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Abstract

Multisubunit Tethering Complexes (MTCs) are a set of conserved protein complexes that tether transported vesicles at the acceptor membrane. Interac-

tions with other components of the trafficking machinery regulate MTCs through mechanisms that are just partially understood. Here we systematically

investigate the interactome that regulates the function of MTCs. We found that P4-ATPases, a family of lipid transporters involved in the biogenesis of

vesicles, interact with MTCs that participate in the anterograde and retrograde transport at the Golgi, such as TRAPPIIL. We used the lipid flippase Drs2

as a model to investigate the mechanism and biological relevance of such interplay during the transport of Atg9 vesicles. Binding to the N-terminal tail

of Drs2 stabilizes TRAPPIII on membrane compartments loaded with Atg9 and it is required for the delivery of Atg9 during selective autophagy, a role

that is independent of previously reported functions of the P4-ATPase. This mechanism relies on the I(S/R)TTK motif nested in the N-terminal tail

cavity of Drs2, a motif that is required for the interaction with MTCs.

Multisubunit Tethering Complexes (MTCs) are a group of protein com-
plexes essential for vesicle transport. MTCs mediate the tethering of the
vesicle to the acceptor membrane through long-range interactions that
precede vesicle fusion and cargo delivery at the destination of the
transport pathway'”. Eight MTCs have been described in yeast, all
conserved in humans®. The conserved oligomeric Golgi (COG) complex
is a heterooctamer involved in intra-Golgi retrograde transport®. Dsll,
with three subunits, is responsible for tethering COPI vesicles derived
from the Golgi to the endoplasmic reticulum (ER)’. The class C core
vacuole/endosome tethering (CORVET) complex and the homotypic
fusion and vacuole protein sorting (HOPS) complex share a common
core of four subunits and they have two additional specific subunits each.
Both complexes act at the endosomal/vacuolar pathway where CORVET
tethers vesicles at early endosomes and HOPS functions in late endo-
somes and the vacuole®. The Golgi-associated retrograde protein (GARP)
complex is a heterotetramer that tethers vesicles derived from endosomes
to the trans-Golgi network (TGN)’. The exocyst is a heterooctamer

responsible for tethering secretory vesicles to the plasma membrane®.

Finally, the transport protein particle (TRAPP) complexes have histori-
cally been classified as MTCs despite their major role as guanine nucleo-
tide exchange factors for Rab GTPases’. TRAPP comes in two flavors:
TRAPPII and TRAPPIIT'. Both complexes have a heterohexamer core
called TRAPPIL. TRAPPII, with four more specific subunits'', activates
Ypt31/32 to regulate intra-Golgi transport'>. TRAPPIII, with the sole
specific subunit Trs85", activates Yptl to regulate the transport of ER-
derived COPII vesicles to the Golgi'>. MTCs present similarities in their
mechanism of function. For instance, during vesicle transport MTCs
interact with other components of the trafficking machinery such as
GTPases and SNAREs'?. However, studies have been centered on the
mechanism of individual MTCs, which limited the understanding of the
molecular bases that play a general role in MTCs function.

To shed light on the molecular mechanisms that control vesicle transport,
we have systematically searched for interactions that are functionally
relevant for MTCs. Our approach combines genetic interactions and
PICT (Protein interactions from Imaging Complexes after Transloca-

tion), a method to detect interactions by live-cell imaging'*">. We found
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that MTCs involved in the anterograde and retrograde transport at the
Golgi (COG, GARP, TRAPPII and TRAPPIII) present a similar interac-
tion pattern with Type IV P-type ATPases (P4-ATPases), a family of
lipid translocases that maintain membrane lipid asymmetry by accumu-
lating phospholipids to the cytosolic leaflet. COG, GARP, TRAPPII and
TRAPIII are involved in the transport of the Autophagy-related protein 9

2021 .
" essential for selec-

(Atg9)'*'"'%1° 3 transmembrane lipid scramblase
tive autophagy. Selective autophagy is a pathway that targets the degra-
dation of cellular components in a specific manner to maintain the cell
fitness. In growing cells, Atg9 localizes at Atg9 reservoirs such as endo-
cytic compartments, the Golgi and numerous cytoplasmic vesicular
structures”. However, for the progression of selective autophagy, it is
required that Atg9 is delivered to the PAS (pre-autophagosomal struc-
ture). Atg9 transport to the PAS precedes the de novo formation of the
double membrane that engulfs the cargo of selective autophagy and that
ultimately will be internalized in the vacuole/lysosomes'®. P4-ATPases
have not been reported to participate in the transport of Atg9 or to play
any critical role in selective autophagy.

We challenged the functional relevance of the network between MTCs
and P4-ATPases by studying the role of the interaction between
TRAPPIII and Drs2 in the transport of Atg9. Drs2 is a P4-ATPase locat-
ed at the TGN and early endosomes that flips phosphatidylserine (PS)
specifically”®**. Here, we show that Drs2 is necessary for the correct
function of TRAPPIII in transporting Atg9 during selective autophagy, a
role that is independent of Drs2 reported functions. Binding to the N-
terminal tail of Drs2 stabilizes TRAPPIII on membranes loaded with
Atg9. We show that Drs2 is essential to maintain Atg9 homeostasis
through a mechanism that requires the I(S/R)TTK motif located in a
cavity of the N-terminal tail of P4-ATPases. This motif is conserved in
other flippases and is crucial to sustain the network of interactions be-

tween Drs2 and MTCs, including GARP, TRAPPII and TRAPPIIIL.

Results

Protein-protein interactions relevant for MTCs function

In an effort to thoroughly explore the space of protein interactions that
are relevant for MTCs function, we conducted a genome-wide search
based on reported genetic interactions in yeast™. Genes coding for MTCs
subunits establish 2587 genetic interactions with 1283 other genes. Based
on the probability of these genetic interactions to occur randomly, we
selected those gene products that are more likely to be functionally
linked with MTCs and that have not been shown to bind MTCs before.
Overall, we selected 470 proteins for subsequent protein-protein interac-
tion screening (Supplementary Table 1, see Methods).

We then used the PICT assay to screen protein-protein interactions

14,15

directly in living cells ™ °(Fig. la). PICT is based on the rapamycin-

induced heterodimerization of the FK506-binding protein (FKBP) and
the FKBP-rapamycin binding (FRB) domain'**. The addition of ra-
pamycin to the media induces the translocation of proteins tagged with
FRB (bait-FRB) to intracellular anchoring platforms tagged with FKBP
and RFP (anchor-FKBP-RFP). If a GFP-tagged protein (prey-GFP)
interacts with the bait-FRB, it will build-up at the anchor upon addition
of rapamycin, which can be quantified by the increment in the co-
localization of the GFP and RFP signals (see Methods). In a previous
study, we enhanced PICT sensitivity up to 200-fold by engineering yeast
cells to express anchoring platforms at the spindle pole body (Tub4-
FKBP-FRB). By tagging Tub4 with FKBP and RFP, the resulting cells
harbor one or two anchoring platforms only. Thus, even low abundant
complexes accumulate enough prey-GFP in the anchoring platforms to
be efficiently detected and quantified".

