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Synopsis  

The transbilayer distribution of sterols in the plasma membrane (PM) is highly debated. Exploiting 

yeast cells in which ergosterol is entirely replaced with closely related fluorescent 

dehydroergosterol (DHE), we show that PM sterols reside primarily (~80%) in the inner leaflet of 

the yeast PM. Maintenance of this pronounced asymmetry does not require metabolic energy but is 

weakened upon sphingolipid depletion and loss of PM phospholipid asymmetry. 
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Abstract  

Transbilayer lipid asymmetry is a 

fundamental characteristic of the eukaryotic 

cell plasma membrane (PM). While PM 

phospholipid asymmetry is well documented, 

the transbilayer distribution of PM sterols 

such as mammalian cholesterol and yeast 

ergosterol is not reliably known. We now 

report that sterols are asymmetrically 

distributed across the yeast PM, with the 

majority (~80%) located in the cytoplasmic 

leaflet. By exploiting the sterol-auxotrophic 

hem1Δ yeast strain we obtained cells in which 

endogenous ergosterol was quantitatively 

replaced with dehydroergosterol (DHE), a 

closely related fluorescent sterol that 

functionally and accurately substitutes for 

ergosterol in vivo. Using spectrophotometry 

and fluorescence microscopy we found that 

<20% of DHE fluorescence was quenched 

when the DHE-containing cells were exposed 

to membrane-impermeant collisional 

quenchers (spin-labeled phosphatidylcholine 

and trinitrobenzene sulfonic acid). Efficient 

quenching was seen only after the cells were 

disrupted by glass-bead lysis or repeated 

freeze-thaw to allow quenchers access to the 

cell interior. The extent of quenching was 

unaffected by treatments that deplete cellular 

ATP levels, collapse the PM electrochemical 

gradient or affect the actin cytoskeleton. 

However, alterations in PM phospholipid 

asymmetry in cells lacking phospholipid 

flippases resulted in a more symmetric 

transbilayer distribution of sterol. Likewise, 

an increase in the quenchable pool of DHE 

was observed when PM sphingolipid levels 

were reduced by treating cells with myriocin. 

We deduce that sterols comprise up to ~45% 

of all inner leaflet lipids in the PM, a result 

that necessitates revision of current models of 

the architecture of the PM lipid bilayer. 

 

Differences in the composition and 

transbilayer distribution of lipids in cellular 

membranes generate gradients of charge, 

lipid packing defects and membrane bilayer 

thickness along the secretory pathway 1,2, and 

contribute to organelle identity 3. Cholesterol 

- the central lipid of mammalian cells 4 - is a 

key component of these gradients, increasing 

in concentration from ~5 mole percent of all 

lipids in the endoplasmic reticulum (ER) 

where it is synthesized, to ~35-40 mole 

percent of lipids at the plasma membrane 

(PM) 5 where it contributes critically to 

membrane structure 2,6. While many aspects 

of cholesterol homeostasis are understood in 

detail 7, the mechanisms by which cholesterol 

is transported between the ER and PM are 

poorly understood 8-10, and fundamental 

information on the transbilayer distribution 

of cholesterol in the PM is not reliably 

available. In this paper we address the latter 

problem. 

 

Cholesterol is more soluble in membranes 

composed of saturated lipids compared with 

those that contain mainly unsaturated lipids 
11-13. It is therefore not surprising that the 

distribution of cholesterol along the secretory 

pathway matches that of lipids with saturated 

fatty acid chains, including sphingolipids that 

are synthesized from ceramide in post-ER 

compartments and found predominantly in 

the PM 14. Furthermore, because 

sphingolipids are localized to the outer leaflet 

of the PM, it is also generally assumed that 

cholesterol is located predominantly in this 

leaflet. However, measurements of the 

transbilayer distribution of cholesterol in the 

PM of mammalian cells vary dramatically, 

running the full gamut of asymmetry from 
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77-23 to 33-67 (out-in) 15-22. Technical issues 

are a likely explanation for this wide range of 

outcomes as many of the methods used to 

detect outer leaflet cholesterol employ probes 

that modify or extract cholesterol, leading to 

an over-estimate of the outer leaflet pool. For 

probes such as cholesterol oxidase that act 

relatively slowly compared with the high rate 

at which cholesterol spontaneously flip-flops 

across the bilayer 23-25, sterol from the inner 

leaflet is likely to be sampled resulting in an 

over-estimate of the outer leaflet pool. 

Perfringolysin O (PFO) derivatives bind 

cholesterol above defined thresholds in 

model membranes, and this has been used to 

estimate the transbilayer sterol distribution in 

the PM, however, with conflicting results 
21,22. Other probes such as methyl-β-

cyclodextrin (MβCD) offer good time 

resolution but by extracting sterol from the 

membrane they generate voids in the outer 

leaflet of the bilayer that could force sterol 

transbilayer translocation (i.e. the membrane 

becomes a thermodynamically open system 

in the presence of sterol acceptor in the 

surrounding water phase). One way to 

circumvent these technical problems is to use 

membrane-impermeant collisional quenchers 

in combination with suitable fluorescent 

cholesterol analogs to assess transbilayer 

steady state distribution of sterols in the PM 

of cells 18,19. 

 

Cholestatrienol (CTL) and dehydroergosterol 

(DHE) are fluorescent sterols that are closely 

related to cholesterol and ergosterol (the 

major fungal sterol), respectively (Figure 1A) 
26. Both molecules can be readily inserted 

into the plasma membrane of mammalian 

cells using MβCD or other cyclodextrins as 

delivery vehicles; on labeling cells with CTL 

or DHE, fluorescence is predominantly seen 

at the PM and the endocytic recyling 

compartment (ERC) 19,27. Using spin-labeled 

phosphatidylcholine (4-SLPC) and 

trinitrobenzene sulfonic acid (TNBS) as 

membrane-impermeant collisional quenchers 

in a microscopy-based assay, Maxfield and 

coworkers 19 measured the magnitude of the 

outer leaflet pool of sterol in the PM of DHE 

or CTL-labeled Chinese hamster ovary 

(CHO) cells 19. They found that only ~15-

30% of the fluorescent sterols could be 

quenched on adding quencher to intact cells, 

indicating that the majority of the sterol is 

located in the cytoplasmic leaflet of the PM. 

Consistent with this result, microinjection of 

the quenchers revealed that the majority of 

ERC and PM sterol could be quenched. The 

preferred location of the fluorescent sterols in 

the cytoplasmic leaflet of the PM and ERC is 

consistent with earlier studies in L-cell 

fibroblasts where both quenching and 

chemical reaction of TNBS with the 3’-

hydroxyl group of DHE were used to probe 

transbilayer sterol distribution in the PM 18. 

 

A potential problem with the use of DHE and 

CTL as cholesterol surrogates in mammalian 

cells is that these probes are essentially 

tracers, replacing only 5-10% of endogenous 

cholesterol 28; in the best-case situation using 

a partial cholesterol-auxotrophic cell line, 

~50% of the sterol content of the cells could 

be replaced with DHE or CTL 19. Thus, 

questions remain as to whether the 

distribution of DHE or CTL truly mimics that 

of endogenous cholesterol in these cells. A 

further problem is that the quenching 

mechanism of TNBS is not fully understood, 

which potentially complicates the 

interpretation of the results. To overcome 

these problems, we (i) used the collisional 

quenching approach to study DHE’s 
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transbilayer distribution in the yeast, 

Saccharomyces cerevisiae, where it is 

possible to replace all endogenous sterol with 

DHE in growing cells. We (ii) studied the 

mechanism of TNBS-mediated quenching 

using large unilamellar vesicles containing 

DHE in comparison with DHE-labeled yeast 

in order to rule out potential interference 

from the yeast cell wall in our analyses. We 

previously showed that hem1Δ yeast cells 

that cannot synthesize ergosterol and rely on 

supplementation with either -aminolevulinic 

acid (ALA, the product of the Hem1 enzyme) 

or sterols for growth, efficiently take up DHE 

from the medium by active insertion into the 

PM via the ATP binding cassette (ABC) 

transporters Aus1 and Pdr11 29,30. The hem1Δ 

cells grow equally well in DHE and 

ergosterol 29,30 and after a suitable number of 

doublings when grown in the presence of 

DHE, essentially the entire (>99%) 

complement of sterol in the cells is DHE 30 

making this the ideal system to study 

transbilayer sterol distribution via 

fluorescence methods. Here, we use DHE-

labeled hem1Δ yeast cells to determine the 

transbilayer distribution of sterol in the yeast 

PM. We find that the majority (~80%) of the 

PM sterol is localized to the inner leaflet and 

that maintenance of this pronounced 

transbilayer sterol asymmetry does not 

require metabolic energy or a transmembrane 

proton gradient. We also find that sterol 

asymmetry is perturbed in yeast cells with 

altered transbilayer phospholipid asymmetry 

at the PM and in those in which sphingolipid 

biosynthesis is acutely blocked. 

 

Results 

DHE fluorescence is a direct measure of 

sterol distribution 

When YRS1707 hem1Δ cells (Table 1) are 

transferred from growth medium containing 

ALA to medium containing DHE, ~90% of 

endogenous ergosterol is replaced by DHE 

after 24 hours of growth 31 and >99% after 48 

hours 30. To validate DHE as a suitable 

reporter for quantification of cellular sterol 

distribution, we grew hem1Δ cells for 1 day in 

media supplemented with either ALA or 20 

μg/ml of total sterol, consisting of a mixture 

of DHE and ergosterol in different 

proportions. Cells grown in media 

supplemented with either ALA or 100% 

ergosterol had a similarly low level of 

background fluorescence (Figure 1B). 

Increasing the proportion of DHE showed a 

corresponding increase in fluorescence 

intensity. Quantification of the average 

intensity from numerous cells taken from 

multiple fields showed that intensity increased 

linearly with the amount of DHE 

supplemented to the medium (Figure 1C), 

ruling out the possibility that DHE self-

quenches in the range of incorporation 

observed here. 

The PM was clearly labeled in all cultures 

that were supplemented with DHE (Figure 

1B). To determine the amount of sterol at the 

PM, we first used a traditional biochemical 

approach in which cellular membranes are 

separated by subcellular fractionation of a 

yeast homogenate using a step gradient of 

RenoCal-76 32. In the parent strain, as well as 

in hem1Δ cells grown in media supplemented 

with ALA, ergosterol or DHE, ~70% of the 

total sterol was present at the PM (Figure 1D) 

consistent with previous reports of 

intracellular sterol distribution 32. We next 

determined the relative amount of PM sterol 

by analyzing fluorescence images. To 

discriminate between out-of-focus 

fluorescence and in-focus signal, we used a 
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maximum likelihood deconvolution algorithm 

on autofluorescence- and background-

corrected images to increase in-focus 

fluorescence and reject blur (see Figure S1 

and Materials and Methods for details). 

Examples of raw and processed images are 

shown in Figure 1E and Figure S1. DHE 

fluorescence was found throughout the PM, 

delineating the cell boundary, although it was 

not entirely homogeneous. We occasionally 

observed intracellular fluorescence (arrows, 

Figure 1E), DHE positive endocytic buds, and 

furrow-like invaginations of the PM (Figure 

S1). Image intensity quantification of PM-

associated DHE fluorescence from many 

deconvolved images is shown in Figure 1F, 

from which it can be seen, that in all 

quantified image stacks (n=24) with 30 to 250 

cells per stack, the fractional fluorescence of 

DHE in the PM is 0.67 ± 0.01 (mean ± SEM), 

in close agreement with the subcellular 

fractionation analysis. We conclude that DHE 

resides predominantly in the PM of hem1Δ 

cells and its fluorescence is a direct measure 

of sterol distribution. 

Lateral diffusion of a PM protein is 

identical in ergosterol- and DHE-grown 

cells 

To determine whether the replacement of 

ergosterol by DHE had an effect on 

membrane properties as reflected in the lateral 

diffusion of proteins at the PM, we used 

fluorescence recovery after photobleaching 

(FRAP) to measure the mobility of a GFP-

tagged version of the PM SNARE Sso1 33 

using a laser scanning confocal microscope. 

