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5 ABSTRACT: Niemann Pick type C2 (NPC2) is a small sterol binding protein in
6 the lumen of late endosomes and lysosomes. We showed recently that the yeast
7 homologue of NPC2 together with its binding partner NCR1 mediates integration
8 of ergosterol, the main sterol in yeast, into the vacuolar membrane. Here, we study
9 the binding specificity and the molecular details of binding of a lipid to yeast
10 NPC2. We find that NPC2 binds fluorescence- and spin-labeled analogues of
11 phosphatidylcholine (PC), phosphatidylserine, phosphatidylinositol (PI), and
12 sphingomyelin. Spectroscopic experiments show that NPC2 binds lipid monomers
13 in solution but can also interact with lipid analogues in membranes. We further
14 identify ergosterol, PC, and PI as endogenous NPC2 ligands. Using molecular
15 dynamics simulations, we show that NPC2’s binding pocket can adapt to the
16 ligand shape and closes around bound ergosterol. Hydrophobic interactions
17 stabilize the binding of ergosterol, but binding of phospholipids is additionally
18 stabilized by electrostatic interactions at the mouth of the binding site. Our work
19 identifies key residues that are important in stabilizing the binding of a phospholipid to yeast NPC2, thereby rationalizing future
20 mutagenesis studies. Our results suggest that yeast NPC2 functions as a general “lipid solubilizer” and binds a variety of amphiphilic
21 lipid ligands, possibly to prevent lipid micelle formation inside the vacuole.

22 Uptake of cholesterol derived from ingestion of low-
23 density lipoprotein (LDL) in mammalian cells critically
24 depends on two proteins: Niemann Pick type C1 (NPC1), a
25 large transmembrane protein residing in the limiting
26 membrane of late endosomes and lysosomes (LE/LYSs),
27 and Niemann Pick type C2 (NPC2), a small soluble protein
28 in the lumen of LE/LYSs.1,2 NPC2 adopts an Ig-like β
29 sandwich fold, forming a single binding pocket for sterols.3,4

30 On the basis of structural and mutagenesis studies, a model in
31 which NPC2 picks up LDL-derived cholesterol and transfers it
32 to NPC1 for membrane integration has been put forward.5−7

33 The yeast homologues of both NPC proteins, NCR1 and
34 NPC2, highly resemble structurally and functionally their
35 mammalian counterparts. The structures of NCR1 and NPC2
36 have been determined recently by X-ray diffraction and cryo-
37 electron microscopy.8 Both the N-terminal domain (NTD) of
38 NCR1 and yeast NPC2 bind radioactive cholesterol as well as
39 dehydroergosterol (DHE), a fluorescent sterol differing from
40 yeast’s native sterol ergosterol only by having one additional
41 double bond in the steroid ring system. Förster resonance
42 energy transfer from aromatic residues of either NPC2 or the
43 NTD of NCR1 to DHE could be used to demonstrate sterol
44 transfer between both proteins.8 We showed recently that this
45 transport system is directly responsible for the integration of
46 ergosterol into the vacuole.8 Like the lysosome in mammalian
47 cells, the yeast vacuole is the key organelle for digestion of

48lipids and proteins and for nutrient sensing. Using a live cell
49imaging assay based on DHE, we found that NCR1 and
50NPC2 are required to deliver sterols to the vacuolar
51membrane, especially when yeast cells are kept under
52starvation conditions.8

53Bovine NPC2 has been shown to bind a variety of sterols
54besides cholesterol, including cholesterol sulfate and, though
55with an affinity lower than that for cholesterol, certain
56oxysterols and, even more weakly, the hydrophobic amine
57U18666A.3,9−11 Yeast NPC2 has also been shown to bind
58cholesterol, ergosterol, DHE, and U18666A, but also
59edelfosine, a phosphatidylcholine-like lysophospholipid, sug-
60gesting that its binding spectrum is rather broad.8 While the
61overall structures of mammalian and yeast NPC2 are similar,
62the binding site for yeast NPC2 is significantly larger and
63more open.8 This difference suggests that yeast NPC2 could
64eventually bind ligands other than mammalian NPC2.
65Supporting that notion is a recent study by Storch and
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66 colleagues, who showed that mammalian NPC2 contains a
67 hydrophobic knob located in a loop close to the entrance of
68 the sterol binding site, which is required for NPC2’s
69 interaction with lysobisphosphatidic acid (LBPA).12 LBPA is
70 a unique lipid found in LE/LYSs of mammalian cells, where
71 its abundance is linked to cholesterol availability for efflux.13

72 LBPA is not found in yeast, and yeast NPC2 does not appear
73 to have a hydrophobic knob.8,12

74 To better understand ligand specificity and binding modes
75 of yeast NPC2, we carry out a combined spectroscopic and
76 computational analysis of this protein in the presence of
77 various lipid analogues. We find that yeast NPC2 binds
78 fluorescence- and spin-labeled phospholipids with a preference
79 for the charged phosphatidylserine (PS) compared to the
80 zwitterionic phosphatidylcholine (PC) and sphingomyelin
81 (SM). Extraction of endogenous lipids from purified NPC2
82 identified ergosterol, PC, and phosphatidylinositol (PI) as
83 native ligands. Molecular dynamics (MD) simulations identify
84 key residues stabilizing the binding of such diverse lipid
85 ligands and further reveal that NPC2’s binding pocket can
86 flexibly adapt around sterols and phospholipids. Implications
87 of these results for the physiological function of yeast NPC2
88 inside the vacuole and of mammalian NPC2 in the
89 endolysosomes are discussed.

90 ■ MATERIALS AND METHODS
91 Fluorescent Lipids. 1-Oleoyl-2-{12-[(7-nitro-2-1,3-ben-
92 zoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphocho-
93 line (C12-NBD-PC), 1-palmitoyl-2-6-[(7-nitro-2-1,3-benzox-
94 adiazol-4-yl)amino]hexanoyl-sn-glycero-3-phosphocholine
95 (C6-NBD-PC), 1-oleoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-
96 4-yl)amino]dodecanoyl}-sn-glycero-3-phosphoethanolamine
97 (C12-NBD-PE), 1-oleoyl-2-12-[(7-nitro-2-1,3-benzoxadiazol-
98 4-yl)amino]dodecanoyl-sn-glycero-3-phosphoserine (ammo-
99 nium salt) (C12-NBD-PS), N-{12-[(7-nitro-2-1,3-benzoxadia-
100 zol-4-yl)amino]dodecanoyl}sphingosine-1-phosphocholine
101 (C12-NBD-SM), and 5-cholesten-3β-ol 6-[(7-nitro-2-1,3-
102 benzoxadiazol-4-yl)amino]caproate (NBD-C6-CHOL) were
103 purchased from Avanti Polar Lipids (Alabaster, AL). NBD-
104 tagged ether lipids were synthesized as previously described.14

