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Abstract 

Yeast Sec14-like phosphatidylinositol transfer proteins (PITPs) contain a hydrophobic cavity 

capable of accepting a single molecule of phosphatidylinositol (PI) or another molecule in 

a mutually exclusive manner. We report here that two yeast Sec14 family PITPs, Pdr16p 

(Sfh3p) and Pdr17p (Sfh4p), possess high affinity binding and transfer towards lanosterol. To 

our knowledge, this is the first identification of lanosterol transfer proteins. In addition, a 

pdr16Δpdr17Δ double mutant had significantly increased level of cellular lanosterol 

compared to the corresponding wild-type. Based on the lipid profiles of wild-type and 

pdr16Δpdr17Δ cells grown in aerobic and anaerobic conditions we suggest that PI-lanosterol 

transfer proteins are important predominantly for the optimal functioning of the post 

lanosterol part of sterol biosynthesis.   
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1. Introduction 

Lipids can be moved inside the cells via vesicular or nonvesicular modes of 

trafficking. Nonvesicular lipid trafficking is carried out by lipid transfer proteins (LTPs), 

which shield the hydrophobic parts of lipids and thus enable them to be moved between 

membranes across an aqueous environment [1]. One class of soluble LTPs are the 
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phosphatidylinositol transfer proteins (PITPs) [2]. The importance of PITPs is demonstrated 

by their presence in all eukaryotic organisms studied and by the severe biological 

consequences associated with their absence. These include neurological defects, loss of 

phototransduction, defective intracellular trafficking and secretion, developmental defects, 

and sensory changes [3-6]. PITPs are tightly associated with phosphoinositide signaling [7]. 

Understanding the cellular function of PITPs is often facilitated by the use of model 

organisms. In the unicellular eukaryotic yeast model organism Saccharomyces cerevisiae, the 

Sec14 family represents the best studied PITPs [8,9]. In addition to the founding member of 

the family there are five Sec14p homologues in this yeast. All of them bind and transfer 

phosphatidylinositol (PI) and one another molecule in a mutually exclusive manner [8,10]: 

Sec14p and Sfh1p transfer PI and phosphatidylcholine (PC) [10]; Csr1p (Sfh2p) binds PI and 

squalene [9]; Pdr16p (Sfh3p) and Pdr17p (Sfh4p) bind PI and a sterol molecule [11,12]; and 

Sfh5p binds PI and a non-lipid molecule heme [13].  

In this paper we present results on the lipid binding and transfer properties of the 

Pdr16 and Pdr17 proteins. Pdr16p localizes predominantly to lipid particles and the cell 

periphery [14]. The function of Pdr16p in the cell is not entirely clear, however, all available 

data point to the processes connected with the homeostasis of lipid particles and sterol 

metabolism [15,16]. The most distinct phenotype observed due to the absence of Pdr16p is an 

increased sensitivity to inhibitors of the post-lanosterol step of the sterol biosynthetic 

pathway, azole antifungals and amorolfine [11,17,18]. Importantly, the increased sensitivity 

of pdr16∆ cells to commonly used azole-based antifungal drugs was observed not only in S. 

cerevisiae but also in the pathogenic yeasts Candida albicans [19,20], Candida glabrata [21], 

and Cryptococcus neoformans [22]. It is thus of immense importance to understand in 

molecular detail the mechanism by which Pdr16p performs its role in yeast and fungal cells.  

Pdr17p is highly homologous to Pdr16p [23]; it plays a role in phospholipid 

biosynthesis as an essential component in the decarboxylation of phosphatidylserine (PS) to 

phosphatidylethanolamine (PE) catalyzed by PS decarboxylase 2 [24,25]. Overexpression of 

Pdr17p can substitute for the absence of Pdr16p in pdr16∆ cells in relation to azole sensitivity 

[14,18], however, overexpression of Pdr16p does not substitute for the missing Pdr17p in the 

process of PS to PE decarboxylation [26]. 

Despite considerable effort [24,27] it is not clear which sterol molecules are 

preferentially bound and transferred by Pdr16p and Pdr17p or how the binding and transfer of 



sterol molecules relate to the function of Pdr16p and Pdr17p. Here we present evidence that 

both Pdr16p and Pdr17p preferentially bind and transfer lanosterol in addition to PI. 

Simultaneous deletion of the PDR16 and PDR17 genes leads to a significant increase in 

lanosterol, both in the form of free lanosterol and also in the form of lanosteryl esters. Our 

data indicate a novel connection between these two homologous yeast PITPs and sterol 

metabolism.   

