduces in vitro the retrograde transport of Golgi
resident enzymes in COPI derived vesicles and can be used as a standardized and
reproducible tool to monitor the vesicle fusogenicity. Furthermore, we demonstrated that
the fusogenic content present within the fraction was indeed derived from COPI vesicles.
By depleting B-COP from the budding assay, no fusogenic vesicles were collected (see

fig. le).

We herein defined the fusogenicity of COPI vesicles as the ability at which they fuse with
the target Golgi membrane. This attribute can be measured by the slope of the fusion
curve or be mathematically represented by “b” in an important equation that we
introduced: a+c(1-e"™™). Since only the fraction of vesicles that are fusogenic can be
detected, this variable was termed “C,*™”, a.k.a. the concentration of vesicles that are

P> should not to be used as an absolute

apparent. Emphasis was made on the fact that “C,
indicator of the vesicle fusogenicity, but rather as a relative value within the same
preparation of vesicles. For example, one can modify certain parameters or experimental
conditions of the fusion assay and determine if the modifications can lead to a change in
“Cy"™”, i.e. the fusogenicity. This tool was the foundation of our subsequent endeavor in

the investigation of the fusion process.
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Chapter 2: Determining the potential involvement of lipids in the fusion

process.

Introduction

The fusion of COPI vesicles had been previously suggested to involve SNAREs '* 2!+ 21>

293297 a5 well as tethering factors > **®. However, the precise underlying mechanism that
allows COPI vesicles to fuse with Golgi cisternae remains largely unknown. There were
many reports using purified organelles to characterize the stepwise fusion process in other

Organelles (see the work of Wickner, W., Martin, T.F., and associates145, 248, 262, 299

). In a similar manner, we
aimed to further elucidate vesicle transport within the Golgi apparatus using the fusion

assay described in the previous chapter.

Results

Our first interesting observation was that even in the presence of all required fusogenic
factors, COPI vesicles eventually lost their ability to fuse with time when incubated at
37°C ®. We began by verifying if this loss of fusogenicity was intrinsic to the COPI
vesicles or extrinsic and due to a factor from the cytosol. For this prospect, COPI vesicles
were pre-incubated only in vesicles buffer without any cytosol before submitting them to
the fusion assay. The experiment demonstrated that vesicles still lost their fusion activity.
Therefore, we concluded that an intrinsic mechanism present in the vesicles explains their

own inactivation (fig. 2a) '°.

Under normal conditions, the proteins responsible for the formation of the COPI vesicles,
namely ARF1, coatomer and ARFGAP] (referred as the “rinity™in 300) *ry 46 the vesicles to fuse
simultaneously to the budding process. This priming could be achieved by changing the
conformation of certain proteins such as SNARES *'* 3% 392 We hypothesized that the
loss of fusogenicity over time could be caused by a slow reversal of the conformation of

SNARE proteins from fusogenic to non-fusogenic. Alternatively, the fusion may depend
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on the reversible modification of a protein or a lipid on the surface of the vesicles (e.g.

phosphorylation), which slowly returns to the original state over an extended period of

time.
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Figure 2a. Inactivation of COPI vesicles. Vesicles were pre- incubated for 0 or 60 min at 37°C in the
presence of buffer (25 mM hepes pH 7.4, 150 mM KCl, 2.5mM MgCl,, ImM EGTA, 0.25 mM ATP)
prior to the cell-free assay. The fusogenicity of vesicles incubated for 60 minutes at 37°C () was only
0.40 £ 0.06 times that of vesicles without any pre-incubation. (O).

In order to determine if cytoplasmic oriented proteins on the COPI vesicles were
modified after the budding process as well as during the course of their inactivation, we
treated the vesicles with proteinase K (PK) (fig. 2b), a serine protease that exhibits a

broad cleavage specificity **. It has been shown that certain SNAREs become resistant to
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PK degradation upon conformational change, and that this conformation change is

mediated by ARFGAP1 **".
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Figure 2b. Digestion of COPI vesicles. i) COPI vesicle preparations were incubated in the presence or
absence of proteinase K (PK) on ice at the indicated concentrations for 30 minutes. After the
incubation, ImM PMSF was added to inactivate the PK. Vesicles were then precipitated with 10% TCA
and studied by SDS-PAGE. Proteins were detected by silver staining. PK band is indicated by the
arrow. ii, Western blot of GS28, with two different exposures. PK was added in increasing amounts to a
constant concentration of vesicles. iii, In order to determine if there were any PK resistant SNAREs, we
performed a series of western blots of proteins known to be present on the surface of vesicles.
Increasing quantities of vesicles were used (1/8X — 1X concentration). The largest concentration of
vesicles was subject to PK treatment (1+) in comparison to without treatment. Samples of the largest
concentration (1- and 14) were also probed for luminal proteins as control. In the current experiment,
we were unable to detect any PK resistant proteins (see chapter 7).

Using SNARE protein GS28 as a marker, we found that the COPI vesicles were sensitive
to PK protease similar to Golgi membranes (fig. 2c). We further examined other SNAREs

and tethering factors indigenous to the Golgi apparatus as well as COPI vesicles.
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However, we were unable to find — at least at the beginning (see chapter 7) - any PK-
resistant cytoplasmic proteins by western analysis (fig. 2b,iii). Intriguingly, COPI vesicles
could still fuse with the target Golgi even after being treated with up to 20 pg/ml of PK
(fig. 2d). In contrast, the same PK treatment had a very rapid and drastic effect on the
target Golgi; fusion was totally abolished at 0.05 pg/ml of PK (fig. 2f). Furthermore, we
found that PK treated (2 pg/ml) vesicles also became inactivated (fig. 2e), suggesting that
the observed loss of fusogenic function was most likely not a consequence of protein
modification. Altogether, these findings lead us to believe that a non-peptide factor might

be involved in the fusion of COPI vesicles instead.

Figure 2c¢. Golgi and COPI vesicles

possessed similar PK sensitivity. Golgi

and COPI vesicles were incubated in the

presence of different concentrations of PK

: for 30 min. at 4°C. Digestion was stopped
G(ﬂg] -_ e by adding ImM PMSF to the reaction.
: Equal quantity of GS28 was then loaded
on a denaturing gel and the susceptibility

VESICICS | — -_— to PK was analyzed by western analysis
against GS28. The western was unable to
[ { ; demonstrate a change in PK sensitivity
0
Ph(uiml) ! 06 I ) between COPI vesicles and Golgi
membranes.

Preliminary lipid experiments

In consideration to the findings above, it was postulated that something else other than
protein, such as a lipid incorporated within the COPI vesicles, might be responsible for
their fusion. A subsequent literature review was performed to search for a lipid that met
the following requirements: 1) this potential target lipid has been identified as a mediator
of fusion by multiple publications; 2) it has been shown to be present in the Golgi

apparatus.
Phosphatidylinositol 4,5-bisphosphate (PI1(4,5)P») (fig. 2g), a divalent negatively charge

phospholipid, has been associated with the Golgi apparatus as well as a mediator of

vacuolar and synaptic fusion (see literature review). Interestingly, a dependence of
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PI(4,5)P, synthesis on ARF1 activity within the Golgi apparatus has been documented *”"
72 ARF1 has also been shown to couple the COPI vesicle budding to its fusion process
% Therefore, we investigated if PI(4,5)P, was responsible for mediating the fusion of

COPI vesicles to the Golgi cisternae.
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Figure 2d. COPI Vesicles remained active after proteolysis. COPI vesicles were incubated in the
presence of 2 pg/mg (i) PK for 30 min. at 4°C (0O) and their fusogenicity was 0.624 + 7.8 of control
(O). Vesicles also remained active after treatment with 20 pg/ml PK (ii) and yielded similar
fusogenicity (ii). To note, while the slope “b” of the curve did not significantly differ from each other,
the maximum signal “c” was decreased by the higher dose of PK. Since only a small quantity of PK was
needed to have a drastic effect on the target Golgi membrane (fig. 2f), we presume that a reduction in

¢” was a result of incomplete PK inactivation by PMSF with residual enzymatic activity in the fusion
assay. () denotes an outliner not taken into consideration during the calculation of the curve.
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Figure 2e. Vesicles treated with PK still became inactivated over time. Untreated vesicles (i) or
vesicles treated with 2 pg/ml of PK (ii) were incubated for 30 min at 37°C (o) or kept on ice (0).
Following the incubation, vesicles were introduced to the fusion assay and their C,”™ was measured.
Vesicles with or without PK treatment retained 0.138 + 0.026 and 0.256 + 59 of their original fusogenic
activity, respectively. This data indicated that not only PK treated vesicles still became inactivated when
incubated at 37°C like their untreated counterpart, but also they appeared to do so in a more rapid
manner. A possible explanation is that, like mentioned in chapter 6, this change in rate was due to
modifications in their binding abilities.
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Figure 2f. Target Golgi was sensitive to PK treatment. Lecl "target" Golgi membranes were
incubated with the indicated concentrations of PK for 30 min on ice. The protease activity was
terminated by 1 mM PMSF. The membranes were then introduced to the fusion assay and incubated for
2 hours in the presence of fusogenic COPI vesicles. As control (second lane from left), | mM PMSF
was added to the fusion assay in order to exclude the possibility of an experimental artifact by this
reagent.
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Figure 2g. PI1(4,5)P,. Schematic representation of the PI(4,5)P, phospholipid in stick (i) as well as
space filling model (ii). The molecule is constituted by two acyl chains, a glycerol backbone and a
phosphoester linkage to an inositol ring with two phosphate groups that confer the lipid its prominent
negative charge. There exist many PI(4,5)P, species with variable acyl chains °. In (i), the model is
made of 20:4 and 18:0 acyl chains. Three ammonium ions are also represented (© Avanti lipids).

The first experiment involved the testing of neomycin, a divalent cationic antibiotic (fig.
2h) most commonly used for its antibacterial properties but also known for its ability to

304305 In order to study its effects on COPI vesicles, a series of

bind to phosphoinositides
fusion assays were performed at various concentrations of neomycin. Increasing amount
of neomycin in the fusion assay resulted in a loss of C,": at 0.125 mM neomycin, the
fusion activity decreased to 48 + 9% of control; at 0.5 mM neomycin, only 14 + 3%
remained. Neomycin clearly inhibited the fusion of COPI vesicles (fig. 21, i). However,

this inhibition could be a false positive caused by a PI(4,5)P, independent interaction with
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substrates in the fusion assay. For example, neomycin might simply have precipitated the
coatomer proteins at the concentrations tested above, which could have inhibitory activity
as this could also trigger the precipitation of other proteins necessary for fusion or, for

that matter, precipitate COPI vesicles themselves **°.
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Figure 2h. Schematic representation of the aminoglycoside neomycin.

In order to eliminate this possibility, we titrated the amount of neomycin in the presence
of a fixed concentration of vesicles. The neomycin was first introduced either to the
vesicles or to the rest of the fusion assay consisting of cytosol, target Golgi and buffering
solution. Such titration series involving variable amount of the factor in question is
another way to determine the fusogenicity of COPI vesicles and similar experiment has
previously been done by Mayer ez al. ***. It is important to emphasize that, in this type of
fusion assay, a non-saturating amount of vesicles should be used generating, for instance,
a fusion signal equal to about 2/3 of “c”. It would have been impossible to monitor the
effects on the vesicles should a saturated signal were already achieved. A reduction by
half of the fusogenicity at saturation would have no significant impact on the overall

observed fusion activity (fig. 1d).

As shown in fig. 2i, ii, the inhibition on fusion by neomycin was stronger when the

reagent was first introduced to the vesicles, demonstrating that the inhibitory effect was

70



due to its binding to the vesicles rather than unspecific precipitation of some fusogenic
proteins in the cytosol. The difference between adding the neomycin to vesicles and to the
cytosolic fraction first could also be explained by a reduced availability of neomycin to
the vesicles once the reagent became already bound in the cytosol. Both explanations

support the notion that the effects of neomycin was on the COPI vesicles.
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Figure 2i. Neomycin has an inhibitory effect on the fusion assay. i) A net decreased in C,"” was
observed when increasing amount of neomycin (0 (O), 0.125 (), 0.250 (0) or 0.500 (&) mM) was
included in the fusion assay. The fusogenicity of COPI vesicles were only 0.48 £+ 0.09 (0.125 mM), 0.17
+ 0.11 (0.25 mM) and 0.14 £ 0.03 (0.5 mM) of control. ii) Titration of neomycin in presence of a
constant amount of vesicles. The vesicle (©) and Golgi/cytosol (0) fractions were kept separately on ice
and increasing amount of neomycin was added to either fraction. They were incubated on ice for 15
minutes before combining them for the fusion assay. (In this case and in the following titration
experiments (e.g. fig. 2j), the data points and the error bars are the graphical representation of the
MEAN =+ STDEYV of 3 separate experiments from a single source of vesicles.)
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We continued our investigation on PI(4,5)P, by examining the effects of an IgG antibody
against PI(4,5)P, (from Assay Designs inc.). Similar to the previous titration experiments,
we performed a series of fusion assays using various concentrations of anti-PI(4,5)P, in
the presence of a non-saturating amount of vesicles. We found a drastic inhibitory effect

of the antibody on the fusogenicity (Fig. 2j).
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Figure 2j. Monoclonal IgG against PI(4,5)P, inhibits the fusion of COPI vesicles. Increasing
concentration of purified monoclonal IgG antibody against P1(4,5)P, () was introduced to the fusion
assay in the presence of a non-saturating amount of vesicles. Experimental control (O) was composed
of either heat inactivated (HI, 95°C for 15 min) antibody or buffer alone (10% fetal calf serum, 0.1%
sodium azide). No difference was found between the two controls (data not shown).
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We next sought to determine if we could reproduce the inhibition on COPI vesicles by
interfering with the PI(4,5)P, synthesis. For this purpose, we incubated the vesicles with
increasing concentration of wortmannin, a PI3K inhibitor **’ also known to inhibit the
formation of PI(4,5)P, stimulated by ARF1 within the Golgi apparatus *’'. Similar to
neomycin and anti-PI(4,5)P,, wortmannin revealed itself to be inhibitory to the fusion of

COPI vesicles (fig. 21).
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Figure 2k. Wortmannin inhibited fusion of vesicles. Increasing concentration of wortmannin
(dissolved in DMSO) was introduced to the fusion assay in the presence of a non-saturating amount of
vesicles. As control, DMSO was used and no change in the fusogenicity of vesicles was observed (
Wortmannin, OuM, an equal volume of DMSO was used in all solutions) .
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Discussion

In this chapter, we provided preliminary evidence that PI(4,5)P, mediates the fusion of
COPI vesicles. Some concerns were raised, however, regarding to the mode of action and
side effects of the reagents being used. For example, it was argued that neomycin might
possibly have performed as a precipitating agent exerting an indirect effect on the vesicles
3% Tt could also cause steric hindrance on the vesicles and thus prevent the fusion
process. The experiments using wortmannin as a PI(4,5)P, inhibitor were likewise
criticized because this reagent is also an inhibitor for the formation of other
phosphoinositides, whose role in the fusion remains elusive. Furthermore, wortmannin is
known to affect many pathways in the cell other than the one involving phosphoinositides
397310 "While the monoclonal IgG against PI(4,5)P, appeared specific in its binding to the
vesicles, it was still impossible to rule out the possibility that the inhibition was caused by
sterically hindering other factors required for the fusion. Finally, although the synthesis of
PI(4,5)P, within the Golgi apparatus has been shown to be stimulated by ARF1, a key
player also responsible for the formation of COPI vesicles, none of the reagents present

could unambiguously determine if the PI(4,5)P, was required on the surface of the COPI

vesicles or on the surface of the target Golgi.

In an experiment that we have performed but was not presented in this thesis, we inserted
PI(4,5)P2 micelles into COPI vesicles and these modified vesicles were monitored for
their fusion ability, like what had previously been accomplished in vacuoles ***. When
this experiment was attempted, the micelles demonstrated a very strong soap effect,
probably due to the difference is size between COPI vesicles and vacuoles. Undoubtedly,
more critical experiments were required to address the concerns above. In the next
chapter, we described a novel reagent that exhibits a high level of specificity to P1(4,5)P2
on either COPI vesicles or target Golgi, allowing us to corroborate the presence and

involvement of PI(4,5)P; in the fusion process.
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Chapter 3: Identification and manipulation of PI(4,5)P, on the surface
of the COPI vesicles.

Introduction

The previous studies have suggested the involvement of PI(4,5)P; in the fusion process.
The next objective of the investigation was to validate this preliminary result by
determining if PI(4,5)P, is indeed found on COPI vesicles. While PI1(4,5)P, has been

271, 282, 286 .. 255
i and in vivo

identified in the Golgi apparatus both in vitro , 1ts detection
remains a challenge in both conditions due to its instability within the Golgi apparatus
and its high turnover rate ***. Furthermore, PI(4,5)P; is not an easy target to manipulate as
it contains both a hydrophilic and hydrophobic portion which, we will see later, makes it
difficult to isolate and differentiate from other phospholipids. It is also a challenge to find

reagents that affects the lipid specifically.

In this chapter, we described the setup of thin-layer chromatography (TLC) and
electrospray ionization mass spectrometry (ESI-MS) to analyze the PI1(4,5)P, content of
COPI vesicles. We followed this investigation by developing reagents that were
successful in modifying PI(4,5)P, which provided insight into the potential role for this
lipid in the intra-Golgi transport.

Results

The methods for studying PI1(4,5)P, include TLC, high-pressure liquid chromatography
(HPLC) and ESI-MS > 2831312 Among them, TLC is the simplest and most widely used

technique.

Unlike other kinds of phospholipids, PI(4,5)P, are particularly difficult to extract with the
Folch extraction using a chloroform/methanol interface, as it is soluble in both organic

and aqueous solvents. This physical property is due to its large hydrophilic head group
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that confers its hydrophilic nature. To correct this problem, a modified Folch extraction
method was used in which HCI was added to the extraction mixture. The acid served to
directly neutralize the negatively charged head group, thus making PI1(4,5)P, only soluble

in the chloroform phase of the Folch extraction *'**'*.

In TLC, lipids from the samples were first radiolabeled with **P before being extracted by
the aforementioned modified Folch reagents. The organic extract was then washed to
remove cell debris and proteins, dried and resuspended. Spots of these concentrated lipids
as well as the lipid standards were applied on the bottom of a TLC plate, which was
composed of a silicon based matrix. The plate was then introduced vertically to a TLC
tank that contained a thin layer of solvent mixture consisting of
chloroform/methanol/water/ammonia. The solvent was allowed to migrate up to the top of
the plate by capillary action. The separated spots were subsequently revealed by *’P
autoradiography and identified with the aid of the co-migrating standards previously
calibrated by HPLC *'?. The high sensitivity of radiolabeling allowed us to easily detect
any minimal changes in the PI(4,5)P; levels after an experimental manipulation. While
TLC is technically the simplest and most efficient way to identify lipids, its disadvantage
is that it cannot differentiate species of PI(4,5)P, with variable acyl chains. In addition,

isomeric forms of PIP; (i.e. PI(3,5)P,) will appear identical on TLC.

Because of these technical limitations, we sought to determine if we could also perform
the same lipid analysis of COPI vesicles using MS °. Following the Folch extraction, the
lipid fraction was dried under N», resuspended in acetonitrile/water/triethylamine (70%,
30%, 30 mM) and directly injected into the MS. For our experiments, we used a
Micromass Quattro II triple quadrupole equipped with a z-spray interface running in
negative ion mode. Briefly, the lipid molecules were first ionized in solution. Then,
applied voltage and N, stream in the nebullization cone led to their vaporization. The
resulting vaporized molecules were introduced to a quadrupole where they were separated
based on their mass to charge ratio (m/z). A typical MS graph displays the relative

abundance as a function of the m/z ratio (see figure 3a).
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Figure 3a. Mass spectrometry scan. We show here a sample MS scan of purified PI(4,5)P,. In these
types of graphs, the abscissa indicate the detected mass to charge ratio (m/z) of the ions while the
ordinates mediate the relative intensity of the peaks compared to the main peak, in this case 522 m/z.

Before we tried to detect phosphoinositides in the Golgi membranes, we first established
the fragmentation pattern of a commercially available PI(4,5)P, standard mix (from
Avanti Lipids). Under the optimized experimental conditions, the major peak detected
had a m/z ratio of 522, which corresponds to a molecule with a mass of 1045 and a charge
Z =2. This major constituent with double negative charge was identified as PI(4,5)P, with
18:0 and 20:4 acyl chains minus a hydrogen atom (fig 3a). Some decomposition of the
standard could be seen in the form of PIP at an m/z of 482 (522-(79(PQO4)/2)). The
fragmentation of this m/z 522 peak yielded 2 daughter ions with m/z of 303 and 283
confirming the identity of the 18:0 and 20:4 acyl chain groups. Other inositol related ions
were also detected (fig. 3b). We further verified the presence of phosphate in this
molecule as well as in the other minor species of PI(4,5)P, with different m/z by doing a
precursor ion scan at m/z of 79 (PO4). With this technique, we were able to detect

PI(4,5)P; at a concentration as low as 10 ng/ml (fig. 3c).
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Figure 3b. Fragmentation of the m/z 522 peak. The peaks corresponding to PI(4,5)P, were selected
and fragmented in the second quadrupole. The collision induced dissociation (CID) revealed fragments
at m/z 223, 241, 283, 303 and 321, which correspond to inositol with a phosphate minus a water
molecule, inositol with a phosphate, the 18:0 acyl chain, the 20:4 acyl chain and inositol with two
phosphates, respectively.
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Figure 3c. Precursor ion scan. To increase the detection sensitivity, we pre-determined the detection
range of PI(4,5)P, in the precursor ion mode. In this setup, the first quadrupole continuously selected
ions of different m/z to be sent to the collision chamber but only those whose CID corresponded to a
pre-selected daughter ion (in this case, phosphate PO4, m/z of 79) were recorded. This served to
eliminate the background noise created by molecules that do not have any phosphate groups.

Once the setup of MS was established, we analyzed the phosphoinositides content in
purified Golgi membranes. Our study found no detectable PI(4,5)P, but a very large
amount of PI as well as a small quantity of PIP in these samples (fig. 3d, however the
fragmentation pattern of the PI and PIP peaks is not shown). There was also a
contaminating peak at m/z of 524. Since it had been previously described that the Golgi
apparatus possess an intrinsic 5’ phosphatase activity, we were not surprised that no
PI(4,5)P; could be detected *** 2*. Because the purification of Golgi membranes is a time
consuming process, dephosporylation of PI(4,5)P, might have occurred during the long
preparation rendering it to below detectable levels. Furthermore, the formation of
complex phosphoinositides is an energy dependent process, yet no ATP regenerating
system was added when purifying the Golgi membranes. The fact that only a very small
quantity of PIP could be detected as well seems to support this premise, as it was shown
to be very important for clathrin mediated vesicle budding at the TGN '**. Therefore, to

mimic physiological conditions, we added cytosol and ATP to the Golgi membranes and
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incubated them at 37°C. Under these conditions, we were able to detect the formation of

PI(4,5)P, on the Golgi apparatus (fig. 3e).

Although we could obtain a signal for P1(4,5)P; in the MS, its strength and purity were
suboptimal. We had extracted lipids from 100 pg of purified Golgi membranes, yet the
resulting peak in the scans was barely more intense than the peaks representing the
background noises. Furthermore, the presence of a heavily contaminating peak at m/z 524
made the reading and the interpretation of the MS scans even more difficult. Last and not
least, because of its unique hydrophilic and hydrophobic qualities, P1(4,5)P, appeared to
bind with affinity to walls within the MS machine. Different methods of purification,
solubilization and nebullization failed to completely eliminate the contamination by

residual PI1(4,5)P; from the previously injected samples.

Given the potential false negative and false positive, it seemed doubtful that a reliable
qualitative measurement of PI(4,5)P, with MS could be performed. Even with these
concerns put aside, the need of several standardized large scale preparations to obtain 100
pg of COPI vesicles made this PI(4,5)P, analysis method technically infeasible.
Therefore, we proceeded to employ TLC as our method of choice to examine the

PI(4,5)P; content in COPI vesicles in all subsequent experiments.

By *’P radiolabeling and TLC, we were able to demonstrate that PI(4,5)P, was produced
in the vesicle fractions. To note, while the presence of this lipid was confirmed, this
method could only detect lipids that were synthesized after **P labels were introduced to
the system at the end of the budding prior to the fusion assay. Thus, we were not able to
detect any PI(4,5)P, that was made during the budding reaction. It was assumed that there
was no physiological difference between PI(4,5)P, produced before and after the budding
of the vesicles and that the levels of radioactive P1(4,5)P, represented the entire P1(4,5)P»
pool. Furthermore, it was presumed that signals derived from the labeling of possible

contaminants in the COPI vesicles fractions were minimal.
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Figure 3d. ESI-MS analysis of Golgi extract in chloroform/methanol/HCL. i) Purified rat liver Golgi
(100pg) was extracted and analyzed by precursor ion scan (m/z 79). ii) The region of the scan
comprising the PI(4)P (m/z 482) and PI(4,5)P, (m/z 522) was enlarged. iii) CID of m/z 524 peak
displaying the product ion profile. Note the differences in the overall signature between this and the
previous figure despite a similar fractionation pattern. The identity of the fragments indicated was
suggested only based on their m/z values.
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Figure 3e. Generation of PI(4,5)P, by treatment of purified rat liver Golgi with rat brain cytosol
in the presence of ATP. Unlike in figure 3d, Golgi was pre-treated with rat brain cytosol (final
concentration of Smg/ml) in the presence of ATP (0.5 mM) prior to the phospholipid extraction. i)
Precursor ion scan m/z 79 and ii) enlargement of its PI(4)P (m/z 482) and P1(4,5)P, (m/z 522) region.
iii), CID of the m/z 522/524 ion displaying the product ion profile.
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Once the presence of PI(4,5)P, in the COPI vesicles was corroborated, we investigated
the effects of increasing the PI(4,5)P, levels on the fusion process. To do so, we
catalyzed the reaction of PI(4,5)P, from PI(4)P by using purified GST-tagged mouse
PI(4)P 5’kinase type 1B, which has been shown to be very specific and does not alter the

status of other phosphoinositides 315, 316

. In order to verify if the purified enzyme
maintained its enzymatic activity, we incubated the 5’kinase with the Golgi membranes
and submitted the reaction products for MS analysis. In figure 3f, one can clearly see
PI(4,5)P, being formed when the 5’kinase was added. The activity of the 5’kinase was
further verified by TLC, which revealed a shift of PI(4)P to PI(4,5)P, when the enzyme

was added to the vesicles (fig 3g).

Interestingly, while increasing the PI(4,5)P; levels by 5’kinase did not have any drastic
effect on the fusogenicity of active COPI vesicles, this manipulation could rescue the
inactivated vesicles (pre-incubated at 37°C, chapter 2) allowing them to fuse with Golgi
cisternae (fig. 3h). The studies of C," quantitatively illustrated this effect: for example,
vesicles that have been inactivated for 60 min at 37°C were able to recover 101% + 16%
of the original fusion activity when the inactivation occurred in the presence of 1.67

pg/ml of 5’kinase (fig. 31).
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Figure 3f. PI(4)P 5’kinase type 1p synthesized PI1(4,5)P, on the surface of Golgi apparatus. The
Golgi membranes (100 pg) were incubated with purified kinase (3.125 pg/ml) and ATP (0.5 mM)
prior to the phospholipid extraction. i, Precursor ion scan of m/z of 79. ii, Enlargement of the PI(4)P
and PI(4,5)P2 region. iii, CID of the m/z 522/524 ion displaying the product ion profile.
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Figure 3g. Alteration of the phospholipids composition by the mouse GST-PI(4)P 5’kinase type I
B. Purified COPI vesicles (1.25pg) were incubated in kinase buffer (see Materials & Methods)
supplemented with *P-ATP for 60 minutes at 37°C (lane 1 “-”) and 1.67pg/ml of purified mouse GST-
PI(4)P 5’kinase type I B (lane 2 “+”) or heat inactivated (15 minutes at 95°C) enzyme (lane 3 “HI”).
Note the conversion of PI(4)P to PI(4,5)P, in lane 2 compared to both controls.
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Figure 3h. 5°Kinase rescued inactivated COPI vesicles. A non-saturating amount of vesicles were
treated with 5’kinase () or heat inactivated (HI) 5’kinase (¢) during the 60 min pre-incubation at
37°C before the fusion assay. In the presence of functional 5’kinase, the fusogenicity of COPI vesicles
was restored () to the control levels (O).
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Figure 3i. Determination of C,"".. Vesicles were incubated for 60 min at 37°C with 0 (), 0.83 (),
1.67 (O) or 4.16 (X) pg/ml of kinase and were compared to the control that had not been pre-incubated
(O). In the presence of heat inactivated kinase, vesicles were inactivated and their fusogenicity was
only 0.40 + 0.06 of control. In the presence of kinase, C,*® was restored to 0.57+ 0.14 (0.83 ug/ml
kinase), 1.01 £ 0.16 (1.67 pg/ml kinase) and 1.09 + 0.30 (4.16 pg/ml kinase) of control. This graph is a
good example to illustrate the importance of a dose response curve: while the effect of the kinase is

evident below 0.15 ul of vesicles, it was difficult to detect a difference when the vesicles become
saturating.

Discussion

At the end of the last chapter, we were left with the task to determine if PI(4,5)P, was
present on the surface of the COPI vesicles and if a change in its levels could influence
their fusogenicity. Previous investigation using electron microscopy have established the
presence of PI(4,5)P,, albeit modest, within the Golgi apparatus *°. Subsequent studies
using TLC demonstrated the ability of Golgi to form PI(4,5)P, in a ARF1 dependent
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manner >’ ** In this chapter, we confirmed that the COPI vesicles indeed contained
PI(4,5)P, with TLC. The most significant finding in this chapter was that we unveiled that
an increase in PI(4,5)P, synthesis could re-activate fusogenically incompetent COPI
vesicles, therefore rescuing their fusogenic ability. However, in order to further provide
supportive evidence for the association between PI(4,5)P, in the COPI vesicles and the
fusion process, it would be necessary to repeat the data by additional experiments using

another reagent that could alter the P1(4,5)P; levels.
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Chapter 4: Removal of PI(4,5)P, accelerates the inactivation of COPI

vesicles.

