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Vps13-like proteins provide
phosphatidylethanolamine for GPI anchor synthesis
in the ER
Alexandre Toulmay1, Fawn B. Whittle1, Jerry Yang1, Xiaofei Bai2, Jessica Diarra1, Subhrajit Banerjee1, Tim P. Levine3, Andy Golden2, and
William A. Prinz1

Glycosylphosphatidylinositol (GPI) is a glycolipid membrane anchor found on surface proteins in all eukaryotes. It is
synthesized in the ER membrane. Each GPI anchor requires three molecules of ethanolamine phosphate (P-Etn), which are
derived from phosphatidylethanolamine (PE). We found that efficient GPI anchor synthesis in Saccharomyces cerevisiae
requires Csf1; cells lacking Csf1 accumulate GPI precursors lacking P-Etn. Structure predictions suggest Csf1 is a tube-forming
lipid transport protein like Vps13. Csf1 is found at contact sites between the ER and other organelles. It interacts with the ER
protein Mcd4, an enzyme that adds P-Etn to nascent GPI anchors, suggesting Csf1 channels PE to Mcd4 in the ER at contact
sites to support GPI anchor biosynthesis. CSF1 has orthologues in Caenorhabditis elegans (lpd-3) and humans (KIAA1109/
TWEEK); mutations in KIAA1109 cause the autosomal recessive neurodevelopmental disorder Alkuraya-Kučinskas syndrome.
Knockout of lpd-3 and knockdown of KIAA1109 reduced GPI-anchored proteins on the surface of cells, suggesting Csf1
orthologues in human cells support GPI anchor biosynthesis.

Introduction
Lipids are exchanged between cellular membranes by both ve-
sicular and nonvesicular mechanisms. Nonvesicular trafficking
requires proteins known as lipid transport proteins (LTPs). Until
recently, most LTPs in eukaryotic cells were thought to trans-
port lipids by a shuttling mechanism; the LTP extracts a lipid
from one membrane, diffuses through the cytoplasm, and de-
livers the lipid to a second membrane (Chiapparino et al., 2016;
Wong et al., 2019). In the past few years, it has been suggested
that some eukaryotic LTPs use a different mechanism: they bind
two membranes simultaneously and allow lipids to flow be-
tween the membranes in a hydrophobic channel formed by
the LTP. This mechanism of lipid transport could be used for
high-volume lipid movement (Leonzino et al., 2021; Reinisch
and Prinz, 2021). Two proteins thought to use this mechanism
are vacuolar protein sorting 13 (Vps13) and autophagy-related
protein 2 (Atg2; Chowdhury et al., 2018; De et al., 2017; Kumar
et al., 2018; Li et al., 2020; Maeda et al., 2019). Structural
studies reveal that Vps13 and Atg2 have long rodlike struc-
tures with hydrophobic grooves that run from one end of the
proteins to the other and could allow lipids to move between

membranes by sliding along the groove (Li et al., 2020;
Valverde et al., 2019).

Both Vps13 and Atg2 are conserved from yeast to humans.
Atg2 is required for the autophagosome formation (Suzuki et al.,
2013). Saccharomyces cerevisiae has a single Vps13, while humans
have four orthologues; all have been proposed to facilitate lipid
transport at membrane contact sites (MCSs), regions where two
organelles are closely apposed (Lang et al., 2015; Leonzino et al.,
2021; Park et al., 2016). The four Vps13 proteins in humans are
implicated in neurodegenerative disorders (Gauthier et al., 2018;
Kolehmainen et al., 2003; Lesage et al., 2016; Rampoldi et al.,
2001; Seong et al., 2018).

In this study, we show that S. cerevisiae has three proteins
predicted to be structurally like Vps13 and Atg2: Csf1, Fmp27,
and Hob2 (Ypr117w). The functions of Csf1, Fmp27, and Hob2 are
not well understood. Fmp27 was recently shown to localize to
MCSs between the ER and plasma membrane (PM) and bind
phosphoinositides (Neuman et al., 2022). Cells lacking Csf1 have
also been shown to have defects in vesicular trafficking of pro-
teins with glycosylphosphatidylinositol (GPI) anchors (Copic
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et al., 2009). GPI anchors are synthesized in the ER by a con-
served multistep pathway (Fujita and Kinoshita, 2012). The an-
chor contains a phosphatidylinositol to which is added glycans
and three ethanolamine phosphate (P-Etn) molecules. Anchor
assembly and protein attachment occur on the luminal surface
of the ER membrane. The P-Etn in GPI anchors is derived from
phosphatidylethanolamine (PE; Menon and Stevens, 1992); thus,
biosynthesis of each GPI anchor requires three PE molecules.
Here, we show that Csf1 is necessary for efficient P-Etn incor-
poration into GPI anchors.

Results and discussion
Csf1, Fmp27, and Hob2 are structural homologues of Vps13
To identify proteins that are structurally like Vps13 and Atg2 in
S. cerevisiae, we used the remote homology detection program
namedHHpred, which identified Csf1, Fmp27, and Hob2. To gain
more insight into the predicted structures of Csf1, Fmp27, Hob2,
Vps13, and Atg2, we used the protein structure prediction al-
gorithm RoseTTAFold (Yang et al., 2020) to generate structures
of each 1,000 residues of the proteins, which we then stitched
together into full-length predicted structures using the molec-
ular visualization program PyMol. This analysis revealed the
proteins form similar extended β-sheets with long hydrophobic
grooves (Fig. 1 A, Video 1, Video 2, Video 3, Video 4, and Video 5).
We used the structure comparison program FATCAT (Flexible
structure AlignmenT by Chaining Aligned fragment pairs al-
lowing Twists) to show the predicted structures are similar
(Fig. 1, B and C).We compared the predicted structure of the first
1,000 residues of Vps13 and the crystal structure of Vps13
(Protein Data Bank accession no. 6CBC), which is of the first 335
residues (Kumar et al., 2018). The P value is 4.95E-11, indicating
the predicted structure aligns well with the solved structure. We
also compared the full-length structures of Fmp27, Hob2, and Atg2
we generated with RoseTTAFold with the recently published
predicted structures of these proteins generated by the protein
structure prediction program AlphaFold (Tunyasuvunakool et al.,
2021). Comparisons of the structures using FATCAT indicated they
are highly similar (Fig. S1 A). Notably, FATCAT indicated that the
most similar portions of the predicted structure are the extended
β-sheets found in all the predicted structures, which form long
hydrophobic grooves running the length of the proteins (not
shown). We found that the central groove that runs the length of
these proteins is lined with hydrophobic residues (Fig. S1 B),
consistent with the hypothesis that lipids could slide along the
grooves.

