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Chapter 1 

Until some 15 years ago, sphingolipids were generally believed to protect the cell surface against 

harmful factors in the environment by forming a mechanically stable and chemically resistant 

outer leaflet of the plasma membrane lipid bilayer. In addition, complex glycosphingolipids were 

found to be involved in more specific functions like recognition and signaling (1).Whereas the 

first feature would depend on the special physical properties of the sphingolipids, the signaling 

functions would depend on specific interactions of the complex glycan structures on the 

glycosphingolipids with similar lipids on neighboring cells or with proteins. Since then, two 

findings have revolutionized the field: (A) Simple sphingolipid metabolites, like ceramide and 

sphingosine-1-phosphate, have been found to be important mediatiors in signaling cascades 

of apoptosis, proliferation and stress responses (2, 3). (B) In addition, it has been realized that 

ceramide-based lipids self-aggregate in cellular membranes to form a separate phase that is 

less fluid (liquid-ordered) than the bulk of the cellular membranes that consists of liquid-

disordered phospholipids based on diacylglycerol. These sphingolipid-based microdomains or 

"rafts" were originally proposed to sort membrane proteins along the cellular pathways of 

membrane transport (4). Presently, most excitement focuses on their organizing functions in 

signal transduction at the plasma membrane (5). 

Sphingolipids are synthesized in the ER and in the Golgi complex, but they are enriched in 

plasma membrane and endosomes where they perform many of their functions. Some functions 

have been located to the mitochondria (2). Thus, sphingolipids travel between organelles. 

Transport occurs via transport vesicles, and in some cases via monomeric transport through 

the cytosol. Furthermore, as demonstrated below, some sphingolipids efficiently translocate 

across cellular membranes. That transport is not random is clear from the heterogeneous 

distribution of sphingolipids over the cell: whereas sphingolipids are virtually absent from 

mitochondria and the ER, they constitute 20-35 mol% of the total lipids of plasma membranes 

(Table I). Furthermore, signaling pools of sphingolipids do not freely mix with pools involved 

in biosynthesis and degradation (2, 3, 6).The specificity in sphingolipid transport is the topic 

of the present review. 

Table 1. Sphingolipid content of various plasma membranes'. 

mol/mol 

Intestinal epithelium, apical2 

Intestinal epithelium, basolateral 2 

Myelin 3 

Yeast plasma membrane 4 

sphingo] 

38 

19 

28 

16 

P ds glycerophospholipids 

29 

56 

28 

36 

sterol 

33 

25 

44 

48 

' Plasma membranes are manyfold enriched in sphingolipids and cholesterol as compared to the E R and the mitochondria (42, 104). 

This view has been confirmed by immunolocalization studies of the complex glycosphmgolipid Forssman antigen: the labeling density 

in the plasma membrane was 10-fold higher than in the ER, with virtually no label over mitochondria and peroxisomes (68). 
2 In the intestinal epithelial cells 50% of the sphingolipids was GlcCer. The other 50% consisted of the complex glycosphingolipid 

globoside and of SM.The mam glycerophospholipid is phosphatidylcholine which makes up 8 mol% of the lipids in the apical versus 

29 mol% of the lipids in the basolateral membrane (105). 
3 The major sphingolipid in myelin is GalCer followed by sulfated GalCer and SM (106). 
4 Sphingolipids in S. cerevisiae consist of nearly equal fractions of inositolphosphoceramide (IPCer), MlPCer and M(IP)2Cer (107). In 

addition, other yeasts generally contain GlcCer-based glycosphingolipids. 
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General introduction 

Biosynthetic traffic and lipid translocators 

Ceramide 
The first steps in sphingolipid synthesis are the condensation of L-serine and palmitoyl-CoA 

to ketosphinganine and its reduction to sphinganine in the ER membrane (6). In yeast, these 

lipids do not feed into signaling pools (7) and exogenous sphingoid bases need to go through 

a cycle of phosphorylation and dephosphorylation before they can be utilized for ceramide 

synthesis (8).This suggests that newly synthesized sphingoid bases are channeled through the 

pathway into ceramide without being able to escape. In yeast, ceramide is then converted 

to inositolphosphoceranude (IPCer)1 and the mannosyl- and inositolphosphomannosyl-

derivatives MlPCer and M(IP),Cer on the lumenal surface of the Golgi complex (9). In 

mammals, ceramide is utilized for the synthesis of glucosylceramide (GlcCer) on the cytosolic 

side of the Golgi, sphingomyelin (SM) on the lumenal surface of the Golgi, and, in specialized 

cells e.g. many epithelial cells, for galactosylceramide (GalCer) synthesis in the lumen of the 

ER (10) (Figure 1). Since ceramide synthesis occurs on the cytosolic side of the ER, the rate 

of ceramide translocation towards the lumena of ER and Golgi affects the relative synthesis 

of the various products. Indeed, if the half-time of the spontaneous transbilayer translocation 

of ceramide would be tens of minutes (11), this is rather slow compared to the vesicular 

transport between ER and Golgi (minutes). However, the translocation rate may be faster in 

the unsaturated lipid environment of the ER. In addition, it is unclear whether ER and Golgi 

possess proteins that stimulate ceramide translocation. Ceramide transport to the site of SM 

synthesis can be inhibited under conditions where transport to the site of GlcCer synthesis and 

ER-Golgi vesicle transport are normal (12), and, besides the vesicular pathway, a non-vesicular 

mechanism delivers ceramide to the Golgi in mammalian cells and yeast (13, 14). In yeast, 

this alternative pathway depends on ER-Golgi membrane contact and on a cytosolic factor 

and is energy-independent (14). Interestingly, close apposition of the ER to cisternae of the 

trans-Golgi has been observed in mammalian cells (15, 16). In the model of Figure 1, GlcCer 

synthase in the cis-Golgi receives ceramide via the vesicular pathway whereas GlcCer synthase 

and SM synthase in the trans-Golgi (17) receive ceramide from the ER via membrane contact 

sites. Similar contacts have often been observed between ER and mitochondria (16). These 

may be responsible for the transfer of signaling ceramide to mitochondria. A mitochondrial 

ceramidase has been identified (2). 

Glucosylceramide 
GlcCer synthesized on the cytosolic surface of the Golgi is partially converted to complex 

glycosphingolipids in the Golgi lumen (18). Experiments with brefeldin A, which fuses the cis-

medial Golgi with the ER, have suggested that the enzymes that synthesize lactosylceramide 

(LacCer; Figure 1) and the first complex glycosphingolipids are present in the early Golgi. 

However, the bulk of these events are thought to occur in the trans Golgi or trans Golgi 

network (TGN) in vivo (19-21). GlcCer is probably translocated across the Golgi membrane 

by an energy-independent translocator (19, 22). Alternatively, GlcCer may be translocated 

towards the lumen by MDR1 P-glycoprotein, an ATP-binding cassette transporter that causes 
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Chapter 1 

multidrug resistance (23). However, so far, translocation of GlcCer by MDR1 P-glycoprotein 

has only been proven for short-chain analogs (24, 25). MDR1 P-glycoprotein is mostly found 

at the plasma membrane, where it may clear the cytosolic surface of GlcCer, and of other 

sphingolipids that leaked into this leaflet, by translocation towards the exoplasmic leaflet. GlcCer 

has access to the cytosolic surface of the plasma membrane after transport via the cytosolic side 

of transport vesicles or, alternatively, via monomeric transport throught the cytosol (26). The 

latter may be mediated by the glycolipid transfer protein (27). An apical GlcCer translocator 

could thus enrich GlcCer on the apical as compared to the basolateral surface of epithelial cells 

(Figure 2). It is probably by a similar translocator, that sphingosine-1-phosphate after synthesis 

in the cytosol reaches the outside of the plasma membrane and is secreted. 

G 0 C .. 

( cis 

c 
~u 

nu3__nft3 

_ER n Q\ 
Qu n . 

n Cer 

W GalCer 

ft GlcCer 

S LacCer 

R SM 

'W/. contact site 

Figure 1. Spingolipid synthesis and translocation in the Golgi. Ceramide from the cytosolic surface 
of the ER is converted to GalCer in the ER lumen, or transported to the Golgi (G).The GlcCer synthase is 
found at two locations in the hepatocyte Golgi by sucrose gradient centrifugation (108). One peak colocalized 
with SM synthase, which was not relocated to the ER by brefeldin A in these cells (109). It is thus probably 
located in the trans Golgi/TGN (17). Ceramide reaches the cis-Golgi by vesicular transport whereas ER-TGN 
contacts allow ceramide transport by exchange. These contacts have been suggested to be sites of general lipid 
exchange (15), which also holds for similar contacts between ER and mitochondria (M). GlcCer translocates 
towards the lumen of the Golgi, where it is galactosylated to LacCer. LacCer is the precursor for the various 
complex glycosphingolipid series. For reasons of simplicity, the seven cisternae of the Golgi have been reduced 
to just two. 

Figure 2. Generation of epithelial surface polarity of 
lipids by lipid translocators. (1) Tight junctions maintain 
the difference in lipid composition between the apical and 
basolateral domain of the epithelial plasma membrane by 
acting as a barrier to lipid diffusion in the outer leaflet of 
the lipid bilayer. Lipids freely diffuse through a continuous 
cytosolic leaflet (110). (2) An apical translocator with a 
specificity for GlcCer, the only sphmgolipid synthesized 
on a cytosolic surface, would result in an enrichment of 
GlcCer on the apical surface. A candidate translocator is 
the uniformly expressed apical MDR1 P-glycoprotein. (3) 
A basolateral transporter with a specificity for PC would 
result in the enrichment of PC on the basolateral surface. 
Although one PC translocator has been identified (MDR3 
P-glycoprotein), this is an apical protein. 

5 
\ 

\ 

I 
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General introduction 

Complex sphingolipids and sphingomyelin 

GalCer synthesized in the E R lumen may flip towards the cytosolic surface (22), from 

where it has access to the same sites as GlcCer. In contrast, complex glycosphingolipids and 

SM synthesized in the lumen of the Golgi appear unable to translocate from the lumenal 

towards the cytosolic surface (19, 22). As a consequence, they can only leave the Golgi 

via the lumenal surface of transport vesicles (Figure 1). This has been confi rmed for the 

complex glycosphingolipid G M 3 (sialyl-LacCer; Ref. 28), SM (10), and for the yeast inositol 

sphingolipids (29). T h e en r i chmen t of complex glycosphingolipids and S M in the exoplasnuc 

leaflet of the apical plasma m e m b r a n e of epithelial cells (10) as compared to the basolateral 

surface (Table 1) has led to the proposal that these sphingolipids self-aggregate at the site of 

budding of apical transport vesicles in t h e T G N (4, 30). Basolateral vesicles would have lower 

sphingolipid levels but the same high concentrat ion of cholesterol. Sphingolipid and cholesterol 

concentrations are low in the E R . T h i s implies that retrograde transport vesicles are essentially 

devoid of sphingolipids and cholesterol (31), which has been experimental ly confirmed (32). 

These data lead to the simple mode l for sphingolipid sorting shown in Figure 3 . Sphingolipid 

rafts are thought to occur in the early Golgi (33), possibly even in the E R (34). 

B 

u 
Figure 3. Lateral segregation of lipids into microdomains . (A), the Golgi complex of epithelial 
cells buds vesicles with at least three different lipid compositions: an apical composition, characterized 
by high levels of complex glycosphingolipids, SM, and cholesterol (a), a basolateral composition, having 
a high content of cholesterol (b), and an ER composition, with a low concentration of sphingolipids 
and cholesterol and a high concentration of unsaturated glycerophospholipids (42) (c). The three phases, 
displaying different thicknesses, must be recognized by the respective budding machineries in the cytosol, 
probably via membrane-spanning proteins. The segregation into three phases may occur in one single 
Golgi cisterna. (B), caveolae. In an environment of glycerophospholipids, sphingolipid/cholesterol domains 
enriched in GPI proteins may contain subdomains enriched in GM1, with lipid domains enriched in 
caveolin and dually acylated kinases oriented toward the cytosol. 

Sphingolipid/cholesterol rafts 

T h e not ion that the lipids of eukaryotic plasma membranes display a heterogeneous lateral 

distribution is supported by a large body of evidence. Biophysical studies on mode l membranes 

have firmly established the principles by which mixtures of sphingolipids, unsaturated 

A
r_O__0_-
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Chapter 1 

glycerophospholipids and cholesterol can segregate into two fluid phases, where the sphingolipids 

and part of the cholesterol segregate into a "liquid-ordered" domain from the unsaturated 

lipids in a "liquid disordered" phase. At the same time, these studies have essentially validated 

the application of detergents in the cold to isolate the domains as detergent-insoluble remnants 

that float in sucrose gradients (5). Nevertheless, recently it has been suggested that Triton 

XI00 (TX100) induces a strong perturbation of the bilayer at 4°C, but by coincidence reports 

a composition close to the one at 37°C (35). Thus, detergent resistance as an assay for rafts 

may not unequivocally report the distribution of proteins in the unperturbed cell. It has also 

been observed thatTXIOO promotes domain formation in single-phase membranes, thereby 

suggesting that 'raft' domains purified in vitro are an artifact of the detergent solubilization 

(36). Both observations underline the complexity of the relationship between DRMs and L 

domains and still, a number of questions concerning the structural characteristics of the liquid-

ordered domains remain to be solved: 

A. What percentage of the cell surface is occupied by rafts? The diameter of sphingolipid/ 

cholesterol rafts on the outer surface of the plasma membrane has been estimated by a number 

of different approaches to be small (tens to hundreds of nm) compared to that of cells (tens 

of u.m), and to occupy some 10% of the cell surface (37, 38). In contrast, the sphingolipids 

constitute 20-50% of the polar lipids of the plasma membrane (Table 1). In addition, they 

are concentrated in the outer bilayer leaflet. Thus they completely cover the apical surface of 

epithelial cells, while the relative occupancy will be close to 40% in non-epithelial cells. In 

support of the latter, roughly half of the plasma membrane resisted extraction by cold detergent 

(39, 40). In a monolayer consisting of apical membrane lipids from kidney, only 50% was 

covered by liquid-ordered rafts whereas the outer leaflet of the apical membrane would consist 

exclusively of sphingolipids (41). 

D. However, in the experimental monolayer the lipids of the outer and inner leaflets 

of the plasma membrane have been mixed, and the domain properties of the lipids of the 

cytosolic leaflet are unknown. From the fact that dually acylated proteins colocalize with 

the sphingolipid/cholesterol domains as measured by various techniques, it is assumed that 

liquid-ordered rafts exist in the cytosolic leaflet of the plasma membrane as well.There is some 

evidence to suggest that 70% of the phosphatidylserine, which is confined to the cytosolic 

leaflet by the activity of the aminophospholipid translocase, is disaturated (42), whereas in yeast 

only PI contained some 20% disaturated species (43).These lipids could thus form the basis for 

a liquid-ordered phase. In pure lipid membranes, rafts on one side of the membrane recognize 

and perfectly match rafts in the opposite leaflet (44). However, from the low concentration 

of potential raft-lipids in the cytosolic leaflet it is unlikely that rafts in the outer leaflet of the 

plasma membrane are fully complemented by rafts on the cytosolic surface (Figure 4 C-F). 

C. If the rafts measured by biophysical techniques are different from the rafts as defined by 

detergent-insolubility (see under A.), does this imply that different types of raft exist within 

a single membrane? Indeed, studies locating the gangliosides GM1, GM3 and GD3, various 

proteins with a glycosylphosphatidylinositol (GPI) anchor, and caveolin have clearly established 

that various types of liquid-ordered domains co-exist on the cell surface (45-50). Small 

ganglioside-rich microdomains can exist within larger ordered domains in both natural and 

14 



General introduction 

model membranes (Figure 4 A, B; Ref. 51). Caveolae are examples where such "super" rafts 

are coupled to cytosolic rafts as defined by the acylated kinases. Coupling may involve proteins 

like caveolin or membrane spanning proteins, or may depend on phase-coupling between the 

opposed lipid domains. 

D. By what mechanisms do membrane proteins locate to domains? One determinant may 

be a long transmembrane domain that would fit the thicker raft according to the principle 

originally described by M.S. Bretscher and S. Munro (52, 53). Membranes in cells occur in 

at least three thicknesses (Figure 3): The ER has the thickness of a pure phospholipid bilayer 

(hydrophobic thickness of some 3.5 nm), the liquid-disordered phase of the plasma membrane 

displays the thickness of phospholipid plus cholesterol (4 nm) and the sphingolipid rafts may be 

4.5-5.5 nm thick (53). Since the thickness of a raft depends on whether the raft is matched by a 

raft on the cytosolic surface, and on the length of the amide-linked fatty acids, the various types 

of raft may display a distinct thickness and thereby recruit a unique set of proteins. Acylation is 

one other signal for raft localization on the cytosolic side (54). A glycosylphosphatidylinositol-

anchor targets proteins to specific rafts.The mechanism is not clear.They can be displaced from 

rafts by gangliosides (41). Generally, a reduction of mobility by e.g. binding of a multivalent 

llgand also stimulates raft-association. In this light, recently a model has been suggested, that 

includes the presence of core proteins and low-affinity proteins (55). Core proteins have a high 

affinity for selected lipids and low affinity raft proteins need additional interactions for raft 

localization. Moreover, this model predicts that, depending on the oligomenzation status of 

proteins, rafts can be created or disrupted. The mechanism of raft-association of proteins with 

multiple transmembrane domains and of protein-protein complexes is even more difficult to 

understand. 

cyto 

cyto 

Figure 4. Lateral sphingolipid domains. Various types of domains with different physical properties 
(for example thickness) may be juxtaposed (A) or superimposed (B). In liposomes, liquid-ordered domains 
beautifully colocalize showing their capability of transbilayer recognition (C), whereas in cells the fraction of 
liquid-ordered lipids in the cytoplasmic leaflet seems far lower that in the outer leaflet (C). Domains in the 
inner leaflet may colocalize with each type of domain in the outer leaflet (D), or with only one of the various 
types of domains (E, F). 
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Chapter i 

E. What are the physical properties that determine the affinity of a certain lipid for rafts? 

Although this question has been answered for model membranes of simple lipid compositions 

(5), biomembranes contain mixtures of 50-100 lipid species and various types of rafts. This 

means that many aspects of lipid-lipid lmmiscibility in biological membranes remain to be 

resolved. In many cases, fluorescent reporter molecules have been used to study rafts. Mostly, 

it is not very clear to what extent such a molecule mimics a natural lipid. For example, newly 

synthesized C6-NBD-SM is efficiently incorporated into transport vesicles from the Golgi to 

the plasma membrane, and has been used as an analog of SM, the typical marker of liquid-

ordered domains, in numerous studies of domain-mediated sphingolipid sorting (10, 56). 

However, it has been used as a marker for the liquid-disordered phase in studies on plasma 

membrane rafts (40). Although fluorescent probes have been very helpful in spotting lipid 

sorting events, the raft partitioning coefficients of sphingolipids containing fluorescent fatty 

acids like C6-NBD and C5-DMB (also named Bodipy) are different from those of their natural 

counterparts (57). Results obtained with analogs can therefore not be directly extrapolated to 

natural lipids. 

Uptake into the cell 

Plasma membrane sphingolipids are continuously taken up into the cell via the membrane flux 

of endocytosis. In addition, lipids on the cytosolic surface may transfer to other membranes as 

monomers. 

Non-vesicular traffic 

The available evidence suggests that most sphingolipids reside in the exoplasmic leaflet of the 

plasma membrane bilayer and have no access to the cytosolic side under resting conditions. 

Exceptions are sphingosine and ceramide. After their generation in the outer leaflet of the 

plasma membrane, or after exogenous addition, sphingosine and ceramide spontaneously 

translocate to the cytosolic surface, from where sphingosine and short-chain ceramide can 

equilibrate with intracellular membranes. Ceramide may also be produced in the cytosolic 

leaflet via hydrolysis of SM by a neutral SMase (2), while also GlcCer may be degraded by 

a non-lysosomal enzyme (58). The resulting ceramide can be part of a signaling cascade (2). 

It is not fully clear how this ceramide reaches sites where it is reutilized for synthesis of 

SM and GlcCer. Surprisingly, a Golgi protein with some lipid transfer specificity for SM 

strongly stimulated SM resynthesis (59). Ceramide appears unable to leave the lumen of the 

lysosome (60), but this is presumably due to its inability to leave the internal membranes 

where it is produced. Exogenous sphingosine-1-phosphate, which binds to specific cell surface 

receptors (3), also appears to translocate to the cytosolic surface, possibly mediated by the 

ABC transporter CFTR, the cystic fibrosis transmembrane conductance regulator (61). In 

addition, galactosylsphingosine and glucosylsphingosine when added to cells are acylated (62, 

63), probably after translocation towards the cytosolic surface. Whether they translocate at the 

plasma membrane or at some internal membrane has not been established. After translocation, 
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General introduction 

lysosphingolipids can freely move through the cell due to their high off-rate from membranes, 

while the resulting GalCer and GlcCer may fulfill functions on the cytosolic surface (63). 

In one study, an exogenous fluorescent GlcCer (C,,-NBD) was reported to flip towards the 

cytosolic surface of the plasma membrane (64). Such behavior was not observed for this and 

other N-acylated sphingolipids in many similar studies (10, 56). However, sphingolipids may 

appear in the cytosolic leaflet due to scrambling during signaling events (65).This may result 

in hydrolysis to ceramide. Alternatively, both lipids may be translocated back to the exoplasmic 

leaflet by ABC transporters, a notion supported by studies on short chain analogs of these 

lipids (24, 25). Finally, they may transfer to other membranes which step may be stimulated by 

a sphingomyelin transfer protein (e.g. Ref. 59) or by the glycolipid transfer protein (27). It is 

not clear whether complex glycosphingolipids ever reach the cytosolic surface of the plasma 

membrane and what would be their fate. Interestingly, specific interactions of glycosphingolipids 

with cytosolic proteins like calmodulin have been reported (66). In addition, if gangliosides 

can reach mitochondria during signaling events (67), they must first have reached the cytosolic 

surface. Translocation could occur at the plasma membrane or, alternatively, such lipids may 

be transported via the retrograde pathway to the ER, where translocation and transfer to the 

mitochondria can occur (Figure 1). 

Endocytosis 
Like all other lipids, sphingolipids follow the bulk membrane flow through the exocytotic and 

endocytotic vesicular transport pathways. From studies on the transport of (mainly) membrane 

proteins a complex pattern of pathways and compartments in the endocytotic recycling 

pathways have been identified as illustrated in Figure 5. Sphingolipids have been shown to pass 

through each of these compartments. High concentrations of complex glycosphingolipids have 

been observed in the internal membranes of late endosomes, also referred to as multivesicular 

endosomes (68, 69), most likely the site of their degradation (70). On the other hand, studies 

on the Golgi glycosylation of exogenously added glycosphingolipids and on the transport 

of fluorescent analogs of sphingolipids have established that most sphingolipids recycle from 

the early (sorting) endosomes (71, 72), the late endosomes (73, 74), and from the recycling 

endosomes (72) to the plasma membrane. At the same time, a fraction of the complex 

sphingolipids, but particularly GlcCer, reaches the Golgi complex (63, 73, 75-78).The latter is 

also true for the glycolipid-binding toxins like Cholera toxin, Shiga toxin and E. coli verotoxin. 

From the Golgi, these toxin-glycolipid complexes follow the retrograde pathway all the way 

to the ER, where the active subunit is translocated across the membrane into the cytosol 

(see, for example Refs. 79, 80). Also in the absence of toxin, a small fraction of the complex 

glycosphingolipids reaches the ER (68). 

The observation that GlcCer derived from LacCer hydrolysis in endosomes or lysosomes 

redistributed to the Golgi more efficiently than LacCer itself (LacCer cycles at 5-6% per 

hour (81) indicates that sorting had occurred but not by what mechanism (73). In contrast to 

LacCer, GlcCer may have translocated across the endosomal membrane and reached the Golgi 

by non-vesicular traffic. Alternatively, GlcCer and LacCer may have segregated into different 

lateral domains. Later studies have provided a large body of evidence for lipid sorting by 
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Chapter 1 

domains in the various endocytot ic organelles. However, since most of this evidence is derived 

from the use of fluorescent lipid analogs, the study of toxins, antibodies and virus b o u n d to 

glycosphingolipids, and the study of GPI-prote ins as raft markers, the quantitative behavior of 

the natural lipids and the size of the various pathways remains to be established. Analogs of 

LacCer and globoside were endocytosed by a c la thr in- independent subclass of the vesicles that 

took up SM, indicating sorting at the plasma membrane (78).The two pathways led to different 

classes of early endosomes, bo th of which had a connect ion to the Golgi . Bo th clathrin-

dependen t and - independent pathways are followed by glycolipid-bound toxins (78-80). T h e 

c la thr in- independent pathway of toxin transport has been suggested to provide very efficient 

access to the Golgi for GPI-proteins (80), and might be a raft pathway. Interestingly, a rise 

in the cellular cholesterol concentrat ion misrouted LacCer from this route to the lysosomes. 

T h e latter situation was also encountered in a n u m b e r of sphingolipid storage diseases (78). 

Either, high cholesterol levels abolished the c la thr in- independent pathway to the Golgi , or, 

alternatively, high cholesterol affected the part i t ioning of the LacCer analog into the proper 

m e m b r a n e domain. In vivo, the properties of rafts and thereby their sorting potential maybe 

modula ted by the product ion of, for example, small amounts of ceramide (82). Probes wi th a 

preference for raft and non-raft domains were found to be sorted in the early endosomes to 

late endosomes and to recycling endosomes, respectively (83) .The late endosome, in tu rn , has 

been identified as a glycolipid sorting compar tmen t (84), and the recycling endosomes were 

found to possess all components of a raft machinery (85). 

Figure 5. Endocytotic recycling of sphingolipids. 
Sphingolipids can be endocytosed via clathrin-
dependent and -independent pathways. From early 
endosomes (EE) they are recycled to the plasma 
membrane, or shuttled to the recycling endosome (RE), 
the late endosome (LE) or the TGN. Endosomes and 
Golgi are connected via a bidirectional vesicular route. 
In epithelial cells, one leg of the system is connected to 
the apical and one to the basolateral surface, which are 
separated by tight junctions (see Figure 2). 

Endocytot ic lipid sorting is particularly interesting in epithelial cells, as they display a 

transcellular vesicular pathway but at the same t ime need to maintain the difference in apical 

and basolateral lipid composi t ion. In initial studies in M D C K cells no specificity was observed 

in the transcytosis of different fluorescent SM and GlcCer analogs which allowed for their use 

as bulk membrane markers (86), as in non-epi thel ial cells (72, 87). However, sorting be tween 

these analogs was observed in hepatocyte-der ived H e p G 2 cells. It was concluded that the lipids 

are sorted by lateral segregation in an apical endosome, t e rmed the "sub-apical c o m p a r t m e n t " 

(88) or "apical recycling compar tmen t " (85), wh ich functionally resembles the recycling 
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endosome in non-epithelial cells. Under normal conditions in fully polarized hepatocytes, a 

GlcCer analog was recycled to the bile canalicular surface and SM to the basolateral surface 

(88), and evidence was provided for transient activation during polarity development of a 

pathway for SM to the bile canalicular surface by protein kinase A (89). 

Role of sphingolipids and rafts in pathology 

A number of diseases are initiated by the adherence of viruses, bacteria, or bacterial toxins to 

cell surface carbohydrates, of which several are components of glycosphingolipids. Since many 

glycosphingolipid-binding pathogens have been shown to bind 'multivalent' saccharides, and 

biotechnology has advanced in engineering bacteria that produce large quantities of specific 

oligosaccharides, it has become possible to design effective multivalent ligands capable of 

antagonizing pathogen-host interactions (93, 94). 

Sphmgolipidoses are inherited disorders characterized by excessive accumulation of one or 

multiple (glyco)sphingolipids, and form the most prevalent subgroup of the 'lysosomal storage 

disorders'. Approaches for therapeutic intervention have evolved and in type 1 Gaucher disease, 

a prototypical glycolipidosis, effective intervention has become available. For treating the 

symptoms, surgical removal of the spleen or bone-marrow transplantation has been carried out. 

Fortunately, nowadays there are several potential therapeutic options that deal directly with the 

case of the disease, either by replacing the defective gene or enzyme or by directly targeting the 

systems that are affected by the accumulation of undegraded metabolites (111). Nevertheless, 

the mechanism by which chronic accumulation of glycosphingolipids in lysosomes affects 

various cell types and triggers eventually pathology, remains unclear. One hypothesis is that 

the excessive extra-lysosomal glucosylceramide catabolism in Gaucher macrophages results 

in excessive production of cytosolic ceramide which may act as signaling molecule and cause 

abnormal cell behaviour (95). 

