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Mitoguardin-2–mediated lipid transfer preserves
mitochondrial morphology and lipid droplet
formation
Zhouping Hong1, Jyoti Adlakha1, Neng Wan1, Emily Guinn1, Fabian Giska1,2, Kallol Gupta1,2,3, Thomas J. Melia1, and Karin M. Reinisch1,3

Lipid transport proteins at membrane contacts, where organelles are closely apposed, are critical in redistributing lipids from
the endoplasmic reticulum (ER), where they are made, to other cellular membranes. Such protein-mediated transfer is
especially important for maintaining organelles disconnected from secretory pathways, like mitochondria. We identify
mitoguardin-2, a mitochondrial protein at contacts with the ER and/or lipid droplets (LDs), as a lipid transporter. An x-ray
structure shows that the C-terminal domain of mitoguardin-2 has a hydrophobic cavity that binds lipids. Mass spectrometry
analysis reveals that both glycerophospholipids and free-fatty acids co-purify with mitoguardin-2 from cells, and that each
mitoguardin-2 can accommodate up to two lipids. Mitoguardin-2 transfers glycerophospholipids between membranes in vitro,
and this transport ability is required for roles both in mitochondrial and LD biology. While it is not established that protein-
mediated transfer at contacts plays a role in LD metabolism, our findings raise the possibility that mitoguardin-2 functions in
transporting fatty acids and glycerophospholipids at mitochondria-LD contacts.

Introduction
Membrane contacts, sites where organelles are closely apposed,
have emerged as a major means of intraorganellar communi-
cation and regulation (Lees et al., 2017; Prinz et al., 2020). These
sites are important for membrane lipid homeostasis, including
for lipid transfer between organelles, and especially to/from
organelles disconnected from vesicle trafficking pathways, such
as mitochondria. Proteins localized to contacts solubilize and
transfer lipids across the cytosol between organellar mem-
branes. Some such proteins mediate bulk lipid transfer, for ex-
ample for membrane expansion, while others transport specific
lipids, such as phosphoinositide lipids, to tweak the lipid com-
positions of existing membranes (Reinisch and Prinz, 2021). One
approach to better understanding the physiological roles of
contact sites and the processes that occur there is to characterize
protein residents of these sites.

Here, we characterize mitoguardin-2 (MIGA2), a mitochon-
drial protein present across most tissue types in higher eukar-
yotes, as a lipid transfer protein. MIGA2 localizes to contact sites
between mitochondria and the ER or mitochondria and lipid
droplets (LDs; Freyre et al., 2019). It comprises an N-terminal
transmembrane segment, which anchors it in the outer mito-
chondrial membrane, followed by a coiled-coil embedded in
a largely unstructured linker, and a folded module at its

C-terminus (Fig. 1 A). An FFAT (two phenylalanines in an acidic
tract) motif within the linker region of human MIGA2 binds
the ER proteins VAP-A/B to promote the formation of
mitochondrial–ER contacts (Freyre et al., 2019). The C-terminal
portion of MIGA2 is reported to promote contacts to LDs (Freyre
et al., 2019). MIGA2 plays a role in mitochondrial health as its
lack leads to mitochondrial fragmentation (Zhang et al., 2016),
and in mammals it is implicated in LD biogenesis (Freyre et al.,
2019). It is involved in the differentiation of and de novo lipo-
genesis in white adipocytes, promoting triglyceride synthesis
and LD formation by still unclear mechanisms (Freyre et al.,
2019). We show that a channel in the C-terminal domain of
MIGA2, lined by hydrophobic residues, enables this domain to
solubilize lipids and to transfer them between membranes
in vitro, and that this ability is essential for MIGA2 functions
in vivo, including in both mitochondrial and LD biology.

Results and discussion
Its structure suggests MIGA2 as a lipid transfer protein
To analyze MIGA2’s function biochemically, we over-expressed
in bacteria and purified cytosolic fragments of human and
Caenorhabditis elegans MIGA2 comprising portions of the linker

.............................................................................................................................................................................
1Department of Cell Biology, Yale University School of Medicine, New Haven, CT; 2Nanobiology Institute, Yale University, West Haven, CT; 3Aligning Science Across
Parkinson’s Collaborative Research Network, Chevy Chase, MD.

Correspondence to Karin M. Reinisch: Karin.Reinisch@Yale.edu.

© 2022 Hong et al. This article is available under a Creative Commons License (Attribution 4.0 International, as described at https://creativecommons.org/licenses/by/4.0/).

Rockefeller University Press https://doi.org/10.1083/jcb.202207022 1 of 14

J. Cell Biol. 2022 Vol. 221 No. 12 e202207022

https://orcid.org/0000-0002-8513-3288
https://orcid.org/0000-0002-3369-1392
https://orcid.org/0000-0001-6094-2305
https://orcid.org/0000-0003-3957-6683
https://orcid.org/0000-0002-5798-4624
https://orcid.org/0000-0001-9140-6150
mailto:Karin.Reinisch@Yale.edu
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1083/jcb.202207022
http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.202207022&domain=pdf


region and the C-terminal domain (hMIGA2long, CeMIGAlong;
Fig. 1 A) or only the C-terminal domain (hMIGA2C, CeMIGAC).
The C-terminal domain migrated as a monomer as assessed by
size exclusion chromatography, whereas the longer fragments
that included a coiled-coil in the linker region dimerized (Fig. 1
B). Its propensity to dimerize can explain previous observations
that MIGA2 overexpression causes mitochondrial clustering in
cells (Zhang et al., 2016).

We crystallized CeMIGAlong (residues 106–496), including the
coiled-coil segment in the linker region as well as the C-terminal
domain, and determined its structure at 3.3 Å resolution. The
crystals belonged to spacegroup P3121. We used an AlphaFold2-
generated model of CeMIGA2C as a search model for phasing by
molecular replacement, finding two dimers comprising four
such modules in each asymmetric unit. The domains in the
MIGA2C dimer are related by a 180° rotation (Fig. 1 C). (Thus, in

Figure 1. The structure of MIGA2. (A) Schematic of MIGA2 domain architecture. (B) Size exclusion profiles (Superdex 200 16/60) of CeMIGA2long and
CeMIGA2C, along with size standards (gray). CeMIGA2long is a dimer, whereas CeMIGA2C elutes more slowly as a monomer. hMIGA2 constructs behave the
same (not shown). MW, molecular weight. (C) Ribbons diagram of the CeMIGA2long dimer that was crystallized, including the lipid transport module (colored
from blue at the N-terminus to red at the C-terminus in one copy) and the four-helix bundle that mediates dimerization. MIGA2C dimerizes in the crystal as
indicated. (D) MIGA2C is cut away to reveal parts of the lipid binding tunnel. Residues at the MIGA2C surface are colored red, blue, and white for oxygens,
nitrogens, and carbons to illustrate that the tunnel is lined with hydrophobic residues. A yellow lipid is shown in the lipid binding site. (E) Initial electron density
into which glycerophospholipid was modeled and the same density after refinement. Both densities are from 2Fo-Fc difference maps contoured at 1.6 σ.
(F) Conservation analysis of MIGA2C (calculated in Consurf [Ashkenazy et al., 2016], based on 150 sequences). A MIGA2 dimer is shown, and conservation is
indicated for one of the monomers. Bound lipids are indicated. A strictly conserved arginine residue near the lipid headgroup, R177 in CeMIGA2, is indicated. The
molecule is rotated to view the concave conserved surface former by the dimer. The “empty” end of the tunnels, where we did not find lipid density, are
outlined in yellow. Additional lipids may be bound there. The interface between MIGA2C domains, formed by helices H7 and H8, is also highly conserved.
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the context of the intact protein,MIGA2C likely exists as a dimer,
even though MIGA2C alone is monomeric by size exclusion
chromatography.) Maps additionally showed density for two
four-helix bundles, each corresponding to a dimer of the coiled-
coils from the linker region (Fig. 1 C). Notably, the fold predicted
for the MIGA2 C-terminal domain was not previously reported
in the Protein Data Bank (PDB) but is consistent with experi-
mental data as assessed by the success of the molecular re-
placement strategy (the root mean square deviation [RMSD]
between the experimental and predicted structures is 0.58 Å
over 241 Cα’s in CeMIGA2C).

