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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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Chapter 5 

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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P-type ATPase-controlled aminophospholipid asymmetry in the Golgi 

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. 

si 



Cliaplcr 5 

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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sec6-4 sec6-4Adrs2Mnf3 

0 J—i 1 1 1 1 1 1 1 r-̂  0 —i p 1 1 1 1 1 1 r1 

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18 
<°P fraction number bottom top fraction number bottom 

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 
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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. 
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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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y 
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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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