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The StARkin superfamily comprises proteins with steroido-
genic acute regulatory protein—related lipid transfer (StART)
domains that are implicated in intracellular, non-vesicular lipid
transport. A new family of membrane-anchored StARkins was
recently identified, including six members, Lam1-Lamé6, in the
yeast Saccharomyces cerevisiae. Lam1-Lam4 are anchored to
the endoplasmic reticulum (ER) membrane at sites where the ER
is tethered to the plasma membrane and proposed to be involved
in sterol homeostasis in yeast. To better understand the biolog-
ical roles of these proteins, we carried out a structure-function
analysis of the second StARkin domain of Lam4, here termed
Lam4S2. NMR experiments indicated that Lam4S2 undergoes
specific conformational changes upon binding sterol, and fluo-
rescence-based assays revealed that it catalyzes sterol transport
between vesicle populations in vitro, exhibiting a preference for
vesicles containing anionic lipids. Using such vesicles, we found
that sterols are transported at a rate of ~50 molecules per
Lam4S2 per minute. Crystal structures of Lam4S2, with and
without bound sterol, revealed a largely hydrophobic but sur-
prisingly accessible sterol-binding pocket with the 3-OH group
of the sterol oriented toward its base. Single or multiple alanine
or aspartic acid replacements of conserved lysine residues in a
basic patch on the surface of Lam4S2 near the likely sterol entry/
egress site strongly attenuated sterol transport. Our results sug-
gest that Lam4S2 engages anionic membranes via a basic surface
patch, enabling “head-first” entry of sterol into the binding
pocket followed by partial closure of the entryway. Reversal of
these steps enables sterol egress.
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Sterols play an important role in eukaryotic cells because of
their ability to regulate the fluidity and barrier function of the
plasma membrane (PM)* over a wide range of temperatures
and lipid compositions (1, 2). Cells acquire sterols via import or
biosynthesis in the endoplasmic reticulum (ER) (3) and tightly
regulate their intracellular distribution. Sterol concentrations
differ roughly 7—8-fold between the PM where they constitute
~35-40% of all lipids and the ER where their levels are much
lower, ~5% of all lipids (2, 4, 5). Non-vesicular mechanisms play
a key role in distributing sterols from their point of import or
synthesis as well as in maintaining their precise subcellular dis-
tribution. As the spontaneous rate of sterol exchange between
membranes is low in vitro and essentially undetectable in cells
(6-9), sterol transport proteins are needed to catalyze rapid
non-vesicular sterol movement (1, 9, 10). Oxysterol-binding
protein and some of its homologs as well as members of the
steroidogenic acute regulatory protein—related lipid transfer
(StART) protein superfamily (termed StARkins) have been
implicated as sterol transport proteins (11-14). The latter are
characterized by an o/f3 helix-grip fold with a 3 sheet forming
the wall of a binding pocket for sterols or other lipids (15).

The yeast Saccharomyces cerevisiae has six proteins with
StARkin domains (16-18) of which four (Laml-Lam4) are
anchored to the ER membrane and located at contact sites
where the ER is tethered to the plasma membrane (11, 17).
Lam]1 (also known as Ysp1) and Lam3 (also known as Sip3) have
a single StARkin domain each, whereas Lam2 (also known as
Ysp2) and Lam4 each have two StARkin domains (11, 17). The
Laml-Lam4 proteins also each have a pleckstrin homology
(PH)-like GRAM domain. Lam4 (see Fig. 1A) was originally
identified in a tritium suicide selection experiment designed to
elucidate mechanisms of sterol transport in yeast (19), but its
specific identification as a sterol-binding StARkin family mem-
ber required the application of structural bioinformatics
because of the lack of sequence homology between the Lam

“The abbreviations used are: PM, plasma membrane; ER, endoplasmic retic-
ulum; dansyl-PE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(5-
dimethylamino-1-naphthalenesulfonyl); DHE, dehydroergosterol; DOPC,
dioleoyl phosphatidylcholine; DOPE, dioleoyl phosphatidylethanolamine;
DOPS, dioleoyl phosphatidylserine; PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; PS, phosphatidylserine; Pl, phosphatidylinositol;
StART, steroidogenic acute regulatory protein-related lipid transfer; PH,
pleckstrin homology; Ni-NTA, nickel-nitrilotriacetic acid; HSQC, heteronu-
clear single quantum coherence; SMP, synaptotagmin-like mitochondrial
lipid—binding protein.
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StARkin domains and known StART domains (11, 17). The
localization of Lam1-Lam4 to contact sites between the organ-
elle where sterols are synthesized (ER) and the membrane
where the majority of cellular sterol is located (PM) suggested
that these proteins play an important role in intracellular sterol
homeostasis, potentially by transporting and/or sensing sterol.
Indeed, yeast cells lacking one or more of these proteins exhibit
phenotypes characteristic of cells with sterol-related lipid dys-
functions, for example hypersensitivity to amphotericin (17).

