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ABSTRACT Type IV P-type ATPases (P4-ATPases) are lipid flippases that generate an asym-
metric membrane organization essential for cell viability. The five budding yeast P4-ATPases
traffic between the Golgi complex, plasma membrane, and endosomes but how they are
recycled from the endolysosomal system to the Golgi complex is poorly understood. In
this study, we find that P4-ATPase endosomal recycling is primarily driven by the retromer
complex and the F-box protein Rcy1. Defects in P4-ATPase recycling result in their mislo-
calization to the vacuole and a substantial loss of membrane asymmetry. The P4-ATPases
contain multiple predicted retromer sorting signals, and the characterization of these sig-
nals in Dnf1 and Dnf2 led to the identification of a novel retromer-dependent signal, IPM[ST]
that acts redundantly with predicted motifs. Together, these results emphasize the impor-
tance of endosomal recycling for the functional localization of P4-ATPases and membrane
organization.

SIGNIFICANCE STATEMENT

� P4-ATPase intracellular trafficking is critical for establishing cell membrane asymmetry; how-
ever, their recycling from the endolysosomal system to the Golgi is complex and poorly un-
derstood.

� Using Saccharomyces cerevisiae, the authors found that the retromer complex is the primary
driver of P4-ATPase recycling out of the endolysosomal system and further characterized a
novel retromer-dependent sorting signal, IPM[TS]. In addition, P4-ATPase mislocalization in
retromer mutants causes significant changes in membrane organization.

� As both P4-ATPase and retromer deficiency are linked to human neurological disease, their
role in membrane organization may be a key factor in neurodegeneration.
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INTRODUCTION
The function of each membrane-bound organelle in eukaryotic
cells is determined by their unique protein and lipid composition.
Most of the protein and lipid content for organelles within the se-
cretory and endocytic pathways is initially synthesized at the endo-
plasmic reticulum (ER), and newly synthesized membrane proteins
rely on vesicular transport mechanisms for delivery to their final
destinations (Bonifacino and Glick, 2004; Burd and Cullen, 2014).
During lipid synthesis, the rapid and energy-independent flip-flop
of lipids in the ER membrane allows for the balanced growth of
both leaflets (Bishop and Bell, 1988). The lipids can then be de-
livered by both vesicular and nonvesicular transport mechanisms
to all other cellular membranes. A critical aspect of both mem-
brane biogenesis and protein trafficking in the endomembrane sys-
tem is the generation of membrane asymmetry between the two
leaflets of the Golgi and plasma membrane, which is driven by
the lipid flippases in the type IV P-type ATPase (P4-ATPase) fam-
ily (Sebastian et al., 2012; Roland and Graham, 2016; Best et al.,
2019).

The P4-ATPases harness ATP hydrolysis to transport lipid sub-
strates from the exofacial to the cytofacial leaflet of the membrane
against the prevailing concentration gradient. There are five mem-
bers of the P4-ATPase family in Saccharomyces cerevisiae, Neo1,
Drs2, Dnf1, Dnf2, and Dnf3, each with its own lipid substrate speci-
ficity and subcellular localization. With the exception of Neo1, the
P4-ATPases form a functional complex with a respective β-subunit,
necessary for exit out of the ER (Saito et al., 2004). Drs2, Neo1, and
Dnf3 are primarily localized to the Golgi complex while a significant
fraction of Dnf1 and Dnf2 localize to the plasma membrane (Hua
et al., 2002; Hua and Graham, 2003; Natarajan et al., 2004). The
Golgi P4-ATPases all appear to transport phosphatidylserine (PS)
and phosphatidylethanolamine (PE) to concentrate these phospho-
lipids in the cytosolic leaflet, and this asymmetric organization is
maintained as the membrane moves from the Golgi to the plasma
membrane (Natarajan et al., 2004; Alder-Baerens et al., 2006; Zhou
and Graham, 2009; Frøsig et al., 2020). Dnf1 and Dnf2 transport PE
and phosphatidylcholine (PC) such that the combined action of all
of the P4-ATPases results in plasma membrane asymmetry char-
acterized by enrichment of PS, PE, and PC in the cytosolic leaflet
and glycosphingolipids in the extracellular leaflet (Kato et al., 2002;
Pomorski et al., 2003; Iyoshi et al., 2014; Roland et al., 2019). At
varying points in time, all these flippases pass through the endo-
somal system as part of their trafficking itinerary; therefore, they
must be recycled out of endosomes back to their primary site of
localization. Except for Neo1 (Wu et al., 2016; Dalton et al., 2017),
the pathways and sorting signals used to recycle P4-ATPases have
not been characterized.

Recycling out of the endosomal system is highly dynamic,
and many coated carriers are involved in removing cargo from
endosome-lysosomal organelles and directing them back to the
Golgi (Burd and Cullen, 2014; Best et al., 2020; Suzuki et al.,
2021). In budding yeast, the recycling pathways for endosome-to-
Golgi trafficking of most cargoes are mediated by one or more of
Rcy1, Snx4, and Retromer (Figure 1A). Retromer is composed of a
trimeric cargo recognition complex formed by the Vps26, Vps29,
and Vps35 subunits, which associates with the auxiliary, membrane
interacting sorting nexins, Vps5-Vps17 heterodimers, or Snx3 ho-
modimers. Retromer also forms a complex with Atg18, which is im-
portant for vacuolar fragmentation induced by hyperosmotic stress
(Krick et al., 2008; Courtellemont et al., 2022; Marquardt et al.,
2023). Retromer can identify a range of cargo through its interac-
tion with several cargo sorting motifs; notable ones include �-φ-

L/M/V, �-x-x-L/M/V, �-E-(F/L), or FxFxD consensus sequences (�,
aromatic; φ, hydrophobic) (Cooper and Stevens, 1996; Voos and
Stevens, 1998; Finnigan et al., 2012; Fjorback et al., 2012; Bean
et al., 2017; Suzuki et al., 2019). The first retromer cargo discov-
ered was Vps10 in budding yeast and over 150 cargos are currently
known to depend on retromer sorting within the mammalian endo-
somal system (Seaman et al., 1997; Burd and Cullen, 2014). Neo1
contains a FEM motif (a variant of �-E-(F/L)) and is a known Snx3-
retromer cargo (Wu et al., 2016; Dalton et al., 2017). The second
endosomal recycling pathway in yeast is mediated by two distinct
heterodimers containing Snx4, Snx4-Atg20, and Snx4-Snx42, that
function to recycle cargos such as Snc1 and Atg27 out of the endo-
somes back to the Golgi and can also help initiate the autophagic
cytoplasm-to-vacuole targeting pathway (Dalton et al., 2017; Ma et
al., 2018). These Snx4 heterodimers have been shown to function
redundantly with retromer for multiple cargoes, including the Atg9
scramblase (Hettema et al., 2003; Ravussin et al., 2021). Further-
more, Snx4 may play a role in removing cargo from the vacuole
membrane for delivery to endosomes, where retromer can then
mediate delivery to the Golgi (Suzuki and Emr, 2018). Another re-
cycling pathway of interest is mediated by Rcy1, an F-box protein
that facilitates the ubiquitin and COPI-dependent recycling of a v-
SNARE, Snc1, from the endosomal system back to the Golgi (Chen
et al., 2005; Furuta et al., 2007; Hanamatsu et al., 2014; Xu et al.,
2017; Date et al., 2022). In addition to Snc1, the pheromone re-
ceptors Ste2 and Ste3, and nutrient transporters Mup1 and Tat2
are among the few cargoes known to require Rcy1 for their local-
ization (Lewis et al., 2000; Wiederkehr et al., 2000; MacDonald and
Piper, 2017). The Rcy1, Snx4, and retromer pathways all appear to
function independently and in parallel to each other for endosome
→ Golgi transport (Best et al., 2020).