The all-helical C-terminal domain of MIGA2 is globular,
measuring ∼65 × 35 × 35 Å, and features an L-shaped channel
(∼895 Å3 in volume as calculated in CASTp [Tian et al., 2018]).
The channel is lined with hydrophobic residues and so is suit-
able for solubilizing lipids (Fig. 1, C and D). As MIGA2 localizes
to contact sites, like most lipid transporters, this finding sug-
gested a function for MIGA2 as a lipid transfer protein. Poorly
defined density, which was not modeled, occupies one end
of the channel. Difference density reminiscent of a glycer-
ophospholipid at the other end of the channel was modeled as
such (Fig. 1 E). The bound lipid co-purified with the protein from
the Escherichia coli expression host and presumably corresponds
to a mixture of glycerophospholipids present in this bacterium
(primarily phosphatidylethanolamine [PE] and phosphatidyl-
glycerol [PG]). There was no density for the lipid headgroup, as
might be expected if lipids are bound non-specifically. Residues
within the channel were conserved evolutionarily (as analyzed
by Consurf [Ashkenazy et al., 2016], based on 150 sequences),
supporting their functional importance. Surface residues near
the lipid headgroup (or where the lipid headgroup is expected to
be) are highly variable, except for R177 (Fig. 1 F). R177 is strictly
conserved across species and appears to be important for lipid
binding (see analysis in “Its lipid transfer ability is essential for
MIGA2 function in vivo”); likely through interaction with the
glycerol backbone or headgroup of lipid ligands. The MIGA2C
domain, which was shown to be important for LD targeting
(Freyre et al., 2019), dimerizes to form a concave surface patch
that is conserved (Fig. 1 F). As the C-terminal portion of MIGA2
is required for its interactions with LDs (Freyre et al., 2019), the
conserved patch could mediate these interactions (C-terminal
helices proposed by Freyre et al. [2019] to be amphipathic and to
mediate the interaction are, in fact, part of MIGA2C, corre-
sponding to helices 9 and 10 in the structure; Fig. 1 C). Accord-
ingly, a MIGA2 mutant in which residues in the conserved
surface are mutated (R334E/R337E/R422E/K481D) does not
co-localize with LDs (Fig. S1 A). The conserved surface of the
MIGA2C dimer is more highly curved than that of the compar-
atively flat LD, making a direct association betweenMIGA2C and
lipid surfaces unlikely. The MIGA2 conserved surface may in-
stead interact with LD-associated proteins.

We analyzed hMIGA2long (residues 170–575), similarly pro-
duced in bacteria, by native mass spectrometry (MS), finding
that up to four lipids are bound per hMIGA2long dimer, with
masses corresponding to glycerophospholipid species present in
E. coli (primarily PE and PG; Fig. 2 A). While we can unambig-
uously observe one lipid permonomer of CeMIGA2 in the crystal

structure (Fig. 1 E), it is not clear where the other lipid binds. A
plausible explanation is that it binds in the section of the hy-
drophobic channel in which we see poorly defined difference
density (Fig. 1 E).

MIGA2 binds lipids and can transfer them betweenmembranes
As MIGA2 is present only in higher eukaryotes, which have
different membrane compositions from bacteria, we further
analyzed by liquid chromatography/liquid chromatography/MS
(LC/LC/MS) lipids that co-purified with hMIGA2long expressed
and isolated frommammalian cells (Expi293F). The protein used
in these experiments was purified using size exclusion chro-
matography to remove as much as possible non-specifically
bound lipids (Maeda et al., 2013). We found that MIGA2 asso-
ciated with glycerophospholipids (40 mol % of all lipids bound),
fatty acids (FAs, 40 mol % of all lipids bound), and triglycerides
(TAG, 10 mol % of all lipids bound). Of the glycerophospholipids,
MIGA2 bound mostly phosphatidylcholine (PC) and PE, with PC
enriched slightly as compared to its abundance in cells (Fig. 2 B).
Phosphatidylserine (PS) and phosphatidylinositol (PI) repre-
sented a small fraction of the glycerophospholipids bound. The
finding that MIGA2 associates with PC, PE, FA, and TAG is in-
triguing given the association of MIGA2 with LDs at contact
sites, where LDs comprise a neutral lipid core (TAG and cho-
lesterol esters) surrounded by a monolayer of mostly PC and
some PE. In cells, TAGs are hydrolyzed to FAs for transport to
mitochondria for energy production or to the ER as precursors
for glycerol- and glycerophospholipid synthesis. Thus, a possi-
bility is that MIGA2 facilitates fatty acid and glycerophospholipid
transfer at mitochondria-LD contacts.

To further assess which lipids MIGA2 might bind, we incu-
bated hMIGA2long with nitrobenzoxadiazole (NBD)-labeled lip-
ids, ran the samples on a native gel, and visualized bound lipids
based on their NBD fluorescence. NBD-labeled PC, PS, PE, and
phosphatidic acid (PA) are commercially available and co-migrated
with hMIGA2long; we did not observe significant co-migration with
NBD-labeled sterols or sphingomyelin, consistent with the mass
spectroscopy analysis described above (Fig. S2 A). The finding that
MIGA2 binds PA is of interest as PA plays important roles in mi-
tochondrial biology as a signaling molecule that regulates mito-
chondrial dynamics and as a precursor for cardiolipin. That PAwas
not detected among the lipids that co-purified with hMIGA2long (as
analyzed by lipidomics, above) reflects that it is present only in
minute quantities in cells (van Meer and de Kroon, 2011). An im-
portant caveat in interpreting these experiments is that the NBD
modification used to visualize the lipids could affect their affinity
for MIGA2. However, in a competition experiment, where hMI-
GA2long was incubated with a 1:1 ratio of NBD-PC and an unmod-
ified lipid, PA displaces half of the NBD-PC, confirming thatMIGA2
binds unmodified PA robustly (Fig. S2 B). Similarly, consistent
with the lipidomics analysis, MIGA2 can bind FA and TAG as they
also displace NBD-PC.

We next assessed whether MIGA2 can transfer lipids be-
tween membranes in vitro. To mimic contact sites, we tethered
“light” donor liposomes to “heavy” sucrose-filled acceptor lip-
osomes using a previously described linker construct (Bian et al.,
2018): it has an N-terminal hexahistidine tag that binds Ni-NTA

Hong et al. Journal of Cell Biology 3 of 14

MIGA2 function requires its lipid transfer ability https://doi.org/10.1083/jcb.202207022

https://doi.org/10.1083/jcb.202207022


Figure 2. MIGA2 binds and transfers lipids between membranes. (A) Left: Native mass spectra of hMIGA2long-6xhis purified from bacteria, showing
exclusive presence of the dimeric protein. Each charge state is further accompanied by a series of up to four lipid bound peaks. Right: Expansion of the 20 +
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lipids (5%) in the donor liposome and a C-terminal pleckstrin
homolog domain that binds the phosphoinositide PI(4,5)P2 (5%)
in the acceptor liposomes. Further, a hexahistidine tag was
linked to the C-terminus of hMIGA2long or hMIGA2C used in the
transfer experiments, allowing robust association with the do-
nor liposomes via the Ni-NTA lipids there. The donor liposomes
initially contained either an NBD- or Rhodamine (Rh)-tagged fluo-
rescent lipid species (2%), whereas the acceptor liposomes initially
lacked these. hMIGA2 was added to allow for transfer; then, to
terminate any transfer reactions (after 30 min), we added protease
(proteinase K) to degrade both the tether construct and MIGA2
(Fig. 2 C). The heavy acceptor liposomes were separated from the
light donor liposomes by centrifugation, and lipid transfer to the
acceptor liposomes was assessed by their Rh or NBD fluorescence.
Based on these experiments, MIGA2 (both hMIGA2long and hMI-
GA2C) can bind and robustly transport all four glycer-
ophospholipids, including NBD-PEacyl, NBD-PSacyl, NBD-PAacyl, and,
slightly less efficiently, NBD-PCacyl, where the NBD label was in-
corporated into the acyl chain in all cases. (Rh-PEhead and NBD-
PShead, where the fluorescent label is incorporated into the lipid
headgroup, were not transferred efficiently, indicating that head-
group modification can interfere with transfer by MIGA2.)

