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Molecular basis for sterol transport by StART-like
lipid transfer domains
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Abstract

Lipid transport proteins at membrane contact sites, where two
organelles are closely apposed, play key roles in trafficking lipids
between cellular compartments while distinct membrane composi-
tions for each organelle are maintained. Understanding the
mechanisms underlying non-vesicular lipid trafficking requires
characterization of the lipid transporters residing at contact sites.
Here, we show that the mammalian proteins in the lipid transfer
proteins anchored at a membrane contact site (LAM) family, called
GRAMD1a-c, transfer sterols with similar efficiency as the yeast
orthologues, which have known roles in sterol transport. Moreover,
we have determined the structure of a lipid transfer domain of the
yeast LAM protein Ysp2p, both in its apo-bound and sterol-bound
forms, at 2.0 Å resolution. It folds into a truncated version of
the steroidogenic acute regulatory protein-related lipid transfer
(StART) domain, resembling a lidded cup in overall shape. Ergo-
sterol binds within the cup, with its 3-hydroxy group interacting
with protein indirectly via a water network at the cup bottom. This
ligand binding mode likely is conserved for the other LAM proteins
and for StART domains transferring sterols.

Keywords cholesterol; endoplasmic reticulum; lipid transport protein;

membrane contact sites; StART domain

Subject Categories Membrane & Intracellular Transport; Structural Biology

DOI 10.15252/embj.201798002 | Received 14 August 2017 | Revised 2 February

2018 | Accepted 5 February 2018 | Published online 21 February 2018

The EMBO Journal (2018) 37: e98002

Introduction

Lipids, which are synthesized primarily in the endoplasmic reticu-

lum (ER), become redistributed to other compartments asymmetri-

cally. As a result, organelles differ in the composition of their lipid

bilayers, imparting different biochemical and biophysical character-

istics and helping to define organelle identity (Bigay & Antonny,

2012). Membrane contact sites, where two organelles are closely

apposed, and the lipid transfer proteins enriched at such sites play

critical roles in lipid redistribution (Lahiri et al, 2015; Drin et al,

2016; Kentala et al, 2016; Reinisch & De Camilli, 2016; Saheki et al,

2016). By definition, lipid transport proteins include lipid binding

modules which function by solubilizing lipids during transit across

the cytosol between two organelle membranes. Some transport

proteins additionally serve as tethers, helping to maintain the archi-

tecture of contact sites. Identification and characterization of lipid

transporters at membrane contact sites are an area of ongoing

research critical in unraveling the mechanisms that underlie lipid

homeostasis (Schauder et al, 2014; Lahiri et al, 2015; Drin et al,

2016; Kentala et al, 2016; Reinisch & De Camilli, 2016; Saheki et al,

2016; Lees et al, 2017).

The lipid transfer proteins anchored at a membrane contact site

(LAM) or lipid transfer at contact site (Ltc) family of lipid trans-

porters was discovered on the basis of distant sequence homology

and structural alignment with proteins containing a steroidogenic

acute regulatory protein-related lipid transfer (StART) domain

(Gatta et al, 2015; Murley et al, 2015). A number of StART proteins

transfer sterol, whereas others are involved in the transport of other

lipids such as ceramide, phosphatidylcholine, or bile acids (Clark,

2012; Alpy & Tomasetto, 2014; Letourneau et al, 2015). Proteins in

the LAM/Ltc family all feature an unstructured N-terminus,

followed by a pleckstrin homology-like domain known as a GRAM

domain, one or two StART-like domains, a transmembrane segment

anchored to the ER, and a short ER-luminal stretch (Gatta et al,

2015; Murley et al, 2015; Fig 1A). Although there are no known

StART domain proteins in S. cerevisiae, there are six LAM/Ltc

proteins with StART-like domains, which localize to contacts

between the ER and the plasma membrane (PM; Ysp2p/Lam2p/

Ltc4p, Lam4p/Ltc3p, Ysp1p/Lam1p, Sip3p/Lam3p; Gatta et al,

2015) or either ER–mitochondrial or ER–vacuolar contacts (Lam5p/

Ltc2p, Lam6p/Ltc1p) (Elbaz-Alon et al, 2015; Murley et al, 2015).

Characterized yeast LAM/Ltc proteins all bind and/or transport

sterol (Gatta et al, 2015; Murley et al, 2015) and have been impli-

cated in coordinating sterol homeostasis with cellular stress

responses (Murley et al, 2017). We show here that the three

mammalian LAM/Ltc proteins, called GramD1a-c, all efficiently

transport sterols in vitro and so are also likely to function in sterol

transport, perhaps with similar roles in stress response as in fungi.

How the LAM/Ltc proteins, or related proteins in the StART family,

interact with sterol has so far been unknown.

To address how StART and StART-like proteins bind sterol, we

determined the crystal structure of a StART-like domain of
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S. cerevisiae Ysp2p both in its apo- and ergosterol-bound forms at

2.0 Å resolution. The StART-like domain is a truncated variation of

the a/b helix-grip fold found in StART modules (Tsujishita & Hurley,

2000; Romanowski et al, 2002; Thorsell et al, 2011), forming a cup-

like structure with a lid. Ergosterol binds within the cup, inducing a

conformational change that results in lid closure and shields bound

lipid from the aqueous environment. The ergosterol moiety occupies

only the upper two thirds of the cavity, whose sides are lined with

hydrophobic residues. Its 3-hydroxyl group interacts with protein

indirectly via a network of water molecules in the bottom third of

the cavity, which are hydrogen bonded to hydrophilic residues

located there. This mode of sterol binding likely is conserved in

other LAM/Ltc as well as in sterol binding StART proteins.

Results and Discussion

The StART-like domains of the human LAM/Ltc proteins and
Ysp2p transfer sterols between membranes in vitro

To determine whether the StART-like domains of the mammalian

LAM/Ltc proteins transport sterols, we expressed and purified

constructs containing the StART-like domain of human GramD1a

(residues 363–565), GramD1b (residues 372–572), and GramD1c

(residues 323–521) (Fig 1A) and assayed their transfer ability

in vitro. For comparison, we also tested the Osh4p protein, one of

the best studied sterol transporters (Im et al, 2005; Raychaudhuri

et al, 2006; de Saint-Jean et al, 2011; Moser von Filseck et al,

2015b), as well as the StART-like domains of Ysp2p, whose ability

to extract and bind sterols was reported previously (Gatta et al,

2015), either individually or together (Ysp2pS1: residues 851–1,017;

Ysp2pS2: residues 1,027–1,244; Ysp2pS1S2: residues 851–1,244).

