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INTRODUCTION
1. INTRODUCTION
1.1 The lysosomal/vacuolar system
1.1.1 Functions of lysosomes
Compartmentalization is a key feature of eukaryotic cell architecture. The existence of
organelles – separate compartments which differ in biochemical composition and perform
specialized functions – is the basis for the distinction between the prokaryotic and eukaryotic
kingdoms, stressing the importance of compartmental organization for the evolution of more
complex forms of life. The maintenance of separate compartments in a cell requires regulated
transport of material between organelles. Cellular compounds need to be targeted from the sites
of their synthesis or entry into the cell to strictly defined destination sites. The normal
functioning of any eukaryotic cell involves a multitude of tightly regulated intracellular
trafficking routes, and the lysosomal transport system plays a pivotal role in the organization of
this complicated network.
The lysosome was first discovered by Christian de Duve and co-workers in 1955 (de
Duve et al. 1955; Bowers 1998), during subcellular fractionation of extracts from rat liver cells.
They defined this novel organelle as a sac-like structure filled with hydrolytic enzymes and
surrounded by a lipoprotein membrane. Later it was acknowledged that lysosomes – termed also
vacuoles in plants and fungi – are a common feature of all eukaryotic cells. Their main
characteristic remains the presence of a multitude of hydrolytic enzymes, more than 50 of which
are currently known (Kollmann et al. 2005). For their activity, lysosomal hydrolases require an
acidic pH, which is maintained by a proton pump – the V-type H+-ATPase (Arai et al. 1993).
Lysosomes are surrounded by a single bounding membrane, although they often contain
numerous intralumenal vesicles. Apart from the soluble hydrolases that reside in the matrix of
these organelles, lysosomes also contain a variety of transmembrane proteins, including ion
channels and pumps, metabolite carriers, proteins involved in the regulation of membrane
trafficking and vesicle fusion, and proteins of unknown function.
Due to its enzymatic content, the lysosome was judged a degradative compartment, and
for a long time it was considered to function as a “waste bin” for the cell, where non-selectively
engulfed material would be degraded and recycled (de Duve and Wattiaux 1966). However, over
time it has become clear that lysosomes perform much more complicated functions. First, the
entry of material into lysosomes occurs not only by non-selective uptake of cytoplasm, as was
first postulated, but also by many other routes, some of them highly specific. Second, the role of
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lysosomes in cellular metabolism is often much more subtle than the originally proposed
recycling function.
Lysosomal degradation of specific proteins plays an important role in the regulation of
cellular physiology. Proper regulation of basic cellular processes, such as glucose metabolism,
relies on lysosome-mediated enzyme degradation. In yeast cells, glucose addition to glucosestarved cells initiates a phenomenon known as catabolite repression, which involves selective
lysosomal targeting and degradation of multiple proteins, including the key regulatory enzyme of
the gluconeogenesis pathway, fructose-1,6-bisphosphatase (Chiang et al. 1996). In mammalian
cells, selective uptake and degradation of glyceraldehyde-3-phosphate dehydrogenase, an
abundant glycolytic enzyme, has been demonstrated (Aniento et al. 1993). Lysosomes function
also in the down-regulation of cell-surface membrane receptors, modifying the responses of cells
to external stimuli or preventing prolonged activation of the respective signaling pathways.
Ligand-binding causes endocytic internalization, transport to the lysosome, and subsequent
degradation of receptors for growth-factors and hormones or of receptor tyrosine kinases
(reviewed in Hicke 1998; Wiley and Burke 2001; Bache et al. 2004).
The degradative functions of lysosomes are also required for the removal of incorrectly
folded, defective or aggregating proteins that have escaped proteasomal degradation (reviewed in
Trombetta and Parodi 2003). Finally, as had initially been expected, lysosomal degradation plays
a major role in the turnover of bulk cytosol in the cell, and is therefore indispensable both for
survival under starvation conditions, as a source of recycled material, and for preventing the
accumulation of abnormal proteins. This has been first demonstrated in yeast cells, where
decreased viability under conditions of nitrogen starvation was shown to characterize mutants
defective in autophagy, a process responsible for the delivery of cytosolic material to the
lysosome (Tsukada and Ohsumi 1993). Recently, the importance of lysosomal turnover for cell
survival has been directly confirmed in mice, where knockout of an autophagy-related gene was
shown to prevent mice from surviving the early neonatal starvation period (Kuma et al. 2004),
and disruption of another autophagy gene specifically in neural cells caused formation of
cytoplasmic protein aggregates in neurons and led to neurodegenerative disorders (Komatsu et
al. 2006; Hara et al. 2006).
Moreover, in the recent years it has been realized that lysosomes perform also nondegradative functions. They are involved in the storage of metabolites, control of osmotic, ionic
and pH homeostasis, and cell detoxification (Jones et al. 1997). In some cases, lysosomes also
act as secretory organelles. Conventional lysosomes can fuse with endosomal or phagosomal
compartments, creating transient hybrid organelles with hydrolytic enzyme activity, from which
5
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the lysosomal compartments are subsequently re-formed (Bright et al. 1997). Lysosomes have
also been shown to fuse with the plasma membrane in the process of membrane repair in
fibroblasts and epithelial cells (Rodriguez et al. 1997). Further, a multitude of specialized
secretory lysosomes exist in specific cell types (Stinchcombe et al. 2004). These include, for
example, the perforin-containing granules of cytotoxic T lymphocytes and natural-killer cells, or
the compartments containing MHC class II-peptide complexes in antigen-presenting cells. In
other cell types, a variety of so-called lysosome-related organelles (LROs) can be found
(reviewed in Dell’Angelica et al. 2000; Raposo et al. 2002). These specialized organelles coexist in the cell with conventional lysosomes, and they share many of their characteristics, such
as low intralumenal pH and hydrolytic enzyme content, as well as a basic scheme of functions
that comprises sequestration, storage and release of material. Due to these common features and
to their biogenesis and positioning in the cellular trafficking network, they are viewed as
variations on the “lysosomal theme”. Whether they should be classified merely as modified
lysosomes or as fully distinct organelles remains a subject of controversy (Dell’Angelica et al.
2000). Examples of lysosome-related organelles include the melanosomes that store pigment in
melanocytes of the skin and eye, the dense granules of platelets, the lamellar bodies of type 2
lung epithelial cells, and many others.
1.1.2 Lysosomal/vacuolar transport
Importantly, lysosomes do not function in the cell as isolated organelles. They constitute
part of an integrated network of cooperating compartments, collectively termed the lysosomal (or
vacuolar) transport system (Figure 1.1). This system encompasses several routes of intracellular
vesicular trafficking, all of which eventually lead to the lysosome. Apart from lysosomes, it
involves a variety of pre-lysosomal sorting compartments that can generally be divided into early
and late endosomes (although many other terms are also used, such as sorting or recycling
endosome for specific types of early compartments, and multivesicular body or prevacuolar
compartment for late compartments). These are membrane-bound organelles that serve as
intermediate stations for intracellular transport (Perret et al. 2005). They are defined on the basis
of characteristic protein and lipid composition and morphological structure, as early endosomes
can have outwardly extending tubular structures from which vesicles bud off, whereas late
endosomes often contain large amounts of internal membranes, derived from inward
invaginations and budding of the limiting membrane.
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Figure 1.1 Major intracellular trafficking routes of the lysosomal/vacuolar system of a
eukaryotic cell. The alkaline phosphatase (ALP) pathway, which has been described only in
yeast, is marked with a dashed line. Retrograde traffic is indicated in gray. The cvt pathway of
yeast cells is not depicted, since it can be viewed as a version of autophagy.
The main route (Figure 1.1) for the delivery of resident lysosomal proteins and lipids
from their site of synthesis in the ER to their site of action in the lysosome is the biosynthetic
route (in yeast called also the CPY pathway, after its best-studied cargo, the protein
carboxypeptidase Y). It leads through the Golgi and the endosomal system. The initial steps of
the biosynthetic route are common with the secretory trafficking pathway, which transports
material from the ER through the Golgi apparatus to the plasma membrane (PM). The transGolgi network (TGN), where these two pathways diverge, is one of the major sites of protein
sorting in the cell. In yeast, a third pathway separates here that leads directly to the vacuole,
bypassing the endosomal system: the ALP pathway, also named after its cargo, the lysosomal
protein alkaline phosphatase. An equivalent pathway in animal cells has not been identified yet,
although the protein machinery involved in ALP transport in yeast is present also in the cells of
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higher eukaryotes and is known to function in lysosomal trafficking – however, the available
data suggest that this traffic passes through endosomes (Theos et al. 2005). The endocytic route
of the lysosomal system leads from the cell surface through the endosomal system to the
lysosome; it trafficks cargo that is destined for degradation. Autophagy delivers material from
the cytoplasm directly to the lysosome, also for subsequent degradation.
These major transport pathways are accompanied by many additional cross-routes,
connecting various compartments of the system and allowing modifications of the “classical”
routes. For instance, in mammalian cells a significant portion of biosynthetic transport, which
delivers resident proteins to the lysosome, leads along the secretory pathway to the plasma
membrane and then follows the endocytic route to finally reach the lysosome (Janvier and
Bonifacino 2005). In yeast, a cytoplasm-to-vacuole targeting (cvt) pathway operates under
conditions that repress autophagy, transferring certain vacuolar proteins from their site of
synthesis in the cytoplasm directly to the vacuole (reviewed in Khalfan and Klionsky 2002).
Further, retrograde traffic takes place along most pathways (Figure 1.1), serving to recycle
components of the targeting machinery back to their site of steady-state localization. For
example, membrane receptors that are endocytosed after ligand binding can be sorted away from
the endocytic route in early endosomes and recycled back to the plasma membrane (Geuze et al.
1983).
The general architecture of the yeast vacuolar system and the lysosomal system of animal
cells is similar (Figure 1.1) (Lemmon and Traub 2000). The known differences include for
instance the presence in yeast of the ALP or cvt pathways, or the lack of evidence that resident
vacuolar proteins in yeast traverse the plasma membrane on their way to the vacuole, as is the
case for many lysosomal membrane proteins in mammalian cells. However, it is also possible
that all of these pathways do exist in both systems, but have simply not been detected yet,
perhaps because they are exploited by very few cargos or are less prominent. More significant
differences have been reported for the molecular mechanisms of cargo sorting along the transport
pathways: for example, yeast cells do not use the mannose-6-phosphate signal, which in animal
cells serves to target proteins to the lysosome, but instead exploit signals present directly in the
polypeptide sequences of vacuolar proteins (Bowers and Stevens 2005).
1.1.3 The molecular machinery that regulates intracellular traffic
Tight regulation of vesicular transport is crucial for the maintenance of compartment
identity in eukaryotic cells. The subsequent stages of transport comprise (1) membrane fission –
the process of forming and pinching off of a membranous vesicle from the donor compartment –
8
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which is correlated with cargo selection, then (2) movement of the transport vesicle along
cytoskeletal tracks towards the acceptor compartment, and finally (3) fusion with the target
membrane and cargo release. Each of these steps is precisely regulated and involves the activity
of numerous proteins.
Despite recent advances in this field, the process of vesicle formation and scission is still
relatively poorly understood. Although the molecular machineries responsible for membrane
budding at various cellular sites (endocytosis at the plasma membrane, sorting at the TGN, etc.)
differ from each other significantly, they also share several common features (discussed in Corda
et al. 2002; McNiven and Thompson 2006; Bonifacino and Glick 2004). The process starts by
the recruitment of a coat protein, which assembles on the cytoplasmic face of the forming
vesicle. Some coats interact directly with specific sorting signals in transmembrane cargo
proteins or transmembrane receptors of soluble cargo, while others require specific adaptor
proteins. The recruitment of specific coats and adaptors depends on small membrane-bound
GTPases and/or on the presence of certain phosphoinositides in the region of bud formation.
Changes in membrane shape in this region are brought about mechanically, by the activity of the
coat itself and of proteins that can sense and/or induce membrane curvature, such as ENTH- and
BAR-domain containing proteins, as well as biochemically, by the activity of various lipidmodifying enzymes, which locally change the lipid composition of the bilayer. The actual
pinching-off of the vesicle may involve dynamins – large GTPases thought to mechanically
promote vesicle pinching – or can proceed by other, less described mechanisms. The whole
process of vesicle formation and fission involves also the actin cytoskeleton and actin-regulatory
proteins, as well as Rab-GTPases, which have been implicated at all stages of the fission
reaction, although their precise role is not clear.
The movement of vesicles from donor towards acceptor compartments relies on the
activity of cytoskeletal and motor proteins, as well as on regulatory factors (Karcher et al. 2002;
Seabra and Coudrier 2004). The mechanisms responsible for this process are the same as those
engaged in the motility of whole organelles: endosomes, lysosomes, melanosomes, etc. Both
microtubules and actin filaments serve as tracks for vesicle/organelle movement. Although
initially it was assumed that microtubules are engaged in long-distance transport, and actin only
in short-range movement, now it is known that also actin filaments can be exploited for longrange motility. The motor proteins involved include the microtubule-based kinesins and dyneins,
as well as actin-based myosins, in particular type I, II, V, VI and VII myosins. The interaction of
cargo with the motor requires organelle-specific receptors that associate both with the membrane
of the vesicle/organelle and with the motor. These receptors have been described only in a few
9
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cases and show no homology with each other. The best-studied example of such a receptor is that
of dynactin, which has been suggested to function also as a molecular switch that coordinates
plus- and minus-end directed microtubular movement, due to its ability to interact both with
kinesin and dynein (Deacon et al. 2003). The cargo-motor interaction is also known to depend, at
least in some cases, on the activity of Rab-GTPases, which recruit motor proteins to cargo
organelles. The organelle-specific distribution of Rab-GTPases suggests that they may function
as one of the specificity determinants that ensures transport of the correct cargo to the correct
destination site, and their properties of GTP-dependent molecular switches could potentially
allow them to regulate the timing of the cargo-motor interaction.
The final step in vesicular transport is membrane fusion. Our current knowledge of the
mechanism of fusion reactions derives from studies in both animal and yeast cells, mainly from
experiments on the exocytosis of secretory vesicles at neuronal synapses and on the process of
homotypic yeast vacuole fusion (for reviews see Jahn et al. 2003; Bonifacino and Glick 2004;
Ungermann and Langosch 2005). The molecular machinery that catalyzes fusion reactions and
ensures their specificity is highly conserved in all eukaryotic organisms. The key players include
the ATPase NSF (N-ethylmaleimide sensitive factor), the protein SNAP (soluble NSFattachment protein), SNAREs (SNAP receptors), small GTPases of the Rab family, SM
(Sec1/MUNC18-like) proteins, and the largely unrelated group of multi-subunit tethering
complexes (Figure 1.2). The currently most widely accepted model divides the fusion reaction
into the stages of priming, tethering, docking and fusion. The first event is catalyzed by the NSF
ATPase, which causes release of the SNAP protein from the acceptor membrane and disruption
of cis-SNARE complexes, i.e. complexes composed of SNAREs located on the same membrane.
This provides free SNAREs for further steps of the reaction and thus renders the acceptor
membrane fusion-competent. Primed membranes enter the tethering stage, which is less well
described. It involves the activity of tethering complexes and SM proteins and results in the
establishment of a “loose” connection between the fusing membranes. During the docking stage
of the reaction, SNAREs from opposing membranes build so-called trans-SNARE complexes,
composed of a set of four tightly bound SNAREs (one R-SNARE from the donor membrane and
three different Q-SNAREs from the target membrane), which pin the membranes together
irreversibly. Rab-GTPases are required at this stage, but their precise role remains to be
determined. The last step is the process of fusion of the lipid bilayers, which involves the
establishment of trans-V0 complexes (consisting of the transmembrane, proteolipid subunits of
the V-ATPase from opposing membranes) and proceeds through a hemifusion stage. Fusion
reactions require also many additional factors, the role of which has not been fully elucidated
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yet: a calcium/calmodulin signaling event, activity of the actin cytoskeleton and actinremodeling proteins, and activity of regulatory proteins, among them Rho-GTPases and the
protein phosphatase PP1.

Figure 1.2 The subsequent stages of a membrane fusion reaction: (a) priming, (b) tethering, (c)
docking, (d) fusion. See text for details.

An important question concerns the mechanism that ensures the specificity of
intracellular fusion events, i.e. determines whether a particular vesicle should fuse with a
particular target membrane or not. Initially, SNAREs were postulated as determinants of fusion
specificity (the “SNARE hypothesis” (Söllner et al. 1993)), but although this hypothesis has
been very inspiring for trafficking research for a number of years, many results argue against it
(reviewed in Götte and von Mollard 1998; Duman and Forte 2003). Now it is usually assumed
that specific combinations of many factors – such as SNAREs, Rab’s, SM proteins and tethering
complexes – confer selectivity to fusion reactions (Yang et al. 1999), although the precise
mechanism by which this occurs has not been determined.
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1.1.4 The identification of proteins involved in transport
The high degree of conservation observed between the yeast and mammalian systems is
also maintained on the molecular level and is reflected in high sequence homology between
individual proteins. Due to the ease of large-scale genetic screens in yeast, they have played a
major role in the initial identification of proteins involved in intracellular transport.
One of the important advantages of using yeast for this purpose lies in the fact that even
severe disabling of the vacuolar system leaves yeast cells viable – mutants are known which lack
any microscopically discernible vacuolar structures (Raymond et al. 1992) – allowing the
identification and analysis of mutants that would have been impossible to obtain in other
systems. Some mutants have been described in studies that focused on single genes, but also
several large-scale genetic screens have been performed in yeast in order to identify genes
involved in intracellular trafficking (Table 1.1). Collections of yeast mutants were screened for
clones that would display an easily detectable phenotype. An assay for secretion of the vacuolar
hydrolase carboxypeptidase Y (CPY) was used to search for vps (vacuolar protein sorting)
mutants. This protein is normally trafficked along the biosynthetic route to the vacuole, but
mutations disabling this pathway result in aberrant diversion of CPY towards the plasma
membrane and secretion of the protein. In six separate screens, more than 60 vps mutants have
been identified (reviewed in Bowers and Stevens 2005). Another screen was set up to look for
mutants displaying abnormal vacuole morphology phenotypes, such as excessive fragmentation
or enlargement, and yielded 10 vam (vacuole morphology) mutants. Further screens are listed in
Table 1.1. The genes identified showed significant overlap, but still the number of independent
hits

has

eventually

exceeded

200

(Saccharomyces

Genome

Database

(SGD)

at

www.yeastgenome.org). This collection of yeast mutants has provided a basis for the
identification of transport proteins from higher eukaryotes by means of sequence similarity
analyses, complementation assays of yeast mutants, or combinations of both techniques.
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Table 1.1 Large-scale screens for yeast mutants defective in intracellular transport
Mutations

Associated phenotype

pep (peptidase- decreased vacuolar proteinase activity

References
Jones (1977)

deficient)
sec (secretory

enhanced cell density due to intracellular

pathway)

accumulation of the marker protein

Novick et al. (1980)

invertase, which is normally secreted by
yeast cells
vps (vacuolar

secretion of the marker protein

protein sorting) carboxypeptidase Y, which is normally
transported to the vacuole

Bankaitis et al. (1986),
Rothman and Stevens (1986),
Robinson et al. (1988),
Rothman et al. (1989),
Raymond et al. (1992),
Bonangelino et al. (2002)

vac (vacuolar

defective transfer of vacuoles from mother

Weisman et al. (1990), Shaw

inheritance)

cells to buds

and Wickner (1991), Gomes de
Mesquita et al. (1996), Wang et
al. (1996)

vam (vacuole

changed morphology of vacuoles

Wada et al. (1992)

morphology)
apg

reduced viability under starvation conditions Tsukada and Ohsumi (1993)

(autophagy)1
aut

defective breakdown of the cytoplasmic

(autophagy)1

marker protein fatty acid synthase, which

Thumm et al. (1994)

normally undergoes autophagic degradation
cvt (cytoplasm- accumulation of an unprocessed form of the
to-vacuole

cytoplasmic marker protein aminopeptidase

targeting)1

I, which is normally targeted to the vacuole

Harding et al. (1995)

and processed by vacuolar hydrolases
1

The APG, AUT and CVT genes have been later renamed in a unified ATG nomenclature by

