
Volume 26 April 15, 2015 1509 

MBoC | ARTICLE

Control of lipid organization and actin assembly 
during clathrin-mediated endocytosis by the 
cytoplasmic tail of the rhomboid protein Rbd2
Christa L. Cortesio, Eric B. Lewellyn, and David G. Drubin
Department of Molecular  and Cell Biology, University of California, Berkeley, Berkeley, CA 94720

ABSTRACT Clathrin-mediated endocytosis (CME) is facilitated by a precisely regulated burst 
of actin assembly. PtdIns(4,5)P2 is an important signaling lipid with conserved roles in CME 
and actin assembly regulation. Rhomboid family multipass transmembrane proteins regulate 
diverse cellular processes; however, rhomboid-mediated CME regulation has not been de-
scribed. We report that yeast lacking the rhomboid protein Rbd2 exhibit accelerated endo-
cytic-site dynamics and premature actin assembly during CME through a PtdIns(4,5)P2-
dependent mechanism. Combined genetic and biochemical studies showed that the 
cytoplasmic tail of Rbd2 binds directly to PtdIns(4,5)P2 and is sufficient for Rbd2’s role in 
actin regulation. Analysis of an Rbd2 mutant with diminished PtdIns(4,5)P2-binding capacity 
indicates that this interaction is necessary for the temporal regulation of actin assembly 
during CME. The cytoplasmic tail of Rbd2 appears to modulate PtdIns(4,5)P2 distribution on 
the cell cortex. The syndapin-like F-BAR protein Bzz1 functions in a pathway with Rbd2 to 
control the timing of type 1 myosin recruitment and actin polymerization onset during CME. 
This work reveals that the previously unstudied rhomboid protein Rbd2 functions in vivo at 
the nexus of three highly conserved processes: lipid regulation, endocytic regulation, and 
cytoskeletal function.

INTRODUCTION
Clathrin-mediated endocytosis (CME) occurs through a well-defined 
series of events (Weinberg and Drubin, 2012; Merrifield and Kak-
sonen, 2014). First, endocytic coat proteins and adaptors assemble 
on the plasma membrane and capture cargo molecules. These early 
events are followed by recruitment of nucleation-promoting factors 
(NPFs) and actin-regulatory proteins, which initiate and regulate 
branched actin network assembly, respectively. A dynamic actin cy-
toskeleton is essential for plasma membrane invagination in yeast 
(Kubler and Riezman, 1993; Kaksonen et al., 2003) and facilitates 

mammalian CME (Yarar et al., 2005; Boulant et al., 2011). Forces 
generated by polymerizing actin, together with the membrane-
bending properties of BAR domain proteins, drive vesicle scission in 
yeast (Kishimoto et al., 2011).

The actin cytoskeleton plays a central role in CME, and yet the 
molecular signals and proteins responsible for NPF recruitment and 
activity regulation have yet to be identified. There are several nucle-
ation-promoting factors (NPFs) that trigger actin polymerization dur-
ing CME. The most important are the yeast WASP, Las17, and the 
type 1 myosins, Myo3 and Myo5 (Sun et al., 2006; Galletta et al., 
2008). Las17 arrives at endocytic sites with similar timing to the late 
coat proteins (Kaksonen et al., 2003) and is believed to drive initial 
Arp2/3-mediated actin polymerization. Las17 NPF activity is impor-
tant for efficient CME but is not essential due to the NPF activities of 
the type 1 myosins, Myo3 and Myo5. A burst of actin assembly oc-
curs toward the end of CME, concomitant with the arrival of the 
myosins, whose NPF activities are critical for efficient membrane in-
vagination. Loss of myosin NPF activity results in a pronounced de-
crease in productive endocytic events (Sun et al., 2006; Galletta 
et al., 2008).

Several lines of evidence indicate that the signaling lipid phos-
phatiylinositol-4,5-bisphosphate (PtdIns(4,5)P2) regulates CME and 
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the lifetimes of an actin-associated protein or later-arriving NPF 
(Sac6–red fluorescent protein [RFP] or Myo5-RFP, respectively), and 
the time interval between the arrival of either Sla1-GFP or Las17-
RFP and either Sac6-RFP or Myo5-RFP at endocytic sites to indicate 
the onset of actin polymerization in wild-type and rbd2Δ cells (Figure 
1). We observed that the late, actin-associated proteins (Sac6-RFP 
or Myo5-RFP) arrived ∼7–8 s early relative to the coat protein Sla1-
GFP and the early-arriving NPF, Las17-GFP (Figure 1). These obser-
vations suggest that initiation of actin polymerization occurs early in 
rbd2Δ cells and therefore that Rbd2 is a negative regulator of actin 
polymerization, precisely controlling initiation of actin assembly and 
myosin recruitment during CME. Despite the pronounced effect on 
the timing of actin assembly initiation, no obvious defect in endo-
cytic uptake of the lipophilic dye FM4-64 was observed in rbd2Δ 
cells (Supplemental Figure S2).

Rbd2 functions in the same pathway as type 1 myosin to 
regulate actin polymerization during CME
We hypothesized that Rbd2 might function through one of the 
NPFs, Las17 or Myo3/5, to regulate actin polymerization during 
CME. The WCA domain of Las17 and the CA domains of Myo3 and 
Myo5 function to activate Arp2/3-mediated actin polymerization. To 
test whether Rbd2 absence resulted in premature actin polymeriza-
tion through Las17 or the myosins, we created an rbd2Δ las17ΔWCA 
mutant strain and an rbd2Δ myo5ΔCA myo3Δ mutant strain in which 
Las17 or myosin NPF activity, respectively, is lost. We measured the 
lifetimes of the coat protein Sla1-GFP and the actin-associated pro-
tein Abp1-RFP and the time interval between the arrival of each 
protein at endocytic sites to indicate the onset of actin polymeriza-
tion (Figure 2).

As previously reported (Sun et al., 2006), initiation of actin po-
lymerization is delayed in las17ΔWCA cells based on an increased 
interval between the arrival of Sla1 and Abp1 (Figure 2A). Combin-
ing rbd2Δ with the las17ΔWCA mutant resulted in partial suppres-
sion of the las17ΔWCA endocytic protein lifetime phenotypes, de-
creasing the interval between Sla1 and Abp1 recruitment (Figure 
2A). These data suggest that Rbd2 and Las17 act in parallel path-
ways (Figure 2A).

Myo3 and Myo5 are very similar in sequence and are believed 
to have redundant cellular functions (Geli and Riezman, 1996; 
Goodson et al., 1996). Therefore, to test whether Rbd2 functions 
in actin polymerization through the myosins, it was necessary to 
conduct our studies in a myo3Δ background, which exhibits ap-
parently normal endocytosis. As expected, patch lifetimes were 
normal in the myo3Δ strain and shorter in rbd2Δ myo3Δ cells, as 
reflected in early initiation of actin polymerization, indicated by 
early Abp1-RFP arrival relative to Sla1-GFP arrival (Figure 2B). 
Crossing a mutant lacking the Myo5 CA domain into the myo3Δ 
background (myo5ΔCA myo3Δ) also produced severe pheno-
types, with very little patch internalization (Sun et al., 2006). We 
observed no further effects on patch lifetimes or internalization 
when rbd2Δ myo5ΔCA myo3Δ cells were examined, suggesting 
that Rbd2 functions through the same molecular pathway as the 
myosins, but not Las17, to regulate actin polymerization during 
CME (Figure 2B).

