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The spatial and temporal regulation of the interactions among the �60 proteins required for endocytosis is under active
investigation in many laboratories. We have identified the interaction between monomeric clathrin adaptors and endo-
cytic scaffold proteins as a critical prerequisite for the recruitment and/or spatiotemporal dynamics of endocytic proteins
at early and late stages of internalization. Quadruple deletion yeast cells (����) lacking four putative adaptors, Ent1/2
and Yap1801/2 (homologues of epsin and AP180/CALM proteins), with a plasmid encoding Ent1 or Yap1802 mutants, have
defects in endocytosis and growth at 37°C. Live-cell imaging revealed that the dynamics of the early- and late-acting
scaffold proteins Ede1 and Pan1, respectively, depend upon adaptor interactions mediated by adaptor asparagine-proline-
phenylalanine motifs binding to scaffold Eps15 homology domains. These results suggest that adaptor/scaffold interac-
tions regulate transitions from early to late events and that clathrin adaptor/scaffold protein interaction is essential for
clathrin-mediated endocytosis.

INTRODUCTION

Clathrin-mediated endocytosis (CME) mediates the internal-
ization of extracellular molecules, plasma membrane lipids,
and specific membrane proteins into the cell. Nutrient up-
take, membrane remodeling, immune surveillance, and syn-
aptic vesicle recycling all depend on CME to maintain and
regulate many of their constituents (Geli and Riezman, 1998;
Evans and Owen, 2002; Sorkin, 2004; Szymkiewicz et al.,
2004). Thus, CME is an essential process for homeostasis and
signaling regulation in all eukaryotic cells.

CME involves �60 cytosolic proteins acting in concert to
form a cargo-containing clathrin-coated vesicle (CCV). Cur-
rent studies focus on elucidating the regulation and mech-
anisms of spatiotemporal coupling of endocytic proteins,
beginning with the selection of cargo proteins at the plasma
membrane by clathrin adaptors (Kaksonen et al., 2003, 2005;
Newpher et al., 2005). Adaptors recognize sorting signals in
the cytoplasmic tail of cargo proteins, such as linear peptide
motifs or posttranslational modifications such as ubiquitina-
tion (Wendland, 2002; Traub, 2003; Maldonado-Baez and
Wendland, 2006). Adaptors also recruit clathrin and other
endocytic proteins to sites of endocytosis (Wendland, 2002;
Traub, 2003; Owen, 2004). Forming stable cargo–adaptor–
clathrin complexes at the plasma membrane is a key, rate-
limiting early event in the assembly of CCVs (Ehrlich et al.,
2004; Kaksonen et al., 2005; Newpher et al., 2005). Current
models predict that these early endocytic complexes trigger
the transition from early (cargo-gathering) to late (vesicle

scission) events in endocytic internalization, although the
mechanism is unknown (Ehrlich et al., 2004; Kaksonen et al.,
2005; Merrifield et al., 2005; Naslavsky and Caplan, 2005;
Newpher et al., 2005; Newpher and Lemmon, 2006).

Most known adaptors are conserved from yeast to hu-
mans (Toret and Drubin, 2007); thus, we used the budding
yeast Saccharomyces cerevisiae for this study. Our laboratory
has characterized the S. cerevisiae putative adaptor proteins
Ent1 and Ent2 (Figure 1A), an essential gene pair that be-
longs to the epsin protein family (Chen et al., 1998; Wend-
land et al., 1999; Aguilar et al., 2003). The structural features
and the endocytic roles of epsins are conserved (Wendland,
2002); like the other members of this family, Ent1 and Ent2
have a globular epsin amino(N)-terminal homology (ENTH)
domain that binds phosphatidylinositol-4,5-bisphosphate at
the plasma membrane. Their C termini contain two ubiq-
uitin interaction motifs (UIMs) that bind ubiquitin, two as-
paragine-proline-phenylalanine (NPF) tripeptide motifs that
interact with Eps15 homology (EH) domains, a C-terminal
clathrin binding motif (CBM), and regions of unknown func-
tion (Figure 1A) (Wendland et al., 1999; Aguilar et al., 2003,
2006).

We showed recently that the minimal region of Ent1/2
required for viability in ent1�ent2� (��) cells is the con-
served ENTH domain (Wendland et al., 1999; Aguilar et al.,
2006). The essential function of the ENTH domain is in cell
polarity by binding to Cdc42 regulatory factors (Aguilar et
al., 2006). Surprisingly, �� cells expressing the ENTH do-
main as the only source of epsin (���ENTH) exhibit normal
endocytosis. One interpretation of this finding is that the
ENTH domain harbors the endocytic functions of epsins.
However, the epsin C termini contain all the characterized
endocytic protein interaction motifs. This suggests that other
adaptor proteins that bind the same partners may compen-
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sate for the endocytic role of the yeast epsin C-termini in
���ENTH cells.

Two other candidate adaptors are the yeast proteins
Yap1801 and Yap1802, the homologues of the mammalian
endocytic clathrin assembly proteins CALM/AP180 (Wend-
land and Emr, 1998; Wendland et al., 1999). Like AP180/
CALM, Yap1801/2 have an AP180 amino(N)-terminal ho-

mology (ANTH) domain that is structurally and functionally
similar to ENTH domains (Ford et al., 2001; Itoh et al., 2001;
De Camilli et al., 2002; Stahelin et al., 2003). Yap1801/2 share
other similarities with the yeast epsins, including five NPF
motifs and a CBM (Figure 1A) (Wendland and Emr, 1998).
Ent1/2 and Yap1801/2 also localize to endocytic plasma
membrane patches (Wendland and Emr, 1998; Wendland et
al., 1999). AP180, a neuronal-specific adaptor protein in-
volved in the endocytic-recycling of synaptic vesicles, binds
clathrin and promotes its assembly into cages (Zhang et al.,
1998; Ford et al., 2001; Owen et al., 2004; Merrifield et al.,
2005; Augustine et al., 2006). CALM is a ubiquitously ex-
pressed AP180-related protein that plays a role in endocy-
tosis in non-neuronal cells (Tebar et al., 1999; Wechsler et al.,
2003; Owen et al., 2004; Meyerholz et al., 2005).

