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Eukaryotic cells are compartmentalized to form organelles,
whose functions rely on proper phospholipid and protein trans-
port. Here we determined the crystal structure of human
VAT-1, acytosolic soluble protein that was suggested to transfer
phosphatidylserine, at 2.2 A resolution. We found that VAT-1
transferred not only phosphatidylserine but also other acidic
phospholipids between membranes in vitro. Structure-based
mutational analyses showed the presence of a possible lipid-
binding cavity at the interface between the two subdomains, and
two tyrosine residues in the flexible loops facilitated phospho-
lipid transfer, likely by functioning as a gate to this lipid-binding
cavity. We also found that a basic and hydrophobic loop with
two tryptophan residues protruded from the molecule and facil-
itated binding to the acidic-lipid membranes, thereby achieving
efficient phospholipid transfer.

Eukaryotic cells are highly compartmentalized to form mem-
brane-bound organelles. Normal functions of each organelle
rely on its specific set of resident proteins and optimized com-
position of membrane phospholipids. Phospholipids are made
mainly in the endoplasmic reticulum (ER)*> membrane and
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partly in the mitochondrial inner membrane (IM) and other
organelle membranes like Golgi membranes and then distrib-
uted specifically to all the cellular membranes. Thus, a cell
needs to meet the demand of hydrophobic phospholipid mole-
cules to be transferred between cellular membranes across the
aqueous compartments and hence provides efficient and spe-
cific lipid trafficking systems (1-3). Generally, two distinct
mechanisms can operate for phospholipid transfer between
membranes: one by soluble lipid-transfer proteins and the
other by membrane contact sites (4).

Biosynthesis of phosphatidylethanolamine (PE), a major
phospholipid of mitochondrial membranes, occurs in spatially
separated organelles, the ER and mitochondria. Phosphatidyl-
serine (PS), a precursor of PE, is mainly generated in the ER and
then transferred from the ER membrane to the mitochondrial
IM via the mitochondrial outer membrane (OM) (5). PS decar-
boxylase, Psdl in yeast, at the outer surface of the mitochon-
drial IM catalyzes decarboxylation of PS to generate PE (6).
Similarly, cardiolipin (CL), a mitochondrial signature phospho-
lipid, is generated in the mitochondrial IM from phosphatidic
acid (PA), which is mainly made in the ER membrane (7), via
several intermediate phospholipids. Production of mitochon-
drial PE and CL thus relies on efficient transport of PS and PA,
respectively, from the ER membrane to the mitochondrial IM
via the mitochondrial OM. PS and PA transfer between the
mitochondrial OM and IM is mediated by soluble lipid-transfer
protein complexes: the Ups2-Mdm35 and Upsl-Mdm35
complexes in yeast, respectively, (the SLMO2-TRIAP1 and
PRELID1-TRIAP1 complexes in human) (8 —11). PS in the OM
at the contact sites between the OM and IM was also proposed
to be converted to PE directly by the IM-localized Psd1 acting in
trans (12).

Phospholipid transfer from the ER to mitochondria may
involve direct physical contacts between the membranes of two
organelles (13). In yeast, the best-characterized interorganelle
contact site is formed by the ER-mitochondrial encounter
structure (ERMES), a protein complex consisting of the integral
ER membrane protein Mmml, integral mitochondrial OM
proteins Mdm10 and Mdm34, and the peripheral mitochon-
drial OM protein Mdm12 (14). Mdm12 and Mmm1 can bind to

3-phosphate; DOPG, 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol);
MRM, multiple reaction monitoring.
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phospholipid (15, 16), and the Mdm12-Mmm1 complex can
transfer lipids efficiently between lipid liposomes in vitro (16),
and lacks of one of the ERMES subunits or mutations in
Mmml- or Mdm12-impaired PS transfer from the isolated ER
membranes to mitochondria in vitro (16, 17). In mammalian
cells, although accumulated evidence suggests the presence of
ER-mitochondrial contact sites, identification of the compo-
nents constituting those contact sites is still going on, including
PDZD8, for example, as a putative mammalian ortholog of
yeast Mmm1 (18).

VAT-1 (synaptic vesicle membrane protein VAT-1 homo-
log), a conserved cytosolic soluble protein in vertebrates (19),
was shown to be involved in PS transfer from the ER to mito-
chondria using Xenopus egg components (20). Sequence anal-
ysis showed that VAT-1 belongs to the alcohol dehydrogenase
family and possesses a conserved nicotinamide cofactor-bind-
ing motif (21). Overexpression of VAT-1 in HeLa cells induces
mitochondrial fragmentation, whereas knockdown of VAT-1
induces extensive growth of mitochondrial network structures
(22), suggesting the function of VAT-1 related to mitochondria.
In addition to the proposed role in the PS transfer, VAT-1 was
also found to be an acidic phospholipid-binding protein (23,
24, and cell fractionation of rat liver cell extracts showed that
VAT-1 was localized mainly to the cytosol but partially to both
the ER and mitochondria (22). However, how VAT-1 binds to
membranes and transports PS from the ER to the mitochon-
drial OM remains largely unclear.

In the present study, we performed structural and functional
analyses of human VAT-1. We determined the crystal structure
of human VAT-1 at 2.2 A resolution, which showed structural
similarity to no other lipid-transfer proteins with known struc-
tures. The determined structure and structure-based muta-
tional analyses suggested molecular mechanisms of VAT-1
binding to membranes and transfer of acidic phospholipids
between membranes.