Except for Ysp2pS1, the constructs also included a conserved,

predicted disordered polybasic segment C-terminal to the StART-like

module, not present downstream of Ysp2pS1, which increased

expression levels and solubility. We used an established fluores-

cence resonance energy transfer (FRET) assay (Moser von Filseck

et al, 2015b) to monitor the transfer of dehydroergosterol (DHE), a

fluorescent analog of ergosterol, from a population of donor (LD) to

acceptor (LA) liposomes (Fig 1B). The liposome preparations were

similar, consisting primarily of egg phosphatidylcholine (egg PC),

except that the donor liposomes additionally contained DHE (5

mol%) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(5-

dimethylamino-1-naphthalenesulfonyl) (DNS-PE, 2.5 mol%). In this

assay, the amount of DHE transfer is proportional to the loss of

FRET between DHE and DNS-PE in the donor liposomes. All StART

domains tested transferred DHE between liposomes (Figs 1C–E and

EV1), with transfer rates between ~0.5 and 1.5 DHE/min/molecule,

except for GramD1a which transferred ~8.4 molecules DHE/min

(Figs 1C and E, and EV1A). The StART-like modules of Ysp2p, likely

the result of domain duplication, appear to function independently

since the transfer rates of Ysp2pS1 and Ysp2pS1S2 are similar.

Removing the polybasic C-terminal segment from GramD1b

(GramD1bShort, residues 372–550) did not negatively affect DHE

transport rates (Figs 1C and E, and EV1A). For Osh4p, we calculated

a “transfer” rate of ~0.65 molecules DHE/min (Figs 1D and E, and

EV1B), similar to values reported previously under slightly different

assay conditions (Moser von Filseck et al, 2015b) and similar to

rates for the Ysp2p constructs, GramD1b and GramD1c. (Note,

though, that Osh4p transfers plateaus at a value equivalent to the

molar quantity of Osh4p (Fig 1D; see also Fig 2A in Moser von

Filseck et al, 2015b), suggesting that the decrease in FRET observed

for Osh4p is due not to transfer per se but rather to a fast extraction

step which is followed by inefficient delivery.)

Membrane composition, which affects the ease with which

lipids can be extracted from and inserted into donor or acceptor

membranes, respectively, is well known to affect lipid transport

rates (Wong et al, 2017), and in vivo rates often are much faster

than those measured in vitro using non-physiological membrane

compositions (Wong et al, 2017). To assess the effect of

membrane composition on transfer rates, we repeated the transfer

assays for two of the protein constructs, Ysp2pS1 and GramD1b,

while altering donor or acceptor liposome compositions. Since

Ysp2p functions at ER–plasma membrane contact sites whereas

other LAM/Ltc proteins may function at contacts between the ER

and internal organelles like mitochondria or vacuoles (Elbaz-Alon

et al, 2015; Gatta et al, 2015; Murley et al, 2015), we first exam-

ined the effect of replacing egg PC, which resembles PC at the PM

in its more saturated acyl chain composition, with 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC), which more resembles PC in

internal compartments, in either the donor or acceptor liposomes

or both. For both Ysp2pS1 and GramD1b, we found that sterol

transfer rates increased by factors of ~2–3 fold when the donor or

both donor and acceptor liposome populations contained DOPC

instead of egg PC (Figs 2A and EV2A and B). Since anionic lipids

in either the donor and/or acceptor membranes have been

reported to accelerate transport by other lipid transfer proteins

(Mesmin et al, 2011; Iaea et al, 2015; Moser von Filseck et al,

2015b), we next examined the effect of anionic lipids on transfer,

finding a twofold to fivefold increase in sterol transfer rates by

both Ysp2pS1 and GramD1b when 5 mol% brain phosphatidylser-

ine (PS), brain phosphatidylinositol-4-phosphate (PI(4)P), or brain

phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2)) (Figs 2B and

EV2C and D) was added to the acceptor liposomes. Next, we used

PM-like and ER-like membrane compositions for the donor (LPM)

and acceptor (LER) liposomes, finding ~20-fold and ~13-fold

increases in the Ysp2pS1 and GramD1b transfer rates, respectively

(Figs 2C and D, and EV2E). In these experiments, the donor lipo-

somes comprised 65% egg PC, 17.5% PE, 10% PS, 5% DHE, and

2.5% DNS-PE, and the acceptor liposomes comprised 78% DOPC,

20% PE, and 2% 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxy-

pentyl) iminodiacetic acid) succinyl] (nickel salt) [DGS-NTA(Ni)].

Finally, since the LAM proteins are thought to localize to contact

sites, where the donor and acceptor membranes are in close prox-

imity, we examined the importance of such localization on rate by

comparing transport by soluble and tethered protein constructs.

The tethered constructs, which include the StART-like domain and

surrounding sequences predicted to be unstructured (residues 760–

1,058 for Ysp2p-t and residues 208–622 for GramD1b-t), are fused

at their N-terminus to the Lactadherin C2 domain, a PS sensor

(Yeung et al, 2008) which allows binding to the PS-containing

donor liposomes. At their C-terminus, they have a hexahistidine

tag, allowing them to interact with DGS-NTA(Ni) in the acceptor

liposomes (Fig 2C). Tethering further increases the transfer rate

between donor and acceptor liposomes, by a factor of ~2×

(Figs 2D and EV2E). This corresponds to a rate enhancement of
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25–40× (~40 DHE/min/molecule LTP) over those initially

measured for sterol transfer by Ysp2pS1 and GramD1b with lipo-

somes composed of egg PC (Fig 1E).

To assess whether the StART-like domains preferentially trans-

port sterol, we examined their ability to transfer other lipids, namely

phosphatidylethanolamine (PE) and PS. We monitored the transfer

of radiolabeled PE (14C) (and cholesterol (3H) as a positive control)

between “heavy” and “light” liposomes, containing 0.75 M or no

sucrose, respectively, by scintillation counting after separating the

liposomes by centrifugation. We used another established FRET-

based assay to follow PS transfer (Moser von Filseck et al, 2015a;

Fig 3A). The transfer reaction was carried out in the presence of

NBD-labeled PS sensor (NBD-C2Lact), with donor liposomes contain-

ing 5 mol% brain PS and 2 mol% 1,2-dioleoyl-sn-glycero-3-phos-

phoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhod-PE).

The fluorescence of NBD-C2Lact is quenched by Rhod-PE in the
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Figure 1. StART-like domains of Ysp2p and GramD1a-c transfer DHE between membranes.

A Domain architecture of Ysp2p and GramD1a-c.
B Schematic of the DHE transport assay. Donor liposomes LD (92.5/5/2.5 mol% egg PC/DHE/DNS-PE, 200 lM total lipid) were incubated with acceptor liposomes LA (egg

PC, 200 lM total lipid). Transfer of DHE by lipid transfer proteins between LD and LA liposomes results in the loss of FRET between DHE and DNS-PE. For reference,
the signal of a sample with DHE in equilibrium between LD (95/2.5/2.5 mol% egg PC/DHE/DNS-PE, 200 lM total lipid) and LA (97.5/2.5 mol% egg PC/DHE, 200 lM total
lipid) was measured. After subtraction of the buffer reaction, the signal was normalized to the amount of DHE present in LA based on the signal of the equilibrium
sample.