Introduction

In the last chapter, we demonstrated that a rise in the levels of PI(4,5)P, present on the
surface of the COPI vesicles resulted in an increase in their fusogenicity. In the same line
of thoughts, we sought to specifically remove PI(4,5)P, from the COPI vesicles and to
determine if this modification has any effect in the fusion assay. If PI(4,5)P; is truly
involved in the fusion process, their removal should lead to a proportional decrease in the

observed fusogenicity.

The difficulty of such an experiment does not reside in removing PI(4,5)P,, but rather of
removing only PI(4,5)P, from the COPI vesicles. Indeed, most phosphatidylinositol
phosphatases as well as phospholipases do remove PI(4.5)P,, but they also remove other
phosphoinositides. Some phosphatases affect only PI(4,5)P,, but removes more than one
phosphate, therefore making it impossible to determine if an observed effect would be

due to depletion of PI(4,5)P, or because of a subsequent enzymatic activity **->'".

Results

As previously mentioned, the main challenge in the suggested experiment was not to
eliminate PI(4,5)P, but rather to specifically remove PI(4,5)P, from the external
phospholipid layer of the COPI vesicles while leaving the other phospholipids intact.
Preliminary attempts using phospholipase C (PLC) and phosphoinositol specific PLC (PI-
PLC) showed an inhibitory effect on the vesicle fusion (data not shown). However, even
though they had been used in the past for PI(4,5)P, related research ***, none of these
reagents were considered to be specific: PLC removes every phospholipids headgroups
and transforms them to DAG while PI-PLC, slightly more selective, removes the

headgroups of phosphoinositides only. Therefore, there was a need to purify a
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phosphatase that would only act on PI(4,5)P, but not others including PI(4)P. The
difficulty resided in the fact that while PI(4,5)P, phosphatases are common
(Synaptojanins, SAC-1, among others), a PI(4,5)P, phosphatase that only targets the
5’phosphate group is exceedingly rare. Many phosphatases have polyphosphatase
domains that remove all covalently bound phosphates. The different activities within
these domains can be modulated in vivo by cofactors and associated proteins, yet this

tuning does not exist in vitro.

In order to specifically remove the 5’phosphate headgroup in P1(4,5)P,, we acquired from
Dr. Pietro di Camilli a construct for the 5’phosphatase domain (amino acids 592-900) of
yeast Synaptojanin-like 2, (Inp52p), which has been shown to remove only the
5’phosphate of PI(4,5)P, and, to a lesser extent, PI(3,4,5)P; to form PI(4)P *'"-'% we
inserted the construct in a polyhistidine plasmid and we were able to express and purify
the proteins (fig. 4a). The activity and specificity of the purified 5’phosphatase were
tested with phosphatidylserine/P1(4,5)P, (1:1) liposomes (fig. 4b).

Figure 4a. Purification of the
5’phosphatase. A six-histidine tag
was added to the 5’phosphatase
domain (amino-acids 592-900) of
yeast Synaptojanin-like 2 (also known
as Inp52p) and the overall construct 116 kDa
was cloned in pET-28a vectors and 97 kDa
expressed in E .coli BL21 cells. The

protein was purified with Talon™

beads. The final preparation was 66 kDa
subjected to gel electrophoresis and

stained with coomassie blue (right).

45 kDa

30kDa I
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Figure 4b. 5’phosphatase domain protein removed the 5° phosphate of PI(4,5)P,. Using a
phosphate release assay (from Biomol °), we detected the release of phosphates from the PS/PI(4,5)P,
micelles. i, The micelles were incubated for 60 minutes at 37°C in the presence of 5’phosphatase, heat
inactivated (HI) 5’phosphatase or 5’phosphatase in a buffer lacking Mg*" which is essential for the
function of the enzyme. ii, 5’phosphatase was incubated with micelles constituted with PS/P1(4,5)P, or
PS/PI(4)P. Similar results were obtained with phosphatidic acid.
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We next determined if the 5’phosphatase protein could remove the 5’phosphate
headgroup of PI(4,5)P, on the surface of COPI vesicles. We incubated the radiolabeled
vesicles with the enzyme, extracted the lipids and analyzed them in TLC (figure 4c). We
were able to demonstrate the successful removal of the 5’phosphate from PI(4,5)P; in the

COPI vesicles by the purified 5’phosphatase.

To test the effects of the purified 5’phosphatase in the fusion assay, we pre-incubated a
fixed, non-saturating quantity of vesicles with increasing amount of 5’phosphatase at
37°C for 60 minutes. An heat inactivated 5’phosphatase was used as negative control. We
found a significant drop in the fusogenic activity when the vesicles were incubated with
the 5’phosphatase (figure 4d). To note, this inhibition happened in addition to the
inactivation of the vesicles. Therefore, it seems that the removal of the 5’phosphate
accelerates the inactivation process. We further confirmed these observations by

determining the changes in C," (figure 4e).
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Figure 4c. Removal of the 5’phosphate from PI(4,5)P, on the surface of COPI vesicles by
5’phosphatase. COPI vesicles (1.25 ug) in kinase buffer supplemented with **P-y-ATP were incubated
alone (lane 1) or in the presence of 15 pg/ml 5’phosphatase (lane 2) or heat inactivated 5 phosphatase
(HI) (lane 3) for 60 min at 37°C. The end product of the reaction was analyzed by TLC to detect
changes in the phosphorylation status of the phospholipids. The film was exposed for 4 days in order to
demonstrate the full effect.

93



120

-g- Phosphatase
100 -~ o il

e e

80 -

60 -

40 -

Activity (% of Control)

20 =

Phosphatase (ug/ml)

Figure 4d. 5’phosphatase inhibited the fusion of COPI vesicles. A non-saturating amount of
vesicles was added to Lecl membranes after pre-incubation for 60 min at 37°C with increasing
amounts of 5’phosphatase () or heat inactivated (HI) 5’phosphatase (O).
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Figure 4e. An incubation with 5’phosphatase resulted in significant changes in C,"*®. The COPI
vesicles were pre-incubated with 0 (O), 10 (O), 20 (0) or 40 (&) pg/ml of the purified 5’phosphatase
for 60 min at 37°C and their fusogenicity was determined. Their ability to fuse was found to be reduced

to 0.60 + 0.05 (10 pg/ml), 0.43 £ 0.05 (20 pg/ml) and 0.31 £ 0.02 (40 pg/ml) when compared to control
(HI 5’phosphatase).

Discussion

When we investigated the possibility of obtaining a specific 5’phosphatase, it was nearly
impossible to find one that had our requirements for specificity, as most had multiple
enzymatic activities. We finally settled on the 5’phosphatase domain of Inp52p. While its
major action is on PI(4,5)P,, and more precisely the 5’phosphate, the main drawback of
the phosphatase experiments was that the enzyme was not totally specific for P1(4,5)P,, as
it had a minor enzymatic activity for P1(3.,4,5)Ps. It is possible that the observed inhibition
was due to its activity on PI(3,4,5)P3;, whose presence in the COPI vesicles and role in the

fusion remained unknown. Similar concern was raised regarding the use of wortmannin in
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chapter 2, a known PI(3)kinase inhibitor, that can also act on PI(3,4,5)Ps;. However, since
it was demonstrated in the previous chapter that the 5’kinase was a type 1 kinase, which
uses only PI(4)P as a substrate and no other phosphoinositides, the involvement of
PI1(3,4,5)P; instead of P1(4,5)P, appeared less probable.

On the other hand, the data from the phosphatase experiments helped support some of the
previous findings. For instance, one cannot exclude the possibility that the production of
PI(4,5)P, by 5’kinase reported in chapter 3 led to an increase in the fusogenicity by
creating a de novo fusogenic pathway, one which would not happen physiologically and
is independent of the NEM sensitive factor (NSF), a known modulator of vesicle fusion
within the Golgi apparatus. However, the fact that the 5’phosphatase promoted the
inactivation of COPI vesicles without an addition of PI(4,5)P, by the 5’kinase beforehand

suggested that this was not a novel mechanism.

In summary, we were able to specifically modify the levels of PI(4,5)P, in COPI vesicles
demonstrating the corresponding changes in their fusion abilities. We rescued the
inactivated vesicles by adding PI(4,5)P, on their surface with 5’kinase. Conversely, we
accelerated their inactivation by removing the 5’phosphate of PI(4,5)P,  with
5’phosphatase.
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Chapter 5. Specific modification of the levels of PI(4,5)P2 on COPI

vesicles , but not the target Golgi, modulated the fusion process.

Introduction

The last chapters provided evidence for the requirement of PI(4,5)P, for the fusion of
COPI vesicles. This was accomplished by augmenting or decreasing the level of P1(4,5)P,
on their surface. An improved experimental design would be to modulate the COPI
vesicles sequentially with 5’kinase and 5’phosphatase in the same experiment. Such
manipulation allowed a direct reversal of the effects caused by each other. In addition, it
was not clear at this time if PI(4,5)P, was also required on the surface of the target Golgi.
Thus, we needed to repeat the 5’kinase and 5’phosphatase experiments on the target

Golgi.

Results

In order to further support the effects on the fusion caused by the 5’kinase and
5’phosphatase, which have opposite enzymatic functions, we investigated if they could be
reversed when one treatment was followed by the other. One set of COPI vesicles were
pre-incubated alone at 37°C for 60 minutes. In parallel, another set was performed
similarly but in the presence of 5’kinase that rescued the fusogenic activity of the
inactivated vesicles (fig. 5a). Then, we added 5’phosphatase to this reaction and
incubated it for another 60 minutes before submitting the vesicles to the fusion assay. To
note, it was decided to add the 5’kinase first and phosphatase second because the 5’kinase
is dependent on the presence of ATP to function while the phosphatase is not. At the end
of the first incubation with 5’kinase, it was presumed that the enzymatic reaction stopped
with the depletion of ATP. If the sequence was selected otherwise, the newly synthesized
PI1(4,5)P, by 5’kinase would directly become the substrates of the 5’phosphatase

remaining in the system, nullifying the intended purpose.
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As we have hypothesized, the 5’phosphatase was able to inhibit the fusion of COPI
vesicles that had previously been rescued with the 5’kinase. To confirm the results of the
above experiment, we ran a series of C,"™ experiments employing the 5’kinase and
5’phosphatase (fig. 5b). By manipulating the levels of PI(4,5)P, on the vesicles,5 kinase

and 5’phosphatase led to a proportional change in the vesicle fusogenicity.
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Figure 5a. Sequential manipulation of PI(4,5)P2 on COPI vesicles. 1.25 pug of COPI vesicles was
incubated for 2 x 60 min in the presence of **P-ATP and either 5’phosphatase (10 pg/ml), 5’kinase
(1.67pg/ml)or heat inactivated of the 5’kinase (HIK). The lipids were extracted and submitted to TLC.

Our next objective was to determine if the modification of PI(4,5)P; levels on the surface
of the target Golgi would also result in a change in the fusogenicity. To achieve this, the
target Golgi was incubated with 5’phosphatase or the 5’kinase prior to a series of fusion
assays. In figure 5d, changes in the P1(4,5)P; levels in the target Golgi were demonstrated
by TLC. We also revealed that the target Golgi produced much more P1(4,5)P, than COPI
vesicles (figure 5d) or liver Golgi preparations (data not shown). In spite of this
observation, neither 5’phosphatase nor the 5’kinase had a significant effect on the C,** of

the fusion assay (figure Se).
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Figure 5b. 5’kinase mediated rescue of COPI vesicle inactivation was reversed by treatment with
5’phosphatase. A non-saturating amount of vesicles was incubated at 37°C for 60 min in presence of
1.67 pg/ml of 5’kinase (K, lanes 3,5,6,7) or heat inactivated 5’kinase (HIK, lane 2). Following the first
incubation with 5’kinase, the vesicles were incubated again at 37°C for 60 min alone (60, lane 5) or in
the presence of 10 pg/ml of 5’phosphatase (P, lane 6) or heat inactivated 5’phosphatase (HIP, lane 7).
The control consisted of vesicles without pre-incubation (-, experiment 1) or with 2 incubations of
60min. (lane 4).
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Figure 5c. Determination of C,"™ after treating the inactivated COPI vesicles with 5’kinase
followed by 5’phosphatase. Increasing amounts of vesicles were incubated at 37°C alone for 2 x 60
min (O, 0.24 £ 0.03), with 1.67 ug/ml of 5’kinase during the first 60 min. and 10 pg/ml 5’phosphatase
(D, 0.14 £ 0.04) or heat inactivated 5 phosphatase (0, 0.56 £ 0.16) during the second 60 min. Controls
were continuously kept on ice (O). The C,*" curves above correspond to experimental data from lanes
1,4, 6 and 7 from figure 5a.
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Figure 5d. Modification of the PI(4,5)P, synthesis on target Golgi membranes. Lecl Golgi (2.7 ng)
in kinase buffer were incubated with 20 pg/ml of active (P) or heat-inactivated (HIP) 5’phosphatase, or
4.16 pg/ml of active (K) or heat-inactivated (HIK) 5’kinase for 60 min at 37°C in the presence of **P-y-
ATP. After the incubation, lipids in the samples were extracted and analyzed by TLC. The film was

exposed for 2 hours.
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Figure SE. Study of the fusogenicity by modifications of PI(4,5)P; levels in the target Golgi. i, Lecl
Golgi membranes pre-treated with 5’phosphatase (O) or heat-inactivated 5’phosphatase (O). The C,"*
measured after the treatment with 5’phosphatase was 1.18 £ 0.30 compared to the incubation with heat-
inactivated phosphatase. ii, Lecl Golgi membranes pre-treated with 5’kinase () or heat-inactivated
5’kinase (O).The C,"" after the treatment with 5’kinase was 1.03 £ 0.18 compared to the incubation
with heat-inactivated kinase.

102



Discussion

In the previous chapters, we described the use of purified 5’kinase and 5’ phosphatase to
modulate the PI(4,5)P; levels in COPI vesicles. A pitfall in these experiments was that the
enzymes could never be 100% pure (see fig. 4a): the resulting changes in the fusogenicity
upon addition of these enzyme preparations might be due a contaminating substance. It
might also be due to an unspecific activity from the phosphatase on PI1(3,4,5)P; instead of
PI(4,5)P; itself. In order to control for these possibilities, we used heat inactivated HI
5’kinase and 5’ phosphatase for comparison purpose. However, heat inactivation was not

a faultless control because this procedure could also inactivate the potential contaminant.

In this chapter, we designed another control experiment that consisted of a sequential
treatment with 5’kinase and 5’phosphatase possessing opposite functions. By modulating
in succession the fusogenicity of the vesicles with these reagents, we significantly
reduced the possibility that the observed effects on the fusion process resulted from
contaminants or a secondary enzymatic activity. Furthermore, the unspecific activity of
the 5’phosphatase towards P1(3,4,5)P; became less relevant because the 5’kinase added a

phosphate to PI(4)P only at the 5* and not 3’ position.

We next sought to determine if the requirement of PI(4,5)P, was also applicable for the
target Golgi, the complementary surface of COPI vesicles in the fusion process.
Interestingly, large quantities of PI(4.5)P, were detected in the Golgi fraction by TLC.
However, despite its abundance, we failed to find any effects on the fusion when we alter
its levels by 5’kinase and the 5’phosphatase. The cause of this difference in PI1(4,5)P,
dependence is currently unknown. In chapter 2, we demonstrated that the PK treatment of
the target Golgi had a drastic effect on the fusion process. Perhaps a protein rather than a

lipid plays a more important role on that side of the fusion process.
Finally, it is often difficult, when comparing PI(4,5)P, bands on TLC, to clearly

determine the absolute amount of PI(4,5)P, on the surface of the vesicle. This would

explain the results seen in figure 5a, where a small pool of PI(4,5)P; is present in the third
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lane without the vesicles being fusogenic. If one is to theorize the presence of two pools
of PI(4,5)P,, one radioactive and one who isn’t, they could propose that the de facto
setting has only a small non-radioactive pool of PI(4,5)P, and the addition of 5’kinase
increases the size of the radioactive pool of PI(4,5)P,, it most probably also increases
disproportionally the overall size of the P1(4,5)P, pool present on the surface of the COPI
vesicles, so that a large majority of the PI(4,5)P; is radioactive. When the 5 phosphatase
is incorporated in the assay, it removes a large fraction of the PI(4,5)P, present on the
COPI vesicles indifferently of its radioactivity. While all PI(4,5)P, are not totally
removed, this new pool of PI(4,5)P, has a higher proportion of hot PI(4,5)P, and thus
generated a higher signal that the original fraction, thus seemingly creating a paradox.
This explanation also demonstrate that the 5’kinase and the 5’phosphatase should be used
to monitor an absolute amount of PI(4,5)P,, but rather only in relation to a previous

sample.
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Chapter 6. Investigation of PI(4,5)P, associated factors: removal of the
proteins on the cytoplasmic surface of the COPI vesicles affected the

first step of the fusion.

Introduction

Following the discovery of P1(4,5)P, as a required factor for the fusion of COPI vesicles,
we hypothesized that, alike in other fusion systems (e.g. '****%), PI(4,5)P, does not by
itself participate in the membrane fusion. Rather, it served as a beacon that recruits the
fusion machinery. Undoubtedly, the identification of these downstream effectors
associated with PI(4,5)P, would shed light into the mechanism underlying the fusion

process.

There are 3 putative sources of proteins available for the recruitment to the COPI
vesicles: those located in the cytosol, on the surface of Golgi membranes or on the surface
of the vesicles themselves. While the lipid binding domains known for PI(4,5)P2 vary
significantly from one protein to another **°, they all share the high affinity for the high
negative charges of PI(4,5)P,. We have previously shown that the fusion was partially
resistant to PK treatment on the COPI vesicles (chapter 2). What is the function of their
surface proteins and how do they acquire the PK resistance? And how could the
dependence on PI(4,5)P, be linked in these events? In this chapter, we answered to the
first question by showing that the some proteins on the cytoplasmic surface of the COPI

vesicles mediate the tethering step in the fusion process.
Results:

We started by investigating in greater details how the fusion process was affected when
the COPI vesicles were treated with PK . Previous publications ™ xmple see 8 9. 248 )54
described the fusion as a two-step process, the initial binding/docking and the actual

fusion. Since the proteolysis removed the cytoplasmically oriented proteins on the
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surface of the vesicles, it is speculated that the limited reduction in vesicle fusogenicity
by the PK treatment was due to a decreased ability of the vesicles to bind to the target

Golgi but not a change in their ability to fuse per se.

It has been shown by us (chapter 2 and *) that the COPI vesicles became inactivated over
time. Here, we proposed a model in which the kinetics of vesicle binding/docking are
determined by two constants: the rate at which the COPI vesicles bind and fuse (Kb) and

the rate at which they are inactivated (Ki).

Ky

1. G, 3. Binding /

Fusion

2. Inactivation

Figure 6a. Fate of the COPI vesicles. The fate of COPI vesicles is governed by two constants: the rate
of inactivation (Ki) and the rate of binding/fusion (Kb). It is the ratio between these two competing rates
that determines if a vesicle will fuse or become inactivated.
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The inactivation of the vesicles could become evident when its rate matches that of
binding and fusion. In order to determine these rates, we performed a dilution experiment
whose experimental concept was the following: a normal C,"” curve was first measured
for a preparation of vesicles. A second series of fusion experiments was performed in a
reaction volume that was doubled while both the amounts of COPI vesicles and target
Golgi were kept constant, de facto reducing the probability of a COPI vesicle
encountering its partnering target Golgi cisterna. This dilution resulted in a greater delay
in the vesicle tethering. During this delay period, a portion of the vesicles were subject to
inactivation, resulting in a loss of the overall fusogenicity that could be illustrated by

measuring the new C,* (fig. 6b).

With the dilution experiments, we re-examined the overall effect of the PK treatment. If
the PK induced loss of fusogenicity was due to a decreased ability for the vesicles to fuse
after they have docked, the dilution should have no impact on the final C,*. If an
increase in the vesicle inactivation constant was the cause, there would be a drastic
decrease in the C,"™ as a result of the additive inhibitory effects. On the contrary, if the
effect of PK treatment was on the fusion of the vesicle after they bind to the target Golgi,
then the effect of dilution between PK treated vesicles and control vesicles would be the

P would also

same. On the other hand, if the binding/docking step was affected, the C,
decrease, yet to a lesser extents, because the PK treated vesicles will stay unbound in
solution for a longer period of time and become more prone to inactivation. Our results
supported the latter hypothesis on vesicle tethering (fig. 6¢). Furthermore, when we
compared the C,*** from the PK experiment and that calculated by removing the dilution
effects in the PK/dilution combined experiment, we found a comparable loss in the
binding ability of the COPI vesicles: (PK treatment: 62.4% =+ 7.8%, see chapter 2; [(PK
treatment + dilution)/dilution alone]: 42.3% =+ 3.7 / 64.3% % 1.7% = 65.7% + 5.8%). This
agreement confirmed our hypothesis that PK treatment exerted its inhibitory effects on
the COPI vesicles by reducing their binding constant. To note, this experiment was
feasible only if Kd and Ki were similar: if the inactivation constant were a log factor

slower than the binding constant, the dilution would have no effects on the overriding

binding and fusion steps. Conversely, if the inactivation constant was much faster than
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the binding constant, only a very small fraction of the vesicles would fuse regardless of
the concentration of the substrates in the reaction. Any reduction in the fusogenicity as a

result of the dilution would be below the detection limit of the assay.
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Figure 6b. Dilution experiment. The fusion assay was performed without (e) or with (o) a 2-fold
dilution of the vesicles. The fate of the vesicles was determined by the ratio between the rate of binding
over the rate of binding + inactivation [b/(b+i)]. For example., if the rate at which the vesicles were
inactivated was the same as the rate of their binding and fusion to the target Golgi, half the vesicles will
fuse and half of them will become inactivated (mathematically represented by [1/(1+1)] = %2). On the
other hand, if the vesicles were then diluted two-fold, their rate of binding was reduced two-fold as a
consequence. According to the formula [0.5/(14+0.5)=1/3], 1/3 of the vesicles bound and 2/3 of them
were inactivated. Ostermann e al. * has established a simple formula that allowed a precise calculation
of the binding and fusion kinetics (fb): fb = 2 —r, where r = C,*® undiluted/C,*" diluted. In this figure,
C,™ diluted = 0.736 £+ 0.001 of C,* undiluted. Therefore, fb = 2-1/0.736 = 0.643 £ 0.017 of the
vesicles bound while the remainder became inactivated. See *? for references.
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Figure 6c. Dilution and PK experiment. The COPI vesicles were treated with 2 pg/ml PK for 30
minutes at 4°C. The PK activity was terminated with ImM PMSF before introducing the vesicles into
the fusion assay with (o) or without (@) a twofold dilution. The C,"" in the PK experiment with dilution
was 63.4 + 1.5% of the PK experiment without dilution. Therefore, only 42.3 + 3.7% of the vesicles in
the PK experiment with dilution actually bound and fused to the target Golgi. See *°.

The overall effects of the PK treatment could alternatively be visualized as a function of
[binding/(binding+inactivation)] ratio ® (Fig. 6d). The PK experiment with dilution was
repeated with increasing amounts of PK. As observed in figure 6c¢, as a result of the PK
treatment there was a significant drop in this ratio representing the % of COPI vesicles
successfully bound to the target Golgi. Intriguingly, however, the inhibitory effects of the
PK treatment quickly reached a plateau. The reason why PK could not further decrease
the binding of the vesicles was unknown. We will try to provide an explanation for this

finding in the next chapter.
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Figure 6d. The [binding/(binding+inactivation)] ratio dropped following PK treatment. We
repeated the preceding dilution experiment with COPI vesicles treated with an increasing amount of
PK. The inhibitory effects of the PK treatment quickly reached a plateau, after which it did not affect
the binding of the vesicles anymore.

To further investigate the effect of the PK treatment on the fusion kinetics, BAPTA, a
Ca”" chelator, was used in the PK experiment to stop the fusion at different times °. Thus,
we obtained a curve that monitored the progression of the fusion process using untreated
or PK treated COPI vesicles (fig. 6e). With the help of the software Berkeley-Madonna, it
established a model that could fit the experimental curves with a two constant model with
similar kinetics. With the same software, the analysis of the curve revealed a disparity
between these 2 conditions only in the initial kinetics (K;). No difference was found in
the kinetics (K5) later on in the fusion process. The data was interpreted as a delay in the

binding of the vesicles to the target Golgi membrane at the beginning that, once bound,
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was followed by identical fusion kinetics. This model, in concordance with our dilution

experiments can clearly demonstrate that PK treatment of the vesicles specifically

for further analysis see Laporte, F. Ostermann, J. in

affected only the binding step of the fusion process
appendix
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Figure 6e. The effects of PK on fusion kinetics. A non-saturating amount of vesicles were incubated
with (0) or without (o) PK for 30 min at 4°C. The activity of PK was terminated with lmm PMSF
before introducing the vesicles into the fusion assay. The fusion was stopped at the indicating times by
the addition of BAPTA. The incubation of the assay was continued to allow the completion of the VSV-
G glycosylation as a result of the fusion that has taken place. Each of the resulting curves was analyzed
as being composed by 2 parts with distinct constants: K; and K,,corresponding to the binding and fusion
steps. The differences between the 2 curves were explained by a drop in the K; but not K,. See ° for
reference.
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In summary, we unveiled two essential findings that provided insights into the
mechanism of the fusion process: the presence of PI(4,5)P, on the surface of COPI
vesicles and the requirement of some cytoplasmically oriented proteins for an efficient
binding to the target Golgi. To note, the identity and the nature of these proteins remained
obscure as they appeared partially PK resistant, such that the PK treatment of the vesicles
reduced but did not fully abolish the fusogenicity.

A possible explanantion for this latest finding was that our assay had developed a novel
fusion mechanism, one that was not physiologically relevant, and that our results were an
artifact of a short circuit of the normal fusion process. The PK treatment could have
created a non-physiological pathway for the fusion, as was stipulated previously for
PI(4,5)P,. Since the cytoplasmically oriented proteins such as SNAREs are well known to
be involved in the fusion process, there was a need to better control and take them into

consideration in our fusion assays in order to eliminate this possibility.

To indisputably demonstrate that our assay was SNARE dependent, we examined our
fusion system in the absence of NSF, a protein required for the proper function of the
SNARE mechanism **°. The NSF present in the membranes was inactivated by the
addition of NEM while cytosolic NSF was heat-inactivated at 37°C. We showed that the
depletion of NSF was totally inhibitory to the fusogenic activity. Furthermore, when
purified NSF was re-introduced to the fusion assay, the COPI vesicles recovered their

ability to fuse with the target Golgi (fig. 6f).

Simultaneously, we determined if the COPI vesicles after the PK treatment were still
sensitive to NSF. Consistently to the above finding, the depletion of NSF rendered PK
treated vesicles inactive confirming the involvement SNARESs in the fusion process (fig.
6g). Interestingly, while this inactivation was also reversible by the re-introduction of

NSF, the recovery of the PK treated vesicles occurred at a slower rhythm (fig. 6g).
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Figure 6f. The fusion assay was sensitive to NSF depletion. A non-saturating amount of PK treated (2pug/ml,
inactivated with | mM PMSF) COPI vesicles were incubated in the absence of active NSF (o, at 0 ng/ul) or
when NSF was re-introduced to a depleted fusion assay(o). The removal or inactivation of NSF led to a drastic
loss in the fusogenicity, which was recovered by rescuing the assay with NSF.
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Figure 6g. PK treated vesicles were also sensitive to NSF depletion. This figure illustrates the % of
maximal fusogenicity of COPI vesicles as a function of logarithmic changes in the concentration of
NSF. Vesicles with (0) or without (0) PK treatment (2pug/ml, 30 min at 4°C) were compared. While PK
treated vesicles were similarly sensitive to NSF depletion, their ability to recuperate their fusogenicity
when NSF was reintroduced to the assay was only 40.2 & 2.3% of untreated vesicles. More than double
the amount of NSF was necessary to obtain the same recovery.

To further confirm the above results on NSF, we used a-SNAP™" as an alternative
approach. a-SNAP is another key player in the regulation of SNAREs mediated fusion,
which has been shown to bind and unwind the SNAREs with the help of NSF 27321523 A
mutant form of this protein, o-SNAP™", inhibits NSF, interrupting therefore the recycling
of the SNARE machinery. This is the same mutant that was utilized to concentrate COPI
vesicles during the budding assay (see chapter 1) by interfering with the binding of
SNAREs with NSF. As shown in figure 6h, the fusion of both untreated and PK-treated

vesicles were inhibited by a-SNAP™". However, the PK treatment significantly abolished
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the residual levels of fusogenicity normally preserved under control conditions (fig. 6h).
We speculated that the remaining fusogenicity was due to the endogenous a-SNAP that
was already associated to the membranes, and that the loss of this endogenous a-SNAP
by PK treatment was responsible for the more drastic effects of a-SNAP™" on the COPI
vesicles. Another possibility was that the PK treatment somehow diminished the ability of

the vesicles to interact with a-SNAP.
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Figure 6h. a-SNAP™" inhibited the fusion of COPI vesicles treated with PK. Fusion assays were
performed in the presence of increasing amount of a-SNAP™". Two series of vesicles were compared,
one treated with 2 pg/ml of PK for 30 min at 4°C (o) and the untreated control (o).
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It was demonstrated by Barnard et al.”*® that NSF contributes to the unwinding of the
SNARESs after a fusion event. Therefore, a fusion assay where NSF is not able to function
cannot proceed due to the target SNARES still in the unwound conformation. However,
recent evidence revealed other important functions of NSF and a-SNAP within a cell (for

. 324
review, see ~)

To test the possibility that PK treated COPI vesicles lost their ability to interact with o-
SNAP, the vesicles were pre-incubated with o-SNAP™" after the PK treatment but before

mut

the fusion assay during which a second a-SNAP™™ incubation occurred. The resulting
fusogenicity was compared with that in the control experiment without any a-SNAP™"
preincubation. Because it was presumed that during the pre-incubation the endogenous
proteins present on the membranes interchanged with the mutants, we predicted that a
higher susceptibility to a-SNAP™" and a further reduction in the residual fusion activity

(fig. 6i).