A subpopulation of Rbd2 is on or near the cell cortex
Rbd2 has five predicted transmembrane domains and a predicted 
71–amino acid cytoplasmic C-terminal tail (Figure 3A). We fused 
GFP to the C-terminus of endogenous Rbd2 and examined its dis-
tribution in cells (Figure 3A). Rbd2 was reported to reside primarily 
but not exclusively in the cis-Golgi (Losev et al., 2006). Consistently, 

the actin cytoskeleton in yeast and mammalian cells (Desrivieres 
et al., 1998; Homma et al., 1998; Yin and Janmey, 2003; Haucke, 
2005). Several endocytic proteins contain PtdIns(4,5)P2-binding do-
mains (Haucke, 2005), and PtdIns(4,5)P2 accumulates at endocytic 
sites (Huang et al., 2004; Sun et al., 2007; Fujita et al., 2009). In 
yeast, BAR and F-BAR domain–containing proteins such as Syp1, 
Bzz1, and Rvs161/167 localize to endocytic sites, cluster PtdIns(4,5)
P2 (Saarikangas et al., 2009), and can generate extremely stable 
lipid microdomains (Zhao et al., 2013). In mammalian cells, 
PtdIns(4,5)P2 depletion is associated with endocytic-site initiation 
defects (Zoncu et al., 2007; Abe et al., 2008), whereas in yeast, 
PtdIns(4,5)P2 depletion causes defects in actin organization and 
endocytic membrane invagination, with only subtle defects in site 
initiation (Sun and Drubin, 2012).

Large-scale screens in budding yeast identified several physical 
and genetic interactions between the rhomboid protein Rbd2 and 
known regulators of CME and the actin cytoskeleton: Las17, Sla1, 
Bzz1, Lsb3/4, and Rvs161 (Drees et al., 2001; Tong et al., 2002; 
Costanzo et al., 2010). Rhomboid proteins form a family of trans-
membrane (TM) proteins consisting of active proteases and catalyti-
cally inactive iRhoms (Urban and Dickey, 2011; Adrain and Freeman, 
2012). Rhomboid proteins are conserved across all three domains of 
life (Archaea, Bacteria, and Eukarya) and regulate diverse cellular 
processes, including intracellular signaling and trafficking events 
(Koonin et al., 2003). Significant advances in understanding rhom-
boid proteins biochemically have been made, and yet the cellular 
functions of several rhomboid proteins remain unknown. Further-
more, research has only scratched the surface of elucidating rhom-
boid protein regulatory mechanisms, downstream effectors, and 
functions in vivo.

Budding yeast have two rhomboid proteins, Rbd1 and Rbd2. 
Rbd1 regulates mitochondrial membrane fusion events 
(McQuibban et al., 2003), but the function of Rbd2 has remained 
elusive. In this study, we test the hypothesis that Rbd2 regulates 
actin polymerization at sites of CME. We demonstrate that through 
its cytoplasmic tail, Rbd2 regulates the timing of actin assembly at 
endocytic sites by modulating PtdIns(4,5)P2 and myosin recruit-
ment to endocytic sites. This work reveals an in vivo function in 
actin regulation during CME for a previously unstudied rhomboid 
protein.

RESULTS
Actin polymerization initiates prematurely in rbd2Δ cells
After several early endocytic proteins, including clathrin and Ede1, 
appear at endocytic sites for a variable duration, later endocytic pro-
teins such as Las17 and Sla1 arrive, and CME proceeds in a highly 
predictable and regular manner. After myosin arrival, a burst of actin 
assembly occurs and generates forces that invaginate the mem-
brane and pinch off vesicles (Weinberg and Drubin, 2012). Perturba-
tions to CME can be sensitively detected by measuring the lifetimes 
of endocytic proteins. This form of analysis is especially useful for 
detecting and quantifying effects of mutants that play regulatory 
roles in the endocytic pathway (Kaksonen et al., 2005; Weinberg 
and Drubin, 2014).

Several large-scale screens (Drees et al., 2001; Tong et al., 2002; 
Costanzo et al., 2010) identified genetic and physical interactions 
between Rbd2 and several actin-regulatory proteins involved in en-
docytosis (Supplemental Figure S1). We therefore hypothesized that 
Rbd2 may regulate actin polymerization during CME. We performed 
simultaneous two-color imaging of endocytic proteins and 
measured the lifetimes of a coat protein or an early-arriving NPF 
(Sla1–green fluorescent protein [GFP] or Las17-GFP, respectively), 
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factor attachment protein receptor RFP-Snc1, which localizes on 
the plasma membrane (Figure 3C). Rbd2-GFP plasma membrane 
association was also observed in cells exposed to the lipophilic 
dye FM4-64 to mark the plasma membrane (Figure 3D), and this 
signal was enhanced in cells in which CME was effectively blocked 
by treatment with the actin-depolymerizing drug latrunculin B 
(Figure 3D).

we observed strong colocalization with the early Golgi marker 
Anp1-RFP (Figure 3B). We also observed colocalization, albeit to a 
lesser extent, with the trans-Golgi network (TGN) marker Sec7-
mCherry (Figure 3B). Whereas Rbd2 is primarily localized to bright, 
internal puncta, a dim subpopulation localizes on or near the cell 
cortex, as illustrated by kymograph analysis of cells coexpressing 
Rbd2-GFP and the vesicle soluble N-ethylmaleimide–sensitive 