We expressed Sso1-GFP in hem1Δ cells, and 

measured its lateral mobility in cells that were 

grown for 1 day in media supplemented with 

ALA or different sterols. FRAP rate 

constants, calculated from early time points of 

the mono-exponential fits for the individual 

traces (Figure S2A), were the same in various 

hem1Δ cultures (supplemented with ALA, 

ergosterol or DHE) compared with wild type 

cells (Figure S2B). This suggests that the 

biophysical properties of the PM are not 

discernibly affected when ergosterol is 

replaced with DHE.  

 

Collisional quenching of DHE fluorescence 

by 4-SLPC in live and broken cells: the 

majority of DHE is protected from the 

quencher in intact cells 

To measure the fraction of DHE in the 

exofacial leaflet of the PM we used 1-

palmitoyl-2-(4-doxyl)stearoyl-sn-glycero-3-

phosphocholine (4-SLPC), a nitroxy-labeled 

phosphatidylcholine analogue that is known 

to be an effective membrane-impermeant 

contact quencher of membrane-embedded 

fluorescent probes 34,35. The fractional extent 

to which fluorescence is reduced on applying 

4-SLPC to DHE-labeled cells provides an 

estimate of the fraction of total cellular sterol 

that is present in the outer leaflet. 

Fluorescence reduction was quantified by 

measuring the change in the average intensity 

of numerous individual cells from microscope 

images (Figure 2A). Images analyzed from 

the middle and the bottom of DHE labeled 

cells showed that 4-SLPC quenched 17.4 ± 

2.3% (middle) and 18.2 ± 3.9% (bottom) of 

the DHE fluorescence, respectively. No 

further quenching was observed on increasing 

the amount of 4-SLPC by 2.5-fold. These data 

indicate that the quenched fluorescence is 

solely from DHE in the outer leaflet of the 

PM, and that the majority of DHE is protected 

from the quencher.  

This article is protected by copyright. All rights reserved.
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We repeated the quenching experiments in a 

fluorescence spectrophotometer (Figure 2B). 

Background fluorescence in cells 

supplemented with either ALA or ergosterol 

was negligible whereas fluorescence from 

cells loaded with DHE was significant and 

readily detectable (not shown; see Figure 1B 

for example). The addition of 4-SLPC caused 

a rapid reduction in fluorescence. In intact 

cells, 4-SLPC quenched 17 ± 3.5% of the total 

fluorescence (Figure 2B, circles, and Table 2, 

sample 2), consistent with the reduction 

measured by fluorescence imaging (Figure 

2A). The same result was obtained with cells 

grown in a 1:1 mixture of ergosterol and DHE 

(Table 2, sample 3) indicating that the result 

with DHE can be generalized to the ergosterol 

pool in ergosterol-grown cells. We next 

disrupted DHE-loaded cells mechanically 

using glass beads, to verify that the amount of 

4-SLPC that we were using was sufficient to 

quench the majority of DHE fluorescence if 

access were provided to both sides of the PM. 

Glass bead-mediated disruption causes a 

>99% loss in viability of the cells as judged 

by propidium iodide staining (data not 

shown). 4-SLPC quenched ~75% of the DHE 

fluorescence in broken cells (Figure 2B, 

squares, and Table 2, sample 4). Based on the 

model of sterol distribution that we present 

later (Figure 6) we predict that <85% of total 

cellular DHE would be available to the 

quencher in disrupted cells as all internal 

membranes and a portion of the PM may re-

seal into vesicles that protect DHE in their 

inner leaflet. We conclude that 4-SLPC can 

efficiently quench DHE fluorescence in 

broken cells. We further conclude that the 

~17% fluorescence quenching observed on 4-

SLPC-treatment of intact cells corresponds to 

DHE present in the outer leaflet of the PM. 

Thus, the majority of DHE in the PM is 

located in the inner leaflet where it is 

protected from 4-SLPC. 

DHE asymmetry is maintained by an 

energy-independent process 

We next examined the requirements for 

maintaining the asymmetric sterol distribution 

indicated by the 4-SLPC quenching 

experiments. To confirm that 4-SLPC-

mediated quenching of DHE is restricted to 

the outer leaflet of intact cells, we used the 

protonophore carbonyl cyanide m-

chlorophenylhydrazone (CCCP) to block 

phosphatidylcholine flipping 36. Pretreatment 

of cells with 10 mM CCCP for 10 min at 

room temperature had no effect on the amount 

of fluorescence that could be reduced by 4-

SLPC (Table 2, sample 5). This result 

indicates that 4-SLPC only quenches DHE 

located in the outer leaflet of the PM in intact 

cells and that the PM electrochemical gradient 

does not play a role in DHE transbilayer 

distribution. We next treated DHE-loaded 

cells with energy poisons (NaF + NaN3) for 

10 min at room temperature to deplete cellular 

ATP levels, abolish the electrochemical 

gradient at the PM (and therefore also inhibit 

phospholipid flippases) and inhibit the 

bidirectional transport of sterol between the 

ER and the PM 30,37. Similar to the result 

obtained with untreated cells, 4-SLPC 

quenched ~18% of the DHE fluorescence in 

poisoned cells (Table 2, sample 6), indicating 

that the asymmetric distribution of DHE is 

maintained in the absence of metabolic energy 

and an electrochemical gradient.  

 

TNBS-Na-mediated collisional quenching 

of DHE fluorescence in live and broken 

cells  

To confirm and extend the results that we 

obtained with 4-SLPC, we used a different 
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membrane-impermeant quencher, i.e. 2,4,6-

trinitrobenzenesulfonic acid (TNBS) 18,19,38. 

We used the chemically inert sodium salt of 

TNBS (TNBS-Na) as we found by mass 

spectrometry that TNBS in the acid form can 

react with the 3’ hydroxyl group of both 

cholesterol and DHE to form a TNBS-sterol 

complex (not shown). Due to the inner filter 

effect resulting from the strong absorbance of 

TNBS-Na (Figure S3A, B), it was not 

possible to carry out these measurements in a 

spectrometer and so we acquired quenching 

data using quantitative fluorescence 

microscopy. 

On incubating DHE-labeled hem1Δ cells with 

TNBS-Na, we qualitatively observed very 

little quenching and no apparent change in 

sterol distribution (Figure 3A, upper panels). 

To give TNBS-Na access to the cytoplasmic 

leaflet of the PM and internal membranes, we 

disrupted the cells by repeated freeze-thaw, a 

method that retains overall cellular 

architecture as well as the ability to 

immobilize the cells on coverslip dishes. In 

such disrupted hem1Δ cells, all DHE 

fluorescence in the PM was quenched after 

adding either 5 or 10 mM TNBS-Na, and only 

some intracellular fluorescence of the sterol 

remained (Figure 3A, lower panels).  

As the extent of quenching of DHE by TNBS-

Na in intact cells is small and varies 

somewhat from cell to cell (Figure 3A, upper 

panels), we devised an image quantification 

protocol to determine DHE fluorescence in a 

large number of cells for each condition 

automatically. We used a bleaching-based 

protocol to correct first the cell-associated 

fluorescence of DHE for intrinsic 

autofluorescence as found for yeast cells in 

the UV region of the spectrum. As 

photobleaching of DHE is several-fold faster 

than that of autofluorescence, after about 30-

50 acquisitions for the given settings (no 

neutral density filters were used), all DHE 

fluorescence is bleached, and only cellular 

autofluorescence remains (Figure S4A). Thus, 

correction for autofluorescence can be simply 

achieved by subtracting the last frame of a 

bleach stack from the entire stack leaving 

only the cell-associated DHE fluorescence. 

We confirmed this by pixel-wise bleach rate 

fitting and estimated the DHE fluorescence in 

the presence and absence of the quencher 

from the amplitude image (Figure S4B) 29,39. 

By this method, the concentration dependence 

of DHE quenching by TNBS-Na in intact and 

broken hem1Δ cells was determined and 

graphed as an inverse Stern-Volmer plot 

(Figure 3B). Examination of the plot revealed 

that ~13% of total cellular DHE is accessible 

to TNBS-Na in intact cells whereas ~74% is 

quenched in cells that were broken by 

repeated freeze-thaw (Figure 3B) (see next 

section for further analysis of these data). 

These results are similar to those obtained 

with 4-SLPC (Figure 2B). As discussed 

above, the incomplete extent of quenching in 

broken cells that we see here can be explained 

by the fact that internal membranes likely 

remain sealed, thus protecting DHE in their 

inner leaflet; likewise, a portion of the PM 

may seal after freeze-thaw to form a 

compartment that protects DHE from the 

quencher. Indeed, in support of this 

interpretation, we observe small fluorescent 

vesicular structures in freeze-fractured cells in 

the presence of TNBS-Na (Figure 3A, lower 

panels). These results demonstrate that 

TNBS-Na quenches DHE efficiently when it 

gets access to the cytoplasmic side of the PM 

in broken cells. 
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The cell wall does not interfere with TNBS-

Na-mediated quenching of DHE in live 

yeast cells 

We considered the possibility that the limited 

quenching that we observed on TNBS-Na 

treatment of live DHE-labeled cells could be 

due to constraints on quencher access and/or 

efficiency imposed by the cell wall. Given the 

rather large size limit (>40-50 kDa) of 

molecules that can permeate through the yeast 

cell wall 40, a low-molecular weight quencher 

such as TNBS-Na (MW<0.35 kDa) should a 

priori have unlimited access to the outer 

leaflet of the PM. Nevertheless, we carried 

out two tests to verify that quencher access 

was not a problem in our experiments. 

First, we inserted a fluorescent 

sphingomyelin analogue, N-[6-[(7-nitro-2-

1,3-benzoxadiazol-4-yl)amino]hexanoyl]-

sphingosine-1-phosphocholine (C6-NBD-

SM), exclusively into the outer leaflet of the 

PM and treated the labeled cells with TNBS-

Na to measure the extent of quenching. With 

TNBS-Na concentrations of 10, 50, 100 and 

200 mM, we observed that ~53% (not 

shown), ~47%, ~27% and ~19% of the 

fluorescence signal of C6-NBD-SM remained 

(Figure S5, left panels). Parallel experiments 

with DHE-labeled cells showed ≥75% 

remaining cell-associated fluorescence of 

DHE even with high TNBS-Na 

concentrations (Figure S5, right panels). We 

note that the estimates of quenching for DHE-

labeled cells at high TNBS-Na concentrations 

in these experiments are likely overestimated 

because of significant corrections to 

compensate for the strong inner filter effect of 

TNBS at the wavelengths used for visualizing 

DHE (Figure S3A,B and Materials and 

Methods). Thus, the results for DHE 

quenching are in line with those reported in 

Figure 3. Together, our results showing 

quantitative quenching of NBD-SM indicate 

that the cell wall does not hinder free access 

of TNBS-Na to the outer leaflet of the yeast 

PM. 

Second, we carried out experiments to 

understand the mechanism of TNBS-Na-

mediated quenching of DHE in live yeast 

cells and in model membranes. We reasoned 

that if the detailed characteristics and 

concentration dependence of quenching in 

model and yeast cell membranes coincide, 

then an effect of the cell wall on the quench 

process can be ruled out. These experiments 

are described in the next section. 

