Pan1 regulates transitions between stages
of clathrin-mediated endocytosis
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ABSTRACT Endocytosis is a well-conserved process by which cells invaginate small portions
of the plasma membrane to create vesicles containing extracellular and transmembrane car-
go proteins. Dozens of proteins and hundreds of specific binding interactions are needed to
coordinate and regulate these events. Saccharomyces cerevisiae is a powerful model system
with which to study clathrin-mediated endocytosis (CME). Pan1 is believed to be a scaffolding
protein due to its interactions with numerous proteins that act throughout the endocytic
process. Previous research characterized many Pan1 binding interactions, but due to Pan1’s
essential nature, the exact mechanisms of Pan1’s function in endocytosis have been difficult
to define. We created a novel Pan1-degron allele, Pan1-AID, in which Pan1 can be specifi-
cally and efficiently degraded in <1 h upon addition of the plant hormone auxin. The loss of
Pan1 caused a delay in endocytic progression and weakened connections between the coat/
actin machinery and the membrane, leading to arrest in CME. In addition, we determined a
critical role for the central region of Pan1 in endocytosis and viability. The regions important
for endocytosis and viability can be separated, suggesting that Pan1 may have a distinct role
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in the cell that is essential for viability.

INTRODUCTION

Clathrin-mediated endocytosis (CME) is the critical process by which
portions of the plasma membrane and associated cargoes are deliv-
ered to the cell interior. The process supports membrane homeosta-
sis, signal transduction, drug delivery, and nutrient uptake. More
than 50 different proteins are involved in the initiation, maturation,
and scission of events at endocytic sites, or patches, and most of
these proteins and their functions are well conserved between yeast
and mammals. Formation of the clathrin coat, which consists of
clathrin, adaptor proteins, early/late coat proteins, and actin-regula-
tory complexes, begins with the recruitment of early coat and adap-
tor proteins to the plasma membrane. The adaptors bind to cargo,
late coat proteins, and clathrin and connect the newly forming coat
to the plasma membrane. Additional coat components associate at
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the endocytic patch and recruit proteins for the final stages of endo-
cytosis. Actin and actin-regulatory proteins are recruited to the patch
to invaginate the membrane and form the vesicle. Finally, scission
proteins complete the process by pinching off the newly formed
vesicle from the plasma membrane, allowing the vesicle to be pro-
pelled into the cell through the force produced by actin polymeriza-
tion. Through phosphorylation and dephosphorylation of both pro-
teins and lipids, the clathrin coat dissociates from the vesicle, and
proteins are recycled through the cytosol and back to the mem-
brane to participate in further rounds of CME.

The yeast protein Pan1 is best known as a CME coat protein that
can interact with adaptors, early and late coat proteins, and actin-
regulatory proteins; thus Pan1 is presumed to act as a central scaf-
fold that links the early and late stages of endocytosis (Sachs and
Deardorff, 1992; Wendland et al., 1996). Pan1 is a homologue of the
mammalian protein Intersectin, which is also believed to be a CME
scaffold (Yamabhai et al., 1998; Hussain et al., 1999). Pan1 is 1480
residues long and contains two N-terminal Eps15-homology (EH)
domains, a central, largely disordered region containing several pre-
dicted short coiled-coils, and a C-terminal actin regulatory domain.
The N-terminus is composed of two long repeat regions (LR1 and
LR2) that each contain an EH domain. The two EH domains are 72%
similar, yet only the second domain can bind to EH ligands (Asn-Pro-
Phe tripeptide motifs of the endocytic adaptor proteins Ent1/2 and
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Yap1801/2; Salcini et al., 1997; Paoluzi et al., 1998; Wendland and
Emr, 1998; Wendland et al., 1999; Maldonado-Baez et al., 2008).
Pan1 forms a complex with Sla1 and End3, which bind its N-termi-
nus and central region, respectively (Tang et al., 1997, 2000;
Whitworth et al., 2014). Through its central region, Pan1 can form
homodimers and homo-oligomers and binds the coat protein Sla2
(Miliaras and Wendland, 2004; Toshima et al., 2005, 2007; Pierce
et al., 2013). The central region also contains three proposed nu-
clear localization signals (NLSs; Kamiriska et al., 2007). Pan1 regu-
lates actin polymerization through motifs in its C-terminal region,
which bind Arp2/3, F-actin, and the type | myosins Myo3/5 (Duncan
et al., 2001; Toshima et al., 2005; Barker et al., 2007). The C-termi-
nus has also been implicated in binding to the coiled-coil region of
the early coat protein Ede1 (S. Barker and B. Wendland, unpub-
lished observations). Pan1 is heavily phosphorylated by the evolu-
tionarily conserved protein kinases Ark1/Prk1, which is believed to
negatively regulate Pan1’s interactions with other coat proteins to
promote dissociation of the vesicular coat (Tang et al., 2000; Zeng
et al.,, 2001; Toshima et al., 2005, 2007). To allow reuse, Pan1 is
dephosphorylated by Glc7 (Zeng et al., 2007). Due to Pan1’s numer-
ous interactions throughout the endocytic process, it is well suited
to be a key coordinator for maturation of the endocytic coat from
early to late stages.

Deletion of a gene encoding a late coat protein leads to in-
creased patch lifetimes of the remaining coat proteins, indicating an
arrest or a stall in the pathway (Kaksonen et al., 2005). In these same
cells, actin polymerization is often increased or unregulated at the
patch (Kaksonen et al., 2003, 2005; Skruzny et al., 2012). Pan1’s es-
sential nature makes deletion experiments impossible. Work with
pan1 mutant alleles suggests roles for Pan1 in endocytosis, actin
cytoskeletal organization, polarized cell growth, and mitochondrial
protein sorting (Zoladek et al., 1995; Tang and Cai, 1996; Wendland
et al., 1996; Bidlingmaier et al., 2001; Kamiriska et al., 2005). How-
ever, its precise mechanistic role(s) in these pathways is unknown,
nor is it known which of these, if any, corresponds to Pan1’s essential
function(s). Pan1 binds early and late endocytic factors, and thus we
hypothesized that its deletion would cause misregulation of recruit-
ment of endocytic proteins to and lifetimes at the patch. In addition,
although Pan1 is itself not a strong regulator of actin polymerization,
it does bind several proteins involved in actin polymerization (both
promotion and inhibition); therefore it is predicted that Pan1 dele-
tion could cause aberrant actin structure formation (Duncan et al.,
2001; Toshima et al., 2005; Barker et al., 2007). Recent work with
Pan1 containing mutated or deleted EH domains found that Pan1’s
EH domains are not critical for patch formation or efficient endocy-
tosis but may be important for the patch lifetime regulation of some
coat proteins. The mild phenotype of these mutant alleles is most
likely due to the redundancy of EH domains in End3 and Edef,
which are also found at endocytic patches (Suzuki et al., 2012).

Much of the previous work on Pan1 has been done using tem-
perature-sensitive (ts) conditional mutants; however, findings using
ts alleles are confounded by the effects of the nonpermissive condi-
tions, which can adversely affect endocytosis and elicit a stress re-
sponse. Further, these allele experiments are chronic and could be
subject to compensatory changes. Finally, it is not known whether
these alleles remove some or all Pan1 functions. Conditional expres-
sion of Pan1 has been unsuccessful due to putative alternative trans-
lational start sites and “leaky” expression of truncated protein even
in the nonpermissive conditions (Tang and Cai, 1996; K. Whitworth
and B. Wendland, unpublished results). Thus it was necessary to cre-
ate a degron allele of Pan1 that acutely and specifically degrades
Pan1 protein in vivo. Using the auxin-inducible degron (AID;
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Nishimura et al., 2009), Pan1 was degraded in <1 h and, for the first
time, acute endocytic phenotypes in the absence of Pan1 were
observed.