Results and discussion
Phospholipid transfer activity of VAT-1

A previous study using Xenopus egg extracts showed that the
recombinant VAT-1 protein stimulated PS transport from the
ER into mitochondria iz vitro (20). To test whether VAT-1 has
a PS transfer activity between lipid membranes, we performed
in vitro fluorescence-based PS transfer assays using purified
human VAT-1 and lipid liposomes. Donor liposomes contain-
ing nitobenzoxadiazole-labeled PS (NBD-PS) and rhodamine-
labeled PE (Rhod-PE), which quenched NBD fluorescence,
were incubated with acceptor liposomes without fluorescent
lipids in the presence of different concentrations of purified
VAT-1, and transfer of NBD-PS to the acceptor liposomes was
monitored as an increase in the NBD fluorescence. VAT-1 effi-
ciently increased NBD fluorescence in a time- and dose-depen-
dent manner, indicating that VAT-1 transports NBD-PS
between liposomes (Fig. 1A). The NBD-PS transfer rates were
obtained from the time course of the NBD fluorescence with
and without VAT-1 (Fig. S2). The NBD-PS transfer rate is 0.061
and 0.148 nmol [NBD-PS]/min in the absence and presence of
VAT-1, respectively (Fig. S2). Therefore, the NBD-PS transfer
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rate per VAT-1 molecule is 0.044 NBD-PS molecule/min/
VAT-1 molecule. A previous NBD-phospholipid transfer assay
using the Mmm1-Mdm12 complex of the ERMES complex,
showed the NBD-phospholipids transfer rate per Mmml—
Mdm12 complex is 1.0 —3.0 NBD-phospholipid molecule/min/
Mmm1-Mdm12 molecule (16). The phospholipid transfer rate
of VAT-1 is thus 23-68 times slower than that of Mmm1-
Mdm12 complex.

We then assessed phospholipid headgroup specificity of the
VAT-1-mediated lipid transfer by the MS-based phospholipid
transfer assay, which was free from the influence of the attached
fluorescent NBD group. Heavy donor liposomes containing
phospholipids with defined acyl chains and light acceptor lipo-
somes lacking these phospholipids were incubated with
VAT-1, and phospholipids in the acceptor liposomes were ana-
lyzed by MS analysis after their isolation from the donor lipo-
somes by density-gradient centrifugation (Fig. 1B and Fig. S1).
It is to be noted that phospholipid with a polar NBD-labeled
acyl chain is less stable in the lipid bilayer than phospholipid
without NBD (25), so that a transfer rate of NBD-free PS tended
to be much slower than that of NBD-PS. Interestingly, nega-
tively charged PA and phosphatidylglycerol (PG) as well as PS
were transferred to acceptor liposomes, whereas neutral phos-
phatidylcholine (PC) and PE were not. Therefore, VAT-1 can
transport negatively charged, not neutral, phospholipids
between liposomes.

VAT-1 is a soluble protein but could partially associate with
the ER and mitochondrial membranes (22). To assess the mem-
brane association of VAT-1, we performed flotation experi-
ments using liposomes composed of PC (80%) and various
phospholipids (20%) (Fig. 1C). VAT-1 bound to liposomes con-
taining negatively charged CL most efficiently and bound to
those with acidic PA, PS, or PG, but not with neutral PC or PE,
to some extent (Fig. 1C). However, the MS-based phospholipid
transfer assay showed that VAT-1-mediated acidic lipid trans-
fer was hardly affected by the presence of negatively charged
phospholipids in the acceptor liposomes (Fig. 1D). Therefore,
acidic phospholipids, especially CL, promote stable binding of
VAT-1 to lipid membranes, yet such stable VAT-1 binding to
membranes is not essential for efficient acidic phospholipid
transfer by VAT-1.

Structure of VAT-1

To gain more insight into the mechanism of lipid transfer by
VAT-1, we decided to determine the high-resolution structure
of VAT-1AN40, a VAT-1 variant lacking the N-terminal 40
residues, which were not conserved among VAT-1 from differ-
ent organisms (Fig. S3) and predicted to be disordered (26).
VAT-1AN40 transferred NBD-PS between liposomes as effi-
ciently as full-length VAT-1 (Fig. S44). The crystal structure of
VAT-1AN40 was determined by the molecular replacement
method using the crystal structure of synaptic vesicle mem-
brane protein VAT-1 homolog-like protein (VAT-1L; PDB
code 4A27), which has a very low NBD-PS transfer activity
compared with VAT-1 (Fig. S4B), as a search model and subse-
quently refined to 2.2 A resolution (Table 1 and Fig. 24).

The crystallographic asymmetric unit contained four VAT-
1AN40 molecules. Two molecules each assembled to form sim-
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Figure 1. Phospholipid transfer and membrane-binding activities of VAT-1. A, PS transfer activity of VAT-1 was measured at 25 °C by the fluorescent-based
PS transfer assay between liposomes shown in above schematic diagram. B, phospholipids transfer activities of VAT-1 were measured by the MS-based
phospholipid transfer assay. VAT-1 was incubated with heavy donor liposomes containing PC, PE, PA, PS, and PG and light acceptor liposomes. Liposomes were
separated by sucrose density-gradient ultracentrifugation. The amounts of each indicated phospholipids in acceptor liposomes relative to those in input donor
liposomes were quantified by MS. The values are means = S.D. of three independent experiments. C, VAT-1 was incubated with liposomes containing PC alone
(PConly), PC/PS = 80/20 (20% PS), PC/CL = 80/20 (20% CL), PC/PE = 80/20, PC/PA = 80/20 (20% PA), or PC/PG = 80/20 (20% PG), and binding was analyzed
by the liposome flotation assay. T, top; B, bottom. The amounts of VAT-1 in each fraction are shown below the gel (total VAT-1 amounts were set to 100). D,
phospholipids transfer activities of VAT-1 were measured as in B. VAT-1 was incubated with heavy donor liposomes (0.25 mm; DOPC/DOPE/POPC/POPE/DOPA/
DOPS/DOPG/18:1 NBD-PE = 55:19.5:5:5:5:5:5:0.5) and light acceptor liposomes (1 mm; DOPC/DOPE/18:1 Liss-Rhod-PE = 55:44.95:0.05) (1 mm; DOPC/DOPE/
POPS/18:1 Liss-Rhod-PE = 55:34.95:10:0.05) or (1 mm; DOPC/DOPE/18:1 CL/18:1 Liss-Rhod-PE = 55:34.95:10:0.05), and the amounts of phospholipids in
accepter liposomes were analyzed. The values are means =+ S.D. of three independent experiments.
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Table 1

Data collection, phasing and refinement statistics

One crystal was used for the collection of VAT-1 data for structure refinement. The
statistic values for the highest resolution shell are shown in parentheses. R, is the
precision-indicating merging R factor.

