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Part 1

Cells in almost all eukaryotes ranging from yeast to
humans contain membrane-enclosed compartments
called organelles. To survive and proliferate, cells must
communicate signals within themselves and with their
environment and this is achieved through membrane
trafficking. It involves generation of a vesicle carrying
specific soluble or membrane-anchored cargo from
a precursor membrane, transport of the vesicle to its
destination and ultimately fusion of the vesicle with the
target membrane. Soluble N-ethylmaleimide sensitive
factor Attachment protein Receptors (SNAREs) have been
identified as key components of membrane fusion in the
endomembrane system. SNARE proteins typically consist
of a single transmembrane domain at the carboxy terminal
and a coiled-coil SNARE domain and are designated
as Qa, Qb, Qc and R depending upon the presence of a
Glutamine or Arginine residue at a conserved position in
the SNARE domain. A critical intermediate in the membrane
fusion pathway is the trans-SNARE complex generated by
the assembly of SNAREs residing in opposing membrane
compartments destined to fuse. Mechanistic details of trans-
SNARE complex formation and topology in a physiological
system remain largely unresolved. This study on native
yeast vacuoles revealed that SNAREs alone are insufficient
to form trans-SNARE complexes and that additional factors,
potentially tethering complexes and Rab GTPases, are
required for the process. HOmotypic fusion and vacuole
Protein Sorting (HOPS) is a tethering complex that is known
to function in endosome to vacuole/lysosome transport
and is well conserved across multiple species. Ypt7 is the
Rab7 homolog in yeast that coordinates endolysosomal
trafficking. | found that the HOPS complex exists as a dimer
on the surface of yeast vacuoles. | report a new finding that
a HOPS tethering complex dimer catalyzes Ypt7-dependent
formation of a topologically preferred QbQcR-Qa trans-
SNARE complex in yeast vacuole fusion.

Part 2

Dynamin family members are the classically recognized
core components driving membrane fission reactions in
the endomembrane system. The yeast dynamin homolog
Vps1 (Vacuolar protein sorting 1) is a dynamin-related
protein involved in vesicle trafficking along the secretory
and endocytic pathways converging at the vacuolar
compartment. Vps1 is known to self-assemble into higher
order oligomers as rings and form collar-like constrictions
of membranes. These results in membrane deformation
leading to the hemifused state from the opposite direction
compared to that in fusion. SNARE-mediated fusion
and dynamin-driven fission are fundamental membrane
remodeling processes underlying ubiquitous cellular events
such as exocytosis, endocytosis, intracellular trafficking
and mitosis. Depending on environmental, nutritional and
cell cycle conditions, organelles and vesicles exist in an
equilibrium of fragmentation into smaller units and fusion
into larger structures. Simultaneous fusion and fission
events are futile and hence need to be strictly controlled.
Regulation of this fusion-fission equilibrium which is critical
for maintenance of cellular homeostasis, is an obvious but
poorly explored problem. Moreover, the convergence of
the antagonistic reactions of membrane fusion and fission
at the hemifusion/hemifission intermediate has generated
a captivating enigma of whether SNAREs and dynamin
have unusual counter-functions in fission and fusion
respectively. Here | have demonstrated the influence of
Vps1 on the content mixing and lipid mixing properties of
yeast vacuoles, and on the incorporation of SNAREs into
fusogenic complexes. | identified specific Vps1 mutations
that impair vacuolar content mixing and trans-SNARE
complex formation, but allow comparable lipid mixing
relative to wild type. | discovered that the vacuole fusion
defects caused by these Vps1 mutations can be attributed
to the loss of oligomerization capacity of Vps1. | propose
a novel concept that Vps1, through its oligomerization and
SNARE domain binding, promotes the hemifusion-content
mixing transition in yeast vacuole fusion by increasing the
number of trans-SNAREs.
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Chapter |

Background

The endomembrane system in eukaryotic cells

A cell is considered as the fundamental structural and
functional unit of life. Cells are categorized into two basic
types: prokaryotic (pro = before, karyon = nucleus) and
eukaryotic (eu = true, karyon = nucleus). These cell types
are as alike as they are different. Both are enclosed by a
cell membrane. Both have DNA as their genetic material.
Both are made from the same basic chemicals: proteins,
lipids, carbohydrates, nucleic acids and vitamins. To survive
and proliferate, each cell must communicate external or
internal stimuli and downstream signals within itself and
with its environment. Accordingly, both prokaryotic and
eukaryotic cells regulate the flow of the nutrients and
metabolic products that enter and leave them. That's what
prokaryotic and eukaryotic cells have in common. But there
are significant differences between them too. The two main
differences lie in their age and structure. Prokaryotes such
as bacteria were the first life forms on earth, originating
around 3.5 billion years ago. This occurred 2 billion years
prior to the evolution of eukaryotes [1]. Unlike a bacterium
that consists of a plasma membrane enveloping a cell body
typically with free-floating DNA and no internal structures,
a eukaryotic cell has its DNA packaged inside a double-
membrane nucleus and is elaborately subdivided into
functionally distinct, membrane-bound compartments called
organelles. These membranous systems form functionally
specialized zones within the cell to catalyze particular
biochemical reactions. Intracellular organelles have distinct
biochemical and morphological characteristics defined by
their unique protein and lipid compositions. Each organelle
membrane must have a mechanism to incorporate specific
proteins and lipids that make the organelle structurally and
functionally distinct. Finely regulated transport systems are
therefore required to accurately deliver cargo to its correct
intracellular location. The pool of different membrane-bound
organelles and vesicles suspended in the cytosol constitute
the endomembrane system in a eukaryotic cell [2]. Figure
1, adapted from [2] illustrates the general framework of
major organelles common to most eukaryotic cells. As
displayed in this figure, the plasma membrane, the nucleus,
cytosol, endoplasmic reticulum (ER), Golgi apparatus,
mitochondrion, lysosome, endosome and peroxisome are
distinct compartments separated from the rest of the cell by
at least one selectively permeable membrane.

The plasma membrane is a phospholipids’ bilayer and forms
the bounding membrane that separates the cell from its
environment and regulates the transport of molecules and
signals into and out of the cell. The plasma membrane of
a cell thereby maintains the pH and preserves the osmotic
pressure of the cytosol. The nucleus wrapped in a double
membrane envelope contains the cell's genome and is the
principal site of DNA and RNA synthesis. The surrounding
cytoplasm consists of the cytosol and organelles suspended
in it. The cytosol or intracellular aqueous fluid is composed

of a complex mixture of substances and has multiple levels
of organization. These include macromolecules such as
enzymes and protein complexes associating to carry out
metabolic processes, and concentration gradients of ions.
The ER has ribosomes bound to its cytosolic surface
where both soluble and integral membrane proteins are
synthesized. The ER also produces most of the lipid for the
cell and acts as a Ca** reservoir. Many of these proteins
and lipids are further transported to other organelles or
secreted to the cell exterior by being sorted into small
membrane-bound compartments called vesicles. The Golgi
apparatus consists of stacks of disc-like compartments
called cisternae. Each Golgi stack has two distinct faces:
a cis face (or entry face) and a trans face (or exit face) in
relation to the ER. The Golgi receives proteins and lipids
from the ER and dispatches them to various destinations
such as lysosome, endosome, plasma membrane via
vesicles or other intermediate compartments. Nascent
proteins or lipids arriving from the ER are usually covalently
modified as they traverse the Golgi. Mitochondria generate
most of the ATP that cells need as their energy currency to
drive biochemical reactions.
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Figure 1: Schematic of the endomembrane system in a
eukaryotic cell.

Lysosomes (lysis from lyein = to separate; soma = body)
can be described as the stomach of the cell. They contain
digestive acid hydrolase enzymes that break down toxic
or waste material from various sources. Lysosomes digest
macromolecules from phagocytosis (ingestion of other dying
cells or invading microbes), endocytosis (internalization of
receptors and other proteins that are either degraded and
released into the cytosol or recycled to the cell surface), and
autophagy (wherein old, excess or unnecessary organelles
or proteins, or microbes that have invaded the cytoplasm
are delivered to the lysosome). Depending upon the cell
type, the size of a lysosome may vary from 0.1-1.2um.
The membrane around a lysosome allows the digestive
enzymes to work at the acidic pH that they require. At
pH 4.8, the interior or lumen of the lysosome is acidic
compared to the slightly alkaline cytosol at pH 7.2. The
lysosome maintains this pH differential by pumping protons
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(H* ions) from the cytosol across its membrane via proton
pumps. The lysosomal membrane protects the cytosol, and
therefore the rest of the cell, from the degradative enzymes
within the lysosome. The cell is additionally protected from
any lysosomal acid hydrolases that drain into the cytosol,
as these enzymes are pH-sensitive and do not function
well or at all in the alkaline environment of the cytosol. This
ensures that cytosolic molecules and organelles are not
lysed in case there is leakage of the hydrolytic enzymes
from the lysosome.

Different types of endosomes exist to provide an
environment for cellular cargo to be sorted to or from the
Golgi, plasma membrane and lysosome. Endosomes
comprise three different compartments: early endosomes,
late endosomes, and recycling endosomes. They are
distinguished by the time it takes for material internalized
from the plasma membrane to reach them. They also
have different morphologies. Early endosomes consist of
a dynamic tubular-vesicular network. Molecules are sorted
into smaller vesicles that bud from the perimeter membrane
into the endosome lumen, forming lumenal vesicles. This
leads to the multivesicular appearance of late endosomes
and hence they are also known as multivesicular bodies
(MVBs). Some material recycles to the plasma membrane
directly from early endosomes, but most traffics via recycling
endosomes. Finally, peroxisomes are compartments that
contain enzymes catalyzing various oxidation reactions.
In general, each organelle performs the same set of
primary functions in all cell types. To serve specialized
functions in cells, these organelles may vary in abundance
and may have additional properties that vary according
to cell type. To understand the relationships between the
various organelles, it is helpful to consider how they might
have evolved. The precursors of the first eukaryotic cells
are thought to be bacteria-like organisms in which the
plasma membrane itself performs all membrane-dependent
functions including synthesis and transport of biomolecules.
Typical present-day eukaryotic cells are 1000-10000 times

| ENDOPLASMIC RETICULUM

| CELL EXTERIOR

greaterin volume and 10-30 times larger in linear dimension
than a typical bacterium. An increase in the overall volume
of a cell would require the plasma membrane to fold
profusely in order to maintain a constant surface area to
volume ratio so as to be able to sustain the many vital
membrane functions. These folds may have led to the
emergence of specialized internal membranes to maintain
communication with the environment. The invagination
and pinching off of intracellular membrane structures
from the plasma membrane is likely to have created the
ER, Golgi, lysosomes and endosomes. According to this
evolutionary scheme, the interior of these organelles must
be topologically equivalent to the exterior of the cell and
we can think of all these organelles as members of the
same family [2]. Their interiors are known to communicate
extensively with one another and with the cell exterior via
transport intermediates or vesicles, which bud out from one
organelle and fuse with another.

Secretory and endocytic membrane trafficking
pathways

To remain healthy, every cell must adapt and respond
rapidly to its environment. The cell must therefore adjust
the composition of its plasma membrane in a dynamic
manner. The framework of the endomembrane system
described before facilitates the incorporation or depletion
of cell-surface proteins. Through the process of exocytosis,
the secretory pathway delivers newly synthesized proteins,
lipids and carbohydrates to the plasma membrane or
extracellular space. By the converse process of endocytosis,
the endocytic pathway captures nutrients together with the
macromolecules to which they bind and is also able to
remove plasma membrane components. The internalized
material is then delivered to endosomes from where it can
either be transported to the lysosome for degradation or
released into the cytosol or recycled to the same or different
region of the plasma membrane. Figure 2, obtained from [2],
depicts a road map of the membrane trafficking pathways in
a typical eukaryotic cell.
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Figure 2: A road map of the secretory and endocytic pathways.
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Left panel shows the directionality of communication
between different organelles. Red arrows indicate secretory
pathway, green arrows indicate endocytic pathway and
blue arrows denote retrieval pathways. Right panel
depicts the different organelles in the trafficking pathways
communicating via vesicular transport.

In the secretory pathway, molecules are transported from
the ER to (i) the plasma membrane via the Golgi and
secretory vesicles and (ii) the lysosome via the Golgi and
endosomes. In the endocytic pathway, molecules are
incorporated in vesicles derived from the plasma membrane
and delivered to early endosomes and then to lysosomes
via late endosomes. Retrieval pathways also operate
wherein cargo is retrieved from endosomes and returned
to either the plasma membrane for reuse or the Golgi and
further to the ER [2]. Communication between the various
compartments generally occurs through vesicles.

Steps in vesicular transport

Molecules can move between compartments by three

A

fundamentally different mechanisms: gated transport,
transmembrane transport and vesicular transport. In
vesicular  transport, membrane-enclosed transport
intermediates - which may be small spherical vesicles
or larger, irregularly shaped organelle fragments - ferry
molecules from one organelle to another. Typically, vesicles
carry material as cargo from the lumen and membrane of
one compartment (donor) from where they bud and pinch
off. They discharge their cargo into a second compartment
by fusing with the membrane enclosing that compartment
(target). Vesicular transport mediates a continuous
exchange of components between biochemically distinct
membrane-bound compartments that collectively comprise
the secretory and endocytic pathways. As represented
in figure 3 adapted from [3], the broad steps in vesicular
transport involve vesicle budding, movement, tethering and
fusion. These steps are strictly regulated to ensure that a
vesicles generated from a donor compartment is delivered
to its appropriate target compartment.
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Figure 3: Steps in vesicle transport.

During budding, coat proteins are recruited from the cytosol
to the site of an emerging bud. Coat proteins participate in
cargo selection by recognizing and concentrating specific
membrane proteins in a specialized patch on the donor
membrane from which the vesicle membrane arises. Coat
proteins assemble into a curved, basket-like lattice that
deforms flat membranes and thereby shapes the vesicle.
Clathrin, COPI and COPII are three well characterized
coat proteins that distinguish transport vesicles operating
in different pathways. For instance, clathrin-coated vesicles
mediate transport from the plasma membrane and the
trans-Golgi network. There is, however, much more diversity
and complexity in coated vesicles and their functions than

suggested here. After budding, vesicles are transported
to their destination by simple diffusion or with the aid of a
cytoskeletal track. The initial interaction (bridging or linking)
between a vesicle and its target membrane is referred to
as tethering. This precedes the pairing of certain integral
membrane proteins, termed as SNAREs, on apposed
membranes destined to fuse. Tethers facilitate membrane
recognition early in the fusion cascade and along with Rab
proteins (small GTPases of the Ras superfamily), play a
critical role in determining the specificity of vesicle targeting.
Subsequently, the vesicle-associated SNARE (v-SNARE)
and the target membrane associated-SNARE (t-SNARE)
assemble into a four-helix bundle as a cognate set of
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SNAREs. Thereafter, the membranes enclosing the two
compartments fuse and their lumenal contents mix leading
to the delivery of cargo to the target compartment [3].

Fusion in the endomembrane system involves at least
three conserved protein families whose members
collaborate in  compartment-specific = combinations:
Soluble N-ethylmaleimide-sensitive factor Attachment
protein REceptors (SNAREs), tethering factors and Rab
GTPases. Each pathway has its own set of cognate factors
specifying the membrane fission and fusion events in that
pathway. The distribution of these factors is important in
the determination of fusion specificity. For example, an ER-
derived vesicle has never been reported to fuse directly
with the plasma membrane, since those compartments do
not contain the cognate sets of interacting proteins. The
impression until recently has been that SNAREs are the
principal determinants of fusion specificity. However this
concept has now been challenged. Ubiquitous distribution
of SNAREs, promiscuous pairing of snares, a single
SNARE participating in multiple transport pathways and
hence in multiple membrane fusion events has suggested
that the specificity of membrane fusion is unlikely to be
solely due to the intrinsic specificity of SNARE pairing [4-
6]. Analysis of a mixture of purified snares shows that both
cognate and non-cognate SNARE complexes can form with
no particular preference [7]. Therefore, other factors would
be necessary for ensuring the fidelity of the fusion process.
Most promising among these are tethers and Rabs that are
capable of providing additional layers of regulation prior to
or accompanying SNARE-mediated fusion.

In summary, inter-compartmental traffic involves budding
out of a vesicle induced by coat proteins and carrying
specifically sorted cargo from a donor compartment,
transport of the vesicle to its destination guided by Rab
GTPases, cytoskeletal elements, specific recognition of
the correct fusion partner by tethering complexes as well
as Rabs, and ultimately SNARE-mediated fusion with the
target compartment. Complete specificity of membrane
fusion is likely determined by a series of inter-related steps
and components and not by a single factor. It is important
to note that despite enormous diversity in the size and
shape of organelles, the basic reactions of membrane
fusion and fission are carried out by multiprotein complexes
that consist of protein families that have been conserved
throughout eukaryotic evolution.

Conserved protein families governing membrane
fusion SNAREs

A convergence of independent research tracks in the 1980s
and 1990s led to the identification of SNAREs. Beginning
from the identification of SNAREs as components of the
synapse [8-11], as targets of neurotoxins [12], as homologs
of yeast sec/vam genes [4,13], as receptors of NSF adaptor
proteins in brain detergent extracts [14], to the functional
data from electrophysiological studies on mutants in
Drosophila melanogaster, Caenorhabditis elegans and

Mus musculus [15-20], SNAREs are now regarded as the
perpetrators of membrane fusion in vesicular trafficking.

Although cell-cell fusion and the fusion events of
mitochondria and peroxisomes involve unrelated proteins,
SNAREs are the central players that mediate membrane
fusion in all of the trafficking steps of the secretory and
endocytic pathways. According to the currently accepted
mechanistic model, SNARE proteins that are localized in
opposing membranes drive membrane fusion by harnessing
the energy that is released during the thermodynamically
favorable process of formation of a four-helix SNARE
bundle [21]. The zippering of appropriate SNARE partners
from opposing membranes into this bundle leads to a tight
connection of the membranes and initiates the merger
of their lipid bilayers. A central tenet of the zippering
hypothesis of SNARE function is that for fusion to proceed,
SNAREs must assemble in a trans configuration, with at
least one SNARE that has a transmembrane domain being
contributed by each of the fusing membranes. During
trans-SNARE complex formation, nucleation begins at
the N termini of the SNARE domains and then proceeds
in a zipper-like fashion towards the C-terminal membrane
anchors [22,23]. As a result, a mechanical pulling force is
exerted on the membranes, which draws them in closer
proximity and helps overcome the energy barrier for fusion.
The recycling of SNAREs for subsequent cycles of fusion
is achieved through the dissociation of the alpha helical
SNARE bundle into separated SNAREs, which is mediated
by the AAA+ protein NSF (N-ethylmaleimide-sensitive
factor) [24]. As is the case for every other intermediate in
the SNARE cycle, trans-SNARE complexes are subject to
regulation by other proteins. More specifically, in chapter I,
| will describe how a tethering complex and a Rab GTPase
govern trans-SNARE complex establishment in yeast
vacuolar fusion. Further in chapter Ill, | will elucidate how
a dynamin-related protein unexpectedly influences trans-
SNARE complex formation.

SNARE proteins form a superfamily of proteins with 25
members in Saccharomyces cerevisiae, 36 members
in humans and 54 members in Arabidopsis thaliana.
Generally speaking, each member in each organism is
localized at a distinct subcellular compartment, as shown
schematically in figure 4 adapted from [21]. SNAREs have
a simple domain structure, and the most important feature
of SNAREs is the SNARE domain - an evolutionarily
conserved stretch of 60-70 amino acids that are arranged
in heptad repeats. At their C-terminal ends, most SNAREs
have a single transmembrane domain that is connected to
the SNARE domain by a short linker [21]. Many SNAREs
have independently folded domains that are positioned
N-terminal to the SNARE domain and that vary between the
subgroups of SNAREs. Although this prototypic structure
applies to most SNAREs, there are important exceptions.
A subset of SNAREs lacks the N-terminal domain. Another
subset lacks transmembrane domain, but most of these
SNAREs contain sites for hydrophobic post-translational
modifications that mediate membrane attachment.

a880
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Figure 4: Assignment of SNAREs to intracellular membrane-trafficking pathways.

SNARE localization at each compartment within the
eukaryotic endomembrane system has been characterized
in yeast (top panel) as well as mammalian cells (bottom
panel).

Originally, it was thought that there was a strict division
between SNAREs on the ‘donor’ compartment and the
‘acceptor’ compartment, which led to their functional
classification as v-SNAREs (vesicle membrane SNAREs)
or t-SNAREs (target-membrane SNAREs). This could
explain the fusion occurring between dissimilar membrane
compartments present in a heterotypic orientation, for
example between late endosomes and lysosomes, or
between ER-derived COPIl vesicles and the cis-Golgi
compartment. However, this terminology is not useful in
describing homotypic fusion events where both fusion
partners are identical, and for certain SNAREs that function

in several transport steps with varying partners. Forexample,
vacuole-vacuole fusion in budding yeast is of homotypic
architecture. Similarly, fusion of early endosomes and ER
membranes is homotypic. Also, the S. cerevisiae SNARE
Sec22 functions in both anterograde and retrograde traffic
between the ER and the Golgi apparatus. In its anterograde
transport, Sec22 is colocalized with the SNAREs Bos1
and Bet1 on COPII vesicles, but only Bet1 was classified
as a v-SNARE, whereas Bos1 and Sec22 were classified
as t-SNAREs [25]. In its retrograde transport, Sec22 was
described as the only functional SNARE on COPI vesicles
[26].