Yeast two-hybrid experiments and in vitro binding assays
showed that NPF motifs in Ent1/2 and Yap1801/2 bind the
yeast scaffold proteins Ede1 and Pan1 (Wendland and Emr,
1998; Howard et al., 2002; Aguilar et al., 2003). Ede1 and Pan1
contain EH domains, and they are yeast homologues of the
mammalian endocytic scaffolds Eps15 and Intersectin (Mili-
aras and Wendland, 2004). The NPF motif/EH domain in-
teraction between adaptors and scaffolds is conserved from
yeast to humans. Like other multivalent scaffold proteins,
Pan1 and Intersectin interact with and organize complexes
of multiple endocytic proteins, including factors involved in
early and late stages of internalization, and factors that affect
actin polymerization, including the Arp2/3 complex and
type I myosins (Tang et al., 1997; Yamabhai et al., 1998;
Okamoto et al., 1999; Tang et al., 2000; Duncan et al., 2001;
Hussain et al., 2001a,b; Miliaras et al., 2004; Barker et al., 2007;
Toshima et al., 2007).

Consistent with a shared endocytic role with the epsins,
deleting both yeast AP180 genes has no apparent endocyto-
sis or growth defect (Supplemental Figure S1) (Wendland
and Emr, 1998; Huang et al., 1999). Here, we show that the
yeast epsin and AP180 proteins share a complementary role
in endocytosis, and delineate the NPF motif/EH domain
interaction between clathrin adaptors and endocytic scaf-
folds as critical for successful endocytosis.

MATERIALS AND METHODS

Media and Materials
Yeast cells were grown in standard rich (yeast extract-peptone) or synthetic
medium (yeast nitrogenous base with amino acids for plasmid selection) and
2% dextrose. We used 750 �g/ml 5-fluoro-orotic acid (5-FOA; United States
Biological, Swampscott, MA) in synthetic medium; 250 �g/ml Geneticin
(G418; Invitrogen, Carlsbad, CA) was used in rich medium. Bacteria were
grown on standard Luria-Bertani media with 50 �g/ml carbenicillin, 30
�g/ml kanamycin, and/or 34 �g/ml chloramphenicol to maintain plasmids.
Materials were obtained from Fisher Scientific (Pittsburgh, PA) or Sigma (St.
Louis, MO) unless otherwise stated.

Strains and Plasmids
Standard methods were used for growth, sporulation, tetrad dissection, and
DNA manipulations and transformations of yeast. The yeast strains used in
this study are listed in Supplemental Table 1. The parental quadruple deletion
strain (BWY1975) was generated by sporulation and tetrad dissection and
confirmed by Western blotting. BWY2503, BWY2506, and BWY2574 (all Pan1-
green fluorescent protein[GFP]) strains were generated by C-terminal chro-
mosomal integration of polymerase chain reaction (PCR) products as de-
scribed in Longtine et al. (1998). The parental quintuple deletion strain
(BWY2571) was generated by transformation with a PCR fragment containing
homologous untranslated regions of EDE1 surrounding the G418-resistant
cassette and selection for growth on G418 plates (Longtine et al., 1998). The
plasmids used in this study are listed in Supplemental Table 2. DNA manip-
ulations were performed using standard techniques, employing either T4
DNA polymerase-mediated ligations in Escherichia coli or homologous recom-
bination with overlapping DNA fragments followed by plasmid rescue in S.
cerevisiae. Amino acid substitutions were made using QuikChange XL site-

Figure 1. Yap1801/2 complement growth and endocytosis in the
absence of the Epsin C terminus. (A) Ent1, Ent2, Yap1801, and Yap1802
with the conserved lipid binding amino-terminal ENTH and ANTH
domains, UIMs, EH domain-binding NPF motifs, and CBMs are
shown. (B) �����ENTH1 cells are inviable at 37°C. ent1�ent2� (��)
with the ENT1 ENTH domain (BWY2595) or ent1�ent2�
yap1801�yap1802� (����) with either full-length ENT1 (BWY2596),
ENTH1 (BWY2597), or coexpressing ENTH1 and either of the Yap180
proteins (pBW1344, pBW1345) were grown at 30 or 37°C for 3 d. (C)
�����ENTH1 cells exhibit endocytosis defects. WT (SEY6210),
���ENTH1 (BWY2595), or �����ENTH1 (BWY2597) cells were
transformed with a Ste3-GFP plasmid (pBW0639), grown at 30°C
and assessed for Ste3-GFP internalization by live-cell confocal mi-
croscopy. (D) Yap1801/2 proteins complement endocytosis in
�����ENTH1 cells. Wild-type (WT), ����-expressing Ent1 or the
ENTH1 domain and ���� cells coexpressing the ENTH1 domain
and either of the Yap180 proteins were tested for localization of
chromosomally tagged Ste3-GFP as in Figure 1C.
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directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufac-
turer’s instructions. All restriction enzymes were purchased from New En-
gland Biolabs (Ispwich, MA).

Plasmid Shuffle
��, ����, 5� cells expressing ENT1 or ENT2 from a TRP1 or URA3 plasmid
were used for counterselection on 5-fluoroanthranilic acid (5-FAA) or 5-FOA,
respectively. Cells cotransformed with ENT1 mutant or truncation URA3 and
WT TRP1 plasmids were grown on 5-FAA plates (to evict the TRP1 plasmid)
at 30°C for 3 d. Alternatively, cells cotransformed with ENT1 mutant or
truncation TRP1 and WT URA3 plasmids were grown on 5-FOA plates (to
evict the URA3 plasmid) at 30°C for 3 d.

�-Factor Uptake Experiments
35S-�-factor was purified and �-factor internalization assays were performed
using a continuous presence protocol as described previously (Dulic et al.,
1991). Cells were grown to early log phase, shifted to 30°C for 15 min, and
incubated with �-factor. Samples were taken after incubation at the indicated
time and preserved in ice-cold phosphate buffer, pH 6.0 (40 mM KH2PO4 and
6.0 mM K2HPO4) or citrate buffer, pH 1.0 (50 mM Na3C6H5O7�2H2O). Samples
were collected on glass filters (VWR, West Chester, PA) and counted on an
LS6500 scintillation counter (Beckman Coulter, Fullerton, CA). Data points
represent the percentage of �-factor internalized by dividing the counts from
the pH 1.0 treated samples (representing only internalized �-factor) by the
counts from the corresponding pH 6.0 treated samples (representing total
bound �-factor). Each data point is a representative average of three or more
assays. Error bars represent the SD.