Data collection

Space group P2,2,2,
Cell dimensions
a, b, c (A) 67.16, 131.72, 174.03
a By () 90.0, 90.0, 90.0
Data set .
Wavelength (A) 1.00000
Resolution range (A) 50.0-2.20
Outer shell (A) 2.25-2.20
R erge 0.080 (1.042)
bim 0.034(0.441)
I/al 11.2 (1.6)
Completeness (%) 99.7 (94.6)
Redundancy 3.4(3.3)
CCy, 0.998 (0.648)
Refinement
Resolution (A) 50-2.20
No. reflections 78589
R/Ry. 0.222/0.254
No. atoms
Protein 9985
Nitrate ion 32
Water 158
B-factors (A?)
Protein 59.1
Nitrate ion 87.7
Water 56.8
Root-mean-square deviations
Bond lengths (A) 0.007
Bond angles (°) 1.3
PDB accession code 6K9Y

ilar homodimers. Consistently, when we analyzed the oligomer-
ization of VAT-1 and VAT-1AN40 by gel filtration, the
apparent molecular weight of VAT-1AN40 corresponded to
that of a dimer (Fig. S4C). Apparent molecular weight of full-
length VAT-1 was much larger, yet this could be due to the
presence of the N-terminal disordered 40-residue segment.
The determined structure suggested that VAT-1AN40 was
comprised of two structural units, domain I (residues 46 —172
and 329-387) and domain II (residues 173-328) (Fig. 2A).
Domain I formed a twisted 3-sheet consisting of six 3-strands
(B3-B6 and B14-B15) flanked by five a-helices (al-a3, a9,
and «10) (Fig. S3). Domain II exhibited two repeated Rossmann
folds (27) consisting of B8-a4-B9-a5-B10 and B11-a7-B12-a8-
B13 (Fig. S3). Residual electron densities were observed in the
internal cavity formed at the interface between domains I and
II. The size of the electron densities is too large to be fitted to
water molecules, and the shapes of the electron densities are
different from those of tris or ethylene glycol in the cryo-pro-
tectant solution. On the other hand, nitrate ions derived from
the crystallization solution were fitted rather well to the elec-
tron densities. Thus, we tentatively assigned nitrate ions to
these electron densities (Fig. 24).

Putative phospholipid-binding site

A query to the Dali server (28) revealed that NAD(P)H de-
pendent quinone oxidoreductase and alcohol dehydrogenase
had structural similarities with VAT-1AN40, but among them,
Ztal, a yeast NADPH-dependent quinone oxidoreductase,
complexed with NADPH (PDB code 3QWB) (29) exhibited
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high structural similarity (Fig. 2B). Interestingly, nitrate ions in
the structure of VAT-1AN40 were positioned at the B-phos-
phate and 2’-phosphate groups of the bound NADPH molecule
in the structure of Ztal (Fig. 2C). However, gel-filtration anal-
yses did not detect association of NADPH to VAT-1 (Fig. S4D),
and NADPH reportedly gave little effect on in vitro PS transport
activity of VAT-1 using Xenopus egg extracts (20). Replacement
of Ala-156 in Ztal with bulky Met-196 in VAT-1 may prevent
NADPH from binding to VAT-1. In the Ztal structure, side
chains of GIn-132 and Lys-185 are hydrogen-bonded to the
B-phosphate and 2'-phosphate oxygen atoms of the NADPH
adenosine moiety, respectively, and a quinone molecule is sug-
gested to bind to the nearby hydrophobic region (29). Likewise,
in the VAT-1AN40 structure, side chains of Asn-172 and Lys-
225 are within the distance that allows the formation of hydro-
gen bonds with two nitrate oxygen atoms, and hydrophobic
residues (Met-112, Leu-137, Val-171, and Leu-328) are clus-
tered in the proximity of the nitrate ions. We thus hypothesize
that a phospholipid molecule can bind to VAT-1 with its phos-
phate group occupying the position of the nitrate ions and its
acyl-chain binding to the hydrophobic region.

To test the validation of the role of the possible lipid-binding
cavity of VAT-1, we made mutations N172A or K225E in the
putative phosphate-binding site and M196A, M112A, L137A,
or V171A in the putative hydrophobic acyl-chain binding site
and tested their lipid transfer activities (Fig. 2C). Fluorescence-
based NBD-PS transfer assays showed that although the N172A
mutation decreased NBD-PS transfer activity, the K225E muta-
tion even increased the activity (Fig. 2D). MS-based lipid trans-
fer assays further showed that the N172A mutation suppressed
the transfer of only acidic phospholipids (PA, PS, and PG), not
neutral phospholipid (PC and PE) but that the K225E mutation
enhanced the transfer of both neutral and acidic phospholipids
(Fig. 2E). Therefore, although Asn-172 may bind to the nega-
tively charged head group of acidic phospholipids, Lys-225 may
not be directly involved in the headgroup binding. The lipo-
some floatation assays showed that the N172A or K225E muta-
tion did not affect the VAT-1 binding to PS-containing lipo-
somes (Fig. 2F), suggesting that Asn-172 or Lys-225 is not
involved in membrane binding. The mutations in the hydro-
phobic region gave divergent results; although mutations at
hydrophobic residues 137 and 171 reduced the NBD-PS transfer,
those at hydrophobic residues 112 and 196 enhanced the NBD-PS
transfer (Fig. 2D). Perhaps hydrophobicity and steric hindrance of
the hydrophobic region may counteract with each other to result
in different consequences. CD spectra showed that L137A,
V171A, and N172A mutations that decreased the PS transfer
activity did not affect the overall structure of VAT-1 (Fig. S5A).