2. Materials and methods 

2.1. Media and chemicals 

Media components were obtained from Becton-Dickinson (USA), BioLife (Italy) or 

Formedia (United Kingdom). [1-14C] sodium acetate (1 mCi/ml) was purchased from 

American Radiolabeled Chemicals (USA). [14C] lanosterol and [14C] ergosterol were 

extracted from yeast cells (FY1679-28c) grown in a yeast extract/peptone/dextrose (YEPD) 

medium containing [14C] sodium acetate (30 µl [14C] sodium acetate (1 mCi/ml) per 100 ml of 

media) and a sub-inhibitory concentration of miconazole (50 ng/ml). Both lipids were 

resolved on TLC, scraped off the TLC plate and re-extracted from silica gel using 

chloroform:methanol (2:1). Fine chemicals were mostly from Sigma-Aldrich (USA) or MP 

Biomedicals (USA). 

 

2.2. Strains and culture conditions 

 Wild-type S. cerevisiae strain FY1679-28c and the pdr16Δ (Mat a, ura3-52, leu2Δ1, 

his3Δ200, trp1Δ63, GAL2, pdr16∷hisG) and pdr17Δ (Mat a, ura3-52, leu2Δ1, his3Δ200, 

trp1Δ63, GAL2, pdr17::HIS3) mutant strains derived from it, originally prepared in the A. 

Goffeau laboratory (Catholic University Louvain, Belgium) [18], were kindly provided by G. 

Daum (Technical University, Graz, Austria). The double deletion strain pdr16Δ pdr17Δ (Mat 

a, ura3-52, leu2Δ1, his3Δ200, trp1Δ63, GAL2, pdr16::hisG, pdr17::HIS3) in the same genetic 

background was prepared by integrative transformation of a pdr17::HIS3 cassette prepared by 

PCR from the WWY62 strain (kindly donated by D. Voelker, National Jewish Medical and 

Research Center, Denver, USA) into the pdr16Δ strain.  

 Pdr16-His tag and Pdr17-His tag recombinant proteins were prepared in Escherichia 

coli Rosetta 2 (DE3) strain (F− ompT hsdSB (rB
− mB

−) gal dcm pRARE2 (CamR)) from 

plasmids pET26-PDR16 and pET26-PDR17, respectively. Construction of the pET26-PDR16 

and pET26-PDR17 plasmids and recombinant protein purification is described in [11,12].  



 Yeast strains were grown in YEPD media. Anaerobic cultivation was performed in 

YEPD media in thick-walled flasks closed by special gas-tight rubber stoppers on a rotary 

shaker at 30 °C for 24 h. Media were degassed by short boiling and then extensively flushed 

with deoxygenated nitrogen. Traces of oxygen remaining in the medium were removed using 

L-cysteine (final concentration 400 μg/ml). The media were supplemented with Tween 80 

(source of unsaturated fatty acids, final concentration 0.134 %) and ergosterol (final 

concentration 20 μg/ml) using a gas-tight Hamilton syringe. In order to eradicate any 

endogenously synthesized ergosterol, 24-hr anaerobic inoculum was used to inoculate the 

experimental culture for anaerobic experiments.  

 

2.3. Binding of cellular lipids using HL60 cells 

The interactions of eukaryotic cellular lipids with the yeast Pdr16 and Pdr17 PITPs were 

analyzed as described previously [12,28]. Briefly, HL60 cells were labeled with 0.5 μCi/ml 

[14C] sodium acetate in RPMI 1640 medium supplemented with 12.5 % heat-inactivated (v/v) 

fetal bovine serum, 4 mM glutamine, 50 IU/ml of penicillin and 50 μg/ml of streptomycin 

with or without 2 µg/ml of ketoconazole for 72 h. The cells were permeabilized with 

streptolysin O, and the leaked cytosol was removed by centrifugation. Permeabilized cells 

(~107 cells in 500 μl) were incubated with 120 μg of the respective recombinant protein for 20 

min at 37 °C in the presence of 2 mM Mg2+-ATP. At the end of incubation, the cells were 

removed by centrifugation, the recombinant proteins in the supernatant were captured on 

nickel beads, eluted with 500 μl of 500 mM imidazole and desalted. Lipids extracted from re-

purified proteins were resolved by thin layer chromatography using a Whatman silica gel 60 

TLC plate using a two phase solvent system. The lipids were first separated in Petroleum 

spirit: Diethyl ether: Acetic acid (70:30:2 v/v) solvent for 20 minutes, followed by Petroleum 

spirit: Diethyl ether (49:1 v/v) solvent for a further 30 min. Lipids extracted from the 

permeabilized HL60 cells (approximately 20,000 dpm) were analyzed alongside for 

comparison. The TLC plates were exposed to Fuji phosphorimaging screens and analyzed 

using a Bio-Rad Personal Molecular Imager FX system. TLC images were quantified using 

Quantity One v4.4 (Bio-Rad, US) software. 