Klionsky et al. (2003).
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1.2 Lysosomal disorders
Taking into account the multitude of diverse functions performed by lysosomes and
lysosome-related organelles, it is not surprising that lysosomal defects are the cause of many
human diseases.
The long list of disorders associated with lysosomal dysfunctions opens with lysosomal
storage disorders. These diseases result from the lack of a lysosomal hydrolytic activity and
consequent accumulation of the respective substrate. With more than 50 storage disorders
described, this is currently the largest known group of lysosome-related diseases. They are
classified basing on the type of macromolecule accumulating, and so they include
mucopolysaccharidoses, glycoproteinoses, sphingolipidoses, and many others (for review see
Vellodi 2004). The mechanisms underlying the various storage disorders are very diverse,
ranging from mutations in the gene coding directly for the affected enzyme, through defects in
enzyme processing or lack of activator proteins, to incorrect targeting of the enzyme and its
absence from the lysosome. For some lysosomal storage disorders the mechanisms are less clear,
and they probably arise as secondary effects of dysfunctions of seemingly unrelated proteins, as
might be the case in the Niemann-Pick type C disease (NPC), in which an unknown mechanism
leads to fatal accumulation of cholesterol and sphingolipids (Sturley et al. 2004), or in Batten
disease (juvenile neuronal ceroid lipofuscinosis, JNCL), which is characterized by the
accumulation of autofluorescent material in the lysosomes of neurons and, to a lesser extent, also
other cell types (Mole et al. 2005). An atypical example of an acquired lysosomal storage
disorder is that of foam cells – macrophage-derived cells that accumulate cholesteryl ester and
are critical for the formation and progression of atherosclerotic lesions (Jerome 2006).
The second group of lysosomal disorders are autophagy-related diseases. Autophagy is
implicated in numerous neurodegenerative disorders, including Huntington’s, Alzheimer’s and
Parkinson’s diseases, by a dual mechanism involving autophagy-induced neuron death and a role
of autophagy in the clearance of cytoplasmic protein aggregates. Similar mechanisms underlie
the defects of muscle cells in a group of hereditary disorders termed vacuolar myopathies, which
include Danon disease and X-linked vacuolar myopathy. Autophagy has also been associated
with the development of cancer, playing a role both in the prevention and in the progression of
the disease. The role of autophagy may change during tumor growth: first it can act as a tumor
suppressor by eliminating precancerous cells, but at later stages of tumor development it
supports cancer cells by providing nutrients and protecting them against various forms of stress
(for reviews on the role of autophagy in human diseases see Shintani and Klionsky 2004; Mariño
and López-Otín 2004).
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Finally, many lysosomal diseases arise from trafficking dysfunctions. This is a diverse
group of disorders that are caused by mutations in genes responsible for transport along the
routes of the lysosomal system (Stinchcombe et al. 2004; Clark and Griffiths 2003). They affect
the biogenesis and functioning of lysosomes and/or related organelles – the symptoms are often
more pronounced in secretory lysosomes or lysosome-related organelles than in their
conventional counterparts. Examples include the Hermansky-Pudlak (HPS) and Griscelli (GS)
syndromes and the Chediak-Higashi syndrome (CHS) (Table 1.2).
HPS is a heterogenous group of at least eight disorders (HPS types 1-8) that arise from
mutations in different genes but all affect the biogenesis and functioning of melanosomes,
platelet dense granules and to a various extent also other lysosome-related organelles (Li et al.
2004; Wei 2006). Consequently, the most characteristic clinical symptoms are partial
oculocutaneous albinism, impaired vision, and bleeding disorders. Some types of HPS involve
also pulmonary fibrosis, which results from defects in the functioning of lamellar bodies in type
II epithelial lung cells. It is possible that even more HPS subtypes will be identified in humans,
since 15 different mouse mutants with HPS-like symptoms have been described. With the
exception of HPS type 2, which results from the disruption of the AP-3 adaptor protein complex,
the functions of the mutated genes and the precise mechanisms underlying the diseases remain
elusive.
The Griscelli syndrome (Sanal et al. 2002; Menasche et al. 2003) comprises three
subtypes, each associated with a single gene locus. The disease manifests itself in melanocytes
and – depending on the subtype – can also affect immune cells (mostly cytotoxic T lymphocytes)
or neurons, resulting in partial albinism, immunodeficiency and neurological problems. The
mutated proteins (Rab27a, myosin Va and melanophilin) are known to form a complex that is
responsible for transport of melanosomes to the plasma membrane of melanocytes. However, in
other cell types the proteins do not associate with each other and the immunological and
neurological defects must result from the disruption of other, less well characterized functions of
Rab27a and myosin Va.
The Chediak-Higashi syndrome (CHS) (Shiflett et al. 2002) arises from mutations in the
CHS1/LYST gene, which encodes a protein of unknown function. On the molecular level, all cell
types are characterized by abnormal, enlarged lysosomes, but defects in the functioning of these
changed organelles manifest strongly only in melanocytes and cells of the immune system, again
resulting in partial albinism and immunodeficiency.
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Table 1.2 Diseases affecting secretory lysosomes and lysosome-related organelles
Human disease Human gene

Mouse model

Protein function

HPS1

HPS1

pale ear

Unknown

HPS2

APM3B1

pearl

Subunit of the AP-3 adaptor protein complex,
involved in protein sorting to the
vacuole/lysosome

HPS3

HPS3

cocoa

Unknown

HPS4

HPS4

light ear

Unknown

HPS5

HPS5

ruby eye-2

Unknown

HPS6

HPS6

ruby eye

Unknown

HPS7

DTNBP1

sandy

Unknown

HPS8

BLOS3

reduced

Unknown

pigmentation
GS1

MYO5A

dilute

Transport of lysosomes and related organelles
to the plasma membrane in melanocytes and
neurons

GS2

RAB27A

ashen

Transport of lysosomes and related organelles
to the plasma membrane in melanocytes and
immune cells

GS3

MLPH

leaden

Transport of melanosomes to the plasma
membrane in melanocytes

CHS

CHS1/LYST

beige

Regulation of membrane fusion and fission

Compiled from Clark and Griffiths (2003), Li et al. (2004), and Menasche et al. (2003).
The lysosomal system is also implicated in cellular defense against infections, and
lysosomal dysfunctions can lead to increased susceptibility to pathogens. Bacteria and viruses
that enter the cell by means of endocytosis are normally delivered to the lysosome and destroyed,
and removal of pathogens from the cytoplasm can occur by autophagy. However, many bacteria
and viruses modify the functioning of the lysosomal system machinery and use it for invading or
leaving the cell, or even for replication inside specific compartments. Examples include
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Salmonella typhimurium and Mycobacterium tuberculosis, which both influence cellular
transport and fusion mechanisms, changing the properties of lysosomes in infected cells so as to
allow survival and proliferation of the pathogen (Garcia del Portillo 1996; Vergne et al. 2004).
The HIV-1 virus has been shown to assemble in late-endosomal compartments and to exploit a
mechanism of secretory fusion with the plasma membrane for budding from infected cells
(Pelchen-Matthews et al. 2003).
1.3 Yeast as a model for studying lysosomal diseases
In order to design novel successful therapies for patients suffering of lysosomal disorders,
tools for experimental analysis of these dysfunctions need to be provided. Biochemical and
microscopic characterization of the affected cells can be carried out in cell lines derived from
patients or in engineered cell lines carrying defined genetic defects. For the testing of therapies
and drugs, animal models are most suitable. However, yeast models provide a unique starting
point for later studies in mammalian cells. This is due to the fact that fundamental biological
processes appear to have been conserved throughout the eukaryotic kingdom to an unexpected
degree and yeast can be viewed as a valid – though simplified – model for studying cellular
architecture and many basic cellular processes and mechanisms. This is true also for the
mechanisms of intracellular transport, and for the functioning of the lysosomal system.
Yeast strains carrying deletions or other mutations in genes homologous to diseaserelated human genes can serve as models for investigation of the mechanisms that underlie these
diseases. They can be used to characterize the defects arising from loss of a certain protein
activity, to assign a molecular function to the protein, or to place it in the cellular interaction
network. The application of yeast as disease models can yield results that would be more
difficult to obtain in animal cells. The methods of yeast research are often not only cheaper and
faster than experiments in animal systems, but they also allow to address the analyzed problems
in different ways, yielding other types of data. Many trafficking mutants that correspond to
human disorders have been successfully applied as disease models: the ncr1∆ and npc2∆ mutants
serve as models for the Niemann-Pick type C disease (Berger et al. 2005a; Berger et al. 2005b),
bph1∆ mimics the Chediak-Higashi syndrome (Shiflett et al. 2004), and btn1∆ corresponds to
Batten disease (Pearce and Sherman 1998). It should be stressed that also our understanding of
disorders associated with lysosome-related organelles (LROs) can profit from studies in yeast.
Lysosome-related organelles are absent from yeast cells, but the molecular machinery involved
in their biogenesis and functioning is often present and the analysis of relevant yeast mutants can
be inspiring. The Hermansky-Pudlak syndrome type 2 (HPS-2), a disorder affecting mainly
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melanosomes and platelet dense granules, provides an example of an LRO disease for which a
yeast model has been applied – the apm3∆ strain, which lacks a functional AP-3 complex
(Dell’Angelica et al. 1999) (Table 1.2).
With the constantly increasing amount of sequencing data and the refinement of sequence
comparison methods, which allow the detection of distant homologies, new relationships
between yeast and mammalian proteins can be identified. In this manner, yeast models for
further human diseases might be established, as in this work, where the ccz1∆ yeast mutant is
assigned as a model for the Hermansky-Pudlak type 4 syndrome. For disorders that are related to
proteins absent from yeast, innovative approaches may allow to construct yeast strains that
mimic some aspects of the disease, as has been the case for neurodegenerative disorders
associated with large aggregates of the mammalian protein α-synuclein (among them
Parkinson’s disease). This protein has been ectopically expressed in a yeast strain, providing a
simple system for the in vivo characterization of its properties (Outeiro and Lindquist 2003;
Cooper et al. 2006). Similar approaches may allow still more human disorders to be analyzed in
yeast cells.
1.4 The yeast protein Ccz1p – a regulator of vacuolar fusion
The yeast ORF YBR131w was identified in the yeast genome-sequencing project in 1996
(Goffeau et al. 1996) and initially characterized in the frames of a genome-wide functional
analysis project (Rieger et al. 1997) that involved targeted deletion of single yeast genes and
phenotypic analysis of the resulting mutants. A strain deleted for YBR131w showed increased
sensitivity to caffeine, calcium and zinc, and the gene was therefore named CCZ1 (Kucharczyk
et al. 1999). Despite the high level of conservation of intracellular trafficking mechanisms in
eukaryotic cells, for Ccz1p no sequence homology to any known protein was found, nor could
any defined sequence motifs or domains be detected (Kucharczyk et al. 1999).
Further analysis of the ccz1∆ mutant revealed a role for the corresponding Ccz1p protein
in intracellular trafficking. The mutant contained abnormal, fragmented vacuoles and was
defective in all major pathways of vacuolar transport: the CPY and ALP pathways, the delivery
of internalized endocytic cargo, and the processes of autophagy and cytoplasm-to-vacuole
targeting (Kucharczyk et al. 2000; Meiling-Wesse et al. 2002). All these transport routes were
strongly delayed – although not fully blocked – at the step of fusion of transport intermediates
with the vacuolar membrane. Ccz1p displayed also a functional and physical interaction with the
Rab-GTPase Ypt7p, which is required for all vacuolar fusion events (Haas et al. 1995).
Overproduction of Ypt7p or expression of mutated forms of this protein suppressed all known
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phenotypes of the ccz1∆ mutant, and Ypt7p co-immunoprecipitated with an epitope-tagged form
of Ccz1p (Kucharczyk et al. 2001). In addition, homozygous ccz1∆/ccz1∆ diploid cells were
unable to sporulate – a phenotype common for mutants with defective vacuoles. It was then
noticed that the trafficking phenotypes of the ccz1∆ mutant closely match those of another yeast
deletion strain, mon1∆. This observation led to the discovery that the Ccz1p and Mon1p proteins
interact in the cell, constituting a stable complex (Wang et al. 2002). Studies on isolated
vacuoles showed that Ccz1p and Mon1p are necessary for vacuole fusion in an in vitro assay,
and that they are required during the tethering stage of this reaction – similarly to Ypt7p (Wang
et al. 2003). On the basis of these results, it was postulated that the Ccz1p-Mon1p complex is
engaged in vacuolar membrane fusion, as a regulator of Ypt7p activity.
However, genetic data scattered throughout the literature suggested that Ccz1p may be
also involved in trafficking events at other sites in the cell. CCZ1 was identified in a screen for
genes showing synthetic genetic interactions with ARL1 – a GTPase of the Arf-like family,
which plays a role in intracellular trafficking in the Golgi (Lee et al. 1997; Rosenwald et al.
2002). A genome-wide synthetic interaction assay (Tong et al. 2004) revealed interactions of
both CCZ1 and MON1 with the gene NUM1, which is engaged in nuclear migration during cell
division (Heil-Chapdelaine et al. 2000), and it revealed an interaction of CCZ1 with SMI1 – a
gene involved in regulation of cell-wall biogenesis and bud growth (SGD). In our research
group, a synthetic genetic interaction of CCZ1 was observed with PEP12, which encodes a lateendosomal SNARE protein (R. Kucharczyk, unpublished). These very diverse interactions could
not be easily explained by the role of Ccz1p in vacuolar fusion, and they suggested that the
Ccz1p protein influences also other cellular processes, either by performing molecular functions
different than Ypt7p-regulation, or by acting at various intracellular sites other than the vacuolar
membrane.
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2. THE AIM OF THE WORK
As has been discussed in the introduction, the yeast protein Ccz1p plays an established
role in vacuolar fusion events, as part of the Ccz1p-Mon1p complex that regulates the RabGTPase Ypt7p. However, the available literature data suggested that Ccz1p may also perform
other functions or act at other sites in the yeast cell. In this study, my goal was to investigate this
possibility. Although the Ccz1p sequence was thought to show no significant similarity to other
known sequences, I speculated that this might result from the low-sensitivity sequence
comparison methods used previously. Therefore, next to a genetic approach in which I aimed to
precisely define the relationships between CCZ1 and all of its already known interactors, I also
decided to reanalyze the available sequence data with methods that allow the identification of
distant homologies. I assumed that the identification of a Ccz1p-homolog might open new
directions in research on both involved proteins, providing also clues as to potential novel
functions of the Ccz1p protein.
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3. MATERIALS AND METHODS
3.1 Media and growth conditions
3.1.1 Standard growth conditions
Unless otherwise indicated, bacteria were grown at 37°C and yeast strains at 30°C, either in
liquid culture with vigorous shaking, or on solid media. When required, growth in liquid cultures
was followed by measurements of optical density (OD) at 600 nm. Solid media were prepared by
the addition of 2.5% bacto-agar.
3.1.2 Bacterial media
For bacterial cultures, standard medium was LB: 2% bacto-tryptone, 0.5% yeast extract, 0.5%
NaCl, pH 7.5. If necessary, the medium was supplemented with 100 µg/ml ampicillin.
3.1.3 Yeast media
Standard complete medium for yeast cultures was YPD: 2% glucose, 1% yeast extract, 1%
bacto-peptone. For selection of cells containing the kanMX4 cassette, YPD plates were
supplemented with 200 µg/ml geneticin (G418 sulphate, Gibco).
For the selection of plasmid-containing cells, minimal synthetic medium (SD) was used:
2% glucose, 0.67% yeast nitrogen base without amino acids, and the required amino acid and
nucleotide supplements. When –ura or –trp medium was being prepared, SD was supplemented
with 1% bacto-casamino acids, and was then denoted SDC.
In some cases, other carbon sources (galactose, glycerol, ethanol) were added to yeast
complete or minimal media instead of glucose. These modifications are indicated in the text.
Sporulation of diploid yeast strains was carried out in 1% potassium acetate, which in
some cases was supplemented with 0.1% yeast extract, 0.05% glucose and 1/10 of the standard
amino acid additions. To improve the sporulation rate of strains of the BY background, the cells
were grown on YP plates containing 2% glycerol as the sole carbon source before transfer to
sporulation medium.
3.2 Escherichia coli strains
The E. coli strain XL1-Blue MRF’ (Stratagene) was used for DNA cloning and plasmid
propagation:
XL1-Blue MRF’

∆(mcrA)183 ∆(mcrCB-hsdSMR-mrr)173 endA1 recA1 relA1 supE44 thi-1
gyrA96 lac [F’ proAB lacIq Z∆M15 Tn10]
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3.3 Saccharomyces cerevisiae strains
3.3.1 Strains used in this study
The yeast strains used in this study are listed in Table 3.1.
Table 3.1 Yeast strains used in this study
Strain

Genotype

Reference

BY4741

MATa his3∆1 leu2∆0 met15∆0 ura3∆0

EUROSCARF

BY4742

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0

EUROSCARF

Y07164

BY4741 ccz1∆::kanMX4

EUROSCARF

Y17164

BY4742 ccz1∆::kanMX4

EUROSCARF

Y14491

BY4742 mon1∆::kanMX4

EUROSCARF

Y10575

BY4742 ypt7∆::kanMX4

EUROSCARF

Y03304

BY4741 arl1∆::kanMX4

EUROSCARF

Y01812

BY4741 pep12∆::kanMX4

EUROSCARF

Y12362

BY4742 vam3∆::kanMX4

EUROSCARF

Y16495

BY4742 vps9∆::kanMX4

EUROSCARF

Y11865

BY4742 vps21∆::kanMX4

EUROSCARF

Y14462

BY4742 vps45∆::kanMX4

EUROSCARF

MATα ade2 lys2 leu2 his3 ura3 arl1∆::HIS3

Love et al.

ccz1∆::kanMX4

(2004)

MATa his3∆1 leu2∆0 lys2∆0 ura3∆0 arl1∆::kanMX4

This study

KT15

RKY91-1A*

mon1∆::kanMX4
RKY108-4C*

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 arl1∆::kanMX4

This study

ypt7∆::kanMX4
RKY112-2C*

MATa his3∆1 leu2∆0 lys2∆0 ura3∆0 ccz1∆::kanMX4

This study

pep12∆::kanMX4
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RKY119-1D*

MATa his3∆1 leu2∆0 lys2∆0 met15∆0 ura3∆0

This study

mon1∆::kanMX4 pep12∆::kanMX4
MH24-2A*

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 pep12∆::kanMX4

This study

ypt7∆::kanMX4
MH28-4B*

MATa his3∆1 leu2∆0 ura3∆0 ccz1∆::kanMX4

This study

vam3∆::kanMX4
MH30-4A*

MATa his3∆1 leu2∆0 ura3∆0 ccz1∆::kanMX4

This study

vps9∆::kanMX4
MH29-10D*

MATα his3∆1 leu2∆0 met15∆0 ura3∆0 ccz1∆::kanMX4

This study

vps21∆::kanMX4
MH31-2D*

MATα his3∆1 leu2∆0 met15∆0 ura3∆0 ccz1∆::kanMX4

This study

vps45∆::kanMX4
MH33-1D*

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 pep12∆::kanMX4

This study

vam3∆::kanMX4
MH35-13B*

MATa his3∆1 leu2∆0 lys2∆0 met15∆0 ura3∆0

This study

pep12∆::kanMX4 vps9∆::kanMX4
MH34-12B*

MATα his3∆1 leu2∆0 lys2∆0 met15∆0 ura3∆0

This study

pep12∆::kanMX4 vps21∆::kanMX4
MH36-1C*

MATa his3∆1 leu2∆0 lys2∆0 met15∆0 ura3∆0

This study

pep12∆::kanMX4 vps45∆::kanMX4
W303-1B

MATα ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 Thomas and
Rothstein
(1989)

W303

SIIV07-6C

MATa/MATα ade2-1/ade2-1 can1-100/can1-100 his3-

Thomas and

11,15/his3-11,15 leu2-3,112/le2-3,112 trp1-1/trp1-1 ura3-

Rothstein

1/ura3-1

(1989)

MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 Kucharczyk et
ccz1∆::kanMX4

al. (1999)
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SIIV09

MATa/MATα ade2-1/ade2-1 can1-100/can1-100 his3-

Kucharczyk et

11,15/his3-11,15 leu2-3,112/le2-3,112 trp1-1/trp1-1 ura3-

al. (1999)

1/ura3-1 ccz1∆::kanMX4/ccz1∆::kanMX4
MSUC-1A
BJ3505

BJ3505-α

MATa ade8 ypt7∆::HIS3

T. Lazar

MATa can gal2 his3 lys2-208 trp1∆-101 ura3-52

Haas et al.

pep4∆::HIS3 prb1-∆1.6R

(1995)

MATα can gal2 his3 lys2-208 trp1∆-101 ura3-52

T. Baars

pep4∆::HIS3 prb1-∆1.6R
BJ3505 ccz1∆

BJ3505 ccz1∆::kanMX4

T. Baars

BJ3505-α ccz1∆ BJ3505-α ccz1∆::kanMX4

This study

BJ3505 mon1∆ BJ3505 mon1∆::kanMX4

T. Baars

BJ3505-7

BJ3505 ypt7∆::URA3

Haas et al.
(1995)

BJ3505 vac8∆

BJ3505 vac8∆::TRP1

Veit et al.
(2001)

MATα his3∆-200 leu2-3,112 lys2-801 suc2∆-9 trp1∆-901

Haas et al.

ura3-52 GAL pho8∆::TRP1

(1995)

Y03508

BY4741 num1∆::kanMX4

EUROSCARF

Y01023

BY4741 kar9∆::kanMX4

EUROSCARF

Y13470

BY4742 vac17∆::kanMX4

EUROSCARF

MAT his3∆1 leu2∆0 lys2∆0 met15∆0 ura3∆0

This study

DKY6281

MH20-9B*

ccz1∆::kanMX4 num1∆::kanMX4
MH38-7B*

MAT his3∆1 leu2∆0 lys2∆0 ura3∆0 mon1∆::kanMX4

This study

num1∆::kanMX4
MH23-3C*

MAT his3∆1 leu2∆0 lys2∆0 ura3∆0 num1∆::kanMX4

This study

ypt7∆::kanMX4
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MH25-3C*

MATa his3∆1 leu2∆0 lys2∆0 ura3∆0 ccz1∆::kanMX4

This study

kar9∆::kanMX4
MH37-5A*

MAT his3∆1 leu2∆0 ura3∆0 mon1∆::kanMX4

This study

kar9∆::kanMX4
MH26-4B*

MATa his3∆1 leu2∆0 lys2∆0 ura3∆0 kar9∆::kanMX4

This study

ypt7∆::kanMX4
MH21-5C*

MATa his3∆1 leu2∆0 ura3∆0 num1∆::kanMX4

This study

vac17∆::kanMX4
PJ69-4A

MATa trp1-901 leu2-3,112 ura3-52 his3-∆200 gal4∆ gal80∆ James et al.
GAL2-ADE2 LYS2::GAL1-HIS3 met2::GAL7-lacZ

(1996)