A more rigorous and invariant classification is derived from
understanding the components of SNARE complexes.
Complex formation is mediated by the SNARE domains,
and is associated with conformational and energy changes.
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When SNARE proteins are monomeric, their SNARE
domains are unstructured. However, when appropriate sets
of SNAREs combine, their SNARE domains spontaneously
associate to form alpha helical core complexes of
extraordinary stability [26]. The crystal structures of different
SNARE core complexes have revealed a remarkable
degree of conservation. Core complexes are composed
of elongated coiled coils of four intertwined, parallel alpha
helices, with each helix being contributed by a different
SNARE domain. The centre of the bundle contains 16
stacked layers of interacting amino acid side chains. Each
layer has 4 residues, 1 from each SNARE domain. These
layers are largely hydrophobic, except for the central or
zero layer that contains three highly conserved glutamine
(Q) residues and one highly conserved arginine (R)
residue. Accordingly, the contributing SNARE domains are
classified into Qa, Qb, Qc and R-SNAREs [28]. Functional
SNARE complexes that drive membrane fusion are hetero-
oligomeric, parallel four-helix bundles. Each such bundle
must contain one of each of the Qa, Qb, Qc and R-SNAREs
forming a classical QabcR SNARE complex.

Tethering complexes: The concept of tethering emerged
from observations indicating that SNARE proteins alone
cannot entirely account for the specificity and efficiency of
vesicle fusion. The original idea of tethering involved linking
molecules that extended over distances of more than about
half the diameter of a vesicle from a given membrane
surface (>25 nm) to specifically bridge vesicles to their
target membrane [29]. However, since the discovery of
factors that can extend only 5 nm from the surface and still
act as tethers [30], tethering is now considered a regulatory
event after coat protein-mediated vesicle scission and
before SNARE-mediated docking and membrane fusion
which is required for proper vesicle recruitment to the
respective target membrane. Tethering complexes are
a heterogeneous family of proteins involved in regulating
multiple steps in the emergence, journey and consumption
of any membrane-bound vesicle. Their best studied role
which gives them their name is to facilitate the bridging and
recognition of membranes early in the fusion cascade, i.e.
prior to or accompanying trans-SNARE complex formation.
Tethers form two broad classes: elongated coiled-coil
tethers and multisubunit tethering complexes.

Coiled-coil tethers are generally known to form stable
homodimers and associate with the membrane either directly
or via anchor proteins including activated or GTP-bound
Rabs or other coiled-coil proteins. For example, among the
best characterized coiled-coil tethers is yeast Uso1 and its
mammalian homolog, the golgin p115 operating within the
Golgi apparatus [31]. The architecture of p115 comprises
a C-terminal acidic region, the central coiled-coil core and
a large globular N-terminal domain. The central region
mediates homodimerization and also binds to the active
GTP-bound form of Rab1. Rab1 is thus the membrane
receptor for p115, and this interaction is thought to tether
COP 1l vesicles to each other, thus promoting homotypic
vesicle fusion [32]. The C-terminal region of p115 binds to

GM130 and giantin, two further Golgi-localized coiled-coil
tethers. This interaction in turn enhances Rab1 binding and
establishes a link to the cis-Golgi network [33]. Interestingly,
p115 also interacts with the v-SNARE Gos28 and the
t-SNARE Syntaxin-5, which recruits p115 to COP Il vesicles
[34]. This interaction scheme represents an intersection
between Rab, tethering and fusion machineries.

Eight different multisubunit tethers have been characterized
in yeast operating in different trafficking steps, and many
of their mammalian homologs have also been identified.
Biochemical and structural analyses have revealed that
these multisubunit tethering complexes are quite diverse
in their functions, molecular interactions and structure [35].
The eight complexes can be divided into two groups: those
that have a common domain at the N-terminus of at least
some, if not all, of their subunits, and those that do not. The
family of complexes related to each other by virtue of their
shared domain, or the ‘quatrefoil’ complexes, consists of:
(i) the exocyst, located at the plasma membrane at sites of
active secretion (termed the Sec6/8 complex in mammalian
studies), (ii) the conserved oligomeric Golgi [COG] complex
required for retrograde transport through the Golgi and
interacting with SNAREs and COPI vesicles (previously
known as the Sec34/35 complex, and in mammals also
as the Golgi transport complex [GTC]) and (iii) the Golgi-
associated retrograde protein [GARP] complex (which is
also known in yeast as the Vps52/53/54 or VFT complex)
involved in recycling of proteins from the endosome to
trans-Golgi. The other group consists of complexes that
seem to bear no relation to each other or to the quatrefoil
complexes and comprises: (i) two isoforms of TRAPP
(Transport Protein Particle, TRAPPI operating at cis-Golgi
to recruit ER-derived vesicles and TRAPPII functioning at
trans-Golgi receiving endosomal traffic), (ii) two related
Class C Vps complexes (including the homotypic fusion
and vacuole protein sorting [HOPS] complex required for
proper sorting of proteins to the vacuole, and the class
C core vacuole/endosome tethering [CORVET] complex
located at endosomes) and (iii) the Dsl1 (Dependence on
SLY1) complex implicated in Golgi to ER transport. The
modular structure of multisubunit tethers can combine
multiple functions within the same complex and hence
achieve coupling of processes more efficiently. Due to
their structural disposition and affinities for coat proteins,
adaptors, small GTPases, lipids and SNAREs, multisubunit
tethers are poised to link the recognition of membranes
(via coats/ GTPases/ lipids) with subsequent fusion (via
SNAREsS).

Rab GTPases: The Rab family of proteins is a subdivision of
the Ras superfamily of monomeric G proteins. Approximately
70 different Rabs have now been identified in humans.
Complete sequencing of the yeast genome has revealed
the existence of 11 Rab proteins, referred to as Ypt products
(Yeast protein two), with some redundancy in their function
[36]. Like Ras proteins, Rabs have an average length of
200-230 amino acids and a similar spacing within the first
150-160 residues of the conserved sequence regions G1
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- G5 that are collectively involved in Guanine nucleoside
phosphate binding and hydrolysis. Structurally, Rabs belong
to the P-loop containing nucleoside triphosphate hydrolase
family [37].

Rab proteins are peripheral membrane proteins, anchored
to a membrane via a lipid moiety covalently linked to an
amino acid. Specifically, Rabs insert into membrane
leaflets via prenyl groups harbored on two cysteines at
their C-terminus [38]. Rab escort proteins (REPs) deliver
the newly synthesized and prenylated Rab to its destination
membrane by binding the hydrophobic, insoluble prenyl
groups and carrying the Rab through the cytoplasm. The lipid
prenyl groups can then insert into the membrane, anchoring
Rab at the cytoplasmic face of a vesicle, organelle or the
plasma membrane.

Like other GTPases, Rabs switch between two
conformations, an inactive, cytosolic form bound to GDP
(guanosine diphosphate), and an active, membrane-
anchored form bound to GTP (guanosine triphosphate). A
Guanine nucleotide exchange factor (GEF) catalyzes the
conversion from GDP-bound to GTP-bound form, thereby
activating the Rab. The inherent GTP hydrolysis of Rabs
can be enhanced by a GTPase-activating protein (GAP)
leading to Rab inactivation [39]. REPs carry only the GDP-
bound form of Rab, and Rab effectors, proteins with which
the Rab physically interacts and through which it functions,
only bind the GTP-bound form of Rab. Rab effectors are
very heterogeneous, and each Rab isoform has a multitude
of effectors through which it perpetuates multiple functions.

Aftermembrane fusion, Rabis recycled back toits membrane
of origin. A GDP dissociation inhibitor (GDI) binds the prenyl
groups of the inactive, GDP-bound form of Rab, inhibits the
exchange of GDP for GTP (which would reactivate the Rab)
and delivers Rab to its original membrane. Partitioning of
the prenylated tail moiety between the hydrophobic pocket
in GDI and the membrane bilayer allows Rabs to rapidly
and reversibly sample membrane surfaces. Nucleotide
exchange occurs when the GDP-bound inactive Rab
encounters a cognate GEF. This GTP-bound active Rab
species does not interact with GDI and can therefore
accumulate on the membrane surface, where it may further
recruit effector proteins with specific biological functions.
This cycle is reset when a GTP-bound Rab encounters a
GAP (GTPase-activating protein) and the bound GTP is
hydrolyzed to generate GDP and inorganic phosphate [40].
The concomitant action of GAPs and GEFs, determined by
the actions of their associated Rab, labels the boundaries
of each membrane compartment. Emerging evidence
indicates that Rab activation and inactivation are under
complex feedback control. Such a mechanism can promote
the rapid membrane accumulation and removal of Rabs to
create spatiotemporally restricted membrane domains with
a unique composition, and can explain how Rabs define the
identity of vesicle and organelle membranes.

Rabs form another family of conserved proteins that
regulate virtually all steps of membrane traffic from the
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formation of the transport vesicle at the donor membrane
to its fusion at the target membrane. Some of the many
regulatory functions performed by Rabs include interacting
with diverse effector proteins that may select cargo before
vesicle scission, aid in vesicle uncoating after budding or
tether membranes prior to fusion. Rabs are also implicated
in promoting vesicle movement and verifying the correct
site of fusion. Rabs organize distinct protein scaffolds
within a single organelle and act in a combinatorial manner
with their effectors to regulate all stages of membrane
traffic. Figure 5 adapted from [41] presents an overview of
multisubunit tethering complexes with their corresponding
Rabs operating in the various trafficking pathways.

MTCs are indicated in orange (secretory pathway) and
brown (endolysosomal circuit). Associated Rabs are
indicated in yellow (using the yeast nomenclature). (ER,
endoplasmic reticulum; EE, early endosome; MVBJ/LE,
multivesicular body/late endosome; CPY, carboxypeptidase
Y, a cargo of the biosynthetic pathway to the vacuole; AP-3,
adaptor protein complex 3.)

Conserved protein families controlling membrane
fission

Dynamin superfamily: Like SNAREs are universal
fusion molecules mediating lipid bilayer fusion, dynamins
are universal lipid bilayer stretching/tubulating/scission
molecules that have been adapted to function at many
different compartments in various cell types. Dynamins are
large GTPases that encompass a protein family of classical
dynamins, dynamin-like proteins, Mx proteins, mitofusins
and atlastins. Historically, they have been known to function
in membrane-remodeling processes associated with
endocytic membrane fission, budding of transport vesicles
from a donor membrane and fragmentation of organelles.
Information about dynamin from genomic sequences and
phenotypic studies on many organisms as well as crystal
structures has been helpful in proposing a common
mechanism of dynamin-driven membrane tubulation.

As depicted in figure 6 modified from [42], classical dynamin
is a cytosolic protein typically comprising an N-terminal
GTPase domain, a middle or stalk region, a pleckstrin
homology (PH) domain, a GTPase Effector/Assembly
Domain (GED) so called because of its involvement in
dynamin self-assembly thereby interacting with the GTPase
domain, and a C-terminal proline-rich domain (PRD). The
GTPase domain sits on top of a helical bundle, called the
bundle signaling element (BSE) or neck, which is formed by
three helices contributed by the N and C-terminal regions
of the GTPase domain and by the C-terminal region of the
GED. This region of the GED lies in close physical proximity
with and is functionally linked to the GTPase domain. The
BSE is followed by a stalk composed of helices from the
middle domain and N-terminal region of the GED. The
PH domain forms the vertex or foot of the stalk and is
involved in membrane binding. The PH domain binds acidic
phospholipids at the cytosolic leaflets of membranes and
P1(4,5)P2 in particular via a positively charged surface. The



PRD, expected to be projecting away from the membrane, many SH3 (Src homology 3) domain containing proteins
emerges at the boundary between the BSE and GTPase to localize dynamin at endocytic sites and coordinate
domain and is likely to interact with other proteins. The dynamin’s function with other factors.

PRD contains an array of PxxP motifs that interact with
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Figure 5: Multisubunit tethering complexes (MTCs) with their corresponding Rab GTPases.

S S—— s o

@ GTPasedomain (=== Middle domain O PHdomain [ GED ﬁ PRD

Figure 6: Domain organization of classical dynamin.

Self-oligomerization and GTP hydrolysis are important oligomerization here can be considered as the ordered
properties of dynamins that execute its well documented assembly of these building blocks into rings or helices.
membrane fission function. An oligomer normally refers to  Regarding the mechanism by which dynamin catalyzes
a complex of more than one monomer, but as the basic membrane fission, it has been proposed that assembly
building block of native dynamin is a dimer or a tetramer, of dynamin into spirals or helical oligomers around the
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neck of emerging vesicles promotes the demonization
of GTPase domains of adjacent helical rungs, leading to
GTP hydrolysis. This triggers a conformational change
in the dynamin polymer, allowing the constriction of the
dynamin ring. This further drives the constriction of the
underlying membrane, increasing membrane curvature.
This reduces the energy barrier to fission, subsequently
triggering fission at the boundary between the dynamin ring
and the bare membrane. It is believed that once a critical
mass of oligomers is reached, the resulting cooperative
GTP hydrolysis leads to helix disassembly and ultimately
to dynamin depolymerization. Thereafter membrane fission
is discontinued. This model [43] describes dynamin as a
mechanochemical enzyme wherein GTP hydrolysis is
necessary for vesicle scission and the GED contributes to
the catalytic activity indirectly through oligomerization.

Purified dynamin spontaneously polymerizes into rings and

helices when incubated in low ionic strength solutions or
in the presence of synthetic membranes [44]. It can also
tubulate membrane bilayers under appropriate conditions
by forming a continuous coat around them [45-47]. The
tetrameric form of dynamin, which can be abundant in
solution, may represent an intermediate in its higher order
assembly [48]. This oligomerization capacity of dynamin has
been widely exploited in assembly tests for other members
of the dynamin family.

The crystal structures of a range of dynamin family
members, with or without bound nucleotide, and in different

Interface 2
Interface 3

oligomeric states, have recently been solved. These have
been critical in understanding how dynamins harness self-
assembly and GTP-dependent conformational changes
along with other protein interaction modes to remodel
membranes. The crystal structure of the endocytic DRP,
mammalian dynamin1 [49], lacking the proline-rich domain,
in its nucleotide-free state depicts the dynamin1 monomer
as an extended structure with the GTPase domain and
bundle signaling element positioned on top of a long helical
stalk composed of the GED, with the pleckstrin homology
domain flexibly attached on its opposing end. Dynamin1
dimer and higher order dimer multimers were predicted to
form via at least three different interfaces located in the stalk,
as shown in figure 7A [49]. The sequence space covering
these oligomerization interfaces has been remarkably
conserved from yeast to humans across various dynamin
family members. The dynamin1 crystal lattice contains
linear filaments assembled via three stalk interfaces
resulting in layers of interacting stalks separated by
GTPase and PH domains. Interface 2, detailed in figure 7B
[49], is the largest, has two-fold symmetry and is relatively
rigid. Each dynamin1 protomer in a tetramer participating
at interface 2 contributes seven direct hydrogen bonds
and eight hydrophobic residues. Interfaces 1 and 3 are
also stalk-localized and mediate higher order assembly of
dynamin1 dimers. Interface 1 is at the tips of interacting
stalks, proximal to the GTPase domain and BSE. Interface
3 is at the distal end of the stalk.

Figure 7A: Image of four dynamin1 monomers showing interfaces 1, 2 and 3 in the crystal lattice.
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Figure 7B: Details of interface 2: Protomers are shown in different colors. Green dotted lines denote hydrogen bonds. Residues K683
and Y669, among others, are well conserved from yeast to mammals.
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Coat proteins and adaptors: Although dynamin alone
can constrict and cut lipid tubules, the constriction of the
dynamin ring in vivo is likely to be assisted or regulated by
other factors to achieve fission. Dynamin may contribute
to membrane fission in a variety of subcellular contexts,
but its action is best understood in the context of clathrin-
mediated vesicle scission. Clathrin is a coat protein that
performs critical roles in shaping rounded vesicles budding
out from patches in the plasma membrane, trans-Golgi
network, and endosomal compartments and targeted
to multiple membrane trafficking pathways. It forms a
triskelion shape composed of three heavy chains and three
light chains. When the clathrin triskelia interact they form
a polyhedral lattice that surrounds the emerging vesicle
like a basket. After a vesicle buds into the cytoplasm, the
coat disassembles, allowing the clathrin to recycle while the
vesicle gets transported to its destination. Adaptor molecules
are responsible for the recruitment and self-assembly of
clathrin at sites of vesicle formation. For instance, during
formation of endocytic buds at the plasma membrane, a
subset of scaffold proteins (such as FCHO1, Eps15 and
intersectin) [50] and clathrin adaptors (for example the
AP-2 complex, AP180/CALM and epsin) are first recruited
to the PI(4,5)P2-rich plasma membrane, coincident with the
binding of some of these proteins to endocytic sorting motifs
of integral membrane proteins [51]. Such components
cluster cargo and induce membrane curvature. The coat
subsequently grows through the assembly of the clathrin
lattice, which, through positive feedback, recruits additional
cargo adaptors and endocytic factors. Dynamin eventually
accumulates around the growing clathrin-coated pit. Deep
invagination of the bud and formation of a narrow neck
involves the recruitment of BAR (Bin-Amphiphysin-Rvs)
domain-containing proteins, several of which bind dynamin
[52,53]. Dynamin is then rapidly and efficiently able to
accomplish membrane fission.

Yeast vacuoles as a model system to study
membrane fusion-fission dynamics

Every intracellular transport pathway culminates with
membrane fusion. This fusion process relies on the
collaborative action of SNAREs, tethers and Rabs.
Powerful in vitro fusion systems using isolated organelles
were pivotal in obtaining mechanistic insights into the
process of membrane fusion having apparently complex
interdependencies among components involved in
successive stages - from the initiation of fusion to lumenal
content mixing. Among these, yeast vacuoles serve as
an elegant model system, particularly useful as they
are biochemically and genetically highly accessible and
tunable. Yeast vacuoles are easy to purify in satisfactory
amounts. There are established rapid quantitative assays
to measure fusion of vacuoles, fluorescent tools to trace
them, and available agents to induce or inhibit their fusion
or fission in vitro and in vivo.

The yeast vacuole, which resembles the lysosome of higher
eukaryotes, is positioned at a crucial point of the eukaryotic
endomembrane system, i.e., at the intersection of the two

major trafficking pathways in the cell - the endocytic and the
secretory pathways - which deliver cargo to the vacuole/
lysosome. Several screens in yeast have been designed
to identify mutants defective in endocytosis (End), vacuolar
protein sorting (Vps), vacuolar protease activity (Pep),
vacuole inheritance (Vac), and vacuole morphology (Vam)
[54]. Not surprisingly, since multiple pathways feed into
the vacuole, in many yeast mutants identified, vacuolar
proteins were found to be missorted or incompletely
processed, and/or vacuolar morphology strongly perturbed.
Subsequent characterization of these genes unraveled the
underlying machinery of a number of trafficking pathways
that are critical for vacuole biogenesis and vacuole fusion.
Additional biochemical investigation of protein transport
in numerous experimental systems has identified several
proteins proposed to be involved in the fusion of transport
vesicles with their target membranes. These proteins have
been found to be highly homologous among the various
systems, suggesting that the fusion of transport vesicles
utilizes a conserved mechanism.

Trafficking pathways to/from the vacuole, outlined in
figure 8 adapted from [55], have been named according
to the most prominent cargo they shuttle. The vacuolar
enzyme carboxypeptidase Y (CPY) travels from the
trans-Golgi-Network (TGN) to the late endosome, from
where it is subsequently delivered to the vacuole [56]. At
the TGN, it is recognized by the receptor protein Vps10,
concentrated and packed into vesicles that pinch off from
the TGN in an AP-1 (Adaptor Protein-1)/ clathrin-dependent
manner. After fusion with the late endosomal compartment,
CPY dissociates from its receptor and is then transported
to the vacuole upon endosomal maturation. Vps10 is
subsequently recycled back to the TGN with the help of
the retromer complex. Various other hydrolases have
additionally been shown to interact with Vps10 and therefore
follow the same route to the vacuole. Consequently, this
generic pathway has been termed the CPY pathway.
However, a small subgroup of vacuolar resident proteins,
namely the pho8 gene product alkaline phosphatase (ALP),
the SNAREs Vam3 and Nyv1 and the vacuolar casein
kinase Yck3, travel to the vacuole in a more direct Golgi-
to-vacuole trafficking event omitting the endosome [57-60].
This pathway is termed the ALP or AP-3-pathway after
the adaptor complex which is involved in the generation
of vesicles at the TGN in a clathrin-independent fashion.
The SNARE Vti1 plays a role in cis-Golgi membrane traffic
which is essential for yeast viability, and a nonessential role
in the fusion of Golgi-derived vesicles with the prevacuolar/
late endosomal compartment via the CPY pathway [61].
The SNARE Vam?7 has been shown to regulate a late step
in protein trafficking to the vacuole, also likely via the CPY
pathway [54]. Additional pathways are linked to the vacuole.
The cytoplasm to vacuole targeting (Cvt) pathway and the
macroautophagy pathway use a similar set of components
to transport proteins to the vacuole [62]. Whereas the Cvt
pathway is a biosynthetic route to direct aminopeptidase |
(Ape1) to the vacuole lumen, macroautophagy is a catabolic
pathway, which plays a crucial role in cell survival upon
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starvation. In both cases, a double membrane of unknown
origin engulfs oligomeric Ape1 (Cvt pathway) or organelles

and cytosolic material (macroautophagy) and targets them
directly to the yeast vacuole.

Figure 8: Trafficking pathways leading to the yeast vacuole. (EE, early endosome; LE, late endosome; MVB, multivesicular body.)