This screen identified seven proteins, all conserved in humans, which
establish eight interactions with MTCs (Figs. 1b and Ic). The COG
complex showed binding to Snc2, an exocytic SNARE known to traffic
through the Golgi*’. CORVET showed binding to Hsel, Brol, Vps45 and
Vps9, all involved in the sorting of vacuolar proteins. These interactions
provide molecular bases to the mechanism that underlies the interplay
between CORVET and the Vps9-Vps21-Vps45 module™”. We also
found that TRAPPIT and TRAPPIII bind Drs2, while GARP interacts
with Lem3. Drs2 is one of the five yeast P4-ATPases together with Dnfl,
Dnf2, Dnf3 and Neol. Except for the last one, all P4-ATPases act as
heterodimers with its B-subunit: Lem3 for Dnfl and Dnf2; Cdc50 for
Drs2; and Crfl for Dnf3***'. Thus, the screen identified three MTCs that
could bind to P4-ATPases, suggesting a general mechanism underlying
these interactions. The interaction between MTCs and P4-ATPases was
unexpected given the canonical role of P4-ATPases in early stages of
vesicle biogenesis and of MTCs in vesicle tethering at the last steps of
vesicle transport. These results prompted us to further investigate the

interplay between lipid flippases and MTCs.

The network of interactions between MTCs and P4-ATPases

To gain a more general view of the relationship between MTCs and P4-
ATPases, we expanded the study of protein-protein interactions to all
MTCs and P4-ATPases (Fig. 1d). Detected binding events define a
network with specific interaction patterns. GARP and TRAPPIII concen-
trate most of the interactions with the P4-ATPases Drs2, Dnfl and Dnf2.
Note that Dnfl and Dnf2, which show identical binding specificity with
MTCs, are also known to have redundant functions®. In addition to
GARP, TRAPII and TRAPPIII, Drs2 also interacts with COG, being the
flippase that shows the highest number of interactions with MTCs.
Overall, MTCs involved in trafficking pathways at the Golgi show
preference to bind Drs2, Dnfl and Dnf2, suggesting that binding to P4-

ATPases might be involved in the molecular mechanisms that COG,
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Fig. 1 PICT assay and protein-protein interactions relevant for MTCs function. a Illustration of the PICT assay (left). Most efficient baits used to anchor each MTC (in

parenthesis) are listed (top right) (see Supplementary Table 2). b Summary of detected protein-protein interactions. Human homologs are indicated in parenthesis. ¢ PICT

assay for the interactions between indicated pairs of proteins tagged to FRB and GFP. Representative images before and after adding rapamycin (RAP) of RFP-tagged anchor

and GFP-tagged prey are shown in the upper and middle row, respectively. Bottom row shows the merged images. White zoom in boxes, 0.9um. Scale bar, Sum. d Network

of interactions between MTCs and P4-ATPases. MTCs are represented by blue boxes and P4-ATPases by orange oval circles. Black lines show the interactions found with

PICT.

GARP, TRAPPII and TRAPPIII use to control vesicle trafficking in this
organelle. To understand better the molecular mechanism that regulates
MTCs function, we further investigated the interactions with Drs2, the
only P4-ATPase whose atomic structure was available at the time of this

33,34

study

Drs2 regulates the biogenesis of the CVT vesicle

The CVT pathway is used as a model to study selective autophagy in
yeast and it initiates with the construction of the PAS. Then, a double
membrane elongates from this structure to enwrap the precursor Apel
(prApel) aminopeptidase until the double membrane closes generating
the CVT vesicle. After fusion and internalization in the vacuole, prApel
is processed to mature Apel (mApel)***.

In cells lacking TRAPPIII subunit Trs85 (trs85A), Atg9 is not delivered
to the PAS, the biogenesis of the CVT vesicle is blocked and Apel-GFP

is accumulated in large cytosolic aggregates'”’ (Figs. 2a and 2b).

Because Drs2 is essential for cell growth below 21°C**, we first analyzed
the contribution of Drs2 in the CVT pathway at different temperatures.
While Apel processing is fully blocked in #:s85A cells grown at any of
the temperatures tested, cells lacking Drs2 (drs2A) show a progressive
inhibition of Apel maturation when decreasing the temperature. Thus,
drs2A cells process prApel near to normality at 37°C, while we could
only detect traces of mApel in cells incubated at 16 °C (Supplementary
Fig. la). We continued studying the interplay between Drs2 and
TRAPPIII at 23°C to avoid undesired effects derived from impaired cell
fitness. At this temperature, cells lacking Drs2 mature 11.5% of the
aminopeptidase (Fig. 2a). We confirmed that such levels of mApel
represent the steady-state levels of the CVT pathway in mutant cells
grown at 23°C by analyzing Apel processing in cells lacking Drs2 and
Atgl9 (i.e. specific receptor for the CVT pathway), Drs2 and Atgl7 (i.e.

specific scaffold for non-selective autophagy) and in a time course assay
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Fig. 2 Drs2 is critical for the biogenesis of the CVT vesicle. a Processing of Apel was analyzed by western blot in the indicated strains and temperatures. Below, percentage
of mApel + SD, n = 3. b Aggregation of Apel. Representative images of Apel-GFP in wild-type, trs85A and drs24 cells. BF, brightfield images. Scale bar, Spm. ¢ PICT
assay for the interaction of Trs85-FRB with Drs2-GFP or Bet5-GFP. Interaction score was normalized to the measurement at 23°C. Error bars: mean = SD, n = 3. Asterisk
indicates significant difference as determined by a two-tailed Student’s t-test (P<0.05). d Representative EM images of pep44 and pep44drs24 strains. Black squares show a
zoom-in in the vacuole. White arrowheads point to CVT bodies. e Representative CLEM images of drs24 cells. Apel-GFP (top) correlates with a membrane-free ribosome
exclusion area (middle). Black square (bottom) shows a zoom-in at the position correlating with Apel-GFP (white arrowhead).

(Supplementary Figs. 1b and 1c). Consistently with a functional relation-
ship, cells lacking either Trs85 or Drs2 accumulate similar Apel-GFP
aggregates (Fig. 2b).

PICT assay showed that, concomitantly to an exacerbation of the Drs2
role in the CVT pathway, the Drs2-TRAPPIII interaction is boosted
under colder conditions: at 23°C the Interaction score between Drs2 and
Trs85 is 24% higher than at 37°C (Fig. 2c), while no significant differ-
ence could be detected for the interaction between Trs85 and Bet5, a
subunit of TRAPPI. This observation suggests that the cell regulates the
interplay between Drs2 and TRAPPIII in response to temperature shifts.
We then used electron microscopy (EM) to study the ultrastructure of the
CVT pathway. Pep4 is a protease required for the processing of the CVT
vesicle once it is internalized in the vacuole™. While 89.3% of the pep4A
cells presented CVT bodies inside the vacuole, we could not detect any
CVT body-like structure in the vacuoles of pep4Adrs2A cells (Fig. 2d).
We then analyzed Apel-GFP aggregates in drs2A cells with Correlative
Light and Electron Microscopy (CLEM)*. 91.4% of the Apel-GFP spots
correlated with a ribosome exclusion area of amorphous shape and that

was devoid of double membrane or CVT vesicle-like structure (Fig. 2e).