TNBS-Na has comparable access to DHE 

in the outer leaflet of both the yeast PM 

and synthetic phosphatidylcholine 

liposomes  

To compare the mechanism of TNBS-Na-

mediated quenching in model membranes and 

yeast cells, we first prepared symmetric large 

unilamellar vesicles (LUVs) containing DHE, 

and immobilized them on glass slides for 

visualization by fluorescence microscopy 

(Figure 4A, B). When these vesicles were 

treated with increasing concentrations of 

TNBS-Na, a maximum of ~50% of the 

fluorescence was quenched (Figure 4B). In 

line with earlier observations 19, we found that 

the extent of quenching was stable for several 

minutes, indicating that TNBS-Na does not 

cross the liposome membrane to quench DHE 

in the inner leaflet (not shown). The data 

could be described by a non-linear inverse 

Stern-Volmer plot, F/F0 versus quencher 

concentration, where F and F0 indicate 

fluorescence values in the presence and 

absence of quencher, respectively, (Figure 

4C). This is consistent with the presence of 
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two pools of DHE - accessible and 

inaccessible to the quencher (see Appendix 

and illustrative simulation of quenching 

models in Figure S6). We also analyzed the 

data by a Lehrer plot that graphs the extent of 

quenching (reported as F0/(F0-F)) versus the 

inverse of the quencher concentration. A 

linear Lehrer plot is expected for two pools of 

DHE and one quenching mechanism (either 

static or dynamic; Figure S6). Deviation from 

purely dynamic or purely static quenching 

would result in a non-linear Lehrer plot (39, 

40) and this is what we observe (Figure 4D). 

In support of the notion of two quench 

mechanisms is our observation that the 

emission spectrum of DHE in POPC vesicles 

changes in the presence of low TNBS-Na 

concentrations (Figure S3E and Supplemental 

data). Thus, we conclude that TNBS-Na-

mediated quenching of DHE in LUVs occurs 

by a combination of dynamic and static 

quenching. 

Our observations are well described by the 

“action sphere model” (see the Appendix for 

details) 41 which modifies the standard 

formulation of collisional dynamic quenching 

to account for significant quencher 

concentrations in the vicinity of the excited 

fluorophore (so-called ‘pseudo-static 

quenching’). The action sphere describes the 

volume in which the quencher has full access 

to the fluorophore, and is therefore a measure 

of the accessibility of the quencher to the 

fluorescent probe prior to or at the moment of 

excitation. We analyzed the quenching data 

for liposomes using this model, and obtained 

good fits to both the inverse Stern-Volmer 

plot and non-linear Lehrer plot (Figure 4C,D 

and Table 3). The fits revealed the proportion 

of the outer and inner leaflet pools of DHE in 

symmetric LUVs (54.2 and 45.9%, 

respectively), as well as the radius of the 

‘action sphere’ for TNBS-Na around DHE in 

phosphatidylcholine membranes to be r = 

7.75 Å (Table 3). This value indicates 

molecular contact between TNBS-Na and 

DHE as it is close to the sum of the 

corresponding molecular radii (~7 Å 41). 

Interestingly, the radius of the action sphere 

obtained in these experiments is comparable 

to that reported for quenching of membrane 

embedded fluorophores by 4-SLPC, 

supporting the reliability of both quenchers 

for the current analysis 35. 

 

We next used the action sphere model to 

analyze the quenching data that we obtained 

with intact yeast cells (Figure 3). Fitting the 

inverse Stern-Volmer plot (Figure 3B) to the 

action sphere model yielded a quenchable 

DHE pool of 13.3 ± 3%, and a radius of the 

‘action sphere’ for TNBS-Na around DHE in 

the PM of intact yeast cells r = 7.76 Å (Table 

3). The Lehrer plot of the same data revealed 

a non-linear best-fit (Figure 3C). The identical 

radius of the action sphere for both liposomes 

and intact cells indicates comparable access of 

TNBS-Na to DHE in the outer leaflet in both 

systems, despite the presence of a cell wall in 

the latter. 

We obtained a much smaller dynamic quench 

constant in the case of intact yeast cells 

compared with liposomes (Table 3), 

indicating that the dynamic component of the 

quenching process is much less efficient in 

intact cells. This feature was also revealed 

through our observation that the bleach rate of 

DHE in intact cells (as determined by pixel-

wise bleach rate analysis, Figure S4B) was 

indistinguishable in the absence and presence 

of TNBS-Na (not shown). In contrast, 

bleaching of DHE was slower in LUVs in the 
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presence than in the absence of TNBS-Na 

(Figure S7). Because the bleach rate decreases 

as fluorescence lifetime shortens in response 

to dynamic quenching (Figure S3F) 39, this 

result confirms that dynamic quenching of 

DHE by TNBS-Na plays a smaller role in the 

yeast PM compared to liposomes, likely as a 

consequence of the differences in lipid 

packing in the two systems. 

Although dynamical quenching of DHE is 

less pronounced in intact yeast cells compared 

with liposomes, the identical radius of the 

‘action sphere’ for TNBS-Na around DHE in 

both intact cells and liposomes indicates equal 

access of the quencher to the outer leaflet in 

both systems with no impact of the cell wall 

on quencher accessibility. These data reaffirm 

our result with 4-SLPC quenching that the 

transbilayer distribution of sterols in the yeast 

PM is strongly asymmetric, with the majority 

of the sterol in the inner leaflet. 

 

PM sterol asymmetry is influenced by 

phospholipid asymmetry and sphingolipids  

We next investigated whether PM 

phospholipid composition and transbilayer 

distribution affect sterol asymmetry. 

Sphingolipids and sterols associate closely 

with each other in model membranes 42, and 

both lipid classes are metabolically co-

regulated in yeast cells 43,44. To test whether 

sphingolipids play a role in the transbilayer 

distribution of sterols, we used the specific 

inhibitor myriocin to reduce sphingolipid 

levels in DHE-labeled hem1Δ cells before 

measuring the extent of fluorescence 

quenching. We found that the TNBS-Na 

quenchable pool of DHE was significantly 

larger in myriocin-treated versus non-treated 

hem1Δ cells (29.0 ± 4.3% versus 14.9 ± 4.3%, 

Figure 5A and Table 4). This result indicates 

that sterol in the PM of myriocin-treated 

hem1Δ cells is distributed more symmetrically 

(~45:55 (out:in)) than in the parent hem1Δ 

strain (~22:78 (out:in)) (Table 4), suggesting 

that sphingolipids play a role in determining 

transbilayer sterol asymmetry. 

 

To test the impact of phospholipid asymmetry 

on sterol distribution, we analyzed DHE-

labeled hem1Δ strains lacking the P4-ATPase 

lipid flippases Dnf1, Dnf2, and/or Drs2 45. 

PM phospholipid asymmetry was altered in 

the flippase-defective strains based on their 

sensitivity towards PS and PE-binding toxins, 

with the triple mutant 

hem1Δdnf1Δdnf2Δdrs2Δ displaying the 

strongest phenotype (Figure S8). Although 

TNBS-Na quenching experiments revealed no 

difference between hem1Δdnf1Δdnf2Δ and 

hem1Δ cells (Figure 5A, Table 4), the strain 

additionally lacking the Drs2 flippase 

(hem1Δdnf1Δdnf2Δdrs2Δ), showed a greater 

extent of quenching, ~22.5% versus ~15% for 

hem1Δ cells. However, the triple mutant cells 

also had substantial intracellular DHE 

fluorescence (Figure 5B) such that only ~57% 

of total cell-associated DHE was located in 

the PM of these cells as compared to ~65-

70% for all other strains (Table 4 and Fig. 1D, 

F). When taking this into account, the 

quenching data indicate that sterol in the PM 

of hem1Δdnf1Δdnf2Δdrs2Δ cells is distributed 

~40:60 (out:in), compared with 22:78 (out:in) 

in the parent hem1Δ strain (Table 4). 

 

Because a detectable change in PM sterol 

asymmetry was observed in cells lacking all 

three flippases but not in cells lacking Dnf1 

and Dnf2 (hem1Δdnf1Δdnf2Δ), we considered 

the possibility that the change in asymmetry 

observed in the triple mutant could be due to 

the specific elimination of Drs2 rather than a 
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general lack of flippases. We therefore 

analyzed a strain that lacked Drs2 alone. 

TNBS-Na quenched a similar fraction of total 

cellular fluorescence in DHE-labeled 

hem1Δdrs2Δ and hem1Δ cells (Figure 5A, 

Table 4), but because a significant fraction of 

DHE fluorescence in the hem1Δdrs2Δ cells 

was intracellular, we calculated the 

transbilayer distribution of DHE in the PM of 

hem1Δdrs2Δ cells as 27:73 (out:in), a slight 

shift from the more extreme asymmetry in the 

parent hem1Δ cells (Table 4), This result 

indicates that while Drs2 plays a role in sterol 

asymmetry at the PM, the combination of 

Dnf1, Dnf2 and Drs2 is more potent. 

 

The oxysterol-binding protein homologue 

Osh4 is known to affect phospholipid 

asymmetry by regulating Drs2 46,471. To 

investigate whether Osh4-deficiency resulted 

in a change in PM sterol asymmetry similar to 

that observed for Drs2-deficient cells, we 

carried out TNBS-Na quenching experiments 

with hem1Δosh4Δ cells. We found that 

TNBS-Na maximally quenched ~18.5% of 

DHE fluorescence in hem1Δosh4Δ cells 

(Figure 5A, Table 4), a higher degree of 

quenching than for the isogenic hem1Δ strain 

(13.3%). This corresponds to a transbilayer 

sterol distribution of 28:72 (out:in) for 

hem1Δosh4Δ cells versus 20:80 (out:in) for 

hem1Δ cells. Thus, deletion of Osh4 results in 

the same shift in sterol asymmetry as deletion 

of Drs2. On detailed analysis of the 

quenching data we obtained similar fits with 

the 2-pool action sphere model for both intact 

hem1Δ and hem1Δosh4Δ cells, with 

comparable quench constants and action 

                                                            
1 Even though they displayed the expected duramycin-

sensitivity (Figure S8B), hem1Δosh4Δ cells were not sensitive 
to papuamide A (Figure S8C) as previously described (47); 
the reason for this discrepancy is not clear. 

sphere radii but with different quenchable 

pool sizes (Figure S9 and Table 3), consistent 

with a similar mechanism of quenching in 

both strains and in line with data presented 

above (Figures 3, 4). We conclude that Osh4, 

potentially through its influence on Drs2, 

plays a role in controlling the degree of 

transbilayer sterol asymmetry at the PM. 

 

Finally, to determine whether the sub-

membrane actin cytoskeleton plays a role in 

determining sterol asymmetry, we performed 

quenching experiments on DHE-labeled cells 

that had been treated with latrunculin A. 

Although disruption of the cytoskeleton was 

evident via rhodamine-phalloidin staining of 

the cells, there was no effect on quenching of 

DHE by TNBS-Na (Figure S10). This result 

rules out the possibility that the actin 

cytoskeleton (or processes such as 

endocytosis that are affected by latrunculin A) 

controls the transbilayer sterol distribution in 

the yeast PM. 

 

Discussion 

We report that the transbilayer distribution of 

sterol in the PM of the yeast Saccharomyces 

cerevisiae is strongly asymmetric, with ~4-

fold more sterol in the inner leaflet compared 

with the outer leaflet. A simplified diagram 

of sterol distribution in a yeast cell is 

presented in Figure 6. The figure shows that 

70% of total sterol is found in the PM and 

assigns the remaining 30% to the ER 

(although in reality this fraction would be 

distributed between the ER, vacuole and 

other organelles 48). Our averaged quenching 

data indicate that ~15% of total sterol can be 

quenched in intact cells corresponding to 

20% of PM associated sterol (Figure 2B, 3B 

and 5 and Table 4). Hence, we conclude that 
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the transbilayer sterol distribution is 20% in 

the outer and 80% in the inner leaflet of the 

yeast PM.  

We used yeast as a model of the eukaryotic 

PM for our studies specifically because it is 

possible to replace the entire complement of 

cellular sterol with fluorescent DHE using 

the sterol-auxotrophic hem1 yeast strain 

that requires ALA or sterol for growth. This 

makes it possible to use fluorescence 

quenching methods to describe 

unequivocally the distribution of sterol, 

without concern that trace amounts of DHE 

as used for similar studies in mammalian 

cells do not represent the behavior of the 

entire sterol pool. Control experiments 

indicated that DHE-grown and ergosterol-

grown hem1 cells are identical by a number 

of criteria: they grow at similar rates, 

intracellular sterol distribution assessed by 

sub-cellular fractionation is the same, and a 

PM protein reporter diffuses at the same rate 

regardless of the sterol used for growth. Thus 

DHE functionally and accurately replaces 

ergosterol in vivo, validating our approach. 

