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The steroidogenic acute regulatory protein (StAR)-related lipid transfer domain-4 (STARD4) is a sterol-
binding protein that is involved in cholesterol homeostasis by intracellular sterol transport. In this
work, we determined the crystal structures of human STARD4 and its Q1-loop mutant in apo forms at
1.95 and 1.7 A resolutions, respectively. The structure of human STARD4 displays a conserved a-helix/B-
grip fold containing a deep hydrophobic pocket. The Q1-loop which serves as a lid for the hydrophobic

Keywords: pocket has a closed conformation. The shape of the sterol-binding cavity in the closed form is not
Protein structure . . .
STARDA4 complementary to accommodate cholesterol, suggesting that a conformational change of the Q1-loop is

essential for sterol binding. The human STARD4 displayed sterol transfer activity between liposomes, and
the mutations in the Q1-loop and the hydrophobic wall abolished the transfer activity. This study con-
firms the structural conservation of the STARD4 subfamily proteins and the flexibility of the Q1-loop and
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helix a4 required for sterol transport.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Cholesterol is one of the major components in eukaryotic
cellular membranes and the concentration of sterol within the
membrane varies widely between organelles [1]. Sterols determine
the physicochemical properties of lipid bilayer and regulate the
functioning of membrane proteins. The endoplasmic reticulum (ER)
synthesizes cholesterol but contains only 0.5—1% of total cellular
cholesterol. The majority of cellular cholesterol up to 60—80% was
estimated to present in the plasma membrane [2], implying the
presence of efficient sterol transport pathways between organellar
membranes. Due to the poor solubility in water, sterols cannot
diffuse between the membrane compartments separated by an
aqueous phase. Various transport processes contribute to the
intracellular sterol distribution, but nonvesicular transport
involving soluble lipid transfer proteins (LTPs) accounts 70% of
cholesterol transport [3]. Non-vesicular sterol transport is mainly
carried out by three families of LTPs including ORP (oxysterol-
binding protein-related protein), StART (steroidogenic acute regu-
latory protein-related transfer protein), and LAM (LTP anchored at a
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membrane contact site) [4].

In humans, there are fifteen StART-related domain (STARD)
proteins and they are subdivided into six subfamilies [5,6]. Owing
to their variation in binding cavities, STARD proteins recognize
various lipid types such as phosphatidylcholine, phosphatidyleth-
anolamine, sterols, and ceramides [5]. STARD1 (STARD1/3) and
STARD4 (STARD4/5/6) subfamilies are known to bind sterol [7—9]
and are implicated in maintaining cholesterol homeostasis by
intracellular sterol transport [10]. The members of the STARD4
subfamily are composed of a single sterol-binding domain with a-
helix/B-grip fold of approximately 210 amino acids and do not
contain the N-terminal targeting modules. Their cellular localiza-
tion is cytoplasmic, but they have some interaction with organelles
such as the ER and endocytic recycling compartment (ERC) [10].
STARD4 takes up a sterol in the hydrophobic cavity and diffuses
through the cytoplasm, and it is thought to provide many subcel-
lular organelles such as ER, endosome and lysosomes, with
cholesterol [11]. STARD4 is expressed in many tissues with highest
expression in liver and kidney [11]. STARD4 accounts for large
fraction of sterol transport between the plasma membrane and the
ERC [3]. In addition, STARD4 and STARDS5 are known to stimulate
steroidogenesis by facilitating the delivery of cholesterol from the
outer to the inner mitochondrial membrane [6].

Despite the extensive studies on the STARD family proteins
regarding biological function and transport mechanism, the key
determinants for the ligand specificity and the mechanism of sterol
uptake and release are still elusive. Recent structural studies on the
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LAM proteins of the StARkin superfamily suggested that sterol
binds the cavity close to the tunnel entrance with a partially open
lid [12—14]. However, due to the sequence and structural differ-
ences from the LAM proteins, prediction of a ligand-binding mode
for STARD4 is obscure.

In this study, to better understand the structural aspects of
sterol binding by human STARD4, we determined the crystal
structures of human STARD4 and its Q1-loop mutant in apo forms
at 1.95 and 1.7 A resolutions, respectively. This study confirms a
conserved structural o-helix/p-grip fold in human STARD4 family
members. The narrow sterol-binding cavity in the closed form of
STARD4 requires a conformational change of the Q1-loop for ligand
binding. The in vitro sterol transport assay suggested the hydro-
phobic residues in the Q1-loop and the cavity are essential for sterol
transport.

