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Structural and biochemical insights into lipid
transport by VPS13 proteins

Jyoti Adlakha'?*, @, Zhouping Hong"?*, @, PeiQi Li%, and Karin M. Reinisch»?@®

VPS13 proteins are proposed to function at contact sites between organelles as bridges for lipids to move directionally and in
bulk between organellar membranes. VPS13s are anchored between membranes via interactions with receptors, including both
peripheral and integral membrane proteins. Here we present the crystal structure of VPS13s adaptor binding domain (VAB)
complexed with a Pro-X-Pro peptide recognition motif present in one such receptor, the integral membrane protein Mcplp,
and show biochemically that other Pro-X-Pro motifs bind the VAB in the same site. We further demonstrate that Mcplp and
another integral membrane protein that interacts directly with human VPS13A, XK, are scramblases. This finding supports an
emerging paradigm of a partnership between bulk lipid transport proteins and scramblases. Scramblases can re-equilibrate
lipids between membrane leaflets as lipids are removed from or inserted into the cytosolic leaflet of donor and acceptor
organelles, respectively, in the course of protein-mediated transport.

Introduction

VPS13 family proteins are thought to mediate directional bulk
glycerolipid transfer between organelles at contact sites, where
organelles are closely apposed, effecting membrane expansion
and organelle biogenesis. These proteins feature a single ex-
tensive B-sheet that is highly curved to form a taco shell-like
structure whose concave surface is lined entirely with hydro-
phobic residues. The taco shell is long enough to span the cy-
tosolic space between organelles, and the hydrophobic groove
along its length can solubilize tens of lipid fatty acid moieties.
Recent and ongoing studies are identifying elements at both
ends of the proteins that interact with organellar membranes
either directly or via adaptor proteins to position the taco shell
as a bridge between organelles, allowing lipids to travel between
membranes along the hydrophobic groove (reviewed in
Dziurdzik and Conibear, 2021; Leonzino et al., 2021). So far the
best-characterized members of the family are VPS13 itself,
including a single homolog in fungi and four in humans (A-D),
and ATG2, whose lipid transfer function is required for au-
tophagosome biogenesis. The human VPS13 proteins are of
significant biomedical interest because their dysfunction is
linked to severe neurological diseases, including Parkinson’s
(VPS13C; Lesage et al,, 2016) and chorea acanthocytosis
(VPS13A; Rampoldi et al., 2001; Ueno et al., 2001). Among the
VPS13 proteins, Saccharomyces cerevisiae Vpsl3p has been the
most thoroughly studied and has served as a model system to
understand VPS13 function in humans (Dziurdzik et al., 2020;
Park et al., 2021).

A major question for VPS13 family proteins is how they lo-
calize to and associate with organellar membranes to allow for
efficient lipid transfer between the transfer protein and mem-
branes. In yeast, Vps13p localizes to multiple contact sites in part
via the so-called VPS13 adaptor binding domain (VAB), near the
C-terminal end (Fig. 1 A; Bean et al., 2018). The VAB, with no
significant sequence similarity to any previously characterized
protein domain, interacts with a Proline-X-Proline (Pro-X-Pro)
motif present in receptor proteins at contact sites (Bean et al.,
2018). Receptor proteins include the sorting nexin Ypt35p on the
endosome, Spo71p on the prospore membrane, and a multipass
integral membrane protein, Mcplp, in the outer mitochondrial
membrane (Bean et al., 2018; John Peter et al., 2017). The VAB is
present in all VPS13s (but not other VPSI3 family proteins like
ATG?), including human VPS13 A-D, and likely plays a similar
role in their localization, although its human interactome is still
unknown and may feature different recognition motifs other
than Pro-X-Pro. Here we present the crystal structure, at 3.0-A
resolution, of the VAB from the fungus Chaetomium thermophi-
lum, complexed to the Pro-X-Pro motif of Mcplp from the same
organism. We also present biochemical confirmation that the
Pro-X-Pro-motifs from Ypt35p and Spo7lp bind at the same site
as the Mcplp Pro-X-Pro motif, in agreement with competition
studies (Bean et al., 2018).