* These strains are derived from crosses of mutants in the BY4741 and BY4742 backgrounds.
3.3.2 Yeast strain construction
The strain BJ3505-α ccz1∆ was obtained by disrupting the CCZ1 locus in the parental BJ3505-α
strain, according to the protocol described by Kucharczyk et al. (1999). For this purpose, the
gene replacement cassette was excised from the pRS416-delCCZ1 plasmid (Table 3.3) with the
restriction enzymes XbaI and XhoI, purified by agarose gel electrophoresis and gel extraction,
and transformed into the BJ3505-α strain. Transformed clones were selected on plates containing
geneticin. Presence of the ccz1∆ deletion was confirmed by testing calcium sensitivity and by
PCR with the oRK6 and kon_KAN primer set (Table 3.2).
All other strains constructed in this study are double deletion mutants that were obtained
by crossing of the appropriate single mutants, sporulation of the resulting diploids, and tetrad
dissection (as described in Rose et al. 1990). Candidate double mutants were identified basing on
the segregation of the kanMX4 marker – and of the calcium sensitivity phenotype, if applicable –
and the presence of the correct gene deletions was in each case confirmed by PCR. For primer
sequences and locations see Table 3.2.
For details of DNA manipulations and yeast techniques see sections 3.6 and 3.8.
3.4 Oligonucleotides
The oligonucleotides used in this work (Table 3.2) were purchased either from the Laboratory of
DNA Sequencing and Oligonucleotide Synthesis, IBB PAS, or from Sigma-ARK.
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Table 3.2 Oligonucleotides used in this study
Name

Sequence (5’→3’)

Description / location

ccz1-QE40- CC GGA TCC AGA CTA CAC TAT

BamHI site and nt 4-22 of CCZ1 – used

up

for gene cloning

ATT ACG G

ccz1-QE40- CCC GTC GAC TTA AAT TTC CCT

SalI site and nt 2115-2098 of CCZ1 – for

down

gene cloning

GGA TTC

GAL4-BD1 TCA TCG GAA GAG AGT AGT
AAC A
hCHiPS-d

nt 394-415 of GAL4 – for cloning of
human CHiPS from pGBT9-HPS4

CAT GTC GAC CTT GGC GGT GAG SalI site and nt 636-625 of human HPS4
– for cloning of human CHiPS

CCZ1tail

Ctail2up

HPS4-up

HPS-down

kon_KAN

CCC GTC GAC GCT ATA ATC TTG SalI site and nt 583-597 of CCZ1 – for
CAG

cloning of C-terminus of Ccz1p

C ATC GAT AAC AAG GAC TTC

ClaI site and nt 388-402 of CCZ1 – for

CGC

cloning of C-terminus of Ccz1p

C GGA TCC ATG GCC ACC TCT

BamHI site and nt 1-15 of HPS4 – for

ACC

cloning of human CHiPS

CC ATC GAT TTC ATA AGC TAG

ClaI site and nt 384-367 of HPS4 – for

GGA AAC2

cloning of human CHiPS

GGGCTTCCCATACAATCG

nt 135-118 of cds (coding sequence) of
kanamycin-resistance gene

oRK63

CTGCTGCTACTCATGGCAAC

nt 221-201 upstream of CCZ1 cds

kon_Pep12

CAGCGCAGAGGCTATC

nt 307-292 upstream of PEP12 cds

oRK253

GGAATAACCTCAGAACTCAC

nt 233-214 upstream of YPT7 cds

kon_Vam3

GGTGCTGACGAGGAC

nt 285-271 upstream of VAM3 cds

kon_Vps9

GAATCCCGCACATGTC

nt 231-216 upstream of VPS9 cds

kon_Vps21 CTTATGCTGAGGTAGG

nt 295-280 upstream of VPS21 cds

kon_Vps45 GTCATCACACGCCAG

nt 339-325 upstream of VPS45 cds

kon_Num1

nt 340-323 upstream of NUM1 cds

GCTGATAGACCAAGTGTG
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kon_Kar9

CTGTCGAACATCTCCTG

nt 277-261 upstream of KAR9 cds

kon_Vac17 CTATCGACATCTCGCTG

nt 419-403 upstream of the VAC17 cds

1

- kind gift of the Laboratory of DNA Sequencing and Oligonucleotide Synthesis, IBB PAS

2

- the double-underlined T was introduced instead of a C (present in this position in the original

sequence) in order to prevent methylation of the ClaI site; this change does not cause any change
in the amino acid sequence
3

- kind gift of R. Kucharczyk, IBB PAS

3.5 Plasmids
The plasmids used in this study are listed in Table 3.3.
Table 3.3 Plasmids used in this study
Plasmid
pARY-1

Vector
YEp352

Relevant genotype
AmpR 2µ URA3 ARL1

Reference
Rosenwald et
al. (2002)

pMXL-2

YEp352

AmpR 2µ URA3 YPT1

Rosenwald et
al. (2002)

pRS426-VAM3 pRS426

AmpR 2µ URA3 VAM3

This study

pRK17

AmpR 2µ URA3 YPT7

Kucharczyk et

pRS426

al. (2001)
pRK16A

pRS416

AmpR CEN URA3 ypt7D129A

Kucharczyk et
al. (2001)

pRK18

YEp352

AmpR 2µ URA3 CCZ1-HA

Kucharczyk et
al. (2001)

pMON1-AD

pGAD

AmpR 2µ LEU2 GAL4-AD-MON1

D. Klionsky

pSRG63

YEp352

AmpR 2µ URA3 PEP12

Gerrard et al.
(2000)

pYCG-CCZ1

pRS416

AmpR CEN URA3 CCZ1

Kucharczyk et
al. (1999)
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pUG-CCZ1

pUG36

AmpR CEN URA3 PMET25-GFP-CCZ1

This study

pUG-1-612

pUG36

AmpR CEN URA3 PMET25-GFP-CCZ1(1-612)

This study

pUG-14-705

pUG36

AmpR CEN URA3 PMET25-GFP-CCZ1(14-705)

This study

pUG-HPS4

pUG36

AmpR CEN URA3 PMET25-GFP-HPS4

This study

pUG-H1

pUG36

AmpR CEN URA3 PMET25-GFP-HPS4(1-213)-

This study

CCZ1(194-705)
pUG-H2

pUG36

AmpR CEN URA3 PMET25-GFP-HPS4(1-128)-

This study

CCZ1(130-705)
pUG-13H1

pUG36

AmpR CEN URA3 PMET25-GFP-CCZ1(1-13)-

This study

HPS4(1-213)-CCZ1(194-705)
pUG-13H2

pUG36

AmpR CEN URA3 PMET25-GFP-CCZ1(1-13)-

This study

HPS4(1-128)-CCZ1(130-705)
p2H-CCZ1

pGBT9-2H AmpR 2µ TRP1 GAL4-BD-CCZ1

This study

p2H-1-612

pGBT9-2H AmpR 2µ TRP1 GAL4-BD-CCZ1(1-612)

This study

p2H-14-705

pGBT9-2H AmpR 2µ TRP1 GAL4-BD-CCZ1(14-705)

This study

pGBT9-HPS4

pGBT9

AmpR 2µ TRP1 GAL4-BD-HPS4

Nazarian et al.
(2003)

p2H-H1

pGBT9-2H AmpR 2µ TRP1 GAL4-BD-HPS4(1-213)-

This study

CCZ1(194-705)
p2H-H2

pGBT9-2H AmpR 2µ TRP1 GAL4-BD-HPS4(1-128)-

This study

CCZ1(130-705)
p2H-13H1

pGBT9-2H AmpR 2µ TRP1 GAL4-BD-CCZ1(1-13)-HPS4(1- This study
213)-CCZ1(194-705)

p2H-13H2

pGBT9-2H AmpR 2µ TRP1 GAL4-BD-CCZ1(1-13)-HPS4(1- This study
128)-CCZ1(130-705)

pGAL1-PEP4

pSEYC68

AmpR CEN URA3 PGAL1-PEP4

Vida et al.
(1990)
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pRS314-GAL-

pRS314

AmpR CEN TRP1 PGAL1-PEP4

This study

pRS416

AmpR CEN URA3 CCZ1::kanMX4

Kucharczyk et

PEP4
pRS416delCCZ1
pJR233

al. (1999)
YEp352

AmpR 2µ URA3 PMLS1-GFP-PTS1

Brocard et al.
(1997)

pACT2

–

AmpR 2µ LEU2 GAL4-AD

Clontech

pGBT9-2H

–

AmpR 2µ TRP1 GAL4-BD

K. Flis

pRS314

–

AmpR CEN TRP1

Sikorski and
Hieter (1989)

pRS426

–

AmpR 2µ URA3

Christianson et
al. (1992)

pUG36

–

AmpR CEN URA3 PMET25-GFP

J.H.
Hegemann

3.6 DNA manipulations
Routine DNA manipulations required for the construction of plasmids and strains (plasmid
isolation from bacterial cells, DNA digestion, ligation and electrophoresis in agarose gels,
transformation of E. coli) were carried out according to standard protocols (Sambrook et al.
1989). DNA fragments were purified by agarose gel electrophoresis and isolation with the
QIAEX II Gel Extraction Kit (Qiagen). Correct ligation at vector-insert junctions was in all cases
confirmed by sequencing (Laboratory of DNA Sequencing and Oligonucleotide Synthesis, IBB
PAS). Small-scale isolations of yeast chromosomal DNA, which was used as template DNA for
PCR-based confirmation of correct gene deletions, were carried out following the procedure of
Rose et al. (1990). PCR reactions that were run in order to confirm gene deletions were carried
out with Taq DNA polymerase (Dynazyme); for PCR-based cloning of CCZ1 and of the HPS4and CCZ1-fragments, the high-fidelity polymerases Expand High-Fidelity (BoehringerMannheim) and Platinum Pfx (Invitrogen) were used.
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3.7 Plasmid construction
3.7.1 Construction of the pUG-CCZ1 and p2H-CCZ1 plasmids
The wild-type CCZ1 gene was amplified by PCR with the primers ccz1-QE40-up and ccz1QE40-down (Table 3.2). The plasmid pYCG-CCZ1 (Table 3.3) served as the DNA template for
this reaction. The resulting PCR product contained a BamHI restriction site directly upstream of
the CCZ1 coding sequence (the ATG codon was removed) and a SalI site following the original
STOP codon. This product was cloned into the BamHI/SalI-digested vector pUG36 (Table 3.3;
kindly provided by J.H. Hegemann, Heinrich-Heine University, Düsseldorf, Germany), which
allows simple cloning of DNA fragments directly downstream of a yeGFP (yeast enhanced green
fluorescent protein)-encoding sequence placed under the control of a MET25 promoter, yielding
pUG-CCZ1.
For the construction of p2H-CCZ1, the BamHI-SalI insert was excised from pUG-CCZ1
and cloned into the BamHI/SalI-digested vector pGBT9-2H (Table 3.3; gift of K. Flis, IBB
PAS). This vector is derived from the vector pGBT9 (Clontech), which allows construction of
GAL4-BD (-DNA-binding domain) fusions, but it contains a modified multiple cloning site.
3.7.2 Plasmids containing truncated forms of CCZ1
The pUG-14-705 plasmid was constructed by digestion of pUG-CCZ1 with BamHI/BglII, which
removed the first 13 codons from the CCZ1 sequence, and re-ligation. By analogy, the p2H-14705 was obtained by BamHI/BglII-digestion and re-ligation of p2H-CCZ1.
The plasmid pUG-1-612 was constructed by excision of a BamHI-HincII 1.8 kb-long
fragment from pUG-CCZ1 and cloning of this fragment into BamHI/SmaI-digested pUG36.
p2H-1-612 was obtained by cloning of an analogous BamHI-HincII fragment from p2H-CCZ1
into BamHI/SmaI-digested pGBT9-2H.
3.7.3 Preparation of plasmids for the expression of HPS4 and of chimeric HPS4-Ccz1p
proteins in yeast
The plasmid pGBT9-HPS4 (Table 3.3) was a kind gift of E.C. Dell’Angelica (University of
California, Los Angeles, USA). The cDNA of the human HPS4 gene (isoform a; gi: 66904670)
was cut out of pGBT9-HPS4 with EcoRI/SalI and cloned into EcoRI/SalI-digested pUG36,
yielding pUG-HPS4.
Next, plasmids encoding four variants of chimeric HPS4-Ccz1p proteins (termed H1, H2,
13H1 and 13H2), N-terminally fused with yeGFP or the Gal4p-BD, were constructed. The
human CHiPS domain was amplified from the pGBT9-HPS4 template by PCR with the GAL430
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BD and hCHiPS-d primers (Table 3.2). The resulting product, which contained the codons 1-213
of HPS4, flanked by the EcoRI and SalI restriction sites, was digested and cloned into
EcoRI/SalI-digested pUG36 and pGBT9-2H. The C-terminal domain of CCZ1 was amplified by
PCR with the primers CCZ1tail and ccz1-QE40-down (Table 3.2), using the pUG-CCZ1 plasmid
as template. The product of this reaction, containing the coding sequence for amino acids 194705 of Ccz1p, flanked by two SalI restriction sites, was digested and cloned into the SalI sites of
the pUG36-HPS4(1-213aa) and pGBT9-2H-HPS4(1-213aa) constructs, yielding the plasmids
pUG-H1 and p2H-H1, respectively. Clones with correct orientation of the insert were selected
after test digestion with XhoI, and confirmed by routine sequencing of the final products.
The H2 hybrid, composed of amino acids 1-128 from the HPS4 protein and amino acids
130-705 from Ccz1p, was constructed as follows. First, a PCR reaction with the primers Ctail2up and ccz1-QE40-down (Table 3.2), and the pUG-CCZ1 plasmid as template, was performed,
and the obtained product was digested with ClaI/SalI and cloned into the pUG36 vector, digested
with the same enzymes. Then, the N-terminal portion of the human CHiPS domain was
amplified from the pGBT9-HPS4 plasmid by PCR with the primers HPS4-up and HPS-down
(Table 3.2), digested with BamHI/ClaI, and cloned into BamHI/ClaI-digested pUG36CCZ1(130-705aa), yielding pUG-H2. The p2H-H2 plasmid was constructed by excision of the
H2 sequence from pUG-H2 with BamHI/SalI and cloning of this fragment into BamHI/SalIdigested pGBT9-2H.
The hybrids 13H1 and 13H2 differ from the H1 ad H2 constructs by additional Nterminal stretches of 13 amino acids derived from the N-terminus of Ccz1p. The plasmids pUG13H1 and p2H-13H1 were constructed by cloning of BamHI/KpnI fragments from pUG-H1 and
p2H-H1 into BglII/KpnI-digested pUG-1-612 and p2H-1-612, respectively. Analogously, pUG13H2 was obtained by cloning of a BamHI/SalI fragment from pUG-H2 into BglII/SalI-digested
pUG-1-612; the plasmid p2H-13H2 was constructed by cloning of the whole 13H2-encoding
sequence, excised with BamHI/SalI, into BamHI/SalI-digested pGBT9-2H.
3.7.4 The pRS426-VAM3 and pRS314-GAL-PEP4 plasmids
The plasmid pRS426-VAM3 was obtained by cloning of a XhoI-SacI fragment from a pRS406VAM3 plasmid (kind gift of A. Mayer, University of Lausanne, Switzerland) into XhoI/SacIdigested pRS426 (Christianson et al. 1992).
pRS314-GAL-PEP4 was constructed by cloning of an EcoRI-SalI fragment from pGAL1PEP4 (Table 3.3) into EcoRI/SalI-digested pRS314 (Sikorski and Hieter 1989).
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3.8 Methods of yeast genetics
3.8.1 Crossing of yeast strains
Crossing of haploid yeast strains in order to obtain diploids, sporulation of the diploid strains,
and tetrad dissection and analysis were performed according to standard protocols (Rose et al.
1990).
3.8.2 Transformation of yeast cells
The introduction of plasmid DNA into yeast cells was carried out according to the method of
Chen et al. (1992), which involves the usage of lithium acetate, polyethylene glycol,
dithiothreitol (DTT) and single-strand DNA as carrier. Transformation of the linear DNA
fragment for gene disruption was performed according to the modified high-efficiency version of
this method, described by Gietz and Woods (1998).
3.8.3 Phenotypic tests
For the determination of growth phenotypes, yeast cells were cultured to saturation, adjusted to a
starting density of 4 OD units per ml, and 4 or 5 serial 10-fold dilutions were spotted on control
and test plates. After 2-7 days of incubation at the indicated temperatures, the plates were
photographed. Plates for ion sensitivity assays were prepared by supplementing YPD medium
with CaCl2 from a 4M stock or ZnCl2 from an 0.1M stock, to the final concentrations indicated
in the text. When newly constructed mutants obtained from crosses were being analyzed, at least
two separate spore clones were tested in each case, in order to confirm phenotype-genotype
correlation.
Sporulation efficiency was determined by direct microscopic observation of the cells.
3.8.4 Two-hybrid system (2HS) assays
Two-hybrid protein interaction assays were performed using the system initially described by
Fields and Song (1989), in the version developed by James et al. (1996). The PJ69-4A reporter
strain (see Table 3.1) was co-transformed with a pair of plasmids that allow expression of the
tested proteins as fusions with the DNA-binding domain (BD) and the activation domain (AD) of
the Gal4p transcription factor (Table 3.3). As controls, each plasmid was also tested for
interaction with an appropriate empty vector (encoding the Gal4p-AD or -BD alone). The
resulting transformants were assayed for growth on plates lacking leucine, tryptophan and
histidine, as described in section 3.8.3. As positive growth control, the strains were also spotted
on plates that lacked leucine and tryptophan only.
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3.9 Yeast molecular biology methods
3.9.1 Preparation of total protein extracts from yeast cells
Total protein extracts for SDS-PAGE analysis were prepared by trichloroacetic acid (TCA)
precipitation. 2-3 OD units of yeast cells were pelleted and either used immediately, or frozen at
-20°C for later usage. The pellets were lysed for 10 minutes on ice in 1.85N NaOH with 7.4% βmercaptoethanol, and proteins were precipitated by the addition of TCA to a final concentration
of 25% and 10 minutes incubation on ice. The proteins were then pelleted, rinsed with 1M Trisbase to remove TCA, and suspended in 70-150 µl of SDS-PAGE sample buffer (SB): 2% SDS,
10% glycerol, 0.02% bromophenol blue, 62.5 mM Tris-HCl pH 6.8. The samples were
immediately heated for 5 minutes at 95°C, and either directly loaded on polyacrylamide gels, or
frozen at -20°C for up to a week.
3.9.2 Western blotting
For Western blot analysis, protein samples were resolved by standard SDS-PAGE in 10%
polyacrylamide gels and transferred to Hybond-C extra nitrocellulose membranes (Amersham)
by a semi-dry electroblotting procedure. The blots were blocked with 2% non-fat powdered milk
dissolved in Tris- or phosphate-buffered saline (TBS or PBS, respectively) and either incubated
overnight at 4°C with a rabbit polyclonal anti-GFP antibody (Living Colors, Clontech) or a
rabbit polyclonal anti-actin serum (kind gift of A. Mayer, University of Lausanne, Switzerland)
or a rabbit polyclonal antiserum against a Ccz1p-peptide (kind gift of T. Baars, University of
Lausanne, Switzerland), or incubated 2 hours at room temperature (RT) with a mouse
monoclonal anti-CPY antibody (10A5, Molecular Probes). The primary antibodies were diluted
in TBS or PBS containing 2% powdered milk, to final concentrations of 0.5 µg/ml for anti-GFP,
1:1000 for anti-actin and anti-Ccz1, and 0.05 µg/ml for the anti-CPY antibody. Incubation with
secondary antibodies was for 1-2 hours at RT, and either alkaline phosphatase-conjugated antirabbit or anti-mouse antibodies (Promega) were used, or IRDye800-conjugated fluorescent antirabbit antibodies (Li-Cor), all at a dilution of 1:10000. Alkaline-phosphatase activity was
detected by reaction with the CDP-Star substrate (Roche) and X-ray film exposition, whereas
IRDye800-fluorescence was detected directly in the 800nm-channel of an Odyssey scanner (LiCor) by means of the manufacturers software, yielding both visual and quantitative data.
3.9.3 Vacuole isolation and in vitro fusion
Vacuole preparation and fusion were performed according to the protocol of Peters et al. (2004).
Yeast were cultured in liquid YPD or SDC medium to an OD of 1-2. Cells from 1 litre of culture
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were pelleted, incubated 10 minutes at 30°C in 50 ml of 0.1M Tris-HCl, pH 8.9, with 10 mM
DTT, centrifuged, suspended in 15 ml of YP medium with 0.2% glucose, 50 mM potassium
phosphate, pH 7.5, 0.6M sorbitol, and 1800-3600 U/ml of oxalyticase (adjusted separately for
each strain prepared). The cells were incubated 20 minutes at 30°C to allow cell-wall digestion,
re-isolated, and suspended in 2.5 ml of 15% Ficoll in PS buffer (10 mM Pipes-KOH, pH 6.8, and
0.2M sorbitol) by gentle stirring with a plastic rod. From this point on, the samples were kept at
4°C. 100-200 µl of DEAE-dextran were added from an 0.4 mg/ml stock and the cells were
incubated 2 minutes on ice, lysed 90 seconds at 30°C, chilled, and transferred to SW41 tubes.
The suspension was overlaid with 3 ml of 8% Ficoll in PS buffer, 3 ml of 4% Ficoll in PS, and
1.5 ml of buffer alone. The samples were centrifuged 90 minutes at 150 000 g. Under these
conditions, vacuoles float to the top of the Ficoll gradient and can be gathered from the 4%/0%
interphase. Protein concentration in the vacuole samples was determined by the Bradford assay,
with the ready-to-use Protein Assay Reagent (BioRad). The obtained vacuole preparations were
used for assaying in vitro fusion activity.
The in vitro vacuole fusion assay measures fusion between two different populations of
isolated organelles. One population is derived from a strain carrying the pho8∆ mutation
(DKY6281 background, Table 3.1) and the other from a pep4∆ strain (BJ3505 background,
Table 3.1). PHO8 encodes the vacuolar protein alkaline phosphatase (ALP), so pho8∆ vacuoles
lack the activity of this enzyme. PEP4 codes for a protease that is responsible for the cleavage of
enzymatically inactive proALP to the mature, active form of ALP, so pep4∆ vacuoles are also
devoid of alkaline phosphatase activity. When isolated vacuoles of both types are mixed in the
presence of an energy-regenerating system, under appropriate salt and temperature conditions,
they fuse, and if fusion occurs between two vacuoles of opposite type, then the Pep4p protein
present in one fusion partner gains access to the proALP present in the other partner and active
ALP is produced. Alkaline phosphatase activity of the final mixture is then measured and serves
as a readout for fusion.
For in vitro fusion reactions only freshly prepared vacuoles were used. Each fusion
reaction contained 3 µg of vacuoles from each strain (of the BJ3505 and DKY6281 backgrounds)
in a total volume of 30 µl of PS buffer with 150 mM KCl and 0.5 mM MnCl2. The reactions
were started by adding 1.5 µl of an ATP-regenerating system (final concentrations: 0.5 mM
ATP, 0.5 mM MgCl2, 20 mM creatine phosphate, 35 U/ml creatine kinase) from a frozen, 20x
stock, and placing the tubes in a water bath at 27°C. After 60 minutes of incubation, the fusion
reactions were stopped by the addition of 0.5 ml of a mix for assaying alkaline phosphatase
activity (10 mM MgCl2, 1 mM p-nitrophenol-phosphate, 0.4% Triton X-100, 250 mM Tris, pH
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8.9), and the samples were incubated at 27°C for a further 5 minutes. The phosphatase assay was
stopped by the addition of 0.5 ml of 1M glycine, pH 11.5, and the amount of p-nitrophenol
present in the samples (produced from the p-nitrophenol-phosphate by the active alkaline
phosphatase) was determined spectrophotometrically at 400 nm. Every fusion reaction was set
up in triplicate, and two more tubes were prepared and left on ice. The mean values for each type
of reaction were calculated and each result was presented as the relative fusion efficiency over
the ice value of the same mixture.
3.9.4 Fluorescence microscopy
For observation of GFP-fusion proteins, the cells were grown to the mid-logarithmic phase of
growth in liquid SD medium supplied with the necessary amino acids and nucleotides but
lacking methionine, to allow induction of the MET25 promoter. The cells were placed directly on
slides, viewed and photographed, using a FITC filter set. In all fluorescence microscopy
experiments, control photos of the same fields in DIC were also taken.
Vacuole morphology was assayed after staining of the cells with the lipophilic styryl dye
FM4-64 (Molecular Probes), according to the method of Vida and Emr (1995). The cells were
grown in liquid YPD or SD medium to the late-logarithmic growth phase, pelleted, and resuspended at 10-20 OD units per ml in fresh YPD containing 20 µM FM4-64 (stored at -20°C as
a 4 mM stock in DMSO). After 20 minutes of dye uptake at RT, the cells were collected, resuspended in fresh YPD at ~1 OD per ml and cultured at 30°C with vigorous shaking for 2-4
hours, to ensure complete transfer of the dye to its final intracellular destination. Then the cells
were placed on slides, viewed and photographed, using a TRITC filter set.
3.9.5 Microscopical assays of organelle inheritance
All microscopic organelle inheritance assays were performed essentially as described by
Ishikawa et al. (2003), with minor modifications.
To assay vacuolar inheritance during mitosis, the cells were cultured to the midlogarithmic growth phase, supplied with FM4-64 at a final concentration of 30 µM, cultured for
1 hour in the presence of the dye to allow labeling, pelleted, washed twice with YPD to remove
all free dye, re-suspended in fresh medium at 0.1-0.2 OD units per ml, and chased for 4-5 hours,
to allow approximately one cell division. After the chase, the cells were concentrated by
pelleting, placed on slides and viewed using the TRITC filter set. Photographs of at least 10
random fields were taken. The cells were scored as defective in vacuolar inheritance if they
contained no fluorescent label at all or contained a stained vacuole in the mother cell, but carried
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an unstained bud, which had a diameter (along the long axis) of at least half the mother cell’s
diameter. In each experiment, 70-140 cells were counted, and for each strain at least two
independent experiments were conducted.
The zygote vacuole inheritance assay was generally similar to the mitotic assay. The
analyzed a-type strains were cultured and stained with FM4-64 as described for the mitotic
assay, rinsed three times with YPD, allowed 15 minutes recovery in fresh medium at 30°C, and
mixed with equal amounts of unstained, mid-logarithmic α-type mating partners. After 3-5 hours
of mating in liquid YPD at 30°C, the cells were viewed and photographed. Only zygotes with
large buds (with a diameter of at least half the parents’) were scored. Zygotes with fluorescent
staining visible in both parental cells and in the bud were judged as displaying correct vacuole
transfer, zygotes lacking staining either in the second parental cell or both in the bud and second
parental cell well judged defective. 20-80 zygotes were counted in each experiment.
Nuclear transmission was assayed after DAPI (4’,6-diamidino-2-phenylindole; Sigma)
staining of cellular DNA. The cells were cultured to the mid-logarithmic growth phase,
collected, suspended in 80% ethanol, and incubated 1 hour or stored at -20°C for up to one week.
The cells were then rinsed twice with PBS, once with PBS + 1% Triton X-100, suspended in
PBS + 8.3 µg/ml DAPI and incubated 10 minutes at RT in the dark. Afterwards, the samples
were rinsed three times with PBS, placed on slides and viewed, using the DAPI filter set. Photos
of random fields were taken. Cells were scored as defective in nuclear inheritance if they
contained: no stained nucleus, two or more nuclei, or a nucleus in the course of division with
neither of the two poles directed towards the bud. The number of cells counted in each
experiment ranged from 200 to 500.
The inheritance of peroxisomes was followed by visualization of these organelles with a
GFP-PTS1 (-peroxisome targeting signal 1) fusion protein. The plasmid pJR233 (Table 3.3) was
introduced into the assayed strains, and the cells were cultured in SDC medium containing 2%
ethanol and 0.2% glucose as the carbon source, to de-repress peroxisome formation. The cells
were collected in the mid-logarithmic growth phase, placed on slides, viewed and photographed,
using the FITC filter set. Unbudded cells and cells containing no fluorescent structures at all
were not scored. Since under these conditions even very small buds already contain stained
peroxisomes, all cells carrying unstained buds were counted as defective in peroxisome
inheritance. Two experiments were performed for each strain, and 40-100 cells were counted in
each experiment.
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3.9.6 CPY-cleavage vacuole inheritance assay
The CPY-cleavage vacuole inheritance assay was based on the method developed by
Gomes de Mesquita et al. (1996). All strains used in this assay carry a genomic pep4∆ mutation
and a wild-type copy of the PEP4 gene under the control of the galactose-inducible GAL1
promoter, introduced on a plasmid (pGAL1-PEP4 or pRS314-GAL-PEP4, Table 3.3). In this
assay, cells which do not inherit active vacuolar proteases from mother cells become devoid of
mature proteases after prolonged growth in glucose medium, in which transcription of the
plasmid-encoded PEP4 gene is repressed, and under these conditions they can not cleave
proCPY and they contain only the unprocessed, 67-kDa p2 form of CPY. Wild-type cells inherit
active Pep4p and mature CPY from their mother cells, along with vacuoles, so that even in the
absence of PEP4 expression they contain proteases that can cleave proCPY to its mature, 61-kDa
mCPY form. The p2CPY and mCPY forms can be distinguished by their different mobility in
SDS-PAGE.
The assayed strains were cultured in appropriate SDC medium (-ura, -trp, or -ura -trp)
with 2% galactose as the sole carbon source (SDCGal) for 24-30 hours, to an OD of 1-2. From
these cultures, 2 OD units were pelleted and frozen for protein isolation (time = 0h samples), and
0.1 OD unit was used to inoculate 12 ml of glucose-containing SDC medium. After
approximately 16 hours of growth in glucose, at an OD of 0.3-0.4 (which corresponded to about
5-6 cell divisions), 2 OD units of cells were pelleted and frozen (time = 16h samples). From all
cell pellets, total protein extracts were prepared (section 3.9.1), suspended in 70 µl of SB, and
heated. The samples were subjected to SDS-PAGE on 10% polyacrylamide gels and to Western
blotting with an anti-CPY antibody (described in section 3.9.2).
3.10 Sequence comparison methods
Distant sequence homologies were searched for by means of the PSI-BLAST algorithm
(Altschul et al. 1997). Five iterations of PSI-BLAST were run on the non-redundant protein
database. Protein hits with an e-score < 0.005 were considered potentially relevant, and
sequences selected randomly from among them were used as queries for further PSI-BLAST
searches. The procedure was continued until no new significant hits appeared among the search
results (the sequences obtained constituted a “closed” group). These sequences were aligned
using MUSCLE (Edgar 2004). The alignment was colored with the program BioEdit (Hall
1999), using the PAM250 amino acid similarity scoring matrix and a shading threshold of 40%.
Secondary structure predictions were made for the final multiple sequence alignment with the
QL2 method (Di Francesco et al. 1995).
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4. RESULTS