To better understand the biological function of Lam proteins
it is important to define structure-function characteristics of
their novel StARkin domains. Here, we describe Lam4S2, a con-
struct encompassing the second StARkin domain of Lam4.
NMR experiments indicate that Lam4S2 binds sterol, undergo-
ing specific conformational changes in the process, and fluores-
cence-based assays show that it catalyzes sterol transport
between vesicle populations in vitro, exhibiting a preference for
vesicles containing anionic lipids. Lam4S2 catalyzes sterol
exchange ~8-fold faster than the soluble mammalian sterol
transporter StARD4 under similar assay conditions. We pres-
ent two crystal structures of Lam4S2, with and without bound
sterol. Sterol binding occurs head-down; i.e. the 3-OH of the
sterol molecule is oriented to the bottom of the binding pocket.
The pocket is deep and largely hydrophobic with a notable lat-
eral opening. Entry to the pocket is posited to occur from a
conserved region of the protein with a positively charged sur-
face. Replacement of conserved lysine residues in this region
severely attenuates the ability of the protein to transport sterols
in vitro.

Results and discussion
Expression of Lam4S2, the StARkin 2 domain of Lam4

The Lam4S2 construct is described in Fig. 1B. Following
expression in Escherichia coli, purification on Ni-NTA-aga-
rose, and cleavage of the His tag, we obtained Lam4S2 as a single
~25-kDa Coomassie-stained band by SDS-PAGE (WT; Fig.
2A) with a monodisperse profile on size-exclusion chromatog-
raphy (not shown) and a circular dichroism (CD) spectrum
indicative of a well folded structure (Fig. 2B). The protein was
obtained in high yield (~7.5 mg/liter of culture) and could be
readily concentrated to ~10 mg/ml. Similar results were
obtained for a number of point mutants in which specific lysine
resides in the StARkin domain were replaced with alanine or
aspartic acid (Figs. 1B and 2) (see below).

Conformational change in Lam4S2 upon sterol binding

The StARkin 2 domain of Lam4 was previously shown to
bind sterol by two criteria (17). First, the purified domain spe-
cifically extracted cholesterol from permeabilized human leu-
kemic HL-60 cells in which all lipids had been labeled to steady
state with ['*Clacetate. Second, Férster resonance energy
transfer (FRET) experiments demonstrated proximity between
tryptophan residue(s) and the naturally fluorescent sterol dehy-
droergosterol (DHE) in protein samples that had been incu-
bated with DHE-containing liposomes. The FRET data were
used to determine that the StARkin 2 domain had a submicro-
molar affinity for sterol, similar to other sterol-binding proteins
such as Osh4/Kes1 (20). To explore sterol binding further, we
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Figure 1.Lam4 and the Lam4S2 construct. A, schematicillustration of Lam4
(Yhr080c¢) indicating the PH-like GRAM domain (PH), the two StARkin
domains (S1 and S2), and transmembrane (TM) domain. The latter is strongly
predicted by the OCTOPUS membrane protein topology prediction web
server (http://octopus.cbr.su.se/ (Please note that the JBC is not responsible
for the long-term archiving and maintenance of this site or any other third
party-hosted site.)) (48). The protein is 1345 amino acids long (~150 kDa) and
represented roughly to scale according to the indicated 200-amino acid (aa)
scale bar. The transmembrane domain anchors Lam4 to the ER membrane
such that its N terminus is in the cytoplasm. B, sequence of the Lam4S2 con-
struct used in our studies. The second StARkin domain was expressed as a
His-tagged protein in E. coli. The His tag (green) was attached via a linker
sequence (light blue) containing a 3C protease cleavage site. The red arrow-
head indicates the cleavage site. The amino acid sequence of the construct is
color-coded to indicate the His tag (green), consensus sequence for 3C prote-
ase cleavage (light blue), the StARkin 2 domain (navy blue; as defined in
Ref.17),and lysine residues (red) that were targeted by site-directed mutagen-
esis in our studies. Residues in black are part of the native Lam4 sequence,
extending on either side of the StARkin 2 domain; residues in pink are part of
the design of the construct. The shaded sequence corresponds to the Lam4S2
protein (predicted molecular mass, 22.7 kDa) used for crystallography with
residue numbering starting with the first glycine. In this numbering scheme,
the highlighted lysine residues are Lys-163 and Lys-167. The fourth residue in
the shaded sequence, Thr-4, corresponds to Thr-946 in native Lam4.

carried out NMR experiments in the presence or absence of
sterol. We obtained high quality 2D '"H-"°N correlation spectra
(heteronuclear single quantum coherence (HSQC)) of the
native protein without sterol but could not obtain consistent
results when we attempted to load Lam4S2 with various sterols
(ergosterol, DHE, or cholesterol) that were either solubilized in
ethanol or reconstituted into unilamellar phospholipid vesicles
before incubation with the protein. Whereas DHE loading from
vesicles revealed clear evidence of binding via the FRET readout
described above, changes in the corresponding HSQC spectra
were not reproducible (not shown). We therefore tested sterol
loading with 25-hydroxycholesterol, an oxysterol that has a
higher water solubility than the other sterols we tested, ena-
bling convenient delivery in aqueous media. Fig. 3 shows HSQC
spectra of Lam4S2 in the absence and presence of oxysterol.
The two spectra have a similar overall appearance with well
dispersed resonances consistent with a well folded structure.
Many peaks are unchanged or move only slightly upon intro-
duction of the oxysterol, suggesting that the overall fold and
topology of the protein is not altered. Nevertheless, complete
and substantial shifts in the positions of a large number of res-
onances indicate that the oxysterol is bound quantitatively and
that binding is accompanied by a conformational rearrange-
ment of the protein (see enlargement of a portion of the spec-
trum in Fig. 3). Similar changes have been observed in the 2D
NMR spectra of other StART domain proteins upon ligand
binding (21-23). Thus, the NMR results confirm that Lam4S2
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Figure 2. Purified Lam4S2 and point mutants. A, SDS-PAGE analysis of puri-
fied proteins. Samples (~1 ug) were resolved on a 4-20% MiniProtean TGX
gel (Bio-Rad) and visualized by Coomassie staining. Molecular mass (MW)
markers (PageRuler™ Plus prestained protein ladder, 10-250 kDa) are indi-
cated. B, circular dichroism spectra of purified proteins. Wavelength scans
(200-300 nm) were performed in triplicate at ambient temperature and aver-
aged; the value at 300 nm was subtracted before plotting. MRE, molar residue
ellipticity. deg, degrees. WT corresponds to the wildtype sequence shown in
Fig. 1B; the other samples correspond to single or double amino acid substi-
tutions of lysine residues Lys-163 and Lys-167.