Using Pan1-AID, we characterized the effects of Pan1 loss on
CME and determined which regions of Pan1 are critical for its func-
tions in viability and endocytosis. In Pan1-AlD, CME is quickly ar-
rested, and the progression between the early and late coat stages
is delayed in the absence of the scaffolding function of Pan1. At the
few patches that did form, actin polymerization was aberrant, lead-
ing to the formation of dynamic actin flares containing coat compo-
nents but no invaginating membrane, suggesting a role for Pan1 in
actin regulation and the coordination of coat interactions. We iden-
tified a region of Pan1 spanning the second EH domain and central
region that was critical for viability and endocytosis. In addition, we
defined regions of Pan1 that supported viability and not endocyto-
sis, suggesting that Pan1 may have an additional role(s) indepen-
dent of endocytosis.

RESULTS

Efficient and specific depletion of Pan1 protein using
Pan1-AID

To investigate the function(s) of Pan1, we used the AID system to
acutely deplete cells of Pan1 protein in vivo (Nishimura et al., 2009).
The Pan1-AID degron cells were created by endogenously C-termi-
nally tagging Pan1 with the AID sequence and integrating the
OsTIR1 gene with the constitutive ADH1 promoter. OsTIR1 is a plant
F-box protein that specifically binds and promotes the degradation
of the AID-tagged target protein only in the presence of auxin. For
controls, we used a wild-type (WT) strain and a strain containing only
OsTIR1 (TIR1) with empty vector (EV) plasmids; these strains grew
similarly in the absence and presence of auxin (Figure 1A). In the
absence of auxin, Pan1-AID cells grew to WT levels, and Pan1 pro-
tein was stable; upon addition of auxin, growth was arrested, and
84% of Pan1 protein was degraded within 15 min (Figure 1, A and
B). Depletion of Pan1 was specific and did not affect the stability of
its binding partners Sla1 and End3; however, there was a gel mobil-
ity shift for Sla1 upon the addition of auxin (Figure 1C). This gel
mobility shift of Sla1 was not seen in extracts from TIR1 cells treated
with auxin, suggesting that the shift was due to the loss of Pan1,
consistent with a predicted hyperphosphorylation phenotype
(Figure 1, C and D; Zeng et al., 2001, 2007). It has been proposed
that auxin (specifically, indoleacetic acid [IAA]) can induce filamen-
tous growth, adhesion, and/or growth arrest in WT cells; however,
we did not observe any of these phenotypes in our experiments
(Prusty et al., 2004).

To determine whether the degradation of Pan1 led to either
growth arrest or cell death, we grew cells in the absence or presence
of auxin and stained dead cells with propidium iodide and quanti-
fied them by flow cytometry. After 24 h in the presence of auxin,
Pan1-AID cells with EV reached almost 100% death, whereas death
of the control strains was at similar levels to those with no auxin pres-
ent (Figure 1E). To relate cell death to reduced Pan1 protein levels,
we analyzed cell death over time. We found that Pan1-AID cells
reach ~50% death after 4 h in the presence of auxin, with >75% of
cells still alive between 0 and 2 h (Figure 1F). These early time points
were used to assess the acute phenotypes of Pan1 depletion on liv-
ing cells. The Pan1-AID growth (Figure 1A) and death (Figure 1, E
and F) phenotypes were restored to WT levels with expression of
full-length Pan1 from a plasmid.

Together these experiments show that Pan1-AID is a robust, ef-
ficient system for investigating the acute effects of Pan1 depletion in
vivo.
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FIGURE 1: Pan1-AID is an efficient tool for depleting Pan1 protein in cells. (A) Serial dilutions of cells of indicated
genotype were grown on synthetic medium + auxin for 3 d at 30°C. Immunoblots detecting Pan1, Sla1, and End3 in
Pan1-AID (B, C) or TIR1 (D) cell lysates grown for indicated time * auxin. Act1 serves as a loading control in B.

(E) Percentage of cells that were positively stained with propidium iodide (PI) after growth for 24 h + auxin at 30°C was
quantified by flow cytometry. Average of three replicate experiments (mean * SD). (F) Strains were grown + auxin and
samples collected at indicated times, stained with PI, and quantified by flow cytometry. Average of three replicate

experiments (mean + SD).

Endocytosis is arrested upon acute depletion of Pan1

Pan1’s best-characterized role in the cell is as an endocytic coat pro-
tein. Previous studies showed that endocytosis is aberrant in pan'
mutant cells; thus we hypothesized that endocytosis would be sig-
nificantly affected in Pan1-AID cells upon depletion of Pan1 by the
addition of auxin. We monitored bulk endocytosis using the lipo-
philic dye FM4-64 (Figure 2A). Cells were incubated in the absence
and presence of auxin for 30 min and then stained with FM4-64 in
similar auxin conditions for 15 min. In the control strains, WT and
TIR1 plus EV, in the absence and presence of auxin and in Pan1-AID
cells in the absence of auxin, the cells efficiently internalized the
dye, which was trafficked throughout the cell, highlighting internal
structures such as endosomes and vacuoles. In contrast, FM4-64
was trapped at the plasma membrane in the Pan1-AID with EV cells
plus auxin, indicating that bulk endocytosis had been arrested upon
depletion of Pan1. This endocytic arrest was rescued by expressing
full-length Pan1 from a plasmid.

To observe receptor-mediated CME, we used chimeras of the
methionine permease Mup1 with pHluorin (pHI), a pH-sensitive
variant of green fluorescent protein (GFP; Miesenbdck et al., 1998).
In the absence of methionine in the growth medium, Mup1 is local-
ized to the plasma membrane; upon addition of methionine, Mup1
is quickly endocytosed through CME and targeted to the vacuole
lumen. The pHluorin signal is quenched in the acidic lumen of the
late endosome/multivesicular bodies (MVBs) and vacuoles. Thus
endocytic efficiency can be quantified by measuring the amount of
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fluorescence remaining after the addition of methionine (Prosser
et al.,, 2010). In the absence of auxin, WT, TIR1, and Pan1-AID cells
internalized Mup1-pHI to similar levels after the addition of methi-
onine (Figure 2, B and C). The addition of auxin did not affect
Mup1-pHl internalization for the control cells. However, when Pan1-
AID cells were pretreated with auxin for 30 min before addition of
methionine, Mup1 remained at the plasma membrane, again con-
firming that the absence of Pan1 causes an endocytic arrest. This
arrest in endocytosis was fully rescued by expressing full-length
Pan1 from a plasmid in the Pan1-AID cells.

In the absence of both auxin and methionine, all strains exhib-
ited brighter fluorescence at the plasma membrane over the time
course. We hypothesize this is due to the continued production of
Mup1-pHI that is trafficked to the plasma membrane. The addition
of auxin alone appears to cause a decrease in Mup1-pHI fluores-
cence at the plasma membrane. The decrease in fluorescence does
not appear to be due to endocytosis, as there are no internal Mup1-
pHI structures visible, as seen in cells that are competent for endo-
cytosis. One possibility is auxin-dependent changes in cytosolic pH;
however, the reason for this decrease is unknown.

Endocytic patch initiation is independent of Pan1, whereas
later steps require Pan1

To determine how CME is affected by the absence of Pan1, we
tagged several known endocytic proteins with fluorescent markers
and observed their patch dynamics in the Pan1-AID strain after
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FIGURE 2: Bulk and receptor-mediated endocytosis is arrested in
Pan1-AID in the presence of auxin. (A) Representative images of
log-phase cultures grown * auxin for 30 min before labeling with
FM4-64 for 15 min. (B) Representative images of log-phase cultures
+ pretreatment with auxin for 30 min, followed by addition of
methionine for 1 h. Schematic of Mup-pHI experimental time line.

(C) Quantification of Mup1-pHI fluorescence internalized after 30 min
+ auxin pretreatment and 1 h + methionine. Percentage Mup1-pHI
internalized was calculated by measuring the amount of fluorescence
at the end of the assay compared with the amount at the beginning.
Average of three replicate experiments (mean + SD). Scale bar, 2 pm.