We generated a docking model of the VAT-1-DOPS com-
plex using the AutoDock Vina suite (30). DOPS was docked
into the putative phospholipid-binding cavity of the crystal
structure of VAT-1 (Fig. 2G and Fig. S6A). As expected, the
phosphoserine moiety of DOPS was positioned at the nitrate
ion-binding site composed of Asn-172, Met-196, Met-374,
Lys-377, and Asn-379, and acyl-chain tails were positioned at
the neighboring hydrophobic region composed of mainly
hydrophobic 19 residues (Fig. 2G). The docking model thus
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Figure 2. Crystal structure of VAT-1 and phospholipid-binding site. A, a ribbon diagram of the structure of VAT-1. Domain |, domain Il, and the extruded
loop region in subunit A are colored in blue, cyan, and yellow, respectively, and subunit B in pink. Nitrate ions are shown in stick form. The a-helices, B-strands,
and a 3, helix are labeled. B, superposition of VAT-1 and Zta1. Subunit A and B of VAT-1 are colored in cyan and pink, respectively, and subunit A and B of Zta
in magenta and light brown, respectively. Nitrate ions and NADPH molecules are shown in stick form with carbon in yellow. C, superposition of VAT-1 (cyan) and
Ztal (magenta) for the magnified nitrate-ion binding site of VAT-1. Nitrate ions and NADPH are shown in stick form with carbon in yellow. VAT-1 residues
responsible for nitrate-ion binding are indicated. Zta1 residues are indicated in parentheses. D, PS transfer activities of VAT-1 mutants (1 um) were measured at
25°C as in Fig. 1A. E, phospholipids transfer activities of VAT-1 mutants were measured as in Fig. 1B. The values are means = S.D. of three independent
experiments. F, VAT-1 mutants were incubated with liposomes containing PC/PS = 80/20 (20% PS), and binding was analyzed as in Fig. 1C. T, top; B, bottom.
The amounts of VAT-1 in each fraction are shown below the gel (total VAT-1 amounts were set to 100). G, a docking model of the VAT-1-DOPS complex. The
DOPS molecule is shown in stick and ball representation with carbon in yellow. The side chains of Lys-225 and residues within 4 A of the DOPS molecule are
shown in stick form.

supports the PS binding to the hypothesized phospholipid-
binding cavity.

In the crystal structure of VAT-1, we found a twin-loop
structure (segments 98 -107 and 326 -335) near the putative
phospholipid-binding site, which showed relatively high crys-
tallographic B-factor (Fig. S6B), indicating its flexible nature.
The two tyrosine residues (Tyr-100 and Tyr-330) in the two

other phospholipid-transfer proteins (31), to conceal the bound
phospholipid from the aqueous solvent (Fig. 34). To further
assess the role of two tyrosine residues in the phospholipid
transfer, we replaced these two tyrosine residues with a hydro-
philic residue Asn (YI00N/Y330N) and performed the phos-
pholipid transfer assay and liposome flotation assay using

loops interact with each other to form a “closed” conformation
with a narrow opening (red region in Fig. 3A) for the internal
hydrophobic cavity as a phospholipid-binding site (light blue in
Fig. 3A). These Tyr-containing loops could function as a flexi-
ble gate for the phospholipid-binding site, like a flexible lid of

SASBMB

20% PS-containing liposomes. The Y100N/Y330N mutation
decreased the acidic phospholipids transfer activity but did not
affect the binding to PS-containing liposomes (Fig. 3, B and C),
suggesting that these two tyrosine residues act as a gate for the
internal phospholipid-binding site. CD spectra confirmed that

J. Biol. Chem. (2020) 295(10) 3257-3268 3261
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Figure 3. The twin-loop structure with two Tyr facilitates phospholipid transfer. A, the internal cavity and main-chain folding of VAT-1. The cavity is
visualized by a light blue molecular surface. The twin-loop structure (residues 99-102 and 327-332) and the extruded loop (residues 291-306) are colored in
magenta and yellow, respectively. Tyr-100 and Tyr-330 are shown in stick form. The opening of the cavity is indicated in red. B, phospholipid transfer activities
of WT VAT-1 and the Y1T00N/Y330N mutant were measured as in Fig. 1B. The values are means = S.D. of three independent experiments. C, WT VAT-1 and the
Y100N/Y330N mutant were incubated with liposomes containing PC/PS = 80/20 (20% PS), and binding was analyzed as in Fig. 1C. T, top; B, bottom. The
amounts of VAT-1 in each fraction are shown below the gel (total VAT-1 amounts were set to 100).

the YIOON/Y330N mutation did not affect the overall structure
of VAT-1 (Fig. S5B).