FIGURE 1: Actin initiation and myosin arrival occur prematurely in rbd2Δ cells. Simultaneous dual-color images from 
movies of live wild-type or rbd2Δ cells expressing the coat protein Sla1-GFP and the actin-associated protein Sac6-RFP 
(top), the early-arriving NPF Las17-GFP and the actin-associated protein Sac6-RFP (middle), or the early-arriving NPF 
Las17-GFP and later- arriving NPF Myo5-mCherry (bottom). Representative kymographs are shown for each. The time 
elapsed between the arrival of the early-arriving protein and arrival of the later-arriving protein (green and number 
reported ± SEM), the time of overlap between the two proteins (yellow), and the lifetime of the later protein after the 
earlier protein (red) disappears were calculated from >100 endocytic events from three independent experiments. The 
p values were calculated using Student’s t test. Scale bars, 1 μm. Time elapsed for all kymographs, 90 s.
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To investigate further whether Rbd2 as-
sociates with the cell cortex, we performed 
subcellular fractionation. Using a previously 
established protocol (Rieder and Emr, 2001), 
we conducted differential centrifugation on 
a cell lysate containing epitope-tagged 
Rbd2 to generate a 13,000 × g pellet en-
riched for vacuoles, plasma membrane, 
early Golgi, and endoplasmic reticulum (ER). 
We then performed sucrose gradient frac-
tionation to separate the dense plasma 
membrane fractions from other organelles 
(Figure 3E; Rieder and Emr, 2001). In agree-
ment with our imaging data, the majority of 
Rbd2 was found in fractions enriched for the 
organelle markers Sec61 (ER), Vps10 (Golgi), 
Pep12 (Golgi/endosome), and Pho8 (vacu-
ole), which migrated together on our gradi-
ent. However, a subpopulation of Rbd2 was 
present in fractions enriched for the plasma 
membrane marker Pma1 and not the other 
organelle markers (Figure 3E). To rule out 
low levels of organelle contamination in the 
plasma membrane fractions, we pooled the 
plasma membrane–enriched fractions in 
which Sec61, Vsp10, and Pho8 levels were 
negligible and performed a second sucrose 
gradient fractionation (Figure 3E). Analysis 
of fractions from the second fractionation 
step confirmed the presence of Rbd2 in 
fractions enriched for the plasma membrane 
protein Pma1 (Figure 3E). Together the fore-
going findings support the conclusion that a 
population of Rbd2 molecules is associated 
with the plasma membrane.

The cytoplasmic tail of Rbd2 binds 
PtdIns(4,5)P2
Several rhomboid proteins possess long 
cytoplasmic tails for which no functions 
were known; however, it was predicted 
that these cytoplasmic regions may con-
tain important trafficking signals (Sheiner 
et al., 2008). Rbd2 contains an 8-kDa cyto-
plasmic tail at its C-terminus. We ex-
pressed the cytoplasmic tail as the only 
source of Rbd2 in cells and examined its 

FIGURE 2: Early actin initiation in rbd2Δ cells requires the NPF activity of the type 1 myosins 
but not Las17. Simultaneous dual-color imaging of the coat protein Sla1-GFP and the actin-
associated protein Abp1-RFP was performed in (A) wild-type (WT), rbd2Δ, las17ΔWCA, and 

rbd2Δ las17ΔWCA cells or (B) myo3Δ, rbd2Δ 
myo3Δ, myo3Δmyo5ΔCA, and rbd2Δ myo3Δ 
myo5ΔCA cells. Representative kymographs 
are shown for each. The time elapsed 
between the arrival of Sla1 and Abp1 (green 
and number reported ± SEM), the time of 
overlap between the two proteins (yellow), 
and the lifetime of Abp1 after Sla1 (red) were 
calculated from >150 endocytic events from 
four independent experiments. One-way 
analysis of variance (ANOVA) with a Tukey 
posttest was used, with p < 0.05 considered 
significant. Scale bars, 1 μm. Time elapsed for 
all kymographs, 90 s.
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To determine whether the PtdIns(4,5)P2 puncta in rbd2Δ cells 
correspond to endocytic sites, we expressed GFP-2XPH-PLCδ in 
rbd2Δ cells expressing the actin-associated, endocytic protein Sac6-
RFP (Figure 6B). We found little or no overlap of the PtdIns(4,5)P2 
puncta with endocytic sites. Instead, the PtdIns(4,5)P2 puncta often 
appeared to localize adjacent to endocytic sites and appeared neg-
atively correlated (Figure 6B). Recent work demonstrated that eiso-
somes function in regulation of PtdIns(4,5)P2 levels on the plasma 
membrane (Frohlich et al., 2014). However, although the PtdIns(4,5)
P2 puncta in rbd2Δ cells showed limited overlap with the eisosome 
protein Pil1-mCherry, the overlap was imperfect and not convinc-
ingly significant (Figure 6B).

Previous work from our lab demonstrated that the ANTH domain 
of Sla2 binds specifically to PtdIns(4,5)P2 at endocytic sites and is 
sufficient for a partial rescue of endocytosis in an sla2Δ background 
(Sun et al., 2005, 2007). We used ANTH-GFP as an additional probe 
to visualize PtdIns(4,5)P2 specifically at sites of endocytosis in con-
trol (sla2Δ background) and rbd2Δ sla2Δ cells (Figure 6C). Although 
ANTH-GFP still appeared at endocytic sites in rbd2Δ sla2Δ cells, its 
average lifetime was decreased by almost twofold compared with 
control cells (Figure 6C), consistent with defective PtdIns(4,5)P2 reg-
ulation at endocytic sites. Of interest, expression of the Rbd2 cyto-
plasmic tail as the only source of Rbd2 caused the ANTH-GFP life-
time to be similar to that observed in the control cells (Figure 6C).

We also detected a genetic interaction between Rbd2 and the 
ANTH domain of Sla2. Cells expressing ANTH-GFP in an sla2Δ 
background exhibited temperature sensitivity at 37oC. Of interest, 
this phenotype was suppressed by rbd2Δ (Supplemental Figure 
S3A). Mutation of key lysine residues in the ANTH domain 
(4K-ANTH) was previously shown to abolish PtdIns(4,5)P2 binding 
and recruitment to endocytic sites (Sun et al., 2007). Cells express-
ing 4K-ANTH-GFP exhibit severe growth defects and temperature 
sensitivity (Supplemental Figure S3B). This phenotype could not be 
suppressed by rbd2Δ (Supplemental Figure S3B). Moreover, 4K-
ANTH-GFP rbd2Δ cell growth was slightly worse than 4K-ANTH-
GFP cell growth. This result suggests that suppression of the growth 
phenotype of ANTH-GFP cells by the rbd2Δ mutation occurs 
through a PtdIns(4,5)P2-dependent mechanism.

Budding yeast have three phosphatidylinositol 5′-phosphatases, 
known as Sjl1, Sjl2, and Sjl3 (also known as Inp51, Inp52, and Inp53, 
respectively), which participate in endocytosis and actin function 
(Singer-Kruger et al., 1998). Sjl2 localizes specifically to endocytic 
sites, and sjl2Δ cells exhibit aberrant endocytic protein lifetimes and 
abnormal actin morphology at endocytic sites due to increased 
PtdIns(4,5)P2 at endocytic sites (Stefan et al., 2005). In further sup-
port for a role for Rbd2 in regulation of PtdIns(4,5)P2 at the plasma 
membrane, we found that rbd2Δ partially suppresses the Sac6-RFP 
lifetime and morphology defects caused by the sjl2Δ mutation 
(Figure 6D). This result suggests that Rbd2 functio ns in the same 
molecular pathway as the phosphatidylinositol 5′-phosphatase Sjl2 
to regulate actin assembly.