The in vitro vacuole fusion assay, devised as a rapid
colorimetric tool to measure content mixing, exploits the fact
that vacuolar hydrolases are synthesized as catalytically
inactive proenzymes in the endoplasmic reticulum and
are activated only on arriving at the vacuole, through
proteolytic cleavage by vacuolar lumenal proteases [63,64].
The principle of this assay is explained in figure 9. The
unprocessed precursor form of the vacuolar membrane
protein alkaline phosphatase (pho8 gene product, pro-
ALP) is C-terminally cleaved by proteinase A (pep4 gene
product), a vacuolar protease to yield mature, active ALP.
One of the yeast strains employed in this assay (called
DKY) expresses the vacuolar proteases but lacks alkaline
phosphatase (Apho8). The other strain (called BJ) lacks the
vacuolar protease (Apep4) and thus has the pro-ALP form.
Hence neither strain is able to express mature ALP by itself.
Maturation of pro-ALP can occur only by lumenal content
mixing upon fusion of the two vacuole populations. Level of
ALP activity is a measure of pro- ALP maturation and hence
reflects the extent of fusion. Acquisition of ALP activity is
quantified spectrophotometrically by using the substrate
para-nitrophenyl phosphate (PNPP) after detergent lysis of
fused vacuoles. PNPP turns yellow on being converted into
PNP in the presence of mature active ALP. Absorbance is
recorded at 400 nm.

The intracellular compartments of eukaryotic cells are
largely defined by the composition of the resident proteins
contained therein. Thus, efficient biosynthetic trafficking
of these resident proteins must be maintained to ensure
the integrity and functionality of individual organelles. The
acidified vacuole of the budding yeast Saccharomyces
cerevisiae is one such organelle. Analogous to the
lysosome of mammalian cells, the vacuole is a dynamic
organelle that functions in a variety of cellular processes
including macromolecular degradation, metabolite storage,
and cytosolic ion and pH homeostasis [65]. Thus, vacuolar
function requires an influx of resident proteins such as
hydrolytic proteases, lipases, and transporters. These
proteins traffic via vesicle-mediated transport reactions that
require appropriate cargo selection and vesicle budding
from donor membranes, followed by the docking and
fusion of the transport intermediates with the correct target
organelle. Homotypic (self) fusion of yeast vacuoles, which
is essential for the low copy number of this organelle, uses
elements similar to those occurring in heterotypic vesicular
trafficking reactions between different organelles throughout
the endomembrane system. Studies on homotypic vacuole
fusion have helped in chalking out a model of membrane
fusion in which SNAREs can form stable complexes in cis
(when on the same membrane) as well as in trans (when



anchored to opposing membranes). Chaperones (NSF/ in a cascade of trans-interactions involving Rab GTPases,
yeast Sec 18, and a-SNAP/yeast Sec17) disassemble cis- tethering factors and trans-SNARE pairing. Fusion itself, i.e.
SNARE complexes to prepare for the docking of organelles.  the mixing of both the membrane leaflets and the organelle
The specificity of organelle docking is considered to reside  contents, is further triggered by various factors.

Precursor ALP

Mature ALP —reporter enzyme

+ + ATP
27°C
pep4
Apho8
No ALP

Readout: m-ALP + PNPP - PNP (yellow color, OD,q)

Figure 9: Principle of the in vitro vacuole fusion or content mixing assay.

As broadly outlined in figure 10 adapted from [55], a typical  stages involving priming, tethering, docking and hemifusion
vacuole fusion reaction can be subdivided into multiple leading to lumenal content mixing [21,55,66].
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Figure 10: Stages of in vitro vacuole fusion.
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Priming: The cis-SNARE complex is disassembled and
reorganized into SNARE subcomplexes via ATP hydrolysis
by the ATPase N-ethylmaleimide-Sensitive Factor (NSF/
yeast Sec18) and its adaptor a-Soluble N-ethylmaleimide-
sensitive factor Attachment Protein (a-SNAP/yeast Sec17)
[24]. After the dissociation of the tetrameric cis-SNARE
complex, new, complementary sets of SNAREs compatible
and “primed” (or ready/available) for trans-interactions,
are formed on the opposing membranes. Priming can be
monitored biochemically by the stable persistence of specific
SNARESs on the vacuolar membrane upon treatment with
ATP, or by the sensitivity of the fusion reaction to antibodies
against Sec18 or Sec17. The main reactions involving Ypt7,
HOPS and SNAREs are indicated below the cartoon.

Tethering: It is the initial reversible (sensitive to dilution)
interaction between membranes through protein complexes
that act as linkers. Tethering may occur prior to or alongside
trans-SNARE pairing. The tethering complex operating
during yeast vacuolar fusion is termed HOmotypic fusion
and vacuole Protein Sorting or HOPS. The unique Rab
GTPase that marks the vacuolar compartment is Ypt7.
Tethering during homotypic yeast vacuole fusion is thought
to be mediated by Ypt7 and its effector, the HOPS complex,
however this mechanism remains to be detailed.

Docking: It is the subsequent tighter, productive
association of tethered vacuoles rendered irreversible
through the establishment of trans-SNARE complexes. A
trans-SNARE complex is composed of a parallel four-helix
bundle with each a-helix being contributed by one SNARE.
Formation of a stable coiled-coil trans-SNARE bundle
releases sufficient energy to cause localized destabilization
of the lipid bilayer and drive the formation of a fusion pore.
Docking can be defined morphologically by the observation
of ATP-dependent vacuole clusters or biochemically as the
acquisition of resistance to (i) dilution of the fusion reaction
and (ii) disassembly of the SNARE complex by Sec18/
Sec17.

Hemifusion: This stage is also referred to as lipid mixing in
which only the outer leaflets of opposed lipid bilayers merge
but the inner leaflets remain separated. This hemifusion
stage is followed by opening and enlargement of the fusion
pore allowing content mixing leading to completion of
fusion. This is a relatively little explored phase in the fusion
cascade since only few quantitative assays to measure lipid
mixing between physiological membranes are available.

Fusion: Fusion per se may be the least understood step
of this in vitro reaction. Steps between docking and the
completion of fusion have been proposed to require multiple
components including the vacuolar V-ATPase (proton
pump), calcium signaling through Calmodulin and Protein
phosphatase |.

On the contrary, during cell division the vacuole of budding
yeast fragments partially, producing vesicular and tubular
structures, which are transported into the emerging
bud. In order to control the overall shape of the vacuolar
organelle, inherited vacuole-derived vesicles fuse later in
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the bud, maintaining a low copy number for this organelle.
Vacuole fragmentation and fusion are also connected
to osmoregulation, and to the synthesis and turnover of
phosphoinositides. Several molecules that seem to support
the various stages of vacuolar fusion and fission are still
being defined. It will be interesting to investigate whether
there is any known component that is able to serve as a
master regulator achieving fusion-fission control. Drawing
from recent endocytosis studies in yeast [67] and exocytosis
studies in insulin secreting beta-cells and neurons [68]
[69], as well as studies on fusion-fission equilibrium [70],
the yeast dynamin homolog Vps1, principally implicated
in vacuole fission, appears to be one such unexpected
candidate that might be playing a role in vacuolar fusion.

Components of yeast vacuolar membrane fusion
and their known interactions

Table 1 framed from [66] and [71]below enlists the different
factors implicated in yeast vacuolar fusion. The -SNAREs
of one membrane can bind to v-SNAREs on a fusion
partner. This has been proposed to provide at least part
of the targeting specificity during trafficking, as well as the
binding affinity during membrane docking, and even to
contribute to organelle identity. The t-SNARE Vam3, the
soluble SNARE Vam7 and the v-SNAREs Nyv1 and Vti1
are each present in the vacuolar cis-SNARE complex and
are each needed for normal rates of fusion, normal rates
of protein delivery to the vacuole and for normal vacuole
size. After priming, they are transposed to a trans-SNARE
complex, of identical composition but different topological
arrangement. Trans-SNARE pairing can be assayed by
priming a mixture of vacuoles harboring differentially tagged
SNAREs, for example, Vam3-HA (with untagged Nyv1) and
Nyv1-VSV (with untagged Vam3) and measuring SNARE
pairs by immunoprecipitation. Trans-SNARE pairing, which
renders docking irreversible, depends on the prior action
of Ypt7 and HOPS. It is not clear whether these proteins
participate directly with the SNAREs on each vacuole
to promote pairing in trans or act merely by supporting
tethering.

The homotypic fusion and vacuole protein sorting (HOPS)
complex is a six-subunit complex that acts during the
docking stage of yeast vacuole fusion. The HOPS complex
is also termed the Class C vacuolar protein sorting (Vps)
complex because it is composed of Vps proteins, which are
encoded by genes required for proper protein sorting to the
yeast vacuole. HOPS complex subunits are also involved
in transport between endocytic compartments, as well as
transport to the vacuole. The HOPS complex contains six
subunits: Vps11, Vps16, Vps18, Vps33, Vps39 and Vps41.
Vps 39 and Vps41 are accessory vacuole-specific subunits
while the rest are core subunits. A pull-down of any one
vacuolar HOPS subunit will pull down the entire complex
[72]. HOPS has multiple membrane binding modes and has
no known transmembrane domain. It has known affinitites
for the GTP-bound form of the Rab7 homolog Ypt7,
phosphoinositides and the SNAREs Vam7 and Vam3 [73-
77]. ltis therefore engaged in highly dynamic protein-protein



interactions during fusion. Individual subunits of HOPS
exhibit domain architecture designed to mediate protein-
protein interactions, and in particular signify oligomerization
potential. Structural features of the HOPS subunits are
summarized in figure 11 modified from [78]. Each HOPS
subunit has a predicted N-terminal 3-propeller followed by
a C-terminal a-solenoid. Around 200 residues of sequence

homology to the clathrin heavy chain was detected in the
C-terminal regions of Vps11, Vps18, Vps39, and Vps41.
Vps11 and Vps18 have C-terminal RING (really interesting
new gene) domains and Vps39 has a partial RING domain,
although this region lacks residues that would coordinate a
second Zn++ ion.

Table 1: A glance at factors involved in yeast vacuolar fusion.

Vam3

Qa SNARE, Syntaxin homolog, originally
classified as a vacuolar --SNARE

Forms a complex (cis and trans) with the other SNAREs Nyv1, Vam?7,
Vti1; interacts with Vps33, an Sec1/Munc18 (SM) family member to direct
the docking of multiple transport intermediates with the vacuole

Nyv1

R SNARE, Synaptobrevin homolog,
originally classified as a vacuolar
v-SNARE

Forms a complex (cis and trans) with the other SNAREs Vam3, Vam?7,
Vi1

Vam7

Qc SNARE, SNAP-25 homolog,
originally classified as a vacuolar
t-SNARE

Forms a complex (cis and trans) with the other SNAREs Vam3, Nyv1,
Vam3; has a PX (Phox) domain with affinity for PI(3)P as its membrane
anchor

Vii1

Qb SNARE, essential gene, originally
classified as a vacuolar v-SNARE

Forms a complex (cis and trans) with the other SNAREs Vam3, Nyv1,
Vam7

Ypt7

The vacuolar Rab family GTPase
similar to mammalian Rab7; required on
each partner vacuole in its GTP-bound
state to mediate tethering and possibly
docking

The GDP-bound form of Ypt7 is complexed within the cytosol and is
recruited to the membrane with the help of GDF (GDI Displacement
Factor) and via their prenylation by geranylgeranyl transferase Il (GG Tase
I); vacuole-localized Ypt7 is activated to the GTP-bound form by its
guanine nucleotide exchange factor (GEF), Vps39, a HOPS complex
subunit. Ypt7-GTP specifically binds HOPS as its downstream effector.
The GTPase-activating protein (GAP) Gyp7 stimulates the hydrolysis of
GTP to GDP to inactivate Ypt7; Ypt7 is proposed to primarily contribute
to the membrane affinity of HOPS, and through HOPS, of the soluble
SNARE Vam?7.

Vps39

Vacuole-specific subunit of the HOPS
tethering complex, proposed GEF of the
vacuolar Rab Ypt7

C-terminal of Vps39 binds the Vps C core complex through a C-terminal
region of Vps11, has a partial RING motif; has a C-terminal Clathrin Heavy
Chain Repeat; has each been shown to undergo homo-oligomerization in
a yeast-two-hybrid assay

Vps41

Vacuole-specific subunit of the HOPS
tethering complex

Has a C-terminal Clathrin Heavy Chain Repeat; has WD40 motif forming
beta-propeller; phosphorylation of Vps41 by yeast casein kinsase Yck3
switches its tethering function between endosome-vacuole fusion and
AP-3 vesicle delivery to the vacuole; has each been shown to undergo
homo-oligomerization in a yeast-two-hybrid assay; binds directly and
selectively to Ypt7-GTP

Vps16

Conserved core subunit of the HOPS
tethering complex

Required for Vps33 association with Vps11 and Vps18

Vps18

Conserved core subunit of the HOPS
tethering complex

Has a C-terminal RING motif and a Clathrin Heavy Chain Repeat

the Dynamin Homolog Vps1 Coordinate Distinct Stages in Intracellular Membrane Fusion
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. Belongs to the Sec1/Munc18 (SM) family of cofactors that are universally
Conserved core subunit of the HOPS . : o
Vps33 tethering complex required for SNARE-mediated membrane fusion; proposed to regulate
9 P vacuolar fusion by binding the N-terminal Habc domain of Vam3
Homohexameric AAA ATPase: SNARE chaperone t.hgt dlsassembles postfgsmn ms-SNARE complgxes;
. required for the priming step in homotypic vacuole fusion, vesicular
Sec18 homologous to mammalian .
S s transport between ER- Golgi-Plasma membranes, autophagosome-
N-ethylmaleimide-sensitive factor (NSF) .
vacuole fusion.
Adaptor protein or co-chaperone to Sec18; stimulates the ATPase
Sec17? SNAP family member homologous to activity of Sec18; peripheral membrane protein required for the priming
mammalian a-SNAP step in homotypic vacuole fusion, vesicular transport between ER- Golgi-
Plasma membrane and autophagosome-vacuole fusion.

Structural organization of HOPS subunits is remarkably
similar to that observed in other membrane-shaping
multisubunit building blocks such as COPI, COPII, Clathrin
and the Nuclear Pore Complex. Therefore, it is likely that
HOPS complex might self-assemble into higher order
structures on membranes in cis and/or trans. For example,
in different yeast two-hybrid assays, Vps11 [72], Vps39
[79] and Vps41 [80] have each been shown to undergo
homo-oligomerization, dependent in case of the latter two
subunits, on the presence of CHCR domains.

Vps39 and Vps41 form a discrete complex-specific
subassembly that functions in Rab recognition. The
activities of this subassembly are coordinated with the core
through contacts between the C-Terminal Domain (CTD)
of Vps39 and the CTD of Vps11 [81]. The core subunits
Vps16 and Vps33 also form a stable subassembly. Vps33
belongs to the Sec1-Munc18 (SM) family of SNARE-binding
cofactors, which are universally required for SNARE-
mediated membrane fusion, so Vps16 and Vps33 likely link
the Rab signaling activities of HOPS to SNARE-mediated
membrane fusion.

Vps41 has been shown to bind directly and selectively to
Ypt7-GTP which explains how the HOPS holocomplex acts
as the downstream effector of activated Ypt7 [82]. Vps39
was previously proposed to be the GEF associated with Ypt7
[74]. However, although Vps39 showed a lack of nucleotide
specificity in Ypt7 binding, as might be expected for a GEF,
in a more recent study, highly purified preparations of
Vps39 failed to exhibit any nucleotide exchange activity in
fluorescence and radioisotopic assays that readily detected
the activities of other bonafide GEFs. Instead, the major
Ypt7 GEF activity appeared to reside within the Ccz1/Mon1
complex [83]. The Vps39-Vps41 subcomplex is a physically
and functionally integrated effector module containing two
Ypt7-binding sites that reside within the N-terminal predicted
B-propeller regions of Vps39 and Vps41 that physically
interact with one another [81]. The HOPS Rab-recognition
module contains one subunit, Vps41, that detects Ypt7-
GTP and a second subunit, Vps39 that is insensitive to
the nucleotide binding state of Ypt7. HOPS might therefore
monitor not only the presence of Ypt7-GTP but also the ratio
of Ypt7-GTP to Ypt7-GDP.

Vps11, particularly in its C-terminal region, forms a densely
connected hub, interacting with Vps16, Vps18 and Vps39

[81]. Vps16 is required for Vps33 association with Vps11
and Vps18. Vps11 may be a simple structural scaffold or
it could have a more dynamic role in linking Rab signaling
to Vps-C outputs, including the SNARE machinery that
mediates fusion at the vacuole. Biochemical as well as
genetic analyses has revealed that the Vps11 CTD is a
key integrator of Vps-C complex assembly, Rab signaling,
and endolysosomal traffic. The RING/Zn2+ finger domains
in different HOPS subunits seem to have distinct functions
in endolysosomal trafficking. Mutants lacking the RING
domain exhibited impaired CPY processing, limited CPY
secretion from the cell and defects in ALP processing at
various degrees. These phenotypes are diagnostic of
defective docking or fusion at the vacuole. The severity of
the trafficking defects observed in each ARING/Zn2+ finger
mutant, from most severe to least, is as follows: vps18-
826A > vps11-926A > vps39-979A [81]. Importantly, it was
proposed that these subunits might be capable of self-
interaction and/or interactions with other subunits mediated
through their RING domains.

SM proteins are required in all SNARE-dependent
physiological fusion reactions. They bind individual
SNARESs or SNARE complexes and regulate their assembly.
Vam3 has been known to bind the SM protein Vps33 via
its N-terminal Habc domain and the SNARE domain and
this interaction was shown to be critical for the late stage
of fusion pore opening [76]. This further depicts how the
composition and architecture of the multisubunit HOPS
complex can integrate various roles to support vacuolar
tethering and docking.

In various studies employing either native yeast vacuoles
or purified proteins, the HOPS complex has been shown
to individually bind phosphoinositides (preferentially PI(3)
P and PI(4,5)P2), the PX domain of (and full length) Vam?7,
the SNARE domain of (and full length) Vam3, and Ypt7.
These multifarious interactions of the HOPS complex are
reminiscent of tethering factors that interact with proteins
and lipids that can reside on same or different membranes.
This suggests an important role of HOPS in determining
a fusion site by enriching relevant factors and nucleating
SNARE complex assembly [84]. The specific functions
of the HOPS complex and the mechanisms by which it
couples activated Ypt7 to SNARE complex assembly
are unknown. However, the known interaction topology
integrating genetic, biochemical and functional data allows
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us to draw an interaction network of fusion factors illustrated
in figure 12. This can serve as a starting point to pursue
further investigations. Here, two-way arrows indicate inter-

component relationships while simple lines indicate intra-
complex relationships.
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Figure 11: Subunit composition and domain architecture of the HOPS complex.
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Figure 12: Known interactions among vacuole fusion components.

Comparisons with fusion reactions in other

systems

Studies in budding yeast of the delivery of secretory vesicles
to the plasma membrane at the bud tip have spearheaded
our understanding of vesicular traffic. Secretory vesicles
from the Golgi complex, bearing the Rab GTPase Sec4
and the v-SNAREs Snc1 and Snc2, are delivered to the
bud tip secretion site, specified by Sec3 [85-87]. There, the
multisubunit heterooctameric exocyst complex serves as
the primary tethering agent. Exocyst holocomplex assembly
occurs at the plasma membrane (and not on the secretory
vesicle) via individual or sub-assemblies of subunits
gathering from different sources, unlike the pre-formed

HOPS holocomplex [88,89]. The exocyst is an extended
protein complex, 30 nm in length that localizes to the bud tip
even when functions of SNAREs or Rab-like GTPases are
compromised, whereas the t-SNAREs Sso1 and Sso2 are
found distributed uniformly over the bud plasma membrane
[4]. This physical and functional asymmetry of SNARE,
GTPase, and tethering factor distribution between the
secretory vesicle and plasma membrane is quite different
from the situation in homotypic vacuole fusion. Although
the recycling of Sec4 after vesicle fusion by GTP hydrolysis
and extraction by its GDI Sec19 has been well documented
[90], it remains unclear how the Snc1 and Snc2 v-SNAREs
are recycled from the plasma membrane to presumably the

thering Complex and the Dynamin Homolog Vps1 Coordinate Distinct Stages in Intracellular Membrane Fusion
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trans-Golgi. It is not yet known what primary landmark at the
bud tip initiates exocyst assembly at this site. Whether there
is a factor that prevents exocyst assembly on the secretory
vesicles and subsequent homotypic fusion of these vesicles,
is another question that remains to be resolved.

The brain has proven to be an excellent system for
systematically isolating crucial trafficking components.
It is well established that synaptic vesicles originating
from endosomes form clusters at the active zone of the
presynaptic plasma membrane [91]. Ca2+ flux triggers rapid
exocytosis, which is followed by endocytosis and thus the
synaptic vesicle machinery, is recycled [92]. Additionally,
NSF and SNAPs were first purified from brain extract
as factors which could support an intra-Golgi trafficking
reaction [93-95], and syntaxin, synaptobrevin, and SNAP-
25 were first identified as synaptic membrane proteins
and later as SNAP receptors (SNAREs) by using brain
extracts [10,14]. These SNAREs are cleaved by specific
neurotoxins [12]. Cleavage is seen only when SNAREs are
unpaired, and cleavage efficiently blocks Ca2+-triggered
neurotransmission. Surprisingly, it has been shown that
genetic or toxin-mediated removal of v- or t-SNAREs
from Drosophila blocks neurotransmission but not the
association of vesicles at the synapse [16]. Thus, it seems
likely that synaptic vesicles clustered at the synapse are
“tethered” but not yet SNARE paired. There is, however, no
direct evidence as to when SNARE pairing in trans occurs
at the synapse, and the roles of associated Rab GTPases
and/or tethering complexes have remained obscure.

Synaptic vesicle fusion requires NSF, SNAP isoforms,
and a preceding priming reaction which includes ATP-
dependent phosphatidylinositol phosphorylation [96,97]
and probably the same NSF- and ATP-dependent SNARE
activation [98] as that occurring in homotypic vacuole
fusion. Similar findings are reported for dense core granule
exocytosis as well [99]. Because phosphatidylinositol
phosphorylation is also a prerequisite for Sec17 release
from vacuole membranes, these multiple priming reactions,
which require ATP, may be very similar at the molecular
level. The lack of an in vitro reaction of synaptic vesicle
exocytosis has been an impediment, but one largely
overcome by characterization of norepinephrine release
from permeabilized neuroendocrine cells. Studies of this
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release reaction have phenocopied all of the functional
themes that have emerged in homotypic vacuole fusion,
including the role of PI (4,5)P2 and the action of ATP, NSF,
and SNAP before the final act of Ca++/calmodulin-triggered
fusion [100-102].