45-60 min in the absence or presence of auxin. For all proteins
tested, lifetimes and patch dynamics in control strains (WT and TIR1)
in the presence and absence of auxin, as well as in Pan1-AID in the
absence of auxin, were similar to previously published results (Tables
1 and 2 and Supplemental Figure S1, A and B; Gagny et al., 2000;
Kaksonen et al., 2003, 2005; Barker et al., 2007; Stimpson et al.,
2009). This indicates that addition of auxin, AID tag, or TIR1 did not
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affect endocytic dynamics when applied individually. Therefore any
patch number or lifetime discrepancies between Pan1-AlD cells in-
cubated in the presence or absence of auxin would suggest that
Pan1 has a role in that protein’s recruitment and regulation at the
endocytic patch. If a protein localized to the patch and had a similar
patch lifetime in Pan1-AID cells plus auxin, this would indicate that
Pan1 was not required for that protein’s recruitment and regulation
at the patch.

Pan1 is not required to initiate early events in endocytosis
We first present our findings pertaining to the proteins that arrive
before Pan1 at the endocytic patch. In Pan1-AID plus auxin cells,
Ede1-GFP was observed in patches that were stable for at least
6 min, the length of the image acquisition period (Tables 1 and 2
and Figure 3, A-D). In WT cells, Ede1-GFP binds and colocalizes
with several endocytic proteins, including Pan1, and then dissoci-
ates from the endocytic patch before recruitment of actin (Gagny
etal., 2000; Stimpson et al., 2009). In Pan1-AID plus auxin, Sacé-RFP
actin patches and flares did not overlap with Ede1-GFP patches
even though the Edel patches were stable, suggesting that the
early and late coat may have become unlinked (Figures 3D and 4B
and Supplemental Movie S1). The adaptor proteins Yap1801 and
Ent2 both arrive to the patch before Pan1 and bind to Pan1’s second
EH domain (Wendland and Emr, 1998; Wendland et al., 1999). In
Pan1-AID plus auxin, Yap1801-GFP and Ent2-GFP had increased
lifetimes relative to controls, and 26 and 50% of patches, respec-
tively, remained stable for the duration of image acquisition (Tables
1 and 2 and Figure 3, A and B).

Sla2, a coat/adaptor protein, is believed to arrive slightly before
Pan1 at the patch and binds several endocytic proteins, including
Pan1’s central region (Toshima et al., 2007). In Pan1-AID plus auxin,
Sla2-GFP had an increased lifetime relative to controls, with 44% of
patches remaining stable for the duration of image acquisition
(Tables 1 and 2 and Figure 3, A-C). Although Sla2-GFP was recruited
to patches, there were slightly fewer Sla2-GFP patches in the pres-
ence of auxin (Table 2 and Figure 3B). Similar to WT cells, Sla2-GFP
patches that were not stable moved in with the patch (Figure 3C).

Progression of the endocytic coat from early to late stages
is dependent on Pan1

The remaining coat and actin proteins we observed all arrive at endo-
cytic patches at the same time or after Pan1 in WT cells. In Pan1-AID
plus auxin, Sla1, End3, Las17, Myo5, Rvs167, and Sacé had decreased
numbers of patches, and all except Rvs167 had increased lifetimes at
the patch relative to controls (Tables 1 and 2 and Figure 3, A-D).
Previous work showed a decrease in patch number and an increase in
Myo5 lifetime upon deletion of Pan1’s proline-rich domain, to which
Myo5 binds (Barker et al., 2007). Sla1, End3, and Myo5 bind Panf,
but they localized to endocytic patches in the absence of Pan1, so
their localization to patches must depend on their interactions with
other proteins and/or the membrane (Tang et al., 1997, 2000; Barker
et al., 2007; Whitworth et al., 2014). Las17 and Rvs167 are not known
to bind Pan1 directly and were also able to localize independently of
Pan1. In patches that did not result in actin flares (see later discus-
sion), Sla2, Sla1, and End3 internalized with the patch, whereas Myo5,
Las17, and Rvs167 remained at the plasma membrane in a manner
comparable to a wild-type endocytosis event.

Pan1 is required for proper actin polymerization dynamics
at the patch

Pan1's C-terminus is believed to contribute to actin polymerization
at endocytic patches via several actin-regulatory domains and direct
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Lifetime (mean £ SD)

Wild type TIR1 Pan1-AID
Protein —Auxin +Auxin —Auxin +Auxin —Auxin +Auxin
Ede1 77.5+£32.8 83.5+£34.2 82.4+28.3 84.0+30.5 82.4+295 360 + (stable)
Yap1801 42.5+10.9 442 +12.9 44.9+13.6 43.3+£12.1 43.2+11.6 67.9+29.2
Ent2 54.7+13.8 56.5+16.2 54.1+16.3 54.6+12.8 53.2+£13.8 161.6 £66.2
Sla2 348+9.0 40.1£11.2 38.0£10.7 40.7 £10.0 365+£9.9 98.6 £47.8
Sla1 27.8+6.2 30.6+£7.0 275+6.4 31.4+£5.6 25.1+6.6 36.3+17.7
End3 29.8+6.8 328+7.5 285+6.3 299+7.4 27.9+6.0 42.5+14.0
Las17 32.0+8.1 34.3+8.9 28.6+6.7 32.1+8.6 31.6+£9.4 60.7 £ 39.7
Myo5 10.3+£2.1 10.6+£2.2 104+£1.5 10.1+£1.9 95+£20 125+6.7
Rvs167 11.2+3.1 94+23 9.9+29 85+24 10.0+£2.9 8.8+£3.9
Sacé 13.6+3.8 13.4+35 12027 145+3.4 125+3.9 23.3£14.3 (total)

16. 8 £ 5.3 (patches)
42.8 £ 15.1 (flares)

TABLE 1: Endocytic patch lifetime(s) of fluorescently tagged proteins.

binding to F-actin (Duncan et al., 2001; Toshima et al., 2005). In
Pan1-AID cells plus auxin, we observed a significant decrease in the
number of actin patches (Sacé-red fluorescent protein [RFP] was
used to label branched F-actin); those that formed had an increased
lifetime, and some patches had the appearance of elongated struc-
tures of polymerized actin, which were named “actin flares” (Tables
1 and 2, Figure 4, A-D, and Supplemental Movies S1-S3). These
actin flares originated from an endocytic patch and extended into
the cytoplasm, sometimes flowing parallel to the plasma membrane.
The coat components Sla2, Slal, and End3 moved with the tip of
the actin flare. To visualize plasma membrane dynamics in relation
to the actin flares, we used GFP-pleckstrin homology domain chi-
meras (GFP-PH), which bind the phosphatidylinositol (4,5)-bisphos-
phate lipids found in abundance on the plasma membrane. As a
control, we confirmed that GFP-PH does label internalized mem-

brane in synaptojanin mutants, as seen in previous work (Supple-
mental Figure S1C; Stefan et al., 2002). The Pan1-AID actin flares
did not contain membrane (Figure 4C and Supplemental Movie S3),
suggesting the coat/actin machinery has weakened connections to
the membrane. These flares differed from the aberrant actin pheno-
types observed previously in other endocytic mutants. The actin-
uncoupling phenotype observed in sla2A or ent1/2A cells is charac-
terized by short actin comet tails anchored at the plasma membrane
that do not invaginate the plasma membrane or coat components
(Kaksonen et al., 2003; Skruzny et al., 2012). In contrast, the uncon-
trolled Arp2/3 actin plumes seen in slaTA/bbc1A or end3A/bbcT1A
cells are long and contain invaginated plasma membrane with coat
components at the tip (Kaksonen et al., 2005). In Pan1-AID plus
auxin, the actin flares were not stable at patches, contained the coat
components Sla2, Sla1, and End3, but did not contain membrane