PtdIns(4,5)P2 binding is important for Rbd2-mediated 
regulation of actin polymerization during CME
We hypothesized that PtdIns(4,5)P2 binding by Rbd2 may be impor-
tant to regulate actin assembly during CME and decided to test this 
hypothesis by introducing the W204K mutation into full-length Rbd2 
(Figure 7), since the purified W204K cytoplasmic tail is defective in 
binding to liposomes containing PtdIns(4,5)P2 (Figure 4D). Full-
length Rbd2-GFP with a W204K mutation indicated equal expres-
sion to wild-type Rbd2 (Figure 7A). Intriguingly, simultaneous dual-
color imaging indicated that initiation of actin polymerization occurs 

cellular localization. The GFP-tagged Rbd2 cytoplasmic tail ap-
peared largely cytosolic, with some enrichment on the cell cortex 
and other internal membrane structures (Figure 4A). Although 
only a minor component of plasma membrane, PtdIns(4,5)P2 has 
a critical role during CME (reviewed in Haucke, 2005). To under-
stand better the biochemical properties of the Rbd2 cytoplasmic 
tail, we purified affinity-tagged versions (Figure 4B). There are 
several hydrophobic and charged residues within the cytoplasmic 
tail that could contribute to phospholipid binding (Figure 4C). To 
determine whether the Rbd2 cytoplasmic tail binds phospholip-
ids, we used a liposome-binding flotation assay (Ling et al., 2012). 
We found that that purified Rbd2 cytoplasmic tail binds directly 
and preferentially to liposomes containing PtdIns(4,5)P2 (Figure 
4D). The Rbd2 cytoplasmic tail contains three tryptophan residues 
(Figure 4C). Tryptophan side chains can form hydrogen bonds 
with lipid head groups and interact with the lipid bilayer through 
hydrophobic interactions (Schiffer et al., 1992). We found that an 
Rbd2 mutant cytoplasmic tail (W204K) was defective in binding to 
liposomes containing PtdIns(4,5)P2 (Figure 4D). This result sug-
gests that PtdIns(4,5)P2 binding by Rbd2 is mediated by trypto-
phan 204 in the cytoplasmic tail.

Rbd2 functions in the same molecular pathway as the 
PtdIns(4,5)P2- binding F-BAR protein Bzz1 to regulate 
the actin cytoskeleton during CME
The syndapin-like, F-BAR domain–containing protein Bzz1 local-
izes to endocytic sites (Soulard et al., 2002) and positively regu-
lates actin polymerization in vivo (Arasada and Pollard, 2011) and 
in vitro (Sun et al., 2006). Bzz1 interacts genetically and physically 
with the type 1 myosins and has been implicated in the recruitment 
of the actin-polymerizing machinery (Soulard et al., 2002). Simulta-
neous dual-color imaging indicated that Bzz1 arrived ∼6 s early 
relative to the coat protein Sla1-mCherry in rbd2Δ cells (Figure 5A). 
Deletion of BZZ1 in our yeast strain has no detectable endocytic 
phenotype (Sun et al., 2006). Strikingly, a bzz1Δ mutant completely 
suppressed the endocytic-patch-lifetime phenotype observed in 
rbd2Δ cells (Figure 5B). Furthermore, a PtdIns(4,5)P2-binding mu-
tant of Bzz1, Bzz1R37E (Kishimoto et al., 2011), expressed in the 
rbd2Δ strain also suppressed the early-actin-polymerization phe-
notype (Figure 5B). Taken together, our data provide evidence that 
Rbd2 functions with Bzz1 to regulate actin through a PtdIns(4,5)
P2-dependent mechanism.

Rbd2 regulates PtdIns(4,5)P2 at endocytic sites
A critical role for PtdIns(4,5)P2 during CME is well established (re-
viewed in Haucke, 2005). In addition, altered PtdIns(4,5)P2 levels 
and/or distribution also affect actin cytoskeleton organization (Des-
rivieres et al., 1998). Given that several endocytic and actin-regula-
tory proteins bind PtdIns(4,5)P2-containing lipids or contain putative 
lipid-binding domains, which may function in their recruitment or 
activity regulation during CME, and because the cytoplasmic tail of 
Rbd2 can directly bind to PtdIns(4,5)P2, we hypothesized that the 
early actin polymerization observed in rbd2Δ cells might result from 
altered PtdIns(4,5)P2 regulation at the plasma membrane. To local-
ize membrane regions enriched in PtdIns(4,5)P2 in cells, we ex-
pressed GFP-2XPH-PLCδ in wild-type and rbd2Δ cells (Figure 6A). In 
wild-type cells, we observed a uniform distribution of GFP-2XPH-
PLCδ on the plasma membrane, similar to previous reports (Stefan 
et al., 2002; Sun and Drubin, 2012). In contrast, GFP-2XPH-PLCδ 
appeared in puncta along the plasma membrane in rbd2Δ cells, in-
dicating that PtdIns(4,5)P2 organization was dramatically altered 
(Figure 6A).
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FIGURE 3: A subset of Rbd2 molecules associates with the cell cortex. (A) Predicted Rbd2 topology based on Phobius 
(Kall et al., 2004). The putative catalytic serine is shown in red in the fourth TM segment. Right, a single frame from a 
live-cell movie of wild-type cells expressing Rbd2-GFP. (B) Single frame from live-cell movies of cells expressing 
Rbd2-GFP and the cis-Golgi protein Anp1-RFP (left) or the TGN protein Sec7-mCherry (right). White arrows point to 
areas of colocalization. (C) Single frame from a live-cell movie of a cell expressing Rbd2-GFP and RFP-Snc1. Right, 
representative kymograph. White arrows point to areas containing a dim signal of Rbd2-GFP that appears to colocalize 
with Snc1 on the cell cortex. (D) Single frames from live-cell movies of cells expressing Rbd2-GFP and incubated with 
the lipophilic dye FM4-64 after treatment with vehicle (dimethyl sulfoxide) or latrunculin B. Representative kymographs 
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Rbd2 appears to have multiple functional domains with distinct ac-
tivities. We focused our studies on activities of the cytoplasmic tail.

A single point mutation (W204K) in full-length Rbd2 that dimin-
ished the ability of Rbd2 to bind PtdIns(4,5)P2-containing mem-
branes caused an early-actin-polymerization phenotype similar to 
that observed in rbd2Δ cells. This result indicates that Rbd2-medi-
ated regulation of actin assembly during CME is likely mediated 
through effects of its cytoplasmic tail on lipid organization, specifi-
cally for PtdIns(4,5)P2. This is the first study to identify a cellular role 
for Rbd2 and implicate the cytoplasmic tail of a rhomboid protein in 
a specific biological function. Several other rhomboid proteins con-
tain cytoplasmic tails of variable length. The biological roles of these 
tails remain to be identified (Brooks and Lemieux, 2013). It has been 
proposed that these tails harbor sorting signals that direct rhomboid 
proteins to the correct cellular compartment (Sheiner et al., 2008) or 
regulate rhomboid protease activity by changing active-site acces-
sibility within the membrane bilayer (Del Rio et al., 2007).