There has been substantial study of precisely when
SNAREs and NSF/SNAPs act in the release of synaptic
vesicle contents at the presynaptic plasma membrane and
how accompanying factors regulate their activity. Vacuole-
to-vacuole fusion does not require any a-SNAP (yeast
Sec17) after priming which occurs well before the SNAREs
pair during docking. In cracked PC12 cell exocytosis, as
in yeast vacuole fusion, NSF (yeast Sec18) dissociates
from the SNARE complex after ATP hydrolysis but before
calcium-triggered membrane fusion. On the other hand, for
release of noradrenaline from perforated synaptosomes,
NSF is required in a post-docking state for subsequent
fusion [103]. Similar conclusions were drawn from studies
of Drosophila NSF mutants which suggested that docked
vesicles accumulate under non-permissive conditions
[104]. Similarly, injection of tetanus toxin into squid giant
synapses led to cleavage of uncomplexed synaptobrevin
and a consequent accumulation of both docked and
undocked vesicles [105]. These different observations in
the vacuolar and synaptic systems could be explained if
one considers that, at least in the yeast vacuole reaction,
priming is a prerequisite for subsequent tethering through
signaling by released Vam7 and HOPS to the Ypt7 tethering
apparatus, whereas priming can happen after tethering of
synaptic vesicles to the presynaptic plasma membrane, as
for yeast ER-to-Golgi traffic.

The symmetrical requirement for a small GTPase on both
partner membranes is shared by Ypt7 on yeast vacuoles
[106-107] and Rab5 on early endosomes in mammalian
cells [108]. However, neuronal Rab3 is largely localized
to synaptic vesicles and is released during exocytosis
[109-110]. Similarly, yeast Ypt1 seems to be required only
on Golgi membranes to mediate a productive tethering
with ER-derived vesicles in vitro [111]. Organelle identity,
therefore, may not rest on a single class of proteins. Rather,
each compartment may be specified by some combination
of SNARE, Rab/Ypt protein and tethering factor at least.
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Chapter Il

A HOPS Tethering Complex Dimer Catalyzes
Trans-SNARE Complex Formation In Yeast
Vacuolar Fusion

Portions of this work have been published in Kulkarni A,
Alpadi K, Namjoshi S, Peters C (2012) A tethering complex
dimer catalyzes trans-SNARE complex formation in
intracellular membrane fusion, Bioarchitecture, 2(2): 59-69.

Introduction

Vesicular transport can be sectioned into a progression of
interdependent subreactions that comprise vesicle budding,
movement, priming, tethering, docking, lipid mixing and
content mixing [3]. However, the precise protein interaction
scheme underlying the evolution of priming through docking
is still unresolved. | have exploited vacuoles purified from
budding yeast as a model system to delineate specific
protein interactions among SNARE, tether and Rab family
members on the pathway to fusion.

Membrane fusion is a fundamental process marking
the culmination of every vesicular trafficking route in
the endomembrane system. Soluble N-ethylmaleimide
sensitive factor Attachment protein receptors (SNAREsS),
are central players mediating the fusion of apposed lipid
bilayers through the assembly of distinct trans-SNARE
complexes. A trans-SNARE complex bridges two apposed
membranes and is composed of a parallel four-helix bundle
of the SNARE domain helices. Essential components of
the yeast vacuolar fusion machinery include SNAREs-
Vam3 (Qa), Vti1 (Qb), Vam7 (Qc) and Nyv1 (R); the
HOPS (HOmotypic fusion and vacuole Protein Sorting)
tethering complex and the Rab GTPase Ypt7 [64]. HOPS
is a highly conserved tethering complex operating within
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the endolysosomal transport circuit. The HOPS complex is
composed of six different subunits namely Vps11, Vps16,
Vps18, Vps33, Vps39 and Vps41 [78]. By virtue of its
modular structural architecture and multiple affinities toward
small G proteins, SNAREs and lipids, the heterohexameric
HOPS tethering complex is poised to link the recognition of
membranes (via lipids/adaptors/small G proteins in general)
with subsequent fusion (via SNAREs) through highly
dynamic interactions with multiple sets of proteins. In the
simplest sense, dimeric HOPS would create a highly stable
platform capable of (i) binding activated Rab proteins, (ii)
recruiting primed SNARE subcomplexes dependent on the
action of Sec18/NSF (N-ethylmaleimide Sensitive Factor)
and (iii) catalyzing the formation of a topologically restricted
trans-SNARE complex, thus imparting additional specificity
and fidelity to the process of membrane fusion. It is easy
to visualize how a scaffold in the form of an oligomerized
tethering complex would, by means of its size, reach over
the distance between apposed membranes and, through
multiple affinities, enhance the local concentration of
fusion factors ultimately facilitating SNARE pairing in trans.
The compatibility for fusion between two compartments
is determined by a particular combination of SNAREs
contributed by each membrane. As enumerated in table
2, four different SNAREs can be distributed over two
membrane-bound compartments in eight non-redundant
permutations as follows.

According to a previously accepted view, a specific
combination of three Q-SNAREs from one membrane and
one R-SNARE from the other were thought to interact in
trans (current QaQbQc - R model as depicted in figure 13)
bringing the membranes into close opposition to achieve
fusion with much higher efficiency compared to other
combinations [112,113]. This model was based on the
fusion of synthetic proteoliposomes incorporating individual
or preformed SNAREs.
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Figure 13: Previously accepted QaQbQc - R model of trans-SNARE complex formation.



However, depending on the conditions employed,
other SNARE topologies can also become fusogenic
as suggested by fusion experiments done with early
endosomal SNAREs reconstituted into liposomes [114].
Yeast vacuole fusion is of homotypic architecture, meaning
each fusion partner is exactly identical and possesses
the same protein composition. It is not known what
factors govern asymmetrical SNARE pairing in trans is,
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given that both fusion partners possess exactly the same
equipment in a homotypic scenario. Recent studies from
my lab have indicated that an alternative QbQcR - Qa trans-
SNARE distribution, depicted in figure 14, is biochemically
distinguishable and functionally relevant for membrane
fusion whereas no other trans-SNARE distribution was
comparable in fusion efficiency [115].
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Figure 14: Currently proposed QbQcR - Qa model of trans-SNARE complex formation.

As compiled in table 3 compiled from [115], activity tests
of vacuoles with diagnostic distributions of inactivating
mutations over the two fusion partners confirm that this
distribution accounts for a major share of the fusion activity.

Moreover, the generation of a stable QbQcR cis-SNARE

Wild type

complex (on the same membrane) at a pre-tethering stage
was observed, in contrast to an expected QaQbQc complex.
As shown in figure 15, stability here is defined in terms of
persistence of primed QbQcR or QaQbQc cis-complexes in
the presence of ATP.

Wild type A R-SNARE

ATP ATP - + 2%

IP: HA —— Vam3-HA -—
Vam7 Vam7 Eq ive
viil viil

Figure 15: Existence of a stable QbQcR SNARE complex.

Vacuoles from wild type HA-tagged Nyv1 (A) and Vam3 (B)
strains were incubated at 270C without or with 0.5M ATP
in standard reaction buffer for 5 minutes and precipitated
with immobilized HA antibodies. Precipitate was washed,
resolved by SDS-PAGE and western blotting was performed
using Vam7, Viti1 and HA antibodies. In (C) the same

protocol was employed on vacuoles from Anyv1 Vam3-HA

strain.

Densitometric analysis (not shown) indicates more than
60% loss of co-precipitating Qb and Qc SNAREs as in

figure 15. The QaQbQc complex is as unstable in wild
type vacuoles as in the R-SNARE knockout. This further
confirms their instability as only QaQbQc cis-complexes
can form in the R-SNARE knockout.

Importantly, this QbQcR SNARE complex was (i) sensitive
to treatment of vacuoles with GDI that inactivates the Rab
Ypt7, and (ii) absent on the tether-mutant vacuoles Ypt7-
T22N and AVps41 as evident in figure 16 adapted from
[115].
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Figure 16: Presence of QbQcR complexes on tether mutant vacuoles assayed by immunoprecipitating the R SNARE Nyv1.

Table 2: Possible trans-SNARE pairing combinations.

Q,Q,

Q
Q,Q, Q,R
Q,Q, Q

Q,Q, Q, R

Q, Q, R

Q
Q, Q,R Q
Q,Q, R Q

4:0

Q,Q,Q,R -

Table 3: Functional validation of trans-SNARE topology.

Fusion partner 1 Fusion partner 2 Q.QR-Q QQQa-R Fusion
b~ a a™b e Prevalent model
. . model model observed

Mutant Functional Mutant Functional

vti1-1 Q, QR Anyv1 Q,Q,Q x v x Q,QR-Q,
vti1-1

Anyv1 Q. Q wr Q,Q,Q,R v x v Q,QR-Q,
vama3'

vti1-1 Q. R wTt Q,Q QR x v x Q,QR-Q,

The left panel depicts expression levels of SNAREs on It is therefore likely that a preferred trans-SNARE
purified wild type, Avps41, Accz1 and ypt7-T22N vacuoles. topology is guided and stabilized by additional factors,
The right panel shows precipitated QbQcR complexes from  potentially tethering complexes and Rab GTPases. It is
these vacuoles in the absence of ATP.

hence worthwhile to know how this asymmetry in SNARE
associations from opposing fusion partners is created to
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achieve the SNARE combination of QbQcR-Qa that has
been shown to be physiologically the most fusogenic.

| hypothesize that the HOPS complex, through its
dimerization, orchestrates this SNARE arrangement in
a Ypt7-dependent manner. Therefore, | sought to obtain
more evidence that might indicate a direct participation of
the HOPS tethering complex and the Rab GTPase Ypt7
in coordinating the QbQcR-Qa trans-SNARE topology. |
employed various approaches to investigate (i) whether the
HOPS complex possesses any oligomerization tendencies
and (ii) whether it is able to create an asymmetry in SNARE
associations. First | resorted to gel filtration chromatography
to detect if any higher-order oligomers of the entire HOPS
complex processed from detergent extracts of purified yeast
vacuoles exist and if so, determine their stability. Second,
taking advantage of the fact that HOPS subunits contain
complete or partial RING domains or Cysteine/Histidine-
rich regions in general, | used a disulfide bridge dependent
crosslinking strategy to ascertain if any multimerization
of individual subunits occurs on native membranes. Most
importantly, | used specific co-immunoprecipitation schemes
involving differentially tagged versions of HOPS subunits
and SNAREs to be able to categorically pinpoint HOPS-
SNARE associations leading to trans-SNARE complex
establishment. | propose a novel concept that specificity
in eukaryotic intercompartmental communications and
regulation over trans-SNARE pairing is imparted by
tethering complex dimerization more robustly than just the
specific occurrence of SNAREs.

Yeast strains

BJ3505 or DKY6281 are the yeast strains employed
in all assays as indicated. Modifications in these strain
backgrounds include chromosomal tagging or deletions of
non-essential genes.

Vacuole purification

BJ3505 or DKY6281 yeast strains were grown in YPD at 30
°C at 150 rpm to OD600 = 2 and harvested (3 min, 5,0009).
Cell walls were hydrolyzed by lyticase, recombinantly
expressed in E. coli RSB805 (provided by Dr Randy
Schekman, Berkeley), and prepared from a periplasmic
supernatant. Harvested cells were resuspended in reduction
buffer (30mM Tris/HCI pH 8.9, 10 mM DTT) and incubated
for 5 min at 30°C. After harvesting as described above,
cells were resuspended in 15 ml digestion buffer (600 mM
Sorbitol, 50mM K-phosphate pH 7.5 in YP medium and 0.1
mg/ml lyticase). After 20 min at 30 °C, cells were centrifuged
(1 min, 5,800 rpm in JLA25.5 rotor). The spheroplasts were
resuspended in 2.5 ml 15% Ficoll-400 in PS buffer (10mM
PIPES/KOH pH 6.8, 200 mM Sorbitol) and 200 yl DEAE-
Dextran (0.4 mg/ml in 15% Ficoll-400 in PS). After 90 sec
of incubation at 30 °C, the cells were transferred to SW41
tubes and overlaid with steps of 8%, 4% and 0% Ficoll-400
in PS. Cells were centrifuged for 60-75 min at 2°C and
30,000 rpm in an SW41 rotor.

Content mixing assay

DKY6281 and BJ3505 vacuoles were adjusted to a protein
concentration of 0.5 mg/ml and incubated in a volume of
30ul PS buffer (10mM PIPES/KOH pH 6.8, 200mM Sorbitol)
with 120mM KCI, 0.5mM MnCl,, 1mM DTT. Inhibitors or
recombinant proteins, if any, were added before starting the
fusion by addition of the ATP-regenerating system (0.25mg/
ml creatine kinase, 20mM creatine phosphate, 500mM ATP,
500 mM MgCl,). After 60 min at 27 °C, or on ice, 1ml of
PS buffer was added, vacuoles were centrifuged (2 min,
20,000g, 4 °C) and resuspended in 500 pl developing buffer
(10 mM MgCI2, 0.2% TX-100, 250mM Tris/HCI pH 8.9, 1
mM p-nitrophenylphosphate). After 5 min at 27 °C, the
reactions were stopped with 500ul 1M glycine pH 11.5 and
the OD was measured at 400 nm.

Gel filtration

400ug of purified yeast vacuoles were solubilized in buffer
containing 1% Triton X-100, 3 mM EDTA, 2mM DTT and
150mM or 600mM KCI. After centrifugation for 4 min at
20,000 g the supernatant was applied on a Superose 6
column and the collected fractions were inspected using
SDS-PAGE and western blotting.

Cis-HOPS assay

The vyeast strain Vps41-HA containing a Vps41-TAP
plasmid was treated with 1 mM PMSF for the last one
hour of its growth period prior to harvesting the cells. 1
mM PMSF was included in the digestion buffer and in 15%
Ficoll-400 in PS buffer during vacuole preparation. 500ug
of vacuoles purified from this strain were incubated in buffer
containing 120 mM KCI, 500uM MnCl, for 15 min at 27 °C.
The vacuoles were then centrifuged for 2 min at 20,000 g
and subsequently solubilized in buffer containing 1% Triton
X-100 and 120mM KCI. Vps41-TAP was precipitated using
IgG/Sepharose beads (GE Healthcare) and co-precipitating
proteins were analyzed employing SDS-PAGE and western
blotting.

Crosslinking assay

500ug of yeast vacuoles were purified from Vps11-HA,
Vps16-HA, Vps18-TAP, Vps33-HA, Vps39-HA and Vps41-
HA strains. Vacuoles from each strain were incubated in
buffer containing 120 mM KCI and 500uM MnCl, for 5 min
at 27 °C. H,0, was then added to a final concentration of
0.03% and the vacuoles were further incubated for 15 min
at 27°C. After centrifugation for 2 min at 20000 g at 4 °C,
the supernatant was discarded and the pellet was analyzed
on non-reducing SDS-PAGE followed by western blotting.

Trans-SNARE assay

500ug of yeast vacuoles purified from Vam3-HA and
Nyv1-VSV strains were mixed and incubated in PS buffer
with 120mM KCI, 500uM MnCl, and 1 mM DTT for 5 min
at 27 °C in the absence of ATP. The fusion reaction was
started by adding ATP-regenerating system (0.25 mg/ml
creatine kinase, 20 mM creatine phosphate, 500mM ATP,
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500mM MgCl,). After 5 min at 27 °C, the vacuoles were
cooled down to 7°C and incubated further for 30 min at
this temperature. Thereafter, 3mM EDTA was added and
vacuoles were centrifuged for 2 min at 4 °C at 20,000 g and
subsequently solubilized in buffer containing 0.5% Triton,
50mM KCI, 3mM EDTA, 3mM DTT in PS. Vam3-HA was
precipitated using Protein G/anti-HA antibodies (Covance,
mouse monoclonal) and co-precipitating proteins were
analyzed employing SDS-PAGE and western blotting.

HOPS immunoprecipitations

500ug of yeast vacuoles purified from a AN-terminal Vam3
strain harboring Vps16-HA were mixed with 500ug of
vacuoles harboring Nyv1-VSV or Ypt7-T22N or with wild
type and incubated in PS buffer containing 120mM KClI,
500 uM MnClI, and ATP-regenerating system. After 15 min
at 27 °C, vacuoles were centrifuged for 2 min at 20,000 g
and subsequently solubilized in buffer containing 1% Triton
X-100, 75mM KCI, 3mM EDTA and 2mM DTT. Vps16-
HA was precipitated using Protein G/anti-HA antibodies
(Covance, mouse monoclonal) and co-precipitating proteins
were analyzed employing SDS-PAGE and western blotting.

Results

Fusion activity of SNARE, HOPS and Rab mutant
vacuoles

To validate asymmetric SNARE participation from opposing
100 -
80 o

% normalized 59 1
fusion activity 0

N ' I
0 d T

fusion partners as previously suggested in [116], | tested
the fusion efficiency between combinations of wild type,
AVam3 (Qa SNARE) and ANyv1 (R SNARE) vacuoles.

Vacuoles derived from wild type, AVam3 or ANyv1 (DKY
and BJ) strains, were incubated in the combinations
mentioned, under standard fusion conditions. Normalized
OD400 values in the presence of ATP for five independent
experiments are shown as meanzs.d.

As displayed in figure 17, the vacuole combination wild type/
AVam3 (Qa SNARE) shows a strong fusion defect whereas
wild type/ANyv1 (R SNARE) does not significantly affect
vacuole fusion activity relative to wild type/wild type vacuole
fusion. AVam3/AVam3 and ANyv1/ANyv1 vacuoles showed
almost complete abolition of fusion efficiency. Although both
Vam3 and Nyv1 are normally present on each vacuole in
the homotypic scenario, Vam3 knockout and Nyv1 knockout
vacuoles behave differently in their fusion outcomes
when the partner vacuoles are wild type. This shows that
the tendency to compensate for the absence of each of
these SNAREs is not equivalent, or that additional factors
have different propensities to interact with either of these
SNAREs. | further analyzed the fusion outcomes of HOPS
and Ypt7 mutants to corroborate the related evidence from
[117], 1 found that deletion of individual HOPS subunits
Vps11, Vps16, Vps33, Vps39 and Vps41 even on one fusion
partner (the other being wild type) completely abolishes
vacuole fusion activity, as plotted in figure 18.

WTWT WT/AVam3

AVam3WT  AVam3/AVam3  WT/ANyw1

ANyIWT  ANyvi/ANyvi

DKY/BJ fusion partners

Figure 17: Fusion of Qa and R SNARE mutant vacuoles.

100 -
80 A
. 60 A
% normalized

fusion activity 40

20 -

0 [

WTMWT  WT/AVps11 WT/AVps16 WT/IAVps33 WT/AVps39 WT/AVps41

DKY/BJ fusion partners

Figure 18: Fusion of HOPS complex mutant vacuoles.



Vacuoles derived from wild type or HOPS subunit deletion
strains were incubated in the combinations mentioned,
under standard fusion conditions. Normalized OD400 values
in the presence of ATP for five independent experiments are
shown as meanzs.d.

This implies that structural integrity of the entire HOPS
complex on each fusion partner is necessary for its function
in vacuolar fusion.
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Furthermore, as depicted in figure 19, Ypt7-T22N vacuoles
delivering a GDP-locked inactive form of the Rab7 homolog
Ypt7 failed to fuse with wild type vacuoles, however
vacuoles from Ypt7-Q68L providing a constitutively active
GTP-bound form of Ypt7 do not significantly affect fusion
with wild type vacuoles. Concomitantly, external addition of
recombinant Rab GDI (GDP Dissociation Inhibitor) which
inactivates Ypt7, inhibits the fusion of wild type vacuoles.

WTMWT  WT/Ypt7-T22N WT/Ypt7-Q68L WT/WT + GDI

DKY/BJ fusion partners

Figure 19: Fusion of Rab mutant vacuoles.

Vacuoles derived from wild type, Ypt7-T22N or Ypt7-Q68L
strains, were incubated in the combinations mentioned,
under standard fusion conditions. Normalized OD400 values
in the presence of ATP for five independent experiments are
shown as meanzs.d.

Microscopic examination of deletion strains of the SNAREs
Vam3 (Qa) [70][116] and Vam7 (Qc) [118] revealed that
their vacuoles display aberrant morphology in vivo.
Prominent vacuoles could not be observed in those cells.
Instead, the cells accumulated numerous smaller, vacuole-
like compartments. On the contrary, upon deletion of the
SNARE Nyv1 (R), vacuolar morphology was completely
normal and unaltered compared to that in wild type [116]
These in vivo observations of SNARE deletions further
support their fusion outcomes in vitro. It is possible that
other R SNAREs (such as Yki6) are able to substitute for
Nyv1 or that Vam3 is regulated differently or more tightly
than Nyv1 in the catalysis of yeast vacuolar membrane
fusion.

To test the impact of Rab and HOPS components in
vivo | performed phenotypic characterization of vacuolar
morphology by specifically labeling yeast vacuoles with the
lipid binding fluorescent dye FM4-64. Logarithmic phase
wild type yeast cells treated with FM-64 show discretely
stained compartments readily identifiable as vacuoles.
Figure 20 shows representative images of vacuolar

morphology observed in cell populations from HOPS and
Rab mutant yeast strains.

Vacuoles in cells from the Ypt7-T22N and AVps41 strains
were labeled with the dye FM4-64. Representative
snapshots are shown. Red compartments represent
labeled vacuoles. White scale bar at the top right in the
merge image panel measures 2.5um.

As shown in figure 21, | characterized different yeast strains
by recording their fusion efficiency with the wild type, in order
to rule out a total lack of fithess for proposed experiments.