The extruded loop is responsible for phospholipid transfer and
membrane binding

In the crystal structure, we noted that VAT-1 has, in addition to
the above-described twin-loop structure, an extruded flexible loop
(residues 290 —306), whereas Ztal does not have such a loop. This
extruded loop of VAT-1 is rich in hydrophobic residues including
two neighboring Trp residues (Trp-305 and Trp-306) and has
three positively charged residues (Lys-295, Arg-296, and Arg-303)
(Fig. 4A). Because VAT-1 is able to transfer acidic phospholipids,
this extruded loop could play a role in acidic phospholipid transfer
by VAT-1. To test this possibility, we made three types of VAT-1
mutants—the ALoop mutant lacking the loop; the K295E/R296E/
R303E mutant, in which the positively charged residues in the loop
are replaced with Glu; and the W305A/W306A mutant lacking
twin Trp in the loop—and subjected them to MS-based phospho-
lipid transfer assays between liposomes. Evidently, those VAT-1
mutants exhibited markedly reduced transfer activities for PA, PS,
and PG, and the acidic lipid transfer by the ALoop mutant was
even completely abolished (Fig. 4B). CD spectra confirmed that
those mutations do not affect the overall structure of VAT-1 (Fig.
S5C). Therefore, the extruded loop of VAT-1 is essential for the
acidic phospholipid transfer activity between liposomes.
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We then monitored lipid transfer from liposomes containing
DOPS (18:1-18:1 PS) to isolated yeast mitochondria in the pres-
ence of VAT-1. After transfer from liposomes to mitochondria,
DOPS will be converted to DOPE (18:1-18:1 PE) by PS decarbox-
ylase Psd1 in the mitochondrial IM, which is monitored by MS
analyses (Fig. 4C and Fig. S7). The amount of DOPE, but not 16:1—
16:1 PE, increased only when mitochondria were incubated with
DOPS-containing liposome and with WT VAT-1, not the VAT-1
ALoop mutant. The extruded loop of VAT-1 containing positively
charged residues and two tryptophan residues is thus essential for
acidic lipid transfer between liposomes or from liposomes to mito-
chondria like the case between liposomes.

How about membrane binding of these VAT-1 mutants?
Liposome flotation assays using 20% PS-containing liposomes
showed that the ALoop, K295E/R296E/R303E, and W305A/
W306A mutants all failed to bind to PS containing liposomes
(Fig. 4D). Although Lys-295 and Lys-296 are separated from
Arg-303 by a distance of ~16 A (Fig. 44), the VAT-1 mutants
with the K295E/R296E mutation or R303E mutation alone
failed to bind to PS-containing liposomes either (Fig. 4D).
When we isolated mitochondria from yeast cells overexpress-
ing VAT-1 with or without the extruded loop, the amount of
VAT-1 recovered with mitochondria was significantly reduced
by the loop deletion, although the flexible N terminus segment
of VAT-1 appeared to be partially degraded (Fig. 4E). These
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Figure 4. The extruded flexible loop is responsible for the phospholipids transfer and the membrane binding. A, magnified view of the region around
the extruded flexible loop, shown in stick form, of VAT-1. Lys-295, Arg-296, Arg-303, Trp-305, and Trp-306 are indicated by red boxes. B, phospholipid transfer
activities of VAT-1 mutants were measured by the MS-based phospholipid transfer assay as in Fig. 1B. The values are means = S.D. of three independent
experiments. C, amounts of 16:1-16:1 PE, DOPE in isolated mitochondria incubated with DOPS-containing liposome (PS lipo), and purified WT VAT-1 (WT) or
VAT-1ALoop (ALoop) relative to those in isolated mitochondria incubated without both liposomes and VAT-1 were measured by MS. The values are means +
S.D. of three independent experiments. D, VAT-1 mutants were incubated with liposomes containing PC/PS = 80/20 (20% PS), and binding was analyzed as in
Fig. 1C. T, top; B, bottom. The amounts of VAT-1 in each fraction are shown below the gel (total VAT-1 amounts were set to 100). £, mitochondria were isolated
from yeast cells overexpressing WT VAT-1 or VAT-1ALoop with C-terminal 3 X FLAG tag. Total cell lysate and the indicated amounts of mitochondrial proteins

were analyzed by SDS-PAGE followed by immunoblotting.

results indicate that the extruded loop of VAT-1 is responsible
for binding to mitochondria and acidic phospholipid mem-
branes as well.

Twin Trp in the loop is inserted into the acidic membrane upon
VAT-1 binding

We further focused on the roles of the two tryptophan resi-
dues (Trp-305 and Trp-306) in the extruded loop of VAT-1 in
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the membrane binding. Because Trp fluorescence is enhanced
in the hydrophobic environment, we monitored the Trp fluo-
rescence of VAT-1 upon binding to liposomes (Fig. 54). When
incubated with PC-only liposomes or PS- or CL-containing
liposomes, intensities of Trp fluorescence of VAT-1 are in the
order of CL-containing liposomes > PS-containing lipo-
somes > PC-only liposomes (Fig. 54), which corresponds to
the order of liposome binding (Fig. 1C). On the other hand, the
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Figure 5. Role of two tryptophan residues in the extruded flexible loop upon binding to the acidic membrane. A and B, 25 um WT VAT-1 (A) and
K295E/R296E/R304E (B) was incubated with 1.5 mm liposomes containing PC alone (PC only), PC/PS = 80/20 (20% PS), or PC/CL = 80/20 (20% CL) at 25 °C for
10 min. Then tryptophan fluorescence spectra were recorded at 25 °C. Ao, = 295 nm, A, = 300-450 nm. C, left panel, a magnified view around Trp-143 and
Trp-362, shown in stick form, in the extruded loop of VAT-1. Right panel, tryptophan fluorescence spectra of the W143Y/W362Y mutant with liposomes as in A
and B. D, WT VAT-1 and the W143Y/W362Y mutant were incubated with liposomes containing PC alone (PC only), PC/PS = 80/20 (20% PS), or PC/CL = 80/20
(20% CL), and binding was analyzed as in Fig. 1C. T, top; B, bottom. The amounts of VAT-1 in each fraction are shown below the gel (total VAT-1 amounts were
set to 100). £, left panel, a putative phospholipid-binding model of VAT-1. Two loops containing Tyr-100 and Tyr-330, shown in green, could function as a gate
to the phospholipid binding cavity. Right panel, a membrane-binding model of VAT-1. The extruded flexible loops are shown in yellow. To extract acidic
phospholipids from the membrane, VAT-1 recognizes acidic phospholipids in the membrane through basic residues in the loop, and then two tryptophan
residues in the loop are inserted into the membrane.