Csf1, Fmp27, and Hob2 localize to multiple contact sites
If Csf1, Fmp27, and Hob2 are LTPs that function similarly to
other bridge-forming LTPs, they should localize to MCSs. A re-
cent study indeed showed that endogenous FMP27-GFP localizes
to contact sites between the ER and PM (Neuman et al., 2022).
To visualize Csf1 and Hob2, we initially tagged them endoge-
nously with GFP on their C-termini, but the signal was low (not
shown). Instead of using a single GFP, we endogenously tagged
the proteins with seven copies of GFP11, a fragment of GFP that
will self-assemble with the remainder of the protein, GFP1–10

(Makhija et al., 2021). The tagged proteins are functional (Fig. S2
A). We found that GFP-tagged Csf1, Fmp27, and Hob2 form
puncta that are on or next to the ER (Fig. 2 A).Most of the puncta
are at the cell cortex. The cortical puncta associate with Tcb3
(Fig. 2 B), a protein known to be at ER-PM contact sites
(Toulmay and Prinz, 2012), suggesting that Csf1, Fmp27, and
Hob2 localize to these contact sites. Not all Csf1, Fmp27, and
Hob2 puncta are at the cell cortex; some are adjacent to mito-
chondria (Fig. 2 C). To determine whether some Csf1, Fmp27,
and Hob2 puncta are at ER-mitochondria contact sites, we as-
sessed whether they colocalize with the ER-mitochondria tether
ERMES (ER mitochondria encounter structure). GFP-tagged
Csf1, Fmp27, or Hob2 was expressed together with mCherry
fused to Mmm1, one of the components of ERMES. All three
Vps13-like proteins were found to be adjacent to or colocalize
with ∼50% of Mmm1-mCherry puncta (Fig. 2, D and E), sug-
gesting they localize to some ER-mitochondria contact sites. It is
not clear why Csf1, Fmp27, or Hob2 localizes to only a subset of
ERMES puncta. Together, these findings indicate that Csf1,
Fmp27, or Hob2 localizes to ER-PM and some ER-mitochondria
contact sites.

Vps13-like proteins are dispensable for bulk lipid transport to
mitochondria
It has been suggested that tube-forming LTPs are well suited to
facilitate high-volume bulk lipid transport (Leonzino et al., 2021;
Reinisch and Prinz, 2021). We investigated their role in non-
vesicular lipid transport to mitochondria, which is required for
mitochondrial biogenesis (Petrungaro and Kornmann, 2019).We
first generated a strain lacking all five Vps13-like LTPs in S.
cerevisiae: Vps13, Atg2, Csf1, Fmp27, and Hob2. Remarkably, the
strain (called 5Δ here) grew about as well as WT cells at 30°C on
the glucose-containing media (YPD; Yeast Extract, Peptone,
Dextrose and synthetic complete [SC] medium) and YPG (Yeast
Extract, Peptone, Glycerol), which only allows the growth of
cells with functional mitochondria (Fig. 3 A). To more directly
determine whether there is a defect in bulk lipid transport to
mitochondria in 5Δ cells, we assessed the rate of cardiolipin (CL)
synthesis. In S. cerevisiae, CL is produced in the mitochondrial
inner membrane from phospholipids synthesized in the ER,
primarily phosphatidic acid. Therefore, CL production in mito-
chondria requires phospholipid transport from the ER to mito-
chondria (Fig. 3 B; Tatsuta and Langer, 2017). To measure CL
synthesis, we determined the amount of CL formed in 1 h by
labeling cells with [3H]acetate. The amount of CL formed in 5Δ
cells (expressed as a percentage of the total phospholipid syn-
thesized) decreased ∼40% (Fig. 3 C). This suggests the five
Vps13-like proteins could play a role in transporting CL pre-
cursors from the ER to mitochondria but are not required.

It is possible that the ERMES complex compensates for the
lack of Vps13-like proteins in 5Δ cells. ERMES tethers mito-
chondria to the ER and facilitates phospholipid transport to
mitochondria (Kawano et al., 2018; Kornmann et al., 2009). We
generated a 5Δ strain that also lacks the ERMES complex. Be-
cause cells lacking the ERMES complex and Vps13 are not viable
(Lang et al., 2015), we added an auxin-inducible degron to one
of the components of ERMES, Mdm12, to allow conditional
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degradation of ERMES (Fig. S2, B–D). Elimination of any of
the proteins in the ERMES complex causes it to disassemble
(Kornmann et al., 2009). We found the degron causes Mdm12 to
degrade within 30 min of adding the auxin to the medium (Fig.
S2 B). Mdm12 degradation also caused mitochondria to change
shape (Fig. S2 D), indicating that ERMES is not functional after
Mdm12 depletion. Interestingly, we found VPS13 is the only one
of the five genes encoding Vps13-like proteins that is required
for viability of cells lacking ERMES (Fig. S2 C; compare strains
indicated with boxes).

We found that depletion of Mdm12 did not significantly re-
duce CL synthesis (Fig. 3 C), suggesting ERMES is not required to
bring CL precursors to mitochondria. Depletion of Mdm12 in 5Δ
cells did not significantly reduce CL production more than in 5Δ
cells expressing Mdm12, suggesting that the five Vps13-like pro-
teins and ERMES do not play redundant roles in transporting

CL precursors from the ER to mitochondria. Together, these
findings suggest that the Vps13-like proteins in yeast do not
have an essential role in bulk phospholipid transport to
mitochondria.