Mucosal surfaces are the major site for HIV-1 entry (96). It has been shown that HIV-1 can 

cross the epithelium in vitro by transcytosis across epithelial cells, the most abundant cell type at 

mucosal surfaces (97, 98). Moreover, it has been demonstrated that both the binding of HIV-

1 envelope glycoproteins to GalCer and the organization of GalCer in raft microdomains is 

required for effective HIV-1 transcytosis from the apical to the basolateral pole of the epithelial 

cell (99). Although there is substantial evidence that HIV and other retroviruses preferentially 

bud from lipid rafts inT-cells (100), recently the first test designed to differentiate between the 

lipid raft hypothesis of retroviral biogenesis and the 'Trojan exosome hypothesis'in macrophages 

was performed (101).The Trojan exosome hypothesis proposes that retroviruses exploit a pre

existing cellular pathway of intercellular vesicle trafficking, exosome exchange, for both the 

biogenesis of retroviral particles and a low-efficiency but mechanistically important mode of 

infection (102). Modeling HIV as a viral exosome, budding into multivesicular endosomes 

(MVEs; see figure 5) rather than at the plasma membrane, has important implications for 

viral pathogenesis and could explain many aspects of HIV biology. The phenomenon of HIV 

specifically infecting the very cells that respond to it calls out for caution to the practice of 
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structured therapy interruption (103). 

The above examples all illustrate the fact that rafts are 'hot'... 

New approaches 

Several techniques have been developed to study the phenomenon 'raft'. As mentioned 

previously in this chapter, the physical basis for the extraction of lipids with detergents is 

poorly understood. Although D R M association defines a biochemical characteristic of raft 

components, DRMs do not resemble rafts as they occur in living cells in size, structure, 

composition, or even existence. 

Many new approaches for detecting heterogeneity in cell membranes have emerged. 

Methods to measure lipid proximity, including chemical crosslinking and fluorescence 

resonance energy transfer (FRET), and methods to measure diffusion characteristics of raft 

components like Single-particle tracking (90) have given more insight into the raft issue. 

However, whether rafts are small sphingolipid/cholesterol-rich structures that recruit 'raft 

proteins' (91), or whether they are constructed of'lipid shells' that target the protein they 

encase to preexisting rafts/caveolae domains (92), remains to be solved. 

Perspectives and scope of this thesis 

The exciting developments in the fields of sphingolipid-mediated signal transduction and 

sphmgolipid-mediated protein sorting have led to a tremendous activity in the studies of 

sphingolipid organization in biomembranes, especially the structural role of sphingolipids 

in membrane rafts. It is now being realized that rafts may exist in many cellular membranes 

and that thus their functions are not limited to the plasma membrane. In order to fully grasp 

raft function, it will be necessary to identify and characterize the different types of raft, 

to follow their fate in time and to understand the role of the various sphingolipids in their 

structure. 

In this chapter, a general introduction has been provided on the organization and 

transport of sphingolipids. It may be clear that, in order to nail down disease origin and 

development, first several fundamental questions must be answered. To this end, the 

yeast Saccharomyccs cerevisiae serves as a great model system. It is easy to manipulate both 

sphingolipid structure and production levels in yeast, as the major enzymes involved in 

sphingolipid synthesis are known. Sphingolipids are primarily synthesized in the Golgi. 

An attractive hypothesis is that the self-organizing capacity of sphingolipids is exploited by 

the Golgi to boost its performance as the central sorting station of the cell (112). In order 

to test this possibility, we stripped sphingolipids of structural features that are considered 

important for microdomain formation and studied the effect this had on Golgi function. 

Chapter 2 describes how we identified two sphingolipid mannosyltransferases, and studied 

the role of mannosylated sphingolipids in protein sorting in the late Golgi. 

20 



General introduction 

Because sphingolipid functions are governed by the enzymes that make, break and 

transport the sphingolipids, a major challenge will be to identify these enzymes and establish 

how their activity is regulated in the living cell. Although the protein Csg2p has been 

suggested to be involved in sphingolipid mannosylation (113), its precise role in this reaction 

has not been defined. In Chapter 3 we set out to define the function of Csg2p, and come 

up with a very unexpected result. 

While another important challenge will be to unravel the biophysical complexity of 

lipid mixtures, it will be most important to define the interactions between sphingolipids 

and proteins. These are proteins involved in vesicular traffic but also proteins involved in 

signaling. Except for structural functions, sphingolipids serve regulatory functions in their 

own right. Yeast cells lacking sphingolipid mannosyltransferases accumulate inositolphos-

phorylceramide, a sphingolipid that confers hypersensitivity towards calcium (113). We 

found that this Ca2+-sensitive phenotype is suppressed by overexpression of HOR7, and 

further characterized this gene in Chapter 4. 

The yeast Golgi not only contains enzymes involved in sphingolipid synthesis, but also 

putative lipid translocases that may regulate the transbilayer lipid distribution in this organelle 

(114, 115). Therefore, next to manipulating membrane lipid composition, we studied the 

effects of modifying the transbilayer lipid distribution in relation to Golgi function. In 

Chapter 5 we studied the significance of two putative rrafw-Golgi aminophospholipid 

translocases in creating lipid asymmetry, and in the formation of post-Golgi secretory 

vesicles. 

The implications of the findings presented in this thesis are discussed in Chapter 6. 
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Summary 

Glycosphingolipids are widely viewed as integral components of the Golgi-based machinery 

by which membrane proteins are targeted to compartments of the endosomal/lysosomal 

system and to the surface domains of polarized cells. The yeast Saccharomyces cerevisiae creates 

glycosphingolipids by transferring mannose to the head group of inositolphosphorylceramid 

e (IPC), yielding mannosyl-IPC (MIPC). Addition of an extra phosphoinositol group onto 

MIPC generates mannosyl-di-IPC (M(IP)2C), the final and most abundant sphingolipid in 

yeast. Mannosylation of IPC is partially dependent on CSG1, a gene encoding a putative 

sphingolipid-mannosyltransferase. Here we show that open reading frame YBR161w, 

renamed CSH1, is functionally homologous to CSG1 and that deletion of both genes 

abolishes MIPC and M(IP),C synthesis without affecting protein mannosylation. Csglp and 

Cshlp are closely related polytopic membrane proteins that co-localize with IPC synthase 

in the medial Golgi. Loss of Csglp and Cshlp has no effect on clathrin- or AP-3 adaptor-

mediated protein transport from the Golgi to the vacuole. Moreover, segregation of the 

periplasmic enzyme invertase, the plasma membrane ATPase Pmalp and the glycosylpho 

sphatidylinositol-anchored protein Gaslp into distinct classes of secretory vesicles occurs 

independently of Csglp and Cshlp. Our results indicate that protein sorting in the late 

Golgi of yeast does not require production of mannosylated sphingolipids. 

Introduction 

Correct sorting of membrane proteins and lipids is essential for establishing and maintaining 

the identity and function of the different cellular organelles. Although much progress has 

been made in uncovering the transport machinery for delivering endosomal/lysosomal 

proteins (1, 2), the mechanisms for cargo sorting to the cell surface are still poorly defined. 

Exocytic cargo can reach the cell surface by multiple pathways in most, if not all eukaryotic 

cells (3). For example, the polarized organization of epithelial cells relies on the sorting of 

both proteins and lipids into distinct classes of Golgi-derived vesicles that are targeted to the 

apical or basolateral surface (4). Apical and basolateral proteins expressed in fibroblasts are 

also sorted into different vesicles (5) and it appears that the Golgi-based sorting machinery 

for apical and basolateral cargo operates both in polarized and non-polarized cell types 

(6). Characterization of secretory vesicles that accumulate in late (post-Golgi-blocked) 

secretory yeast mutants has identified two vesicle populations with different densities and 

unique cargo proteins (7-9). Hence, transport of exocytic cargo by independent routes 

seems a conserved feature of eukaryotic cells. 

There are numerous indications that lipid microheterogeneity plays a role in cargo sorting 

along the secretory pathway. Importantly, sphingolipids and in particular glycosphingolipids 

have the propensity to segregate from glycerolipids and to cluster with sterols into lateral 

microdomains with physicochemical properties distinct from those of the bulk membrane 

(10). 
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Glycosphingolipid/sterol-rich microdomains were first conceived in polarized M D C K 

cells as Golgi-based sorting platforms for apically directed proteins and lipids (11, 12). In 

support of this model, inhibition of sphingolipid synthesis with fumomsin B randomises 

the cell surface distribution of apical GPI-anchored proteins in MDCK cells (13). A similar 

glycosphingolipid-based sorting mechanism is held responsible for axonal delivery of GPI-

anchored proteins in neurons (14), regulated apical secretion of zymogens from pancreatic 

acinar cells (15), apical trafficking of thyroglobulin in thyrocytes (16), and cell surface 

delivery of plasma membrane ATPase, Pmalp, and diverse GPI-anchored proteins in yeast 

(17-19). Glycosphingolipids are also required for transport of melanosomal proteins from 

the Golgi to melanososomes in melanoma cells (20), but the underlying mechanism remains 

to be elucidated. The ubiquitous expression of glycosphingolipids suggests that they exert 

organizing functions in all eukaryotic cells. 

Animals as well as some plants and fungi generate glycosphingolipids by transferring 

glucose or galactose to the CI hydroxyl group of ceramide. These additions can be further 

decorated by additional sugars and sometimes sulfates to yield hundreds of different 

glycosphingolipid species (21). In the yeast Saccharomyces cerevisiae, however, the direct 

precursor for glycosphingolipid synthesis is not ceramide but inositolphosphorylceramide 

(IPC; (22). IPC is formed by addition of phosphoinositol released from phosphatidylinositol 

to ceramide, a reaction catalysed by IPC synthase in a medial compartment of the yeast 

Golgi (23). IPC is then mannosylated to yield mannosyl-IPC (MIPC), which in turn can 

receive a second phosphoinositol group from phosphatidylinositol to generate the final and 

by far most abundant sphingolipid, M(IP),C (22). MIPC and M(IP),C synthesis occurs in 

the lumen of the Golgi (22, 24). Whereas IPC is highly enriched in Golgi and vacuolar 

membranes, the largest amounts of MIPC and M(IP)2C are found in the plasma membrane 

(25). Hence, the yeast Golgi seems to be a branching point in sphingolipid trafficking from 

where mannosylated sphingolipids selectively migrate to the cell surface and sphingolipids 

without the sugar moiety reach the vacuole. However, direct evidence that mannosylated 

sphingolipids play a role in cargo sorting to the cell surface is lacking. 

Addressing the biological function of mannosylated sphingolipids in yeast is hampered 

by the fact that little is known about the enzyme(s) responsible for their synthesis. Three 

structurally unrelated genes have been implicated in the mannosylation of IPC. The VRG4 

gene encodes a nucleotide sugar transporter that mediates GDP-mannose import into the 

Golgi lumen (24). Besides being essential for IPC mannosylation, VRG4 also affects N-

linked and O-linked glycoprotein modifications (24). Null mutations in either the CSG1 

or CSG2 gene cause a reduction in, but do not completely eliminate MIPC synthesis (26, 

27). Csglp is predicted to have a catalytic function since it contains a region of 93 amino 

acids with homology to the yeast a-l,6-mannosyltransferase, Ochlp (27). The function of 

Csg2p is less obvious. Csg2p contains an EF-Ca2~-binding domain and has been localized 

to the E R where it may play a role in Ca2~ homeostasis (28). The recent finding that Csg2p 

forms a complex with Csglp raises the possibility that IPC mannosyltransferase activity in 

yeast is regulated by Ca24" through Csg2p (29). 

Yeast open reading frame YBR16lu>, recently renamed CSH1, encodes a protein 
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exhibiting strong similarity to the putative sphingolipid mannosyltransferase, Csglp (27). 

Here we report that Cshlp is functionally homologous to Csglp and provide evidence that 

Csglp and Cshlp function as two independent sphingolipid mannosyltransferases. Loss of 

Csglp and Cshlp had no effect on the delivery of vacuolar proteins or on the packaging 

of cell surface components into distinct classes of secretory vesicles. From these results, we 

conclude that the organization of the various post-Golgi delivery pathways in yeast does not 

depend on production of mannosylated sphingolipids. 

Experimental Procedures 

Strains and plasmids 
Unless indicated otherwise, yeast strains were grown at 28°C to mid-logarithmic phase 

(0.5-1.0 OD600) in synthetic dextrose (SD) medium or in yeast extract-peptone-dextrose 

(YEPD) medium. Yeast transformations were carried out as described (30). The yeast 

mutants Apepi2Avam3, Aanpl, AmnniO and Avanl were all derived from the strain SEY6210 

(MATa ura3-52 his3 A200 leu2-3-112 trp-A901 suc2-A9 lys2-801) and have been described 

elsewhere (31, 32). All other gene deletion phenotypes were characterized in the strain 

EHY227 (MATasec6-4 TPI1::SUC2::TRP1 ura3-52 his3-A200 leu2-3-U2 trpl-i). For the 

deletion of CSG1, CSH1 and IPT1 genes, 450-550 base-pair fragments of the promotor 

and O R F 3'-end of each gene were amplified by P C R from yeast genomic DNA. The gene 

promotors and O R F ends were cloned into Notl/EcoRl and Spel/Mlul sites located on either 

site of a loxP-HIS3-loxP cassette that was ligated into the EcoRl/Spel sites of a pBluescript 

KS~ vector (Stratagene, La Jolla, CA; the loxP-HIS3-loxP plasmid was a gift of T Levine, 

University College London, UK). Gene deletion constructs were linearized with Noil and 

MM and transformed into EHY227 to generate Acsgl (JHY075), Acshl (JHY088) and Aiptl 

(JHY079) strains. Double deletions were performed sequentially in EHY227 by repeated 

use of the \oxP-HlS3-loxP cassette and subsequent removal of the HIS3 marker by excisive 

recombination using Cre recombinase (33), yielding the Acsgl Acshl strain (JHY090). In 

each case, the correct integration or excision event was confirmed by PCR. 

Aurlp was tagged at its carboxy-terminus with three copies of the hemagglutinin (HA) 

epitope using the P C R knock-in approach (34) and plasmid p3xHAt-HIS5 (S. Munro, 

MRC-LMB, Cambridge, UK). Pmalp was tagged at its amino-terminus with one copy 

of the HA epitope using integration plasmid pRS305/151 as described (35). Vam3p was 

tagged at its amino-terminus with three copies of the HA epitope using integration plasmid 

pRS405(HA)3VAM3 (B. Nichols, MRC-LMB, Cambridge, UK). Expression plasmids 

encoding Myc-tagged invertase, Myc-tagged Mntlp and GFP-tagged Sed5p have been 

described previously (23). 

Promotor regions (650 bp) and open reading frames of CSG1 and CSH1 were P C R 

amplified from yeast genomic DNA and subsequently ligated into single-copy vector 

pRS413 (CEN, HIS3) or multi-copy vector pRS425 (2\x, LEU2; (36). A second version 

of these constructs was prepared, but then with 3 copies of the HA epitope fused to the 
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carboxy-termini of CSG1 and CSH1, using PCR. 

Lipid analysis 
Exponentially grown cells (0.5 OD600) were inoculated in 5 ml SD medium containing 10 

uCi wyo-pH]inositol (16 Ci/mmol; ICN Biomedicals, Eschwege) and grown for 16 h at 

30°C. Cells were harvested by centrifugation, washed twice with 10 mM NaN, and lipids 

extracted by bead bashing in H20/methanol/chloroform (5:16:16). The organic extracts 

were dried and subjected to butanol/water partitioning. Lipids recovered from the butanol 

phase were deacylated by mild base treatment using 0.2 N N a O H in methanol. After 

neutralizing with 1 M acetic acid, lipids were extracted with chloroform and separated by 

TLC using chloroform/methanol/4.2 M N H , (9:7:2). The TLC plate was dipped in 0.4% 

2,5 diphenyloxazol dissolved in 2-methylnaphthalene supplemented with 10% xylene (37) 

and 3H-labeled lipids detected by fluorography using Kodak X-Omat S films exposed at -

80°C. Alternatively, 3H-labeled lipids were detected by exposure to BAS-TR2040 imaging 

screens (Fuji, Japan) and read out on a BIO-RAD Personal Molecular Imager (BioRad, 

Hercules, CA). 

Analysis of IPC mannosyltransferase activity in cell extracts 
Exponentially grown AcsglAeshl cells (2.5 OD600) were inoculated in 50 ml SD medium 

containing 100 |xCi myo-[3H]inositol and then grown for 16 hrs at 30°C. Cells were 

harvested by centrifugation, washed twice with 10 mM NaN, and lysed by bead bashing 

in lysis buffer (50 mM Hepes, pH 7.2, 1 mM MnCl,, 1 mM NEM) in the presence of 

fresh protease inhibitors. After removal of unbroken cells (500 g, 10 min), membranes 

were collected (100.000 £, 60 min) and solubilized in 1 ml lysis buffer containing 1% and 

fresh protease inhibitors. After incubation for 60 min at room temperature, the extract was 

centrifuged (100.000 g, 60 min), and 50 \x\ aliquots were stored at -80°C. In addition, 400 

OD6(1(, of non-radiolabeled, exponentially-grown wild type or AcsglAeshl cells transformed 

with multicopy CSG1, CSH1 or control plasmids were lysed by bead bashing in 4 ml 

ice-cold lysis buffer containing fresh protease inhibitors. Upon removal of unbroken cells, 

total membranes were collected, resuspended in 1 ml ice-cold lysis buffer containing 1% 

TritonX-100 and rotated at 4°C for 60 min. 

For IPC mannosyltransferase assays, 50 yd of radio-labeled extract was mixed with 150 |J.1 

of unlabeled extract and then pre-incubated with 10 mM GDP-mannose (Sigma-Aldrich, 

St. Louis, MO) for 10 min at 30°C. Reactions were diluted 10-fold in lysis buffer and then 

incubated for 2 hrs at 30°C. Reactions were stopped by adding 6.4 ml chloroform:methanol 

(1:2.2). Lipids were extracted, deacylated and separated by TLC as above. 

Antibodies and immunoblotting 

Peptides corresponding to carboxy-terminal regions of Csglp and Cshlp (Figure 1) were 

synthesized and then coupled to a carrier before immunization of rabbits. The resulting 

antisera were affinity-purified against peptides coupled to NHS-activated Sepharose 4 Fast 

Flow according to instructions of the manufacturer (Pharmacia, Piscataway, NJ). Affinity-
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purified antibodies were used at a dilution of 1:1000 for immunoblot analysis and at 1:250 

for immunofluorescence microscopy. Rabbit polyclonal antibodies to CPY, Goslp, Pepl2p. 

Tlglp and Tlg2p were described previously (38). Rabbit polyclonal antibodies to Sso2p 

were provided by S. Keranen, (Biotechnology and Food Research, Espoo, Finland) and to 

Gaslp by H. Riezman (Sciences II, Geneve, Switzerland). The Myc epitope was detected 

with mouse monoclonal antibody 9E10 or with rabbit polyclonal antibodies (Santa Cruz 

Biotechnology, CA) and the HA epitope with rat monoclonal antibody 3F10, mouse 

monoclonal antibody 12CA5 (Boehringer-Mannhein, Germany) or rabbit polyclonal 

antibodies (Santa Cruz). For immunoblotting, all antibody incubations were carried out 

in PBS containing 5% dried milk and 0,5% Tween-20. After incubation with peroxidae-

conjugated secondary antibodies (Biorad), blots were developed using a chemiluminescent 

substrate kit (Pierce, Rockford, USA). Chemiluminescent bands were quantified using a 

GS-710 calibrating imaging densitometer (BioRad) with QuantityOne software. 

Enzyme assays 

ATPase assays were performed on equal amounts of 10-fold diluted fraction at 30°C in 

a volume of 25 ul (10 mM Hepes-KOH, pH 7.2, 0.8 M sorbitol, 2 mM ATP, 5 inM 

MgCl2). Reactions were stopped after 30 minutes with 175 \A 40 mM H,S0 4 . Then 50 \i\ 

6 M H 2 S0 4 containing 0.001% malachite green was added and after 30 min incubation at 

room temperature, the absorbance was measured at 595 nm. For determining the invertase 

activity, fractions were diluted 10-20 fold and assayed by the method described by Goldstein 

and Lampen (39), and the absorbance was measured at 540 nm. 

Immunofluorescence microscopy 

Exponentially-grown cells were fixed and mounted on glass-slides as described previously (38). 

All antibody incubations were performed in PBS supplemented with 2% dried milk and 0.1% 

saponin for 2h at room temperature. Primary polyclonal antibodies to Csglp, Cshlp and the 

rat monoclonal 9F10 to HA were used at a dilution of 1:400, 1:150 and 1:250 respectively. 

Fluorescein- or Cy3-conjugated secondary antibodies (Amersham, Arlington Heights, IL) 

were used at a dilution of 1:100. Fluorescence microscopy and image acquisition were carried 

out using a Leica DMRA microscope (Leitz,Wetzlar, Germany) equipped with a cooled CCD 

camera (KX85, Apogee Instruments Inc., Tucson, AZ) driven by Image-Pro Plus software 

(Media Cybernetics, Silver Spring, MD). 

Fractionation of secretory vesicles 

Exponentially grown sec6-4 cells expressing HA-tagged Pmalp (2.0 OD60n) were inoculated 

into YEPD medium (500 ml culture per gradient) and then grown for 14-16 h at 25°C to 

0.7 OD6 0 0/ml. Next, cells were collected (500 g, 5 min) resuspended in 250 ml YEPD and 

then shifted to 38°C for 60 min to induce the sec6-4 secretory block. Spheroplasting, cell 

lysis and collection of membrane pellet enriched in secretory vesicles (SVs) were performed 

essentially as described (7) except that SVs were collected on a 60% Nycodenz cushion in 

lysis buffer. SVs were resuspended in 1.5 ml lysis buffer adjusted to 30% Nycodenz and then 
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then loaded at the bottom of a 11 ml linear 16-26% Nycodenz/0.8 M sorbitol gradient. 

Following centrifugation at 100,000 &„ for 16 h at 4°C in a Beekman SW41Ti rotor, 0.6-ml 

fractions 'were collected from the top of the gradient. Fraction densities were determined by 

reading refractive indices on a Bausch and Lomb refractometer. Equal amounts per fraction 

were subjected to immunoblotting and analysed for ATPase and invertase enzyme activity 

as described (7). 

Immuno-isolation of secretory vesicles 
Immuno-isolations of Pmalp-HA-containing SVs were performed using magnetic 

Dynabeads protein G (Dynal Biotech GmbH, Hamburg, Germany) loaded with mouse 

anti-HA (12CA5) or anti-Myc (9E10) monoclonal antibodies. Beads were incubated with 

antibodies for 40 min at room temperature and antibodies bound quantified by SDS-PAGE. 

Anti-HA beads contained 0.35 n,g 12CA5/JJ.1 bead-slurry and control beads contained 0.1 

[lg 9E10/(xl bead-slurry. For immuno-isolation of Pmalp-containing vesicles, a 300-|il 

reaction was prepared in lysis buffer containing 126 uj Dynabeads slurry, 5 nig/ml BSA 

and 15 \x\ membranes from Nycodenz gradient PM-ATPase peak fractions obtained by 

fractionating membranes derived from 1 g of cells. The reactions were rotated gently at 4°C 

for 2 h. Supernatants were subjected to centrifugation (100.000£, 1 h, 4°C) and membrane 

pellets were resuspended in 100 (4.1 SDS sample buffer. Beads were washed twice for 30 min 

in 1 ml of BSA-containing lysis buffer, twice in lysis buffer and resuspended in 75 jU.1 SDS 

sample buffer. Bound and unbound membranes were analyzed by immunoblotting. 

Results 

CSH1 encodes a novel putative IPC mannosyltransferase 
Comparative sequence analysis revealed that Cshlp is 67% identical to Csglp and has the 

same predicted protein topology, namely a putative NH2-terminal signal sequence and two 

potential transmembrane segments localized to the carboxy-terminal half of the protein 

(Figure l). Between the signal sequence and first transmembrane segment there is a region of 

93 residues sharing 29% identity with the lumenal portion (residues 96-197) of the yeast a -

1,6-mannosyltransferase, Ochlp (40).This region contains a conserved DXD motif that occurs 

in a wide range of glycosyltransferase families and likely forms part of a catalytic site (41). 

Csglp is required for accumulation of mannosylated sphingolipids in yeast and its similarity 

to Ochlp suggests that the protein serves as an IPC mannosyltransferase (27). However,loss of 

Csglp is not sufficient to abolish IPC mannosylation (see also below), raising the possibility 

that Cshlp represents an alternative IPC mannosyltransferase that functions independently 

of Csglp. To investigate this possibility, we constructed yeast strains in which the ORFs of 

CSG1, CSH1 or both were removed. TLC analysis of alkaline-treated lipid extracts prepared 

from myo-[3H]inositol-labeled cells showed that, compared to the wild type strain, the Acsgl 

mutant produced greatly reduced levels of the mannosylated sphingolipids MIPC and M(IP)2C, 

and accumulated IPC-C and IPC-D (Figure 2 A, lanes 1 and 2; note that IPC-C contains a 
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monohydroxylated C26 fatty acid whereas the C26 fatty acid in IPC-D is dihydroxylated; (42). 

Unlike Acsgl cells, the Acshl mutant produced IPC and mannosylated IPC species at ratios 

similar to those in wild type cells (Figure 2 A, lanes 1 and 3). In the AcsglAcsh 1 double mutant, 

however, production of MIPC and M(IP),C was completely abolished (Figure 2 A, lane 4). 

These results are consistent with those reported in a recent study (29) and indicate that Csglp 

and Cshlp have redundant functions in IPC mannosylation. 
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Figure 1. Alignment of the amino acid sequences of Csglp, Cshlp and Ochlp. Sequences were 
aligned with CLUSTAL W. Conserved (black) or related residues (gray) are boxed. A putative signal peptide 
cleavage site is indicated by an arrow. Two potential transmembrane domains are doubly underlined. 
A conserved DXD motif found in many glycosyltransferases is marked by dots. Single lines (a-d) mark 
peptide sequences used to raise specific antibodies. 

The block in MIPC and M(IP),C synthesis observed in Acsgi Acshl cells can be explained 

by a complete loss of IPC mannosyltransferase activity, but may also be due to a defective 

delivery of IPC or GDP-mannose to the transferase-containing compartment.To explore these 

possibilities, we analyzed the IPC mannosyltransferase activity in detergent extracts derived 

from wild type and AcsglAcshl cells. To this end, Triton-X100 extracts prepared from myo-

pHJinositol-labeled Acsgl Acshl cells were mixed with extracts from unlabeled wild type or 

mutant cells, and then incubated in the presence or absence of externally added GDP-mannose. 

When extracts from inositol-labeled Acsgl Acshl cells were incubated with unlabeled wild 

type cell extracts, radioactive IPC was converted to MIPC and M(IP)2C in a GDP-mannose-

dependent manner (Figure 2 B, lanes 2 and 3). In contrast, addition of GDP-mannose to 

Acsgl Acshl cell extracts was not sufficient to support MIPC and M(IP)2C synthesis (Figure 2 B, 
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lanes 1 and 4). However, w h e n inositol-labeled Acsg lAcsh 1 extracts were incubated wi th extracts 

from unlabeled AcsglAcshl cells transformed wi th the CSG1 or CSH1 gene on a mult icopy 

plasmid, the G D P - m a n n o s e - d e p e n d e n t mannosylat ion of IPC was restored (Figure 2 B, lanes 

5 and 6; our unpublished data).These results indicate that AcsglAcshl cells are defective in IPC 

mannosyltransferase activity rather than in IPC or G D P - m a n n o s e transport. 
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Figure 2. Csglp and Cshlp have redundant functions in sphingolipid mannosylat ion. (A) 
Deletion of CSG1 and CSH1 abolishes IPC mannosylation. Yeast cells were labeled overnight with myo-
[3H]inositol and the lipid extracts either deacylated by mild alkaline hydrolysis with NaOH (+) or control 
incubated (-). Lipids were extracted, separated by TLC, and then visualized by autoradiography as described 
under Experimental Procedures. Lane 1: wild type; lane 2: Acsgl; lane 3: Acshl; lane 4: AcsglAcshl; lanes 
5 and 6: Aiptl. Note that IPT1 is known to have an essential function in M(IP),C synthesis. (B) Analysis 
of IPC mannosyltransferase activity in TritonX-100 extracts derived from wild type and AcsglAcshl cells. 
Extracts prepared from myo-pH]inositol-labeled AcsglAcshl cells were either control incubated (lane 1) 
or mixed with extracts of unlabeled wild type cells (lanes 2 and 3), AcsglAcshl cells (lane 4) or AcsglAcslil 
cells transformed with a multicopy vector containing CSG1 (lane 5) or CSH1 (lane 6). Incubations were 
performed in the presence (+) or absence (-) of 1 niM GDP-mannose as described under Experimental 
Procedures. Lipids were extracted, deacylated and then separated by TLC before autoradiography. 