Our results show that TNBS-Na quenches 

DHE by a combination of dynamic and static 

contact quenching that can be best described 

- for both intact yeast (Figure 3) and LUVs 

(Figure 4) - by a two-pool model based on 

the action-sphere approach. In this model, it 

is assumed that the TNBS-Na quencher 

contacts DHE at the instant of its excitation, 

thereby efficiently quenching all outer leaflet 

sterol within the action sphere. We find a 

radius of the action sphere of 7-8 Å, which is 

in the range of the center-to-center distance 

of fluorophore and quencher upon molecular 

contact 41,49. DHE quenching did not increase 

on addition of TNBS-Na above 3 mM. This 

saturation effect together with the 

quantitative quench analysis shows that 

TNBS-Na has similar access to both the outer 

leaflet in model membranes and the intact 

yeast PM. In support of this conclusion, 

higher concentrations of TNBS-Na could 

efficiently quench C6-NBD-SM which is 

located primarily in the outer PM leaflet, but 

not DHE (Figure S5). Furthermore, the 

extent of DHE quenching was similar when 

using 4-SLPC, both in image-based and 

cuvette-based measurements; these 

measurements also revealed that the 

pronounced transbilayer asymmetry of DHE 

in the yeast PM is maintained independently 

of metabolic energy including proton 

transport across the PM (Figure 2 and Table 

2). 

We considered the possibility that our assays 

underestimate the pool of DHE in the outer 

leaflet because saturated phospholipids and 

sphingolipids in this leaflet might sequester 

DHE molecules, lowering their chemical 

activity and rendering them relatively 

insusceptible to collisional quenching. This is 

unlikely for two reasons. First, saturated 

phospholipids are found in both leaflets of 

the PM. If such lipids affect the efficiency of 

collisional quenching then this should be 

evident when the cytoplasmic face of the PM 

becomes accessible to quenchers in broken 

cells. This is not the case. Second, 

experiments in model membranes show that 

DHE is quenched by TNBS as readily in 

membranes containing sphingomyelin as it is 

in phospholipid membranes lacking 

sphingolipids 19. We conclude that our 

collisional quenching results are not biased 

towards one leaflet of the PM versus the 

other, and that DHE is indeed strongly 

asymmetrically distributed across the PM 
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bilayer. 

A back-of-the-envelope calculation based on 

our results (see Appendix) indicates that 

sterols comprise ~45% of all lipids in the 

inner leaflet, a figure that is close to the 

solubility limit of sterols (about 51%) in a PE-

rich lipid bilayer 11. In contrast, sterols 

comprise 15% of all lipid molecules in the 

outer leaflet of the PM. How can this high 

enrichment of sterols in the inner half of the 

PM be reconciled with current knowledge of 

biomembrane architecture? 

We found that disruption of yeast 

sphingolipid synthesis with myriocin 

increases the amount of DHE in the outer PM 

leaflet. This result would not be expected if 

the main function of sphingolipids were to 

physically interact with sterols in the outer 

leaflet. Indeed, a recent study showed that 

sphingolipids in the yeast PM form highly-

ordered gel-like domains, enriched in 

glycosylphosphatidylinositol-anchored 

proteins but not in ergosterol 50. It is possible 

that the absence of the long, saturated fatty 

acyl chain-containing sphingolipids upon 

myriocin treatment reduces the extent of 

leaflet interdigitation and disrupts the gel-like 

structure of the outer PM leaflet 51. As a 

consequence sterol flop to the outer leaflet 

might be facilitated, thereby re-setting steady 

state pools and resulting in a net increase of 

outer leaflet DHE in myriocin treated cells. 

This notion is in line with recent observations 

that  sphingolipids carrying long chain C24 

fatty acids suppress microdomains in model 

membranes and live mammalian cells by 

partitioning cholesterol into the inner leaflet 

of the PM 52. However, as myriocin treatment 

has global effects on several signaling 

pathways including extended life span and 

altered expression of almost 40% of the yeast 

genome 53, other mechanisms cannot be 

excluded.  

The inner leaflet of the PM contains mostly 

PE and PS, and it has been shown that in 

yeast not only sphingolipids, but also PE and 

PS species in the PM are enriched in 

saturated acyl chains, relative to such lipids 

in other compartments 54,55. It has been 

suggested that PE, due to its small head 

group needs to ‘pair’ with cholesterol or 

ergosterol to prevent formation of an inverted 

hexagonal phase 56. Thus, the high ergosterol 

content of the inner leaflet could be a 

consequence of thermodynamic stabilization 

of PE in this leaflet for efficient relaxation of 

curvature stress due to ongoing endo- and 

exocytosis 56,57. Superlattice-like 

arrangements of phosphatidylethanolamine 

(PE) and DHE were found at critical 

concentrations in model membranes, but the 

ordering capacity of the PE acyl chains 

leveled off above 10 mol% ergosterol 42,58. 

Given the primarily saturated PE species in 

the yeast PM, this saturation concentration 

could be considerably higher, and the 

function of ergosterol in the inner leaflet 

could be primarily to fluidize PE and PS.  

We observed reduced sterol asymmetry in 

cells lacking the P4-type ATPase Drs2 or the 

sterol transfer protein Osh4, but not in cells 

lacking the Dnf1 and Dnf2 flippases (Figure 

5, Table 4 and Figure S9). As transbilayer 

aminophospholipid asymmetry at the PM is 

created in part by the Osh4-regulated activity 

of Drs2 during membrane transport through 

the Golgi 59, it is possible, that sterol 

asymmetry is set at the level of the Golgi 

apparatus, resulting eventually in an 

asymmetric distribution in the PM. Simple 

theoretical arguments rule out that the 

changed abundance of sterol transfer proteins 
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in the absence of Osh4 could directly affect 

the steady state distribution of DHE (see 

Supplementary Information). 

Although the hem1Δdnf1Δdnf2Δ mutant 

exposes PS and PE in the outer leaflet of the 

PM (Figure S8), no differences in the TNBS-

Na quenchable DHE pool were observed in 

this strain as compared to the parent hem1Δ 

strain. Thus, the relative distribution of PS 

and PE between inner and outer leaflet of the 

PM may not be as important in controlling 

sterol asymmetry as the overall abundance of 

aminophospholipids between both leaflets. In 

line with this notion is the observation of 

reduced PS content in yeast lacking Drs2 and 

the requirement of intact PS synthesis for 

cholesterol enrichment in the inner leaflet of 

mammalian cells 21,45.  

Finally, it is possible that ergosterol 

enrichment in the inner leaflet is an indirect 

effect of the overall PM leaflet asymmetry, 

for example via an impact of sterols on the 

membrane dipole potential. Recent molecular 

dynamics simulations on asymmetric 

membrane models have suggested that 

cholesterol accumulates passively in the 

leaflet enriched in PE and PS to increase the 

dipole potential of this leaflet and thereby to 

compensate for electric field differences 

across the bilayer caused by the 

transmembrane potential difference 60. Even 

collapse of the proton gradient will likely not 

cause complete equilibration of the resting 

potential across the yeast PM, as the latter is 

composed of an active and a passive 

component (due, in part, to a Donnan 

potential and electrostatic surface effects). In 

addition, cholesterol has been suggested to be 

interspersed between PS molecules in the 

inner PM leaflet of mammalian cells to 

prevent charge repulsion, which could 

otherwise increase negative curvature 

triggering endocytosis 61. Thus, one could 

envision that curvature constraints given by 

aminophospholipids as well as dipole 

potential differences caused by sterol, PE and 

PS contribute to the enrichment of DHE in 

the inner leaflet of the yeast PM. Further 

studies are warranted to discriminate between 

these scenarios on how sterol asymmetry in 

the PM is regulated by PS, PE and other 

membrane constituents. 

In summary, we have shown that the 

transbilayer distribution of ergosterol is 

strongly asymmetric in the yeast PM, with the 

majority of sterol located in the cytoplasmic 

leaflet. Our experiments point to possible 

mechanisms that could account for this 

distribution but clearly further studies are 

necessary to determine precisely the 

molecular basis for this observation. 

 

Materials and Methods 

 

Materials 

Yeast growth media and reagents were 

supplied from Difco. 1,2-dioleoyl-sn-glycero-

3-phosphoethanolamine-N-(biotinyl) (sodium 

salt) (Biotin-DOPE) and N-[6-[(7-nitro-2-

1,3-benzoxadiazol-4-yl)amino]hexanoyl]-

sphingosine-1-phosphocholine (C6-NBD-

SM) were purchased from Avanti Polar 

Lipids (Alabaster, AL). DHE was either 

purchased from Sigma-Aldrich Chemical (St. 

Louis, MO) or synthesized using a modified 

protocol of Schroeder and colleagues 62. 

Papuamide A was from Lynsey Huxham 

(Flintbox). 4-SLPC (1-palmitoyl-2-(4-

doxyl)stearoyl-sn-glycero-3-phosphocholine) 

was synthesized by the Milstein Chemistry 

Core Facility at Weill Cornell Medical 

College. All other reagents including 1-
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palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), 2,5-diphenyoxazole 

(PPO), biotinamidocaproyl labeled bovine 

albumin (biotin-BSA), Trinitrobenzene-

sulfonic acid (TNBS), duramycin and 

TRITC-phalloidin were purchased from 

Sigma-Aldrich (Denmark, Brøndby) unless 

otherwise indicated. 

 

Yeast strains, culture conditions, labeling 

and subcellular fractionation  

All yeast experiments were performed at 

room temperature on hem1Δ cells and their 

derivatives listed as strains 2-4 (Table 1). 

Standard yeast media and genetic techniques 

were used 63. Yeast strains were typically 

grown at 25°C to mid-logarithmic phase 

(0.5–1.0 OD600) in standard synthetic 

dextrose (SD) medium supplemented with 

either 50 μg/mL ALA or 20 μg/mL sterol. 

Medium supplemented with sterols contained 

0.1% Tween 80. Strains carrying plasmids 

were grown in SD media lacking the 

appropriate nutrient. Plasmid pRS416 

containing SSO1 fused to GFP under the 

control of the TPI promoter was obtained 

from 33. Subcellular fractionation on 

RenoCal-76 gradients was performed as 

described 64. Intracellular and PM fractions 

(as determined by immunoblotting) of the 

RenoCal separations were pooled and 

subjected to lipid analysis. For actin 

disruption, cells were incubated for 1 h at 

30°C in medium containing 20 µM 

Latrunculin A (Lat. A). C6-NBD-SM was 

added from a 10 mM stock solution in 

DMSO at a final concentration of 100 µM. 

Staining with TRITC-phalloidin (8 µg/mL in 

methanol) was performed on cells fixed with 

4% (w/v) paraformaldehyde for 15 min at 

RT. 

 

Analysis of growth in different sterols and 

toxins  

Growth of the cultures was followed by 

measuring OD600values. To ensure that the 

cultures were always logarithmically 

growing, cells were diluted with fresh media 

(containing the appropriate supplements) 

whenever the OD600 was above 1. This 

dilution factor was accounted for when 

determining the relative fold growth. For 

toxin assays, cells were grown overnight in 

liquid ALA-supplemented SD medium, 

washed twice with sterile water, adjusted to 

0.2 OD600, and spotted on SD gradient plates 

containing the indicated supplements. 

Gradient plates were prepared as described 

previously 65 except that they were incubated 

for 2 days before use to allow vertical 

diffusion of the toxin. 

 

Lipid analysis  

Cellular sterol and phospholipid (PL) were 

determined as described in 37 with the 

following modifications. Cells (20 OD600 

units) were collected by centrifugation at 

2.000 g for 5 minutes, washed four times 

with water, and disrupted by vortexing with 

acid-washed glass beads in 200 µL water. 