To exclude that the acyl chain modification affects transfer
efficiency, we carried out a similar experiment with unmodified
PS, using binding by a PS-specific protein (the GST-tagged C2
domain of lactadherin [Moser von Filseck et al., 2015]) rather
than fluorescence to quantitate lipid transferred to acceptor
liposomes. (In this case, tethering between the donor and ac-
ceptor liposomes was disrupted by addition of EDTA and imid-
azole rather than proteinase K.) The acyl chain modification
does not affect transfer by hMIGA2long as PS and NBD-PS were
transferred to comparable extents (Fig. 2 C).

In parallel, we used a well-established Förster resonance
energy transfer (FRET)–based assay (Kumar et al., 2018; Lees

et al., 2017; Saheki et al., 2016) to follow MIGA2-facilitated
lipid transfer between membranes (Fig. 2 D). We used a simi-
lar tethering strategy as in the end-point assay described above
to localize MIGA2 constructs between donor and acceptor lip-
osomes. In this case the donor liposomes initially contain both
Rh-PEhead (2%) and an NBD-labeled lipid (2%, acyl chain NBD-
modified), so that FRET between lipid-associated Rh and NBD
quenches the NBD fluorescence. The addition of a lipid transfer
protein and consequent transfer of fluorescent lipid species to the
acceptor liposomes, which as before initially lack any fluorescent
lipid, results in their dilution, decreased FRET between Rh and
NBD, and increased NBD fluorescence. As expected, if MIGA2 can
transfer fluorescently labeled lipid species, MIGA2 addition led to
an increase in fluorescence for all four glycerophospholipids
tested (NBD-PEacyl, NBD-PSacyl, NBD-PAacyl, NBD-PCacyl). Transfer
was slower for NBD-PCacyl but nevertheless robust. (NBD-PShead
was transferred, but less efficiently than acyl chainmodified NBD-
PS [compare Fig. 2 D and Fig. S2 D]).

It has not been established whether lipid transfer proteins
might move lipids not only between membrane bilayers but also
to/from LDs. Thus, to explore whether MIGA2 might transfer
lipids between membranes and LDs, we prepared artificial LDs
(Wang et al., 2016) to serve as lipid donors in lieu of donor lip-
osomes in the above FRET-based assay, and assessed NBD-PCacyl
or NBD-PEacyl transfer to acceptor liposomes, produced as be-
fore. Both lipids are transferred robustly based on increased
NBD fluorescence, although PE transfer is more efficient (Fig. 2
E). Our findings lend plausibility to the notion thatMIGA2might
transfer lipids—and potentially also FAs—between mitochon-
dria and LDs in vivo. (An experiment to assess whether FAs
enzymatically produced from LD TAGs can be transferred into
other organelles is beyond the scope of this work.)

Thus, the contact site protein MIGA2 can bind glycer-
ophospholipids and FAs within a hydrophobic channel and

charge state of native MS for hMIGA2long-6xhis dimer, showing up to four glycerophospholipids bound, with the average mass of 752 ± 5 Da. (B) Untargeted
lipidomics of 3xFLAG-hMIGA2long, purified from mammalian (Expi293) cells. At left: Distribution of lipid classes bound to hMIGA2long. At right: Distribution of
glycerophospholipids bound to hMIGA2long as compared to their abundance in cells (Lees et al., 2017). (C) In the end-point transfer assay, hMIGA2 constructs
are tethered between “heavy” acceptor liposomes (containing 0.75 M sucrose; lipid composition: 65% DOPC, 30% PE, and 5% PI[4,5]P2) and light donor
liposomes containing a single species of fluorescent lipid (containing no sucrose; lipid composition: 63% DOPC, 30% PE, 2% NBD- or Rh-lipid, 5% DGS-NTA).
After lipid transfer (after 30 min), proteinase K was added to digest proteins, the light donor and heavy acceptor liposomes were separated by centrifugation,
and the fluorescence increase of the heavy acceptor liposomes monitored. Transferred lipid was quantitated based on liposome standards incorporating 2, 1,
0.5, 0.25, or 0% of the appropriate fluorescent lipid. Both hMIGA2long and hMIGA2C transport NBD-PEacyl, -PSacyl, -PAacyl, and NBD-PCacyl; NBD-PShead is
transferred to a lesser extent, and Rh-PEhead is not transferred, indicating that modification of the lipid headgroup can interfere with transport by MIGA2. In a
similar experiment, we monitored transfer of unmodified PS using a PS-specific protein probe (C2-domain of lactadherin [Moser von Filseck et al., 2015]) to
assess PS transfer. Donor liposomes initially contained 5% PS. Donor and acceptor liposomes were separated by addition of EDTA and imidazole rather than
protease, so as not to destroy the PS-probe. Supernatant (containing donor liposomes) and pellet (acceptor liposomes) fractions, in the presence and absence
of MIGA2, were analyzed by SDS-PAGE to quantitate the PS-probe associated with each fraction. Transfer efficiency of acyl chain modified NBD-PS, as
monitored by fluorescence, is comparable to that of natural PS, indicating that the acyl chain modification does not interfere with transfer by MIGA2. (D) In the
FRET-based transfer assay, donor and acceptor liposomes (compositions indicated) were tethered together in the presence or absence MIGA2 linked to the
donor liposomes. The donor liposomes initially contain Rh-PEhead and NBD-lipids (-PSacyl, -PCacyl, -PAacyl, -PEacyl), where FRET between the Rh and NBD initially
reduces NBD fluorescence. As lipids are transferred from donor to acceptor liposomes, the Rh- and NBD-labeled lipids are diluted, resulting in reduced FRET
and an increase in NBD fluorescence. hMIGA2long can transport NBD-PSacyl, NBD-PAacyl, NBD-PEacyl, and NBD-PCacyl. A donor only control shows that the
fluorescence increase was due to transfer of lipids between liposomes rather than solely lipid extraction by hMIGA2. After the transfer reaction was completed,
dithionite was added to rule out the possibility of fusion between donor and acceptor liposomes, which would also result in a fluorescence increase (Fig. S2 C).
Each experiment was performed in triplicate. SDs are shown. NBD-PShead transfer is less efficient (Fig. S2 D). (E) A similar FRET experiment was carried out to
assess transfer from artificial LDs (rather than donor liposomes) to acceptor liposomes and shows that MIGA2 transfers NBD-PEacyl and NBD-PCacyl between
the artificial LDs and liposomes. Positive stain transmission electron microscopy was used to assess the quality of the LD preparation (Fig. S2 E) as in Wang
et al. (2016).
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robustly transfers glycerophospholipids and possibly also FAs,
although this remains to be tested, between membranes in vitro.
As this manuscript was in preparation, Kim et al. (2022) re-
ported the structure of MIGA2C from zebrafish (the structure is
nearly identical to the AlphaFold2 prediction as well as CeMI-
GA2C; the RMSD between experimental structures is 1.2 Å over
212 Cα’s) and used FRET-based assays similar to ours, with
fluorescently modified lipids, to show that it transfers glycer-
ophospholipids in vitro. They observed robust lipid transfer only
in the case of NBD-PSacyl, not NBD-PAacyl, -PCacyl, or headgroup
modified NBD-PEhead, and suggested that MIGA2 preferentially
transfers PS. Their experimental setup differs from ours in
several aspects. Most significantly, even while they used only a
short construct corresponding to MIGA2C (which may lack
modules required for membrane association), they did not use a
tethering strategy in their assays. Tethering MIGA2 to the lip-
osomes assures that the protein interacts with the liposome,
providing an opportunity for it to capture/extract lipid sub-
strate, a stochastic event that determines the rate of the lipid
transfer reaction. In the absence of a tether, whether a protein
stays associated with membrane long enough for efficient lipid
extraction depends heavily on the donor membrane composition
(for example, see Horenkamp et al., 2018; Zhang et al., 2022);
often the presence of acidic lipid (Kim et al. [2022] used 10%
NBD-PS, muchmore thanwould be present in ER, mitochondria,
or LDs) enhances protein interaction with membranes. We
suspect that the transfer rates they observed reflect differences
in lipid extraction rates arising from different donor liposome
compositions andmembrane characteristics, and that transfer of
NBD-PC, -PA, and -PE would be enhanced upon addition of
unlabeled PS to the donor liposomes. They also compared
transfer of NBD-PS, harboring the NBD modification in the acyl
chain, with NBD-PEhead, where NBD was incorporated into the
headgroup, and attributed the difference to a preference for the
PS headgroup. As shown in Fig. 2, C and D, and Fig. S2 D,
however, headgroup modifications can interfere with MIGA2-
mediated transport, whereas the acyl chain modification does
not. In contrast, consistently using acyl-chain modified NBD-lipids,
we observe robust transfer of all four glycerophospholipids tested,
irrespective of headgroup. Further, arguing that PS is not a selective
cargo, PS is not enriched in the pool of glycerophospholipids that co-
purifieswithMIGA2 in our lipidomics analysis. This is in contrast to
other PS-specific transfer proteins like Osh6 (Maeda et al., 2013).
Thus, MIGA2 most likely transfers not only PS but a variety of
glycerophospholipids in vivo.