Csf1 plays a role in PE metabolism
We wondered whether Csf1, Fmp27, and Hob2 might play a role
in PE metabolism since phospholipid transport is necessary for
some PE metabolism (Fig. 3 D). PE is produced by two pathways
in S. cerevisiae. One makes PE in the ER and requires ethanola-
mine (Etn; the Kennedy pathway). The second, called the cytidyl-
diphosphate-diacylglycerol (CDP–DAG) pathway, generates PE
primarily outside the ER using enzymes that decarboxylate
phosphatidylserine (PS) to form PE (Fig. 3 D). The enzymes are
in the mitochondrial inner membrane (Psd1) and endocytic
compartments (Psd2; Acoba et al., 2020). It should be noted that

Figure 1. Structural similarity of Vps13, Atg2, Csf1, Fmp27, and Hob2. (A) Structure predictions generated with RoseTTAFold: β-sheets (blue), α-helices
(red), and coil (green). Bar = 100 Å. (B and C) Significance of the structural similarity between pairs of proteins using FATCAT. P values are from pairwise
comparisons of the predicted structures of the first 1,000 amino acids (B) or full-length versions (C) of the proteins. The first structure for each pairwise
comparison is listed in the first column. P values >0.05 in gray.
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Figure 2. Csf1, Fmp27, and Hob2 localize to ER-PM and ER-mitochondria contact sites. (A–D) Cells were visualized live. Cells expressed GFP fusions to
the indicated proteins and the ER marker Sec63-mCherry (A), the ER-PM contact site marker Tcb3-mCherry (B), the mitochondrial marker Mito-DsRed (C), or
the ERMES marker Mmm1-mCherry (D). Csf1 and Hob2 are endogenously tagged with seven copies of GFP11, and the strains also express GFP1–10; Fmp27 is
endogenously tagged with a single copy of GFP. Cells shown in A and B were visualized by focusing on the middle or periphery of the cells. Bar = 5 µm. Arrows
in D indicate colocalization of ERMES and Csf1, Fmp27, or Hob2. (E) Percentage of Mmm1-mCherry puncta associated with GFP puncta (mean ± SD of three
independent experiments; at least 100 Mmm1-mCherry puncta counted per experiment).
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Figure 3. Vps13-like proteins and ERMES are not required to transport CL precursors to mitochondria. (A) 10-fold serial dilutions of the indicated
strains grown on plates with YPD, YPG, or SCwithout Etn media. The plates were grown at 30°C for 3 d. (B) Cartoon showing the biosynthetic pathway of CL in
S. cerevisiae. Phosphatidic acid (PA) and CDP-DAG are produced in the ER membrane (pink). They are transported to the inner membrane of mitochondria
(gray), where they are converted to phosphatidylglycerol-phosphate (PGP), phosphatidylglycerol (PG), and CL. (C) The indicated strains were labeled with [3H]
acetate, and the amount of CL formed in 1 h was determined. The amount of [3H]CL produced is given as the percentage of the total radiolabeled glycer-
ophospholipids formed. Values from three independent experiments are shown (mean ± SD). Statistical significance was determined by a Student’s t test (two-
tailed, unpaired); *, P < 0.05. Strains withMDM12-3HA-AID express Mdm12 with a C-terminal fusion to 3HA antigen tags and the auxin-inducible degron (AID).
Where indicated, the auxin IAA was added to the media 30 min before [3H]acetate addition to induce degradation of Mdm12-3HA-AID. (D) Cartoon of the
Kennedy and CDP-DAG pathways of PE metabolism. Proteins in blue. Abbreviations not listed in text: DHS-1P, dihydrosphingosine-1 phosphate; PHS-1P,
phytosphingosine-1 phosphate. (E) 10-fold serial dilutions of the indicated strains on plates with SCwith or without Etn. The plates were grown for 3 d. (F) The
indicated strains were labeled with [3H]serine for 30min, and the amount of radiolabeled PS, PE, and PC was determined. The results are the percentage of the
three lipids indicated (mean ± SD from three independent experiments). (G and H) 10-fold serial dilutions of the indicated strains grown on SC plates
containing 10 µg/ml calcofluor white (G) or SC with or without Etn (H). The plates were grown in 30°C for 3 d.
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a fraction of Psd1 is in the ER; therefore, the CDP–DAG pathway
may produce some PE in the ER (Friedman et al., 2018). PE
produced by the Kennedy pathway requires exogenous Etn or
P-Etn produced by dihydrosphingosine phosphate lyase (Dpl1;
Fig. 3 D). Cells lacking Dpl1 and grown in media that do not
contain Etn can only make PE using the CDP–DAG pathway.

We found Csf1 plays a role in the CDP–DAG pathway of PE
metabolism. Cells lacking Csf1, Dpl1, and either Psd1 or Psd2
grow poorly in a medium without Etn (Fig. 4 E). The strains
grew normally when Etn was added to the medium, suggesting
Csf1 is particularly important for the CDP–DAG pathway of PE
metabolism. A role for Csf1 in PE metabolism has also been
suggested by a recent preprint from the Kornmann group (John
Peter et al., 2021 Preprint). The growth of cells lacking Fmp27 or
Hob2 was not reduced in a medium lacking Etn (not shown);
therefore, we focused on Csf1.

To determine whether PE metabolism by the CDP–DAG
pathway is impaired in cells lacking Csf1, we labeled cells with
[3H]serine for 1 h. Cells use [3H]serine to produce [3H]PS, which
can be converted into PE and, in turn, into phosphatidylcholine
(PC) by the CDP–DAG pathway (Fig. 3 D). We previously showed
that following [3H]serine addition to the medium of growing
cells, radiolabeled PS, PE, and PC are produced at linear rates
(Raychaudhuri and Prinz, 2008). The labelings were done in
cells lacking Dpl1 since this prevents the production of radiola-
beled P-Etn that could be used to make PE. Surprisingly, we
found cells lacking Csf1 have no defect in producing PS (Fig. S2
E) or converting it into PE and PC (Fig. 3 F). This suggests they
do not have significant defects in transporting PS to Psd1 and
Psd2 or returning the PE produced by these enzymes back to the
ER, where it is converted to PC. Together, these findings indicate
Csf1 has a role in PE metabolism but does not affect the pro-
duction of PS, PE, or PC.

Cells lacking Csf1 do not have defects in autophagy
Since Csf1 plays a role in PE metabolism but not in the pro-
duction of PE or the conversion of PE to PC, we wondered
whether Csf1 is necessary for a PE-dependent process. One is
autophagy, which requires the conjugation of PE to the protein
Atg8, a protein that plays a role in autophagosome formation
(Ichimura et al., 2000). During autophagy, Atg8 is conjugated to
PE (forming Atg8-PE) and delivered to the vacuole, where it is
degraded. When GFP is fused to the N-terminus of Atg8, the
Atg8 portion of the fusion is degraded in the vacuole during
autophagy while the GFP portion remains relatively stable; thus,
the presence of free GFP in cells expressing GFP-Atg8 indicates it
was trafficked to the vacuole during autophagy (Shintani and
Klionsky, 2004). If Csf1 provides the PE necessary for GFP-Atg8-
PE production, cells lacking Csf1 would have reduced levels of
free GFP following autophagy induction.

We induced autophagy in cells expressing GFP-Atg8 by
shifting them to nitrogen starvation medium for 3 h. This caused
the appearance of free GFP in WT cells but not in cells lacking
Atg2 or Atg1, a protein kinase required for autophagy (Fig. S2 F).
The production of free GFP was not affected in cells lacking Csf1
(Fig. S2 F), indicating Csf1 probably does not play a role in
providing PE to produce Atg8-PE.