These experiments were also compared with an experiment that included a preincubation
with wild type a-SNAP in both vesicles and Golgi membranes prior to the incubation
with 0-SNAP™'. As shown in figure 6i, the residual fusogenicity went up for both
untreated and PK treated vesicles up to 40% of control. This effect could be explained by
the fact that the membranes were “saturated” beforehand with working a-SNAP, out
competing the mutant forms in the binding with SNAREs. In contrast, a pre-incubation of
the untreated vesicles with a-SNAP™" caused a reduction in the fusogenicity (2™ set of
columns compared to 3" set, black bars). Importantly, we could not detect any significant
decrease when this pre-incubation with a-SNAP™" acted on the PK treated vesicles (2™
set of columns compared to 3" get, gray bars). This indifference to a-SNAP™'
demonstrated that the COPI vesicles lost their ability to interact with a-SNAP as a
consequence of the PK treatment. The observed increase in the fusogenicity compared to
the control (1% set of columns) was mainly due to the effects of a-SNAP on the target
Golgi. Indeed, the largest change in the fusogenic signal was obtained when the target
Golgi, not the COPI vesicles was pre-incubated with the a-SNAP™" (4™ and 5" sets of

columns, fig. 61). Therefore, it seems that the residual fusogenic activity detected in figure
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6h was mostly due to the endogenous a-SNAP present on the target membranes. This data
also refuted the concept that the PK treatment inhibited the fusion by simply removing
endogenous a-SNAP on the COPI vesicles. Nonetheless, the ability of the vesicles to
interact with a-SNAP remained an important prerequisite in the fusion process, as its loss
as a result of the PK treatment led to a greater sensitivity to 0-SNAP™" inhibition (fig 6h)
and a lesser residual fusogenicity. The importance of this interaction could also explain
why the reintroduction of NSF could not efficiently rescue the NSF-depleted fusion when
vesicles were treated with PK (fig. 6g).
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Figure 6i. Pre-incubation of vesicles and target Golgi membranes with a-SNAP™". Untreated
vesicles (black bars) or vesicles treated with 2 pg/ml PK for 30 min at 4°C (gray bars) were pre-
incubated in the cytosol containing wild type 0-SNAP or a-SNAP™" for 15 min before the fusion assay
during which a second a-SNAP™" incubation occurred . The same pre-incubation was given to the
target Golgi membranes. The resulting fusogenicity were compared to the value (set as 100%) obtained
in the experiment performed without a-SNAP™" in the fusion assay. See °.
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Discussion

Following the discovery that both PI1(4,5)P, and proteins were required for the fusion of
COPI vesicles, we sought to expand our understanding of the relationship between the
involvement of lipid and proteins in the fusion process. We have previously suggested
that the partial resistance to the PK treatment was conferred by a conformational change
in the surface proteins on the fusogenic COPI vesicles linked to the presence of P1(4,5)P,
(chapter 2). In this chapter, we examined the mechanistic nature and the extents of this
PK effect. Our ultimate goal would be to identify the proteins that act downstream of the

PI(4,5)P;.

One of the chief findings was that the PK treatment hindered in fact the ability of the
vesicle to bind and dock to, but not to fuse with, the target Golgi. Further controls of our
fusion assay confirmed that the vesicles were still dependent on NSF/a-SNAP to fuse,
even after being treated with PK. However, the NSF/a-SNAP largely acted on the target
Golgi as previously described in the literature . There was a minor but significant
interaction between the COPI vesicles and o-SNAP that contributed to the overall fusion,
this interaction was clearly revealed by a decrease in the fusogenicity upon its loss when

the vesicles were pre-incubated with PK.

Altogether, the fact that the COPI vesicles retained the ability to fuse after removal of the
surface proteins by PK remained an intriguing dilemma. One hypothetical explanation
was that the necessary components of the fusion machinery were all recruited from the
cytosol. However, this would mean that none of integral proteins on the vesicles
including v-SNAREs were required, an observation once reported yet to be further
examined **. Another possible explanation would be that the fusion process was
dependent on one or multiple protein(s) that were susceptible to some, but not all, aspects
of the PK treatment and that there is what could be termed a protease resistant core of
fusion proteins, whose members are still unidentified. This theory, if proven by the
identification of any of these proteins, would advance our understanding on the

mechanism underlying the COPI vesicle fusion.
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Chapter 7: A PK resistant core of the tethering factor Golgin-84 is

present on the surface of COPI vesicles.

Introduction

It was previously demonstrated that some SNARE proteins can change their conformation
upon stimulation by ARFGAP1, rendering them resistant to PK *°'. While our attempt in
chapter 2 to identify them in our fusion assays was unsuccessful, we reckoned that our
investigation may have been incomplete, since we only tested for very limited numbers of
proteins known for their potential implication in the vesicle fusion. A more thorough hunt
was necessary as it was the only mean to shed light into the key twist in the mystery that
would allow us to link the involvement of PI(4,5)P,, the role of protein(s) and the PK

resistance of the COPI vesicles in the fusion process.

Therefore, we searched more in depth in the literature for any potential targets
participating in or related to the fusion of COPI vesicles. One interesting candidate,
Golgin-84, was shown by Malsam e al. > to mediate the transport of COPI vesicles
inside the cell. As mentioned in chapter 1, the pool of vesicles that they collected with the
aid of glass beads resemble our preparation. They also demonstrated that the uncoating of
the vesicles was followed by the binding of Golgin-84 to its target Golgi tether, CASP.
Furthermore, they provided evidence that the retrograde traffic from the Golgi to the ER
was dependent on the unhindered activity of the Golgin-84-CASP tether. Remarkably,
Golgin-84 was discovered as a binding partner of OCRLI1, a PI(4,5)P, 5’phosphatase
localized within the TGN " °> 2% The OCRLI family relative, INPP5B, has also been

283

shown to be involved in the traffic of the early secretory pathway “°. Based on these

findings, we proceeded to investigate the role of Golgin-84 in our fusion essay.

Results

Golgin-84 is a 84 kDa protein with a single transmembrane domain located near the

carboxyl-terminal. Most of the characterization of this protein has been done with an
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antibody generated from rabbits against its amino acids 499-687 '. In addition, it has been
shown by its sensitivity to PK that most of its structure is oriented to the cytoplasm (fig.

7a).
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Figure 7a. Golgin 84 and its antibody. i) Golgin-84, as described in '. ii) The cytoplasmic orientation
of Golgin-84 in microsomes was determined by its sensitivity to PK treatment (lane 2) compared to
control (lane 1). The B-lactamase, a protein found in the lumen of the vesicles, was used as a negative
control (from ). iii) The antibody used in these experiments was generated from rabbits against its
amino acids 499-687. In this chapter, we used instead a commercially available antibody whose variable
sequences recognizes the epitotes from amino acids 510-713 (BD Transduction Laboratories).

Our proteomics team has recently identified a whole spectrum of proteins present in both

purified Golgi membranes and COPI vesicles, including those studied in chapter 2, Golgi-
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84 and CASP . Using peptide counting with MS, we were also able to determine the
abundance of these proteins present in the preparation as well as the level of enrichment
in the COPI vesicles relative to the Golgi membranes. In figure 7b, we listed a selection
of proteins that are potentially involved in the fusion process. Among them, CASP,
Golgin-84 and SEC22 homolog were found to be the most enriched in the COPI vesicles.
While SEC22 is a SNARE known to promote the fusion, the exact function of SEC22
homolog is undetermined. To note, Golgin-84 was also one of the most abundant

proteins, constituting over 2% of all peptides in the vesicles.

Enrichment

Protein Tvoe AVG %Total COPI

yp peptide AVG %Total | Vesicles

COPI peptide Golgi /Golgi
GIANTIN Tether 0.910 0.446 2.04
GOLGIN-84 | Tether 2.145 0.313 6.85
SYNTAXIN 5 | SNARE, Qa 0.063 0.145 0.43
MEMBRIN [ SNARE, Qb 0.082 0.032 2.58
RBET1 SNARE Qc 0.046 0.023 1.99
SEC 22b SNARE, R 0.497 0.294 1.69
P115 Tether 0.090 0.276 0.33
P24 P24 protein 0.132 0.218 0.61
GS28 SNARE, Qb 0.415 0.335 1.24
M-CASP Tether 0.661 0.064 10.36

Sec22

Homolog undetermined 0.251 0.036 6.94

Figure 7b. Abundance and enrichment of proteins from COPI vesicles to Golgi. Equal quantities of
purified organelles were introduced to a 1D-electrophoresis gel. After the protein separation, the gel
was cut and the proteins extracted. The embedded proteins were then subject to proteolysis and the
resulting peptides were identified using MS. With the help of bioinformatics, the identities of the parent
proteins were deduced from the peptide fragments 7. The total amount of peptides derived from each
protein was calculated (3" and 4™ column) and expressed as a % of the total peptides. These quantities
were then compared as a ratio of enrichment in COPI vesicles versus Golgi membranes (5™ column).
Golgin-84 constituted 2.145% of all peptides detected in the COPI vesicles fraction and was 6.85X
enriched compared to the purified Golgi.

Given the highly suggestive pivotal role and its abundance and relative enrichment in

COPI vesicles, the PK sensitivity experiment similar to those in chapter 2 was performed
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on Golgin-84 and revealed by immunoblotting. We discovered a PK resistant protein, i.e.

Golgin-84, on the surface of the vesicle (fig. 7c).
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Figure 7¢c. Golgin-84 is resistant to PK degradation. Increasing amounts of COPI vesicles (up to 5
pl) were loaded onto a denaturing gel and submitted to western analysis. On the last lane on the right,
the same vesicles were treated with 2 pg/ml of PK for 30 min at 4°C. PMSF (1 mM) was added to the
reaction to terminate the PK activity as well as to all other samples. Upon the treatment with PK, a
distinct band appeared at about 50 kDa, representing a protease resistant core of Golgin-84.

The presence of a PK resistant core had never been found by Bascom et al. . Could the
discrepancy regarding the PK sensitivity be due to the use of two different antibodies?
While the protein sequences that they bound to only differed in 20 amino acids, both

spanning the epitope region close to the carboxyl-terminus of Golgin-84 on the
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cytoplasmic surface of the vesicles (fig. 7a), our antibody actually recognized in addition
the protein transmembrane domain. It is possible that the observed PK resistant core
consisted of a protein sequence embedded inside or laid in proximity to the lipid bilayer,
hence being protected from the PK proteolysis. However, two arguments against this
explanation seemed to favor the notion of protein conformational change as a cause of the
PK resistance. First, the transmembrane region of Golgin-84 is very small. If the PK
resistance were solely mediated by the protective shielding from the lipid, one would
predict a PK resistance core much smaller than 50 kDa. Second, the presence of this core
was observed only in the fusogenic vesicles and not in any other settings (See experiment
below), hinting a change in the physical property under specific situations. Interestingly,
Bascom ef al. has shown that Golgin-84 could in fact dimerize. Using bioinformatics
analysis, they predicted that the dimerization was induced by its a coiled coil domain
(amino acids 217-632) that contained two leucine zippers at amino acids 227-248 and
301-322. Protein dimerization represents a plausible mechanism by which the COPI
vesicles acquired its resistance to PK. The region that was resistant to PK and the precise
location of the cleavage site(s) on the Golgin-84 that generated the 50 kDa band has not
been determined. Further analysis by MS and biochemical studies will be necessary to

confirm our hypotheses.

The presence of this unexplained PK resistant protein sequence propelled us to first
investigate if it was present on COPI vesicles alone or if it could also be found in the in
Golgi membranes. Because we had preliminary data showing that only preparations of
vesicles with strong fusogenicity possessed the 50 kDa Golgin-84 band after the PK
treatment (data not shown), we were interested in testing as well COPI vesicles generated
with GTP-y-S. The resulting loss of fusogenicity was demonstrated separately in figure
7e. As revealed by Western blots, neither Golgin-84 in Golgi membranes nor that in non

functional COPI vesicles was resistant to the PK proteolysis (fig. 7d).
The need of a conformational change of Golgin-84 into an active form has been suggested

by Malsam ef al. . They showed that the active Golgin-84 promoted the fusion of COPI

vesicles moving in a retrograde fashion while the inactive form trafficked from the ER-
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Golgi intermediate compartment (ERGIC) and ER back to the CGN, where it was re-
incorporated in the COPI vesicles. Furthermore, this finding could explain why only a

small fraction of their vesicles was able to bind to CASP coated beads

GIPsS COM Vet GTPCOPT Vsl

K~ Kk " A

Figure 7d. Golgin-84 PK resistant core is only present on fusogenic COPI vesicles. An equal
amount of Golgin-84 from the Golgi membranes, GTP-y-S or GTP (control) treated COPI vesicles was
introduced on a denaturing gel with (PK) or without (-) prior PK treatment (2 pug/ml, 30 min, 4°C). The
50 KDa band was only present on fusogenic (GTP-treated control) COPI vesicles. Note: Similar results
were obtained when the film was overexposed (data not shown).
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Two arguments could point to a possible relationship between PI(4,5)P, and Golgin-84.
First, it was previously established that a relationships exists between ARF1 and P1(4,5)P,
and that stimulation of ARF1, which are also responsible for the formation of the COPI

271272 This, in correlation

vesicles, leads to increase PI(4,5)P, within the Golgi apparatus
with the susceptibility for GTP-y-S for the PK resistant conformation of Golgin-84, points
to these changes happening rather simultaneously during the synthesis of COPI vesicles,
since GTP-y-S hinders the action of ARFGAP1. Furthermore, the fact that Golgin-84 was
cloned in the first place because of its association with OCRLI, a PI(4,5)P;

5’phosphatase, also points to a potential association between the two.

To test if there is a relationship between the change in conformation of Golgin-84 when
introduced to COPI vesicles and the status of PI(4,5)P; on these vesicles, we submitted
the vesicles to two incubations (fig. 7f). First, vesicles are incubated at 37°C in the
presence of 5’phosphatase (0.125 mg/ml) for increasing periods of time, which is
followed by PK treatment. The state of the protease resistant core is then ascertained by
western. This protocol could not discover any link between the PI(4,5)P; status and the

protease resistant core of Golgin-84.
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Figure 7e. Vesicles without protease resistant Golgin-84 have lower fusogenicity. Two preparations
of vesicles were prepared simultaneously with the budding assay. During the budding assay, the first
preparation was incubated with GTP (o) while the second was incubated with GTP-y-S (o). These
vesicles were then introduced to the fusion assay and their Cv*” calculated and compared. The ratio
obtained was corrected for the protein concentration of each preparation. After this correction, it was
determined that vesicles prepared with GTP-y-S were only 0.29 & 0.05 as fusogenic as vesicles prepared
with GTP. Figure represents a typical fusion assay before correction. Data was collected out of n=3
experiments with different preparations of GTP and GTP-y-S vesicles and is expressed in the formula
MEAN + STDEV.
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Figure 7f. The protease resistant core of Golgin-84 is not affected by removal of PI(4,5)P,.
Vesicles were first incubated for increasing period of times in the presence of 0.125mg/ml of purified
5’phosphatase before being submitted to PK incubation (2ug/ml 30 min, 4°C, neutralized with 1mM
PMSF). Second incubation was followed by western. The luminal domain of p27 was used to test for
the integrity of the vesicles.

Discussion

The discovery of a PK resistant tether conveys a potential explanation for the results
observed in chapter 2 and chapter 6 of this thesis, where it was discovered that PK treated
vesicles are still able to fuse to a certain degree. It was then shown that the binding of the
vesicles was affected primarily, while the fusion of the vesicles after the binding did not
differ between control vesicles and vesicles that had been treated with PK. It could be
postulated from these and information in this chapter that the full form of Golgin-84 is
necessary for optimal fusion, and that its protease resistant core is sufficient to allow

binding to proceed.
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The fact that this core was not discovered earlier is most probably due to the fact that PK
treatment had not been tested on purified COPI vesicles. This discovery raises the
question if such a protease resistant core exists with other proteins, and if so would we be
able to identify them. While protease resistant cores had been show in other potential

docking proteins in certain conditions, such as SNAREs ! 302 323-328

, theoretically, their
presence could remain a probability even in the absence of significant evidence on
westerns, as the removal of the epitote which is not present within the protease resistant
core could explain the loss of signal from the antibody on the western. A study using non-
denaturing electrophoresis gels followed by MS should be able to determine if this

conformation change in Golgi-84 has associated proteins.

This chapter also demonstrated that the presence of the protease resistant core was not
dependent on the level of P1(4,5)P, on the vesicles. However, it is also a possibility that
P1(4,5)P; could be required for this function at a certain point during the budding of the
vesicle, when the conformation of Golgin-84 protease core is formed, and is not required
after the budding of the vesicle. We could perform a budding reaction, alike the one done
in figure le, where we depleted the PI(4)P 5’-kinase from the budding cytosol and
observe if the vesicles produced are fusogenic and if they possess the Golgin-84 protease

resistant core.

Another information that can be gathered from the last figure of this chapter is that after
120 minutes incubation in 0.125 mg/ml phosphatase, the vesicles are no longer fusogenic
(see chapter 2 and 4), but the Golgin-84 resistant core is still present. From this, we can
deduce that while Golgin-84 is required for the fusion of the vesicles (* and fig.7e), it is

not sufficient for fusion.

It could also be argued that figure 7e is not optimal. In fact, the vesicles are different in
terms of their protein content, as well as to the fact that GTP-y-S vesicles are thought to
remain coated after budding ’, which would affect their fusion ability regardless of their
Golgin-84 status. While it is hypothesized that the ARFGAPI as well as the GTP present

in the fusion assay allows the vesicles to eventually uncoat, more experiments could be
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developed to demonstrate this point further. Alike what was done with PI(4,5)P,, a better
experiment would be able to modify only the protease resistant core, something that has

not been attempted at this point.

Future work should try to pinpoint the involvement of Golgin-84 with the help of cytosol
competitors to the tethers, alike to what was done in vivo in Malsam et al. One could also
determine the relative affinities of CASP for the different conformation of Golgin-84, in

order to confirm the hypothesis presented previously in this discussion.

Furthermore, the fact that the tethering factor involved in the fusion process is still
present in part on the surface of the vesicles could explain the small diminished binding
constant (kb) demonstrated in chapter 6. At the same time, it could provide a good

hypothesis to explain why the vesicles are affected, but still can fuse in the end.
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Chapter 8: PI(4,5), in vivo: methodology and ongoing work.

Introduction

The ability to determine the traffic properties of the early secretory pathway has been
revolutionized in the recent years by the ability to monitor organelles of the cells with the

help of GFP and other chromatophores (e.g.*® 2 3%

). While the precise monitoring of
PI(4,5)P, is beyond the resolution of light microscope *>°, to be able to prove that it is

involved in COPI transport in vivo would be of great scientific value.
Results

In order to reproduce the cycling of COPI vesicles in vivo, the chimerical construct of a
protein was obtained: VSV-G(TS045)-KDELr-Myc (from Nelson B. Cole 7). This
protein is specific in the following ways; first it is temperature sensitive: the protein will
localize to the Golgi apparatus when incubated at 32°C. Since it contains the KDEL
receptor protein in its sequence, a small part of the protein pool is always cycling between

the ER and the Golgi "*”-**"** in a COPI dependent manner *°.

Second, when the cells temperature is shifted from 32°C to 40°C, the VSV-G construct
loses its conformation, becoming unfolded. Upon being transported to the ER, the
proteins are unable to traffic back to the Golgi, as they are being sequestered by

chaperones in the ER responsible for the proper folding of proteins 27, for recent reviews 333,

334

Therefore, the planned experiment would monitor COPI dependent traffic by monitoring
the speed of exchange between the Golgi and ER when the cells are shifted from 32 to
40°C. Inhibition of proper COPI fusion would lead to a pattern where the construct buds
from the Golgi but is unable to fuse to the ER, severely altering the distribution pattern of
the construct. This monitoring is done by IF against the myc epitote, which is not

produced endogenously (fig. 8a).
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Figure 8a. VSV-G(TS045)KDEL-Mye. Upon transfection in HeLa cells, the construct is kept in the
Golgi apparatus by incubating the cells at 32°C (up). After a short incubation at 40°C, the construct
starts migrating to the ER (bottom).

131



PI1(4,5)P, is produced within the cell from PI(4)P by three 5’kinase isoforms,

PI(4)P5’kinase type 1 o, B and y. While the y isoform is mostly located at the plasma

258, 315, 335

membrane , the o and P isoform have been known to possess a cytoplasmic pool

and a Golgi pool, in vitro " *'* 1% We therefore investigated the possibility that these

for review 336

isoforms would colocalize with the Golgi apparatus with IF (fig. 8b,c,d)

Figure 8b. PI(4)P5’kinase type 1 B localization in COS cells. COS cells were probed against the
protein PI(4)P5’kinase type 1 B (up, left) or against gm130 (up, right). Merging reveals a mostly
cytoplasmic localization. Bar, 10 pM.
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Figure 8c. PI(4)P5’kinase type 1 B localization in BSC1, HeLa cells. Cells were probed against the
protein PI(4)P5’kinase type 1 B (BSCI up left, HeLa middle right) or against gm130 (BSC1 up right,
HeLa bottom left). Merging reveals a mostly cytoplasmic localization, described previously in * (BSC1
middle left, HeLa bottom right). *Bar, 5 pum (middle left) and 10 um (bottom right).
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Figure 8d. PI(4)P5’kinase type 1 a localization in HeLa cells. Cells were probed against the protein
GM130 (green), a Golgi marker and PI(4)P5’kinase type la (red), which reveals a cytosolic as well as
a nuclear speckle localization for the protein, alike what was seen in **. *Bar 10 um.
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Immunofluorescence studies demonstrated, at least in part, the cytoplasmic localization of
both proteins, but with different pattern. While the B isoform was localized to the
cytoplasm and more concentrated to the juxtanuclear region, the a isoform is diffuse in
the cytoplasm and strongly stains distinct locations of the nucleus. While none of them
are clear Golgi markers, both of them could possibly be recruited to the Golgi apparatus.
In any case, one of the isoform is recruited to the Golgi apparatus in vitro to produce

P1(4,5)P; (see chapter 3).

The envision experimental protocol would have required, after transfection of the
VSVG(TS045)-KDELr-Myc construct, the KO of the 5’kinases to inhibit the formation of
PI(4,5)P, within the Golgi apparatus. This would have been accomplished with
pSuperRetro vectors (see figure 8e) or RNAI that we obtained (from Dr. Shields and Dr.
Pepperkok, respectively).

However, our experiments never got to the point where the KO were tested, the reason for
this being that our TF protocol for VSVG(TS045)-KDELr-Myc failed to produce a long
term viable cell line. The construct was extremely toxic to cells. While it was possible to
obtain about 1% of successful transfect at the 48 hours stage, none of the cells were able

to survive long enough to make an attempt at the KO possible.
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Figure 8e. The pSuper.Retro vector. When
transfected into a cell, the vector produce an
RNAi sequence that disables the target
protein.
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Discussion

To specifically remove PI(4,5)P, in vivo has been attempted before. Among the
difficulties experienced by the investigator was the fact that the 5’kinase isoforms tend to
complement each other, and the activity of one or two isoforms can increase when
another isoform is downregulated **’. Therefore, this protocol most likely will require the
KO of the isoforms o and B simultaneously in order to completely abolish PI(4,5)P,
within the Golgi.

Another problematic of this protocol is the fact that, in the event of a knockdown, it is not
totally certain that an effect would be seen, or that too many effects would occur at the
same time. PI(4,5)P, is required throughout the cell (see literature review) and a
knockdown would affect many systems that could potentially interfere with our assay.
Furthermore, this thesis demonstrate that PI(4,5)P, is required for the fusion of COPI
vesicles to the 15°C compartment, also identified as the ERGIC. It is therefore not certain
for sure that such a PI1(4,5)P, requirement is needed for the fusion of COPI vesicles to the
ER. A PI(4,5)P, knockdown could affect only a subpopulation of COPI vesicles and our

in vivo model would not be able to detect it.

Other possibilities resides in the use of and inducible VSV-G(TS045) whose toxicity
could be controlled and limited, or the use of Sarld“, which can also be used to monitor
Golgi to ER COPI vesicles traffic . In any case, besides the potential pitfalls, it is of

primordial importance to continue these experiments.
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Thesis discussion

In our literature review, we introduced the potential factors involved in the fusion of
COPI vesicles: SNAREs, tethers, Rabs and other proteins that are involved in COPI
mediated transport. However, while the function of these proteins are known in general,
most of the details concerning the fusion of COPI vesicles remain a mystery. Questions
like the identities of the SNARESs involved, the role of the tethers, Rabs or lipids still
mostly remained unanswered. Furthermore, the process by which COPI vesicles could
suddenly become fusogenic after budding from a non-fusogenic cisterna was of great

interest: what was the process that allowed such a drastic change in membrane behavior?

The study of the fusogenic properties of membranes have been greatly helped in the past
with the used of in vitro biochemical systems that were easy to manipulate and could
therefore be used to answer hypotheses rapidly. In vacuoles, in the plasma membrane as
well as originally with the Rothman fusion assay within the Golgi apparatus, these assays
were used to determine the proteins and lipids involved in the fusion of organelles.

Lately, a strong emphasis has been made on the use of liposomes based assays " <™l
214297 These assays have the advantages of limiting the factors that can be inserted into
one system, therefore reducing greatly the variables to be studied. Using these assays,
information concerning the fusogenic abilities of SNARESs, for example, was obtained.
However, emphasis should be directed on the fact that these assays have the risk of being
too simplistic and that information obtained from them should be considered as such. This
thesis is a good example that factors like lipid composition of the membranes as well as
changes in conformation of integral membrane proteins should not be dismissed and are
in fact critical. Therefore, simple liposomes assays are limited. Another category of
liposomes assays, alike those developed with vacuoles or at the PM by the Wickner or

Martin group '*> 23

, account for lipids and cytosolic proteins, which are closer to the
environment of the cell. Still, these assays cannot account for all physiological events.

Therefore, we sought to upgrade our experimental analysis and opted for purified
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organelles. We were able to reproduce in vitro the fusion of COPI vesicles with Golgi

cisternae.

First, while the literature review demonstrates the potential of ARF1, ARFGAPI,
coatomer as well as tethers and potentially SNARESs at having a certain level of flexibility
that could theoretically result in the formation of many subtypes of COPI vesicles, our
assay only monitors the transfer of one enzyme, GlcNac-T1, in a retrograde direction
from the Golgi apparatus to the CGN. Therefore, while it is presumed that we are
investigating the fusion properties of all COPI vesicles, our discoveries applies only to

this COPI vesicles subtype.

In the thesis, we were able to demonstrate that our assay indeed monitors the fusion of
physiologically relevant COPI vesicles. We determined this by two experiments. First, in
chapter 1, we demonstrated that fusion of the vesicles could only occur when they were
budded in the presence of coatomer. Second, by removing NSF or incubating the vesicles

mut

in the presence of a-SNAP™, we were able to demonstrate that our assay was able to

reproduce physiological requirements.

Following the characterization of the assay, we were able to determine, by observing the
behavior of the vesicles, that the vesicles ability to fuse was dependent on an intrinsic
factor present on their surface. We wondered, like it had been potentially suggested in
Rein et al. **', if this could be due to a change in conformation of fusion proteins from
fusogenic to non-fusogenic. In Rein et al., the Spang group was able to demonstrate that a
change of conformation of SNAREs which rendered them PK resistant was dependent on
ARFGAPI1. As a mimic to their experiments, we used protease treatment to test for
changes of conformation of known SNARESs and tethers, and were unsuccessful, at first,
to discover a PK resistant protein. Furthermore, the discovery that vesicles that were
treated as such were still fusogenic, pointed us to investigate if a lipidic component could
be involved. These findings, cumulated by the discovery that protease treated target Golgi
was very sensitive to PK treatment and rapidly became unable to support the fusion assay,

informed us that something was different between the COPI vesicles and the target Golgi.
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Since COPI vesicles are budded from Golgi membranes, the process that renders the
vesicles fusogenic has to be linked to the budding process, as Golgi cisternae do not

readily fuse by themselves.

ARF1 had been shown to trigger the formation of COPI vesicles an also of PI(4,5)P, '*

139, 272 145, 251

, a lipid involved in the fusion process of other organelles . Therefore, we
developed experiments that were able to manipulate PI(4,5)P, with great specificity. On
COPI vesicles, changes in PI(4,5)P, levels resulted in proportional changes in
fusogenicity of the vesicles. We were also able to demonstrate that PI(4,5)P, requirement

is only on the surface of the vesicles.

We next sought to identify the proteins that would associate themselves with P1(4,5)P,
and mediate the fusion process. Given the fact that P1(4,5)P, binding domains can vary

quite extensively **°

, we opted for a wide approach and tried to determine if there was a
link between PI(4,5)P; and the observed ability of vesicles to still fuse after PK treatment.
We discovered that PK treatment, not surprisingly, affected the vesicles ability to bind to
the target Golgi, but that once they were bound, their fusion proceeded normally.
Furthermore, we determined that PK treated vesicles were still sensitive to a-SNAP™"
and NSF. This meant that the fusion process still proceeded in a target (Q)-SNARE
dependent manner. We also determined that PK treatment abolished the ability of COPI

vesicles to bind to a-SNAP.

Concurrently, Malsam et al. > identified Golgin-84 to be involved in the fusogenic
process of COPI vesicles. Therefore, we probed PK treated vesicles to determine the
status of Golgin-84 and found a PK resistant core. We further demonstrated that this core
was only present on the surface of COPI vesicles, that it was absent from Golgi
membranes or from COPI vesicles that had been budded with GTP-y-S. We then tested
the fusion ability of vesicles which did and vesicles which didn’t have this novel
confirmation of Golgin-84 and found a correlation between its presence and the
fusogenicity of vesicles. However, further investigation of this PK resistant core

determined that it is most probably not linked to PI(4,5)P; status. Furthermore, while the
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core seems to be required for the fusion assay, we determined that it was not sufficient for

the fusion process to occur.

Analysis

One main criticism is that all of the data collected was done in an in vitro setting and
therefore would be greatly enhanced by the same results being demonstrated in vivo. In
contrast, one could argue that the experiment performed by Siddhanta et al. *** where they
inhibited the formation of PI(4,5)P, inside the Golgi and demonstrated a resulting
vesicularization of Golgi membranes within cells is a demonstration of the requirement of
PI(4,5)P,, in vivo. However, our hypothesis implies a role for PI(4,5)P, specifically in
COPI vesicles, not the Golgi apparatus. We therefore sought to reproduce with IF the
movement of COPI vesicles in vivo but technical delays made those results impossible to

include in the thesis.