Patch number per micrometer of plasma membrane (mean + SD)

Wild type TIR1 Pan1-AID

Protein —Auxin +Auxin —Auxin +Auxin —Auxin +Auxin
Ede1 0.87£0.3 0.84 £0.1 0.85+0.2 0.79 £0.1 0.80£0.2 0.84£0.2
Yap 1801 0.35+0.1 0.37£0.1 0.33£0.1 0.35+0.1 0.36£0.1 0.34+£0.1
Ent2 0.30£0.1 0.29£0.1 0.32+0.1 0.33£0.1 0.31£0.1 0.31+£0.1
Sla2 0.57 £0.1 0.60£0.1 0.54£0.1 0.55+0.1 0.51£0.1 0.40£0.1
Sla1 0.36 £0.1 0.36 £0.1 0.37£0.1 0.34£0.1 0.32+ 0.1 0.10£0.1
End3 0.60£0.2 0.54£0.1 0.53£0.1 0.56 £ 0.1 0.50 £ 0.1 0.07 £0.1
Las17 0.41£0.1 0.41£0.1 0.44 £ 0.1 0.40£0.1 0.36£0.1 0.10£0.1
Myo5 0.22+£0.1 0.21£0.1 0.22+0.1 0.21£0.1 0.23£0.1 0.08 £0.1
Rvs167 0.32+£0.1 0.34£0.1 0.28 £0.1 0.24 £ 0.1 0.33£0.1 0.07 £0.1
Sacé 0.28 £0.1 0.23£0.1 0.29£0.1 0.25+0.1 0.27 £0.1 0.07 £ 0.1 (total)

0.08 £ 0.1 (patches)
0.01 £0.01 (flares)

TABLE 2: Endocytic patch number per micrometer of plasma membrane of fluorescently tagged proteins.
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FIGURE 3: Endocytic proteins tagged with GFP have altered dynamics in Pan1-AID in the presence of auxin. (A) Patch
lifetime (seconds) and (B) number of patches per micrometer of plasma membrane of endogenously GFP- and RFP-
tagged proteins in Pan1-AlD cells after 45-60 min + auxin. Movies were taken with intervals of 0.5-4 s, 90-120 frames,
with an exposure of 150 ms. For lifetimes, >50 patches/strain, and percentage stable is the number of patches that
remained present for the entire duration of image acquisition. For patch numbers, >30 cells/strain. Sac6-RFP is split into
patches (P), flares (F), and total (T) Sac6-RFP structures. *p < 0.001, **p < 0.0001, minus vs. plus auxin (mean + SD).

(C) Representative kymographs of GFP-tagged proteins and Sac6-RFP in Pan1-AID cells grown + auxin for 45-60 min. All
kymographs are oriented with cell interior at the bottom. Kymographs made from movies used for the quantification.
(D) Images of representative cells from Pan1-AID strains grown + auxin for 45-60 min. Scale bar, 2 pm.
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FIGURE 4: Dynamic actin flares appear in Pan1-AID cells in the presence of auxin. (A) Z-stack projections (maximum
intensity) of Sac6-RFP Pan1-AlID cells grown * auxin for 45-60 min. Intervals of 0.27 pm. Red arrow, Sac6-RFP flare.

(B) Time series of movies of Pan1-AID cells with indicated GFP/RFP proteins grown plus auxin for 45-60 min. Yellow
arrow, Sac6-RFP flare moving along the PM without overlapping Ede1-GFP. Orange arrow, Sla1-GFP patch moving into
the cell with a Sac6-RFP flare. Scale bar, 2 pm. (C) Time series of movies of Sac6-RFP Pan1-AID cells with GFP-PH plasma
membrane label; grown plus auxin for 45-60 min. (D) Representative image of Sac6-RFP Pan1-AID cells with GFP-PH
plasma membrane label; grown plus auxin for 45-60 min. (E) Model of Pan1 and Epsins/Sla2 interactions with the
plasma membrane, endocytic coat, and actin machinery. epsinA/sla2A and Pan1-AID phenotypes shown in red. Dashed
arrow represents binding between Pan1 and lipids (D. Pierce and B. Wendland, unpublished data).

(Figure 4, A-D, and Supplemental Movies S1-S3). The Pan1-AlID
actin flares were longer than the sla2A or ent1/2A actin comet tails
but not as elongated as the actin plumes seen in slalA/bbc1A or
end3A/bbc1A. It is known that Pan1 binds several actin regulators,
such as the Las17 inhibitor Sla1 and the Arp2/3 activators Myo3 and
Myo5 (Tang et al., 2000; Duncan et al., 2001; Toshima et al., 2005;
Barker et al., 2007). Our data suggest that Pan1 may be involved in
the coordination of actin regulatory elements at the patch and is
important for proper linkage of the coat to the membrane in order
to transmit the force of actin polymerization needed to invaginate
the membrane (Figure 4E).

To briefly summarize our findings in Pan1-AID cells plus auxin,
the endocytic factors that arrive before Pan1 (Ede1, Ent2, Yap1801,
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and Sla2) had longer lifetimes, with some of the patches remaining
stable for the duration of the data collection period (Table 1 and
Figure 3, A-D). The CME components that arrive at the same time
as or after Pan1 (Sla1, End3, Las17, Myo5, Rvs167, and Sacé) also
had increased lifetimes, whereas, unlike the earlier-arriving proteins,
they had decreased patch numbers (Tables 1 and 2 and Figure 3,
A-D). Overall longer lifetimes and fewer late coat patches sug-
gested inefficient progression of the endocytic patch to later stages
and fewer productive endocytic events. The most dramatic pheno-
typic difference observed in the Pan1-AlID strain in the presence of
auxin (relative to the absence of auxin) was a significant decrease in
the number of Sac6-RFP patches and the appearance of actin flares
as labeled by Sac6-RFP (Figure 4, A-D). These flares contained late
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coat proteins but not membrane and are thus believed not to be
successful sites of endocytosis (Figure 4, A-D).

A portion of Pan1’s N-terminal and central regions is

critical for patch localization and its endocytic and

essential functions

Pan1’s central region is critical for localization and stabilization
at endocytic patches. We predicted that Pan1 must localize to
the patch in order to perform its endocytic function. We identified
the regions of Pan1 that are critical for proper Pan1 localization to
the endocytic patch by C-terminally tagging Pan1 fragments with
GFP and observing their localization. Pan1 binds several other
endocytic proteins, some of which arrive to the patch before Pan1
and may recruit Pan1. Pan1 also binds itself, so by expressing the
fragments in the Pan1-AlID strain in the absence and presence of
auxin, we were able to determine whether the presence of full-
length Pan1 was necessary for proper localization of the fragments
(Miliaras and Wendland, 2004; Toshima et al., 2005; Pierce et al.,
2013). All Pan1 fragments used expressed protein of expected
size in both the absence and presence of auxin (Supplemental
Figure S2).

All Pan1-GFP fragments tested were able to localize to endocytic
patches in the absence and presence of auxin except for Pan1AA402-
855-GFP and Pan1AA1050-1480-GFP (Figure 5, A-C, and Supple-
mental Figure S3A). This confirmed that the C-terminal actin regula-
tory region of Pan1 was not necessary for localization and could not
localize to patches without the in-cis support of the central region.
The N-terminal (Pan1AA1-702-GFP) and central region (Pan1AA702-
1050-GFP) were individually sufficient to localize to the patches.
Both the N-terminal and central regions of Pan1 have endocytic
binding partners that arrive before or at the same time as Pan1 to
patches, suggesting that these interactions may be important for
Pan1’s recruitment to patches.