Ste3-GFP Localization Assay
Cells were transformed with a STE3-GFP plasmid (pBW0639) (Urbanowski
and Piper, 2001). For Ste3-GFP visualization, the pH of the culture was
adjusted with 10 mM Tris, pH 7.5, 5 min before observation. The cells were
then pelleted and resuspended in the same media at 2–5 OD/ml density and
imaged. Ste3-GFP images were acquired with an LSM 510 META confocal
microscope (Carl Zeiss MicroImaging,, Thornwood, NY) equipped with the
appropriate lasers and filter set.

Fluorescence Microscopy
Pan1-GFP images were collected using an Axiovert 135TV inverted micro-
scope (Carl Zeiss MicroImaging) with a Sensicam QE charge-coupled device
camera (Cooke, Romulus, MI), Zeiss 100 � 1.4 numerical aperture (NA)
Plan-Apochromat objective, motorized filter wheels, fluorescein isothiocya-
nate filter set (Semrock, Rochester, NY), and IPLab 3.6 (BD Biosciences Bio-
imaging, Rockville, MD) or SlideBook 4.2 software (Intelligent Imaging Inno-
vations, Denver, CO). Pan1-GFP time-series images were collected with a
750-ms exposure.

Ede1-red fluorescent protein (RFP) images were captured using a 3i Mari-
anas microscope with a Zeiss alpha Plan-Fluar 100 � 1.45 NA objective,
Cascade II 512 EM cameras, a 561-nm diode laser, and SlideBook 4.2 software
(Intelligent Imaging Innovations). Images were captured with 500-ms expo-
sure, identical camera gain, intensification, and illumination intensity.

For live-cell imaging, cells were grown to early log phase on rich medium
plates at 30°C. Cells were placed in 2 �l of minimal media on an uncoated
glass coverslip and then inverted onto a glass slide. All imaging was at room
temperature.

Image Analysis
Image analysis was performed using the National Institute of Health ImageJ
(http://rsb.info.nih.gov/ij/) or SlideBook 4.2 software. Kymographs were
generated using ImageJ and the Multiple Kymograph plugin (http://www.
embl-heidelberg.de/eamnet/html/kymograph.html). Maximum fluorescence
intensity analysis was performed using the SlideBook 4.2 software.

A detailed description of the strains and plasmids used in this work are
provided in Supplemental Material.

RESULTS

The Yeast Epsin C Terminus Is Required for Endocytosis
in Cells Lacking the Yeast AP180 Proteins
To investigate a redundant function between the yeast epsin
and AP180 proteins (Figure 1A), we created a quadruple
mutant strain in which ENT1, ENT2, YAP1801, and YAP1802
were deleted. Because ENT1 and ENT2 is an essential gene
pair, this mutant strain contained a plasmid encoding wild-
type (WT) ENT1 to maintain viability and URA3 as a select-
able marker. Plasmid shuffling was used to replace the orig-
inal ENT1 plasmid with a plasmid encoding the Ent1 ENTH

(ENTH1) domain by plating on 5-FOA–containing media at
30°C. On 5-FOA media, cells containing only the ENTH1
plasmid grow, whereas cells with a URA3 plasmid are invi-
able, allowing selection of cells expressing only the ENTH1
domain.

Due to the vital role endocytosis plays in growth and
homeostasis in all eukaryotic cells, many endocytosis mu-
tants grow poorly if at all under stressful or restrictive
conditions. To test the requirement for these four putative
adaptors for growth and viability, ent1�ent2� (��) and
ent1�ent2�yap1801�yap1802� (����) mutants with full
length Ent1 or the ENTH1 domain were incubated at 30°C
(permissive temperature) or 37°C (restrictive temperature).
As expected, both ���ENTH1 and �����Ent1 were viable
at 37°C. In contrast, �����ENTH1 cells were inviable at
37°C (Figure 1B).

We first tested the endocytic role of the epsin C termini by
analyzing the trafficking of the transmembrane receptor Ste3
with a C-terminal GFP fusion (Ste3-GFP) by using live-cell
fluorescence microscopy. Ste3 is expressed in � mating type
cells, and it is the receptor for the a-factor mating phero-
mone. In the absence of ligand, Ste3 is constitutively inter-
nalized to the vacuole and degraded (Urbanowski and
Piper, 2001). Ste3-GFP trafficking has been well character-
ized, and changes in its itinerary indicate a defect in endo-
cytosis; we refer to this as the Ste3-GFP localization assay.
Cells expressing Ste3-GFP from a single-copy plasmid were
grown at 30°C and observed using confocal microscopy. In
both WT and ���ENTH1 cells, Ste3-GFP localized primar-
ily to endosomal and vacuolar structures, with low levels
found at the plasma membrane (Figure 1C). However, in
�����ENTH1 cells, Ste3-GFP accumulated mostly at the
plasma membrane, indicative of a delay or blockage in the
internalization of the receptor (Figure 1C). We also used
another endocytic assay that monitors the ligand-induced
internalization of exogenously added 35S-labeled �-factor
mating pheromone, as described in Materials and Methods.
Approximately 80% of the �-factor was internalized in WT
cells versus �30% internalized �-factor in �����ENTH1
cells, providing independent confirmation of the presence of a
severe endocytic defect in �����ENTH1 cells (Figure 3B). The
inviability at 37°C and the deficient endocytosis of Ste3-GFP
and �-factor, even at 30°C in �����ENTH1 cells, confirms
that the Yap180 proteins are required for growth under
stress conditions and for endocytosis in the absence of the
epsin C termini.