2. Materials and methods
2.1. Cloning, protein expression and purification

The cloned gene of human STARD4 (UniProt ID: Q96DR4) in
pT7T3Pac vector (Clone ID: KU029028) was purchased from Korea
Human Gene Bank (KRIBB, Daejeon, Republic of Korea). The DNA
encoding the STARD4 (residues 2—205) was amplified by poly-
merase chain reaction (PCR) and was subcloned into the BamHI/
Xhol site of the modified pHIS-2 vector, in which the original TEV
protease cleavage site was modified to a thrombin cleavage site
[15]. STARD4 was tagged with an N-terminal hexa-histidine fol-
lowed by a thrombin protease cleavage site (LVPR/GS). The exposed
Cys75 in the helix a3 was mutagenized to serine to eliminate
oxidation of the cysteine residue. The Q1-loop deletion mutant
(A107-110) was prepared by replacing the four residues 107—110
(LWNI) with two glycine residues by PCR based mutagenesis.

Escherichia coli BL21(DE3) cells transformed with the plasmid
encoding the human STARD4 were grown to an ODggo of 0.8 at
310K in Luria-Bertani medium. Protein expression was induced by
the addition of 0.25mM isopropyl B-D-1-thiogalactopyranoside
and the culture was incubated for 12 h at 293 K before harvesting
the cells. Cells were resuspended in lysis buffer (2X PBS buffer
supplemented with 30 mM imidazole) and lysed by sonication.
After centrifugation, the supernatant containing the His-tagged
STARD4 was applied to a Ni—NTA affinity column. The Ni—NTA
column was thoroughly washed with the lysis buffer. The protein
was eluted from the column using 0.1 M Tris—HCl pH 7.0, 0.3 M
imidazole, 0.3 M NaCl. The eluate was concentrated to 10 mg/ml
and the His-tag was cleaved by addition of thrombin protease. The
protein was subjected to size exclusion chromatography on a
Superdex 200 column (GE Healthcare) equilibrated with 20 mM
Tris—HCI pH 7.5, 0.15 M NaCl. The fractions containing STARD4 were
concentrated to 10 mg/ml for crystallization.

2.2. Crystallization and crystallographic analysis

Crystals of the STARD4 C75S were obtained in 0.1 M Bicine pH
9.0, 30% PEG 1000 by hanging-drop vapor diffusion method at
14 °C. The crystals of STARD4 C75S A107-110 were obtained in 0.1 M
MES pH 6.0, 25% PEG 3350, 200 mM NaCl. The crystals were cry-
oprotected by transferring them into reservoir solution supple-
mented with an additional 10% PEG 1000 and were flash-cooled by
immersion in liquid nitrogen. Diffraction data for the STARD4
crystals were collected at a wavelength of 0.97950 A using an ADSC
Q270 CCD detector on the 7A beamline at Pohang Light Source
(PLS), Pohang Accelerator Laboratory. All data were processed and
scaled using HKL-2000 (HKL Research Inc.) and handled with the
CCP4 program suite. Molecular replacement was carried out with

software Phaser using mouse STARD4 structure (PDB code: 1]JSS).
The structural model was built and refined using Coot and Phenix
(Table 1).

2.3. Liposome preparation and sterol transfer assay

Neutral lipid DOPC (1, 2-dioleoyl-sn-glycero-3-phosphocholine)
and Dansyl-PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(5-dimethylamino-1-naphthalenesulfonyl)) were obtained from
Avanti Polar Lipids. DHE (dehydroergosterol) were obtained from
Sigma-Aldrich. The liposomes were prepared and sterol transfer
assays were performed as described [12]. Lipids dissolved in chlo-
roform or in ethanol were mixed at the desired molar ratio and
incubated at 37 °C for 5 min, and the solvent was evaporated by
nitrogen stream. Dried lipids were re-suspended in 50 mM HEPES
pH 7.2, and 100 mM potassium acetate (HK buffer) by pipetting.
Liposomes were prepared at a total lipid concentration of TmM in
1 ml buffer. The hydrated lipid mixture was frozen and thawed five
times using a water bath and cooled ethanol at —70°C. The lipid
mixture was extruded ten times through a 0.1 um (pore size) pol-
ycarbonate filter. The liposomes were stored at 4 °C in the dark and
used within three days. The donor and acceptor liposomes con-
tained 10 mol% DHE and 2.5 mol% dansyl-PE, respectively. For each
transfer assay, 25 pl donor liposomes and 25 pl acceptor liposomes
were added to the buffer in a quartz cuvette with a final volume of
2 ml. The final lipid concentration of donor and acceptor liposomes
was 25 uM. The fluorescence measurement was initiated with
gentle stirring at 25 °C. After 320 s the purified protein was injected
to the liposome mixture with the final concentration of 1 uM. The
fluorescence at 525 nm with an excitation wavelength of 324 nm
was monitored for 800s, using an FP-6200 spectrofluorometer
(JASCO).