Its lipid transfer ability is essential for MIGA2 function in vivo
Like many other lipid transport proteins, MIGA2 was first
identified as a tether that promotes contact site formation. As a
first step in determining whether, in addition to its tethering
ability, MIGA2’s lipid transfer activity might be biologically
important, we designed lipid transport incompetent mutants for
use in functional studies. We introduced clusters of hydrophilic
residues into the lipid binding channel of humanMIGA2 so as to
interfere with lipid solubilization (M1: V376D/L438E/F495H/
I528K; M2: V381E/V502K/L506D/F524H; Fig. 3 A). In another
construct, we mutated the strictly conserved arginine near the

lipid headgroup in the crystal structure (M3: R357N/S428G,
corresponding to R177/S248 in CeMIGA2, respectively). The
mutations did not interfere with protein folding as assessed by
size exclusion chromatography, where the mutant and WT
proteins migrated in the same way (Fig. S1 C), nor did the mu-
tations interfere with MIGA2 localization in cells (Fig. S1 D). In
vitro, in the FRET-based assay described above with NBD-PEacyl,
all three mutant constructs (M1, M2, M3) are lipid transfer
impaired (Fig. 3 B).

Zhang et al. (2016) showed that mitochondria are fragmented
in MIGA2 knockout (KO) cells. As a tool to assess whether a lack
of MIGA2 lipid transport ability might be responsible for this
mitochondrial phenotype, we used CRISPR/Cas9 technology to
make a MIGA2 KO Hela cell line (Fig. 3 C). We stained mito-
chondria with MitoTracker Green in WT cells, the KO cells, and
cells transiently expressing WT MIGA2-DsRed or mutated ver-
sions (M1-DsRed, M2-DsRed, or M3-DsRed), then imaged them.
To avoid mitochondria clustering caused by MIGA2 over-
expression (Zhang et al., 2016), we used a relatively weak pro-
motor, PGK, for exogenous MIGA2-DsRed expression. 90% of
MIGA2 KO cells had fragmented, dot-like mitochondria, signif-
icantly different from WT cells, which mostly had tubular
mitochondria (∼90%; Fig. 3, D and G). More importantly, tran-
siently expressing WT MIGA2-DsRed in the KO cells rescued
mitochondrial morphology in 80% of the cells, whereas only
∼30% of the cells expressing the lipid transfer incompetent
constructs (M1-DsRed, M2-DsRed, or M3-DsRed) had tubular
mitochondria (Fig. 3, F and G). The expression levels for the
transiently expressed MIGA2 WT and mutants were the same
(Fig. 3 E). This indicates that the lipid transport ability of MIGA2
is necessary for its function in mitochondria.

Freyre et al. (2019) discovered that MIGA2 targets to LDs and
participates in their formation. Using 24 h oleic acid treatment
to induce LD formation in Hela cells, we likewise found that
depletion of MIGA2 in the KO cells reduced the number and size
of LDs and total cellular TAG content (Fig. 4). We excluded that
this phenotype is due to impaired TAG synthesis in the KO cells
(cellular TAG levels in the WT and MIGA2 KO cells following
short [30 min] oleate treatment are the same; Fig. S3 A) or that
the difference is due to changes in fatty acid oxidation (LD size
and number in the WT versus KO cells were not affected when
the cells were treated with etomoxir to blockmitochondrial fatty
acid oxidation, Fig. S3 B). Moreover, we found that the pheno-
type of fewer and smaller LDs and less TAG in MIGA2 KO cells
was reversed in cells expressing a WT construct, MIGA2-DsRed
(Fig. 4, B–D), but not in cells expressing lipid transport impaired
mutants (M1-DsRed, M2-DsRed, or M3-DsRed), regardless of
their expression level (Fig. 4, B–D; and Fig. S3, C and D). Thus,
the lipid transfer ability of MIGA2 is required for LD generation
and growth. A plausible role for MIGA2 is to supply phospholi-
pids for LD monolayer expansion.

Possible mechanisms for MIGA2 function
The lipid transport ability of MIGA2 is thus intrinsic to its
functions both in mitochondrial and LD biology. Mitochondria
rely on protein-mediated lipid transport at contact sites, espe-
cially with the ER, for most of their membrane lipids as they are
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Figure 3. MIGA2’s lipid transfer ability is essential for its function in mitochondria. (A) In two mutant forms of hMIGA2 (M1 and M2), hydrophobic
residues in the lipid binding channel were altered to hydrophilic amino acids, indicated in yellow and cyan, respectively. In a third mutant (M3), in pink, a strictly
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disconnected from vesicle trafficking pathways. A number of
lipid transport proteins have already been identified at ER-
mitochondrial contacts, and it will be important to discover a
distinguishing role for MIGA2 at these sites. Perhaps it supplies
mitochondria with PA, or perhaps as proposed by Kim et al.
(2022) it participates in PS transfer to the mitochondria,
where PS is a precursor for PE; or it might exchange PE and PS,
transferring PE from mitochondria back to the ER. Or MIGA2
could act as a non-specific glycerophospholipid transporter that
equilibrates the lipid compositions of ER and mitochondrial
membranes at contact sites. LD-mitochondrial contacts have
been implicated in LD biogenesis previously (Benador et al.,
2018). That lipid exchange takes place at these sites is not well
established (but see Du et al. [2020]). It is nevertheless possible
that MIGA2-mediated lipid transport there plays a role in LD
formation; or maybe MIGA2 acts at three-way contacts between
the LDs, mitochondria, and the ER, where de novo LD formation
takes place (reviewed in Choudhary and Schneiter, 2021; Henne
et al., 2020; Olzmann and Carvalho, 2019). To us, a very inter-
esting possibility, given that MIGA2 co-purifies with, binds, and
transfers PC and PE (the prominent glycerophospholipids in the
monolayer surrounding the LD core), and binds FAs (produced
from TAGs in the LD core), is that it may facilitate PC/PE and FA
transport between LDs and mitochondria at LD-mitochondrial
contacts and FA transport on to other organelles from there, to
play a role in ATP generation (mitochondria) or else as a pre-
cursor for glycerolipid synthesis (ER). To our knowledge, no FA
transfer protein has yet been identified. Further studies that
identify the physiological ligands of MIGA2 are a next step in
understanding the molecular basis of MIGA2 function.