Furthermore, co-localization assays show that Apel-GFP aggregates in
the cytosol of drs2A cells do not reach the vacuole (Supplementary
Video 1).

Overall, these results point to a mechanism where Drs2 is necessary for
the biogenesis of the CVT vesicle, a role that is further underscored by
the enrichment of DRS2 genetic interactions with genes coding for

proteins involved in autophagy (P = 0.002) (see Methods).

The role of Drs2 in the CVT pathway is independent from known
mechanisms

Drs2 is a lipid flippase with multiple functions in vesicle transport at the
interface of endosomes and the Golgi®?*. We used yeast genetics to
investigate the possibility that defects in the CVT pathway in drs2A cells
resulted indirectly from the perturbation of other processes regulated by
the flippase. However, Apel processing was not affected in cells lacking
Reyl (i.e., cells where the transport from early endosomes to TGN is
blocked)***", Apl4 (i.c., cells where the AP-1 pathway from TGN to
early endosomes and the exit of the high-density class of vesicles from

the TGN are blocked)***, Apl5 (i.e., cells where ALP pathway from
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Fig. 3 Drs2 role in the CVT pathway is independent from its known mechanisms. a, c-e Processing of Apel was analyzed by western blot in the indicated strains, n = 3. a

Below, percentage of mApel + SD. b Representation of the main structural features of Drs2. Each color in the top bar indicates the location of a feature in the sequence of

wild-type Drs2. Grey boxes depict transmembrane domains. Below, a summary of the mutants tested and an enlarged view of their C-terminal tail. QQ>GA and D>N muta-
tions are depicted in red. Numbers indicate the residues position in Drs2 sequence. ¢, e Cells harboring an empty plasmid and/or expressing wild-type Drs2 were used as

control. Below, mean rescue of Apel processing normalized to the rescue achieved in cells expressing wild-type Drs2 = SD. d Below, processing of Apel normalized to the

processing achieved in wild-type cells + SD.

TGN to the vacuole is blocked)* or both Ggal and Gga2 (i.e., cells
where CPY pathway from TGN to late endosomes is blocked)* (Fig. 3a).
Thus, genetic data suggest that the biogenesis of the CVT vesicle does
not involve the pathways where Drs2 has been reported to participate.
We then explored the molecular mechanism of Drs2 required for the
biogenesis of the CVT vesicle. We analyzed the rescue of Apel pro-
cessing in drs2A cells expressing different constructs of Drs2 (Fig. 3b).
All constructs were expressed under the control of DRS2 promoter.

We first targeted the PS flipping activity of Drs2, which is required for
the bidirectional transport endosome-TGN and for the exit of secretory
vesicles from the TGN***"**, While cells harboring an empty vector do
not rescue Apel processing in drs2A cells, cells expressing a mutant
unable to flip PS (drs2-GA) and cells expressing an ATPase-dead mutant
form of Drs2 (drs2-D560N) rescue either totally or partially the CVT
pathway (Fig. 3c). Cells lacking Chol, an enzyme essential for the
synthesis of PS*, show normal processing of Apel, confirming that
flipping of PS is not required for the CVT pathway (Fig. 3d).

The cytosolic C-terminal tail of the flippase is also important for the

known functions of Drs2. For instance, the Gea2 interacting motif (GIM)

is required for the Drs2-Gea2-Arll complex assembly, a mechanism
based on protein-protein interactions that regulate a number of trafficking
pathways at the TGN and endosomes™'. Adjacent to the GIM, Drs2
presents a conserved motif (CM). CM is fundamental for Drs2 function
and to bind to the cytosolic domains of Drs2 that stabilize the autoinhibi-
tory conformation’*". Drs2 has also two NPFXD motifs (hereafter
referred to as NPF motif) that constitute some of its multiple endocytosis
signals®™. However, expression of drs2-AGIM, drs2-ACM or drs2-
AGIMANPF also rescues more than 50% of Apel processing (Fig. 3e).
Thus, the mutagenesis experiments indicate that known functional motifs
of the Drs2 C-terminal tail are not essential for the role of the flippase in

the CVT pathway.

The I(S/R)TTK motif is required for the function of Drs2 in the CVT
pathway

We then investigated the cytosolic N-terminal tail of Drs2. Although P4-
ATPases present low homology in this region, multiple sequence align-
ment identified a conserved stretch of 15 amino acids (residues 198-212

in Drs2; Fig. 4a). The stretch defines a cavity of 18.8 A in depth located
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Fig. 4 The I(S/R)TTK motif is required for the assembly of the Drs2-TRAPPIII module and its function in the CVT pathway. a Representation of the 15 aminoacid (aa)
cavity (purple) in the N-terminal tail of P4-ATPases. Grey boxes depict transmembrane domains. Black dashed box shows the sequence coding for the cavity (left). Yellow
background highlights the I(S/R)TTK motif in Drs2, Dnfl and Dnf2. b The I(S/R)TTK motif in the Drs2-Cdc50 structure (PDB ID: 6ROH). Black box zooms in the cavity of
Drs2 (purple) and the I(S/R)TTK motif (yellow). Dark blue line depicts the unstructured N-terminal region. ¢ Cold-sensitive assay for the indicated strains. Cells streaked
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processing normalized to the rescue achieved in cells expressing wild-type Drs2 = SD, n = 3.

adjacent to the first transmembrane helix in the structure of Drs2 (Fig.
4b). Homology modeling suggests that all yeast P4-ATPases present the
N-terminal cavity in their structure (Supplementary Fig. 2), although the
function of this cavity is not known. We observed that the bottom of the
cavity of those P4-ATPases that bind MTCs (Dnfl, Dnf2 and Drs2) is
characterized by an I(S/R)TTK motif that is lacking in the cavity of Dnf3
and Neol (Fig. 4a).

The correlation between this structural feature and the P4-ATPases-
MTCs interaction pattern motivated us to investigate the relevance of the
I(S/R)TTK motif. We first generated cells expressing Drs2 with its
I(S/R)TTK motif substituted by five alanines (drs2-5A). The expression
of drs2-5A rescues the cold-sensitive phenotype of drs2A cells, confirm-
ing that the loss of this motif does not induce general protein unfolding
(Fig. 4c). However, the expression of drs2-5A in drs2A cells cannot
rescue Apel processing (Fig. 4d), which accumulates in large cytosolic
Apel-GFP aggregates similar to those seen in drs2A cells (Supplemen-
tary Video 2). These results prompted us to investigate the molecular

bases that control the function of the Drs2 I(S/R)TTK motif.