Translocation of lipid substrates by P4-ATPases induces bend-
ing of the membrane into the cytosol, which can facilitate vesi-
cle budding for trafficking pathways departing the Golgi and/or
endosomal compartments. Neo1 is required for COPI-dependent
Golgi to ER transport and the ability of Snx3-retromer to sort other
cargoes from endosomes (Hua and Graham, 2003; Dalton et al.,
2017). Similarly, the metazoan orthologue of Neo1, ATP9A, is re-
quired for SNX3-retromer function in recycling Wntless, and there-
fore impacts Wnt signaling (McGough et al., 2018). Drs2 and the
Dnf1 P4-ATPases act redundantly to facilitate protein sorting by
AP-3 or GGA/clathrin, and loss of Drs2 alone is sufficient to dis-
rupt AP-1/clathrin function in yeast cells (Hua et al., 2002; Liu et
al., 2008). Along with initiating membrane curvature, PS translo-
cation to the cytosolic leaflet can create a negatively charged mi-
croenvironment for effector recruitment (Xu et al., 2013; Lee et al.,
2015; Matsudaira et al., 2017). Furthermore, flippases not only act
as a driver for transport but can be cargos for those same path-
ways; in the case of Drs2, loss of AP-1/clathrin increases the rate
of Drs2 transport to the plasma membrane. Various groups have
suggested that AP-1/clathrin carries cargo in both the anterograde
and retrograde pathways between Golgi and endosomes, and po-
tentially in intra-Golgi retrograde trafficking (Valdivia et al., 2002;
Ha et al., 2003; Liu et al., 2008; Casler et al., 2022). Thus, the func-
tion of AP-1 in yeast remains somewhat enigmatic and its role in
trafficking P4-ATPases other than Drs2 has not been defined.

Here we untangle the complexity of endosomal recycling
pathways used to sort the P4-ATPases Neo1, Drs2, Dnf1, and
Dnf2, all requiring retromer. We show that Rcy1 contributes to
Drs2, Dnf1, and Dnf2 recycling, while Snx4 plays a minor role
in Dnf1 recycling. We also discover a novel retromer-dependent
sorting signal in Dnf1 and Dnf2, and the requirement for multiple
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FIGURE 1: Dnf1 is primarily recycled by retromer while Rcy1 and Snx4 significantly contribute to its trafficking. (A) A
model of yeast endosome to Golgi retrograde trafficking. (B) Localization of GFP-Dnf1 in retrograde mutants. Orange
arrowheads point to GFP-Dnf1 localization at the vacuole limiting membrane. (C) Quantification via Manders’ coefficient
of the proportion of GFP-Dnf1 colocalized with FM4-64 (vacuole limiting membrane). For all quantification, data from
∼60 cells from three independent experiments were obtained and analyzed. Comparisons calculated via a one-way
ANOVA followed by a Tukey’s post hoc test. Colors represent comparison to WT, pairwise comparisons shown with
brackets and asterisk. P < 0.01 is ** (orange) and P<0.0001 is **** (green). Error bars represent SD. Scale bars: 5 AAm.

cargo sorting motifs to localize the flippases properly. Finally, we
show that defects in P4-ATPase recycling led to their mislocal-
ization to the vacuole and cause a loss of PE and PS membrane
asymmetry.

RESULTS
P4-ATPases primarily use retromer for recycling
To test the routes used for P4-ATPase trafficking, we observed
the localization of GFP or monomeric NeonGreen (mNG) tagged
Dnf1, Dnf2, Drs2, and Neo1 in strains with deletions of major
components of the Rcy1, Snx4, AP-1 and retromer pathways.
In addition, we examined how drs2� influences trafficking of
the other P4-ATPases as drs2� disrupts the trafficking of cargos
sorted by AP-1 and Rcy1 (Hua et al., 2002; Liu et al., 2008). We
found that loss of Rcy1 or Vps35, a major component of retromer,
led to mislocalization of GFP-Dnf1 to the vacuole as seen by the
circular ring marked by vacuolar dye FM4-64 (Figure 1, B and C).
Meanwhile, the loss of Snx4 led to significant mislocalization of
GFP-Dnf1 but to a lesser extent compared with loss of Rcy1 and
Vps35. GFP-Dnf1 was slightly mislocalized to the vacuole of drs2�,
while apl4� (AP-1 γ -subunit) had no effect on Dnf1 localization
(Figure 1; Supplemental Figure S1). Combined loss of these three
pathways in the rcy1�snx4�vp35� mutant caused the greatest
extent of Dnf1 mislocalization to the vacuole (∼60%), congruent

with the notion that Dnf1 uses multiple different routes for recy-
cling. Looking further into retromer’s role in Dnf1 recycling, single
mutations of SNX-BAR retromer components Vps5 and Vps17
yielded equivalent mislocalization to the vacuole as vps35� while
loss of Snx3, another SNX-BAR protein, had a minor effect on
Dnf1 localization (Supplemental Figure S1). Thus, Dnf1 appears to
use retromer complexes with the Vps5-Vps17 heterodimers more
frequently than retromer with Snx3 homodimers for recycling.
Additionally, we quantified changes in Dnf1 localization with
respect to the plasma membrane (PM) marker Ras2. We found
that the large cell-to-cell variability in Dnf1 PM localization made
this assay less sensitive for detecting Dnf1 trafficking defects than
measuring colocalization with FM4-64 at the vacuole. Nonethe-
less, we found no loss in Dnf1 PM localization for snx4�, and the
rcy1� strain displayed a small, but still significant decrease in PM
localization. Consistently, strains harboring retromer mutations or
retromer-Rcy1-Snx4 mutations showed the greatest loss of Dnf1
PM localization (Supplemental Figure S2). Together, these results
indicate that Dnf1 is primarily recycled by retromer, but Rcy1 and
Snx4 can significantly contribute to its trafficking.