 

2.4. Ergosterol and lanosterol transfer assays 

 Ergosterol and lanosterol in vitro transfer was monitored by measuring the transfer of 

radiolabeled ergosterol or lanosterol from liposomes containing 75 mol % PC, 14 mol % PE, 

and 11 mol % 14C ergosterol or 14C lanosterol to heat inactivated yeast mitochondria using a 



slight modification of the method described in [29]. For competition experiments donor 

liposomes contained 75 mol % PC, 14 mol % PE, 5.5 mol % 14C lanosterol, and either 

additional 5.5 mol % PC or 5.5 mol % lanosterol or 5.5 mol % zymosterol. Liposomes of 

defined size and composition were prepared by the extrusion of hydrated lipids (in a buffer 

containing 20 mM HEPES, 100 mM NaCl, 1 mM EDTA, pH 7.3) through a 100 nm 

membrane (Mini-extruder, Avanti Polar Lipids, US). Mitochondria were heat-inactivated at 

85 °C for 20 min, sedimented at 23,100 × g for 15 min at 4 °C and resuspended in the same 

buffer as used to prepare liposomes. Liposomes, mitochondria (200 µg of protein) and defined 

amounts of Pdr16 or Pdr17 proteins were incubated for 40 min at 37 °C. The reaction was 

terminated by sodium acetate followed by sedimentation of mitochondria at 23,100 × g for 15 

min at 4 °C. The rate of transfer was calculated from the decrease of 14C label in the 

supernatant after correction for nonspecific sterol transfer (determined in the absence of 

externally added protein). The concentration of donor liposome lipids per assay was 262 μM.  

 

2.5. Yeast lipid extraction and analysis 

Total lipids, including free sterols and non-hydrolyzed steryl esters, were extracted by 

a modified method of Bligh and Dyer [30]. 1.2 ml suspension of 1 × 109 cells in distilled 

water was disrupted in FastPrep-24™ homogenizer (MP Biomedicals) with glass beads and 

incubated with 3 ml of methanol for 15 min at 70 °C. 1.5 ml of chloroform was added and 

lipids were extracted for 2 h at laboratory temperature. The homogenate was centrifuged to 

sediment cell debris which were re-extracted with a chloroform:methanol:water mixture 

(1:2:0.8). The collected supernatants were mixed with 1.3 ml of chloroform and 2.6 ml of 

water. The mixture was centrifuged to separate the phases and the lipids were recovered from 

the organic phase. Isolated lipids were separated on SPE columns (CHROMABOND® NH2, 

Macherey-Nagel) in order to separate free sterols from esterified sterols. The sterol fractions 

were recovered following Macherey-Nagel application procedure no. 302970 with the 

following modifications. Steryl esters and squalene were eluted by 3 ml of n-hexane followed 

by 3 ml of n-hexane : chloroform (9:2, v/v). Both eluents were combined and labeled as the 

“steryl ester fraction”. Free sterols (together with triacylglycerols and phospholipids) were 

eluted in two subsequent elutions: 4 ml of n-hexane : diethyl ether (1:1, v/v) and 3 ml of 

methanol. Both eluents were combined and labeled as the “free sterols fraction”. In order to 

determine the sterol composition of the steryl esters, the steryl ester fraction was hydrolyzed 

in methanolic KOH as described previously [31]. Prior to the hydrolyzation procedure, the 

steryl esters were solubilized in 3% Triton X-100 at 50 °C for 2 h. Sterols in both fractions 



(steryl esters and free sterols) were determined separately by reversed phase HPLC on an 

Agilent 1100 instrument equipped with an Eclipse XDB-C18 column (particle size 5 μm, 

column size 4.6 × 250 mm; Agilent Technologies, USA), a diode array detector (Agilent 

Technologies, USA), and a Corona Charged Aerosol Detector (ESA Inc., USA). The sterols 

were eluted at 37 °C with 95% methanol at a 1.5 ml/min flow rate. The identities of individual 

sterol peaks were determined from the retention time of corresponding sterol standards and, in 

case of ergosterol and ergosta-5,7-dienol, verified by characteristic UV-VIS spectrum. The 

amounts of sterols were quantified from the values collected from Corona Charged Aerosol 

Detector based on the calibration curve for ergosterol. Lipids from anaerobically growing 

yeasts were isolated using the same method but without separation on SPE columns. Purified 

lipids were resolved by TLC using a two phase solvent system as described above (Section 

2.3). Relative quantification of lipids was performed using a CAMAG Linomat 3 TLC 

scanner with the help of winCAT software. 