To investigate whe the r loss of C s g l p and C s h l p also affects protein mannosylation, w e next 

examined the glycosylation state of invertase p roduced in wild type and mutan t strains. This 

periplasmic enzyme undergoes extensive outer chain mannan addition on 8-10 of its b l i n k e d 

glycans while passing through the Golgi (43). Consequently, its electrophoretic mobil i ty is 

increased w h e n enzymes responsible for mannan synthesis are removed (32, 44). I m m u n o b l o t 

analysis of cells expressing Myc-tagged invertase showed that the gel mobility of the protein 

p roduced in the AcsglAcshl mutant was indistinguishable from that in wild type cells (Figure 

3, lanes 1 and 3). In contrast, loss of mannosyltransferases involved in the initiation (Vanlp) or 

elongat ion (Anplp , MnnlOp) of the mannan backbone caused a substantial increase in the gel 

mobil i ty of invertase (Figure 3, lanes 4-6) .These results demonstrate that protein mannosylat ion 

occurs independent ly of C s g l p and C s h l p , and that the defect in sphingolipid mannosylat ion 

in Acsg lAcsh 1 cells is specific. 

Col lec t ivelyour results suggest that yeast contains two independent I P C mannosyltransferases: 

one encoded by CSG1 and likely responsible for producing the bulk of mannosylated IPC, 

and the second one encoded by CSH1 and corresponding to a minor IPC mannosyltransferase 

activity. 
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Figure 3. Loss of Csglp and Cshlp does not affect 
prote in mannosylat ion. An immunoblot of total 
protein extracts prepared from wild type and various 
mannosyltransferase mutant cells expressing Myc-tagged 
invertase was stained with a monoclonal antibody to the 
Myc epitope. The blot was reprobed with polyclonal 
antibodies to the endosomal t-SNARE, Pepl2p, to control 
for equal loading. The positions of size markers (kDa) 
are indicated. Lane 1: wild type; lane 2: Acsgl; lane 3: 
AcsglAcshl; lane 4: Aanpl; lane 5: AimmlO; lane 6: Avant. 

Membrane topology of Csglp and Cshlp 

Golgi-associated glycosyltransferases generally have a type II topology with a short 

cytoplasmic tail and a large catalytic domain in the lumen (e.g. Mntlp). Csglp and Cshlp, on 

the other hand, contain a putative N-terminal signal sequence and two potential membrane 

spans that predict a different membrane topology where both termini of the protein are 

situated in the lumen (Figure 4 A). To test this prediction, we introduced three copies 

of the HA epitope at the carboxy-terminus of Csglp. Attachment of the epitope did not 

inactivate the enzyme since expression of Csglp-HA restored production of mannosylated 

sphingolipids in AsglAcshl cells (data not shown). Expression of Csglp-HA resulted in the 

appearance of two major protein bands of approximately 48 and 54 kDa on blots of total 

yeast extracts probed with anti-HA antibody (Figure 4 B, lane 2). Pre-treatment of extracts 

with endoglycosidase F (Endo F) abolished the 54-kDa band and increased the intensity of 

the 48-kDa band (Figure 4 B, lane 3), indicating that a portion of Csglp is glycosylated on 

one or more asparagine residues. Since all 5 potential N-linked glycosylation sites of Csglp 

occur within its hydrophilic carboxy-terminus (see Figure 1), this region would be lumenal. 

Indeed, when membranes from cells expressing Csglp-HA were treated with trypsin, the 

48-kDa and 54-kDa protein bands were degraded and a major HA-tagged product of 24 

kDa appeared in the absence of detergent (Figure 4 C). Under these conditions, the medial 

Golgi v-SNARE Goslp was degraded whereas removal of a lumenal, carboxy-terminal 

Myc-tag fusion to the type II Golgi enzyme Mntlp was observed only after detergent 

treatment. Together, these findings demonstrate that the carboxy-terminus of Csglp is 

lumenal, hence consistent with the topology depicted in Figure 4 A. 

Csglp and Cshlp co-localize with IPC synthase to the medial Golgi 

To investigate the subcellular distribution of Csglp and Cshlp, we raised polyclonal antibodies 

against synthetic peptides corresponding to areas with the least sequence homology (see 

Figure 1). Antibodies against Csglp-derived peptides detected 45- and 52-kDa protein 

bands on immunoblots of wild type yeast extracts. These bands were absent in extracts 

from Acsgl mutant strains while their levels increased 10-fold in cells expressing Csglp from 

a multicopy vector (Figure 5 A). Antibodies against Cshlp-derived peptides detected a 

48-kDa band, but only in extracts of cells over-expressing Cshlp from a multicopy vector 

(Figure 5 A). We initially investigated the subcellular distribution of Csglp and Cshlp 