The homogenate and the wash (800 μL) of 

the beads were combined  before being 

extracted with hot ethanol:H2O 4:1 (v/v) 66. 

The extracts were dried, desalted by n-

butanol/water partitioning, and dried again. 

The desalted sample was divided into 

separate aliquots and analyzed for sterols and 

PL. PL was determined by quantitating 

hydrolyzed Pi as described 67, and ergosterol 

was quantitated using RP-HPLC. Samples 

from the lysed cells and the MβCD extraction 

were extracted with 3 mL of 

hexane:isopropanol 3:2 (v/v). For the 

extraction, the organic and aqueous phases 
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were thoroughly mixed and allowed to 

separate before the organic phase was 

recovered and replaced with 2 mL of hexane. 

After mixing and separating, the organic 

phase was again recovered. The combined 

organic phases were dried and the sample 

resuspended in methanol for RP-HPLC 

analysis. RP-HPLC analyses of lipid extracts 

were conducted on a C18 spherisorb column 

(S5 ODS2, 4.6 x 250 mm, Waters, Milford, 

MA) 68. Sterols were manually injected using 

a 200 μL injection loop, eluted with 

methanol:water (95:5, 1 mL/min). Ergosterol 

and DHE were detected at 280 and 324 nm 

respectively, using a Waters 2487 detector 

and quantified using a Waters 746 data 

module integrator. Detector response to the 

sterols was calibrated using a standard curve 

and measurements were carried out in the 

linear response ranges.  

 

Formation of large unilamellar vesicles 

Chloroform stocks of the indicated lipids 

were mixed in a glass vial and dried under a 

stream of nitrogen to form a uniform thin 

film. Additionally, 1 mol% DOPE–biotin 

was added to the bulk lipids. Subsequently, 

lipids were re-suspended in phosphate 

buffered saline (PBS; 130 mM NaCl, 2.6 mM 

KCl, 7 mM Na2HPO4, 1.2 mM KH2PO4, pH 

7.4) to the final concentration of 25 µM. 

Liposomes were formed by several 

extrusions through a pore membrane 

(Nuclepore™, Whatman GmbH, Germany) 

of size 400 nm followed by replacement in 

pore size down to 200 nm mounted in a mini-

extruder (Avanti Polar Lipids).  

 

Immobilization of yeast cells and liposomes 

to microscope dishes 

For yeast cell immobilization, glass 

coverslips were prepared by depositing 1 

mg/mL concanavalin A in water for 20 min 

followed by solvent evaporation on the 

heating block set to 60°C. After the fluid had 

evaporated, the plate was rinsed with 1 mL of 

water and then dried again. Harvested yeast 

cells were transferred to the pre-treated 

microscope dish, left aside for 20 min and 

washed to remove non-adherent cells before 

fluorescence microscopy. For liposome 

immobilization, glass coverslips were treated 

with biotin-BSA (2 mg/mL) for 20 min 

followed by incubation for next 20 min with 

Avidin (2.5 mg/L). 

 

Fluorescence spectroscopy 

Cellular DHE fluorescence was analyzed in a 

Spectramax M2 spectrophotometer 

(Molecular Devices) with excitation and 

emission wavelengths of 324 and 397 nm, 

respectively. Filter cutoff was set at 325 nm. 

Cells were harvested, washed, and 

resuspended in a 1 mL cuvette to a final 

concentration of 0.3 OD600/mL using water. 

Broken cells were obtained from DHE-

loaded cells by glass bead vortexing. For 

time courses, multiple measurements were 

made before the addition of quencher to 

determine a steady initial reading. All values 

were corrected for background cell 

fluorescence (determined using cells grown 

in ergosterol supplemented SD media) and 

dilution that occurred upon adding 4-SLPC. 

The water soluble lipid quencher 4-SLPC 

was added to a final concentration of 0.6 mM 

from a 6 mM stock in water. Readings were 

taken every 10 seconds before and after the 

addition of 0.6 mM 4-SLPC and the samples 

were mixed thoroughly between each 

measurement. Multiple cell concentrations 

were examined to ensure that measurements 

were not significantly influenced by light 

scattering. Similarly, titration of 4-SLPC 
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suggested that 0.6 mM was not limiting 

under assay conditions. Where indicated, 

DHE-loaded cells in SD media were first 

poisoned by incubation with 10 mM NaN3/10 

mM NaF or treated with 10 μM CCCP 

(added from a 10 mM stock in DMSO) for 10 

minutes at room temperature. Samples 

treated with energy poisons were continually 

kept and analyzed in the presence of 10 mM 

NaN3/10 mM NaF. 

 

Fluorescence spectra and lifetime of DHE 

in liposomes 

In all spectrofluorometric measurements of 

DHE in liposomes, an ISS Chronos 

Spectrofluorometer (Illinois, USA) was used. 

The device was equipped with: either a 

mercury lamp or interchangeable LED; a 

sample holder connected to the external, 

temperature-controlled, water bath; set of 

emission/excitation filters and polarizers. For 

steady state fluorescence measurements, the 

incident light was deliberately set to emit 

light at 328 nm and fluorescence emission 

was measured in range of 340 and 500 nm, 

with 1 nm intervals. Additionally, to exclude 

scattering effects, two crossing polarizers 

were placed in the excitation and emission 

pathway. To determine fluorescence 

emission dependency with respect to various 

temperatures, three distinctive points were 

set: 25, 37 and 43 °C. For each of the 

temperatures, and each of the solution 

composition (presence or absence of the 

quencher), three independent measurements 

were performed. DHE’s fluorescence lifetime 

was measured using the frequency-domain 

method, as described previously 69. During 

the measurement, sample (DHE embedded in 

LUVs) and reference (2,5-diphenyl-oxazole, 

PPO), were alternately excited at 300 nm by 

the interchangeable LED, conjugated with 

400 nm emission long pass filter. The 

incident light was single-wave modulated 

with a modulation frequency varying from 

200 up to 450 MHz. To visualize acquired 

data and derive fluorescence lifetimes from a 

bi-exponential fit, the software Vinci Beta 

1.7 Build 51 was used, as described 69.  

 

Fluorescence microscopy 

Wide field epifluorescence microscopy was 

carried out on a Leica DMIRBE microscope 

with a 63 x 1.4 NA oil immersion objective 

(Leica Lasertechnik GmbH) with a Lambda 

SC smart shutter (Sutter Instrument 

Company) as illumination control. Images 

were acquired with an Andor IxonEM blue 

EMCCD camera operated at -75oC and driven 

either by the Solis software supplied with the 

camera or by µManager, a Java-based open 

source software 70. DHE was imaged in the 

UV using a specially designed filter cube 

obtained from Chroma Technology Corp. 

with 335-nm (20-nm bandpass) excitation 

filter, 365-nm dichromatic mirror and 405-nm 

(40-nm bandpass) emission filter. C6-NBD-

SM was imaged using a fluorescein filter cube 

[470-nm, (20-nm bandpass) excitation filter, 

510-nm longpass dichromatic filter and 537-

nm (23-nm bandpass) emission filter]. 

TRITC-phalloidin was imaged using a 

standard rhodamine filter set [535-nm, (50-

nm bandpass) excitation filter, 565-nm 

longpass dichromatic filter and 610-nm (75-

nm bandpass) emission filter]. 

 

FRAP experiments were performed on 

hem1Δ and BY4741 cells, both transformed 

with eGFP-tagged Sso1 essentially as 

described in 33. Briefly, overnight cultures 

were harvested, washed and resuspended in 

fresh media for visualization with confocal 

microscopy using a Zeiss LSM 510 laser 
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scanning confocal microscope driven by the 

corresponding Zeiss LSM 510 software. 

Cells were mounted on concanavalin-A 

coated coverslip dishes. A 0.5 μm circle 

centered on the cell periphery was bleached 

by multiple scans at an increased intensity. 

Total scan time was less than 2 seconds. 

Images were collected every 5 seconds. 

Fluorescence intensities in the bleached 

regions were quantitated using Zeiss LSM 

510 software and were normalized to 

prebleach values. Values were corrected for 

minor photobleaching (usually less than 10% 

over the 3 minute time course), which was 

quantitated using intensity measurements on 

neighboring cells and regions of the PM that 

were distant from the bleached site. Data 

from individual cells were fit to a 

monoexponential curve. Values at early time 

points of these fits were averaged to 

determine FRAP rate constants. 

 

Image analysis  

Autofluorescence assessment and correction 

To discriminate DHE’s intensity from 

cellular autofluorescence, we used our 

recently developed  pixel-wise bleach rate 

analysis implemented as a plugin ‘PixBleach’ 

to ImageJ 71. When applying this analysis to 

yeast, we can clearly discriminate DHE 

fluorescence from cellular autofluorescence, 

as the sterol bleaches more than 5-fold faster 

in model and cellular membranes than 

autofluorescence (Figure S4 and 29,71). Due to 

this time-scale separation, we considered 

autofluorescence as constant off set in the 

subsequent image quantifications. Thus, by 

subtracting the last frame from the first, we 

corrected for autofluorescence and eventual 

image shading and background intensity. 

Quantification of DHE fluorescence per cell 

in presence and absence of quenchers.  

The cells were isolated from the background 

by automatized intensity thresholding. A 

watershed algorithm was used, as 

implemented in ImageJ, to separate touching 

cells. DHE’s intensity per cell was quantified 

and saved for further analysis. Background 

and autofluorescence correction, thresholding 

and intensity quantifications were 

automatized using self-programmed Macros 

to ImageJ. In the case of high concentrations 

of TNBS-Na (i.e. 50, 100 and 200 mM, see 

Figure S5), the extinction coefficient of 

TNBS-Na was determined as function of 

wavelength in separate experiments,, as 

shown for selected wavelengths in Figure 

S3A. From that, cell-associated DHE was 

corrected for the inner filter effect assuming a 

6 µm and using the measured extinction 

coefficient of TNBS-Na at 330 nm giving the 

transmission (T) values, as shown in Figure 

S3B. The same correction applied to DHE 

quenching at 10 mM TNBS-Na gave 

insignificant differences compared the values 

without correction (T=0.985 at 6 µm; i.e. 

1.5% intensity loss). Thus, only the values at 

50, 100 and 200 TNBS-Na were corrected, as 

the intensity loss at these concentrations was 

9%, 14% and 26%, respectively. However, 

we note that the estimate of the light path of 

6 µm (which is the average diameter of a 

yeast cell) is crucial in this correction. 

Shorter distances for the incident light to 

excite DHE will be found below the cell 

equator, while larger distances will be found 

above, and both contributions are assumed to 

cancel each other). In addition, we assume 

that the incident light intensity is linearly 

related to the detected fluorescence, which is 

correct for one-photon excitation in the 

absence of fluorescence saturation 39. 
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However, eventual additional contributions 

of the dish coating to the total light path, if 

the concavalin A coating is transparent and 

accessible to TNBS-Na, are not taken into 

account. Accordingly, the inner filter effect 

could be larger than estimated here. The 

absorption of TNBS-Na at the excitation and 

emission wavelength maxima for C6-NBD-

SM was very low and therefore not taken into 

account in the quantification. 

Quantification of DHE fluorescence in the 

plasma membrane  

Autofluorescence- and background corrected 

images (see above) were deconvolved using a 

theoretical PSF for 400 nm emission using 

the Richardson-Lucy maximum likelihood 

deconvolution algorithm operating in batch 

processing mode, as implemented in the 

Deconvolution lab software to ImageJ 72,73. 