 

2.6. Modeling and computational docking 

 To date, four structures of Pdr16 are available in the PDB (PDB ID 4FMM, 4J7P, 

4J7Q, and 4M8Z) [16,32,33]. All four structures are present as dimers, and the eight available 

monomeric structures are all very similar to one another, with the greatest divergence of 0.337 

Å between chain A of 4FMM and chain B of 4J7P. The greatest differences are in the position 

of residues 244–267, which form the gating helix and may potentially alter the conformation 

of the binding site slightly. The two chains within each structure were very similar to one 

another in all four cases. In light of all these considerations, we chose to take only one chain 

from each structure (chain A in all cases) for computational docking studies. 

At present, there is no Pdr17 crystal structure available. For computational docking, 

we therefore used a Pdr17 homology model prepared from chain A of 4J7P [33] using 

Modeller v9.17 as described earlier [12]. 

Computational docking was carried out using AutoDock Vina 1.2.2 [34,35] in two 

stages. In the first stage, the ligand was allowed to be flexible while the protein was kept rigid 

and the docking search area was over the entire lipid binding cavity. In the second stage, the 

search area was reduced to cover the region containing the highest affinity binding site and 

the side-chains of all residues that came within 4 Å of the ligand were allowed to be flexible. 

The ligands were taken from the PDB structures 6UEZ (lanosterol) [36] and 2AIB 

(ergosterol) [37]. The structures of the ligands and receptors were prepared for docking using 



MGLtools 1.5.7 [38]. Visualization of the results was done using PyMOL Molecular Graphics 

System Ver. 2.5.0 (Schrödinger LLC.). 

 

3. Results and discussion 

3.1. Lipid binding 

In our previous studies [11,12] we observed that Pdr16p and Pdr17p bind a neutral 

lipid, most likely cholesterol, in addition to PI. The method used was an in situ lipid binding 

assay using human HL60 cells [28,39]. The assay is based on co-incubating the LTP of 

interest with radiolabeled, permeabilized HL60 cells followed by re-purification of the LTP 

and subsequent extraction of the lipids associated with it. The extracted lipids are then 

analyzed by thin layer chromatography (TLC) and autoradiography. As we were originally 

interested in the PI bound by Pdr16p and Pdr17p, the extracted lipids were previously 

resolved in conditions favorable for the TLC resolution of phospholipids [11,12]. To better 

analyze bound neutral lipids, the extracted lipids are now resolved in conditions that separate 

different neutral lipids. We observed that Pdr16p and Pdr17p bind cholesterol and lanosterol 

(Fig. 1, lanes “Pdr16 DMSO” and “Pdr17 DMSO”; a small amount of DMSO was used in 

untreated HL60 cells because ketoconazole was dissolved in this solvent). Lanosterol is a 

sterol precursor in the biosynthetic pathway leading to cholesterol (to ergosterol in yeast). It is 

present in very limited amounts in HL60 cells (Fig. 1, line “HL60 DMSO”). Despite the low 

presence of lanosterol in HL60 cells, Pdr16p and Pdr17p bind approximately the same amount 

of lanosterol as cholesterol (Fig. 1, lanes “Pdr16 DMSO” and “Pdr17 DMSO”). To increase 

the amount of lanosterol in HL60 cells, the cells were grown in the presence of a sub-

inhibitory concentration of ketoconazole, an inhibitor of lanosterol 14-alpha demethylase, 

which is responsible for conversion of lanosterol to 4,4-dimethylcholesta-8, 14, 24-trienol 

[40]. Under these conditions HL60 cells accumulate lanosterol at the expense of cholesterol, 

as expected (see lanes “HL60 KETO” and “HL60 DMSO”). Comparing the amounts of 

cholesterol and lanosterol bound to Pdr16p and Pdr17p and the cholesterol and lanosterol 

present in HL60 cells, we concluded that lanosterol is the preferred neutral lipid bound by 

Pdr16 and Pdr17 proteins and represents the preferred counter ligand of these LTPs. 