105 16:0-06:0 NDB PI and 1-palmitoyl-2-6-[(7-nitro-2-1,3-ben-
106 zoxadiazol-4-yl)amino]hexanoyl-sn-glycero-3-phosphatidylino-
107 sitol (C6-NBD-PI) were kindly provided by Prof. Bütikofer
108 (University of Bern, Bern, Switzerland).15 DHE was
109 purchased from Sigma Aldrich.
110 Preparation of Large Unilamellar Vesicles (LUVs). For
111 the lifetime-based extraction assay, the proper volume of lipids
112 (POPC and C12-NBD-PC in a ratio of 9:1) was dissolved in
113 chloroform followed by evaporation in a rotary evaporator for
114 20 min, leaving a thin lipid film, which was resolubilized in 1
115 mL of MES buffer [200 mM NaCl and 50 mM 2-(N-
116 morpholino)ethanesulfonic acid (MES) (pH 5.5)] by
117 vortexing, giving a 1 mM multilamellar vesicle suspension.
118 This vesicle suspension went through five freeze/thaw cycles
119 for formation of LUVs, followed by extrusion 10 times
120 through a 100 nm pore membrane, yielding LUVs that are
121 approximately 100 nm in diameter. Unilamellarity was
122 checked with a dithionite assay (see below). For the dithionite
123 assay, the same preparation protocol was used, except that the
124 lipid composition of LUVs consisted of 80% POPC, 19.5%
125 cholesterol, and 0.5% C12-NBD-PC.
126 Protein Purification, Lipid Extraction, and Thin Layer
127 Chromatography. NPC2 containing a C-terminal purifica-

128tion tag was purified from Saccharomyces cerevisiae expression
129strain DSY-5 as previously described.8 In brief, cells were
130resuspended in lysis buffer [600 mM NaCl and 100 mM Tris
131(pH 7.5)] and then lysed using a bead beater. After
132ultracentrifugation, the filtered supernatant was applied to a
133nickel column (HisTrap) and washed with 20 column
134volumes (CV) of W70 buffer [500 mM NaCl, 50 mM Tris
135(pH 7.5), 10% glycerol, 70 mM imidazole, 0.017% N-dodecyl
136β-D-maltoside (DDM)]. When NPC2 is purified for thin layer
137chromatography (TLC), W70 without DDM was used. The
138column was then washed with 9 CV of G20 buffer [200 mM
139NaCl, 20 mM Tris (pH 7.5), and 20 mM imidazole]. The
140protein was eluted from the column in 5 mL of G20 buffer
141with 175 units of bovine thrombin and 2000 units of Endo-H
142circulating over the column overnight. Elution of protein was
143finalized with a run with 10 mL of G20 buffer. All of the
144eluant was collected and concentrated, followed by size
145exclusion chromatography (Superdex 75 10/300 GL) using
146SEC buffer [200 mM NaCl and 20 mM Tris (pH 7.5)]. For
147extraction of endogenous ligands, purified NPC2 (250 μL at
1481.2 mg/mL) was mixed with a 65:25:4 (v/v/v) CHCl3/
149MeOH/H2O solution at a 1:3 ratio in a glass vial. The
150chloroform phase was transferred to a new vial and evaporated
151to a volume of 10 μL with N2 gas. Lipid standard samples
152[soy phosphatidic acid (PA), soy PC, soy PE, soy
153phosphatidylglycerol (PG), soy PI, soy PS, ergosterol, and
154yeast polar lipid extract] were rapidly deposited on TLC
155plates (ALUGRAM TLC sheets, 0.2 mm silica gel,
156MACHERY-NAGEL) as 1 cm parallel streaks (2 μL at 10
157mg/mL in chloroform). All of the NPC2-extracted lipid
158samples were deposited next to the standards. TLC plates
159were placed in a glass beaker, lined with filter paper,
160equilibrated for at least 1 h with a 30:35:7:35 (v/v/v/v)
161chloroform/ethanol/water/triethylamine prior to the experi-
162ment, and covered with a lid. After migration for 1 h, the
163plates were dried in the fume hood and sprayed with a
164developing solution (50% ethanol, 3.2% H2SO4, and 0.5%
165MnCl2) followed by charring on a hot plate at 120 °C for 30
166min.
167Fluorescence Spectroscopy of Ligand Binding. Bind-
168ing at Equilibrium. Aliquots of fluorescent lipid analogues
169dissolved in chloroform were deposited into a glass vial.
170Chloroform was evaporated under a stream of nitrogen. The
171analogues were resuspended in MES buffer, giving a 100 μM
172stock solution. An aliquot of this lipid suspension was added
173to a cuvette with an optical path length of 1 cm at a final
174concentration of 1 μM. Purified NPC2 was added from a
175stock solution in MES buffer, and the sample was incubated
176for 15−20 min at room temperature to ensure that a binding
177equilibrium was reached. Emission scans (480−600 nm) were
178carried out with excitation (λex) 460 nm using an Aminco
179Bowman (Urbana, IL) spectrometer series 2.
180Stopped-Flow Measurements. Measurements were re-
181corded with a λex of 460 nm and a λem of 540 nm using a
182stopped-flow device (RX 1000 Rapid Kinetics, Applied
183Photophysics, Surrey, U.K.) connected to an Aminco Bowman
184spectrometer series 2. A 20 μM solution of NBD-tagged
185ligands was loaded into one syringe, while the other contained
186a 4 μM NPC2 solution, yielding a 1:5 protein:lipid ratio after
187mixing. Fluorescence was measured for 10 min with a time
188resolution of 1 s at room temperature; however, for faster
189kinetics, e.g., for DHE and C6-NBD-PC, the resolution was
190set to 10 ms.
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191 Fluorescence Lifetime Measurements. For measurement
192 of binding of NPC2 to lipid analogues in suspension, a 10 μM
193 solution of NBD-tagged lipid was added into a 1 cm × 1 cm
194 cuvette, either with or without 2 μM NPC2. Fluorescence
195 lifetimes of NBD-tagged lipids in the solution were measured
196 by time-correlated single-photon counting using a FluoTime
197 200 time-resolved spectrometer (Picoquant, Berlin, Germany).
198 A 467 nm laser was used as an excitation source, and emission
199 was collected at 540 nm. Data were acquired up to 20000
200 counts (unless stated otherwise), which was based on the
201 maximum of the fluorescence lifetime decay curve. For
202 measurement of NPC2-mediated interaction with liposomes,
203 LUVs made of POPC with C12-NBD-PC in a 9:1 ratio (see
204 above) were added to a 1 cm × 1 cm cuvette to a total lipid
205 analogue concentration of 10 μM in MES buffer. The
206 fluorescence lifetime of C12-NBD-PC was measured at 540
207 nm upon excitation at 460 nm, in the absence or presence of 2
208 μM NPC2, and seven measurements were averaged for each
209 condition.
210 Dithionite Quenching Experiments. Sodium dithionite
211 is an irreversible membrane-impermeable quencher of NBD
212 fluorescence, which rapidly reacts with the fluorophore to
213 form a nonfluorescent product, thereby allowing for selective
214 assessment of leaflet-specific processes in model and cell
215 membranes.16,17 Dithionite quenching measurements were
216 performed on LUVs using an Aminco Bowman spectrometer
217 series 2. A 1 mL solution of 1 M sodium dithionite was
218 prepared in 0.1 M Tris buffer (pH 10). For each
219 measurement, 50 μL of 0.2 mM LUVs in the absence or
220 presence of 20 μM NPC2 was diluted in HEPES buffer [150
221 mM NaCl and 50 mM 4-(2-hydroxyethyl)-1-piperazineetha-
222 nesulfonic acid (HEPES) (pH 7.4)] to a final volume of 1.5
223 mL. Fluorescence time traces of C12-NBD-PC were measured
224 at 540 nm for excitation of 470 nm. First, a baseline intensity
225 was measured before dithionite was injected with a Hamilton
226 syringe to a final concentration of 25 mM. The fluorescence
227 intensity was recorded under constant stirring for 400 s.
228 Triton X-100 [0.5% (w/v) final concentration] was added
229 after recording for 370 s to disrupt LUVs and thereby give
230 dithionite access to remaining NBD-tagged lipids on the inner
231 membrane leaflet. Quenching kinetics was fitted with a
232 biexponential decay model.
233 Measurement of Ligand Binding by ESR Spectros-
234 copy. ESR spectra of a 100 μM solution of spin-labeled lipids
235 in the absence or presence of 10 μM NPC2 were measured at
236 room temperature, using a Bruker EMX spectrometer (Bruker,
237 Karlsruhe, Germany). The measuring parameters were set to a
238 modulation amplitude of 1 G, a power of 20 mW, a scan
239 width of 100 G, and four accumulations. Samples were
240 measured either in HEPES buffer (pH 7.4) or in citrate buffer
241 [11.5 mM sodium citrate and 3.5 mM citric acid (pH 5.5)].
242 Quantification of Binding from Spectroscopic Meas-
243 urements. Fluorescence measurements were first normalized
244 according to