Fusion of vacuoles harboring tagged HOPS subunits and
tagged or truncated SNAREs was measured relative to wild
type vacuoles.

Having replicated the individual importance of SNARE,
tether and Rab proteins in yeast vacuolar fusion in vitro
and in vivo, | proceeded to investigate whether there is an
interdependence or connection among these factors in their
ability to accomplish fusion.

HOPS is a dimeric complex on the surface of
yeast vacuoles

A straightforward way to evaluate complex formation
tendency of a protein or multiprotein complex is to perform
gel filtration analysis. Vacuoles purified from wild type yeast
cells were detergent extracted and the solubilizate was
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run through a Superose 6 column able to resolve proteins
within a molecular size range of 10-2,000 kDa. Fractions
from gel filtration were analyzed by SDS-PAGE and
immunoblotted by probing with antibodies raised against
the HOPS subunit Vps39. The predicted molecular mass
of the HOPS complex obtained by summing the masses
of individual subunits is around 600 kDa. Remarkably
however, we observed that HOPS predominantly migrates

at exactly double the expected molecular mass which is
around 1,200kDa as depicted in figure 22 (top lane). Upon
modifying the solubilization conditions by increasing the salt
concentration beyond physiological levels HOPS was found
to run at its predicted monomeric mass of 600kDa (figure
22 bottom lane). There is almost complete transposition of
a dimeric population to a monomeric population of HOPS
under high salt concentration.

Wild type

Rab mutant
Ypt7-T22N

HOPS mutant
AVpsé1

Figure 20: /n vivo vacuolar morphology of Ypt7 and HOPS mutant strains.
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Figure 21: Functional analysis of vacuoles harboring various modified or epitope-tagged fusion components.



Fractions 13-26 from Superose 6 gel filtration of solubilized
vacuoles were inspected using SDS-PAGE followed by
immunoblotting against Vps39. When vacuoles were
processed at 150 mM KClI in the solubilization buffer, HOPS
predominantly runs in fraction 16 (top lane). At 600 mM
KCI, HOPS predominantly runs in fraction 21 (bottom lane).
Arrows indicate approximate molecular weights. To further
confirm whether the observed mobility shift corresponds
to a true HOPS dimer or involves other binding partners, |

co-expressed the HOPS subunit Vps41, as two differently
tagged versions in the same strain-Vps41-HA through its
native chromosomal locus and Vps41-TAP through an
extrachromosomal plasmid source. It is to be noted that
any interaction between identical subunits carrying different
epitope tags cannot originate from intra-complex binding
but rather signifies interaction between two different HOPS
complexes.

Fraction # 13 14

15 16 17 18 19 20 21 22 23 24 25 26 |Protein |mMKCI
J...g..h.'mp.i vps3g | 150
Erh‘h’ H vps39 | 600

olecular Mass
on gel filtration
(kDa) ~1200

f

~600

Figure 22: Gel filtration analysis of purified yeast vacuoles.

As shown in figure 23 (top panel), | assayed for HOPS
complex dimerization by 1gG pull down of Vps41-TAP and
probing for any co-precipitating Vps41-HA and ascertained
holocomplex precipitation by probing for Vps39 since these

are known to be the HOPS-specific subunits. Relative co-
precipitation efficiencies of Vps41-HA and Vps39, plotted in
figure 23 (bottom panel), indicate that HOPS quantitatively
forms a dimer in this assay.

B pVps41-TAP/ Vpsdi-HA

IP: 19G

IB : aHA
IB : aVps39

10%
load

o | vps41-TAP
= | Vpodi-HA
[ — | vps3o

g

[ Co-1P: vpsat-HA

I co-1P: vps3e

&

Figure 23: Cis-HOPS complexes assayed by differently tagged Vps41.

Vacuoles from the Vps41-HA strain harboring a Vps41-
TAP plasmid were processed as described in Materials and
Methods. After IgG pull down of Vps41-TAP, co-precipitating
proteins were analyzed by SDS-PAGE and western blotting.
In the top panel, the left lane shows precipitated Vps41-
TAP, co-precipitating Vps41-HA and Vps39 and the right

lane displays corresponding protein inputs. The bottom
panel depicts relative co-precipitation efficiencies of Vps41-
HA and Vps39 quantified by Odyssey densitometry and
normalized from three independent experiments. Vps39 is
consistently found to co-precipitate at approximately twice
the efficiency of that of Vps41-HA (p < 0.01).
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HOPS dimerizes in cis via Vps11

The HOPS subunits Vps11, Vps39 and Vps41 have
previously been reported to interact with themselves
in different yeast two-hybrid analyses. Also Vps11 and
Vps18 have been proposed to potentially multimerize via
their C-terminal RING domains, which are susceptible
to oxidation. | therefore devised a chemical crosslinking
strategy in which disulfide bridges are formed between
Cysteine residues when treated with hydrogen peroxide.
Vacuoles harboring HA tagged versions of individual HOPS
subunits were incubated with and without 0.03% H202
under standard fusion conditions and then subjected to
non-reducing SDS-PAGE followed by immunoblotting

with anti-HA antibody. As indicated in figure 24, a higher
band corresponding to a disulfide crosslinked product
appears exclusively in the case of Vps11 (figure 24, lane
2) among all of the HOPS subunits suggesting a role of the
Cysteine-rich RING domain of Vps11 in mediating its homo-
oligomerization.

Vacuoles harboring HA or TAP tagged versions of all HOPS
subunits were incubated under standard fusion conditions
with or without 0.03% H202, centrifuged and analyzed on
non-reducing SDS-PAGE followed by western blotting with
anti-HA antibody. Lanes 1-12 show the effect of peroxide
treatment on each HOPS subunit labeled below. Only Vps11
shows a crosslinked product marked by the arrow (lane 2).

Lane # 1 2 3 4 5

0.03%H0,| -

+ - +
—h-I 2
el

NN.;IH.R

Vpsi1 Vpsi16

Vps18

Vps33 Vps39 Vps41

Figure 24: Chemical crosslinking of HOPS subunits.

To deduce the order of oligomerization of Vps11, | employed
the same protocol on a GST-tagged version of Vpsi1
(Vps11-GST~145 kDa) along with the HA-tagged version of
Vps11 (Vps11-HA~120 kDa). It is expected that addition of
another tag differing in size will alter the apparent mobility
of Vps11 on SDS-PAGE. | compared the molecular mass
shifts between crosslinked and non-crosslinked proteins
from vacuoles harboring Vps11-HA and Vps11-GST
individually and observed that the crosslinked product in
each case runs at exactly double the molecular mass of
the non-crosslinked one confirming that Vps11 forms a
homodimer (~240 kDa for Vps11HA/Vps11-HA and ~290 for
Vps11-GST/Vps11-GST) as shown in figure 25 (lanes 1-4).
Interestingly, upon crosslinking Vps11-HA and Vps11-GST
together in a mixture, | did not observe any intermediate
crosslinked product corresponding to Vps11-HA/Vps11-
GST interaction (~265 kDa) (figure 25, lanes 5 and 6). This
implies that there is only a preferred cis-interaction occurring
between Vps11 molecules on apposed native membranes
since no intermixing between the differently tagged Vps11
populations is seen. Trans-interactions, if any, cannot be
detected at this level of sensitivity.

Cross-linking of vacuoles harboring C-terminal 6HA or
GST/3HA tags on Vps11 was done as described in 2A.

Molecular weights in kDa are as marked. Vps11-HA (~120
kDa, lane 1) forms a higher molecular weight crosslinked
product (~240 kDa, lane 2). Similarly Vps11-GST (~145
kDa, lane 3) forms a crosslinked product (~290 kDa, lane 4).
A mixture of Vps11-HA and Vps11-GST (lane 5) shows two
crosslinked products (~240 and 290 kDa, lane 6) identical
to those observed in lanes 2 and 4, but no intermediate
band.

To further verify whether the HOPS complex in general
dimerizes in a trans configuration, | looked at inter-vacuolar
HOPS interactions by employing Vps39-HA and non-tagged
Vps39 versions. Vacuoles from the Vps39-HA strain and
those from the wild type strain were mixed and incubated
with or without ATP, solubilized and immunoprecipitated
against the HA epitope (figure 26, lanes 1 and 2).
Additionally, vacuoles from these two strains were separately
solubilized and the solubilizates were then mixed to control
for interactions forming in the immunoprecipitation buffer
(figure 26, lane 3). The precipitates were separated on
SDS-PAGE and immunoblotted using anti-Vps39 antibody.
As depicted in figure 26, there is no significant increase
in Vps39 co-precipitation efficiency over background levels
proving the absence of any trans-HOPS dimers.
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Figure 25: Chemical crosslinking of Vps11-HA and Vps11-GST.
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Figure 26: Test for trans-HOPS complexes assayed by Vps39 variants.

Vacuoles from Vps39-HA and wild type strains were
processed as described in Materials and Methods. Vps39-
HA was precipitated using anti-HA antibody and co-
precipitating Vps39 was analyzed using SDS-PAGE and
western blotting. Interactions between Vps39-HA and non-
tagged Vps39 from the two fusion partners include those
observed in the absence of ATP (lane 1), in the presence of
ATP (lane 2) and in the solubilization buffer (lane 3).

HOPS catalyzes a Rab GTPase-dependent trans
Qa-QbQcR SNARE complex establishment

Previous work from my lab had demonstrated that the
ATPase Sec18/NSF creates an activated QbQcR cis-
SNARE pool that serves as an acceptor subcomplex for the
single Qa SNARE originating from the opposite membrane

[115]. It was shown that the HOPS complex and the Rab
GTPase Ypt7 are necessary to maintain a stable QbQcR
cis-SNARE subcomplex. Also we know that functional Ypt7
is necessary on each partner for successful homotypic
vacuolar fusion [106]. This led me to inquire whether Ypt7
is involved in stabilizing trans-SNARE pairing. | used
two approaches to alter Ypt7 and hence study its role on
trans-SNARE complex establishment-(1) the Ypt7-T22N
point mutant strain which delivers a GDP-locked inactive
form of Ypt7 and (2) recombinant GDI (GDP dissociation
inhibitor) which extracts Ypt7 from its membrane-bound
form and thereby inactivates it. Trans-SNARE complexes
are generated upon addition of ATP to purified vacuoles.
Differential tagging of peptides allows us to distinguish
interactions occurring on the same (cis) membrane
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from those on opposing (trans) membranes. | adjusted
the experimental conditions to be able to capture only
trans-SNARE complexes and eliminate the possibility of
obtaining any post-fusion cis-SNARE complexes. First |
assayed for trans-SNARE complex formation between
Vam3 (Qa) and Nyv1 (R) using differently tagged versions
of these SNAREs. As displayed in figure 27, Vam3-HA
vacuoles from the wild type strain were mixed with Nyv1-
VSV vacuoles from either the wild type or the Ypt7-T22N
point mutant strain and incubated with or without ATP. The

vacuole mixtures were solubilized and immunoprecipitated
against the HA epitope. The precipitate was resolved
on SDS-PAGE and western blotting using the indicated
antibodies was performed to analyze the extent of trans-
interactions. A clear trans-SNARE signal is observed in the
presence of ATP where Nyv1 (R) from the wild type strain
significantly co-precipitates with Vam3 (Qa) compared with
that in absence of ATP (lanes 1 and 2). In contrast, Nyv1 (R)
from the Ypt7-T22N strain is unable to form a trans-SNARE
complex with Vam3 (Qa) (lanes 3 and 4).

A Nyv1-VSV WT Ypt7-T22N
Vam3-HA wWT WT
ATP -1 4| -14+
IB : aMNyw1 — h Myv1-VSV

IP: aHA

Lane # 1

A

Nyv1-uSY

Figure 27: Trans-SNARE complexes assayed by tagged SNAREs.

Vam3-HA vacuoles from the wild type strain were mixed
with Nyv1-VSV vacuoles from either the wild type strain
(lanes 1 and 2) or the Ypt7-T22N strain (lanes 3 and 4)
and incubated with or without ATP under standard fusion
conditions. Vam3-HA was precipitated using Protein-G/anti-
HA antibody and co-precipitating Nyv1-VSV was detected
by SDS-PAGE and western blotting with antiNyv1 antibody.
A trans-SNARE complex is observed only in the presence
of ATP when both partners are wild type (lane 2) but not in
a Rab mutant background for one of the partners (lane 4).

To further address the issue of requirement of Rab function
on each fusion partner, | resorted to the following co-
immunoprecipitation strategies involving HOPS, SNARE
and Rab variants. As represented in figure 28, vacuoles were
purified from the Vps16-HA strain deleted for the N-terminal
region of Vam3, and mixed with vacuoles from either the
wild type or the Ypt7-T22N strain. This combination allows
us to make a distinction between the Qa SNAREs arriving
from apposed fusion partners since full-length Vam3 runs
higher on SDS-PAGE than its truncated form. It is known
that the N-terminal truncation of Vam3 in both fusion

partners still permits complete trans-SNARE complex
formation [76]. Therefore, it is justifiable to use this strain,
although its fusion efficiency is not exactly comparable
to wild type. The vacuole mixture mentioned before was
solubilized and immunoprecipitated against the HA epitope.
The precipitate was separated on SDS-PAGE and blotted
against the indicated antibodies. | observed that Vam3 (Qa)
originating from the wild type background co-precipitates
significantly with Vps16-HA in an ATP-dependent manner
recapitulating a classical trans-SNARE signal (lanes 1 and
2). Remarkably however, no Vam3 (Qa) from the Ypt7-
T22N background is able to co-precipitate with Vps16-HA
(lanes 3 and 4). Taken together, these results suggest that
small G proteins are necessary for trans-SNARE formation
on both fusion partners-one delivering a QbQcR SNARE
subcomplex and the other delivering the Qa SNARE.

Vacuoles from the AN-terminal Vam3 strain harboring
Vps16-HA were mixed with vacuoles from either the wild
type strain (lanes 1 and 2) or the Ypt7-T22N strain (lanes
3 and 4) and incubated with or without ATP under standard
fusion conditions. Vps16-HA was precipitated using



Protein-G/anti-HA antibody and co-precipitating Vam3 was
detected by SDS-PAGE and western blotting with antiVam3
antibody. Vam3 (trans-Qa SNARE) co-precipitates with
Vps16-HA only in presence of ATP when both partners are

wild type (lane 2) but not in a Rab mutant background for
one of the partners (lane 4). Lanes 5-8 show corresponding
protein inputs.

full length Vam3 WT Ypt7-T22N WT  [vot7-T2on]
ANVam3 Vps16-HA WT WT wr | wr |
ATP
IB : avam3 Vam3
IP : aHA Vps16-HA
Lane #

Figure 28: Trans-HOPS/Qa SNARE interactions.

To be able to assess HOPS-SNARE topology more
completely, | used vacuoles from the Vps16-HA strain
deleted for the N-terminal region of Vam3 in combination
with vacuoles from the Nyv1-VSV strain. This permits us
to distinguish Qa and R SNAREs originating from each
fusion partner. Also, using GDI as a Ypt7 inactivating

agent it is simultaneously possible to assay for Rab protein
requirement for the process. As illustrated in figure 29,
vacuoles from the two strains mentioned above were mixed
and incubated in the presence of ATP only or both ATP and
GDI, solubilized and immunoprecipitated against the HA
epitope. The precipitate was resolved on SDS-PAGE and
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analyzed by western blotting using the indicated antibodies.
In the presence of ATP, Vps16-HA preferentially interacts
with Nyv1 in cis and with full length Vam3 in trans (lane
1). The co-precipitation efficiencies of both these SNAREs
diminish significantly in the presence of GDI (lane 2).

Vacuoles from the DN-terminal Vam3 strain harboring
Vps16-HA were mixed with vacuoles from the Nyv1-VSV
strain and incubated with ATP alone (lane 1) or both ATP
and GDI (lane 2) under standard fusion conditions. Vps16-
HA was precipitated using Protein-G/anti-HA antibody and
co-precipitating SNAREs were analyzed by SDS-PAGE and
western blotting against the indicated proteins. Full length

Vam3 (trans Qa SNARE) and Nyv1 (cis R SNARE) co-
precipitate with Vps16-HA in an ATP-dependent manner as.
Lane 3 shows corresponding protein inputs.

It is worthwhile to note that the reciprocal Qa (truncated
Vam3) and R (Nyv1-VSV) SNAREs are not detectible in
the HOPS precipitation indicating selective recruitment of
SNAREs to the HOPS complex in preparation for trans-
SNARE complex formation. These results, in conjunction
with previous studies describing the existence of a stable
QbQcR cis-SNARE subcomplex, lead to a model of HOPS
dimer-mediated assembly of a QbQcR-Qa trans-SNARE
complex.
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Figure 29: HOPS-SNARE topology.




Chapter 2

It has been reported that there is promiscuity and diversity
in SNARE-SNARE associations [5,7,119,120]. Unrestricted
pairing of SNAREs by random chance in a cell where
continuous membrane flux is required between dynamically
evolving compartments would create tremendous
disturbances in overall homeostasis, including inappropriate
cargo delivery and premature protein turnover to cite a few.
This makes the pathway leading to trans-SNARE complex
formation a critical target for regulation.

SNARE-driven membrane fusion serves different functions
at different locations in a cell, ranging from neurotransmitter
release to phagosome maturation. The kinetics of each
fusion event must therefore be adjusted by local factors and
trans-SNARE distribution influences their fusion efficiency
as we have demonstrated in our previous functional studies.
Also, figure 27 implies that mere existence of SNAREs on
opposing membranes is not sufficient for the formation of
trans-SNARE complexes. Hence, orientation of the relevant
SNARE topology at the appropriate location in a cell
becomes an important aspect to be governed by additional
factors. The requirement for SNARES to function as the sole
determinants of fusion specificity is not absolutely critical
since a number of factors, by virtue of their size, abundance
orlocalization, can see each other upstream of trans-SNARE
pairing. Faithful membrane fusion would require one or
more agents to exercise stringent control over and dictate
specific channelization of SNARE molecules entering into
trans-complexes. Based on this study, the dimeric HOPS
tethering complex and the activated Rab GTPase Ypt7
appear as prime candidates having an intrinsic or acquired
capability to perform this job.

Various lines of evidence seem to support my general idea
that control over trans-SNARE complex formation occurs
through collaborative action of tethers and Rabs, and
that interactions among different tethering factors and the
corresponding Rab proteins sets up the stage for SNARE-
driven fusion. In the context of physiological membranes
the vesicle tethering protein p115 was biochemically
shown to selectively catalyze the assembly of Gos28
(v-SNARE) and syntaxin5 (t-SNARE) during NSF-driven
Golgi reassembly. The syntaxin binding SM(Sec1/Munc18)
family member Sly1 also coprecipitated in this complex [34].
Another study demonstrated a Rab1-mediated recruitment
of p115 to COPII vesicles on which the cis-complex of
cognate v-SNAREs was stabilized [31]. In these reports,
however, trans-SNARE complex formation and topology
were not explicitly assayed. Studies on heterotypic fusion
involving ER-derived COPII vesicles and the Golgi hint
toward a QbQcR-Qa trans-SNARE distribution with the Qa
SNARE acting from the Golgi membrane although each
membrane contains the full complement of SNAREs [121].
The asymmetry in SNARE function was suggested to be
caused by an asymmetric requirement for functional Rab
GTPase Ypt1 and the SM family protein Sly1 specifically on
the Golgi compartment suggesting a possible role of these
factors in contributing to fusion specificity.

Purified HOPS, when added to SNARE-reconstituted
proteoliposomes, was recently shown to accelerate their
fusion [122] and HOPS was proposed to be the direct
agent of tethering, but evidence for a pathway of HOPS-
mediated trans-SNARE complex formation is lacking.
It was shown using a liposome-based system that an
endosomal Rab GTPase can dimerize in trans with itself
to tether membranes [123]. However, in contrast to typical
multisubunit or elongated coiled-coil tethering factors, the
scope for small G proteins to function as tethering agents
solely by themselves appears rather limited by their overall
size and surface area available for orchestrating multifarious
sequential interactions. Studies involving purified SNAREsS,
HOPS and Rabs reconstituted into synthetic liposomes
do provide critical clues about probable functions of these
fusion elements along with mechanistic insights [123-125].
However, to be able to firmly establish and extrapolate
fundamental mechanisms underlying membrane fusion,
evidence from model systems incorporating physiological
membranes is essential.

Studies on rat liver Golgi membranes have shown that the
coiled-coil tether Golgin-84 on COPI vesicles interacts with
the cis-Golgi localized heterooctameric COG (conserved
oligomeric Golgi) complex throughits Cog7 subunitanditwas
suggested that this tether-tether interaction in trans may aid
SNARE complex formation [125]. EEA1 (early endosomal
antigen 1), the rod-like coiled coil tether functioning on
endosomes was shown to form a parallel coiled coil dimer
[126]. Importantly, EEA1 (both recombinant and that derived
from rat brain) can be crosslinked to yield a product with
double the molecular mass of the monomer. It contains an
N-terminal Zinc finger, a C-terminal PI(3)P binding FYVE
domain and two binding sites for a GTP-bound form of
Rab5-one at the N-terminal and other at the C-terminal. It
was postulated in this study that the EEA1 dimer was likely
to link Rab5-enriched compartments to each other. TRAPPII
is a tethering complex composed of ten different subunits
localized at the Golgi network. Native TRAPPII purified from
yeast was found to exist predominantly in dimeric form as
judged by the 2-fold symmetry apparentin negatively stained
electron micrographs [127]. Also gel filtration studies have
shown that TRAPPII elutes at approximately twice the value
of molecular masses of its individual components [128].
However, it remains to be determined whether this TRAPPII
dimer is able to link native membranes via interactions with
Rab GTPases or SNAREs.