GPI anchor precursors lacking P-Etn accumulate in cells
lacking Csf1
We wondered whether the role of Csf1 in PE metabolism could
be to support GPI anchor biosynthesis, since the biosynthesis of
each anchor requires three PE molecules (Fig. 4 A). Consistent
with this possibility, cells lacking Csf1 have a defect in traf-
ficking a GPI-anchored protein (Copic et al., 2009), and the ge-
netic profile of CSF1 is like that of many genes required for GPI
anchor synthesis (https://thecellmap.org/). Cells with defects in
GPI anchor synthesis are hypersensitive to the antifungal cal-
cofluor white (Benghezal et al., 1995), and we found cells lacking
Csf1 are also hypersensitive (Fig. 3 G). In addition, there is a
negative genetic interaction between CSF1 and LAS21 (Fig. 3 H),
which encodes one of the three Etn phosphotransferases in-
volved in GPI anchor biosynthesis (Fig. 4 A). Together, these
findings implicate a potential function of Csf1 in GPI anchor
production.

We speculated that if Csf1 plays a role in providing PE for GPI
anchor biogenesis, nascent GPI anchors lacking P-Etn would
accumulate in cells lacking Csf1. To test this, we labeled various
strains with [3H]inositol, extracted phospholipids, and separated
them by TLC as previously described (Flury et al., 2000). This
study showed that GPI anchor intermediates lacking P-Etn ac-
cumulate in cells with mutations in any of the three genes en-
coding the Etn phosphotransferases were required to produce
GPI anchors: MCD4, GPI13, and LAS21 (Fig. 4 A). Cells with a
conditional gpi13-5 allele accumulate the lipid 031a, a GPI anchor
precursor that lacks P-Etn (Fig. 4 B; Flury et al., 2000).We found
lipid 031a also accumulates in cells lacking Csf1 and proteins in
the CDP–DAG pathway of PE biosynthesis, Psd1 or Psd2 (Fig. 3 D;
and Fig. 4, C and D). We noted, however, that cells lacking only
Csf1 do not accumulate lipid 031a. Since the labeling experi-
ments were done at 30°C, we wondered whether cells lacking
Csf1 would accumulate lipid 031a when grown at 23°C, which is
known to reduce growth of these cells (Tokai et al., 2000), a
finding we confirmed (Fig. 3 E). Indeed, at 23°C, the cells lacking
Csf1 accumulated significantly more lipid 031a than WT cells
(Fig. 4 E), suggesting Csf1 supports GPI anchor biosynthesis.

To further investigate which are the Csf1-dependent steps in
GPI anchor biosynthesis, we characterized strains lacking Las21,
which accumulate the GPI anchor precursor M4 that has two
P-Etns of the three P-Etns normally added to GPI anchors (Fig. 4
B; Flury et al., 2000). We confirmed this finding and discovered
that cells lacking Csf1 also accumulate lipid M4, though not as
much as cells lacking Las21 (Fig. 4, F and G). Interestingly, cells
lacking both Las21 and Csf1 have reduced amounts of lipid M4
but more lipid 031a (Fig. 4 G). This finding suggests Csf1 is
necessary for a step in GPI synthesis before the one catalyzed by
Las21, probably the addition of one or both of the first two P-Etns
added to GPI anchors. Together, these findings suggest Csf1 is
necessary to support the addition of P-Etn to GPI anchor
precursors.

Csf1 may channel PE to the Etn phosphotransferase Mcd4
Since Csf1 is likely to be a tube-forming LTP and localizes to
MCSs between the ER and other organelles, we hypothesized
that it transports PE to the ER to support GPI anchor biogenesis
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Figure 4. Cells lacking Csf1 accumulate nascent GPI anchors lacking P-Etn. (A) Cartoon of the three steps in GPI anchor biogenesis where P-Etn is added
to nascent GPI anchors. The three Etn phosphotransferases are in red. (B) GPI anchor intermediates (symbols as in A). (C) The indicated strains were labeled
with [3H]inositol for 2 h, and lipids were extracted and separated by TLC. All strains were grown in SC at 30°C except gpi13-5 cells, which were grown at 23°C
and shifted to 37°C for 30 min before labeling. Abbreviations not listed in text: IPC, inositol-phosphoryl-ceramide; MIPC, mannosyl-inositol-phosphoryl-ce-
ramide; M(IP)2C, mannosyl diinositol-phosphoryl-ceramide; PI, phosphatidylinositol. (D) Quantification of the amount of lipid 031a formed in the experiments
shown in C. Mean ± SD of three independent experiments. Statistical significance determined by Student’s t test (two-tailed, paired). *, P < 0.05; **, P < 0.005.
(E) Quantification of the amount of lipid 031a formed in the indicated strains as described in C and D, except the strains were grown at 23°C and labeled for
24 h (mean ± SD). (F) The indicated strains were labeled with [3H]inositol as described in C, except that lipids were separated by TLC using a solvent system
that resolves lipid M4. (G) Quantification of the amount of lipid M4 formed as in the experiments shown in F is shown in the right panel. The left panel shows
the same data given in D. Mean ± SD of three independent experiments. Statistical significance determined with a Student’s t test (two-tailed, paired). *, P <
0.05; **, P < 0.005. (H)Quantification of the amount of lipid 031a formed in the indicated strains as described in C and D, except grown in SCmedia either with
or without Etn (mean ± SD). (I) Lysates from cell expressing Csf1-3HA and Mcd4-GFP as indicated were incubated with magnetic beads conjugated to an anti-
HA antibody. Whole-cell lysates and immunoprecipitated (IP) proteins were separated by SDS-PAGE and immunoblotted with anti-HA and anti-GFP antibodies.
Numbers are size of molecular weight markers (kDa). Representative blots from three independent experiments are shown. Source data are available for this
figure: SourceData F4.
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and that this is particularly important in cells where most PE is
made outside the ER. If this is correct, production of PE in the ER
by the Kennedy pathway might bypass the role of Csf1 in GPI
anchor biosynthesis. We found that addition of Etn to cells
lacking Csf1, Psd1, and Dpl1 eliminated accumulation of lipid
031a found in this strain when it is grown without exogenous
Etn (Fig. 4 H). Thus, PE production in the ER supports efficient
GPI anchor synthesis in cells lacking Csf1.