Parallel studies with the VPS13 family protein ATG2 indicated
that ATG2 localizes to contact sites between the ER, where most
lipids are synthesized, and nascent autophagosomes, and that
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Figure 1. Architecture of the VAB and its Pro-X-Pro motif binding site. (A) Schematic showing domain architecture of Vps13p. Residue numbers refer to
the C. thermophilum Vps13p sequence. (B) Ribbons diagram for the VAB from C. thermophilum, showing its six repeated modules. The Pro-X-Pro motif is colored
magenta. Inset shows one module, colored from blue at the N-terminus to red at the C-terminus, and a topology diagram colored in the same way. Fig. S1 A
shows differences between the crystal structure and the AlphaFold2 prediction. (C) Sequence conservation, based on an alignment of 1,000 fungal Vps13s as
determined by Consurf (Ashkenazy et al,, 2016) and mapped onto the VAB surface. A patch centered on the sixth repeat and including the interface between
the fifth and sixth repeats, outlined in yellow, is highly conserved and is the binding site for the receptor Pro-X-Pro motif. For electrostatic potential mapping,
see Fig. S1B. (D) Difference density from a 2Fo-Fc map (3.0 I/o contour level), into which the Pro-X-Pro binding motif was modeled, is shown. Top: Two views
of the Pro-X-Pro binding motif (yellow) bound to the VAB (light blue). Residues in the VAB binding surface, including those that were mutated to abrogate
binding of the Pro-X-Pro motif, are labeled (mutated residues underlined). The asparagine in the sixth module at the end of B1, which is conserved in all
modules, and which was mutated in previous interaction studies (Dziurdzik et al., 2020), is labeled (N2521). In the protein interior, it is part of an extensive
hydrogen bonding network that stabilizes module folding (Fig. S1 C).
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ATG2 interacts with scramblases both in the ER and in the au-
tophagosome (Ghanbarpour et al., 2021; Maeda et al., 2020;
Matoba et al., 2020). We and others proposed previously that the
scramblases allow for directional bulk lipid flow by restoring the
bilayer symmetry of both the donor and acceptor membranes as
lipids are asymmetrically removed from or inserted into their
cytosolic leaflet in the course of protein-mediated lipid transfer.
Here we present evidence that the VPS13s themselves also work
with lipid scramblases, showing scramblase activity for both
Mcplp, the Pro-X-Pro motif containing protein that interacts
with yeast Vps13p at mitochondria (Bean et al., 2018; John Peter
etal., 2017), and XK (also known as XKR1), which interacts with
VPS13A in humans (Park and Neiman, 2020). XK-related
protein-4, -8, and -9 are known caspase-activated scramblases
in the plasma membrane (Suzuki et al., 2014), but no such ac-
tivity has been previously reported for XK itself. Our data sup-
port a model in which bulk lipid transporters in the VPS13 family
function in collaboration with scramblases.

Results and discussion

To better understand how VPS13s might interact with organellar
membranes, we undertook a structural characterization of the
VAB. Although we were unsuccessful in crystallizing the VAB
domain by itself, we did obtain crystals of a construct
comprising the VAB of C. thermophilum Vpsl3p (residues
1,944-2,635) N-terminally fused to the Pro-X-Pro-motif of Mcpl
(residues 15-32), PXP(Mcpl.)-VAB.. The crystals belong to
spacegroup P2, and diffract to 3.0 A. We used molecular re-
placement for phasing with a model for the VAB derived from
Alphafold2 (Jumper et al., 2021). The VAB comprises six mod-
ules of the same topology arranged end to end to resemble a
fishhook (Fig. 1 B). Each module features nine B-strands con-
nected by loops and arranged into a B-sandwich, similar to that
of lysins such as ostreolysin (Protein Data Bank [PDB] accession
no. 6MYI) or hemolysin (PDB accession no. 6ZC1; Fig. 1 B, inset).
There are two VAB molecules in each asymmetric unit. We
were able to model all six of the modules in one copy, PXP-
VAB, . In the second copy, PXP-VAB, s, we modeled only the
first five repeated modules (residues 1,944-2,516), as the elec-
tron density for the sixth repeat was poor, most likely because
this repeat is flexibly positioned with respect to the rest of the
protein. The first five modules for the two copies of the VAB in
the crystal superimpose closely (root-mean-square deviation
over 428 Ca’s is 0.48 A). (A comparison of PXP-VAB,_¢ and the
AlphaFold2 prediction is shown in Fig. S1 A; major differences
exist at the interfaces between repeated modules.) One face of
C. thermophilum VAB is largely acidic, whereas the other has a
large basic patch (Fig. S1 B). A prominent patch on the surface
of the sixth module and extending to the interface between the
fifth and sixth modules is highly conserved across fungi, indi-
cating functional importance (Fig. 1 C). Indeed, this surface
includes the binding site for the Pro-X-Pro motif (below). A
similar surface, on the sixth repeat and at its interface with the
fifth repeat, is highly conserved in comparisons of metazoan
VPS13 VABs as well, indicating a key function, likely also in
receptor binding. The patch residues, however, are less well

Adlakha et al.
Structural and biochemical analysis of VPS13

TR
(: k(J
IV

conserved in comparing fungal and metazoan VABs, possibly
because the metazoan VPS13s recognize different receptor
motifs, other than Pro-X-Pro.