Furthermore, one could also pinpoint that protease treatment of vesicles is not a precise
investigation tool as it cleaves proteins in a unspecific manner. Detection of a PK
resistant core also point outs that there could be other resistant proteins on the surface of
the vesicles. It would thus be presumptuous to conclude that Golgin-84 and PI1(4,5)P, are

the only vesicular requirement for COPI mediated fusion.

Another point presented to us was that if vesicles inactivate also in vivo, then the peri-
Golgi region would become rapidly saturated with unfused COPI vesicles. Therefore,
does inactivation occur within the cell or is it an artifact of the in vitro assay? We argued
that, while our assay reproduce the physiological fusion process, there are differences
between an in vitro and in vivo setting, one of which is that we are unable to reproduce
correctly the molecular crowding present in a cell. While the fusion of COPI vesicle in a
cell is a very rapid process and the vesicles travels only for distances in nm or um, the
fusion assay that we monitor in vitro is much slower and covers greater distances. We
concluded that inactivation of vesicles probably happens in vivo too, but that the time

frame is log factors faster so that few vesicles actually inactivate. Furthermore, it is also
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possible that the micro-environment of the Golgi apparatus is able to rescue the few

vesicles which do inactivate.

Lastly, Another issue that could be left to interpretation is the link between the
inactivation of vesicles and PI(4,5)P,. We were able to demonstrate that addition and
removal of PI(4,5)P, caused the rescue and the acceleration of the inactivation of vesicles,
respectively. However, is the inactivation caused by a loss of PI(4,5)P, or is due to
another requirement? One could argue that the inactivation of vesicles is the result of the

282 :
82 However, this

intrinsic 5’phosphatase activity of the Golgi apparatus demonstrated in
inactivation mechanism would most probably not have survived PK treatment. Still it
remains a possibility that either part of the 5’phosphatase remained active after PK or that
the loss of PI(4,5)P, was accomplished by spontaneous dephosphorylation, alike what
was seen in our MS samples. Finally, while the Shields group demonstrated the
5’phosphatase activity of the Golgi apparatus, the intrinsic 5’phosphatase activity of

COPI vesicles is unknown.

By modifying the level of PI(4,5)P,, is it possible that we are compensating the fusion
assay rather than an actual rescue of the inactivation? In retrospect, one way to determine
this without a doubt would have been to make a dilution series of experiments with the
5’phophatase and then compared it with a C,"® experiment, alike what was done in
chapter 6 with PK. This would have told us if the inactivation constant of the vesicles was
increased with 5’phosphatase, or if the observed loss of fusion was due to a loss of
binding or fusion kinetics. Alternatively, the purified 5’kinase could also be utilized to

rescue the inactivation in a dilution experiment.

Future outlook

We demonstrated, in this thesis, a requirement for P1(4,5)P,. Such a requirement fits quite
well into previously published data and explains quite a few past investigations from the

literature. First, Elazar et al. ® had previously demonstrated that the budding of the

vesicles is coupled to their fusion process. Therefore, considering that two cisternae do
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not readily fused but that a COPI vesicles is able to fuse with the same cisternae, an event
must have occurred during the budding process that suddenly made the membrane
fusogenic. Coincidently, at the PM, PI(4,5)P, pool is dependent on the activation of
ARF6 and also mediates exocytosis >°. Similarly, the PI(4,5)P, pool at the Golgi
apparatus is dependent on ARF1 ?’" %% which is the major enzyme responsible for the
budding of the vesicles. Furthermore, the PI1(4,5)P, pool seems also to be tightly regulated
by a still unknown 5’phosphatase and the Golgi seems to possess very little P1(4,5)P, at

steady state 2> %

. Therefore, if one pieces this information together, they could possibly
explain these results with the following mechanism: ARF1, simultaneously to the
formation of the vesicle, promotes the production of PI(4,5)P; in the membrane bilayer
and renders the vesicles fusogenic. Furthermore PI(4,5)P; activates the formation of PA,
which helps pinch off the vesicle by creating negative membrane curvature. After
uncoating, PI1(4,5)P, recruits (or has already recruited) an unknown protein from the
cytosol which is necessary for fusion to occur. Once fusion has proceeded or during the
fusion process, PI(4,5)P; is cleaved back to PI(4)P by a 5’phosphatase, possibly INPP5B
or OCRLI. In such a system the turnover of vesicles are quite rapid, which keep the
overall concentration of PI(4,5)P; very low and explains the results seen in Watt et al. >
Basically, the vesicle is ready to fuse as soon as it is made and is removed once the fusion
is accomplish to inhibit the possibility of another round of fusion. This creates a regulated
micro-environment, both spatial and temporal, that allows transport to proceed between
two cisternae which are otherwise inhibitory to fusion. PI(4,5)P2 is a marker used to
control the extent of this fusion. One can also wonder if such a system could explain the

formation of tubular connections within the Golgi apparatus, since technically, the

vesicles could start uncoating and fusing before the budding has been completed.

The role of Golgin-84 in the fusion process of COPI vesicles has already been
demonstrated >°. Here, removal of 30 kDa of the n-terminal tail of Golgin-84 results in the
loss of 20% of the initial binding constant of COPI vesicles, but does not change the
fusion constant of COPI vesicles after the binding process. Furthermore, we successfully
demonstrated a change in conformation of Golgin-84 simultaneously to the budding

process. Therefore, it seems that once more, vesicles are primed for fusion during the
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budding process, so that they are able to fuse as soon as the vesicles are uncoated. This
shuffle between inactive and active forms had previously been predicted > and could
explain why Golgin-84 only promotes the fusion of vesicles after the budding process and
not in other occasions. Furthermore, it would seem that these results confirm that the
fusogenic properties of Golgin-84, as predicted, are dependent on its coiled-coil domain.
However, to be more certain of this, we should perform experiments similar to those in >

but this time using only fragments of the protein.

A role between Golgin-84 and PI(4,5)P, had been previously considered, since the assay
that was performed to identify Golgin-84 used OCRL-1, a 5’phosphatase, as bait .
However, we were unable to find any links experimentally between the two. It would be
interesting to perform the budding of vesicles in an environment that does not allow the
formation of PI(4,5)P, by depleting the PI()kinases type 1 from the cytosol and
determining if it results in changes in the conformation of Golgin-84 on the collected

vesicles (or if the vesicles are able to fuse or bud for that matter).

Lastly, recent publications linking the activity of ARF1 and PI1(4,5)P; to the motility of
membranes *** and the fact that N-WASP and spectrin seems to be linked to PI(4,5)P, ***
*¥7 could point to a dual role of PI(4,5)P, within the Golgi apparatus; one for the fusion of
the vesicles and one for the attachment of the Golgi apparatus to the cytoskeleton. This
results would be in correlation with Watt et al.>>, which were able to identify two distinct
pool of PI(4,5)P, within the Golgi apparatus, one colocalized to vesicles and the other to
the cisternae. While the role of PI(4,5)P, in concert with actin has been shown to inhibit

COPI retrograde transport (and COPI-independent) **’

, it would be surprising if our
fusion assay still contained an active cytoskeleton, as it was depolymerised during the

purification of the Golgi apparatus.
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List of original Contributions

Developed and tested an in vitro COPI fusion assay using defined components in
a cell-free system that is dependent on the presence of COPI coatomer during the
budding process and on NSF and a-SNAP during the fusion process therefore
reproducing a physiological event.

Demonstrated a requirement for PI(4,5)P; for the fusion process.

Demonstrated that this requirement is present only on COPI vesicles, not on target
Golgi membranes

Demonstrated, with protease K treatment of vesicles, that the cell free membrane
fusion assay consists of a heterotypic fusion event, as COPI vesicles are partially
resistant to protease treatment while the target Golgi membrane is not.
Demonstrated, that along with PI(4,5)P,, that this heterogeneity is also due to a
proteinase K resistant core of Golgin-84 that is present only on fusogenic COPI
vesicles generated from parent Golgi membranes with GTP.

Demonstrated that, while Golgin-84 protease resistant core is necessary for the
fusion process, it is not sufficient to promote the fusion of COPI vesicles.

An ARFI1/ARFGAP dependent process was defined to prime the vesicles during

their formation from parent Golgi membranes.
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Appendix outline

The outline includes three manuscripts and one publication.

-The first manuscript, Laporte et al. explains the PI(4,5)P, investigation. It is ready for
submission. However, we might be waiting for in vivo data, depending on the decision of Dr.
Bergeron and Dr.Nilsson.

-The second manuscript, Laporte et al. explains the protease K experiments. It is not ready for
submission as the Golgin-84 angle has not been included at this point and will be done so after

the thesis is submitted.

-The third manuscript, Asp et al. has been submitted and is due for final submission on 29/08/08.
It has been published in time for the defense:

Early Stages of Golgi-Vesicle and -Tubule Formation Require Diacylglycerol.Asp L, Kartberg F,
Fernandez-Rodriguez J, Smedh M, Elsner M, Laporte F, Barcena M, Jansen KA, Valentijn JA,
Koster AJ, Bergeron JJ, Nilsson T.

Mol Biol Cell. 2008 Nov 26.

-The fourth item is collaborative work with Ching Yin Lee.

These are followed by copyright licences as well as animal and radioactive permits. (not in e-

thesis).
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Abstract

Coatomer is recruited to Golgi membranes in an ARF1-dependent manner that
couples protein sorting to vesicle formation. Using a modified intra-Golgi
transport assay with highly purified COPI vesicles, we demonstrate that fusion
of retrograde-directed vesicles with Golgi membranes requires
phosphatidylinositol-(4,5)-bisphosphate (P1(4,5)P,). The dependency on PI(4,5)P,
appears to be COPI vesicle-associated since pre-treatment of the vesicles with
either a specific 5-phosphatase or a 5-kinase, resulted in inhibition or gain of
fusion, respectively. In contrast, corresponding pre-treatment of Lecl Golgi
target membranes had no effect on the efficiency or extent of COPI vesicle fusion
with the Lecl Golgi membranes. As ARF1 recruits the kinase responsible for
PI(4,5)P, synthesis in a GTP-dependent manner to Golgi membranes, ARF1 can
effectively prime COPI vesicles for fusion already at the onset of vesicle

formation.



Introduction

In the secretory pathway, cargo transport between organelles depends on different
vesicular coat machineries. At ER cargo exit sites, small vesicular structures
containing newly folded and quality- assured biosynthetic cargo bud via the COPII-
coat machinery. Upon uncoating, COPII-derived vesicles either coalesce or fuse with
pre-existing membrane structures. In mammalian cells, part of the COPII machinery
link directly to microtubules via the dynein/dynactin complex'. This ensures
subsequent transport of the nascent membrane carriers (also termed vesicular tubular
clusters or pre-Golgi intermediates) towards the microtubule organizing centre and the
juxta-posed Golgi apparatus™ °. Another type of vesicle, termed COPI, transports
cargo between Golgi cisternae and recycles resident proteins between cisternae and
from the Golgi to the ER (e.g. SNARE proteins and other machinery proteins) so that
these can be used for further rounds of ER to Golgi transport (see Kartberg et al* for a
review).

The main roles of the COPII- and COPI- coats can be summarised as ensuring that
cargo molecules and machinery proteins required for vesicle targeting - fusion are co-
packaged efficiently. Though the two coats differ in composition, they show features
similar to those of adaptor proteins involved in linking clathrin to cargo proteins.
Indeed, both COPII and COPI components are able to bind cargo, in particular
SNARE proteins to ensure their incorporation into budding vesicles™. As COPI
vesicles also recycle SNARE proteins that, for example, are needed for anterograde
COPII-derived transport, a mechanism must exist which distinguishes recycling
SNARE proteins from those required for the actual fusion of recycling vesicles.
Otherwise, SNARE proteins could not provide and maintain asymmetry between

different transport compartments as postulated previously'’. Some evidence exists for



a fusion-specific conformational state of SNARE proteins as reflected in their

resistance to protease digestion though how this state is maintained is unknown'" ',

Sorting of cargo molecules and machinery proteins is followed by coat assembly and
vesicle-bud formation. This process is regulated by small GTPases termed Sarl for
COPII and ARF1 for COPI. Both require specific guanine nucleotide exchange
factors (GEFs) that exchange GDP for GTP as well guanine activator proteins (GAPs)
that catalyze GTP hydrolysis. The role of ARF1 in COPI coat assembly is highlighted
by its ability to recruit coatomer to the membrane when in its GTP-state. A
subsequent uncoating of budded vesicles occurs upon GTP hydrolysis. In addition,
ARF1 GTP hydrolysis has been shown to influence cargo incorporation into budding
COPI vesicles both in vitro' '* and in vivo". While it is well established that ARF1
can recruit the main component of the COPI coat, coatomer, to Golgi membranes'®,
the actual mechanism for coat recruitment and coat assembly/disassembly is still the
subject of investigation. For example, studies comparing the spatial dynamics of
different COPI coat components reveal differential binding/unbinding kinetics'" .
ARFI1 displays a more rapid binding/unbinding rate than does coatomer implying a
partial uncoupling between ARF1 and coatomer. In fact, ARF1 has additional roles in
the Golgi apparatus. It is known that ARF1 stimulates the production of phosphatidic
acid (PA) in the presence of the nonhydrolysable GTP analogue, GTPyS*" * through
activation of phospholipase D**. This results in increased vesicle production®***, In
turn, PA stimulates the conversion of phosphatidylinositol-(4)-phosphate (P1(4)P) into
phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P,)”>. These and other
phosphoinositides play important regulatory roles in membrane fusion, formation of

clathrin-coated buds and in the interaction between cytoskeleton and membranes.



They exert their effects mainly by recruiting signalling factors and regulatory proteins
to membrane domains but can also affect the conformational states of proteins
embedded or attached to the membrane. Phosphoinositides are also used to produce

ubiquitous second messengers that act downstream of many G protein-coupled

receptors and tyrosine kinases (for a recent review, see Oude Weernink et al.*).

In several membrane systems, formation of PI(4,5)P, is required for fusion or the
regulation of fusion. How this is achieved is envisaged in at least three ways; First,
priming of SNAREs as evidenced by studies in yeast showing a requirement for
PI1(4,5)P, in a SEC18p(NSF)-dependent priming of SNAREs as well as in the post
docking/fusion event™. Second, in the regulation of the actin cytoskeleton and
associated motility events® that for example, helps to remodel the cortical actin to
allow for endocytosis and/or promotes fission through a dynamin-specific process to
release endocytic vesicles™. Third, recruitment of cytosolic factors that are required
for docking and/or regulation of fusion. For the fusion of (large) dense core vesicles
((L)DCVs), the plasmalemmal PI(4,5)P, pool is regulated by an ARF6-dependent
recruitment of type Iy PIP 5-kinase to the plasmalemma in PC12 cells’” **. This
PI(4,5)P, pool recruits CAPS-1/2 in order to promote Ca**-triggered fusion of docked
(L)DCV’s with the plasmalemma® * (see also Murthy and DeCamilli*' as well as
Stojilkovic* for reviews). An additional specificity is likely mediated by the
association of synaptotagmins on (L)DCVs with PI(4,5)P, and t-SNARE on the target
plasmalemma®. Indeed, such microdomains formed by PI(4,5)P, at docked sites of
(L)DCV’s with the plasmalemma have been observed in PC12 cells*. The

plasmalemmal PI(4,5)P, level also appears to regulate the releasable vesicle pool size



in chromaffin cells* *. In these cells, type Iy PIP 5-kinase regulates PI(4,5)P, pool

important for the fusion of (L)DCV’s with the chromaffin cell plasmalemma.

In the Golgi apparatus, PI(4,5)P, may serve a similar role. Inhibition of PI(4,5)P,
formation results in the fragmentation and vesicularisation of the Golgi apparatus*” **.
This suggests a possible requirement of PI(4,5)P, in the maintenance of the Golgi
apparatus via membrane fusion. The level of PI(4,5)P, in the Golgi apparatus appears
tightly regulated. Only small amounts of PI(4,5)P, can be detected at steady state*>
whereas upon ARF1 stimulation, a 10-fold increase is observed™. In fact, ARFI
directly controls the synthesis of PI(4)P and PI1(4,5)P, through a nucleotide-specific
recruitment and binding of corresponding kinases™ **. As such, ARF1 is posed to
control the flow from PC to PA as well as from PI to PI(4)P and PI(4,5)P, through
direct and nucleotide-specific regulation. As ARF1 also recruits coatomer in a
nucleotide-specific manner, it implies a coupling between phosphoinositides synthesis

and COPI vesicle formation * %,

In this study, we have investigated the role of P1(4,5)P, in COPI vesicle fusion, in
vitro. Using a well characterized intra Golgi transport assay which monitors the fusion

1455 we find a strict

of Golgi derived COPI vesicles with the early Golgi membranes
requirement for the presence of P1(4,5)P, on COPI vesicle membranes. As evidenced
from the previous work of Elazar et al.*, a coupling likely exists between vesicle

formation and fusion. The findings presented here supports a coupled event through

ARF1-stimulated PI(4,5)P, production on the budding vesicle.



Results and Discussion

The in vitro complementation assay to study intra Golgi transport’ registers the
complementation of GlcNacT-1 enzyme activity™. Cells of the GlcNacT-1-deficient
CHO cell line, Lecl, are first infected with vesicular stomatitis virus (VSV) to express
the N-linked glycosylated and temperature-sensitive protein G. Upon synthesis, VSV-
G protein is retained in the cis-Golgi network™ by transferring cells to 15°C (see
Materials and Methods). Cells are homogenised and Golgi membranes containing the
VSV-G protein are then purified and mixed with cytosol and corresponding Golgi
membranes from wild type CHO cells devoid of the VSV-G protein but competent in
GlcNacT-1 enzyme activity. Upon COPI-mediated vesicle transport, the assay then
registers the transfer of *H-GlcNac onto the N-linked oligosaccharides of VSV-G”'.
By substituting the wild type Golgi membranes with that of purified COPI vesicles
formed in vitro and enriched with glycosylation enzymes (including GlcNacT-1), we
showed that COPI vesicles fuse in an NSF dependent manner with Golgi membranes
derived from VSV-infected Lecl cells validating the approach'. Using the same
modified assay, Ostermann later identified four parameters™ that essentially describe
the kinetic aspects of this vesicle-based assay (fig 1a). The first parameter describes
the concentration of COPI vesicles that are available for fusion (termed apparent
vesicle concentration or C,**). The second parameter describes a time-dependent
decrease of the C,**. The third parameter describes the binding and fusion of COPI
vesicles with the Lecl membranes and the fourth parameter, the transfer of GlcNac
onto VSV-G. This final parameter is not rate limiting as Ostermann showed that the
content of one COPI vesicle sufficed to glycosylate the entire VSV-G content of one

Lec1 Golgi cisternal acceptor compartment™.



COPI vesicles were purified” (fig. 1b) from rat liver Golgi membranes following a
budding reaction and added to purified Lecl membranes containing the VSV-G

protein. A typical response curve of the complementation reaction is shown in figure
Ic and is described by the equation a+c(1-e™™), where b’ is termed C, " or the

concentration of vesicles which is apparent. This influences the slope of the curve.

The minimal and maximum signal corresponds to ”a” and *’c”, respectively (fig. 1c).
The strict dependence on COPI to generate the signal is shown in figure 1d and e.

Depletion of coatomer, the main component of the COPI coat machinery, from the rat
liver cytosol used in the budding reaction results in an abolition of vesicle formation
as shown previously'* °". That this results in a corresponding loss of signal in the
fusion assay is demonstrated in figure le. Depletion of coatomer from the cytosol as
monitored by Western blot (fig. 1d) resulted in more than a 10-fold decrease in C,**
compared to vesicle formed using mock-depleted cytosol. This shows that the main
transfer of GIcNAc-T1 activity as monitored in the transport assay is via a COPI-
dependent process. Note that the depletion procedure itself results in a lower amount
of coatomer due to non-specific loss during the depletion experiment (compare

Control (C) with Mock (M) depleted in fig. 1d and e). Consequently, C,** drops about

v

two-fold compared to untreated cytosol.

Upon pre-incubation of the vesicles at 37°C in the absence of cytosol, fusion activity
of vesicles decreases over time. As shown in figure 2a, C,"* decreases from 1 to 0.4
(= 0.06) after 60 min. incubation. To assess if this might correspond to changes in
phosphoinositides, neomycin or Wortmannin were added to the fusion assay, both
known PI(4,5)P, affectors. Both showed inhibitory effects supporting a role for

phosphoinositides in fusion (data not shown). To test more specifically, we added a



monoclonal antibody specific for PI(4,5)P,. Increasing amounts of antibody revealed
an antibody-specific inhibition at a concentration of less than 20ug/ml antibody (fig.
2b) suggesting that phosphoinositides such as PI(4,5)P, are required for the fusion
process of COPI vesicles. Heat-inactivated antibodies added as control were
ineffective in the assay. We then determined if the cytosol-independent, time-
dependent inactivation shown in figure 2a could be rescued by PI(4,5)P, synthesis. A
mouse PI4P5-kinase type 1B was expressed as a GST fusion protein, purified and
tested for its ability to generate PI(4,5)P,. Lipids were extracted from purified COPI
vesicles incubated in the presence of the kinase and P*-ATP and subsequently
examined by thin layer chromatography (TLC). As can be seen in figure 3a, radio-
labeled phospholipids separated by TLC showed a marked increase of PI(4,5)P,
synthesis upon addition of the kinase (lane 2) whereas heat inactivated (HI) enzyme
(lane 3) was similar to the control (lane 1). Note also the decrease of radio-labeled
lipids in the spot co-migrating with PI(4)P (compare lane 2 with 1 and 3) in the
presence of the kinase consistent with the conversion of PI(4)P to PI(4,5)P,. That
PI(4,5)P, was indeed formed under these conditions was confirmed by mass
spectrometry. As can be seen in supplementary figure 4, the spectrum shows new ions
appearing at the m/z 522 upon incubation of Golgi membranes in the presence of the
kinase. The m/z 522 ion is consistent with the formation of PI(4,5)P, and this was
verified by collision-induced dissociation which resulted in peaks consistent with
PI(4,5)P,. When introduced directly into the fusion assay, the kinase had only a mild
stimulatory effect (fig. 3b-Kinase 0’) presumably because of the presence of existing
PI1(4,5)P,. However, if allowed to compete with the cytosol-independent and time-
dependent inactivation, the kinase rescued vesicle fusion (fig. 3b-Kinase 60°): in

contrast, addition of heat-inactivated kinase had little effect (fig. 3b-HI Kinase 60°).



This was further demonstrated quantitatively (fig. 3c). Taken together, these data

suggest a role for PI(4,5)P, in the fusion of COPI vesicles.

If the above idea were correct, then treatment of COPI vesicles with a PI(4,5)P,
phosphatase should abolish fusion. The phosphatase domain from yeast-synaptojanin
like-2 (Sjl2p) (or Inp52p) previously shown to remove the 5-phosphate of PI(4,5)P,*
was exploited. The specificity of this enzyme was assayed on purified COPI vesicles
(fig. 4a). Upon incubation with the phosphatase (lane 2), radio-labeled phospholipids
separated by TLC showed less label in the spot co-migrating with PI(4,5)P, compared
to samples treated with heat inactivated (HI) phosphatase (lane 3) or to the control
(lane 1). When added to the transport assay directly, the phosphatase showed no
significant effect (data not shown). In contrast, pre-incubation of vesicles with the
phosphatase before addition to the to Lecl membranes resulted in an inhibitory effect
at approximately 10 ng/ml (fig. 4b). Heat inactivated (HI) phosphatase showed no
such effect. Further studies to determine C,*” confirmed this finding (fig. 4c). The
phosphatase did not display any inhibitory effect in the absence of MgCl, (data not
shown) highlighting the specificity of the reaction®. From this we can conclude that
conversion of PI(4,5)P, into PI(4)P by the specific removal of the 5-phosphate results

in a decreased fusion ability of COPI vesicles.

To investigate the influence of PI(4,5)P, on the fusion ability of COPI vesicles
further, we subjected COPI vesicles to a two step incubation. Vesicles were first
incubated in the absence of active kinase (fig. Sa, lane 2). In the presence of the
kinase, most of the fusion activity (80%) remained (fig. 5a, lane 3). Subjecting

vesicles to two consecutive incubations decreased their fusion activity even further
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(fig. Sa, lane 4), to less than 20%. In the presence of the kinase, 60% of the fusion
activity remained (fig. 5a, lane 5). Adding the kinase to the first incubation and the
phosphatase to the second resulted in only 20% of the original fusion activity (fig. Sa,
lane 6) whereas addition of heat-inactivated phosphatase (HI) to the second
incubation led to the return of 60% of the fusion activity (fig. 5a, lane 7) which was
comparable to the result seen in lane 5. The quantitative estimate of active vesicles
(C,™) was determined with 3 different incubation conditions compared to the control
(fig. 5b) with the strongest inhibitory effect on fusion in the presence of the PI1(4,5)P,

phosphatase.

As pre-incubation of vesicles either alone, in the presence of phosphatase or in the
presence of kinase affects C,*", we conclude that PI(4,5)P, is required on the COPI
vesicle for fusion. A role for PI(4,5)P, could also exist on the VSV-G-containing Lecl
Golgi membrane. Although incubation of Lecl membranes in the presence of 5-
phosphatase revealed a loss P1(4,5)P, (fig. 6a-lane 1) compared to the control (heat-
inactivated enzyme, fig. 6a-lane 2), no effect on fusion was detected (fig. 6¢).
Conversely, incubation of Lecl membranes in the presence of 5-kinase increased the
synthesis of PI(4,5)P, (fig. 6b-lane 1) compared to control (heat-inactivated enzyme,
fig. 6b-lane 2). As with the phosphatase, no effect on the fusion was observed (fig.

6d).

In summary, we have found a requirement for the presence of PI(4,5)P, in the fusion
of COPI vesicles with Golgi membranes, in vitro. Though the formation of PI(4,5)P,
is important for Golgi function*” ** > | the involvement of PI(4,5)P, in Golgi

transport is considered controversial with a lack of agreement as to the location and

11



extent of enzymes producing PI(4,5)P, as well as to their significance. A conclusive
role for PI(4,5)P, in membrane fusion has been previously demonstrated for the fusion
of (L)DCVs with the plasmalemma via the recruitment of CAPS and the engagement
of the SNARE machinery’”*. Here, the paradigm may be extended to COPI-mediated
vesicle transport. The identity of predicted CAPS-related protein as well as the
relevant COPI PI(4,5)P, phosphatase is unknown but the cell-free assay used here
may enable us to screen for these proteins. Although Golgi membranes contain very
low levels of PI(4,5)P,, at steady state**”, our results suggest that ARF1, the small
GTPase required for COPI coat assembly, may also bind the two kinases required for
PI(4)P and PI(4,5)P, synthesis in a GTP specific manner’™> **. By doing so, ARF1
would prime budding COPI vesicles for fusion. Evidence for a COPI-dependent
coupling between budding and fusion has been reported previously™. The findings
here provide a likely mechanistic explanation for the Elazar et al. study.

Finally, it has not escaped our attention that a regulated PI(4,5)P, phosphatase could
lead to the breakdown of the Golgi via the inhibition of COPI vesicle fusion as shown
here and may be relevant to the mechanism of Golgi partitioning during mitosis. In a
broader context, PI(4,5)P, is clearly linked to membrane fission in endocytosis. Our
studies do not rule out a PI(4,5)P,-mediated balance between vesicle fusion and

fission events in the Golgi.
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Reagents

All reagents were of analytical grade or higher. Unless mentioned otherwise, all
chemicals were purchased from Sigma Chemical Co. (St-Louis, MO). Reagents for
the COPI vesicle budding assay were obtained as described previously®. Tritiated
uridine bisphosphate n-Acetyl-D-Glucosamine was obtained from PerkinElmer
(Wellesley, MA). PD-10 desalting columns, protein G sepharose beads and P*
labeled ATP were obtained from Amersham Biosciences (Piscataway, NIJ).
Phospholipids standards, (P1(4,5)P,, PA, PS and PI(4)P) was obtained from Avanti

(Alabaster AL).

Mouse GST-PI4P5K type Ip, a generous gift of Y. Kanaho®, was cloned, sequenced
and introduced to pGEX-2T (Amersham, Piscataway, NJ) to generate a GST-PI4P5K

type Ip fusion protein which was expressed and purified from E. coli BL21 cells.

The PI(4,5)P, 5-phosphatase domain (residues 592-900) of yeast Synaptojanin-like 2
(Inp52p) was a generous gift of P. De Camilli (Yale University, CT). Clones were
sequenced and found to have two sequence alterations, one silent (Gys), the other
replacing Q,o, with R. This alteration did not have any effect on the phosphatase
specificity. The construct was cloned in pET-28 A (Novagen, San Diego, CA) and
transformed into E. coli BL21 cells. Phosphatase activity was measured with a

malachite green colorimetric assay®.

Mass spectrometry
ESI-MS was performed in negative ion mode using a Micromass Quattro II triple

quadrupole mass spectrometer (Waters, Canada) equipped with a Z-spray interface.

PI(4,5)P, from standards or extracted from purified rat liver Golgi employing the
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chloroform/methanol/1IN HCI (1:1:1) method of Siddhanta et al. (2000), dried under a
stream of N; and then resuspended in acetonitrile/water/triethylamine
(70%/30%/30mM) was used for ESI-MS analysis. Analysis was accomplished by
direct infusion using a Harvard model 11 infusion pump at SuL/min. MassLynx 3.5
software was employed for data accumulation in multiple-channel analysis mode and
for data analysis. Nitrogen was used as drying gas (150 I/h) and nebulizing gas (20
1/h). The ESI-MS analyses were performed with the electrospray capillary set at 4.7
kV, the cone voltage of 45 V, a scan rate of 400 Da/s and an interscan delay of 0.1 s.
For tandem MS experiments, Argon at a partial pressure of 2 x 10~ mbar was
employed as collision gas, with collision energies of 35 V for tandem MS and 100 V

for precursor ions scans.

Fusion assay

The fusion assay was performed as described previously *. Briefly, purified COPI-
derived vesicles were generated in the budding assay and incubated in the presence of
20% Lecl cytosol, 10% VSV-infected Lecl Golgi membranes, an ATP Regenerating
system (final S0uM ATP, 250uM UTP, 5SmM creatine phosphate, 8U/ml creatine
kinase), 10X hepes buffer (final 25mM Hepes/KOH pH 7.2, 2.5mM MgOAc,), 1.5
uCi of previously evaporated tritiated N-acetyl-Glucosamine and final sucrose and

KCI concentration adjusted to 0.25 M and 30-60mM, respectively.