C DHE transfer by 1 lM of the StART-like domain of GramD1a (residues 363–565, purple), GramD1b (residues 372–572, red), GramD1bShort (residues 372–550, salmon),
and GramD1c (residues 323–521, orange). Mean of three independent experiments. For mean � SD, see Fig EV1A. The dashed black line represents DHE equilibrium
between LD and LA.

D DHE transfer by 1 lM of the first (residues 851–1,017, blue), second (residues 1,027–1,244, light blue), or a construct comprising both (residues 851–1,244, steel blue)
StART-like domains of Ysp2p or Osh4p (light gray). Addition of 5 mol% PI(4)P to the acceptor liposomes increases Osh4p sterol transfer activity (Osh4p LA: 5% PI(4)P,
dark gray). Mean of three independent experiments. For mean � SD, see Fig EV1B. The dashed black line represents DHE equilibrium between LD and LA.

E Initial DHE transfer rates (Vi, mean � SD, n = 3).
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donor liposomes, and an increase in NBD fluorescence is observed

if PS and consequently the probe are removed from the donor lipo-

somes and transferred to the acceptor liposomes. We did not

observe transfer of PE (Fig 3B) or PS (Figs 3C and D, and EV3A) by

the StART-like domain of Ysp2p or any of the mammalian GramD1

proteins, supporting that they preferentially transport sterols.

The Osh4p protein also transfers PI(4)P, and in vivo, it transports

sterol from the ER to the Golgi against a chemical gradient, by

making use of energy stored in the PI(4)P gradient between these

compartments and counter-exchanging sterol for the phosphoinosi-

tide (PIP) at the Golgi (de Saint-Jean et al, 2011; Moser von Filseck

et al, 2015b). Another protein in the same oxysterol binding protein

(OSBP) family, ORP8, similarly counter-exchanges PS for PI(4)P or

PI(4,5)P2 at ER–plasma membrane contact sites (Maeda et al, 2013;

Chung et al, 2015; Ghai et al, 2017). As a first step in assessing

whether any of the LAM/Ltc proteins might also use such a counter-

exchange strategy, we examined whether they transfer either PI(4)P

or PI(4,5)P2, the two PIPs commercially available with a natural

mammalian acyl chain distribution. We used the same FRET-based

assay described above for PS transfer, except with an NBD-labeled

probe for PIPs rather than for PS (NBD-PHFAPP1, the PH domain of

FAPP1) (Moser von Filseck et al, 2015b). We did not observe either

PI(4)P (Figs 3E and F, and EV3B) or PI(4,5)P2 (Figs 3G and H, and

EV3C) transfer by the StART-like domains of Ysp2p (Ysp2pS1,

Ysp2pS1S2), GramD1a, or GramD1c, although we cannot exclude

transport of other, untested PIPs. In contrast, the GramD1b StART-

like domain transports PI(4,5)P2 (Figs 3G and H, and EV3C), with

comparatively weak activity for PI(4)P (Figs 3E and F, and EV3B).

The polybasic sequence C-terminal to the GramD1b StART-like

domain, which is not present in Ysp2pS1, does not confer the ability

to transport PI(4,5)P2 since its truncation does not affect phospho-

inositide transfer rates (Figs 3G and H, and EV3C) and since

GramD1a, GramD1c, and Ysp2pS1S2, which also have a C-terminal

polybasic segment, did not transport the tested phosphoinositides

effectively (Figs 3E–H and EV3B and C). The rate at which

GramD1b transports PI(4,5)P2 (~0.22 PIP molecules/min/GramD1b

molecule) is comparable to PI(4,5)P2 and PI(4)P transfer rates by

ORP8 (residues: 370–809) (~0.31 PIPs/min/ORP8 molecule) and

◀ Figure 2. Membrane composition affects DHE transfer rates of the GramD1b StART-like domain and Ysp2S1.

A DHE transfer by 1 lM Ysp2pS1 or the StART-like domain of GramD1b between liposomes with different acyl chain compositions. Donor liposomes contained 5 mol%
DHE, 2.5 mol% DNS-PE, and either 92.5 mol% egg PC (LD: egg PC) or DOPC (LD: DOPC). Acceptor liposomes contained either egg PC (LA: egg PC) or DOPC (LA: DOPC).
The results of the LD: egg PC to LA: egg PC transfer are included in Fig 1D and are repeated here for reference. For mean � SD, see Fig EV2A and B. The dashed black
line represents DHE equilibrium between LD and LA. Initial DHE transfer (Vi, mean � SD, n = 3. *P < 0.05, **P < 0.01, ****P < 0.0001, NS: not significant). ANOVA with
Dunnett’s multiple comparisons test.

B DHE transport by 1 lM Ysp2pS1 or the StART-like domain of GramD1b using acceptor liposomes LA containing egg PC only (gray) or additionally containing 5 mol% of
either PS (yellow), PI(4)P (purple), or PI(4,5)P2 (red). The results of the LD: egg PC to LA: egg PC transfer are included in Fig 1 and are repeated here for reference. Mean
of three independent experiments. For mean � SD, see Fig EV2C and D. The dashed black line represents DHE equilibrium between LD and LA. Initial DHE transfer
rates (Vi, mean � SD, n = 3. *P < 0.05, **P < 0.01, ****P < 0.0001, NS: not significant). ANOVA with Dunnett’s multiple comparisons test.

C To tether Ysp2pS1 and the StART-like domain of GramD1b to liposomes, we added surrounding sequences predicted to be unstructured (residues 760–1,058 for Ysp2p
and residues 208–622 for GramD1b) and fused them with the Lactadherin C2 domain at their N-terminus, allowing for binding to PS-containing donor liposomes
(LPM), and a hexahistidine tag at their C-terminus, allowing interaction with DGS-NTA(Ni) in the acceptor liposomes (LER).

D DHE transport from PM-like (LPM) to ER-like (LER) liposome populations by Ysp2pS1 (blue) and the StART-like domain of GramD1b (red) or by membrane-tethered
Ysp2p-t (light blue) and GramD1b-t (brown) (0.1 lM final protein concentration). Mean of three independent experiments. For mean � SD, see Fig EV2E. The dashed
black line represents DHE equilibrium between LPM and LER. Initial DHE transfer rates (Vi, mean � SD, n = 3). *P < 0.05. Unpaired, two-tailed t-test.

▸Figure 3. Ligand specificity of Ysp2p and GramD1a-c.