150 

100 

75 

1 2 3 4 5 6 

• V V p i f K lnvertas 

#ü mm» — 4 • * - — •••- •"•*-

34 



Secretory cargo sorting in glycosphingolipid-deficient yeast 

Gos 

Mm 

Golgi 

«HA 
2 1 -

92-

35-

iHA 

I 

aMyc 

aGoslp 

28- " -' 
~~~ Trypsin — + 

EndoF - - + TX100 - -

Figure 4. M e m b r a n e t o p o l o g y o f C s g l p . (A) 

Schematic v iew of the (predicted) membrane topologies 

of Golgi v - S N A R E , G os lp , glycosyltransferase, M n t l p , 

and putat ive sphingolipid mannosyltransferase, Csg lp . 

(B) Total protein extracts from cells in which Csg lp 

was either tagged wi th th ree copies of the H A epitope 

(lanes 2 and 3) or no t (lane 1) were treated for 24 h at 

37°C wi th 80 m U EndoF (Boehrmger , Mannhe im) per 

60 u.g protein, as indicated. Proteins were resolved by 

SDS-PAGE and subjected to Western blot analysis using 

an t i -HA antibodies. (C) I m m u n o b l o t of membranes 

from yeast cells expressing Csg lp and M n t l p tagged 

wi th three copies of the H A (Csglp) or Myc epitope 

(Mnt lp ) at the ca rboxy- te rminus . Membranes were 

pretreated for 30 m i n at 30°C wi th 8 m M trypsin and 

0,4% T n t o n X - 1 0 0 (TX100) , as indicated. Each lane 

contains membranes prepared from 33 O D (600 nm) 

units of log-phase g r o w n cells, as described previously 

(38). T h e i m m u n o b l o t was stained wi th polyclonal 

antibodies against the H A epitope, the myc epitope or 

the Golgi v - S N A R E , Gos lp . 
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Figure 5. Subce l lu lar f rac t ionat ion o f C s g l p 

and C s h l p . (A) Immunob lo t s conta in ing equal 

amounts of total prote in extracts prepared from 

Acsgl cells (lane 1), Acshl cells (lane 2) or wi ld 

type cells t ransformed wi th a mul t icopy vector 

con ta in ing CSG1 (lane 3) or CSH1 (lane 4) . 

Blots were stained wi th polyclonal an t i -Csg lp 

or a n t i - C s h l p antibodies that were raised against 

synthetic peptides cor responding to areas wi th 

the least sequence homology (see Figure 1). (B) 

Sucrose gradient fractionation of membranes . 

A h igh-speed m e m b r a n e pellet (100,000 g) 

prepared from yeast cells expressing HA- tagged 

A u r l p was fractionated on a sucrose density 

gradient. Fractions were assayed for IPC synthase 

and Kex2p enzyme activities as described under 

Exper imenta l Procedures . Fractions were also 

analysed by i m m u n o b l o t t i n g using polyclonal 

antibodies against Csg lp , C s h l p and several 

organellar markers. A mouse monoclonal an t i -

H A ant ibody was used to detect HA- t agged 

Aur lp . M G : medial Golgi ; LG: late Golgi; EE: 

early endosomes; P M : plasma membrane . 
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by fract ionat ing organelles from wild type yeast on equ i l ib r ium sucrose density gradients 

and b lo t t ing the gradient fractions w i t h the specific ant ibodies . C s g l p and C s h l p clearly 

separated from markers tor late Golg i /ear ly endosomes (Kex2p, T l g l p , T lg2p) , vacuoles 

(Vam3p) and plasma m e m b r a n e (Sso2p; Figure 5 B and data no t shown) . In contrast , Csg lp 

and C s h l p co-fract ionated w i t h the medial Golgi v - S N A R E G o s l p , w i th I P C synthase 

activity and w i t h H A - t a g g e d A u r l p , a prote in required for I P C synthesis and localized to 

the medial Golgi (23, 45). 

Since the different c o m p a r t m e n t s of the yeast Golgi are no t wel l resolved on sucrose 

gradients , the local izat ion of C s g l p and C s h l p was further inves t iga tedby immunof luorescence 

microscopy. S ta in ing of wi ld type cells w i th a n t i - C s g l p ant ibodies p roduced a puncta te 

pa t t e rn characterist ic of the yeast Golgi apparatus that was absent in Acsgl cells (Figure 6 

A). A similar pa t te rn was observed w h e n cells were stained w i t h a n t i - C s h l p ant ibodies , 

but only w h e n C s h l p was overexpressed from a mu l t i - copy vector . These Csh lp -pos i t ive 

s t ructures showed extensive co- local iza t ion wi th H A - t a g g e d C s g l p , ind ica t ing that the 

t w o proteins occupy the same subcompar tmen t of the Golgi (Figure 6 B) . T h e r e was no 

significant co- local izat ion of C s g l p / C s h l p - l a b e l e d spots w i t h G F P - t a g g e d Sed5p, a marker 

of the cis Golgi (Figure 7) . Howeve r , C s g l p / C s h l p - p o s i t i v e s t ructures showed substantial 

co- local iza t ion w i t h H A - t a g g e d A u r l p (Figure 7) and w i t h the medial Golgi marker M n t l p 

(data not shown) . 

Figure 6. Colocalization of Csglp and Cshlp by immunofluorescence. (A) Immunofluorescence 
confocal micrographs of yeast cells stained with affinity-purified rabbit polyclonal antibodies directed 
against Csglp (a-Csglp) or Cshlp (a-Cshlp). Note that anti-Csglp fluorescence is observed in wild type 
(CSH1), but not in Aesgl cells, whereas anti-Cshlp fluorescence occurs only in cells overexpressing Cshlp 
from a multi-copy plasmid (CSH1-2/J). (B) Double-label immunofluorescence confocal micrographs 
comparing the localization of HA-tagged Csglp (CSH1-HA) with Cshlp expressed from a multi-copy 
plasmid (CSHl-2/a). Anti-HA staining was with rat monoclonal antibody 3F10. Most of the Csglp-positive 
structures were also positive for Cshlp (arrows). Bars, 3 urn. 
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Figure 7. Csglp and Cshlp colocalize with Aurlp by immunofluorescence. Double-label 
immunofluorescence confocal micrographs comparing the localization of Csglp and Cshlp with that of 
CFP-tagged Sed5p (cis Golgi) or HA-tagged Aurlp (medial Golgi). Staining of Csglp and Cshlp was 
performed as in Figure 6 with Cshlp expressed from a multicopy plasmid (CSHl-2fi). Staining ot HA-
tagged Aurlp was with the rat mAb, 3F10. Csglp and Cshlp positive structures were often positive for 
Aurlp, but not for Sed5p. Bar, 5 pm. 

To verify co-localization of Csglp/Cshlp and Aurlp by a complementary method, cells 

expressing Aurlp with three copies of the HA epitope inserted at its cytosolic carboxy-

terminus were lysed and Aurlp-containing membranes immunoisolated using anti-HA 

antibodies bound to magnetic beads. This method allowed the isolation of nearly 20% of 

the Aurlp-HA containing membranes from a cell lysate (Figure 8 A). Strikingly, a similar 

fraction of Csglp containing membranes was bound to the beads. Binding of Aurlp-HA and 

Csglp containing membranes was strictly dependent on the presence of anti-HA antibodies 

on the beads. Membranes containing the ER marker Dpmlp did not bind. As additional 

control, the immunoisolation procedure was repeated on lysates of cells expressing the HA-

tag on the cytosolic amino-terminus of the vacuolar t -SNARE, Vam3p. As shown in Figure 

8 B, anti-HA beads brought down nearly half of the Vam3p-containing membranes. Under 

these conditions, neither Csglp- nor Dpmlp-containing membranes did bind. 

Collectively, our results indicate that Csglp and Cshlp primarily reside with the IPC 

synthase in a medial compartment of the yeast Golgi. 

Golgi-to-vacuole transport pathways are unaffected in mutants deficient in mannosylated 
sphingolipids 

In mammals, glycosphingolipids have been implicated in targeting membrane proteins from the 

Golgi to compartments of the endosomal/lysosomal system (20) and to the surface domains 

of polarized cells (12-15). To investigate whether mannosylated sphingolipids in yeast serve 

a similar role, the Acsg lAcsh 1 mutant was analysed for possible defects in post-Golgi delivery 

pathways. 
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Figure 8. Membranes immunoisolated by Aurlp contain Csglp. High speed membrane pellets 
(100,000 £) prepared from cells expressing 3 copies of the HA epitope on the cytosolic carboxy-terminus 
of Aurlp (A) or amino-terminus of vacuolar t-SNARE Vam3p (B) were subjected to immunoprecipitation 
using Dynabeads protein G preincubated with (aHA) or without (control) mouse anti-HA monoclonal 
antibody, 12CA5. Percentages of immunopreciptated Aurlp, Vam3p, Csglp and the ER marker, Dpmlp, 
were determined by Western blot analysis using rabbit polyclonal antibodies against the HA-epitope or 
Smtlp, and a mouse monoclonal antibody against Dpmlp. Note that immunostaining against Dpmlp led 
to cross-reactivity with the 12CA5-derived IgG light chain (asterisk). B: beads; S: supernatant. 

In yeast, biosynthetic transport of proteins from the Golgi to the vacuole proceeds through 

two separate pathways, the carboxypeptidase Y (CPY) pathway and the alkaline phosphatase 

(ALP) pathway. Whereas the CPY pathway mediates a clathrin-dependent delivery of vacuolar 

proteins via late (prevacuolar) endosomes, the ALP pathway provides an alternative, clathrin-

independent route that bypasses late endosomes and requires the AP-3 adaptor protein complex 

(2).The vacuolar protease CPY is synthesized as a p i precursor in the ER, modified to a slightly 

larger p2 form in the Golgi, and then passes through late endosomes to reach the vacuole where 

it is proteolytically processed to its mature form (46). Pulse-chase immunoprecipitation analysis 

revealed that CPY maturation in the AcsglAcshl mutant is unaffected (Figure 9).The efficient 

processing of CPY indicated that there was little mis-sorting to the cell surface, and indeed we 

failed to detect any radio-labeled CPY released from AcsglAcshl cells.This is in contrast to cells 

lacking the endosomal/vacuolar syntaxins Pepl2p andVamp3p where CPY is diverted to the 

cell surface in the p2 form (Figure 9).The vacuolar membrane protein ALP is synthesized as a 

precursor that undergoes proteolytic processing in the vacuole yielding a smaller mature form 

(47). As shown in Figure 9, AcsglAcshl cells displayed no significant delay in ALP maturation. 

In the Apepl2Auam3 mutant, on the other hand, ALP maturation was abolished.These results 

show that mannosylated sphingolipids in yeast do not serve a critical function in clathrin-

or AP-3-mediated protein transport from the Golgi to the vacuole. Moreover, the efficient 

processing of newly synthesized CPY and ALP in Acsg lAcsh 1 cells indicates that blocking 

sphingolipid mannosylation has no general effect on forward transport through the Golgi 

apparatus. Consistent with this notion, AcsglAcshl and wild type cells contain similar amounts 

of Golgi-modified invertase (Figure 3). 
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Figure 9. Vacuolar protein 
sort ing and processing in the 
AcsglAcshl mutan t . Wild type, 
AcshlAcsg'1 and Apep\2Avami cells 
were pulse-labeled with teS-
labeled amino acids for 10 min, and 
then chased with nonradioactive 
methionine and cysteine for the 
indicated time points (min) at 
26°C as described previously (55). 
Carboxypeptidase Y (CPY) and 
alkaline phosphatase (ALP) were 
immunoprecipitated from lysed cells 
(I) and the medium (E), resolved 
by SDS-PAGE and visualized on a 
Phosphorlmager. Precursor (p) and 
mature forms (m) of CPY and ALP 
are indicated. 

Mannosylated spingolipids are not required for sorting cell surface proteins into distinct 
classes of secretory vesicles 

T h e character izat ion of secre tory vesicles that accumula te in late exocyt ic yeast mutants 

(e.g. seel, sec6) has identified t w o vesicle populat ions wi th different densities and distinct 

cargo proteins, ind ica t ing the existence of t w o parallel routes f rom the Golgi to the plasma 

m e m b r a n e (7-9). T h e m o r e abundan t , l ighter density vesicles con ta in the major plasma 

m e m b r a n e ATPase P m a l p whereas the denser vesicles con ta in the per iplasmic enzymes 

invertase and acidic phosphatase . Sor t ing invertase in to the dense class of vesicles requires 

clathr in and an intact Go lg i - to - l a t e endosome t ransport pa thway (9, 48 ) . F r o m these 

observations, it has been suggested that invertase is sorted from P m a l p at the late Golgi for 

delivery to late endosomes , f rom where h igh-dens i ty vesicles bud that car ry invertase to the 

cell surface. 

To investigate w h e t h e r mannosy la ted sphingolipids play a role in the organisat ion of 

m e m b r a n e trafficking to the cell surface, we disrupted the CSG1 and CSH1 genes in the 

late secretory m u t a n t sec6-4 and analysed the strain for defects in secre tory cargo sorting. 

T h e sec6-4 strain harbours a tempera ture-sens i t ive muta t ion in a c o m p o n e n t of the 'exocyst ' 

pro te in complex that is requi red for polar ized fusion of exocyt ic vesicles wi th the plasma 

m e m b r a n e (49). T h e sec6-4 m u t a n t g rows like wi ld type cells at 2 5 ° C , but g r o w t h ceases 

at 38°C and cells accumula te plasma m e m b r a n e ATPase - and inve r t a se -con ta in ing vesicles 

that can be separated by equ i l ib r ium isodensity centr ifugation on N y c o d e n z gradients (7). 

To this end, sec6-4 cells were g r o w n at 25°C , shifted to 38°C for 90 m i n , lysed and then 

subjected to a 13,000-g spin to remove most of the E R , nuclei, vacuoles, m i t o c h o n d r i a and 

plasma m e m b r a n e . N e x t , a h igh- speed (100,000 g) m e m b r a n e pellet en r i ched in secretory 

vesicles was collected and loaded at the b o t t o m of a l inear 16 -26% N y c o d e n z gradient in 

0.8 M sorbitol. As shown in Figure 10, gradient fractionation of m e m b r a n e s from 3 8 ° C -
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shifted cells resulted in two peaks of enzyme activities that were absent when fractionation 

was performed on 25°C-grown cells: a low density peak (fractions 4-9) containing ATPase 

activity and a higher density peak (fractions 10-15) containing invertase activity (note that 

the invertase peak found near the bottom of the gradient (fractions 17-20) likely corresponds 

to the cytoplasmic, non-glycosylated form of the enzyme). Western blot analysis revealed 

that Pmalp co-fractionates with the lower density membranes, confirming that the detected 

ATPase activity is due to this protein. In contrast, markers for the ER (Dpmlp) and Golgi 

(Goslp) did not peak with either vesicle population and their levels in gradients of 25°C-

grown and 38°C-shifted cells were very similar (Figure 10 and data not shown). This 

indicates that the detected ATPase and invertase peaks are not due to the accumulation or 

fragmentation of the ER or Golgi apparatus. 

sec6-4 

Figure 10. Gradient fractionation 
of secretory vesicles accumulated 
in sec6-4 and sec6-4AcsglAcshl ce l l s . 

M e m b r a n e pellets (100,000^) enr iched 

in secretory vesicles were prepared 

from temperature-shi f ted (38°C) and 

non-shif ted (25°C) cells, loaded on the 

b o t t o m s o f l i n e a r l 6 - 2 6 % N y c o d e n z / 0 . 8 

M sorbitol gradients and then floated 

to equi l ibr ium by centr ifugat ion. 

Fractions were collected from the top 

and analyzed for enzyme activities and 

by immunob lo t t i ng . E n z y m e activities 

are expressed in arbitrary units based 

upon the absorbance measured at 820 

n m (PM-ATPase) or 540 n m (invertase) 

as described under Exper imenta l 

Procedures . Immunoblo t s were stained 

wi th a monoclonal an t ibody against 

the HA epi tope to detect H A - t a g g e d 

P m a l p and with polyclonal ant ibodies 

against the GPI -anchored protein, 

Gaslp, or the medial Golgi v - S N A R E , 

Gos lp . T h e density profiles were 

similar for all gradients (not shown) . 
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The fractionation profiles of ATPase activity, Pmalp and invertase in gradients of38°C-

shifted sec6-4ArsglAcsh1 cells closely resembled those found for sec6-4 cells (Figure 10). This 

shows that mannosylated sphingolipids are required neither for the biogenesis of the light 

or the dense class of secretory vesicles, nor for segregating Pmalp and invertase into these 

different vesicle populations. Since glycosphingolipids have previously been implicated in 

the sorting of GPI-linked proteins (13-15), we wished to determine which of the two 

secretory vesicle classes in yeast mediates transport of the GPl-anchored cell surface protein 

Gaslp. Western blot analysis revealed that Gaslp co-fractionates with Pmalp and ATPase 

activity in gradients of 38°C-shifted sec6-4 cells, regardless of whether Csglp and Cshlp were 

present (Figure 10). A similar fractionation profile was observed for the GPI-linked protein 

Ysplp (data not shown). The co-fractionation of GPI-linked proteins and Pmalp suggests 

that these proteins are packaged into a common carrier. However, it is also possible that 

GPI-linked proteins are sorted into a different class of vesicles with fractionation properties 

similar to that of Pmalp-transporting vesicles. To distinguish between these possibilities, 

we immuno-isolated Pmalp-containing vesicles from 38°C-shifted sec6-4 and sec6-4 

AcsglAcshl cells, and assessed whether these vesicles contained Gaslp. Immuno-isolations 

were performed with membranes derived from 38°C-shifted cells expressing Pmalp with 

three copies of the HA epitope inserted at its cytosolic amino-terminus. Membranes were 

fractionated on a Nycodenz gradient as above and Pmalp-HA containing vesicles isolated 

from the ATPase peak fraction (fraction 7) using anti-HA monoclonal antibodies bound to 

magnetic beads. This allowed the isolation of about 70% of Pmalp-HA and 50% of Gaslp 

present in the sec6-4 ATPase peak fraction (Figure 11). Immuno-isolation of Pmalp-HA 

from the sec6-4AcsgiAsM-dtr'\vtd ATPase peak was less efficient (24% of total), but brought 

down a similar portion of Gaslp (16%). In both cases, binding of Pmalp-HA and Gaslp 

containing membranes was strictly dependent on the presence of anti-HA antibodies on the 

beads. It therefore appears that Pmalp and Gaslp are packaged into a common transport 

carrier for delivery to the cell surface. Moreover, our findings demonstrate that sorting of 

GPI-linked proteins in the late secretory pathway of yeast essentially occurs independently 

of mannosylated sphingolipids. 

Figure 11. Pmalp and Gaslp are packaged 
into a common secretory vesicle species. 
Aliquots from the PM-ATPase peak fractions 
derived from temperature-shifted, Pmalp-
HA-cxpressing sec6-4 or sec6-4AcsglAcshl cells 
(Figure 10) were used to immunoisolate Pmalp-
containing vesicles with anti-HA monoclonal 
antibodies (aHA) bound to Dynabeads protein 
G. Immunoisolations with Dynabeads containing 
anti-Myc monoclonal antibodies served as 
control. The percentage of immunopreciptated 
Pmalp and Gaslp was determined by Western 
blot analysis. B: beads; S: supernatant. 
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Discussion 

The results presented in this study indicate that the yeast genes CSG1 and CSH1 encode 

proteins with a primary and redundant function in the mannosylation of phosphoinositol-

containing sphingolipids. Our finding that AcsglAcshl cells exhibit a specific and complete 

block in sphingolipid mannosylation offered an opportunity to explore the potential role of 

mannosylated sphingolipids in secretory cargo sorting in yeast. 

A primary function of Csglp and Cshlp as sphingolipid mannosyltransferases is 

supported by the following observations. First, removal of Csglp and Cshlp suffices to 

abolish MIPC and M(IP)2C synthesis, resulting in accumulation of MIPC precursor, IPC. 

Second, biochemical characterization of the IPC mannosyltransferase activity in cell extracts 

revealed that the inability of AcsglAcshl cells to generate MIPC and M(IP),C can not be 

attributed to a defective delivery of GDP-mannose or IPC to the transferase-containing 

compartment. Third, Csglp and Cshlp share a region of homology with the yeast cx-l,6-

mannosyltransferase Ochlp and contain a conserved DXD motif which is part of a catalytic 

site found in many known glycosyltransferases (41). Fourth, Csglp and Cshlp are localized 

to the yeast Golgi where sphingolipid mannosylation is known to occur (50). Fifth, protease 

protection analysis and the utilization of iV-linked glycosylation sites in Csglp predict a 

membrane topology with the Ochlp-homology domain and DXD motif positioned in the 

Golgi lumen, hence in keeping with the fact that sphingolipid mannosylation takes place on 

the lumenal aspect of the Golgi (24). 

Whether Csglp and Cshlp are IPC mannosyltransferases or represent catalytic subunits 

of two distinct IPC mannosyltransferase complexes remains to be established. Recent work 

revealed that Csglp and Cshlp occur in a complex with Csg2p, a putative Ca2+-binding 

membrane protein lacking homology to glycosyltransferases. Several lines of evidence 

suggest that the role of Csg2p in these complexes is regulatory rather than enzymatic 

(29). In any case, the latter study and our present findings point to the existence of two 

independent IPC mannosyltransferases in yeast. So why would yeast need two distinct 

sphingolipid mannosyltransferases? We found that Csglp and Cshlp are co-localized 

with IPC synthase to a medial compartment of the Golgi. Hence, the expression of two 

sphingolipid mannosyltransferases unlikely serves to accommodate a need for synthesizing 

mannosylated sphingolipids at different cellular locations. It should be noted that yeast IPC 

is not a monomolecular lipid species, but represents a mixture of molecules that differ in 

the chain length and the extent of hydroxylation of both the sphingoid base and fatty acid 

(22). This raises the possibility that the two IPC mannosyltransferases differ in substrate 

specificity. Indeed, metabolic labeling of Acsgl and Ashl cells with [3H]-dihydrosphingosine 

revealed some differences in activity between Csglp and Cshlp toward particular molecular 

species of IPC (29). The biological implications of this finding remain to be established. 

A key function attributed to sphingolipids is their ability to self-associate into membrane 

microdomains/rafts, especially when sterols are present. Formation of sphingolipid/sterol-

rich microdomains is important for lateral sorting of membrane proteins, in particular 

those containing a GPI anchor (51, 52). Previous work in yeast has shown that sphingolipid 
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depletion affects both raft association and cell surface delivery of Pnialp and GPI-anchored 

proteins, i.e. Gaslp (17-19). In these studies, sphingolipid synthesis was blocked using a 

conditional allele of serine palmitoyltransferease activity, which catalyses the first committed 

step of sphingolipid synthesis (22). Precisely what structural determinants on sphingolipids 

are critical for a correct delivery of cell surface components has remained an open issue. The 

availability of a yeast strain with a primary block in IPC mannosylation led us to investigate 

whether maturation of the sphingolipid head group serves a role in organizing membrane 

trafficking to the plasma membrane. 

Yeast harbours two transport routes from the Golgi to the plasma membrane. One route 

mediates delivery of Pmalp while the other one carries the secretory enzyme invertase 

among its cargo (7). Our data show that the GPI-anchored protein, Gaslp, segregates 

from the invertase route and is packaged with Pmalp into a common transport carrier 

for delivery to the plasma membrane. Blocking sphingolipid mannosylation by disrupting 

CSG1 and CSH1 had no effect on the sorting of these cargo molecules and we observed that 

temperature-shifted sec6-4Acsg1Acshl cells accumulate two population of s ecretory vesicles 

with characteristics indistinguishable from those generated in sec6-4 cells. Moreover, thin-

section electron microscopy revealed that both cell types accumulate very similar amounts 

of secretory vesicles (data not shown). Hence, mannosylated sphingolipids appear fully 

dispensable for the biogenesis of the two classes of secretory vesicles that mediate cell surface 

transport in yeast. 

Also transport through the Golgi seems unaffected by a block in sphingolipid 

mannosylation. This can be inferred from the fact that AsglAcshl cells deliver newly 

synthesized vacuolar proteins at wild type kinetics and do not contain higher levels of 

Golgi-modified invertase than wild type cells. Collectively, our data indicate that the 

plasma membrane trafficking defects previously reported for mutants blocked in the first 

committed step of sphingolipid synthesis cannot be ascribed to a deficiency in complex 

mannosylated sphingolipids (17-19). In fact, we found no evidence for a critical function of 

mannosylated sphingolipids in any of the known post-Golgi delivery pathways in yeast. 

It has been shown that GDP-mannose transport into the Golgi lumen is essential for cell 

growth (24). Since mannosylation of proteins in the Golgi does not appear to be essential, 

it has been suggested that the strict requirement of GDP-mannose transport involves its 

effect on sphingolipid mannosylation (24).This idea is inconsistent with our present findings. 

Mannosylated sphingolipids are abundant components of the yeast plasma membrane, accounting 

for up to 8% of its total mass (25,53).Therefore, it is somewhat surprising that a complete block 

in their synthesis has little if any effect on cell growth, at least under standard growth conditions 

(YEPD or synthetic medium at 30°C). Strains deleted for CSG1 are hypersensitive for calcium 

(27) and we and others found that this phenotype is aggravated upon additional loss of CSH1 

(29).This calcium sensitivity is likely due to accumulation and/or mislocalization of IPC (more 

specifically IPC-C) rather than depletion of MIPC or M(IP),C (27). Interestingly, recent work 

suggests that M(IP),C synthesis is controlled in coordination with multidrug resistance in 

yeast, and that this lipid serves a role in determining the activity of drug transporters in and/or 

the permeability properties of the plasma membrane (54). How mannosylated sphingolipids 
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contribute to the functional organization of the plasma membrane poses an intriguing problem 

for future research. 
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Chapter 3 

Summary 

The Golgi apparatus of the yeast Saccharomyces cerevisiae harbors a diverse group of lumenal 

mannosyltransferases that catalyze the terminal glycosylation of proteins and sphingolipids. 

These enzymes utilize GDP-mannose as carbohydrate donor and require divalent cations, 

usually Mn2+, for activity. Glycosphmgolipid synthesis in yeast involves the transfer of a mannose 

residue onto the head group of inositolphosphoryl ceramide (IPC), yielding mannosyl-IPC. 

This reaction is catalyzed by two independent IPC mannosyltransferases, Csglp and Cshlp, that 

each are supposed to form a complex with a polytopic membrane protein, Csg2p. Although 

removal of Csg2p severely perturbs IPC mannosylation, its precise role in this reaction has 

not been defined. Here we show that IPC mannosyltransferase activity in yeast requires Mn2* 

and that cells lacking Csg2p are defective in the lumenal uptake of Mn2*. Moreover, the 

IPC mannosylation defect in a Acsg2 mutant is suppressed when cells are grown in Mn2+-

supplemented medium. Our findings suggest that Csg2p is an Mn2* transporter with a critical 

role in supplying Mn2* to the IPC mannosyltransferases in the Golgi lumen. 

Introduction 

The Golgi apparatus is the site where the terminal glycosylation of both proteins and lipids 

occurs. Unlike the situation in mammalian cells, glycoproteins and sphingolipids in the Golgi 

of the yeast Saccharomyces cerevisiae are exclusively modified by the addition of mannose 

residues. Glycoproteins can undergo two types of modifications in which oligosaccharides are 

attached to either asparagines residues (AMinked) or serine/threonine residues (O-linked; Ref. 

1). Both of these pathways are initiated in the endoplasmic reticulum (ER). After transport of 

the protein to the Golgi, most N-linked oligosaccharides are elongated by a series of different 

mannosyltransferases to form mannoproteins with outer chains of 50 or more mannose residues. 

O-linked sugars can receive up to five mannoses upon addition of the first mannose in the ER. 

Sphingolipids in yeast are formed by the transfer of phosphoinositol from phosphatidylinositol 

(PI) onto the CI hydroxyl group of ceramide, yielding inositol phosphorylceramide (2).This 

reaction requires Aurlp, a putative IPC synthase residing in a medial compartment of the Golgi 

(3, 4). IPC is then mannosylated to form mannosyl-IPC (MIPC), which in turn can receive 

a second phosphoinositol group from PI to create M(IP)2C, the final and most abundant 

sphingolipid in yeast (2). 

Both protein and sphingolipid mannosylation require transport of the critical mannosyl 

donor, GDP-mannose, from the cytoplasm into the Golgi lumen by a nucleoside sugar 

transporter,Vrg4p (5). The sequential reactions involved in the synthesis of mannoproteins are 

catalyzed by a diverse group of mannosyltransferases that form distinct oligomeric complexes 

compartmentalized from one another within the individual Golgi cisternae (6, 7). MIPC 

production is catalyzed by two structurally-related IPC mannosyltransferases, Csglp and 

Cshlp, that co-localize with Aurlp in the medial cisternae of the Golgi (8-10). Csglp and 

Cshlp each form a complex with Csg2p (9), a protein lacking the structural hallmarks of 
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glycosyltransferases. Removal of Csg2p severely affects IPC mannosylation (9, 11, 12), yet its 

precise role in this reaction is not understood. Csg2p is an integral membrane protein with 

ten putative transmembrane segments that, when overexpressed, localizes to the ER (13, 14). 

Csg2p also contains an EF-Ca2~-binding domain and has been implicated in the regulation of 

an exchangeable, intracellular Ca2+ pool (12, 15). Since calcium has been shown to stimulate 

the conversion of IPC to MIPC in vivo, IPC mannosyltransferase activity in yeast may be 

regulated by Ca2+ through Csg2p (9). 

Csglp and Cshlp share a lumenal region of homology with the a-l,6-mannosyltransferase, 

Ochlp (8). This homology domain contains a conserved sequence motif, DXD, found in a 

wide range of glycosyl transferase families. Mutagenesis of one of the members of these families, 

the yeast a-l,3-mannosyltransferase Mnnlp, revealed that altering either of these aspartates 

eliminates all enzymatic activity (16). Different mannosyltransferases involved in creating 

the carbohydrate outer chain of yeast mannoproteins have been reported to require Mn ;* 

for activity (16, 17). Crystal structures of different glycosyltransferases revealed that the two 

aspartic residues in the DXD motif bind a Mn2+ion needed to position the GDP-mannose in 

the active site (18-20). 

In this study, we report that the yeast IPC mannosyltransferases, Csglp and Cshlp, require 

Mn2+ for activity and that Csg2p likely functions as a Mn2+ transporter with a critical role in 

supplying the Golgi lumen with Mn2* required for efficient MIPC synthesis. 

Experimental Procedures 

Strains and Plasmids 
Yeast strains were routinely grown at 28°C to mid-logarkhmic phase (0.5-1.0 O D w J in 

synthetic dextrose (SD) medium.Yeast transformations were carried out as described (21).The 

wild type (EHY227) and AcsglAcshl mutant strain (JHY090) have been described elsewhere 

(10). For deletion of CSH1, CSG1 and CSG2, 450-550 base-pair fragments of the promotor 

and O R F 3'-end of each gene were amplified by PCR from yeast genomic DNA and cloned 

on either site of a loxP-HIS3-hxP cassette in a pBluescript KS" vector, as described (10). The 

deletion constructs were linearized with Notl and MM and then transformed into EHY227 

(MATa sec6-4 TPI1::SUC2::TRP1 ura3-52 Iiis3-A200 leu2-3 -122 trpl-1) to generate 

Acshl (JHY088), dagl (JHY075) and Acsg2 (JHY104) strains. Double and triple deletions 

were performed sequentially in EHY227 by repeated use of the loxP-HIS3-loxP cassette and 

subsequent removal of the HIS3 marker by excisive recombination using Cre recombinase 

(22), yielding the Acshl Acsgl (JHY090) and Acshl Acsgl Acsg2 (QLY019) strains. In each case, 

the correct integration or excision event was confirmed by PCR. 

Promotor regions (650 bp) and complete ORFs of CSH1, CSG1 and CSG2 and were 

PCR amplified from yeast genomic DNA and subsequently ligated into multi-copy vector, 

pRS425 (2u, LEU2) or pRS426 (2u, URA3; Ref. 23). A N-terminally myr-tagged construct 

containing the O R F of GOS1 was generated by PCR amplification of yeast genomic DNA 

and subsequent ligation into vector JS209 (2u, URA3; Ref. 24) behind the TPI1 promotor. 
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Subcellular Membrane Fractionation 