4.1 Analysis of genetic interactions of CCZ1
4.1.1 CCZ1 and MON1 act upstream of YPT7
The CCZ1 (YBR131w) gene of Saccharomyces cerevisiae has previously been shown to
function in the last step of vacuolar protein trafficking: in its absence, the process of fusion of
membranous trafficking intermediates with the vacuole membrane occurred inefficiently,
resulting in a delay in all vacuolar transport pathways (Kucharczyk et al. 2000, 2001; MeilingWesse et al. 2002; Wang et al. 2002, 2003). A similar phenotype has also been associated with a
deletion of the gene MON1, and the proteins Ccz1p and Mon1p have been shown to interact
physically (Wang et al. 2002, 2003). Both have also been demonstrated necessary for an in vitro
fusion reaction of isolated vacuoles (Wang et al. 2003). Additionally, Ccz1p has been found to
interact both physically and functionally with the Rab-GTPase Ypt7p (Kucharczyk et al. 2001) –
an important player in the process of vacuolar membrane fusion – suggesting that Ccz1p may
regulate the activity of this protein and in this manner influence vacuolar fusion efficiency. The
functional link between Ccz1p and Ypt7p included phenotypic similarities (sensitivity of both
deletion mutants to increased concentrations of the divalent cations Ca2+ and Zn2+ in the growth
medium, fragmentation of vacuoles in both strains, and the inability of mutant homozygous
diploids to sporulate) and the ability of overproduced Ypt7p, as well as of the ypt7 mutations
K127E, D129G, D129N, D129A, T157P, and A159P, to suppress ccz1∆ phenotypes. The
suppressor mutations were predicted to loosen the interaction of Ypt7p with the bound guanine
nucleotide, leading to enhanced GDP-GTP exchange rates. This suggested a model in which
Ccz1p functions as a factor stimulating GDP-GTP exchange on Ypt7p (Kucharczyk et al. 2000,
2001).
However, no data was available on the growth phenotypes and vacuolar morphology of
mon1∆ cells, nor on any functional interactions of Mon1p with Ypt7p. I decided therefore to test
whether the Mon1p protein would behave similarly to Ccz1p in these aspects. The mon1∆ strain
was compared to ccz1∆ and ypt7∆ in terms of calcium and zinc sensitivity and vacuolar
morphology. Next, the effects of overexpression of the analyzed genes on the phenotypes of the
deletion mutants were assayed. The results (Figure 4.1) demonstrate that cells lacking Mon1p are
phenotypically similar to those devoid of Ccz1p. Both in terms of calcium and zinc sensitivity
and of vacuole fragmentation, the mon1∆ strain displayed phenotypes similar to those of the
ccz1∆ strain. Also the relationship to Ypt7p was analogous: the phenotypes of mon1∆ could be
suppressed by multicopy YPT7, similarly to ccz1∆, but neither MON1 nor CCZ1 could suppress a
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lack of Ypt7p. Further, no suppression was observed between MON1 and CCZ1. These data
suggest that all three analyzed proteins function in a common pathway, in which Ccz1p and
Mon1p act together, upstream of Ypt7p. They also indicate that efficient functioning of the
Ccz1p-Mon1p complex requires the presence of both components – overproduction of one of
them can not substitute for a lack of the other.

Figure 4.1 Genetic interactions among the genes CCZ1, MON1 and YPT7. For overexpression of
the indicated genes, mutant strains of the BY background were transformed with the multicopy
plasmids pRK18, pMON1-AD and pRK17 (Table 3.3). The transformants, the parental strains,
and the corresponding wild-type BY4741 were then assayed (A) for calcium and zinc sensitivity
and (B) for vacuole morphology (see following page), as described in Materials and Methods.
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4.1.2 The synthetic interaction of CCZ1 with ARL1 is specific
The CCZ1 gene has been reported to display a synthetic genetic interaction with ARL1
(Love et al. 2004), which encodes a small GTPase of the ADP-ribosylation factor (Arf)-like
protein family. Arl1p localizes to the trans-Golgi network (TGN) and it is involved in the
regulation of membrane trafficking between the Golgi and the endosomal system (Munro 2005).
Since Mon1p and Ypt7p cooperate with Ccz1p in vacuolar fusion, I decided to test whether they
also display synthetic genetic interactions with ARL1, in order to determine if this interaction
resulted from a function common to the Ccz1p-Mon1p-Ypt7p complex or from a function
specific for Ccz1p.
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Figure 4.2 Genetic interaction of ARL1 with CCZ1. All strains are of the BY background, except
for arl1∆ ccz1∆ which is KT15, of the PSY316 background. (A) Growth tests and (B) analysis of
vacuole morphology were performed as described in Materials and Methods. In the upper right
panel, KT15 was transformed with the plasmids pARY-1, pUG-CCZ1, pMXL-2, pRK17 and
pRK16A (Table 3.3).

Love and co-workers (2004) have shown that in a PSY316 background an arl1∆ ccz1∆
double mutant (strain KT15, Table 3.1) is temperature-sensitive – it does not grow at 37°C. I
tested interactions among mutants derived from the BY background. For this purpose, the
appropriate heterozygous diploids were constructed by crosses: arl1∆/ARL1 CCZ1/ccz1∆,
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arl1∆/ARL1 MON1/mon1∆, and arl1∆/ARL1 YPT7/ypt7∆. These strains were sporulated, the
obtained tetrads dissected, and the growing spore clones analyzed for geneticin resistance. In the
case of the arl1∆/ARL1 CCZ1/ccz1∆ strain, analysis of the progeny revealed that in this
background arl1∆ ccz1∆ double mutant spores could not be obtained. Therefore, they were
concluded inviable. On the other hand, the double mutants arl1∆ mon1∆ and arl1∆ ypt7∆ grew
normally under standard conditions, and they also grew well at elevated temperature (Figure
4.2A).
Next, phenotypes related to vacuolar functioning: calcium sensitivity and vacuole
morphology, were analyzed (Figure 4.2). For this analysis, the viable arl1∆ ccz1∆ strain KT15
was used. All three double mutants showed similar Ca2+-sensitivity as the parental single
mutants ccz1∆, mon1∆, and ypt7∆. Introduction of the arl1∆ mutation had also no effect on the
vacuole morphology of the cells.
The results obtained indicated that the interaction between ARL1 and CCZ1 is specific for
this particular gene, not for all genes involved in vacuolar fusion, so it might be associated with
some non-vacuolar function of Ccz1p. Since MON1 and YPT7 did not display a similar
interaction, the non-vacuolar function is probably independent of these two proteins. This was
supported by the fact that vacuolar phenotypes were not enhanced in the double mutant arl1∆
ccz1∆. In order to further confirm these conclusions, I decided to check if Ypt7p-mediated
suppression of the ccz1∆ mutation still occurred in the arl1∆ background. Since the YPT1 gene,
which codes for a Rab-GTPase involved in transport to and through the Golgi, has been shown to
interact genetically with ARL1 (it suppresses the temperature-sensitivity of an arl1∆ ssd1 mutant;
Rosenwald et al. 2002), also the effects of Ypt1p-overproduction in the arl1∆ ccz1∆ strain were
tested (Figure 4.2A).
Suppression of the ccz1∆ mutation occurs not only upon overproduction of wild-type
Ypt7p (Kucharczyk et al. 2000; Figure 4.1), but also as a result of expression of certain mutated
forms of the protein, among them the D129A mutant, in which an aspartic acid in position 129 of
Ypt7p has been exchanged for an alanine (Kucharczyk et al. 2001). Both types of Ypt7pmediated suppression were tested in the arl1∆ ccz1∆ mutant. The centromeric plasmid encoding
the Ypt7D129A suppressor clearly reversed the calcium sensitivity of the arl1∆ ccz1∆ strain, but its
influence on the temperature-sensitivity was limited (Figure 4.2A). Overexpression of wild-type
YPT7 had in both cases hardly any effect on the growth of the double mutant. An analogous
difference between the efficiency of suppression by YPT7 and Ypt7D129A was observed when
both plasmids were introduced into the single mutant ccz1∆ and the transformants were
compared for growth on calcium plates (Figure 4.3), indicating that this difference reflects the
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general efficiency of Ypt7p-mediated suppression of ccz1∆, and is not connected with the
synthetic interaction with arl1∆. The overproduction of Ypt1p, on the other hand, restored
growth at 37°C but not growth in the presence of calcium. These results suggested that the
synthetic interaction of CCZ1 and ARL1 does not result from enhancement of the vacuolar
dysfunctions of the ccz1∆ mutant – since full restoration of growth on calcium by the ypt7D129A
plasmid corresponded to only partial restoration of growth at 37°C – but is rather associated with
some function of Arl1p, which becomes indispensable in the absence of Ccz1p activity and can
be substituted by the Ypt1p GTPase. This could indicate a role for Ccz1p in trafficking steps
other than vacuolar fusion.

Figure 4.3 Suppression of ccz1∆ by overproduction of Ypt7p or by expression of Ypt7D129A. The
BY4741 ccz1∆ mutant was transformed with pRK17 and pRK16A (Table 3.3). The
transformants, the deletion mutant, and the corresponding wild-type were assayed for calcium
sensitivity as described in Materials and Methods.
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4.1.3 CCZ1 interacts genetically with PEP12. This interaction is not specific, but occurs also
for other components of the vacuolar and endosomal fusion machineries
By means of a genetic screen based on the yeast two-hybrid system (James et al. 1996),
the protein encoded by PEP12 has been determined to interact physically with Ccz1p (R.
Kucharczyk, unpublished). The Pep12p protein is a SNARE of the syntaxin family. It localizes
mainly to the membrane of late endosomes and is required for all known trafficking pathways
that lead into this compartment in yeast cells (Gerrard et al. 2000). It functions as a common
heavy chain in all SNARE complexes that have been described in the endosomal membrane (von
Mollard et al. 1997; Lewis and Pelham 2002; Paumet et al. 2004).
For further investigation of the interaction between CCZ1 and PEP12, a ccz1∆ pep12∆
double mutant was constructed by crossing of the ccz1∆ and pep12∆ single mutants, sporulation
of the resultant diploid, and tetrad dissection and analysis. The obtained double deletion mutant
was characterized in terms of temperature- and calcium-sensitivity. The results showed that the
genes CCZ1 and PEP12 display a synthetic genetic interaction. Growth of the pep12∆ mutant is
slowed down slightly at 37°C and severely in the presence of 0.3M CaCl2; the ccz1∆ strain is not
affected by elevated temperature and is less Ca2+-sensitive than pep12∆. However, growth of the
ccz1∆ pep12∆ double mutant is affected very severely under these conditions (Figure 4.4A).
Next, it was tested if the genes MON1 and YPT7 also interact genetically with PEP12,
similarly to CCZ1. For this purpose, double mutants were constructed: the heterozygous strains
mon1∆/MON1 PEP12/pep12∆ and PEP12/pep12∆ ypt7∆/YPT7 were obtained by crosses of the
single mutants, then they were sporulated, and the tetrads were dissected and analyzed. Double
mutant spore clones were tested for growth at normal and elevated temperature and on plates
containing calcium (Figure 4.4A). All three strains: ccz1∆ pep12∆, mon1∆ pep12∆, and pep12∆
ypt7∆, showed very slow growth at 37°C or in the presence of 0.3M CaCl2.
Finally, vacuolar morphology was investigated in the double mutants. The strains ccz1∆
pep12∆ and mon1∆ pep12∆ both displayed a novel phenotype, which represents an intermediate
between the fragmented, round vacuoles of ccz1∆ or mon1∆ and the enlarged, round vacuoles of
pep12∆: most double mutant cells contained small, fragmented vacuoles, but occasionally also
enlarged vacuoles were present (Figure 4.4B). The ypt7∆ mutant is characterized by more severe
vacuole fragmentation than the ccz1∆ and mon1∆ strains, and this phenotype proved epistatic in
the pep12∆ ypt7∆ double mutant, which displayed identical vacuole morphology as the ypt7∆
parent (Figure 4.4B). These results showed that the function of Ccz1p that was responsible for
the synthetic interaction with PEP12 was common to the whole Ccz1p-Mon1p-Ypt7p complex.
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Figure 4.4 Genetic interactions of PEP12 with CCZ1, MON1 and YPT7. All strains are of the
BY background. (A) Growth tests and (B) analysis of vacuole morphology were performed as
described in Materials and Methods. In the upper right panel, ccz1∆ pep12∆ was transformed
with the plasmids pSRG63, pUG-CCZ1, pRS426-VAM3, pRK17 and pRK16A (Table 3.3).
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To gain insight into the mechanism that causes the synthetic defects in the ccz1∆ pep12∆
strain, I used plasmids carrying VAM3 – a known multicopy suppressor of Pep12p-deficiency
(Götte and Gallwitz 1997) – or suppressors of the ccz1∆ mutation, YPT7 and ypt7D129A. The
plasmids were introduced into the double mutant and the cells were assayed for growth at 37°C
and on calcium plates (Figure 4.4A). Multicopy VAM3 efficiently suppressed both synthetic
defects. Expression of the Ypt7D129A mutant protein also restored growth at elevated temperature
and in the presence of calcium, reversing the cells to the pep12∆ phenotype. The overexpression
of YPT7 remained without any effect, which could result from its low suppression capability
compared to the Ypt7D129A protein (see Figures 4.2A, 4.3); this low capability could be further
diminished in the pep12∆ background by inefficient transport of the overproduced protein to the
vacuole, due to a block at the step of fusion with the late-endosomal membrane. Still, the fact
that ypt7D129A-mediated suppression occurs in the double mutant supports the notion that its
synthetic phenotypes are related to the vacuolar fusion defect arising from the ccz1∆ mutation. In
the case of VAM3, which encodes the vacuolar syntaxin in yeast, it is thought that under
conditions of overexpression of this gene the function of the endosomal syntaxin Pep12p can be
directly taken over by its vacuolar counterpart, Vam3p, accounting for the suppressor effect
(Darsow et al. 1997). Since this suppression still occurs in the ccz1∆ pep12∆ mutant, the
synthetic defects of this strain are probably connected to the known function of Pep12p in
endosomal fusion.
I reasoned that if it were the simultaneous disruption of the vacuolar and endosomal
fusion machineries that leads to the temperature- and calcium-sensitivity of the ccz1∆ pep12∆,
mon1∆ pep12∆, and pep12∆ ypt7∆ strains, then combining the ccz1∆ mutation with deletions of
other genes of the Pep12p-containing endosomal fusion complex should cause similar
phenotypes. To test this, I used genetic crosses and tetrad dissection and analysis to construct
double mutants in which the ccz1∆ mutation was combined with deletions of the genes VPS21,
VPS9 and VPS45. These genes code for components of the late-endosomal fusion machinery:
Vps21p is the Rab-GTPase responsible for this fusion step (Gerrard et al. 2000), Vps9p is the
guanine-nucleotide exchange factor (GEF) for Vps21p and is necessary for regulation of this
protein (Hama et al. 1999), and Vps45p represents the main Sec1/MUNC18-like (SM) protein
responsible for the entry of traffic from the biosynthetic route into the late endosome (Bryant et
al. 1998). Disruption of either of them results in phenotypes similar to those caused by the
disruption of PEP12. As control, I also constructed double mutants lacking Pep12p in
combination with the same endosomal fusion components (again by means of genetic crosses
and tetrad dissection and analysis), assuming that these double mutants should not differ
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phenotypically from their parental strains. The constructed strains were analyzed for growth at
37°C and on medium with 0.3M CaCl2 (Figure 4.5). As expected, the ccz1∆ mutation was
synthetic with all three tested deletions, whereas pep12∆ was not. In order to further test the
hypothesis that these synthetic interactions result from simultaneous disruption of the vacuolar
and endosomal fusion machineries, I introduced the vam3∆ mutation into the ccz1∆ and pep12∆
strains, also by crossing of the single mutants. This mutation disables the vacuolar fusion
machinery and it has been reported synthetic with the pep12∆ deletion (Peterson and Emr 2001;
Figure 4.5). Here it is shown that the vam3∆ mutation does not lead to synthetic phenotypes with
ccz1∆ (Figure 4.5). This supports the interpretation that it is the combination of strong
impairment of both endosomal and vacuolar fusion that causes the analyzed synthetic defects.