is well folded and able to bind to 25-hydroxycholesterol and
that it maintains its overall structure and topology upon ligand
binding.

Lam4S2 transfers DHE between vesicles

We tested the ability of Lam4S2 to transfer sterols between
populations of vesicles in vitro. For this, we took advantage of a
previously described assay (Fig. 4A4) (10, 24) that uses FRET to
measure the transfer of DHE from one population of vesicles
(donor) to a second population (acceptor) that contains the
fluorescent phospholipid dansyl-phosphatidylethanolamine
(dansyl-PE). FRET is only observed when DHE and dansyl-PE
are in the same vesicle. Both donor and acceptor vesicles were
prepared from mixtures of zwitterionic (phosphatidylcholine
(PC) and PE) and anionic (phosphatidylserine (PS) and phos-
phatidylinositol (PI)) phospholipids. Spontaneous transfer of
DHE between these vesicle populations occurred slowly (Fig.
4B, trace a) but increased dramatically, ~17-fold, upon adding
Lam4S2 (Fig. 4B, trace e). Rate constants obtained by fitting the
fluorescence traces are shown in Fig. 4C. Interestingly, when
either the donor or acceptor vesicle population (or both) lacked
anionic phospholipids, the rate of Lam4S2-mediated sterol
transfer decreased ~4 —6-fold (Fig. 4, B and C). This result is
reminiscent of the characteristics of sterol transfer by mamma-
lian StARD4 protein in which a similar assay revealed that the
greatest transfer rates were achieved only when both donor and
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Figure 3. NMR spectroscopy reveals sterol binding by Lam452. 2D "H-"°N
correlation spectra (HSQC) of Lam4S2 with and without bound sterol are
shown. The spectra are well dispersed, consistent with an intact secondary
and tertiary structure. Comparing spectra acquired in the absence (orange)
and presence (blue) of 25-hydroxycholesterol reveals a large number of
chemical shift changes, similar to those observed for other StART domains
upon ligand binding and consistent with quantitative binding of 25-hydroxy-
cholesterol. The bottom panel is an enlargement of the lower left region of the
2D HSQC spectrum, showing that resonances that shift upon sterol binding
do so completely with no residual intensity at the location of the original
signals. 1D projections further demonstrate the absence of free-state signals
in the bound-state spectrum (upper projection) and the absence of bound-
state signals in the free-state spectrum (right-hand projection).

acceptor vesicle populations contained anionic phospholipids
(10).

To quantify the rate at which Lam4S2 transfers sterols, we
first calibrated the FRET signal. To do this, we generated a
series of acceptor vesicles that contained a fixed amount of
dansyl-PE (3 mol % of total lipid) but were reconstituted with
different amounts of DHE. In the range that we tested, FRET
increased linearly as a function of DHE (Fig. 54). We next car-
ried out transport assays using different amounts of Lam4S2
(Fig. 5B) and measured the transport rate in terms of the change
in FRET signal. By using the calibration plot (Fig. 54), we could
convert the FRET signal into molecules of DHE that had been
transferred to acceptor vesicles. Fig. 5C shows a graph of the
rate of DHE transfer (nmol's ') versus the amount of Lam4S2
in the assay (in nmol). The slope of this graph yields a transfer
rate of ~0.84 DHE molecules per Lam4S2 per second (Fig. 5D).
For comparison, we used the same assay conditions to measure
the rate of DHE transfer by mammalian StARD4 (Fig. 5, B and
C). We obtained a rate of ~0.1 DHE molecule transferred per
StARD4 per second, identical to the value reported previously
(25). Thus, on a per protein basis, Lam4S2 transfers DHE
between anionic vesicles ~8-fold faster than StARDA4.
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Figure 4. Lam4S2-mediated sterol transport: effect of anionic phospho-
lipids. A, schematic illustration of the sterol transport assay. Donor vesicles
containing DHE are mixed with acceptor vesicles containing dansyl-PE. Exci-
tation of DHE results in FRET-mediated fluorescence emission from dansyl-PE
when the two molecules are in the same vesicle. This occurs when DHE is
transferred from donor to acceptor vesicles by Lam4S2 as shown. The time-
dependent increase in sensitized emission from dansyl-PE is used to measure
the rate at which DHE moves from donor to acceptor vesicles, either sponta-
neously or catalyzed by Lam4S2 or other sterol carriers such as StARD4 (see
Fig.5). B, large unilamellar donor and acceptor vesicles (100 um phospholipid
each) were combined in a stirred cuvette placed in a fluorescence spectrom-
eter. Fluorescence was monitored using A, = 310 nm (DHE excitation) and
Aex = 525 nm (dansyl-PE emission) (traces were recorded at ambient temper-
ature with a data acquisition frequency of 1 Hz) and normalized to the plateau
value of FRET determined as described under “Experimental procedures”. The
samples were incubated for 60 s before adding Lam4S2 (final concentration,
0.05 uwm) (traces b—e) or buffer (trace a). Trace e corresponds to donor vesicles
composed of DOPC:DOPE:DOPS:DHE (31:23:23:23 mol %) and acceptor vesi-
cles composed of DOPC:DOPE:liver PI:DOPS:dansyl PE (70:7:15:5:3 mol %).
Traces b-d correspond to assays in which anionic lipids (PS and PI) in the
donor and/or acceptor vesicle population were replaced with PC. Thus, neu-
tral donor vesicles were used for traces b and d, and neutral acceptor vesicles
were used for traces b and c. C, rate constants deduced from monoexponen-
tial fits of traces, including those shown in B. The legend indicates whether
donor oracceptor vesicles were prepared with anionic (—) or neutral (0) phos-
pholipids. Individual measurements are shown (dots) along with the mean
and S.D. (error bars).