=
−
−

F
F F
F F

meas 0

max 0245 (1)

246 where Fmeas is the measured fluorescence output, F0 is the
247 probe fluorescence in the absence of NPC2, and Fmax is the
248 maximal fluorescence signal of a given measurement. Binding
249 isotherms were fitted to a one-site binding model, as described
250 in ref 8, with the modification that the lipid was considered as

251a receptor with a fixed concentration (RT) of 1 μM, while the
252protein was considered as the ligand with a varying
253concentration (LT). This leads to the following expression
254for fractional saturation of the lipid receptor with protein
255ligand

=
+ + + + + −
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257where RL is the concentration of the receptor−ligand
258complex. For binding experiments of analogues below their
259respective CMC, a simple hyperbolic binding model was
260additionally used:

=
+R
L

L K
RL

T D 261(3)

262where L is the concentration of free ligand (NPC2), which is
263assumed to equal the total ligand concentration. Stopped-flow
264binding kinetics were fitted to either a biexponential or a
265stretched exponential rise-to-maximum model, as indicated in
266the figures.
267Fluorescence lifetime decays were fitted with a biexponen-
268tial decay model.

= +τ τ− −F t a a( ) e et t
1

/
2

/1 2
269(4)

270where a1 and a2 are the fractional amplitudes and τ1 and τ2 are
271time constants for both kinetic components. From those
272values, fractional contributions are calculated for each decay
273component (i = 1 or 2) according to

τ
τ τ

=
+

f
a

a ai
i i

1 1 2 2 274(5)

275From that, the average time constant for the biexponential
276fluorescence decay can be calculated as

τ τ τ⟨ ⟩ = +f f1 1 2 2 277(6)

278Computational Details. Preparation of NPC2 Protein
279and Ligands. The crystal structure of the NPC2 protein was
280acquired from the Protein Data Bank (PDB entry 6R4N, X-
281ray crystal structure resolution of 2.8 Å)8 and imported into
282the Maestro module, which is available in the Schrödinger
283Suite.18 Chain A from the crystal structure was extracted and
284prepared as detailed in the following. The sulfate ions present
285in the X-ray structure and an N-acetylglucosamine were
286removed, and the protein was prepared using the Protein
287Preparation Wizard, which includes added missing hydrogen
288atoms and assigning bond orders. Protonation states (at pH
2896) were determined by the PROPKA19,20 tool included in the
290Protein Preparation Wizard. Finally, the structure was
291minimized using the OPLS3e force field, keeping the positions
292of the heavy atoms fixed. Three lipids (POPC, POPI, and
293POPS) were constructed and processed by the LigPrep21 tool,
294which uses the OPLS3e force field to minimize the energies of
295the structures.
296Initial Pose Generation. Initial positions of POPC, POPI,
297and POPS at the binding site were determined by docking the
298ligands to the prepared protein using the Glide program.22 A
299docking grid was generated around the active site defined
300from the centroid of the ergosterol and expanded so that it
301covered the entire cavity of the protein. The grid was
302extended in diameter from the initial ergosterol molecule to
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303 cover the entire binding cavity. The docking was performed in
304 the XP-docking (eXtra Precision) mode. Multiple binding
305 poses were found using this method. A single binding pose for
306 each lipid was selected for the MD simulations based on the
307 criterion that the tails were positioned inside the cavity. For
308 ergosterol, the binding pose in the crystal structure was used.
309 Molecular Dynamics (MD) Simulations. All MD
310 simulations were performed using the Amber 16 software.23

311 The tleap tool in Amber was used to create topology and
312 coordinate files using the Amber ff14SB24 (protein), TIP3P25

313 (water), and GAFF226 (lipids) force fields. Charges for the
314 lipids were assigned on the basis of electrostatic potential
315 (ESP) fitting with Antechamber, which also assigned atom
316 types. The ESP used in the fit was obtained with Gaussian0927

317 based on HF/6-31G*-optimized structures. This ESP was
318 then used in a RESP28 fitting procedure, performed by
319 Antechamber. TIP3P water29 was used to solvate the systems,
320 with a buffering distance of 12 Å. Salt ions were added to
321 neutralize the system and to obtain a salt ion concentration of
322 150 mM.

323Energy minimizations were performed with constraints on
324heavy atoms and a maximum of 1000 cycles, where the first
325500 iterations were performed using the steepest descent
326algorithm, and the rest used the conjugate gradient algorithm.
327The system was then heated to 300 K in the span of 50 ps
328using the Langevin thermostat,30 followed by density
329equilibration for 50 ps using the Berendsen barostat.31 The
330systems were then set to equilibrate (with production
331settings) for 500 ps at constant pressure and temperature of
332300 K. Initial velocities were generated from random seeds
333based on a Maxwell−Boltzmann distribution, and bonds
334involving hydrogen were constrained using the SHAKE32

335algorithm. All MD simulations were run using a time step of 2
336fs. Following this initial short equilibration step, longer
337simulations of 300 ns were carried out with production
338settings. Only the last 100 ns was used for analysis.
339Coordinates were saved every 10 ps for analysis, which left
34010000 snapshots for analysis.
341Molecular Mechanics Poisson−Boltzmann Surface
342Area Calculations. The MMPBSA.py script33 was used to

Figure 1. NBD-tagged cholesterol (NBD-C6-CHOL) binds to yeast NPC2. (A) Emission spectrum of NBD-C6-CHOL for increasing
concentrations of NPC2 measured in MES buffer. (B) Normalized fluorescence from panel A plotted as a function of NPC2 concentration. Data
were fitted to a one-side saturation binding model as described in Materials and Methods. (C) Fluorescence lifetime of NBD-C6-CHOL excited
at 461 nm and measured at 540 nm in the absence (blue) or presence of NPC2 (red). (D) Kinetics of the increase in the fluorescence of NBD-
C6-CHOL upon binding to NPC2 measured in a stopped-flow apparatus upon excitation and emission at 460 and 540 nm, respectively. Dots are
data (mean of three measurements ± the standard deviation). The red line is a fit to a compressed exponential function.
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343 estimate binding affinities for all protein−ligand complexes
344 based on the molecular mechanics Poisson−Boltzmann
345 surface area (MM-PBSA) method.34 The calculations were
346 performed on the basis of every sixth snapshot extracted from
347 the simulations. Thus, from the subsequent production
348 phases, 1667 snapshots were generated for MM-PBSA
349 calculations. Entropic contributions were not included.