3. Results
3.1. Overall structure of human STARD4

Human STARD4 is composed of a single sterol-binding domain
with 205 amino acids. Human STARD4 shares 30% and 24%
sequence identities (53% and 46% similarity) with human STARD5
and STARDG, respectively (Fig. 1A). The core sterol-binding domains
of human and mouse STARD4 are highly conserved with 85%
sequence identity. However, human STARD4 lacks the N-terminal
16 residue extension compared to mouse STARD4. We purified the
full length human STARD4. The purified STARD4 was monomeric
but was susceptible to oxidative dimerization due to the presence
of exposed Cys75 when analyzed by size exclusion chromatog-
raphy. Therefore, we introduced C75S mutation on human STARD4
for biochemical and crystallographic studies. We have crystallized
and solved the structure of human STARD4 C75S at 1.95 A resolu-
tion by molecular replacement using the structure of mouse
STARDA4 (PDB id: 1]SS) (Table 1). All residues except the N-terminal
five residues were well-defined in the 2F,-F electron density maps
(Fig. 1B). Human STARD4 is a single a/f domain with 10-stranded
U-shaped B-sheet flanked by long a-helices (Fig. 1C). The sterol-
binding pocket is located in the center of protein with the cavity
volume of 642 A3, which is slightly larger than the volume of
cholesterol (432 A3). The hydrophobic tunnel is composed of
twenty hydrophobic residues, five charged residues, and seven
polar residues (Fig. 2A). The hydrophilic residues, Ser131, Arg76,
and Asp80 are located near the tunnel bottom. Arg76 and Asp80
make a salt bridge and form hydrogen bond networks with the
water molecules in the cavity. The one end of hydrophobic tunnel is
closed by the ten residue $5-86 loop (the Q1-loop), which serves as
a lid for the binding pocket [7,16].
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Data-collection and refinement statistics.

Crystal STARD4 C75S STARD4 C75S A107-110
Data collection
Beamline PLS-7A PLS-5C
Wavelength (A) 0.97950 0.97950
Space group P44 P212124

Unit-cell parameters (A, °)

Resolution range (A)

a=93.8,b=938,c=733
50—1.95 (1.98—1.95)

a=429,b=434,c=8938
50—1.7 (1.73—1.70)

No. of reflections 174073 156441

No. of unique reflections 45852 (2304) 19187 (943)

Multiplicity 3.8(3.8) 8.2 (8.3)

Mean I/a(I) 32.5(4.2) 33.8(5.5)

Completeness (%) 98.7 (99.6) 99.3 (98.8)

Rmerge (%) 7.3 (44.5) 8.8 (43.2)
Wilson B factor (A) 29.6 15.4

Refinement
Rwork (%) 18.8 (24.9) 16.9 (16.4)
Refree (%) 21.3 (27.5) 19.4 (20.5)
R.m.s.d., bond lengths (A) 0.007 0.005

R.m.s.d., bond angles (°) 0.827 0.901
B factor (A?)

Overall 26.1 18.7
Molecule A(B) 35.2(35.2) 17.8
Water 42.6 289
No. of non-H atoms
Protein (solvent) 3237 (483) 1602 (146)

Ramachandran statistics
Favored (%) 98.2 98.5
Disallowed (%) 0 0.51
Rotamer outliers 0 0
PDB entry 6L1D 6L1M

The structures of mouse STARD4 [17], human STARDS5 [5] and
human STARDG [18] were reported previously. Structural compar-
ison shows that the structural folds of the STARD4 subfamily
members are well conserved with the pairwise C, RMSD of less
than 2.0 A (Fig. 2B). However, the residues forming the cavity walls
are not highly conserved with the sequence identities of 40—53%
between STARD4 and STARDS5/6, implying variation of sterol
recognition in these members [19]. The core domains of human and
mouse STARD4 excluding the N-terminal extension display almost
identical backbone structures with C, RMSD of 0.394 A.

3.2. The closed conformation of the Q1-loop

The structure of human STARD4 displays a closed conformation
of the Q1-loop. The Q1-loop was ordered in the crystal with clear
electron densities. The protruding end of the Q1-loop has four
hydrophobic residues. The side chains of Leu107, Ile110 and Ile111
form a hydrophobic contact with ¢4 and close the tunnel entrance
(Fig. 2A). The bulky hydrophobic side chain of Tyr108 (Leu124 in
mouse STARDA4) at the tip of the Q1-loop is fully exposed to solvent.
All members of the STARD4 subfamily has a hydrophobic residue at
this position, which is critical for membrane interaction and sterol
transport [16].