Crystal structures of Lam4S52 and sterol-loaded Lam4S2

We crystallized Lam4S2 in both apo and oxysterol-loaded
states (Fig. 6,4 and B). The structures (both at 2.2-A resolution)
display an overall fold similar to that reported for StART-do-
main proteins such as StARD4 and MLN64 (26, 27) except that
here for the first time we could directly visualize sterol in the
binding pocket of a member of this protein superfamily (only
the apoprotein structures have been reported for StARD4 and
MLNG64 (26, 27)). The refined structure of apo-Lam4S2 (Pro-
tein Data Bank code 6BYD) has one molecule per asymmetric
unit constituting residues 4—200 but lacks electron density for
three residues at both the N and C termini. The overall struc-
ture is mainly composed of a 3 sheet with two short helices, a1
and a2, inserted between the 81 and 32 strands and a long helix,
a3, at the C terminus (Fig. 6A). The deep pocket formed
between the 3 sheet and the C-terminal helix is typical of clas-
sical StART domains (15). The loop between the 82 and 33
strands, termed the ()1 loop, has been implicated in regulating
sterol entry into the binding pocket (25, 28).

Quantitative comparison of the structures of apo-Lam4S2
and apo-StARD4 (Protein Data Bank code 1JSS) (Fig. 6D)
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Figure 5. Quantification of Lam4S2-mediated DHE transport between
anionic liposomes. A, calibration plot showing the extent of FRET as a func-
tion of the amount of DHE in acceptor liposomes. Acceptor liposomes con-
taining dansyl-PE (3 mol % of total lipid) and different amounts of DHE (0-40
nmol) were placed in a cuvette (at a concentration of 100 um phospholipid in
a total volume of 2 ml), and sensitized emission of dansyl-PE was measured
using Ao, = 310 nm and A, = 525 nm. The graph shows the recorded fluo-
rescence emission (scaled by 1:1000) and a linear regression analysis. Data
points represent the mean = S.E. of three independent experiments; for most
of the data points the error bars are smaller than the size of the symbol. B, FRET
between DHE and dansyl-PE resulting from Lam4S2- or StARD4-dependent
DHE transport from donor to acceptor liposomes. The traces are normalized
to the plateau value of FRET determined as described under “Experimental
procedures”. Dotted lines represent the mean =+ S.E. of three independent
experiments. C, rate of DHE transport as a function of the amount (in nmols) of
Lam4s2 or StARD4. Data points represent the mean = S.E. of three indepen-
dent experiments; for most of the data points the error bars are smaller than
the size of the symbol. D, comparison of transfer rate (nmol/s) per protein
(nmol) between Lam4s2 and mStarD4. Individual measurements are shown
(dots) along with the mean and S.D. (error bars). STP, sterol transport protein.

yielded an overall root mean square deviation of 5.87 A% over
654 atoms, indicating a significant difference in the two struc-
tures despite a common fold. Perhaps the most striking differ-
ence between the structures is that the sterol-binding pocket in
apo-StARD4 is completely occluded by the 1 loop and the
loop between the 3 sheet and the C-terminal a helix. These
loops are swung out of the way in apo-Lam4S2, leaving the
pocket accessible. It appears likely that this opening provides a
path for sterol binding and release as previously suggested
based on simulations (28). Lam4S2 also lacks the long « helix
and two 3 strands that characterize the N-terminal region of
StARD4. The N-terminal helix in StARD4 runs across the
external surface of the twisted 8 sheet that forms one wall of the
binding pocket. In Lam4S2, it is replaced by an extended poly-
peptide stretch (residues 14—24) that runs roughly parallel to
the B strands. Furthermore, Lam4S2 lacks the first 8 strand
following the o2 helix, which is replaced with a polypeptide
stretch lacking the characteristic hydrogen bonding pattern of a
B sheet.