Materials and methods
Materials
Rabbit polyclonal anti MIGA2 antibody (ab 122713) was pur-
chased from Abcam. Rabbit monoclonal anti β-actin antibody
was from Cell Signaling Technology (4970; RRID:AB 2223172).
Almost all lipids were purchased from Avanti Polar Lipids: DOPC
(850375), liver PE (840026), DGS-NTA (Ni; 709404), Liss Rhod
PE (810150), Brain PI (4,5) P2 (840046), NBD-PA (810176), NBD-
PS (810195), 18:1 NBD-PS (810198), NBD-PC (810133), NBD-PE
(810156), NBD-cholesterol (810250), NBD-sphingomylein
(810219), 16:0 PA (830855), triolein (18:1 TG; 870110). Palmitic
acid (P0500) was ordered from Sigma-Aldrich. Sodium di-
thionite was from Sigma-Aldrich (157953). Etomoxir was

purchased from MedChemExpress (HY-50202). The Hela cell
line (ATCC #CCL-2; RRID: CVCL 0030) was a gift from Mals
Mariappan (Yale University, New Haven, CT), C. elegans cDNA
was a gift from Daniel Colon-Ramos (Yale University, New
Haven, CT; Xuan et al., 2017). Plasmid for the 6xhis-PH-teth-
ering construct (Bian et al., 2018) was a gift from Pietro De
Camilli (Yale University, New Haven, CT).

Plasmid construction
C. elegans MIGA (Uniprot Q21096) fragments were amplified
from C. elegans cDNA library (Xuan et al., 2017)and subcloned
into pET28-6xhis-sumo plasmid (V012798; NoVoPro) or pET29
(69871; Addgene) or pCMV10 plasmid (E7658; Sigma-Aldrich)
with C-terminal 6xhis tag or N-terminal 3xFLAG tag. Human
MIGA2 (Uniprot Q7L4E1) gene was codon-optimized for bacte-
rial expression and synthesized by Genescript. The gene frag-
ments (170–593, 306–593) were PCR amplified and cloned into
pCMV10 or pET29 plasmid with N-terminal 3xFLAG or a
C-terminal 6xhis tag. The mutant gene fragments were syn-
thesized by Genescript and PCR amplified and cloned into either
pCMV10 plasmid with a N-terminal 3xFLAG and a C-terminal
6xhis tag for biochemical experiments, or pLENTi-PGK plasmid
(Valverde et al., 2019) or pLVX-CMV plasmid (632159; Clone-
tech) with a C-terminal DsRed tag for imaging and cellular ex-
periments. Primers used in this study are in Table S1.

Protein expression and purification
For crystallization
The pET28-6xhis-sumo-CeMIGA (106–496) construct was ex-
pressed in C43 (DE3) E. coli cells (CMC0019; Sigma Aldrich).
Cells were grown at 37°C to an OD600 of 0.6–0.8, when protein
expression was induced with 0.8 mM IPTG, and then cells were
cultured at 18°C for another 6 h. Cells were pelleted, re-
suspended in buffer A (20 mM Hepes, pH 7.4, 200 mM NaCl,
1 mM tris(2-carboxyethyl)phosphine (TCEP), and 5% glycerol)
containing 1× complete EDTA-free protease inhibitor cocktail
(1187358001; Roche) and lysed in an Emulsiflex-C5 cell disruptor
(Avestin). Cell lysates were clarified via centrifugation at
27,000 g for 30 min. To collect the protein, supernatant was
incubated with Ni-NTA resin (30210; Qiagen) for 1 h at 4°C, and
then the resin was washed tandemly with buffer B (buffer A +
0.005% Triton X-100), buffer C (buffer B + 10 mM imidazole),
buffer D (buffer B + 20 mM imidazole), buffer E (buffer B +
40 mM imidazole), buffer A to remove extra Triton X-100. Re-
tained protein was eluted from the resin with buffer A

conserved residue near the lipid headgroup was changed to asparagine (R357N in hMIGA2). The hMIGA2C shown was modeled in AlphaFold2. (B) All three
mutants lose ability to transfer lipids in the FRET-based assay with NBD-PEacyl. Each experiment was performed in triplicate. SDs are shown. (C) Knockout of
MIGA2 in Hela cells was confirmed by Western blot against MIGA2. The upper non-specific band served as an internal loading control. The arrow indicates the
band of MIGA2. (D)Mitochondria stained with MitoTracker Green in WT Hela cells are tubular, while in MIGA2 KO cells are fragmented. (E) Expression of WT
MIGA2-DsRed and M1-, M2-, and M3-DsRedmutants in MIGA2 KO cells was compared byWestern blot against MIGA2. The four MIGA2 constructs expressed at
the same level when normalized to β-actin. (F) Expression of WT MIGA2-DsRed (PGK) in the KO cells rescued the mitochondria fragmentation morphology,
whereas cells expressing either M1-, M2-, or M3-DsRed (PGK), the lipid transfer incompetent constructs, showed fragmented mitochondria. The dot expression
pattern of MIGA2 constructs was consistent with previous studies (Zhang et al., 2016). (G) Quantification of tubular and fragmented mitochondria in different
cells (n > 50). Statistical significance was calculated byWelch’s two-tailed unpaired t test. Results were indicated in the following manner: p for P < 0.05, pp for
P < 0.01, pppp for P < 0.0001, where P < 0.05 is considered as significantly different. Graphs in the same panel are displayed with the same brightness and
contrast settings. Scale bars in D and F, 5 μm. Source data are available for this figure: SourceData F3.
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Figure 4. MIGA2’s lipid transfer ability is essential for its function in LD biology. (A) LDs were stained with BODIPY green 493/503 and imaged in cells
treated with 100 μM OA for 24 h. MIGA2 KO Hela cells had fewer and more small LDs than the WT cells. Scale bar, 5 μm. (B) The phenotype of fewer and
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supplemented with 250 mM imidazole. Sumo protease was
added to digest overnight at 4°C. After removing imidazole by
buffer exchange, the sample was bound to the Ni-NTA resin
again to remove protease and 6xhis-sumo. The flow-through
was collected, concentrated in a 30-kD molecular weight cutoff
Amicon centrifugal filtration device, and loaded onto a Superdex
200 16/60 column (GE Healthcare) equilibrated with buffer F
(20 mM Hepes, pH 7.4, 200 mM NaCl, 1 mM TCEP). Peak frac-
tions containing pure MIGA were recovered and concentrated.

For biochemical assays
3xFLAG-MIGA2long WT and mutants for Expi293 cell expression
were transfected into Expi293F cells (A14527; Thermo Fisher
Scientific) according to manufacturer instructions for 48 h. Cells
were pelleted and resuspended in buffer A and lysed by five
freeze–thaw cycles. Cell lysates were clarified via centrifugation
at 27,000 g for 30 min, and the supernatant was incubated with
preequilibrated anti-FLAG M2 affinity resin (A2220; Sigma-Al-
drich) for 2 h at 4°C. The resin was washed with buffer A and
incubated overnight with buffer A containing 2.5 mM ATP and
5 mM MgCl2. The protein was eluted with buffer A supple-
mented with 0.2 mg/ml 3× FLAG peptide (A6001; APExBio),
concentrated in a 30-kD molecular weight cutoff Amicon cen-
trifugal filtration device, and loaded onto a Superdex 200 10/30
column (GE Healthcare) equilibrated with buffer A. Peak frac-
tions were pooled and concentrated.

MIGA2long-6xhis and MIGA2C-6xhis were expressed in BL21
(DE3) E. coli cells (69450; Sigma-Aldrich). The expression and
purification of these constructs were the same as that for
CeMIGA(106–496) except that no detergent added during
washes, and no sumo digestion and rebinding, instead loading
onto Superdex 200 16/60 column directly after elution and
concentration.

The 6xhis-PH-tether construct was purified as described
before (Bian et al., 2018).

The PS-specific probe (GST-C2Lact) was purified as described
before (Horenkamp et al., 2018; Moser von Filseck et al., 2015).