Subsequently, a binary image was generated 

using a low threshold to segment cells from 

background (whole cell mask). In order to 

segment the PM from the cells (PM mask) 

one of two different protocols was used: (1) 

in all strains with high sterol fraction in the 

PM, i.e., all strains except the Drs2-

knockdown strains, a high threshold was 

chosen using a dynamic intensity threshold 

(DIT) in ImageJ, which allows the user to set 

the value as fraction of the total cellular mean 

fluorescence (typically ~1.5-fold above 

cellular mean intensity; see Supplemental 

data, Figure S1B). This method corrects 

automatically for cell-to-cell variability in 

DHE uptake 74. (2) In Drs2-deficient cells 

significant sterol uptake made this method 

obsolete, as the PM signal could not be 

unequivocally distinguished from 

intracellular DHE using the simple 

thresholding concept. Instead, the binary 

image for the cells (whole cell mask) was 

generated using a low threshold as above 

followed by applying a watershed algorithm 

to separate touching cells. Subsequently, the 

binary image for the PM was generated by 

first eroding the whole cell mask by three 

pixels and subtracting this image from the 

whole cell mask to get a PM mask (see 

Figure S1C). The binary images were 

multiplied with the original deconvolved 

image stack, and fractional intensity of DHE 

in the PM was calculated. Both methods of 

PM segmentation can be automatized, and 

they gave identical results for all strains with 

high PM sterol, as verified for control hem1Δ 

cells. 

Bleach rate analysis of DHE in liposomes 

and yeast cells 

LUVs made of POPC and containing 30 

mol% DHE were immobilized on coverslips 

and repeatedly imaged in the presence or 

absence of TNBS-Na, as described above. 

The same applies to intact or broken ∆hem1 

and ∆hem1∆osh4 yeast cells containing 

DHE. The bleach stacks were fitted to a 

mono-exponential or stretched exponential 

decay model using PixBleach in ImageJ 39,71. 

The relation of the recovered bleach 

parameters to DHE’s photophysics in the 

presence and absence of the quencher is 

described in the Appendix. 

 

 

Appendix 

 

Theory of fluorescence quenching in the 

absence and presence of an inaccessible 

pool 

The extent of fluorescence quenching is 

typically expressed as the ratio, g, of a 

probe’s fluorescence in the absence (F0) and 

presence (F) of a quencher, Q:  
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   (1) 

In case of the classical Stern-Volmer law for 

one population of fluorophore, g reads for 

dynamic quenching: 

  (2) 

and for static quenching: 

  (3) 

Here, kD and kS represent the dynamic and 

static quenching constant, respectively, while 

[Q] is the quencher concentration. A plot of g 

versus quencher concentration, [Q], is the 

linear Stern-Volmer plot. It is sometimes also 

given as the inverse, i.e., as F/F0=g-1 as 

function of [Q]. Deviations from linearity can 

be caused by several physical phenomena 41, 

of which we will consider the following: 

1. A combination of static and dynamic 

quenching results in a non-linear dependence 

of g on [Q] according to: 

 (4) 

2. Apparent static quenching, in which 

quenching is instantaneous within a ‘sphere of 

action’ of volume V (in molecules/cm3), 

which is easily derived from a Poisson-

distribution of the number of quenchers 

within this sphere 41, leading with NA being 

Avogadro’s number to: 

 (5) 

Here, the first term represents dynamic 

quenching, as in Eq. 2, and the second term 

accounts for quenchers located adjacent to the 

fluorophore at the moment of excitation 49. 

3. Existence of two fluorophore pools, one 

accessible to the quencher (pool a) and one 

shielded from the quencher (pool b); for that 

model, we first consider the total fluorescence 

without quencher, F0, and with quencher, F, 

as the sum of the respective expressions for 

fluorescence of pool a and b: 

  (6) 

and  

  (7) 

An inverse Stern-Volmer plot would for 

purely dynamic quenching, Eq. 2, lead to: 
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One can see that Eq. 8 depends on 1/[Q] and 

gives a plateau value of 

resembling the non-quenchable fraction (i.e. 

the shielded population) of the fluorophore. 

To recover a linear plot, Lehrer et al. (1971) 

introduced the following modification to the 

Stern-Volmer plot 75; let’s denote the 

difference between the total fluorescence in 

the absence and presence of quencher as ΔF = 

F0 – F, one gets: 

 (9) 

Here, the quenchable fraction is given by

. Eq. 9 is general and valid for 

all quenching scenarios. For purely dynamic 
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quenching Eq. 9 leads with Eq. 2 to the well-

known Lehrer relationship: 

  (10) 

In this linear plot, the intercept with the 

ordinate resembling the limit of infinite 

quencher concentration gives the reciprocal of 

the quenchable pool, i.e. fa. 

The Lehrer plot of F0 /ΔF as function of 

1/[Q], however, can also become non-linear, 

and reasons for that can be the simultaneous 

presence of static and dynamic quenching. 

This leads with Eq. 4 inserted into Eq. 9 to: 

 

  (11) 

Thus, the Lehrer plot becomes upwards 

curved due to the quadratic dependence of the 

reciprocal of the quencher concentration. 

Importantly, the intercept remains the same, 

such that one can easily estimate the 

accessible fraction from the intercept with the 

y-axis.  

As alternative to static and dynamic 

quenching one can again consider the ‘sphere 

of action’ model resembling dynamic and 

pseudo-static quenching, which leads upon 

inserting Eq. 5 into Eq. 9 to: 

   (12) 

This gives again an upwards curved Lehrer 

plot. Importantly, for very large quencher 

concentrations, we have [Q]>>1, such that Eq. 

12 approximates again 1/fa. Thus, also for the 

‘action sphere’ model, one can estimate the 

quencher-accessible fraction from the 

intercept with the ordinate. Finally, we 

provide the expressions for the inverse Stern-

Volmer plots for the more complex quenching 

scenarios, which read for dynamic plus static 

quenching upon inserting Eq. 4 into the 

middle part of Eq. 8: 

  (13) 

Similarly, upon inserting Eq. 5 into the 

middle part of Eq. 8, one gets for the ‘action 

sphere’ model: 

   (14) 

Thus, for given positive quench constants kS 

and kD, Eq. 13 and 14 will reach the plateau 

value fb for lower quencher concentrations, 

[Q], than the inverse Stern-Volmer plot for 

purely dynamic quenching (compare with 

right side of Eq. 8).  

 

Photobleaching analysis of DHE in the 

absence and presence of a quencher 

The photokinetic scheme shown in Figure S7 

leads to the following set of differential 

equations: 

  (15a) 

               (15b) 

Under the assumption of rapid equilibration 

of the excitation and emission cycle compared 

to the bleaching rate constant (i.e. kex, kem >> 

kbleach), one can derive an expression for the 

time dependence of the excited singlet state, 
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which is proportional to the emitted 

fluorescence up to a constant factor 39,76:  

 (16) 

Here, M is the initial amount of fluorophore in 

the ground state being available for excitation 

and q is the equilibrium constant of the 

excitation/emission cycle which depends on 

the excitation intensity, Iex, the excitation rate 

constant kex, and the fluorescence lifetime τf, 

according to:  

 (17) 

Thus, the presence of a collisional quencher, 

which increases the non-radiative de-

excitation rate constant, knr, would lower the 

fluorescence lifetime τf. This, in turn 

decreases q and thereby the bleaching 

amplitude  in Eq. 16. One observes 

in parallel a prolonged bleaching process, 

reflected in a higher bleach time constant 

. When fitting a mono-exponential 

decay function to the bleaching kinetics of 

DHE in LUVs (see Figure 4), one can assign 

the bleaching amplitude from Eq. 16 as 

 and the bleach time constant as 

.  

Transformation of measurement errors 

When plotting the quench data according to 

the Lehrer plot, the experimental error of the 

measurements must be transformed 

accordingly. Thus, we have to transform from 

the inverse Stern Volmer plot, F/F0, to the 

Lehrer plot, F0/Δ F in which the difference 

between the total fluorescence in the absence 

and presence of quencher is ΔF = F0 – F. We 

consider only small deviations from the mean 

value and vanishing co-variances. In that case, 

one can express the standard deviation as 

square root of the variance for the data in the 

general form according to: 
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This derivation can be simplified by noting 

that 
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Practically, the experimental standard 

deviation for the data in the inverse Stern-

Volmer plot is used as )( ix in Eq. 20 to 

calculate the standard deviation in the Lehrer 

plot, )( iy  (see Figure 3C and 4C). 

Calculation of sterol distribution in the PM 

(i) A yeast cell has ~108 sterol molecules 77, 

of which 70% are located in the PM, see 
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Figure 1D); 5.5∙107 sterol molecules reside in 

the inner leaflet. (ii) A yeast cell has a 

volume of ~70 µm3, corresponding to a 

sphere of radius ~2.6 μm and surface area 

~8.2×107 nm2. (iii) The transmembrane 

segments of membrane proteins occupy 

approx. 30% of the PM leaving for all lipids 

an area of 5.74∙107 nm2 in each leaflet. (iv) 

The cross-sectional area of a phospholipid is 

approx. 0.6 nm2 77 and that of a sterol 

molecule is ca. 0.3 nm2 78. Thus, the area 

occupied in the inner leaflet by sterol is 

5.5∙107 0.3 nm2 = 1.65∙107 nm2. This means 

that 28.75% of the area in the inner leaf is 

occupied by lipids or 20% of the total area of 

the inner leaflet of the PM is sterol 

molecules, which provides plenty of space 

for interaction with cytosolic proteins. The 

remaining 4.09∙107 nm2 of protein-free lipid 

area in the inner leaf is phospholipids, and 

(with an area of 0.6 nm2 per phospholipid) 

amounts to 6.81∙107 phospholipids in the 

inner leaflet. Accordingly, we have 44.7% of 

all lipids in the inner leaflet being sterols 

which is close to the solubility limit of sterols 

(about 51%) in a PE-rich lipid bilayer 11. For 

the outer leaflet an analogous calculation 

gives an area occupied by sterols of 0.5∙107 

nm2, i.e. 6.1% of the total area of the outer 

leaflet, corresponding to 13.6% of all outer 

leaflet lipid molecules in the yeast PM.    

 

Figure legends 

 

Figure 1. DHE fluorescence is a 

quantitative measure of sterol abundance 

in yeast cells 

A. Structure of ergosterol (ERG) and 

dehydroergosterol (DHE). B. hem1 cells 

(strain 2, Table 1) were grown in media 

supplemented with -aminolevulinic acid 

(ALA) or 20 g/ml sterol - either entirely 

ERG or DHE, or mixtures of ERG and DHE 

(the percentage of DHE is shown, the 

remainder is ERG). After one day of growth, 

cells were harvested, immobilized on 

coverslip dishes and visualized by 

fluorescence microscopy. C. Quantification of 

DHE intensity per cell as a function of DHE 

(percentage of total sterol) in the labeling 

solution was performed based on images 

acquired on a wide field microscope. The 

connecting line was obtained by linear 

regression. D. Quantification of sterol in the 

PM using subcellular fractionation. Parent 

(BY4742) and hem1 cells (strain 2, Table 1) 

grown on ALA, ERG or DHE, were disrupted 

using glass beads and the resulting 

homogenate was fractionated on RenoCal-76 

step gradients 31,32. Fractions containing PM 

and internal membranes were identified using 

western blotting as described 31,32, and these 

fractions were taken for lipid extraction and 

sterol quantification by HPLC. E. 

Fluorescence images of individual DHE-

stained yeast cells prior to and after 40 

iterations of deconvolution. A FIRE LUT is 

used to discern differentially labeled 

structures with low intensities in blue and 

higher intensities in red/pink. Scale bar, 2 µm. 

F. Quantification of cellular DHE intensity 

after deconvolution of images expressed as 

fraction of total cellular DHE. The plot shows 

the mean fraction for individual image stacks 

from three independent experiments 

containing 30-250 individual cells per stack. 

See Figure S1 for full deconvolution 

sequences and the image quantification 

protocol.  

 

Figure 2. Quenching of DHE fluorescence 

in yeast hem1Δ cells by 4-SLPC  
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A. DHE-loaded hem1Δ cells (strain 2, Table 

1) were washed, immobilized on coverslip 

dishes and imaged on a wide field microscope 

with capability for UV imaging before and 

after adding 0.6 mM 4-SLPC. DIC and 

fluorescence images are shown. Arrowheads 

(DIC panel ‘bottom’) indicate 1 μm latex 

beads used to determine the lower focal plane. 