There is strong density for the Pro-X-Pro-motif fused to the
N-terminus of PXP-VAB, 5 (Li7V1sE10L20D21P22A23P24lo5A56E27),
showing that it interacts in trans with PXP-VAB, ¢, binding on
the acidic face of the VAB at the conserved interface between its
fifth and sixth repeats (Fig. 1 D). Residues L17-D21 form a short
B-strand alongside and parallel to the fourth B-strand of the
sixth repeat module, with the two conserved hydrophobic res-
idues (L17 and 1.20) packed against hydrophobic surfaces. The
two proline side chains (P22 and P24) are buried in a groove that
runs along the interface. The strong conservation of residues
forming the Pro-X-Pro-binding site in PXP-VAB,_¢ support that
this binding surface is physiologically relevant and not an arti-
fact of crystallization. The Pro-X-Pro motif at the N-terminus of
PXP-VAB, ¢ appears to be disordered, as there is no density for it
in the electron density maps. It is likely that, because of crystal
packing constraints, the peptide cannot access the binding site in
PXP-VAB,_, or the binding site is not formed in PXP-VAB,_; (the
sixth module is not visible in the density), or both.

A Pro-X-Pro binding site at the interface of the fifth and sixth
modules of the VAB is consistent with previously reported
biochemical experiments, indicating that the fifth and sixth
repeat modules are sufficient for binding the Pro-X-Pro motif
(Dziurdzik et al., 2020). Further, mutation of an asparagine
residue at the C-terminal end of the first $-strand of the sixth
repeat module of the VAB (N2521 in C. thermophilum Vps13p)
abolished Pro-X-Pro binding (Dziurdzik et al., 2020). This as-
paragine, in the protein interior, does not form part of the Pro-
X-Pro motif binding surface of the VAB as observed in the
crystal structure (see Fig. 1 E) but is highly conserved in all
modules, as part of an extensive hydrogen bonding network
stabilizing the module’s core (including the B3-B4 hairpin at the
Pro-X-Pro peptide binding site; Fig. S1 C). Its mutation to an
alanine very likely destabilizes the sixth repeat module, at least
locally, preventing formation of the Pro-X-Pro binding site.
(Mutation of the corresponding asparagine in the most
N-terminal repeat module, which is far removed from the
identified Pro-X-Pro binding site, was also reported to abolish
VPS13 interactions with its receptor proteins [Dziurdzik et al.,
2020]. Possibly this mutation causes local destabilization to
perturb packing of the first against the second VAB repeat
modules, thus somehow affecting the structure of the VAB or its
positioning within the full-length VPS13 to interfere with re-
ceptor binding.)

Further characterization of the C. thermophilum VAB alone,
the PXP(Mcpl,;)-VAB,; construct used in crystallization, and a
construct in which the Pro-X-Pro-motif is C-terminally fused to
the VAB, VAB.-PXP(Mcpl,), further supports the proposed
binding site between the fifth and sixth modules. Both size ex-
clusion chromatography and negative stain EM indicate that the
VAB alone and VAB-PXP(Mcpl,), where the Pro-X-Pro-motif
can access the proposed binding site in cis, are monomeric
(Fig. 2, A-D). In contrast, PXP(Mcply)-VAB, forms dimers
(Fig. 2, A and D). In this case, the N-terminal Pro-X-Pro motif is
too far from the binding site to access it in cis and instead
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Figure 2. The Pro-X-Pro motifs of Mcplp, Spo71p, and Ypt35p bind to the same surface of the VAB. (A) The VABct and VAB,,-PXP(Mcpl,;) constructs are
monomeric in solution as assessed by negative stain EM, whereas PXP(Mcpl.,)-VAB,; dimerizes. Class averages are shown (scale bar, 5 nm). (B) PXP(Mcpl,)-
VAB,; dimerization is in trans, with the N-terminal PXP-motif from one monomer bound to the C-terminal end of the second monomer and vice versa. The
dimer in the asymmetric unit of the crystal is similar to the class average boxed in A. (C) Pro-X-Pro motifs of Mcplp from C. thermophilum and S. cerevisiae, and
from S. cerevisiae Spo71p and Ytp35p. (D) Size-exclusion profiles of wild-type and mutant constructs of PXP(Mcpl.)-VAB.;, PXP(Mcpls)-VAB,, PXP(Spo71.)-
VAB,,, and PXP(Ypt35,,)-VAB,.. The wild-type constructs are dimers, indicating an intact Pro-X-Pro binding site. For the mutants, residues important for the
binding of the Pro-X-Pro motif as determined from the crystal structure were altered, and the constructs are monomeric. This shows that the Pro-X-Pro motifs
of Mcplp, Spo71p, and Ypt35p all bind this site on the VAB surface. mAU, milli absorbance units.