The refined oxysterol-bound Lam4S2 structure (Protein
Data Bank code 6BYM) has two molecules per asymmetric unit.
Monomers A and B show well resolved electron density for
residues 4—203 and 2-196, respectively (Fig. 6B). The mono-
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Figure 6. Crystal structures of Lam4S2 with and without bound sterol. A,
overall structure of apo-Lam4S2 (Protein Data Bank code 6BYD), residues
4-200, shown in schematic representation. The (21 loop between strands 32
and B3 isindicated. B, overall structure of sterol-bound Lam4S2 (Protein Data
Bank code 6BYM); monomer A (magenta) comprises residues 4-203, and
monomer B (green) comprises residues 2—-196. The bound 25-hydroxycholes-
terol molecule is shown in blue. C, overlay of apo- (cyan) and sterol-bound
(magenta) Lam4S2, revealing a shift of the ()1 loop (indicated by the corre-
spondingly colored arrowheads). D, overlay of apo-Lam4S2 (cyan) and
StARD4 (Protein Data Bank code 1JSS; blue). The Q1 loop in each structure is
indicated by a correspondingly colored arrow.

mers are arranged as an antiparallel dimer with an interface
between a3 of monomer A and 81 and a3 of monomer B. The
interface is highly polar and not very well conserved, suggesting
that it is unlikely to be physiologically relevant. An overlay of
the apo- and sterol-bound Lam4S2 structures yields an overall
root mean square deviation of 0.568 A* over 175 residues,
showing that the structures are quite similar. Also, the sterol-
binding pocket is largely preformed in the apoprotein and
changes only subtly upon ligand binding. Significant differ-
ences between the structures are confined to the (11 loop at the
entrance to the sterol-binding pocket, which shifts inward
toward the pocket in the sterol-bound structure (Fig. 6C). This
shift leads to the partial constriction of the entryway into the
pocket but not a complete closure.

A difference electron density map (F, — F,) calculated for the
sterol-bound structures with the ligand not included revealed a
clear density for 25-hydroxycholesterol (Fig. 7A). The deep
binding pocket at the core of the protein is mainly lined by
hydrophobic residues (Fig. 7, B and C). The sterol fits snugly
into the pocket with the 25-OH near the entryway and the
intrinsic 3-OH buried at the bottom of the pocket. The latter
forms a direct hydrogen bond with Gln-121 as well as water-
mediated hydrogen bonds with Tyr-87 and Ser-181 (Fig. 7A).

5526 J. Biol. Chem. (2018) 293(15) 5522-5531

Figure 7. The sterol-binding cavity in Lam4S2. A, difference electron den-
sity map (F, — F.) calculated in the absence of the ligand for the sterol-bound
structure and contoured at 30. Modeled 25-hydroxycholesterol is shown in
stick representation with carbons colored blue. Dotted lines emphasize the
hydrogen bond network surrounding the 3-OH moiety. B, top view of the
sterol-binding site shown in surface representation, revealing the positioning
of the 25-OH group at the entry site. The protein is colored by atom type with
carbons white; bound sterol is shown in stick representation and colored
magenta. C, a slice through the binding pocket. The color schemeisasin B; an
asterisk marks the tip of the isooctyl tail of the sterol molecule.

Interestingly, a number of water molecules are trapped
between the sterol and the bottom of the binding pocket,
suggesting that a larger polar modification at C3 could per-
haps be accommodated.

Conserved lysine residues near the entry to the sterol-binding
pocket are important for sterol transport

We used the ConSurf bioinformatics tool (29, 30) to estimate
the evolutionary conservation of residues in the Lam4S2
domain. As expected, residues lining the sterol-binding pocket
were well conserved. In addition, we noted that residues form-
ing the protein surface near the posited entrance to the sterol-
binding pocket, including the loops that occlude the pocket
opening in StARD4, were highly conserved, whereas the
remainder of the protein surface was much more variable (Fig.
8A4). The conserved surface region contains several lysine resi-
dues, including Lys-163 and Lys-167 (Figs. 1B and 8A) that we
focused on for functional studies. We replaced these lysines
both individually and together with alanine or aspartic acid.
The corresponding proteins were well expressed and well
folded (Fig. 2). Sterol transport assays revealed that, with the
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Figure 8. Conserved lysine residues near the entry to the sterol-binding
pocket are important for Lam4S2-mediated sterol transport. A, side and
top (90° rotated) views of sterol-bound Lam4S2 are shown, color-coded as
indicated by the scale bar to reveal the extent of conservation determined by
ConSurf analysis. The sterol ligand is shown in stick representation in
magenta.The lysine residues under investigation are indicated. B, sterol trans-
port assay with WT and single mutants of Lam4S2 using anionic donor and
acceptor vesicles and 0.05 um protein (final concentration). Assay conditions
are as described in Fig. 4B, condition e. The traces are normalized to the pla-
teau value of FRET determined as described under “Experimental proce-
dures”. C, quantification of transport rates for single mutants. D, sterol trans-
port assay with double mutants as for B. E, quantification of transport rates for
double mutants. Dotted lines (B and D) represent S.E. of three independent
experiments. Individual measurements are shown in the scatter dot plots (C
and E) along with the mean and S.D. (error bars).

exception of the K163A single mutation, which resulted in a
protein with ~2.4-fold higher transport activity than WT (Fig.
8, B and C), all other single and paired mutations resulted in
attenuation of transport activity. Changes to Lys-167 resulted
in the greatest effect (Fig. 8, B—E): thus, the K167D replace-
ment, alone or in combination with K163D, resulted in proteins
that were essentially inactive. Although the reason for the
hyperactivity of the K163A mutant is not clear, the overall
results of these mutagenesis studies are consistent with our
observation that Lam4S2 transfers sterols most efficiently
between anionic vesicles. The data suggest that the protein may
interact with the membrane via the conserved basic residues
near the sterol entry site, positioning the site optimally for ste-
rol capture or deposition.