Wild type and Acsg2 cells transformed with the CSH7-pRS426 construct were grown in 500 

ml SD medium, harvested, spheroplasted, and then lysed in a hypo-osmotic buffer as described 

(25). Subcellular membranes were collected at 100,000 gav (60 min, 4°C) and loaded on top of 

a sucrose step gradient prepared in gradient buffer (10 mM Hepes-KOH, pH 7.2,1 mM EDTA 

, 0.8 M sorbitol) using the following steps: 0.5 ml 60%, 1 ml 40%, 1 ml 37%, 1.5 ml 34%, 2 ml 

32%, 2 ml 29%), 1.5 ml 27% and 1.5 ml 22% (w/w) sucrose.After centrifugation at 130,000gav 

in a Beekman SW40Ti rotor (18 hrs, 4°C), 20 x 0.6 ml fractions were collected from the top. 

Equal amounts per fraction were subjected to immunoblotting using affinity-purified rabbit 

polyclonal antibodies against Csglp and Cshlp (10). Other antibodies were directed against 

Goslp (25) and Dpmlp (Molecular Probes, Eugene, OR). For immunoblotting, all antibody 

incubations were carried out in PBS containing 5% dried milk and 0,5% Tween-20. After 

incubation with peroxidase-conjugated secondary antibodies (BioRad, Hercules, CA), blots 

were developed using a chemiluminescent substrate kit (Pierce, Rockford, USA). 

Immunofluorescence Microscopy 
Exponentially-grown cells were fixed and mounted on poly-ysine-coated glass-slides as 

described (25). All antibody incubations were performed in PBS supplemented with 2% dried 

milk and 0.1% saponin for 2h at room temperature. Mouse anti-myc monoclonal antibody, 

9E10 (Santa Cruz Biotechnology, CA) and affinity-purified rabbit anti-Csglp polyclonal 

antibodies were used at a dilution of 1:100. Fluorescein- or Cy3-conjugated secondary 

antibodies (Amersham, Arlington Heights, IL) were used at a dilution of 1:100. Fluorescence 

microscopy and image acquisition were carried out using a Leica DMRJV microscope (Leitz, 

Wetzlar, Germany) equipped with a cooled CCD camera (KX85, Apogee Instruments Inc., 

Tucson, AZ) driven by Image-Pro Plus software (Media Cybernetics, Silver Spring, MD). 

Analysis of IPC Mannosyltransferase Activity in Cell Extracts 
Exponentially grown AcsglAcsh !Acsg2 cells (2.5 ODWl(l) were inoculated in 50 ml SD medium 

containing 100 u,Ci myo-[3H]inositol and then grown for 16 hrs at 30°C. Cells were harvested 

by centrifugation, washed twice with 10 mM NaN, and lysed by bead bashing in lysis buffer 

(50 mM Hepes, pH 7.2, 1 mM NEM) in the presence of fresh protease inhibitors. After 

removal of unbroken cells (500 £, 10 min), membranes were collected (100.000^,60 min) and 

solubilized in 1 ml lysis buffer containing l%Triton X-100 and fresh protease inhibitors (10). 

After incubation for 60 min at room temperature, the extract was centrifuged (100.000 £, 60 

min), and 50 n.1 aliquots were stored at -80°C. In addition, 400 OD6IKI of non-radiolabeled, 

exponentially-grown wild type, AcsglAcshl and Acsg2 cells were lysed by bead bashing in 4 

ml ice-cold lysis buffer containing 2 mM EDTA and fresh protease inhibitors. Upon removal 

of unbroken cells, total membranes were collected, resuspended in 1 ml ice-cold lysis buffer 

containing l%Tnton X-100 and rotated at 4°C for 60 min. 

For IPC mannosyltransferase assays, 50 u.1 of radio-labeled extract was mixed with 150 |il 

of unlabeled extract and then pre-incubated with or wihtout 10 mM GDP-mannose (Sigma-
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Aldrich, St. Louis, MO), 4 mM CaCl2 and/or 4 mM MnCl2 for 10 min at 30°C. Reactions 

were diluted 10-fold in lysis buffer containing 1 mM EDTA, 4 mM CaCl-, and/or 4 mM 

MnCl,, and then incubated for 2 hrs at 30°C. Reactions were stopped by adding 6.4 ml 

chloroform:methanol (1:2.2).The organic extracts were dried and subjected to butanol/water 

partitioning. Lipids recovered from the butanol phase were deacylated by mild base treatment 

using 0.2 N NaOH in methanol. After neutralizing with 1 M acetic acid, lipids were extracted 

with chloroform and separated by TLC using chloroform/methanol/4.2 M NH 3 (9:7:3). 3H-

labeled lipids were detected by exposure to BAS-TR2040 imaging screens (Fuji, Japan) and 

read out on a BIO-RAD Personal Molecular Imager (BioRad). 

Preparation of Permeabilized Yeast Cells 

Permeabilized yeast cells (PYC) were prepared as described (26) with some modifications. Cells 

were grown in SD medium at 30°C to a density of 1 OD(>l¥/ml. After harvesting, cells were 

resuspended at 50 OD6l l l/ml in 10 mM DTT, 100 mMTris-HCl (pH 9.4). After 5 min at room 

temperature, cells were centrifuged and resuspended at 50 OD6fK/ml in 0.75 xYP (1% Bacto-

Yeast extract and 2% Bacto-Peptone; Difco Laboratories Inc.), 0.5% glucose, 0.7 M sorbitol, 10 

mMTris-HCl (pH 7.5) and 1 unit of zymolyase per 1 OD [uu of cells. After 20 min incubation at 

30°C, over 90% of the yeast cells were converted to spheroplasts. Spheroplasts were centrifuged 

at 1,500 x g for 3 min and resuspended in 0.75 xYPA containing 0.7 M sorbitol and 1% 

glucose at 2.5 OD6 l¥/ml. After incubating at 30°C for 20 min to allow metabolic recovery, cells 

were washed with lysis buffer (400 mM sorbitol, 20 mM HEPES, pH 6.8, 150 mM potassium 

acetate, 2 mM magnesium acetate) and resuspended in lysis buffer at 300 ODf)fir/ml. Aliquots of 

PYCs (200 |Lll) were slowly frozen in the vapors above liquid nitrogen for 1 h and immediately 

transferred to -80 °C. 

Lumenal Manganese Transport Assay 
Lumenal manganese transport was measured in permeabilized cells (PYCs). PYCs were thawed 

quickly and washed three times with 1 ml of ice-cold reaction buffer (20 mM HEPES, pH 6.8, 

150 mM potassium acetate, 250 mM sorbitol, 5 mM magnesium acetate) to remove cytosol 

and endogenous manganese. Two volumes of reaction buffer were added to the PYC-pellet. 

Reactions were initiated by mixing 5 u.1 of membranes (containing 20-30 u.g of protein) with 

20 (j.1 of reaction buffer containing 500 u.M MnCl2 , bringing the final protein concentration 

to 0.8-1.2 mg/ml. Protein concentrations were determined using the BCA reagent (Pierce). 

After incubation at 30°C for 0, 5, 10, 15 and 20 min, the reaction was stopped by adding 0.5 

ml of ice-cold reaction buffer, and samples were placed on ice. Membranes were pelleted by 

centrifugation at 100,000 g in a Beekman Optima TL ultracentrifuge and pellets were washed 

twice with 1.0 ml of ice-cold reaction buffer. Pellets were resuspended in 200 |ll 65% nitric 

acid and heated at 70°C for 2 h.Then, 1 ml of H 2 0 was added and samples were diluted 2- to 

4-fold in 0.1% nitric acid. The manganese content of each sample was determined by Atomic 

Absorption Spectroscopy, using a SpectrAA model 400 Plus spectrophotometer (Varian PtY 

Ltd., Mulgrave, Australia) with a GTA-96 graphite furnace and pyrolytically coated partitioned 

graphite tube. The amount of endogenous manganese present before addition of MnCl, was 
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de te rmined by measur ing at zero t ime of incubation; this value was then subtracted from the 

measurements . T h e amoun t of Mn 2 " transported was normal ized for the amount of P Y C -

associated protein and then expressed in pmoles per m g protein. 

Results 

Overexpression of Csglp and Csh 1p does not Suppress the IPC Mannosylation Defect in 
Acsg2 Mutant Cells 

Addit ion of mannose to IPC in yeast requires the putative IPC mannosyltransferases C s g l p 

and C s h l p (10). Consistent wi th previous work (9, 2 7 ) , T L C analysis of alkaline-treated lipid 

extracts from myo-pH]inositol labeled yeast cells revealed that Csg2p is critical but not essential 

for IPC mannosylat ion (Figure 1). Overexpression o f C s g l p and C s h l p from mult i -copy 

vectors in Acsg2 mutant cells did not suppress the partial defect in M I P C synthesis (Figure 1). 

Collectively, these data indicate that the pr imary function of Csg2p is distinct from that of 

C s g l p or C s h l p . 

Figure l .The IPC mannosylation defect in 
Acsg2 cells cannot be overcome by over-
expression of CSG1 and CSH1. Wild type, 
AcsglAcsh 1, Acsgl and Acsg2 yeast cells harboring 
multicopy plasmids containing CSG1 and CSH1 
(CSG1-2/U, CSH1-2/J) were labeled overnight 
with myo-PHJinositol. Lipid extracts were 
deacylated by mild alkaline hydrolysis, separated 
by TLC, and then visualized by autoradiography 
as described under Experimental Procedures. 
Note that due to incomplete deacylation, a small 
amount of phosphatidylinositol was sometimes 
visible (asterisk). 
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Loss of Csg2p Does Not Affect the Subcellular Distribution of Csglp and Cshlp 
Csg2p has been repor ted to form a complex wi th b o t h C s g l p and C s h l p (9). Even though 

formation of these complexes is no t absolutely required for M I P C synthesis (Figure 1), it is 

feasible that association with Csg2p is necessary for efficient expor t of newly-synthesized C s g l p 

and C s h l p from the E R to the Golgi where M I P C synthesis occurs. G D P - m a n n o s e transport 

into the Golg i - lumen is essential for IPC mannosylat ion and requires Vrg4p, a putative Golg i -

associated G D P - m a n n o s e transporter (5). Hence , a failure to deliver C s g l p and C s h l p to the 

Golgi would likely affect M I P C product ion levels.To de te rmine whe the r loss of Csg2p prevents 

C s g l p and C s h l p from reaching the Golgi, we initially examined their subcellular distribution 
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in wild type or Acsg2 cells by fractionating total cellular membranes on equil ibrium sucrose 

density gradients. As shown in Figure 2 A, C s g l p and C s h l p displayed a fractionation profile 

similar to that of the medial-Golgi v - S N A R E , G o s l p (peak fractions: 6 and 7), but distinct from 

that of E R marker, D p m l p (peak fractions: 4 and 5).This was regardless of whe ther fractionated 

membranes were derived from wild type or Acsg2 cells. As a complementary approach, we next 

investigated the localization of C s g l p by immunofluorescene microscopy. Staining of wild 

type and Acsg2 cells wi th an t i -Csg lp antibodies in each case produced a punctuate pattern 

characteristic of the yeast Golgi (Figure 2 B). In both cell types, these Csglp-posi t ive structures 

displayed extensive co-localization with the medial-Golgi ma rke r ,Gos lp . Hence , Csg2p unlikely 

serves a critical role in the delivery of C s g l p and C s h l p to the Golgi . 

wild type Csglp Goslp 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
top fraction number bottom 

Figure 2. Association of Csglp and Cshlp with the medial Golgi is independent of Csg2p. 
(A) Subcellular fractionation of Csglp and Cshlp. High-speed membrane pellets (100,000 o) prepared from 
wild type and Acsg2 yeast cells were fractionated on a sucrose step gradient. Fractions were analyzed by 
immunoblotting using antibodies directed against Csglp, Cshlp, the ER marker Dpmlp and the medial Golgi 
marker Goslp. (B) Double-label immunofluorescence micrographs of wild type and Acsg2 cells comparing 
the localization of Csglp and myotagged Goslp. Staining of Csglp was with rabbit polyclonal anti-Csglp 
antibodies, A/yr-tagged Goslp was detected with mouse monoclonal anti-wyf antibody, 9E10. Note that most 
of the Csglp-positive structures were also positive for myr-tagged Goslp. Bar, 3 |xm. 

IPC Mannosyltransferase Activity Requires Manganese and is Unaffected by Calcium 

Csg2p is a polytopic m e m b r a n e protein with an EF-hand Ca 2 + -b ind ing domain (12). Based 

on the observation that Ca2 + causes a change in sphingolipid composi t ion and stimulates the 

conversion of I P C to M I P C in yeast, Uemura et al. (9) proposed that I P C mannosyltransferase 

activity may be regulated by Ca2* through Csg2p. In addit ion, glycosyltransferases using 

nucleoside diphosphate sugars as carbohydrate donors often require divalent cations, usually 

manganese (16, 17, 28). Therefore, we decided to investigate the effects of Ca2+ and Mn 2 + 

on I P C mannosyltransferase activity in the absence or presence of Csg2p. To this end, we 
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used a previously established in vitro IPC mannosyltransferase assay (10). In brief, Triton X-

100 extracts prepared from wyo-pHJinositol-labeled Acshl Acsgl Acsg2 cells were mixed with 

extracts from unlabeled wild-type or Acsg2 cells and then incubated with or without externally 

added metal ions. When extracts from the inositol-labeled triple mutant were mixed with 

extracts from unlabeled wild-type cells, radioactive IPC was converted to MIPC and M(IP)0C 

in a GDP mannose- and Mn2+-dependent manner (Figure 3 A). Unlike Mn2+, Ca2+ had no 

significant effect on IPC mannosyltransferase activity, regardless of whether or not Mn~* was 

present. Essentially the same results were obtained when extracts from the inositol-labeled 

triple mutant were mixed with AcsgZ cell extracts (Figure 3 B). These findings demonstrate 

that IPC mannosyltransferase activity in yeast requires Mm*. However, they do not support a 

direct stimulatory effect of Ca2+. 
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Figure 3. Manganese is required for IPC mannosyltransferase activity in vitro. Analysis of IPC 
mannosyltransferase activity in extracts derived from wild type, Acsgl Acsli 1 and Acsgl cells.Triton X-100 extracts 

prepared from myo-[3H]inositol-labeled Acsgl Acsli 1Acsgl cells were mixed with extracts of unlabeled wild type, 

AcsglAcsh 1 or Acsgl cells, and then incubated for 30 min at 30°C in the presence (+) or absence (-) of 1 mM 

GDP-mannose, 4 mM CaCl, and/or 4 mM MnCl,, as indicated. Extracts prepared from inyo-pHJinositol-

labeled wild type cells served as positive control (A/).Lipid extracts were deacylated by mild alkaline hydrolysis 

and then separated by TLC before autoradiography. Note that due to incomplete deacylation, a small amount 

of phosphatidylinositol was sometimes visible (asterisk). 
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Acsg2 Cells Are Defective in the Lumenal Uptake of Manganese 

Csglp andCshlp share a region of homology with the a-l,6-mannosyltransferase, Ochlp.This 

domain is positioned in the Golgi lumen (10) and contains a conserved sequence motif, DXD, 

which may bind a divalent cation required for positioning the nucleoside diphosphate sugar in 

the active site. Csg2p has tentatively been classified as a Ca2+ membrane transporter (29). Our 

finding that IPC mannosylation requires Mn2+ but not Ca2+ raises an alternative possibility, 

namely that Csg2p is needed to translocate Mn2+ into the lumen of the ER or Golgi. Searching 

the Protein Data Bank for Csg2p homologues revealed hypothetical proteins of unknown 

function in Candida glabrata, Ncurospora crassa and various other fungi. No clear homologues 

were found in higher organisms. However, we noticed that Csg2p contains a region (residues 

128-370) sharing 22% identity (42% similarity) with the permease component of a bacterial 

ABC-type Mn2+/Zn2+ transport system (Figure 4). Hence, we decided to investigate a role for 

Csg2p in Mn2+ transport. 
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Figure 4. Csg2p shares a region of homology with the permease component of bacterial 
Mn !VZn2* transporters. Alignment of the amino acid sequences of Csg2p from S. cerevisiae (Sc), a Csg2p 
homologue from Candida glabrata (Cg), and the permease component of an ABC-type MrrVZn2" transport 
system found in Vibrio vulnificus (VV10358; Swiss-Prot/TrEMBL accession number: Q8DF65) and in Vibrio 

parahemolyticus (VPA1306; Swiss-Prot/TrEMBL accession number: Q87GK9). Sequences were aligned with 
ClustalW. Conserved (black) or related residues (grey) are boxed. A putative signal peptide cleavage site is indicated 
by an arrow. Potential transmembrane domains are underlined. 
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For this purpose, a method previously developed for measuring lumenal GDP-mannose 

transport in permeabilized yeast cells (PYC; Refs. 5,26) was modified and applied to analyse 

the Mn2* transport activity in wild type and Acsg2 cells. Thus, PYCs prepared from wild type 

and Acsg2 cells were washed in reaction buffer to remove cytosol and endogenous Mn2+, and 

then incubated at 30°C in the presence of 400 ^M Mn2+ (MnCl,). After incubation, PYCs 

were washed extensively to remove non-translocated Mn2* and the amount of PYC-associated 

Mir* was determined by atomic absorption spectrometry. A time course of Mn2* uptake by 

wild type PYCs indicated that transport of Mn2+ was quite efficient, with 2 pmol of Mn2* taken 

up per min per mg of PYC-associated protein (Figure 4). The accumulation rate was linear 

with time up to 10 min. Mn2* uptake was abolished by the addition of detergent (0.1%Triton 

X-100), indicating that it required intact vesicles. Addition of ATP had no effect, suggesting 

that Mil2* transport occurred independently of metabolic energy (data not shown). Removal 

of Csg2p, on the other hand, caused a 4- to 5-fold reduction in the M r * transport rate (from 

2 to < 0.5 pmol Mn!* per min per mg protein; Figure 4). Mn2* transport was fully restored 

when Acsg2 cells were transformed with a multicopy plasmid bearing the CSG2 gene. In fact, 

cells expressing CSG2 from the multicopy plasmid showed a higher rate of M r ' transport than 

wild type cells (Figure 4). From these data we conclude that Csg2p is required for lumenal 

Mn2+ transport. 

-O- wild type 

-X- Acsg2 

-A- Acsg2+ CSG2-2f.i 

5 10 15 
time (min) 

Figure 5. Aag2 cells are defective in lumenal Mn2* transport. Permeabilized yeast cells (PYCs) prepared 
from wild type, Acsg2 and Acsg2 strains transformed with CSG2 on a multicopy plasmid were washed to remove 
all cytosol and then incubated at 30°C in reaction buffer containing 400 U.M MnCl,. At the indicated time 
points, PYCs were diluted in ice-cold reaction buffer, washed, and the amount of Mir* taken up quantified by 
atomic absorption spectroscopy as described under Experimental Procedures. The amount of Mn2 ' transported 
was normalized for the amount of PYC-associated protein and then expressed in pmoles per mg protein. The 
experiment was repeated twice with similar results. 

The IPC Mannosylation Defect in Acsg2 Cells is Partially Suppressed by Externally Added 
Mn2* 

Our finding that Acsg2 cells are defective in the luminal uptake of Mn2* suggests that Csg2p 

has a critical role in supplying Mn2* to the IPC mannosyltransferases in the Golgi lumen. If so, 
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addition of M r " to the culture med ium may help overcome the I P C mannosylation defect 

in Acsgl cells. To test this possibility, wild type, Acsg2 and AcsglAcshl cells were labeled wi th 

iH}'o-[3H]inositol in the presence or absence of I m M M n C l , . As shown in Figure 6, externally 

added M n C l , was unable to restore IPC mannosylation in AcsglAcshi cells. In contrast, M n C l , 

had a stimulating effect on M I P C and M(IP) ,C formation in Acsg2 cells.These data support a 

critical role for Csg2p in the lumenal transport of Mn 2 + . 

Figure 6. The IPC mannosylation 
defect in Acsg2 cells is partially 
suppressed by externally added Mn" . 
Wild type, Acsg2 and AcsglAcsh 1 cells were 
labeled overnight with myo-[*H]inositol in 
the presence (+) or absence (-) of 1 mM 
MnCl,. Lipids were extracted, deacylated 
by mild alkaline hydrolysis and then 
separated by TLC before autoradiography. 

Discussion 

Although previous work has suggested the involvement of Csg2p in I P C mannosylation (11, 

12), its precise role in that reaction has no t been defined. Here we provide evidence that 

Mn 2 + is required for IPC mannosylation and that Csg2p is a M i r T transporter with a critical 

role in supplying Mn2* ions to the I P C mannosyltransferases in the Golgi lumen. A primary 

function for Csg2p in Mn 2 * transport is supported by the following observations: (i) Acsg2 

cells accumulate under-mannosyla ted sphingolipids in vivo; (ii) membranes from Acsg2 cells 

are defective in the lumenal uptake of Mn 2 + in vitro; (iii) the I P C mannosylat ion defect in the 

Acsg2 mutan t can be partially suppressed by growing cells in Mn 2 + supplemented med ium; (iv) 

Csg2p shares a region of homology with the permease c o m p o n e n t of a bacterial ABC- type 

M n 2 V Z n 2 * transport system. 

O u r findings are remarkable with respect to previous work on the role of the mcdial-

Golgi ion pump, P m r l p , in supplying the yeast secretory pathway wi th Ca2* and Mn 2" . P m r l p 

belongs to the group of Secretory Pathway C a 2 , ATPases (SPCAs), an emerging family of 

Golgi-resident, Ca2*-transport ing P-type ATPases with inhibi tor and transport characteristics 

different from the well-studied sarcoendoplasmic ret iculum (SERCA) and plasma membrane 

(PMCA) Ca2"-ATPases (30). A distinctive feature of S P C A pumps is their apparent ability to 

transport Mn 2 * wi th high affinity. Several lines of evidence indicate that SPCAs function as 

high affinity Mn 2 " pumps . First, Apmri cells in yeast accumulate cytosolic Mn 2 " that can serve 
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as an inorganic scavenger of superoxide radicals, thus bypassing the requirement for cytosolic 

superoxidase dismutase in aerobic growth (31). Second, Apmrl cells exhibit defects in iY-linked 

and O-linked protein glycosylation that can be alleviated by supplying Mn ! i , but not Ca2+, 

to the growth medium (32). Third, Mn2 r is a potent inhibitor of Pmrlp-mediated 45Ca2"-

transport in isolated Golgi vesicles (33, 34). Fourth, Mn2+ stimulates Pmrlp-mediated ATP 

hydrolysis and formation of the phosphoenzyme intermediate (35, 36). Consequently, Pmrlp 

is widely viewed as a dual transporter responsible for maintaining the intralumenal Ca2+ and 

Mn2+ concentrations in the early secretory pathway of yeast. Our present findings indicate 

that early secretory organelles in yeast are equipped with an additional, Csg2p-dependent 

Mn2T-uptake system. Csg2p, when over-expressed, localizes to the ER (13, 14) yet affects 

an Mn2+-dependent process in the Golgi lumen. In an analogous situation, Pmrlp, the only 

known Ca2+-pump in the early secretory pathway of yeast, resides in the medial Golgi (37, 

38) yet affects Ca2*-dependent processes in the ER (32). We propose that the Mn2+ content 

of the Golgi is determined, at least in part, by Csg2p-dependent Mn2"-transport into the ER 

lumen. 

While Csg2p-dependent Mir" transport is critical for sustaining normal levels of IPC 

mannosylation, loss of Csg2p did not seem to have any obvious effect on the mannosylation 

of invertase (data not shown).This is in contrast to the situation in Apmrl cells that produce 

and secrete a form of invertase essentially lacking the high-mannose outer chains (32). Perhaps 

transferases involved in sphingolipid mannosylation require higher levels of intralumenal Mn2+ 

for optimal activity than can be provided by Pmrlp when Csg2p is absent. In addition, it 

should be noted that Pmrlp function in protein glycosylation was investigated using Apmrl 

cells grown in Mn2+-depleted culture media (32). In contrast, the Acsg2 cells analysed in this 

study were grown in regular culture media that may have contained Mn2+ in amounts sufficient 

to alleviate a requirement for Csg2p in protein mannosylation. Whether loss of Pmrlp affects 

sphingolipid mannosylation remains to be established. 

The mechanism of Csg2p-dependent Mn2+-transport is presently unclear. The low level 

of homology between Csg2p and the permease component of a group of bacterial ABC-type 

Mn2 + /Zn2 + transporters suggests that Csg2p directly participates in Mn2+ transport and perhaps 

forms the channel through which the Mn2+ ions travel. Csg2p-dependent Mn2+-transport 

occurs in the absence of ATP, hence in contrast to the cation transport catalysed by P-type 

ATPases like Pmrlp. Csg2p contains ten putative membrane spans and a EF-hand Ca2+ binding 

domain in the second predicted extramembrane loop (12).Whether the Ca2+ binding domain 

is exposed to the cytosol or ER lumen remains to be established. Ca2+ has been reported to 

stimulate IPC mannosylation in yeast (9). Rather than stimulating IPC mannosyltransferase 

activity directly, Ca2+ may regulate the supply of Mn2+ ions required for this reaction by 

activating Csg2p-mediated Mn2" transport. At present, final proof for a direct role of the Ca2+-

ATPase Pmrlp in lumenal Mn2* transport is lacking. A challenging prospect is that uptake 

of Mn2" by early secretory organelles in yeast is controlled by Pmrlp through Csg2p. This 

possibility is currently under investigation. 
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Chapter 4 

Summary 

Yeast mutants defective in sphingolipid mannosylation accumulate inositol 

phosphorylceramide C (IPC-C), which renders cells Ca2~ sensitive. A screen for loss of 

function suppressors of the Ca2+-sensitive phenotype previously led to the identification of 

numerous genes involved in IPC-C synthesis. To better understand the molecular basis of the 

Ca2*-induced growth defect in IPC-C overaccumulating cells, we searched for genes whose 

overexpression restored Ca2^ tolerance in a mutant lacking the IPC mannosyltransferases 

Csglp and Cshlp. Here we report the isolation of HOR7 as a multicopy suppressor of the 

Ca2"-sensitive phenotype of AcsgiAcsM cells. HOR7 belongs to a group of hyperosmolarity-

responsive genes and encodes a small (59 residues) type I membrane protein that localizes 

at the plasma membrane. Hor7p is not required for high Ca2+ or Na+ tolerance. Instead, we 

find that Hor7p-overproducing cells display an increased resistance to high salt, sensitivity 

to low pH and a reduced uptake of methylammonium, an indicator of the plasma membrane 

potential. These phenotypes are induced through a mechanism independent of the plasma 

membrane H -ATPase, Pmalp. Our findings suggest that induction of Hor7p causes a 

depolarization of the plasma membrane that may counteract a Ca2+-induced influx of toxic 

cations in IPC-C overaccumulating cells. 

Introduction 

Sphingolipids are abundant components of eukaryotic plasma membranes with important 

functions in bilayer stability, stress adaptation, signaling and possibly the formation of 

lipid microdomains (1-3). They consist of a ceramide linked through either a glucosyl 

or phosphodiester bond to a polar head group. Ceramides are comprised of an sphingoid 

base joined in amide linkage to a fatty acid and can be classified according to the level of 

hydroxylation of the sphingoid and fatty acid moieties. The yeast Saccharomyces cerevisiae 

produces phytoceramide based on C4-hydroxylated phytosphingosine and a C2(> fatty acid 

that is usually hydroxylated on C2 (4, 5). Aurlp is required for transferring phosphoinositol 

from phosphatidylinositol onto the CI hydroxyl group of phytoceramide, yielding inositol 

phosphorylceramide (IPC; Ref. 6). IPC is mannosylated to form mannosyl-IPC (MIPC), 

which in turn can receive a second phosphoinositol group from phosphatidylinositol to 

generate the final and most abundant yeast sphingolipid, M(IP).,C (7). MIPC production 

requires the IPC mannosyltransferases Csglp and Cshlp (8-10) as well as an EF-Ca2 +-

binding domain-containing membrane protein, Csg2p (11). Csg2p interacts with Csglp and 

Cshlp (9), but its precise role in MIPC production is unclear. Whereas Csglp and Cshlp 

contain a region of homology with the yeast a-l,6-mannosyltransferase Ochlp, Csg2p does 

not share this sequence and is not absolutely required for MIPC synthesis, suggesting that 

Csg2p serves a regulatory rather than a catalytic function. 

Csglp and Csg2p play an important role in Ca2+tolerance since csgl and csg2 mutants have 

been identified as Ca2"-sensitive, Sr2+-resistant mutants (12). The Ca2+-sensitive phenotype 
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appears to be due to the accumula t ion of I P C - C , w h i c h contains a phy tosph ingos ine and a 

monohydroxy la t edC , 6 - f a t t yac id . Indeed , the Ca 2 + -sensi t iv i ty ofcsg2mutant cells is suppressed 

by muta t ions causing either a reduc t ion in I P C - C levels or a change in its s t ruc ture . T h u s , 

suppressor muta t ions have been found in genes involved in sphingoid base synthesis (LCB1, 

LCB2, TSC10), p a lmi toy l -CoA synthesis (FAS2), fatty acid chain e longat ion (TSC13), 

conversion of d ihydrosphingos ine to phy tosph ingos ine (SLJR2), and hydroxyla t ion of the 

C 2 6 fatty acid (SCS7)(Figure 1; Refs . 4, 8) . W h y I P C - C overaccumula t ing cells b e c o m e 

Ca 2 + -sens i t ive is u n k n o w n . Several in te rmedia tes of sphingolipid metabol i sm have been 

r epor t ed to function as signaling molecules . For example , sphingoid base 1-phosphate 

is involved in heat stress resistance, d iauxic shift and Ca 2 + mobi l iza t ion (13-15) wh i l e 

accumula t ion of ceramide causes cell g r o w t h arrest (16, 17). Hence , one possibility is that 

Ca 2 + activates hydrolysis of I P C - C resul t ing in the formation of toxic levels of ce ramide . 

Alternatively, I P C - C itself may act as a s ignal ing molecule in a Ca 2 " -s igna l ing pathway. 

Suppressors of the Ca 2 +-sensi t ivi ty in the csg2 m u t a n t included two genes involved in signal 

t ransduct ion , namely the prote in kinase TOR2 and the phospha t idy l inos i to l -4-phosphate 

5-k inase MSS4 (18). H o w the s ignal ing pathways of Tor2p and Mss4p are c o n n e c t e d to 

C a 2 + - i n d u c e d cell death in csgl and csg2 mu tan t s remains to be established. A n o t h e r model 

put forward to explain the Ca 2 + -sensi t ive p h e n o t y p e is that Ca 2 + alters the permeabi l i ty of 

csgl and csg2 cells, causing an increased influx of toxic ions that leads to cell death . Th i s 

idea is based on the observat ion that csgl and csg2 mutan t s display an increased Ca 2 ^ -up take 

and that the Ca2 +-sensi t ive p h e n o t y p e can be reversed by addi t ion ot 0.8 M sorbitol to the 

g r o w t h m e d i u m (8). Sorbitol reduces osmot ic gradients and has been shown to prevent lysis 

of mutan t s w i th defective cell walls (19). 
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To gain further insight into the molecular basis of the Ca2~-induced growth defect 

in IPC-C accumulating cells, we searched for genes whose overexpression restores Ca2*-

tolerance in a mutant strain lacking the IPC mannosyltransferases Csglp and Cshlp. Here 

we report the isolation and characterization of HOR7 as a multicopy suppressor of the Ca2+-

sensitive phenotype in AcsglAcshl cells. Our findings suggest that Hor7p protects AcsglAcshl 

cells from a Ca2+-mduced influx of toxic cations by reducing the plasma membrane electric 

potential. 

Experimental Procedures 

Strains and plasmids 

Unless indicated otherwise, yeast strains were grown at 28°C to mid-logarithmic phase (0.5-

1.0 OD600) in synthetic dextrose (SD). Yeast transformations were carried out as described 

(20). Mutant strains Acsgl (JHY075), AcsM (JHY088), AcsglAcshl 0HY090), Aiptl (JHY079) 

have been described previously (10). The HIS3 marker in JHY090 was removed by excisive 

recombination using Cre recombinase, yielding strain JHY101. For deletion of the HOR7 

gene, 450-500 base-pair fragments of the regions flanking the open reading frame were 

P C R amplified from yeast genomic DNA and cloned into the Notl/EcoRl and Spel/Mlul 

sites located on either site of a loxP-HIS3-loxP cassette in a pBluescript KS" vector (10). The 

gene deletion construct was linearized with Notl and Mlul and transformed into EHY227 

(MATa sec6-4 TPI1::SUC2::TRP1 ura3-52 Ius3-A200 lcu2-3 -112trpl-l) or JHY101 to 

generate Ahorl (JHY161) and AcsglAcshlAhor7 (JHY164) strains. Correct integration events 

were confirmed by PCR. Strains with Pmalp tagged at its JV-terminus with one copy 

of the HA epitope were generated using integration plasmid pRS305A51 (21). Promoter 

regions (650 bp) and open reading frames of CSG1 and CSH1 were PCR-amplified and 

ligated into single-copy vector pRS416 (CEN, URA3). Promoter regions (650 bp) and 

open reading frames of HOR7, DDR2 and YMR252C were PCR-amplified and ligated 

into multicopy vector pRS426 (2(i, URA3). To generate a myc-tagged version of HOR7, 

nine copies of the myc epitope were inserted in the open reading frame between residues 20 

and 21 by PCR, using plasmid p9xMYCt-HIS5 (S. Munro, MRC-LMB, Cambridge, UK). 

Myc-tagged HOR7 was ligated into multicopy vector pRS425 (2\x, LEU2) and expressed 

in strain SEY6210 (MATa ura3-52 his3-A200 leu2-3 U2trpl-A901 snc2-A9 lys2-801) for 

localization studies. 

Multicopy suppressor screen 

A YEP13-based yeast genomic DNA library (AB320, ATCC 37323) was transformed 