Experiments on HOPS subunits implicate Vps39 and Vps41
in Rab recognition and emphasize that Vps11 functions as
a platform for HOPS complex assembly with its C-terminal
RING domain being functionally critical for traffic to the
vacuole [81]. A recent advance illustrated the cryo-EM
structure of the HOPS complex stating that HOPS is a
flexible, seahorse-like structure, 28-35 nm long, and was
not found to exist as a dimer [129]. To account for previously
reported interactions and modes of action of HOPS, it was
suggested that HOPS could oscillate between different
conformations that bring its head (Vps41, Vps33) and tail
(Vps39) subunits closer or farther to accommodate binding
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partners, especially Ypt7 and SNAREs. We conceptualize
that a HOPS dimer assimilating this behavior can indeed
sequentially stabilize a QbQcR cis-SNARE complex (likely
on one HOPS complex in the dimer); execute, in concert
with Ypt7 from trans, long-range membrane recognition and
tethering over tens of nanometers (likely through Vps39/
Vps41 on the partner HOPS complex in the dimer); followed
by topologically regulated QbQcR-Qa trans-SNARE
complex assembly (likely through Vps33).

According to the homotypic model depicted in figure 30, a
fusion reaction starts out with identical fusion partners each
possessing a full complement of the tetrameric cis-SNARE
complex. Upon Sec18/NSF-induced activation of SNAREs
in the presence of ATP, a HOPS dimer, accompanied
by activated Ypt7 in cis, coordinates a stable QbQcR
cis-SNARE complex having displaced the Qa SNARE.

The HOPS dimer recognizes activated Ypt7 in trans and
incorporates the single Qa SNARE from the apposed fusion
partner ultimately catalyzing Rab-dependent assembly of a
QbQcR-Qa trans-SNARE complex.

Each fusion partner (vacuole) is exactly identical and
possesses similar fusion machinery including four vacuolar
SNAREs, a HOPS dimer and Ypt7. In the presence of ATP,
the HOPS dimer along with Ypt7 in cis coordinates a QbQcR
acceptor subcomplex having displaced the Qa SNARE.3
A HOPS dimer on one fusion partner (left) recognizes
activated Ypt7 on the opposing fusion partner (right) and
incorporates the single Qa SNARE from the opposing
partner. Ultimately a HOPS dimer-dependent QbQcR-Qa
trans-SNARE complex is assembled. HOPS subunits are
color coded throughout.

SNARES

HOPS dimer

Figure 30: Working model for trans-SNARE complex establishment in homotypic fusion.



Similarly a model explaining trans-SNARE complex
formation in a more general heterotypic scenario can be
proposed as shown in figure 31. Each fusion partner
possesses its own distinct fusion machinery consisting
of SNAREs, tethering factors and Rab proteins. Here,
initial recognition of apposed membranes is likely to
occur through interaction between their cognate tethering
complexes in trans. Functional Rab proteins are required
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on both membranes for the heterogeneous tether dimer
to be able to coordinate trans-SNARE complex assembly.
Since the tethers and Rabs are already dissimilar on each
fusion partner as opposed to homotypic fusion, asymmetry
in SNARE pairing becomes intrinsic. Eventually the tether
dimer organizes a QbQcR-Qa trans-SNARE complex
leading to fusion.

Acceptor membrane
(Plasma membrane/

Acceptor membrane
(Plasma membrane/

Figure 31: Proposed model for trans-SNARE complex establishment in heterotypic fusion.
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Each fusion partner possesses its own distinct set of fusion
factors. Initial recognition between the non-identical fusion
partners (vesicle and plasma membrane for example)
is likely through occur through interaction between their
cognate tethering complexes. This heterogeneous tether
dimer catalyzes the formation of a QbQcR-Qa trans-SNARE
complex in the presence of functional Rab GTPases on
each partner.

Altogether my results suggest that both recognition of
the appropriate fusion partner as well as coordination of
a preferred trans-SNARE topology by a common Rab
GTPase-dependent tether-tether scaffold may be a general
mechanism that leads to homotypic and heterotypic fusion
events.
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Chapter Il

The dynamin homolog Vps1 promotes the
transition from hemifusion to content mixing
in yeast vacuolar fusion

Portions of this work have been published in Kulkarni A,
Alpadi K, Sirupangi T, Peters C (2014) A dynamin homolog
promotes the transition from hemifusion to content mixing
in intracellular membrane fusion. Traffic, doi: 10.1111/
tra.12156.

Introduction

SNARE proteins are central players mediating membrane
fusion reactions and are hence crucial for diverse functions
including synaptic transmission/endocrine  secretion
involving vesicle fusion with the plasma membrane and
subsequent release of neurotransmitter/hormone, as
well as organelle maturation associated with immune
responses, apoptosis and cell division. Fusion in the
endomembrane system occurs between cognate sets
of v- (vesicular or R) and t- (target or Qa, Qb and Qc)
SNAREs [21]. The trans-SNARE complex is a four-helix
bundle composed of a complementary set of zippered
SNAREs from opposing membrane compartments and
is a pre-requisite for membrane fusion. Subsequently, a
hemifused state is formed in which only outer leaflets of
lipid bilayers merge but inner leaflets remain separated
[130]. Lipid bilayer destabilization during docking and lipid
mixing leads to opening and enlargement of a fusion pore
resulting in content mixing. Inadequate accessibility of
stable SNARE complexes has impeded the determination
of their interactions with potential regulatory factors and in
conjunction, the counting of SNAREs needed for membrane
fusion. Achieving appropriate fusion levels satisfying the
functional demand makes SNARE proteins and trans-
SNARE pairing important target elements for regulatory
factors. Determining the number of SNARE complexes
needed for fusion therefore becomes a crucial question.

Involvement of the core fission component dynamin and
related proteins in exocytosis and other fusion reactions
has only been recently explored and is awaiting mechanistic
explanations [68, 130-132]. Dynamin is typically known to
polymerize into rings and form collar-like constrictions of
membranes [43]. This results in membrane deformation
leading to the hemifused state from the opposite direction
compared to that in fusion. The yeast dynamin homolog
Vps1 (Vacuolar Protein Sorting 1) is a dynamin-related
protein involved in vesicle trafficking along the secretory and
endocytic pathways converging at the vacuolar compartment
[133]. Vps1 consists of an N terminal GTPase domain, a
middle domain and a C terminal GTPase Effector/Assembly
Domain (GED) [42]. It was suggested that Vps1 exercises
control over the fusion reaction likely because a population
of the t-SNARE Vam3 was observed to comigrate with a
high molecular weight complex containing Vps1 [70]. | was
therefore curious to investigate whether the oligomerization
of Vps1 is somehow able to determine t-SNARE availability

at the fusion site. The implication of the dynamin homolog
Vps1 in controlling late stages in yeast vacuole fusion will
provide a new insight into the regulation of SNARE complex
assembly and lipid bilayer merger. It is indeed intriguing
to learn how Vps1 contributes as a SNARE channelizing
agent to accomplish fusion.

Materials and Methods

Yeast strains: BJ3505 or DKY6281 yeast strains used
in this study carried the Avps1 background and were
transformed with plasmid encoding either vps1 wild type
or mutants. Vps1 alleles were expressed from the plasmid
with the backbone pRS416.

Vacuole purification: BJ3505 or DKY6281 yeast strains
were grown in YPD at 30 °C at 150 rpm to OD600 = 2 and
harvested (3 min, 5,000 g). Cell walls were hydrolyzed
by lyticase, recombinantly expressed in E. coli RSB805
(provided by Dr Randy Schekman, Berkeley), and prepared
from a periplasmic supernatant. Harvested cells were
resuspended in reduction buffer (30 mM Tris/HCI pH 8.9, 10
mM DTT) and incubated for 5 min at 30°C. After harvesting
as described above, cells were resuspended in 15 ml
digestion buffer (600 mM Sorbitol, 50 mM K-phosphate pH
7.5 in YP medium and 0.1 mg/ml lyticase). After 20 min at
30 °C, cells were centrifuged (1 min, 5,800 rpm in JLA25.5
rotor). The spheroplasts were resuspended in 2.5 ml 15%
Ficoll-400 in PS buffer (10 mM PIPES/KOH pH 6.8, 200
mM Sorbitol) and 200ul DEAE-Dextran (0.4 mg/ml in 15%
Ficoll-400 in PS). After 90 sec of incubation at 30°C, the cells
were transferred to SW41 tubes and overlaid with steps of
8%, 4% and 0% Ficoll-400 in PS. Cells were centrifuged for
60-75 min at 2 °C and 30,000 rpm in an SW41 rotor.

Content mixing assay: DKY6281 and BJ3505 vacuoles
were adjusted to a protein concentration of 0.5 mg/ml and
incubated in a volume of 30 ul PS buffer (10 mM PIPES/
KOH pH 6.8, 200 mM Sorbitol) with 120 mM KCI, 0.5 mM
MnCl,, 1mM DTT. Inhibitors or recombinant proteins, if any,
were added before starting the fusion by addition of the ATP-
regenerating system (0.25 mg/ml creatine kinase, 20 mM
creatine phosphate, 500mM ATP, 500 mM MgCl,). After 60
min at27 °C, or onice, 1ml of PS buffer was added, vacuoles
were centrifuged (2 min, 20,000g, 4 °C) and resuspended in
500pl developing buffer (10 mM MgCl2, 0.2% TX-100, 250
mM Tris/HCI pH 8.9, 1 mM p-nitrophenylphosphate). After
5 min at 27 °C, the reactions were stopped with 500 pl 1M
glycine pH 11.5 and the OD was measured at 400 nm.

Rh-PE labeling of vacuoles: Rhodamine labeled
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine
(Rh-PE, Molecular Probes) does not readily dissolve in
DMSO. | added 1.25ml of analytical grade DMSO (Sigma-
Aldrich, D8418) per 5mg Rh-PE (3mM solution) and
incubated the preparation (1h, 37°C) under occasional
vortexing. Once Rh-PE had completely dissolved, 80-
pl aliquots were prepared and stored in 1.5 ml tubes
at -20°C. Rh-PE aliquots were thawed and shaken at
37°C and 1,400r.p.m. for 20min. Rh-PE aliquots were
centrifuged (15min at room temperature, 13,1009) to pellet
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aggregated Rh-PE. The supernatant was used immediately
for labeling. A total of 560ug of freshly prepared vacuoles
were equilibrated to 32°C in 800ul PS buffer (10mM
PIPES/KOH pH6.8, 200mM Sorbitol) in 1.5 ml tubes for
approximately 40sec at 500r.p.m. 60yl of the Rh-PE
solution was withdrawn, carefully avoiding the pelleted Rh-
PE, and added to the equilibrated vacuoles in a drop-wise
fashion under gentle vortexing. The tube was incubated in
a water bath at 27°C for 30s. A total of 500 ul of PS buffer
with 15% (w/v) Ficoll (pre-warmed to 27 °C) was added,
the suspension was gently mixed and transferred to a
siliconized 2 ml tube (pre-cooled on ice). For pipetting, 1 ml
Gilson tips were cut open in order to minimize shear forces
on the vacuolar membranes. Vacuoles were overlaid with
200l of PS buffer containing 4% (w/v) Ficoll (27 °C) and
500l PS buffer containing 0% (w/v) Ficoll (27 °C). The
gradient was centrifuged (5min, 3°C, 11,7009, swingout
rotor) with slow acceleration and deceleration. Stained
vacuoles were recovered from the 0%/4% Ficoll interface.

Lipid mixing assay: BJ3505 vacuole fusion reactions
with a volume of 180ul and a final vacuole concentration
of 0.25mg/ml were set up as follows: 120ul vacuole
mastermix in PS buffer was supplemented with 0.3mM
MnCl, and 110mM KCI. Inhibitors or recombinant proteins,
if any, were premixed in 60ul PS with 110mM KCI and
0.3mM MnCl,. A total of 60ul inhibitor mix were added to
120yl vacuole mastermix, supplemented with 9.5ul of
20X ATP-regenerating system and gently vortexed. 100
uI reaction mix was pipetted into non-coated black 96-well
plates pre-cooled to 0°C. Air bubbles were avoided by
not completely ejecting the suspension from the tips. The
microtitre plate was pre-treated immediately before use with
5% (w/v) skim-milk powder in water (1h). The plate was
washed, dried and cooled on ice. Fluorescence change
was measured with a FlexStation3 fluorescent microplate
reader (Molecular Devices) at 27 °C, at wavelengths of
538nm excitation and 585nm emission. Measurements
were taken every 2min for a total time of 30 min, yielding
fluorescence values at the onset (F;,) and during the
reaction (F). After completion of the reaction, 100 ul of PS
with 1% (w/v) Triton X-100 was added. Fluorescence was
followed for 10 min, taking measurements every 30sec. The
20 measurements, which showed a small decrease, were
averaged to yield fluorescence after infinite dilution (F
The relative fluorescence change AF/F_, .
was calculated for every time point t. F_, . was invariant
over time; that is, F,, ,,, values were comparable when
Triton X-100 was added before or after the fusion reaction.
Therefore, F., ., taken at the end of the fusion reaction was
used as a reference for all time points.

TX»100)'

= (Ft - FO)/FTX»1OO

Trans-SNARE assay: Vacuoles were adjusted to a protein
concentration of 0.5 mg/ml. The total volume of one assay
was 1 ml containing equal amounts of the two fusion
partners in PS buffer with 125 mM KCI, 0.5 mM MnCl, and
1mM DTT. Mixed vacuoles were incubated for 5 min at 27
°C in the absence of ATP. The fusion reaction was started
by adding ATP-regenerating system (0.25 mg/ml creatine
kinase, 20 mM creatine phosphate, 500 mM ATP, 500 mM

MgCl,). After 30 min at 27 °C, the vacuoles were centrifuged
for 2 min at 4 °C at 20,000g. The pellet was resuspended
in 1.5 ml solubilization buffer (1% Triton, 50 mM KCI, 3
mM EDTA, and 1mM DTT in PS). After centrifugation for 4
min at 4 °C (20,000g), the supernatant was incubated with
30ul Protein G beads (Roche) and 15ug anti-HA antibody
(Covance, mouse monoclonal) for 1h at 4 °C with gentle
shaking. The Protein G beads were washed three times
with 50 mM KCI, 0.25% Triton, 3mM DTT and 3 mM EDTA
in PS buffer, and incubated for 5 min at 60 °C in 2X reducing
SDS sample buffer.

HOPS precipitation assay: Vacuoles were isolated from
BJ3505 wild type and Vps1 mutant strains harboring Vps11-
HA. Subsequently, the vacuoles were solubilized in buffer
containing 100 mM KCI, 500 mM MnCl, and 1% Triton
X-100. The samples were centrifuged at 20,000g for 10
min, and 10 ug of anti-HA antibody (Covance) and Protein
G beads were added to the solubilizate. After incubation
for 1 h at 4°C with end-to-end rotation, the samples were
centrifuged for 1 min and the beads were washed twice with
solubilization buffer. SDS sample buffer was added to the
beads and incubated at 90°C for 2min. The eluted proteins
were separated by SDS-PAGE and analyzed by western
blotting with the indicated antibodies.

Sec17 immunodepletion protocol: Vacuoles were
isolated from BJ3505 wild type and Vps1 mutant strains.
Vacuoles in PS buffer containing 100mM KCI and 500 mM
MnCl, were solubilized with 0.5% Triton X-100. The samples
were exposed without centrifugation to 15ug of anti-Sec17
antibody and Protein G beads. After incubation for 1 h at 4
°C with end-to-end rotation, the samples were centrifuged
for 1 min to remove anti-Sec17 bound material. Fresh
protein G beads were then added to remove traces of anti-
Sec17 and its bound content from solubilized vacuoles. The
samples were centrifuged for 1 min and the supernatant
was analyzed by SDS-PAGE followed by western blotting
using anti-Vam3 antibody.

Vam3 precipitation assay: Vacuoles were isolated from
BJ3505 wild type and Vps1 mutant strains Vacuoles in PS
buffer were solubilized in buffer containing 100 mM KCl,
500 mM MnCl,, 0.25% Triton X-100 and 10% Glycerol. The
samples were centrifuged at 20,000g for 10 min, and 10 ug
of anti-Vam3 antibody and Protein A beads were added to
the solubilizate. After incubation for 1 h at 4 °C with end-to-
end rotation, the samples were centrifuged for 1min and the
beads were washed twice with solubilization buffer. SDS
sample buffer was added to the beads and incubated at 90
°C for 2min. The eluted proteins were separated by SDS-
PAGE and analyzed by western blotting with the indicated
antibodies.

Protein expression and purification: His-tagged Vps1
(wild type and mutants) was expressed in SoluBL21 cells
(Genlantis) by induction with 1 mM IPTG for 6 hours at 30 °C
for wild type and for 48 hours at 25 °C for mutants. Pelleted
cells were resuspended in buffer (20 mM HEPES, 500 mM
NaCl, pH 7.4), and the protein was purified using Protino Ni-
TED resin (Macherey-Nagel) packed in a column (Thermo
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Scientific). Vps1 was concentrated and buffer exchanged in
a centrifugal filter device (Amicon Ultra, Millipore) into PS
buffer. Approximately 10 mg for wild type and 0.5 mg for
mutants was obtained from 1 liter of cell culture.

FM4-64 labeling of vacuoles in vivo

BJ3505 cells from the different Vps1 strains were grown
to logarithmic phase in YPD. They were treated with 10uM
FM4-64 (Invitrogen) for 30 min at 30 °C and subsequently
chased for another 90 minutes. The cells were washed with
fresh YPD, resuspended and mounted on a glass slide in
sterile water.

Microscopy

Images were taken from a Leica TCS SP5 confocal
microscope using an argon laser and at 60X magnification

Chapter 3

through the TRITC channel. Images were exported as TIFF
files.

Vps1 mutations employed in this study

Crystal structures of mammalian dynamin1 and human
dynamin1-like protein DNM1L have identified interfaces in
the GED that are critical for self-oligomerization. | utilized
the available crystal structure of mammalian dynamin [49]
as a template to create mutations in Vps1. Importantly,
yeast Vps1 can model mammalian dynamin reasonably
well since they share ~45% overall sequence homology
and >70% sequence homology within known dynamin
oligomerization interfaces. Figure 32 shows shared features
among dynamin family members.

Figure 32A: Structure and sequence comparisons among dynamin family members. Homology-based structural model comparing
bacterial dynamin and yeast Vps1 (both as monomers).

dDypamin 651 ETIRNLVDSEMEIVIETTRDMVERAIMMLIENNARDFINGELLAHLYASGDOACMMEESAESATRREE
ceDynamin 654 ETIRNLVDSEMRIITETIRDLVERAVMHLIVNQTGEFMRDELLAHLYQCGDTDALMEESQIEAQRRER
mDynamin 660 ETIRNLVDSY¥MAIVNETVRDLMPRTIMHLMENNTEEFIFSELLANLYSCGDONTLMEESAEQAQRRDE

yeastVpsal 619 EVIRLLISSEFSIVRERTIADIIPRALMILRILEVRSKETDIQRVLLERLYGRQDIEELTRENDITICRERE

o B B =

oy =] = =]

Figure 32B: Sequence alignment of yeast Vps1 (GED residues 619-686) with dynamin family members.

The following image depicts an alignment of the known
crystal structure of bacterial dynamin shown in pink and
the predicted structure of yeast Vps1 shown in grey, with
a portion of the GED of Vps1 highlighted in the yellow box.
The residues Y628, K642 and 1649 are situated within this
region.

Organisms include Drosophila melanogaster (dDynamin),
Caenorhabditis  elegans (ceDynamin) and Rattus
norvegicus/Homo  sapiens (mDynamin).  Residues
conserved across multiple species and chosen for mutation
are highlighted in green.
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The mammalian dynamin crystal structure revealed
conserved residues in the GED (i) making critical hydrogen
bonds that hold the oligomer together - these include
mammalian dynamin K863 (homologous to yeast Vps1
K642) and mammalian dynamin Y669 (homologous to
yeast Vps1 Y628) and (ii) likely to participate in hydrophobic
interactions that promote self-assembly - for example,
mammalian dynamin 1690 (homologous to yeast Vps1 1649).
The 1649K Vps1 mutant was chosen based upon its plasma
membrane invagination defects during endocytosis and was
characterized as a polymerization-deficient mutant [67]. It is
important to note that mammalian dynamin 1690 is located
at an oligomerization interface different from mammalian
dynamin K683 and Y669. These two groups of amino acid
residues also mediate oligomerization by different means
- either through hydrophobic interactions or hydrogen
bonding. Hence certain phenotypic differences may be
expected between these two groups. The homologous
residues in yeast Vps1 were mutated to other amino acids
to potentially disrupt the hydrogen bonding or hydrophobic
interactions between Vps1 monomers at that position.
Hence the Vps1 mutants created were K642L (Leucine
introduces a neutral residue and removes the original
positive charge of Lysine 642) and Y628F (replacement
with Phenylalanine removes the hydrogen bond forming
phenolic -OH group from Tyrosine 628), in addition to

Vpsi
vacuoles

Vij] | —— e — —
Vam7
Vps11-HA

649K (Lysine adds a positive charge and decreases the
hydrophobicity at yeast Vps1 Isoleucine 649 and thereby
aims to disrupt any hydrophobic interaction that 1649 likely
mediates). The Vps1 mutants used in this study therefore
are: 1649K, K642L and Y628F. | measured the effect of
these single-point Vps1 mutations on (i) sequential stages
in the vacuole fusion cascade, (ii) Vps1 oligomerization
capacity and (iii) binding affinity and complex formation with
the t-SNARE Vam3.

Specific point mutations in the Dynamin homolog
Vps1 affect critical intermediates in yeast vacuolar
membrane fusion

The most straightforward way to assess the involvement of
a particular player in the fusion of yeast vacuoles is to study
the effect of its deletion or mutation on one or both fusion
partners in a colorimetric ATP-driven content mixing assay
[63]. This assay depends upon the maturation of a reporter
enzyme, Alkaline Phosphatase. The Vps1 mutant vacuoles
were tested for protein levels and reporter enzyme activity
at the outset (figure 33) and were comparable to wild type
levels.