Figure 4.5 Genetic interactions among genes involved in vacuolar and endosomal fusion. All
strains are of the BY background. Growth tests were performed as described in Materials and
Methods.
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The synthetic genetic interaction of CCZ1 with PEP12 is therefore not specific for these
particular genes, but rather characteristic for all components of the vacuolar and late-endosomal
fusion machineries, and thus it probably does not reflect any novel function nor site of action of
Ccz1p.

4.2 Analysis of the amino acid sequence of Ccz1p
4.2.1 Search for sequences similar to the Ccz1p-sequence identifies the mammalian
HPS4/light-ear protein
In order to identify proteins similar to Ccz1p on the sequence level, the sequence of yeast
Ccz1p (gi: 6319607) was used as query in a PSI-BLAST search (Altschul et al. 1997) of the nonredundant protein database. Five iterations of PSI-BLAST with default parameters (i.e. all hits
with e-value < 0.005 considered) were performed, yielding an initial set of proteins potentially
homologous to Ccz1p. Protein sequences randomly chosen from this set were used as queries for
further PSI-BLAST searches. The use of the sequence gi: 53129106, which encodes a
hypothetical chicken protein, allowed the identification of remote homology to the mammalian
HPS4/light-ear protein family. PSI-BLAST searches with the identified sequences as queries
were continued until a “closed” group was obtained, for which subsequent searches yielded no
new hits. The final group was composed of 33 amino acid sequences, each about 200 residues
long, which represented fragments of 33 different proteins. The highest e-value among members
of this group was 1e-04. These sequences were aligned using the program MUSCLE (Edgar
2004), and the alignment was colored with BioEdit (Hall 1999) to reflect amino acid identity and
similarity, according to the default PAM250 scoring matrix, at a 40% shading threshold (Figure
4.6).

Figure 4.6 (following page) Alignment of CHiPS domain sequences. At the top are listed animal
proteins, the middle group represents the fungal subfamily, and at the bottom are plant
sequences. Columns in which at least 40% of the aligned residues are similar have been shaded
according to the default BioEdit color-table for the PAM250 scoring matrix: red – D, E; green –
L, V, I, M; light green – W; cyan – F, Y; dark blue – K, R; blue – A; light gray – N; gray – T, P,
Q, S; violet – H; brown – C; yellow – G. The location of predicted secondary structure elements,
α-helices (H) and β-strands (E), is given above the sequences.
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123 -----------GSIRALIEK----EPTGGLTRSLLYPFITDYLS---------TFQIWSLSEDC--CCEFF---------VGKKL--------QLPT 176
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The sequences identified represent all major groups of eukaryotes – among them are
animal, fungal and plant proteins. The similarity concerns a stretch of approximately 200 aa that
is located at the N-terminus of each protein. We termed this conserved domain CHiPS, to stand
for the described members of the family: Ccz1p and HPS4. Apart from the yeast Ccz1p protein
and the mammalian HPS4/light-ear proteins, the novel family includes only proteins of unknown
function, although the plant proteins contain regions similar to myrosinases (thioglucoside
glucohydrolases, E.C. 3.2.3.1) – enzymes that catalyze the hydrolysis of glucosinolates.
Interestingly, all CHiPS proteins carry also variable, weakly structured C-terminal tails, which
show no homology to each other, nor do they contain any previously described motifs or
domains. Within the CHiPS domain, highly homologous blocks of amino acids are intercalated
by relatively long (up to 40 aa) insertions, present only in individual family members. Such
fragments, which probably form loops in between the conserved structures, are found in all
branches of the family, but are most abundant among the fungal proteins. The phylogenetic
relationships in the family are not obvious, since the similarity between the animal, fungal and
plant branches varies for different parts of the alignment.
The multiple sequence alignment was next analyzed with the QL2 method (Di Francesco
et al. 1995) to locate secondary structure elements. Four α–helices and five β–strand regions
were predicted in this analysis (Figure 4.6), suggesting a mixed α-β structure for the CHiPS
domain.

4.2.2 Comparison of the Ccz1p and HPS4/light-ear proteins
In order to judge if the detected sequence similarity may reflect true functional homology
among the CHiPS proteins, I analyzed the literature data available on the mammalian HPS4 and
light-ear proteins and compared them with what was known about yeast Ccz1p.
Human HPS4 is expressed ubiquitously, in most cell types, and yeast Ccz1p is
constitutively expressed under all tested conditions. Both show similar subcellular fractionation
characteristics, partitioning between cytoplasmic and peripherally membrane-bound pools. In
melanotic cells, HPS4 has been shown to display a predominantly vesicular localization pattern,
whereas in yeast Ccz1p has been localized to endosomes, small vesicles, the prevacuolar
compartment and vacuolar membranes – to what extent the membranous structures containing
HPS4 and Ccz1p correspond to each other remains to be determined (Suzuki et al. 2002; Martina
et al. 2003; Nazarian et al. 2003; Kucharczyk et al. 2000; Wang et al. 2002). Neither of the two
genes is essential, but mutations in them result in trafficking phenotypes. Mutations in HPS4 or
its murine counterpart, the light-ear gene, result in development of Hermansky-Pudlak syndrome
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type 4 (HPS-4), a trafficking disease that affects lysosome-related organelles, mainly
melanosomes and platelet dense granules. On the cellular level, mouse le melanocytes (carrying
mutations in the light-ear gene) contain an increased proportion of early stage melanosomes,
indicating an early block in the biogenesis of the organelle in these mutants (Nguyen et al.
2002). In some cell types, the le mutation leads to enlarged or aberrant melanosomes which are
reduced in number (Suzuki et al. 2002); platelets of such mice contain fewer dense-granules, too
(Novak et al. 1984). These data correspond with the known characteristics of yeast cells
deficient of Ccz1p, which display defects in the biogenesis and functioning of vacuoles and the
vacuolar trafficking system.
Functional comparison of the mammalian HPS4/light-ear and yeast Ccz1p proteins
indicates significant biochemical and phenotypic similarities. Together with the relatively high
homology between the CHiPS domains of these proteins (for the Ccz1p and HPS4 domains, the
e-value at the fifth iteration was 3e-51, with 18% amino acid identity and 36% similarity), this
data strongly supports the hypothesis that these proteins are truly homologous in terms of fold
and function.

4.3 Experimental analysis of the importance of the CHiPS and C-terminal domains for the
functionality of Ccz1p
4.3.1 Construction, expression and localization of truncated forms of Ccz1p
Analysis of the mutational data available for the HPS4 protein suggests that presence of
the full-length protein is necessary for functionality: in HPS-4 patients, nonsense and frame-shift
mutations spread over the entire length of the gene have been described, including a frame-shift
at position 698 of the 708-aa long protein (Anderson et al. 2003; Bachli et al. 2004; Suzuki et al.
2002). This demonstrates that even the removal of an amino acid fragment as short as ten
residues leads to defects in protein function. The only missense mutation isolated from affected
individuals is located at position 154, within the novel CHiPS domain (Anderson et al. 2003).
For Ccz1p it has previously been shown that insertion of a 27-aa long fragment,
representing a triple hemagglutinin (HA) epitope, between the amino acids in positions 13 and
14 of Ccz1p, leaves the protein functional (Kucharczyk et al. 2001). However, no data
concerning the functionality of truncated forms of the protein was available. I reasoned that if the
CHiPS domain and the C-terminal tail domain had any separable functions, this type of data
would allow to distinguish among them. To perform such an analysis, I created plasmids
encoding truncated variants of Ccz1p, lacking either a fragment of the CHiPS domain, or part of
the C-terminus. For this purpose, natural restriction sites present in the CCZ1 sequence were
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exploited: a BglII site at the nucleotide position 39 of the coding sequence, and a HincII site at
position 1836. This allowed the construction of the plasmids pUG-14-705 and pUG-1-612,
respectively (Table 3.3). These plasmids encode fusion proteins composed of N-terminal yeastenhanced green fluorescent protein (yeGFP) units and truncated forms of Ccz1p, encompassing
the amino acid fragments indicated by the numbers given in the plasmid names (Figure 4.7). The
fusion genes are placed under control of the regulatable MET25 promoter, which is induced in
the absence of methionine and repressed when methionine is present in the culture medium. As
control, an analogous plasmid carrying the full sequence of CCZ1, pUG-CCZ1 (Table 3.3), was
also created. Each of these three plasmids was introduced into a ccz1∆ strain and characterized in
terms of protein expression, intracellular localization, and functionality.

Figure 4.7 Schematic representation of the truncated and full-length versions of the GFP-Ccz1p
fusion proteins. The numbers correspond to amino acid positions of wild-type Ccz1p.

To determine the expression levels of the fusion proteins, a Western blotting experiment
with an antibody against the GFP moiety was performed. Analysis of total protein extracts from
cells carrying the tested plasmids showed that all three fusion proteins were expressed in yeast
cells, although the expression levels varied (Figure 4.8A). The GFP-Ccz1p(1-612) protein was
expressed at a level corresponding to approximately 20% of the full-length control protein GFPCcz1p, whereas expression of GFP-Ccz1p(14-705) reached half the amount of the control. In
order to establish how these expression levels relate to the expression of endogenous, wild-type
Ccz1p, an analogous experiment was performed with an anti-Ccz1 peptide antibody, for total
protein extracts of a wild-type yeast strain and a ccz1∆ strain expressing full-length GFP-Ccz1p
from the pUG-CCZ1 plasmid. The fusion protein, expressed from the MET25 promoter, could be
very well visualized with the anti-Ccz1 antibody, whereas the endogenous protein was hardly
detectable (Figure 4.8B). This shows that even the expression of the GFP-Ccz1p(1-612) fusion
protein strongly exceeds the amounts of endogenous Ccz1p present in wild-type yeast cells.
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Figure 4.8 Expression of the truncated protein forms. (A) ccz1∆ yeast cells (strain SIIV07-6C;
Table 3.1) carrying the indicated plasmids were cultured in SD-ura-met medium to ensure
plasmid maintenance and induction of the MET25 promoter. Total protein extracts prepared from
cells in the logarithmic growth phase were subjected to SDS-PAGE and Western blotting with an
anti-GFP antibody (upper panel). The fluorescent anti-rabbit secondary antibody was detected by
direct scanning. Relative band intensity was quantified with the Odyssey software and is given at
the bottom of the panel. As load control, the same membrane was additionally probed with an
anti-actin antibody (lower panel). (B) Expression of GFP-Ccz1p relative to endogenous Ccz1plevels. Wild-type (W303-1B), ccz1∆ (SIIV07-6C) and ccz1∆ [pUG-CCZ1] cells were cultured in
SD medium lacking methionine, and for the plasmid-containing strain lacking uracil as well.
Total protein extracts from cells in the logarithmic growth phase were subjected to SDS-PAGE
and Western blotting with an anti-Ccz1 antibody. Detection of the fluorescent anti-rabbit
secondary antibody was by direct scanning. A cross-reacting band in the 40-kDa range served as
a load control.
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Microscopic analysis of the fusion proteins demonstrated that GFP-Ccz1p localizes to
multiple punctate structures in the cells (Figure 4.9A). These structures are of various size and
the larger ones are often, but not always, adjacent to the vacuole. They probably correspond to
late endosomes, to which Ccz1p has already been ascribed on the basis of co-localization studies
with the late-endosomal marker protein Nhx1p (Kucharczyk et al. 2000), and the smaller dots
likely represent some type of transport vesicles. The N-terminally truncated protein GFPCcz1p(14-705) displays a similar, punctate localization, although the stained structures are
usually smaller than in the case of the wild-type protein. The poorly expressed GFP-Ccz1p(1612) protein is not visible at all in most cells, and only occasionally can be detected as a single,
small dot.
The biochemical properties of Ccz1p suggest that this protein is peripherally attached to
membranes (Wang et al. 2002), so potentially other proteins, interacting physically with Ccz1p,
might be responsible for its recruitment to membranous structures such as those visible in the
microscopic analysis. Therefore, the localization of GFP-Ccz1p was also analyzed in cells
lacking Mon1p or Ypt7p – the two proteins known to date to interact physically with Ccz1p – in
order to establish whether any of them is necessary for targeting of Ccz1p to the punctate
structures; such a requirement would suggest that the incorrect localization of the C-terminally
truncated protein might derive from its inability to interact with some recruiting factor. However,
the results showed that in both mon1∆ and ypt7∆ cells GFP-Ccz1p was present in punctate
structures, although the appearance of these structures was different than in the wild-type
background (Figure 4.9B). In the mon1∆ strain, less cells displayed fluorescent staining, but the
pattern of this staining was very similar to that of the ccz1∆ [GFP-CCZ1(14-705)] cells. The
protein localized to punctate structures and the only difference when compared to ccz1∆ [GFPCCZ1] cells was that no large, stained structures were present. This might reflect the changed
morphology of vacuoles and – possibly – late endosomes in the strains mon1∆ [GFP-CCZ1]
(Figure 4.1B) and ccz1∆ [GFP-CCZ1(14-705)] (see below). In the ypt7∆ background, the
number of fluorescent cells was again lower than in the wild-type background, and the structures
stained by GFP-Ccz1p were yet smaller and more numerous, consistent with the more severe
morphological abnormalities of ypt7∆ vacuoles. In conclusion, this experiment shows that the
staining pattern characteristic for the GFP-Ccz1p(1-612) protein cannot be attributed to an
inability to interact with Mon1p or Ypt7p, because in the absence of these proteins GFP-Ccz1p is
efficiently recruited to the punctate structures. It also shows that the slight changes in the
staining pattern of GFP-Ccz1p(14-705), compared to that of the full-length protein, might result
from changes in the morphology of compartments of the vacuolar system in this strain.
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Figure 4.9 (previous page) Subcellular localization of the GFP-Ccz1p fusions. (A) ccz1∆ cells
(SIIV07-6C) were transformed with the indicated plasmids or the empty pUG36 vector (for
expression of GFP alone), cultured in SD-ura-met medium to the logarithmic phase of growth,
viewed and photographed. Fluorescent images for strains expressing Ccz1p-fusions were taken
with identical exposure times and settings; for the strain expressing GFP alone, the exposure
time was shorter. GFP fluorescence (left panels) and DIC images (right panels) are shown. (B)
Localization of GFP-Ccz1p in cells lacking Mon1p or Ypt7p. The strains BJ3505 mon1∆ and
MSUC-1A (ypt7∆, see Table 3.1) were transformed with pUG-CCZ1, cultured in SD-ura-met
medium to the logarithmic phase of growth, viewed and photographed. GFP fluorescence (left
panels) and DIC images (right panels) are shown.

4.3.2 The truncated forms of Ccz1p are nonfunctional and unable to interact with Mon1p
Next, I analyzed the functionality of the truncated proteins. Since I was searching for
some separable functions of the CHiPS and C-terminal domains, I tested the N- and C-terminally
truncated forms of Ccz1p for their ability to reverse any of the known phenotypes associated
with the ccz1∆ mutation, as well as for an interaction with Mon1p in the yeast two-hybrid
system. In the single mutant ccz1∆, calcium and zinc sensitivity, vacuole morphology,
sporulation of homozygous diploid cells, and in vitro fusion of isolated vacuoles were assayed.
In the double mutants arl1∆ ccz1∆ and ccz1∆ pep12∆, sensitivity to calcium and elevated
temperature was tested. For analysis of the interaction with Mon1p, I constructed plasmids
encoding fusions of the Gal4p DNA-binding domain (BD) with full-length or truncated forms of
Ccz1p (p2H-CCZ1, p2H-14-705 and p2H-1-612, see Table 3.3) and co-transformed them into
the PJ69-4A reporter strain (Table 3.1) together with the pMON1-AD plasmid, which encodes a
fusion of the Gal4p-activation domain (AD) with full-length Mon1p (Table 3.3); these strains
were then assayed for growth on medium lacking histidine. In all cases, the full-length control
proteins proved fully functional, whereas the truncated Ccz1p-variants remained inactive
(examples presented in Figure 4.10; other data not shown).
These results showed clearly that despite sufficient expression and proper localization the
N-terminally truncated GFP-Ccz1p(14-705) protein variant could not perform any of the
functions of the complete protein. Further, the C-terminally truncated GFP-Ccz1p(1-612) protein
displayed incorrect subcellular localization, in addition to complete non-functionality. Also,
neither of them could interact with Mon1p. I thus concluded that the CHiPS domain and the Cterminal tail domain are required concurrently for the activity of Ccz1p; possibly, the whole
protein is necessary for it to attain the proper conformation.
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Figure 4.10 Truncated forms of Ccz1p are inactive. (A) In vitro fusion of isolated vacuoles.
Wild-type and ccz1∆ cells of the BJ3505 background, and BJ3505 ccz1∆ cells carrying the
indicated plasmids (Table 3.3), were cultured in SDC medium with or without uracil, as
appropriate. The wild-type fusion partner DKY6281 was cultured in YPD. Vacuoles isolated
from the BJ3505-strains were mixed with wild-type DKY6281 vacuoles and tested for in vitro
fusion competence, as described in Materials and Methods. The values depicted represent fusion
activity relative to the activity of the same mixtures when incubated on ice. For each strain, the
mean of three reactions is given. The variation between individual measurements did not exceed
10%. (B) Temperature-sensitivity of arl1∆ ccz1∆ cells. The strain KT15 (Table 3.1) was
transformed with the indicated plasmids (Table 3.3) and assayed for growth at 37°C, as
described in Materials and Methods.
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4.4 Testing the activity of human CHiPS in yeast cells
4.4.1 Construction, expression and localization of HPS4-Ccz1p hybrid proteins
The homology between the CHiPS domains of the human HPS4 and yeast Ccz1p proteins
suggested that they might perform similar functions in the cells. This hypothesis was supported
by the biochemical and functional similarities between both proteins (section 4.2.2). I decided to
test directly whether the human HPS4 protein could substitute for Ccz1p in yeast cells, and if
not, then could the human CHiPS domain substitute for yeast CHiPS.
For this purpose, I constructed plasmids for the expression of human HPS4 (isoform a)
and HPS4-Ccz1p hybrid proteins, composed of the human CHiPS domain and the yeast Cterminal tail. First, I created two different hybrids, termed H1 and H2. The H1 hybrid
encompasses the whole human CHiPS domain and all of the C-terminal tail of Ccz1p (Figure
4.11). H2 contains a shorter fragment of human CHiPS, without the last α-helix (α4), and a
larger portion of the C-terminus of Ccz1p, including the α4 helix of CHiPS. Thus, the joining
point in this hybrid is located inside the homologous region and in between of two conserved
helices (Figure 4.11); I hoped that this would facilitate the adoption of a correct conformation by
the H2 hybrid. Since I knew already that the 13 N-terminal amino acids of Ccz1p are
indispensable for its function (section 4.3.2) but can be separated from the rest of the protein by a
27-residue long amino acid fragment without loss of function (Kucharczyk et al. 2001), I
speculated that this part of the protein may have some independent role in Ccz1p activity and
therefore I constructed versions of the H1 and H2 hybrids which carried the amino acids 1 to 13
of Ccz1p at their N-termini, in addition to the human CHiPS domains (Figure 4.11). These
hybrids were named 13H1 and 13H2, respectively. Unmodified HPS4 and all four hybrids were
expressed as fusion proteins with a N-terminal GFP moiety, under the control of the MET25
promoter (Table 3.3).
The plasmids encoding GFP fusions with HPS4 and the HPS4-Ccz1p hybrid proteins, as
well as the control protein GFP-Ccz1p, were introduced into a ccz1∆ strain and the expression of
the fusion proteins was analyzed by Western blotting of whole-cell extracts with an anti-GFP
antibody (Figure 4.12). The GFP-HPS4 protein was expressed at a level even higher than GFPCcz1p, whereas all four hybrids were expressed at levels similar to that of the control protein.
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Figure 4.11 Schematic representation of the GFP-Ccz1p, -HPS4 and -hybrid fusion proteins.
Yeast sequences are shown in brown, human sequences in blue. The homologous CHiPS regions
are dotted. The numbers above the boxes correspond to amino acid positions in the original
proteins. Location of the two C-terminal α-helices predicted for CHiPS, α3 and α4, is indicated
below the boxes.
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Figure 4.12 Expression of GFP-HPS4 and the GFP-HPS4-Ccz1p hybrids in yeast cells. BY4741
ccz1∆ yeast cells carrying the indicated genes were cultured in SD-ura-met medium, to ensure
plasmid maintenance and to induce gene expression from the MET25 promoter. Total cell
protein extracts were prepared from cultures in the logarithmic growth phase and subjected to
SDS-PAGE and Western blotting with an anti-GFP antibody. The alkaline-phosphataseconjugated secondary anti-rabbit antibody was detected by chemiluminescence and X-ray film
exposition.