350 ■ RESULTS AND DISCUSSION

351 Spectroscopic Studies of Ligand Binding. Fluorescent
352 analogues of phospholipids and sterols bearing a NBD group
353 are widely used in ligand binding studies.35 NBD-tagged lipids
354 show very low fluorescence in aqueous environments due to
355 efficient self-quenching in micelles and molecular aggre-
356 gates.36,37 In the case of cholesterol analogues, proper
357 localization of the NBD group on the sterol moiety is
358 important to minimize interference with the binding
359 process.36,38 Given the orientation of ergosterol in the binding
360 pocket of yeast NPC2,8 we have chosen NBD-cholesterol with
361 the fluorescent moiety linked via a short acyl chain at the 3′-
362 hydroxy group of cholesterol [NBD-C6-CHOL (see Figure S1
363 for its structure)]. NBD-C6-CHOL forms micelles in aqueous

364solution, in which its fluorescence is self-quenched. We found
365that the fluorescence of NBD-C6-CHOL increases upon
366binding to NPC2, which can be employed to determine its
367 f1binding affinity from a binding isotherm (Figure 1A,B). Relief
368of self-quenching upon binding to NPC2 is likely a
369consequence of solubilization of sterol micelles by the protein,
370which efficiently shifts the equilibrium of NBD-C6-CHOL
371from the micelle to the NPC2-bound monomer form. Binding
372of NBD-C6-CHOL to NPC2 was further seen as an increase
373in the fluorescence lifetime of NBD-C6-CHOL in the
374presence of the protein (Figure 1C and Supporting
375Information). The binding kinetics of NBD-C6-CHOL was
376determined using a fluorescence spectrometer equipped with a
377stopped-flow device and was found to be rather slow and of
378sigmoidal shape (Figure 1D). We compared the kinetics of
379binding of NBD-C6-CHOL to NPC2 to that of the
380fluorescence ergosterol analogue DHE, which, as we showed
381recently, binds to yeast NPC2 with submicromolar affinity.8

382DHE differs from the native yeast sterol ergosterol only in
383having one additional double bond (Figure S1). Its binding to
384proteins can be measured by resonance energy transfer from
385aromatic residues, but DHE also shows a slight increase in

Figure 2. Fluorescence changes of NBD-tagged PC and PS in the presence of NPC2. (A and C) Fluorescence emission spectra of 1 μM NBD-
C12-PC and C12-NBD-PS, respectively, were recorded in MES buffer after addition of NPC2 [concentrations (see the inset)] and a 15 min
incubation at an excitation wavelength of 460 nm. (B and D) Lifetime measurements of 10 μM C12-NBD-PC and C12-NBD-PS, respectively, in
the presence (orange) or absence (blue) of 2 μM NPC2. Excitation and emission were set to 460 and 540 nm, respectively.
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386 quantum yield upon binding, which can be explored to study
387 its interaction with NPC2 (Figure S2).3 Using this readout,
388 we find that DHE binds to yeast NPC2 more rapidly
389 compared to NBD-C6-CHOL (compare Figure 1D and
390 Figure S2). Also, the dissociation constant from NPC2 is
391 smaller for DHE (KD = 0.121 μM) than for NBD-C6-CHOL
392 (KD = 0.375 μM). Thus, while the NBD moiety affects the
393 kinetics and strength of binding of the ligand to NPC2, the
394 results with NBD-C6-CHOL also show that the NBD moiety
395 provides a sensitive readout for binding studies, which can be
396 employed to determine binding of other lipids, i.e., NBD-
397 labeled phospholipids.
398 To identify additional ligands of yeast NPC2, we used
399 phospholipid analogues bearing an NBD group at the C12
400 position of the sn2-acyl chain (Figure S1). Fluorescence
401 emission and lifetimes of both C12-NBD-PC and C12-NBD-

f2 402 PS increased strongly upon the addition of NPC2 (Figure 2
403 and Supporting Information). This demonstrates that self-
404 quenching of the analogues is relieved upon binding to NPC2,

405and it suggests that the NBD moiety attached to these
406phospholipid analogues is accommodated in the hydrophobic
407binding pocket of the protein.
408When the fluorescence maxima of C12-NBD-PC and -PS
409shown in panels A and C of Figure 2 are plotted as a function
410of NPC2 concentration, the half-maximal fluorescence was
411reached for much lower protein concentrations for the
412 f3analogue of PS compared to that of PC (Figure 3). From
413the averaged and normalized fluorescence increase, we
414estimated dissociation constants (KD) of 0.088 and 0.972
415μM for C12-NBD-PS and -PC, respectively.
416The binding kinetics measured in a stopped-flow apparatus
417was comparable for both phospholipid analogues and rather
418slow, as the completion of binding took ∼5 min, when a stable
419plateau value of fluorescence was reached (Figure 3C,D).
420Given the different estimates for the dissociation constants
421despite comparable binding kinetics, one can conclude that
422the free energy difference between free and bound ligand is
423much higher for C12-NBD-PS than for C12-NBD-PC, while

Figure 3. Comparison of binding of NBD-tagged PC and PS to NPC2. Fluorescence emission maxima of (A) C12-NBD-PC or (B) C12-NBD-PS
recorded at 524 nm in MES buffer were normalized and plotted as a function of NPC2 concentration. Data were fitted to a one-side saturation
binding model as described in Materials and Methods. The kinetics of binding was determined using a stopped-flow device. Ten micromolar (C)
C12-NBD-PC or (D) C12-NBD-PS was mixed with 2 μM NPC2. The increase in fluorescence (excitation at 460 nm and emission at 540 nm)
upon mixing was measured with a time resolution of 1 s. Data were fitted to a biexponential model. Data represent means ± the standard
deviation of two (A and B) or five measurements (C and D).
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424 the activation energy for complex formation of both
425 phospholipid analogues with NPC2 is comparable.
426 To assess the impact of the length of the fatty acyl chain on
427 which the NBD group is located, we repeated the binding
428 studies for a PC analogue with a NBD moiety on a six-carbon
429 acyl chain in the sn2 position (Figure S3). We found a higher
430 binding affinity for C6-NBD-PC (KD = 0.492 μM) compared
431 to that of C12-NBD-PC (see above) and much faster binding
432 kinetics for short-chain PC compared to that of C12-NBD-
433 PC. These results could indicate that NPC2 preferentially
434 binds analogues with a shorter acyl-chain length. However, the
435 difference in binding kinetics and dissociation constants could
436 also be a consequence of the different critical micellar
437 concentrations (CMCs) and aggregate structures of short-
438 versus long-chain phospholipid analogues. While C6-NBD-PC
439 likely forms spherical or prolate-shaped micelles, the long-
440 chain analogue C12-NBD-PC probably forms bilayer
441 structures, as it has an almost cylindrical shape, for which
442 the optimal packing is in bilayer assemblies.39 We measured
443 the CMC of C6-NBD-PC previously by a self-quenching
444 approach and found a value of 0.116 μM.37 For C12-NBD-
445 PC, the CMC (or equivalently critical aggregation concen-
446 tration) was too low to be resolved by our approach, which
447 was sensitive down to 10 nM.37 As the CMC of phospholipid
448 analogues, in which only one acyl-chain length is varied, drops
449 by a factor of ∼10 for every two methyl groups,40 the CMC of
450 C12-NBD-PC must be lower than 1 nM. Thus, for both short-
451 and long-chain phospholipid analogues, the CMC is lower
452 than the measured KD value in binding to NPC2. This raises
453 the question of whether NPC2 can directly pick up
454 phospholipid monomers in solution or whether it requires
455 the interfacial environment of the phospholipid micelle/
456 bilayer to extract lipid monomers for binding. In an attempt to
457 answer this question, we have measured binding of C6-NBD-
458 PC to NPC2 when the lipid analogue concentration was
459 below its CMC (Figure S4). We found that the fluorescence
460 of monomeric C6-NBD-PC increases upon binding to NPC2,
461 likely because the apolar environment of the protein binding
462 pose results in an increased quantum yield of the NBD group.
463 By fitting the binding model of eq 2 to these data, we
464 obtained a dissociation constant for binding of monomers of
465 C6-NBD-PC to NPC2 of 3.6 nM (Figure S4). This is >100-
466 fold smaller than the measured dissociation constant above
467 the CMC, but because the mechanism by which binding
468 increases NBD fluorescence likely differs below and above the
469 CMC, a direct comparison of these KD values should be
470 avoided. Also, a simpler hyperbolic binding model gave a
471 better fit, suggesting that fluorescence responses of NBD-
472 tagged lipids upon binding to NPC2 below and above their
473 CMC cannot be compared directly. The experiment never-
474 theless shows that NPC2 can indeed acquire phospholipid
475 monomers directly in the solution. In the presence of lipid
476 micelles, binding of monomers to NPC2 will likely shift the
477 equilibrium between micelles and monomers, thereby
478 replenishing further monomers for binding. As the residence
479 time of phospholipid molecules in a micelle is approximately
480 inversely proportional to the CMC,39 the different binding
481 kinetics of short- versus long-chain PC analogues to NPC2
482 will also be affected by the lipid aggregation state.
483 Furthermore, replenishment of phospholipid analogues from
484 the inner leaflet of bilayer assemblies or even inner
485 membranes in case of multilamellar liposome-like structures
486 could significantly delay binding of long-chain NBD-tagged