into JHY090 (AcsglAcshl) and transformants were grown on SD plates supplemented 

with 20 mM CaCl2 at 28CC. Ca2^-resistant colonies transformed with CSG1- or CSH1-

containing plasmids were identified by colony P C R and discarded. Plasmids rescued from 

the remaining Ca2+-resistant colonies were isolated, retransformed in JHY090 and screened 

for their ability to complement the Ca2*-sensitive phenotype. This approach yielded three 
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overlapping genomic sequences capable of restoring Ca2+ tolerance. Complementation 

experiments with restriction fragments and PCR-amplified open reading frames present in 

the isolated genomic sequences led to the identification of HOR7 as a multicopy suppressor 

of the Ca2+-induced growth defect in JHY090. 

Subcellular membrane fractionation 

Cells were grown in 500 ml SD medium, harvested, spheroplasted, and then lysed in a 

hypo-osmotic buffer as described (22). Subcellular membranes were collected at 100,000 

gav (60 min, 4°C) and loaded on top of a sucrose gradient prepared in gradient buffer (10 

m M Hepes-KOH, pH 7.2, 1 mM EDTA , 0.8 M sorbitol) using the following steps: 0.5 ml 

60%, 1 ml 40%, 1 ml 37%, 1.5 ml 34%, 2 ml 32%, 2 ml 29%, 1.5 ml 27% and 1.5 ml 22% 

(w/w) sucrose. After centrifugation at 130,000 gav in a Beekman SW40Ti rotor (18 hrs, 

4°C), 20 x 0.6 ml fractions were collected from the top. Equal volumes per fraction were 

used to assay for ATPase activity and for Western blot analysis (see below). 

Western blot analysis 

Myc-tagged Hor7p was detected with anti-myc rabbit polyclonal (A14) or mouse monoclonal 

antibody (9E10), and HA-tagged Pmalp with anti-HA rabbit polyclonal antibodies (Santa 

Cruz Biotechnology, CA). Other antibodies were directed against Goslp (22), Dpmlp 

(Molecular Probes, Eugene, OR) and Sso2p (S. Keranen, Biotechnology and Food 

Research, Espoo, Finland). For immunoblotting, all antibody incubations were carried out 

in PBS containing 5% dried milk and 0,5% Tween-20. After incubation with peroxidase-

conjugated secondary antibodies (Biorad, Hercules, CA), blots were developed using a 

chemiluminescent substrate kit (Pierce, Rockford, USA). 

ATPase assay 

The protein content of pooled gradient fractions was measured using a Micro BCA Protein 

Assay Reagent Kit (Pierce, Rockford, IL) with bovine serum albumin as a standard. ATPase 

assays were performed on 70 jig protein at 30°C in a volume of 25 yd (10 mM Hepes-KOH, 

pH7.2, 0.8 M sorbitol, 2 mM ATP, 5 mMMgCl , ) . Reactions were stopped after 30 minutes 

with 175 ul 40 mM H,S0 4 . Then 50 jxl 6 M H 2 S 0 4 containing 0.001% malachite green was 

added and after 30 min incubation at room temperature, the absorbance was measured at 

595 nm. The specific ATPase activity was calculated from the amount of P, released after 30 

min and expressed as nmol P, per min per mg of protein. 

Immunofluorescence microscopy 

Exponentially-grown cells were fixed and mounted on poly-L lysine-coated glass-slides as 

described previously (22). Antibody incubations were performed in PBS supplemented with 

2% dried milk and 0.1% saponin for 2h at room temperature. Anti-myc mouse monoclonal 

antibody 9E10 was used at a dilution of 1:100, and rabbit polyclonal antibody to Sso2p 

at a dilution of 1:200. Goat-anti-mouse fluorescein- and goat-anti-rabbit Cy3-conjugated 

secondary antibodies (Amersham, Arlington Heights, IL) were used at a dilution of 1:100. 
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Fluorescence microscopy and image acquisition were carried out using a Leica D M R A 

microscope (Leitz, Wetzlar, Germany) equipped with a cooled CCD camera (KX85, Apogee 

Instruments Inc., Tucson, AZ) driven by Image-Pro Plus software (Media Cybernetics, 

Silver Spring, MD). 

Measurement of methylammonium uptake 

Cells (5 OD6( l l/ml) were incubated in 50 mM glucose, 10 mM MES, pH 6.0 at 2°C. 

After a 5 min incubation, [l4C]methylamine hydrochloride (2 mM and 2.5 uCi/ml final 

concentration; Amersham) was added. At the indicated time points, 100 ul aliquots were 

diluted into 10 ml of ice-cold 20 mM MgCl,, filtered through a 0.45 urn nitrocellulose 

filter (Millipore HAWP) and washed twice with 10 nil of the same solution. Filters were 

transferred to scintillation cocktail and radioactivity measured using a liquid scintillation 

counter. 

Results 

Loss of Csglp and Cshlp causes hypersensitivity towards calcium 

S. cerevisiae cells have a high tolerance for Ca2+. Thus, cells display normal growth in medium 

containing up to 100 mM CaCl, (data not shown). A screen for genes specifically involved 

in Ca2+ regulation in 5. cerevisiae revealed CSG1, a gene with a critical function in high 

Ca2+ tolerance (Beeler et al., 1994). Subsequent studies showed that Csglp is homologous 

to Cshlp, and that the two proteins function as IPC mannosyltransferases (8-10). To study 

the effects of Acsgl and Acshl mutations on Ca2+ sensitivity, cells were grown on SD plates 

containing 5 mM CaCl, at 30°C. As shown in Figure 2, Acsgi and Acshl cells were resistant 

to exogenous Ca2"1" and displayed normal growth. In contrast, the AcsglAcshl double mutant 

was highly sensitive to Ca2+ and did not grow on the medium. Transformation of AcsglAcshl 

cells with the CSG1 or CSH1 gene on a single-copy vector fully suppressed the Ca2+-

induced growth defect. Deletion of IPT1, a gene required for M(IP),C synthesis (23, 24) 

had no effect on Ca2+ tolerance. Thus, the Ca2+ sensitivity of yeast cells correlates with the 

level of MIPC synthesis rather than M(IP)2C synthesis. 

Figure 2. Loss of mannosyltrans
ferases Csglp and Cshlp causes 
hypersensitivity towards calcium. 
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Isolation of HOR7 as a multicopy suppressor of the Ca2*-induced growth defect in 

AcsglAcsM cells 

In the absence of sphmgol ip id mannosyla t ion , yeast cells accumula te I P C - C . Suppressor 

muta t ions that reverse the Ca 2 + sensitivity of M l P C - d e f i c i e n t cells have been found to 

ei ther decrease the synthesis of I P C - C or to alter its s t ruc ture (Figure 1). N o n e of the 

suppressor mutan t s synthesized M I P C , indica t ing that it is the accumula t ion of I P C - C , 

ra ther than the absence of mannosyla ted sphingol ipids , that makes cells Ca2"1" sensitive. 

To gain fur ther insight into the molecular basis of the C a 2 + - i n d u c e d g r o w t h defect in 

I P C - C ove raccumula t ing cells, we per formed a mul t i copy suppressor screen a imed at 

the identif icat ion of genes whose overexpression restores Ca 2 + tolerance in the AcsglAcshl 

mutan t . To this end, AcsglAcsM cells were t ransformed w i t h a yeast genomic D N A library 

on a mul t i copy vector and t ransformants that rega ined tolerance to 20 m M Ca 2 + we re 

selected. O f the 64 .000 t ransformants screened (6 t imes the a m o u n t requi red to cover the 

ent i re l ibrary) , 168 g rew in the presence of Ca2*. Sixty Ca 2 + - res is tant colonies were picked 

for further analysis. Colonies t ransformed wi th CSG1- or C S H Ï - c o n t a i n i n g plasmids were 

identified by colony P C R and discarded (49 ou t of 60) . Plasmids rescued from the eleven 

r e m a i n i n g Ca 2 + - res is tant colonies were re t ransformed in AcsglAcshl cells and screened for 

their abil i ty to restore Ca 2 + tolerance. T h e th ree plasmids for wh ich this was the case were 

sequenced. All th ree had a 25 -kb insert der ived from the same region in the r ight a rm of 

c h r o m o s o m e XI I I (765 .000-790 .000 bp), h a r b o r i n g the comple te open reading frames of 

six different genes (Figure 3 A). C o m p l e m e n t a t i o n studies wi th restr ict ion fragments of 

the g e n o m i c sequence were used to e l iminate four of the six genes as possible suppressors 

of the C a 2 + - i n d u c e d g r o w t h defect in AcsglAcshl cells (Figure 3 B) . O p e n reading frames 

of the r e m a i n i n g t w o genes were P C R amplified from yeast g e n o m i c D N A , ligated in to 

a mul t i copy expression vector and then screened for the i r ability to restore Ca 2 + to lerance. 

Th i s led to the identification of a gene named HOR7 whose overexpression suppressed the 

C a 2 + - i n d u c e d g r o w t h defect in AcsglAcshl cells (Figure 3 B) . 

Figure 3. Identification of HOR7 as a mult icopy suppressor of the Ca2 +-induced growth defect 
in AcsglAcshl cells. (A) A screen for multicopy suppressors of the Ca2"-induced growth defect in AcsglAcshl 

cells yielded a genomic DNA sequence harboring the complete open reading frames of six different genes 
(1). HOR7 was identified by testing restriction fragments (II, III) and PCR-ampHfied open reading frames 
for their ability to complement the AcsglAcshl Ca2"-sensitive phenotype. (B) Serial 3-fold dilutions of 
exponentially-grown AcsglAcshl cells transformed with genomic DNA fragments (I-III) or PCR-amplified 
open reading frames (HOR7, YMR252C) on a multicopy vector were spotted onto SD plates with or 
without 20 mM CaCl,, as indicated. Plates were scanned after 3 days of incubation at 30°C. 
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HOR7 encodes a small plasma membrane-associated protein 

HOR7 was originally identified as one of seven hyperosmolarity-responsive genes co-

induced by shifting cells to 1 M NaCl (25).The gene codes for a 59 amino-acid protein of 

unknown function with a predicted ^Y-terminal signal peptide and C-terminal membrane span 

(Figure 4 A). Searching the database for homologous proteins revealed Ddr2p, a 61 amino-

acid yeast protein sharing 46% amino acid sequence identity with Hor7p. No additional 

homologues were found. Ddr2p is encoded by a DNA damage-responsive gene (26). Its 

expression is also induced by osmotic shock, heat shock and oxidative stress (27).The function 

of Ddr2p is unknown. In spite of being highly related to Hor7p, overexpression of Ddr2p did 

not restore Ca2+ tolerance in AcsglAcshi cells (Figure 4 B). A recent global analysis of protein 

localization in yeast revealed that Ddr2p is associated with the vacuole (28).To investigate the 

localization of Hor7p, the protein was tagged with nine copies of the myc epitope that were 

inserted immediately behind the putative signal peptide cleavage site (between residues 20 and 

21). Epitope-tagging, whether internally or at the C-terminus, abolished the ability of Hor7p 

to restore Ca2* tolerance in AcsglAcshi cells (data not shown). Myc-tagged Hor7p expressed 

in wild type cells migrated as a 37-kDa protein on polyacrylamide gels. Following high-speed 

centrifugation of a cell lysate, Hor7p-myr was found exclusively in the membrane pellet (Figure 

5 A). Immunofluorescence microscopy revealed a peripheral staining pattern and extensive co-

localization with the plasma membrane-associated syntaxin, Sso2p (Figure 5 B). When cellular 

membranes were fractionated on an equilibrium sucrose density gradient, the bulk of Hor7p-

H o r 7 p MKLSQVWSAVAFTGLVSAANSSNSSSSKNAAQPIAGLNNGKV—AGAAGVALAGALAFLI 

D d r 2 p MKVSQVFISAISVFGLATSVNAQNASNTTSNAAPALHAQNGQLLNAGWGAAVGGALAFLI 

* * * 

AcsglAcshi 
AcsglAcshi + HOR7 
AcsglAcshi + DDR2 

Figure 4. Overexpression o€HOR7, but not of the homologues gene DDR2, suppresses the Ca2+-
induced growth defect in AcsglAcshi cells. (A) Alignment of the amino acid sequences of Hor7p and 
Ddr2p. Putative signal peptide cleavage sites are indicated by arrows. Potential transmembrane domains are 
underlined. Putative N-linked glycosylation sites are marked by asterisks. (B) AcsglAcshi cells transformed 
with HOR7 or DDR2 on a multicopy vector were grown in SD medium with or without 20 niM CaCl,. 
At the indicated times, 1-ml aliquots were withdrawn for measurement of the OD600. 
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myc co-migrated with Sso2p and was separated from markers for the endoplasmic reticulum 

(ER; D p m l p ) , Golgi (Gos lp) , endosomes (Pepl2p) and vacuoles (Vam3p; Figure 5 C and 

data not shown). Taken together, these results indicate that H o r 7 p resides at the yeast plasma 

membrane . 

H o r 7 p contains a putat ive N - t e r m i n a l signal sequence and C - t e r m i n a l m e m b r a n e span 

that predict a type I m e m b r a n e topo logy w h e r e the N - t e r m i n u s is s i tuated in the l u m e n / 

extracel lular env i ronmen t (Figure 5 D ) . To test this predict ion, cells expressing Hor7p-myf 

were spheroplasted and then i m m u n o s t a i n e d wi th anti-myr and ant i -Sso2p ant ibodies ei ther 

before (pre-stained) or after fixation and permeabi l iza t ion (post-s ta ined) . As expected , post-

stained cells were labeled w i t h b o t h ant ibodies (Figure 5 E, upper panel). In contrast , p r e -

stained cells were positive for ant i-myr ant ibodies , but negat ive for ant i -Sso2p antibodies 

(Figure 5 E, upper panel). These findings indicate that the N - t e r m i n u s of Hor7p-myr is 

exposed to the extracellular e n v i r o n m e n t , hence consistent w i t h the topology depicted in 

Figure 5 D . 

A B amyc aSso2p D 

Figure 5. Hor7p localizes at the plasma membrane . (A) Hor7p is membrane-associated. High
speed membrane pellets (100,000 o) were prepared from yeast cells expressing untagged (HOR7) or myc-
tagged HOR7 (HOR7-myc) from a multicopy vector. Membranes (m) and cytosol (c) were analyzed by 
immunoblottingusinganti-myfmonoclonal andanti-Gospl polyclonal antibodies. (B) Immunofluorescence 
micrographs of cells expressing untagged or myr-tagged HOR7 (HOR7-myc) from a multicopy vector were 
co-stained with anti-myc monoclonal and anti-Sso2p polyclonal antibodies, as indicated. (C) Subcellular 
fractionation of Hor7p. A high-speed membrane pellet (100,000 JJ) prepared from cells expressing tnyc-
tagged HOR7 was fractionated on a sucrose step gradient. Fractions were analyzed by immunoblotting 
using antibodies against the myc epitope, the ER marker Dpmlp, the Golgi marker Goslp and the plasma 
membrane marker Sso2p. (D) Schematic view of the (predicted) membrane topologies of myr-tagged Hor7p 
and Sso2p. (E) Immunofluorescence micrographs of cells expressing myr-tagged HOR7 from a multicopy 
vector and co-stained with mouse monoclonal anti-myrand rabbit polyclonal anti-Sso2p antibodies either 
before (pre-stained) or after fixation and permeabilization (post-stained). 
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HOR7 overexpression causes a growth defect at low pH without affecting plasma 
membrane H*-ATPase activity 

To determine the physiological function of Hor7p, the chromosomal copy of HOR7 was 

disrupted by homologous recombination. Haploid Ahor7 and AcsglAcshlAhor7 strains were 

obtained, indicating that Hor7p is not essential under standard growth conditions, i.e. in 

YEPD or SD medium at 30°C. Hor7p is not required for high salt, high Ca2+ or low pH 

tolerance, since Ahor7 cells grew as well as wild type on 1 M NaCl, 50 mM CaCl2 or at pH 

2.5 (Figure 6 A). However, we noticed that cells overproducing Hor7p from a multicopy 

vector grew better on 1M NaCl and were more sensitive to low pH than wild type or Alwr7 

cells. While Hor7p-overproducing cells grew better than Ahor7 cells at pH 6.5, the situation 

was reversed at pH 4.5 or below (Figure 6 and data not shown). The plasma membrane 

H+-ATPase, Pmalp, plays a key role in the regulation of intracellular pH and yeast cells 

carrying mutations that reduce Pmalp activity are sensitive to low pH and become resistant 

to Na* (29-31). Pmalp is associated with two small (38 residues) and highly hydrophobic 

isoproteins, Pmpl and Pmp2, which are required for maximal ATPase activity (32, 33). 

Pmalp is one of the most abundant proteins in the yeast plasma membrane and has been 

estimated to consume as much as one quarter of cellular ATP (34). To investigate whether 

Hor7p acts as a negative regulator of Pmalp, we determined the rates of MgATP hydrolysis 

in plasma membranes derived from Ahor7 cells transformed with HOR7 on a multicopy 

plasmid (HOR7-2f,i) or with empty vector. To this end, cells were lysed and the plasma 

membranes separated from intracellular organelles by fractionation on equilibrium sucrose 

density gradients (Figure 7 A). Of the twenty fractions collected per gradient, the last 

four high-density fractions contained the bulk of plasma membrane (Pmalp, Sso2p) and 

were devoid of significant amounts of ER (Dpmlp), Golgi (Goslp), vacuoles (Vam3p) and 

endosomes (Pepl2p; Figure 7 A and data not shown). Plasma membrane-enriched fractions 

Figure 6. HOR7 overexpress ion causes 

a g r o w t h defect at l o w p H . (A) Serial 

3-fold dilutions of exponent ia l ly-

g r o w n wild type, Ahorl and Ahor7 cells 

t ransformed wi th HOR7 on a mul t icopy 

vector (HOR7-2/U) were spotted on to SD 

plates supplemented w i th the indicated 

concentrat ions of H", NaCl or CaCl-,. 

(B) Alwr7 and Ahor7 cells transformed 

wi th HOR7-2/J were g r o w n in SD 

m e d i u m supplemented wi th the indicated 

concentrat ions of FT. T h e cul tures were 

kept in log phase by regular di lut ion in 

fresh med ium. At the indicated t imes, 1-ml 

aliquots were w i t h d r a w n for measurement 

of the OD 6 0 0 . Total O D 6 0 0 values for each 

cul ture are given. T h e exper iment was 

repeated twice wi th similar results. 
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for each gradient were pooled and then no rma l i zed for P m a l p levels by Wes te rn blot 

analysis. As s h o w n in F igure 7 B, there was no significant difference in plasma m e m b r a n e -

associated ATPase activity be tween Hor7p-def ic ien t and ove rp roduc ing cells. Hence , it 

appears unl ike ly that H o r 7 p renders cells sensitive to low p H by reduc ing the activity of 

plasma m e m b r a n e H T - A T P a s e . 
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F i g u r e 7. O v e r e x p r e s s i o n o r d e l e t i o n o f HOR7 h a s n o ef fec t o n p l a s m a m e m b r a n e H + - A T P a s e 

a c t i v i t y . (A) Subcellular fractionation of plasma membrane H ' - A T P a s e P m a l p from cells lacking or 

overexpressing HOR7. H igh-speed membrane pellets (100,000 ,ij) prepared from Ahor7 cells expressing 

HA- tagged P m a l p and transformed wi th empty vector (Ahor7) or HOR7 on a mult icopy vector (Alior7 

+ HOR7-2[i) were fractionated on sucrose step gradients. Fractions were collected from the top and 

analyzed for ATPase activity and by immunob lo t t i ng . ATPase activity is expressed in arbitrary units based 

upon the absorbance measured at 595 n m as described in Exper imenta l Procedures . Immunoblo t s were 

stained wi th a n t i - H A antibodies to detect H A - t a g g e d P m a l p and wi th antibodies against Gos lp , Sso2p 

and D p m l p . (B) ATPase activity in plasma membrane -en r i ched fractions derived from Hor7p-deficient 

(Altorl) and Hor7p -ove rp roduc ing cells (Ahor7 + H()R7-2ft). Fractions 16-20 from gradients shown in (A) 

were pooled, normal ized and assayed (70 ug protein per measurement) for ATPase activity as described 

under Exper imenta l Procedures . Each bar represents the mean + standard deviat ion of three independent 

measurements . I m m u n o b l o t t i n g with a n t i - H A antibodies on pooled fractions revealed that both strains 

contained similar amounts of P m a l p . 

HOR7 overexpression causes a depolarisation of the plasma membrane 

T h e plasma m e m b r a n e electric potent ial ma in ta ined by H*-ATPase P m a l p has been repor ted 

to be a major d e t e r m i n a n t of toxic cation tolerance (29, 31). Therefore , it is feasible that 

H o r 7 p overexpression alters the m e m b r a n e potent ia l , wh ich m i g h t reduce the rate of cat ion 

71 



Cliaptcr 4 

uptake in to the cell and, consequently, the cell's sensitivity to toxic cat ions. To investigate 

this possibility, we measured [ 1 4 C ] m e t h y l a m m o n i u m uptake as an indicator of m e m b r a n e 

potent ia l (35, 36). As expected , wi ld type cells pre incubated w i t h p r o t o n o p h o r e C C C P 

displayed a significant reduc t ion in m e t h y l a m m o n i u m uptake compared to un t rea ted cells 

(Figure 8) . H o r 7 p - o v e r p r o d u c i n g cells displayed a similar decrease in m e t h y l a m m o n i u m 

uptake w h e n compared to wi ld type or Hor7p-def ic ient cells. Collectively, our results 

suggest that Hor7p overexpression causes a depolarisat ion of the plasma m e m b r a n e t h r o u g h 

a mechan i sm independen t of P m a l p funct ion. 

—O— wild type 

- O - wild type + CCCP 

-A- Ahor7 

- x - Alwr7 + HOKJ-2^1 

"Ó 25 50 75 100 125 
time (min) 

Figure 8. HOR7 overexpression causes a reduction in me thy l ammon ium uptake. Wild type 
cells incubated with or without 50 \iM CCCP, and cells lacking (Ahorl) or overexpressing HOR7 from a 
multicopy vector (Ahor7 + HOR7-2//) were analyzed for ["C]methylammonium uptake. At the indicated 
times, 100 u.1 aliquots of cells incubated with ["C]methylammonium were collected, filtered and washed 
as described in Experimental Procedures. Filters were transferred to scintillation cocktail and radioactivity 
was counted. The experiment was repeated twice with similar results. 

Discussion 

Yeast mutants defective in IPC mannosylation accumulate IPC-C, which renders cells Ca2+-

sensitive. These mutants provide a positive selection for IPC-C synthesis mutants since the 

latter are suppressors of the Ca2+-sensitive phenotype. How IPC-C induces Ca2+-sensitivity 

is not well understood. In here we identified HOR7 as a multicopy suppressor of the Ca2+-

induced growth defect in cells lacking the IPC mannosyltransferases Csglp and Cshlp. 

Our findings suggest that Hor7p causes a depolarisation of the plasma membrane that may 

counteract a Ca2+-induced influx of toxic cations in IPC-C overaccumulating cells. 

Our multicopy suppressor screen on 60.000 transformed AsglAcshl colonies yielded 

HOR7 as the only non-IPC mannosyltransferase-encoding gene capable of restoring 

high Ca2+-tolerance. HOR7 was originally identified as one of seven hyperosmolarity-

responsive genes whose transcript levels are increased over 10-fold by 1 M NaCl or 1.5 
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M sorbitol (25). HOR7 encodes a 59-amino acid protein with a predicted signal sequence 

and C-terminal membrane span. Membrane fractionation analysis and immunofluorescence 

microscopy of cells expressing epitope-tagged Hor7p revealed that the protein resides in 

the plasma membrane with its N-terminus facing the cell surface, hence consistent with a 

type I membrane topology. Hor7p shares 49% sequence identity with Ddr2p, a 61-amino 

acid yeast protein encoded by a DNA damage- and hyperosmolarity-responsive gene (37). 

However, unlike HOR7, DDR2 was unable to serve as a multicopy suppressor of the Ca2+-

induced growth defect in AcsgiAcshl cells. A global protein localization study revealed that 

Ddr2p is not associated with the plasma membrane but with the yeast vacuole (28). Hence, 

it is feasible that Hor7p and Ddr2p perform identical functions at different locations within 

the cell. 

Even though Hor7p is induced in response to high salt and serves as a multicopy suppressor 

of the Ca2+-induced growth defect in AesglAcshl cells, disruption of the corresponding gene 

had no effect on high salt or high Ca24" tolerance. Overexpression of Hor7p, on the other 

hand, conferred an increased resistance to Na* and sensitivity to low pH. Moreover, Hor7p-

overproducing cells displayed a decreased uptake of methylammonium, an indicator of the 

plasma membrane potential (35, 36). The latter finding suggests that Hor7p overexpression 

causes a depolarization of the plasma membrane. Plasma membrane depolarization, low pH 

sensitivity and an increased Na+ resistance have previously been reported for yeast strains 

bearing mutations in the plasma membrane H+-ATPase, Pmalp (29, 31). This activity is 

required for cytosolic pH homeostasis as well as for maintaining the electrochemical potential 

that drives transport of multiple nutrients and ions across the yeast plasma membrane (35, 38, 

39). Pmalp function is dependent on Pmplp and Pmp2p, two small (38 residues) and highly 

hydrophobic isoproteins whose removal causes a drastic reduction in the rate of plasma 

membrane-associated ATP hydrolysis (33). A role for Hor7p as negative regulator of Pmalp 

might explain the reduced methylammonium uptake, low pH sensitivity and increased Na" 

tolerance of Hor7p-overproducing cells. However, this possibility is unlikely given our 

finding that cells lacking or overexpressing Hor7p display similar rates of ATP hydrolysis in 

their plasma membranes. Hence, it appears that Hor7p causes a depolarization of the plasma 

membrane through a mechanism independently of Pmalp. It is possible that Hor7p induces 

a depolarizing proton leak, or mediates the proton leak itself. This would be consistent with 

the low pH sensitivity of Hor7p-overproducing cells. A similar function has previously-

been attributed to Pmp3p, a small 55 residue hydrophobic polypeptide found in the yeast 

plasma membrane with high sequence similarity to a family of plant polypeptides that are 

induced by high salinity (40). Whereas removal of Pmp3p causes a hyperpolarization of the 

plasma membrane (40), loss of Hor7p had no obvious effect on the membrane potential (this 

study). Further analysis of the proton permeability of Hor7p-deficient and -overproducing 

cells will be required to understand the precise role of Hor7p in the regulation of the plasma 

membrane potential. 

Ca2+ has previously been proposed to induce an irreversible alteration in the plasma 

membrane of «(jJ and csg2 yeast mutants that increases the influx of Ca2" and perhaps other 

toxic cations, resulting in cell death (8). Our data suggest that Hor7p restores high Ca2+-
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tolerance in IPC mannosyltransferase-deficient yeast by counteracting the Ca2"-induced 

influx of toxic cations through a depolarisation of the plasma membrane. Whether Ca2~ 

affects the ion permeability of the plasma membrane via an IPC-C dependent signaling 

pathway or by directly interacting with cell surface-exposed IPC-C remains an open issue. 

Hence, future studies will be necessary to identify the Ca2+ target that initiates Ca2+-induced 

cell death in IPC-C overaccumulating yeast. 
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Chapter 5 

Summary 

Eukaryotic plasma membranes generally display asymmetric lipid distributions with the 

aminophospholipids concentrated in the cytoplasmic leaflet. This arrangement is likely 

maintained by aminophospholipid translocases (APLTs) that use ATP hydrolysis to catalyze 

a fast inward movement of phosphatidylserine and phoshatidylethanolamme (PE) across the 

bilayer. The identity of APLTs has not yet been established but prime candidates are members 

of the P4 subfamily of P-type ATPases. The yeast Saccharomyces ccrevisiae contains five P4 

ATPases localized to different organelles, namely Dnf lp and Dnf2p to the plasma membrane, 

Drs2p and Dnf3p to the frans-Golgi, and Neolp to compartments of the endosomal system. 

Previous work revealed that loss of Dnflp and Dnf2p disrupts aminophopholipid transport 

across the plasma membrane and causes an increased aminophospholipid exposure at the cell 

surface. Here we show that post-Golgi secretory vesicles destined for the cell surface have an 

asymmetric aminophospholipid arrangement with the bulk of PE (up to 80%) located in the 

cytoplasmic leaflet. Strikingly, removal of Drs2p and Dnf3p proved sufficient to abolish this 

lipid asymmetry. Our findings indicate that aminophospholipid asymmetry is not a unique 

feature of the plasma membrane and that P4 ATPases serve a general function as regulators 

of the transbilayer lipid arrangement in the late secretory pathway of yeast. 

Introduction 

Numerous cell types, including yeast, exhibit a non-random distribution of phospholipids 

across their plasma membranes (1, 2). In general, the inner leaflet consists predominantly of 

aminophospholipids phosphatidylserine (PS) and phosphatidylethanolamine (PE), whereas 

sphingolipids are enriched in the outer leaflet. Loss of this asymmetric lipid arrangement 

gives rise to several physiological events, ranging from blood coagulation to the recognition 

and clearance of apoptotic cells. Yet how lipid asymmetry is established and what significance 

it has for the functioning of individual cells is not well understood. 

It has been postulated that lipid asymmetry is generated and maintained by ATP-driven lipid 

transporters or translocases (l).The use of short-chain lipid analogues has led to the discovery 

of an aminophopholipid translocase (APTL) that catalyzes a fast, inwardly directed transport of 

PS and PE across the plasma membrane (3).This activity, first described in human erythrocytes 

and later demonstrated in many nucleated cell types, is thought to be responsible for the 

selective accumulation of aminophospholipids in the inner leaflet of the plasma membrane. A 

prime candidate APLT is ATPase II (4). Cloning of the gene encoding ATPase II from bovine 

chromaffin granules revealed it to be a member of a previously unrecognized subfamily of P-

type ATPases, the P4 ATPases (5). A block in the non-endocytic uptake of NBD-labeled PS in 

yeast cells in which the homologous gene, DRS2, was disrupted has been taken as evidence for 

a role of P4 ATPase as APLTs (5, 6) even though other groups have reported no dependency 

on Drs2p for aminophospholipid translocation (7, 8). Subsequent findings have shed further 

light on potential causes of this disparity. First, Drs2p was found to be associated with the trans-
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Golgi rather than the plasma membrane (9). Second, the yeast plasma membrane contains two 

other P4 ATPases, namely Dnflp and Dnf2p (10, 11).Third, loss of Dnflp and Dnf2p abolishes 

the inward translocation of NBD-PE, -PS and -PC across the yeast plasma membrane and causes 

an increased cell surface exposure of endogenous PE (11). 

Drs2p plays a critical role in membrane traffic from the fra»5-Golgi to the plasma 

membrane and is required for the formation of clathrin-coated vesicles involved in cell 

surface delivery of the periplasmic enzymes invertase and acidic phosphatase (9, 12). 

Moreover, a recent analysis of strains carrying all possible viable combinations of null alleles 

for genes encoding P4 ATPases revealed that Drs2p, Dnflp, Dnf2p and Dnf3p constitute an 

essential protein family with overlapping functions in membrane traffic between the Golgi 

and endosomal/vacuolar system (10). Together with a defect in lipid transport and altered 

lipid distribution across the plasma membrane, cells lacking Dnflp and Dnf2p display a cold 

sensitive defect in the internalization step of endocytosis (11). Collectively, these findings 

suggest that by regulating the transbilayer lipid arrangement, P4 ATPases seem to fulfil a 

requirement in the formation of intracellular transport vesicles. 

In the present study, we demonstrate that post-Golgi secretory vesicles (SVs) have an 

asymmetric lipid distribution with PE accumulated in the cytoplasmic leaflet. Strikingly, loss 

of the rram-Golgi P4 ATPases Drs2p and Dnf3p is sufficient to disrupt SV-associated lipid 

asymmetry. Our finding that Adr$2Adnj3 cells are defective in the biogenesis of invertase-

containing SVs but still form SVs containing the plasma membrane H+-ATPase Pmalp 

indicates that the functional link between P4 ATPase-dependent lipid transport and vesicle 

biogenesis is not absolute. 

Experimental Procedures 

Strains and plasmids 
Unless indicated otherwise, yeast strains were grown at 25°C to mid-logarithmic phase 

(0.5-1.0 OD60II) in synthetic dextrose (SD) medium. Yeast transformations were carried 

out as described (13). All mentioned gene deletion phenotypes were characterized in the 

stram EHY227 {MATA sec6-4 TPI1::SUC2::TRP1 um3-52 his3-A200 leu2-3 -122trpl-l). 

For deletion of DRS2 and DNF3, 450-550 base-pair fragments of the promotor and O R F 

3'-end of each gene were amplified by PCR from yeast genomic DNA and cloned on either 

site of a loxP-HIS3-loxP cassette in a pBluescript KS~ vector, as described (14). The deletion 

constructs were linearized with Not\ and Mhd and then transformed into EHY227 (MATa 

sec6-4 TPI1::SUC2::TRP1 ura3-52 Iiis3-A200 \eu2-3 -122 trpl-1). A double deletion was 

performed sequentially in EHY227 by repeated use of the loxP-HIS3-loxP cassette and 

subsequent removal of the HIS3 marker by excisive recombination using Cre recombinase 