The strains expressing the fusion proteins were then analyzed microscopically, to
determine if the localization patterns of GFP-HPS4 and the hybrids differed from the localization
of GFP-Ccz1p. Despite the high expression levels of the fusion proteins, hardly any well-stained
structures could be observed in the cells (Figure 4.13). Cells expressing GFP-HPS4 displayed
enhanced cytoplasmic staining – stronger than in the case of GFP-Ccz1p, but weaker than for
GFP alone – and occasionally single dots appeared, most of them very small. Expression of the
HPS4-Ccz1p hybrids resulted in faint cytoplasmic staining, comparable to that of GFP-Ccz1p,
and again in some cells single dots would also appear, even more seldom and faint than for GFPHPS4.
These experiments showed that although the HPS4 and HPS4-Ccz1p hybrid proteins are
efficiently expressed in yeast cells, their localization is changed. None of them is visible in
multiple punctate structures, and GFP-HPS4 displays in addition increased cytoplasmic staining
when compared to GFP-Ccz1p.
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Figure 4.13 Subcellular localization of the GFP-fusions. BY4741 ccz1∆ cells were transformed
with the indicated plasmids or the empty pUG36 vector (for expression of GFP alone), cultured
in SD-ura-met medium to the logarithmic phase of growth, viewed and photographed.
Fluorescent images for all hybrid-expressing strains were taken with identical exposure times
and settings; for the strain expressing GFP alone, exposure was shorter. GFP fluorescence (left
panels) and DIC images (right panels) are shown.
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4.4.2 Human CHiPS is unable to substitute for the function of its yeast counterpart
I also analyzed the functionality of HPS4 and the fusion proteins in yeast. I checked if
they can reverse the calcium and zinc sensitivity, vacuole morphology or sporulation defect of
cells lacking Ccz1p, and I expressed the proteins in the arl1∆ ccz1∆ and ccz1∆ pep12∆ strains
and tested their ability to reverse the growth defects on calcium medium and at 37°C. Finally, I
constructed plasmids for the expression of the hybrid proteins as fusions with the Gal4p DNAbinding domain (Table 3.3), and I used these plasmids, as well as the pGBT9-HPS4 plasmid
(Table 3.3), to test if the analyzed proteins interact with the Mon1p-AD fusion in the yeast twohybrid system. None of the five tested proteins could reverse any of the phenotypes associated
with the ccz1∆ mutation, nor did they show any two-hybrid interaction with Mon1p (Figure 4.14
and data not shown). This demonstrates that despite the homology between the human and yeast
CHiPS domains, they are not functionally interchangeable. This lack of activity of HPS4 and the
HPS4-Ccz1p hybrids in yeast cells is connected with an inability to achieve correct subcellular
localization and to interact with important protein partners, such as Mon1p.

Figure 4.14 HPS4 and HPS4-Ccz1p hybrids are nonfunctional in yeast. (A) BY4741 ccz1∆ cells
were transformed with the indicated plasmids (see Table 3.3) and the resulting strains were
assayed for calcium sensitivity, as described in Materials and Methods. (B) Two-hybrid assay
testing the interaction with Mon1p. The strain PJ69-4A (Table 3.1) was co-transformed with the
plasmid pMON1-AD together with plasmids carrying the indicated BD-fusion genes (Table 3.3).
Activation of the HIS3 reporter gene was monitored by testing growth on plates lacking
histidine.
62

RESULTS
4.5 Searching for a role of Ccz1p, Mon1p and Ypt7p in organelle movement
4.5.1 Ccz1p is necessary for efficient inheritance of microscopically discernible vacuolar
structures
In wild-type yeast cells, vacuoles are transmitted from mother cells into buds during cell
division (reviewed in Weisman 2006). In small-budded cells vacuoles start to produce tubular
and vesicular extensions (termed segregation structures) directed towards the growing bud.
These extensions undergo fission, and the resulting vacuolar pieces and vesicles are next
transported along actin cables into the bud; large buds, shortly before cytokinesis, contain many
such pieces, which then undergo homotypic fusion to form normal vacuoles in the daughter cell.
Mutant yeast strains are known in which this process of vacuolar inheritance is defective. In such
strains – which are termed vac mutants – daughter cells create vacuoles de novo, by means of a
currently unknown mechanism, probably deriving them from other membranous structures that
constitute the vacuolar transport system. vac mutants do not display any growth defects.
Among the literature data available on the putative homolog of Ccz1p – the mammalian
HPS4 protein – a report is present which shows that in mutant HPS4 fibroblasts lysosomes
display a dispersed, peripheral distribution when compared to the wild-type perinuclear
localization (Nazarian et al. 2003). This phenotype is associated with a defect in the transport of
lysosomes toward the minus ends of microtubules. This observation indicated a possible role of
HPS4 in intracellular movement and positioning of lysosomes. In yeast, vacuoles do not occupy
a strictly defined position in the cell, but active transport of vacuolar fragments takes place
during the process of vacuolar inheritance. Therefore, I decided to check whether a lack of
Ccz1p would lead to any defects in vacuolar transmission into buds.
First, vacuolar inheritance was analyzed microscopically. Vacuole membranes of ccz1∆
cells were stained with the fluorescent dye FM4-64, and the cells were chased for 4-5 hours, to
allow approximately one cell division (for details see Materials and Methods, section 3.9.5). The
cultures were then photographed under the microscope and cells in which no transmission of
stained structures into buds had occurred (large-budded cells without stained structures in the
buds and cells without any stained structures at all, Figure 4.15A) were counted (Table 4.1). The
experiment was performed for ccz1∆ mutants in two different genetic backgrounds: BY4741 and
BJ3505. In both cases, approximately 20% of the cells were scored as defective, relative to the
~5% defective in wild-type strains. This indicated a mild defect in vacuolar inheritance in
mitotically dividing ccz1∆ cells.
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Figure 4.15 Examples of cells displaying normal or defective vacuole inheritance. Transfer of
FM4-64-stained vacuoles into buds was assayed (A) in mitotically dividing cells and (B) in
zygotes in strains of the BY background, as described in Materials and Methods. To the left,
typical wild-type cells are shown, in which vacuole transfer takes place normally. On the right
side, examples of ccz1∆ cells in which vacuole inheritance has not occurred are shown. For the
zygotes, only the WT x WT and ccz1∆ x ccz1∆ crosses are presented.

Next, vacuolar transmission was analyzed in zygotes. After mating of yeast cells, during
the first mitotic division of a zygote, both initial parental cells transfer vacuolar fragments into
the growing bud (Weisman 2006). Further, it is known that this traffic is bi-directional, and
vacuolar material migrates also from the bud into both parental cells (Weisman 2006).
Consequently, if a cell containing stained vacuoles mates with a cell that has unstained vacuoles,
the bud functions as a “transmission station” for the transfer of vacuolar stain from one parental
cell to the other. At the stage of a large-budded zygote, wild-type cells display in this case
vacuolar staining in all three parts of the cell: in both parental cells and in the bud. In vac
mutants, the fluorescent vacuoles remain only in the initially stained parental cell. If the vac
phenotype is mild, it is possible that some stained material migrates into the bud, but does not
reach the other parental cell. Vacuolar transport in zygotes was analyzed microscopically, in a
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manner analogous to the mitotic assay (see Materials and Methods, section 3.9.5), in
ccz1∆/ccz1∆ homozygotes and in ccz1∆/CCZ1 heterozygotes, and compared with transport in
wild-type zygotes (Figure 4.15B and Table 4.1). Again, two genetic backgrounds were used. All
zygotes lacking fluorescence in the initially unstained parental cell (both those without any stain
in the bud, and those in which some staining was visible in the bud) were scored as defective.
Zygotes completely devoid of Ccz1p displayed a severe vacuole transport defect – more than
half of the cells failed to transfer the stain to its mating partner. This confirmed that a vacuole
inheritance defect is associated with the ccz1∆ mutation. The heterozygotes, on the other hand,
showed no significant increase in the number of defective cells when compared to wild-type
zygotes, independent of whether it was the wild-type or mutant mating partner that had initially
carried stained vacuoles (Table 4.1). This demonstrates that the soluble, cytoplasmic pool of
Ccz1p, which is capable of entering the mutant cells immediately after mating – when mixing of
the cytoplasm takes place – is active and suffices to ensure proper vacuolar transfer.

Table 4.1 Vacuolar inheritance in ccz1∆ cells
type of cells

genetic

relevant

cells with defective

number of cells

assayed

background

genotype

vacuole transfer [%]

counted

WT

2-8

128; 133

ccz1∆

14-30

112; 80; 143; 139

WT

4-7

134; 138

ccz1∆

18-21

146; 71

WT x WT

9

23

WT x ccz1∆

3

30

ccz1∆ x WT

5

83

ccz1∆ x ccz1∆

55

74

WT x WT

9

22

WT x ccz1∆

7

46

ccz1∆ x WT

14

58

ccz1∆ x ccz1∆

67

67

BY4741
mitotic cells
BJ3505

BY

zygotes

BJ3505
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4.5.2 Ccz1p, Mon1p and Ypt7p are required for efficient inheritance of biochemically defined
vacuoles
To confirm that the observed defect in the transfer of FM4-64-stained membranous
structures into buds corresponds to a defect in the transfer of biochemically defined vacuolar
structures, an assay for the inheritance of active vacuolar proteases (Materials and Methods,
section 3.9.6) was performed. The assay is modified from a CPY-activity plate assay, designed
by Gomes de Mesquita and co-workers (1996) in order to screen for yeast genes involved in
vacuolar inheritance. The experiment uses cells which are engineered to express the vacuolar
proteinase Pep4p only from the regulatable, galactose-inducible GAL1 promoter. Pep4p is
activated only after it reaches the vacuole, where one of its functions is to cleave and thus
activate another vacuolar protease, carboxypeptidase Y (CPY). Active, mature CPY (mCPY) is
also capable of cleaving its own precursor, proCPY. When expression of the PEP4 gene is
switched off, daughter cells contain active Pep4p and mCPY only if they receive it from their
mother cells together with fragments of proteolytically active vacuoles. In wild-type cells,
vacuolar inheritance ensures that for a number of generations newly formed cells still contain
active proteases and – consequently – can produce mCPY. In vac mutants, daughter cells do not
inherit active proteases and if no new Pep4p is synthesized, their newly formed vacuoles contain
no active Pep4p nor mCPY and they cannot cleave the newly synthesized proCPY to its mature
form. As a result, such cells accumulate proCPY. The presence of the pro- and mCPY forms –
which differ by molecular mass – in the analyzed cells was in this assay determined by Western
blotting with an anti-CPY antibody.
The results of this experiment are shown in Figure 4.16. In the wild-type strain, before
switching off of the PEP4 gene only mCPY is detected, and after approximately 5 divisions
under conditions that prevent synthesis of new Pep4p, a weak band representing proCPY
appears, while the majority of the protein remains in the mature form. In ccz1∆ cells, even in the
initial culture there is some proCPY present, which is due to the kinetic delay in vacuolar protein
transport that is known to be associated with the ccz1∆ mutation (Kucharczyk et al. 2000). Still,
the amount of mCPY present in these cells corresponds roughly to the mCPY content of the
respective wild-type culture. However, after ~5 generations without Pep4p synthesis, the cells
lose all of their mCPY, indicative of an inability to transmit active proteases to daughter cells. A
similar pattern is visible for the control strain vac8∆, which is known to be defective in vacuole
inheritance (Wang et al. 1998).
In the same experiment, the strains mon1∆ and ypt7∆ were analyzed. Since Mon1p and
Ypt7p are known to cooperate with Ccz1p in some processes, it seemed plausible that also
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vacuolar inheritance might involve the activity of the whole Ccz1p-Mon1p-Ypt7p complex.
Indeed, the results obtained for mon1∆ and ypt7∆ were identical as those for ccz1∆ (Figure 4.16),
leading to the conclusion that all three proteins are engaged in vacuolar inheritance in yeast.

Figure 4.16 CPY-cleavage assay testing the inheritance of active vacuolar proteases. BJ3505
strains of the indicated genotypes were transformed with the pGAL1-PEP4 plasmid (Table 3.3),
cultured in SDC(Gal)-ura medium and transferred to glucose-containing SDC-ura. Samples were
drawn before the shift to glucose (0h) and again after ca. 16h of growth in glucose medium
(16h). Total protein extracts were prepared and analyzed by SDS-PAGE and Western blotting
with an anti-CPY antibody and an alkaline-phosphatase-conjugated secondary antibody.
Detection was by chemiluminescence and X-ray film exposition. For further details see Materials
and Methods. The positions of the uncleaved proCPY and the mature mCPY forms are indicated.

4.5.3 Ccz1p, Mon1p and Ypt7p are needed for efficient functioning of the Kar9p-dependent
pathway of nuclear inheritance
The authors of a genome-wide analysis of synthetic genetic interactions among yeast
genes (Tong et al. 2004) have reported that deletions of the genes CCZ1 and MON1 are
synthetically lethal with a deletion of NUM1 (standing for nuclear migration). The product of the
NUM1 gene is involved in the transport of one of the newly formed nuclei into the bud during
cell division (Heil-Chapdelaine et al. 2000). Num1p provides an anchor for the association of
dynein – a motor protein that binds to the plus ends of astral, cytoplasmic microtubules, which
emanate from the spindle pole body – with the cortex of the mother-bud neck region and of the
bud. Num1p-anchoring of dynein causes activation of its motor functions and results in the
pulling of astral microtubules, together with the associated spindle pole body and nucleus,
through the neck and into the bud (Bloom 2001). Deletion of NUM1 is not lethal because of the
existence of a second nuclear-inheritance mechanism, dependent on the Kar9p protein. This
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mechanism is active earlier in the cell cycle, and its major role is to ensure proper orientation of
the mitotic spindle, with one pole located at the bud neck. It requires that Kar9p-molecules are
loaded onto the plus ends of astral microtubules emanating from the spindle pole that is destined
for transfer to the bud. Kar9p binds to the motor protein Myo2p, which then moves along actin
cables towards the bud neck and into the growing bud (Hwang et al. 2003). The Kar9p- and
Num1p-dependent mechanisms are both required for fully efficient nuclear transfer, but
disruption of only one of the pathways leaves the cells viable and does not affect their growth
rate. However, the deletion of genes functioning in both pathways is synthetically lethal, since in
this case the cell is incapable of providing a growing bud with a nucleus. Therefore, synthetic
lethality of the mutations ccz1∆ and mon1∆ with num1∆ could point to a role of Ccz1p and
Mon1p in the Kar9p-dependent nuclear inheritance pathway. This hypothesis was supported by
the fact that the myosin Myo2p, which is involved in the Kar9p-pathway, is also responsible for
the transport of vacuoles from mother cells to buds (Hill et al. 1996), providing a link between
these two processes.

Figure 4.17 Genetic interaction of CCZ1, MON1 and YPT7 with NUM1. All strains are of the
BY background. Growth of the indicated mutants was assayed on YPD plates at 23°C and 30°C,
as described in Materials and Methods.
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Since large-scale interaction studies may include false-positive results, it was necessary
to confirm the synthetic interactions of CCZ1 and MON1 with NUM1 on a one-to-one scale.
Construction of the appropriate heterozygotes and analysis of the progeny obtained by their
sporulation demonstrated that the ccz1∆ num1∆ and mon1∆ num1∆ double mutants were viable
and displayed only a very slight growth defect (Figure 4.17). A num1∆ ypt7∆ double mutant was
also constructed, to test if lack of Ypt7p would again lead to similar phenotypes as lack of Ccz1p
and Mon1p, and this mutant behaved in the same way as the ccz1∆ num1∆ and mon1∆ num1∆
strains (Figure 4.17). At all temperatures tested – ranging from 14°C to 37°C – all three strains
grew slightly slower than any of the parental strains (Figure 4.17 and data not shown).
To gain insight into the mechanism responsible for the growth defect, microscopic
analysis of nuclear inheritance was performed for the double mutants. Cultures of mitotically
dividing cells were fixed, stained with DAPI to visualize nuclei, and photographed under the
microscope (Materials and Methods, 3.9.5). Cells displaying defects in nuclear transmission (biand multinucleate cells, cells without any discernible nuclei, cells with misoriented mitotic
spindles) were counted (Table 4.2). The parental strains ccz1∆, mon1∆ and ypt7∆ showed no
significant increase in defective cells compared to the wild-type control strain. The single mutant
num1∆ displayed a very minor nuclear inheritance phenotype, containing ca. 7% defective cells,
relative to the 3% that occurred in wild-type cultures. In contrast, in cultures of the double
mutants ccz1∆ num1∆, mon1∆ num1∆ and num1∆ ypt7∆, the number of defective cells reached
approximately 30%, demonstrating that the process of nuclear transmission is severely affected
in these strains. Microscopic observation revealed that not only binucleate cells were present, but
also multinucleate cells – containing even as many as five nuclei – occurred frequently (Figure
4.18). Such cells were often enlarged and sometimes carried more than one large bud. These
results show that the deletions ccz1∆, mon1∆ and ypt7∆ cause very strong enhancement of the
nuclear transfer defect characteristic for the num1∆ mutant, and therefore they suggest that the
corresponding proteins might be involved in the Kar9p-dependent pathway of nuclear
inheritance.
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Table 4.2 Nuclear inheritance in double mutants
carrying the ccz1∆, mon1∆ or ypt7∆ mutations in the
num1∆ background
relevant

cells with defective

number of

genotype

nuclear transfer [%]

cells counted

WT

3

314; 268

num1∆

7

339; 541

ccz1∆

4-5

420; 242

mon1∆

3

131; 296

ypt7∆

5

230; 301

ccz1∆ num1∆

29-32

343; 355

mon1∆ num1∆

26-31

175; 522

num1∆ ypt7∆

30-36

286; 280

kar9∆

12-13

258; 313

ccz1∆ kar9∆

9

256

num1∆ vac17∆

8

413

To establish the genetic relationship between the processes of vacuolar inheritance and
Kar9p-dependent nuclear transfer, an analysis of genetic interactions among genes engaged in
these processes was conducted. The kar9∆ mutation was combined with the ccz1∆, mon1∆ and
ypt7∆ deletions, to test if they interact with all genes involved in nuclear inheritance or only with
genes of the Num1p-dependent pathway. The num1∆ mutation, on the other hand, was combined
with a deletion of VAC17 – a gene known to function specifically in vacuole inheritance
(Ishikawa et al. 2003) – to check if the interaction with num1∆ is characteristic for all genes
involved in vacuole inheritance or only for the three previously analyzed genes. None of the
constructed double mutants showed any growth defect (Figure 4.17), and the percentage of cells
defective in nuclear transfer in the ccz1∆ kar9∆ and num1∆ vac17∆ strains was similar to that of
the parental single mutants (Table 4.2). These results demonstrate that the described synthetic
genetic interaction occurs specifically for genes encoding the Ccz1p-Mon1p-Ypt7p complex and
genes functioning in the Num1p-dependent nuclear inheritance pathway – not generally for
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combinations of genes involved in vacuolar and nuclear inheritance. This result is consistent
with a function of Ccz1p-Mon1p-Ypt7p in the Kar9p-dependent mechanism of nuclear transfer.