487lipids to NPC2 compared to their short-chain counterparts
488that organize in micelles.
489To directly test these notions, we prepared large unilamellar
490vesicles containing C12-NBD-PC and assessed the impact of
491NPC2 on the accessibility of the lipid probe with the
492quencher sodium dithionite.41 Adding dithionite in the
493absence of NPC2 resulted in biphasic fluorescence quenching
494kinetics, in which the first phase is due to the quenching
495reaction in the outer membrane leaflet, and the second phase
496due to transbilayer migration of the lipid and/or slow
497permeation of the quencher (Figure S5).16,41,42 In the
498presence of NPC2, both kinetic phases but primarily the
499second phase were accelerated, demonstrating that NPC2
500does interact with the lipid bilayer. That NPC2 enhances the
501second quenching phase shows that it affects lipid packing
502and/or flip-flop in the bilayer.41,42 We also observed that the
503fluorescence lifetime of C12-NBD-PC is increased upon
504addition of the protein to a solution of LUVs containing the
505lipid analogue (Figure S6). This could be either due to partial
506insertion of NPC2 into the bilayer or due to extraction of
507C12-NBD-PC by NPC2 from the membrane. Together, we
508conclude that NPC2 can directly bind lipid monomers in the
509solution but can also interact with lipid analogues in
510membranes. Accordingly, NPC2 will likely also interact with
511micelles and other lipid assemblies. The latter is further
512supported by the observed binding of an analogue of
513phosphatidylethanolamine (PE), a lipid preferring inverted-
514hexagonal phases, to NPC2 (not shown, but see fluorescence
515lifetime information in the Supporting Information). The
516chain-length-dependent equilibrium between phospholipid
517monomers and phospholipid assemblies will have a non-
518negligible impact on the measured binding affinity and
519kinetics of phospholipid analogues for NPC2.
520We also assessed the impact of headgroup linkage of
521phosphocholine-containing lipids on binding to NPC2. Here,
522we found that NPC2 also binds the sphingomyelin analogue
523C12-NBD-SM with comparable characteristics compared to
524those of C12-NBD-PC, though with even slower kinetics
525(Figure S7). As PC and SM share the same headgroup but
526differ in their backbone structure, it is unlikely that the
527headgroup linkage’s particular nature plays a decisive role in
528the binding process. Similarly, we found that ether-linked acyl
529chains in NBD-PC did not interfere with binding to NPC2
530(Figure S8).
531Yeast vacuoles harbor a reasonable amount of phosphati-
532dylinositol (PI) lipids,43 and given that we observed strong
533binding to the negatively charged PS analogues compared to
534that of analogues of PC, we speculated whether NPC2
535eventually also binds the negatively charged PI. To test this
536notion, we measured binding of NPC2 to a C6-NBD-tagged
537phosphatidylinositol, C6-NBD-PI. On the basis of the large
538inositol headgroup (Figure S1), we surmised that C6-NBD-PI
539has a CMC that is higher than that of C6-NBD-PC. By
540measuring the CMC using the procedure described
541previously,37 we found a value of 2.3 μM for C6-NBD-PI,
542which is ∼2 the value of C6-NBD-PC (not shown).37 Because
543the CMC of C6-NBD-PI is thereby higher than the maximal
544total lipid concentration in all our binding assays (i.e., >1
545μM), an analogue concentration below its CMC (i.e., 1 μM)
546was chosen in the following binding experiments. We
547observed strong binding of C6-NBD-PI to NPC2 with
548nanomolar affinity, similar to binding of C6-NBD-PC below
549the CMC (compare Figures S4 and S9). The binding curve
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550 was again better described by a simplified hyperbolic model
551 (eq 3) than by the full binding model (eq 2), suggesting that
552 the fluorescence response of monomeric NBD-lipids somehow
553 differs from that of NBD-lipids above their CMC (Figure S9B,
554 orange and green curve). Together, these experiments
555 demonstrate that NPC2 binds a variety of fluorescent
556 phospholipid analogues. A summary of all lifetime measure-
557 ments of analogues in aqueous suspension in response to
558 NPC2 binding is given in Figure S10.
559 To validate the results obtained with fluorescent phospho-
560 lipids, we performed binding experiments using differentially
561 labeled lipids, i.e., spin-labeled phospholipids in conjunction
562 with ESR spectroscopy. For that, we focused on the binding of
563 NPC2 to an analogue of PS bearing a nitroxide group at a
564 short sn2 fatty acyl chain [SL-PS (see Figure S1)]. The ESR
565 spectrum of SL-PS in buffer at 100 μM, which is well above its
566 CMC of 13.2 μM,37 consists of two superimposed
567 components: (i) three narrow lines arising from the freely
568 tumbling monomers and (ii) a broad component caused by
569 the spin−spin interaction of analogues organized in micelles

f4 570 (Figure 4, blue spectra). Thus, ESR spectroscopy allows for
571 following both the fraction of lipid in micelles and free in
572 solution independently. Any change in the equilibrium
573 between micelles and monomers, e.g., due to binding of the
574 analogue to a protein, can be observed by spectral changes.44

575 After addition of NPC2 to an aqueous dispersion of SL-PS,
576 the shape of the ESR spectrum is changed; i.e., the signal
577 intensity of the narrow peaks is increased while the intensity
578 of the broad component is decreased. This indicates some
579 solubilization of analogue micelles probably caused by binding
580 of SL-PS monomers to NPC2. We measured binding of SL-PS
581 to NPC2 at acidic pH, as found in the vacuole, but also at
582 neutral pH and did not find any difference (Figure 4).
583 Together, these results demonstrate that binding of
584 phospholipid analogues to NPC2 is not a result of a particular
585 label moiety. Our spectroscopic experiments further show that
586 NPC2 binds not only sterols but also a variety of fluorescent
587 phospholipid analogues, either as monomers or in lipid
588 assemblies.