These findings suggest that in growth conditions where most
PE is synthesized outside the ER, there is insufficient PE in the
ER to support robust GPI anchor production, perhaps because
most PE in the ER is converted to PC. If this is correct, Csf1 may
prevent this problem by channeling PE outside the ER to the GPI
synthesis machinery. Consistent with this, we used coimmu-
noprecipitation to show that Csf1 interacts with Mcd4, the Etn
phosphotransferase that adds the first P-Etn to nascent GPI
anchors (Fig. 4 A). Endogenous Csf1 was taggedwith three copies
of the HA epitope (Csf1-3HA), and we confirmed Csf1-3HA is
functional (Fig. S2 B). We immunoprecipitated Csf1-3HA and
found it coimmunoprecipitates with Mcd4 fused to GFP (Mcd4-
GFP) expressed from a plasmid under the nativeMCD4 promoter
(Fig. 4 I). Together, these findings suggest Csf1 channels PE to
Mcd4 to support GPI anchor synthesis. This channeling may not
be necessary when significant amounts of PE are produced in
the ER, which probably increases the amount of PE in the ER
available for GPI anchor production.

Csf1 homologues in higher eukaryotes participate in GPI-
anchored protein biogenesis
Csf1 has homologues in higher eukaryotes. We wondered
whether they are necessary for efficient GPI anchor biogenesis.
To test this, we determined whether knocking down or knock-
ing out the homologues in human cells and Caenorhabditis elegans
decreases the amount of GPI-anchored proteins on the surface
of cells.

The human homologue of Csf1 is KIAA1109, or TWEEK.
Mutations in TWEEK were recently shown to cause a disorder
of brain development and arthrogryposis named Alkuraya-
Kučinskas syndrome (Gueneau et al., 2018). We used shRNA to
knock down expression of TWEEK and the GPI biogenesis gene
GPI Anchor Attachment 1 (GPAA1) in human embryonic kidney
293 (HEK-293) cells. GPAA1 is required to add proteins to GPI
anchors (Hiroi et al., 1998). We used FACS to show that knock-
down of GPAA1 reduces the amount of the GPI-anchored protein
CD55 on the surface of cells (Fig. 5 A). Knockdown of TWEEK
with either of two shRNAs that target different sequences sim-
ilarly reduced the amount of CD55 on the surface of the HEK-293
cells (Fig. 5, B and C). We used quantitative real-time RT-PCR
(qRT-PCR) to confirm the knockdown of TWEEK and GPAA1 (Fig.
S3 A).

The C. elegans genome encodes a single KIAA1109/TWEEK or-
thologue, lpd-3. Four lpd-3 transcripts have been identified that
vary by only a few amino acids. We generated a null allele of
lpd-3 that lacks exons 1–6 (and intervening introns) and in-
troduces three tandem stop codons in each reading frame (Fig.
S3, B–D). Homozygous lpd-3 N-Δ animals were validated by PCR
and Sanger sequencing (Fig. S3, C and D). The lpd-3 N-Δ animals

had shortened gonads and a deformed germline (Fig. S3 E).
Similar defects are found in GPI anchor–synthesis mutants
(Murata et al., 2012). We used fluorescein-labeled proaerolysin
(FLAER), which binds GPI anchors, to detect GPI-anchored
proteins in the PM of WT and lpd-3 N-Δ embryos. Before the
first mitotic cell division, embryos have little FLAER signal at the
PM (not shown). At the two-cell stage, WT embryos had sig-
nificant FLAER signal in the PM at the cleavage furrow, while
lpd-3 N-Δ had significantly less (Fig. 5, D and E). This was also
true of four-cell–stage embryos (Fig. S3 F). Taken together, these
findings indicate that KIAA1109/TWEEK and LPD-3 play roles in
the biogenesis of GPI-anchored proteins and suggest they facil-
itate GPI anchor biogenesis like Csf1.

Conclusions
We propose that Csf1 channels PE to Mcd4 in the ER to support
GPI anchor production (Fig. 5 G). This is consistent with work
from the Menon group that suggested PE used for GPI synthesis
is preferentially derived from PE produced outside the ER in
mitochondria (Vidugiriene et al., 1999). Our results suggest the
Csf1 homologues KIAA1109/TWEEK and Lpd-3 support GPI an-
chor production and probably have the same function as Csf1.
Since humans (and other mammals) cannot synthesize Etn and
derive it mostly from dietary lipids (Calzada et al., 2016; Patel
and Witt, 2017), KIAA1109/TWEEK may be particularly impor-
tant for GPI biosynthesis when dietary sources of Etn are low.
The role of KIAA1109/TWEEK in GPI anchor biogenesis in
Alkuraya-Kučinskas syndrome should be investigated.

Our findings strongly suggest that Csf1 transports PE to the
ER. However, we cannot rule out that Csf1 indirectly affects GPI
anchor synthesis by transporting another lipid or regulating GPI
anchor synthesis proteins such as Mcd4. Assuming Csf1 does
transport PE to the ER, it surprisingly is not necessary to bring
PE to the ER to support PC synthesis but instead seems to direct
PE to GPI anchor biosynthesis. It is likely that most PE in the ER
is used to produce PC, and Csf1 may ensure there is sufficient PE
to support GPI anchor production when PE levels are low in the
ER (Fig. 5 G). Understanding the mechanism and regulation of
lipid transport by tube-forming LTPs such as Csf1 is an impor-
tant challenge for the future.

Materials and methods
Strains and cell line
The yeast strains used in this study are listed in Table S1. Strains
were grown in SCmedia containing 2% glucose (Sigma-Aldrich),
0.67% nitrogen base (BD), and an appropriate amino acid drop-
out mix (US Biological); or YPD media containing 1% yeast ex-
tract (BD), 2% peptone (BD), and 2% glucose; or YPG media
containing 1% yeast extract (BD), 2% peptone (BD), and 3%
glycerol; or nitrogen starvation medium (SD-N) media con-
taining 2% glucose (Sigma-Aldrich) and 0.67% nitrogen base
(BD). Where indicated, Etn (Sigma-Aldrich) was added to media
to a final concentration of 1 mM from a 1M stock.

The C. elegans strains used in this studywere N2 (Bristol,WT)
and AG645 (lpd-3[av254]V. CRISPR/Cas9 Edit, deletion of exons
1–6 and intervening introns).
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Figure 5. Csf1 homologues play a role in biogenesis of GPI-anchored proteins. (A–C) Flow-cytometry analysis of HEK-293 cells expressing shRNA tar-
geting GPAA1 (A) or two different shRNAs targeting KIAA1109/TWEEK (B and C) using anti-CD55 antibody conjugated to R-phycoerythrin (PE-A). 10,000 cells
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HEK-293 cells were cultured with DMEM (4.5 g/liter
D-Glucose + L Glutamine; Gibco), 10% FBS heat-inactivated
(Quality Biological), and penicillin and streptomycin (Gibco)
in incubator at 37°C 5% CO2.