The Yap180 Proteins Complement the Endocytic Function
of the Yeast Epsin C Terminus
To confirm that the defects in viability and endocytosis
observed in �����ENTH1 cells were due to the lack of
Yap1801/2, the Yap180 proteins were reintroduced, and growth
and endocytosis were tested. Either of the Yap180 proteins restored
viability at 37°C and endocytosis of Ste3-GFP of �����ENTH1
cells (Figure 1, B and D; data not shown). These experiments
demonstrate that the Yap180 proteins can replace the func-
tion of the epsin C termini, suggesting a shared endocytic
role for these four putative adaptors.

NPF Motifs Are Required for Endocytosis in Adaptor
Mutant Cells
The NPF motifs and the CBM are the two recognizable
C-terminal motifs that yeast epsins and Yap180s have in
common (Figure 1A). To determine the minimal region of
Ent1 that contains overlapping functions with Yap1801/2,
���� cells with plasmids encoding C-terminal truncations
of Ent1 were assayed for endocytosis with the Ste3-GFP

L. Maldonado-Báez et al.
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localization assay and for growth at 30 and 37°C. After 3 d
of growth, only Ent1 C-terminal truncations that included
amino acids 306–450 complemented ���� cells (Figure 2A
and Supplemental Figure S2). The same constructs restored
endocytosis of Ste3-GFP in ���� cells (Figure 2B). These
experiments indicate that the CBM is dispensable (Baggett et
al., 2003) and show that the minimum Ent1 region required

for endocytosis and viability in the ���� cells at 37°C must
include the NPF motifs in the absence of the CBM.

Surprisingly, when a C-terminal Ent1 fragment containing
the NPF motifs but lacking the ENTH domain (Figure 3A;
Ent1C-termWT) was overexpressed in trans from a second
plasmid in the �����ENTH1 cells, both growth and endo-
cytosis were restored (Figure 3B and Supplemental S3A).
Endogenous levels of Ent1C-termWT partially restored
growth of �����ENTH1 cells at 37°C (Supplemental Fig-
ure S3A). Similarly, �����ENTH1 cells overexpressing the
Yap1802C-termWT grew at 37°C, unlike the Yap1802 frag-

Figure 2. NPF motif-containing region of clathrin adaptors is re-
quired for viability and endocytosis in ���� cells. Schematic of
Ent1 C-terminal truncations; the ENTH1 domain, ANTH domain,
UIMs, NPF motifs, and CBM are indicated. (A) The NPF motif-
containing region required for ���� cells growth at 37°C. ����
cells with either full-length Ent1 (BWY2596), an Ent1 C-terminal
truncation (BWY2598, BWY2604, and BWY2605), or ENTH1 domain
(BWY2597) were grown at 30 or 37°C for 3 d. Plus (�) and minus
(�) signs indicate viability or inviability at 37°C, respectively.
Growth plates are shown in Supplemental Figure 2. (B) The NPF
motif-containing region of Ent1 is required for endocytosis in ����
cells. Same ���� cells as in A expressing C-terminal truncations of
Ent1 were transformed with a plasmid coding for the plasma mem-
brane protein Ste3 tagged with GFP (pBW0639). Cells were grown at
30°C and assessed for Ste3-GFP localization by using live-cell im-
aging and confocal microscopy. Bars, 5 �m.

Figure 3. NPF motifs of clathrin adaptors are required for the endo-
cytic function of the Ent1 C terminus. Schematic of Ent1 and Yap1802
N- and C-terminal truncations, and Ent1 N-terminal truncations lack-
ing only the ENTH domain (Ent1 C-termWT); the ENTH1 domain,
ANTH domain, UIMs, NPF motifs, and CBM are indicated. Bold Xs in
red indicate sites of point mutations on the Ent1 C-termWT truncation.
(A) The NPF motifs are required for ���� cells growth at 37°C.
�����ENTH1 cells (BWY2597) coexpressing Ent1C-termWT (pBW0781),
Ent1C-termUIM- (pBW1368), Ent1C-termNPF1- (pBW1362), Ent1C-
termNPF2- (pBW1363), Ent1C-termNPF- (pBW1364), the ANTH2 do-
main (pBW1016), a Yap1802 fragment containing amino acids 1-339
(ANTH2 � 62aa) (pBW1020), and Yap1802CtermWT (pBW1019) in
trans were grown at 30 or 37°C for 3 d. Plus (�) and minus (�) signs
indicate viability or inviability at 37°C, respectively. Growth plates
are shown in Supplemental Figure 3, A and B. (B) NPF motifs are
required for the endocytosis function of the Ent1 C-terminus. ����
cells expressing Ent1 (BWY2497) or coexpressing the ENTH1 and
Ent1C-termWT (BWY2738) or Ent1C-termNPF- (BWY2739) were
tested for internalization of radiolabeled �-factor at 30°C. Cells were
grown on selective media at 30°C. Radiolabeled �-factor was added
to mid-log phase cultures at 30°C. Each point represents the average
of three or more assays; error bars represent the SD.
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ment lacking NPF motifs (ANTH2 � 62 amino acids [aa])
(Figure 3A).

The need to overexpress the Ent1C-termWT for full
complementation of the growth and endocytosis defects of
�����ENTH1 cells provided a sensitized background for
testing the importance of the Ent1 NPF motifs in endocyto-
sis. Either or both NPF motifs were mutated to NAA to
reduce the interaction with the EH domain of the scaffold
proteins Pan1 and Ede1 (de Beer et al., 1998; Aguilar et al.,
2003). �����ENTH1 cells were transformed with overex-
pression plasmids encoding the single Ent1C-termNPF1- or
Ent1C-termNPF2- mutants, or the Ent1C-termNPF- double
mutant, and growth and endocytosis phenotypes tested. The
single NPF-NAA mutants restored 37°C growth of
�����ENTH1 cells (Figure 3A and Supplemental Figure
S3B). In contrast, the Ent1C-termNPF- double mutant was
inviable at 37°C and had impaired �-factor endocytosis,
similar to �����ENTH1 cells (Figure 3, A and B). Western
blotting confirmed equal levels of expression of the WT and
NPF mutant Ent1C-term constructs and localization to cor-
tical patches (Supplemental Figure S3, C and D). Thus, the
C-terminal fragment does not require the NPF motifs for
association with patches, and the inability to complement
�����ENTH1 cells cannot be attributed to its absence from
endocytic sites.