589Binding of Endogenous Lipids to Yeast NPC2. To
590assess the physiological relevance of these findings, we next
591determined whether yeast NPC2 also binds endogenous
592phospholipids in vivo. For that, we isolated NPC2 from yeast
593and extracted lipids bound to the purified protein. The
594identity of the lipids was determined by TLC by comparing
595extracts to known standards. We found that NPC2 binds,
596besides ergosterol, PC and PI, together with traces of other
597 f5lipid species (Figure 5). These results confirm the
598spectroscopic measurements with fluorescent analogues of
599PC and PI and fluorescent sterols. PS could not be identified
600as an endogenous ligand, which, at first glance, is in
601contradiction to our spectroscopic studies. However, PS is
602known to be a minor component of the vacuolar membrane

Figure 4. Binding of spin-labeled PS to NPC2. ESR spectra of 100 μM SL-PS in buffer were measured without (blue) and with (orange) 10 μM
NPC2. Measurements were carried out either in HEPES buffer (pH 7.5, A) or in citrate buffer (pH 5.5, B).

Figure 5. Identification of endogenous lipids bound to yeast NPC2.
Lipids were extracted from purified NPC2 and analyzed by TLC
compared to various standards, including phosphatidylglycerol (PG),
PC, ergosterol (ERG), phosphatidic acid (PA), PI, and PE. In
addition, a yeast total lipid extract (Yeast Polar) was used. Ergosterol
(left side, top arrow), PC (left side, bottom arrow), and PI (right
side, arrow) were identified as ligands of NPC2.
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603 under normal conditions (i.e., it amounts to only 4.4% of total
604 phospholipid), while both PC and PI are very abundant with
605 values of 46.5% and 18.3%, respectively.43 Thus, given the low
606 abundance of PS one can expect, despite a significant affinity
607 of PS for NPC2, that only a few protein-PS complexes are
608 formed in the vacuole at any given time, which are hard to
609 detect. Our results show that NPC2 binds phospholipids also
610 in vivo supporting a model of NPC2-mediated solubilization of
611 phospholipids in the vacuole.
612 Computational Investigation of Lipid Binding. To
613 identify structural and energetic determinants of NPC2’s
614 multiligand specificity, we used molecular simulations of
615 NPC2 ligand complexes. A series of five MD simulations were
616 performed to investigate how the NPC2 protein binds
617 different lipids: a simulation of the protein with no lipid
618 bound (apo) and simulations of the protein in complex with

f6 619 ergosterol, POPI, POPC, or POPS. Figure 6 contains a
620 comparison of snapshots based on the initial conformation
621 from the simulations to averaged structures of the last part of
622 the simulations. Significant changes to the protein con-
623 formation are observed in all five simulations. NPC2 has a
624 binding cavity comprised of apolar residues, while the surface
625 of the protein has a high number of charged residues. The
626 binding cavity is large compared to the size of ergosterol,
627 which allows water to enter the cavity in the ergosterol and
628 lipid-free simulation. Interestingly, however, this binding
629 pocket closes rapidly in the early stages of the unbound
630 protein simulation and thereby repels water from the apolar
631 binding pocket. This strongly suggests that the binding pocket
632 is very flexible, which likely explains the ability of the protein

633to bind a wide range of lipids. Note that the binding pocket in
634the crystal structure of the lipid-free NPC2 could contain a
635different lipid, whose identity could not be resolved. In fact,
636only ergosterol could be resolved but several NPC2
637monomers had additional density that could indicate that
638other lipids were also bound. We could not model such
639density, likely because NPC2 binds lipid ligands with high
640variability.8

641The same dynamic adjustment of the binding pocket as in
642the apo state is observed in the simulation of NPC2 in
643complex with ergosterol. Because ergosterol is the native
644ligand of NPC2, we did not expect that the conformation of
645the protein would change much when simulating the protein
646in complex with this sterol. However, as shown in Figure 6,
647the sterol moves deeply into the binding pocket, and the
648protein closes around it to provide a stable, closed
649conformation indicating tight binding. This movement
650happens within the first 50 ns of the simulation (see the
651Supplemental Video). In the average structure, on the basis of
652snapshots from the last part of the simulation, the shape of the
653protein bound to ergosterol is quite similar to the average
654structure of the unbound protein at the end of the simulation.
655In the simulations of POPI, POPC, and POPS, the binding
656poses of the lipids change significantly. This is not surprising
657because these ligands are placed inside the cavity based on
658docking as no crystal structures of these ligands in complex
659with the protein were available. However, as these
660phospholipids occupy a large part of the binding cavity, the
661protein itself does not change conformation as much as seen
662in the apo and ergosterol simulations. In all of the simulations

Figure 6. Comparison of (a) snapshots after the first short equilibration to (b) the average structures from the last 100 ns of simulation.

Figure 7. (a) Root-mean-square fluctuations (RMSF) of the backbone of the protein determined from five different simulations. The residues of
the protein structure are color-coded to indicate the position of the residues that differ the most among the simulations. (b) Protein colored
according to panel a.
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663 of phospholipids, the acyl chains of the lipids end up in almost
664 the same apolar part of the protein as the body of ergosterol
665 did. For POPI, the acyl chains end up in oppositely oriented

666directions, which could indicate that the exact position of the
667acyl chains is irrelevant for the binding process as long as they
668are located inside the apolar cavity. This was investigated

Figure 8. Extreme projections along the first principal component for the NPC2 protein bound to different lipids. The color encodes the position
along the first eigenvector as shown with the color bar.

Figure 9. Contribution of each residue to the binding free energy ΔG. The energies are calculated using the MM-PBSA method. The segments
are colored according to the color coding in Figure 7b.
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669 further by running MD simulations of all of the five best
670 docking poses of POPI (Figure S11). As expected, it was
671 found that the exact orientation of lipid tails was largely
672 dependent on the initial binding pose. Interestingly, the polar
673 headgroups of all phospholipids end up relatively close to the
674 purple α-helix in Figure 6.
675 To investigate the degree of flexibility of the protein, the
676 root-mean-square fluctuations (RMSF) of the α-carbon atoms
677 of the backbone were calculated on the basis of the snapshots
678 from the MD simulations, showing that the most flexible
679 regions are the loops in the green, red, and blue regions in

f7 680 Figure 7. These regions do not necessarily interact directly
681 with the lipids, as they are largely positioned relatively far
682 from the actual binding site. Instead, large fluctuations could
683 suggest that these segments provide the required flexibility of
684 the protein to accommodate differently shaped lipids.
685 Interestingly, the simulation of the protein in complex with
686 POPC also reflects a high degree of fluctuation in the green
687 and second red loop (Figure 7b). This difference between the
688 simulation with POPC and the other phospholipids suggests
689 some lipid specificity in protein conformational changes upon
690 binding of different phospholipids despite their similar size.
691 To obtain a more visual representation of the correlated
692 movements of the protein, we performed a principal
693 component analysis (PCA) for each of the simulations. In
694 this method, the high-dimensional space of molecular motion
695 variables is reduced by projecting them onto the eigenvectors
696 (principal components) of this vector space, thereby revealing
697 global motions of a protein structure. Projections along the