(15), yielding the Adrs2Adnf3 (TPY143) strain. In each case, the correct integration or 

excision event was confirmed by PCR. In each strain analysed, Pmalp was tagged at its 

amino-terminus with one copy of the HA epitope using integration plasmid pRS305A51, 

as described (16). 

~') 
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Subcellular membrane fractionation 

Exponentially grown sec6-4 or sec6-4Airs2Adnf3 cells were inoculated into 500 ml SD 

medium and then grown for 14-16 h at 25°C to 0.7 OD6 0 ( /ml. Next, half of the culture 

was shifted to 38°C for 90 min to allow accumulation of SVs, and the other half grown at 

25°C. Spheroplasting, cell lysis and collection of membrane pellets enriched in SVs were 

performed essentially as described (17) except that SVs were collected on a 60% Nycodenz 

(w/w) cushion in lysis buffer (0.8 M sorbitol, 10 mM triethanolamine, 1 mM EDTA, pH 

7.2). SVs were resuspended in 1.5 ml lysis buffer adjusted to 30% Nycodenz (w/w) and then 

loaded at the bottom of an 11 ml linear 12-22% Nycodenz (w/w)/0.8 M sorbitol gradient. 

Following centrifugation at 100,000 &,. for 16 h at 4°C in a Beekman SW41Ti rotor, 0.6-ml 

fractions were collected from the top of the gradient. Fraction densities were determined by-

reading refractive indices on a Bausch and Lomb refractometer. Equal amounts per fraction 

were subjected to immunoblotting and analyzed for ATPase and invertase enzyme activities 

as described below. 

Enzyme assays and immunoblotting 

ATPase assays were performed on 10-fold diluted fractions at 30CC in a final volume of 25 (xl 

(10 mM Hepes-KOH, pH 7.2, 0.8 M sorbitol, 2 mM ATP, 5 mM MgCl,). Reactions were 

stopped after 30 minutes with 175 (nl 40 mM H,S0 4 . Then 50 yd 6 M H 2 S 0 4 containing 

0.001% malachite green was added and after 30 min incubation at room temperature, the 

absorbance was measured at 595 nm. For determining invertase activity, fractions were 

diluted 10-20 fold and assayed by the method described by Goldstein and Lampen (18), 

and the absorbance was measured at 540 nm. HA-tagged Pmalp was detected with anti-

HA rabbit polyclonal antibodies (Santa Cruz Biotechnology, CA). For immunoblotting, all 

antibody incubations were carried out in PBS containing 5% dried milk and 0,5% Tween-

20. After incubation with peroxidase-conjugated secondary antibodies (Biorad), blots were 

developed using a chemiluminescent substrate kit (Pierce, Rockford, USA). 

Immuno-isolation of secretory vesicles 

Immuno-isolations of Pmalp-HA-containing SVs were performed using magnetic Dynabeads 

protein G (Dynal Biotech GmbH, Hamburg, Germany) loaded with mouse monoclonal anti-

HA antibody, 12CA5 (Boehringer-Mannhein, Germany). Beads were incubated for 40 min 

at room temperature with 0.36 \ig 12CA5 antibody/jxl bead-slurry. For immuno-isolation 

of Pinalp-containing SVs, a 500 îl reaction was prepared in lysis buffer (0.8 M sorbitol, 

10 mM triethanolamine, 1 mM EDTA, pH 7.2, protease inhibitors) containing 200 \x\ of 

antibody-loaded Dynabead slurry, 5 mg/ml BSA and 100-200 \il of Nycodenz gradient 

PM-ATPase peak fraction obtained by fractionation of SV-enriched membranes prepared 

from 1 g of 38°C-shifted cells. The reactions were rotated gently at 4°C for 2 h. Next, beads 

and supernatant were separated by centrifugation for 2 min at 500 g. The supernatants were 

subjected to high-speed centrifugation (100.000 i>jr , 1 h, 4°C) and membrane pellets were 

resuspended in 200 u.1 lysis buffer. Beads were washed twice for 30 min in 1 ml of 0.5% 

BSA-containing lysis buffer, twice in lysis buffer, and then resuspended in 200 \A lysis buffer. 
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Per sample, 25 (xl was used for Western blot analysis, and 175 \ü was used for lipid analysis. 

TNBS labeling of secretory vesicle-enriched membranes 

Sec6-4 and sec6-4Adrs2Adnf3 were grown overnight in SD medium at 25°C to 0.7 ODM l l /ml. 

Half of the culture was shifted to 38°C for 90 min, the other half grown at 25°C. Cells were 

lysed by vortexing with glass beads in 1.5 ml of KHCO,-buffer (120 mM KHCO, , 15 mM 

KC1, 5 mM NaCl, 0.8 mM CaCl,, 2 mM MgCl2 , 1.6 mM EGTA, protease inhibitors, pH 

8.5). Lysates were spun at 5 0 0 ^ , for 10 min at 4°C. Next, 2.5 ml of supernatant was mixed 

with 2.5 ml of 2x labelling buffer (KHC03-buffer containing 10 mM trinitrobenzene 

sulphonic acid (TNBS, Sigma) or 10 mM l-Fluoro-2,4-dinitrobenzene (FDNB, Sigma), 

pH 8.5) and incubated at room temperature with periodic mixing. After 45 min of labeling, 

samples were centrifugated at 13,000 g in a Beekman MLS50 rotor for 20 min at 4°C. To 

terminate labeling, the supernatant was added to 15 ml of stop buffer (0.93 M sorbitol, 500 

mM glycylglycine, 100 mM citric acid, pH 5.0) on ice, and samples were centrifugated at 

100,000^, for 90 min at 4°C in a Beekman SW41Ti rotor. Per strain, SVs were resuspended 

in 1.5 ml, adjusted to 26% Nycodenz (w/w) and then loaded at the bottom of an 11 ml linear 

12-22% Nycodenz (w/w)/0.8 M sorbitol gradient. Following centrifugation at 100,000 

gm for 16 h at 4°C in a Beekman SW41Ti rotor, 0.6-ml fractions were collected from the 

top of the gradient. Equal volumes per fraction were used for Western blot analysis, total 

phosphate determination, and lipid analysis. 

Intactness of secretory vesicles 

Intactness of SVs isolated from 38°C-shifted sec6-4 or sec6-4Adrs2Adnf3 cells was monitored 

by measuring the accessibility of newly synthesized NBD-IPC accumulated in the SV lumen 

to extraction by BSA. To this end, exponentially grown cells were harvested and resuspended 

at 33 OD6 0 f /ml SD medium supplemented with 4% glucose and pre-incubated for 20 min at 

25°C or 38°C. Then, 30 nmol NBD-hexanoyl-sphingosine (C()-NBD-ceramide, Molecular 

Probes) from an ethanolic stock were added. After 10 min, BSA (final concentration of 2% 

w/v) was added to extract NBD-lipid from the cell surface. After 20 min, BSA-containing 

media were collected and cells subjected to a second back-exchange incubation on ice in 

medium containing 2% (w/v) BSA, followed by lipid analysis of cells and pooled media. For 

probing the accessibility of NBD-IPC in SVs, NBD-ceramide-labeled cells were disrupted 

by vortexing 10 times for 30 s with glass beads (425-600 nm) in 0.5 ml of ice-cold lysis 

buffer (120 mM potassium glutamate, 15 mM KC1, 5 mM NaCl, 2 mM MgCl,, 2 mM 

EGTA, 20 mM Hepes-KOH, pH 7.2) containing protease inhibitors (1 mg/ml aprotinin, 

1 mg/ml leupeptin, 1 mg/ml pepstatin A, 5 mg/ml antipain, 1 mM benzamidm, 1 mM 

phenylmethylsulfonyl fluoride). Glass beads and cell debris were removed by centrifugation 

at 700 gav for 10 min. Then, BSA (final concentration of 2% w/v) was added, and the sample 

incubated for 10 min on ice. After BSA treatment, the sample (3 ml) was loaded on top 

of a 2-ml 0.4 M sucrose cushion in lysis buffer and centrifuged (MLS-50, 90 min, 40,000 

rpm, 4°C). The BSA-containing top fraction, the sucrose, and the membrane pellet were 

isolated, and their short-chain NBD-lipid composition was analysed by TLC. 
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Lipid analysis 
NBD-lipids were extracted from media by addition of chloroform:methanol (1:2.2, v/v) to give 

a single phase and from cells by resuspending pelleted cells directly in 4.4 ml of a 1:2.2:1 mixture 

of chloroform:methanol:water and vortexing for 6 min with glass beads (425-600 nm). After 

centrifugation (3000g, 10 min), the supernatants were dried and subjected to butanol/water 

partitioning (2:1, v/v). Lipids in the butanol phase were separated by one-dimensionalTLC on 

silica gel 60 plates (Merck, Darmstadt, Germany) in chloroform/methanol/4 M ammonium 

hydroxide (9:7:2, v/v). Fluorescent lipid spots were visualized under UV light, scraped off, 

re-extracted in chloroform:methanol:water (1:2.2:0.1, v/v) and quantified fluorometrically 

In some cases, fluorescent lipid spots were quantified on a FLA-3000 Fuji Imaging System 

(Raytest, Straubenhardt, Germany) equipped with a 488 nm laser and a 515 nm long pass 

emission filter. Image analysis was performed using Aida Image Analyser 3.24 software (Raytest, 

Straubenhardt, Germany). For phospholipid analysis, lipids were extracted as described (19), 

using 20 mM acetic acid in the aqueous phase, and separated by two-dimensional TLC (I: 

chloroform/methanol/25% aqueous ammonium hydroxide, 65:25:4; II: chloroform/aceton/ 

methanol/acetic acid/water, 50:20:10:10:5). Lipid spots stained by iodine were scraped and 

quantitated by phosphate determination (20). Phospholipids were identified by comparison 

with commercial standards (Sigma). 

Results 

Adrs2Adnf3 cells display a specific defect in the biogenesis of invertase-containing 
SVs 
The finding that the late Golgi of yeast harbors two candidate APLTs, namely Drs2p and 

Dnf3p, suggests that aminophospholipid asymmetry is not a unique feature of the plasma 

membrane and may already be established at the level of the Golgi. To investigate this 

possibility, we disrupted the DRS2 and DNF3 genes in the late secretory mutant sec6-4 

and analyzed the transbilayer distribution of aminophospholipids in post-Golgi SVs that 

accumulate at the non-permissive temperature. The sec6-4 strain harbors a temperature-

sensitive mutation in a component of the exocyst protein complex required for polarized 

fusion of SVs with the plasma membrane (21). The sec6-4 mutant grows like wild-type cells 

at 25°C, but growth ceases at 38°C and cells accumulate two populations of SVs that can be 

separated by equilibrium isodensity centrifugation on Nycodenz gradients, namely a light 

density population containing the major plasma membrane ATPase, Pmalp, and a higher 

density population containing the periplasmic enzymes invertase and acidic phosphatase 

(17). 

Previous work revealed a critical role for Drs2p in the formation of the high-density 

class of invertase-containing SVs (12). To study the effect of a simultaneous loss of Drs2p 

and Dnf3p on secretory vesicle formation, sec6-4 and sec6-4Adrs2Adnf3 cells were grown in 

SD medium at 25°C and then shifted to 38°C for 90 min, lysed and subjected to a 13,000 

x g spin to remove most of the ER, nuclei, vacuoles, mitochondria and plasma membrane. 
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Figure 1. Adrs2Adnf3 cells display a specific defect in the formation of invertase-containing 
SVs. Membrane pellets (100,000,?) enriched in SVs were prepared from 38°C-shifted and 27cC-grown 
cells, loaded on the bottoms of linear 12-22% Nycodenz/0.8 M sorbitol gradients, and then floated to 
equilibrium by centrifugation. Fractions were collected from the top and analyzed for enzyme activities 
and by immunoblotting. Enzyme activities are expressed in arbitrary units (a.u.) based on the absorbance 
measured at 595 nm (PM-ATPase) or 540 nm (invertase) as described under Experimental Procedures. 
Immunoblots were stained with a monoclonal antibody against the HA epitope to detect HA-tagged 
Pmalp. The lipid phosphorus content was determined according to Rouser et al. (20), and fraction densities 
were measured by reading refractive indices on a Bausch and Lomb refractometer. 

Next, high-speed (100,000 xg) membrane pellets enriched in SVs were collected and loaded 

at the bottom of a linear 12-22% Nycodenz gradient in 0.8 M sorbitol. As shown in Figure. 

1 {left panel, top), gradient fractionation of membranes from 38cC-shifted sec6-4 cells resulted 

in two peaks of enzyme activities that were absent when fractionation was performed on 

25°C-grown cells: a low density peak containing ATPase activity and a higher density peak 

containing invertase activity. Western blot analysis revealed that Pmalp co-fractionates 

with the lower density membranes, confirming that the detected ATPase activity is due 
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to this protein. Using a phosphorus assay, a peak comprising the bulk of phospholipids (> 

80% of total) was found to coincide with the ATPase peak in gradients of 38°C-shifted cells 

(Figure 1, left panel, middle; see also Figure 5). This phospholipid peak was absent in gradients 

of 25°C-grown cells. Hence, of the two classes of SVs accumulating in 38°C-shifted 

sec6-4 cells, the low-density Pmalp-constaining vesicles are by far the most abundant, 

outnumbering the high-density invertase-containing vesicles at least four times. In fact, 

counting vesicular profiles in electronmicrographs of negatively stained membranes derived 

from plasma membrane ATPase and invertase peak fractions suggested that the low-density 

vesicles are about ten-fold more abundant than the high-density ones (data not shown). 

Gradients of 38°C-shifted sec6-4Mrs2Adnf3 cells lacked the high-density invertase 

peak and only contained a low density ATPase peak harboring the bulk of phospholipids 

(Figure 1, right panel, top). Even though 38°C-shifted sec6-4Adrs2Mnj3 cells contained 

elevated levels of membrane-associated invertase activity in comparison to 25°C-grown 

cells, this activity was found evenly spread throughout the gradient. These results are in 

line with the recent finding that loss of Drs2p perturbs formation of the high-density SVs 

that carry invertase and acidic phosphatase to the cell surface (12). Moreover, our data 

indicate that formation of the more abundant, low-density class of Pmalp-containing SVs is 

essentially independent of Drs2p and Dnf3p. 

Loss of Drs2p and Dnf3p reduces the TNBS-reactive pool of PE in SV-enriched 
membranes 

A comparison of the phospholipid content between high-speed membrane pellets prepared 

from equal amounts of 38°C-shifted and 25°C-grown sec6-4 or scc6-4Adrs2Adnf3 cells 

indicated that in each case, 60-70% of the phospholipids in the 38°C pellet was derived 

from SVs (data not shown). Therefore, an initial analysis of the aminophospholipid topology 

in SVs was carried out on high-speed membrane pellets of 38°C-shifted sec6-4 and sec6-

4Adrs2Adnf3 cells. To this end, the SV-enriched membrane pellets were treated with TNBS, 

a membrane-impermeable compound reacting with the primary amines in the head group 

of PE and PS. Next, lipids were extracted, separated by TLC and the percentage of TNBS-

reacted PE (TNP-PE) relative to total PE was calculated based on the phosphate content 

of scraped PE spots. Within the first 30 min of incubation, PE in SV-enriched membrane 

pellets from 38°C-shifted sec6-4 cells displayed a significantly higher rate of TNBS labeling 

than PE in pellets from 38°C-shifted sec6-4Adn2Adnf3 cells (Figure 2 A). Over the next 30 

min, the levels of TNP-PE formed stabilized and after 60 min comprised approximately 

70% and 60% of the total PE in scc6-4- and sec6-4Adrs2Adnf3-derived membrane pellets, 

respectively. These strain-dependent differences in PE labeling could not be ascribed to 

changes in the overall phospholipid composition of SV-enriched membranes (Figure 3). 

Moreover, the differential PE labeling was abolished when membrane pellets were either 

sonified prior to TNBS treatment or reacted with FDNB, a membrane-permeable derivative 

of TNBS (Figure 2 B, C). 

We next investigated whether the observed differences in PE labeling could be due to 

differences in vesicle intactness. As approach, sec6-4 and sec6-4Adrs2Adnf3 cells were shifted 

S4 



P-type ATPase-controlled aminophospholipid asymmetry in the Golgi 

-
0 

•*? 

LU 
0. 

— 

80 

60 

4li 

20 

/^i-

i - • • -

sec6-4 
sec6-4Adrs2Adn/3 

15 30 45 60 
time (min) 

W 1UU 
c-
5 80 • 
o 

o 60 • 
£ 
^ 4 0 -
0. 
& 20 ' 

i-zz^^^^ 

j& 
f 

f 
f l —ó— sec6-4 

é ' - * - • « < 6-4 Mrs2Mnf3 
E 0 * ' 1 . rJ 

15 30 45 
time (min) 

60 

FDNB FDNB 
+ sonific. 

Figure 2. Loss of Drs2p and Dnf3p reduces 
the TNBS-reactive PE pool in SV-enriched 
membranes. SV-enriched, high-speed membrane 
pellets prepared from 38°C-shifted scc6-4 and secó-
4Mrs2Mnfl cells were labeled with 5 mM TNBS (A) or 
5 mM FDNB (B) at room temperature for the indicated 
times or for 30 min with or without prior sonification 
(C). Phospholipids were extracted, separated by TLC 
and the amount of TNP-PF, FDNP-PE and PE was 
determined by lipid phosphorus analysis. Data shown 
are means ± range of two independent experiments. 

50 
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Figure 3. Loss of Drs2p 
and Dnf3p does not affect 
the overall phospholipid 
composition of SV-enriched 
membranes. Membrane pellets 
(100,000,?) enriched in SVs were 
prepared from 38°C-shifted sec6-
4 and sec6-4Adrs2Mnf3 cells. 
Phospholipids were extracted, 
separated by TLC and determined 
by lipid phosphorus analysis. Each 
bar represents the mean ± range 
of two independent experiments. 

to 38°C and then labeled with the short-chain fluorescent ceramide analogue, C6 -NBD 

ceramide. This compound is converted into C6-NBD inositolphosphorylceramide (NBD-

IPC) by an IPC synthase active in the Golgi lumen (22). In wild type cells grown at 38°C, 

newly synthesized NBD-IPC is efficiently transported to the cell surface from where it 

can be extracted by BSA added to the culture medium. In 38°C-shifted scc6-4 or scc6-

4Mrs2Mnf3 cells, on the other hand, NBD-IPC is prevented from reaching the cell surface 

and becomes trapped intracellularly (Figure 4 A). In post-nuclear supernatants of N B D -

IPC accumulating sec6-4 cells, the majority of membrane-associated NBD-IPC (70%) was 
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protected from BSA extraction. There was no significant change in the percentage of BSA-

resistant NBD-IPC when extraction was performed on post-nuclear supernatants of N B D -

IPC accumulating sec6-4Adrs2Adnf3 cells, regardless of whether or not supernatants were 

pre-incubated with TNBS (Figure 4 B and data not shown). Hence, the above differences 

in PE labeling are unlikely due to differences in vesicle intactness or spontaneous lipid flip-

flop rates. Instead, our findings suggest that SVs formed in sec6-4Adrs2Adnf3 cells contain a 

reduced level of PE in their cytoplasmic leaflet compared to SVs formed in sec6 cells. 

°c6-4Adrs2Adnf3 

— — — -QNBD-Ccr 

„ . C^NBD-IPC'er 

- origin 

BSA sucr P 
r 80 

•60 

- 40 

-1-, - 20 

Figure 4. SVs isolated from sec6-4 and sec6-4Adrs2Adn/3 cells are largely intact. (A) Wild type, sec6-

4 and sec6-4Adrs2Adnf3 cells were shifted to 38°C and then metabolically labeled with C (-NBD-ceramide. 
After 10 min, 2% BSA was added to the medium to extract NBD-lipids appearing on the cell surface. 
Cells and medium were separated by centrifugation and lipids extracted separated by TLC. NBD-labeled 
lipids were detected with a Phosphorlmager and quantified with AIDA software. Each bar represents the 
mean ± S.D. of four independent experiments. (B) Sec6-4 and sec6-4Adrs2Adnf3 cells were labeled with 30 
nmol C(]NBD-ceramide at 38°C. After 10 min, BSA was added. Cells were washed in BSA-containing 
medium and lysed. After removal of cell debris by centrifugation (700 gm ), BSA was added and the sample 
incubated for 10 min on ice. Next, BSA incubated membranes were loaded on top of a sucrose cushion, 
and after centrifugation three fractions were collected from the top: a BSA fraction (BSA), sucrose fraction 
(sucr) and pellet (P). Lipids were extracted and separated by TLC. NBD-labeled lipids were detected 
with a Phosphorlmager and quantified with AIDA software. Each bar represents the mean ± range of two 
independent experiments 

Loss of Drs2p and Dnf3p disrupts PE transbilayer asymmetry in Pmalp-containing SVs 

To obtain more detailed information on the transbilayer PE arrangement in SVs and its 

potential regulation by P4 P-type ATPases, SV-enriched membrane pellets of 38°C-

shifted sec6-4 and sec6-4Adrs2Adnf3 cells were treated with TNBS and then fractionated 

by equilibrium isodensity centrifugation on linear Nycodenz gradients. Fractions were 

analyzed for plasma membrane ATPase activity, phospholipid content and the percentage of 

TNBS-reactive PE. As observed previously (Figure 1), gradients of 38°C-shifted sec6-4 and 

sec6-4Airs2Adnf3 cells contained overlapping plasma membrane ATPase and phospholipid 

wild type sec6-4 sec6-4Adrs2AJnf3 
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peaks that were absent in gradients of 2 5 ° C - g r o w n cells (Figure 5, top and middle panels). In 

gradients of 38°C-shif ted sec6-4 cells, there was a s trong and positive corre la t ion b e t w e e n 

plasma m e m b r a n e ATPase levels and the percentage of T N B S - r e a c t i v e PE, w i t h the lat ter 

rising from 5 0 % in ATPase-def ic ient fractions to nearly 8 0 % in ATPase peak fractions 

(Figure 5, left panel, bottom). In gradients of 38°C-shi f ted sec6-4Adrs2Adnf3 cells, o n the o the r 

hand , no such correlat ion was observed and the percentage of T N B S - r e a c t i v e PE was close 

to 5 0 % in bo th ATPase-def ic ient and peak fractions (Figure 5, right panel, bottom; see also 

Figure 6 A). Th i s D r s 2 p / D n f 3 p - d e p e n d e n t change in the T N B S - r e a c t i v e PE poo l was also 

observed w h e n the analysis was pe r fo rmed on P m a l p - c o n t a i n i n g SVs immunoprec ip i t a t ed 

from the ATPase peak fractions (Figure 6). Together , these results indicate that PE is p r imar i ly 

concent ra ted in the cytoplasmic leaflet of P m a l p - c o n t a i n i n g SVs and that m a i n t e n a n c e of 

this PE asymmet ry requires Golgi-associa ted P4 P - type ATPases. 
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Figure 5. Gradient fractionation of TNBS-labeled SV-enriched membranes isolated from sec6-

4 and sec6-4Adrs2Adnf3 cells. SV-enriched membranes prepared from 38°C-shifted or 25°C-grown cells 
were labeled with 5 mM TNBS for 45 min at room temperature. Next, membranes were centrifugated 
at 13,000 £ for 20 min at 4°C. To terminate labeling, the supernatant was diluted 3-fold in glycylglycine-
containing stop buffer and membranes collected by high-speed (100,000 gj) centnfugation, Membranes 
were resuspended in 1.5 ml 26% Nycodenz (w/w), loaded at the bottom of a 11 ml linear 12-22% Nycodenz 
(w/w)/0.8 M sorbitol gradient and then floated to equilibrium by centrifugation. 0.6 ml fractions were 
collected from the top and equal amounts were analyzed for enzyme assays, phosphate determination and 
lipid extraction. Lipids were separated by TLC and the amount of TNP-PE and PE was determined by lipid 
phosphorus analysis. Density profiles were similar for all gradients (not shown). 
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Figure 6. Loss of Drs2p and Dnf3p causes a decrease in the TNBS-react ive PE pool of P m a l p -
conta ining SVs. (A) TNBS-labeled SV-enriched membranes derived from sec6-4 and sec6-4Adrs2Adnf3 

cells were fractionated as in Figure 5 and the percentage of TNP-PE of total PE determined in plasma 
membrane ATPase peak fractions (Total) or in immuno-isolated Pmalp-containing SVs (IP). (B) Western 
blot analysis of SVs containing HA-tagged Pmalp immuno-isolated from plasma membrane ATPase peak 
fractions using anti-HA antibodies (aHA) bound to magnetic Dynabeads protein G. Immuno-isolation 
with beads lacking antibody served as control. B: beads; S: supernatant. 

Discussion 

We previously showed that removal of P4 P-type ATPases D n f l p and Dnf2p abolishes inward 

aminophosphol ip id transport across the yeast plasma membrane and causes an increased 

aminophosphol ip id exposure at the cell surface (11). In the present study, we have shown 

that post -Golgi SVs display an asymmetric transbilayer a r rangement of PE and that this lipid 

asymmetry is abolished u p o n removal of the trans-Golgi P4 ATPases D n O p and Drs2p. We 

conclude that aminophosphol ip id asymmetry is not a un ique feature of the plasma membrane 

and that P4 P- type ATPases likely function as general regulators of the transbilayer lipid 

ar rangement in the late secretory pathway of yeast. 

W h e t h e r P4 P - t y p e ATPases are directly responsible for aminophosphol ip id t ranspor t 

r emains to be established. Th i s wi l l require recons t i tu t ion of purif ied ATPases in chemical ly 

defined l iposomes. D n f l p and D n f 2 p do not strictly qualify as APLTs since their removal 

affects A T P - d e p e n d e n t t ranslocat ion of b o t h N B D - P S , - P E and - P C from the exoplasmic 

to the cytoplasmic leaflet of the plasma m e m b r a n e (11). In a recent study, a t e m p e r a t u r e -

condi t iona l Drs2p m u t a n t was used to show that this p ro te in is requi red for the A T P -

dependen t t ranslocat ion of N B D - P S from the lumina l to the cytoplasmic leaflet of the yeast 

frans-Golgi (23). Remarkab ly , the D r s 2 p - d e p e n d e n t translocase activity was h e a d - g r o u p 

specific w i th a s t rong preference for N B D - P S . In fact, no D r s 2 p - d e p e n d e n t translocase 

act ivi ty could be de tec ted w h e n N B D - P E or - P C was used. T h i s wou ld imply that Drs2p 

funct ions as a PS-specific translocase. If so, the es tabl ishment of PE a s y m m e t r y in pos t -Golg i 

secre tory vesicles w o u l d requi re D n f 3 p and not Drs2p . At present , the precise con t r ibu t ion 

of Drs2p and D n f 3 p in creat ing asymmetr ic aminophospho l ip id a r rangements in the late 

secre tory pa thway remains to be established. 

Several lines of evidence poin t to a funct ional l ink b e t w e e n P4 ATPase -dependen t lipid 
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transport and the biogenesis of intracellular transport vesicles. Concurrent with a block in 

aminophospholipid transport across the plasma membrane, cells lacking Dnflp and Dnf2p 

exhibit a cold-sensitive defect in the internalization step of endocytosis (11). In addition, 

deletion of DRS2 is synthetically lethal with mutations in the genes for ADP-ribosylation 

factor 1 (ARF) and clathrin heavy chain (CHC1; Ref. 9), and perturbs the formation of a 

high-density class of post-Golgi SVs that carry acidic phosphatase and invertase to the cell 

surface (12). Using a late secretion mutant in yeast, we observed that simultaneous loss of 

Drs2p and the frarcsGolgi P4 ATPase Dnf3p specifically affects biogenesis of the invertase-

containing SVs. Our finding that removal of Drs2p and Dnf3p suffices to eliminate PE 

asymmetry in, but does not block formation of the lower density class of Pmalp-containing 

secretory vesicles indicates that the functional link between P4 ATPase-dependent lipid 

transport and vesicle biogenesis is not absolute. 

The apparent specificity of Drs2p for NBD-PS transport suggests that Drs2p-catalyzed 

translocation of PS to the cytosolic leaflet of the Golgi is required for the formation of 

invertase-containing SVs. However, PS-deficient yeast cells produce these vesicles normally 

(23). Moreover, Drs2p is still required for SV formation when PS is absent. Collectively, 

these results strongly suggest that Drs2p is capable of pumping some other substrate across 

the Golgi membrane that may play a more critical role in secretory vesicle formation. 

Our previous finding that Drs2p contributes independently of Dnflp and Dnf2p to an 

asymmetric distribution of PE across the plasma membrane (11) together with the present 

finding that loss of Drs2p and Dnf3p disrupts PE asymmetry in post-Golgi SVs urges for a 

re-evaluation of the role of Drs2p in PE transport. 
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Chapter 6 

In an environment of glycerolipids, sphingolipids and sterols tend to cluster spontaneously into 

lipid microdomains, which are believed to act as protein sorting platforms (Chapter l).This 

self-organizing behaviour of sphingolipids is thought to be due to their long saturated fatty acids 

and sugar-containing headgroups. Interestingly, sphingolipids are primarily synthesized in the 

Golgi, thus separated from glycerolipid and sterol production in the ER (l).The Golgi plays a 

key role in the organization of membrane traffic, and serves as a filter between the glycerolipid-

rich ER and sphingolipid/sterol-rich plasma membrane. Therefore, an attractive possibility 

would be that the self-organizing behaviour of sphingolipids is exploited by the Golgi to boost 

its performance as the central sorting station of the cell. To test this possibility, we stripped 

sphingolipids of structural features that are considered important for microdomain formation 

and studied the effect this had on the sorting capacity of the Golgi in the yeast Saccharomyces 

cerevisiae. Apart from representing a transition point in membrane lipid composition, the Golgi 

is also a site where lipids adopt an asymmetric distribution across the bilayer. We decided to 

investigate the significance of this lipid asymmetry in relation to Golgi function. 

Primary function of Csglp and Cshlp as sphingolipid mannosyltransferases 

At the onset of our studies, little was known about the enzyme(s) responsible for mannosylating 

the sphingolipid headgroups in yeast.Three structurally unrelated genes had been implicated in 

IPC mannosylation: the GDP-mannose importer VRG4, which was found to be essential (2), 

and the CSG1 and CSG2 genes, mutation of which causes a reduction in MIPC synthesis, but 

does not completely eliminate it (3, 4). 

In Chapter 2 we identified Cshlp, a protein with close homology to Csglp, and observed 

that loss of both Csglp and Cshlp completely blocks synthesis of mannosylated sphingolipids. 

Both proteins are localized to the Golgi, share a region of homology with the yeast 

mannosyltransferase Ochlp, and contain a conserved DXD motif which is part of a catalytic site 

found in known glycosyltransferases (5). Detergent extracts of AcsgiAcshl cells were found to 

be devoid of IPC mannosyltransferase activity. This result argues in favour of Csglp and Cshlp 

being mannosyltransferases, rather than an involvement of both of these proteins in delivery 

of GDP-mannose or IPC to the transferase-containing compartment. As IPC represents a 

mixture of molecules that differ in hydroxylation state (6), a possible explanation for yeast 

having two independent mannosyltransferases might be that they differ in substrate specificity. 

Now that Csglp and Cshlp had been identified as IPC mannosyltransferases, a next challenge 

was to determine the function of Csg2p in MIPC synthesis. 

Regulatory role for Csglp in sphingolipid mannosylation 

Results suggesting that Golgi-localized Csglp and Cshlp form a complex with Csg2p (6) 

were challenged by observations that Csg2p, when overexpressed, localizes to the ER (7, 

8). Could it be that association in a (transient) complex is necessary for efficient export of 

newly-synthesized Csglp and Cshlp from the ER to the Golgi? In Chapter 3 we tested this 

possibility and found that loss of Csg2p does not prevent Csglp and Cshlp from reaching the 

Golgi. So, what does Csg2p actually do? 

Csg2p contains a Ca2+-binding domain (3, 7). Based on the observation that Ca2* 
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Figure 1. Model for Pmrlp-through-Csg2p controlled Mn2+ transport into the lumen of early 
secretory organelles. (A) The catalytic site of the IPC mannosyltransferase Csglp is exposed to the 
Golgi lumen (Chapter 2). GDP-mannose forms a quaternary complex with Mn!*, IPC and the Csglp 
catalytic site. (B) Csg2p contains an EF-hand Ca2*-binding domain, here positioned in the lumen. Ca2* 
pumped by Pmrlp regulates the supply of Mn!* ions required for this reaction by activating Csg2p-
mediated Mn2~ transport. PM, plasma membrane; G, Golgi; ER, endoplasmic reticulum; IPC, inositol 
phosphorylceramide; MIPC, mannosyl-IPC; GDP, guanosine-diphosphate. 

stimulates the conversion of IPC to MIPC, Uemura et at. (6) proposed that IPC 

mannosyltransferase activity may be regulated by Ca2+ through Csg2p. Results from our in 

vitro IPC mannosyltransferase assay showed that Csg2p is not directly required for MIPC 

synthesis. Moreover, we observed that Ca2+ has no influence on this reaction. A burning 

question therefore remained: How does Csg2p participate in sphingolipid mannosylation? 

A homology search showed that Csg2p shares a region of homology with the permease 

component of a bacterial ABC-type Mn2 + /Zn2* transport system. Furthermore, it has been 

reported that protein mannosyltransferases in the Golgi usually require divalent metal ions 

for activity, with a high preference for Mn2* over other metal ions (5, 9). We found that IPC 

mannosylation in vitro requires Mn2+ and that Mn2 + uptake into the lumen of intracellular 

organelles is perturbed in Acsg2 cells. 

Up until now, Pmrlp was viewed as a Golgi-associated Ca2 + /Mn2 + P-type ATPase 

responsible for maintaining the intralumenal Ca2+ and Mn2" concentrations in the early 