In general, each Vps1 mutation impaired vacuolar content
mixing (figure 34).

100 -

80 4
%

reporter
activity
40 -

20 4

WT  1649K KB42L Y&28F AVps1
Vps1 variant vacuoles

Figure 33: Comparison of protein levels and reporter activity among Vps1 wild type and mutant vacuoles.

A. Vacuoles were purified from Vps1 variant strains, resuspended in PS buffer (20 mM Sorbitol, 10 mM PIPES pH 6.8) and resolved
on SDS-PAGE. Western blot analysis was then performed to compare protein levels of Vps1, Vam3, Nyv1, Vam7, Vti1 and Vps11.

B. To control for reporter enzyme (Alkaline phosphatase) activity, fusion reactions were carried out in the presence of TX-100.

1649K Vps1 vacuoles displayed ~30% fusion activity while
K642L and Y628F Vps1 vacuoles showed almost no fusion
relative to wild type Vps1 vacuoles. If a fusion defect is
observed it is possible to locate the exact cause of the
defect by sequentially assaying the stages upstream of
content mixing, specifically lipid mixing and trans-SNARE
complex formation.

There is an established hemifusion assay that measures
the rate and extent of lipid mixing between the outer leaflets
of fusing vacuoles [130]. Lipid mixing was measured using
Rhodamine-Phosphoethanolamine (Rh-PE) labeled and
unlabeled vacuoles prepared from each Vps1 strain. Rh-
PE on labeled vacuoles is present in a self-quenching
concentration and only emits weak fluorescence. When
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mixed with unlabeled vacuoles, Rh-PE disperses from
labeled to unlabeled membranes and is dequenched
leading to rise in fluorescence emission, as illustrated in
figure 35.

Vps1 mutant vacuoles surprisingly exhibited substantial
(~55%) lipid mixing relative to wild type vacuoles (figure 36).

reconstituted with plasmid expressing either wild type Vps1
or Vps1 mutants 1649K, K642L or Y628F. A population
of the vacuoles was labeled with Rh-PE and incubated
with the unlabeled population under standard hemifusion
conditions. Normalized relative fluorescence units were
plotted versus time for three independent experiments and
are shown as meants.d.

Vacuoles were isolated from the AVps1 BJ strain
100
B0 -
60
% normalized
fusion activity |
20
0 4
3+ P & M N & A & A A A
F o & F YOO E e
DKY/BJ fusion partners

Figure 34: Vps1 single-point mutants impair vacuolar content mixing.

Vacuoles derived from AVps1 (DKY and BJ) strains, reconstituted with plasmid expressing either wild type Vps1 or Vps1 mutants 1649K,
K642L or Y628F, were incubated in the combinations mentioned, under standard fusion conditions. Normalized OD400 values in the

presence of ATP for five independent experiments are shown as meants.d.

Self-quenched probe

Fluorescence emitting probe

Labeled vacuole

ATP

Unlabeled vacuole

> Quter leaflet
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Figure 35: Principle of the vacuolar lipid mixing (hemifusion) assay.
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Vacuoles employed in the hemifusion assay were treated (figure 37A-D). It was thus confirmed that hemifusion in
with antibodies against all four vacuolar SNAREs and were  these mutants was a true intermediate along the authentic
found to abolish any lipid mixing since they are expected SNARE-driven fusion pathway.

bind to and therefore block the respective SNARE domain
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Figure 37: Lipid mixing of Vps1 wild type and mutant vacuoles upon SNARE antibody treatment.

Vacuoles were isolated from the AVps1 BJ strain reconstituted with plasmid expressing either 7A: wild type Vps1 or Vps1 mutants (B)
1649K, (C) K642L or (D) Y628F.

A population of the vacuoles was labeled with Rh-PE and
incubated with the unlabeled population under standard
hemifusion conditions. Normalized relative fluorescence
units were plotted versus time for three independent
experiments and are shown as meanzs.d. Prior to addition
of ATP, the vacuole mixture was incubated with antibodies to
Vam3, Vam7, Vti1 and Nyv1. Treatment with each antibody
diminished the extent of lipid mixing.

Subsequently, trans-SNARE complex formation was
assayed between differentially tagged SNAREs originating
from two fusion partners in the background of each Vps1
variant: one partner with the v-SNARE Nyv1 (R) harboring
a VSV tag and the other partner with the t-SNARE Vam3
(Qa) harboring an HA tag. Upon addition of ATP to a
mixture of wild type vacuoles a classical trans-SNARE
signal is observed in the form of co-precipitating Nyv1-VSV
when Vam3-HA is immunoprecipitated (figure 38). This
signal vanishes in the presence of GDI (GDP Dissociation
Inhibitor), a Rab GTPase inactivator. Only limited trans-
SNARE complex assembly (25-50% relative to wild type,
from densitometric analysis) was detected in the background
of each Vps1 mutation (figure 38). It may be mentioned that
Rab GTPases cycle between GDP and GTP bound states
that in turn affect their interactions with lipids and proteins.
For membrane fusion, Rab-GDP is the inactive, cytosolic
form whereas Rab-GTP is the membrane-anchored active

form. It is known that yeast vacuolar fusion is inactivated
when the Rab7 homolog Ypt7 is extracted from the vacuolar
membrane by GDI.

Vacuoles from wild type or Vps1 mutant strains harboring the
tagged SNAREs Vam3-HA or Nyv1-VSV were isolated and
mixed together in the presence or absence of ATP, detergent
extracted using 1% Triton X-100 and immunoprecipitated
using anti-HA antibody.GDI (GDP Dissociation Inhibitor) is
a Rab protein inactivator. It inhibits trans-SNARE complex
formation and is used as a negative control. Western
blot analysis was performed using monoclonal anti-HA
antibody to detect precipitated Vam3-HA and polyclonal
anti-Nyv1 antibody to detect co-precipitating Nyv1-VSV and
quantified by densitometric analysis of three independent
experiments.

The local clustering of SNAREs at the HOPS tethering
complex is believed to represent a valid fusion site [134].
Association of the Syntaxin-like vacuolar t-SNARE Vam3
with the HOPS tethering complex on isolated vacuoles was
analyzed by immunoprecipitation the HOPS subunit Vps11-
HA from vacuolar extracts and probing for co-precipitating
Vam3. This association was reduced to 40-60% (figure 39)
of wild type in the Vps1 mutants suggesting that Vps1 could
in fact be involved in building up the local SNARE density
at the fusion site.

s Tethering Complex and the Dynamin Homolog Vps1 Coordinate Distinct Stages in Intracellular Membrane Fusion



ethering Complex and the Dynamin Homolog Vps1 Coordinate Distinct Stages in Intracellular Membrane Fusion

Vacuoles from wild type or Vps1 mutant strains harboring
the tagged HOPS tethering complex subunit Vps11-HAwere
isolated and incubated in the presence of ATP, detergent
extracted using 1% Triton X-100 and immunoprecipitated
using anti-HA antibody. Western blot analysis was performed
using anti-HA to detect precipitated Vps11-HA and anti-
Vam3 to detect co-precipitating Vam3 and quantified by
densitometric analysis of three independent experiments.

As displayed in figure 39, the Vam3 pool connected to
the HOPS tethering complex which is the relevant pool

engaging in trans-SNARE formation is decreased in the
Vps1 mutants. Previous work from my lab has demonstrated
that this Vam3 pool is mutually exclusive from the Sec17
associated Vam3 present in a cis-SNARE complex which
is unchanged even on Vps1 knockout vacuoles [134]. |
therefore immunodepleted Sec17 from vacuolar extracts of
Vps1 wild type and mutant vacuoles (figure 40) and probed
the supernatant for Sec17-unbound Vam3 by western blot
analysis. | found that residual Vam3 is free, but in reduced
amounts (30-55%) on Vps1 mutant vacuoles relative to
Vps1 wild type vacuoles.
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Figure 38: Vps1 mutant vacuoles demonstrate limited trans-SNARE complex formation.
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Figure 39: HOPS-Vam3 association on the vacuole is reduced in Vps1 mutants.
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Figure 40: Sec17 immunodepletion reveals differences among Vps1 variants in the free Vam3 pool outside of cis-SNARE complexes on
the vacuole.
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Vacuoles from wild type or Vps1 mutant strains were
purified, detergent extracted using 1% Triton X-100 and
immunoprecipitated using anti-Sec17 antibody. Anti-Sec17-
bound content was removed and the Sec17 depleted
supernatant fraction was analyzed by western blotting.
Polyclonal anti-Vam3 antibody was used to detect free
Vam3 present in the Sec17-depleted fraction. Signal
intensities were quantified by densitometric analysis of
three independent experiments.

The level of free Vam3 (Sec17-unbound, not in a cis-
SNARE complex) in the mutants corresponds to the relative
amounts of Vam3 associated with the HOPS tethering
complex (figure 39) and the trans-SNARE production
efficiency (figure 38) in those mutants. From figure 40, it
must also be noted that Vti1, a highly abundant vacuolar
SNARE residing mostly outside of the cis-SNARE complex,
remains relatively unchanged in the Sec17 depleted fraction
across the Vps1 variants. This further signifies a Vam3-
specific effect of the Vps1 mutations.

These data demonstrate that Vps1 has an influence on the

rvpsi
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amount of trans-SNAREs and the amount of t-SNAREs
connected to the HOPS tethering complex. This correlates
to the requirement of a certain threshold of SNARE density
on the HOPS complex and trans-SNAREs at the fusion site
to overcome the barrier from hemifusion to content mixing.
It was therefore essential to examine whether this impact
of specific Vps1 mutations on fusion-related events relates
to the potential of those mutations to alter its self-assembly
behavior.

Vps1 mutants are polymerization-deficient

The polymerization behavior of these Vps1 mutants was
evaluated to ascertain the basis of their fusion defects. Based
on a sedimentation assay [67], the pellet and supernatant
fractions after ultracentrifugation of recombinant Vps1
proteins were probed by SDS-PAGE followed by western
blotting using anti-Vps1 antibody. Each of the Vps1 mutants
was characterized as polymerization-deficient since there
was no appreciable partitioning of Vps1 into the pellet
fraction from the mutants relative to wild type Vps1 (figure
41).

fraction| P S P

s| p s| p s

Figure 41: Vps1 mutants are polymerization-deficient.

25uM purified recombinant Vps1 variants were subjected to ultracentrifugation at 250,000g for 20 minutes at 300C. Entire pellet (p)
fraction and 10% of supernatant (s) fraction from the processing of each Vps1 variant were resolved by SDS-PAGE. Western blot
analysis was performed using anti-Vps1 antibody.

Furthermore, to assess the oligomer formation capacity
of Vps1, recombinant proteins under physiological salt
concentration (150 mM KCI) were crosslinked with
Disuccinimidyl glutarate (DSG) and the cross-linking pattern
was analyzed by SDS-PAGE followed by western blotting
using anti-Vps1 antibody.

Under the chosen conditions, wild type Vps1 was crosslinked
to dimeric and higher order oligomers indicated by the arrow
(figure 42), whereas 1649K Vps1 predominantly formed only
a dimer. Cross linked K642L and Y628F Vps1 were present
entirely in the monomeric state itself, similar to the non-
crosslinked protein (figure 42).

Figure 43 depicts the crosslinking pattern of Vps1 observed
on Vps1 wild type and mutant vacuoles. Vacuoles were
treated with two different concentrations (200pM and
400uM) of the crosslinker DSG. Vps1 on wild type vacuoles
forms discrete higher order crosslinked products indicated
by the arrow. In contrast, under the same conditions,
Vps1 on 1649K, K642L and Y628F mutant vacuoles
does not form higher order complexes with the same
efficiency as that observed in the wild type, indicating a

general oligomerization defect of Vps1 on native vacuolar
membranes.

These results clarify that a building block larger than a dimer,
likely a tetramer, is atleast necessary for Vps1 to polymerize.
The decrease in trans-SNARE complex formation efficiency
in the Vps1 mutants remarkably corresponds to the loss of
Vps1 polymerization capacity.

Analysis of Vam3-Vps1 complexes

Reduction in Vps1-mediated Vam3 binding to the HOPS
tethering complex in the Vps1 mutant vacuoles could also
be due to loss of affinity between Vam3 and Vps1 itself, and
not entirely and solely due to loss of self-assembly capacity
of Vps1 in the mutants. To quantify the binding affinity
between recombinant Vam3 and each Vps1 variant, the K
of the interaction between GST-Vam3 (full length or SNARE
domain only) and Vps1-His6 was measured by biolayer
interferometry using the Octet Red 96 instrument (ForteBio
Inc.). None of the Vps1 mutants showed any statistically
significant difference (p<0.05) in binding affinity to Vam3
relative to wild type Vps1 (Table 4).
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Figure 42: Chemical crosslinking of recombinant Vps1 variants.

Purified recombinant Vps1 variants were incubated with 100 mM DSG at 270C for 15 min, quenched with 100 mM Tris-HCI pH 8,
resolved by reducing SDS-PAGE and probed with anti-Vps1 antibody.
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Figure 43: Chemical crosslinking of Vps1 on vacuolar membranes.

Purified Vps1 wild type or mutant vacuoles containing 150 mM KCI and 500uM MnCI2 were incubated with 200 and 400 uM DSG at
270C for 30 min, subjected to Methanol-Chloroform extraction and the pelleted material was resuspended in sample buffer, resolved by
reducing SDS-PAGE and probed with anti-Vps1 antibody.

Table 4: Vps1-Vam3 Kd values.

Vps1 K,-Full Lenghth Vam3 (um) K,-SNARE domain Vam3 (um)
Wild type 0.33+£0.03 0.36 £ 0.02

1649K 0.32+0.01 0.33+0.03

K642L 0.18 £0.02 0.29 £ 0.02

Y628F 0.35+0.03 0.34 +0.03

Binding affinity between recombinant Vam3 (full length and SNARE domain) and Vps1 variants was measured by biolayer
interferometry using Octet Red 96 Instrument (ForteBio Inc.)
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This protein-protein interaction study showed that each
Vps1 variant, irrespective of its self-assembly behavior,
binds the SNARE domain of Vam3 with approximately
identical affinity. To further confirm this result in the context
of vacuolar membranes, | immunoprecipitated Vam3 from
Vps1 wild type or mutant vacuolar extracts and probed
for co-precipitating Vps1. As displayed in figure 44, in
assembly-incompetent Vps1 mutants in which monomers
or dimers of Vps1 predominate, the amount of Vps1 co-
precipitating with Vam3 was reduced relative to that in
wild type Vps1. This is expected because, although Vps1
variants have fairly identical binding affinity to Vam3, the
absolute amount of Vps1 that co-precipitates with Vam3

Chapter 3

decreases with their capacity to oligomerize.

Vacuoles from wild type or Vps1 mutant strains were
isolated and detergent extracted using 0.25% Triton X-100
and immunoprecipitated using anti-Vam3 antibody. Western
blot analysis was performed using anti-Vam3 to detect
precipitated Vam3 and anti-Vps1 to detect co-precipitating
Vps1 and quantified by densitometric analysis of three
independent experiments.

This result explicitly demonstrates the existence of a Vam3-
Vps1 complex on vacuolar membranes and assesses the
effects of the Vps1 self-assembly mutants on this complex
formation.
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Figure 44: Absolute amount of Vps1 in Vam3-Vps1 complexes on the vacuole decreases in Vps1 mutants.

Functional evidence of Vps1 involvement in

membrane fusion

A prediction from the Vam3-Vps1 binding affinity values
would be that each Vps1 variant would exhibit equal
potency to inhibit fusion of wild type vacuoles when added
as a purified recombinant protein (figure 45) externally in the
fusion assay, since each of them binds with approximately
identical affinity to the SNARE domain of Vam3, sequester
it out and would hence block it from entering into trans-
SNARE complexes, which are the pre-requisite for fusion.

Therefore each recombinant Vps1 variant was titrated in a
fusion reaction of wild type vacuoles to directly demonstrate
its influence on content mixing. Each Vps1 mutant showed
a concentration-dependent trend of fusion inhibition very
similar to wild type Vps1 (figure 46).

In a standard fusion reaction of wild type vacuoles,
recombinant Vps1 variants were titrated in a range of 0.6 -
6 uM and fusion activity was measured. Normalized OD400
values were plotted versus Vps1 concentration for three
independent experiments and are shown as meanzs.d.
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Accordingly, treatment of wild type vacuoles with excess of
recombinant Vps1 variants (4uM) was also found to block
their hemifusion (figure 47) and trans-SNARE complex
formation (figure 48) similar to their fusion inhibition.

In a standard hemifusion reaction of wild type vacuoles, 4
MM recombinant Vps1 variants were added and hemifusion
activity was measured. Normalized relative fluorescence
units were plotted versus time for three independent
experiments and are shown as meanzs.d.

Wild type vacuoles harboring the tagged SNAREs Vam3-HA
or Nyv1-VSV were isolated, mixed together and incubated
with 4 uyM recombinant Vps1 variants in the presence of
ATP, detergent extracted using 1% Triton X-100 and
immunoprecipitated using anti-HA antibody. Western blot
analysis was performed using anti-HA to detect precipitated
Vam3-HA and anti-Nyv1 to detect co-precipitating Nyv1-
VSV.
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Figure 45: Coomassie staining of purified recombinant Vps1 variants.
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Figure 46: Recombinant Vps1 variants inhibit vacuolar fusion.
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Figure 47: Recombinant Vps1 variants inhibit wild type vacuolar hemifusion.
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Figure 48: Recombinant Vps1 variants inhibit trans-SNARE complex formation between wild type vacuoles.

Significance of Vps1 mutations in live cells

To analyze the impact of Vps1 mutations in vivo | performed
phenotypic characterization of vacuolar morphology by
specifically labeling yeast vacuoles with the lipid binding
fluorescent dye FM4-64. Logarithmic phase yeast cells
treated with FM-64 show discretely stained compartments

readily identifiable as vacuoles. Figure 49A (a-e) shows
representative images of vacuolar morphology observed in
cell populations from Vps1 wild type, 1649K, K642L, Y628F
and knockout strains. Figure 49B illustrates a quantification
of the range of number of clear, round vacuoles or small,
dispersed vesicles observed in each cell counted across
cell populations from the different strains.
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Figure 49: In vivo vacuolar morphology of Vps1 variants.



Vacuoles in cells from the different Vps1 strains: wild type,
649K, K642L, Y628F and knockout were labeled with the
dye FM4-64. One hundred cells were counted randomly in
each experiment. Representative snapshots are shown in
panel (A). Red compartments represent labeled vacuoles.
White scale bar at the bottom right in each image panel
measures 7.5um. (B). The percentage of cells showing the
range of number of vacuoles/ vesicles per cell was plotted
for each Vps1 strain. Values are averaged from three
independent experiments.

Overall, the in vivo observations reflect the degree of
vacuolar fusion defects measured in vitro (figure 32). There
is a decrease in number of cells with a single vacuole with
no surrounding vacuoles or vesicles: Vps1 wild type >>
649K > K642L ~ Y628F > Vps1 knockout and concomitant
increase in number of unfused small vacuoles or vesicles
per cell: Vps1 wild type << 1649K < K642L ~ Y628F < Vps1
knockout. This seems to correspond to the inability of Vps1
mutants to overcome the hemifusion-content mixing barrier
leading to a certain probability of vacuolar fusion in vivo.

Discussion

An important outcome of this study was the identification
of graded loss-of-function Vps1 mutants that were a great
asset to evaluate the Vps1-driven regulation of trans-
SNARE formation since the mutants were able to provide
different basal thresholds of SNARE complexes, as
opposed to the Vps1 total knockout, which produces no
trans-SNARE complexes. Altogether the results explain
how accumulation of SNARE molecules at the fusion site,
measured in terms of trans-SNARE complex formation
and Vam3 recruitment to the HOPS complex, is directly
connected to the polymerization capacity of Vps1. This
translates into a critical barrier of local SNARE concentration
that must be overcome to achieve fusion. These results

suggest that Vps1 is able to regulate SNARE density at
the fusion site through its polymerization and Vam3 binding
properties and thereby accomplishes the transition from
docking to hemifusion to content mixing in yeast vacuolar
fusion. Several studies attempting to measure the number
of SNARE complexes catalyzing membrane fusion have
generated estimates ranging between 1 and 15 depending
upon the conditions chosen [135-137]. These findings
support the general view derived from both synthetically
reconstituted and physiological model systems that multiple
SNARE complexes are required for fusion [138-140].
Although numerous helical rungs of dynamin promoting
membrane fission have been widely observed, a recent
study demonstrated that catalysis by dynamin via smaller,
transient subunits, in fact, favors reversible hemifission or
alternatively, hemifusion [141].