f8 698 first principal component of NPC2 are visualized in Figure 8.
699 From the PCA, it is clear that the major movements in all of
700 the simulations take place in the loops of the protein
701 (compare Figures 7 and 8). Remarkably, even though the
702 fluctuations in the simulations largely are localized to the same
703 parts of the protein, collective movements of the loops seem
704 to be very different among the simulations. This is especially
705 true for the red region shown in Figure 7b. The core of the
706 binding pocket is, however, in most cases, relatively conserved.
707 This once again illustrates the point made previously that the
708 loops of the protein are very flexible and likely play a
709 significant role in the protein’s ability to adopt different
710 conformations to accommodate different lipids.
711 To gain further insight into the primary residues that are
712 involved in the binding of the different lipids, we used the
713 MM-PBSA method to calculate the contribution of each
714 residue to the overall binding affinity (ΔG). In this method,
715 the binding free energy is estimated as the difference between
716 the free energy in the gas phase (ΔGgas) and the change in the
717 solvation energy of the system (ΔGsolv) when the protein
718 binds a lipid. The change in solvation energy is the estimated
719 energy required to repel water from the binding site and
720 around the lipid upon binding.45 ΔGgas can be subdivided into
721 contributions from electrostatic interactions (ΔEEle) and from
722 van der Waals interactions (ΔEvdW). The ΔG for each residue

f9 723 is presented in Figure 9.
724 Upon comparison of Figures 7a to 9, a tendency that those
725 residues contributing the most to the binding free energy are
726 residues that move the least can be observed. This, once again,
727 indicates that the residues that make up the binding cavity are
728 the ones that fluctuate the least in the protein. The shape of
729 the binding pocket itself thus seems to be fairly conserved
730 throughout the equilibrated parts of the simulations.

731With regard to the binding of ergosterol as a hydrophobic
732molecule, it is not surprising that the residues contributing the
733most to the favorable binding of the sterol inside the binding
734pocket are hydrophobic residues. In fact, 95% of the ΔGgas for
735ergosterol comes from van der Waals interactions (−53.3
736kcal/mol of −56.2 kcal/mol). Because van der Waals
737interactions are generally weak, any individual residue
738contributes only little to the total free energy of binding.
739Accordingly, only small per-residue free energy contributions
740are seen for ergosterol in Figure 9. The high affinity of the
741NPC2 protein for ergosterol is, thus, mainly due to the ability
742of the binding cavity to adapt its conformation to the shape of
743the ligand rather than due to any specific interactions.
744In contrast, for the phospholipid ligands, residues that
745contribute strongly to the binding affinity could be identified,
746primarily through electrostatic interactions. Most significant is
747Lys134, which is positively charged at physiological pH. This
748residue is ideally placed to form ionic interactions with the
749 f10phosphate group of the phospholipids (Figure 10). Moreover,

750the aromatic ring of Phe107 is in prime position to form
751cation−π interactions with the positively charged amine/
752ammonium group of POPC and POPS (Figure 10). These
753two residues are by far the most stabilizing residues in the
754simulations of POPC and POPS due to their charges (POPI
755does not have a positive charge for cation−π interactions with
756Phe107). Interestingly, the α-helix in the red segment from
757residues 109−116 contains three acidic residues. These
758residues are strongly attracted by the positively charged
759amine/ammonium group of POPS and POPC through ionic
760interactions but are at the same time repelled by the
761phosphate group and, in the case of POPS, the carboxylic
762acid group. Furthermore, the negatively charged residues are
763partly desolvated upon binding, which explains the overall
764destabilizing effect of Asp115 and Glu111 in especially the
765POPS simulation. Despite the negative effect on the overall
766estimated binding affinity, we hypothesize that this negatively
767charged environment, along with the aromatic ring of Phe107,
768is responsible for the exact positioning of the positively
769charged amine/ammonium group, while Lys134 is responsible
770for the positioning of the phosphate group. Thus, the binding

Figure 10. Visualization of some important residues of NPC2 that
are involved in binding of POPC. The structure is from the last
snapshot of the simulation.
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771 of phospholipids is also driven by electrostatic interactions
772 between NPC2 and the charged groups of the phospholipids
773 as opposed to the binding of ergosterol, which is dominated
774 by hydrophobic interactions.

775 ■ CONCLUSION
776 The sterol transfer protein NPC2 has recently been shown to
777 be necessary for integration of ergosterol into the vacuolar
778 membrane in yeast.8 In particular during starvation, NPC2 is
779 required for vacuolar uptake and processing of lipid droplets
780 and other organelles,8 suggesting that this protein plays a
781 more general role in vacuolar lipid digestion. By employing
782 experimental and computational approaches, we show here
783 that yeast NPC2 binds not only sterols but also various
784 phospholipids due to its large binding pocket, which can
785 flexibly adapt to different ligand shapes and sizes. We
786 demonstrate that NPC2 binds analogues of PC, PI, PS, and
787 SM with high affinity, while we identified PC and PI as
788 endogenous ligands, apart from ergosterol. Using more
789 sensitive analytical techniques, such as lipid mass spectrom-
790 etry, additional endogenous ligands will likely be discovered in
791 future experiments.46 We show that NPC2 binds phospholipid
792 monomers but can also interact with phospholipids in
793 membranes and probably also with lipid micelles and other
794 lipid assemblies. It is likely that by binding to phospholipid
795 monomers NPC2 can prevent the formation of phospholipid
796 micelles, which might be an important function of NPC2 as a
797 general lipid solubilizer in the lumen of the yeast vacuole.
798 During lipid hydrolysis, monoacylglycerol phospholipids are
799 generated, which would form micelles and similar small
800 aggregates, unless solubilized by an efficient and abundant
801 lipid transfer protein. Because micelles of amphiphilic
802 substances can damage organelle membranes, micelle
803 formation must be prevented in the vacuolar lumen. Products
804 of lipid hydrolysis such as monoacylglycerol phospholipids act
805 as weak detergents, whose membrane partitioning is inversely
806 proportional to their CMC.47 The ability of NPC2 to bind
807 lipid analogues could reflect its in vivo function to prevent the
808 accumulation of lysophospholipids in the membrane and
809 thereby membrane damage. In addition, the interaction we
810 found for yeast NPC2 with PS, PC, and PI could play a role in
811 recruiting the protein to intravacuolar membranes for efficient
812 sterol pick up, interbilayer phospholipid transport, and other
813 functions. In fact, binding of both phospholipids and sterols
814 has been described for other membrane-active sterol transfer
815 proteins, such as the oxysterol binding protein Osh4, which
816 binds ergosterol and PI-4-phosphate.48 PI-4-phosphate has
817 recently been shown to accumulate at sites of lipophagy,
818 which depends on this particular PI lipid.49,50 Future studies
819 are needed to determine whether yeast NPC2 regulates the
820 abundance of this lipid in the vacuolar membrane, thereby
821 exerting control over lipophagy and vacuole function.8

822 Mammalian NPC2 has been shown to have a binding
823 pocket that is smaller than that of yeast NPC2 and is known
824 to bind multiple sterols.3,9−11 Using a nitrocellulose strip
825 binding assay, interaction of mammalian NPC2 with LBPA,
826 PS, PC, PG, and PA has been recently demonstrated.12

827 Similarly, sterol transfer between membranes by mammalian
828 NPC2 is enhanced in the presence of charged lipids, such as
829 PS, PA, and LBPA.51 Thus, it is likely that mammalian NPC2
830 also interacts with charged headgroups of membrane-
831 embedded phospholipids to fulfill its function as sterol
832 transfer protein in the endolysosomes. Whether the affinity

833of mammalian NPC2 for various phospholipids is sufficient to
834pick up phospholipid monomers and solubilize phospholipid
835micelles, as we suggest here for yeast NPC2, warrants future
836studies.
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(41)1071 Tannert, A., Töpfer-Petersen, E., Herrmann, A., Müller, K.,
1072 and Müller, P. (2007) The Lipid Composition Modulates the
1073 Influence of the Bovine Seminal Plasma Protein PDC-109 on
1074 Membrane Stability†. Biochemistry 46, 11621−11629.