In the absence of auxin, Pan1-GFP fragments had a decreased
patch number and lifetime compared with full-length Pan1. On re-
moval of full-length Pan1 by the addition of auxin, all Pan1-GFP
fragments (except Pan1AA702-1050-GFP) trended toward more
patches; this increase was significant for Pan1AA1-855-GFP, AA250-
855-GFP, and AA402-1050-GFP (Figure 5, A-C). This suggests that
these fragments were competing with full-length Pan1 for binding
at the patch. The lifetimes of all fragments also increased in the
presence of auxin; this may be due to decreased competition with
full-length Pan1 and/or an overall increase in endocytic patch life-
time observed in Figure 3.

Although a majority of Pan1 fragments were able to localize to
endocytic patches, some had significantly decreased lifetimes at the
patch compared with full-length Pan1 (Figure 5A). There are several
interpretations for the shortened lifetimes, one of which is that these
fragments are missing key binding elements that strengthen Pan1's
interactions at the patch. Similar to Pan1 localization, Pan1’s central
region was critical for Pan1 fragment stabilization/lifetime at the
patch, as highlighted by the dramatic difference in lifetime and
patch number between Pan1AA1-702 and Pan1AA1-855/1050. Al-
though Pan1AA1-702-GFP and Pan1AA1-855/1050-GFP can both
localize to patches, AA1-702-GFP had a significantly shorter life-
time, suggesting that Pan1AA703-855/1050 contains a patch-stabi-
lizing property. However, the central region alone, Pan1AA702-
1050-GFP, also had a short lifetime, indicating that this region
required another Pan1 region for normal temporal behavior. Addi-
tional N- or C-terminal sequences appended to the Pan1AA702-
1050-GFP fragments increased its lifetime, but only the addition of
the N-terminus increased the lifetime to WT levels. Therefore the
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N-terminal and central regions together restore normal lifetime dy-
namics of Pan1 at endocytic patches.

In conclusion, the central region (Pan1AA702-1050) alone was
sufficient for Pan1 localization to the endocytic patch, but the N-
terminus was needed to ensure that Pan1 had normal lifetime
dynamics.

Pan1’s EH domains and central region are necessary for its
endocytic function. In the absence of full-length Pan1, endocytosis
was arrested (Figure 2). We identified the regions of Pan1 necessary
for its endocytic role using the Mup1-pHI assay with Pan1 fragments
in the Pan1-AID strain. After pretreatment with auxin for 30 min,
methionine was added to induce internalization of Mup1-pHI, and
cells were observed 1 h later. If a Pan1 fragment contained all
regions necessary for endocytosis, Mup1-pHl would be efficiently
internalized, and the cells would be dim, similar to cells with full-
length Pan1. However, if a Pan1 fragment could not support
endocytosis, Mup1-pHI would remain at the plasma membrane, and
the cells would be bright, similar to Pan1-AID cells with EV. In the
case where an intermediate brightness value of the population was
obtained, there are two potential explanations. First, there may be a
mixture of cells with Mup1-pHl at the plasma membrane, in
endosomes or MVBs, or dim in the vacuole, part of which may be
due to heterogeneous expression of plasmids from cell to cell.
Alternatively, this could be due to all the cells having an overall
intermediate brightness. When quantified for percentage of Mup1-
pHI internalized, these samples would have values between those
seen for EV and for full-length Pan1. An intermediate phenotype is
indicative of slow or inefficient endocytosis, suggesting the fragment
only partially restored endocytosis.

Similar to results for Pan1 localization, efficient Mup1-pHl inter-
nalization required Pan1’s central region supported by portions of
the N-terminus; the C-terminal actin region was not required
(Figure 5, D and E, and Supplemental Figure 3, B and C). It was
previously believed that Pan1’s first EH domain was less important
for Pan1’s endocytic role, as it does not bind adaptor proteins and
was found to be dispensable for viability (Sachs and Deardorff,
1992; Wendland and Emr, 1998; Wendland et al., 1999). Surpris-
ingly, we found that the first EH domain could in fact support en-
docytosis in the absence of EH2, as Pan1AA1-390, 680-1490 inter-
nalized most Mup1-pHI (Figure 5, D and E, and Supplemental
Figure S3, B and C). However, when both EH domains were de-
leted, as in Pan1AA1-97, 680-1480, Mup1-pHI was not internal-
ized. Although the N-terminus of Pan1 (Pan1AA1-702) could local-
ize to endocytic patches, this region was unable to promote
internalization of Mup1-pHI. Extending the fragment to include
some of the central region (Pan1AA1-855) restored the endocytic
function, further confirming Pan1’s central region as critical for
Pan1’s localization and function at the endocytic patch. In addition,
we defined a region of Pan1, AA402-855, that was necessary but
not sufficient for endocytosis, as Pan1AA1-401, 856-1480 and
AA402-855 did not internalize Mup1-pHI. This region spans the
EH2 domain and some of the central region. Of interest, adding to
this AA402-855 fragment either the rest of the central region (Pa-
n1AA402-1050) or the N-terminus (Pan1AA1-855) restored the en-
docytic function. Pan1AA250-855, which includes both EH do-
mains, only barely restored endocytosis (as seen by the punctae
present in Figure 5E), whereas the far-N-terminal portion of LR1
(Pan1AA1-97, 402-855) did not promote internalization of Mup1-
pHI at all. These data suggest that Pan1AA402-855 is critical for
CME, but it requires LR1 (including EH1) or the rest of the central
region for full endocytic function.
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In summary, Pan1AA402-855, which contains EH2 and a portion
of the central region, was critical for endocytic function and patch
formation and requires either LR1 or the central region for full resto-
ration of endocytic defects.

Pan1 contains three overlapping minimal essential fragments
that localize to patches, but only one restores endocytosis. Pan1
is an essential protein whose primary role is in CME, which is not
believed to be an essential process; therefore this raises the
question of Pan1’s essential role and whether can it be separated
from its role in endocytosis. To explore these questions, we defined
the essential regions of Pan1 by expressing fragments of Pan1 on
plasmids in Pan1-AID cells and observing which fragments restored
growth and viability in the presence of auxin. Pan1 AA402-855 is
necessary but not sufficient for growth or viability; this “minimal”
essential region requires the addition of one of three regions of
Pan1—AA250-401, AA856-1050, or AA1-97—to rescue growth and
viability (Figure 5A and Supplemental Figure S4A). The minimal
region contains the second EH domain, as well as a portion of the
central region that is important for Pan1-Pan1 binding and Pan1-
End3 binding. Pan1’s C-terminal actin-regulatory region is not
essential for viability, confirming data from the literature (Duncan
et al., 2001).

In addition, we found that Pan1’s first EH domain could support
growth in the absence of the second EH domain (and vice versa),
contradicting previous results (Figure 5A and Supplemental Figure
S4A; Sachs and Deardorff, 1992). This disparity was resolved by our
finding that the original plasmid does not express protein. Adaptor
proteins have been shown to bind only the second EH domain;
however, our data suggest that either adaptor proteins can interact
with the first EH domain or these interactions are not essential for
growth or endocytosis.

All Pan1 fragments tested that did not support growth also did
not restore viability of the Pan1-AID strain in the presence of auxin
(Supplemental Figure S4B). The essential regions of Pan1 partially
restored viability, but the increased death suggests that the cells are
in a compromised state, perhaps due to partial loss of Pan1’s nones-
sential function.