Trp fluorescence intensity of the K295E/R296E/R303E mutant,  binding (Fig. 5D). Therefore, Trp-305 and Trp-306 in the loop
which lacks membrane-binding activity, did not change when are directly involved in acidic lipid membrane binding.
incubated with PS- or CL-containing liposomes (Fig. 5B). In

addition to Trp-305 and Trp-306 in the loop, VAT-1 has two  Conclusion

more Trp residues (Trp-143 and Trp-362) in the interior of the
molecule. We thus replaced Trp-143 and Trp-362 with Tyr  ]AN40. The determined structure, the substrate-docking
residues (the W143Y/W362Y mutation) and measured Trpfluo-  model, and mutational analyses indicate several unique fea-
rescence of the W143Y/W362Y mutant (Fig. 5C). We could tures of VAT-1 as a soluble phospholipid-transfer protein.
observe a more significant increase in the Trp fluorescence  First, substrate access to the possible acidic phospholipid-bind-
than WT VAT-1 upon binding to liposomes in the order of ing cavity of VAT-1 (Fig. 2, D, E, and G) is likely regulated by the
CL-containing liposomes > PS-containing liposomes > PC-  two neighboring tyrosine residues (Tyr-100 and Tyr-330) in the
only liposomes, which is consistent with the order of liposome twin-loop structure, which could perform a gating function

We determined here the crystal structure of human VAT-
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(Fig. 5E). Second, the VAT-1 structure shows the presence of
the extruded loop containing hydrophobic residues, two tryp-
tophan residues (Trp-305 and Trp-306), and several positively
charged residues, which is distinct from the above-mentioned
gating twin-loop structure. This extruded loop appeared
important for acidic phospholipid transfer as well as binding to
membranes and mitochondria both in vitro and in vivo (Fig. 4).
Binding of VAT-1 to the acidic phospholipid membrane
through its extended loop is essential for acidic lipid transfer
between the membranes. Because VAT-1AN40 and probably
full-length VAT-1 form a dimer (Fig. S4C), the extruded flexible
loop of each protomer is oriented toward the same direction in
the VAT-1 dimer, so that the two protomers may cooperate to
increase membrane-binding activity in the dimer (Fig. 5E).

In yeast, a counterpart of VAT-1 or a soluble PS transfer
cytosolic protein is missing, but PS is transferred from the ER to
mitochondria directly via the ER—mitochondrial physical con-
tact site, ERMES (16, 17). In mammals, single well-defined
ER-mitochondrial contact has not been established. PS trans-
fer between the mammalian ER and mitochondria is thus most
likely mediated by VAT-1 and perhaps other soluble PS transfer
proteins, in addition to possible ER—mitochondria contact
sites.

In summary, VAT-1 does not belong to any known super-
family of lipid-transfer proteins but was shown here to have a
lipid transfer function. This suggests that there could be many
more soluble proteins in the cytosol that function as lipid-
transfer proteins but are hard to identify from the simple
sequence analyses.

Experimental procedures
Construction of expression plasmids

To construct Escherichia coli expression plasmids for full-
length VAT-1 (393 residues) or VAT-1AN40 (residues
41-393), the genes were amplified by PCR from the MegaMan
human transcriptome ¢cDNA Library (Agilent Technologies),
digested with Ndel and Xhol, and cloned into the Ndel/Xhol
site of pGBHPS (32). To construct E. coli expression plasmids
for yeast Ztal, the ZTA1 gene was amplified by PCR from Sac-
charomyces cerevisiae W303-1A genome, digested with Ndel
and Xhol, and cloned into the Ndel/Xhol site of pGBHPS. The
pRS424/GALI-VAT-1-3X FLAG plasmid was constructed as
follows: the VAT-1 ORF was amplified by PCR, digested with
BamHI and Xhol, and inserted into the BamHI/Xhol site
between the GALI promoter and CYCI terminator in the
2u—TRP1 plasmid, pRS424, to yield pRS424/GALI-VAT-1. A
DNA fragment encoding the 3X FLAG sequence was inserted
into pRS424/GALI-VAT-1, just upstream of the stop codon of
the VAT-1 gene, by inverse PCR, to yield pRS424/GALI-VAT-
1-3X FLAG. The expression plasmid for VAT-1ALoop (lack-
ing residues 290 —306) was constructed by inverse PCR. Muta-
tions for the described amino acid substitutions were
introduced by PCR-based site-directed mutagenesis.

Protein expression and purification

The B1 immunoglobulin domain of streptococcal protein G
and hexahistidine (GB1-His,) fused N-terminally target pro-
teins were expressed in E. coli strain C43 (DE3) (Lucigen) cul-
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tured in LB medium supplemented with 100 wg/ml ampicillin
at 37 °C. When the A, reached ~0.8, isopropyl-B-p-thioga-
lactopyranoside was added to a final concentration of 0.1 mm
and cultured for 20 h at 20 °C to induce protein expression. The
cells were then disrupted by sonication, and GB1-His, tagged
proteins were affinity-purified by a nickel-nitrilotriacetic acid
Superflow column (Qiagen). The GB1-His, tag was cleaved off
with PreScission protease (GE Healthcare) and removed by a
nickel—nitrilotriacetic acid Superflow column. For full-length
VAT-1and Ztal, the proteins were further purified by a HiLoad
26/60 Superdex 200 PG column (GE Healthcare) with elution
buffer of 20 mm Tris-HCI, pH 7.5, and 150 mm NaCl. For VAT-
1AN40, the protein was purified by a Resource Q anion-ex-
change column (GE Healthcare) with a linear NaCl gradient of
0-1000 mMm in 20 mMm Tris-HCI, pH 8.0, and then purified fur-
ther by a HiLoad 26/60 Superdex 200 PG column (GE Health-
care) with elution buffer of 20 mm Tris-HCI, pH 7.5, 150 mm
NaCl.