A Schematic of the PS/PIP transport assay. Donor liposomes LD (93 mol% egg PC, 5 mol% PS/PIPs, and 2 mol% Rhod-PE 200 lM total lipid) were incubated with
acceptor liposomes LA (egg PC, 200 lM total lipid)) and 250 nM NBD-C2Lact/PHFAPP. After 4 min, LTP (1 lM final protein concentration) or buffer was added.
Transfer of PS/PIPs between LD and LA liposomes leads to dequenching of the NBD fluorescence due to relocalization of NBD-C2Lact/PHFAPP from LD to LA. For
reference, the signal of a sample with PS/PIP in equilibrium between LD (95.5 mol% egg PC, 2.5 mol% PS/PIP, 2 mol% Rhod-PE, 200 lM total lipid) and LA (97.5 mol
% egg PC, 2.5 mol% PS/PIP, 200 lM total lipid) was measured. After subtraction of the buffer reaction, the signal was normalized to the amount of PS/PIP present
(lM) in LA based on the signal of the equilibrium sample.

B Cholesterol and PE transport assay. LD liposomes (1 mM total lipid) were incubated with Ysp2pS1, the StART-like domains of GramD1a-c (1 lM final protein
concentration), or buffer. The transport reaction was started by the addition of heavy, sucrose filled LA liposomes (1 mM total lipid) containing 5 mol% cholesterol
or PE and spiked with 1 lCi/ml 3H cholesterol or 0.2 lCi/ml 14C PE, respectively. After 1 h, LD and LA liposomes were separated by centrifugation and the amount
of radioactivity in each liposome population was determined. The signal was normalized to the amount of cargo lipid (in % of total cargo lipid) transferred to LA
after subtraction of the buffer control reaction (mean � SD, n = 3).

C, D PS transport by Ysp2pS1 (blue for brain PS, light blue for DPPS), the StART-like domains of GramD1a/b/c (purple, red and orange respectively), or, as a positive
control, the known PS transporter ORP8 (gray, residues 370–809; Maeda et al, 2013; Chung et al, 2015; 1 lM final protein concentration). Addition of 5% PI(4,5)P2
to the acceptor liposomes increased ORP8 PS transfer rate (black) (as reported in Ghai et al, 2017). For Ysp2pS1, we tested transfer of both brain PS and DPPS,
which has shorter acyl chains. This alleviated concerns that even while not transferring brain PS, the yeast construct Ysp2pS1 might transfer PS species abundant
in yeast, with shorter fatty acid moieties than brain PS. The dashed black line represents PS equilibrium between LD and LA. Mean of three independent
experiments. For mean � SD, see Fig EV3A. (D) Initial PS transfer rates (Vi, mean � SD, n = 3).

E, F PI(4)P transport by Ysp2pS1 (blue, light blue for diC16 lipid, whose acyl chain composition more closely resembles that in yeast), Ysp2pS1S2 (steel blue), the StART-
like domains of GramD1a-c (purple, red and orange, respectively), or Osh4p (black) (1 lM final protein concentration). The dashed black line represents PI(4)P
equilibrium between LD and LA. Mean of three independent experiments. For mean � SD, see Fig EV3B. (F) Initial PI(4)P transfer rates (Vi, mean � SD, n = 3).

G, H PI(4,5)P2 transport by Ysp2pS1 (blue, light blue for diC16 lipid, whose acyl chain composition more closely resembles that in yeast), Ysp2pS1S2 (steel blue), the StART-like
domains of GramD1a-c (purple, red, and orange, respectively), GramD1bShort (green), or ORP8 (gray) (1 lM final protein concentration). The dashed black line represents
PI(4,5)P2 equilibrium between LD and LA. Mean of three independent experiments. For mean � SD, see Fig EV3C. (H) Initial PI(4,5)P2 transfer rates (Vi, mean � SD, n = 3).
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Osh4p (~0.30 PIPs/min/Osh4p molecule), respectively, under the

same conditions (Fig 3E–H). GramD1b might transfer other untested

PIPs (e.g., PI3P or PI(3,5)P2 if it localizes to the endolysosomal

system) even more efficiently, just as it transfers PI(4,5)P2 more

rapidly than PI(4)P. Further, a more physiological membrane

composition may accelerate phosphoinositide transport just as it

accelerates sterol transport.

These results suggest the intriguing possibility that GramD1b

might function in phosphoinositide transport and could employ a

counter-exchange mechanism. The physiological relevance of phos-

phoinositide transfer by GramD1b will need to be further evaluated

once its localization in cells, and the sterol and phosphoinositide

composition of donor and acceptor membranes, is better under-

stood.

StART-like domains adopt a truncated a/b helix-grip fold

For insights as to how the LAM/Ltc StART-like domain proteins,

and by extension the related StART domain proteins, bind sterols,

we crystallized a fragment of S. cerevisiae Ysp2p containing the

first of two StART-like domains (Ysp2pS1, residues 851–1,017).

The construct is identical to that used in the DHE transfer experi-

ments above. The protein was expressed in E. coli, purified, and

crystallized in the presence of a twofold molar excess of ergo-

sterol, and its structure was solved by the single anomalous

wavelength dispersion method (SAD) (Hendrickson, 1991) using

data from a selenomethionine-substituted crystal. The final model

contains four molecules of the StART-like domain in the asym-

metric unit and includes all residues from 851 to 1,016, except

for residue 1,016 in one of the copies and 851 in two others.

Two of the molecules showed non-peptide density in their ligand

binding cavity corresponding to a bound ergosterol moiety. The

final model additionally contains 709 water molecules. The

refined structure has Rwork/Rfree values of 16.1/20.1% and good

stereochemistry (Table 1).

Ysp2pS1 folds into a cup-shaped structure, whose walls comprise

a six-stranded b-sheet (b1-b6) and a three-helix bundle (a1-a3)
(Fig 4A and B). Superposition of Ysp2pS1 with the StART domain of

StARD3 (PDB ID: 5i9j, 3.0 Å RMSD over 131 Ca atoms) shows that

the StART-like fold is a truncated version of the canonical a/b helix-

grip fold adopted by StART domain proteins (Fig 4C). Missing are

the a-helix and adjacent two b-strands present at the N-terminus of

the StART domains, including in StARD3 (Fig 4C). One of the

strands at the edge of the StART b-sheet (b4) is replaced by a

random coil segment in Ysp2p, where two proline residues (P893

and P895) interfere with hydrogen bonding interactions to the adja-

cent b-strand (which is b2 in Ysp2pS1 or b5 in StART domains).

Another difference is in the positioning of loop Ω2 connecting b4
with b5 in Ysp2pS1 (or b7 with b8 in StARD3) (Fig 4C). In the

StART domains, this loop packs against the b-sheet outside the

cavity, whereas in the Ysp2p StART-like domain, it forms part of

the wall defining the cavity.