In summary, Pan1’s minimal common region, AA402-855, is
critical for its localization and stability at the endocytic patch and
necessary for Pan1’s endocytic and essential roles. This common
region requires additional Pan1 regions to stably localize to en-
docytic patches (Pan1AA1-97, AA250-401, or AA856-1050), re-
store endocytosis (Pan1AA1-401 or AA856-1050), or support cell
viability (Pan1AA1-97, AA250-401, or AA856-1050). The exact
mechanism of action that each of these three regions contributes
to the common essential region is under investigation. Of the
Pan1 fragments tested, all fragments that did not support growth
also did not restore endocytosis or viability. Pan1AA1-855 and
Pan1AA402-1050 are the minimal regions necessary for endocy-
tosis, but the mechanism of how either the addition of the LR1
and LR2 or the remaining central region function to restore en-
docytosis is unknown. Potential explanations are that the Sla1-
binding site in LR1 and the lipid-binding activity in the central
region could be critical for Pan1's endocytic functions (Tang
et al., 2000; D. Pierce and B. Wendland, unpublished results).
Two fragments, Pan1AA1-97, 402-855 and Pan1AA250-855, sup-
ported growth but were not able to fully restore endocytosis of
Mup1-pHI, suggesting that either 1) these fragments support a
basal level of bulk endocytosis but not endocytosis of the spe-
cific cargo, or 2) these fragments have an additional, essential,
role in the cell.
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DISCUSSION

Pan1 interacts with numerous proteins at each stage of endocytosis,
making Pan1 an ideal candidate as a scaffold to hold the coat to-
gether as it transitions between stages (Sachs and Deardorff, 1992;
Wendland et al., 1996). Pan-AlD provided a unique opportunity to
characterize endocytosis and deduce Pan1’s mechanisms of endo-
cytic regulation in the acute absence of Pan1. Pan1-AID also allowed
us to characterize which regions of Pan1 are important for its endo-
cytic and essential functions, which we found can be separated.

A majority of Pan1 protein is depleted within 1 h after the addi-
tion of auxin, yet most cells remain viable; it requires 4 h for >50%
of the cells to die (Figure 1, B and F). Pan1’s major role is in CME,
which is not essential, so how are Pan1-AID cells dying (Payne et al.,
1988; Chu et al., 1996; Madania et al., 1999; Kaksonen et al., 2005;
Newpher and Lemmon, 2006; Prosser et al., 2011)? We continue to
pursue Pan1’s essential role.

Pan1 is not required to initiate endocytic patches but is impor-
tant for coat maturation. The few late coat patches that formed in
the absence of Pan1 had extended lifetimes (Tables 1 and 2 and
Figure 3, A and B). The decrease in the number of late coat protein
patches could be due to reduced binding efficiency of individual
proteins and/or fewer endocytic patches maturing to later stages. If
the latter were true, this implicates Pan1 as a critical regulator of the
transition from early to late coat, where Pan1 strengthens interac-
tions that link early coat and late coat proteins (i.e., Edel1-Pan1,
Syp1-Las17, Sla2-late coat proteins, and actin). Recent work identi-
fied Ede1 as an organizer of the initiation of endocytosis and sug-
gested that Edel’s coiled-coil region binds unknown late coat
protein(s) (Boeke et al., 2014). Edel’s homologue, Eps15, binds
Intersectin through its coiled-coil region, similar to our unpublished
work that found that Pan1 binds to Ede1’s coiled-coil region (Sengar
etal., 1999; Wong et al., 2012, S. Barker and B. Wendland, unpub-
lished observations). Together these results strongly suggest that
Pan1 and Ede1 likely work together to mediate endocytic progres-
sion from early to late stages.

Although Pan1’s direct role in actin regulation may be small, its
indirect role in the coordination of other actin inhibitors and regula-
tors is important (Duncan et al., 2001; Toshima et al., 2005; Barker
etal., 2007). Actin flares represent a distinct intermediate phenotype
relative to the previously described actin comet tails and actin plumes
seen in other endocytic mutants (Kaksonen et al., 2003, 2005;
Skruzny et al., 2012). We hypothesize that in the absence of Pan1,
early-acting inhibitors of Arp2/3-actin polymerization, such as Syp1
and Slal, cannot properly engage Las17. This leads to increased
Arp2/3 actin polymerization that resembles slaTA/bbcTA actin
plumes (Kaksonen et al., 2005). Similar to Sla2, we propose that Pan’
is critical for coupling the membrane to the coat/actin machinery in
order to transmit the forces of actin polymerization to invaginate the
membrane (Figure 4E; Kaksonen et al., 2003; Skruzny et al., 2012).

We found that the most functionally important region of Pan1,
AA702-1050, is the least studied, leaving many questions open con-
cerning mechanisms of Pan1 function. The known activities and in-
teresting features of this region include homodimerization, End3
binding, Sla2 binding, a Prk1 consensus phosphorylation site, a lipid-
binding region, and a putative NLS domain, many of which show
conservation among fungal species (Tang et al., 2000; Zeng et al.,
2001; Miliaras and Wendland, 2004; Toshima et al., 2005, 2007;
Kamiriska et al., 2007; Pierce et al., 2013, D. Pierce and B. Wendland,
unpublished observations). In addition, there appear to be two other
areas (AA855-892 and AA918-975) that are well conserved among
fungal species but have no assigned function. More careful func-
tional study of Pan1’s central region is clearly warranted.

Molecular Biology of the Cell



Our work clearly shows that EH1 function supports endocytosis
and viability in lieu of EH2 (Figure 5, A, D, and E, and Supplemental
Figures S3 and S4). Suzuki et al. (2012) showed that specific deletion
of both Pan1 EH1 and EH2 does not abolish endocytosis, but our
data show that a fragment missing EH1, EH2, and the region be-
tween (LR2) does abolish the endocytic and essential function of
Pan1; this implicates a role for the LR2 region. The only known func-
tional features in LR2 are 10 Prk1/Ark1 phosphorylation sites (Tang
etal., 2000; Zeng et al., 2001; Toshima et al., 2005, 2007). Are these
sites critical for Pan1 function, or are there unknown binding part-
ners of the LR2? In addition, the necessity of the NPF-motif binding
activity of the EH domains, in the context of the minimal essential
fragments, is under investigation.

We found that the N-terminal and central regions of Pan1 inde-
pendently localized to patches; each region interacts with proteins
that arrive at the patch before or with Pan1, suggesting that these
interactions contribute to Pan1 recruitment (Tang et al., 1997, 2000;
Wendland and Emr, 1998; Wendland et al., 1999; Toshima et al.,
2007). Of interest, some fragments, such as Pan1AA1-702 and 1-97,
402-855, localized to the patch without supporting endocytosis.
This demonstrated that regions important for endocytic localization
and function are separable, and these are being further studied.

Our work found two minimal fragments of Pan1 that support via-
bility and endocytosis: Pan1AA1-855 and AA402-1050 (Figure 5 and
Supplemental Figures S3 and S4). Do these two fragments support
endocytosis in similar or different ways? Pan1AA855-1050 interacts
with Sla2 and the membrane, both of which could help Pan1 localize
to and function at endocytic patches (Toshima et al., 2007; D. Pierce
and B. Wendland, unpublished observations). In contrast, Pa-
n1AA1-402, which contains LR1, EH1, and part of LR2, could help
localize Pan1 to the patch through Sla1 interactions or phosphoregu-
lation. That Pan1AA250-855 and Pan1AA1-97, 402-855 do not sup-
port endocytosis suggests an endocytic role for LR1, perhaps via Sla1
binding (Tang et al., 2000; Zeng et al., 2001; Toshima et al., 2005,
2007). The exact binding domain of Sla1 needs to be defined to
determine whether Pan1-Sla1 interaction is critical for endocytosis.

Of interest, we found two minimal fragments of Pan1 that sup-
port viability and localize to patches but do not fully restore endocy-
tosis: Pan1AA250-855 and Pan1AA1-97, 402-855 (Figure 5 and
Supplemental Figures S3 and S4). Pan1AA250-402 contains EH1
and LR2, whereas the other has a glutamine-rich N-terminus with an
NPY motif. How are these regions contributing to Pan1’s essential
function? Are the EH domains important for viability? Are there non-
endocytic proteins that interact with Pan1 in these regions? Is Pan1’s
essential function carried out at the endocytic patch? We are con-
tinuing to define Pan1’s essential and endocytic functions.