accesses it in trans (Fig. 2 B). When we introduced mutations to  (Park and Neiman, 2020), might scramble glycerolipids (Goren
perturb the identified binding site (R2489E, 125544, 12559A, and et al., 2014; Ploier and Menon, 2016). We overexpressed these
M2560A; see Fig. 1 D), PXP(Mcpl.)-VAB,; no longer dimerized, proteins, purified them in detergent (n-dodecyl-B-p-maltoside
indicating that the Pro-X-Pro motif no longer binds (Fig. 2D).  [DDM] and glyco-diosgenin [GDN] for Mcplp and XK, respec-
We used a similar approach to assess whether, as was re- tively), and reconstituted them into liposomes containing small
ported, the Pro-X-Pro motifs of Spo7lp and Ypt35p bind in the (0.5%) amounts of nitrobenzoxadiazole (NBD)-labeled lipid
same site. We made PXP-VAB,, constructs in which we N-terminally ~ (Fig. 3 A). The addition of dithionite, a membrane-impermeable
fused the Pro-X-Pro motifs from S. cerevisiae Mcplp (residues 2-20), reducing agent, reduces solvent accessible NBD to quench its
Spo7lp (residues 380-400), or Ypt35p (residues 2-22; see Fig.2 Cfor  fluorescence. In the absence of scramblase activity, dithionite
sequences) to the S. cerevisiae VAB (residues 1,869-2,545) or a mu-  can access NBD only in the outer leaflet of the liposome but not
tated version, in which the residues in the proposed Pro-X-Pro- in the liposome lumen, so dithionite addition results in a ~50%
binding surface were altered as before (R2396E, 12468A, 12473A, and  reduction in fluorescence (Fig. 3 B). In the presence of a
M2474A). Whereas the PXP-VAB,. constructs with the wild-type  scramblase, which continuously exchanges NBD-lipids between
VAB sequence dimerized, the mutant PXP- VAB,, constructs were  the leaflets of the membrane bilayer, all NBD becomes accessi-
monomeric, indicating that the Pro-X-Pro motifs of Mcplp, Spo7lp,  ble, resulting in a larger, near-complete (>50%) reduction in
and Ypt35p all bind in the same site (Fig. 2 D). fluorescence upon dithionite addition. The reduction would be
To assess the notion that VPS13 proteins act in collaboration complete in an ideal reconstitution scenario, in which all lip-
with scramblases, like the VPS13 family protein ATG2, weuseda  osomes incorporate scramblase activity.
well-established fluorescence-based assay to determine whether Using this assay, we found that both Mcplp and XK scramble
multispan proteins known to interact directly with VPS13 pro-  glycerolipids nonspecifically, including phosphatidylethanola-
teins, Mcplp (Bean et al., 2018; John Peter et al., 2017) and XK mine (PE), phosphatidylcholine (PC), and phosphatidylserine
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Figure 3. Mcplp and XK scramble glycerolipids in vitro. (A) SDS-PAGE gels showing purified 3xFLAG-Mcplp or 3xFLAG-XK before their reconstitution into
liposomes, analyzed by Coomassie staining and by Western blotting with anti-FLAG. (B) Schematics for the dithionite scrambling assay and leakiness control.
TM, transmembrane. (C) Mcplp scrambles NBD-PE. Scrambling is not observed with the protein-free liposomes. Reconstitution is more efficient when the
protein is added at higher concentrations, resulting in nearly complete reduction of fluorescence. (D and E) Mcplp scrambles NBD-PC and NBD-PS.
(F) Leakiness control for Mcplp-containing liposomes. Fluorescence retention of NBD-glucose in the liposome lumen after dialysis and, further, after addition
of dithionite indicates that the liposome membranes remain intact and impermeable to small molecules like dithionite or NBD-glucose. (G-1I) Scrambling results
for XK. XK scrambles NBD-lipids without headgroup specificity. (J) The XK-containing liposomes are leak-free. Source data are available for this figure:
SourceData F3.
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(PS; Fig. 3, C-E and G-I), consistent with the ability of Vpsl3s to
transport glycerolipids nonspecifically. We ruled out that the
observed fluorescence reduction is due to leaky liposomes, for
example due to incomplete detergent removal, which would
allow dithionite to penetrate into the liposome lumen to reduce
NBD there even in the absence of a scramblase (Goren et al.,
2014; Ploier and Menon, 2016). For this, we prepared proteoli-
posomes as before, but lacking NBD-lipid and in the presence of
NBD-glucose, and dialyzed the liposomes extensively against
NBD-glucose-free buffer (Fig. 3 B). NBD-glucose was retained in
the liposomes and was not accessible to dithionite, demon-
strating that the liposomes were not leaky (Fig. 3, F and J). In-
terestingly, in contrast to XK, XK-related protein-8 and -9 are
reported to be inactive in vitro in scrambling assays (Sakuragi
et al., 2021; Straub et al., 2021), although their scrambling ac-
tivity was demonstrated in cells (Suzuki et al., 2014). It was
suggested that caspase processing or some other still poorly
understood posttranslational modification is necessary to acti-
vate scrambling for these proteins.