Pre-Incubation of the COPI-derived vesicles in the presence of the mouse GST-
PI(4)P5KIp or the 5-phosphatase domain of Inp52p was performed in 0.25 M sucrose,
150mM KCl, 25mM Hepes/KOH pH 7.4, ImM EGTA, 2.5mM MgCl,. 250uM ATP

was added for pre-incubation with GST-PI(4)P5KIp. The vesicles were then added to
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the fusion assay and the sucrose and salt concentration was adjusted to meet the

requirements mentioned above.

After 2 hours incubation at 37°C, reactions were stopped at 4°C. Samples were added
to antibody complex in lysis buffer (50mM Tris pH 7.4, 250mM NaCl. 5mM EDTA,
1% Triton X-100), mixed and incubated for one hour at RT. Samples were then
filtered on blocked glass fiber prefilters (Sigma GF/C or Millipore APFC02500),

washed 5 times with lysis buffer, dried and counted.

Cell culture, Cytosol and Membranes purification.

CHO Lecl1 cells® were obtained from the ATCC. For cytosol purification, cells were
pelleted and washed once with PBS, once with 200mM sucrose/10mM tris pH 7.4
(ST)Buffer and finally resuspended in ST Buffer. They then homogenized using a
ball-bearing homogenizer (Boehring Ingelheim, Mannheim, Germany) and
centrifuged at 14000 rpm for 3x10 min. until no pellet was visible. Cytosol was then

desalted in PD10 column, aliquoted, snap-frozen and kept at -80°C.

For Lecl Golgi membrane preparations, cells were pelleted and resuspended in 50 ml
VSV infection media containing VSV, alpha-MEM, 25mM Hepes/KOH pH 7.2, 0.5
mg actinomycin D) for 45 min. at 37°C. After the infection, 200ml of 10% FBS
alpha-MEM medium was added to the volume and incubated for 2h15 min at 37°C. In
order to concentrate the VSV-G in the CGN, the cells were incubated or 3h15min at
15°C. Cells were washed and homogenized as described above. To purify Golgi
membranes, the homogenate was mixed 1:1 with 62% sucrose, 10mM Tris pH 7.4,

1mM EDTA. The fraction was then introduced to the bottom of SW 40 Ultraclear
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tubes (Beckman, Fullerton, CA). Sucrose fractions of 35% and 29% were applied at
the top of the tubes, centrifuged for 90 min. at 40 000rpm. Golgi membranes were
collected at the 29-35% sucrose interface, aliquoted, snap-frozen and stored at —80°C.

The budding assay was performed as described previously®.

TLC

All TLC were performed as described previously”’. Briefly, samples were incubated
in kinase/phosphatase buffer (final 0.25M Sucrose, 25mM Hepes/KOH pH 7.4,
150mM KCL, ImM EGTA, 2.5mM MgCl, and 250uM ATP) for 60min. at 37°C in
the presence of radiolabeled P*>-ATP. The phospholipids were extracted with
MeOH/Chloroform/1N HCL, (1:1:1) dried, resuspended in chloroform:MeOH:9N
HCL (200:100:1.33) and resolved by TLC. Phospholipids were identified by co-

migration with known standards®’.

Antibodies and electron microscopy

Mouse monoclonal antibodies to VSV-G, a kind gift from P. Melancon (University of
Alberta, Edmonton) were purified from hybridomas. The degree of antibody complex
formation was assayed by mixing varying quantities of mAB to VSV-G and Anti-
Mouse Goat AB (ICN, Montreal, Canada) until the optimal ratio was obtained in the
fusion assay.

Mouse monoclonal IgG,, antibody to PI(4,5)P, was obtained from Assay Designs Inc.
(Ann Arbor, MI).

Vesicles were prepared, immuno-labeled with an antibody directed towards the
cytoplasmic domain of p24f,, a small transmembrane protein enriched in COPI

vesicles®"* and analyzed by negative stain as described previously'.
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Graphs and Curvefitting
All curvefitting was done with the help of Maccurvefit 1,5 (Kavin Raner Software

(www.krs.com.au)). In regards to the fusion assay, a non-saturation amount of

vesicles refers to an amount of vesicles that would normally generate a signal that is a
fraction of the maximum signal, generally a 2:1 ratio of vesicles vs Golgi cisternae™.
While experiments done under these conditions provide accurate and reliable data, the
precise extent of how the fusion assay is affected can only be ascertained by
comparing the apparent concentration of vesicles. All error bars refer to one standard

deviation in both directions, calculated with EXCEL (Microsoft, Seattle, WA).
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Figure Legends

Figure 1. The modified transport assay and relevant parameters. a, Schematics of the
transport assay showing two fates of vesicles, fusion or inactivation as described
previously *. b, Purified COP I vesicles visualized by negative-stain and labeled with
immuno-gold particles directed towards the cytoplasmic domain of p24f,. ¢, The
fusogenic ability of COPI vesicles described by the equation: a + c(l-e(_bx) ), where

”a” and ’’c” correspond to the minimal and maximum signal, respectively. The
overall fusogenic ability, ”b”, is termed C,*" and corresponds to the apparent
concentration of vesicles” and “’x” refers to the amount (ul) of vesicles added to the
assay. Data are from a typical experiment with purified COPI vesicles and Lecl Golgi

membranes. d, COPI vesicles were formed in the presence of untreated control
cytosol (C), cytosol depleted of coatomer using a mAb to 3-COP (A) or cytosol
incubated with an irrelevant antibody (M). Vesicle fractions were then probed for {3-
COP by immunoblotting. e, C,* determination using the vesicle fraction from
experiments using control (O), mock-depleted (CJ) or coatomer-depleted ({)) cytosol.

The C," values for the mock-depleted and coatomer depleted cytosol were 0.44 +

0.28 and 0.04 + 0.01, respectively.

Figure 2. Inactivation and inhibition of COPI vesicle fusion. a, vesicles incubated for

0 or 60 min. at 37°C in the presence of buffer (25mM hepes pH 7.4, 150 mM KClI,
2.5mM MgCl,, ImM EGTA, 0.25 mM ATP) prior to the cell-free assay. Vesicles

incubated for 60 min. at 37°C (O) inactivated to the extent that their ability to fuse
was only 0.40 = 0.06 times that of vesicles incubated for 0 min. (O). b, A non-
saturating (see material and methods) amount of COPI vesicles was added to Lecl

membranes in the presence of increasing amounts of purified monoclonal IgG
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antibodies directed towards PI(4,5)P, (O) or control (O). The control was composed
of heat-inactivated antibodies (95°C for 15 min). These experiments as well as

following experiments represent the mean of at least n=3 experiments + SD.

Figure 3. PI4P 5-kinase type 1 inhibits inactivation of vesicles. a, Demonstration of
the effect of the kinase by TLC. COPI vesicles (1.25 ug) in kinase buffer (see
Materials and Methods) supplemented with P*-~ATP were incubated for 60 min. at
37°C (lane 1) in the presence of 1.67 ug/ml kinase (lane 2) or heat inactivated (HI)
kinase (lane 3). The migration of standards is indicated on the left. The film was
exposed for two days. b, a non-saturating amount of vesicles was added to Lec1 target
membranes in the presence of purified kinase at the onset of the incubation (O). To
determine if the kinase could rescue vesicles from inactivation, vesicles were
incubated in the presence of kinase (00) or heat inactivated (HI) Kinase ({)) for 60 min
at 37°C before addition of Lecl target membranes. This leads to an inactivation as
seen in Figure 2 (compare (O) with () and ({))). In the presence of functional kinase,
the inactivation of COPI vesicles is restored (). ¢, C,"*" determination: Vesicles
were incubated for 60 min at 37°C in the presence of 0 (), 0.83 ({), 1.67 (D) or
4.16 (X) ug/ml of kinase and compared to vesicles that had not been pre-incubated
(O). Vesicles were inactivated to the extent of 0.40 + 0.06 after the incubation using
heat inactivated kinase compared to vesicles that had not been pre-incubated. In the

presence of kinase, C,""" was restored to 0.57= 0.14 (0.83ug/ml kinase), 1.01 = 0.16

(1.67ug/ml kinase) and 1.09 = 0.30 (4.16ug/ml kinase).
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Figure 4. Removal of the 5-phosphate from PI(4,5)P, inhibits fusion. a,
Demonstration of the effect of the phosphatase by thin layer chromatography (TLC).
COPI vesicles (1.25 ug) in kinase buffer supplemented with P*2-y-ATP were
incubated for 60 min at 37°C (lane 1) in the presence of 15ug/ml phosphatase (lane 2)
or heat inactivated phosphatase (HI) (lane 3). The film was exposed for 4 days. b,
non-saturating amount of vesicles was added to Lecl membranes after pre-incubation

for 60 min at 37°C with increasing amounts of phosphatase ([I) or heat inactivated
(HI) phosphatase (O). ¢, C,"*" determination after vesicles were incubated with 0

(O), 10 (O), 20 ({) or 40 (&) ug/ml of the purified phosphatase for 60 min at 37°C.
Vesicles lost their activity to fuse to the extent of 0.60 = 0.05 (10 ug/ml) 0.43 = 0.05

(20 ug/ml) 0.31 £ 0.02 (40 ug/ml) as compared to control (no phosphatase).

Figure 5. Rescue of COPI vesicle fusion by kinase is reversed by phosphatase
treatment. a, a non-saturating amount of vesicles was incubated at 37°C for 60 min in
presence of 1.67 ug/ml of kinase type 1P (K, experiments 3,5,6,7) or heat inactivated
kinase (HIK, experiment 2). Following the first incubation with kinase, vesicles were
further incubated for a second round at 37°C for 60 min in the presence of 10 ug/ml
of phosphatase (P, experiment 6), heat inactivated phosphatase (HIP, experiment 7) or
without any further addition (60, experiment 5). The control consists of vesicles
without pre-incubation (-, experiment 1), or vesicles incubated for 2 x 60min.
(experiment 4). b, C,** determination. Increasing amounts of vesicles were incubated
at 37°C for 2 x 60 min (O, 0.24 = 0.03), with 1.67 ug/ml of kinase the first 60 min.
and 10 ug/ml phosphatase (O, 0.14 = 0.04) or heat inactivated phosphatase ({), 0.56 =

0.16) for the second 60 min. Controls were kept on ice (O).
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Figure 6. PI(4,5)P, synthesis does not affect the fusogenicity of target Golgi
membranes. Lecl Golgi (2.7 ug) in KB were incubated in the presence of 20 ug/ml of
phosphatase (a and ¢) or 4.16 ug/ml of kinase (K) (b and d) for 60 min at 37°C. a and
b, TLC separation of P*-labeled phospholipids formed in the presence of the
phosphatase (P), heat-inactivated phosphatase (HIP), kinase (K) or heat-inactivated
kinase (HIK). The film was exposed for 2 hours. ¢, Fusion assay determining the C,**
with Lecl Golgi membranes pre-treated with phosphatase (O) or heat-inactivated
phosphatase (O). C,* after phosphatase treatment was 1.18 = 0.30 compared to after
incubation with heat-inactivated phosphatase, in d, Lecl Golgi membranes pre-treated
with kinase () or heat-inactivated kinase (O). C,*" after kinase treatment was 1.03 +

0.18 compared to incubations with heat-inactivated kinase.
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Supplementary Material

PI(4,5)P, has been identified in the Golgi apparatus, both in vitro® and in vivo®,
however it is relatively unstable in vitro**. We have confirmed that there is little if any
PI(4,5)P, in purified rat liver Golgi, and for this reason we have employed a protocol
for the in vitro generation of PI(4,5)P, in our Golgi preparation®®. PI(4,5)P, generated
in this manner was then characterized by negative ion mode ESI-MS in order to

authenticate its identity by comparison to PI(4,5)P, standards (Avanti, Alabaster AL).

ESI-MS analysis (Sup. la) of commercially available PI(4,5)P, (M.W. 1045, acyl
chains 18:0 and 20:4) dissolved in 30 mM triethyamine (70% acetonitrile, 30% water)
revealed the characteristic doubly charged negative ion at m/z 522 plus hydrolysis
product PI(4)P at m/z 482 (which was diminished in intensity for fresh preparations
(Sup. 1c¢)). Collision induced dissociation (CID) of either P1(4,5)P, (m/z 522) or
PI(4)P (m/z 482) revealed the fragmentation pattern (Sup. 1b) of characteristic singly
charged negative ions corresponding to the 18:0 and 20:4 acyl chains (m/z 283 and
303, respectively), the inositol phosphate and bisphosphate fragments (m/z, 241 and
321, respectively) and the dehydrated inositol phosphate (m/z 223)’" *. Further
characterization of the PI(4,5)P, standard by precursor ion (m/z 79) scans (Sup. 1c)
confirmed the presence of phosphate on m/z 522 (PI(4,5)P,), 482 (PI(4)P) and
probably other phosphoinositides with different acyl chains (m/z 497 and 511
corresponding to 34:1 and 36:1, respectively). Under these conditions, a detection

limit of 10ng/ml was realized for PI1(4,5)P,.
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Employing the phospholipid extraction methodology of Siddhanta et al.**, we
attempted to identify PI(4,5)P, in our Golgi preparations. Characterisation of
chloroform/methanolic HCI extractions of purified rat liver Golgi by ESI-MS
employing precursor ion scans of m/z 79 (Sup. 2a and b) failed to detect the
characteristic m/z 522 of PI(4,5)P, (see Sup. 1c) but revealed an interfering
phosphorylated ion of m/z 524. CID (Sup. 2¢) of m/z 524 revealed a spectrum with
fragment ions (m/z 255, 269, 328) unique to the 524 precursor ion and also fragment
ions in common with those of PI(4,5)P, (namely m/z 241, 283 and 303). PI(4,5)P,
fragmentation (Sup. 1c) however, generated ions (m/z 223, 321) that are unique and

distinguishable from fragmentation product m/z 524 (compare Sup. 1b with 2c).

Treatment of purified rat liver Golgi with ATP and rat brain cytosol or purified mouse
GST-PI(4)P5-kinase type 1 for 12 min. at 37°C, followed by phospholipid extraction
and ESI-MS analysis resulted in the generation of P1(4,5)P, as indicated by detection
of the 522 ion (compare Sup. 3a-b and Sup. 4a-b to Sup. 2b). Fragmentation of the in
vitro generated m/z 522 revealed ions characteristic of PI(4,5)P, (m/z 223 and 321)
and of the interfering 524 ions plus new ions probably related to ATP and cytosol

(m/z 218, 228, 265, 281, 279, 297, 325) or purified kinase (m/z 227).
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Supplemental figure 1: Characterization of PI(4,5)P,. a, Direct infusion (5ul/min)
negative ion mode electrospray ionization mass spectrometry (ESI-MS) of
commercial PI(4,5)P, dissolved in 30 mM triethylamine (70% acetonitrile, 30%
water). b, CID (collision gas 2.0 x10 -3 mBar Argon) MS of PI(4,5)P, (m/z 522). c,

Precursor ion scan (m/z 79) of freshly prepared P1(4,5)P, standard.

Supplemental figure 2: ESI-MS analysis of chloroform/methanolic HCl Golgi
Extract. Purified rat liver Golgi (100ug) extract (see methods), dissolved in 30mM
triethylamine (70% acetonitrile, 30% water) analyzed a) by precursor ion scan (m/z
79) with enlargement b) of the PI(4)P (m/z 482) and PI(4,5)P, (m/z 522) doubly
charged ion region of the MS. ¢) CID MS of m/z 524 displaying the product ion

profile.

Supplemental Figure 3: Generation of PI(4,5)P, by treatment of purified rat liver
Golgi with rat brain cytosol plus ATP. As in Figure 2 but Golgi was pre-treated with
rat brain cytosol (Smg/ml final) plus ATP (0.5mM) prior to phospholipid extraction.
a, Precursor ion scan m/z 79 and b) enlargement of the PI(4)P (m/z 482) and PI(4,5)P,
(m/z 522) doubly charged ion region of the MS. ¢, CID MS of the m/z 522/524 ion

displaying the product ion profile.

Supplemental Figure 4: Generation of PI(4,5)P, by treatment of purified rat liver
Golgi with kinase plus ATP. As in Figure 2 but Golgi was pre-treated with kinase
(3.125 pg/ml) plus ATP (0.5mM) prior to phospholipid extraction. a, Precursor ion

scan m/z 79 and b) enlargement of the PI(4)P (m/z 482) and PI(4,5)P, (m/z 522)
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doubly charged ion region of the MS. ¢, CID MS of the m/z 522/524 ion displaying

the product ion profile.
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Summary
COPI vesicles are effectiv e tran sport ca rriers of resident Golgi enz  ymes betw een
cisternal Golgi membranes, in vitro. This was demonstrated using a modified version of
the Rothman in vitro transport assay where donor memb ranes had been replaced w ith
purified C OPI vesicles. As predicted, COPI vesicles fused in an NSF and a-SNAP
dependent manner. One important aspect of the Rothman assay is that it enables
kinetic evaluation of both buddi ng, binding and final fusion of COPI vesicles. In this
study, we use protease K to determine the ef fect on vesicle binding and fusion. Though
we find that proteas e treatment d ecreases the rate of binding, w e observe little or no
effect on the actual fusion rate. In contrast, protease treatment of acceptor membranes
effectively abolishes both binding and fusion . This suggests a heterotypic fusion event
between COPI vesicles and Golgi cisternae supporting the notion that COPI transport

carriers are both biochemically and functionally distinct from Golgi cisternae.



Introduction

Transport of biosynthetic proteins through the secretory pathway requires two different types
carriers termed COPI and COPII vesicles. Whereas COPII vesicles are responsible for the
controlled release of biosynthetic cargo from the ER, COPI vesicles form from multiple
post-ER compartments such as the ER to Golgi intermediate compartment (ERGIC)/vesicular
tubular carriers (VTCs) and Golgi cisternae. Though the precise role(s) of COPI vesicles in
transport is still being elucidated, much data argues in favor for a role in both anterograde and
retrograde transport (for recent reviews, see (Bethune et al., 2006; Kartberg et al., 2005)).
The importance of COPI vesicles as transport intermediates has been underscored multiple
times. Using an in vitro-based transport assay (Balch et al., 1984a) where the glycosylation
status of vesicular stomatitis virus G (VSV-G) protein is monitored, Rothman and co-workers
could identify, confirm or in other ways characterize most of the important intra Golgi
transport components that we use today. This work was paralleled by Schekman and
co-workers who used yeast genetics to identify and characterize much the same components.
Together, Rothman and Schekman showed that COPI and COPII vesicles are vesicular
transport carriers that can be defined by their coat and that both require a defined set of
molecules for their formation, binding and fusion. The identification of NSF
(N-ethylmaleimide-sensitive factor) and SNAP (soluble NSF attachment protein) as being
required for fusion of vesicles led to the insight that the membrane constituents of synaptic
vesicles, VAMP and syntaxin, were in fact receptors for NSF and SNAP (Sollner et al.,
1993). Henceforth, these receptors were termed SNARESs (soluble NSF attachment receptors)
and today, form a large family of receptors that consists of 36 members in humans (for a
recent review, see (Jahn and Scheller, 2006)).

The exact mechanism whereby SNARE proteins contribute to fusion is still being



investigated. On a structural basis, they can be separated into R-and Q-SNAREs which form
stable complexes in the membrane consisting of 3Q and 1R SNARE (Q and R refers to amino
acids glutamine and arginine, respectively, and are found in the central position of the
SNARE motif). The 3Q:1R ratio is important for SNARE function in vivo (Katz and

Brennwald, 2000; Ossig et al., 2000).

The current view is that SNARE proteins on opposing membranes interact and form parallel
bundles. This creates stable receptor complexes that persist after fusion and such cis SNARE
complex then needs to be dissociated in order for SNARE proteins to be reused in further
fusion cycles (Mayer et al., 1996). This dissociation is mediated by the NSF complex, which
is recruited through the binding of a-SNAP molecules to the SNARE complex (Hanson et al.,
1997; Lenzen et al., 1998; Sollner et al., 1993; Yu et al., 1998). According to the SNARE-pin
hypothesis for membrane fusion (Weber et al., 1998), the formation of a frans complex of
SNARESs bridging both membranes is suggested to pull the membranes to within 4 nm of
each other (Jahn and Sudhof, 1999). Indeed, Weber et al. (Weber et al., 1998) could fuse
artificial liposomes containing SNAREs and this, together with the finding that such fusion
depends on how the SNARESs are anchored to the membranes (McNew et al., 2000b), provide
evidence for a SNARE-pin scenario which, albeit slowly, can drive fusion in vitro.

One of the postulates of the original SNARE hypothesis formulated by Rothman and
coworkers in the early 90s was that SNARE proteins specifically target transport vesicles to
the right membrane with which they are to fuse. In other words, each “cognate” SNARE
proteins form stable complexes in only one particular trafficking step. This was later
supported by findings showing that cognate SNARESs result in better fusion than non-cognate

ones using artificial liposomes (McNew et al., 2000a). However, Scheller and coworkers



(Calakos et al., 1994) showed that synaptobrevin-2/VAMP-2 binds to different syntaxins.
The yeast SNAREs Sed5p and Vtilp, also seem to function in more than one transport step
suggesting extensive promiscuity among SNARE proteins (Tsui and Banfield, 2000). In
vitro, complexes formed with four different SNAREs further shows that one of the
Q-SNARESs has to belong to the syntaxin subfamily and the two others to subfamilies
homologous to the first and the second SNARE motif of SNAP-25, respectively. Substitution
of particular SNAREs within these defined subfamilies can occur without influencing
complex formation (Fasshauer et al., 1999). Recent biochemical data suggest that the initial
fusion pore of vacuoles is not lipidic (as it is in the case of viral fusion) but rather a
proteinaceous channel formed by two opposing VO hexamers of vacuolar H+—ATPases,
binding head-to-head in a process that requires Ypt7GTP and calmodulin. Upon signaling by
calcium-bound calmodulin, the VO hexamers segregate whereby lipids are thought to invade
the space to form an aqueous fusion pore (Peters et al., 2001). Fusion of vacuolar membranes
requires the action of protein phosphatase 1 (PP1) which is complexed with calmodulin. This
step is thought to be the final step triggering the actual fusion event and placed downstream
of the action of SNARE proteins (Peters et al., 1999). Therefore, much data exist to suggest

that the current model for how SNARE proteins drives fusion is too simplistic and that other

steps and components are likely to be required.

When put into the context of intracellular transport, SNARE proteins are together with
tethering factors and other accessory molecules thought to mediate the necessary specificity
of fusion events so that correct membranes fuse. A requirement for high fidelity in fusion
events is clear when considering the need to maintain the biochemical and functional

differences between intracellular compartments of the cell at the same time as transporting



cargo between these compartments. This is perhaps why the cell uses distinct vesicle types;
COPII vesicles to transport biosynthetic cargo out of ER towards the Golgi apparatus and
COPI vesicles to return resident proteins such as SNAREs back to the ER. As the use of
COPI vesicles is not restricted to the return of resident proteins to the ER but also includes
multiple transport steps between adjacent cisternae of the Golgi apparatus, the makeup of
COPI vesicles should differ between, for example, a vesicle that buds and fuses in the early
part of the secretory pathway and one that buds and fuses in later parts. Indeed, we have
others have demonstrated that sub-populations of COPI vesicles can be isolated and
differentiated by their contents (Lanoix et al., 2001; Malsam et al., 2005). Such COPI
vesicles were formed from highly purified rat liver Golgi membranes and when generated
under conditions where GTP hydrolysis takes place, predominantly contain resident proteins
of the secretory pathway (Gilchrist et al., 2006; Lanoix et al., 1999; Lanoix et al., 2001).
Indeed, when used in a modified version of the Rothman transport assay where donor
membranes were omitted, COPI vesicles effectively transferred the resident enzyme,
N-acetylglucoseaminyltransferase I (NAGTI), to acceptor membranes as judged by the
resulting transfer of tritiated UDP-Nacetylglucoseamine onto the VSV-G protein. This
transfer required NSF and a-SNAP thus reflecting a functional transport event (Lanoix et al.,
1999; Lanoix et al., 2001). Whether or not the transfer of NAGT-I activity by COPI vesicles

reflected a homotypic or heterotypic fusion event was unclear.

In this study, we have investigated the relative sensitivity of SNARE proteins to protease
treatment comparing vesicles and acceptor membranes. We find that whereas acceptor
membranes are highly sensitive, vesicles remain fusiogenic even after extensive protease

treatment. Under these conditions, fusion remains cytosol, NSF and a-SNAP dependent. This



is highly suggestive of a heterotypic fusion event where SNARE proteins on COPI vesicles
have acquired a protease resistant conformation which is not present on the acceptor

membrane.



Material and Methods

In vitro complementation assay and data analysis

Vesicles were isolated as described (Lanoix et al., 1999). Infection of lecl Golgi membranes
with VSV was performed essentially as described (Balch et al., 1984a) with the modifications
described in (Colombo et al., 1991). Before homogenization and isolation of Golgi
membranes, cells were incubated for 2 to 3 h at 15°C. Invitro complementation with
[358]-1abeled VSV-G was done as described (Lin et al., 1999). Cytosol was prepared from
lecl cell homogenate and was desalted on PD10 columns. The cytosol concentration in the
assay was 20% of the assay volume. The equations used to explain the assay signal in
different experiments were derived from the experimental findings and models outlined in
(Ostermann, 2001). Curve fitting of these equations to experimental data was done using
MacCurveFit (Kevin Raner Software). Kinetic analysis of the complete reaction was done
using Berkeley Madonna (Robert I. Macey and George

F. Oster).

wt dn
Expression and purification of NSF, His  -tagged o-SNAP and o-SNAP mutant.
wt dn
Recombinant His-tagged NSF, o-SNAP and o-SNAP mutant were purified on

Ni-NTA-agarose as described (Barnard et al., 1997). Recombinant proteins were desalted

using a PD-10 column pre-equilibrated in 20 mM Hepes, pH 7.2, 150 mM NaCl, 1 mM
MgCl, 5% glycerol, 1 mM GSH and in the case of NSF, 5 mM ATP. Recombinant

dn
His tagged 0-SNAP  mutant was aliquoted and snap-frozen.



Results

SNARE pr oteins are protease-sensitive co mponents of transpo rt vesicles. We first
determined whether transport vesicles formed in vitro (Lanoix et al., 1999) contained
SNARE proteins, and whether these could be degraded by proteolysis. To digest peripherally
exposed SNARE proteins and other cytoplasmically exposed proteins, we incubated vesicles
with increasing amounts of proteinase K (PK) for 30 min on ice. PK was chosen as it is not
selective. It can also be inactivated by covalent and irreversible modification with PMSF. The
ability to inactivate PK after incubation with membranes is essential as it allows further

studies of the protease-treated membranes in the absence of functional protease.

Of the known SNARE proteins of the Golgi, GS28 has been implicated in intra-Golgi
vesicular trafficking as shown by addition of antibodies against GS28 (Nagahama et al.,
1996) (see also (Subramaniam et al., 1996)). This is consistent with its observed steady state
localization to the medial Golgi stack (42). GS28 has been shown to complex with the 34
kDa form of syntaxin 5 yielding a SNARE complex distinct from the 34/41 kDa forms of
syntaxin 5 found in complex with membrin, rsec22b and rbetl, the three latter giving rise to a
SNARE complex predominantly involved in ER to Golgi transport processes (Hay et al.,
1998). As with all known SNARE proteins, GS28 is mostly cytoplasmically oriented and
sensitive to proteolysis (Nagahama et al., 1996). This is also evident from Figure 1 where we
monitored proteolytic removal of GS28 from COPI-derived vesicles formed in vitro .
Approximately 50% of GS28 was degraded by 0.2

ng/ml PK. 2 pg/ml PK digested approximately 90% of GS28. The figure shows two

exposures, one of which is overexposed to reveal small residual amounts of GS28 remaining



after proteolysis. We estimate that 90 to 99% of GS28 has been degraded when using
between 2 and 20 pg/ml PK. We also incubated Golgi membranes with PK and found that
GS28 was equally sensitive as it is in vesicles, and no change in PK sensitivity was observed
after prolonged incubation of Golgi membranes (data not shown). Other cytoplasmically
exposed proteins with proposed roles in transport, such as GM130, had approximately equal

sensitivities to protease digestion as GS28 (data not shown).

Target membranes are inactivated by proteolysis.

The assay used to study Golgi transport measures the transfer of Golgi proteins between two
different populations of Golgi membranes. One population is derived from vesicular
stomatitis virus (VSV) infected lecl cells. Due to the molecular defect of lecl cells, the viral
glycoprotein (VSV-G) is only partially glycosylated in the Golgi membranes of lecl cells. In
this study, we incubated infected lecl Golgi membranes with transport vesicles formed in
vitro through incubation of rat liver Golgi with cytosol followed by vesicle release and
fractionation. The vesicles generated in this system contain high amounts of Golgi enzymes,
which upon fusion with lecl membranes complete the glycosylation of VSV-G in these
membranes (Lanoix et al., 1999; Ostermann, 2001). The glycosylation of VSV-G is detected
as incorporation of radiolabled N-acetylglucosamine (GIcNAc).

Before studying the effect of proteolysis on the properties of transport vesicles, we
determined the amount of PK necessary to inactivate the lecl target membranes with which
the vesicles fuse. We refer to these membranes as target membranes in order to avoid the
previously used donor/acceptor nomenclature which is used to describe the hypothetical
process of anterograde movement of secretory cargo originating from the lecl membranes to

wild type (wt) Golgi membranes. Target membranes were incubated with increasing amounts



of PK for 30 min on ice, after which PMSF was added to inactivate PK. Treated membranes
were then added to transport reactions containing vesicles, cytosol, an ATP-regenerating
system and UDP—[3H]—GICNAC. At all PK concentrations tested, we observed that the fusion
of vesicles with these membranes was efficiently inhibited (Figure 2). Thus, the ability of
target membranes to fuse with transport vesicles is highly sensitive to degradation of

cytoplasmically oriented proteins on their surface.

Vesicle activity is partially resistant to proteolysis.