secretory pathway of yeast (10-13). However, our data raise an alternative scenario. We 

suggest that the Mn2* content of the Golgi is determined, at least in part, by Csg2p-

mediated Mn2* transport into the E R lumen, and propose the following working model 

(Figure 1): Pmrlp pumps Ca2* into the lumen of the Golgi, which via retrograde vesicle 

transport enters the lumen of the ER. Ca2* 'switches on' Csg2p via its Ca2*-binding domain, 

thereby 'opening' the manganese channel which enables Mn2* to reach the lumen of the 

ER, followed by vesicular transport to the Golgi lumen. In the Golgi, GDP-mannose forms 

a quaternary complex with Mn2*, IPC and Csglp (14, 15). As it has been reported that E. coli 
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GDP-mannose mannosylhydrolase (GDPMH) requires one divalent cation per active site 

(14) to promote catalysis by facilitating the departure of the GDP leaving group, we propose 

that also in the case of yeast IPC mannosyltransferases, Mn2+ is a co-factor and binds to the 

active site of the enzyme. It may be clear that the challenging prospect of Mn2 + uptake being 

controlled by Pmrlp through Csg2p is currently under investigation. 

Protein versus sphingolipid mannosylation 
Our results demonstrated that invertase mannosylation occurs independently of Csglp and 

Cshlp, and that the defect in AcsglAcshl cells is sphingolipid specific. In contrast, in Apmrl 

cells protein mannosylation is affected (10). We were therefore surprised to find that loss 

of Csg2p apparently did not affect protein mannosylation. An explanation might be that 

transferases involved in sphingolipid mannosylation require higher levels of M n 2 i than 

can be provided by Pmrlp when Csg2p is absent, whereas transferases involved in protein 

mannosylation still operate at low Mn2+ levels. 

Lack of sphingolipid mannosylation is coupled to Ca2* sensitivity 

Because of the different hydroxylation states of ceramide, there are five species for each 

sphingolipid in yeast (6). Cells defective in MIPC synthesis accumulate IPC-C. This 

renders cells Ca2+ sensitive through a mechanism that is not well understood. In order to 

get a better insight into this process we searched for genes overexpression of which restores 

Ca2+ tolerance in MlPC-deficient yeast cells (Chapter 4). A multicopy suppressor screen 

yielded the gene HOR7, originally identified as one of seven hyperosmolarity-responsive 

genes (16). HOR7 is the only non-IPC mannosyltransferase-encoding gene capable of 

restoring tolerance to high Ca2+ levels. We found that Hor7p encodes a small (59 residues), 

type I plasma membrane-associated protein, overexpression of which causes a growth 

defect at low pH. Our first guess was therefore: Can HOR1 be a negative regulator of 

Pmalp, the major plasma membrane FT-ATPase? Our results showed that this was not 

the case. It is feasible that Hor7p overexpression alters the membrane potential, thereby 

reducing the rate of cation uptake into the cell, and consequently the sensitivity of the cell 

to toxic cations. This possibility was tested by measuring [14C]methylammonium uptake 

as an indicator of membrane potential (17, 18). We observed that Hor7p-overproducing 

cells indeed display a decrease in uptake, and conclude that Hor7p overexpression causes 

a depolarization of the plasma membrane through a mechanism independent of Pmalp 

function. As depicted in Figure 2, we propose that Hor7p induces a depolarizing proton 

pore. This would probably require oligomerization, as it is unlikely that a 59-amino acid 

protein with a single membrane span forms the proton pore itself. Further analysis will be 
necessary to understand the mechanism by which Ca2+ affects the ion permeability of the 

plasma membrane of cells lacking mannosylated sphingolipids. One possibility is that Ca2+ 

causes lipid-packing defects via direct interaction with IPC-C. An attractive hypothesis is 

that sphingolipid mannosylation is required to protect the cells from such interactions that 

would undermine the barrier function of the plasma membrane. 
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Figure 2. Model for Hor7p function. [1] Ca2+ interacts directly with cell-surface exposed IPC-C, 
which accumulates in IPC mannosyltransferase-deficient yeast. This interaction causes a lipid-packing 
defect, thereby increasing the ion permeability of the plasma membrane. [2] H*-ATPase Pmalp maintains 
the plasma membrane electric potential (Acp) and is a major determinant of toxic cation tolerance. [3] Hor7p 
forms a proton pore, thereby depolarizing the plasma membrane through a mechanism independent of 
Pmalp function. This would help reducing a Ca2+-dependent influx of toxic cations. 

The role of mannosylated sphingolipids in Golgi function 
Our finding that AcsglAcshl cells exhibit a specific and complete block in sphingolipid 

mannosylation offered a tool to explore whether this sphingolipid-specific head group 

modification serves a role in organizing membrane traffic to the plasma membrane. Yeast 

harbours two transport routes from the Golgi to the plasma membrane, mediated by two 

classes of post-Golgi secretory vesicles that differ in density and protein content. One class 

mediates delivery of Pmalp while the other one carries the secretory enzyme invertase 

among its cargo (19). In Chapter 2 we showed that blocking sphingolipid mannosylation 

has no effect on the sorting of cargo proteins into these distinct classes of secretory 

vesicles. Gaslp, a GPI-anchored protein sorting of which is believed to be depending on 

microdomains (rafts), segregates together with Pmalp from the invertase route. As the two 

classes of secretory vesicles were generated at a similar rate in wild type and AcsglAcshl cells, 

we concluded that mannosylated sphingolipids are fully dispensable for their biogenesis. 

As cells that cannot make IPC are not viable, it remains to be seen whether IPC-enriched 

microdomains play a role in vesicle biogenesis and protein sorting at the late Golgi. 

Although glycosphingolipids have been implicated in protein sorting to the plasma 

membrane in mammalian cells (Chapter 1), our data indicate that glycosphingolipids are not 

generally required in sorting of secretory proteins. 

P-type ATPase-controlled aminophospholipid asymmetry in the Golgi 

Members of the P4 subfamily of P-type ATPases are prime candidate aminophospholipid 

translocases. Previous findings have shown that removal of the yeast plasma membrane P4 

ATPases Dnflp and Dnf2p abolishes inward aminophospholipid transport across the plasma 
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membrane, and causes an increased cell surface exposure of endogenous PE, and a delay 

in the internalization step of endocytosis. Both the accumulation of PE at the cell surface 

and the defect in endocytosis were enhanced by removal of fra^s-Golgi P4 P-type ATPase 

Drs2p (20). As Dnf3p also localizes to the fraHS-Golgi, it was tempting to speculate that, 

like Dnflp and Dnf2p in the plasma membrane, Drs2p and Dnf3p control the transbilayer 

aminophospholipid distribution in the fra«5-Golgi. In Chapter 5 we found that post-Golgi 

secretory vesicles display an asymmetric arrangement of PE, with the bulk concentrated 

in the cytoplasmic leaflet. This lipid asymmetry was abolished upon removal of Drs2p and 

Dnf3p (Figure 3). We conclude that aminophospholipid asymmetry is regulated by P4 

ATPases at multiple levels along the secretory pathway. 

Recent work suggests that Drs2p functions as a PS-specific translocase (21). If this is 

indeed the case, then the establishment of PE asymmetry in post-Golgi vesicles would 

require Dnf3p and not Drs2p. However, the precise contribution of Drs2p and Dnf3p in 

aminophospholipid asymmetry remains to be established. 
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Figure 3. Model for Drs2p and Dnf3p function in lipid asymmetry and vesicle biogenesis. 
At the Golgi, loss of Drs2p and Dnf3p abolishes aminophospholipid asymmetry across the membrane 
of post-Golgi secretory vesicles, and inhibits budding of invertase-transporting secretory vesicles. PM, 
plasma membrane; TGN, (rans-Golgi network; PE, phophatidyl ethanolamine; Pmalp, plasma membrane 
H+-ATPase. 

Link between aminophospholipid asymmetry and post-Golgi secretory vesicle formation 

Several lines of evidence point to a functional link between P4 ATPase-dependent lipid 

transport and the biogenesis of intracellular transport vesicles. For example, AdnflAduf2 

cells exhibit a cold-sensitive defect in budding of endocytic vesicles whereas Mrs2 cells are 

defective in formation of clathrin-coated secretory vesicles that carry invertase and acidic 

phosphatase to the cell surface (22). Our data indicated that simultaneous loss of Drs2p 
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and Dnf3p eliminates PE asymmetry in, but does not block formation of, the low-density, 

Pmalp-containing class of post-Golgi secretory vesicles. These results indicate that the 

requirement for P4 ATPase-dependent lipid pumping in vesicle formation is not absolute, 

and that there are fundamental differences in the mechanisms by which the two classes of 

post-Golgi secretory vesicles are formed. 

Concluding remarks 

Taken together, we found that two independent mannosyltransferases are responsible 

for synthesis of mannosylated sphingolipids in the Golgi. Moreover, we discovered that 

involvement of Csg2p in IPC mannosylation is indirect: our evidence suggests that Csg2p 

forms a manganese channel, mediating lumenal uptake. We saw that the sensitivity to high 

Ca2+ levels displayed by yeast mutants defective in IPC mannosylation can be suppressed 

by a single membrane-spanning 59-amino acid protein called Hor7p. Hor7p reduces the 

membrane potential without regulating Pmalp, suggesting that it may form a proton pore. 

Our results exclude a role for mannosylated sphingolipids in protein sorting in the late Golgi 

of yeast. We provided evidence that P-type ATPases Drs2p and Dnf3p play a role in post-

Golgi vesicle biogenesis and lipid asymmetry. Further yeast studies on the mechanism of 

Csg2p and Drs2p/Dnf3p are currently being carried out. Approaching glycosphingolipid 

function in yeast, it is imaginable that a certain amount of inositol-sphingolipid is necessary 

for proper cell function and that mannosylation forms a tool that protects the cell from the 

damaging effects caused by overaccumulation of IPC(-C). I expect that further exploitation 

of the yeast system will continue to elicit a lot of excitement in the field of proteins, lipids 

and their role in sorting. 
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Abbreviations 

ABC 

ADP 

ALP 

ATP 

BSA 

CCCP 

Cer 

CPY 

D M B -

EDTA 

E n d o H 

ER 

GalCer 

GlcCer 

GPI 

GSH 

HEPES 

IPC 

LacCer 

M(IP)2 

MIPC 

N B D -

PC 

PCR 

PE 

P] 

pmf 

ATP-binding cassette 

adenosine diphosphate 

alkaline phosphatase 

adenosine triphosphate 

bovine serum albumine 

carbonyl cyanide ^)-chlorophenylhydrazone 

ceramide 

carboxypeptidase Y 

N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl) 

ethylenediaminetetraacetic acid 

Endoglycosidase H 

endoplasmic reticulum 

galactosylceramide 
glucosylceramide 

glycosylphosphatidylinositol 

glutathione (reduced) 

4- (hydroxyl) -1-piperazine-ethanesulfonic acid 

inositol phosphorylceramide 

Lactosylceramide 

Cmannosyl-di-IPC 

mannosyl-IPC 

N-6(7-nitro-2,l,3-benzoxadiazol-4-yl) aminohcxanoyl 

phosphatidylcholine 

polymerase chain reaction 

phosphatidylethanolamine 

phosphatidylinositol 

proton motive force 



Abbrevations 

PNS postnuclear supernatant 

PS phosphatidylserine 

SDS-PAGE sodium dodecyl sulfate - polyacrylamide gel electrophoresis 

SM sphingomyelin 

SV secretory vesicle 

T G N frafw-Golgi network 

TLC thin layer chromatography 

TX-100 Triton X-100 
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Inleiding 

Om het ontstaan en verloop van een ziekte te kunnen begrijpen en beïnvloeden, is het 

noodzakelijk dat celbiologen fundamenteel onderzoek verrichten om te leren hoe de cel, de 

kleinste eenheid van leven, functioneert en 'ziek' dan wel 'beter' kan worden. 

Mensen hebben meer dan een biljoen cellen, waarvan de meeste gespecialiseerd zijn in een 

bepaalde functie. Afhankelijk van hun functie leven ze kort tot zeer lang (een mensenleven). 

Veel micro-organismen bestaan echter slechts uit één cel, die alle eigenschappen draagt die 

nodig zijn om te overleven. Grofweg zijn cellen op te vatten als ballonnetjes gevuld met 

een stroperige vloeistof, waarbij de ballon de 'membraan' is (Fig. 1). In de cel bevinden zich 

organellen ('organen'), elk met een eigen functie, die eveneens omgeven worden door een 

membraan die de binnenkant van het organel (het lumen) scheidt van de celvloeistof (het 

cytoplasma). 

De celmembraan is opgebouwd uit verschillende typen vetten (lipiden) en een 

scala aan eiwitten. Membraanlipiden pakken samen tot een dubbellaag (bilaag) waarbij 

hun wateroplosbare kopgroepen naar buiten zijn gekeerd terwijl de wateronoplosbare 

vetzuurstaarten naar elkaar toe zijn gericht. Ze hebben een semi-vloeibaar karakter en 

vormen als het ware een tweedimensionale 'zee', waarin zich de eiwitmoleculen bevinden. 

Op grond van hun structuur kunnen membraanlipiden verdeeld worden in drie hoofdklassen: 

glycerolipiden, (glyco-)sfingolipiden en cholesterol. 

Welke belangrijke processen spelen zich nu af in welk organel? Het kunnen 

beantwoorden van deze vraag staat hoog op de agenda van ons onderzoeksprogramma. De 

celkern bevat het erfelijk materiaal, het DNA. In opdracht van de kern worden eiwitten 

gemaakt op ribosomen die zich los in het cytoplasma of op het endoplasmatisch reticulum 

(ER) bevinden. Het ER is een ingewikkeld netwerk van membranen. In het ER worden 

membraanlipiden gemaakt, of voorlopers daarvan. Bij glycosfingolipiden bijvoorbeeld, 

wordt pas in het Golgi, het centrale sorteringsstation van de cel, de suiker ('glyco') aan 



Sederlandse samenvatting 

de kopgroep toegevoegd. Het Golgi modificeert derhalve de halffabrikaten van het ER 

en sorteert en verdeelt ze over hun verschillende eindbestemmingen. Van het Golgi 

kunnen zich namelijk verschillende transportblaasjes afsnoeren die zich verplaatsen naar het 

juiste organel of naar de plasmamembraan. Met deze membraanstructuren versmelten zij, 

onder uitscheiding van hun inhoud naar het lumen van het betreffende organel of naar de 

buitenzijde van de cel. Hoe een eiwit in het juiste transportblaasje terecht komt hangt af van 

de lipidensamenstelling van het stukje Golgi-membraan waarvan zich het blaasje afsnoert. 

Als er bij sortering in het Golgi-apparaat fouten optreden, worden eiwitten en lipiden niet, 

of naar de onjuiste eindbestemming, getransporteerd waardoor de cel 'ziek' wordt en zijn 

functie niet meer kan uitoefenen. Hoe de samenstelling van een membraan tot stand komt, 

is daarom een brandende vraag waar vele wetenschappers het antwoord op proberen te 

vinden. 

Sfingolipiden hebben de bijzondere eigenschap om, in een omgeving van glycerolipiden, 

met cholesterol spontaan samen te klitten tot sfingolipide-cholesterol complexen die als 

vlotten ronddrijven in de 'zee' (qua verhouding zou je beter 'zwembad' kunnen zeggen) 

van overige membraanlipiden in de plasmamembraan. De engelse term voor zo'n complex 

is dan ook 'raft' (Fig. 1). De indicatie dat rafts specifieke eiwitten aantrekken en daarmee 

een belangrijke rol in sortering spelen, heeft tot logische modellen geleid. Direct bewijs 

voor de betrokkenheid van sfingolipiden bij eiwitsortering ontbreekt echter. Fundamenteel 

onderzoek heeft de betrokkenheid van rafts bij het ontstaan van verschillende ziektes 

aangetoond. Met andere woorden: fundamenteel onderzoek is nodig om tot de ziektebron 

te komen. 

sfingolipide 

cholesterol 

Figure 1. Schematische weergave van een cel. PM, plasmamembraan; ER, endoplasmatisch reticulum; 
tb, transportblaasje; r, ribosoom; raft, sfingolipide-cholesterol complex. Alle zwarte lijnen stellen 
membranen voor, m.a.w. lipide bilagen. 
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Het centrale doel in mijn onderzoek was om, naast het effect dat verandering van 

de membraanlipidensamenstelling heeft, het effect van verandering van de transbilaag-

lipidendistributie op de functie van het Golgi te bestuderen. 

Het onderzoek 

Aangezien de plasmamembraan sterk verrijkt is in glycosfmgolipiden t.o.v. membranen 

van organellen, hebben we allereerst gekeken naar de wijze waarop deze lipiden vanuit het 

Golgi naar de plasmamembraan vervoerd worden. Aangezien een dier veel verschillende 

glycosfmgolipiden produceert en de gist Saccharomyces cerevisiae zijn simpelste sfingolipide, 

inositolfosforylceramide (IPC), omzet in slechts twee gesuikerde vormen, besloten wij deze 

gist als modelsysteem te gebruiken. Het grote voordeel van gist is dat het relatief makkelijk 

is om de sfingolipide-structuur te wijzigen door 'genetische manipulatie' (aanpassen van het 

erfelijk materiaal om nieuwe gewenste eigenschappen te introduceren), aangezien belangrijke 

genen die betrokken zijn bij sfingolipide-synthese bekend zijn.Tevens heeft gist net als dierlijke 

cellen twee transportroutes die van het Golgi naar het plasmamembraan lopen. 

Aan het begin van ons onderzoek was er weinig bekend over de enzymen die betrokken zijn 

bij de mannosylering van de sfingolipide-kopgroep (het toevoegen van een 'mannose'-residu, 

een suiker). In Hoofdstuk 2 vonden wij dat door de Golgi-enzymen Csglp en Cshlp samen 

uit te schakelen de cel helemaal geen glycosfmgolipiden meer kan maken en concluderen we 

dat gist twee onafhankelijke mannosyltransferases bezit. De reden waarom gist er twee heeft is 

nog onduidelijk. 

In Hoofdstuk 3 tonen we aan dat het CSG2-gen betrokken is bij transport van mangaan-

ionen naar het lumen van het ER. Uit eerder onderzoek was reeds gebleken dat dit gen, naast 

CSG1, betrokken is bij de productie van glycosfmgolipiden.Vandaar dat wij graag wilden weten 

op welke wijze Csg2p (het eiwit waarvoor het CSG2-gen codeert) functioneert. Onze vondst 

verklaart waarom cellen die het CSG2-gen niet hebben, slechts heel weinig glycosfmgolipiden 

kunnen maken: Csglp en Cshlp hebben beide mangaan nodig om hun werk te kunnen 

doen. Zij bevinden zich allebei in het lumen van het Golgi, dus als mangaan daar niet wordt 

afgeleverd komt glycosfingolipide-synthese op non-actief te staan. Het feit dat Csg2p in de 

ER-membraan zit compliceert de zaak: wij denken dat er in het Golgi een calcium-pomp 

zit, die er voor zorgt dat calcium via transportblaasjes in het lumen van het ER terecht komt, 

daar het enzym Csg2p activeert, dat vervolgens zijn mangaankanaal openzet. Hierdoor komt 

mangaan in het lumen van het ER terecht en vervolgens via transportblaasjes in het lumen van 

het Golgi, alwaar het Csglp en Cshlp in hun behoefte voorziet. 

Cellen die geen glycosfmgolipiden maken kunnen niet, zoals gewone gistcellen, groeien 

in aanwezigheid van calcium. Deze Ca2+-gevoeligheid wordt veroorzaakt door de ophoping 

van IPC. In Hoofdstuk 4 laten we zien dat de Ca2+-gevoeligheid kan worden opgeheven door 

'overexpressie' van het zogenaamde H O R 7 gen. Een mogelijke verklaring is, dat dit gen ervoor 

zorgt dat er 'gaatjes' in de plasmamembraan ontstaan, waardoor H*-ionen naar binnen kunnen 

lekken. Hierdoor neemt de membraanpotentiaal af, zodat Ca2+ en andere schadelijke kationen 
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buiten de cel blijven. De HOR7-overexpresserende cellen hebben weliswaar een verlaagde pH, 

maar kunnen hierdoor wel groeien in de aanwezigheid van calcium. 

Terug naar de glycosfingolipiden. Onze vondst in Hoofdstuk 2 dat AcsglAcshl cellen 

geen glycosfingolipiden kunnen maken, bood ons gereedschap om te onderzoeken of de 

suikerkopgroep een rol speelt in eiwitsortering naar de plasmamembraan. Wij vonden echter 

dat in gist, in tegenstelling tot wat gepubliceerd is over dierlijke cellen, de afwezigheid 

van glycosfingolipiden geen nadelige gevolgen heeft voor eiwitsortering van de door ons 

bestudeerde eiwitten tot gevolg had. Glycosfingolipiden blijken dus niet betrokken te zijn bij 

eiwitsortering in het Golgi, een resultaat waarmee we echter het mechanisme waarmee post-

Golgi transportblaasjes worden gevormd, onopgehelderd lieten. 

Om inzicht te krijgen in bovenstaand mechanisme, gaan we in Hoofdstuk 5 in op het 

fenomeen 'lipiden-asymmetrie', d.w.z. dat de buitenste laag van de plasmamembraan een 

andere lipidensamenstelling heeft dan de binnenste laag. Deze asymmetrie wordt in stand 

gehouden door 'actieve' lipide-translocatoren, ATPases (d.w.z. enzymen die ATP omzetten 

in energie), van welke de identiteit onbekend is. Wij tonen aan dat gistcellen zonder de 

ATPases Drs2p en Dnf3p niet in staat zijn om de lipiden-asymmetrie van hun post-Golgi 

transportblaasjes op weg naar de plasmamembraan te handhaven. De afwezigheid van 

lipiden-asymmetrie in de plasmamembraan heeft invloed op de opname van voedseldeeltjes 

(dit proces wordt endocytose genoemd) en brengt daarmee de gezondheid van de cel in 

gevaar. 

En.... is er nu een duidelijk antwoord gekomen op de centrale vraagstelling?? In 

de afgelopen vier jaar heb ik membraanlipiden bestudeerd. Mijn werk laat zien dat 

glycosfingolipiden in gist geen rol spelen bij eiwitsortering in het Golgi. Verder heb ik een 

functie kunnen toekennen aan een aantal eiwitten: Csg2p, Hor7p en het Drs2p/Dnf3p-duo. 

Wat betreft de rol van glycosfingolipiden blijft er onduidelijkheid. Het is niet ondenkbaar 

dat een gistcel een bepaalde hoeveelheid sfingolipiden nodig heeft om goed te kunnen 

functioneren en dat omzetting in glycosfingolipiden dient om de cel te beschermen tegen 

schadelijke effecten die veroorzaakt worden door ophoping van IPC. 

Deze samenvatting laat zien dat wetenschappelijk onderzoek niet altijd datgene oplevert 

waarop bij aanvang is ingezet. Echter, een aantal nieuwe inzichten die voortkomen uit dit 

werk hebben ons weer stappen vooruit gebracht. Het moge duidelijk zijn dat de toekomst 

nog veel spannend (gist-)werk te bieden heeft! 
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Wat een mooie en spannende tijd heb ik achter de rug! En wat zijn het veel mensen die 

mij de afgelopen jaren hebben gemotiveerd en gesteund. Ik had het dankwoord kunnen 

reduceren tot één pagina, maar dacht: "Nee, dat doe ik niet. Ik doe lekker uitgebreid. Ik 

doe lekker sentimenteel." Want er is toch al zo weinig sentiment in de wereld. 

Lieve Joost, het klinkt dramatisch (maar dat past bij ons): zonder jou was het me nooit 

gelukt om op deze manier te promoveren. Jij durfde het aan om mijn begeleider te worden, 

terwijl ik met mijn technische achtergrond een hoop biologische basiskennis miste. Je hebt 

enorm geïnvesteerd en mij ingewijd in de wereld der celbiologie. Dank voor al je briljante 

ideeën (ook al was het soms best frustrerend dat ze bijna altijd beter waren dan die van 

mezelf...!), je geduld, je humor en je vertrouwen. Ik schreef drie jaar geleden niet voor 

niets in de Elsevier influx achter 'Leermeester': Joost Holthuis. Een briljante wetenschapper en 

een leuke vent met humor. Ik wens jou, Laurence, Pierre en Margot het allerbeste toe en hoop 

dat onze paden in de toekomst nog vele malen zullen kruisen. 

Lieve Gerrit, wat was het een feest om onderzoek te doen binnen een groep met jou als 

afdelingshoofd. Al die jaren heb je, naast het (actief!) overdragen van je wetenschappelijke 

kennis en enthousiasme én je liefde voor een pilsje, gezorgd voor een constant positieve 

sfeer binnen onze groep. Dat vind ik een enorme prestatie en daar ben ik je zeer dankbaar 

voor. Ook al was je niet altijd direct bij mijn onderzoek betrokken, daar waar ik hulp bij je 

zocht (o.a. bij het schrijven van de discussie), stond je klaar. 

Dear Sophie, how I have missed you the past half year! Thanks for your friendship and 

for the many times that I was allowed to complain about my experiments, or science in 

general... You are one of the kindest persons I have ever met. And one of the strongest. I 

wish you lots of happiness for the future with Geoffrey and the lovely Sarah. 

Lieve Hein, wat geniet ik van het feit dat jij weer terug bent. Driejaar geleden waren 

Sophie en ik jouw paranimfen en toen verliet je ons om voor twee jaar naar Dresden te 

gaan... Ik vind het geweldig om te zien wat een inspirator je bent voor Jasja, David, Sandra, 

Suzanne en Sylvia. En zelfs voor mij maakte je tijd om mee te denken als ik vast-, en Joost 



Dankwoord 

in z'n scherm- zat. Gaan we snel met Marwytske en Lodewijk naar Lille? 

Lieve Maarten, wat is het samengaan van Gerrits groep met de jouwe een verrijking 

geweest. Niet alleen in wetenschappelijk opzicht, maar tevens de rust die jij uitstraalt en je 

immer luisterend oor zijn mede verantwoordelijk voor eerder genoemde positieve werksfeer. 

Dank voor al je hulp (o.a. bij het schrijven van de discussie en samenvatting) en dank voor 

onze leuke gesprekken over de keuzes die een mens in dit leven moet, of mag, maken. 

Lieve Klazien, David en Patricia, lieve roomies, dank voor jullie hulp, geduld en 

gezelligheid! Klaas, heerlijk om met jou over Joost te roddelen (en met hem weer over jou) 

en fijn dat ik af en toe even wat stoom bij je mocht afblazen. En David, we waren leuke 

'Assistenten in Afleiding' voor elkaar! Ik vond het (bijna) elke dag een genoegen jullie te 

zien, te horen en te ruiken; hopelijk was dit wederzijds. 

Lieve Dorothy, wat kan ik zeggen? Met jou waren het heerlijke én bevlogen jaren en ik 

geloof er dankzij jou nog steeds heilig in dat het succes van een experiment afhankelijk kan 

zijn van de afwezigheid van 'het boze oog'... 

Dear Thomas, Sigrun and Antje, 'out of sight' does not mean 'out of mind'. At least, 

not in your case. I have nothing but good memories of the time that you were in the lab. 

Thanks very much for all your help and friendship, and I'm looking forward to visiting you 

(again). 

Lieve Jasja, Joep, Cécile, Ruud, Suzanne, Nanette, Jessica, Fred, Dirk, Seléne en Martin: 

ook al deelden we geen kamer, heel veel dank voor jullie hulp en gezelligheid! Lieve 

Janneke, Dick en Rob: ook jullie veel dank voor alle hulp en de leuke gesprekken. Dear 

Guillaume, Sandra, and Sylvia: it was short, but it was nice... Thanks for all the fun in and 

outside the lab! 

En dan de lieve hardwerkende studenten... William, als 'mijn eerste' was jij enkele malen 

getuige van mijn sporadisch licht ongenuanceerd taalgebruik, maar gelukkig liet je je niet 

afschrikken. Hoofdstuk 2 is een mooi resultaat van onze gebundelde krachten. Alfred, 

als 'mijn laatste' was jij helaas eveneens getuige van mijn sporadisch licht ongenuanceerd 

taalgebruik. Jij liet je wél afschrikken en was na drie maanden spoorloos verdwenen. De 

laatste keer datje gezien bent, is in een zweefvliegtuig boven Vianen... Waar je ook bent, 

wees trots op ons hoofdstuk 3. 

Lambert, mijn lievelingsstudent, mijn 'stille wateren hebben diepe gronden'... 

Ongelooflijk hoe goed, hard en zelfstandig jij gewerkt hebt: heel veel dank voor deze meer 

dan prettige samenwerking en ik voorspel jou een grote toekomst. Tot slot Maurice, de toffe 

gozer. Dank dat jij de laatste experimenten voor hoofdstuk 2 bij elkaar hebt gepipetteerd. Ik 

bewonder je keuze om na je Australië-avontuur, nu voor een toekomst samen met Katja in 

Finland te kiezen en wens jullie veel succes en geluk. En gozer, dank voor alle gein. 

Dear Nele, during our collaboration, the distance Utrecht-Berlin formed a handicap. 

Nevertheless, you showed me that every handicap can be overcome, as long as you're 

determined enough. Thanks very much for all your hard work and I think we can be very 

proud of chapter 5. 

Ook mijn oud-collega's uit het AMC wil ik hartelijk danken voor de leuke tijd die ik 

de eerste twee jaar van mijn onderzoek dankzij hen heb gehad. Lieve Trees en Ilse, jullie in 

l i ir, 
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het bijzonder dank ik voor alle hulp en de interesse die jullie toonden, ook na mijn vertrek 

naar Utrecht. 

Lieve Rutger, dank voor jouw aandeel in hoofdstuk 3 én dank voor je vrolijke glimlach! 

Lieve Renske, ik zal onze lunch-dates missen. Heel veel succes met jouw laatste loodjes. 

Lieve Ingrid, zonder jou was de lay-out van mijn proefschrift nooit zo strak geworden. 

Heel veel dank voor je tijd en je geduld. Ook veel dank voor de vele keren dat Jan, Aloys en 

jij mij uit de brand hebben geholpen met publicatie-PDFjes én voor onze leuke chimpansee-

gesprekken! 

En toen was er licht. En leven. Buiten het lab. Godzijdank...: 

Lieve Bumpertjes, lieve Forte- en OD-babes, lieve nous-sommes-sept-vriendinnen, 

dank voor de heerlijke afleiding waar jullie voor zorgden! Wat heb ik jullie verwaarloosd 

het afgelopen jaar en wat verheug ik me op de inhaalslag. 

Lieve Joos, gekkie, op de Kerkstraat is het promotie-idee gaan leven. Dank voor je 

luisterend oor, je wijze raad en je aanmoediging. Lieve Beel, zo'n smaakvolle en originele 

omslag kan alleen van jouw hand komen. Enorm veel dank voor alle tijd en energie die je 

hierin hebt gestoken. 

Lieve Diet, ook al ben je steeds in Verweggistan, je bent nimmer uit mijn gedachten! 

En lieve Ot, ik verheug me op weer een ouderwets Haags (of Velps, of Brezzo's...) bakkie 

met jou! 

Lieve Cleo en Mach, mijn allerliefste paranimfen, tranen krijg ik in mijn ogen als ik 

denk aan alle steun, advies en liefde die jullie mij de afgelopen tijd hebben gegeven. Ik prijs 

mijzelf enorm gelukkig dat ik jullie op 17 december aan mijn zijde heb. 

Lieve Paul en Willemijn, jullie vormen het levende bewijs dat schoonfamilie die attent, 

warm en als thuis is, wel degelijk bestaat. 

Lieve pap en mam, dank voor jullie geweldige steun en vertrouwen en even onder ons: 

jullie zijn natuurlijk altijd mijn échte inspiratoren geweest! Lieve Job en Herm, lieve broers, 

ook al zijn jullie trots (daar ga ik gewoon maar even vanuit), jullie zullen nooit zo trots zijn 

als ik op jullie ben. 

Lieve oma, ook al hebt u nooit begrepen waarom een vrouw zonodig hoogopgeleid 

moet zijn, toch zijn we het over één ding eens: een optimist heeft de halve wereld. 

Lieve Lody, met jou is mijn wereld een dansfeest. 
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Stellingen behorende bij het proefschrift 

The Golgi: a transition point in membrane lipid 
composition and topology 

Quirine Lisman 

1. Glycosfingolipiden spelen geen universele rol in de sortering van secretie-eiwitten, 

(dit proefschrift) 

Ref.: Mays et al. (1995) ƒ Cell Biol. 130, 1105-1115 

Bagnat et al. (2000) Proc. Natl. Acad. Sci. U.S.A. 97, 3254-3259 

2. Het gegeven dat Csg2p in de ER-membraan is gelokaliseerd en geen invloed heeft op 

de Golgi-lokalisatie van Csglp maakt het in de literatuur gesuggereerde belang van 

Csglp-Csg2p complexvorming onwaarschijnlijk, (dit proefschrift) 

Ref.: Takita et al. (1995) Mol. Gen. Genet. 246, 269-281 

H u h et al. (2003) Nature 425, 686-691 

Uemura et al. (2003) J . Biol. Chem. 278, 45049-45055 

Lisman et al. (2004) J. Biol. Chem. 279, 1020-1029 

3. Op basis van onafhankelijke resultaten is het waarschijnlijk dat in Pmrlp-deficiënte 

cellen de mannosylering van sfingolipiden is verstoord, (dit proefschrift) 

Ref.: Dürr et al. (1998) Mol. Biol. Cell 9, 1149-1162 

4. De lipide-topologie van de plasmamembraan wordt op meerdere niveaus gereguleerd, 

(dit proefschrift) 

Ref.: Pomorski et al. (2003) Mol. Biol. Cell 14, 1240-1254 

5. De calcium-gevoeligheid van AcsglAcshl-cellen kan worden opgeheven door over— 

expressie van een peptide van 59 aminozuren. Met andere woorden: size doesn't matter, 

(dit proefschrift) 

6. Het Golgi-apparaat is niet het enige dat de afgelopen jaren volwassen is geworden. 

Ref.: Bonfanti et al. (1998) Cell 95, 993-1003 

Pelham (2001) J. Cell Biol. 155, 1099-1101 

Barr (2004) J. Cell Biol. 164, 955-958 

7. Het ophelderen van de raft-structuur blijkt een zware dobber. 

Ref.: van Meer et al. (2002) J. Biol. Chem. 277, 25855-25858 

Vele andere! (2002-2004) 



8. I Het genetisch materiaal van een chimpansee is voor 99% gelijk aan dat van de mens. 

II Slechts 1% van het wetenschappelijk budget wordt besteed aan alternatieven voor 

dierproeven. 

Vreemd dat die 1% die de mens genetisch van de chimpansee verschilt hem niet in staat 

stelt zorgvuldiger met leven om te gaan. 

9. Als liefde een werkwoord is, is de vrouw vaak onderwerp, de man lijdend voorwerp en 

het kind meewerkend voorwerp. 

10. Voorspelbaarheid is dodelijk voor de geest. 

11. Gist brengt mensen bij elkaar. 

12. Drama schrijf je niet, dat ben je. 

13. Wie denkt dat het product van Wo-industrie leven is, schrikt zich dood. 