For Dnf2-mNG, we found that rcy1� or vps35� deletions led to
partial mislocalization to the vacuole but snx4�, drs2�, or apl4�
deletions did not (Figure 2, A and B; Supplemental Figure S3).
Loss of both Rcy1 and retromer in the rcy1�vps35� double mu-
tant resulted in 45% mislocalization to the vacuole, which was
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FIGURE 2: Retromer and Rcy1 contribute to Dnf2 recycling out of endosomes. (A) Localization of Dnf2-mNG in
retrograde mutants. Orange arrowheads point to the localization of Dnf2-mNG to the vacuole limiting membrane. (B)
Quantification via Manders’ coefficient of the proportion of Dnf2-mNG colocalized with FM4-64 (vacuole limiting
membrane). For all quantification, data from ∼60 cells from three independent experiments were obtained and
analyzed. Comparisons were calculated via a one-way ANOVA followed by Tukey’s post hoc test. Colors represent
comparison to WT, and pairwise comparisons are shown with brackets and asterisks. Nonsignificant is NS (blue) and P <
0.0001 is **** (green). Error bars represent SD. Scale bars: 5 AAm.

significantly higher than the single mutants (20% for rcy1� and 30%
for vps35�), suggesting that both pathways are used together to
recycle Dnf2 (Figure 2B). Curiously, Dnf2-mNG was highly concen-
trated in one or two spots on the limiting membrane of the vacuole
that stained with FM4-64 in rcy1� cells, consistent with a prevac-
uolar compartment localization. Loss of either one of the retromer
SNX or SNX-BAR components, Snx3 or Vps17, led to mislocaliza-
tion of Dnf2 to the vacuole, further supporting the crucial role of
retromer in localizing Dnf2 (Supplemental Figure S3). In addition,
rcy1� or vps35� deletions reduced Dnf2 localization to the PM
(Supplemental Figure S4). Interestingly, deletion of Snx3 or Vps17
did not cause a reduction in PM localization, even though a signif-
icant percentage of Dnf2 was mislocalized to the vacuole in these
cells. The rcy1�vps35� and snx4�vps35� double mutants both
showed loss of PM localization of Dnf2, consistent with its substan-
tial mislocalization to the vacuole (Supplemental Figure S3 and S4).
Thus, both retromer complexes and Rcy1 contribute to Dnf2 recy-
cling.

We next examined Drs2 and Neo1, two Golgi localized flip-
pases, and found the localization of Drs2 is also dependent on
retromer as the vps35� deletion led to vacuolar localization
(Figure 3). Similar to Dnf2, rcy1� caused a minor degree of Drs2
vacuolar mislocalization and snx4� was not significantly different
from wild-type (WT). A significant percentage of Drs2 was mislocal-
ized in the rcy1�vps35� and snx4�vps35� double mutants and
the rcy1�snx4�vps35� triple mutant showed increased mislocal-
ization relative to vps35� (Supplemental Figure S5). The individ-
ual loss of any of the SNX or SNX-BAR proteins did not lead to
vacuolar mislocalization of Drs2. Consistent with previous findings,
mNG-Neo1 is solely dependent on retromer for recycling as no

mislocalization was observed in either the rcy1� or snx4� strains
(Supplemental Figure S6).

AP-1 suppresses Dnf1 mislocalization in rcy1�snx4�

mutant backgrounds
For loss of AP-1, it was surprising that the rcy1�snx4�apl4� triple
mutant did not mislocalize Dnf1 to the vacuole even though the
rcy1�snx4� double mutant showed significant Dnf1 mislocaliza-
tion (Figure 4A; Supplemental Figure S1). This result suggested
that loss of AP-1 suppressed the rcy1�snx4� trafficking defect.
To further test this possibility, we performed a complementation
test by introducing the WT APL4 to the rcy1�snx4�apl4� back-
ground, which restored GFP-Dnf1 mislocalization to the vacuole
(Figure 4, A and B). This result suggests that AP-1 promotes an-
terograde delivery of Dnf1 from the Golgi to endosomes, thereby
placing a greater demand on the recycling pathways to prevent
vacuolar mislocalization.

Loss of flippase carrier pathways leads to disruption of PE
and PS plasma membrane asymmetry
To test whether disrupting P4-ATPase trafficking in the endoso-
mal system causes changes to plasma membrane organization,
the retrograde pathway mutants were subjected to duramycin and
papuamide A (Pap A) toxin treatment. Duramycin binds to inap-
propriately exposed PE in the extracellular leaflet of the PM and
creates a pore to disrupt the cell’s membrane potential and cause
cell death (Aoki et al., 1994). Single deletions of rcy1� and vps35�
were hypersensitive to duramycin relative to WT cells, indicating
a loss of PE asymmetry (Figure 5, A and B). Double and triple
deletions, including either rcy1� or vps35�, led to even greater
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FIGURE 3: Retromer plays a major role in Drs2 recycling with a minor contribution from Rcy1. (A) Localization of
GFP-Drs2 in retrograde mutants. Orange arrowheads point to GFP-Drs2 localization at the vacuole limiting membrane.
(B) Quantification via Manders’ coefficient of the proportion of GFP-Drs2 colocalized with FM4-64 (vacuole limiting
memebrane). For all quantification, data from ∼45 cells from three independent experiments were obtained and
analyzed. Comparisons were calculated via a one-way ANOVA followed by Tukey’s post hoc test. Colors represent
comparison to WT, and pairwise comparisons are shown with brackets and asterisks. Nonsignificant is NS (blue) and P <
0.0001 is **** (green). Error bars represent SD. Scale bars: 5 AAm.

sensitivity. For example, the growth of the rcy1�vps35� dou-
ble mutant was inhibited at even 2.5 AAM duramycin, whereas
WT was inhibited at 40 AAM (Figure 5B). Pap A binds to inap-
propriately exposed PS on the PM and forms pores that disrupt
membrane integrity, causing cell death (Parsons et al., 2006). The
rcy1� single mutant shows significant sensitivity to 1.5 AAg/ml
Pap A compared with WT, and the rcy1�vps35� double mutant
was sensitive to 0.5 AAg/ml where WT is inhibited at 4.5 AAg/ml
(Figure 5C). Previous work from our lab shows that loss of Neo1
temperature sensitive alleles are hypersensitive to both Pap A
(IC50 2.5–3.5 AAg/ml) and duramycin (10–20 AAM) at both per-
missive and nonpermissive temperatures (Takar et al., 2016). Dele-
tion of Drs2 has been reported to have hypersensitivity to both
Pap A (IC50 2.5–3.5 AAg/ml) and duramycin (IC50 30–40 AAM).

These results show that loss of Rcy1 and retromer greatly dis-
rupts PM asymmetry for both PE and PS, consistent with the ob-
servations that these two pathways are important for P4-ATPase
localization.