Our study of Pan1 confirmed that Pan1 is an essential endocytic
scaffold and defined this function as regulating interactions impor-
tant for transitions between endocytic stages: the early coat to the
late coat, actin-regulatory proteins to actin machinery, and the mem-
brane to the coat/actin machinery. We also defined the regions of
Pan1 that are important for endocytosis and, for the first time, found
regions of Pan1 that do not support endocytosis but do support vi-
ability. Pan1-AID will allow us to continue defining Pan1’s acute func-
tions in endocytosis and its unknown role(s).

MATERIALS AND METHODS
Media and growth conditions
Yeast cells were grown in rich (yeast extract/peptone) or synthetic
(yeast nitrogenous base with amino acid selection of plasmid main-
tenance) medium with 2% dextrose. For experiments using auxin in
liquid cultures, 3-indoleacetic acid (12886; Sigma-Aldrich, St. Louis,
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MO) was added to synthetic media to a final concentration of 500
pm. For experiments using auxin on solid media, 1-naphthale-
neacetic acid (NAA; N0640; Sigma-Aldrich) was added to synthetic
media to a final concentration of 1 mM.

Strains and plasmids

The yeast strains and plasmids used in this study are listed in Tables
3 and 4, respectively. Strains were constructed using PCR-based
genomic integration as described previously (Longtine et al., 1998;
Goldstein and McCusker, 1999; Nishimura et al., 2009). DNA
manipulations for plasmid construction were performed using
standard techniques, using either T4 DNA polymerase-mediated
ligations in Escherichia coli or homologous recombination with
overlapping DNA fragments followed by plasmid rescue in Saccha-
romyces cerevisiae. All restrictions enzymes were purchased from
New England Biolabs (Ipswich, MA).

Protein expression

Trichloroacetic acid precipitation. Mid to late log-phase cells
without or with auxin at indicated time points were harvested and
resuspended in 1 ml of 10% trichloroacetic acid with 1 mM
4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF; a protease
inhibitor) and incubated on ice for 20 min, and precipitates were
centrifuged at 14,000 rpm for 10 min at 4°C. Precipitates were
washed twice with cold acetone, resuspended by sonication, and air
dried. Protein samples were processed for SDS-PAGE separation by
adding 2x protein sample buffer with 1 mM AEBSF and solubilized
by bead disruption.

SDS-PAGE and immunoblotting. Proteins were separated on
polyacrylamide mini gels (7.5%) at 27 mA in SDS running buffer
(3 mM SDS, 25 mM Tris base, 192 mm glycine) and then transferred
onto nitrocellulose membranes at 80 V for 90 min in cold transfer
buffer (20% methanol, 0.0375% SDS, 48 mM Tris base, 30 mM
glycine). The membranes were blocked in 5% milk in TBST (10 mM
Tris, pH 7.5, 0.25 M NaCl, 0.025% Tween-20). Blots were incubated
in the specified primary antibody overnight at the following
concentrations: rabbit-anti-Pan1 was a gift from D. G. Drubin
(University of California, Berkeley) and was used at 1:10,000; rabbit-
anti-Act1 was a gift from D. Pruyne (SUNY Upstate Medical University)
and was used at 1:5000; rabbit-anti-End3 was a gift from the H.
Riezman lab and was used at 1:2000; and rabbit-anti-Sla1 was a gift
from L. Hicke (University of Texas, Austin) and was used at 1:2000.
The blots were washed three times in TBST, incubated with
secondary antibodies conjugated to horseradish peroxidase (Pierce,
Rockford, IL), and diluted 1:2000 in milk solution for 45 min. Blots
were washed again three times in TBST and then developed with
chemiluminescent substrate (solution 1, 2.5 mM luminol, 400 pM
paracoumaric acid, 100 mM Tris-HCI, pH 8.5; solution 2, 5.4 mM
H>O,, 100 mM Tris-HCI, pH 8.5) for 2 min at room temperature.
Chemiluminescence images were acquired using a FluorChem M
FMO0455 imager.

Growth assays

For serial dilutions, log-phase cells were diluted to ODggg of 0.25,
from which four 1:5 serial dilutions were plated on yeast nitrogen
base (YNB) —tryptophan minus or plus T mm NAA and grown for 3 d
at 30°C.

Propidium iodide staining
Aliquots of cells from each culture were taken at the indicated times
after incubation in minus or plus 500 pm IAA at 30°C and labeled
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Strain

Genotype

Source

W303
BY25598

BWY1488
BWY5393

BWY5394

BWY5890
BWY5891

BWY5892

BWY6051

BWY6052

BWY6053

BWY6191

BWY6192

BWY6193

BWY6146

BWY6147

BWY6148

BWY6054

BWY6055

BWY6056

BWY6061

BWY6062

BWY6063

BWY6111

BWY6112

BWY6113

MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2
MATa ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ADH1-OsTIR1-9myc::URA3

MATa his3-A200 trp1-A901 leu2-3112 ura3-52 lys2-801 suc2-A9 BART sjl1::HIS3, sjl2::HIS3
MATo. ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ADH1-OsTIR1-9myc::URA3
ade2::ADE2 HisA::URA Pan1-AlD::G418

MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU

MATo. ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Ade8A::LEU

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Pan1-AlD::G418 Ade8A::LEU

MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU Mup1-
pHI::HPH

MATo: ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Ade8A::LEU Mup1-pHI::HPH

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Pan1-AID::G418 Ade8A::LEUMup1-pHI::HPH

MATo: ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU Ent2-
GFP::G418

MATo: ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Ade8A::LEU Ent2-GFP::G418

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Pan1-AlD::G418 Ade8A::LEU Ent2-GFP::G418

MATo: ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU YAP1801-

GFP::G418

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Ade8A::LEU YAP1801-GFP::G418

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Pan1-AID::G418 Ade8A::LEU YAP1801-GFP::G418

MATo: ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEURVS167-
GFP::HPH

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Ade8A::LEU RVS167-GFP::HPH

MATo: ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Pan1-AlD::G418 Ade8A::LEU RVS167-GFP::HPH

MATo: ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU Sla1-
GFP::HPH Sac6-RFP::G418

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Ade8A::LEU Sla1-GFP::HPH Sacé-RFP::G418

MATo. ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Pan1-AlD::G418 Ade8A::LEU Sla1-GFP::HPH Sacé-RFP::G418

MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU Sla2-
GFP::HPH Sac6-RFP::G418

MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Ade8A::LEU Sla2-GFP::HPH Sac6-RFP::G418

MATo: ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1-
9myc::URA3 HisA::URA Pan1-AlD::G418 Ade8A::LEU Sla2-GFP::HPH Sacé-RFP::G418

Laboratory strain

Yeast Genetic Resource
Center

Laboratory strain

This study
This study

This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

TABLE 3: Strains used in this study.
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Strain Genotype Source

BWY6071  MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU End3- This study
GFP::HPH Sac6-RFP::G418

BWY6072  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Ade8A::LEU End3-GFP::HPH Sac6-RFP::G418

BWY6073  MATo. ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Pan1-AlID::G418 Ade8A::LEU End3-GFP::HPH Sac6-RFP::G418

BWY6068  MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU Ede1- This study
GFP::HPH Sac6-RFP::G418

BWY6069  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Ade8A::LEU Ede1-GFP::HPH Sac6-RFP::G418

BWY6070  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Pan1-AlD::G418 Ade8A::LEU Ede1-GFP::HPH Sac6-RFP::G418

BWY6065  MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU Myo5- This study
GFP::HPH Sacé6-RFP::G418

BWY6066  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Ade8A::LEU Myo5-GFP::HPH Sac6-RFP::G418

BWY6067  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Pan1-AlD::G418 Ade8A::LEU Myo5-GFP::HPH Sac6-RFP::G418

BWY5969  MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU Las17- This study
GFP::G418

BWY5970  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Ade8A::LEU Las17-GFP::G418

BWY5971  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Pan1-AID::G418 Ade8A::LEU Las17-GFP::G418

BWY6230  MATo ura3-1 ade2-1 his3-11 leu2,3112 trp1-1 can1-100 ade2::ADE2 Ade8A::LEU Sacé- This study
RFP::G418

BWY6231  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study
9myc::URA3 HisA::URA Ade8A::LEU Sac6-RFP::G418

BWY6232  MATo ura3-1 ade2-1 his3-11, 15 leu2-3112 trp1-1 can1-100 ade2::ADE2 ADH1-OsTIR1- This study

9myc::URA3 HisA::URA Pan1-AlID::G418 Ade8A::LEU Sacé-RFP::G418

TABLE 3: Strains used in this study. Continued

with 1 pg/ml propidium iodide. Five thousand cells were immedi-
ately analyzed on a BD FACSCalibur (Becton Dickinson, Mountain
View, CA) flow cytometry system to quantify the population of cells
with fluorescent propidium iodide staining.