The epsin UIMs play an important role in cargo recogni-
tion and membrane targeting, but we generally found them
to be less important than the NPF motifs for the endocytic
function of the epsins in ���� cells (Polo et al., 2002; Shih et
al., 2002; Aguilar et al., 2003; Hicke and Dunn, 2003; Mad-
shus, 2006). First, �����Ent1 C-terminal truncations con-
taining the ENTH domain and the UIMs, but lacking the
NPF motifs and the CBM, were inviable at 37°C and defec-
tive for endocytosis of Ste3-GFP at 30°C (Figure 2, A and B,
and Supplemental Figure S2). Second, the two conserved
serines in both UIMs were mutated to aspartic acids in an
Ent1C-termWT plasmid, mutations known to significantly
reduce ubiquitin binding (Shih et al., 2002; Aguilar et al.,
2003); �����ENTH1 cells expressing the Ent1C-termUIM-

truncation were viable at 37°C (Figure 3A and Supplemental
Figure S3B). These observations suggest that the UIM motifs
are not the critical region for viability and endocytosis in
adaptor mutant cells.

To test for a role of the NPF motifs in a more physiological
context, we mutated both NPF motifs in full length Ent1
expressed from the endogenous ENT1 promoter (Ent1NPF-).
This mutant was tested for growth at 37°C and for endocy-
tosis. ���� cells expressing Ent1NPF-, although viable at
37°C and relatively normal for Ste3-GFP localization, exhib-
ited an �20–25% reduction in �-factor internalization rela-
tive to WT cells, consistent with a role for the NPF motifs in
endocytosis (Figure 4, A and B, and Supplemental Figure
S4A; data not shown). The milder endocytosis defect ob-
served for the Ent1NPF- full-length protein relative to the
Ent1C-termNPF- protein suggests that the cooperation of the
different binding determinants in cis facilitates the function
of the protein, perhaps through localization and stabilization
at nascent endocytic sites (Aguilar et al., 2003, 2006; Aguilar
et al., 2006).

We next tested the proposed cooperativity between the
Ent1 C-terminal endocytic motifs in ���� cells expressing
Ent1 containing various combinations of mutations in the
lipid-binding pocket of the ENTH domain and the C-termi-
nal UIM, NPF, and CBM motifs. As expected,
�����Ent1UIM- cells were viable at 37°C, and they had
normal internalization of �-factor and Ste3-GFP at 30°C
(Figure 4, A and B, and Supplemental Figure 4A). Mild

endocytic defects were found for ���� cells expressing
mutant proteins individually lacking the other motifs
(Ent1lipid-, Ent1CBM-, and Ent1NPF- cells; Figure 4, A and B,
and Supplemental Figure S4A; data not shown) (Baggett et
al., 2003). ���� cells with the UIMs and the NPFs mutated
in combination (Ent1UIM-/NPF-) showed only a minor defect
in endocytosis assays, whereas cells with mutated UIMs and
CBM (Ent1UIM-/CBM-) or ENTH domain lipid binding pocket
and NPFs (Ent1Lipid-/NPF-) were more severely deficient for
endocytosis of �-factor and Ste3-GFP, and for growth at
37°C. NPFs and CBM combination mutant cells (Ent1NPF-/

CBM-) were the most defective, almost to the same extent as
�����ENTH1 cells. GFP-Ent1NPF-/CBM-, the most affected
mutant, still localized to cortical patches similarly to GFP-
Ent1WT (Supplemental Figure S4B), indicating that the func-
tional deficiency of the mutant proteins cannot be attributed
to absence from endocytic sites. Western blotting confirmed
that all Ent1 mutant constructs were expressed at equal
levels (data not shown). These results support a role for
cooperativity between the Ent1 motifs in the function of
Ent1, with the NPF motifs as major contributors.

Together, these results are consistent with the NPF motifs
being the key functional C-terminal determinants shared by
the yeast epsin and AP180 proteins. Our data also imply a
critical physiological role for an NPF motif/EH domain
interaction between an adaptor and a scaffold protein during
endocytosis.

Adaptor Mutant Cells Show Altered Dynamics of the
Late-acting Scaffold Protein Pan1
The NPF motifs of the yeast epsin and AP180 proteins
interact with the EH domains of the scaffold proteins Ede1
and Pan1 in vitro and in vivo (Wendland and Emr, 1998;
Howard et al., 2002; Wendland, 2002; Aguilar et al., 2003).
Ede1 and Pan1 are sequentially recruited to sites of endocy-
tosis, and this may depend in part upon binding to NPF
motifs in adaptors (Benmerah et al., 2000; Kaksonen et al.,
2005). We used our �����ENTH1 and �����Ent1NPF-

cells to observe the behaviors of Pan1 and Ede1 in the
absence of the epsins and Yap180 proteins; if adaptor bind-
ing to scaffolds is important in vivo, then the recruitment
and/or dynamic behavior of the scaffolds should be affected.

We used real-time fluorescence microscopy to analyze the
spatiotemporal distribution of chromosomally integrated
Pan1-GFP in ���� cells expressing Ent1, Ent1NPF-, or the
ENTH1 domain. Based on the assumption that Pan1 associ-
ation with cortical patches might depend upon its EH do-
mains binding to adaptor NPF motifs, we predicted that
Pan1 recruitment to endocytic sites might be inefficient in
����� ENTH1 cells. In all cases, the Pan1-GFP patches
localized to the cell cortex as reported previously by
others, indicating that the adaptors are not required for
the recruitment of Pan1 to the plasma membrane, al-
though we did note a slight reduction in the patch inten-
sity in �����ENTH1 cells (Figure 5A). We also observed
occasional cytoplasmic Pan1-GFP patches of unknown
identity in ���� cells expressing either Ent1 or the
ENTH1 domain, but never in WT cells (Figure 5A, ar-
rows). These few Pan1-GFP cytoplasmic punctae were
freely mobile and never reached the plasma membrane
(Supplemental Movies S1, S2, and S3).