Drs2 I(S/R)TTK mediates proximal protein interactions with MTCs
To systematically analyze the mechanism mediated by the Drs2
I(S/R)TTK motif, we performed crosslinking-mass spectrometry (XL-
MS) immunoprecipitation experiments (see Methods). We performed a
partial crosslinking with disuccinimidyl sulfoxide (DSSO), a crosslinker
of 10.1A in length that allowed us to detect proximal peptides in cell
extracts”. Upon a GFP-specific pulldown, the comparative analysis
between the interactome of Drs2-GFP and drs2-5A-GFP identified 26
proteins that are likely to bind directly Drs2-GFP and whose binding
requires the I(S/R)TTK motif (Supplementary Fig. 3). This set of interac-
tions is enriched with proteins involved in endosomal transport (P=3.9 E-
06), Golgi vesicle transport (P=3.5 E-05) and endosome-to-Golgi
transport (P=4.9 E-08). On the other side, known protein-protein interac-
tions required for canonical Drs2 functions were not affected (e.g.,
binding to Cdc50 or Reyl). Thus, in agreement with the cold-sensitivity
rescue assay (Fig. 4c¢), the interactome data suggest that the mutation of
the I(S/R)TTK motif allows us to dissect different mechanisms con-
trolled by Drs2.

Interestingly, drs2-SA-GFP could not recapitulate the interaction with
Trs85, (the specific subunit of TRAPPIII), which was further confirmed
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by PICT (Figs. 5a and 5b). The interaction between Drs2 and Trs65,
Trs120, Trs130 (specific subunits of TRAPPII), and Vps53 (GARP) were
also destabilized upon mutation of the I(S/R)TTK motif. Thus, the in-
teractome data is in agreement with the hypothesis that the I(S/R)TTK
motif regulates the network of interactions between P4-ATPases and
MTCs, including the interaction Drs2-TRAPPIII (Fig. S5a and Supple-
mentary Fig. 3).

a b
MTCs P4-ATPases I(SIR)TTK . P=002
Dnf1 Yes 12
. 2 1
AN Dnf2 Yes E
CORVET N 2 08
=
HOPS o
Dnf3 No g 06
c
2 04
]
Drs2 Yes o1
€ 0.2
0
TRAPPIII Neo1 No Drs2  drs2-

-GFP 5A-GFP

Fig. 5. The I(S/R)TTK motif and the interaction between MTCs and P4-ATPases.
a Network of interactions between MTCs and P4-ATPases (lines) adapted from Fig
1d. XL-MS detected proximal interactions that require the I(S/R)TTK motif (thick
maroon lines). The interaction with COG could not be recapitulated with DSSO
(dashed line) b Interaction between Trs85-FRB and Drs2-GFP or drs2-5A-GFP
analyzed by PICT. The Interaction score was normalized to the measurement of the
Drs2-GFP. Error bars: mean + SD, n = 2. Asterisk indicates significant difference
as determined by a two-tailed Student’s t-test (P<0.05).

Drs2 I(S/R)TTK is fundamental for Atg9 homeostasis

In growing yeast cells, Atg9-GFP can be observed as highly mobile
puncta, the vast majority of which correspond to vesicles within the
cytoplasm®. We implemented a microscopy-based system with high-
sensitivity and high-temporal resolution to investigate the role of Drs2 in
the trafficking of Atg9 vesicles (see Methods). In agreement with other
publications™, growing wild-type cells present two populations of Atg9
puncta (Fig. 6a and Supplementary Video 3). The larger population
comprises 86% of the puncta and it is highly mobile (mean speed of 2.3
+ 0.7 nm/ms). The smaller population comprises 14% of the puncta and
it has slower mobility (mean speed of 0.7 + 0.2 nm/ms). Interestingly, in
drs2A and drs2-5A cells, the low mobility population increases up to
54% (0.6 = 0.3 nm/ms) and 50% (0.6 = 0.2 nm/ms) of the puncta, respec-
tively (Fig. 6a and Supplementary Videos 4 and 5). We could not detect
Drs2-GFP at the PAS, (Supplementary Fig. 4). Thus, vesicle tracking
demonstrates that the I(S/R)TTK motif of Drs2 plays a major role in the
trafficking of Atg9 prior to reaching the PAS, most likely in the biogene-
sis of higher mobility vesicles from lower mobility Atg9 reservoirs.

We then used live-cell imaging to investigate TRAPPIII function in cells
expressing mutated Drs2 (drs2-5A). Defects in the TRAPPIII-dependent

transport of Atg9 vesicles can be tracked as a decrease of the co-

localization between Atg9-GFP and Apel-mCherry clusters. Although
they accumulate Apel aggregates in the cytosol (Fig. 2), the presence of
Atg9-GFP at the Apel-mCherry clusters was 38.5% lower in drs2-5A
cells than in wild-type cells (Fig. 6b). The PICT assay provides a good
read-out to measure the capability of proteins to bind membranes in
situ®*. We inferred TRAPPIII association to Atg9-loaded membranes by
measuring the recruitment of Atg9-GFP to the anchoring platform when
using Trs85-FRB as bait. Indeed, the deletion of the I(S/R)TTK motif of
Drs2 results in an 84.1% inhibition of the Interaction score between
TRAPPIII and Atg9-GFP (Fig. 6¢). The residual ability of TRAPPIII to
translocate Atg9-loaded membranes to the anchoring platform and partial
delivery of Atg9 to the PAS is in agreement with the observation that the
CVT pathway remains slightly active in drs2-5A cells under our experi-
mental conditions (Fig. 4d).

PICT assay cannot resolve if the detected binding to Atg9-loaded mem-
branes results from protein-protein interactions or binding to the mem-
brane. Either way, this experiment suggests that Trs85 binding to the N-
terminal fragment of Drs2 stabilizes TRAPPIII on Atg9-loaded mem-
branes. This mechanism is further supported by the results of a competi-
tion assay, where overexpression of the Drs2 N-terminal tail, including
the I(S/R)TTK motif of Drs2 (amino acids 1-212), caused a 30% inhibi-
tion of Apel processing (Fig. 6d). Overall, these results suggest that the
assembly of the Drs2-TRAPPIII module is necessary for the normal
function of TRAPPIII in the transport of Atg9 and selective autophagy
(Fig. 6e).

Discussion

Understanding the mode of action of MTCs requires an approach dedi-
cated to compare, side-by-side, the mechanistic features of these protein
machines. Genetic interactions and the PICT assay allowed us to system-
atically explore transient and low abundant binding events relevant to the
function of MTCs. We found that MTCs localizing at the Golgi recog-
nize P4-ATPases, establishing a network of interactions with unknown
biological implications. To delve into the functional relevance and the
molecular mechanism of the interplay between MTCs and P4-ATPases,
we analyzed, in the context of Atg9 transport and the CVT pathway, the
interaction between TRAPIII and the lipid flippase Drs2.