FM4-64 staining

FM4-64 images were collected using a Zeiss Axiovert 135TV in-
verted microscope (Carl Zeiss Microlmaging, Thornwood, NY) with
a Sensicam QE charge-coupled device (CCD) camera (Cooke, Ro-
mulus, M), Zeiss 100x/1.4 numerical aperture (NA) Plan-Apochro-
mat objective, motorized filter wheels, fluorescein isothiocyanate
(FITC) and Texas Red filter sets (Semrock, Rochester, NY), and Slide-
Book 5.0 software (Intelligent Imaging Innovations, Denver, CO).
Images were captured with 500-ms exposure and identical binning,
intensification, and illumination intensity. Log-phase cells were incu-
bated in YNB ~Trp media minus or plus 500 pM IAA for 30 min at
30°C. For FM4-64 labeling, cell aliquots were transferred to an Ep-
pendorf tube with 10 pg/ml FM4-64 (Molecular Probes, Eugene,
OR) and incubated for 15 min at 30°C. The cells were washed twice
with fresh medium to remove excess FM4-64, resuspended in 100 pl
of fresh medium, and then put on ice until visualization at the micro-
scope. Cells were spotted onto uncoated glass slides and covered
with a coverslip.
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Fluorescence microscopy

Mup1-pHI. Mup1-pHluorin images were collected using a Zeiss
Axiovert 135TV inverted with a Sensicam QE CCD camera, Zeiss
100%/1.4 NA Plan-Apochromat objective, motorized filter wheels,
FITC and Texas Red filter sets (Semrock), and SlideBook 5.0 software.
Images were captured with 500-ms exposure and identical binning,
intensification, and illumination intensity. For quantification of
fluorescence intensity, 16-bit image files were analyzed in ImageJ,
version 1.41n (National Institutes of Health, Bethesda, MD).
Background subtraction was performed before measurement of
integrated density, and values were corrected for cell size.

To perform kinetic analysis of endocytosis, cells expressing
Mup1-pHluorin were grown overnight in synthetic YNB medium
lacking methionine (YNB-Met). Cells were then diluted to a density
of 0.35 OD/ml in YNB-Met and grown to a density of 0.6 OD/ml.
Cells were then seeded onto concanavalin A-coated eight-well
glass-bottomed chamber slides (LabTek, Scotts Valley, CA) contain-
ing YNB-Met and allowed to settle before imaging. Cells were or
were not treated with 500 pM IAA for 30 min, and then methionine
was added at a concentration of 20 pg/ml, and images were cap-
tured after 30 min or 1 h. During image acquisition, cells were main-
tained at a constant temperature of 30°C. Experiments with Pan
plasmids were performed in YNB-Trp-Met medium.
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Description Source

Plasmid Details

pRS414 CEN, TRP1

pBW373 pRS426::GFP-PH of PLC(delta)

pBW626 pRS414::PAN1 (CEN, TRP1)

pBW628 PRS414::pan1(AA1-97, 390-1480) (CEN, TRP1)
pBW630 PRS414::pan1(AA1-855) (CEN, TRP1)

pBW1443 pRS414::PAN1-GFP (CEN, TRP1)

pBW2508  pRS414:pan1(AA250-855) (CEN, TRP1)
pBW2581 PRS414::pan1(AA1-702)-GFP (CEN, TRP1)
pBW2582 PRS414::pan1(AA1-1050)-GFP (CEN, TRP1)
pBW2583 PRS414::pan1(AA702-1480)-GFP (CEN, TRP1)
pBW2584 PRS414::pan1(AA1050-1480)-GFP (CEN, TRP1)
pBW2594 PRS414::pan1(AA702-1050)-GFP (CEN, TRP1)
pBW2597 PRS414::pan1(AA1-97,402-855) (CEN, TRP1)
pBW2623 PRS414::pan1(AA402-1050)-GFP (CEN, TRP1)
pBW2624 PRS414::pan1(AA1-855)-GFP (CEN, TRP1)
pBW2626 pRS414::pan1(AA402-855)-GFP (CEN, TRP1)
pBW2627 PRS414::pan1(AA1-97, 402-855)-GFP (CEN, TRP1)
pBW2642 PRS414::pan1(AA1-390, 680-1480) (CEN, TRP1)
pBW2645 pRS414::pan1(AA402-855) (CEN, TRP1)
pBW2696 PRS414::pan1(AA1-401, 856-1480 (CEN, TRP1)
pBW2723 PRS414::pan1(AA402-1050) (CEN, TRP1)
pBW2780 PRS414::pan1(AA402-1480) (CEN, TRP1)
pBW2789 PRS414::pan1(AA1-97, 680-1480) (CEN, TRP1)
pBW2795  pRS414::pan1(AA1-702) (CEN, TRP1)

pBW2797 PRS414::pan1(AA250-855)-GFP (CEN, TRP1)
pBW2841 pRS414::pan1(AA1-401, 856-1480)-GFP (CEN, TRP1)

Laboratory plasmid
Emr lab

Sachs et al. (1992)
Sachs et al. (1992)
Sachs et al. (1992)
Laboratory plasmid

GFP-PH (2u, URA3)

pPan1.414

pPan1 AA: 1-97, 390-1480.414
pPan1 AA: 1-855.414
pPan1-GFP.414

pPan1 AA: 250-855.414 This study
pPan1 AA: 1-702-GFP.414 This study
pPan1 AA: 1-1050-GFP.414 This study
pPan1 AA: 702-1480-GFP.414 This study
pPan1 AA:1050-1480-GFP.414 This study
pPan1 AA: 702-1050-GFP.414 This study
pPan1 AA: 1-97, 402-855.414 This study
pPan1 AA: 402-1050-GFP.414 This study
pPan1 AA: 1-855-GFP.414 This study
pPan1 AA: 402-855-GFP.414 This study
pPan1 AA: 1-97, 402-855-GFP.414  This study
pPan1 AA: 1-390, 680-1480.414 This study
pPan1 AA: 402-855.414 This study
pPan1 AA: 1-401, 856-1480.414 This study
pPan1 AA: 402-1050.414 This study
pPan1 AA: 402-1480.414 This study
pPan1 AA: 1-97, 680-1480.414 This study
pPan1 AA: 1-702.414 This study
pPan1 AA:250-855-GFP.414 This study
pPan1 AA:1-401, 856-1480-GFP.414  This study

TABLE 4: Plasmids used in this studly.

GFP/RFP time-lapse collections. Log-phase cells were incubated
with or without 500 pM IAA for 45 min to 1 h at 30°C and then
imaged using the Zeiss AxioObserver Yokogawa CSU-X1 spinning
disk confocal. Movies were captured with 150- to 200-ms
exposure at 0.5-4 s/frame for 90-120 frames. Lifetimes of
>50 individual patches for each strain were recorded and averaged
together using ImageJ. Patch number per micrometer of cell
perimeter was counted for >30 cells/strain and averaged using
ImageJ. Representative kymographs were generated with Zen
software.

Image/statistical analysis

Statistical significance between populations was determined by
one-way analysis of variance followed by Tukey’s multiple compari-
son post hoc analysis.
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