Comparison of the apo- and sterol-bound forms of Ysp2pS1

A superposition of the ligand-bound and ligand-free copies of

Ysp2pS1 reveals a conformational change upon sterol binding

(Fig 5A). In the apo form of Ysp2pS1, the opening to the sterol

binding site is large enough to allow binding and release of the

ligand, assuming that the side chain of K910 moves into the posi-

tion observed in the ergosterol-bound conformation (Fig 5A).

Upon ligand binding, loops Ω1 and Ω2 (localized between b2 and

b3 and between b4 and b5, respectively), the N-terminal end of

helix a3, and the loop connecting b6 with a3 move to

partially close off the opening of the sterol binding cavity

(Fig 5A). While the displacement is minor for the other structural

elements (< 1.6 Å), the tip of Ω1 moves by ~6 Å closer to helix

a3. As a result, the ligand is largely shielded from the aqueous

environment.

The 3-hydroxyl group of ergosterol is coordinated by a water
network at the base of the ligand binding cavity

Ergosterol is bound by two of the copies of Ysp2pS1 in the asymmetric

unit (Fig 5B) and occupies the portion of the ligand binding cavity

closest to the entrance (Fig 5C). Residues lining this portion of the

cavity are hydrophobic as are residues in the Ω1 (L912, I916, P918)

and Ω2 (V949, F955) loops (Fig 5E) which also interact with the

Table 1. Crystallographic statistics.

Data collection

Space group P 1 21 1

Unit cell dimensions
(a, b, c in Å; a, b, c in °)

67.59, 63.56, 77.54, 90, 103.58, 90

Wavelength (Å) 0.9792

Resolution (Å) 75.4–1.89 (1.96–1.89)

Rmerge 0.107 (0.338)

I/r 30.4 (6.4)

Completeness (%) 94.4 (71.4)

Redundancy 20.4 (10.1)

Refinement

Resolution (Å) 75.4–2.0

No. of unique reflections 42,580

Rwork/Rfree (%) 16.11/20.12

No. of non-hydrogen atoms

Protein 5,272

Water 709

Ligands 58

Average B (Å2)

Protein 15.37

Water 26.38

Ligands 21.58

Rmsd

Bond length (Å) 0.008

Bond angle (°) 0.91

Ramachandran plot

Favored (% residues) 98.3

Allowed (% residues) 1.7

Disallowed (% residues) 0
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sterol, and they are conserved with respect to Ysp2p from different

fungi (Fig EV4) as well as to LAM/Ltc StART-like domains more

generally (Fig 5D and E). The ergosterol is oriented “head down”, so

that its 3-hydroxyl group is furthest from the entrance to the cavity

(Fig 5C). Intriguingly, the 3-hydroxyl group of ergosterol does not

form any direct hydrogen bonds with Ysp2p and instead interacts

with four water molecules, at distances of ~2.5, ~3.5, 3.8, and ~3.9 Å,

that are part of a larger, well-ordered water network occupying the

bottom third of the cavity (Fig 5C). The position of these water mole-

cules is preserved in all copies of Ysp2pS1 independent of whether

ergosterol is bound or not (in the ligand-free Ysp2pS1, additional

waters occupy the ergosterol binding site). The water network is coor-

dinated by a cluster of polar residues (Y872, Y879, Q886, N888, Y906,

Y908, K910, S942, T1002, T1003) and an aspartate (D927) at the

bottom of the cavity (Fig 5C). Of these residues, the ability to

coordinate water molecules is highly conserved across different

species, as well as in the LAM/Ltc family as a whole, at the positions

corresponding to Q886, Y908, and D927 in Ysp2p (Figs 5D and E, and

EV4).

Mutational analysis validates the sterol binding site in Ysp2pS1
and GramD1b

Next, to validate the sterol binding site identified from the crystal

structure, we designed mutations in the hydrophobic cavity of

Ysp2pS1 to interfere with sterol binding and tested their effects on

sterol transfer rates (Fig 6A). For the mutations, we replaced

smaller residues with bulkier ones or exchanged hydrophobic and

hydrophilic residues or reversed their charges. We found that muta-

tions in the Ω1 loop (Ω1mut: L912S/I916S/P918S), the Ω2 loop

180°

180°

A

C

B

Ν CC

N

Ergosterol

N

β4

Νβ4

Figure 4. Crystal structure of the apo-bound and ergosterol-bound forms of Ysp2p StART-like domain 1.

A Structure of apo Ysp2p StART-like domain 1 (Ysp2pS1) in cartoon representation colored blue to red from N-terminus to C-terminus.
B Structure of Ysp2pS1 (cartoon representation), colored blue to red from N-terminus to C-terminus, bound to ergosterol (cyan, stick representation).
C Superposition of apo Ysp2pS1 (dark blue) and the StART domain of StARD3 (PDB ID: 5I9J, RMSD 3.0 Å over 131 Ca atoms), both in cartoon representation. Structural

elements of StARD3 not conserved in Ysp2p are colored yellow while conserved elements are green.
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(Ω2mut: V949T/F955Y), or the upper portion of the cavity (T921D,

N946E), where wild-type residues are in van der Waals contact with

ergosterol, abrogated sterol transfer (Figs 6B and EV5A). Conver-

sely, mutations nearer (S942E) or at the base of the cavity (D927L,

Q886L/Y908F, D927E), which is occupied by water in the crystal

structure, had a small or no effect on sterol transfer activity (Figs 6B

and EV5A). Thus, the mutational analysis is consistent with sterol

binding in the upper portions of the hydrophobic cavity and high-

lights the importance of the Ω1 and Ω2 loop interactions for lipid

binding.

Based on a sequence alignment with Ysp2p (Fig 5E), we made

corresponding mutations in GramD1b and assayed the mutants for

sterol transfer activity. We again found that mutations in the Ω1 loop

(Ω1mut: L434S/L438S/P440S) or the upper portions of the cavity

(A443D, T469D) had the largest effect on sterol transfer rates (Figs 6C

and EV5B), whereas the effects of mutations nearer (A465L) or at the

base of the cavity (Q449L, R406L/Y430F) were smaller (Figs 6C and

EV5B). Although they did affect sterol transfer, the mutations in the

Ω2 loop (Ω2mut: V472T/F478Y) had a smaller effect for GramD1b

than for Ysp2pS1. A plausible explanation is that the Ω2 loops of

Ysp2pS1 and GramD1b adopt slightly different conformations, and, in

the absence of a sterol-bound GramD1b structure, we may not have

mutated the residues in GramD1b in closest contact with sterol. Over-

all, however, the mutational analysis indicates that the sterol binding

site identified from the Ysp2pS1 structure is conserved in GramD1b

and likely other LAM/Ltc StART-like domains.