(42)1075 Langner, M., and Hui, S. (1993) Dithionite penetration
1076 through phospholipid bilayers as a measure of defects in lipid
1077 molecular packing. Chem. Phys. Lipids 65, 23−30.

(43)1078 Zinser, E., Sperka-Gottlieb, C. D. M., Fasch, E. V., Kohlwein,
1079 S. D., Paltauf, F., and Daum, G. (1991) Phospholipid synthesis and
1080 lipid composition of subcellular membranes in the unicellular
1081 eukaryote Saccharomyces cerevisiae. J. Bacteriol. 173, 2026−2034.

(44)1082 Olayioye, M. A., Vehring, S., Müller, P., Herrmann, A., Schiller,
1083 J., Thiele, C., Lindeman, G. J., Visvader, J. E., and Pomorski, T.
1084 (2005) StarD10, a START Domain Protein Overexpressed in Breast
1085 Cancer, Functions as a Phospholipid Transfer Protein. J. Biol. Chem.
1086 280, 27436−27442.

(45)1087 Wang, C., Greene, D., Xiao, L., Qi, R., and Luo, R. (2018)
1088 Recent Developments and Applications of the MMPBSA Method.
1089 Front. Mol. Biosci. 4, 87.

(46) 1090Ejsing, C. S., Sampaio, J. L., Surendranath, V., Duchoslav, E.,
1091Ekroos, K., Klemm, R. W., Simons, K., and Shevchenko, A. (2009)
1092Global analysis of the yeast lipidome by quantitative shotgun mass
1093spectrometry. Proc. Natl. Acad. Sci. U. S. A. 106, 2136−2141.

(47) 1094Heerklotz, H., and Seelig, J. (2000) Correlation of Membrane/
1095Water Partition Coefficients of Detergents with the Critical Micelle
1096Concentration. Biophys. J. 78, 2435−2440.

(48) 1097de Saint-Jean, M., Delfosse, V., Douguet, D., Chicanne, G.,
1098Payrastre, B., Bourguet, W., Antonny, B., and Drin, G. (2011) Osh4p
1099exchanges sterols for phosphatidylinositol 4-phosphate between lipid
1100bilayers. J. Cell Biol. 195, 965−978.

(49) 1101Tomioku, K., Shigekuni, M., Hayashi, H., Yoshida, A.,
1102Futagami, T., Tamaki, H., Tanabe, K., and Fujita, A. (2018)
1103Nanoscale domain formation of phosphatidylinositol 4-phosphate in
1104the plasma and vacuolar membranes of living yeast cells. Eur. J. Cell
1105Biol. 97, 269−278.

(50) 1106Kurokawa, Y., Konishi, R., Yoshida, A., Tomioku, K., Tanabe,
1107K., and Fujita, A. (2020) Microautophagy in the yeast vacuole
1108depends on the activities of phosphatidylinositol 4-kinases, Stt4p and
1109Pik1p. Biochim. Biophys. Acta, Biomembr. 1862, 183416.

(51) 1110Storch, J., and Xu, Z. (2009) Niemann−Pick C2 (NPC2) and
1111intracellular cholesterol trafficking. Biochim. Biophys. Acta, Mol. Cell
1112Biol. Lipids 1791, 671−678.

Biochemistry pubs.acs.org/biochemistry Article

https://dx.doi.org/10.1021/acs.biochem.0c00574
Biochemistry XXXX, XXX, XXX−XXX

N

https://dx.doi.org/10.1021/j100142a004
https://dx.doi.org/10.1063/1.445869
https://dx.doi.org/10.1063/1.445869
https://dx.doi.org/10.1002/bip.360320508
https://dx.doi.org/10.1002/bip.360320508
https://dx.doi.org/10.1063/1.448118
https://dx.doi.org/10.1063/1.448118
https://dx.doi.org/10.1016/0021-9991(77)90098-5
https://dx.doi.org/10.1016/0021-9991(77)90098-5
https://dx.doi.org/10.1021/ct300418h
https://dx.doi.org/10.1021/ct300418h
https://dx.doi.org/10.1021/ar000033j
https://dx.doi.org/10.1021/ar000033j
https://dx.doi.org/10.1016/0009-3084(90)90128-E
https://dx.doi.org/10.1016/0009-3084(90)90128-E
https://dx.doi.org/10.1016/0009-3084(90)90128-E
https://dx.doi.org/10.1074/jbc.M101939200
https://dx.doi.org/10.1074/jbc.M101939200
https://dx.doi.org/10.1074/jbc.M101939200
https://dx.doi.org/10.1016/j.cell.2018.08.033
https://dx.doi.org/10.1016/j.cell.2018.08.033
https://dx.doi.org/10.1021/bi00379a004
https://dx.doi.org/10.1021/bi00379a004
https://dx.doi.org/10.1021/bi00379a004
https://dx.doi.org/10.1021/bi7011299
https://dx.doi.org/10.1021/bi7011299
https://dx.doi.org/10.1021/bi7011299
https://dx.doi.org/10.1016/0009-3084(93)90078-H
https://dx.doi.org/10.1016/0009-3084(93)90078-H
https://dx.doi.org/10.1016/0009-3084(93)90078-H
https://dx.doi.org/10.1128/JB.173.6.2026-2034.1991
https://dx.doi.org/10.1128/JB.173.6.2026-2034.1991
https://dx.doi.org/10.1128/JB.173.6.2026-2034.1991
https://dx.doi.org/10.1074/jbc.M413330200
https://dx.doi.org/10.1074/jbc.M413330200
https://dx.doi.org/10.3389/fmolb.2017.00087
https://dx.doi.org/10.1073/pnas.0811700106
https://dx.doi.org/10.1073/pnas.0811700106
https://dx.doi.org/10.1016/S0006-3495(00)76787-7
https://dx.doi.org/10.1016/S0006-3495(00)76787-7
https://dx.doi.org/10.1016/S0006-3495(00)76787-7
https://dx.doi.org/10.1083/jcb.201104062
https://dx.doi.org/10.1083/jcb.201104062
https://dx.doi.org/10.1083/jcb.201104062
https://dx.doi.org/10.1016/j.ejcb.2018.03.007
https://dx.doi.org/10.1016/j.ejcb.2018.03.007
https://dx.doi.org/10.1016/j.bbamem.2020.183416
https://dx.doi.org/10.1016/j.bbamem.2020.183416
https://dx.doi.org/10.1016/j.bbamem.2020.183416
https://dx.doi.org/10.1016/j.bbalip.2009.02.001
https://dx.doi.org/10.1016/j.bbalip.2009.02.001
pubs.acs.org/biochemistry?ref=pdf
https://dx.doi.org/10.1021/acs.biochem.0c00574?ref=pdf