TRAPPIII is a MTC that controls the transport of Atg9 between reser-
voirs at the endocytic structures and the Golgi. TRAPPIII is essential so
that a small fraction of Atg9 can eventually be delivered to the PAS for
the formation of the CVT vesicle. Remarkably, both TRAPPIII and Drs2
have been detected on Atg9 vesicles”. We found that under mild
(30°C) and cold (<23°C) environments, Drs2 is also required for the CVT
pathway. Which is the molecular basis of the role of Drs2 in this process

and whether this involves the interaction with TRAPPIII was not known.
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are indicated on top of the plot. b Co-localization between Atg9-GFP and Apel-mCherry in cells expressing wild-type Drs2 or drs2-5A mutant. ¢ PICT assay for the Trs85-
FRB (TRAPPIII) and Atg9-GFP interaction in cells expressing wild-type Drs2 or drs2-5A mutant. b, ¢ Values were normalized to the measurements in cells expressing wild-
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by western blot in cells overexpressing N-terminal Drs2 (1-212 aa). Below, processing of Apel normalized to the processing achieved in cells with an empty vector + SD, n =
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requires the I(S/R)TTK motif and it is neceessary for the correct biogenesis of Atg9 vesicles from Atg9 reservoirs, becoming essential to sustain the CVT pathway at low

temperatures.

Recent structural analysis of TRAPPIII showed that the Trs85 subunit
binds membranes through a positively charge amphipathic helix, an
interaction that is required for TRAPPIII function in non-selective au-
tophagy and the secretory pathway. It has also been postulated that Trs85
might be stabilized on the membrane surface through additional protein-
protein interactions that target TRAPPIII to specific compartments™*’.
The mechanism of TRAPPIII to recognize Atg9-loaded membranes
remains to be elucidated.

A possibility would be that Drs2 accumulated negatively charged PS at
the cytosolic leaflet of Atg9 compartments and that, in turn, PS stabilized

TRAPPIII through interactions with positive charges of the Trs85 amphi-

pathic helix. However, genetics showed that the role of Drs2 in the CVT
pathway is independent of previously reported mechanisms of the lipid
flippase, including lipid translocation. Electrostatic interactions between
Drs2-flipped PS and Trs85 amphipathic helix on the surface of Atg9
vesicles are not necessary for the CVT pathway as cells that cannot
synthesize PS process Apel normally (Fig. 3).

Combining genetic interactions, live-cell imaging, ultrastructure analysis
and XL-MS, we propose that binding to Drs2 stabilizes TRAPPIII on
membranes where Atg9 is embedded and we provide insight into the
mechanism that regulates the assembly of the Drs2-TRAPPIII module.
We demonstrate that the I(S/R)TTK motif is indeed required for the
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Drs2-TRAPPIII interaction and to stabilize TRAPPIII on Atg9-loaded
membranes (Fig. 5 and 6)°”. The I(S/R)TTK motif is nested at the bottom
of the cavity of Drs2 N-terminal tail, linking the first transmembrane
helix and the unstructured region of the Drs2 N-terminal®. Although the
cavity is conserved in the atomic structure of yeast and human P4-
ATPases™ % its function is not known. The presence of the
I(S/R)TTK motif in yeast Dnfl and Dnf2 and the related ISTAK motif in
the human ATP8A2, a homolog of Drs2, suggests that this structural
element is critical for the molecular mechanism of some P4-ATPases
(Supplementary Figs. 2 and 5).

Although it is possible that Trs85 directly binds the unstructured region
of the Drs2 N-terminal tail, the lack of sequence homology among the
P4-ATPases that bind MTCs, hints that this is unlikely to be a conserved
mechanism. Alternatively, TRAPPIII subunit Trs85 might bind directly
the N-terminal cavity of Drs2. However, the accessibility to this binding
pocket is sterically constrained. Recent structural analysis of human
ATP8A1 showed that the cavity is momentarily opened in the transition
between the E2P and E2Pi-PL states along the lipid translocation cycle.
During this rearrangement, the neck of the cavity switches from a close
conformation of 14.1A to an open conformation of 20.6A (Cys50-to-
Asn60)*. This allows us to speculate that the Drs2 cavity might undergo
similar conformational dynamics during the assembly of the Drs2-
TRAPPIII module, which would expose the I(S/R)TTK motif. Although
the exact amino acids that mediate the binding between Drs2 and Trs85
remain to be elucidated, the competition assay with the Drs2 N-terminal
tail underscores that the interaction between TRAPPIII and the Drs2 N-
terminus is central for the CVT pathway.

As we could not detect Drs2-GFP in the PAS, we reasoned that the Drs2-
TRAPPIII module is likely not involved in the tethering of Atg9 vesicles
at this compartment (Supplementary Fig. 4). Instead, co-localization and
vesicle tracking experiments indicate that Drs2 is critical for the release
of Atg9-loaded vesicles from the Atg9 reservoirs (Fig. 6). In fact, XL-
MS further supports this new role of Drs2, as the mutation of Drs2
I(S/R)TTK motif hinders the binding to six proteins that bind Atg9:
Trs85, Vpsl7, Pepl, Vps4S, Akrl and Vtil, the last two being compo-
nents of the Atg9 vesicle’ (Supplementary Fig. 3). The enhancement of
the Drs2-TRAPPIII module assembly in response to temperature de-
crease indicates that the interaction between Drs2 and TRAPPIII is
subjected to regulation in response to environmental cues. Noteworthy,
similar to our observations at 37°C, a former study showed that Drs2 is
dispensable for the processing of Apel at the stationary phase'®, indicat-
ing that there must be a mechanism that regulates Drs2 function accord-
ingly to the cell needs.

Our approach also provided mechanistic insight about the interplay
between Drs2 and the other MTCs. We used mutagenesis and XL-MS to
investigate the interactome that is in close proximity to Drs2. We could
not detect binding of Drs2-GFP to any subunit of the COG complex,

suggesting that Drs2 and COG do not interact directly. However, we

confirmed that, in addition to TRAPPIII, the Drs2 I(S/R)TTK motif is
required for the binding to GARP and TRAPPII, and that the three MTCs
are likely to bind the lipid flippase directly. These results indicate that the
interplay between Drs2 and MTCs is likely not limited to the action of
the Drs2-TRAPPIII module, but it might include additional mechanisms
such as the binding to TRAPPII and GARP, two MTCs that also partici-
pate in the transport of Atg9 vesicles'®"”.

MTCs, which are fundamental to sustain vesicle transport in eukaryotic
cell, base their mechanism of action on protein-protein interactions with
other components of the trafficking machinery, such as GTPases,
SNAREs and SM proteins. In this study, we reveal that biding to P4-
ATPases is also important for MTCs function, and in particular, for the
biogenesis of Atg9 vesicles. Overall, binding to P4-ATPases arises as a
critical mechanism to understand MTCs function, with implications that
likely go beyond the transport of Atg9 and selective autophagy. For
instance, the role of TRAPPIII in the secretory pathway stresses the need
to perform further studies to characterize the function of the Drs2-
TRAPPIII module in other processes, such as the transport of COPII

vesicles.

Methods

Yeast strains, plasmids and cultures

Saccharomyces cerevisiae (S. cerevisiae) strains are derivatives of
BY4741 or BY4742 backgrounds. Strains with genes coding for C-
terminal tags, deleted genes, and/or mutated alleles were generated by
homologous recombination following standard PCR strategies®. Those
strains harboring exogenous genes coded in plasmids were generated by
transformation. All Drs2 constructs were expressed from a plasmid using
the DRS2 promoter except for those plasmids in Fig. 6d, which use
GALI promoter. All strains are listed in Supplementary Tables 1-4. All
plasmids used are listed in Supplementary Table 5.