Rbd2 functions in the same molecular pathway as myosin, 
Bzz1, and Sjl2 to regulate initiation of actin assembly 
during CME
Our data indicate that Rbd2 regulates initiation of actin assembly at 
endocytic sites through the type 1 myosins and not through yeast 
WASP. Early myosin recruitment in rbd2Δ cells might occur through 
a PtdIns(4,5)P2-dependent mechanism. PtdIns(4,5)P2 is an estab-
lished regulator of actin assembly and endocytosis from yeast to 
mammals. There is precedent for PtdIns(4,5)P2-mediated recruit-
ment of myosin to clathrin-coated structures in mammalian cells 
(Spudich et al., 2007), and the highly conserved tail homology 1 
(TH1) of long-tailed, type 1 myosins from several organisms prefer-
entially binds to acidic phospholipids such as PtdIns(4,5)P2 (Fernan-
dez-Golbano et al., 2014; reviewed in Pollard et al., 1991). PtdIns(4,5)
P2 levels and organization on the plasma membrane are regulated 
by several enzymes and PtdIns(4,5)P2- binding proteins. Two differ-
ent PtdIns(4,5)P2 probes, one general and one that specifically 
binds to PtdIns(4,5)P2 at endocytic sites, revealed changes in Pt-
dIns(4,5)P2 organization in rbd2Δ cells. The general PtdIns(4,5)P2 
probe GFP-2XPH-PLCδ identified PtdIns(4,5)P2 puncta rather than a 
uniform distribution along the plasma membrane in rbd2Δ cells. 
These puncta do not appear to localize at endocytic sites but in-
stead localize randomly along the cell cortex. The PtdIns(4,5)P2-
binding domain of Sla2 (ANTH-GFP), which was used as a probe to 
specifically monitor PtdIns(4,5)P2 at endocytic sites, indicated that 
PtdIns(4,5)P2 lifetimes are shorter in rbd2Δ cells. We speculate that 
PtdIns(4,5)P2 accumulation or sequestration in puncta adjacent to 
endocytic sites may limit PtdIns(4,5)P2 availability at endocytic sites 
in rbd2Δ cells. Moreover, purified Rbd2 cytoplasmic tail specifically 
and directly binds to PtdIns(4,5)P2 in vitro, and expression of the 
Rbd2 cytoplasmic tail was sufficient to rescue PtdIns(4,5)P2 levels at 
endocytic sites. We suggest that the altered PtdIns(4,5)P2 at endo-
cytic sites and the premature recruitment of type 1 myosin during 
CME in rbd2Δ cells are connected causally.

∼7–8 s early in cells expressing Rbd2 W204K compared with wild-
type cells, as indicated by the early arrival of Sac6-RFP relative to 
Sla1-GFP arrival (Figure 7B). PtdIns(4,5)P2 distribution and dynamics 
on the plasma membrane and at endocytic sites were also altered in 
the Rbd2 W204K mutant cells, as revealed by imaging of GFP-
2XPH-PLCδ and ANTH-GFP PtdIns(4,5)P2 probes (Figure 7, C and 
D), respectively. These various phenotypes are similar to the actin- 
and PtdIns(4,5)P2-related phenotypes observed in rbd2Δ cells. 
Taken together, these data suggest that Rbd2 negatively regulates 
actin polymerization through a mechanism dependent on the ca-
pacity to bind to PtdIns(4,5)P2-containing membranes.

The Rbd2 cytoplasmic tail is sufficient to suppress the 
early-actin polymerization phenotype in rbd2Δ cells
Strikingly, when a hemagglutinin (HA)-tagged Rbd2 cytoplasmic tail 
was expressed from the endogenous Rbd2 locus, simultaneous 
dual-color imaging of the coat protein Sla1-GFP and the late, actin-
associated protein Sac6-RFP indicated that the early-actin-polymer-
ization phenotype observed in rbd2Δ cells was suppressed (Figure 
8). These data indicate that the Rbd2 cytoplasmic tail is sufficient to 
negatively regulate initiation of actin polymerization during CME.

DISCUSSION
A dynamic actin cytoskeleton is important for membrane remodel-
ing and invagination during CME. Although great progress has 
been made in the identification of proteins that localize to and regu-
late CME in both yeast and mammals, many unanswered questions 
remain regarding how endocytic proteins are recruited to endocytic 
sites and how their activity is regulated. In this study, we identified a 
role for the rhomboid protein Rbd2 as a negative regulator of actin 
assembly during CME in budding yeast. Our data suggest that 
Rbd2, which primarily resides in the Golgi, traffics to or near the cell 
cortex, where it binds PtdIns(4,5)P2 through its cytoplasmic tail and 
regulates lipid domain composition and/or organization on the 
plasma membrane. Using genetics and live-cell imaging, we showed 
that Rbd2 functions in the same molecular pathway as type 1 myo-
sin, Bzz1, and the lipid phosphatase Sjl2 to regulate the timing of 
actin polymerization at endocytic sites. Taken together, our results 
are consistent with a model in which Rbd2 is a regulator of lipid 
domains on the plasma membrane, which contribute to spatial and 
temporal regulation of actin assembly during CME.

The Rbd2 cytoplasmic tail is sufficient for temporal 
regulation of actin initiation during CME through a 
PtdIns(4,5)P2-dependent mechanism
The results presented here implicate the cytoplasmic, C-terminal tail 
of Rbd2 as a regulator of PtdIns(4,5)P2 lipid domains on the plasma 
membrane, which spatially and temporally regulate actin assembly 
during CME. Rbd2 is a predicted rhomboid protease. However, the 
8-kDa Rbd2 cytoplasmic tail, which does not contain the elements 
necessary for proteolytic activity, was sufficient to suppress the 
early-actin-polymerization phenotype observed in rbd2Δ cells. Thus 

are shown below. The white arrow points to an area of dim Rbd2-GFP that appears to localize on the cell cortex in 
vehicle-treated cells. (E) Two-step, sucrose gradient fractionation of lysates from cells expressing Rbd2-myc. Fractions 
were analyzed by Western blot using anti-Sec61 (ER marker), anti-Vps10 (Golgi marker), anti-Pep12 (Golgi/endosome 
marker), and anti-Pho8 (vacuole marker) to identify internal organelles, anti-Pma1 to identify plasma membrane, or 
anti-myc (Rbd2). The first fractionation was conducted on cell lysate enriched for ER, Golgi, vacuole, and plasma 
membrane by differential centrifugation (top). Fractions containing internal organelles and plasma membrane are 
identified in red and green, respectively, under the gradient 1 immune blot. Fractions containing Pma1 but negligible 
amounts of Sec61, Vps10, and Pho8 (fractions 9–12) were pooled and subjected to a second fractionation step (bottom). 
Right, quantification of Western blots. Scale bars, 1 μm. Time scale of all kymographs, 90 s.
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FIGURE 4: Rbd2 binds to PtdIns(4,5)P2 through its cytoplasmic tail. (A) Simultaneous dual-color image from a movie of 
live cells expressing the Rbd2 GFP-cytoplasmic tail (Ctail) with the actin-associated, endocytic protein Sac6-RFP. A 
representative kymograph is shown below. (B) Schematic of Rbd2 cytoplasmic tail fusion protein (C-terminal Strep-tag 
[StII] and histidine [His] tag) used for purification. We stained 1 μg of purified wild-type and W204K cytoplasmic tails 
using Gelcode Blue. (C) The Rbd2 cytoplasmic tail amino acid sequence, with residue W204 highlighted in red. Residues 
with potential for lipid/phospholipid binding are denoted with asterisk or plus sign to indicate hydrophobic or charged 
residue, respectively. (D) The purified proteins (wild-type or W204K cytoplasmic tails) were incubated with PC alone or 
PC:PS-, PC:PtdIns(4)P-, or PC:PtdIns(4,5)P2-containing liposomes (0.3 mM total lipid and 3% mol PS, PtdIns(4)P, and 
PtdIns(4,5)P2). Liposomes were separated from unbound protein by flotation assay (see Materials and Methods). Fusion 
protein present in bound or unbound fractions was detected by Western blot using anti–Strep-tag antibody. Protein 
present in bound and unbound fractions is reported as percentage of the total from a representative experiment 
performed in triplicate.
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time phenotypes have been reported in cells severely depleted for 
PtdIns(4,5)P2 using an mss4ts mutant (Sun et al., 2012). However, 
how mild to moderate decreases in PtdIns(4,5)P2 affect the early 