To obtain insights as to how GramD1b might solubilize PIPs,

we further examined the effect of the GramD1b mutations on PI

(4,5)P2 transfer. We found that mutations in the Ω1 and Ω2 loops

reduced PI(4,5)P2 transfer rates (Figs 6D and EV5C), as with

sterol transfer, and several mutations near the top or middle of

the cavity (A443D, T469D, A465L) altered transfer kinetics

(Fig EV5C). These mutants displayed a fast initial rate, but then

transfer plateaued before equilibrium was reached. A likely expla-

nation is that the initial rate corresponds to a lipid extraction

step, which is followed by inefficient delivery to acceptor

membranes (Fig EV5C). Different from their effect on sterol trans-

fer, mutations at or near the base of the cavity impacted phos-

phoinositide transfer. The R406L/Y430F mutation increased PI

(4,5)P2 transfer rates, by ~3-fold (Fig 6D), and the Q449L

mutation showed altered transfer kinetics (Fig EV5C). The finding

that mutations nearer or at the base of the cavity affected

PI(4,5)P2 but not sterol transfer suggests that, different from

sterol, PI(4,5)P2 occupies the entire cavity.

Implications for sterol binding by StART domain proteins

In metazoa, proteins in the StART domain family—StARD1,

StARD3, StARD4, StARD5 (Clark, 2012; Alpy & Tomasetto, 2014;

Letourneau et al, 2015)—play a major role in sterol transport.

How these proteins interact with sterol, however, remains

unknown as crystal structures are only available for their apo-

bound form (Tsujishita & Hurley, 2000; Romanowski et al, 2002;

Thorsell et al, 2011; Iaea et al, 2015; Horvath et al, 2016). The

depth of the cavity in these StARD proteins is similar to that in

Ysp2pS1, and polar residues which can coordinate waters also line

the base of the cavity. These waters are modeled in the StARD3

and StARD4 structures, which were determined at high resolution

(Tsujishita & Hurley, 2000; Romanowski et al, 2002; Iaea et al,

2015; Horvath et al, 2016). Thus, given the evolutionary relation-

ship between StART and StART-like domain transporters, it is

probable that the manner in which the StART proteins bind sterol

will be similar to Ysp2pS1 and the LAM/Ltc StART-like domains:

The sterol will bind near the opening of the cavity, with water

occupying the cavity base. This differs from modeling predictions

that sterol binds at the bottom of the cavity (Tsujishita & Hurley,

2000; Mathieu et al, 2002; Murcia et al, 2006; Thorsell et al,

2011; Letourneau et al, 2015). StART domain structures (PDB IDs:

3p0L (StARD1), 5i9j/3fo5 (StARD3/MLN64), 1jss/5brl (StARD4),

2r55 (StARD5), 2pso (StARD13)) show the proteins in a “closed”

form, with the Ω1 loop closing the lipid binding cavity almost

completely off from solvent. Most likely, the loop can also adopt an

open conformation, allowing sterol to enter or exit the cavity as in

Ysp2pS1. When sterol is bound, the Ω1 loop would close or close

partially as in the Ysp2pS1 structure. If sterol binding by the StARD

proteins is similar to what is observed in the Ysp2pS1 structure, it

seems unlikely that sterol uptake or delivery involves partial protein

unfolding or melting, as previously speculated (Bose et al, 2000;

Mathieu et al, 2002; Baker et al, 2005; Roostaee et al, 2009; Lavigne

et al, 2010).

The StART and related StART-like domain proteins, all sharing

a similar cup-shaped fold, solubilize a diverse set of lipids,

including glycerolipids as well as the smaller sterols. As a solu-

tion for accommodating lipids of different size in similarly sized

◀ Figure 5. Structural basis for sterol recognition by StART-like domains.

A Superposition of the apo-bound and ergosterol-bound copies of Ysp2pS1 (ribbon representation) found in the asymmetric unit of the Ysp2pS1 crystal. The apo-bound
form copies are in green and lime, and the ligand-bound copies and their respective ergosterol moieties (stick representation) are in blue and cyan. The Ω1 loop
moves ~6 Å closer (dashed line) to a3 upon ergosterol binding, thereby partially closing the opening to the ligand binding site.

B Ergosterol (cyan, stick representation) placed in unbiased positive electron density (mFo-DFc map, r = 3.0/2.0, dark blue/yellow, mesh) in the binding cavity of
Ysp2pS1 (light gray, surface representation). Helix a3 has been removed for better visibility.

C View of the ligand binding cavity (gray, mesh) of Ysp2pS1 (dark blue, cartoon). A network of water molecules (magenta dots) occupies the bottom of the Ysp2pS1
cavity. Ergosterol (cyan, stick representation) binds “head down” in the upper portion of the Ysp2pS1 cavity. There are no direct hydrogen bonds between the
ergosterol 3-OH group and the protein. Instead, the 3-OH group interacts with four well-ordered water molecules (magenta) at 2.5, 3.5, 3.8, and 3.9 Å distance (dashed
white lines). Side chains are shown for residues coordinating water molecules at the bottom of the cavity.

D Surface representation of Ysp2pS1 color-coded by sequence conservation in the StART-like family and sterol transporters in the StARD family according to the ConSurf
server (Landau et al, 2005; Ashkenazy et al, 2016). Helix a3 in cartoon representation for better visibility of the ligand binding cavity.

E Sequence and structure-based alignment of the yeast and human StART-like domains and sterol transporters in the StARD family. Color-coded by sequence
conservation as in Fig 4D. The secondary structure of Ysp2pS1 is shown above (color-coded blue to red from N-terminus to C-terminus as in Fig 3A and B). Residues
with side chains lining the ligand binding cavity of Ysp2pS1 are marked with arrows (black arrows: residues lining the ergosterol binding site, blue arrows: residues
coordinating water molecules in the cavity, green arrows: other).
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cavities, LAM/Ltc and probably the related StART domains bind

sterols in the “upper” portion of the cavity while the base of the

cavity is filled with water molecules. Larger lipids like PC or

ceramide, on the other hand, also occupy the base of the cavity

(Roderick et al, 2002; Tilley et al, 2004; Vordtriede et al, 2005;

Kudo et al, 2008). In Ysp2pS1 and so presumably in other StART-

like and the StART domains, sterol binds in a “heads down” fash-

ion, with the 3-hydroxyl group interacting with a water network

at the bottom of the ligand binding cavity. This seems to be a

common mode of sterol binding by lipid transfer proteins as

members of the Osh/OSBP family interact with sterol similarly

(Im et al, 2005; Koag et al, 2013).