Strains used for the PICT assay express the anchor Tub4-RFP-FKBP and
harbor different combinations of baits (FRB fusions at the C-terminus)
and preys (GFP fusions at the C-terminus) (see Supplementary Tables 1,
2, 3)". Parental cells expressing the anchor Tub4-RFP-FKBP and a bait-
FRB were constructed on the OGY0307 genetic background. Parental
cells expressing the prey-GFP were constructed in the BY4741 genetic
background or obtained from the genomic C-terminal GFP fusion collec-
tion (ThermoFisher). Excluding those strains harboring plasmids that
code for Drs2-GFP and drs2-5A-GFP, the PICT experiments were done
with yeast strains constructed with the SGA approach®.

Yeast cells were grown in YPD liquid medium at 30°C and 220 rpm until
saturation (=16h). Cells harboring plasmids were grown in synthetic
minimal liquid medium lacking the amino acid of choice. In experiments
with cholA cells, the medium was supplemented with 1mM Ethanola-
mine. After reaching saturation, cells were diluted to an optical density of

ODg0p=0.2 in the medium of interest and cultured at 30°C and 220 rpm
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until they reached an early logarithmic phase (ODgg~1) (experiments
Fig. 1). Unless indicated, in the rest of experiments cells were then
incubated at 23°C or 37°C for two hours before performing the experi-

ment.

Imaging

After saturation in the YPD culture, cells were diluted and grown in Low
Flo medium (Yeast Nitrogen Base Low Fluorescence without Amino
acids, Folic Acid and Riboflavin, 2% Synthetic complete Mixture Drop-
out (lacking essential amino acids as required) and 2% glucose). When
they reached an early logarithmic phase (ODso~1), cells were attached to
Concanavalin A (0.1pg/mL)-coated glass bottom plates. When required,
10uM of rapamycin was added 20-30 minutes before imaging. Images in
Fig. 1, 2 and 5 and Supplementary Video 1 were acquired on an ScanR
(Olympus) microscope based on a IX81 stand, equipped with 100x/1.40
objective lens, an Orca-ER camera (Hamamatsu), a MT20 Xenon arc
lamp illumination system holding excitation filter and two complete
fluorescence filter cubes from AHF respectively optimized for GFP (ET
Bandpass 470/40 + Beamsplitter 500 DVXRUYV + ET Bandpass 525/50)
and RFP (ET Bandpass 545/30 + Beamsplitter 580 DVXRUV + Bright-
Line HC 617/73). Images in Fig. 6b, 6¢c and Supplementary Video 2,
were acquired on a Nikon ECLIPSE Ti2-E inverted microscope equipped
with a 100x/1.49 SR TIRF objective (Nikon), a sCMOS Zyla 4.2 Andor
camera and a SpectraX Lumencore LED system with two fluorescence
filter cubes (Semrock) optimized for GFP (LF488-C) and LED-mCherry.
For the PICT experiments shown in Fig. 1b and 1d, automated imaging
acquisition was carried out. The acquisition software (ScanR, Olympus)
was set up to detect those cells’ planes with the highest RFP signal. This
provided a focal plane that captured the highest number of anchoring
platforms in focus. Images were obtained sequentially by switching the
filter cubes. Strains were imaged in the RFP (200ms) and GFP channels
(200 and 1500ms in Fig. 1b; 200 and 1000ms in Fig. 1d) and each strain
was imaged in at least 6 fields of view. In PICT experiments in Fig. lc,
2c and 5b, for the imaging in Fig. 2b and in Supplementary Video 1 cells
were imaged using Xcellence (Olympus) as acquisition software. For the
co-localization assay in Fig. 6b, in PICT experiments in Fig. 6¢c, and in
Supplementary Video 2 cells were imaged using NIS-Elements as acqui-
sition software. In experiments in Fig. lc, 2b, 2¢, 5b, 6b and 6¢ strains
were imaged in brigthfield and in the RFP (200ms) and/or the GFP
(exposition time was optimized manually) channels. For Supplementary

Videos 3, 4 and 5, see Vesicle tracking section.

Protein interactions from Imaging Complexes after Translocation
(PICT)

PICT technique allows the quantitative characterization of protein inter-
actions in vivo. The addition of rapamycin to culture media induces FRB-

FKBP heterodimerization and translocation of the protein tagged to FRB

(bait-FRB) to anchoring platforms engineered in the cell by tagging an
anchoring molecule to RFP and FKBP (Anchor-RFP-FKBP). GFP-
tagged proteins (prey-GFP) that are bound to the bait-FRB are co-
translocated to these anchoring platforms. These changes in localization
can be subsequently quantified using dual-color live-cell imaging. Re-
cently, we increased PICT sensitivity up to 200-fold. We designed a new
anchoring platform by tagging Tub4, a component of the spindle pole
body, with RFP and FKBP (Tub4-RFP-FKBP). The resulting cells harbor
one or two anchoring platforms only. Thus, even low abundant complex-
es accumulate enough prey-GFP in each of these anchoring platforms to
be efficiently detected and quantified”. All PICT experiments were
performed in rapamycin-insensitive strains carrying the tor/-1 mutation
in the TOR1 gene and where the endogenous FPR1 gene was deleted".

Images were taken prior and after rapamycin addition.

Selection of proteins for the protein-protein interaction screen

First, we identified the bait-FRBs of each MTC that allows anchoring
more efficiently the fully assembled complex (Fig. la and Supplemen-
tary Table 2). For each MTC we generated a set of strains expressing all
possible combinations of subunits tagged to FRB and GFP. Then, we
selected the corresponding bait-FRB that showed highest Interaction
score for the other subunit of the corresponding complex.

Second, we used genetic interactions to select the prey-GFPs for the
screen. S. cerevisiae has 8 MTC complexes, each of them with a different
protein composition. Genes coding for MTC subunits (MTC Gene or
GM) interact genetically with 1283 genes (Candidate Genes or CG) in
yeast (SGD September 2013). In total, S. cerevisiae has 5820 genes.

For each Candidate and MTC Gene pair CGi-GM,;, we calculated its
pairwise interaction probability P; given by:

P; =PC;*PM;;

where PCj; is the probability that a Candidate Gene i interacts with MTC
Gene j; and PM;; is the probability that MTC Gene j interacts with Can-
didate Gene i.

When a Candidate Gene i interacts genetically with a set J of subunits of

a given MTC, we use a genetic score S;defined as

S; = l_[Pij

Jj€J

to measure the probability of measuring randomly the genetic interaction
profile with Candidate Gene i.

676 Candidate Genes with a “Genetic Interaction score” < 10° were
selected for further analysis. We then selected the corresponding 470
prey proteins that are included in the yeast C-terminally GFP-tagged
genomic collection®® and whose binding to MTC subunits had not been

described at the time of the screening (Supplementary Table 1).
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Image analysis
A custom image analysis workflow was implemented as an Imagel

(http://rsb.info.nih.gov/ij/) macro to automate operations and process

whole data sets. Essentially, this workflow aimed to estimate the co-
localization (overlap) between spots independently segmented in the
images from RFP (anchors) and GFP (preys) channels.