To further assess the behavior of Pan1-GFP patches, the
lifetime of single patches at the cell cortex was quantitatively
analyzed and kymograph representations generated. Con-
sistent with previous reports, Pan1-GFP patches formed at
the cell cortex in WT cells with a lifetime of 35 � 5 s,
culminating with inward movement (Figure 5B and 5C)
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(Kaksonen et al., 2003, 2005). In �����Ent1 cells, 92% of the
Pan1-GFP patches formed and dissipated with the typical
inward movement, but their lifetime was reduced to 17 � 3 s
(Figure 5B). Surprisingly, kymographs for �����ENTH1
cells showed that at least 75% of Pan1-GFP patches re-
mained stationary at the plasma membrane for the 120 s
duration of the experiment; their fluorescence intensity fluc-
tuated, but they never disappeared from the cortex by an
inward movement (Supplemental Movie S3). The few Pan1-
GFP patches that formed and then disassembled during the
time of an experiment (120 s) had an average lifetime of 69 �
7 s, twice the lifetime of Pan1-GFP in WT cells (Figure 5C).
Interestingly, �����Ent1NPF- had both short-lived and sta-
tionary populations of Pan1-GFP patches (44% mobile vs.
56% immobile), likely explaining the intermediate endocytosis

and growth at 37°C phenotypes (Figure 5B and Supplemental
Movie S4). In contrast, �����Ent1UIM- or �����Ent1CBM-

cells showed Pan1-GFP dynamics and lifetimes similar to
�����Ent1WT cells (Supplemental Figure S5).

If the effect of the adaptor mutants on Pan1 dynamics is
direct, it is predicted to be mediated through NPF/EH do-
main interactions. Thus, we examined the dynamics of GFP-
tagged Pan1EH-, in which the critical tryptophan residue in
the ligand binding pocket of each EH domain was mu-
tagenized to alanine (de Beer et al., 1998). This mutant Pan1
protein was expressed from its endogenous promoter by
using a single copy plasmid in pan1� cells as the sole source
of Pan1, and these cells grew similarly to WT cells at 37°C
(data not shown). This mutant Pan1 localized to cortical
patches (Figure 5A), suggesting that the primary targeting of

Figure 4. NPF motifs are critical
for the endocytic function of Ent1.
(A) Schematic representation of
full-length Ent1 point mutant con-
structs. ���� cells expressing
full-length Ent1 (BWY2596) or the
following mutants: Ent1 UIM mo-
tif (Ent1UIM-) (BWY2599), Ent1
NPF motif (Ent1NPF-) (BWY2600),
Ent1 CBM (Ent1CBM-) (BWY2598),
Ent1 UIM and NPF motif (Ent1UIM-/

NPF-) (BWY2601), Ent1 UIM and CBM
(Ent1UIM-/CBM-) (BWY2602), Ent1 NPF
and CBM (Ent1NPF-/CBM-) (BWY2603),
Ent1 lipid-binding domain (Ent1Lipid-)
(BWY2746), and Ent1 lipid-binding
domain and NPF motif (Ent1Lipid-/

NPF-) (BWY2747) were tested for vi-
ability at 37°C (red bold Xs indicate
single amino acid substitutions or
deletion of the motif). Cells were
grown at 37°C for 3 d. Results are
indicated by a �, �, �/� classifi-
cation (�, viable; �, inviable, and
�/�, intermediate growth at 37°C).
(B) NPF motifs are critical for the en-
docytosis function of the Ent1. ����
cells expressing Ent1 (BWY2497) or
Ent1 mutants (BWY2740–BWY2747)
were tested for internalization of radio-
labeled �-factor at 30°C. Cells were
grown on selective media at 30°C.
Radiolabeled �-factor was added to
mid-log phase cultures at 30°C.
Each point represents the average
of three independent colonies (ex-
cept for the Ent1UIM-/CBM- strain
(BWY2744); two individual colo-
nies were tested); error bars repre-
sent the SD. Ste3-GFP localization
assay results are shown in Supple-
mental Figure 4.
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Pan1 to cortical patches can be mediated by additional fac-
tors besides the adaptors. Consistent with the behavior of
WT Pan1-GFP in �����ENTH1 and �����Ent1NPF- cells,
�60% of the Pan1EH--GFP patches exhibited greatly ex-
tended lifetimes ranging from 75 to �120 s (Figure 5B and
Supplemental Movie S6). Pan1EH--GFP cells also had a rel-
atively normal population of patches (�40%) with slightly
extended lifetimes of 45 � 5 s (Figure 5C). These data
suggest that the temporal dynamics of Pan1 depend upon
interaction with the adaptors and that the interaction be-
tween Pan1 and the clathrin adaptors is critical for the
spatial and temporal regulation of clathrin-mediated endo-
cytosis.

Enhanced Cortical Localization of the Early-acting
Scaffold Ede1 in Adaptor Mutant Cells
The scaffold protein Ede1 has three N-terminal EH domains
that bind NPF motifs, a coil-coiled region, and a ubiquitin-
binding ubiquitin associated (UBA) domain at its C terminus

(Howard et al., 2002; Shih et al., 2002; Aguilar et al., 2003;
Maldonado-Baez and Wendland, 2006). Deleting EDE1
causes a mild defect in endocytosis (Gagny et al., 2000), and
Ede1 is an early endocytic coat component (Kaksonen et al.,
2005; Toshima et al., 2006). Due to its genetic interactions
with Pan1 and its NPF motif/EH domain-mediated interac-
tion with the adaptors (Gagny et al., 2000; Howard et al.,
2002; Aguilar et al., 2003), we predicted that the spatiotem-
poral distribution of Ede1 might also be dependent on the
adaptors.