 

Fig. 1 Lipid binding of Pdr16 and Pdr17 proteins. (A) Recombinant Pdr16 and Pdr17 
proteins (at 120 μg) were incubated with permeabilized HL60 cells prelabeled with [14C] 
sodium acetate for 72 h in the presence of ketoconazole (data labeled KETO) or in the 
absence of ketoconazole (data labeled DMSO). Proteins were re-isolated using nickel beads 
following this co-incubation. The lipids bound to re-isolated proteins were extracted and 
separated by TLC (data labeled Pdr16p or Pdr17p). In the “CTRL” sample, no protein was 
added to the HL60 cells. (B) The ratio between radiolabeled cholesterol to lanosterol in HL60 
cells or bound to Pdr16p or Pdr17p is shown. The data represent the mean ± S.D. from three 
independent experiments; one of which is depicted in panel A. Abbreviations: Chol, 
Cholesterol; Lan, Lanosterol; DMSO, HL60 cells were grown in the presence of 0.02 % 
DMSO – the solvent used to dissolve ketoconazole; KETO, HL60 cells were grown in the 
presence of 2 µg/ml ketoconazole. 
 

3.2. Lipid transfer 

Based on the lipid binding results in HL60 cells we decided to explore the in vitro 

ergosterol and lanosterol lipid transfer activity of Pdr16p and Pdr17p. The method used is a 

minor modification of published procedures (for details see Materials and methods). Briefly, 

100 nm small unilamellar vesicles containing 14C ergosterol or 14C lanosterol served as donor 

membranes for the lipids to be transferred. Lipid transfer assays were then conducted using 

heat inactivated yeast mitochondria as acceptor membranes [29]. We decided to compare the 

ergosterol and lanosterol transfer activity of Pdr16p and Pdr17p because ergosterol is the 

major yeast sterol and lanosterol shows high binding affinity to both Pdr16p and Pdr17p in 

HL60 cells. As can be seen from Fig. 2A, both proteins transfer some ergosterol, but less than 

10% of the 14C ergosterol input. For Pdr17p (Sfh4p), the ergosterol transfer results agree with 

the published data [9]; for Pdr16p (Sfh3p), the ergosterol transfer in our experiments is lower 



than that reported previously [9,16]. The lower ergosterol transfer for Pdr16p in our 

conditions might arise from the different composition of donor liposomes between the two 

studies: ours was optimized for Pdr17p transfer. Nevertheless, the data show that both LTPs 

possess massive lanosterol transfer activity which manifests itself even at low protein 

concentrations. Thus, the overall conclusion from lipid binding and transfer assays is that 

Pdr16p and Pdr17p prefer lanosterol to ergosterol as their second ligand in addition to PI. 

Especially noteworthy is the very effective lanosterol transfer activity that both these proteins 

possess. To compare the relative transfer of lanosterol to other ergosterol biosynthesis 

precursors, competition experiments were performed in which zymosterol was added to donor 

liposomes together with radioactive 14C lanosterol (Fig. 2B 14C-Lan:Zym). In control samples 

no non-radioactive sterol was added (Fig. 2B 14C-Lan) or in addition to 14C lanosterol also 

non-radioactive lanosterol was added (Fig. 2B 14C-Lan:Lan). The competition experiments 

were performed at protein concentration of 5 µg/mL. As expected, addition of non-

radiolabeled lanosterol competes with transfer of 14C lanosterol facilitated by Pdr16p and 

Pdr17p. Addition of the same amount of non-radioactive zymosterol to donor liposomes 

decreases 14C lanosterol transfer in the same way as addition of non-radioactive lanosterol. 

This indicates that zymosterol (and possibly other structurally similar ergosterol biosynthesis 

precursors) can also be accommodated into the lipid binding cavity of Pdr16p and Pdr17p. 

 

Fig. 2 In vitro Pdr16p and Pdr17p ergosterol and lanosterol transfer activity. (A) Purified 

recombinant Pdr16 and Pdr17 proteins were used in the transfer process between liposomes 

containing either radiolabeled ergosterol or lanosterol and heat inactivated acceptor 

mitochondria. The composition of donor liposomes was 75 mol % PC 14 mol % PE 11 mol % 
14C Ergosterol or 14C Lanosterol. 100% represents the total radioactivity in the assay. The 

results show the average from three independent experiments, each performed in duplicates ± 



S.D. (B) 14C lanosterol transfer competition experiment. 14C lanosterol transfer was measured 

as described in legend to Panel A with the following modifications: composition of donor 

liposomes was 75 mol % PC 14 mol % PE 5 mol % 14C Lanosterol + additional 5 mol % PC 

(data marked 14C-Lan) or 5 mol % lanosterol (data marked 14C-Lan:Lan) or 5 mol % 

zymosterol (data marked 14C-Lan:Zym). The amount of lipid transfer proteins in the assay 

was 5 µg/mL. The results show the average from four independent experiments ± S.D. 