To exclude out of focus (or empty) images, a sharpness factor was first
computed (standard deviation of the image intensity normalized to its
mean intensity in RFP channel). The fields of view with sharpness factor
above a user defined threshold were processed by the following sequence
of operations aiming to segment bright spots: 1) smoothening, 2) back-
ground subtraction, 3) local thresholding, 4) median filtering and 5)
discard small particles below a certain area. For each experimental
condition, the functional parameters of the workflow were manually
optimized to lead to the best results.

The area of overlap between preys and anchors was then estimated by
counting the number of foreground pixels common in both segmentation
masks (logical AND operation). This area was then normalized to the
count of foreground pixels in the RFP segmentation mask (anchors area)
to lead to the fractional anchor to prey overlap F,. Next, the mean
intensity I, from the GFP channel was estimated inside the regions of
spot overlap and the weighted average of F,. I, was computed over the

whole field of view (anchors area used for weighting).

Analysis of PICT experiments

In the primary selection of positive hits (screening of Fig. 1b), a Fold
change was estimated for each condition as the ratio between the
weighted average of F,. I, after and prior to rapamycin addition (see Fold
change values in Supplementary Table 1). An arbitrary Fold change of 3
was established as potential interactions. This primary list was manually
curated and confirmed in one-to-one PICT experiments.

We defined an Interaction score as the subtraction of the weighted aver-
age of F,. I, prior to rapamycin addition from the weighted average of F,,.
1, upon rapamycin addition. In PICT experiments conducted to determine
the most efficient baits used to anchor each MTC (Fig. la and Supple-
mentary Table 2) and to evaluate the network of interactions between P4-
ATPases and MTCs (Fig. 1d and Supplementary Table 3), an arbitrary
Interaction score of 100 was established to identify positive interactions.
This primary list was manually validated. All one-to-one PICT experi-
ments (Fig. 2¢, 5b and 6¢) were done in at least two biological replicates.
For the statistical analysis, the Interaction score of one-to-one experi-
ments was normalized to the measurement of those strains expressing
wild-type Drs2 (Fig. 5b and 6c¢) or to the measurement of those strains

after two hours at 23°C (Fig. 2c).

Co-localization assays

Similar as described above, the co-localization score S, was determined
as the area of overlap between GFP and RFP channels estimated by
counting the number of foreground pixels common in both segmentation
masks (logical AND operation) over all fields of view (RFP area used for
weighting) (Fig. 6b). For the statistical analysis, the co-localization score
was estimated in cells harboring wild-type Drs2 or drs2-5A and normal-
ized to the measurement of those strains expressing wild-type Drs2.

In Supplementary Video 1 and 2, cells grown in YPD were labelled with
8uM FM4-64. Prior to imaging, cells were kept in the dark for 30
minutes to stain the vacuole. Then cells were washed twice with Low Flo
liquid medium to remove YPD and free FM4-64 before imaging. Imaris
software was used to obtain the 3D reconstruction of yeast cells imaged

with Z-stacks of 250nm step in size.

Vesicle tracking

The protocol used for the tracking of Atg9 vesicles is based on the meth-
od reported previously”. Atg9 was C-terminally fused to a 3XGFP tag.
The best focal plane was selected for imaging and 2D time-lapses were
acquired at 20 frames per second with a 488 nm laser excitation provid-
ing a power of approximately SOmW at the back aperture of the objective
lens, placed on an inverted microscope (IX71 Olympus) optimized for
oblique illumination and fast acquisition (Hamamatsu Flash4 v2 sCMOS
camera) with a 100x/1.45 objective lens. Oblique illumination reduces
background signal and the high-speed camera allows high-temporal
resolution. The axial extension of the laser inclined sheet was approxi-
mately 1.5 to 2um and the usable field of view approximately 40x40um;
images were cropped to increase acquisition speed and illumination was
kept continuous during the time-lapses. More than 290 trajectories of
GFP puncta were collected from several time-lapses for each strain.

The images were compensated for bleaching by applying the correction
method “Exponential fit” from Image] “Bleach Correction” plugin.
Individual vesicles were then identified and tracked by ImageJ Track-
Mate plugin®. The tracks were linked with “simple LAP” option, a
maximal linking distance of 5 pixels and no gap-closing allowed. Finally,
only tracks containing a minimum of 5 spots were kept to discard spuri-
ous tracks.

For each time-lapse, the average speed of the vesicles was computed
within tracks and binned to a 20bin histogram spanning from 0 to 200
nm/frame. The resulting histograms were fitted to a two-component
Gaussian mixture model (GMM). The fits were optimized by the nonlin-
ear least-squares regression (MATLAB). From these models, we esti-
mated the mean speed (and standard deviation) for both populations. The
fraction of spots belonging to each population was derived as the frac-
tional areas below each Gaussian component normalized to the area

below the fitted curve.
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Electron microscopy (EM) and Correlative Light and Electron
microscopy (CLEM)

Cells were grown as described before. High-pressure freezing, freeze-
substitution and embedding in EM and CLEM experiments were per-
formed as described in the literature®. In brief, yeast cells were pelleted
and the yeast paste was loaded into 200pum depth planchettes and high-
pressure frozen using the High Pressure Freezing Leica EM ICE. The
planchette sandwich was disassembled under liquid nitrogen prior to
freeze-substitution. Samples were freeze-substituted using a temperature-
controlling AFS2 (Leica) with an FPS robot.

EM pictures were then taken at various magnifications in a JEOL JEM
1011 electron microscope equipped with a Veleta 2k x 2k side-mounted
TEM CCD camera (Olympus).

For CLEM experiments, samples were stored protected from light after
polymerization and processed further within two days. Ultrathin sections
were cut with a diamond knife in a microtome (Leica EM UC7) and
picked up on carbon-coated 200 mesh copper grids. Fluorescent fiducial
markers, 0.02um Blue FluoSpheres (Molecular Probes) (excitation 365
nm/emission 415nm) were adhered to the section. Then, grids were
placed section-face down onto a 15ul drop of FluoSpheres for 10 min,
blotted with filter paper and washed with three drops of water with
blotting between the washing steps. To minimize bleaching, fluorescence
images were taken with an IX83 (Olympus) during the next three days.
From 2 to 5 images were taken in different focal planes for both channels
(GFP and blue fluorescent fiducials). During imaging, the positions on
the grid of the imaged areas of interest were recorded. EM pictures of
recorded positions were taken and correlated to the corresponding GFP
images. We detected Apel-GFP aggregates in 2% of the cells of our

sections (n=660).

Immunoblot analysis

In experiments of Fig. 2a, 3a, 3c, 3d, 3e and 4d cells were grown as
described before. In experiment of Fig. 6d, cells were grown overnight at
30°C in synthetic minimal liquid medium lacking Uracil and supple-
mented with 2% galactose to induce overexpression. Next morning, with
an optical density (OD) close to 0.5, cultures were left at 23°C for two
hours.