Figure 4.18 Examples of cells with correct or defective nuclear inheritance. Cultures of the
indicated strains, all of the BY background, were stained with DAPI to visualize nuclei and
assayed for nuclear inheritance, as described in Materials and Methods. Cultures of the wild-type
and the analyzed single mutants contain predominantly cells in which nuclear inheritance
proceeds effectively; in the image of num1∆ cells one example of a binucleate cell is visible. In
the ccz1∆ num1∆, mon1∆ num1∆ and num1∆ ypt7∆ cultures, numerous cells with two or more
nuclei as well as anucleate cells are present. Note also the morphological abnormalities (enlarged
or deformed cells and cells with more than one large bud) occurring in the double mutants.
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4.5.4 Ccz1p is not required for peroxisome inheritance
The type V myosin Myo2p is responsible for numerous organelle-transport processes in
yeast cells. It is necessary for actin-based movement of secretory vesicles (Johnston et al. 1991),
vacuoles (Hill et al. 1996), nuclei (the Kar9p-dependent mechanism) (Beach et al. 2000; Yin et
al. 2000), peroxisomes (Hoepfner et al. 2001), and Golgi elements (Rossanese et al. 2001), as
well as for mitochondrial inheritance (Boldogh et al. 2004). Since the Ccz1p-Mon1p-Ypt7p
complex has been implicated in Myo2p-driven movement of vacuoles and nuclei, the question
arose if it was required for other Myo2p-dependent processes as well. The function of Myo2p in
the delivery of secretory vesicles to the plasma membrane is essential for cell survival (Johnston
et al. 1991), so a strict requirement for Ccz1p, Mon1p and/or Ypt7p in this process could be
excluded on the basis of the viability of the corresponding mutants. From among the remaining
Myo2p-dependent processes, the involvement of Ccz1p in peroxisome inheritance was tested.
For this purpose, a GFP-peroxisome targeting signal 1 (-PTS1) fusion protein (Table 3.3),
which is an established marker for the analysis of peroxisome inheritance (Hoepfner et al. 2001),
was expressed in wild-type and ccz1∆ cells, and the obtained strains were cultured under
conditions of peroxisome de-repression and analyzed microscopically (Materials and Methods,
3.9.5). The number of buds lacking the fluorescent peroxisome marker was not increased
significantly in the mutant cells in comparison to the wild-type control strain (Table 4.3, Figure
4.19), demonstrating that peroxisome inheritance proceeds normally in ccz1∆ cells. This shows
that Ccz1p does not influence all Myo2p-dependent processes, but only specific aspects of
Myo2p activity.

Table 4.3 Peroxisome inheritance in ccz1∆ cells
relevant

cells with defective transfer

number of

genotype

of peroxisomes [%]

cells counted

WT

8-10

41; 93

ccz1∆

12-14

64; 98
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Figure 4.19 Peroxisome inheritance in wild-type and ccz1∆ cells. Wild-type and ccz1∆ BY4741strains expressing PTS1-GFP from the pJR233 plasmid (Table 3.3) were assayed for peroxisome
inheritance, as described in Materials and Methods. Cultures of both strains contained
predominantly cells in which transport of stained peroxisomes occurred normally.

4.5.5 The vacuolar- and nuclear-inheritance defects associated with ccz1∆ can be suppressed
by expression of the mutant protein Ypt7D129A
The ypt7∆ and mon1∆ mutations lead to similar defects in vacuolar and nuclear
inheritance as the ccz1∆ mutation (sections 4.5.2, 4.5.3), suggesting that the whole Ccz1pMon1p-Ypt7p protein complex is involved in these processes. For other ccz1∆ and mon1∆
phenotypes, overproduced or mutated Ypt7p can often function as a suppressor, supporting a
model in which the role of Ccz1p-Mon1p is to regulate the activity of this Rab-GTPase. Since
mon1∆ and ypt7∆ cells display similar organelle movement phenotypes as ccz1∆, it seemed
likely that also in this case the ccz1∆ and mon1∆ mutations would be suppressed by increased
Ypt7p activity. This hypothesis was tested experimentally.
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For this analysis, the plasmid encoding the Ypt7D129A protein (pRK16A, Table 3.3) was
used, because the expression of this mutant protein resulted in much more efficient suppression
than that observed upon overproduction of wild-type Ypt7p (see Figures 4.2, 4.3, 4.4), and thus
more clear results could be expected.
First, the ability of this plasmid to reverse the ccz1∆ defect in vacuolar inheritance was
assayed. Wild-type, ccz1∆ and ccz1∆ [ypt7D129A] cells were assayed for the inheritance of active
vacuolar proteases, as described previously (Materials and Methods, 3.9.6). Again, the wild-type
strain contained mCPY both before and after the glucose shift, whereas the ccz1∆ mutant lost all
of its mCPY after growth in glucose (Figure 4.20). Expression of the mutant Ypt7D129A protein
resulted in restoration of the wild-type phenotype in the mutant strain, both in respect to the
vacuolar protein sorting phenotype that manifested itself in increased initial levels of proCPY in
the ccz1∆ mutant prior to the glucose shift, and in respect to the vacuolar inheritance defect –
after growth in glucose, the ccz1∆ [ypt7D129A] cells still contained a significant amount of mCPY.
Surprisingly, in the lanes representing wild-type and ccz1∆ [ypt7D129A] cells after growth in
glucose, the bands corresponding to mCPY are slightly retarded and accompanied by an
additional band, migrating directly above mCPY. This additional band might correspond to the
non-glycosylated form of proCPY (termed p1CPY) which is normally present in the ER.
However, the mechanism leading to the accumulation of p1CPY in this experiment remains
unknown.

Figure 4.20 CPY-cleavage assay testing vacuolar inheritance in ccz1∆ cells expressing
Ypt7D129A. Wild-type, ccz1∆, and ccz1∆ [pRK16A] cells of the BJ3505 background were
transformed with the pRS314-GAL-PEP4 plasmid (Table 3.3) and cultured in -trp or -trp-ura
medium, as appropriate. The strains were assayed for CPY cleavage in the same manner as in
Figure 4.16. The positions of the uncleaved proCPY and the mature mCPY forms are indicated.
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The Ypt7D129A protein was also tested for its ability to suppress the nuclear inheritance
phenotype of the ccz1∆ num1∆ double mutant. The strains num1∆, ccz1∆ num1∆ and ccz1∆
num1∆ [ypt7D129A], as well as the control strain ccz1∆ num1∆ [CCZ1], were assayed
microscopically for nuclear inheritance defects, as previously described (Materials and Methods,
3.9.5). In order to ensure both plasmid maintenance and comparability between strains, all four
strains were cultured in SDC medium – supplied or not with uracil, as appropriate. Under these
conditions, the num1∆ and ccz1∆ num1∆ strains displayed a slightly increased proportion of cells
defective in nuclear transfer, as compared to previous experiments (Table 4.4 – compare with
Table 4.2). As expected, the plasmid carrying the wild-type CCZ1 gene fully reversed the ccz1∆associated phenotype of the double mutant, reducing the number of defective cells to the level
characteristic for the num1∆ strain. The ypt7D129A plasmid reversed the effects of the ccz1∆
mutation equally well, also restoring the phenotype of the single mutant num1∆.

Table 4.4 Nuclear inheritance in ccz1∆ num1∆ cells
expressing the mutant Ypt7D129A protein
cells with defective

number of

nuclear transfer [%]

cells counted

num1∆

13

421

ccz1∆ num1∆

34

314

ccz1∆ num1∆ [CCZ1]

14

243

ccz1∆ num1∆ [ypt7D129A]

16-17

183; 413

relevant genotype

These results show that the influence of the ccz1∆ mutation on the processes of vacuolar
and nuclear inheritance is mediated by the Ypt7p protein. They strongly support the hypothesis
that it is the activity of Ypt7p that is directly required for proper functioning of vacuolar and
nuclear transfer in yeast cells, whereas the role of the Ccz1p-Mon1p complex would again be the
regulation of Ypt7p activity.
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5. DISCUSSION
5.1 Genetic analysis points to two separate functions of Ccz1p
The Saccharomyces cerevisiae protein Ccz1p, encoded by the ORF YBR131w, was
known to play an important role in intracellular transport in yeast cells. It had an established
function as a regulator of the Rab-GTPase Ypt7p, necessary for efficient fusion of membranous
transport intermediates with the vacuole – the yeast counterpart of animal lysosomes.
Biochemical data showing that Ccz1p forms a complex with the vacuolar protein Mon1p was
available.
In this study, a genetic analysis was performed in order to describe in more detail the
relationships between CCZ1 and genes encoding its known interaction partners, MON1 and
YPT7. The results obtained show that a mon1∆ strain is similar to ccz1∆ cells in terms of growth
phenotypes and vacuole morphology (Figure 4.1), supporting the notion that the previously
reported physical interaction of Ccz1p and Mon1p (Wang et al. 2002) reflects a physiologically
relevant protein complex. The ability of YPT7-overexpression to suppress these phenotypes in
both strains (Figure 4.1) demonstrates that Ccz1p and Mon1p act upstream of Ypt7p, whereas
the fact that neither CCZ1 is capable of suppressing mon1∆ phenotypes, nor can MON1 suppress
the phenotypes of ccz1∆, shows that both proteins function in the same step of the affected
pathway. These results are therefore consistent with a model in which Ccz1p and Mon1p form a
stable complex that interacts with Ypt7p, acting as a positive regulator of this protein.
The vacuole fragmentation phenotype exploited in this analysis results likely from a
vacuolar membrane fusion defect that arises in cells displaying diminished or abolished activity
of Ypt7p (Haas et al. 1995). The mechanisms underlying the calcium and zinc sensitivity
phenotypes, which were also analyzed in this experiment, are less clear. Still, the yeast vacuole is
responsible for maintenance of ion homeostasis; therefore, vacuole fragmentation, which leads to
the malfunctioning of this organelle, might underlie also the increased sensitivity of the mutants
to metal ions (Jones et al. 1997). Consequently, the experiments discussed here support the
conclusion that the activating role of Ccz1p-Mon1p towards Ypt7p is relevant to vacuolar fusion,
and in respect to this process the three proteins can be thus viewed as a functional unit.
Genetic analysis of the interactions between PEP12 and the CCZ1, MON1 and YPT7
genes also remains consistent with the above model. The pep12∆ deletion displays synthetic
interactions with all three genes, and the ccz1∆ mutation is synthetic with all tested deletions of
genes involved in the process of late-endosomal fusion: pep12∆, vps9∆, vps21∆ (Figures 4.4,
4.5). Further, the synthetic growth phenotypes of the ccz1∆ pep12∆ strain – the growth defect at
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37°C and on calcium-containing medium – can be reversed if either endosomal or vacuolar
fusion is rescued by specific suppressors (Figure 4.4A). Endosomal fusion is rescued in this
experiment by the overproduction of Vam3p. It is hypothesized that under conditions of
overproduction Vam3p can directly substitute for Pep12p in the endosomal SNARE complexes,
due to redistribution of the excess overproduced protein to the late endosome (Darsow et al.
1997); this functional substitution would be facilitated by structural similarities between both
proteins and by the SNAREs Vti1p and Ykt6p, which both participate in the endosomal as well
as in the vacuolar SNARE complexes (Dilcher et al. 2001). Vacuolar fusion in the ccz1∆ pep12∆
mutant is rescued by the expression of the Ypt7D129A mutant protein, which is predicted to
display increased rates of GDP-GTP exchange (Kucharczyk et al. 2001) and, in consequence,
probably does not depend strictly on activators such as Ccz1p-Mon1p. Surprisingly,
overproduction of the wild-type Ypt7p protein, although capable of restoring vacuole fusion in
the single mutant ccz1∆, remains without any effect in the pep12∆ background (Figure 4.4A). A
possible explanation of this is that the severe defect in protein transport into the late endosome in
pep12∆ cells disturbs trafficking of the overproduced Ypt7p and prevents a sufficient increase in
the amount of this protein on the vacuole membrane; this interpretation, however, has not been
tested experimentally. Still, the ability of Vam3p and Ypt7D129A to suppress the synthetic
phenotypes of ccz1∆ pep12∆ indicates that these phenotypes can be attributed to the known roles
of Ccz1p and Pep12p in vacuolar and endosomal membrane fusion, respectively. Therefore, this
analysis does not point to any novel functions nor sites of action of Ccz1p.
Also, the data presented above support the hypothesis that a combination of defects in
both vacuolar and endosomal fusion leads to synthetic phenotypes. Previously, the double
mutant strains pep12∆ vam3∆ and vps21∆ ypt7∆ had been reported temperature-sensitive
(Peterson and Emr 2001). The simplest explanation for these synthetic effects is that they result
from simultaneously disrupting both the endosomal and vacuolar fusion machineries, which
prevents the cells from producing any active vacuoles or vacuole-like compartments. This
explanation is supported by the observation that the pep12∆ vam3∆ and vps21∆ ypt7∆ strains
display also a no-vacuole phenotype – they contain no microscopically discernible vacuolar
structures at all (Peterson and Emr 2001; Subramanian et al. 2004). A similar phenotype is
observed for the pep12∆ ypt7∆ double mutant (Figure 4.4B). Interestingly, the same is not true
for the ccz1∆ pep12∆ and mon1∆ pep12∆ strains: these cells do contain well discernible,
although morphologically abnormal, round and often fragmented, vacuoles (Figure 4.4B). One
possible explanation for this would be that the temperature- and calcium-sensitivity phenotypes
arise not as a result of the lack of active vacuolar compartments, but because of some other
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effects of the double fusion block. Another possibility is that, despite their appearance, also these
organelles are functionally more severely disturbed than the vacuoles of the parental strains.
Contrary to the interaction with PEP12, the genetic interaction of CCZ1 with ARL1 (first
reported by Love et al. 2004) allows to functionally separate Ccz1p from the Mon1p and Ypt7p
proteins. Investigation of this interaction shows that it is specific for CCZ1, since MON1 and
YPT7 do not interact with ARL1 (Figure 4.2). Further, both overproduction of Ypt7p and
expression of Ypt7D129A suppress the ts– phenotype of arl1∆ ccz1∆ cells only very weakly,
indicating that restoration of vacuolar fusion is not sufficient to rescue the mutant – this shows
that also some other process is affected by the ccz1∆ mutation. Up to date, this is the sole
indication that Ccz1p performs a function independent of Ypt7p. However, any hypotheses on
the nature of this function remain currently purely speculative. Arl1p is a GTPase of the Arf-like
family. It is known to recruit GRIP domain proteins – in yeast the Imh1p protein – to the transGolgi membrane (Setty et al. 2003), and this role of Arl1p is probably responsible for the
requirement for this GTPase in trafficking of the GPI-anchor protein Gas1p to the yeast plasma
membrane (Liu et al. 2006). Apart from this well-documented case, only indirect data on the
functions of Arl1p are available. Analysis of its numerous genetic interactions indicates a role of
this protein in retrograde transport from various compartments of the endosomal system to the
TGN (Munro 2005; Schuldiner et al. 2005; SGD). The gene YPT1 has been shown to suppress a
temperature-sensitivity phenotype that arises when the arl1∆ deletion is combined with ssd1
mutations. Ypt1p is a Rab-GTPase necessary for anterograde vesicular transport from the ER to
the Golgi and between Golgi cisternae (Jedd et al. 1995). No mechanism explaining the genetic
interaction between ARL1 and YPT1 has been proposed yet. It seems thus that any reasonable
interpretation of their interaction with CCZ1 will be possible only after additional experimental
data is gathered. The preliminary results of a multicopy suppressor screen that has been
conducted in our group identify the gene PCL1, which encodes a G1 cyclin, as another
suppressor of the ts– phenotype of the arl1∆ ccz1∆ strain (A. Jaszcza and R. Kucharczyk,
unpublished). This surprising result shows that further research will be needed to unravel the
mechanism underlying this phenotype.
In conclusion, the genetic analysis conducted in this study supports the previously
proposed model, in which the Ccz1p-Mon1p complex functions as an upstream positive
regulator of Ypt7p activity, influencing in this way fusion reactions at the vacuolar membrane.
Additionally, it suggests that Ccz1p performs also some separate function(s), the disruption of
which leads to the genetic interactions with ARL1 and YPT1.
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5.2 Ccz1p is a homolog of human HPS4
The genetic analysis was meant to tell us how many separate functions or sites of action
of Ccz1p can be deduced from the already available interaction data. Apart from this approach, a
theoretical analysis of the Ccz1p amino acid sequence was performed, in a hope that it would
yield novel suggestions for further research on this protein.
Although the vacuolar and lysosomal transport systems of yeast and animal cells
generally present a high degree of conservation, visible both on the protein sequence level and in
the overall architecture of these systems, for the yeast protein Ccz1p and for its interaction
partner, Mon1p, no protein homologs from other species could be detected by standard methods
(Kucharczyk et al. 1999). The Ccz1p-Mon1p complex was therefore considered characteristic
for yeast cells. In this work, by means of high-sensitivity sequence comparison methods that
enable the detection of distant homologies, an approximately 200 amino acid-long N-terminal
fragment of Ccz1p was found to display homology to the N-termini of the mammalian
HPS4/light-ear proteins (Figure 4.6). Further proteins containing similar sequences at their Ntermini were detected in many other species, representing the fungal, animal and plant kingdoms.
This N-terminal domain, named CHiPS after the Ccz1p and HPS4 proteins, is thus conserved
among all major groups of eukaryotes. Importantly, comparison of the literature data on Ccz1p
and HPS4 suggests some degree of functional similarity (section 4.2.2), supporting the
conclusion that CHiPS family proteins are truly evolutionarily related, and justifying the
approach that the functional characteristics of one family member can serve as indications of
possible functions of other CHiPS proteins. On one hand, this result has opened novel directions
in research on Ccz1p (leading to the discovery of its involvement in organelle movement; see
below), and on the other hand it has provided a yeast model for the investigation of the
molecular mechanism underlying the human disease connected to HPS4 – the type 4
Hermansky-Pudlak syndrome (HPS-4; OMIM 203300). The human HPS4 protein has been
studied intensively and the phenotypic effects of HPS4-deficiency have been characterized
clinically, on the level of the organism, as well as molecularly, in the most affected cell types
(Huizing et al. 2002; Li et al. 2004); biochemical characterization of the protein has been
performed and its physical interactions have been analyzed (Martina et al. 2003; Nazarian et al.
2003). Still, its precise molecular function remains unknown, and in this respect determination of
the molecular function of the yeast Ccz1p protein could greatly facilitate research on HPS4. For
the moment, the data supporting a role of Ccz1p in Rab-GTPase regulation point to the
intriguing possibility of HPS4 performing a similar function.
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Identification of the conserved CHiPS domain in organisms belonging to all major
eukaryotic phyla sheds new light on the evolutionary origin of lysosome-related organelles
(LROs). Analyses of trafficking-related diseases that affect LROs have shown that the biogenesis
of these organelles requires both proteins that are involved in the biogenesis of conventional
lysosomes – and are known or assumed to have counterparts in lower eukaryotes – and a set of
specific proteins, which form so-called BLOC complexes (for biogenesis of lysosome-related
organelles complex) (Dell’Angelica 2004). Until now, it has been widely accepted that BLOC
components are evolutionarily novel proteins that have arisen in higher metazoans
(Dell’Angelica 2004; Li et al. 2004). This notion was supported by the fact that BLOC-encoding
genes were found only in animal genomes; another circumstance that seemed to justify it was
that cells of lower eukaryotes lack specialized LROs. HPS4/light-ear is a BLOC protein –
together with HPS1/pale-ear it constitutes the BLOC-3 complex (Martina et al. 2003; Nazarian
et al. 2003) – and thus the identification of Ccz1p as an HPS4 homolog demonstrates that
specialized LROs do utilize the same molecular machinery as yeast vacuoles, as well as
conventional animal lysosomes. This last statement is consistent with the fact that BLOC
proteins are expressed ubiquitously, in all cell types, and that on the molecular level all analyzed
cell types seem affected by BLOC-deficiencies, although some of them only weakly (Li et al.
2004). If the molecular machinery responsible for protein trafficking to LROs is shared with
conventional lysosomes, then some other LRO-specific determinants must exist that ensure the
special protein composition of these organelles. The common view of how LROs come to differ
from their conventional counterparts needs to be revised.
The evolutionary link established between HPS4 and Ccz1p suggested that there might
also be a connection between the proteins they interact with – HPS1 and Mon1p, respectively.
HPS1/pale-ear mutants are phenotypically similar to HPS4/light-ear mutants (the coat color
phenotypes of the mouse mutants are also very similar, as reflected by the names of the murine
genes/proteins), combining the light-ear and pale-ear mutations does not lead to phenotypic
enhancement, and the corresponding proteins have been shown to form a stable complex
(Dell’Angelica 2004 and references therein). These results place HPS1/pale-ear in the same
position relative to HPS4/light-ear as that of the yeast protein Mon1p relatively to Ccz1p.
Despite these similarities, the sequence comparison methods used in this study (sequence-profile
and profile-profile alignment) did not allow the detection of any homology between the amino
acid sequences of HPS1 and Mon1p. However, as has recently been shown by Kinch and Grishin
(2006), distant homology between these two proteins can be demonstrated if additionally foldrecognition methods are applied. These authors have shown that the N-terminal domains of
80