Final thoughts

Our studies of the VPS13 VAB are a step toward understanding
how the C-terminal end of VPS13s interacts with membranes. In
particular, we have identified the binding site for the Pro-X-Pro
motifs of VPS13 receptors on one of the flat faces of the fishhook-
shaped VAB, on a highly conserved surface patch covering large
portions of the sixth repeat module and including the interface
between the fifth and sixth modules. The receptor may make
additional interactions with the VAB, as the conserved surface is
larger than the Pro-X-Pro motif binding site observed in the
crystal structure. The large conserved surface centered on the
sixth repeat module is also present across metazoan VPS13 VABs
and so likely also serves in receptor recognition there.

As noted before, the topology of each VAB repeat module is
like that of bacterial lysins. These are proteins that interact with
and/or form pores in membranes via loops emanating from one
end of the B-sandwich (for examples, see Kocar et al. [2021] and
Yanagihara et al. [2010]). In the VAB, these loops are at the in-
terface between modules and so most likely do not play a role in
membrane binding. In fact, the VABs from S. cerevisiae and C.
thermophilum VPS13 do not bind membranes in liposome flota-
tion assays, even in the presence of phosphoinositides (8% PI3P,
PI4P, or PI(4,5)P,; data not shown). It is plausible, however, that
other features at the very C-terminal end of VPS13s, including
several amphipathic helices or the pleckstrin homology domain
(Fidler et al., 2016; Kumar et al., 2018), might directly bind to
membranes, and that the flat partially basic face of the VAB
(opposite the Pro-X-Pro binding face) is apposed to membranes
when Vpsl3p is fully assembled with all its interaction partners
at contact sites.

Importantly, we have shown that two integral membrane
proteins that interact directly with VPS13s, Mcplp and XK, are
scramblases. We and others reported previously that to effect
bulk lipid transfer, the VPS13 family protein ATG2 interacts with
scramblases (Ghanbarpour et al., 2021; Maeda et al., 2020;
Matoba et al., 2020) on both donor and acceptor organelles at
contact sites; our data here indicate that a collaboration with
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mitochondria

Chorein-N Y

Figure 4. Cartoon of Vps13 bound between membranes and interacting
with Mcplp via its VAB. The chorein-N (orange), extended-chorein (teal),
and APT1 (yellow) segments are believed to form a lipid transport channel.
The VAB interacts with the Pro-X-Pro motif in the predicted unstructured
N-terminus of Mcplp (indicated). We speculate that the APT1 segment in-
terfaces directly with the integral membrane domain of Mcpl, which harbors
scrambling activity, and that there might be a direct handoff of lipids between
Vps13p and the scramblase. The ribbons cartoon of the VPS13 lipid transport
module was generated using RoseTTAFold (Baek et al,, 2021).

scramblases is a more general feature of VPSI3 family proteins.
Mcplp interacts with Vpsl3p via the VAB at the C-terminus.
Although not required for lipid transport in principle, we
speculate that there may be additional interactions between the
taco shell lipid transport domain of VPS13, and in particular the
so-called APT1 region that forms one of its ends close to the VAB,
and the transmembrane domain of Mcplp, allowing for a
handoff of lipids between the transfer protein, the scramblase in
the membrane, and the membrane (Fig. 4). Multipass integral
membrane proteins, including scramblases such as Mcplp, may
also accelerate lipid transfer by lowering the rate-determining
steps, i.e., lipid extraction from or insertion into donor or ac-
ceptor membrane, respectively.