We used live-cell fluorescence microscopy to study the
behavior of Ede1 in ���� cells. ���� cells with various
Ent1 mutants were transformed with a plasmid encoding a
C-terminal Ede1-RFP chimera (Ede1-RFP). As previously
reported, Ede1 localized to cortical patches at the plasma
membrane with 30–180-s lifetimes in WT cells (Figure 6A)
(Gagny et al., 2000; Toshima et al., 2006). In �����ENTH1
cells, most patches seemed to have lifetimes �180 s; how-
ever, this could be due to less photobleaching due to

Figure 5. Epsin and AP180 proteins are re-
quired for normal dynamics of the late endo-
cytic-scaffold protein Pan1. (A) Pan1-GFP
patches show cortical localization in ����
cells. Single frames of movies of Pan1-GFP
in WT (BWY2503), �����Ent1 (BWY2572),
�����ENTH1 (BWY2606), �����Ent1NPF-

(BWY2608), and pan1� expressing Pan1EH-GFP
cells (BWY2749) are shown. Images were col-
lected at 1-s intervals for 2 min. Arrows indi-
cate cytoplasmic Pan1-GFP punctae. (B) Most
Pan1-GFP patches remain at the cortex in
�����ENTH1 cells. Kymographs from single
pixel wide lines drawn through Pan1-GFP
patches in the indicated cells are shown. The
downward deflection of Pan1-GFP seen in WT,
�����Ent1 cells and mobile patches in
�����Ent1NPF- and pan1��Pan1EH-GFP cells
shows the patch is moving toward the cell
interior. In �����ENTH1 cells, Pan1-GFP
patches do not move inward. �����Ent1NPF-

and pan1��Pan1EH-GFP cells exhibit a popu-
lation of stationary patches similar to the ones
observed in �����ENTH1 cells. (C) Deleting
the yeast Epsin and AP180 proteins alters the
lifetime of Pan1-GFP patches at the cell cortex.
Average lifetime � SD of moving Pan1-GFP
patches in WT (35 � 5 s, n 	 30 patches),
�����Ent1 (17 � 3 s, n 	 30 patches),
�����ENTH1 domain (69 � 7 s, n 	 6
patches), �����Ent1NPF- (16 � 3 s, n 	 15
patches), and pan1��Pan1EH-GFP (45 � 5 s,
n 	 15 patches) cells. Patch localization and life-
times for �����Ent1UIM- and �����Ent1CBM-

cells are shown in Supplemental Figure 5.
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brighter patch intensity. We noted large and bright patches
(patches with fluorescence intensities �20,000 arbitrary
units [AU]) in 75% of �����ENTH1 cells (n 	 83 cells)
versus 19% of WT cells (n 	 162 cells). To better quantify this
observation, we analyzed the maximum fluorescence inten-
sity of individual Ede1-RFP patches. This analysis showed
that ���� cells had more high intensity (�60,000 AU) Ede1-
RFP patches than WT cells (Figure 6B). This number is an

underestimate, as only clearly distinct Ede1-RFP patches
were quantified, eliminating many of the extremely brightly
labeled areas from the analysis.

To more directly test the hypothesis that NPF motif/EH
domain interactions are mediating these effects, we gener-
ated a mutant Ede1EH--RFP chimera, in which the critical
tryptophan residue in each of the three EH domains was
replaced with alanine to abrogate binding to NPF motifs (de

Figure 6. The early scaffold Ede1 requires the
yeast Epsins and AP180s for normal spatiotem-
poral dynamics and viability. (A) Ede1-RFP
patches localize to the cell cortex in
�����ENTH1 cells with altered distribution.
Single frames of a movie showing Ede1-RFP
(pBW0985) cortical patches in WT (SEY6210),
���ENTH1 (BWY2595), and �����ENTH1
cells (BWY2597). Arrow indicates a large,
bright patch. (B) �����ENTH1 cells have
Ede1-RFP patches with maximum fluorescence
intensities higher than WT cells. The maximum
fluorescence intensity of individual Ede1-RFP
patches was analyzed using Slide-Book 4.2
software (n 	 350 patches for each strain).
Comparisons of the localization and patch in-
tensity for Ede1-RFP versus Ede1EH--RFP can
be found in Supplemental Figure 6, A and B.
(C) Ede1 is required for viability at 26°C in
�����ENTH1 cells. Quadruple deletion cells
(����) (BWY2596 and BWY2597) and quintu-
ple deletion cells (5�) with an ENT1 TRP1 or an
ENTH1 TRP1 plasmid and a second URA3 plas-
mid (BWY2571), either empty or encoding
ENT2, were grown on 5-FOA containing media
for 3 d to evict the URA3 plasmid. (D) Ede1 is
required for internalization of ligand-bound
Ste2. ���� and 5� (BWY2597 and BWY2574,
respectively) cells expressing Ent1 were tested
for internalization of radiolabeled �-factor at
30°C. Cells were grown on selective media at
30°C. Radiolabeled �-factor was added to mid-
log phase cultures at 30°C. Each point repre-
sents the average of three or more assays; error
bars represent the SD. Results for the Ste3-GFP
localization assay can be found in Supplemen-
tal Figure 6C.
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Beer et al., 1998; Smythe and Ayscough, 2006). Consistent
with our results from adaptor mutant cells, high intensity
patches were seen when the localization of the Ede1EH--RFP
mutant was examined in WT cells (Supplemental Figure S6,
A and B). These results in adaptor mutant cells and in cells
in which Ede1 cannot directly bind adaptors could be due to
an increase in the number of Ede1-RFP molecules recruited
to endocytic sites, a reduced rate of their dissipation, or
clustered/aggregated patches as are seen in end3 and ark1/
prk1 endocytic mutant cells (Benedetti et al., 1994; Cope et al.,
1999). However, we did not observe large clumps of F-actin
by rhodamine-phalloidin staining of �����ENTH1 cells
grown at 30°C (data not shown), suggesting that the bright
Ede1 patches most likely represent an early intermediate in
the endocytic process. We conclude that the adaptor pro-
teins are necessary for the normal distribution of the early
scaffold Ede1.

Ede1 Is Essential for Endocytosis and Viability in
Adaptor Mutant Cells
Because �����ENTH1 cells were viable and could still
internalize some Ste3-GFP at a low rate at the permissive
temperature (30°C), we suspected that still other redundant
factors may remain that can partially compensate for the
absent adaptor proteins. We postulated that Ede1, a putative
dual adaptor/scaffold protein related to Eps15 (Miliaras and
Wendland, 2004; Sigismund et al., 2005), might partially
complement the endocytic and viability function of the
adaptors. We deleted EDE1 in �����Ent1 cells to create a
quintuple deletion mutant expressing Ent1 (5��Ent1).
These cells grew more slowly than WT cells at 30°C, and
they had a moderate growth defect at 37°C (data not shown).