Serial dilutions to assess growth
Cells were grown in the indicatedmedium to logarithmic growth
phase, washed twice with medium, and adjusted to an OD600 of
0.5–1.0. 10-fold serial dilutions were prepared in the medium
and spotted onto plates. The plates were incubated for 3 d at the
indicated temperature.

Microscopy of yeast
Cells were imaged live at 30°C using DeltaVision Spectris system
(Applied Precision), with a wide-field inverted epifluorescence
microscope (IX70; Olympus), 100× objective, and a charge-
coupled device CoolSNAP HQ camera (Photometrics). Images
were deconvolved using the conserved ratio method, 10 cycles,
with softWoRx (Applied Precision).

Labeling cells with [3H]serine and analysis
of glycerophospholipids
Cells were grown to saturation at 30°C in SC lacking serine
(Complete Supplementation Mix; Sunrise Science Products)
with 1 mM Etn. 2 ml of a saturated culture was added to 50ml of
fresh medium. The cells were grown for 4.5 h, washed twice
with water, and resuspended in 50 ml of fresh medium lacking
Etn at an OD600 of 0.2–0.4. After 3 h of growth, 0.1 mCi of [3-3H]
serine (American Radiolabeled Chemicals) was added, and the
cells were grown for 1 h. After labeling, the cells were cooled to
4°C, washed once with water, and lysed in a Precellys24 ho-
mogenizer. Lipids were extracted and separated by TLC as de-
scribed (Kannan et al., 2017). TLC plates were scanned on a RITA
Star thin-layer analyzer (Raytest) to the relative radioactive
signal from each phospholipid class.

Labeling cells with [3H]acetate and analysis
of glycerophospholipids
Cells were grown to saturation at 30°C in YPD. 250–400 µl of the
saturated cultures was added to 10 ml of fresh YPD. The cultures
were grown at 30°C for 4 h; 5 µl of indole-3-acetic acid (IAA; Sigma-
Aldrich; stock = 1 M in ethanol) or ethanol was added; after 30 min,
50 µCi [3H]acetate (American Radiolabeled Chemicals) was added;
and the cultureswere grown for 1 h. The cellswere added to ice-cold
water and washed once with water, and the lipids were extracted
and analyzed as described in the previous section.

Measurement of autophagy induction
Cells were grown to mid-logarithmic phase in SC at 30°C,
washed three times with SD-Nmedium, and incubated for 3 h in

SD-N at 30°C. At the indicated times, 3 OD600 units of cells were
withdrawn. The cells were pelleted, resuspended in 50 µl of
1.85 M NaOH, incubated on ice for 10 min, mixed with 125 µl of
20% trichloroacetic acid, and incubated on ice for 30 min. The
precipitated proteins were separated by SDS-PAGE and im-
munoblotted with anti-GFP antibodies (Roche).

Measurement of GPI anchor intermediates
GPI anchor intermediates were measured as previously de-
scribed (Flury et al., 2000; Reggiori et al., 1997). Briefly, 2.5
OD600 units of logarithmic growth phase cells were suspended in
250 µl SC containing 25 µCi myo-[1,2-3H(N)]inositol (American
Radiolabeled Chemicals). The cells were incubated for 40 min at
30°C, 750 µl SC was added, and the cells were incubated for 1 h
and 20 min. The cells were pelleted and frozen at −80°C. The
gpi13-5 cells were grown at 23°C to logarithmic growth phase in
SC, shifted to 37°C for 30 min, and then labeled as described
except at 37°C. Cells labeled at 23°C were incubated with 50 µCi
myo-[1,2-3H(N)]inositol for 24 h.

The labeled cells were thawed and resuspended in 30 µl ice-
cold breaking buffer (60 mM NaPi, pH 8, 44 mM NaCl, and
55 mM glucose). 300 µl glass beads (425–600 mm; Sigma-Al-
drich) and 300 µl CHCl3:methanol(MeOH):H2O (10:10:3) were
added, and the cells were lysed in a Precellys24 homogenizer at
4°C (3 × 6,000 rpm for 30 s). 900 µl CHCl3/MeOH/H2O (10:10:3)
was added, and the samples were vortexed and centrifuged for
5 min at 15,000 ×g at room temperature. The supernatants were
dried in a SpeedVac. The samples were resuspended in 100 µl of
water-saturated butanol and desalted by adding 50 µl of water,
vortexed, and centrifuged for 3 min at 15,000 ×g at room tem-
perature. The upper phase was removed and saved. The bottom
phase was reextracted with 100 µl of water-saturated butanol,
and the pooled upper phases were dried under N2.

The samples were resuspended with 40 µl CHCl3/MeOH/H2O
(10:10:3) and spotted onto Silica gel 60 TLC plates (Merck). The
plates were developed for 1 h 20 min in either CHCl3:MeOH:
0.25%KCl (55:50:10) to quantify lipid 031a or CHCl3:MeOH:H2O
(10:10:3) to quantify the GPI precursor lipid M4. The TLC plates
were scanned on a RITA Star thin-layer analyzer (Raytest) to
quantify radioactivity or visualized with a Typhoon FLA 9500
laser scanner (GE Healthcare).

Coimmunoprecipitation
Cells were grown to logarithmic growth phase, and 150 OD600

units of cells were washed once with ice-cold water, pelleted,
and resuspended in 600 µl of lysis buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 1 mM PMSF, and a proteinase inhibitor cocktail
from Roche). The cells were lysed with a Precellys24 homoge-
nizer at 4°C,mixed with an equal volume (600 µl) of 0.5%NP-40
in lysis buffer, and incubated at 4°C for 15 min. 50 µl of each

were counted, and the geometric mean for negative shRNA (blue), gene targeted by shRNA (red), and untreated (no antibody, gray) shown. Ratio of the
geometric mean of fluorescence intensity of the cells treated with shRNA to the targeted genes to negative control are shown in each panel. (D) FLAER staining
of two-cell–stage C. elegans embryos from WT and lpd-3 N-Δ animals. Right panels show z-depth montages of the cleave furrows indicated by the red boxes.
Bars = 10 µm. (E) Quantification of FLAER signals in the cleave furrow of two-cell embryos as shown in D (n = number of tested embryos). P value determined
by Student’s t test (two-tailed, unpaired). (F) Model of PE channeling to Mcd4 at ER contact sites. Red arrows indicate movement or metabolism of PE.
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sample was saved (whole-cell lysate), and the remainder was
incubated with 100 µl of magnetic anti-HA beads (Pierce; 88837)
for 1 h at 4°C. The beads werewashed five times with lysis buffer
and incubated at 4°C for 5 min between washes, and the bound
proteins were eluted with 40 µl SDS-PAGE loading buffer for
15 min at 50°C. 10 µl of whole-cell lysate and 20 µl of im-
munoprecipitated proteins were separated by SDS-PAGE and
immunoblotted using anti-HA antibody (C29F4; Cell Signaling
Technology; #3724) and anti-GFP (D5.1; Cell Signaling Technol-
ogy; #2956).