How XK interacts with VPS13A, or which end of VPS13A is
involved, is even less well understood, although it is tempting to
speculate that in this case also there could be a direct interaction
between the lipid transfer domain of VPSI3 and the trans-
membrane domain of XK and a handoff of lipids. (In this case,
the interaction is unlikely to involve the VPS13A VAB, since in
pull-down experiments, we were not able to detect an interac-
tion between XK and the VAB [residues 1,877-2,542 of human
VPS13A coexpressed with XK in mammalian cells; data not
shown].)
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We anticipate that additional scramblases will continue being
identified as the known VPS13 interactome expands. It is also
possible that the VPSI13 proteins partner with other multipass
integral membrane proteins that do not have scrambling activ-
ity. For example, these could be part of the lipid biosynthetic
machinery, allowing lipids to be removed from the membrane
leaflet in which they are made to another compartment as they
are made. Such a scenario was recently proposed for a newly
identified member of the VPSI13 family, Csflp (Toulmay et al.,
2022). We predict that this model of a partnership between
scramblases, or other classes of multipass integral membrane
proteins, and lipid transporters will also be applicable to more
recently identified members of the VPSI13 protein family, in-
cluding SHIP164, KIAA1109/Csflp, and Hobbit/Hoblp/Hob2p
(Gomes Castro et al., 2021; Hanna et al., 2021; John Peter et al.,
2021; Neuman et al., 2022; Toulmay et al., 2022). Coordinates
and structure factors for the VPS13 VAB have been deposited
with PDB (accession no. 7UST).

Materials and methods

All the lipids including 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC; 850457C), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE; 850757C), NBD-PE (810153C),
NBD-PC (810122), and NBD-PS (810198) were purchased from
Avanti Polar Lipids. NBD-glucose was purchased from Abcam
(186689-07-6), DDM from GoldBioTech (DDM25), and GDN from
Anatrace (GDN101). Bio-Beads SM2 Adsorbent Media was pur-
chased from Bio-Rad (152-3920), anti-FLAG M2 resin from
Sigma-Aldrich (A2220), and EDTA-free cOmplete protease in-
hibitor cocktail from Roche (4693159001). Expi293F cells and
Escherichia coli BL21 (DE3)-competent cells were purchased from
Thermo Fisher Scientific (A14527 and C600003).

Structural and biochemical studies of the VPS13 VAB

Plasmid constructs

The VAB domain (residues 1,944-2,635) of Vpsi3p from C.
thermophilum (Uniprot GOS388) was cloned from genomic DNA
into a modified pET-Duet vector with a C-terminal 6xHis tag. To
generate PxP(Mcplct)-VABct; 9445 635-Hiss, residues 15-32 of
Mcpl from C. thermophilum (Uniprot GOSOT5) were fused
N-terminally to the VAB; 944 5 ¢35-Hise construct. VAB domain
(residues 1,869-2,545) of Vps13p from S. cerevisiae was similarly
cloned from genomic DNA into pET-29a(+) expression vector
containing a C-terminal 6xHis tag. PxP(Mcplsc)-VABSc; geo 3,545
Hiss, PxP (Ypt35sc)-VABSC, ge9-3,545-Hiss, and PxP(Spo7lsc)-
VABSC) ggo_5,545-Hisg constructs contain N-terminal fusion of
residues 2-20 from yeast Mcpl, residues 2-22 from Ypt35, and
residues 380-400 from Spo7l, respectively. All mutants were
generated by round-the-horn mutagenesis. See Table S1 for a list
of primers.

Protein expression and purification

All plasmids were transformed in E. coli BL21 (DE3) cells. Cells
were cultured at 37°C until OD (600 nm) reached 0.8, and
protein expression was induced with 0.5 mM IPTG at 18°C for 16
h. Harvested cells were resuspended in buffer A (20 mM Hepes,
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pH 7.8, 500 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine
[TCEP].HC], and 10% glycerol) supplemented with 20 mM im-
idazole, 5 mM MgCl,, Dnasel, and 1x cOmplete EDTA-free pro-
tease inhibitor cocktail (Roche), lysed using a cell disruptor
(5 passes at 15,000 psi), and clarified by centrifugation at
15,000 rpm for 45 min. Cell lysate was loaded on Ni**-NTA
column pre-equilibrated with lysis buffer. After washing, bound
protein was eluted with buffer A containing 500 mM imidazole,
concentrated using an Amicon Ultra centrifugal filter unit with a
50-kD molecular weight cutoff, and loaded on a Superdex 200
gel filtration column (GE Healthcare) equilibrated with buffer A.

Protocols for construct expression and purification are available
at https://dx.doi.org/10.17504/protocols.io.yxmvmnejog3p/vl.