If membrane fusion between transport vesicles and Golgi membranes is essentially
symmetrical with both membranes contributing equally, vesicles should also be inactivated
by proteolysis. Contrary to this, our initial experiments showed that vesicles fused with Golgi
membranes even after vesicles had been treated with as much as 40 pg/ml PK. This finding
prompted us to determine the kinetic parameters underlying the fusion event. Compared to
target membranes, determining the fraction of vesicles that inactivates is less straightforward.
As shown previously, the relationship between the amount of vesicles added and the assay
signal is not linear (Ostermann, 2001). Rather, the dose-response curve is an inverse
exponential curve and the relative initial increase (“slope”) of this curve is proportional to the
concentration of functional vesicles in the assay. At saturating amounts of vesicles, the
obtained assay signal is proportional to the concentration of target membranes that are

capable of fusion with the added transport vesicles.

We added increasing amounts of vesicles to a transport mix with a fixed amount of Golgi
membranes (Fig. 3A). Prior to addition to the assay, vesicles were either incubated for 30 min

on ice with 2 pg/ml PK (squares) or left untreated (circles). 1 mM PMSF was then added to



inactivate PK before the vesicles were used in the transport assay. After addition of vesicles,
the assay signal at the end of a 2 hour incubation at 37°C was determined. The maximum
assay signal that could be obtained with the tested vesicle preparation and the slope of the
measured dose-response curve were determined by curve fitting of the appropriate
mathematical expression to the data (Ostermann, 2001). When vesicles were incubated with 2
ng/ml PK, which is enough to degrade at least 90% of GS28, the initial slope was reduced to
62.4 £ 7.8% of the control value. In other words, 62.4 £ 7.8% of vesicles remained active.
Even at very high PK concentrations, such as 20 pg/ml, vesicles remained mostly active (Fig.
3B). At low PK concentrations, the assay signal at saturation was only slightly less (83.6 +
0.8%) than in the control incubation without PK. However, at high concentrations such as 20
png/ml PK, the maximal assay signal was reduced by as much as 50%, even though there was
no further decrease in the slope of the curve. As there was no further reduction in the slope of
the curve, the addition of more PK did not decrease the activity of the vesicles. The reduction
in the maximum assay signal can only be explained as an inactivation of the target
membranes, in which the assay signal is generated. Most probably, at such high
concentrations some PK had escaped inactivation with PMSF until the time the Golgi
membranes were added. As Golgi membranes are highly sensitive to PK, even a small
residual PK activity would reduce the assay signal. An inhibitory activity in the vesicle
preparation that was treated with 20 pg/ml is evident in the data; when increasing amounts of

vesicles are added the assay signal dropped rather than increased.

We decided to examine to what extent the partial inactivation of vesicles reflected a decrease
in fusion and/or a preceding docking step. Given that proteins implicated in membrane

docking are mostly cytoplasmically oriented, these are good targets for proteolysis.



Treatment of vesicles with PK would therefore be predicted to give rise to a decreased ability
of COPI-derived vesicles to dock with target membranes. We showed previously that the
ability of vesicles to fuse with target membranes is transient. The kinetics of inactivation was
compared to the kinetics of binding revealing that a considerable fraction of all functional
vesicles were inactivated over time in the cytosol before they had a chance to bind to Golgi
membranes and fuse (Ostermann, 2001). For this reason, a reduction in the speed of binding
is most easily detected by the reduction in the number of vesicles that fuse as more inactivate
in the cytosol prior to binding. This inactivation-to-binding ratio can be measured by
determining the sensitivity of a transport reaction to dilution. Dilution slows the binding step
as it increases the distance between vesicles and Golgi membranes and reduces the number of
collisions between them. If vesicles would not inactivate, dilution would have no effect on
the number of vesicles that have fused at the end of the reaction. If inactivation were much
faster than binding, than almost all vesicles would inactivate, and the assay signal would be
generated by only a minor fraction of the vesicles that bound before inactivation. Thus, the
fraction of vesicles that bind and fuse would be reduced by half if the reaction was diluted

twofold.

Without proteolysis, we found that twofold dilution reduced the apparent vesicle
concentration (or the slope of the dose-response curve) to 73.6 + 1.0% of the value measured
before dilution (Fig. 4A). From this, we calculated that 64.3 + 1.7% of initially functional
vesicles bind while the remainder inactivates. After incubation of vesicles with 2 pg/ml PK,
the apparent vesicle concentration dropped to 63.4 + 1.5% of the control value, or slightly
less than what was determined (Fig. 4B). Therefore, after proteolysis only 42.3 + 3.7% of

vesicles that were functional when added to the transport mix did actually bind and fuse



before they inactivated. When PK concentrations were added that degraded only a smaller
fraction of cytoplasmically oriented vesicle proteins, then the reduction of the binding
efficiency was less (Fig. 4C). The observed reduction in the binding to inactivation ratio can
be explained as a reduction in the binding kinetics to about one third of the control value, or
less if the rate of inactivation increases after proteolysis. The reduction of the fraction of
vesicles that bind and fuse rather than inactivate, which is 66.7 + 5.8% when expressed as a
fraction of the control without PK, is in good agreement with the observed reduction of the
apparent vesicle concentration to

62.4 + 7.8%. This suggests that the reduction of the binding kinetics is the principal cause for
the observed partial inactivation of a vesicle, not an inhibition of fusion. No other measurable
effects in the overall reaction kinetics are caused by proteolysis.

So far, we have only looked at the kinetic end point of the vesicle/Golgi fusion reaction. To
test whether protease-treated vesicles differ in other kinetic parameters from the untreated
controls, the effect of protease pretreatment on the overall reaction kinetics was also
determined. When comparing approximately an equal number of fusion events, more
protease-treated vesicles had to be added to achieve the same apparent vesicle concentration

as that of untreated vesicles.

The simplest description of the overall reaction kinetics is a sequence of two first order steps
that occur at comparable speeds. One of these steps is vesicle binding or, more precisely, the
kinetics of vesicle consumption, which is the sum of vesicle inactivation and binding. The
second rate describes the fusion of docked vesicles. We found only small differences in the
overall reaction kinetics (Fig. 5). Vesicles were in this experiment pre-incubated with or

without PK on ice and then together with target membranes. At indicated times, fusion was



blocked by BAPTA. The measured data are in good agreement with the assumption that one
of the two rate constants that determine the overall reaction kinetics remained unchanged,
whereas the other one was reduced by approximately 20%. As we showed that the
vesicle-binding rate is reduced after proteolysis, the overall vesicle consumption rate of
which the binding rate is a part must be affected as well. As the vesicle consumption rate also
includes the inactivation rate, the relative change in the consumption rate is smaller than the
change in the binding rate. Therefore, the change in the binding rate alone is sufficient to
explain the kinetic changes before and after proteolysis of vesicles. No additional effects,
such as changes in the speed of membrane fusion are observed in the reaction kinetics after

proteolysis of vesicles.

Proteolysis of vesicles changes the NSF response of the fusion reaction.

It is formally possibly that removal of SNARE proteins and other cytoplasmically exposed
proteins from COPI-derived vesicles results in a new pathway for membrane fusion. If so,
such fusion would be independent of the known cytosolic fusion proteins such as
NSF/a-SNAP. Though fusion using PK treated vesicles remained inhibited by BAPTA
indicating that a new pathway for fusion had not been created, we also determined whether
NSF function was still required upon PK treatment. Membrane-bound NSF was inactivated
by NEM treatment (Block and Rothman, 1992) and cytosolic NSF was inactivated by
incubating cytosol at 37°C in the absence of ATP. The efficiency of membrane fusion was
tested at different concentrations of NSF (Fig. 6). Panel A shows the NSF response curve of
vesicle fusion with Golgi membranes plotted against the NSF concentration on a linear scale
and panel B shows the same data plotted logarithmically (circles). As can be seen, NSF is

stimulatory at low concentrations but at high concentrations, it becomes slightly inhibitory.



The dose-response curve was parameterized by two exponential functions to separately
express the stimulatory and inhibitory response to NSF. We then determined the NSF
response curve of protease-treated vesicles (squares). This showed that the reaction remained
strictly dependent on NSF even after proteolysis of vesicles. However, both the inhibitory
and stimulatory activity of NSF differed when vesicles were PK treated. After proteolysis, the
stimulatory activity of NSF was reduced to 40.2 £ 2.3% of the control value (untreated
vesicles). In other words, proteolysis of vesicles a little more than doubled the amount of
NSF needed to stimulate membrane fusion. The inhibitory effect of high NSF concentrations
was increased after proteolysis of vesicles by a factor of 1.9 + 0.5, or approximately twofold.
This change in the NSF response curve suggests a change in the way the fusing membranes
interact with NSF. As SNARE proteins are known to mediate the recruitment of NSF to
membranes, it seems likely that the protease treatment of vesicles had indeed destroyed

functional SNARE proteins.

PK treatment abolishes the ability of vesicles to recru it an inhibitory SNAP " to the
docking side.

A mutant form of a-SNAP (a-SNAPmut) has been shown to inhibit fusion by failing to
stimulate the ATPase activity of NSF (Barnard et al., 1997). Still, NSF is recruited to SNARE
proteins with the same efficiency as when using wild type a-SNAP. This mutant therefore
allowed us to directly test whether vesicles and target membranes each contained functional
SNARE proteins, and whether vesicles lost these after proteolysis. Both before and after
proteolysis, addition of OL-SNAPmut inhibited the assay signal (Fig. 7A). Inhibition was not
complete though, and some vesicle fusion occurred even at the highest concentrations of

mut mut
a-SNAP . More a-SNAP  -resistant fusion was observed using vesicles that had not been



mut
incubated with PK. The failure of a-SNAP to completely block fusion is likely due to the

mut

presence of wild type SNAP already bound to SNARESs on the membrane when a-SNAP  is

added.

t

We explored this further by comparing how inhibition by the OL—SNAPInu changed when

membranes had been preincubated separately with or without the mutant protein before

mut

vesicles and Golgi membranes were combined (Fig. 7B). Without preincubation, a-SNAP

mut
inhibited approximately 80% of the assay signal such that a-SNAP  -resistant transport was

20% of the control. When both target membranes and vesicles were preincubated separately

t t

without o-SNAP and then combined in the presence of o-SNAP , the

mut
a-SNAP -resistant transport increased to approximately 40% of control. When vesicles

ut

m
were preincubated with o-SNAP but target membranes without, then the

mut

a-SNAP -resistant transport was comparable to the situation without preincubation.

mut
Preincubation of target membranes with a-SNAP  and preincubation of vesicles without

mut mut
a-SNAP  resulted in a reduction of the a-SNAP  -resistant transport. Maximal inhibition

mut
was obtained when both vesicles and target membranes were preincubated with a-SNAP

mut
From this we conclude that preincubation of target membranes without a-SNAP  reduces

ut

m
inhibition whereas preincubation with a-SNAP  increases inhibition of membrane fusion by
mut
a-SNAP . A similar but smaller effect was observed upon preincubation of vesicles. This

suggests that a-SNAP acts principally on the target membranes and, to a lesser extent also on

mut
the vesicles. Importantly, the smaller effect of a-SNAP  on vesicles was abolished when

mut
vesicles were preincubated with PK. The degree of a-SNAP inhibition now depended

solely on how the target membranes had been preincubated. From this we conclude that

mut

PK-treated vesicles no longer interact with a-SNAP



Discussion

We have in this study examined frans pairing of SNARE proteins in membrane fusion
between COPI vesicles and acceptor membranes. We find that whereas target membranes are
highly sensitive to protease treatment, COPI-derived vesicles are not. Protease treatment of
vesicles decreases their ability to dock with target membranes but not their ability to fuse.
This is highly suggestive of a heterotypic fusion event where SNARE proteins on COPI
vesicles have acquired a protease resistant conformation prior to fusion whereas acceptor

membranes have not.

The in vitro assay deployed in this study should allow us to determine which factors actually
drives the fusion event and to more precisely examine what roles are exerted by the different
tethering factors that are thought to be involved in the docking of vesicles to Golgi

membranes.
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Figure Legends

Figure 1. Proteolysis of COPI derived vesicles. Vesicles were isolated as described in
Lanoix et al. (Lanoix et al., 1999) and incubated without or with the indicated concentrations
of PK for 30 min on ice. At the end of the incubation, 1 mM PMSF was added to inactivate
PK. Proteins were precipitated with 10% trichloracetic acid, dissolved in electrophoresis
sample buffer, and separated by denaturing gel electrophoresis. (A) Proteins were detected by
silver staining. The band containing PK is indicated. (B) Proteins were transferred on PVDF
and GS28 was detected by Western blotting. Two different exposures of the same filter are

shown. A dilution series of the starting material is shown for comparison.

Figure 2. Lecl Golg i membranes are inactiv ated by proteolys is. Lecl Golgi membranes
(“target membranes”) were incubated with the indicated concentrations of PK for 30 min on
ice. After inactivation of PK with 1 mM PMSF, the Golgi membranes were incubated in a
vesicle fusion assay with saturating amounts of vesicles and cytosol, and the assay signal was

determined at the end of a 2 h incubation.

Figure 3. V esicles retain their activity after proteolysis. Vesicles were incubated without
(circles) or with (squares) PK for 30 min on ice. The PK concentration was 2 pg/ml (A) or 20
ug/ml (B). At the end of the incubation, PK was inactivated with 1 mM PMSF. The indicated
amount of vesicles was added to each fusion assay. The dose response curve (the expression
describing how the assay signal increases with increasing amounts of vesicles) is shown
(Ostermann, 2001). The apparent vesicle concentration was measured by fitting of the dose

response curve to the experimental data (the last data point in panel B was not used for curve



fitting as under these conditions, the inhibitory effect of PK on the target membranes

becomes dominant).

Figure 4. Inhibition of binding after proteolysis. (A) Dose-response curve of vesicles with
a fixed amount of target membranes before (closed circles) and after (open circles) twofold
dilution. The relatively lower assay signal at low vesicle concentrations after dilution
indicates a loss of active vesicles at the lower concentration of vesicles and target
membranes. (B) Vesicles were incubated with 2 p/ml PK for 30 min on ice, and the dose
response curve was determined before and after twofold dilution. Note that after protease
treatment, slightly vesicles inactivated after dilution. (C) The dose response curve is
measured before and after dilution with vesicles that have been treated with the indicated
concentrations of PK. The fraction of vesicles that binds rather than inactivates (the ratio of
the binding rate constant to the sum of the binding and inactivation rate constants) is
calculated from these measurements as described in (Ostermann, 2001). Note that the curve

flattens at 0.6 ng/ml PK, which is when most of GS28 is degraded by proteolysis (see Fig. 1).

Figure 5. Kinetics before and after proteolysis. Vesicles were incubated without (circles)
or with (squares) 2 ug/ml PK for 30 min on ice. Thereafter, vesicles and target membranes
were incubated together (at a vesicle to Golgi membrane ration of approximately 1 to 1) with
the other components of the vesicle fusion assay for 2 h at 37 degrees. At the indicated times
during the incubation, any further fusion of vesicles after this time was blocked by the
addition of BAPTA. The incubation was continued so that any partially glycosylated VSV-G
could become fully glycosylated. At the end of the incubation, VSV-G was

immunoprecipitated and the amount of incorportated 3H determined by scintillation counting.



Results are expressed as a percentage of the maximum amount of radioactivity that was

incorporated into VSV-G.

Figure 6. NSF dependence before and after proteolysis. Membrane-bound and cytosolic
NSF was inactivated, and the indicated amounts of recombinant NSF were added back. The
curve connecting the data points describes the mathematical expression that was used to
parameterize the experimental observation. (A) NSF concentration is on a linear scale, (B)
NSF concentration is plotted on a logarithmic scale. Vesicles were either protease treated
(squares) or left untreated (circles). Note that after proteolysis, the stimulation by low
concentrations of NSF was reduced whereas the inactivation by high concentrations was
more pronounced. For the experiment shown, the activation rate was 1480 before and 613
ug/nl after proteolysis. The inactivation rate was 5.39 and 12.3 pg/nl before and after
proteolysis, respectively (the dimension of the rates is an inverse concentration; the product
of the rate and the actual concentration is the exponent from which the activation or

inactivation is calculated).

Figure 7. Mutant SNAP inhibition of vesicle fusion. (A) Vesicles were incubated without
(circles) or with (squares) PK, and the indicated concentrations of mutant SNAP were added
to the reaction. (B) Vesicles were incubated without (darker bars) or with (lighter bars) PK.
Golgi membranes and vesicles were incubated separately for 15 min in cytosol (which
contains wt SNAP) with mutant SNAP, when indicated. Both were combined and mutant

SNAP was added to all to the same final concentration.
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Summary

We have investigated the role for diacylglycerol (DAG) in membrane bud-
formation in the Golgi apparatus. Addition of propranolol to specifically inhibit
phosphatidate phosphohydrolase (PAP), an enzyme responsible for converting
phosphatidic acid into DAG, effectively prevents the formation of buds rendering
cisternae devoid of vesicular and tubular profiles. The effect of PAP inhibition on
Golgi membranes is rapid, occurring within minutes. Strikingly, removal of the PAP
inhibitor results in a rapid burst of buds, vesicles and tubules that peaks within
minutes. The inability to form buds and vesicles correlated with rapid loss of
ARFGAP1 from Golgi membranes. Knockdown of ARFGAP1 by RNA interference,
however, had little or no effect on actual bud-formation. Taken together, this
suggests that DAG is required for bud formation and that subsequent steps such as

fission are promoted by ARFGAPI1.



Introduction

Formation of buds to generate intracellular transport vesicles from membranes such as
Golgi cisternae involves both coat-binding and local lipid conversion (for reviews and
theoretical models, see (Bethune et al., 2006; Kirchhausen, 2000; Shemesh et al., 2003;
Weiss and Nilsson, 2003)). For COPI vesicles, formation of buds is initiated by the small
GTPase ADP-ribosylation factor 1 (ARF1) which, in its GTP-conferred conformation,
drives coatomer recruitment from the cytosol to both Golgi and pre-Golgi membranes
(Palmer et al., 1993). Indeed, ARF1 and coatomer are sufficient for both bud and vesicle
formation as evidenced from in vitro experiments using liposomes from which coated
vesicles formed in a controlled manner (Spang et al., 1998). Addition of an activating
protein for ARF1, ARFGAPI, then yielded uncoated vesicles of the expected size of

about 50-60 nm in diameter (Reinhard et al., 2003).

The situation in biological membranes is likely more refined involving additional as well
as alternative components to promote or prevent vesicle formation such that Golgi
function is maintained. Here, both ARF1 and ARFGAPI have been implicated in vesicle
formation through direct or indirect modulation of lipid synthesis such that bud formation
and membrane fission is promoted. For example, ARF1 stimulates the production of
phosphatidic acid (PA) from phosphatidylcholine (PC) (Brown et al., 1993; Cockcroft et
al., 1994) through the activation of phospholipase D (PLD) in a nucleotide (GTP)-
specific manner (Brown et al., 1995; Houle et al., 1995; Ktistakis et al., 1995). Such
ARF1-mediated PLD stimulation results in an increased vesicle production (Chen et al.,

1997; Ktistakis et al., 1996). This ability of ARF1 to stimulate lipid formation in the



Golgi apparatus offers a possibility to mechanistically link lipid conversion with coat
recruitment. Theoretical models predict that formation of PA is required for the formation
of vesicle buds such that this cone-shaped lipid enables the formation of negative
curvature in the cytosolic leaflet of the lipid bilayer (for theoretical model, see (Shemesh
et al., 2003) and references therein). Like-wise, conversion of PA into lyso-phosphatidic
acid (LPA), an inverted cone-shaped lipid, is thought to allow for the formation of
positive curvature needed for outward bending of the lipid-bilayer to form the bud.
Indeed, addition of an inhibitor that prevents the formation of LPA from PA effectively
inhibits retrograde transport between the Golgi apparatus and the ER, in vivo (de
Figueiredo et al., 2000). The experimental evidence for a requirement for PA to form
negative curvature is mostly based on work examining the metabolic activities of
CtBP/Bars-50 which were shown to acylate LPA to form PA (Schmidt et al., 1999;
Weigert et al., 1999). Here, the enzymatic activity of CtBP/Bars-50 was shown to be
necessary to drive bud formation at the later stages through promotion of membrane
fission, either to form vesicles or to pinch off tubules (Bonazzi et al., 2005). Indeed,
mutation of CtBP/Bars-50 showed a marked decrease in its ability to promote vesicle
formation, in vitro (Yang et al., 2005). It is likely, though, that the effect of CtBP/Bars-50
on promoting vesicle formation is not mediated by an enzymatic activity to acylate LPA
as these proteins lack enzymatic activity. Rather, it is their ability to insert into PA-rich
domains through their respective BAR-domain that mediate their stimulatory roles in
vesicle formation (Gallop et al., 2005). As such, they would stabilize formed negative
curvature such that vesicles and tubules can bud off. Indeed, many BAR-domain

containing proteins have now been identified and implicated in membrane curvature



stabilization (Blood and Voth, 2006; Gallop et al., 2006). Furthermore, PA can be
converted to diacylglycerol (DAG) through dephosphorylation of PA. This enzymatic
step is mediated by phosphatidate phosphohydrolases (PAPs) and is effectively inhibited
by the pharmaceutical agent, propranolol (proPr). Inhibition of PAP enzymes by proPr
affects the ability of protein kinase D (PKD) to be recruited to Golgi membranes such
that vesicle formation at the trans-side of the Golgi apparatus is impaired (Baron and
Malhotra, 2002). This inhibition in vesicle formation was, at least in part, at the level of
PA to DAG conversion and was recently extended to also include peri-Golgi vesicles
(Fernandez-Ulibarri et al., 2007; Sonoda et al., 2007). Here, inhibition of PAP by proPr
resulted in the inability to form vesicles. In the Fernandez-Ulibarri et al., study, this
inability appeared at the stage of membrane fission and was explained by a concurrent
and partial loss of ARFGAP1 from Golgi membranes. In this study, we show that the
primary effect of DAG is at the level of bud formation whereas ARFGAPI is needed at

later stages such as fission.



Material and Methods

Reagents

Antipain aprotinin, apyrase benzamidine, GTP, leupeptin, pepstatin, PMSF, propranolol,
N-ethylmalemide polyvinylpyrrolidone (PVP-40T), soybean trypsin inhibitor, PBS-
Tween (0,05%) and Kodak Biomax'™ X-Omat XAR or MR films were from Sigma-
Aldrich (Stockholm, Sweden). ATP, creatine phosphate, and creatine kinase were from
Roche AB (Stockholm, Sweden). 1,4-dithiothreitol was from Biomol GmbH (Hamburg,
Germany). ECL detection kit was from GE Healthcare Bio-Sciences AB (Uppsala,
Sweden). 30% (wt/vol) acrylamide/0.8% (wt/vol) bis-acrylamide solution was from Bio-
Rad (Sundbyberg, Sweden). Uranyl acetate, glutaraldehyde and glycerol were from E.
Merck (Stockholm, Sweden). Osmiumtetroxide was from Agar Scientific (Essex, UK).
Protran nitrocellulose membranes (0.45 wm) were from Schleicher and Schuell (Dassel,
Germany). Minimum essential medium (MEM), foetal bovine serum (FBS), glutamine

and Lipofectamine™ RNAIMAX was purchased from Invitrogen (Carlsbad CA).

Antibodies, western blotting, cytosol, membrane and vesicle preparation

Rabbit polyclonal antibodies to ARFGAP1 have been described previously (Lanoix et al.,
2001). Monoclonal antibodies to native coatomer, CM1A10 (Palmer et al., 1993) and
PCOP, M3AS5 (Allan and Kreis, 1986) were kind gifts from Drs Rothman and Kreis,
respectively. HRP-labeled polyclonal antibodies to rabbit and mouse IgG were purchased
from Dianova (Hamburg, Germany). Purified rat liver Golgi membranes and rat liver
cytosol were prepared and treated as described (Lanoix et al., 1999). Typically,

membranes were purified ~100-fold over that of the homogenate.



Cell culture and transfection

HeLa cells were grown in MEM supplemented with 10% FBS, Penicillin (100U/ml),
streptomycin (100 ug/ml) and L-glutamine (2mM). Cells expressing ARFGAP1"** were
grown in the presence of 200 ug/ml of geneticin (G-418). SIRNA constructs against
ARFGAPI1 and GFP (mock) were custom synthesized by Dharmacon using published
sequences (Frigerio et al., 2007). Transfections were performed according to
manufacture’s instructions (Invitrogen, Carlsbad CA). The medium containing the
transfection reagent was replaced by fresh medium 24h post-transfection. This did not
affect the degree of RNA silencing but greatly improved the overall ultrastructural

morphology of intracellular membranes as deduced by electron microscopy.

Light and electron microscopy

Indirect immunofluorescence on fixed cells was performed as described (Dominguez et
al., 1998). Imaging of living cells was performed as follows: HeLa cells stably expressing
GalNAc-T25" (Storrie et al., 1998) or ARFGAP15°"" (Elsner et al., 2003) grown in
MatTek dishes (MatTek Corporation) were imaged using an Axiovert 200/LSM 510
META system (Carl Zeiss) fitted with a water-corrected 40X Apochromat 1.2 NA
objective, a humidified chamber with a constant temperature of 37°C and 5% CO, (CTI-
Controller 3700 connected to Incubator S, Carl Zeiss). CFP was excited with a 405 nm
Blue diode laser, and the emitted fluorescence was captured through a 475 long-pass
filter. For GFP, a 488 nm Argon laser was used and the emitted fluorescence was

captured through a 505 to -530 band-pass. Fluorescence level was coded with a gray



scale representing pixel intensity of 25-255. For semi-quantitation, background
fluorescence was subtracted. Images were analyzed using the Volocity Quantitation 4.1

software (Improvision, Software for Scientific Imaging, UK).

For electron microscopy, cells were fixed using a double fixation protocol with osmium
and tannic acid (Simionescu and Simionescu, 1976). Samples were dehydrated in graded
ethanol series, and embedded in Epon 812 (Serva). After 48 h at 60°C, ultra-thin sections
(60 nm) were cut and mounted on grids. Samples were examined on a LEO 912 OMEGA
(Energy Filter Transmission Electron Microscope, Zeiss) at 120 kV accelerating voltage.
Digital images were obtained through a side-mounted MegaView III TEM CCD camera.

Stereology was performed essentially as described by Mistelli and Warren (Misteli and
Warren, 1995). Briefly, Golgi areas were defined as a Golgi stack with associated
vesicular and tubular profiles including intercisternal space but not inter-vesicular,
cytoplasmic space. Stacked cisternae comprised two or more cisternal profiles separated
by a gap of 15 nm or less and overlapping by more than half their cross-sectional length.
Cisternae ranged from continuous to extensively fenestrated and were defined as
membrane profiles with a length more than four times their width, the width being not
more than 40 nm. Fenestrated cisternae were often wider and more translucent but could
be distinguished from tubules by their fenestration. Tubules were defined as profiles with
a length more than 1.5 times their width, the latter exceeding 40 nm. These were more
undulating than cisternae and when branched, formed networks. Vesicular profiles had
spherical or nearly spherical (length less than 1.5 times their width) profiles and were

defined as being localized inside the Golgi zone of exclusion. In tangential thin sections,



the absence of a translucent lumen served as a criterion for the classification of 50 to 75
nm peri-Golgi round profiles as a vesicles. Open profiles such as broken cisternae were
not include in the quantitation. All membranes profiles on an image were counted except
clearly identifiable contaminants such a mitochondria, plasma membrane or ER (which
totaled less than 10% of all profiles). The length or width of each cisterna, tubule or
vesicle profile was measured with the Volocity Classification 4.1 software (Improvison,

UK).

Photoconversion was essentially performed as described previously (Grabenbauer et al.,
2005). Briefly, cells were washed with pre-warmed calcium- and magnesium-free
phosphate-buffered saline (PBS) pH 7.4 and fixed for 30 minutes with pre-warmed
fixative containing 2% glutaraldehyde (25% stock solution, Merck, Darmstadt, Germany)
and 2% sucrose (USB, Cleveland, Ohio) in PBS. After washing three times with PBS,
samples were blocked with 100 mM glycine (Sigma) and 100 mM potassium cyanide
(Merck) in PBS for 2 h followed by 40 minutes with 10 mg/ml sodium borohydrate
(Sigma) in PBS. For photoconversion, samples were washed twice in Tris/HCI buffer pH
7.4, followed by incubation in a freshly prepared and oxygen saturated solution of 1.5
mg/ml 3,3’-diaminobenzidine hexahydrate (DAB) (Polysciences, Eppelheim, Germany)
in Tris/HCI buffer pH 7.4 at 10°C or below. To bleach, samples were illuminated with the
appropriate filter settings for ECFP (excitation filter BP436/20) using a 100 W mercury
lamp (FluoArc by Carl Zeiss, Oberkochen, Germany). After photoconversion, samples
were washed with distilled water and postfixed for 30 minutes on ice in 1% osmium

tetroxide reduced by 1.5% potassium ferrocyanide. Samples were dehydrated in graded



ethanol series, and embedded in Epon 812 (Serva). After 48h of polymerization, the glass
bottom of the tissue culture dish was removed by hydrofluoric acid. Ultrathin sections (60
nm) of flat embedded cells were cut parallel to the surface on a Leica Ultracut S

ultramicrotome (Leica, Bensheim) and mounted on Formvar coated grids.

For tomography, semi-thick sections (150 nm) of resin-embedded cells were prepared by
microtomy and collected on copper grids covered with a carbon coated pioloform layer.
The sections were post-stained in uranyl acetate and lead citrate as described in (Sato,
1967). As fiducial markers for tomography, 10 nm colloidal gold particles were applied
on top of the sections. Several tilt series were collected for each condition in a 120 kV
Tecnai electron microsope (FEI company, Eindhoven, The Netherlands), equipped with a
4k x 4k Eagle CCD camera (FEI company, Eindhoven, The Netherlands). The tilt series
covered an angular range of 130-140° around two orthogonal axes (Penczek et al., 1995)
sampled in 1° increments. The typical pixel size was 0.6 nm at the specimen level.