Protein crystallization, structure determination,
and refinement
Crystals of C. elegansMIGA (106–496) at 6 mg/ml were grown at
18°C using the sitting-drop vapor-diffusion method. Equal vol-
umes of protein and reservoir solution (0.2 M sodiummalonate,
pH 7.4, 22% PEG3350) were mixed. Crystals, which belonged to
spacegroup P3121 (a = 91.3, b = 91.3, c = 366.74 Å), were trans-
ferred to solutions that also included cryo-protectants, and flash
frozen in liquid nitrogen. We examined ∼100 crystals. Although
most did not diffract to atomic resolution, a small number dif-
fracted to ∼4 Å or better. We found a single crystal among them
cryo-protected in 25% ethylene glycol that diffracted to 3.3 Å,

from which we collected the data set used in structure deter-
mination. Diffraction data were collected at the Northeastern
Collaborative Access Team (NE-CAT) beamline 24-ID-C at the
Advanced Photon Source, using a Dectris EIGER2 X 16M pixel
array detector, and processed using XDS (Kabsch, 2010; RRID:
SCR_015652; http://xds.mpimf-heidelberg.mpg.de). Statistics
for data collection are shown in Table 1. For phasing, we used
molecular replacement with Phaser MR (McCoy et al., 2007;
RRID:SCR_014219; https://www.phenix-online.org) using a Ce-
MIGA2C model generated by AlphaFold2 Colab (Tunyasuvunakool
et al., 2021; https://colab.research.google.com/github/deepmind/
alphafold/blob/main/notebooks/AlphaFold.ipynb) preprocessed
with phenix.process_predicted_model (Liebschner et al., 2019) to
remove the low-confidence loop regions. Four copies of CeMIGA2C
were placed in the asymmetric unit. Initial maps showed clear
density for two four-helix bundles, representing dimers of the
coiled-coil helices from the CeMIGA2 linker. The helices were
modeled manually in Coot (Emsley et al., 2010; RRID:SCR_014222;
https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/). Ad-
ditional unmodeled density was observed in the Fo-Fc maps
within the hydrophobic cavity in two MIGA2C domains, which
clearly corresponded to bound glycerophospholipids. We built PE
16:0 (chemical id PEF) into these densities and eventually, using
non-crystallographic symmetry, placed PE into less-well-defined
densities in the remaining two monomers. The refinement con-
sisted of cycles of manual rebuilding in Coot and automated re-
finement in Phenix (Liebschner et al., 2019), including isotropic
b-factors, Translation-Libration-Screw refinement, and non-
crystallographic symmetry restraints. Refinement statistics are
in Table 1. The coordinates and structure factors have been de-
posited in the PDB (accession no. 8EDV).

Figures were made using Pymol (The PyMOL Molecular
Graphics System, Version 1.5.0.4. Schrödinger, LLC; RRID:
SCR_000305; https://www.pymol.org).

Lipid co-migration assay
Purified hMIGA2long was mixed with 1 μl of NBD-labeled lipids (at
1 mg/ml) in 20 μl total reaction volumes and incubated on ice for
2 h. Samples were loaded onto 4–15% Mini-Protean Precast Native
gels and run for 90 min at 100 V. NBD fluorescence was visualized
using an ImageQuant LAS4000 (GE Healthcare; RRID:SCR_014246;
http://gelifesciences.com/webapp/wcs/stores/servlet/catalog/
en/GELifeSciences-us/products/AlternativeProductStructure_
16016/29000605). Then gels were stained with Coomassie blue
G250 to visualize total protein. Images were analyzed via Fiji (Im-
ageJ; RRID:SCR_002285; https://fiji.sc).

Lipid competition assay
NBD–PC and other non-labeled lipids at a 1:1 molar ratio
(1.13 mM each) were mixed with hMIGA2long in 40 μl reaction

smaller LDs in MIGA2 KO cells was reversed in those cells expressingMIGA2-DsRed (PGK promoter). In contrast, MIGA2mutants (PGK) failed to do so, including
when they were expressed at higher levels (Fig. S3, C and D). Scale bar, 5 μm. (C) Quantification of B: LD total area and number per cell and average size
frequency in different cells. (D) TAG content in different cells in WT and MIGA2 KO cells. Statistical significance was calculated by Welch’s two-tailed unpaired
t test. Results were indicated in the following manner: pp for P < 0.01, ppp for P < 0.001, pppp for P < 0.0001, where P < 0.05 is considered as significantly
different.
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volumes and incubated on ice for 2 h. Samples were loaded onto
4–15% Mini-Protean Precast Native gels and run for 90 min at
100 V. NBD fluorescence was visualized using an ImageQuant
LAS4000 (GE Healthcare).

Liposome preparation
For FRET-based assay
Lipids in chloroform were mixed (donor liposomes: 61% 1,2-Di-
oleoyl-sn-glycero-3-phosphocholine [DOPC], 30% liver PE, 2%
NBD-labeled lipids [all NBD-labeled lipids are 18:1–12:0 with
NBD incorporated into the fatty acyl chain, except for NBD-
PShead], 2% Rh-PE, and 5% DGS-NTA (Ni); acceptor liposomes:
65% DOPC, 30% liver PE, and 5% PI[4,5]P2) and dried to thin
films and vacuumed for 30 min. Lipids were subsequently dis-
solved in buffer F at a total lipid concentration of 1 mM and
incubated at 37°C for 1 h, vortexing every 10–15 min. Liposomes
were subjected to 10 freeze–thaw cycles alternating between
liquid nitrogen and room temperature water bath with vortex-
ing every three cycles. Crude liposomes were then extruded
through a polycarbonate filter with 100 nm pore size a total of
11 times via a mini extruder (Avanti Polar Lipids) and used
within 24 h.

For end-point transfer assay
Light donor liposomes (63% DOPC, 30% liver PE, 2% fluo-
rescently labeled lipids, and 5% DGS-NTA [Ni]) were prepared
similarly as above except that either NBD-lipids or Rh-PE, but
not both, were included. The donor liposomes for the C2Lact-PS-
Probe based assay were composed of 60% DOPC, 30% liver PE,
5% PS, and 5% DGS-NTA (Ni). For heavy acceptor liposomes,
lipids in chloroform were mixed, dried, and vacuumed as above.
The lipid film was dissolved in buffer F containing 0.75 M su-
crose at a total lipid concentration of 1 mM and incubated at 37°C
for 1 h, vortexing every 10–15 min. Liposomes were subjected to
10 freeze–thaw cycles, and then mixed with 2 volumes of buffer
F and pelleted for 40 min at 18,500 g. The resulting liposome
pellet was resuspended in buffer F and pelleted again for 30min.
The second pellet was resuspended to 1 mM total lipid concen-
tration in buffer F and used immediately.

Artificial LD preparation
Artificial LDs were prepared according to Wang et al. (2016).
Briefly, 2 mg of total phospholipids (81% DOPC, 10% 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine, 2% NBD-labeled lipids, 2%
Rh-PE, and 5% DGS-NTA [Ni] by molar ratio) were mixed and
dried to thin films and vacuumed for 30 min. 5 mg of TAG
(T7140; Sigma-Aldrich) was added to the phospholipid film. The
lipids were resuspended in 100 μl buffer F. The sample was
vortexed for 4min, with 10 s on, 10 s off. Themilky lipidmixture
was centrifuged at 20,000 g for 5 min. The fraction containing
artificial LDs formed a floating white band at the top of the tube.
The underlying solution and pellet were removed. This process
was repeated until no pellet formed upon centrifugation. The
white band was resuspended in 100 μl buffer F, and centrifuged
at 1000 g for 5 min. The solution underneath the floating white
band was collected. The low-speed centrifuge was repeated until
there is no white band formation after centrifuge. The concen-
tration of lipids in the final solution was determined by NBD
fluorescence compared with the liposomes containing the same
ratio of NBD- and Rh-lipids. The LDs were stable at 4°C for
a week.

Positive staining of artificial LDs or liposomes
The positive staining was done as described before (Wang et al.,
2016), Briefly, 8 μl of purified artificial LDs or liposomes were
loaded onto the glow-discharged carbon film coated grids
(CF400-CU; ElectronMicroscopy Sciences) for 1 min followed by
blotting with filter paper to remove extra sample. The sample
was then fixed with 1% osmium tetroxide for 10min and washed
three times with deionized water. The sample was stained with
0.1% tannic acid for 5 min and 2% uranyl acetate for 5 min and
washed with deionized water. The micrographs were recorded
on a Talos microscope at 110 kV with 36,000 magnification at
Yale Science Hill EM facility.