DISCUSSION
Mon1p and HPS1 (and a number of further proteins) are homologous to each other, and they
have assigned a longin-like fold to these domains. Further, they have analyzed the CHiPS
domain and also in this case the predicted fold is longin-like. The longin domain was initially
described as a novel domain present at the N-terminus of a subset of SNARE proteins (Filippini
et al. 2001). Later, it has been shown that other proteins involved in the regulation of
intracellular trafficking, among them some subunits of adaptor protein (AP) complexes, also
contain longin-like domains (Rossi et al. 2004). The precise functions of these domains are not
known, but they have been implicated in such processes as SNARE binding and regulation,
targeting of proteins to specific compartments, mediation of post-translational modifications. In
the heterotetrameric AP-1 and -2 complexes, the respective σ and µ subunits contain longin-like
domains which interact with each other and stabilize the core of the complex (Heldwein et al.
2004; Collins et al. 2002). An analogous interaction between two longin-like domains might be
involved in the formation and/or stabilization of the Ccz1p-Mon1p complex.
5.3 The CHiPS domain and the C-terminal tail domain are both necessary for Ccz1p
activity
The conservation of the CHiPS domain across phyla indicated that it is probably
important for the functionality of CHiPS proteins. The importance of the variable C-terminal tail
domains was less obvious; however, the fact that all CHiPS proteins do contain long, weakly
structured tails suggested – despite their complete lack of conservation – that these features
could be necessary for protein activity as well. Experimental analysis of Ccz1p variants
truncated on the N- or C-terminus has confirmed that only the full-length protein is functional
(Figure 4.10).
The non-functionality of the truncated protein forms may have various causes. It is
unlikely that they are disturbed by the N-terminal GFP moiety, because the GFP-Ccz1p control
protein is fully functional: if the shortened Ccz1p variants attain a conformation similar to that of
the wild-type protein, they should not be inactivated by the addition of GFP. In the case of the
Ccz1p(14-705) protein, this argument is strengthened by the observation that introduction of a
triple hemagglutinin (HA) epitope (27 aa long) before the amino acid in position 14 did not
affect Ccz1p activity (Kucharczyk et al. 2001), as long as the 1-13 amino acid fragment was
present at the N-terminus of the modified protein. For the C-terminally truncated protein, the Nterminal tag is even less likely to influence the overall protein conformation differently than for
wild-type Ccz1p. However, the interference of GFP with protein activity cannot be ruled out
completely without experimental testing.
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The lack of activity of the truncated protein variants is also not due to insufficient
expression or stability, because their steady-state levels in total cell protein extracts exceeded the
amount of endogenous, wild-type Ccz1p (Figure 4.8). More ambiguous is the data on the
subcellular localization of these protein forms. Microscopic observation of the GFP-tagged
fusion proteins did not show any increase in cytoplasmic staining for the truncated proteins,
relative to the control (Figure 4.9). For GFP-Ccz1p(14-705), the microscopic staining pattern
differed only slightly from the control, and these differences might merely reflect changes in the
morphology of the vacuolar system in the analyzed cells. It follows thus that this protein is
expressed and localized correctly, but is biologically inactive – for example, it is unable to
interact with Mon1p (section 4.3.2). For GFP-Ccz1p(1-612), on the other hand, the staining was
hardly visible, indicative of more dramatic changes in protein properties. The lack of visible
staining for GFP-Ccz1p(1-612) cannot be easily explained. Partly, it might reflect the decreased
expression or stability of this protein variant, which is five times less abundant in the cell than
the control (Figure 4.8A). However, this does not explain why most cells are completely devoid
of fluorescent staining. One possibility would be that the C-terminal truncation leads to such
changes in the three-dimensional structure that the GFP is unable to fold properly and
fluorescence is not emitted. Another possibility is that the protein needs to be highly
concentrated to be visible under the microscope, e.g. by entering into complexes that contain
many Ccz1p molecules. This explanation takes into account the results of Wang et al. (2003),
who have shown that Ccz1p and Mon1p from vacuolar preparations co-fractionate on a sucrose
gradient with all major fusion components: vacuolar SNAREs, the SNAP and NSF-ATPase
proteins, the vacuolar Rab-GTPase, and subunits of the C-Vps complex (a presumable tethering
complex) (Figure 1.2). Together with the fact that Mon1p self-interacts in the two-hybrid system
(Wang et al. 2003), this data leads to the hypothesis that Ccz1p and Mon1p may associate with a
large protein complex containing many molecules of both proteins. Such a complex could
represent sites of Ccz1p concentration, which would render the GFP-tagged protein
microscopically detectable. In this case, the C-terminal truncation of Ccz1p could cause its
dispersion by disrupting some pivotal protein-protein interactions.
In this study, the only tested protein-protein interaction of Ccz1p was that with Mon1p,
and this interaction was shown to be abolished by both truncations – but clearly, this interaction
is not crucial for the visibility of GFP-Ccz1p in well-stained, punctate structures, because such
structures are present also in the mon1∆ background (Figure 4.9B). This is consistent with the
fact that the N-terminally truncated GFP-Ccz1p(14-705) protein, which is unable to interact with
Mon1p in a two-hybrid experiment, is detected in punctate structures under the microscope
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(Figure 4.9A). These results demonstrate that the interaction with Mon1p is not necessary for the
concentration of GFP-Ccz1p. On the other hand, Wang et al. (2003) have reported that vacuoles
isolated from mon1∆ cells lack Ccz1p, showing that recruitment of the protein to the vacuole
membrane does depend on Mon1p. This could suggest that the microscopically detectable
punctate structures do not represent membrane-associated Ccz1p at all, or else, they support a
model in which Mon1p plays a role in the recruitment of Ccz1p specifically to vacuolar
membranes, which would in this case be a regulated process. In the interpretation of these data,
also the overproduction – relatively to endogenous Ccz1p – of the analyzed GFP-tagged proteins
must be taken into account. An influence of the overproduction on the localization of the
proteins cannot be excluded, although it should be noted that in previous immunofluorescence
localization studies the staining pattern was identical for Ccz1p-HA expressed either from a
multicopy plasmid or from a single, genome-integrated copy of the corresponding gene under
control of the native promoter (Kucharczyk et al. 2000; and R. Kucharczyk, unpublished), and
that these results matched also the staining pattern obtained for GFP-Ccz1p, justifying the use of
this construct in the present work. Clearly, the determination of the role of Mon1p in the
localization and membrane attachment of Ccz1p will require further, more detailed experiments.
In summary, it can be concluded that the truncated Ccz1p variants are efficiently
expressed and stable, and that the N-terminally truncated protein displays correct subcellular
localization. Despite these properties, both N- and C-terminal truncations abolish the ability of
Ccz1p to interact with Mon1p and to perform its physiological functions. Therefore, both an
intact CHiPS domain and a complete C-terminal tail domain are indispensable for the
functionality of Ccz1p.
5.4 The human and yeast CHiPS domains are not functionally interchangeable
The sequence homology between the CHiPS domains of Ccz1p and HPS4 is not very
high – they are 18% identical and 36% similar – but it is supported by biochemical and
functional similarities between both proteins. Therefore, it seemed possible that human HPS4 or
human CHiPS would be able to functionally substitute for their yeast counterparts. The
experiments presented in this study show, however, that such substitution does not occur.
The expression of full-length HPS4 or of HPS4-Ccz1p hybrid proteins in a ccz1∆ strain
proved neutral for yeast cells. The heterologous proteins, although present in cellular extracts
(Figure 4.12), do not reverse the phenotypes associated with loss of Ccz1p (Figure 4.14), nor do
they harm the cells. Judging on the basis of microscopic analysis, full-length HPS4 localizes to
the cytoplasm of yeast cells in a much larger proportion than does yeast Ccz1p, although a minor
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number of small dots is also detected (Figure 4.13). The hybrid proteins behave similarly to Cterminally truncated Ccz1p – they are hardly visible under the microscope.
The reasons leading to defective localization can only be speculated upon, but a likely
explanation is that the human CHiPS domain is unable to interact with its environment in yeast
cells (the lack of a two-hybrid interaction with Mon1p (Figure 4.14B) supports this
interpretation), due to the too large evolutionary distance. The major interaction partners of
Ccz1p and HPS4 – the Mon1p and HPS1 proteins – are even more divergent than the CHiPS
proteins (Kinch and Grishin 2006); for other, unidentified interaction partners, the differences
may be yet larger. The biochemical properties of Ccz1p suggest that additional factors mediate
its membrane attachment. If the heterologous proteins were incapable of interacting with such
factors, this could explain their localization defects.
Taking into account the inability to interact with Mon1p (and possibly with other factors)
and the incorrect localization of HPS4 and the hybrids, it is not surprising that these proteins are
not functional in yeast. But why are their interactions and localization so different from the
properties of Ccz1p? Is the overall structure of these proteins completely different from that of
Ccz1p, or are there only small changes, which are, however, located in important regions and
thus lead to disruption of crucial properties? A potential problem concerning the overall structure
of the hybrid proteins is connected with the design of the joining point between the human and
yeast sequences. In the H1 hybrid, all of human CHiPS has been included, and the joining point
is located within the tail domain, ~20 residues C-terminal of the last CHiPS amino acid (Figure
4.11). Since reliable predictions of the structure of the tail domain are not available, it cannot be
judged whether this sequence junction remains consistent with or disturbs the native structure of
the tail. The H2 hybrid has been designed specifically to avoid this problem. In this hybrid, the
joining point is located within the CHiPS domain, for which a secondary structure prediction was
available (Figure 4.6). H2 contains only part of human CHiPS, without the C-terminal helix α4,
which is contributed by the yeast sequence (Figure 4.11). Placement of the joining point within
the conserved region was meant to increase the chances of correct protein folding. Now, with the
publication of the work of Kinch and Grishin (2006), a three-dimensional model of the CHiPS
region is available. This model generally confirms the secondary structure predictions presented
in Figure 4.6 and used for H2 design. The major difference is the assignment of an α-helix to the
β2 strand region of the previous model – a discrepancy irrelevant to H2 structure, because it
concerns the N-terminus of CHiPS. In the light of the three-dimensional model, the joining point
in the H2 hybrid is located in a loop region between two conserved helices, supporting the idea
that it should be compatible with overall protein structure. So, although structural problems
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resulting from incorrect junction design – such as the deletion or duplication of a small but
structurally influential sequence fragment – cannot be ruled out for the hybrid proteins, they are
rather unlikely, especially for the H2 hybrid. Still, even if the junction itself does not pose
problems, the overall structure may be incorrect simply because the sequence similarity between
the CHiPS domains of Ccz1p and HPS4 might be too weak to support structural
interchangeability.
Answers to the following questions: whether minor changes in crucial positions are
responsible for the non-functionality of the HPS4-Ccz1p hybrids in yeast cells, and whether
paralleling changes in other proteins would be capable of rendering them functional, may emerge
with the results of a screen for genomic suppressors of growth phenotypes displayed by ccz1∆
cells expressing the hybrid proteins. The isolation of mutated protein variants that would reverse
ccz1∆ phenotypes in a manner dependent on the expression of the hybrids could tell us both why
the hybrids are inactive, and interactions with what proteins – next to Mon1p and Ypt7p – are
crucial for Ccz1p functionality. Such a screen is currently underway in our group.
The results presented in this work demonstrate that the 13 N-terminal amino acids of
Ccz1p are indispensable for functionality (Figure 4.10), but available literature data shows that
moving this fragment away from the rest of the protein – by introducing a triple HA epitope into
the sequence – does not disturb Ccz1p functioning (Kucharczyk et al. 2001). Together, these
data suggest that this amino acid fragment might play some independent role in the activity of
the protein. Further experimental results have eliminated the hypothesis that it functions as a
targeting signal: the GFP-Ccz1p(14-705) protein is targeted correctly (Figure 4.9A), whereas a
GFP-Ccz1p(1-13) fusion strongly stains the cytoplasm, similarly to GFP alone (data not shown).
It has thus been assumed that the 1-13 fragment performs some other, uncharacterized
function(s), necessary for Ccz1p activity. The addition of this fragment to the N-termini of the
H1 and H2 hybrids (which has yielded 13H1 and 13H2, respectively; Figure 4.11) was meant to
ensure that the resultant fusion proteins do not lack this unknown function. However, this
modification did not render the hybrids functional, demonstrating that either the yeast 1-13
fragment cannot cooperate with human CHiPS, or that the lack of activity of the hybrids is due to
other reasons.
The results obtained in this study show that the CHiPS domains of HPS4 and Ccz1p are
not directly interchangeable. Unfortunately, they do not answer the question of why human
CHiPS cannot substitute for its yeast counterpart: are the molecular functions performed by these
domains different (despite the phenotypic similarities between the respective mutants), or are the
molecular environments too far apart to support the functioning of the foreign protein?
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5.5 Ccz1p, together with Mon1p and Ypt7p, is engaged in organelle movement
The study by Nazarian et al. (2003), who have reported that mutant HPS4 fibroblasts
display defects in intracellular lysosome positioning, shows that apart from its function in the
biogenesis of lysosome-related organelles (in particular, melanosomes and platelet dense
granules) the HPS4 protein is also engaged in other processes – it influences, directly or
indirectly, the movement of whole organelles. In HPS4 mutant cells, lysosomes are dispersed
throughout the cell body, in contrast to wild-type cells, where they localize to the perinuclear
region. This observation indicated involvement in vacuole motility as a possible novel function
of Ccz1p. On the other hand, the results of Tong et al. (2004), who have conducted a genomewide screen for synthetic interactions in yeast, link CCZ1 and MON1 with the NUM1 gene,
pointing to a possible role of Ccz1p-Mon1p in nuclear motility. Together, these reports have
provided a basis for the investigation of the potential role of Ccz1p-Mon1p in organelle
movement.
Directed and regulated movement of organelles within cells is a general eukaryotic
feature, essential for correct functioning of and communication between compartments, as well
as for organelle partitioning during cell division. Both microtubules and the actin cytoskeleton
are exploited for organelle movement. Actin-based motility relies either on the polymerization of
actin filaments as the motive force for movement, or on the activity of myosin motors, in
particular of the class V family. In the recent years, an increasing number of reports has been
pointing to an important role of Rab-GTPases as regulators of myosin function in organelle
motility (reviewed in Seabra and Coudrier 2004). The best-studied example of such a mechanism
is that of the delivery of mature melanosomes to the cell membranes of melanocytes for
subsequent transfer to adjacent keratinocytes. Following long-range transport of melanosomes
along microtubules, their positioning at the cell membrane occurs by means of an actin-based
mechanism. This mechanism is dependent on Rab27a – a Rab-GTPase that associates with
melanosome membranes. Upon activation by GTP-binding, Rab27a-GTP recruits the protein
melanophilin, which next binds the C-terminal globular tail of myosin Va (Wu et al. 2002). The
myosin N-terminal motor domain associates then with actin, and transport of the bound
melanosome along the filament can take place. Mutations in the genes for Rab27a, melanophilin
or myosin Va underlie the various types of Griscelli syndrome (Table 1.2), which involves –
among other symptoms – also skin pigmentation defects. In cell types other than skin
melanocytes, Rab27a performs different, not quite as well described functions related to LRO
transport: for instance, in retinal pigment epithelial cells Rab27a recruits the MyRIP protein and
the myosin VIIa motor to the melanosome membrane (Futter et al. 2004).
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In yeast, the class V myosin Myo2p has been implicated directly in the movement of
secretory vesicles, vacuoles, peroxisomes, and Golgi elements (Johnston et al. 1991; Hill et al.
1996; Hoepfner et al. 2001; Rossanese et al. 2001), and indirectly in the transfer of nuclei (by
transporting plus-ends of astral microtubules) (Beach et al. 2000; Yin et al. 2000) and
mitochondria (possibly by transporting membrane-bound mitochondrial retention factors to the
bud) (Boldogh et al. 2004). Interactions of Myo2p with two different Rab-GTPases have been
detected, demonstrating that the same myosin can cooperate with distinct Rabs in distinct
organelle-transport events. The transport of secretory vesicles requires an interaction with the
Rab protein Sec4p (responsible also for subsequent fusion of the vesicles with the plasma
membrane) (Wagner et al. 2002), whereas mitochondrial inheritance requires an interaction of
Myo2p with Ypt11p (Itoh et al. 2002). Interestingly, the Myo2p-Sec4p interaction is independent
of GTP binding by Sec4p (Bielli et al. 2006).
These data show that there is a great diversity of mechanisms behind the general
phenomenon of Rab-GTPase-based regulation of myosin motors in organelle motility.
Nevertheless, they suggest that an involvement of Ccz1p-Mon1p in organelle movement could
be mediated by Ypt7p. Indeed, the results obtained in this study demonstrate that both the
Ccz1p-Mon1p complex and the Ypt7p Rab-GTPase are necessary for efficient inheritance of
vacuoles and for efficient functioning of the Kar9p-dependent pathway of nuclear inheritance.
In ccz1∆ cells, buds often lack membrane material originating from mother-cell vacuoles
(Figure 4.15; Table 4.1). Microscopic observation of FM4-64-stained mon1∆ cells yielded
similar results (data not shown); however, in ypt7∆ strains the vacuolar morphology was affected
so severely (see Figure 4.1B), that microscopic assessment of vacuolar transfer became
impossible. To circumvent the difficulties associated with visual judgment of fragmented
vacuoles, and to confirm that the lack of stained membranes in ccz1∆ buds corresponds to a lack
of inherited active vacuolar compartments, all three strains were analyzed biochemically. The
results of this analysis show that ccz1∆, mon1∆ and ypt7∆ cells are incapable of providing their
progeny with active vacuolar proteases (Figure 4.16). Together, these data clearly demonstrate
that vacuolar inheritance does not occur normally in the analyzed strains.
Investigation of the role of Ccz1p, Mon1p and Ypt7p in the Kar9p-pathway of nuclear
inheritance also shows that all three proteins are required for efficient functioning of the
analyzed process. This conclusion is based on the specific genetic interactions of the ccz1∆,
mon1∆ and ypt7∆ mutations with num1∆, which manifest themselves in a growth-rate defect
(Figure 4.17) that can likely be attributed to inefficient nuclear transmission, as assessed by
direct microscopic observation of nuclei (Figure 4.18; Table 4.2).
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These data show that both of the analyzed processes – vacuole inheritance and Kar9pdependent nuclear inheritance – require Ccz1p, Mon1p and Ypt7p. The fact that expression of
the Ypt7D129A mutant protein is capable of reversing the organelle-inheritance phenotypes of
ccz1∆ cells (Figure 4.20; Table 4.4) demonstrates additionally that, as in membrane fusion, it is
the activity of Ypt7p that is actually required, whereas the role of Ccz1p and Mon1p might be
limited to Ypt7p regulation.
What is the role of Ypt7p in the transport of vacuoles and nuclei? A function strictly
analogous to that of Rab27a in melanosome movement seems unlikely in the light of what is
already known about the discussed processes: the proteins linking the Myo2p myosin motor to
its cargo have been identified both for vacuoles and for astral microtubules. In vacuolar
inheritance, the Vac8p protein binds to the vacuole membrane via acylation (Wang et al. 1998)
and recruits Vac17p, which binds directly to the C-terminal tail domain of Myo2p (Tang et al.
2003). Orientation of the mitotic spindle relies on the microtubule-binding protein Bim1p which
is loaded onto the plus ends of astral microtubules and then recruits Kar9p, which in turn
interacts with the Myo2p tail (Hwang et al. 2003). Therefore, a role of Ypt7p as a cargo-bound
receptor recruiting Myo2p (through additional factors) is not likely in either case. However, both
mechanisms are certain to involve regulatory factors which must ensure that transport takes place
in a regulated fashion, e.g. at the correct time point of the cell-cycle. Such a regulatory function
has been already postulated for Rab-GTPases in organelle inheritance (Seabra and Coudrier
2004), although it has not yet been shown directly. The GDP-GTP activation cycle of Rab
proteins makes them particularly suitable for exerting spatial and temporal control over organelle
transport events. Still, definite establishment of the mechanism underlying the organelle
inheritance defects of Ypt7p-deficient yeast cells will require further experiments.
5.6 Final remarks and directions for future studies
The results obtained in this study indicate that the broad phenotypic effects observed in
ccz1∆ yeast cells are in most cases due to its role as a regulator of the Ypt7p Rab-GTPase. An
exception to this statement is the specific interaction of CCZ1 with ARL1, YPT1, and the recently
identified suppressor PCL1, which defines a completely separate direction opening in Ccz1p
research. Apart from this case, the multiple sites of action of Ccz1p in the yeast cell: vacuolar
fusion reactions, vacuole inheritance events, and nuclear transfer, all amount to a requirement for
Ypt7p. The approach represented by this work, in which Ccz1p function was pursued mainly
through the analysis of processes affected in mutant cells, has led to the identification of novel
sites of action of Ypt7p (and its regulators) rather than novel molecular functions of Ccz1p. It
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seems thus that Rab-GTPase regulation represents the main function of this protein. But what is
the precise molecular function that Ccz1p exerts on Ypt7p? Ccz1p has previously been
postulated to function as a guanine-nucleotide exchange factor (GEF) for Ypt7p, but this
hypothesis still requires experimental confirmation. Therefore, the question concerning the
molecular function of Ccz1p remains the most important problem for future investigations of this
protein. The implications that could derive from Ccz1p research for our understanding of the
disease associated with HPS4 – the human homolog of Ccz1p – further stress the importance of
such investigations.
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6. CONCLUSIONS
•

Genetic analysis suggests that in vacuolar fusion Ccz1p functions together with Mon1p and
upstream of the Rab-GTPase Ypt7p, and that disruption of this function is responsible for
genetic interactions with genes involved in late-endosomal fusion, whereas the genetic
interaction with ARL1 and YPT1 results from a different, unknown function of Ccz1p, which
is independent of Mon1p and Ypt7p.

•

The Ccz1p protein contains a N-terminal domain, termed CHiPS, which is homologous to the
N-terminus of human HPS4 – a protein responsible for the Hermansky-Pudlak syndrome
type 4. Similarities in protein characteristics support the notion that Ccz1p and HPS4 are
truly evolutionarily and functionally related, despite the fact that the human protein is
nonfunctional in yeast cells.

•

Both the CHiPS domain and the C-terminal tail domain are indispensable for Ccz1p
functioning, since truncation on the N- or C-terminus renders the protein completely inactive.

•

Ypt7p and its regulatory complex Ccz1p-Mon1p are necessary both for efficient inheritance
of vacuoles and for correct functioning of the Kar9p-dependent nuclear inheritance pathway.

Note
This study has provided the basis for the following publications:
Hoffman-Sommer M, Migdalski A, Kucharczyk R, Rytka J. Ccz1p functions at multiple steps of
vacuolar transport in Saccharomyces cerevisiae. Biochem. Biophys. Res. Commun. 329, 198-205
(2005).
Hoffman-Sommer M, Grynberg M, Kucharczyk R, Rytka J. The CHiPS domain – ancient traces
for the Hermansky-Pudlak syndrome. Traffic 6, 534-538 (2005).
Hoffman-Sommer M, Rytka J. The yeast protein sorting pathway as an experimental model for
lysosomal trafficking. Exp. Rev. Clin. Immunol. vol. 3, in print (2007).
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