Processing of the tilt series was carried out with IMOD software package (Kremer et al.,
1996). Mutual alignment of the images in the tilt series was performed using the fiducial
gold markers on top of the sample. Independent local alignment of 5x5 overlapping
patches showed a reduction of the residual error mean by a factor of ~2 and was therefore
applied to the data. The tomograms were then computed from the aligned tilt series by
weighted back projection. The two tomograms obtained for each field of view from
orthogonal tilt series were finally combined into a single reconstruction in IMOD

(Mastronarde, 1997).
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Results

PA-derived DAG is rapidly turned over in Golgi membranes

Propranolol (proPr) has been used previously to highlight the importance of DAG in the
recruitment of proteins that contain the DAG-binding domain, C1, to membranes
(Carrasco and Merida, 2004, 2007). For example, PKD has been shown to rapidly
dissociate from frans-Golgi membranes in the presence of 500 uM proPr for 5 minutes
(Baron and Malhotra, 2002). In that study, the conversion from PA into DAG was tested
for using proPr and was compared to the conversion of PC and sphingomyelin into
ceramide and DAG through ceramide synthase using fumonicin B1 at 25ug/ml for 24
hours. With both inhibitors, PKD dissociated from the trans-Golgi. Other proteins are
also likely to show preference for DAG. Even though the ARF1 activating protein,
ARFGAPI, lacks a defined C1 domain, its binding and activity on liposomes is enhanced
upon inclusion of DAG (Antonny et al., 1997). The reason for such stimulation is not
fully understood but is presumably due to a protein-lipid induced conformational change
that is facilitated by DAG (Mesmin et al., 2007). Alternatively, membranes containing
DAG have a higher propensity to form curved membranes thereby stimulating the
activity of bound ARFGAP1 (Bigay et al., 2005). ARFGAP1 binding to Golgi
membranes is also enhanced by DAG, in vivo, as evidenced by the addition of proPr to
living cells. After 5 minutes, this resulted in a significant loss (approximately 50%) from
the Golgi apparatus of an over-expressed ARFGAP1 protein fused to the enhanced green
fluorescent protein (EGFP) (Fernandez-Ulibarri et al., 2007). This suggests that PA is

continuously converted into DAG through the enzymatic activity of a phosphatidate
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phosphohydrolase (PAP) and that this is required for efficient ARFGAP1 binding to
Golgi membranes.

We first tested for which type of PAP was responsible for the PA to DAG conversion
relevant to ARFGAP binding to Golgi membranes, in vitro. There are two types of PAPs,
PAP1 which is cytosolic and PAP2 which is membrane bound (for review, see
(Nanjundan and Possmayer, 2003)). To distinguish between PAP1 and PAP2, we
monitored the effect of proPr on the binding of recombinant ARFGAP1 to purified Golgi
in the presence or absence of cytosol. Figure 1A shows that the binding of recombinant
and His-tagged ARFGAP1 to purified Golgi membranes is inhibited by proPr only in the
presence of cytosol. In the absence of cytosol, there is a slight increase in ARFGAP1
binding with proPr. This is contrary to what would be expected if the relevant PAP
activity correspond to PAP2 indicating that the relevant phosphatase targeted here by
proPr likely corresponds to PAP1. With this, we also confirm that ARFGAP1 binding to
Golgi membranes is affected by the inhibition of PA-DAG conversion as observed by
Egea and colleagues using over-expressed ARFGAP1 fused to EGFP (Fernandez-Ulibarri
et al., 2007). The use of 60uM proPr in the Egea study, however, is unlikely to inhibit
PAPI1 completely as this enzyme requires at least 250uM of proPr to be fully inhibited
(as judged by the resulting increase of cellular PA levels) (Meier et al., 1998). To test if
ARFGAPI is affected differently at higher concentrations of proPr, in vivo, we monitored
the effect of 60 uM proPr on HeLa cells stably expressing ARFGAPI1 fused to EGFP
(ARFGAP15?) (Elsner et al., 2003) and compared this to 300 uM proPr. Figure 1 B-F
shows that the effect of 60 uM proPr on ARFGAP1"“** is partial compared to 300 uM.

Even after 10 minutes, more than 25% of ARFGAP1"“"" (Fig. 1, B, C and D) remained
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on the Golgi apparatus in the presence of 60 uM whereas at 300 uM, most if not all
ARFGAP1"*? had been lost already after 20 seconds (Fig. 1, B, E and F). At 20 seconds,
we observed no detectable loss of ARFGAP15% in the presence of 60 uM proPr or at

4°C for 10 minutes in the presence of 300 uM proPr (data not shown).

The rapid dissociation of ARFGAP1*%"" from Golgi membranes in the presence of 300
uM proPr suggests that the half-live of PA-derived DAG is very short. To exclude that
the rapid dissociation was not due to over-expression of an EGFP fusion protein, we
confirmed the loss of endogenous ARFGAP1 from the juxta nuclear Golgi area in
response to PAP inhibition by proPr. As can be seen in Supplementary Figure 1, most if
not all Golgi-associated ARFGAPI1 had redistributed to the cytosol after 3 minutes
(compare Suppl. Fig. 1A with B). We also examined cells at shorter incubation times
(down to 20 seconds) and found that most of the endogenous ARFGAP1 was lost from
the Golgi area in less than a minute (data not shown). In the presence of proPr,
endogenous COPI (revealed by antibodies to PCOP) remained largely unaffected
(compare Suppl. Fig. 1D with E). After removal of the PAP inhibitor, ARFGAPI1 was
recruited back to the juxta nuclear Golgi area within 2 minutes (Suppl. Fig. 1C). In
respect to the behavior of ARFGAP1, we observed no difference between the D-or the L-
form of proPr (data not shown). This also ruled out the $-adrenergic receptor or signaling
through this receptor as a cause for the observed effect. As proPr was dissolved in water
and diluted more than 30 times before each experiment, additional vehicle experiments

were deemed unnecessary.
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PA to DAG conversion is required for bud-formation

The loss of ARFGAPI but not coatomer suggests a partial impairment of COPI function.
This is consistent with the observed inhibition of Golgi to ER recycling upon addition of
proPr (Fernandez-Ulibarri et al., 2007). In that study, loss of Golgi to ER recycling was
explained by the concurrent decrease of ARFGAPI from the Golgi apparatus. As
ARFGAP1 has been implicated in the formation of COPI transport intermediates at the
stage of membrane fission, such a decrease should impair the late stage of the budding
process, i.e. membrane fission. Indeed, addition of 60uM proPr for 30 minutes results in
the accumulation of multiple membrane buds consistent with this interpretation
(Fernandez-Ulibarri et al., 2007). To investigate how proPr affects the Golgi cisternae at
the higher concentration of 300uM, we examined HeLa cells at the ultra structural level
using ultra-thin plastic sections. Cells were incubated with 300 uM proPr for 3 minutes,
washed with medium and then incubated for a further 2 minutes. In untreated cells, Golgi
stacks were typically aligned laterally as part of the Golgi ribbon (Fig. 2A). At higher
magnification, a number of membrane buds and vesicular/tubular profiles (VTPs) could
be seen in close proximity to the cisternal membranes of each Golgi stack (Fig. 2D).
Addition of proPr for 3 minutes resulted in an increased frequency of curved stacks with
smooth cisternal membranes seemingly devoid of both membrane buds as well as VTPs
(Fig. 2B and E). Strikingly, removal of proPr to allow for DAG synthesis resulted in a
dramatic increase of cisternal buds as well as VTPs already after 2 minutes. As can be
seen in Figure 2C and F, this often resulted in Golgi areas with a reduced stack-like
appearance. At 5-10 minutes after removal of proPr, the number of cisternae increased

whereas associated membrane buds and VTPs decreased approaching levels to that
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observed in control cells (see Fig. 2 G for quantitation and Suppl. Fig. 2 A and B for low

magnification fields).

That membrane buds and associated VTPs were affected by proPr was confirmed by
examining thick plastic sections followed by tomography. Representative tomograms
constructed of Golgi areas from control cells (Fig. 3A, left field), cells incubated with
proPr for 3 minutes (Fig. 3A, middle field) and cells incubated with proPr for 3 minutes
followed by a 2 minutes incubation after proPr removal (Fig. 3A right field) revealed
differences in the number of associated buds (yellow) as well as adjacent vesicles (red)
and tubules (green) consistent with that observed and quantified using thin sections
above. To perform tomography quantitatively would require an examination of a large
number of tomograms and is outside the scope of this study. Round to oval structures
were labeled as vesicles if they maintained their X-Y position while moving up and down
(along the Z-axis) in the tomogram and had a clearly defined top and bottom, i.e. they
should appear and then disappear when moving up and down along the Z-axis. Structures
were labeled as tubules if having no defined top and bottom and if moving in the X-Y
direction when moving up and down along the Z-axis. At higher magnification, a fuzzy
coat consistent with that of COPI (Orci et al., 1986) was observed on buds and vesicles 2
minutes after removal of proPr (Fig. 3B). Some membrane buds also had an electron-
dense region bridging the constricted neck-region (Fig. 3B-arrows) consistent with a

protein/lipid-aided fission-machinery.
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We next examined whether membrane buds and VTPs that form in response to proPr
removal contain Golgi resident enzymes. To do this, we examined HeLa cells stably
expressing N-acetylgalactoseamine transferase-2 fused to the enhanced cyan fluorescent
protein (GalINAcT2""). We previously showed that if illuminated post-fixation,
GaINAcT2"" yields sufficient amounts of free radicals to precipitate diaminobenzidine
(DAB) both locally as well as quantitatively (Grabenbauer et al., 2005). As can be seen in
Figure 4A, a gradient-like distribution of GaINAcT2"" was observed across Golgi stacks
under normal conditions. Some associated VTPs were filled with DAB products
consistent with the notion that GaINAcT2“"" is capable of gaining access to these
structures (Grabenbauer et al., 2005). Upon addition of proPr for 3 minutes, the DAB
precipitate was seen exclusively in cisternae (Fig. 4B) whereas upon removal of proPr,
DAB product was seen in both cisternal buds as well as VTPs (Fig. 4C and D). The
diameter of observed VTPs were between 40-50nm which is consistent with the expected

inner diameter of peri-Golgi vesicles such as COPI vesicles.

Taken together, evidence has been provided suggesting a direct requirement of PA-
derived DAG in the formation of membrane buds and the resulting vesicles and tubules.
Also, that the resident Golgi marker, GaINAcT2“"" gains access to at least a part of
formed structures. The rapid shifts in observed morphologies further indicate that
underlying PA to DAG conversion takes place at surprisingly high rate and that formed
DAG has a relatively short half-life. This correlates well with the dissociation and re-
binding of ARFGAP1 to Golgi membranes linking this ARFGAP to vesicle formation

through DAG (Fernandez-Ulibarri et al., 2007). In that study, Fernandez-Ulibarri, Egea
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and colleagues suggested that ARFGAP1 is required for the fission of membrane buds.
Having observed that inhibition of DAG synthesis prevents the formation of membrane
buds, we now tested for the role of ARFGAPI in bud formation as well as fission of

membrane buds. Cells were either transfected with control interference RNA (based on

Mock)

part of the green fluorescence protein, from here onwards referred to as RNAi or

interference RNA specific for ARFGAP1 (RNAi*fM9*) As can be seen in

ARFGAP1

Supplementary Figure 3, RNAi -transfection of HeLa cells resulted in a marked

Mock

decrease of endogenous ARFGAPI as compared to RNAi ™ -transfected cells (shown

are three independent experiments). In contrast, no significant changes were observed for

endogenous B-COP in either RNAM**- or RNAi* ! transfected cells. At the

Mock

ultrastructural level, RNA1 ™ -transfected cells revealed a somewhat higher incidence of

associated VTPs and membrane buds to that observed in untransfected cells suggesting
some unspecific influence of the transfection procedure on the experiment (compare Fig.
2A with Suppl. Fig. 4A). In cells transfected with RNAi**F94"! there was a marked
increase of membrane buds which was accompanied by a decreased number of associated
VTPs as compared to RNAiM** transfected cells (Fig. 5A, D and Suppl. Fig. 4B)
consistent with an impairment in vesicle fission as a consequence of lowering the
endogenous ARFGAPI protein level. As in untransfected cells (Fig. 2), addition of proPr
resulted in a marked decrease in associated membrane buds and VTPs in both RNAi™**-
as well as RNAi*" 9% transfected cells (Fig. 5B, D and Suppl. Fig. 4 C, D). At 2

minutes after removal of proPr, cells transfected with RNAi** 4! revealed a dramatic

Mock

increase in membrane buds compared to cells transfected with RNA1 over that of

associated VTPs (Fig. 5C, D and Suppl. Fig. 4E, F). This shows that knockdown of
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ARFGAPI results in a lowered ability to complete the budding process (presumably at

the level of membrane fission or scission) as in such cells, the number of stack-associated

VTPs was significantly lower as compared to mock-transfected cells (Fig. 5D). At 5
. ARFGAP1

minutes after proPr removal, RNAi -transfected cells revealed similar ratios of

VTPs and buds as compared to cells not treated with proPr (Ctrl).

Discussion

We have presented evidence that show that synthesis of DAG from PA is required for
bud-formation in the Golgi apparatus and that ARFGAP1 promotes vesicle and tubule
formation, presumably at the level of scission. We distinguished between the role for
ARFGAPI1 in vesicle and tubule versus bud formation through the use of RNAI.
Knockdown of endogenous ARFGAP1 resulted in a marked decrease in formed VTPs
consistent with a role for ARFGAPI at the level of membrane scission (Fernandez-
Ulibarri et al., 2007; Yang et al., 2005). This also helped us to highlight a role for DAG at
the level of bud-formation as removal of ARFGAPI1 did not block this event. This was
further supported by the observed increase in buds as suppose to VTPs at 2 minutes after

removal of proPr in cells transfected with RNAi*RF9AF!

(Fig. 5D, compare black bars
between RNAM* and RANi**9*"! in terms of VTPs and buds). The most simple
explanation, therefore, is that DAG plays a role in bud formation and that ARFGAP1 is
required for later events such as membrane scission through, for example, the BAR-

domain containing protein Bars-50 or other factors, (Yang et al., 2005; Yang et al., 2006)

and uncoating through the stimulation of GTP hydrolysis by ARF.
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We also monitored the distribution of GaINAcT2“"" which, under normal conditions,
resides in two cisternae of the Golgi stack and in adjacent VTPs, some which correspond
to vesicles (Grabenbauer et al., 2005). Upon addition of proPr, such VTPs
GaINAcT2""— filled VTPs were absent (Fig. 4B). In contrast, when removing proPr to
restore DAG synthesis, the frequency of VTPs increased and often, such VTPs contained
GaINAcT2“"" when examined using GFP excitation-induced DAB precipitation
(Grabenbauer et al., 2005). After 5-10 minutes, the number of VTPs was comparable to
those seen under normal conditions.

We specifically targeted the conversion of PA to DAG using the pharmacological drug,
propranolol (proPr). This allowed us to monitor rapid events that took place within
minutes upon the addition subsequent removal of proPr (see Fig. 6A). Other
pharmacological agents such as BFA have proven indispensable in elucidating dynamic
aspects of the Golgi apparatus (Sciaky et al., 1997) through its specific inhibition of
COPI function trough the ARFI exchange factor GBF1 (Niu et al., 2005). For proPr,
there are two types of PAPs to consider as known targets (for review, see (Nanjundan and
Possmayer, 2003)). The first is cytosolic and is termed PAP1. This enzyme has not yet
been identified but appears to be recruited to microsomal membranes, at least in vitro
(Martin-Sanz et al., 1984). The second enzyme, PAP2, has been identified and
extensively characterized and is incorporated into cellular membranes (mainly the plasma
membrane) via multiple transmembrane domains. Both PAP1 and PAP2 are effectively
inhibited by proPr. At present, we cannot make a formal distinction between PAP1 and
PAP2 in terms of bud-formation in the Golgi apparatus though the in vitro binding study

presented in Figure 1A supports a role for PAP1. Candidate enzymes for PAP1 are the
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lipins (for review, see (Carman and Han, 2006)) and future testing should reveal the
identity of which PAP is responsible for bud-formation in the Golgi apparatus once these

enzymes have been characterized and reagents become available.

We find it unlikely that proPr affects ARFGAP1 directly since in the absence of cytosol,
we observed an increased binding to Golgi membranes. Had proPr affected ARFGAP1

ARFGAPI_g1.0 o ofected cells

directly, such binding should not be expected. Furthermore, RNAi
were still capable of bud-formation and still responded to proPr. Hence, it is improbable
that ARFGAPI is a direct target for proPr. Similarly, we find it unlikely that coatomer is
a target of proPr as its binding to Golgi membranes was not affected by proPr at any
discernable rate (Supl. Fig. 1D-E). We also monitored ARF1 expressed as an EGFP-
fusion protein and found that it was not lost from the Golgi apparatus upon proPr addition
(data not shown). The presence or absence of coatomer on Golgi membranes is
nevertheless not predicted to inhibit bud formation. Loss of coatomer from Golgi
membranes upon BFA results in extensive tubule formation. The opposite, recruitment of
coatomer under conditions where GTP hydrolysis by ARF1 is inhibited results in vesicle
formation. In both cases, bud formation is a prerequisite making it unlikely that inhibition

of COPI function could explain the observed decrease in bud formation. Rather, it is the

lack of PA-derived DAG.

We were surprised by the rapid response of proPr in terms of bud and vesicle formation.
At the concentration used (300 uM), PAP1 is expected to be fully inhibited (Meier et al.,

1998) consequently preventing conversion of PA into DAG (see Figure 6B). In the past,
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much emphasis has been put on a role for PA in vesicle and tubule formation, in
particular, the role of PA-binding proteins containing BAR domains such as Bars-50.
These have been proposed to bind PA in order to stabilize negative curvature thereby
promoting bud formation. As PA is cone-shaped, this lipid would promote negative
curvature in the cytosolic leaflet ensuring that buds can proceed through the latter stages
by the closing of the neck-region. Conversion of PA into DAG, also a cone-shaped lipid,
would finally ensure that ARFGAPI is recruited to complete the fission/scission event
through BAR-containing proteins and other factors (Yang et al., 2005; Yang et al., 2006).
Our finding that an inhibition of PA to DAG conversion results in a marked decrease in
membrane buds is inconsistent with this model. Rather, an accumulation of PA seems
less favorable for bud-formation suggesting that DAG rather than PA is required to form
the bud (see (Shemesh et al., 2003) for theoretical modeling). We speculate that DAG
promotes negative curvature in the luminal leaflet of the vesicle bud. This is possible
since DAG flip-flop (Fig. 6B, FF) almost instantly (within seconds) (Bai and Pagano,
1997) once formed at the cytosolic leaflet. In contrast, PA and other phospholipids flip-
flop at a much slower rate (within minutes or hours). We propose that bud formation and
consequently, vesicle and tubule formation is the consequence of several events. First,
local fluctuations in membranes that occur naturally enable bud structures to form
transiently which are then stabilized by proteins such as coat proteins binding to the
cytosolic surface of the membrane (see (Reynwar et al., 2007) and references therein).
Such fluctuations are stimulated by the presence of membrane proteins (Kim et al., 1998)
as well as DAG where the latter can flip-flop rapidly between the two leaflets. On the

cytosolic leaflet, PA is also converted into lysophosphatidic acid which is an effective
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promoter of positive curvature. The coated bud can now form and transformed into a
vesicle or a tubule through elongation and constriction of the neck region. This is
promoted by PA and DAG-binding proteins such as BAR-containing proteins and

ARFGAPI (Fig. 6B, PA-BP and DAG-BP).
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Figure Legends

Figure 1. Inhibition of DAG formation through PAP1 results in a rapid loss of
ARFGAP1 from Golgi membranes. In A, inhibition of ARFGAPI binding to Golgi
membranes by proPr is cytosol-dependent. Recombinant His-tagged ARFGAP1 (0,1 ug)
was incubated in a 200 ul reaction buffer (see Material and Methods) together with
highly purified Golgi membranes (20 ug), rat liver cytosol (1 mg) or proPr (300 uM) for
15 minutes at 37°C. Incubation mixtures were terminated on ice and membranes pelleted
at 13 000 rpm for 10 minutes. Solubilized proteins were then separated by SDS-PAGE
and transferred to nitrocellulose for western blotting. His-ARFGAP1 was detected using
a poly-His specific antibody followed by secondary HRP labelled rabbit anti-mouse
antibody and an ECL detection system. In B-F, addition of 60 uM proPr for 600 seconds
(C, D) or 300 uM proPr for 20 seconds (E, F) results in a partial or complete loss of the

Golgi localized ARFGAP1"°™, respectively. Scale bar 10 um.

Figure 2. DAG is required for bud-formation. Thin plastic embedded sections (60 nm
thick) were examined at the ultrastructural level. A-C shows representative low
magnification fields (scale bar 1 um) whereas D-G shows representative high
magnification fields (scale bar 100 nm). In A and D, multiple Golgi stacks align laterally
to form a part of the Golgi ribbon in untreated cells. Associated membrane buds (arrow)
and VTPs (arrowhead) were seen in close proximity to cisternal membranes of the Golgi
stack. In B and E, addition of 300 uM proPr for 3 minutes resulted in an increased
frequency of curved stacks that consisted of smooth cisternal membranes seemingly

devoid of both membrane buds as well as VTPs. Occasional VTPs and buds (arrowhead
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in E) were observed but at a marked decreased frequency (see G for quantitation). In C
and F, removal of proPr resulted in a dramatic increase of both membrane buds as well as
VTPs already after 2 minutes. Arrow and arrowheads point to a bud and VTPs,
respectively. In G, quantitation of cisternae, VTPs and membrane buds presented as the
mean of total membranes and compared to untreated control (Ctrl) which was set at

100%.

Figure 3. Electron tomography of Golgi stacks. Dual axis tomography was performed
to obtain good resolution of membrane delineations in all specimen planes. In A, a digital
slice through the 3D volume of an electron tomographic reconstruction illustrates the
appearance of the Golgi area seen before addition of proPr (left field), 3 minutes after
addition of proPr (middle field) and 2 minutes after removal of proPr (right field). Each
membrane-delineated structure present in this digital slice was analyzed throughout the
3D volume and color-coded. In blue, Golgi cisterna or structures continuous with a Golgi
cisterna except membrane buds; In red, vesicles; In green, tubular structures; In yellow,
membrane buds. Scale bar 100nm. In B, different close-up fields vesicles and membrane
buds observed after removal of proPr. Arrows indicate necks of budding profiles that

appear constricted by electron-dense material. Scale bar 40nm.

Figure 4. Inhibition of DAG formation prevents GaINAcT2"" from entering VTPs
After photooxidation and epon embedding, DAB precipitate was examined by electron
microscopy. In A, DAB precipitate is predominantly found in 2-3 cisternae reflecting a

gradient-like distribution across the Golgi stack. Some associated VTPs are also positive
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for the DAB precipitate consistent with that GaINAcT2" can gain access to these
structures. In B, Upon addition of proPr (300 uM) for 3 minutes, the DAB precipitate is
seen exclusively in cisternal membranes but can not be detected in any associated buds or
VTPs. In C, at 2 minutes after removal of proPr, the DAB product is seen in both
cisternal membranes as well as VTPs. In D, magnified field corresponding to the box in
C. Arrow points to a bud-like structure filled with DAB precipitate. Arrowheads point to

VTPs with a diameter of 40-50 nm. Scale bar in A-C, lum, in D, 75nm.

Figure 5. ARFGAPI1 is required for membrane fission. Thin plastic embedded
sections (60 nm thick) of HeLa cells transfected with either RNAM** or RNAiARFOAP!
were examined at the ultrastructural level to discern structures associated with Golgi
stacks. Observed structures were quantified (D) as in Figure 2. In A and D, RNAj{*RFOAPL
transfected cells revealed an increased frequency of membrane buds accompanied by a

Mock_transfected cells. In B and

decreased number of associated VTPs compared to RNAi
D, addition of proPr (300 uM) for 3 minutes resulted in a marked decrease in associated
membrane buds and VTPs in RNAi*F_transfected cells. In C and D, removal of
proPr, revealed a marked increase in membrane buds in cells transfected with

RNAARTGAPY compared to cells transfected with RNAiM*™ over that of associated VTPs.

Scale bar 100 nm.

Figure 6. Schematic overview and model. In A, inhibition of DAG synthesis using
proPr results in a rapid dissociation of ARFGAP1 and inhibition of bud formation in the

Golgi. Removal of proPr and resumption of DAG synthesis results in a rapid rebinding of
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ARFGAPI1 and a dramatic increase in bud, vesicle and tube formation. SiRNA
knockdown experiment suggests that ARFGAP1 is not involved in bud formation, but
rather, that it promotes scission/fission of formed vesicles and tubules. After 5-10
minutes, stacks reform highlighting an underlying the dynamic behaviour of Golgi
membranes in response to DAG synthesis. In B, a model illustrates the putative function
of DAG in promoting bud formation. In this model, PA is converted to LPA (an inverted
cone-shaped lipid) or to DAG (a cone-shaped lipid). LPA enriches in the tip of the
membrane bud thereby promoting positive curvature. DAG on the other hand promotes
negative curvature together with PA in the neck-region and importantly, also the negative
curvature in the tip of the luminal leaflet of the vesicle bud. DAG flip-flop once formed

in the cytosolic leaflet in order to enrich in the luminal leaflet,

Supplementary Figure 1. Inhibition of DAG synthesis results in a rapid and
reversible dissociation of endogenous ARFGAP1 from the juxta-nuclear Golgi area.
In A-C, HeLa cells grown on coverslips were fixed (A) or incubated for 3 minutes in the
presence of 300 uM proPr and then either fixed (B) or washed with culture media and
then incubated for an additional 2 minutes (C). Endogenous ARFGAP1 was detected
using the polyclonal antibody described in Lanoix et al. (Lanoix et al., 2001). In D-E,
cells shown in A-C were double-stained using the monoclonal antibody M3AS directed

towards BCOP. Scale bar 10 um.

Supplementary Figure 2. Restoration of Golgi stacks after 5 and 10 minutes after

removal of proPr. Thin plastic embedded sections (60 nm thick) were examined at the
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ultrastructural level. In A and B, Golgi stacks became more definable and the number of
associated membrane buds and VTPs decreased after 5 (A) and 10 (B) minutes following

the initial burst seen after 2 minutes. For quantitation, see Figure 2 G. Scale bar 1 um.

Supplementary Figure 3. Transfection of interference RNA to ARFGAP effectively
decrease the level of endogenous ARFGAP1 in HeLa cells. Shown are three
independent experiments. HeLa cells were either mock transfected or transfected with
interference RNA to ARFGAPI1. After 48 hours, cells were scraped off and solubilized in
1% Triton in 25 mM Hepes pH 7,4. 100 ug of each cell-lysate was then run on SDS-
PAGE and separated proteins transferred to a nitrocellulose membrane. COP was
detected using the mAb M3AS5 (Allan and Kreis, 1986) (a-COP") and ARFGAP1 (a-
ARFGAP1) using a polyclonal antibody (Lanoix et al., 2001) followed by ECL. The
difference in background for detected BCOP as compared to ARFGAP1 is due to the use

of an ultrasensitive film (Kodak Biomax™ MR film) in the case of the latter.

Supplementary Figure 4. Electronmicroscopy of cells transfected with RNAi"** and
RNAi*®*SA?! Thin plastic embedded sections (60 nm thick) were examined at the

ultrastructural level. In A and B, Golgi areas seen in RNAiM**

-transfected (A) and
RNAARTOAP transfected (B) cells. In C and D, Golgi areas seen in RNA{M**-transfected
(C) and RNAi*® ! _transfected (D) cells upon incubation with 300 uM proPr for 3

minutes. In E and F, Golgi areas seen in RNAi™**-transfected (E) and RNAi*RFOAPL

transfected (F) cells 2 minutes after removal of proPr. In G and H, Golgi areas seen in
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RNAM*transfected (G) and RNAi** P _transfected (H) cells 5 minutes after removal

of proPr. Scale bar 1 um.
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ABSTRACT: The human acid sphingomyelinase (ASM, EC 3.1.4.12), a lysosomal and secretory protein
coded by the sphingomyelin phosphodiesterase 1 (SMPD-1) gene, catalyzes the degradation of
sphingomyelin (SM) to ceramide and phosphorylcholine. We examined the structural—functional properties
of its carboxyl-terminus (amino acids 462—629), which harbors ~!/; of all mutations discovered in the
SMPD-1 gene. We created four naturally occurring mutants (AR608, R496L, G577A, and Y537H) and
five serial carboxyl-terminal deletion mutants (N620, N590, N570, N510, and N490). Transient transfection
of the His/V5-tagged wild-type and mutant recombinant ASM in Chinese hamster ovary cells showed
that all the mutants were normally expressed. Nonetheless, none of them, except the smallest deletion
mutant N620 that preserved all post-translational modifications, were found capable of secretion to the
medium. Furthermore, only the N620 conserved functional integrity (100% activity of the wild type); all
other mutants completely lost the ability to catalyze SM hydrolysis. Importantly, cell surface biotinylation
revealed that mutant AR608 transfected CHO cells and fibroblasts from a compound heterozygous
Niemann—Pick disease type B (NPD-B) patient (AR608 and R441X) have defective translocation to the
plasma membrane. Furthermore, we demonstrated that the AR608 and N590 were trapped in the
endoplasmic reticulum (ER) quality control checkpoint in contrast to the wild-type lysosomal localization.
Interestingly, while the steady-state levels of ubiquitination were minimal for the wild-type ASM, a
significant amount of Lys63-linked polyubiquitinated AR608 and N590 could be purified by S5a-affinity
chromatography, indicating an important misfolding in the carboxyl-terminal mutants. Altogether, we
provide evidence that the carboxyl-terminus of the ASM is crucial for its protein structure, which in turns

dictates the enzymatic function and secretion.

Sphingomyelinase (sphingomyelin phosphodiesterase) hy-
drolyzes sphingomyelin (SM)! to form phosphocholine and
ceramide (/). Several enzymes catalyzing this reaction have
been described (2). The acidic form of sphingomyelinase,
ASM (EC 3.4.12), is a product of the sphingomyelin
phosphodiesterase 1 (SMPD-1) gene. It works at optimal pH
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of 5.0 and is ubiquitiously distributed in all mammalian
tissues (3). Schissel et al. (4) have shown that the same gene
gives rise to two different products, lysosomal ASM and
secretory ASM, presumably by differential posttranslational
modification.