Materials and Methods

Protein expression and purification

All recombinant proteins were expressed in E. coli BL21(DE3) as

PreScission protease cleavable GST-fusion proteins. Cells were

grown at 37°C to an OD600 of 0.6, when expression was induced by

the addition of isopropyl b-D-1-thiogalactopyranoside (0.3 mM) and

the temperature was lowered to 18°C. Cells were harvested 20 h

after induction. Selenomethionine-substituted Ysp2pS1 was expressed

similarly according to Budisa et al (1995). Cells were resuspended

in buffer A (20 mM Tris pH 7.5, 500 mM NaCl, 1 mM

BA

I916

P918

F955

V949
L912 T921

N946

Y908

D927

Q886

S942

C D

†

†

†

†

Figure 6. Mutational analysis of the ligand binding site in Ysp2pS1 and GramD1b.

A Cartoon representation of ergosterol (dark gray)-bound Ysp2pS1 (light gray). Side chains are shown for residues mutated to interfere with lipid transfer activity.
B DHE transfer rates of Ysp2pS1 mutants relative to WT activity. For transfer curves (mean � SD, n = 3), see Fig EV5A. Mutants are color-coded as indicated in (A) (Vi,

mean � SD, n = 3. *P < 0.05, **P < 0.01, *P < 0.001, ****P < 0.0001, NS: not significant). ANOVA with Dunnett’s multiple comparisons test.
C DHE transfer rates of Ysp2pS1 mutants relative to WT activity. For transfer curves (mean � SD, n = 3), see Fig EV5B. Mutants are color-coded corresponding to their

Ysp2p counterparts as indicated in (A) (Vi, mean � SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS: not significant). ANOVA with Dunnett’s multiple
comparisons test.

D PI(4,5)P2 transfer rates of the StART-like domain of GramD1b mutants relative to WT activity. For transfer curves (mean � SD, n = 3), see Fig EV5C. Mutants are color-
coded corresponding to their Ysp2p counterparts as indicated in (A). †: These mutants displayed altered transfer kinetic with a fast initial step, likely corresponding to
lipid extraction only, followed by inefficient delivery to acceptor membranes (Fig EV5C). The rates calculated for these mutants should not be directly compared to
the WT rates (Vi, mean � SD, n = 3. *P < 0.05, **P < 0.01, *P < 0.001, ****P < 0.0001, NS: not significant). ANOVA with Dunnett’s multiple comparisons test.
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Tris(2-carboxyethyl)phosphine (TCEP), 20% glycerol), supple-

mented with protease inhibitors [phenylmethylsulfonyl fluoride at

1 mM and “complete ethylenediaminetetraacetic acid (EDTA)-free”,

Roche], and lysed at 4°C using a cell disruptor (Avestin). The cell

lysate was cleared by centrifugation, and the GST-fusion protein was

isolated by affinity chromatography using glutathione–sepharose 4B

resin (GE Life Science). The proteins were eluted from the resin by

overnight on-column cleavage with PreScission protease at 4°C.

Proteins were further purified by size exclusion chromatography

(Superdex S75 10/300 increase) using buffer A or, for crystallization

experiments, buffer B (20 mM Tris pH 7.5, 150 mM NaCl, 2 mM

TCEP). Eluted protein was concentrated and either used directly in

crystallization experiments or aliquoted and flash-frozen for later

use in biochemical assays.

NBD-labeled PHFapp and C2Lact were prepared according to Moser

von Filseck et al (2015a,b), respectively.

Lipids

Egg PC (Cat # 840051), brain PI(4)P (Cat # 840045), brain PI(4,5)P2
(Cat # 840046), brain PS (Cat # 840032), liver PE (Cat # 840026),

DNS-PE (Cat # 810330), Rhod-PE (Cat # 810150), DHE (Cat #

810253), DOPC (Cat # 850375), DGS-NTA(Ni) (Cat # 790404), and

cholesterol (Cat # 700000) were purchased from Avanti Polar Lipids.

Ergosterol (Cat # 02101649) was purchased from MP Biomedicals.

1,2-Dipalmitoyl-sn-glycero-3-phosphoserine (DPPS, Cat # L-3116),

diC16 PI(4)P (Cat # P-4016), and diC16 PI(4,5)P2 (Cat # P-4516)

were purchased from Echelon Bioscience. Radiolabeled cholesterol

(24,25-3H) (Cat # ART1987) and PE (L-a-1-palmitoyl-2-arachidonyl,

arachidonyl-1-14C) (Cat # ARC 0855) were purchased from Ameri-

can Radiolabeled Chemicals, Inc.

Liposome preparation

Lipids were mixed in the desired molar ratios, and the organic

solvent was removed using nitrogen gas. The resulting lipid films

were hydrated for 1 h at 37°C or at 85°C for liposomes containing

diC16 lipids with 50 mM HEPES, pH 7.2, and 120 mM K-acetate

(HK buffer) to produce multilamellar liposomes. After five freeze/

thaw cycles with liquid nitrogen, the liposomes were extruded

through polycarbonate filters (100 nm pore size) using a mini-

extruder (Avanti Polar Lipids). To obtain “heavy” sucrose filled

liposomes, the buffer additionally contained 0.75 M sucrose and the

liposomes were not extruded after the freeze/thaw step. Prior to

use, the heavy liposomes were washed 2× with HK buffer and

finally resuspended in HK buffer at the desired concentration.

PE and cholesterol transport assay

A 55 ll solution of LA liposomes (PC, 1 mM final concentration)

and the individual proteins (1 lM final concentration) was mixed

with 45 ll “heavy” sucrose filled LD liposomes (1 mM final concen-

tration). LD liposomes contained 95 mol% egg PC and either 5

mol% cholesterol or PE and were spiked with 1 lCi/ml 3H choles-

terol or 0.2 lCi/ml 14C PE, respectively. The reaction was incubated

at 25°C for 1 h under constant rotation to avoid sedimentation of

the LD liposomes. After 1 h, LA and LD liposomes were separated by

centrifugation at 16,100× g for 15 min. The radioactivity in the

pellet (P) and supernatant (S) was detected separately by scintilla-

tion counting. The percentage of total lipid transferred ΔLipid was

calculated using the following formula: ΔLipid = 100*(S)/(S + P) –

100*(S0)/(S0 + P0). P0 and S0 correspond to the activity measured in

the pellet and in the supernatant of a reaction contacting no LTPs,

respectively.