In vitro lipid transfer assay
FRET-based assay
Lipid transfer experiments were set up at 30°C in 96-well plates,
with 100 μl reaction volumes containing 200 µM lipids in donor
liposomes and 200 μM lipids in acceptor liposomes. Proteins

Table 1. Data collection and refinement statistics

CeMIGA2long

Wavelength (Å) 0.979110

Space group P 31 2 1

Cell dimensions

a, b, c (Å) 91.3, 91.3, 366.7

α, β, γ (°) 90, 90, 120

Monomers/asymmetric unit 4

Data collection

Resolution range (Å) 48.36–3.30 (3.42–3.30)

Completeness (%) 99.9 (99.2)

Redundancy 10.2 (10.5)

I/σ(I) 14 (1.6)

Rmerge (%) 16.9 (73.6)

Rmeas (%) 17.9 (77.4)

Rpim (%) 5.6 (23.6)

CC (1/2) 99.3 (83.5)

Refinement

Rwork (%) 26.98

Rfree (%) 29.56

RMSD bond angles/lengths 0.515/0.002

Ramachandran statistics (%) 95.38/3.93/0.69

PDB accession code 8EDV

Values in parentheses correspond to the highest resolution shell. The
Ramachandran statistics show the percentage of residues in favored/
allowed/other regions.
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(0.25 µM each of tether and lipid transport protein) were added
to start the reaction, and after excitation at 460 nm, NBD
emission (538 nm) was monitored for 30 min using a Synergy
H1 Multi-Mode Microplate Reader (Agilent). For transfer from
artificial LDs to liposomes, 80 μM lipids in donor LDs and 80 μM
lipids in acceptor liposomes, and 0.25 μM proteins were used.

Dithionite assay
Lipid transfer assays were performed as above, except for the
addition of freshly prepared dithionite (to 5 mM final concen-
tration) after the last time point, and NBD fluorescence was
monitored for an additional 5 min.

End-point transfer assay
Lipid transfer reactions were performed in 100 μl volumes. The
reaction was initiated by adding 250 µM lipids each in light
donor and in heavy acceptor liposomes into 0.32 μM protein
(tether and hMIGA2long or hMIGA2C) and terminated by the
addition of 10 μl terminate cocktail (2 mg/ml proteinase K, 1.8 M
imidazole, 50mMEDTA). The complete digestion of the proteins
was confirmed by SDS-PAGE gel. Light and heavy liposomes
were then separated by centrifugation at 18,500 g for 15 min,
and heavy liposomes recovered in the pellets were resuspended
in 100 μl buffer F. Fluorescence signal (NBD: ex 440 nm, em 514
nm; Rh: ex 550 nm, em 590 nm) present in the pellet was de-
termined using a Synergy H1 Multi-Mode Microplate Reader
(Agilent). A separate standard curve of fluorescence intensity to
the amount of fluorescent lipids wasmade for NBD-PS (both acyl
or headgroup modified) and Rh-PE, and the amount of fluores-
cent lipids being transferred in the assay was determined by the
standard curve. For the C2lactadherin PS-probe based transfer
assay, after the reaction, 10× terminating cocktail (1.8 M imid-
azole, 100 mM EDTA) was added before the donor and acceptor
liposomes were separated. Donor and acceptor fractions were
analyzed by SDS-PAGE gel to quantify the PS probe in each of
the fractions.

MS analysis of hMIGA2long
Lipidomic analysis
Gel filtrated 3xFLAG-hMIGA2long was sent to Michigan State
University’s Collaborative Mass Spectrometry Core for un-
targeted lipidomics analysis. The sample was spiked with in-
ternal standards and calibration mixture. Lipids were extracted
with methyl tert-butyl ether twice, and after drying, re-
suspended in isopropanol containing 0.01% butylated hydroxy
toluene. The samplewas resolved by Shimadzu Prominance high
performance LC and lipid species were detected by a Thermo
Fisher Scientific LTQ-Orbitrap Velos mass spectrometer in both
positive and negative ionization modes. Lipid species were
quantified based on internal standards and summed by
lipid class.

Native MS
The hMIGA2 sample was buffer exchanged to 200 mM ammo-
nium acetate (MP Biomedicals), 2 mM DTT with Zeba Spin
Desalting Columns (Thermo Fisher Scientific). The protein
concentration in the analyzed sample was in the range between

1 and 5 μM. Native MS was performed on Q Exactive UHMR
(Thermo Fisher Scientific) using in-house nano-emitter capil-
laries. The tips in the capillaries were formed by pulling boro-
silicate glass capillaries (OD: 1.2 mm, ID: 0.69 mm, length: 10 cm,
Sutter Instruments) using a Flaming/Brown micropipette puller
(ModelP-1000, Sutter Instruments). Then the nano-emitters
were coated with gold using rotary pumped coater Q150R
Plus (Quorum Technologies). To perform the measurement the
emitter filled with the sample was installed into Nanospray Flex
Ion Source (Thermo Fisher Scientific). MS parameters for the
analysis of the proteins or protein complexes include spray
voltage 1.1–1.3 kV, capillary temperature 275°C, resolving power
6,250 at m/z of 400, ultrahigh vacuum pressure 4.6e−10–8.18
e−10, in-source trapping between −100 V and −200 V.

Functional experiments
Cell culture and transfection
Hela cells were cultured in DMEM (11965092; Thermo Fisher
Scientific) supplemented with 10% FBS (10438062; Thermo
Fisher Scientific) and 1% penicillin-streptomycin (15140122;
Thermo Fisher Scientific) at 37°C in a 5% CO2 incubator. Cells
were used in experiments before passage 5. DNA transfection
was performed using Lipofectamine 3000 (L3000015; Thermo
Fisher Scientific) according to the manufacturer’s instruction.

Generation of MIGA2 KO cell line
CRISPR gRNAs targeting the third exons of MIGA2 were de-
signed using the online TKO CRISPR Design Tool (https://crispr.
ccbr.utoronto.ca/crisprdb/public/library/TKOv3/). 59-GCGGAA
AGTCCTCTTTGCCA-39 was chosen as gRNA to knock out
MIGA2. The gRNA was cloned into pX458 (48138; Addgene) as
described previously (Ran et al., 2013). Hela cells were tran-
siently transfected with the constructs containing gRNAs. After
48 h, the GFP positive individual cells were selected by flow
cytometry (BD FACSAria) and seeded in 96-well plates for single
clones. The clones were validated by genotyping and Western
blotting. For genotyping, briefly, genomic DNAs from single
clones were extracted using QuickExtract DNA extraction so-
lution (QE0905T; Lucigen), and PCR products containing the site
of Cas9 cleavage site were generated using the following pri-
mers: 59-TAGACCTCACCTTCTCGGCACT-39; 59-CCAATATCC
CCAAGTAGAGAGTG-39. PCR products were sequenced.

Western blotting
The samples were denatured by the addition of SDS sample
buffer (125 mMTris-HCl, pH 6.8, 16.7% glycerol, 3% SDS, 0.042%
bromophenol blue) and heated at 95°C for 5 min. The proteins
were separated using denaturing SDS-PAGE and analyzed by
immunoblotting. The proteins were transferred onto a poly-
vinylidene fluoride membrane. After the transfer the mem-
branes were incubated in 5% nonfat dry-milk–TBST (20 mM
Tris-HCl, pH 7.6; 150 mM NaCl; 0.1% Tween 20) for 1 h at room
temperature. The membranes were then washed three times
and incubated with primary antibodies at 1:1,000 dilution in 5%
BSA-TBST over night at 4°C or at room temperature for 90 min.
The membranes were washed three times and incubated for
60 min with secondary antibodies coupled to horse-radish
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peroxidase in TBST containing 5% nonfat dry-milk. The proteins
of interest were developed by ECL (BioRad) and visualized using
ImageQuant LAS4000 (GE Healthcare).