Liposomes

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, 850375C),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC,
850457C), DOPE (850725C), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE, 850757C), 1,2-dioleoyl-sn-
glycero-3-phosphate (DOPA, sodium salt, 840875C), DOPS
(sodium salt, 840035C), 1,2-dioleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) (DOPG, sodium salt, 840475C), 18:1 CL
(1',3’-bis[1,2-dioleoyl-sn-glycero-3-phospho-]-su-glycerol,
710355C), 18:1-12:0 NBD-PS (1-oleoyl-2-{12-[(7-nitro-2—1,3-
benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phos-
phoserine, 810195C), 18:1 NBD-PE (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
ammonium salt, 810145C), and 18:1 Liss-Rhod-PE (1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl), ammonium salt, 810150C) were
obtained from Avanti Polar Lipids, Inc. Liposomes were pre-
pared as follows; lipids in chloroform stock solutions were
mixed at a desired molar ratio, and the solvent was evaporated.
Then the lipid film was hydrated in appropriate buffer at room
temperature for 30 min, and the lipid suspension was extruded
20 times through a polycarbonate 0.1-um filter using a mini
extruder (Avanti Polar Lipids, Inc.).

Phospholipid transfer assay

NBD-PS transfer activities of VAT-1 and its mutants were
measured by the fluorescent dequenching assay as described
previously with several modifications (10). Donor liposomes
(12.5 um; DOPC/DOPE/18:1 Liss-Rhod-PE/18:1-12:0 NBD-
PS = 50:40:2:8) were incubated with acceptor liposomes (50
uM; DOPC/DOPE/18:1 CL = 50:40:10) in the presence or
absence of recombinant proteins in 2 ml of assay buffer (20 mm
Tris-HCL, pH 7.5, 150 mMm NaCl, and 2 mm EDTA) at 25 °C.
NBD fluorescence was monitored by a FP-8500 fluorometer
(JASCO). The MS-based phospholipid transfer assay was per-
formed as described previously with several modifications (10).
VAT-1 or its mutants was incubated with donor liposomes
(0.25 mm; DOPC/DOPE/POPC/POPE/DOPA/DOPS/DOPG/
18:1 NBD-PE = 55:19.5:5:5:5:5:5:0.5) containing 25% sucrose
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and acceptor liposomes (1 mm; DOPC/DOPE/POPS/18:1 Liss-
Rhod-PE = 55:34.95:10:0.05) in 600 ul of assay buffer (20 mm
Tris-HCI, pH 7.5, and 150 mMm NaCl) at 16 °C. After 16 h of
incubation at 16 °C, the samples were treated with 100 ug/ml
proteinase K for 1 hat 37 °C. Then the samples were mixed with
200 ul of assay buffer containing 30% sucrose and incubated for
10 min on ice. The samples were placed on an ultracentrifuge
tube, overlaid with 1200, 800, and 200 ul of assay buffer con-
taining 5, 2.5, and 0% sucrose, respectively, and subjected to
ultracentrifugation at 217,000 X g for 2.5 h. 1,000 ul fractions
were collected from the top. Separation of donor and acceptor
liposomes was assessed by fluorescence of NBD-PE and Liss-
Rhod-PE (NBD-PE, 535 nm, excitation at 485 nm; Liss-Rhod-
PE, 595 nm, excitation at 535 nm; Fig. S8). 200 ul of the top
fraction was mixed with 800 ul of chloroform/methanol (2:1,
v/v) and vortexed for 15 min. 200 ul of 0.1 M HCl and 0.1 m KCl
was added to the sample and vortexed for 10 min. The organic
phase was separated by centrifugation at 800 X g for 2 min,
collected, and dried under N, gas. The resulting lipid film was
dissolved in 1 ml of 2-propanol containing 5 mm ammonium
formate and 0.1% formate. Lipid samples were injected into a
Turbo V electrospray ion source by using a syringe pump with a
flow rate of 10 ul/min and analyzed by direct infusion MS using
a 3200 QTrap system (SCIEX). POPC, POPE, DOPA, DOPS,
and DOPG were analyzed by a multiple reaction monitoring
(MRM) method. MRM analyses were performed in the nega-
tive-ion mode. For quantification, the singly charged precur-
sors (POPC, m/z 804.6; POPE, m/z 716.6; DOPA, m/z 699.5;
DOPS, m/z 786.6; DOPG, m/z 773.6) and the fragments corre-
sponding to the 18:1 fatty acids (m1/z 281.1) were selected as
MRM transitions.

Liposome floatation assay

Liposome flotation assay was performed as described previ-
ously with several modifications (11). 2 mm liposomes (DOPC
only, DOPC/DOPS = 80:20, DOPC/18:1 CL = 80:20, DOPC/
DOPE = 80:20, DOPC/DOPA = 80/20, or DOPC/DOPG =
80/20) were incubated with 5 um VAT-1 or its mutants in 100
wl of flotation buffer (20 mm Tris-HCI, pH 7.5, 150 mm NaCl) at
25 °C for 10 min. 200 ul of ice-cold flotation buffer with 60%
sucrose was added to the sample after incubation. The resulting
liposome/protein mixture was put into a 5-ml ultracentrifuge
tube and overlaid with 2 ml of flotation buffer with 30% sucrose,
2 ml of 10% sucrose and 0.5 ml of flotation buffer without
sucrose. After centrifugation at 200,000 X g for 1.5 h, 1200-ul
fractions were collected from the top. Proteins of each fraction
were concentrated by TCA precipitation and analyzed by SDS-
PAGE and Coomassie Brilliant Blue staining.