In an attempt to rescue the fusion of Vps1 mutant vacuoles,
| employed various strategies. As displayed in figure 50,
overexpression of Vam3 (10 fold over endogenous levels)
on Vps1 wild type or mutant vacuoles did not lead to bypass
of Vps1 block of fusion activity. In fact, over expression
of Vam3 on each wild type fusion partner actually led to
fusion inhibition. Since there is limited amount of Vps1
on the vacuole, over expressing Vam3 will create more
single Vam3 associated with the HOPS complex but not
connected to Vps1. This results in a K642L or Y628F
Vps1 mutant-like phenotype. Recombinant Vam7 known
to stimulate fusion of non-canonical SNARE combinations
and Chlorpromazine, an amphipathic small molecule known
to decrease the force required for membrane deformation
and increase negative membrane curvature, were used as
additional tools to potentially bypass Vps1 requirement in
fusion [142]. Recombinant wild type Vps1 was also tested
for its ability to restore the fusion of Vps1 mutant vacuoles.
However, none of these approaches resulted in any rescue
of fusion activity of the Vps1 mutants.
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Figure 50: Strategies to rescue fusion defects of Vps1 mutant vacuoles.
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Standard fusion reactions of Vps1 wild type or mutant
vacuoles were set up in the presence of following agents:
red bars indicating 10-fold Vam3 over expression on each
fusion partner, green bars indicating addition of 100nM
recombinant Vam7, purple bars indicating addition of
150puM Chlorpromazine and grey bars indicating addition
of 4uM recombinant wild type Vps1. Normalized OD400
values were plotted for three independent experiments and
are shown as meants.d.

| suggest that Vps1, through its oligomerization and SNARE
domain binding, coordinates the HOPS tethering complex-
associated pool of Vam3 and thereby the trans-SNARE
complexes at the fusion site. My observations seem to
fit this hypothesis since various strategies to surpass the
hemifusion-fusion barrier still prove inadequate to activate
fusion of the assembly-incompetent Vps1 mutant vacuoles
as they are anyway unable to accumulate the threshold
level of SNARESs at the fusion site. In the case of assembly-
incompetent Vps1 mutations, local SNARE density since
the beginning itself is below the threshold for fusion. It is
likely that excess of SNAREs or altered physical properties
of the lipid bilayer might re-establish the SNARE zippering
process in the presence of threshold levels of even non-
canonical SNARE combinations more efficiently than that in
the case of Vps1 mutants having lowered SNARE density
at the fusion site. In order to re-establish the lacking Vam3-
HOPS complexes on Vps1 mutant vacuoles, recombinant
wild type Vps1 (r‘WT Vps1) has to displace the other
vacuolar SNAREs from Vam3 in the cis-SNARE complexes

and allow the N-terminus of Vam3 to reconnect to the HOPS
complex. Since this process includes the interaction of rWT
Vps1 with the SNARE domain of Vam3, fusion remains
blocked due to inaccessibility of the Vam3 SNARE domain,
quite similar to our wild type experiments, where rWT Vps1
inhibits vacuolar fusion (figure 46). This means that the re-
establishment of the HOPS-Vam3 pool by rWT Vps1 as a
prerequisite for successful fusion is counteracted by the
blockage of the Vam3 SNARE domain. Therefore, | expect
rWT Vps1 to always show inhibitory effects on vacuolar
fusion.

Visualized at the molecular scale, as represented in figure
51, wild type Vps1 in its native polymeric state binds Vam3
and brings together multiple SNARE complexes satisfying
or exceeding the local threshold of SNAREs necessary
and sufficient for complete fusion. In contrast, in assembly-
incompetent Vps1 mutants, this threshold SNARE
abundance is not attained. This is not because of reduced
Vam3 binding to Vps1, but is linked to the self-assembly
capacity of Vps1. Vps1 in these polymerization-defective
mutants is unable to gather sufficient Vam3 molecules for
complete fusion and the process is stalled at the hemifused
state. K642L, Y628F and 1649K Vps1 would likely bring in
fewer SNARE molecules at the fusion site, which are still
sufficient for hemifusion but below the threshold for complete
fusion. In comparison, there is no HOPS-associated Vam3
fraction on Vps1 knockout vacuoles, which are therefore
unable to deliver any t-SNAREs at the fusion site.
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Figure 51: Schematic representation of Vps1 function in SNARE-mediated fusion.



Formation and maintenance of a concentrated reservoir
of SNARESs, dependent on contributions from associated
protein and lipid sources, has been established as one
of the provisions that define a docking site and promote
fusion. t-SNAREs or Syntaxins in particular have been the
target of various mechanisms regulating their molecular
conformations and distributions in preparation for fusion.
Multiple copies of syntaxin were proposed to line the
fusion pore in Ca++/Synaptotagmin-triggered exocytosis
[143]. Various biochemical studies have demonstrated that
self-oligomerization, binding to t-SNAREs and membrane
association of Synaptotagmin may be critical in mediating
vesicle docking and for coupling Ca++ influx to fusion
during exocytosis [144].

Although Vps1 belongs to the family of Dynamin- related
proteins differing from Classical Dynamin in the sense that
DRPs lack a PH domain and a Proline/Arginine Rich Domain
present additionally in classical dynamins, the Vps1 single-
point mutants employed in this study were derived from the
crystal structure of mammalian dynamin and the residues
involved have been known to be evolutionarily conserved
from yeast to mammals. The striking sequence homology
of Vps1 with mammalian dynamin at specific alpha helices
forming an oligomerization interface, coupled with our
results suggest that Vps1-like control of membrane fusion is
likely to occur via Dynamin in specialized adaptations such
as synaptic transmission in higher eukaryotes. Furthermore,
the existence of Dynamin-Syntaxin complexes on secretory
granules in adrenal chromaffin cells indicates that dynamin
may participate in coupling exocytosis and endocytosis in
other systems as well [145].

Components such as tethering factors and Rab GTPases
have been well known to coordinate SNARE-mediated
fusion [146]. Numerous additional proteins may regulate
the rate, extent and location of assembly and in turn the
number of SNARE complexes either by directly occluding
the SNARE motif of Syntaxin (e.g. Dynamin, Tomosyn,
Amisyn, Syntaphilin) or by preventing full zippering of the
SNARE complex (e.g. Sec1, Unc18, Complexin).

The HOPS tethering complex subunit Vps33, which is
a t-SNARE binding SM (Sec1/Munc18) family member,
has been shown to promote pore opening during the
hemifusion-fusion transition [76]. Vps33 mutants having
weaker Vam3 interactions employed in that study permitted
wild type-like trans-SNARE pairing. Assembly-incompetent
Vps1 mutants, having identical Vam3 interactions but
reduced Vam3-HOPS associations relative to wild type
Vps1 used in our study, allowed only limited trans-SNARE
assembly. Together these key results suggest that Vps1
coordinates a SNARE density of fusogenic potential prior
to SNARE recruitment to the HOPS complex. This event
must be situated upstream of HOPS function in promoting
the hemifusion-fusion transition. The HOPS complex most
likely pushes the hemifused state through to content mixing
with the already existing number of trans-SNAREs but it is
Vps1 that builds up the local SNARE concentration.

Compelling evidence indicating a role of dynamin in
exocytosis has recently emerged. Dynamin was shown
to regulate terminal stages in the fusion of lytic granules
with the plasma membrane during the cytotoxic response
of natural killer cells [131]. Similarly, it was reported that
siRNA knockdown of dynamin led to marked decrease in
glucose-stimulated insulin secretion from insulin granules
of B cells [68]. Interestingly, a study on a bacterial dynamin-
like protein stated its involvement in mediating nucleotide-
independent membrane fusion [132]. Additionally, the
mechanochemical properties of dynamin or dynamin-
related proteins have been suggested to contribute to
fusion pore dynamics during exocytosis [69-147]. My
finding extends the repertoire of dynamin function in
SNARE-mediated fusion, which is of great prominence
since it might provide a molecular understanding of the
control of (i) reversible fusion pore opening and reclosure
implicated in kiss-and-run fusion in synaptic transmission
and (i) fusion-fission equilibrium in intracellular
membrane trafficking and exo-endocytotic cycles [148].
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Chapter 4

Summary

Despite the ubiquitous occurrence of membrane fusion
events, the underlying molecular mechanisms are little
understood. Through studies on native yeast vacuoles
representing a physiologically relevant model system to
investigate membrane fusion mechanisms, | have reported
a new finding that a HOPS tethering complex dimer
catalyzes Rab/Ypt7-dependent formation of a topologically
preferred QbQcR-Qa trans-SNARE complex. Further, |
have been able to propose a novel concept that the yeast
dynamin homolog Vps1, through its self-oligomerization
and specific binding to the Qa SNARE domain, promotes
the hemifusion-content mixing transition in yeast vacuole
fusion by increasing the number of trans-SNAREs.

Significance and outlook

Membrane fusion has an overwhelming impact on the living
world. The fusion of sperm and egg membranes marks the
beginning of life. Intracellular membrane fusion enables
molecular transport within every cell throughout life. Virus-
cell membrane fusion may signify the end of life.

If membrane recognition in general does occur through
assembly of a tether-Rab-SNARE platform as demonstrated
in chapter Il, it would provide a functionally non-redundant
mechanism to ensure the fidelity of fusion and suppress
incorrect SNARE-mediated fusion between any two
membranes. This is important because, for example, in
pancreatic acinar cells, inappropriate delivery of cargo can
lead to mistaken lysosomal maturation of trypsinogen to
trypsin causing pancreatitis [149]. Since the elementary
machinery and mechanism is conserved among all SNARE-
mediated fusion events in general, this prototype from
homotypic fusion can be extended to propose a model for
heterotypic scenarios occurring more widely and garnering
more therapeutic attention, for example in vesicle-plasma
membrane fusion in the case of synaptic transmission
or hormonal secretion. In heterotypic fusion, the same
tether could act both upstream and downstream of Rab
activation or multiple tethers may participate in the reaction.
The Rab-GTP may recruit other tethers that promote or
assemble trans-SNARE pairs. My results indicate that the
requirements for specific SNARE proteins in intracellular
membrane fusion are less stringent than appreciated and
suggest that combinatorial mechanisms using upstream-
targeting elements along with SNARE proteins are required
to maintain an essential level of compartmental organization.

Phenotypic characterization of mutations in the zebrafish
homolog of Vps39 represent human multisystemic
disorders which are known to affect skin pigmentation,
vision, internal organs like the liver and the immune
system [150]. In Drosophila, loss of function mutations in

homologs of Vps18, Vps33 and Vps41 lead to abnormality
in the formation of lysosome-like pigment granules in the
eye [151]. The mutant of Arabidopsis Vps16 (vacuoleless)
exhibiting aberrant vacuolar morphogenesis leads to
embryonic lethality [152]. Knockdown of HOPS genes in
C. elegans led to accumulation of apoptotic-cell-containing
phagosomes indicating an arrest of their maturation and
impaired lysosomal degradation [153]. Evidence from
diverse model systems show that components of the
HOPS complex, which are highly conserved in multiple
species [154], are likely to share myriad essential cellular
roles ranging from regulation of membrane traffic to mMRNA
stability. Mutations in mammalian Rab7 have been known to
be associated with the development of Charcot Marie Tooth
disease in humans [155]. Similarly, insufficiencies in the
SNAREs Syntaxin1 and SNAP25 are one of the causative
agents of Type 2 Diabetes. Also, depletion of specific
COG subunits has been implicated in cases of Congenital
disorder of Glycosylation [156].

SNARE-SNARE associations are diverse in terms of kinetic
and thermodynamic stability and subcellular localization.
There is hence a need for additional agents to exercise
stringent control over and dictate specific channelization
of SNARE molecules entering into trans-complexes on
the path to fusion. Due to their amphiphilic nature, the Qa,
Qb, Qc and R SNARE domains can also associate in other
combinations that result in four-helix helical bundles that
are thermodynamically less stable than core QaQbQcR
complexes. Particularly noteworthy are the complexes
that are formed by the neuronal SNAREs. These include a
Qaaaa complex (an antiparallel four-helix bundle [157]), a
Qabab complex (a parallel four-helix bundle [158]), a Qaabc
complex (a parallel four-helix bundle with some disordered
regions [159,160]) and, surprisingly, an antiparallel QabcR
complex [120]. These complexes might not have the correct
membrane topology or they might not contribute sufficient
energy to drive membrane fusion. They therefore do not lie
on the authentic fusion pathway and probably represent
unproductive ‘off-pathway’ subreactions, and may require
upstream and/or downstream proofreading by additional
factors.

Different combinations of SNAREs were found to form
complexes with the Qa SNARE Sed5, which were required
for multiple routes in ER-Golgi and intra-Golgi vesicular
traffic [161]. The apparent promiscuity of SNARE-SNARE
interactions, together with the requirement forsome SNAREs
in more than one trafficking step, supports the view that the
specificity of vesicle fusion events cannot be explained
solely on the basis of SNARE pairing. Another study
demonstrated that both cognate and non-cognate SNARE
complexes, formed among SNAREs that would never see
each other in any characterized trafficking pathway vyet,
are very similar with respect to their biophysical properties,
assembly, and disassembly [7], suggesting that specificity
of membrane fusion in intracellular membrane traffic cannot
be simply attributed to the intrinsic specificity of SNARE
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pairing. There have been reports that even SNARE-Rab
interactions at times prove non-cooperative to specify the
target membrane [162], hinting towards the need for tighter
regulation of vesicle targeting and cargo delivery to the
correct subcellular location. Concomitant action of tether
scaffolds, Rab proteins and SNAREs seems to provide
a relatively effective, reliable and robust way to achieve
overall membrane recognition and fusion specificity.

Furthermore, direct interaction between SNAREs and
dynamin family members has now been observed in more
than one model system [134,145]. This suggests that the
interaction between the fission and fusion machineries
may be more generally exploited by the cell as a target
for adjusting organelle size and morphology and hence is
a physiologically relevant regulatory mechanism. A recent
study demonstrated that the physiology of exo-endocytic
cycles of synaptic vesicles is likely to be influenced by
phosphorylation and nitration of specific tyrosine residues
in Dynamin1 [163]. These modifications were suggested to
regulate dynamin function via control of its self-assembly.
For instance, presence of putative modification sites within
the Vam3 binding region of Vps1 can shed light on the
regulatory framework underlying intracellular fusion-fission
control. Dynamin regulation is complex. Since various
post-translational modifications of dynamin have been
described as either functionally activating or inhibitory
for dynamin recruitment to or association/dissociation
with its binding partners at the site of action, it is critical
to understand whether Vps1 binding to and/or release
from Vam3 depends on such modifications. In the model
presented in chapter lll, it is implicit that Vps1 binds Vam3
and disengages its SNARE domain from participating in
trans-SNARE complex formation and thereby silences
fusion when fission is triggered. Release of Vps1 from
Vam3, perhaps in response to a certain modification or any
other unknown signal, makes the SNARE domain of Vam3
available to engage in fusion. This explains how fusion and
fission activities are kept from overlapping and futile cycles
are prevented. It would be important to know the domain
of Vps1 that is engaged in binding the SNARE domain of
Vam3, to further search for potentially conserved SNARE-
binding dynamin regions in other systems where controlling
the stability of dynamin-SNARE interactions would provide
a method to achieve fusion-fission control.

Understanding in more detail how the fusion and fission
machineries work together to achieve efficient lipid bilayer
merge and to control organelle identity will have a deep
impact on many disease-relevant topics. Dynamins are
indispensable for synaptic vesicle recycling and therefore
extremely important for sustained neurotransmission.
Dynamin1 depletion in hippocampal neurons has been
considered as a potential mechanism for early and
irreversible cognitive decline in Alzheimer’s Disease [164].
Mutations in dynamin and related proteins have been linked
to at least two human diseases - centronuclear myopathy
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(CNM) and Charcot-Marie-Tooth (CMT) disease [165,165].
These hereditary disorders are characterized by motor
and sensory neuropathies and affect more than 1 in 3,000
people in the general population. Frameshift and missense
mutations in OPA1, a gene encoding a mitochondrial
dynamin-related protein, have been found to segregate with
dominant optic atrophy having a population frequency of 1
in 50000 [167]. There is progressive loss in visual acuity
leading, in many cases, to legal blindness.

Given the tendency of dynamin family members to form
oligomers, it has been hypothesized that many of the
OPA1 mutations are dominant-negative alleles that reduce
the activity of the remaining wild-type allele, leading to
the autosomal-dominant pattern of inheritance. Kidney
podocytes and their foot processes maintain the ultrafiltration
barrier and prevent urinary protein loss found in proteinuria.
It has been demonstrated that dynamin is essential for
podocyte function [168]. During proteinuric kidney disease,
induction of cytoplasmic cathepsin L leads to cleavage of
dynamin at an evolutionarily conserved site, resulting in
reorganization of the podocyte actin cytoskeleton causing
proteinuria. Dynamin mutants that lack the cathepsin L site,
or render the cathepsin L site inaccessible through dynamin
self-assembly, are resistant to cathepsin L cleavage. When
delivered into mice, these mutants restored podocyte
function and resolved proteinuria [168]. Therefore, studies
investigating assembly-dependent functions of dynamin
are vital. All these examples highlight the clinical burden
associated with dynamin-related perturbations, thus
enforcing in-depth analysis of dynamin-driven fundamental
biochemical reactions.

Dynamins have been implicated as a class of regulatory
proteins, acting either on SNAREs or SNARE-interacting
proteins in different types of fusion processes. Among them
are regulated exocytosis in neuroendocrine cells [169-171],
sperm acrosomal reaction [172], cell-to-cell fusion [173],
and fusion of a virus with the host cell [174]. Dynamin-2
has been shown to associate with secretory granules in
chromaffin cells via its interaction with Syntaxin [145] and
Synaptophysin [170]. In mammalian sperm, dynamin-2
associates with the SNARE regulatory protein complexin |,
where it favors membrane fusion events during acrosomal
exocytosis [175]. In chromaffin cell exocytosis, dynamin-1
was reported to accelerate fusion pore expansion in a
GTPase activity-dependent fashion [169]. In comparison,
the GTPase activity of dynamin-2 was said to be required
at a stage preceding fusion pore expansion but following
hemifusion during the fusion of myoblasts to form
multinucleated myotubes [173]. Taken together, these
findings indicate a pleiotropic role of dynamin in membrane
fusion. Although dynamin does not seem to induce
membrane fusion by itself, it seems to act during or after
a hemifusion state. The underlying mechanism probably
relies on dynamin’s ability to sense membrane curvature
and remodel membranes.
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In kiss-and-run fusion occurring at the synapse, docked or
even hemifused vesicles carrying neurotransmitter show
transient opening of a fusion pore, release of contents into
the synapse and immediate reclosure of the fusion pore
without full dilation [176]. It is worthwhile to note that the
hemifused state immediately precedes the reversible kiss-
and-run fusion event. Factors controlling the hemifusion-
fusion transition that have been identified from studies
on yeast vacuoles would therefore be ideally poised to
regulate the hotly discussed kiss-and-run mechanism of
fusion pore opening and reclosure. The kiss-and-run debate
is important to be resolved since in principle it can better
explain rapid vesicle recycling and increased synaptic
strength, hence providing a highly efficient mechanism for
sustained neurotransmission.

The yeast vacuole resembling the mammalian lysosome is
the major digestive organelle involved in protein processing
and turnover. There is intense debate over how this
organelle maintains its size and identity. Both endocytic
and secretory pathways converge at the lysosome
culminating in transfer of cargo to the lysosome through
direct fusion with endosomes, phagosomes or ER/Golgi-
derived vesicles. Interestingly, it has been speculated that
this fusion can be transient (kiss-and-run) or complete
(forming a hybrid organelle) [177]. Homotypic fusion of
yeast vacuoles recapitulated in our content mixing assay
is not reversible. To be able to resolve reversible kiss-and-
run fusion, it would be necessary to move one immediate
step beyond the hemifused state characterized in yeast
vacuole fusion, and record fusion pore dynamics at fruit
fly neuromuscular junctions or visualize the real-time
heterotypic fusion of fluorescently labeled lysosomes/
endosomes with phagosomes in living worms using the
dynamin homologs (and corresponding mutants) in each
organism. Kiss-and-run is a highly rapid and efficient mode
of fusion that conserves energy and resources, and can
recover compartments with greater fidelity. Importantly,
its outcomes seem to be therapeutically relevant. For
example, restricting complete fusion and making a provision
for regulated kiss-and-run was found to be necessary for
phagolysosome biogenesis and maturation which is an
essential component in the acquisition of microbicidal and
anti-parasitic properties in macrophages [178].

In conclusion, | will state that our understanding of how
various factors cooperate to establish and maintain a
subcellular compartment is still evolving. We will truly
appreciate organelle identity when we can reconstitute
these factors to program new compartments at will.

| have described a few immediate specific aims in
order to acquire more complete visual, quantitative and
functional understanding of roles of various membrane
fusion components. Through cryo-electron microscopic
immunolabeling it is possible to obtain ultra structural
information in terms of localization, abundance and
symmetry of factors enriched at fusion sites between
purified yeast vacuoles in vitro while comparing wild type
and various over expressors or mutants. Primary antibodies
against HOPS tethering complex subunits, the Rab GTPase
Ypt7 and the dynamin homolog Vps1 would be employed in
this experimental scheme to detect these proteins directly
or through epitope tags attached to them. To demonstrate
the general applicability of yeast vacuole fusion principles
to fusion reactions in other organisms, it is important to
analyze the behavior, in terms of efficiency of content mixing,
lipid mixing, trans-SNARE complex formation and vacuolar
morphology, of knockout yeast vacuoles reconstituted with
homologs of SNAREs, HOPS subunits, Ypt7 and Vps1 from
higher eukaryotes and their mutants. It can be expected that
such heterologous expression of related fusion components
in yeast will at least partially restore fusion events and that
specific mutations will mimic the observations in yeast.
Another insightful experiment would be to dissect the GTP
hydrolysis and self-assembly activities of Vps1 for their
requirement in vacuolar fusion. GTP hydrolysis mutants
will be tested for fusion, hemifusion, trans-SNARE complex
formation and HOPS-Vam3 association in the initial
screening.

GTPase activity of Vps1 variant vacuoles and recombinant
protein variants can be compared using the established
Malachite Green Phosphate assay. This will address the
question whether Vps1 supplies an additional enzymatic
activity besides a structural role during the transition from
hemifusion to content mixing in yeast vacuolar fusion.
Moreover, since the region(s) of Vps1 that bind to Vam3 are
unknown, it is necessary to map individual domains of Vps1
while testing their interactions with the SNARE domain of
Vam3. Determining the precise interacting regions between
these two proteins will help to elucidate how Vps1 controls
Vam3 activity and further how this binding and release can
exercise fusion-fission control. Biolayer interferometry,
which will give binding affinity (K,) values, and yeast two-
hybrid assays can be employed for this purpose. Lastly,
mass spectrometric analysis can probe different post-
translational modifications in Vps1. It will be interesting to
examine whether activating or suppressing them (either
constitutively or conditionally through genetic/chemical
perturbations) influences vacuolar fusion and/or fission.
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