The N-terminal tail of Dnf1 contains two FXFXD retromer
motifs
The retromer requirement for Dnf1, Dnf2, and Drs2 localization
suggests that these proteins are likely to contain sorting signals
recognized by retromer. Using consensus motifs for known
retromer recognition, the Pattern Matching software in the Saccha-
romyces Genome Database was used to identify any of these mo-
tifs within the cytosolic regions of the flippases. We found two po-
tential motifs within the N-terminal tail (NT) of Dnf1 and 1 potential

FIGURE 4: AP-1 deletion suppresses Dnf1 mislocalization in rcy1�snx4� mutant backgrounds. (A) Localization of
GFP-Dnf1 in rcy1�snx4� and rcy1�snx4�apl4� strains expressing WT APL4 or an empty vector (EV). Orange
arrowheads point to vacuole limiting membrane GFP-Drs2 localization. Purple arrow points to colocalized dot that is a
defect of our microscope. (B) Quantification via Manders’ coefficient of the proportion of GFP-Dnf1 colocalized with
FM4-64 (vacuole limiting membrane). For all quantification, data from ∼45 cells from three independent experiments
were obtained and analyzed. Comparisons were calculated via a one-way ANOVA followed by Tukey’s post hoc test.
Pairwise comparisons are shown with brackets and asterisks. P < 0.0001 is ****. Error bars represent SD. Scale bars: 5
AAm.
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FIGURE 5: Loss of retromer and Rcy1 leads to disruption of PE and
PS plasma membrane asymmetry. (A and B) The blue heat maps
display duramycin dose responses at (A) 10 AAM interval
concentration range and (B) a smaller 2.5 AAM interval range in the
growth of yeast strains indicated. (C) The pink heat map displays Pap
A dose responses at selected concentrations. The data represent
growth relative to corresponding yeast strains in the absence of
drug. The average of three replicates is plotted and statistical
differences of each strain compared with WT at each concentration
were calculated with a mixed-effect analysis followed by a Dunnett’s
post hoc test. P < 0.05 is *, P < 0.01 is **, P < 0.001 is ***.

motif in the NT of Dnf2 (Figure 6A). Drs2 contained five potential
motifs in the NT, three in a cytosolic region preceding TM3, four
motifs between TM6 and TM7, and three potential motifs within
the C-terminal tail (CT). The known FEM motif on Neo1 was re-
vealed in the search while no motifs were found in Dnf3 (Figure 6A).
Finally, pattern matching of conserved motifs within the β-subunits
of the flippases revealed a �-φ-L/M/V motif at the start of the CT of
Lem3, which would not likely serve as a motif due to its membrane
proximity (Supplemental Figure S7). Additionally, for Cdc50, pat-
tern matching revealed a potential �-x-x-L/M/V motif within the
CT, which could serve as a retromer motif (Supplemental Figure
S7).

We tested the capacity of the identified motifs in Dnf1 or Dnf2
to be retromer-dependent sorting signals by fusing the NT of the
flippase proteins to a known retromer cargo, Ste13, lacking its sort-
ing signal (GFP-Dnf1-Ste13, GFP-Dnf2-Ste13; Figure 6B). Ste13 is
known to cycle between the multivesicular body (MVB) and TGN
and contains an FxFxD sorting motif within the cytoplasmic NT.
Loss of the NT of Ste13 (S13�NT) and the sorting motif, leads to
vacuolar localization due to loss of retromer recognition (Figure 6,
C and D) (Nothwehr et al., 2000). The GFP-Dnf1-Ste13 fusion pro-
tein showed a punctate localization pattern in WT cells equivalent
to that of Ste13 and was mislocalized to the vacuole in vps35�
cells, confirming the presence of a retromer-dependent sorting sig-
nal in the Dnf1 NT (Figure 6, C and D). However, the GFP-Dnf2-
Ste13 fusion protein localized to the vacuole in WT cells, indicat-
ing the 210-YNL-212 sequence in the NT of Dnf2 is unlikely to be
a retromer sorting motif.

To directly test the 20-FQFED-24 and 69-FTFND-73 motifs
found in Dnf1, we created alanine mutations of the motif in the
GFP-Dnf1-Ste13 construct (Figure 7A). Only the phenylalanines
(F20 = F1, F22 = F2, F69 = F3, F71 = F4) were mutated be-
cause these residues were shown to be critical for Ste13 sorting
by retromer (Nothwehr et al., 1993). Single mutations of F2, F3, or
F4 led to the mislocalization of the Dnf1-Ste13 fusion protein to
the vacuole (Figure 7, B and C). The F2F3 and F2F4 double mutants
both showed equivalent mislocalization to the vacuole as the single
mutants. This shows that both the FQFED and FTFND are retromer-
dependent sorting motifs, but these motifs did not appear to be
redundant as single mutations were sufficient to disrupt the local-
ization of the fusion protein. We next tested whether the FQFED
and FTFND motifs are necessary for localization by mutating these
motifs in the context of full-length Dnf1. The single mutations of F2,
F3, and F4 did not alter the localization of Dnf1 nor did the double
mutations F2F3 and F2F4 (Figure 7D). These results either indicate
that FQFED and FTFND are not recognized by retromer in the con-
text of the full-length protein or that additional retromer motifs are
present in Dnf1.

The CTs of Dnf1 and Dnf2 contain a novel
retromer-dependent signal
The Dnf1 and Dnf2 CT lacked any known retromer motifs. There-
fore, we tested for the presence of a novel motif by creating fusion
proteins between the known retromer cargo Vps10 and the full-
length CTs (100%CT) of both Dnf1 and Dnf2 (Figure 8A). Vps10
is a vacuolar hydrolase sorting receptor that localizes to the MVB
and TGN as it delivers its cargo and gets recycled back (Figure
8B; Seaman et al., 1997). Vps10 contains two retromer motifs
FGEIRL and YSSL (Cooper and Stevens, 1996; Suzuki et al., 2019)
in the CT of the receptor and loss of the CT (Vps10�CT) leads
to vacuolar localization (Figure 8B). The Vps10-Dnf1-100%CT-GFP
and Vps10-Dnf2-100%CT-GFP fusion proteins displayed punctate
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FIGURE 6: The NT of Dnf1 contains a retromer sorting motif while the Dnf2 NT lacks a recycling signal. (A) Topology of
the P4-ATPases with results from the retromer motif pattern matching searches for all the flippases. Dnf3 does not
contain any predicted motifs. Bright green labels each transmembrane domain. Other domains are labeled as indicated.
(B) Schematic of the Ste13 and the flippase-Ste13 fusion proteins. Orange is Ste13 components, blue signifies the
known retromer motif, and white represents flippase components. (C) Localization of GFP-Ste13, GFP-Ste13�NT, and
GFP-flippase-Ste13�NT fusion proteins in WT and vps35� backgrounds. (D) Quantification via Manders’ coefficient of
the proportion of GFP-tagged cargo colocalized to FM4-64 (vacuole limiting memebrane). For all quantification, data
from ∼30 cells from three independent experiments were obtained and analyzed. Comparisons calculated via a
one-way ANOVA followed by Tukey’s post hoc test. Colors represent a comparison to WT. P < 0.05 is * (purple) and P <
0.0001 is **** (green). Error bars represent SD. Scale bars: 5 AAm.

localization in WT cells and vacuolar localization in vps35�, indi-
cating that retromer can recognize the CT of both Dnf1 and Dnf2
(Figure 8, C–F). To narrow down where the motif is found within
the 179/178 amino acid CT of Dnf1/Dnf2, we created stepwise
truncations from the C-terminus, thereby reducing the full-length
CT by 25% with each truncation (Figure 8A; see Supplemental Ta-
ble S2 for the Dnf1 and Dnf2 amino acid numbers present in each
construct). We found that both the Vps10-Dnf1-50%CT-GFP and
the Vps10-Dnf1-75%CT-GFP showed normal MVB/TGN localiza-
tion while the Vps10-Dnf1-25%CT-GFP fusion protein had vacuolar
localization (Figure 8, C and D). Similarly, the Vps10-Dnf2 truncated
constructs showed the same pattern (Figure 8, E and F). The full-
length and truncated fusion proteins displayed a minor mislocaliza-
tion to the lumen of the vacuole; therefore, we quantified colocal-
ization of the fusion constructs with the luminal marker CMAC. The
pattern of construct mislocalization to the vacuole was consistent
between the CMAC and FM4-64 colocalization data (Supplemental
Figure S8). These results indicated that the 25–50% interval of the
CT for both proteins contains a retromer-dependent sorting signal.