Crystallization, data collection, and structure determination

PxP(Mcplct)-VABct; 044-5 635-Hise Was crystallized with sitting-
drop vapor diffusion method. Equal volumes of protein at 3 mg/
ml concentration and reservoir solution (75 mM imidazole, pH
8.2, 70 mM Li,SO,, and 500 mM NaCl) were mixed and incu-
bated at 295°K. Plate-like crystals, belonging to space group P2,,
were cryoprotected by serial transfer in mother liquor con-
taining increasing concentrations of glycerol, loop-mounted,
and flash frozen in liquid nitrogen. Diffraction data were col-
lected at 100°K and a wavelength of 0.979 A at the Northeastern
Collaborative Access Team (NE-CAT) beamline 24-ID-E at the
Advanced Photon Source, using a Dectris EIGER 16M detector
(Dectris). All data were indexed, integrated, and scaled using
XDS (Kabsch, 2010), with the statistics given in Table S2. The
structure of PxP(Mcplct)-VABct) 044-5635-Hiss was solved by
molecular replacement with Phaser MR (McCoy et al., 2007),
using a model generated with the AlphaFold2 Colab notebook
(Jumper et al, 2021) preprocessed with phenix.process_
predicted_model (Liebschner et al., 2019) to remove low-
confidence residues with pLDDT scores <70. The first three
repeat modules were initially searched and confidently placed
in the electron density, followed by the next two modules in
both chains. Finally, the sixth repeat module was identified for
only one of the chains (PxP-VAB, ¢). After jelly body refine-
ment, strong and continuous density corresponding to the Pro-
X-Pro peptide appeared in 2Fo-Fc maps (Fig. 1 D). In modeling
the peptide into this density, we were guided by the restraints
imposed by the linker length, as the Pro-X-Pro peptide binds in
trans, stretching from the N-terminus of one molecule to its
binding site on the other. This restraint set the directionality of
the peptide chain. A prominent feature of the backbone density
was a kink, into which the Pro-Ala-Pro sequence was modeled,
with both prolines featuring cis peptide bonds. Maps calculated
once these residues and the rest of the peptide’s polyalanine
backbone had been placed showed good side chain density,
allowing us also to model side chains for other residues in the
Pro-X-Pro motif. We further checked difference maps to adjust
side chain positions during refinement. The peptide register as
modeled was the best fit to this density. The refinement con-
sisted of cycles of manual model rebuilding in COOT (Emsley
et al.,, 2010) and individual isotropic B-factor and TLS refine-
ment with REFMACS5 (Murshudov et al., 2011) and phenix.refine
(Liebschner et al., 2019). Refinement statistics are given in Table
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S2. Structures were rendered in PyMol (PyMOL Molecular
Graphics System, v2.0; Schrédinger).

Protocols for crystallization, data collection, and structure
determination are available at https://dx.doi.org/10.17504/
protocols.io.dmégpbz68lzp/vl.

Scrambling studies for Mcplp and XK

Plasmids

The coding sequences of MCP1 (Uniprot Q12106) and XK (Uni-
prot P51811) were PCR amplified from S. cerevisiae genomic DNA
and human cDNA libraries, respectively, and subcloned into
pCMV10 vector with an N-terminal 3xFLAG tag and PreScission
protease cleavage site.

Membrane protein expression and purification

Constructs encoding MCP1 or XK were transfected into Expi293F
cells (Thermo Fisher Scientific) according to the manufacturer’s
instructions. The cells were harvested 48 h after transfection.

For Mcplp, the cells were pelleted and resuspended in buffer
B (50 mM Hepes, pH 7.0, 500 mM NaCl, 1 mM TCEP, and 10%
glycerol) containing 1x cOmplete EDTA-free protease inhibitor
cocktail (Roche) and lysed using a Dounce homogenizer (15~20
passes). To solubilize the protein, powdered DDM was added to
the lysate at a final concentration of 1% wt/vol, and the lysate
was gently agitated in the cold room for 90 min. Cell lysates
were clarified via centrifugation at 100,000 g for 60 min; su-
pernatant was incubated with anti-FLAG M2 resin (Sigma-Al-
drich), which was pre-equilibrated with buffer C (buffer B and
0.02% DDM) at 4°C for 2 h; and the resin was washed with buffer
C. To remove chaperone, resin was incubated with buffer C
containing 5 mM MgCl, and 2.5 mM ATP at 4°C overnight.
Bound proteins were further washed with buffer C and eluted
using 0.25 mg/ml 3xFlag peptide in buffer C. The proteins were
concentrated in a 10-kD molecular weight cutoff Amicon cen-
trifugal filtration device (UFC501024) and quantified by
Coomassie blue staining using BSA standards.

XK was purified similarly to Mcplp but with buffer D (50 mM
Hepes, pH 7.8, 200 mM NaCl, 1 mM TCEP, and 10% glycerol) and
with GDN instead of DDM throughout (1.5% GDN for solubili-
zation and 0.02% GDN for purification). XK was further gel
filtrated with Superdex 200 increase 10/300 column (Cytiva).