Conclusion

The crystal structures of apo- and sterol-bound Lam4S2
reveal a protein with the helix-grip fold characteristic of the
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StARKkin protein family (15, 31). Similar crystal structures of
the apo forms of the first and second StARkin domains of
both Lam2 and Lam4 as well as the ergosterol-bound second
StARkin domain of Lam2 were recently reported by Tong et al.
(32). A preformed binding pocket created by strands 32—[34,
loop 1, and helices @2 and a3 accommodates sterol in a head-
down configuration, similar to predictions from ix silico analy-
ses of sterol binding by MLN64 (StARD3) and StARD4 (27, 28,
33). Sterol binding leads to a shift of the )1 loop in the crystal
structure (Fig. 6C), resulting in partial closure of the apparent
entryway to the binding pocket. Additionally, there are protein-
wide subtle changes in conformation as evinced by our NMR
HSQC spectra (Fig. 3) as well as NMR data reported in a recent
publication (34). Notably, characteristic spectral changes
observed here upon binding of 25-hydroxycholesterol are very
similar to those observed upon cholesterol binding (34), con-
firming that both ligands induce similar structural changes.
Furthermore, many of the changes were mapped to the sterol-
binding pocket (34), suggesting that they reflect binding within
the pocket as observed in the crystal structures. As suggested
for other StARkin proteins (25), it seems likely that some of
these conformational changes will play a role in regulating the
exchange of sterol between the membrane and the binding
pocket.

Unlike the case of StARD4, the sterol-binding pocket of
Lam4S2 is accessible in both the apo and holo forms with the
entryway adjacent to the Q1 loop. This suggests that sterol
uptake and release may be regulated differently in Lam StARkin
domains than in the StARD4 subfamily of StART domains. This
difference may reflect the fact that the Lam StARkins are local-
ized to a specific site via their membrane anchors, constraining
their target membranes, whereas the StARD4 family proteins
are soluble and therefore may use additional mechanisms to
regulate where and when to take up or deliver sterol. The fact
that no structures of any sterol-bound StART domains have
been reported to date supports the idea that sterol binding is
more tightly regulated for canonical StART domains than for
those of the Lam family.

Our structure-function studies of Lam4S2 demonstrate the
ability of the isolated domain to bind and transfer sterols
between membranes and reveal salient features of the protein
that account for this activity. However, many questions remain.
The S2 domain is positioned close to the membrane in native
Lam4, ~60 amino acids from the transmembrane domain (Fig.
1A). Whether the domain is oriented appropriately to exchange
sterol with the ER and whether it can also function in trans to
exchange sterol with the PM, which is 15-30 nm away from the
ER, at contact sites requires further investigation. Also unclear
are the role of the first StARkin domain and whether the two
domains within a single Lam4 molecule or between individual
Lam4 molecules function collaboratively. Notably, dimeriza-
tion of tubular lipid-binding proteins (TULIPs), such as the
SMP domain of extended synaptotagmins, has been implicated
in their function (35, 36). However, the way in which these
domains interact with lipids is quite different from that of the
StARkins. Thus, SMP domains appear to function as grooves
through which the hydrophobic portion of the lipid slides,
whereas the polar headgroup remains in the aqueous space. To
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effect lipid transfer at a contact site, it seems likely that at least
two SMP domains must cooperate (35). Although this mode of
action seems unlikely for Lam4S2 given that its surface is largely
unconserved and quite polar, features that argue against
protein—protein interaction, it nevertheless remains a possibil-
ity that some form of StARkin domain collaboration is needed
for Lam4’s in vivo function.

Experimental procedures
Protein expression and purification

Lam4S2 (Fig. 1B) and corresponding point mutants (single
mutants K163A, K163D, K167A, and K167D and double
mutants K163A,K167A and K163D,K167D) were expressed
in E. coli BL21 (DE3) cells using the isopropyl B-p-1-
thiogalactopyranoside—inducible pTrcHis6A vector (Invit-
rogen). Briefly, cells were transformed with the vector contain-
ing the gene of interest, and a single colony was inoculated into
an overnight primary culture. Cultures were grown in a shaker
(220 rpm) at 37 °C. The primary culture was used to inoculate a
secondary culture (typically 1 liter) that was grown to an A, of
~0.5—0.7 before adding 0.1 mm isopropyl 3-p-1-thiogalactopy-
ranoside (Millipore) to induce expression. After a further
period of growth for 5 h, the cells were washed with phosphate-
buffered saline (PBS), pelleted, and stored at —80 °C until fur-
ther use.