An alignment of the 25–50% interval from both Dnf1 and
Dnf2 revealed a conserved 1468/1510-VTEEIPM[TS]-1475/1517
sequence (Figure 9A; Dnf1/Dnf2 locations, respectively). To test
this VTEEIPM[TS] sequence, we created alanine mutations of the
TEE and IPM[TS] in the Vps10-Dnf1 and Vps10-Dnf2 fusion pro-
teins. The mutation of TEE>AAA in Vps10-Dnf1 and Vps10-Dnf2
did not cause mislocalization of either protein to the limiting mem-

brane or lumen of the vacuole, indicating the TEE is not a retromer-
dependent sorting signal (Figure 9B; Supplemental Figure S8). In
contrast, the mutation of IPM[TS]>AAAA led to mislocalization of
both fusion proteins to the vacuole, implying that the IPM[TS] is a
novel retromer-dependent sorting signal (Figure 9C; Supplemental
Figure S8). We further tested which amino acids may play a key role
in retromer-dependent sorting by mutating each amino acid to ala-
nine. We found that the Vps10-Dnf1 I1472A and M1474A mutants
showed partial mislocalization to the limiting membrane and lumen
of the vacuole, demonstrating an important role of these residues
(Figure 9D; Supplemental Figure S9). Additionally, the M1517A
mutation in the Vps10-Dnf2 protein caused slight mislocalization to
the limiting membrane and lumen of the vacuole, also implying an
important role in the interaction (Figure 9E; Supplemental Figure
S9). We next tested the requirement for the IPMT motif in the sort-
ing of full-length Dnf1. Mutations of IPMT>AAAA in Dnf1 did not
affect the localization of the protein, presumably because retromer
was still able to bind to the two N-terminal motifs (Figure 9F).

Dnf1 uses three retromer sorting motifs for proper
localization
To test whether both the NT and CT motifs contributed to Dnf1
sorting, we created various combinations of each FQFED (F1F2),
FTFND (F3F4), and IPMT motif mutation in the full-length Dnf1. We
found that the FQFED and IPMT combination of mutations did not
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FIGURE 7: Mutation of FQFED and FTFND motifs disrupts retromer-dependent recycling of GFP-Dnf1-Ste13 but not
GFP-Dnf1. (A) Schematic of the GFP-Dnf1-Ste13 fusion protein with pink labeling FQFED and FTFND motifs. Each
phenylalanine is numbered and F>A corresponds to single alanine substitutions as indicated. (B) Localization of
GFP-Dnf1-Ste13 fusion protein mutants. (C) Quantification via Manders’ coefficient of the proportion of
GFP-Dnf1-Ste13 mutants colocalized with FM4-64 (vacuole limiting membrane). (D) Schematic of GFP-Dnf1 protein with
noted FQFED and FTFND motifs in pink. (E) Localization of GFP-Dnf1 with phenylalanine mutations. (F) Quantification
via Manders’ coefficient of the proportion of GFP-Dnf1 mutants colocalized to FM4-64 (vacuole limiting membrane). For
all quantification, data from ∼30 cells from three independent experiments were obtained and analyzed. Comparisons
were calculated via a one-way ANOVA followed by Tukey’s post hoc test. Colors represent comparisons to WT.
Nonsignificant is NS (blue) and P < 0.0001 is **** (green). Error bars represent SD. Scale bars: 5 AAm.

mislocalize Dnf1 to the vacuole while the combination of FTFND
and IPMT mutations did (Figure 10, B and C). Mutation of the
FQFED, FTFND, and IPMT motifs caused further mislocalization
of Dnf1 to the vacuole, greater than that of the double mutant
(Figure 10, B and C). This result suggests that both the NT and
CT of Dnf1 and all three retromer-dependent signals contribute
to Dnf1 recycling (Supplemental Figure S10). Furthermore, the
FQFED, FTFND, and IPMT mutant motifs expressed in vps35�
showed equivalent mislocalization to the triple mutant in the WT
background (Figure 10C). Thus, there does not appear to be
any more retromer-dependent signals in Dnf1, and the predicted
signal in the Lem3 CT does not appear to be used.

DISCUSSION
In this study, we describe the endosomal recycling pathways trav-
eled by four of the five of the P4-ATPases in S. cerevisiae, mod-
eled in Figure 10D. We show that Dnf1, Dnf2, Drs2, and Neo1 all
require retromer for normal localization to the Golgi and/or plasma

membrane. The Rcy1 pathway contributes significantly to Dnf1,
Dnf2, and Drs2 recycling, while only Dnf1 was missorted in cells
lacking Snx4. The observation that several P4-ATPases use multi-
ple modes of recycling indicates that as the flippase cargos move
through the endocytic pathway, there are many opportunities for
incorporation into a carrier for delivery to the Golgi. However, it
should be noted that the rcy1�snx4�vps35� triple mutant does
not completely mislocalize any of the P4-ATPases to the vacuole.
This could be due to a slow movement of these cargos into the en-
dosomal system relative to proteins like Vps10, or that additional
trafficking pathways are operating to recycle the P4-ATPases. One
unexplored endosomal recycling pathway is mediated by the PX-
BAR protein Mvp1, which recycles Vps55 and Nhx1 out of the mul-
tivesicular body (Suzuki et al., 2021). Further studies will be needed
to investigate any potential role Mvp1 has on P4-ATPase localiza-
tion. However, it is clear that retromer plays the dominant role in re-
trieving P4-ATPases from endosomes; therefore, these cargos must
have retromer-dependent sorting signals.
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FIGURE 8: The CTs of Dnf1 and Dnf2 contain a retromer sorting motif. (A) Schematic of Vps10-GFP and
Vps10�CT-GFP. The Dnf1/Dnf2 topology is show as well as the Vps10-Dnf1/2-GFP fusion proteins with either 100%,
75%, 50%, or 25% truncations from the C-terminal side. Purple is the Vps10 component, blue indicates known retromer
motifs, and white represents flippase components. (B) Localization of Vps10-GFP and Vps10�CT-GFP in WT and
vps35�. (C and D) Localization and quantification of Vps10-Dnf1-GFP and listed truncations. (E and F) Localization and
quantification of Vps10-Dnf2-GFP and listed truncations. For all quantification, data from ∼45 cells from three
independent experiments were obtained and analyzed. Comparisons were calculated via a one-way ANOVA followed
by Tukey’s post hoc test. Pairwise comparisons are shown with brackets and asterisks. P < 0.0001 is ****. Error bars
represent SD. Scale bars: 5 AAm.