Scale bar, 10 µm. B. DHE-loaded hem1Δ 

cells were washed, and DHE intensity was 

measured in a cuvette by fluorescence 

spectroscopy. Data are normalized to the 

average initial fluorescence value before the 

addition of 4-SLPC. Cells lysed by glass bead 

vortexing were analyzed similarly. Data 

represent the average and standard deviation 

of duplicate measurements taken from at least 

3 experiments.  

 

Figure 3. Quenching of DHE by TNBS-Na 

in intact and disrupted yeast cells 

A. hem1 cells (strain 2, Table 1) were grown 

overnight in DHE-supplemented media and 

subsequently analyzed by fluorescence 

microscopy in the presence of the indicated 

concentrations of TNBS-Na. Freeze-

fracturing was used to disrupt the integrity of 

the PM and allow the quencher to permeate 

into the cells. Arrows indicate budding cells. 

Scale bar, 5 µm. B. Inverse Stern-Volmer plot 

and C. Lehrer-plot of the mean intensity per 

image field averaged over at least four fields 

for each TNBS-Na concentration with four 

biological replicates for intact and broken 

hem1 cells. Accordingly, one data point in 

the panel corresponds to roughly 4000 cells 

analyzed. Symbols are data and lines show 

the fit to the two-pool ‘action-sphere’ model 

for intact cells (Eq. 14 for panel B and Eq. 12 

for panel C; see Appendix) or to the two-pool 

model with one quench mechanism, as in Eq. 

10 for panel C; see Appendix (black line). 

 

Figure 4. Quenching of DHE by TNBS-Na 

in liposomes 

A. LUVs made of POPC with 40 mol% DHE 

and 1% Biotin-DOPE were prepared as 

described in Materials 

and Methods and immobilized on a coverslip 

dish coated with Biotin-BSA via an 

streptavidin linker. Such LUVs were analyzed 

on a UV sensitive wide field microscope. B. 

Representative images from different   areas 

before and after addition of TNBS-Na. FIRE 

LUT is used for visualization purposes. C. 

Inverse Stern-Volmer plot of fluorescence of 

DHE in liposomes is shown as function of 

TNBS-Na concentration. Symbols with error 

bars show mean ± SEM of at least five images 

per given TNBS-Na concentration of 

liposome-covered dishes per preparation 

collected from two independent liposome 

preparations. Dash line; fit to the two-pool 

dynamic quench model as in Eq. 8 of the 

Appendix. Solid line, fit to ‘action-sphere’ 

model according to Eq. 14 in the Appendix. 

D. Lehrer plot for the same data and fitted 

with the same models as given in Eq. 10 (2-

pool dynamic quenching) and Eq. 12 (2-pool 

‘action-sphere’ model) is shown, indicating 

that quenching of DHE by TNBS-Na in 

liposomes gives a non-linear Lehrer plot, 

which can be better described by the action-

sphere model (solid line) than by the purely 

dynamic quenching model (dash line). This 

indicates that TNBS-Na quenches DHE’s 

fluorescence by a combination of dynamic 

and static quenching mechanisms. Bar, 2 µm. 

 

Figure 5. Quenching of DHE in yeast with 

reduced sphingolipid levels and altered PM 

phospholipid asymmetry. 

A. The indicated yeast strains were grown 

overnight in DHE-supplemented media and 
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subsequently analyzed by fluorescence 

microscopy in the absence or presence of 10 

mM TNBS-Na. Cell-associated intensity of 

DHE was quantified as described in Materials 

and Methods and expressed as inverse Stern 

Volmer ratio F/F0. Data is given for each 

condition as mean ± SEM of 3 biological 

replicates each consisting of at least 6 image 

fields with 30-100 cells in each field. White 

bars, isogenic strain 1 background; blue bars, 

isogenic strain 5 background. *, significant 

difference (p=0.073<0.1 for an unpaired t-test 

and p=0.031<0.05 for an one-sided ANOVA 

test) B. Fluorescence images of individual 

DHE-stained yeast cells in FIRE LUT 

presentation to discern differentially labeled 

structures with low intensities in blue and 

higher intensities in red/pink. The fraction of 

intracellular DHE was quantified as described 

in Materials and Methods (see also Table 4). 

The cell micrographs in panel B are 7x7 µm 

in size.  

 

Figure 6. Distribution of sterols in a yeast 

cell. In wildtype cells, 70% of total sterol is 

found in the PM, the remaining 30% is 

depicted as being located in the ER. Our 

measurements (averaged from quenching 

results using TNBS-Na and 4-SLPC) indicate 

that ~15% of DHE is quenched, i.e. PM sterol 

is asymmetrically distributed in a 15:55 ratio, 

outer:inner leaflet, and that sterol represents 

45% of all lipids in the inner leaflet of the PM 

(see text and Appendix). 

 

 

Supplemental Figure legends 

 

Figure S1. Deconvolution and 

quantification of PM associated DHE in 

yeast cells 

Background corrected images of DHE labeled 

yeast hem1Δ cells (strain 2, Table1) were 

deconvolved using 40 iterations of a 2D 

implementation of the Richard Lucy 

algorithm based on a theoretical point spread 

function. Every 5th iteration is shown, 

indicating that this procedure does not induce 

artefacts but just enhances structures visible 

also in the raw data. A. Upper two panels 

correspond to the images shown in Figure 1 

of the main text, while the lower two panels 

provide examples of cells forming endocytic 

buds and vesicles containing DHE. Bar, 3 µm. 

B. Quantification of DHE fluorescence in the 

PM based on two thresholds; a whole cell 

threshold (‘Low threshold’) to segment cells 

from the background and a DIT given as 

fraction of mean total cell intensity to isolate 

the PM (‘High threshold’). From those 

thresholds, binary masks were generated and 

multiplied with the deconvolved image sets in 

an automated manner (see Materials and 

Methods for further details). In the rightmost 

panel of B, the Low threshold is shown in 

green and the High threshold in red; overlap 

area appears yellow and is largely confined to 

the plasma membrane). Bar, 5 µm. C. An 

alternative protocol was used for 

quantification which accounts for high 

intracellular sterol fluorescence in Drs2-

deficient cells. Here, images were also first 

deconvolved (1.) and the binary image for the 

cells (whole cell mask, 2.) was generated 

using a low threshold as above followed by 

applying a watershed algorithm to separate 

touching cells (3.). Subsequently, the binary 

image for the PM was generated by first 

eroding the whole cell mask by three pixels 

(4.) and subtracting this image from the whole 

cell mask to get a PM mask (5.). This method 

exactly segmented the PM even in the 

presence of intracellular DHE close to the PM 
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(color overlay with PM in red and total DHE 

in green; co-localization is orange in 6.). The 

binary images were multiplied with the 

original deconvolved image stack, and 

fractional intensity of DHE in the PM was 

calculated by dividing the segmented PM 

sterol (7.) with the segmented total cellular 

sterol (8.).  

 

Figure S2. Fluorescence recovery after 

photobleaching of GFP-Sso1 in sterol 

loaded cells 

Parent (BY4742; strain 1, Table1) and hem1 

cells (strain 2, Table1) expressing GFP-Sso1 

were grown for 2 days in SD medium lacking 

uracil supplemented with either -

aminolevulinic acid (ALA), 

dehydroergosterol (DHE) or ergosterol 

(ERG). A. FRAP was measured using 

confocal microscopy by quantitating the 

recovery of fluorescence to a bleached region. 

Data shown are the individual normalized 

values from 5 different experiments for cells 

grown in in media supplemented with ALA 

and were processed as described in the 

“Materials and Methods.” Similar data was 

collected and analyzed for the same strain 

grown in media supplemented with sterol. B. 

Fluorescence recovery rates were calculated 

from the early time-points by dividing the 

relative fluorescence intensity by time. Error 

bars represent the average and standard 

deviation of at least 5 independent 

measurements taken from at least 2 

independent assays. 

 

Figure S3. Characterization of quenching 

of DHE by TNBS-Na in liposomes by 

spectroscopy 

A. Separate cuvettes of distilled water with 

increasing concentrations of the sodium salt 

of TNBS were prepared and absorption was 

measured at the indicated wavelengths on a 

spectrometer. The lines show linear 

regressions, from the slope of which TNBS-

Na’ extinction coefficient at the given 

wavelengths was determined. B. Predicted 

transmission of a solution of TNBS-Na as 

function of path length using Lambert-Beers 

law and the extinction coefficients measured 

in A. C. Large unilamellar vesicles (LUVs) 

consisting of POPC and 40 mol% DHE were 

prepared using an extruder with 200-nm pore 

diameter. DHE was excited at 328 nm and its 

emission was measured at 378 nm using a 

temperature-controlled ISS fluorescence 

spectrometer at the indicated temperature, 

either in the absence (blue bars) or in the 

presence of 1.5 mM TNBS-Na (red bars). D. 

The same measurements as in panel C. were 

performed, just with LUVs containing 50 

mol% DHE. E. Fluorescence emission spectra 

of DHE in LUVs made of POPC and 40 

mol% DHE were recorded in the absence 

(blue line) or in the presence of 1.5 mM 

TNBS-Na (green line). Excitation was at 328 

nm. F. Fluorescence lifetime of DHE in 

liposomes composed as for panels C and D 

was measured in the frequency domain as 

described in Materials and Methods in the 

presence of increasing concentrations of 

TNBS-Na. An inverse Stern-Volmer plot of 

the amplitude-weighted lifetime of a bi-

exponential fit to the data in the presence of 

TNBS-Na () normalized to LUVs measured 

without TNBS-Na (0) is plotted as function 

of TNBS-Na concentration for LUVs with 40 

mol% DHE (blue) and 50 mol% DHE (red), 

respectively.  

Figure S4. Image-based quantification of 

quenching 

of DHE by TNBS-Na in yeast cells 
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A. Image stacks of up to 75 frames of hem1 

cells (strain 2, Table1) labeled with DHE and 

incubated with 

TNBS-Na were acquired with 100 

milliseconds acquisition time, allowing for 

complete bleaching of DHE but minimal 

bleaching of cellular autofluorescence. Shown 

is every 5th image of a bleach stack with the 

logarithm of the intensity in a FIRE LUT with 

high intensities in yellow/red and low 

intensities in blue. The cellular 

autofluorescence appears as background term 

in an exponential pixelwise bleach analysis or 

can be directly inferred from the last frame of 

the image series. Subtracting that image from 

the first gives the cellular fluorescence of 

DHE only, automatically correcting for 

eventual background shading. B. Amplitude 

image (‘Fit – amplitude’; left panel) and 

Background image (‘Fit – background’; right 

panel) of cells in the absence or presence of 5 

mM TNBS-Na show clearly the reduction in 

intensity of DHE due to presence of the 

quencher in the amplitude image but constant 

background due to unaffected 

autofluorescence in the background image. 

 

Figure S5. Quenching of C6-NBD-SM and 

DHE in yeast hem1Δ cells by TNBS-Na. 

hem1Δ cells (strain 2, Table1) were either 

labeled with C6-NBD-SM (left) or DHE 

(right) and subsequently analyzed by 

fluorescence microscopy in the presence of 

the indicated concentrations of TNBS-Na. For 

labeling with C6-NBD-SM, cells were first 

immobilisedon the microscope dishes using 

the Concavalin-A protocol and C6-NBD-SM 

was added from a 10 mM stock solution in 

DMSO at a final concentration of 100 µM. 

Dishes were gently washed three times before 

imaging. Quantification of the extent of 

quenching is expressed as percentage using 

cell-associated fluorescence of the respective 

probe in the absence (F0) and presence (F) of 

TNBS-Na times 100 (100∙F/F0). F values for 

DHE at 50, 100 and 200 mM TNBS-Na were 

corrected for the inner filter effect as 

described in Materials and Methods. Bar, 5 

µm. 