Assessment of CD55 on the surface of HEK-293 cells by FACS
Lentiviruses were produced from pLKO.1 expressing shRNA
against GPAA1 (Mission Sigma-Aldrich; TRCN0000242570),
KIAA1109 (Mission Sigma-Aldrich; #1 TRCN0000282583 and #2
TRCN0000263340), or negative control (Mission Sigma-Aldrich;
nontargeted shRNA control) using standard methods.

HEK-293 cells were grown in DMEM in six-well dishes
containing 20 µl of lentivirus shRNA and 1.6 µl polybrene
(Sigma-Aldrich). The medium was removed after 24 h, fresh
medium containing 2 µg/ml puromycin (Sigma-Aldrich) was
added, and the cultures were grown for 10 d.

The abundance of CD55 on the cell surface was determined as
described (Knaus et al., 2018; Tanigawa et al., 2017). Briefly,
100,000 cells were washed two times with the DMEM with 1%
FBS and incubated with 4 µl mouse anti-human CD55 conjugated
to R-Phycoerythrin (BD Bioscience; 555694) and 16 µl DMEM
with 1% FBS at 25°C. The cells were washed three times with
growth medium, and the fluorescence intensity of 10,000 live
cells was measured by FACS (ACSymphony Cell Analyzer; BD
Bioscience). Results were analyzed with FlowJo 10.6.0 (BD
Bioscience).

qRT-PCR
Total RNA was extracted from cells (Pure Link RNA kit; Thermo
Fisher Scientific), 1 µg of total RNA was used to produce cDNA
(qScript cDNA SuperMix; Quantabio), and qRT-PCR was per-
formed with the SYBR Green PCR Master Mix (Thermo Fisher
Scientific) run on a CFX96 real-time thermal cycler CFX-96 (Bio-
Rad). The following primers were used: for GAPDH p368 59-GTC
TCCTCTGACTTCAACAGCG-39 and p369 59-ACCACCCTGTTG
CTGTAGCCAA-39; for GPAA1 p366 59-TCAATAGCTTCCGCCAGT
AC-39 and p367 59-CCAAGGACCAGGAGCAAGAA-39; and for
KIAA1109/TWEEK p356 59-CACTCCTGCTATTAAGGGAC-39 and
p357 59-CTCTAATTCACACTGCCATG-39. All reactions were done
in quadruplicate. Relative expression was calculated from the Cq
obtained with CFX manager 3.0 software (Bio-Rad) and with the
comparative cycle threshold method, using values from the
house keeping gene GAPDH and negative control shRNA.

CRISPR used to generate C. elegans strain AG645
The Bristol N2 strain was used as the WT for CRISPR/Cas9 ge-
nome editing. 20 nucleotide sequences of the lpd-3–specific
CRISPR RNAs (crRNAs) were selected using a crRNA design tool
(https://www.idtdna.com/site/order/designtool/index/CRISPR_
CUSTOM). All crRNAs and trans-activating crRNA were syn-
thesized by Horizon Discovery. The single-stranded donor

oligonucleotides of the lpd-3 repair template were crRNA
N-terminus: 59-GCGAAAACGAAAAAAAATGT-39, PAM site:
CGG, crRNA C-terminus: 59-TTATCCATAATATTGACATC-39,
and PAM site: TGG and repair template: 59-ACGGGTTCTAGG
CGGCGGCGAAAACGAAAAAAAATGTGACTAGATGATGGATAA
CGACGGAAAAAGGCTTCTATTGGAATA-39. The oligonucleo-
tides used for genotyping are N-del F1: 59-AGTCGGCTACTACGG
GTTCT-39, N-del R1: 59-GATCCAGAAATACCGTACCTCA-39, and
inner R1: 59-CGTTTCTCAGTGGCCGGAAA-39. Day 1 gravid her-
maphrodites (∼20) were injected with mixed CRISPR/Cas9 re-
agents as described (Iyer et al., 2019). lpd-3(av254)was generated
by CRISPR/Cas9 mixes that contained two crRNAs at flanking
regions of the deleted lpd-3 coding region. Heterozygous
lpd-3 N-Δ animals were screened by PCR (Primer N-del gt F1
and Primer N-del gt R1). The PCR amplicon for the deletion
is 403 bp. Homozygous mutants were confirmed in subsequent
generations.

FLAER staining and microscopy of C. elegans
Staining with FLAER (Proaerolysin conjugated Alexa Fluor 488;
Cedarlane Corporation; FL1S-C) was adapted from previous
studies (Budirahardja et al., 2015; Murata et al., 2012). 23-gauge
needles were used to dissect the embryos from the gravid her-
maphrodites in M9 buffer, and the embryos were covered with
an 18 × 18–mm coverslip. The embryos were then freeze-cracked
and fixed in methanol at −20°C for 10 min. The slides were
washed twice in PBS for 5 min and blocked with 2% bovine
serum albumin solution for 30 min at room temperature. The
slides were incubated in 50 nM FLAER staining solution for 2 h.
After incubation, the slides were washed twice with PBS for
5 min and mounted in VECTASHIELD (Vector Labs) mounting
medium containing 5 µg/ml DAPI overnight before imaging.

FLAER stained slides were imaged by a spinning disk confocal
system that includes a Photometrics Prime 95B EMCCD camera
and a Yokogawa CSU-X1 confocal scanner unit. Images were
acquired byNikon’s NIS imaging software using a Nikon 60 × 1.2
NA water objective with 0.5-µm z-step size; 30–50 planes were
captured. FLAER signals were quantified using ImageJ/FIJI Bio-
format plugin (Linkert et al., 2010; Schindelin et al., 2012). Both
the Shapiro-Wilk and Kolmogorov-Smirnov normality tests in-
dicated that all data follow normal distributions.

