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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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Regulatory role for Csg2p in sphmgoHpid mannosylation 

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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Chapter 3 

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). 

54 



Regulatory role for Csg2p in sphingolipid mannosylation 

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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