 

Figure S6. Deciphering the quenching 

mechanism of DHE by TNBS-Na in 

liposomes 

A. Simulated inverse Stern-Volmer plot for 

two populations, one quenchable (Foa) and 

one shielded from the quencher (Fob), both 

contributing 50% to the total intensity (see 

Eq. 8 in the Appendix). The fractions can be 

easily inferred from the intensity ratio at the 

plateau of the curves. Both plots are clearly 

non-linear and will give the same plateau 

values, but the extent of non-linearity is 

determined by the quench constant, kD 

(kD = 0.6 M-1, black curve; kD = 3.0 M-1, red 

curve, Volmer 5x kD’). That is, more efficient 

quenchers reach 

the plateau for lower concentrations. B. 

Simulated Lehrer plot for same model and 

parameters is shown as in panel A (i.e., kD = 

0.6 M-1, black curve; kD = 3.0 M-1, red curve, 

see Eq. 10 in the Appendix). Clearly, the plot 

is linear for this model, and the quench 

constant is given by the inverse of the slope. 

The non-quenchable fraction can be inferred 

from the interception with the abscissa (y 

axis). 

 

Figure S7. Bleach-rate imaging of DHE in 

liposomes in the presence and absence of 

TNBS-Na  

A. LUVs made of POPC with 40 mol% DHE 

and 1% mol% Biotin-DOPE were 

immobilized on a coverslip dish and 

repeatedly imaged on a UV sensitive wide 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
field microscope to completely bleach the 

DHE in the liposomes (right panel; only few 

frames are shown). The simplest bleaching 

mechanism from the excited singlet state, S1, 

after excitation with rate constant kex= k0∙Iex is 

shown, where k0 is related to the exctinction 

coefficient of DHE, and Iex is the excitation 

intensity. Bleaching takes here place with rate 

constant kbleach and competes with de-

excitation by fluorescence emission or 

quenching summed under rate constant kem 

(left panel). Thus, shorter fluorescence 

lifetime due to quenching should result in 

slower bleaching. B. Pixel-wise fitting of a 

mono-exponential decay function to the 

image stacks of DHE-containing LUVs was 

performed for liposomes imaged in the 

absence (-TNBS-Na, left panel) or presence 

(+TNBS-Na, right panel) of 5 mM TNBS-Na, 

and the bleaching time constant, as measured 

in a pixel-wise manner, (i.e. 

; see 

Appendix) is shown color-coded with a FIRE-

LUT. Bleaching of DHE is clearly slower in 

the presence of TNBS-Na. C. Amplitude 

images of the mono-exponential fit (i.e. 

; see Appendix) show 

the effect of TNBS-Na, i.e., smaller 

equilibrium constant of the photocycle q = 

kex/kem due to faster de-excitation in the 

presence of quencher (larger kem) giving 

smaller measurable intensity of DHE in each 

acquired frame compared to conditions 

without TNBS-Na (compare left  

TNBS-Na delays bleaching of DHE, as 

indicated by the shift to higher bleach time 

constants and right panel). D. Histogram of 

bleaching time constants from the pixel-wise 

fit to the liposome data in the absence of 

TNBS-Na. E. The same as in panel D, but for 

5 mM TNBS-Na. The red line indicates the 

maximum of the time constant histogram in 

the absence of TNBS-Na relative to the 

histogram in the presence of TNBS-Na. 

Addition of TNBS-Na delays bleaching of 

DHE, as indicated by the shift to higher 

bleach time constants. 

 

Figure S8: Growth and sensitivity of 

various yeast strains to the toxins 

papuamide A and duramycin 

A-C. hem1Δ cells lacking either Osh4 or 

several P4-ATPases critical for plasma 

membrane phospholipid asymmetry were 

spotted onto agar plates containing the 

indicated supplements (SD, standard dextrose; 

ALA, -aminolevulinic acid; Papuamide A, 

ALA supplemented with papuamide A 

gradient; Duramycin,   ALA supplemented 

with duramycin gradient). Plates were 

incubated at 30°C for 4 days.  

 

 

Figure S9. Quenching of DHE by TNBS-Na 

in hem1Δosh4Δ cells 

A. hem1Δosh4Δ cells (strain 4, Table 1) were 

grown overnight in DHE-supplemented media 

and subsequently analyzed by fluorescence 

microscopy in the presence of the indicated 

concentrations of TNBS-Na. Freeze-

fracturing was used to disrupt the integrity of 

the PM and allow the quencher to permeate 

into the cells. Bar, 5 µm. B. Inverse Stern-

Volmer plot and C. Lehrer-plot of the mean 

intensity per image field averaged over at 

least four fields for each TNBS-Na 

concentration with four biological replicates 

for intact and broken hem1Δosh4Δ cells. 

Accordingly, one data point in the panel 

corresponds to roughly 4000 cells analyzed. 

Symbols are data and lines show the fit to the 

two-pool ‘action-sphere’ model for intact 

cells (Eq. 14 for panel B and Eq. 12 for panel 
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C; see Appendix) or to the two-pool model 

with one quench mechanism, as in Eq. 10 for 

panel C; see Appendix (black line). 

 

Figure S10. Actin distruption does not 

change sterol transbilayer asymmetry. 

hem1Δ (strain 2, Table 1) were grown in SD 

media supplemented with 20 μg/mL DHE. 

After one day of growth, cells were harvested 

by centrifugation, washed, and immobilized 

on microscope dishes. To disrupt actin, cells 

were treated with Latrunculin A (Lat.A). A. 

Fluorescence and bright field microscopy of 

TRITC-phalloidin staining after cell fixation 

(left panels) and DHE labeling shown in 

identically treated cells without fixation and 

actin staining (right panel). Corresponding 

fluorescence images are identically scaled for 

each labeling procedure and shown as FIRE 

LUT. Bar, 2 µm. B. Quantification of DHE 

quenching by 10 mM TNBS-Na in hem1Δ 

cells incubated in the absence (yellow bar) or 

presence (grey bar) of Lat.A expressed as 

inverted Stern-Volmer plot. Data is given for 

each condition as mean ± SEM of 3 biological 

replicates each consisting of at least 6 image 

fields with 30-100 cells in each field.  
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Table 1. Yeast strains used in this study 

Strain 

number 

Strain name Relevant genotype Source 

or 

reference 

1 BY4742 MAT his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 
79 

2 YRS1707 (hem1Δ) MAT his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 

hem1Δ::LEU2 

80 

3 hem1Δdrs2Δ MAT his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 

hem1Δ::LEU2 drs2Δ::KanMX6 

This 

study 

4 hem1Δosh4Δ MAT his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0 

hem1Δ::LEU2 osh4Δ::KanMX6 

This 

study 

5 SEY6211 MATa ura3-52 his3-Δ200 leu2-3,112 trp1-Δ901 

ade2-101 suc2-Δ9 

81 

6 TPY051 SEY6211 bar1Δ::URA3 45 

7 hem1Δ TPY051 hem1Δ::loxP-HIS5Sp-loxP This 

study 

8 hem1Δdnf1Δdnf2Δ TPY051 dnf2::loxP dnf1::loxP hem1Δ::loxP-

HIS5Sp-loxP 

This 

study 

9 hem1Δdnf1Δdnf2Δdrs2Δ TPY051 dnf2::loxP dnf1::loxP drs2::loxP 

hem1Δ::loxP-HIS5Sp-loxP 

This 

study 

 

 

 

Table 2. 4-SLPC-mediated quenching of DHE in hem1Δ cells under different conditions 
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Sample Conditiona  % Fluorescenceb  

1 (DHE grown cells; no quencher) (100) 

2 DHE-grown cells  81 ± 2  

3 Cells grown in Erg:DHE (1:1)  82 ± 3  

4 Broken cells  27 ± 2  

5 CCCP  78 ± 3  

6 Poisons  82 ± 5  

 
a Cultures of YRS1707 hem1Δ cells (strain 2, Table1) were grown for 24 hours in media 

supplemented with DHE, except for one sample (#3) where the cells were grown in a 1:1 mix of 

ergosterol and DHE. The final concentration of total sterol was 20 μg/mL. Sample 1 was not 

exposed to 4-SLPC whereas samples 2-6 were incubated with 4-SLPC as in Figure 2B.  
b Numbers indicate the percentage of initial fluorescence that remained 60 seconds after the addition 

of 4-SLPC, calculated as described in “Materials and Methods”. Values represent the average and 

variation of at least two measurements from at least two independent experiments. 
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Table 3. Parameters for quenching of DHE by TNBS-Na  

Sample Conditiona  Fraction 

quenchedb  

Dynamic 

quench 

constant, kD 

Action 

spherec, 

W=V∙NA 

Radius of 

action 

sphere 

1 POPC LUVs with 40 

mol% DHE 

0.542 6.6∙10-4 M-1 1175.7 cm-3 7.753 Å 

2 DHE-grown intact 

hem1Δ cells (strain 2, 

Table1) 

0.133 0.64∙10-10 M-1 1104.9 cm-3 7.759 Å 

3 DHE-grown intact 

hem1Δosh4Δ cells 

0.184  3.33∙10-10 M-1 1272.2 cm-3 7.959 Å 

4 DHE-grown broken 

hem1Δ cells (strain 2, 

Table1) 

0.671 

 

2.336 M-1 

 

0.776 cm-3 

 

0.675 Å 

 

5 DHE-grown broken 

hem1Δosh4Δ cells 

0.592 

 

3.856 M-1 

 

0.9784 cm-3 

 

0.729 Å 

 

 

a Fit of the action-sphere model to TNBS-Na quench curves of either LUVs containing 

POPC/DHE/Biotin-PE (59:40:1) or to cultures of hem1Δ cells (intact or broken) and of 

hem1Δosh4Δ cells (intact or broken), grown for 24 hours in media supplemented with DHE (20 

μg/mL).  
b The fraction quenched corresponds to the parameter fa in the model (see Appendix).  
c W=fit constant, V= volume of action sphere, NA=Avogadro’s number 
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Table 4. Intensity-based quantification of percent DHE in the outer leaflet of the plasma 

membrane  

 

Sample Condition or straina  % DHE in the 

PMb  

% DHE quenched 

by  

10 mM TNBS-Nac 

% PM DHE in 

the outer leafletd 

1 hem1Δ 68 ± 2  14.9 ± 4% 21.9 ± 6 

2 hem1Δ + Myriocin 65 ± 2  29.0 ± 4% 44.6 ± 6 

3 hem1Δdnf1Δdnf2Δ 69 ± 3  14.5 ± 5 21.0 ± 8 

4 hem1Δdnf1Δdnf2Δdrs2Δ 57 ± 2 22.5 ± 4 39.5 ± 6 

5 hem1Δ 67 ± 1 13.3 ± 3 19.9 ± 4 

6 hem1Δdrs2Δ 54 ± 2 14.6 ± 4 26.9 ± 6 

7 hem1Δosh4Δ 67 ± 1 18.5 ± 3 27.6 ± 4 

 

a Cultures of hem1Δ cells and derived strains (Table1) were grown for 24 hours in media 

supplemented with DHE. The final concentration of total sterol was 20 μg/mL. 

b Percentage of total cellular DHE residing in the plasma membrane (PM) was calculated based on 

deconvolved DHE images following the image analysis protocol described in Figure S1. 

c Percentage of cell-associated DHE fluorescence after background correction corresponds to the 

values in Figure 5A. 

d Percentage of plasma-membrane associated DHE residing in the outer plasma membrane leaflet 

was calculated using the extent of TNBS-Na induced quenching (Figure 5) and the calculated 

percent DHE in the plasma membrane. Note, that we assumed in this calculation that the pool of 

quenchable cell-associated DHE (X in percent) is not correlated with the percent of total DHE 

residing in the PM (Y in percent). While this is likely a crude approximation, it allows us to treat 

quenchable cellular DHE and PM-associated DHE as independent random variables with 

expectation values E(X) and E(Y), such that the percent sterol in the outer leaflet calculates as 

E(X∙100/Y)=100∙E(X/Y) according to the fourth column above with variances Var(X)+Var(Y) and 

vanishing co-variances. 
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