Deficiency of the ASM enzyme due to mutations in
SMPD-1 leads to the inherited sphingolipidosis Niemann—
Pick disease types A and B (9). In the study of this metabolic
defect, ASM has been shown to be implicated in many
important physiological and pathological processes involving
SM hydrolysis. For example, ASM plays an important role
in the regulation of the metabolism of biologically active
sphingolipids, including ceramide and sphingosine 1-
phosphate, which in turn are key players in cancer patho-
genesis (6, 7), cellular differentiation, and various immune
and inflammatory responses (8, 9). Our laboratory and others
have also demonstrated that ASM is involved in the
regulation of intracellular cholesterol trafficking and me-
tabolism (/0). Because SM and cholesterol are membrane
lipids with important structural roles in the regulation of the
fluidity and subdomain structure of the lipid bilayers (/1),
it is conceivable that any elevation of SM and secondary

© 2007 American Chemical Society
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increase in cholesterol due to defects in ASM could lead to
impairment of many other normal cellular functions. Fur-
thermore, it has been recently shown by Tabas and co-
workers (/2) and by our group (/3) that ASM is possibly
an important key player in plasma lipoprotein metabolism
and thus modulates the susceptibility to atherogenesis.

The emerging functions for the biologically active sph-
ingolipids have therefore underscored the importance of a
better understanding of the ASM protein. It will help
elucidate the mechanism of ASM functions and unveil the
complex pathways of sphingolipid metabolism, as well as
increase the understanding of the nature of the phenotypic
variations in sphingolipid storage disorders or in cancers.
Human ASM was first described in the late 1960s (/4, 15)
and subsequently purified from a variety of sources (16, 17).
However, its full-length cDNA and genomic sequences were
isolated and characterized only in 1992 by Schuchman et
al. (18). Although the SMPD-1 gene was cloned, there was
very little molecular and structural information of the protein
available. ASM is formed by 629 amino acids with a
predicted molecular mass of ~70 kDa. On the basis of
structure and motif prediction analyses (/9—21), ASM
belongs to the metallophosphoesterase family that includes
a diverse range of phosphoesterases, including protein
phosphoserine phosphatases, nucleotidases, and 2’,3’-cAMP
phosphodiesterases. Its predicted catalytic domain spans from
amino acid 199 to 461, as illustrated in Figure 1. The ASM
protein also contains a signal peptide at the N-terminal region
and a saposin B domain (amino acid 87—165), which appears
to serve as activator in the lipid degradation (22). The peptide
sequence is also spanned by six N-glycosylation sites, 10
putative phosphorylation sites, and six disulfide bonds (23).
Site-directed mutagenesis has revealed that five of these sites
were used (24) and mass spectrometry has confirmed the
presence of the disulfide bonding (25). A detailed crystal
structure of ASM is not yet available, but its prediction has
been recently attempted on the basis of its similarity to purple
acid phosphatase (1ute) by using comparative modeling (26).
However, this prediction model shares a sequence identity
of only <15% of the template, and the C-terminal region of
ASM was excluded.

Analyses of SMPD-1 sequence in families with NPD have
led to the identification of over 100 NPD-A (severe
phenotype) and NPD-B (milder phenotype) mutations (27—
30). These mutations span all across the protein peptide
sequence. Surprisingly, the C-terminal region harbored the
second highest number of mutations after the catalytic
domain. It also includes AR608, which represents one of
the most prevalent NPD mutations (3/). Although this
C-terminal region from amino acids 490—620 does not hold
a recognizable functional domain or motif, it contains some
important posttranslational modification sites (Figure 1).
Substitution or deletion of these C-terminal residues might
substantially alter the structure as well as affect the catalytic
ability or efficiency of SM hydrolysis. Therefore, the
C-terminal region of ASM seems to be important despite
the lack of any known functions. Nonetheless, full informa-
tion on the structure and function of ASM is still lacking in
the literature. The essential features governing its catalytic
activity remain unknown.

Herein, we dissected the structure and functions of the
C-terminal region (N490—N629) of ASM and demonstrated
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FIGURE 1: ASM sequence and mutagenesis. ASM is a relatively
small protein (629 amino acids with a theoretical molecular mass
of 70 kDa) consisting of a signal peptide (amino acids 1—46) in
the N-terminal region (in red), a small transmembrane domain
(amino acids 25—47) (in yellow), a saposin B region (amino acids
87—165) (in blue) that serves as an activator of various lysosomal
lipid-degrading enzymes, a proline-rich region (amino acids 179—
197) (as black P), followed by the metallophosphoesterase catalytic
domain (amino acids 199—461) (in green). In addition, the ASM
contains six glycosylation sites [five of which are used according
to Ferlinz et al. (26)], six disulfide bonds, and multiple highly
putative phosphorylation sites. NPD type A or B mutations
[summarized by Sikora et al. and Simonaro et al. (29, 30)] were
discovered throughout the entire protein. Interestingly, the C-
terminal region of the ASM harbors the second highest number of
mutations (29 in total), many of which lead to severe enzymatic
defects. The AR608 within this region is one of the most prevalent
NPD mutations (33) and is also the mutation that we have
discovered in the kindred under our investigation (34). Glycosy-
lation sites are indicated as orange vertical lines; disulfide bonds
are drawn as pink horizontal lines. Five serial deletion mutants are
designed such that the entire C-terminal region (amino acids 462—
629) is spanned: N620 has the smallest deletion and retains all
posttranslational modification sites in the C-terminus. N590 con-
serves all posttranslational modification sites except the sixth
disulfide bonding sites (C594—C607). N570 lacks both the fifth
(C584—C588) and sixth (C594—C607) disulfide bonding sites.
N510 excludes the sixth glycosylation site (N520) in addition to
the loss of the two disulfide bonds. N490 retains only the 28 amino
acids adjacent to the catalytic domains, missing all posttranslational
modification sites in the C-terminus. Point mutants (indicated as
vertical yellow lines) R496L, Y537H, and G577A are naturally
occurring NPD-A mutants that are known to have severely defective
enzymatic function. AR608 is a naturally occurring NPD-—B
mutant.

that this region, narrowed down to the minimal 30 amino
acids (N590—N620) containing the sixth disulfide bond,
significantly contributed to the overall conformational in-
tegrity dictating its enzymatic functions and secretion. The
information in this report should prove useful for future
studies that explore the enzymology, regulation, and func-
tions of ASM as well as the pathophysiology related to
different SMPD-1 gene defects.

MATERIALS AND METHODS

Materials. All tissue culture media and transfection
reagents were from Invitrogen (Carlsbad, CA). Chinese
hamster ovarian (CHO) cells and Spodoptera frugiperda sf9
cells as well as their culture medium and transfection reagents
were from Invitrogen (Carlsbad, CA); Cercopithecus aethiops
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(COS-7) cells were from the American Type Culture
Collection (Manassas, VA). Primary skin fibroblasts were
prepared from a compound heterozygous Niemann—Pick
disease type B (NPD-B) patient (AR608 and R441X) as we
have previously described (32). Precast 10% Tris—glycine
gels were from Mirador DNA Design (Montreal, QC).
B-Galactosidase assay kits were from Promega (Madison,
WI). Quikchange II site-directed mutagenesis kits and cloning
reagents were from Stratagene (La Jolla, CA). Mouse anti-
V5 antibodies were from Invitrogen (Carlsbad, CA), rat anti-
HA monoclonal antibodies were from Roche Applied
Sciences (Indianapolis, IN), and rabbit anti-YFP polyclonal
and mouse anti-KDEL monoclonal antibodies were a gener-
ous gift from Dr. Wada, Fukushima Medical University,
Japan. Horseradish peroxidase-conjugated rabbit anti-mouse
antibodies and PVDF were from GE Healthcare Bio-Sciences
(Piscataway, NJ). Mouse anti-mono/polyubiquitinated pro-
teins (clone FK2), S5a agarose, and ubiquitin aldehyde were
from Biomol International (Plymouth Meeting, PA). Mag-
netic beads for small-scale His-tagged protein purification
by immobilized metal affinity chromatography were from
Dynal Biotech (Brown Deer, WI). Protein A beads for
immunoprecipitation were from either Miltenyi Biotec
(Auburn, CA) or GE Healthcare Bio-Sciences (Piscataway,
NIJ). 5-Endo-N-acetyglucosaminidase H (endoH) and peptide-
N- glycanase F (PNGase F) were from New England Biolabs
(Ipswich, MA). [*H]Sphingomyelinase scintillation proximity
assay kits were from GE Healthcare Bio-Sciences (Piscat-
away, NJ). Sphingomyelin, phosphatidylcholine, and other
lipids were from AvantiLipids (Alabaster, AL). All other
chemicals were from Sigma (St. Louis, MO).

Construction of Mammalian Expression Plasmids and Cell
Culture. Mammalian cell culture was maintained in DMEM
containing 5—10% fetal bovine serum, 0.1 mM nonessential
amino acids, with or without penicillin/streptomycin. CHO
or COS cells were transciently transfected with wild-type
or mutant ASM cDNAs with lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
In some cases, 3-galactosidase cDNA (pCMV[3) was cotrans-
fected to control transfection efficiency. Mutagenesis of the
pcDNA3.1/GS wild-type ASM (Invitrogen, Carlsbad, CA)
was performed with Quickchange I Mutagenesis kit (Strat-
agene, La Jolla, CA). The authenticity of all mutants was
confirmed by nucleotide sequencing.

Immunoblot, Immunoprecipitation, and Protein Purifica-
tion. For expression study, cell lysates were harvested 24 h
after transfection and prepared with 1% Triton X-100 lysis
buffer (150 mM NacCl, 1% Triton X-100, 50 mM Tris-HCI,
pH 8.0, with EDTA-free protease inhibitor cocktails, Roche
Applied Sciences, Indianapolis, IN). The cellular homoge-
nates were then assayed for [(-galactosidase activity for
transfection efficiency control. Conditioned medium was
collected, spun at 800 g for 15 min to pellet any contaminat-
ing cells, and concentrated down to <1 mL by use of a
Centriprep 30 concentrator (Amicon, Beverly, MA). Cell
lysates or concentrated medium were mixed with bromophe-
nol blue-containing loading buffer, boiled, and directly loaded
on 10% Tris—glycine SDS—PAGE after normalization with
the transfection efficiency. Gels were then electrotransferred
to PVDF for immunoblotting. Blots were incubated with 5%
dry milk and various primary and horseradish peroxidase-
conjugated secondary antibodies. Finally, the blots were
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soaked in chemiluminescence reagent (Pierce, Rockford, IL)
and exposed to Omat-Blue X-ray films.

For other experiments, the His/V5-tagged ASM was first
purified by metal affinity chromatography or, alternatively,
immunoprecipited with protein A—Sepharose and different
antibodies. In ubiquitination studies, lysis buffer containing
N-ethylmaleimide (NEM) and ubiquitin aldehyde (50 mM
HEPES, pH 7.5, 5 mM EDTA, 150 mM NacCl, 1% Triton
X-100, EDTA-free protease inhibitors cocktail, 10 mM NEM,
and 100 nM ubiquitin aldehyde) was used to lyse the cells
treated with epoxomicin (25 mM, Calbiochem, San Diego,
CA). Polyubiquitinated proteins were purified by S5a-affinity
chromatography as previously described (Biomol Interna-
tional, Plymouth Meeting, PA) (33). After electrophoresis
and transfer, membranes were preincubated in denaturing
buffer (6 M guanidine hydrochloride, 20 mM Tris-HCI, pH
7.5, 5 mM f-mercaptoethanol, and 1 mM PMSF) for 1 h at
4 °C followed by extensive PBS washing before anti-FK2
antibody incubation. Immunoblots were performed as de-
scribed above.

Cell Surface Biotinylation. Surface proteins were bioti-
nylated with 500 pg/mL sulfosuccinimido 2-(biotinamido)-
ethyl-1,3-dithiopropionate (Pierce) for 30 min at 4 °C. The
biotinylation reaction was quenched for 10 min at 4 °C by
addition of 1 M Tris-HCI (pH 7.5) to the reaction mixture
to a final concentration of 20 mM. Cells were washed twice
with ice-cold PBS, lysed, and homogenized. Protein (200
ug) was added to 30 uL of streptavidin—Sepharose beads,
and the mixture was incubated overnight on a platform mixer
at 4 °C. The pellet (plasma membrane; PM) was separated
on SDS—PAGGE (4—22.5%) and ASM associated with the
PM was detected with the appropriate antibody.

Sphingomyelinase Assay. ASM activity was assessed by
the scintillation proximity assay. The standard 100 uL assay
mixture consisted of up to 40 uL of sample (cell lysates,
conditioned medium, or immunoprecipitates) and 0.1 M
sodium acetate assay buffer, pH 5.0, with or without 0.1 M
Zn?*, and 0.625 pmol of [*H]biotinylated SM substrate. The
assay mixtures were incubated at 37 °C for 1 h and the
reactions were stopped by the addition of streptavidin—
scintillation beads. Only nonhydrolyzed [*H]SM could be
precipitated by the beads and detected by S-counter, thus
the radioactivity was inversely related to the amount of SM
hydrolyzed.

Immunofluoresence Localization Study. The sorting fate
of the wild-type and mutant ASM was monitored by confocal
microscopy. After 16-h transient transfection in the absence
or presence of anti-protease inhibitors (leupeptin and pep-
statin) or cyclohexamide, cells were washed, fixed, and
permeabilized with methanol. They were then immunostained
with mouse anti-V5 primary antibodies (Invitrogen, Carlsbad,
CA) and Alexa Fluor 546 rabbit anti-mouse secondary
antibody (absorbance 556 nm, emission 573 nm; Invitrogen,
Carlsbad, CA). In colocalization studies, cells were treated
with Lysotracker for 30 min before cell harvest (Molecular
Probes, Eugene, OR) or co-immunostained with various
organelle markers labeled with Oregon Green 488 goat anti-
rabbit secondary antibody (absorbance 496 nm, emission 524
nm; Invitrogen, Carlsbad, CA). In all experimental condi-
tions, cells on each coverslip were photographed in multiple
fields and appropriate negative controls were used. In
separate experiments, wild-type ASM as well as AR608 and
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FIGURE 2: Protein expression of wild-type and mutant ASM in cell and in medium. After 24 h, cotransfection of pcDNA3.0/GS-SMPD-1
and pCMVDb f-gal in subconfluent CHO cells grown in 10-cm dishes, 1 mL of total cell lysates was harvested and 20 uL of this latter was
used in the immunoblot analyses to study the expression of wild-type and mutant lysosomal ASM. The total medium (15 mL) was also
harvested and concentrated with Amicon Ultra 15 (MW cutoff 30 000) down to 1 mL in volume. An aliquot (20 «L) of this latter was used
in the immunoblot analyses to study the expression of wild-type and mutant secretory ASM. The immunoblots for both lysosomal and
secretory expression were handled in parallel with identical experimental conditions as following: anti-V5 primary antibodies were used
against the recombinant ASM, while streptavidin-conjugated monoclonal rabbit anti-mouse secondary antibodies were used for subsequent
detection. The bands in the blots exposed for 1 min were quantified by use of Alphalmager, normalized by the transfection efficiency
assessed by f-galactosidase assay, and plotted for the calculation of the ratio between secretory (upper lane) and lysosomal (lower lane)

expression levels.

N590 mutants were subcloned into N-terminally YFP- or
HA-tagged vectors, and their localization was examined by
use of polyclonal anti-YFP and monoclonal anti-HA antibod-
ies, respectively (34).

Statistics. All experiments were independently repeated
3—5 times. When applicable, results were given as means
+ SD (n = 3).

RESULTS

Normal Expression yet Defective Secretion in ASM
Mutants. In order to study the role of the C-terminal region
of ASM protein, four naturally occurring mutations and five
serial deletions were created as illustrated in Figure 1. The
protein expression of all nine mutants was assessed. We
found that all of them, including N490 with a deletion of
139 amino acids, were properly expressed in the cells (Figure
2). The SDS—PAGE analysis revealed that the His/V5-
tagged wild-type ASM migrated as a single band with an
apparent molecular mass of ~72 kDa, similar to the
previously reported FLAG-ASM (35). Occasionally, a minor
faster-migrating band appeared, representing the protease-
induced degradation products (36). Like many lysosomal
proteins, the same SMPD-1 gene gives rise to both lysosomal
and secretory ASM (37). The secreted wild-type ASM
characterized in this paper had a molecular mass of ~75
kDa (Figure 2) and represent less than 15% of total cell ASM,
consistent with a previous study (4). The more rapid
migration of the lysosomal ASM on SDS—PAGE compared
to the secretory ASM was due both to proteolytic processing
and to differences in oligosaccharide structure (Supporting
Information). Surprisingly, while the cellular expression of
the mutants was comparable to that of the wild-type ASM,
we observed a quasi-absence of mutant ASM in medium,

except for N620, the mutant that has the smallest deletion
and that preserves all post-translational modification sites.
The secretion defects in mutant ASM were also confirmed
in Sf21 insect models (Supporting Information), for which
we have generated wild-type and mutant ASM baculovirus
transfer vectors using the Gateway BaculoDirect baculovirus
expression system (Invitrogen, Carlsbad, CA) as detailed in
Rabah et al. (38) and Bartelsen et al. (39). Since the protein
expression was normal, the lack of secreted mutant ASM
appeared to be caused by hindrance either in the transit
through the ER after the protein synthesis or during the
trafficking through the Golgi secretory pathway.

Enzymatic Activity of Mutant ASM Was Severely Abol-
ished. Although all ASM mutants have normal cellular
expression, we speculated that their enzymatic function may
not be preserved, at least for the largest deletion mutants
and the four naturally occurring mutants known to be inactive
in patients with Niemann—Pick disease types A and B. As
expected, the truncations in the four deletion mutants and
the mutations in the four naturally occurring mutants led to
total inactivation of ASM (Figure 3). Importantly, instead
of observing a gradual decrease in activity as increasing
numbers of residues were deleted from the C-terminus, we
revealed that the only mutant that conserves intact ASM
activity was N620, the smallest deletion mutant that has only
9 amino acids deleted from its C-terminal end (Figure 1).
Interestingly, this pattern of loss of function in the lysosomal
mutant ASM is closely related to impaired secretion (Figure
2). Thus, it is clear that the C-terminus of ASM plays an
important role in structure—function yet to be characterized.
In effect, we could narrow down to the minimal region from
amino acids 590 to 620 that appear to be essential to
safeguard the enzymatic function and protein secretion.
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FIGURE 3: ASM mutant enzymatic activity. Recombinant ASM
proteins were pulled down by magnetic immobilized metal affinity
chromatography. The purified enzymes were incubated with [*H]
biotinylated SM for 1 h at 37 °C. The enzymatic reaction was
stopped with streptavidin-coated yttrium silicate beads and counted.
The enzymatic activity was imversely proportional to the counted
cpm. The uniformity of the input in the enzymatic activity assay
was assessed by monoclonal anti-V5 primary antibodies and
monoclonal rabbit anti-mouse secondary antibodies.

Accordingly, only the AR608 and N590 mutants were used
for all subsequent experiments.

The ASM activity was also examined in conditioned
medium, and an identical abolished activity pattern was found
in the same mutants (data not shown). Although their
functional inactivation was highly plausible, this lack of SM
hydrolysis by the secreted mutant ASM was likely to be
caused by their barely detectable levels in the medium
(Figure 2). In order to exclude the possibility of an “enzyme
secretion—recapture” mechanism that some believed to play
a role in enzyme processing and activation (40), excess
receptor-specific ligands mannose 6-phosphate (10 mM) (41)
were loaded onto CHO cells transfected with wild-type ASM
c¢DNA in order to compete for the receptor binding and to
inhibit protein reuptake. Our data indicated that the blockade
of the cell-surface mannose phosphate receptors by free
mannose inhibiting the reinternalization of the secreted ASM
did not affect the cellular wild-type ASM function (data not
shown). Therefore, this mechanism could not be a plausible
explanation for the functional inactivation in ASM mutants.
This result was consistent with the finding in the report by
von Figura and Weber (42), who provided evidence that
secretion—recapture plays a minor role in the targeting and
maturation of newly synthesized lysosomal enzymes. Fur-
thermore, recent studies confirmed that ASM, like many
other lysosomal proteins, also uses mannose 6-phosphate-
independent targeting system to reach the lysosomal com-
partments (43).

ER Entrapment of Mutant ASM. Defects in secretion and
functions indicated that the ASM mutants were most likely
trapped in the ER quality control machinery. We examined
by confocal microscopy the intracellular localization of the
C-terminally V5-tagged wild-type and mutant recombinant
ASM subsequent to a 16-h transient transfection in COS
cells. While we found that AR608 and N590 were trapped
in the ER as predicted, we also observed ER-localized
fluorescence for the wild-type ASM (data not shown). ASM
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is known to be located in the lysosomal compartments, and
this observation could be explained by two possibilities: (1)
The C-terminus of the ASM may be cleaved after reaching
the lysosomal compartment, as seen with other lysosomal
proteins. Thus, the V5 tag may be cleaved in mature ASM
such that the anti-V5 antibodies could only detect the
unprocessed wild-type ASM that remains in the ER compart-
ments. (2) Alternatively, the overexpression system over-
loaded the protein biosynthesis machinery such that many
of the overexpressed ASM proteins remained unprocessed
and entrapped in the ER after protein translation.

To validate our aforementioned observations and premises,
we have separately subcloned the wild-type and mutant ASM
into N-terminally YFP- and HA-tagged vectors. We also
suppressed protein overproduction by treating the cells with
cyclohexamide. As shown in Figure 4, we consistently found
that the AR608 and N590 mutants were localized in the ER;
the presence or absence of protease inhibitors did not alter
this distribution (44). The strong fluorescence signals also
supported an expression (Figure 2) and half-life (Supporting
Information) comparable to that of wild type. In contrast,
under these new experimental conditions, we could clearly
observe the lysosomal fluorescence in wild-type ASM-
transfected cells that were colocalized with lysosomal but
not ER markers (Figure 4). This is consistent with our finding
that mutant AR608-transfected CHO cells and fibroblasts
from a compound heterozygous Niemann—Pick disease type
B (NPD-B) patient (AR608 and R441X) (32) have defective
translocation of the enzyme to the plasma membrane (PM)
(Figure 5). Our confocal and cell surface biotinylation data,
together with the results from the secretion and enzymatic
assays, strongly suggested that the C-terminal mutations led
to aberrant structural folding and important functional defects
that prevent the mutant proteins from trafficking through the
ER quality control checkpoint and their translocation to the
PM.

Ubiquitinated Mutant ASM Was Found in the Cells.
Proteins that fail to pass the ER are eventually eliminated
by ubiquitination and proteosomal degradation. In order to
further examine the impact of mutations in the ASM
C-terminus, we studied the ubiquitination of the N590 and
AR608 mutants by pull-down with S5a-agarose from total
cell lysates prepared with epocimycin and ubiquitin aldehyde.
S5a is a subunit of the 19S regulator of the 26S proteosome
that has been shown to bind multiubiquitinylated proteins
containing chains of at least four ubiquitin moieties (45).
As predicted from their ER localization, we revealed that
while there was little steady-state ubiquitinated wild-type
ASM in the cells, there was a substantial amount of high-
molecular weight polyubiquitinated mutant ASM (Figure 6).
The ubiquitination of the mutants was concomitantly con-
firmed by immunoprecipitation with anti-V5 followed by
immunoblotting with anti-mono/polyubiquitinated protein
antibodies. Interestingly, we also observed an ubiquitinated
form of ASM with an apparent molecular mass of ~50 kDa.
This band has previously been characterized in the initial
molecular cloning and characterization of ASM (24), even
though its role and functionality remained elusive. Our
observation that this molecular form was highly ubiquitinated
and was barely detectable indicated that it was likely an
alternately processed isoform (reported to constitute <10%
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FIGURE 4: ASM mutant entrapment in the ER. COS cells grown on coverslips were transciently transfected with N-terminally YFP-tagged
wild type and AR608 and N590 mutant ASM for 10 h in the presence of leupeptin (10 ug/mL) and pepstatin (10 ug/mL), followed by an
incubation with cyclohexamide for an additional 6 h. Cells were fixed with methanol for 10 min at —20 °C and washed with immunostaining
blocking buffer for 20 min. After being labeled with rabbit anti-YFP polyclonal antibodies (1:400) and mouse anti-lamp2 (lysosomal
markers, 1:100) or anti-KDEL (ER markers, 1:100) monoclonal antibodies for 20 min, the cells were washed and further labeled with
Oregon Green 488 goat anti-rabbit and Alexa Fluor 546 anti-mouse secondary antibodies. Scale bar = 20 um.

of ASM product) (46) that was catalytically inactive and was
usually degraded rapidly.

DISCUSSION

The role of the C-terminus in the secretion has been
described in other lysosomal proteins. For example, Chauhan
et al. (47) and Claveau et al. (48) have independently
demonstrated the involvement of the C-terminal amino acids

in the secretion of human lysosomal protease cathepsin L.
Our data are consistent with the concept that the functional
integrity of a protein is governed by its tertiary and
quaternary structures and not solely by an intact catalytic
domain. In ASM, the predicted catalytic site lies in the amino
acids 199—461. The activity of all truncation mutants
illustrated that the removal of a 30-minimal amino acid
region in the C-terminus (amino acids 590—620) was
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fibroblasts. Transfected CHO cells (A) and fibroblasts from NPD-B subjects (B) were subjected to cell surface biotinylation as described
under Materials and Methods. Cells were washed twice with ice-cold PBS, lysed, and homogenized, and 200 ug of protein was added to
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separated by SDS—PAGGE. Transfected ASM in CHO cells was revealed by anti-V5 primary antibodies as described above. ASM associated
with the PM or total cell ASM in NBD-B fibroblasts was detected by polyclonal human anti-ASM antibody (Santa Cruz). Integrin a4 (Int
o4) and activin recptor type (ActRII) associated with the PM samples were detected with appropriate antibodies and were used as controls
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sufficient to inactivate the enzyme, implying the crucial role
of this C-terminal region even though it apparently does not
harbor recognizable domains or motifs.

The misfolding of AR608 and N590 C-terminal ASM
mutants was not unpredictable on the basis of the location
of their deletion/truncation (Figure 7): the former has one
arginine deletion at position amino acid 608, immediately
adjacent to the cysteine residue at position 607 that has been
shown to form one of the six disulfide bonds in ASM (25).
Similarly, the only difference between the inactive N590
mutant and active N620 mutant (which conserves 100% of
the ASM activity) was the deletion of this same disulfide
bond. Disulfide bonds play crucial roles in the tertiary
conformation of a protein (49). The peculiarity of the cysteine
residues in the ASM C-terminus was once reported by Qiu
et al. (50), who activated the ASM by deleting the terminal
free thiol (cysteine®?®). They explained the observation by a
“cysteine switch mechanism”, which is coordinated by the
free cysteine along with other cysteine residues structurally

paired in disulfide bonds. The precise coordination and
association of both free and bonded cysteines, especially
when they are in close proximity, appear critical, as any
disarrangement could lead not only to activation but also to
inactivation (as shown in Figure 3), as well as disulfide
shuffling causing intermolecular cross-links and ER retention
(51). Although the precise mechanism by which the C-
terminal mutations impact the function and structure of ASM
has not been defined in this paper, we believe that this was
a consequence of a significant alteration in the tertiary
conformation brought about by the absence of an important
disulfide bond. Importantly, our finding that C-terminal
mutations impaired the trafficking of mutant enzymes as
described in the present heterologous overexpression system
was strongly supported by our observation that a naturally
occurring mutation (AR608) associated with NPD-B (Figure
5) had defective translocation to the plasma membrane.
Posttranslational modifications such as glycosylation and
phosphorylation are commonly affected when a protein is
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FIGURE 7: Amino acid sequence alignment of human ASM
C-terminus with ASM homologues from different species. Within
the C-terminal 30-amino acid region of ASM (amino acids 590—
620), there is a disulfide bond involving a cysteine residue at
position 607and a 20-amino acid long helix—loop—helix pattern
that contains 12 nonpolar and four charged residues. The human
ASM shared 81% homology with the murine counterpart. Although
it is only 30% homologous to the Caenorhabditis elegans ASM-1
and ASM-2, its cysteine residues within this region are well
conserved, hinting the importance of the disulfide bond for the
structural conformation.

misfolded. The wild-type ASM has 10 putative phosphory-
lation sites in the C-terminal region, but its phosphorylation
status has never been demonstrated. Our preliminary data
showed that the wild-type ASM was not phosphorylated even
when stimulated with PMA (52), forskolin (53), or IBMX
(54) and that its phosphorylation was solely derived from
its mannose 6-phosphate moieties (Supporting Information).
Surprisingly, we found that the AR608 and N590 mutant
ASM were phosphorylated even under basal conditions
(Supporting Information). We speculate that the structural
alterations made those phosphorylation sites in mutants ASM
accessible for kinases. In addition, we have found a
significant amount of mutant aggregates revealed under
nonreducing conditions (Supporting Information). It is com-
monly believed that aggregates were caused by aberrant
interchain disulfide bonds and that they are often abnormally
phosphorylated (55). Intriguingly, Zeidan and Hannun (56)
have recently published their findings on ASM phosphory-
lation. While different experimental systems and conditions
could explain the discrepancies, more in-depth investigation
as well as characterization by methods such as circular
dichroism and X-ray crystallography will be necessary in
the future to better elucidate the ASM structure.

Our structure—function study in ASM significantly con-
tributed to the mechanistic elucidation of how specific
mutations could affect its biological function, whether it
involves the catalytic ability, affinity to cofactor, secretion,
or substrate binding. We have demonstrated here that the
C-terminus of ASM contains a 30-amino acid sequence
essential for at least one of these functions. Current research
has shown that defects in ASM could lead to Niemann—
Pick diseases and disturbance in lipid/lipoprotein metabolism
as well as deregulation in many signaling cascades regulating
apoptosis (57, 58). Therefore, a better understanding of its
structure will enable us to more efficiently and accurately
predict the severity of a SMPD-1 mutation under these
pathophysiological conditions and to find potential thera-
peutic strategies.

SUPPORTING INFORMATION AVAILABLE

ASM wild-type and mutant glycosylation (Figure 1S),
ASM mutant secretory defects in Sf21 insect models (Figure
2S), ASM wild-type and mutant half-life (Figure 3S), and
ASM mutant aberrant phosphorylation and aggregation
(Figure 4S). This material is available free of charge via the
Internet at http://pubs.acs.org.
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