To examine the functional significance of the Q1-loop, we con-
structed a deletion mutant (A107-110), in which the four Q1-loop
residues 107—110 (LWNI) were mutated to two glycine residues.
The A107-110 mutant was soluble and purified as a homogenous
monomer suggesting that the mutation does not interfere with
protein folding. The structure of A107-110 mutant was solved at
1.7 A resolution by molecular replacement (Fig. 2C). The Q1-loop of
the A107-110 mutant is two-residue shorter than the wild type
(STARD4 C75S was referred as wild type in this manuscript). The
Q1-loop of the A107-110 mutant had a closed conformation and
was well-ordered in the crystal structure. GIn106 and Ser112 make
hydrogen bonds with Thr193 (a4) and Argl114 (B6), respectively,

stabilizing the closed conformation of the lid. Ile111 forms a hy-
drophobic contact with the base of a4 closing the tunnel entrance.
The overall structure of the A107-110 mutant was almost identical
to the wild type. However, the Q1-loop region and helix a4 had a
conformational difference. Owing to the absence of Leul07 and
Ile110 in the mutant, the hydrophobic contact between the Q1-loop
and a4 was reduced, which seems to induce a conformational
change of a4. The N-terminal half of a4 in the A107-110 mutant was
retracted toward the center by 1.6 A compared to the wild type. This
finding suggests that the hydrophobic residues (LWNI) in the Q1-
loop is not only critical for membrane binding but also influence
the conformation of helix o4. The structural difference might
represent a conformational flexibility of the Q1-loop and helix o4
required for the open/closure of the pocket during lipid transfer
cycles.

3.3. A conformational change of the Q1-loop required for sterol-
binding

The structure determination of a sterol-bound STARD is essen-
tial for understanding how a STARD domain recognizes cholesterol.
So far, the structures of sterol-binding STARD homologs (STARD1/3/
4/5/6) were determined only in apo-forms. We tried to obtain a
cholesterol-bound structure of human STARD4 by incubating the
protein with excess amounts of cholesterol. However, crystallo-
graphic analysis of the crystals grown in the presence of cholesterol
showed only apo STARD4 with a closed conformation. It was pro-
posed that cholesterol binds its 3-hydroxy group oriented to the
center of the cavity and might form a hydrogen bond with a hy-
drophilic residue in the cavity wall in the STARD4 subfamily
members [7,20]. Molecular dynamics simulations of STARD3 sug-
gested that the movement of the Q1-loop would be sufficient to
allow sterol binding and release [21].

Structural analysis of the human STARD4 suggests that a
conformational change involving the Q1-loop seems to be essential
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Fig. 1. Overall structure of human STARD4. (A) Sequence alignment of the human and mouse STARD4/5/6. The secondary structure elements for human STARD4 are shown on the
top. The conserved residues are shaded in dark and light blue depending on the conservation. The orange arrows indicate the residues composing the wall of the sterol-binding
pocket. (B) 1.95 A 2Fy-F, electron density maps of human STARD4 C75S with the final model superimposed. (C) Overall structure of human STARD4. The Q1-loop is colored in red.
The sterol-binding cavity is shown in surface representation. The cavity was analyzed and prepared by GetCleft plugin (http://biophys.umontreal.ca/nrg/resources.html) in PyMOL
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

for sterol-binding. The total cavity volume (642 A3) of human
STARD4 is larger than the volume of cholesterol (432 A%). However,
the shape of the sterol-binding pocket in the closed form is not
compatible for sterol-binding (Fig. 2D). The longest dimension of
the major binding pocket is 4 A shorter than cholesterol. In addi-
tion, the center of the binding pocket is too narrow to contain a
sterol molecule. This finding suggests that a conformational change
must accompany ligand binding. Considering the rigidity of the
core o-helix/B-grip fold and the flexibility of the Q1-loop in STARD
domains, a partial opening of the Q1-loop upon sterol-binding
seems to be most probable based comparison with the sterol-
binding mode of the related LAM StARkin domains (Fig. 2E) [12].