We found a large number of potential retromer-dependent sort-
ing signals in the P4-ATPases and discovered that IPM[TS] is a novel
retromer-dependent sorting motif in the CT of Dnf1 and Dnf2. For
other known retromer-dependent signals, large aromatic amino
acids (FYW), charged amino acids (DE), and hydrophobic amino
acids (ILMV) can all be included where the aromatic and hydropho-
bic residues are typically required. The IPM[TS] motif contains a
pair of hydrophobic residues important for function (I and M) but
lacks a bulky aromatic residue present in all other retromer motifs.
The conserved proline is an unusual amino acid to be present as
it would constrain the flexibility of the peptide, but a proline to
alanine substitution did not disrupt its function. Strochlic and Burd
(2007) identified a retromer-dependent sorting signal in the CT of
Frt1, which was mapped to a nine amino acid region. This Ftr1 re-
gion contains an LPFT sequence that is similar to the IPM[TS] signal

in Dnf1 and Dnf2, suggesting that the novel retromer-dependent
signal could be defined as [IL]P[MF][TS]. However, further studies
are needed to determine whether the Ftr1 LPFT sequence is re-
quired for its retromer-dependent sorting and to determine the full
range of amino acid sequences that comprise this sorting signal.

Along with the newly discovered CT motif, Dnf1 also contains
two NT FxFxD motifs. Unexpectedly, the FQFED and FTFND motifs
are not redundant with each other in the context of GFP-Dnf1-
Ste13 as single mutations caused mislocalization of the fusion pro-
tein. However, in full-length Dnf1, triple mutation of both FXFXD
motifs and the IPM[TS] is required for the greatest extent of vacuo-
lar mislocalization, equivalent to what is observed for WT Dnf1 in
vps35� cells. The FXFXD and IPM[TS] motifs are in unstructured
regions of Dnf1 and Dnf2 based on available cryoEM structures and
AlphaFold predictions (Supplemental Figure S10) (Bai et al., 2020;
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FIGURE 9: The CTs of Dnf1 and Dnf2 contain a novel IPM[TS] retromer-dependent sorting motif. (A) Sequence
alignment of the 25–50% interval for the Dnf1 CT and Dnf2 CT. (B) Construct used for mutation of potential sorting
signals with IPM[TS] motif indicated in orange. (C–F) Localization and quantification of Vps10-Dnf1-GFP (C,D) and
Vps10-Dnf2-GFP (E,F) alanine mutation variants in WT cells. (G) Position of IPMT in the Dnf1 construct is indicated in
orange. (H and I) Localization and quantification of GFP-Dnf1 CT mutant. Mutation of IPMT to AAAA does not cause
Dnf1 mislocalization to the vacuole. For all quantification, data from ∼30 cells from three independent experiments
were obtained and analyzed. Comparisons were calculated via a one-way ANOVA followed by Tukey’s post hoc test.
Colors represent comparisons to WT. Nonsignificant is NS (blue) and P <0. 0001 is **** (green). Error bars represent SD.
Scale bars: 5 AAm.
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FIGURE 10: Dnf1 uses three retromer sorting motifs for endosomal recycling. (A) Dnf1 diagram with the positions of
FXFXD motifs (pink) and IPMT (orange) indicated. (B and C) Localization and quantification of GFP-Dnf1 NT and CT
mutations. Double and triple mutations of retromer motifs in Dnf1 cause vacuolar mislocalization. Purple arrow points
to colocalized dot that is a defect of our microscope. (D) Final model for recycling pathways traveled by Dnf1 (Blue),
Dnf2 (Green), Drs2 (Maroon), and Neo1 (Yellow). Dashed arrow indicated uncertainty. EE – early endosome, LE – late
endosome, MVB – multivesicular body. For all quantification, data from ∼30 cells from three independent experiments
were obtained and analyzed. Comparisons were calculated via a one-way ANOVA followed by Tukey’s post hoc test.
Colors represent comparisons to WT. Nonsignificant is NS (blue) and P < 0.0001 is **** (green). Error bars represent SD.
Scale bars: 5 AAm.

Jumper et al., 2021; Varadi et al., 2022) (AlphaFold Database:
P32660 and Q3MRI3). Thus, mutations in these sequences are un-
likely to perturb the folding or catalytic function of the P4-ATPase.
Consistently, the Dnf1 mutants exit the ER efficiently, indicating
that they can fold properly and form heterodimers with Lem3,
their noncatalytic β-subunit. Dnf1 is the only retromer cargo we
are aware of with functionally defined retromer-dependent sorting
signals in both a C-terminal and N-terminal cytosolic tails (Supple-
mental Figure S10). This could speak to the importance of shuttling
Dnf1 to its correct location, similar to Drs2 and its large number of
predicted motifs. Lem3 also contains a potential retromer sorting
motif, although it is very close to the transmembrane segment and
does not appear to contribute to Dnf1-Lem3 sorting. Furthermore,
Cdc50 appears to contain a classical retromer motif, but further
testing will need to be performed to confirm this.

In budding yeast, the core retromer complex (Vps35-Vps29-
Vps26) appears to interact with Snx3 homodimers or Vps5-17 het-
erodimers in a mutually exclusive manner (Simonetti and Cullen,
2018; Kovtun et al., 2018). Both Snx3-Snx3 and Vps5-Vps17 dimers
contain the PI3P-binding PX domain allowing for membrane sens-
ing, while Vps5 and Vps17 both contain a BAR domain capable of
bending the membrane. While some cargoes can use either Snx3-
retromer or Vps5/17-retromer (Voos and Stevens, 1998; Hettema
et al., 2003), some distinct cargoes, such as Ste13 and Neo1, ap-
pear to be solely recognized by Snx3-retromer (Strochlic et al.,
2007; Dalton et al., 2017). Ste13 has an FXFXD motif recognized by
Snx3-retromer, comparable to the two motifs in the Dnf1 NT. Sim-
ilarly, Ftr1 contains the [IL]P[MF][TS] and primarily relies on Snx3-
retromer for recycling (Strochlic et al., 2007). However, Dnf1 shows
strong mislocalization when Vps5 or Vps17 is deleted, and only
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slight mislocalization with the loss of Snx3. Thus, it is likely that
Vps5/17-retromer recognition of the N- and C-terminal signals is
primarily used to traffic Dnf1. How cargos are distinguished by
Vps5/17-retromer and Snx3-retromer remains unclear. However,
the stage of endosome maturation may play a more prominent
role than the specific sorting signals in determining which retromer
complex is used for recycling. The loss of either Snx3 or Vps17
leads to the mislocalization of Dnf2, further complicating the rela-
tionship between the sorting signals and the sorting nexins. Drs2
has 15 potential retromer-dependent localization signals and lo-
calizes normally in either snx3�, vps5�, or vps17� individual mu-
tants. Thus, it appears that retromer can use any one of the sorting
nexin complexes to sort Drs2 efficiently. Drs2 could also potentially
use Atg18-retromer for sorting, but further studies are needed to
parse out the role of Atg18-Retromer in Drs2 trafficking (Krick et
al., 2008; Courtellemont et al., 2022; Marquardt et al., 2023). It is
still unknown whether the sorting nexins are able to directly identify
and select for cargo. There is structural evidence for Snx3 interact-
ing with the cargo once the Vps26-Vps35-Vps29 trimer has been
recruited, while it is thought the trimer core in Vps5/17-retromer
selects the cargo (Lucas et al., 2016; Tu and Seaman, 2021).