Lipid extraction and TAG measurement
Cells with or without transfection of the MIGA2-DsRed (Cyto-
megalovirus promoter, CMV) constructs in 10 cm dishes were
treated with oleic acid (OA) for indicated times. Cells were
washed twice with PBS and collected in PBSwith cell scrapers; 1/
10 of the sample was set aside for protein quantification. Protein
amount was determined by Bradford (Bio-Rad) assay at 595 nm
absorbance. Lipid extractionwas done as in Du and Yang (2020).
Briefly, the cell pellet was resuspended in hexane-isopropanol
(3:2) solvent, then agitated at room temperature for 30 min to
extract lipids. The organic solvent was transferred into glass
tube and dried overnight in a chemical hood. The lipid film was
resuspended in 200 μl methanol-chloroform (2:1) and vortexed.
The samples and a series of TAG standard dilutions were mixed
with enzyme in the TAG assay kit (10010303; Cayman) and in-
cubated at 37°C for 30 min. The absorbance at 540 nm was
monitored.

Live cell imaging
Cells were plated on glass-bottomed 35 mm Mattek dish and
transfected with desired plasmids the next day. After 1 d, cells
with or without 50 μM etomoxir pretreatment for 2 h were
treated with 100 μM OA (29557; CAYMAN) or same amount of
BSA control (29556; CAYMAN) for 18–24 h if imaging LDs. 48 h
after transfection, Cells were incubated with BODIPY 493/503
(#D3922; Thermo Fisher Scientific) at 1 μg/ml or MitoTracker
Green (M7514; Thermo Fisher Scientific) at 75–100 nM for
30 min, washed with PBS, and subjected to further live cell
imaging in 1× live cell imaging solution (A14291DJ; Thermo
Fisher Scientific). For the 30-min OA treatment, the cells were
treated with 100 μMOA for 30min before staining and imaging.

At the Center for Cellular and Molecular Imaging Facility at
Yale, imaging was performed with a 63× oil-immersion objective
on an inverted Zeiss LSM 880 laser scanning confocal micro-
scope with AiryScan, using Zen Black acquisition software
(RRID: SCR_018163; https://research.unityhealth.to/wp-
content/uploads/2015/09/ZEN-Black-Quick-Guide.pdf). It
has a 63× oil-immersion objective lens with NA = 1.4.
Z-stack images were taken. Images obtained with AiryScan
were first processed using Airyscan Processing in Zen
Black, and all images were analyzed in Fiji (ImageJ).

For high throughput imaging of LDs, confocal microscopy
was performed on Nikon Ti2-E inverted microscope with a 63×
oil-immersion objective, CSUX1 camera Photometrics Prime
95B, Agilent laser 488 and 561 nm, and a temperature setting at
37 C by the Oko Lab control system. Z-stack images were taken.
Images were acquired using Nikon Elements and analyzed in Fiji
(ImageJ).

Different samples were imaged in one session with the same
settings. All data categorizing mitochondrial morphology were
scored blindly. For LDs analysis, The Z-stack was maximum
projected and the images were set at the same threshold. LDs
were analyzed after converting to binary.

Statistical analysis
Statistical analysis between groups was performed using Prism
(GraphPad Software, RRID: SCR_002798; http://www.graphpad.
com) with Welch’s two-tailed unpaired t test. Results were in-
dicated in the following manner: p for P < 0.05, pp for P < 0.01,
*** for P < 0.001, pppp for P < 0.0001, where P < 0.05 is con-
sidered as significantly different.

Detailed protocols are available at https://dx.doi.org/10.
17504/protocols.io.yxmvm27kbg3p/v1. Tabular data for Fig. 2,
A and B (10.5281/zenodo.7149420, 10.5281/zenodo.7149052),
Fig. 3 G (10.5281/zenodo.7149142), and Fig. 4 C (10.5281/zenodo.
7149282) are available in ASAP.Zenodo.

Plasmids generated for this study have been deposited in
Addgene and will be available under the IDs 192832, 192833,
192834, 192835, 192837, 192866, and 192867.

Online supplemental material
Fig. S1 shows a characterization of MIGA2 mutant constructs.
Fig. S2 shows lipid binding and transfer data for MIGA2. Fig. S3
shows an analysis of cellular LD and TAG contents in WT and
MIGA2 mutant cells. Table S1 lists primers used in this study.
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Figure S1. Characterization of mutant MIGA2 constructs. (A) Cos7 cells were transfected with MitoBFP and MIGA2(R334E/R337E/R422E/K481D)-DsRed
bearing mutations in the conserved surface of MIGA2C (with pLVX-CMV vector), treated with OA for 24 h, and imaged. MIGA2(R334E/R337E/R422E/K481D)-
DsRed does not co-localize with LDs. (B) Cos7 cells transfected with MitoBFP were similarly treated and imaged. The morphology of mitochondria and LDs in
WT Cos7 cell is shown. (C) Gel filtration profile of WT hMIGA2long and mutants constructs M1, M2, M3 on a Superdex 200 10/30 column. The three mutant
proteins elute as WT after the void volume, indicating that the mutants are not misfolded or aggregated. (D) Cos7 cells were transfected with MitoBFP and WT
MIGA2-Dsred or MIGA2-DsRed M1, M2, or M3 transfer-impaired constructs (with pLVX-CMV vector), treated with OA for 24 h, and imaged. These constructs
co-localize with mitochondria and LDs, as shown. Scale bar, 5 μm.

Hong et al. Journal of Cell Biology S2

MIGA2 function requires its lipid transfer ability https://doi.org/10.1083/jcb.202207022

https://doi.org/10.1083/jcb.202207022


Figure S2. Lipid binding and transfer by MIGA2. (A) 3xFLAG-hMIGA2long was incubated with NBD-labeled lipids and examined by native PAGE. Phos-
pholipids (NBD-PAacyl, NBD-PCacyl NBD-PShead, NBD-PEacyl) visualized by their fluorescence, comigrated with protein, visualized by Coomassie blue staining.
CH, cholesterol; SM, sphingomyelin. Because migration rates on native gels depend on the mass/charge ratio of the sample, and because MIGA2 dimers can
bind multiple lipids at once, MIGA2 incubated with charged lipids migrates as multiple species and is smeared. (B) hMIGA2long-6xhis was incubated with a 1:1
molar ratio of NBD-PCacyl and unlabeled lipid and examined by native PAGE. (C) Dithionite controls for the FRET transfer assay: After the transfer reaction was
completed, dithionite was added to rule out the possibility of fusion between donor and acceptor liposomes, which would also result in a fluorescence increase.
The fluorescence reduction after dithionite addition is the same for reactions containing hMIGA2 as those without, indicating that fusion has not occurred. Each
experiment was performed in triplicate. SDs are shown. (D) FRET-based transfer experiment for NBD-PShead and the dithionite control. (E) Positive staining
TEM micrographs of artificial LDs and liposomes: artificial LDs have a monolayer of phospholipids and TAG core, which are dark under positive staining;
liposomes have bilayer membrane of phospholipids and buffer in the core, so that only the membrane is stained dark. Source data are available for this figure:
SourceData FS2.
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Figure S3. Cellular LD and TAG contents. (A) Left and middle: LD quantification of cells with or without transfection of MIGA2-DsRed (CMV) and treated
with OA for 30 min. Right: TAG content of the cells with same treatment. There is no significant difference betweenWT and KO cells, or between rescue by WT
andmutant MIGA2-DsRed constructs in terms of LD and TAG abundance. (B) LD quantification of cells with or without transfection of MIGA2-DsRed (CMV) and
treated with etomoxir for 2 h and OA for 24 h. **** for P < 0.0001, where P < 0.05 is considered significantly different. (C) LD quantification of cells with or
without transfection of MIGA2-DsRed constructs (CMV, expression level is at 4–5 times higher as compared with PGK promotor) and treated with OA for 24 h.
This showed similar pattern with cells transfected with PGK MIGA2-DsRed (Fig. 4 C). **** for P < 0.0001, where P < 0.05 is considered significantly different.
(D) Expression levels for MIGA2-DsRed constructs under the CMV versus PGK promoter, as in Fig. 3 E. Source data are available for this figure: SourceData FS3.
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Provided online is one table. Table S1 lists primers.
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