An alkaline extraction method described in Kushnirov, V, 2000% was
followed to prepare the samples for western blot analysis. The blocking
step was done with 5% milk powder in TBS-0.5% Tween 20 for one
hour at room temperature. Incubation with primary anti-Apel antibody
was done overnight at 4°C (1:4000 antibody dilution in blocking solu-
tion). Incubation with secondary anti-rabbit antibody was done for one
hour at room temperature (1:2500 antibody dilution in blocking solu-
tion).

Western Blot quantification was done with the ImageStudio™Lite soft-

ware. In the exported data, the background of the prApel and mApel

bands' signal intensities is automatically corrected from a region right
under or above the band. To calculate the % mApel, the signal intensity
of mApel multiplied by its band area was divided by the result of the
addition of the signal intensities of prApel and mApel, each one multi-
plied by its corresponding band area.

To calculate the processing of Apel and the rescue in the processing of
Apel, the % mApel for each strain was calculated and divided by the %
mApel achieved in wild-type cells.

Cross-linking and immunoprecipitation

Cells were grown as described before. 600 ODggo units of yeast cells
were washed twice with B88 buffer (19.97mM HEPES pH=6.8,
149.77mM KOAc, 250.32mM sorbitol, 4mM MgOAc). Cell lysis was
performed using Freezer/Mill® Cryogenic Grinder
(Spex®SamplePrep, model 6775). Cell powder was resuspended in 5Sml
B88 + PMSF + protein inhibitor and centrifuged at 3000rpm for 10min to
eliminate cell debris. The supernatant was taken and DSSO was added to
a final concentration of 2.5mM. After 20 minutes, 0.5M glycine was
added to stop the reaction. The mix was incubated for Smin. Triton X-
100 was added to a final concentration of 1%. The suspension was
incubated with rotation for lh at 4°C before removing the insoluble
components by 13000rpm centrifugation at 4°C during lh. For the im-
munoprecipitation, the samples were incubated for 1 h with previously
equilibrated Bab agarose beads (Chromotek) at 4°C. Then, they were
incubated with GFP-Trap_Agarose (Chromotek) overnight at 4°C. The
resin was first washed 4 times with a solution containing 8M urea, 2M
NaCl and 1% TX-100 in PBS, and it was subsequently washed 4 more
times with PBS.

The resin used in immunoprecipitation was cleaned three times with
500ul of 200mM ammonium bicarbonate and 60ul of 6M urea/200mM
ammonium bicarbonate were added. Samples were then reduced with
dithiothreitol (30nmol, 37°C, 60 min), alkylated in the dark with iodoa-
cetamide (60nmol, 25°C, 30 min) and diluted to 1M urea with 200mM
ammonium bicarbonate for trypsin digestion (1pg, 37°C, 8 h, Promega
cat# V5113).

After digestion, peptide mix was acidified with formic acid and desalted

with a MicroSpin C18 column (The Nest Group, Inc) prior to LC-
MS/MS analysis.

Chromatographic and mass spectrometric analysis

Samples were analyzed using an LTQ-Orbitrap Velos Pro mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an
EASY-nLC 1000 (Thermo Fisher Scientific (Proxeon), Odense, Den-
mark). Peptides were loaded onto the 2-cm Nano Trap column with an
inner diameter of 100um packed with C18 particles of Sum particle size
(Thermo Fisher Scientific) and were separated by reversed-phase chro-

matography using a 25-cm column with an inner diameter of 75um,
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packed with 1.9um C18 particles (Nikkyo Technos Co., Ltd. Japan).
Chromatographic gradients started at 93% buffer A and 7% buffer B with
a flow rate of 250nl/min for 5 minutes and gradually increased 65%
buffer A and 35% buffer B in 60 min. After each analysis, the column
was washed for 15 min with 10% buffer A and 90% buffer B. Buffer A:
0.1% formic acid in water. Buffer B: 0.1% formic acid in acetonitrile.
The mass spectrometer was operated in positive ionization mode with
nanospray voltage set at 2.1 kV and source temperature at 300°C. Ultra-
mark 1621 was used for external calibration of the FT mass analyzer
prior the analyses, and an internal calibration was performed using the
background polysiloxane ion signal at m/z 445.1200. The acquisition was
performed in data-dependent acquisition (DDA) mode and full MS scans
with 1 micro scans at resolution of 60,000 were used over a mass range
of m/z 350-2000 with detection in the Orbitrap. Auto gain control (AGC)
was set to 1E6, dynamic exclusion (60 seconds) and charge state filtering
disqualifying singly charged peptides was activated. In each cycle of
DDA analysis, following each survey scan, the top twenty most intense
ions with multiple charged ions above a threshold ion count of 5000 were
selected for fragmentation. Fragment ion spectra were produced via
collision-induced dissociation (CID) at normalized collision energy of
35% and they were acquired in the ion trap mass analyzer. AGC was set
to 1E4, isolation window of 2.0 m/z, an activation time of 10 ms and a
maximum injection time of 100 ms were used. All data were acquired
with Xcalibur software v2.2.

Digested bovine serum albumin (New england biolabs cat # P8108S) was
analyzed between each sample to avoid sample carryover and to assure
stability of the instrument and QCloud” has been used to control instru-

ment longitudinal performance during the project.

Mass spectrometric data Analysis

Acquired spectra were analyzed using the Proteome Discoverer software
suite (v1.4, Thermo Fisher Scientific) and the Mascot search engine
(v2.6, Matrix Science)’'. The data were searched against a S. cerevisiae
Genome database (as in November 2019, 6080 entries) plus a list”” of
common contaminants and all the corresponding decoy entries. For
peptide identification, a precursor ion mass tolerance of 7 ppm was used
for MS1 level, trypsin was chosen as enzyme and up to three missed
cleavages were allowed. The fragment ion mass tolerance was set to 0.5
Da for MS2 spectra. Oxidation of methionine and N-terminal protein
acetylation were used as variable modifications whereas carbamidometh-
ylation on cysteines was set as a fixed modification. False discovery rate
(FDR) in peptide identification was set to a maximum of 5%. PSM were
normalized by the median of Drs2 PSM.

SAINTexpress algorithm was used to score protein-protein interactions’.

Structural modeling

Protein flippases Dnfl, Dnf2, Dnf3 and Neol were modelled by using
Modeller from the HHSearch server’, using Drs2 as a template (PDB
ID: 6ROH:A). The ATP8A2 homology model was
with Modeller from the HHSearch server’®, using ATP8A1 as template
(PDB ID: 6K7N). To model Drs2 within the membrane we used the data

obtained

from the MemProtMD database’. Images were generated using

PyMOL’.

Gene Ontology enrichment analysis
The p-value (P) for the Gene Ontology enrichment was calculated using
the Hypergeometric distribution corrected by the Bonferroni method of

multiple test correction.

Data availability

Data supporting the findings of this manuscript are available from the
corresponding authors upon reasonable request. The raw proteomics data
will be deposited to the PRIDE”" repository once the manuscript is

accepted for publication.
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