The AP-1 clathrin adaptor does not appear to play a role in the
retrograde transport of P4-ATPases from endosomes. We found
no evidence that AP-1 deficiency caused mislocalization of any
P4-ATPase to the vacuole. We have previously shown that AP-1
mutants substantially enhance the rate of Drs2 transport from the
Golgi to the plasma membrane, but Drs2 is rapidly endocytosed
and efficiently recycled back to the Sec7-marked late Golgi com-
partment in the absence of AP-1. We proposed that AP-1/clathrin
vesicles containing Drs2 were either targeted to an early endosome
(anterograde function) or to earlier Golgi compartments (intra-
Golgi retrograde function) (Liu et al., 2008). More recent studies
also suggested that AP-1 mediates intra-Golgi retrograde transport
of Drs2 (Casler et al., 2019, 2022). Here, we show that vacuolar mis-
localization of Dnf1 and Dnf2 observed in rcy1�snx4� double mu-
tant is strongly suppressed in the rcy1�snx4�apl4� triple mutant.
Readdition of APL4 to the triple mutant restored the Dnf1 vacuolar
mislocalization phenotype. This result suggests that Dnf1 and Dnf2
are also cargoes of AP-1/Clathrin vesicles targeted to endosomes
and the presence of AP-1 increases the flux of these proteins into
the endosomes (Figure 10D), thereby placing a greater demand
on endosome to Golgi recycling pathways to prevent mislocaliza-
tion to the vacuole. If AP-1 mediates intra-Golgi retrograde trans-
port of Dnf1 and Dnf2, one would expect that the absence of AP-1
would increase flux into endosomes leading to increased vacuolar
localization in rcy1�snx4�apl4� cells, but the opposite result was
observed. Therefore, we suggest that AP-1 primarily mediates P4-
ATPase transport from the Golgi to endosomes. These results also
suggest a more complex trafficking itinerary for Dnf1 and Dnf2 than
we expected. Rather than a single Golgi → plasma membrane →
endosome → Golgi cycle, some fraction of these proteins appears
to cycle between the Golgi and endosomes without necessarily
trafficking to the plasma membrane.

An important discovery culminating from this work is the exten-
sive involvement of the Rcy1 pathway for trafficking the P4-ATPases
(Figure 10D). We previously found that Rcy1 functions with Drs2
and COPI in the ubiquitin-dependent recycling of a SNARE protein
(Xu et al., 2017; Best et al., 2020). The primary function of Rcy1 in
this pathway appears to be the activation of Drs2 (Hanamatsu et al.,
2014). Rcy1 binds to the autoinhibitory C-terminus of Drs2 along
with phosphatidylinositol-4-phosphate and the ArfGEF Gea2, and
these interactions activate Drs2 to promote the development of

membrane curvature and a negatively charged cytosolic leaflet
(Chantalat et al., 2004; Natarajan et al., 2009; Xu et al., 2013).
Here, we show that Drs2, Dnf1, and Dnf2 are partially mislocal-
ized in rcy1� cells, but it was surprising that drs2� mutants did
not show the same degree of Dnf1 or Dnf2 mislocalization as was
observed in rcy1�. However, loss of Drs2 not only disrupts traf-
ficking in the Rcy1 pathway but also the AP-1/clathrin pathway. As
described above, disruption of AP-1 suppresses rcy1�snx4� traf-
ficking defects and similarly, we suggest that loss of Drs2 reduces
flux of Dnf1 and Dnf2 into the endosomes, thus allowing retromer
to more effectively handle the traffic in the absence of Drs2/Rcy1
function. Dnf2 localization in rcy1� is interesting because it is con-
centrated at the prevacuolar compartment rather than dispersed
throughout the vacuole limiting membrane. This may be attributed
to Rcy1 playing an important role in the fusion of the prevacuolar
compartment to the vacuole, or may suggest that Snx4 is capable
of retrieving Dnf2 from the vacuole limiting membrane in this strain
and delivering it to the prevacuolar membrane. Neither Dnf1 or
Drs2 displays significant localization to the prevacuolar compart-
ment in rcy1�, arguing against a general defect in fusion of this
compartment with the vacuole, and suggesting that Dnf2 has a sig-
nal that allows its retrieval from the vacuole limiting membrane. In
contrast, Neo1 appears to solely use retromer as a mode of endo-
somal recycling.

A functional consequence of P4-ATPase mislocalization in endo-
somal recycling mutants is the loss of the plasma membrane asym-
metry and susceptibility to pore-forming toxins that target exposed
PS and PE. The observation that the rcy1� mutant is more sensi-
tive to these toxins than retromer mutants is likely because Rcy1 is
an allosteric regulator of Drs2 flippase activity. The rcy1� vps35�
double mutant is extremely sensitive to pap A and duramycin in-
dicating a substantial loss of PS and PE asymmetry, consistent with
the more severe P4-ATPase trafficking defect in this mutant. Mem-
brane asymmetry in mammalian cells is tightly regulated and used
to signal whether cells are living or dying. During apoptosis, ac-
tivated caspases inactivate PS flippases and turn on a phospho-
lipid scramblase (Xkr8) to allow exposure of PS in the outer leaflet
(Segawa and Nagata, 2015; Nagata et al., 2016; Sakuragi and Na-
gata, 2023). The exposed PS is an “eat me” signal that promotes
recognition and phagocytosis of the cell corpses. Inappropriate ex-
posure of PS on the surface of living, nonapoptotic cells can lead to
their removal by phagocytosis and this process is thought to under-
lie the severe neurological and immunological diseases associated
with P4-ATPase deficiency (Siggs et al., 2011; Onat et al., 2012;
Segawa et al., 2021; Meng et al., 2023). If mammalian P4-ATPases
display the same dependency on retromer for their functional local-
ization as the yeast P4-ATPases, cells deficient for retromer would
expose PS and could potentially be subject to nonapoptotic cell
clearance. Retromer deficiency is linked to both Parkinson’s and
Alzheimer’s diseases (Small et al., 2005; Vilariño-Güell et al., 2011;
Zimprich et al., 2011; Lane et al., 2012), and it will be an impor-
tant line of study moving forward to determine whether pertur-
bation of neuronal membrane organization contributes to disease
progression.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Yeast strains and manipulation
The S. cerevisiae strains used in this study are listed in Supplemen-
tal Table S1. Standard protocols were used for yeast manipulation
(Sherman, 2002). Cells were cultured at 30°C to mid-log phase in
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YPD medium or SMD medium supplemented with appropriate nu-
trients. Yeast transformations were performed using the standard
LiAc-PEG method (Gietz and Schiestl, 2007). Genomic tagging was
performed using the Longtine method (Longtine, 1998).

