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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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