For purification of Lam4S2, the cells generated from a 1-liter
culture were thawed by resuspension in 10 ml of lysis buffer (50
mM sodium phosphate (pH 8.0), 300 mm NaCl, 10 mm imidaz-
ole, and protease inhibitor mixture (Roche Applied Science;
one tablet/50 ml)). The cell suspension was placed in an ice-
water bath and sonicated for 7 min in a cycle of 10 s-30 s (on-off)
using a tip sonicator (Misonix 3000) set to deliver an output of
3.5. This step was followed by ultracentrifugation (Ti50.2 rotor;
33,200 rpm, 1 h, 4 °C) to pellet cell debris. The supernatant was
incubated with Ni-NTA-agarose resin (Qiagen; the resin was
previously equilibrated with lysis buffer) at 4 °C for 2 X 30 min
with end-over-end rotation. The supernatant was removed,
and the resin was washed with ~50 ml of wash buffer (50 mm
sodium phosphate (pH 8), 300 mm NaCl, 20 mm imidazole, and
protease inhibitor mixture) using a disposable column and
gravity-based flow. After the wash step, the resin was incubated
with elution buffer (50 mm sodium phosphate (pH 8), 300 mm
NaCl, and 250 mm imidazole) at 4 °C for 30 min with end-over-
end rotation. The elution buffer containing Lam4S2 was recov-
ered by gravity flow.

The purified protein was buffer-exchanged into 20 mm
PIPES (pH 6.8), 3 mm KCl, and 137 mm NaCl using a prepacked
PD-10 column (GE Healthcare) followed by cleavage of the
affinity tag by treatment with PreScission protease (GE Health-
care) at4 °C for 2 h (a 2:1 ratio of protein to protease was used to
shorten the reaction time). The sample was then incubated with
Ni-NTA-agarose to remove the tag, any uncleaved protein, and
the His-tagged protease, and the resulting supernatant was sub-
jected to gel filtration chromatography using a Superose 6 col-
umn (GE Healthcare). Gel filtration was carried out in low-salt
buffer (20 mm PIPES (pH 6.8), 3 mm KCl, and 10 mm NaCl), and
fractions corresponding to the protein peak were pooled, con-

5528 J. Biol. Chem. (2018) 293(15) 5522-5531

centrated using an Amicon Ultra-4 centrifugal filter (10-kDa
cutoff), and used immediately for crystallization or snap frozen
and stored at —80 °C for other purposes.

Selenomethionine (SeMet)-labeled Lam4S2

Lam4S2 has six methionine residues. To generate Lam4S2
containing SeMet in place of methionine, T7 Express Crystal
Competent E. coli cells (New England Biolabs) were trans-
formed with the Lam4S2 plasmid and grown overnight in 100
ml of base medium containing L-methionine. The next day the
cells were washed three times with sterile water and inoculated
into 1 liter of L-SeMet medium (Molecular Dimensions) before
inducing and purifying the protein as described above.

Circular dichroism

Wavelength scans (200 —300 nm; bandwidth, 1 nm; time con-
stant, 100 ms) were performed at ambient temperature on puri-
fied protein samples (20 um) using a high-precision quartz cell
(Hellma Analytics, 106-0.20-40; path length, 0.2 mm) and an
AVIV 410 CD instrument. Three scans were collected for each
sample, sampling per nm with an averaging time of 1 s and with
no wait time between scans. Scans were averaged for each sam-
ple, and the value at 300 nm was subtracted before plotting for
comparison.

NMR spectroscopy

Isotopically labeled protein was produced in E. coli grown on
M9 minimal medium made using [**N]ammonium chloride
and purified as described above. Purified protein was ex-
changed into 20 mm PIPES (pH 6.8), 3 mMm KCl, and 10 mm
NaCl buffer; concentrated to ~100 um; and supplemented with
10% D,O for NMR experiments. *H-">N HSQC spectra were
collected on a Bruker Avance 600-MHz spectrometer equipped
with a cryoprobe using standard acquisition parameters. NMR
data were processed with NMRPipe (37) and analyzed with
NMRView] (38).

Crystallization of Lam4S2 with and without sterol

Initial crystal screening was set up by hanging drop using an
NT8 liquid handling robot (Formulatrix) in a 1:1 ratio of 10
mg/ml SeMet apo-Lam4S2 to well solution. For the holo form,
purified Lam4S2 was incubated at 4 °C for 2 h with 1 mm 25-hy-
droxycholesterol (Sigma-Aldrich) and centrifuged at 20,000 X
g for 30 min before being taken for crystallization. The crystal
screen for the native holo form was set up as for the SeMet
apoprotein using 10 mg/ml protein concentration. After opti-
mization, the best diffracting crystals of the SeMet apo-Lam4S2
grew in 0.5 M lithium chloride, 30% PEG 6000, and 0.1 m HEPES
(pH 7.5). Sterol-bound Lam4S2 crystallized in 0.7 M lithium
chloride, 24% PEG 6000, and 0.1 m HEPES (pH 7.5). Full-sized
crystals were observed after 1 day for the apoprotein and 2 days
for the holo form. These crystals were immediately flash frozen
in well solution supplemented with 25% PEG 400 as a cryopro-
tectant and shipped to Advance Light Source at Berkeley,
beamline 8.2.2, for data collection.