 

3.3. Structural features of Pdr16p and Pdr17p with bound ergosterol and lanosterol 

To determine the possible structural features of lanosterol and ergosterol binding to 

Pdr16p and Pdr17p, we carried out molecular docking on all presently known Pdr16p 

structures and a homology model of Pdr17p. Unfortunately, both lanosterol and ergosterol 

showed similar behavior during docking, so these results cannot be used to describe 

structurally why either protein prefers lanosterol to ergosterol. For this reason, only lanosterol 

binding will be described. Pdr16p and Pdr17p contain a single large lipid-binding cavity. In 

one of the available Pdr16p crystal structures, 4J7Q [33], this cavity contains PI. The cavity 

has a more polar or charged edge where the inositol and phosphate groups are bound and a 

large hydrophobic cleft where the fatty-acid chain is found. Since Pdr16 and Pdr17 are known 

to bind and transfer PI and a sterol in a mutually exclusive manner [11,12], it was assumed 

that PI and the sterol occupy the same binding cavity. The docking analysis showed that for 

both Pdr16p and Pdr17p, two different conformations had nearly the same affinity (Fig. 3). 

For Pdr16p, the preferred conformation has an affinity of 25.9 kcal/mol and places lanosterol 

into the central, more hydrophobic part of the lipid binding cavity where there is the fatty-acid 

part of PI in case of PI binding (Supplementary Fig. 1). In this conformation, residues Leu-

158, Leu-160, Leu-177,Leu-181, Leu-195, Leu-197, Ile-199, Leu-229, Tyr-233, Arg-236, and 

Leu-237 form contacts with the bound sterol, and it is fairly clear that the L158Y and L160Y 

mutations [9] would prevent sterol binding (Fig. 3A). The second conformation has slightly 

higher affinity (26.1 kcal/mol) and places the hydroxyl-containing A ring of the sterol into a 

position close to the phosphate and inositol binding pocket. In this conformation, residues 

Lys-98, Arg-107, Glu-235, Pro-234, and Glu-230 make additional contacts while residues 

Leu-160, Leu-177, Leu-181, Leu-195, and Ile-199 become less important (Fig. 3B). In 

particular, Leu-160 no longer directly contacts the sterol, and a L160Y mutation may not 

prevent lanosterol from binding (Fig. 3B). 



The affinities of both Pdr17p conformations are significantly lower (14.8 kcal/mol for 

the preferred conformation and 14.9 kcal/mol for the secondary one). In the preferred 

conformation, lanosterol binds at the end of the cavity away from the phosphate and inositol 

binding site, in an area involving residues Lys-148, Gln-149, Asn-166, Gln-169, Gln-177, 

Leu-181, Phe-205, Ser-207, Pro-219, Ile-221, Ile-223, and Cys-227. Pdr17 may also bind 

lanosterol in a location similar to that of Pdr16p (Fig. 3D). In this position, residues Arg-100, 

Met-231, Gln-232, Glu-237, Leu-239, Cys-242, Thr-266, and Lys-269 appear to be involved 

in binding the sterol, while none of the residues in the previous conformation are.  

 
 

Fig. 3 The most likely binding sites for lanosterol in Pdr16p and Pdr17p. (A) The most 

likely binding site for lanosterol in Pdr16p based on molecular docking calculations. 

Lanosterol (magenta) binds to the hydrophobic fatty-acid binding pocket, making contact with 

residues Leu-158, Leu-160, Leu-177, Leu-181, Leu-195, Leu-197, Ile-199, Leu-229, Tyr-233, 

Arg-236, and Leu-237 (gray). Residues Leu-158 and Leu-160, whose mutation to tyrosine 

abolishes sterol transfer as referred to in [9], are shown as van der Waals spheres. The gating 

helix containing residues 245–267 is indicated. The Pdr16p structure shown is PDB ID 4M8Z 