Crystallization and X-ray crystallography

A crystallization trial was performed using the sitting-drop
vapor-diffusion method at 20 °C. Drops (0.5 ul) of ~40 mg/ml
VAT-1AN40 in 20 mMm Tris-HCI, pH 7.5, and 150 mm NaCl
were mixed with reservoir solution (0.2 M ammonium nitrate,
18 -20% PEG 3350), and equilibrated against 70 ul of the same
reservoir solution by vapor diffusion. The crystal was soaked in
the reservoir solution supplemented with 15% ethylene glycol,
flash-cooled, and kept in a stream of nitrogen gas at 100 K dur-
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ing data collection. X-ray diffraction data were collected with
an EIGER 9M detector at SPring-8 Beamline BL32XU, using
the helical data collection method with a 5 X 15-um (width X
height) microbeam. The diffraction data were processed using
XDS (33). The structure of VAT-1AN40 was determined by the
molecular replacement method with PHASER (34) in CCP4
suite (35), for which the crystal structure of synaptic vesicle
membrane protein VAT-1 homolog-like protein (PDB code
4A27) was used as a search model. Further model building was
performed manually with COOT (36), and crystallographic
refinement was performed with CNS (37). Ramachandran-plot
analysis with RAMPAGE (38) in the CCP4 suite showed that,
among 1314 modeled residues, 1265 (96.3%) and 49 (3.7%) res-
idues were in the favored and allowed regions, respectively,
whereas no residues were in the outlier region.

CD measurements

CD spectra of proteins (5 um) in 20 mm Tris-HCI, pH 8.0,
containing 150 mm NaCl were recorded at room temperature
on a J-820 spectropolarimeter (Jasco), using a cell with a path
length of 0.2 cm.

In silico docking

AutoDock Vina (30) was used as a docking tool to generate a
putative VAT-1-DOPS complex. Input files were prepared by
using the Autodock Tools. The VAT-1 structure was set as rigid
during docking, and the grid box with dimensions of 20 X 38 X
32 A was placed into the phospholipid-binding site. All Autod-
ock Vina parameters were kept as default.

Yeast strain and media

The yeast strain used in this study is W303-1A (39). Standard
protocols were used for yeast manipulation (40). The cells were
grown in YPLac (1% yeast extract, 2% polypeptone, and 3% lac-
tic acid, pH 5.6) or SCGal (0.67% yeast nitrogen base without
amino acids, 0.5% casamino acid, and 2% galactose) medium
with appropriate supplements.

Isolation of mitochondria

Isolation of crude mitochondria was performed as described
previously with several modifications (17). 5 ml of overnight
yeast preculture was inoculated into 1 liter of YPGal or SCGal
medium and cultivated at 30 °C for 21 h. Yeast cells were har-
vested and incubated in alkaline buffer (0.1 M Tris-HCI, pH 9.5,
10 mm DTT) for 15 min at 30 °C. After washing with sphero-
plast buffer (20 mm Tris-HCI, pH 7.5, 1.2 M sorbitol), the cells
were treated with zymolyase 20T (5 mg for 1 g of yeast wet
weight) in spheroplast buffer for 30 min at 30 °C. The resulting
spheroplasts were resuspended in ice-cold breaking buffer (20
mM Tris-HCL, pH 7.5, 0.6 M mannitol, 1 mm EDTA, 1 mMm phen-
ylmethylsulfonyl fluoride) and homogenized 20 times with a
Dounce tissue grinder. After removing unbroken cells and cell
debris including nuclear membranes by centrifugation at
2,000 X g for 5 min, crude mitochondria fractions were col-
lected by centrifugation at 12,000 X g for 10 min. The crude
mitochondria fractions were washed with SE buffer (250 mm
sucrose, 10 mm MOPS-KOH pH 7.2, 1 mm EDTA), resus-
pended in SE buffer and frozen in liquid nitrogen. Protein con-
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centrations of crude mitochondria were calculated by A, mea-
surements (A,g, = 0.21 was assumed to be 10 mg/ml proteins).

PS transfer assay with mitochondria

1.35 mg/ml isolated mitochondria were incubated with 72
uM WT VAT-1 or VAT-1ALoop and DOPS-containing lipo-
somes (0.25 mm; POPC/POPE/DOPS = 50:30:20) in 100 ul of
SE buffer at 16 °C. After 16 h of incubation at 16 °C, the mito-
chondria were mixed with 900 ul of chloroform/methanol (2:1,
v/v) and vortexed for 15 min. 200 ul of 0.1 M HCland 0.1 m KCl
was then added to the sample and vortexed for 10 min. The
organic phase was separated and subjected to an MS-based
phospholipid transfer assay as described above. DOPE and
16:1-16:1 PE were analyzed by a MRM method. For quantifi-
cation, the singly charged precursors (DOPE, m/z 742.5; 16:1—
16:1 PE, m/z 686.5) and the fragments corresponding to the
18:1 fatty acids (172/z2281.1) for DOPE or the 16:1 fatty acids (m/z
253.1) for 16:1-16:1 PE were selected as MRM transitions.

Immunoblotting

The anti-Tom40 antibodies were used in 1:2000 dilution for
immunoblotting. An anti-FLAG antibody purchased from
Sigma was used in 1:2000 dilutions. Proteins were visualized
with fluorophore-conjugated secondary antibodies, goat anti-
rabbit or mouse IgG (H + L) secondary antibody, and Cy5 con-
jugate (Life Technologies), and the signals were analyzed with a
Typhoon FLA 9500 (GE Healthcare).

Trp fluorescence measurements

25 uM VAT-1 or its mutants was incubated with 1.5 mMm
liposomes containing PC alone, PC/PS = 80/20, or PC/CL =
80/20 in 2 ml of 20 mm Tris-HCI, pH 7.5, and 150 mm NaCl at
25 °C. After 10 min of incubation at 25 °C, Trp fluorescence
spectra were recorded using an FP-8500 fluorometer (JASCO)
at 25 °C with the excitation wavelength of 295 nm and emission
wavelength of 300 -450 nm.
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