Liposome preparation. 90% POPC, 9.5% POPE, and 0.5% NBD-
labeled lipid (NBD-PE, NBD-PC, or NBD-PS) in chloroform were
mixed and dried under a N, stream and further vacuum dried
for 30 min. The resulting lipid film was resuspended in buffer E
(50 mM Hepes, pH 7.0, and 200 mM NaCl) for MCP1 and buffer
F (50 mM Hepes, pH 8.0, and 200 mM NaCl) for XK to generate
a 10.5-mM lipid stock. The mixture was incubated at 37°C for
60 min, with vortexing every 10 min, and then freeze-thawed
for 10 cycles. Liposomes were extruded 31 times through a 400-
nm polycarbonate filter and used within 6 h.

Proteoliposome preparation

Proteoliposomes were prepared as described in Marek and
Gunther-Pomorski (2016) and Ploier and Menon (2016).
Briefly, liposomes at final lipid concentration of 5.25 mM and in
250 pl total volume were destabilized by addition of Triton X-
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100 to a final concentration determined by the swelling titra-
tion assay as described in Ploier and Menon (2016). The final
Triton X-100 concentration was 3 mM. After 2 h of destabili-
zation at room temperature, detergent-solubilized proteins
(MCP1 or XK) were added, and the samples were gently agitated
for an hour to allow protein incorporation. The detergent was
removed in three steps using prewashed Bio-Beads: after a first
addition of Bio-Beads (20 mg), the sample was incubated at
room temperature for an hour; then another aliquot of Bio-
Beads (20 mg) was added, and the sample was rotated at
room temperature for two more hours. Finally, the sample was
pipetted into a new tube containing fresh Bio-Beads (40 mg)
and agitated at 4°C overnight. Bio-Beads were removed by pi-
petting, and the sample was dialyzed against buffer E for MCP1
and buffer F for XK for 2 d at 4°C. The protein reconstitution
efficiency was ~100% as assessed using a liposome flotation
assay (Karatekin and Rothman, 2012).

Scrambling assay

The scrambling assay (Goren et al., 2014; Ploier and Menon,
2016) was performed at 30°C in 96-well plates, with 100-ul re-
action volumes of liposomes/proteoliposomes (~260 pM final
lipid concentration) prepared as described above. To assess
scrambling, NBD fluorescence after addition of dithionite (to 5
mM) was monitored (excitation at 460 nm, emission at 538 nm)
using the Synergy H1 Hybrid Multi-Mode Reader (BioTek). Fi-
nally, additional diothionite (5 mM) and Triton X-100 (0.5%)
were added. The Triton X-100 dissolves the liposomes, allowing
complete quenching of the NBD.

A similar protocol was used for the NBD-glucose leakiness
control assay (Goren et al., 2014; Ploier and Menon, 2016), except
that no NBD-lipids were incorporated into the liposomes or
proteoliposomes. Instead, NBD-glucose (3 mM) was added dur-
ing the destabilization step.

Protocols for the expression and purification of Mcplp and XK,
their reconstitution into liposomes and scrambling assays are avail-

able at https://dx.doi.org/10.17504/protocols.io.kxygxzyqdv8j/vl.

Online supplemental material

Fig. S1 contains details of the VAB structure. Table S1 lists pri-
mers for the study. Table S2 lists data collection and refinement
statistics.
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Provided online are Table S1 and Table S2. Table S1 lists primers for the study. Table S2 lists data collection and
refinement statistics.
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Figure S1. Details of the VAB structure. (A) Comparison of PXP-VAB,_¢ in the crystal structure with the prediction from AlphaFold2. AlphaFold2 accurately
predicted the fold of the individual modules as well as the interfaces between modules 1+ 2 and 2 + 3. The remaining interfaces in the crystal structure differed
from those in the AlphaFold2 model. At left, the structures are superimposed based on the first three modules. The positions/orientations of the remaining
modules differ in the two structures. In the box, the structures are superimposed based on the sixth module only. The interface between modules 5 + 6, where
the Pro-X-Pro motif binds, is different in the two models. The AlphaFold2 model does not feature the groove that is the Pro-X-Pro motif binding site. (B) The
electrostatic potential as calculated by APBS software (Jurrus et al., 2018) mapped onto the surface of the VAB. The VAB is shown in the same orientations as in
Fig. 1 C. (C) The asparagine at the end of B-strand 1, strictly conserved in all repeat modules, is involved in an extensive hydrogen bonding network that
stabilizes folding of the module.
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