We acknowledge that our findings of premature myosin recruit-
ment and actin assembly, potentially due to reduced PtdIns(4,5)P2 
levels in rbd2Δ cells, is somewhat surprising. Severe endocytic life-

FIGURE 5: Rbd2 functions with Bzz1 to regulate actin assembly during CME. (A) Simultaneous dual-color imaging of the 
coat protein Sla1-mCherry and the F-BAR domain protein Bzz1-GFP was performed in wild-type or rbd2Δ cells. The time 
elapsed between the arrival of Sla1 (red and number ± SEM) and Bzz1 and the time of overlap between the two 
proteins (yellow) were calculated from >50 endocytic events from two independent experiments. The p values were 
calculated using Student’s t test. (B) Simultaneous dual-color imaging of the coat protein Sla1-GFP and the actin-
associated protein Sac6-RFP was performed in wild-type (WT), bzz1Δ, rbd2Δ, rbd2Δ bzz1Δ, bzz1R37E, and rbd2Δ 
bzz1R37E cells. The time between the arrival of Sla1 and Sac6 (green and number reported ± SEM), the time of overlap 
between the two proteins (yellow), and the lifetime of Sac6 after Sla1 (red) were calculated from >100 endocytic events 
from thee independent experiments. One-way ANOVA with a Tukey posttest was used, with p < 0.05 considered 
significant. Scale bars, 1 μm. Time scale of all kymographs, 90 s.
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arises from the fact that bzz1Δ has only a very subtle endocytic phe-
notype in budding yeast (Kishimoto et al., 2011), with no detectable 
actin phenotypes (Sun et al., 2006). Therefore the in vivo functions 
of Bzz1 in budding yeast remain somewhat obscure. However, it is 
known that F-BAR domain–containing proteins like Bzz1 bind and 
shape PtdIns(4,5)P2-rich membranes at endocytic sites. These pro-
teins form structural platforms to stabilize endocytic sites, recruit 
downstream effectors, regulate actin nucleation, generate stable 
lipid domains (Kishimoto et al., 2011; Zhao et al., 2013), and pro-
mote vesicle scission during CME (Kishimoto et al., 2011).

Because the actin phenotype was also suppressed in rbd2Δ cells 
by a PtdIns(4,5)P2-binding mutant of Bzz1 (R37E), the relationship 
between Rbd2 and Bzz1 as it relates to actin regulation depends 

stages of endocytic-site maturation and actin assembly is not com-
pletely understood. Our study supports a model by which local lev-
els of PtdIns(4,5)P2 are finely regulated by several proteins, includ-
ing Rbd2, on the cell cortex during CME. Dynamic changes in 
PtdIns(4,5)P2 concentration and organization likely regulate endo-
cytic protein and actin-regulatory protein recruitment and activity.

Our results suggest that Rbd2 functions in the same molecular 
pathway as Bzz1 to regulate actin assembly during CME. Bzz1 has 
been implicated in actin regulation during CME (Sun et al., 2006; 
Arasada and Pollard, 2011), and its mammalian homologue, syn-
dapin, may also link CME and actin dynamics (Qualmann and Kelly, 
2000). Why the bzz1Δ mutation suppresses the early actin-polymer-
ization-phenotype of rbd2Δ cells is not clear. Part of this uncertainty 

FIGURE 6: Rbd2 regulates PtdIns(4,5)P2 at endocytic sites. (A) Single frame of wild-type or rbd2Δ cells expressing the 
PtdIns(4,5)P2 probe GFP-2XPH-PLCδ from a high-copy plasmid. (B) Single frames of rbd2Δ cells expressing Sac6-RFP 
(left) or Pil1-mCherry (right) and the PtdIns(4,5)P2 probe GFP-2XPH-PLCδ. Representative fluorescence intensity profiles 
for each protein pair along the cell surface. (C) Lifetime of the PtdIns(4,5)P2 probe ANTH-GFP in sla2Δ (Control), sla2Δ 
rbd2Δ cells, or sla2Δ rbd2Δ cells expressing HA-Rbd2 cytoplasmic tail as the only source of Rbd2 was quantified from 
movies of live cells. Representative kymographs and quantification. *p < 0.05 by one-way ANOVA, with a Tukey 
posttest. (D) Lifetime of Sac6-RFP was measured in WT, rbd2Δ, sjl2Δ, and rbd2Δsjl2Δ cells. Representative kymographs 
and quantification. *p < 0.05 by one-way ANOVA with a Tukey posttest. More than 100 endocytic sites were quantified 
from three independent experiments. Scale bars, 1 μm. Time scale of all kymographs, 90 s.
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at endocytic sites. In agreement with this prediction, RBD2 deletion 
suppressed the actin-associated phenotypes of sjl2Δ cells, which are 
defective in PtdIns(4,5)P2 turnover at endocytic sites.