Data collection, structure determination, and refinement

The diffraction data for SeMet apo-Lam4S2 crystals were
collected at 0.975-A wavelength, whereas the diffraction data
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for the sterol-bound native Lam4S2 crystals were collected at
1.00 A. All data were indexed, integrated, and scaled using
the HKL2000 program (39). The SeMet apo-Lam4S2 structure
was solved by single-wavelength anomalous dispersion using
HKL2map (40) and Autobuild in PHENIX (41, 42). The struc-
ture was subjected to several rounds of manual model building
using Coot (43, 44) and refinement using phenix.refine (42, 45).
The native holo form structure was solved by molecular
replacement with Phaser in PHENIX (42, 46) using the SeMet
apo-Lam4S2 structure as the initial model. The holo form was
rebuilt using Coot and refined using phenix.refine (42, 45). Data
collection and refinement statistics are provided in Table 1. The
coordinates of the apo- and sterol-bound proteins are available
at the Protein Data Bank under codes 6BYD and 6BYM,
respectively.

Liposome preparation

The composition of donor and acceptor liposomes was based
on a previous study (10). Donor liposomes were composed of
three dioleoyl phospholipids (DOPC, DOPE, and DOPS) and
DHE (31, 23, 23, and 23 mol %), whereas acceptor liposomes
were composed of DOPC, DOPE, liver PI, DOPS, and dan-
syl-PE (70, 7, 15, 5, and 3 mol %). For experiments where the
function of anionic lipids was tested, these lipids were replaced
by DOPC.

Lipids were mixed to achieve a final concentration of 2 mm in
the indicated ratios and dried under a nitrogen steam at room
temperature. The resulting lipid film was hydrated by resuspen-
sion in buffer (20 mMm PIPES (pH 6.8), 3 mMm KCl, and 10 mm
NaCl) followed by agitation using a VXR basic Vibrax (IKA®
Works, Inc.) for 30 min. The lipid suspension was then sub-
jected to five freeze-thaw cycles, alternating between liquid N,
and room temperature water. This step was followed by extru-
sion using a hand extruder (Avanti Polar Lipids). The liposomes
were passed 13 times through 200-nm-pore-size membranes,
and then 13 times through 100-nm-pore-size membranes. The
concentration of the resulting liposomes was measured by
determining the amount of lipid phosphorus using a colorimet-
ric assay (47). The liposomes were used immediately or after
storage at 4 °C for no more than 24 h.

Sterol transport assay

The sterol transport assay was performed and analyzed as
described previously (10). The assay is illustrated in Fig. 44. All
assays were carried out in 20 mm PIPES (pH 6.8), 3 mm KCl, and
10 mm NacCl. Briefly, donor and acceptor liposomes were placed
in a 2-ml quartz cuvette with constant stirring. After 60s, 200 ul
of Lam4S2, StARD4 (various concentrations; StARD4 was pre-
pared as described (10)), or buffer was added. The final concen-
tration of each of the vesicle populations was 0.1 mm. Fluores-
cence was monitored using A, = 310 nm (DHE excitation) and
Aem = 525 nm (dansyl-PE emission).

A number of long time courses were taken (>900 s) to allow
the fluorescence change to reach close to a plateau value. These
data were then fit to a monoexponential function, and the mean
plateau value (close to the experimentally measured amplitude)
taken from a number of such traces was used to provide an
amplitude constraint for the monoexponential fits of all other
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Table 1

Data collection and refinement statistics for crystals of apo- and sterol-
bound Lam452

r.m.s., root mean square; n/a, not applicable.

Apo-Lam4“ Lam4 (sterol-bound)”
Data collection
Space group 12,2,2, P1
Cell dimensions
a, b, c(A) 45.6,67.9,132.0 38.2, 47.3, 56.0
o By() 90, 90, 90 111.2, 101.6, 100.3
Wavelength (A) 0.97494 1.00001
Resolution (A) 50-2.19 (228-2.19)  50.0-2.20 (2.27-2.20)
R, 0.132 (0.664) 0.09 (0.259)
I/al 23.6 (4.8) 17.8 (4.8)
Completeness (%) 100 (100) 98.3 (97.1)
Redundancy 14.0 (12.8) 3.9(3.8)
Refinement

Resolution (A) 43.1-2.19 (2.27-2.19)  42.0-2.20 (2.28-2.20)

No. reflections 10,837 17,131
Ryond Riree (%) 0.186/0.248 0.166/0.230
No. of atoms
Protein 1601 3308
Ligand n/a 58
Water 48 143
B-factors (A?) 452 30.5
Protein 45.3 30.6
Ligands n/a 26.0
Water 42.0 30.6
r.m.s. deviations _
Bond lengths (A) ~ 0.008 0.008
Bond angles (°) 0.901 0.999
Ramachandran plot
Favored (%) 96.9 98
Allowed (%) 3.1 2
Disallowed (%) 0.0 0

“ Values in parentheses correspond to the highest resolution shell.

data as well as to normalize the FRET readout for the graphs
shown in Figs. 4B, 5B, and 8, B and D.

The FRET signal was calibrated as described previously (10)
to determine the number of DHE molecules that had been
transferred from donor to acceptor vesicles. For calibration, a
series of acceptor vesicles was generated containing a fixed
amount of dansyl-PE (3 mol % of total lipid) but different
amounts of DHE. The FRET signal from these vesicles (0.1 mm
final concentration) was compared with their DHE content to
obtain the necessary calibration plot (Fig. 5A4).
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