[32]. (B) A secondary conformation in which lanosterol binds higher up in the binding cleft, 



placing the hydroxyl-containing ring A of the sterol near the phosphate and inositol binding 

pocket. In this conformation, residues Lys-98, Arg-107, Glu-235, Pro-234, and Glu-230 make 

contacts, while residues Leu-160, Leu-177, Leu-181, Leu-195, and Ile-199 become less 

important. The Pdr16p structure shown here is 4FMM [33]. (C) The most likely binding site 

for lanosterol in Pdr17p. Lanosterol is predicted to bind at the end of the cavity distal from the 

phosphate and inositol binding pocket. The residues which may be involved in binding 

include Lys-148, Gln-149, Asn-166, Gln-169, Gln-177, Leu-181, Phe-205, Ser-207, Pro-219, 

Ile-221, Ile-223, and Cys-227 (gray). (D) A secondary conformation in which lanosterol binds 

in a position similar to that predicted for Pdr16p. Here residues Arg-100, Met-231, Gln-232, 

Glu-237, Leu-239, Cys-242, Thr-266, and Lys-269 appear to be involved in binding. 

 

3.4. Sterol composition of yeast strains in the absence of Pdr16p and/or Pdr17p 

 

Next, we determined the changes in sterol composition of the pdr16∆, pdr17∆, and 

pdr16∆ pdr17∆ mutants compared to wild-type yeast cells. Yeast cells contain sterols in two 

distinct forms, as free sterols and as esterified sterols (sterols conjugated with fatty acids). 

Most free sterols are localized to the plasma membrane, while the esterified sterols are stored 

in the core of lipid droplets (Fig. 4). Yeast cells esterify sterols especially when sterol 

biosynthesis exceeds their actual need to incorporate sterols into membranes, as, for example, 

during early stationary phase of growth. In this case the steryl esters serve as a depot for 

future needs. Yeast also esterify and store in lipid particles sterols that are not suitable for 

maintaining optimal membrane properties [41,42]. In order to analyze these two sterol 

fractions separately, we first extracted the total lipids and subsequently separated the sterols 

and steryl esters by solid phase extraction. Following the hydrolysis of steryl esters, the two 

pools of sterols were analyzed using HPLC. These analyses showed some decrease in 

ergosterol in all three mutant strains analyzed. The double mutant pdr16∆ pdr17∆ exhibits a 

high increase in cellular lanosterol in the form of free lanosterol and also in the form of 

lanosteryl esters (Fig. 5A). Quite surprisingly, about one fifth of the total cellular ergosterol is 

also esterified in the pdr16∆ pdr17∆ mutant. A similar increase in lanosterol level in the 

subcellular fraction of the purified plasma membrane of a pdr16∆ pdr17∆ mutant was also 

reported previously by van den Hazel et al. [18]. None of the other ergosterol precursors 

accumulates in cells lacking Pdr16p and Pdr17p (Supplementary Fig. 2). 



 

Fig. 4 Ergosterol metabolism in the yeast Saccharomyces cerevisiae. The biosynthesis of 

ergosterol starts with two molecules of acetyl-CoA and requires oxygen / heme at the 

enzymatic steps marked with asterisks. In anaerobiosis no ergosterol is internally produced 

and all sterols are imported from external sources with the help of the plasma membrane 

transporters Aus1p and Pdr11p. In addition to incorporating sterols into membranes, yeast 

cells are able to store them in the form of steryl esters in lipid droplets or to excrete them as 

steryl acetates. The targets of two inhibitor classes of the sterol biosynthetic pathway, azoles 

and morpholines, are also indicated. CoA, Coenzyme A; HMG-CoA, 3-hydroxy-3-

methylglutaryl-CoA; P, phosphate; LD, Lipid droplets. Based on [42] and [41]. 

 



Fig. 5 Lipid analyses. (A) The ergosterol and lanosterol content of aerobically grown yeast 

cells were analyzed using reversed phase HPLC. Prior to HPLC analysis, steryl esters and free 

sterols were separated on SPE columns according to Materials and methods. (B) TLC lipid 

analysis of cells growing anaerobically in the presence of externally added ergosterol. 

Relative quantification of lipids was performed using a CAMAG Linomat 3 TLC scanner. 