For differential interference contrast (DIC) imaging of lpd-3
N-Δ mutants, animals were immobilized on 7% agar pads with
anesthetic (0.01% levamisole in M9 buffer). DIC image acquisi-
tion was performed using a Nikon 60 × 1.2 NA water objective
with a 1-µm z-step size; 15–20 planes were captured.

Online supplemental material
Fig. S1 presents material that supports the findings shown in
Fig. 1. Fig. S2 presents material that supports the findings shown
in Fig. 2, Fig. 3, and Fig. 4. Fig. S3 presents material that supports
the findings shown in Fig. 5. Video 1 shows the structure of
S. cerevisiae Vps13 generated with RoseTTAFold. Video 2 shows
the structure of S. cerevisiae Atg2 generated with RoseTTAFold.
Video 3 shows the structure of S. cerevisiae Csf1 generated with
RoseTTAFold. Video 4 shows the structure of S. cerevisiae Fmp27
generated with RoseTTAFold. Video 5 shows the structure of
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S. cerevisiaeHob2 generated with RoseTTAFold. Table S1 lists the
S. cerevisiae strains used in this study.
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Supplemental material

Figure S1. Similarity of Vps13 homologues. (A) Significance of the structural similarity between pairs of proteins as determined by FATCAT. P values are
from pairwise comparisons of the structures of the indicated proteins as determined by RoseTTAFold and AlphaFold. (B) Space-filling models of the five Vps13-
like proteins in S. cerevisiaewere generated using PyMol from the predicted structures obtained from RoseTTAFold. Longitudinal cross sections are shownwith
hydrophobic residues colored red. All five proteins have a central hydrophobic groove.
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Figure S2. Csf1 does not play a role in autophagy and other controls for findings in Fig. 2, Fig. 3, and Fig. 4. (A) 10-fold serial dilutions of the indicated
strains grown on SC plates. The plates were grown for 3 d. (B) WT cells expressing Oryza sativa TIR1 (OsTIR1) and Mdm12 with a C-terminal fusion to 3HA
antigen tags and the auxin-inducible degron (Mdm12-3HA-AID) were grown in SC medium and the auxin IAA or ethanol (EtOH) were added. Samples were
taken at the indicated times, and proteins were extracted. The proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The
membrane was stained with Ponceau (bottom) and immunoblotted with anti-HA antibodies (top). (C) 10-fold serial dilutions of the indicated strains grown for
3 d on YPD plates containing IAA or ethanol (EtOH). OM, strains expressing OsTIR1 and Mdm12-3HA-AID (described in B). Numbers indicate size of molecular
weight markers (kDa). Note that IAA prevents the growth of vps13Δ OM cells (red box) but not atg2Δ csf1Δ fmp27Δ hob2Δ OM cells (blue box), indicating that
Vps13 is the only one of the five Vps13-like proteins required for viability of cells lacking ERMES. (D) Cells expressing OsTIR1 andMdm12-3HA-AID (described in
B) and the mitochondrial marker Mito-DsRed (expressed from the plasmid pMito-DsRed) were grown in SC medium and visualized live 1 h after addition of IAA
or ethanol (EtOH) to the medium. Bar = 5 µm. (E) Total [3H]PS formed ([3H]PS + [3H]PE + [3H]PC) during the 1-h labeling with [3H]serine shown in Fig. 3 F
(mean ± SD from three independent experiments). (F) Strains with the indicated genotypes expressing GFP-Atg8 were grown in SC medium to logarithmic
growth phase and transferred to SD-N medium (synthetic dextrose, lacking amino acid supplementation). Samples were taken at the indicated times and
immunoblotted with an anti-GFP antibody. *, a nonspecific protein bound by the anti-GFP antibody. Source data are available for this figure: SourceData FS2.
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Figure S3. Supporting information for the results shown in Fig. 5. (A) Relative expression of the GPAA1 and TWEEK genes for the experiments shown in
Fig. 5 A as determined by qRT-PCR. The mean of two independent experiments (n = 4 per experiment). (B) Position of the C. elegans genotyping primers (N-del
F1, N-del R1, and Inner R1) for verifying the knockout allele (red arrows); exons in green and UTRs in yellow. (C) Representative PCR results from genotyping
single animals for lpd-3 N-Δ candidates. Two primers (two flanking primers N-del F1 and N-del R1 located outside the deleted region) were used to genotype for
candidate lpd-3(av254) deletion animals. A homozygous deletion (−/−) was indicated by a 403-bp amplicon, which was amplified by N-del F1 and N-del R1. In
WT (+/+), the PCR product amplified by N-del F1 and the inner primer Inner-R1 is 556 bp. In heterogenous animals (+/−), both amplicons will be amplified.
(D) Homozygous lpd-3 N-Δ animals were confirmed by Sanger sequencing, which has a “STOP-IN cassette” (red lines) after start codon. (E) DIC microscopy
revealed that deformed gonads and germlines were frequently observed in lpd-3 N-Δ animals. Bars = 20 µm. (F) FLAER staining of four-cell–stage C. elegans
embryos fromWT and lpd-3 N-Δ animals. The nuclei were stained with DAPI. Red arrows indicate cleavage furrows. Bars = 10 µm. Source data are available for
this figure: SourceData FS3.
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Video 1. Structure of S. cerevisiae Vps13 generated with RoseTTAFold and ChimeraX: β-sheets (blue), α-helices (red), and coil (green). The movie
shows rotation around the longitudinal axis. Frame rate = 5 frames per second.

Video 2. Structure of S. cerevisiae Atg2 generated with RoseTTAFold and ChimeraX: β-sheets (blue), α-helices (red), and coil (green). The movie
shows rotation around the longitudinal axis. Frame rate = 5 frames per second.

Video 3. Structure of S. cerevisiae Csf1 generated with RoseTTAFold and ChimeraX: β-sheets (blue), α-helices (red), and coil (green). Themovie shows
rotation around the longitudinal axis. Frame rate = 5 frames per second.

Video 4. Structure of S. cerevisiae Fmp27 generated with RoseTTAFold and ChimeraX: β-sheets (blue), α-helices (red), and coil (green). The movie
shows rotation around the longitudinal axis. Frame rate = 5 frames per second.

Video 5. Structure of S. cerevisiae Hob2 generated with RoseTTAFold and ChimeraX: β-sheets (blue), α-helices (red), and coil (green). The movie
shows rotation around the longitudinal axis. Frame rate = 5 frames per second.

Provided online is one table. Table S1 lists the S. cerevisiae strains used in this study.
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