3.4. Sterol transport activity of human STARD4

We examined sterol transfer activity of the purified human
STARD4 between liposomes. Dehydroergosterol (DHE) is a fluo-
rescent sterol with the excitation and emission wavelengths of
324nm and 375 nm, respectively. We prepared DHE/DOPC as a
sterol donor liposome and Dansyl-PE/DOPC as an acceptor

liposome. The transport of DHE to the acceptor liposomes results in
close proximity of DHE and Dansyl-PE, which allows fluorescence
resonance energy transfer (FRET) between the molecules. When
STARD4 protein was added to the mixture of donor/acceptor lipo-
somes, we observed an immediate increase of fluorescence at
525nm generated by the FRET between DHE and Dansyl-PE
(Fig. 3A). However, when non-fluorescent ergosterol was included
in the DHE/DOPC donor liposomes, the FRET signal was reduced
suggesting that ergosterol was competing with DHE for STARD4
binding (Fig. 3A). The data clearly indicate that STARD4 transported
the DHE in the donor liposomes to acceptor liposomes. In the sterol
transport assay, the DHE transport reached to the equilibrium in
200s indicating that human STARD4 transports efficiently between
liposomes. The sterol binding to the hydrophobic cavity is an
essential process in sterol transfer cycles. The mutations (1173Y and
T175Y) in the hydrophobic walls of the sterol-binding cavity
completely abolished the transfer activity, indicating that the
complementary hydrophobic interaction with the cavity wall is
essential for sterol transport (Fig. 3B). The mutations around the
tunnel entrance, L82A in the a3—p4 and T193L of a4, reduced the
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transfer activity more than 30%. The L107R mutation of the Q1-loop
reduced transfer activity. The A107-110 and 1111A mutations of the
Q1-loop completely abolished transfer activity. These data are
consistent with the previous studies indicating the key role the Q1-
loop in sterol transport [16].

A previous structural analysis on the STARD4 subfamily mem-
bers suggested that smaller sterols such as steroids might be po-
tential ligands considering small cavity volumes [19]. STARD6 was
discovered to bind specifically testosterone as well as cholesterol
[18]. We examined whether STARD4 can transport a small steroid,
pregnenolone. Addition of pregnenolone in the DHE donor lipo-
somes did not affect the DHE transport by STARD4, suggesting that
pregnenolone did not compete with DHE and was not transported
by STARDA4 (Fig. 3A).

4. Discussion

Non-vesicular transport of sterol by STARD proteins serves as
one of the major mechanisms for intracellular sterol distribution.
Elucidating the structural mechanism of sterol recognition and
transport by STARD proteins is important for understanding sterol
homeostasis and processing. However, understanding the mecha-
nism of sterol recognition has been complicated by the lack of
structure of a sterol-bound form and by the variation of cavity size
and shape between the homologs. Cholesterol is predicted to bind
to the pocket in a head-down orientation with its hydrophobic acyl
group located toward the tunnel entrance [7]. The structure of
STARDA4 with a closed lid does not display a shape complementarity
of the pocket to cholesterol. The insufficient size of the hydrophobic
pocket of human STARD4 suggested that a conformational change
involving the Q1-loop is essential for sterol-binding. We observed
that the conformation of helix a4 is affected by the hydrophobic
interaction with the Q1-loop, which is consistent with the previous
study that sterol binding to STARD6 involves the conformational
change of the Q1-loop and N-terminal portion of a4 [18]. The cavity
volumes of STARD4 subfamily proteins were estimated to be
308—535 A3, which is similar to or slightly smaller than the volume
of sterol ligands [19]. Recent structural analysis of sterol-bound
StARkin domains revealed that the hydrophobic interaction with
surface complementarity is a critical factor for sterol binding and
that the conformational change upon sterol binding is limited to
the Q1-loop [12—14,22]. Sterol does not occupy the bottom of the
hydrophobic cavity, rather it binds closely to the tunnel entrance of
the LAM StARkin domains with the partially open Q1-loop
conformation. The exact mechanism of STARD4 recruitment to
membranes is not fully understood. The mutation of the Q1-loop of
mouse STARD4 resulted in a large reduction in the level of mem-
brane interaction and sterol transfer activity [4]. STARD4 has a
surface patch of conserved basic residues in 1 and B2 and a non-
polar Q1-loop. The basic patch is important for the membrane
interaction and sterol transfer by interacting with anionic lipids,
such as phosphatidylserine [10,16].

In conclusion, this study confirms the structural conservation of
the STARD4 subfamily proteins and the significance of the Q1-loop
in sterol transport. Sterol transfer assays suggested that the major
force of sterol binding is complementary hydrophobic interaction.
To accommodate a sterol molecule in the pocket, a conformational
change involving a partial opening of the Q1-loop seems to be
accompanied, which might form a complementary pocket to
cholesterol.
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