Implications of these findings for understanding rhomboid 
proteins and actin regulation in more complex eukaryotes
Similar to yeast, actin is also assembled at sites of CME in mamma-
lian cells, in which it facilitates membrane invagination, fission, and 
vesicle movement (Merrifield et al., 2005; Yarar et al., 2005) and 
becomes essential under conditions of high membrane tension 
(Boulant et al., 2011). Both mammalian N-WASP (Galovic et al., 
2011) and myosin 1E (Krendel et al., 2007; Cheng et al., 2012) local-
ize to sites of CME in mammalian cells, where they regulate actin 
assembly. Owing to the high level of conservation of proteins and 
pathways that regulate actin and CME, it is now important to deter-
mine whether a vertebrate Rbd2 homologue exists that similarly 
regulates lipid domains and actin during CME or other actin-medi-
ated processes. The importance of this goal is underlined by the 
discovery of rhomboid protein involvement in human disease 

only on the capacity of Bzz1 to bind PtdIns(4,5)P2-containing mem-
branes. It is possible that Rbd2 interacts directly with Bzz1 and that 
this complex concentrates PtdIns(4,5)P2 at endocytic sites. Indeed, 
an interaction between Rbd2 and Bzz1 was previously detected in a 
yeast two-hybrid screen (Tong et al., 2002). Alternatively, Rbd2 
might function upstream of the Bzz1 lipid-binding function, in which 
case Rbd2 and Bzz1 might sequentially regulate PtdIns(4,5)P2 con-
centration at endocytic sites. Local changes in PtdIns(4,5)P2 as a 
result of RBD2 deletion could result in the observed premature Bzz1 
recruitment, which then, through a direct or indirect mechanism, 
might prematurely facilitate myosin recruitment and early initiation 
of actin polymerization at endocytic sites. If Bzz1 and Rbd2 cooper-
ate to concentrate PtdIns(4,5)P2 at endocytic sites, then local 
PtdIns(4,5)P2 concentrations would be predicted to be decreased at 
endocytic sites in rbd2Δ cells. This possibility is supported by our 
observation that the lifetime of the PtdIns(4,5)P2 probe ANTH-GFP 
is decreased in rbd2Δ cells. If Rbd2 is required to concentrate 
PtdIns(4,5)P2 at endocytic sites, it follows that RBD2 deletion should 
suppress mutant phenotypes resulting from increased PtdIns(4,5)P2 

FIGURE 7: An Rbd2 W204K mutant exhibits reduced PtdIns(4,5)P2 binding in vitro and premature actin assembly 
during CME in vivo. (A) Single frames of cells expressing wild-type Rbd2-GFP and Rbd2 W204K-GFP. (B) Simultaneous 
dual-color imaging of the coat protein Sla1-GFP and the actin-associated protein Sac6-RFP was performed in wild-type 
cells or cells expressing full-length Rbd2 W204K as the only source of Rbd2. Representative kymographs. The time 
elapsed between the arrival of Sla1 and Sac6 (green and number reported ± SEM), the time of overlap between the two 
proteins (yellow), and the lifetime of Sac6 after Sla1 (red) were calculated from >100 endocytic events from three 
independent experiments. The p value was calculated using Student’s t test. (C) Images of a wild-type, rbd2Δ, and Rbd2 
W204K cell expressing the PtdIns(4,5)P2 probe GFP-2XPH-PLCδ from a high-copy plasmid. (D) Lifetime of the 
PtdIns(4,5)P2 probe ANTH-GFP in sla2Δ (control), sla2Δ rbd2Δ cells, or sla2Δ rbd2Δ cells expressing Rbd2 W204K as the 
only source of Rbd2 was quantified from movies of live cells. Representative kymographs and quantification. *p < 0.05 
by one-way ANOVA with a Tukey posttest. N.S., no significance. Scale bars, 1 μm. Time scale of all kymographs, 90 s.
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immediately after addition of the dye at 
room temperature.

Live-cell imaging
For microscopy, cells were grown in Syn-
thetic Dextrose without tryptophan (to mini-
mize autofluorescence) at 25°C until early 
log phase. Cells were attached to concana-
valin A–coated coverslips, which were 
sealed to slides with vacuum grease (Dow 
Corning, Midland, MI). Imaging was done at 
room temperature using an Olympus IX71, 
Olympus IX81, or Nikon TE300 equipped 
with 100×/numerical aperture 1.4 objectives 
and Orca-100 or Orca II camera (Hama-
matsu). Appropriate filter sets and neutral 
density filters were used during imaging, 
and images were acquired at rates of 0.5–1 
frame/s. Simultaneous two-color imaging 
was done using an image splitter (Optical 
Insight) to separate the red and green emis-
sion signals to two sides of the camera sen-
sor using 565-nm dichroic mirror and 
530/30- and 630/50-nm emission filters. To 
excite GFP, we used a 488-nm argon-ion la-
ser; for RFP, we used a mercury lamp filtered 
through a 575/20-nm filter. The excitation 
beams from these two light sources were 
combined using a beam splitter. Images of 
immobilized microbeads that fluoresce at 
both green and red wavelengths were cap-
tured and used to align the cell images. Z-
stacks were acquired through the entire cell 
at 0.2-μm intervals. Images were collected 
using MetaMorph software (Molecular De-
vices, Sunnyvale, CA) and processed using 

ImageJ (National Institutes of Health, Bethesda, MD). Patch life-
times were calculated from endocytic sites that assembled and dis-
assembled during the movie.

Sucrose gradient fractionation
Yeast organelles were separated using protocols by Rieder and Emr 
(2001) modified to optimize separation of the plasma membrane 
from all other organelles. We used a two-step isopycnic centrifuga-
tion through sucrose gradients to ensure complete separation of 
plasma membrane from other organelles. Cells were grown to OD 
of 0.6 in yeast extract/peptone + 2% dextrose at 30°C. Cells were 
pelleted, rinsed with water, resuspended in 5 ml of spheroplast buf-
fer containing 50 mM Tris, pH 7.5, 10 mM NaN3, 40% sucrose, 
40 mM 2-mercaptoethanol, and 0.125 mg/ml Zymolyase 100T 
(Associates of Cape Cod, Cape Cod, MA) and incubated for 30 min 
at 37°C. Cells were subsequently pelleted at 450 × g for 5 min and 
resuspended in 20 ml of cold lysis buffer containing 20 mM trietha-
nolamine, pH 7.2, 2 mM EDTA, 25% sucrose, and Calbiochem pro-
tease inhibitor cocktail IV at 1:500 dilution (EMD-Millipore, 
Darmstadt, Germany). Cells were subjected to 20 passes in a 40-ml 
Dounce homogenizer and centrifuged at 500 × g. The pellet was 
resuspended in 20 ml of cold lysis buffer, again subjected to 20 
passes in a 40-ml Dounce homogenizer, and centrifuged at 500 × g. 
The supernatants from the first and second rounds were pooled 
and pelleted at 10,600 rpm for 10 min (∼13,000 × g at maximum 
radius) in a type 45 Ti rotor (Beckman Coulter, Brea, CA). The pellet 

(reviewed in Urban and Dickey, 2011) and the fact that catalytic 
rhomboid proteins have unusual enzymatic properties that make 
them attractive drug targets.

MATERIALS AND METHODS
Plasmids and strains
Yeast strains used in this study are listed in Supplemental Table S1. 
C-terminal and N-terminal fusions were integrated by homologous 
recombination as previously described (Longtine et al., 1998; Janke 
et al., 2004). RBD2 deletion was created by integrating a KanMX6 
selection cassette to replace the entire gene open reading frame. 
Rbd2 W204K was created by QuikChange mutagenesis (forward 
primer, 5′ GATCACTCCACCAGGAAAAATCATCACCAAAATCG 3′) 
of pBluescript SK II+ Rbd2 (−500)–(+2600) with a LEU2 cassette in-
serted at +2104. The resulting Rbd2 W204K was excised from the 
vector and integrated by homologous recombination. Rbd2 cyto-
plasmic tail–expressing cells were created by integrating N-terminal 
GFP or HA tags upstream of residue K192 with a natNT2 selection 
cassette under the control of the ADH1 promoter (Janke et al., 
2004). Correct integration and sequences were verified by PCR and 
DNA sequencing. The pRS426-GFP-2XPH-PLCδ plasmid was kindly 
provided by S. Emr (Cornell University, Ithaca, NY).