The results show the average from three independent experiments, each performed in 

duplicates ± S.D. Abbreviations: ERG – ergosterol; LAN – lanosterol; FFA – free fatty acids; 

TAG – triacylglycerols; SE – steryl esters; SQ - squalene 

 

 

Sterols are essential components of eukaryotic cellular membranes. The yeast S. 

cerevisiae synthesizes ergosterol under aerobic conditions through a highly conserved and 

complex chain of reactions (Fig. 4) (reviewed in [42]). As sterol biosynthesis is strictly 

dependent on oxygen, the biosynthesis of ergosterol is blocked in anaerobiosis at the step 

where squalene is converted to squalene epoxide. Under low oxygen conditions, yeast cells 

cannot synthesize ergosterol and instead sterols are imported from the external environment 

[43,44]. Thus, growing yeast cells defective in Pdr16p and Pdr17p under anaerobic conditions 

and comparing the lipid composition of the pdr16∆ pdr17∆ double mutant in aerobic vs. 

anaerobic conditions enables to determine whether the absence of Pdr16p and Pdr17p disrupts 

ergosterol biosynthesis or if it predominantly influences sterol turnover and storage, as was 

suggested previously [16]. The results depicted in Fig. 5B show that the sterol profile of the 

pdr16∆ pdr17∆ double mutant is largely indistinguishable from that of the parental wild-type 

strain when both were grown anaerobically in the presence of external ergosterol, i.e. in 

conditions that effectively bypass internal ergosterol biosynthesis. In contrast, the sterol 

profile of pdr16∆ pdr17∆ double mutant cells in aerobiosis, when cells depend solely on the 

internal biosynthesis of ergosterol, is considerably different from that of the parental strain 

(Fig. 5A, Supplementary Fig. 2). It is also worth noting that the growth rate of the pdr16∆ 

pdr17∆ double mutant is much slower than that of its parental wild-type strain under aerobic 

conditions (the doubling time of an exponentially growing wild-type culture was 

approximately 1.5 h in contrast to 2.5 h for a pdr16∆ pdr17∆ culture). Under anaerobic 

conditions, however, the growth rate of the pdr16∆ pdr17∆ double mutant strain was exactly 

the same as the growth rate of its parental strain. Together, our data suggest that the effect of 



the simultaneous absence of both PI-lanosterol transfer proteins Pdr16p and Pdr17p is 

predominantly manifested in the post-lanosterol part of the ergosterol biosynthetic pathway. 

The presence of esterified ergosterol in aerobically growing pdr16∆ pdr17∆ double mutant 

cells also indicates some defect in steryl ester homeostasis, as suggested earlier [16].  

4. Conclusions 

We show here that the second ligand of the yeast Sec14-like PITP proteins Pdr16 and 

Pdr17 is lanosterol, a precursor in the biosynthetic pathway leading to the main yeast sterol, 

ergosterol. To our knowledge, this is the first identification of a lanosterol transfer protein. 

Lanosterol transfer competition experiments indicate that, in addition to lanosterol, also other 

ergosterol precursors with the structure and properties similar to lanosterol (e. g.  zymosterol) 

may be accommodated into the lipid binding cavity or be transferred by Pdr16p and Pdr17p. 

A comparative lipid analyses of pdr16∆ pdr17∆ double mutant cells grown aerobically 

(internal biosynthesis of ergosterol) and anaerobically (uptake of sterols from the 

environment) demonstrate that it is the actual biosynthesis of ergosterol that is affected by 

Pdr16p and Pdr17p. Our results suggest a new connection between PITPs and sterol 

biosynthesis. The precise mechanism by which these PITPs influence sterol metabolism 

remains to be established, however. It is possible that the actual lanosterol transfer activity is 

required for effective ergosterol biosynthesis, as the individual enzymes of the ergosterol 

biosynthetic pathway are localized not only to the endoplasmic reticulum but also to other 

organelles, mostly to lipid particles [45-47]. Alternatively, the PI transfer activity of these 

PITPs may be important in some regulatory aspects of ergosterol biosynthesis. Another 

possibility is that interplay between lanosterol and PI binding and/or transfer has a sensory or 

regulatory role in sterol biosynthesis. 
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Supplementary figures: 

 

Supplementary Fig. 1. The most likely lanosterol binding site in Pdr16p largely occupies the 
hydrophobic part of the PI binding cavity. The view is the same as in Figure 3A. Here PI is 
shown in black and lanosterol in magenta. Note that the majority of the lanosterol falls in the 
same part of the binding cavity as the fatty-acid part of PI. 

  



 

 

 

 

 

Supplementary Fig. 2. Sterol analyses. Sterol content of aerobically grown yeast cells were 
analyzed using reversed phase HPLC. The amounts of sterols were quantified from the values 
collected from Corona Charged Aerosol Detector based on the calibration curve for 
ergosterol. The results show the average from three independent experiments, each performed 
in duplicates ± S.D.   

 