DHE transport assay

Donor liposomes LD (640 ll, 200 lM final lipid concentration)

containing 92.5 mol% PC, 5 mol% DHE, and 2.5 mol% DNS-PE

were incubated at 30°C under constant stirring. After 2 min, 80 ll
acceptor liposomes LA (200 lM, final lipid concentration) were

injected. After 4 min, the transfer reaction was started by addition

of 80 ll of the respective protein (1 lM final protein concentra-

tion) or HK buffer. DHE transfer from PM-like donor liposomes

(LPM) to ER-like acceptor liposomes (LER) was carried out simi-

larly, except that LPM liposomes contained 65% egg PC, 17.5%

PE, 10% PS, 5% DHE, and 2.5% DNS-PE; LER liposomes

contained 78% DOPC, 20% PE, and 2% DGS-NTA(Ni); and that

the final LTP concentration was 0.1 lM. DHE equilibrates quickly

between the inner leaflet and outer leaflet of liposomes with t1/2
of transbilayer movement reported to be between ~1 s (Steck

et al, 2002) in red blood cell bilayers at 37°C and 20–50 s in egg

PC and DOPC liposomes at 10°C (John et al, 2002). Accordingly,

the entire DHE pool of 10 lM is accessible to the transfer

proteins. DHE transfer was monitored by measuring DNS fluores-

cence at 495 nm upon excitation of DHE at 310 nm. The amount

of DHE transferred from LD to LA liposomes (ΔDHE) at a time

point t was calculated using following formula: ΔDHEt =

ΔDHEeq(Ft-Fc)/(Feq-Fc). ΔDHEeq is the difference in DHE content

between liposomes LA at t = 0 and at equilibrium (5 lM), Ft is

the fluorescent signal at t, Fc is the signal of a control reaction

(with HK buffer added to the liposomes instead of protein solu-

tion) at t, Feq is the signal of a sample at equilibrium at t. Feq,

the fluorescence signal of a sample at DHE equilibrium, was

determined by measuring a solution (800 ll) containing 200 lM
LDeq (95 mol% PC, 2.5 mol% DHE, 2.5 mol% DNS-PE) and LAeq
(97.5 mol% PC, 2.5 mol% DHE). Transfer rates were calculated

by determining the slope of the initial linear portion of the trans-

fer reaction (n = 3).

PIP and PS transport assay

Donor liposomes LD (640 ll, 200 lM final lipid concentration)

containing 93 mol% PC, 2 mol% Rhod-PE, and either 5 mol% PI(4)

P, PI(4,5)P2 or PS were incubated with 250 nM NBD-PHFAPP1 (PIPs)

or NBD-C2Lact (PS) at 30°C under constant stirring. After 2 min,

80 ll acceptor liposomes LA (egg PC, 200 lM final lipid concentra-

tion) were added. After 4 min, the transfer reaction was started by

injecting 80 ll of the individual proteins (1 lM final concentration)

or buffer. Since only PIPs/PS in the outer membrane leaflets are

accessible, the effective volume concentration of PIPs/PS is 2.5 lM.

The signal of NBD-PHFAPP1/C2Lact corresponds to the distribution of

PIPs/PS between LD and LA liposomes. PIP/PS transfer was moni-

tored by measuring NBD fluorescence at 535 nm upon excitation at

460 nm. The amount of PS or PIP (ΔPX) transferred from LD to LA
liposomes at a time point t was calculated using the following

12 of 15 The EMBO Journal 37: e98002 | 2018 ª 2018 The Authors

The EMBO Journal Sterol transport by StART-like domains Florian A Horenkamp et al



formula: ΔPXt = ΔPXeq(Ft-Fc)/(Feq-Fc). ΔPXeq (2.5 lM) is the dif-

ference in PIP/PS content of LA liposomes at t = 0 and at equilib-

rium, Ft is the fluorescent signal at t, Fc is the signal of a control

reaction (with HK buffer added to the liposomes instead of protein

solution) at t, Feq is the signal of a sample at equilibrium at t. Feq
was determined by measuring a solution (800 ll) containing

200 lM LDeq (95 mol% PC, 2.5 mol% PIP/PS, 2.5 mol% Rhod-PE),

LAeq (97.5 mol% PC, 2.5 mol% PIP/PS), and 250 nM NBD-PHFapp

(PIP) or NBD-C2Lact (PS). Transfer rates were determined by calcu-

lating the slope of the initial linear portion of the transfer reaction.

The average acyl chain length of glycerol phospholipids in yeast is

shorter than in mammalian cells (Ejsing et al, 2009). To test

whether acyl chain length had an influence on the lipid transfer

activity of Ysp2pS1, we also performed the PS and PIP transfer

assays with lipids comprising dipalmitoyl (16:0–16:0) acyl chains

(DPPS and diC16 PIPs), which are shorter than those in the brain

lipids.

Protein crystallization, data collection, and
structure determination

Initial Ysp2p crystals (Ysp2pS1: residues 851–1,017, at 18 mg/ml

concentration) were grown in the presence of a twofold molar

excess of ergosterol using the hanging drop vapor diffusion

method at 22°C against a reservoir solution of 32.5% PEG 3350,

0.1 M sodium acetate (pH 4.9), 0.2 M ammonium acetate. The

resulting crystals were crushed and used as microseeds under the

same conditions to obtain large single crystals for data collection.

Crystals were grown for 10–14 days to reach their final size after

which they were briefly incubated in mother liquor supplemented

with 20% ethylene glycol for cryoprotection and flash-frozen.

Diffraction data were collected at beamline NE-CAT 24-ID-E at

Argonne National Laboratories (APS) and processed using XDS

(Kabsch, 1993). The structure of Ysp2p was determined using the

single-wavelength anomalous dispersion (SAD) method at the

selenium edge with data from a selenomethionine-substituted

crystals (Hendrickson, 1991). We identified the selenium posi-

tions, calculated experimental phases and density-modified maps,

and built an initial model using the phenix AutoSol pipeline

(Adams et al, 2010). After initial simulated annealing (torsion

angle) in phenix.refine (Adams et al, 2010), the model was

refined to 2.0 Å resolution by multiple cycles of manual model

rebuilding in coot (Emsley et al, 2010) followed by positional and

individual B-factor refinement with phenix.refine using non-crys-

tallographic symmetry (NCS) torsion angle restraints (Adams

et al, 2010). Figures were made using PyMOL (The PyMOL

Molecular Graphics System).

Bioinformatics

The multiple sequence and structure alignment of the LAM/Ltc

proteins and human StARD family members implicated in

cholesterol transport was generated using the PROMALS3D

server (Pei & Grishin, 2014). Ysp2pS1 homologues (150

sequences, max/min sequence identity 95%/35%) were identi-

fied using HMMER and aligned with CLUSTALW using the

ConSurf server (Landau et al, 2005; Ashkenazy et al, 2016).

Conservation scores were calculated and projected onto the

crystal structure of Ysp2pS1 using the ConSurf server (Landau

et al, 2005; Ashkenazy et al, 2016).

Statistics

Statistical analysis of lipid transfer experiments was performed with

GraphPad Prism 7.0c. For comparing the mean of two groups, we

used an unpaired, two-tailed t-test. To compare the mean of multi-

ple groups to the mean of a control group, we used one-way

ANOVA followed by Dunnett’s multiple comparisons method.

Brown–Forsythe test was used to test variance similarity.

Data availability

The accession number for the coordinates and structure factors for

Ysp2p reported in this paper is PDB: 6CAY.

Expanded View for this article is available online.
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