FM4-64 assay
The dye was solubilized in dimethyl sulfoxide, diluted to 8 μM in 
synthetic medium, and added to cells. Imaging was performed 

FIGURE 8: The cytoplasmic tail of Rbd2 is sufficient for the regulation of actin initiation. 
Simultaneous dual-color imaging of the coat protein Sla1-GFP and the actin-associated protein 
Sac6-RFP was performed in wild-type or rbd2Δ cells or cells expressing HA-cytoplasmic tail 
(Ctail) as the only source of Rbd2. Representative kymographs. The time elapsed between the 
arrival of Sla1 and Sac6 (green and number reported ± SEM), the time of overlap between the 
two proteins (yellow) and the lifetime of Sac6 after Sla1 (red) were calculated from >100 
endocytic events from three independent experiments. One-way ANOVA with a Tukey posttest 
was used, with p < 0.05 considered significant. Scale bars, 1 μm. Time scale of all kymographs, 
90 s.
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of buffer alone. Samples were centrifuged for 1 h at 55,000 rpm at 
10°C in a SW-60 ultracentrifuge rotor (Beckman Coulter) in a desktop 
ultracentrifuge. The top 200 μl of gradient containing liposomes and 
bound proteins was collected as the bound fraction, and the bottom 
200 μl was collected as the unbound fraction. Samples were resus-
pended in sample buffer and run on 15% SDS–PAGE gels, and the 
affinity-tagged Rbd2 cytoplasmic tail was detected by immunoblot-
ting using anti–Strep-tag antibody (Qiagen). The relative amounts of 
protein in bound and unbound fractions were determined using Od-
yssey software (LI-COR Biosciences, Lincoln, NE).

Western blotting
Yeast lysates were obtained using standard trichloroacetic acid lysis. 
For Western blot analysis, equal amounts of yeast cell extracts were 
loaded onto SDS–PAGE gels and transferred to a nitrocellulose 
membrane. Western blots were imaged and quantified with an in-
frared imaging system (Odyssey; LI-COR Biosciences).

was gently resuspended in buffer containing 25 mM imidazole, pH 
7.0, 2 mM EDTA, and 20% sucrose. The lysate was gently layered 
on top of a continuous sucrose gradient from 20 to 70% sucrose in 
25 mM imidazole, pH 7.0, and 2 mM EDTA. Gradient and resuspen-
sion buffer all contained Complete Mini Protease Inhibitor Cocktail 
(Roche, South San Francisco, CA) at the manufacturer’s recom-
mended concentration. The gradient was centrifuged at 45,000 
rpm for 16 h in a Beckman SW60 rotor. After the spin, 375-ml frac-
tions were drawn from the top of tube. Fractions 9–12 were shown 
to contain nearly undetectable signal from the ER marker Sec61, 
and so these fractions were pooled for subsequent centrifugation in 
a step gradient. The subsequent gradient was generated by adding 
1.0 ml of pooled fractions 9–12, 1.0 ml of 60% sucrose, 1.0 ml of 
45% sucrose, 1.0 ml of 33% sucrose, and 0.5 ml of 20% sucrose, all 
containing 25 mM imidazole, pH 7.0, and 2 mM EDTA. The second 
gradient was centrifuged for 2 h at 45,000 rpm. Twelve equal frac-
tions were drawn from the top. All fractions from the first and sec-
ond gradients were analyzed by Western blot analysis. Plasma 
membrane marker Pma1 was detected using a goat polyclonal an-
tibody yN-20 (Santa Cruz Biotechnology, Dallas, TX), and Rbd2-myc 
was detected using monoclonal anti-myc 9-E10 antibody. The anti-
Sec61, anti-Vps10, anti-Pep12, and anti-Pho8 antibodies were kind 
gifts from Randy Schekman (University of California, Berkeley, CA).

Purification of Rbd2 cytoplasmic tail
DNA fragments corresponding to Rbd2 amino acids K192–A262 
were obtained by PCR amplification of yeast genomic DNA, and a 
starting M was added. The fragment was cloned into the yeast ex-
pression vector p634-Pgal1-StreptagII-9xHIS and transformed into 
the D1074 yeast strain (kindly provided by D. D’Amours, IRC, Uni-
versity of Montreal, Canada), where the RBD2 gene was deleted 
(DDY 4718). The overexpression yeast strain and plasmid were pre-
viously described (St-Pierre et al., 2009; Roy et al., 2011). The trans-
formants were induced for 5 h and harvested as previously de-
scribed (Rodal et al., 2003). Cells were ground using a 6870 Freezer/
Mill for six cycles of 3 min of beating, followed by 1 min of cooling 
(SPEX SamplePrep, Metuchen, NJ).

To purify the Rbd2 cytoplasmic tail, cell powder was thawed in 
buffer A (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid [HEPES], pH 7.5, 1 M KCl, 0.1% Tween, 20 mM imidazole, and 
protease inhibitors). The lysate was centrifuged for 20 min at 
80,000 rpm, and the cleared supernatant was incubated with 
nickel-nitriloacetic acid (Qiagen, Valencia, CA) resin for 1 h. The 
resin was then washed twice with 10 ml of buffer A, and protein 
was eluted with buffer B (50 mM HEPES, pH 7.5, 1 M KCl, 0.5 M 
imidazole). The resulting eluate was dialyzed into 50 mM HEPES, 
pH 7.5, 100 mM KCl, and 5% glycerol and flash frozen in liquid N2.

Liposome flotation assay
For liposome flotation assays, 97% phosphatidylcholine (PC):3% 
phosphatidylserine (PS), PtdIns(4)P, or PtdIns(4,5)P2 (Avanti Polar Lip-
ids, Alabaster, AL) liposomes were generated as described previ-
ously (Ling et al., 2012) and rehydrated in 50 mM HEPES, pH 7.5, and 
100 mM KCl. To create unilamellar liposomes, the liposomes were 
sonicated for 5 min at room temperature in a water bath. Liposomes 
(1.2 mM) were then mixed with an equal volume of Rbd2 cytoplasmic 
tail (resulting in 0.8 μM protein and 0.6 mM final lipid concentration) 
and incubated for 30 min at room temperature. Samples were then 
resuspended in 200 μl of buffer (50 mM HEPES, pH 7.5, 100 mM KCl) 
containing OptiPrep density gradient medium (Sigma-Aldrich, St. 
Louis, MO) and pipetted into thick-walled centrifuge tubes. Samples 
were overlaid with 150 μl of 15% OptiPrep buffer, followed by 50 μl 
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