Plasmid construction
The plasmids used in this study are listed in Supplemental Table
S2 and many have been described previously (Sikorski and Hieter,
1989; Chen et al., 2006; Liu et al., 2007; Baldridge and Graham,
2012; Suzuki et al., 2019; Jain et al., 2020). pRS416-mNG-Neo1
was created via PCR amplification of NEO1 ORF (nucleotide 1–
3456 of ORF) with XhoI and ClaI restriction sites added, then re-
striction digestion and ligation into the pRS416-ADH-mNG plas-
mid. Unless otherwise specified, the remainder of the constructs
were generated via Gibson assembly (New England BioLabs). All
primers used for Gibson assemblies ensured a 45 bp sequence
overlap between each vector end and the ends of the inserts.
pRS416-GFP-Ste13 was constructed using primers for the Ste13
ORF (fragment) and pRS416-PRC1promGFP (pGO-GFP; Stefan
et al., 2002). The forward primer started amplification at Met1 of
Ste13 and the reverse primer ended at Leu931. The fragment was
inserted 10 codons downstream of GFP to N-terminally tag Ste13.
pRS416-GFP-�NTSte13 was created by amplifying all of pRS416-
GFP-Ste13 except the sequences encoding the NT, followed by
blunt end ligation (NEB). pRS416-GFP-�NTSte13 primers were
made for the GFP-Ste13 linker upstream of Met1 in Ste13 and
downstream of Lys117, approximately where the transmembrane
domain begins. pRS416-GFP-Dnf1-Ste13 was constructed using
primers for the Dnf1 NT (Ser2-Asp216 in GFP-Dnf1 plasmid) and
inserted into GFP-�NTSte13 directly upstream of Lys117. pRS416-
GFP-Dnf2-Ste13 was constructed using primers for the Dnf2 NT
(Ser2-Glu252 in pRS313-Dnf2) and GFP-�NTSte13 directly up-
stream of Lys117. pRS416-Vps10-Dnf1-GFP was constructed us-
ing primers for the Dnf1 CT (Arg1392-Asp1570 in GFP-Dnf1 plas-
mid) and Vps10�CT-GFP directly downstream of Gly1416. Primers
for Dnf1 CT 25%, 50%, and 75% truncations for fragment posi-
tions as follow Arg1392-Thr1437, Arg1392-Gly1482, and Arg1392-
Ser1525, respectively. pRS416-Vps10-Dnf2-GFP was constructed
using primers for the Dnf2 CT (Phe1437-Arg1612 in 313-Dnf2
plasmid) and Vps10�CT-GFP directly downstream of Gly1416.
Primers for Dnf2 CT 25%, 50%, and 75% truncations for frag-
ment positions as follow Phe1437-Asp1481, Phe1437-Ser1525,
Phe1437-Arg1569, respectively. All alanine mutations were created
via Quick-Change Mutagenesis using Pfu Turbo (Agilent). Primers
all have 15 bp homology flanking the alanine codon (i.e., 33 bp for
single amino acid replacement).

Pattern matching search for retromer sorting motifs
The Pattern Matching software in the Saccharomyces Genome
Database was used to search common yeast and mammalian
retromer consensus sequences including: �-φ-L/M/V, �-φ-φ-
L/M/V, �-E-F/L/M, FxFxD, φ-x-N-x-x-Y/F, N-x-x-Y; as well as varia-
tions of unique retromer signals such as FGEIRL (Vps10), and WKY
(Stv1). Only cytoplasmic regions that are not within functional do-
mains were searched for potential retromer sorting motifs.

Fluorescent microscopy and image analysis
To visualize fluorescent proteins within the yeast, protocols were
followed as described previously (Jimenez et. al., 2023). For de-
termining the retrograde pathways traveled by Dnf1, Dnf2, Drs2,
and Neo1, three biological replicates were performed with a to-
tal of ∼60 cells (20 cells per replicate) analyzed for colocalization

with either vacuole limiting membrane marker FM4-64, vacuole lu-
minal marker CMAC or plasma membrane marker Ras2-mCh. For
determining the localization of flippase-reporter fusion proteins,
three biological replicates for a total of ∼30 cells (10 cells per repli-
cate) were analyzed for colocalization with FM4-64 or CMAC. Colo-
calization was determined through Manders’ colocalization using
Coloc2 in FIJI (Fiji Is Just ImageJ). Statistical analysis consisted of
one-way ANOVA and Tukey’s post hoc tests for multiple compar-
isons using GraphPad Prism v9. P-values of less than 0.05, 0.01,
0.001, and 0.0001 were used to show statistically significant differ-
ences and are represented with *(purple), **(orange), ***(yellow)
or ****(green), respectively. P-values greater than 0.05 are repre-
sented by N.S. (blue).

Duramycin and Pap A sensitivity assay
For the toxin sensitivity assays, mid-log phase cells were diluted to
0.1 OD600 in fresh YPD media and 100 AAl of cells were distributed
into each well of a 96-well plate. Duramycin (Sigma-Aldrich) and
Pap A (a gift from Raymond Anderson from the University of British
Columbia) was dissolved in DMSO and diluted to the desired con-
centration with fresh YPD medium. A total of 100 AAl of toxin was
added to each well of the 96-well plate. Toxin dilutions were cal-
culated to the final concentrations based on a total volume of 200
AAl/well. Plates were incubated at 30°C for 20 h. The OD600 for
each well was measured using the Multimode Plate Reader Syn-
ergy HT (Biotek). Growth relative to vehicle control (only DMSO)
was used as 100% growth. All values are an average of at least
three biological replicates. Statistical analysis was determined us-
ing a mixed-effects analysis with significant matching (P<0.0002)
followed by a Dunnett’s post hoc test using GraphPad Prism v9.
P-values of less than 0.05, 0.01, and 0.001 were used to show sta-
tistically significant differences and are represented with *, **, or
***, respectively.

Structural prediction and modeling
Models of S. cerevisiae Dnf1-Lem3 were generated using Al-
phaFold 3 using the Google DeepMind server (Abramson et al.,
2024). The top ranked model was visualized using UCSF ChimeraX
(Goddard et al., 2018; Pettersen et al., 2021).

Data availability statement
The data underlying the figures are available in the published arti-
cle and its online supplemental material. All analysis, original files,
and reagents are available from the corresponding author upon
reasonable request.
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