To test a role for Ede1 in �����ENTH1 cells, we used
plasmid shuffling to swap in an ENTH1 domain plasmid
into 5��Ent2 cells. When plated on 5-FOA, 5��ENTH1
cells were inviable under all conditions tested (Figure 6C),
indicating that Ede1 is essential in these cells. Because
5��ENTH1 cells were inviable, we tested endocytosis in
5��Ent1 cells. Analysis of the internalization of �-factor and
Ste3-GFP localization revealed severe endocytic defects in
5��Ent1 cells at 30°C (Figure 6D and Supplemental Figure
S6C). Interestingly, the Ent1CBM- truncation was the only
C-terminal Ent1 truncation able to complement 5� cells
(data not shown), indicating that the CBM is dispensable for
viability in these 5� cells at 30°C. Together, our results
demonstrate that Ede1 also shares an endocytic role with the
epsin and Yap180 proteins, consistent with a dual adaptor-
scaffold role for Ede1 in yeast.

DISCUSSION

NPF Motifs in the Epsin and Yap180 Proteins Mediate a
Shared Endocytic Function
The structural, biochemical, and cellular properties of the
yeast and mammalian epsins are conserved. Our study
shows that the Yap1801/2 proteins can fulfill the nonessen-
tial endocytic role of the epsins (or vice versa), uncovering a
previously unknown redundant relationship between these
two protein families. We found that the Yap180 proteins
mask endocytosis defects in ���ENTH1 cells lacking epsin
C termini. Like full-length Ent1, GFP-tagged Ent1C-termWT

localizes to patches at the plasma membrane in vivo and
complements �����ENTH1 cells. Thus, the in trans
complementation is most likely via independent action of
the fragments (Overstreet et al., 2003), as opposed to the
fragments associating with each other. Using C-terminal

truncations and point mutants, we mapped the minimal
region required for viability and endocytosis in ���� cells
to the NPF motifs, although the UIMs and CBM also played
subordinate roles. The need to mutate multiple motifs for
the most severe effects is consistent with a cooperative role
for multiple functional domains in adaptors; similarly, indi-
vidual motif mutations in the AP2 endocytic adaptor
showed only minor deficits in vivo (Motley et al., 2006).
Nonetheless, the data point to the NPF motifs of adaptors
providing key interactions in mediating endocytic events.

NPF Motifs Act in Concert with Other Adaptor Motifs
A well-characterized property of the clathrin adaptors is the
ability to stimulate clathrin cage assembly in vitro, but this
activity is under regulatory control in vivo. In fact, a squid
Eps15/AP180 complex stimulates the clathrin cage-assem-
bly activity of squid AP180, and it is mediated by the NPF
motif/EH domain interaction (Morgan et al., 2003). Like
AP180 and CALM, epsin has also been shown to stimulate
clathrin assembly in vitro (Kalthoff et al., 2002). It is tempting
to speculate that the severe defects we observed for the
Ent1NPF-/CBM- mutant reflect the existence of a stimulatory
effect of EH domain interaction with NPF motifs on clathrin
assembly during endocytosis in yeast cells, analogous to
what was seen for squid Eps15/AP180.

It has been previously found that when mammalian epsin
is ubiquitinated, its binding to clathrin is inhibited (Chen et
al., 2003). Because UIMs must be able to bind ubiquitin for
the UIM-bearing protein to be covalently modified by ubiq-
uitin (Polo et al., 2002), it is possible that the Ent1UIM- point
mutants could produce a nonubiquitinated form of the yeast
epsins. The minor phenotypic defects we observed with the
Ent1UIM- mutant suggest that Ent1 binding to or modifica-
tion by ubiquitin is not a strict requirement for epsin func-
tion, but given the high degree of redundancy we have
observed for other aspects of adaptor function, it is likely
that future experiments will reveal roles for the UIM do-
mains as well. Although it has not been definitively shown
that yeast epsins are ubiquitinated, we have found that they
harbor clathrin cage assembly activity in vitro (Baggett, Mal-
donado-Baez, Prasad, Lafer, and Wendland, unpublished
observation). The deleterious effect of mutating both the
UIMs and the CBM in yeast epsin could suggest a UIM- or
ubiquitin-dependent regulation of adaptor clathrin-assem-
bly activity.

Another interesting genetic interaction we observed was
the strong defect when both the lipid-binding pocket and the
NPFs were mutated. It is likely that the yeast epsin ENTH
domain can bend/destabilize membranes, because it has a
predicted amphiphathic helix 0 at its N terminus like mam-
malian epsins (Ford et al., 2002). It would be interesting if the
genetic interaction were due to a greater need for these
membrane interactions when adaptor clathrin assembly
stimulation is reduced as a result of the NPF mutation. This
could be the case if the recent proposal of clathrin assembly
being the main driving force for curved membrane regions
holds true in yeast (Hinrichsen et al., 2006).

Clearly, although the NPF motifs are the dominant func-
tional motif in the yeast epsin and AP180 proteins, the more
severe effects of the C-terminal deletion and combination
mutants are indicative of functions beyond just the NPF
motifs. Similarly, it is also possible that the EH domains of
the scaffolds have other important ligands besides the adap-
tors; we are currently exploring additional regulatory roles
that may be mediated by EH domains.
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Clathrin Adaptors Influence the Dynamics of Scaffold
Proteins
Our real-time fluorescence microscopy data revealed that
the adaptor NPF motif/EH domain scaffold interaction is
necessary for the normal spatiotemporal behavior of the
endocytic scaffolds Ede1 and Pan1. In the absence of adap-
tors, both Ede1 and Pan1 patches localized to the plasma
membrane, indicating that adaptors are not absolutely re-
quired for the initial recruitment of either protein to the cell
cortex. EH-independent interactions between Pan1 and its
partners Sla1, End3, and the ANTH domain-containing pro-
tein Sla2 may provide additional membrane-targeting com-
ponents for Pan1 (Tang et al., 2000; Toshima et al., 2007). Less
is known about other Ede1 partners that could circumvent a
role for adaptors in membrane targeting, although a ge-
nome-wide approach identified a complex of Ede1 with Sla2
(Gavin et al., 2002; Gavin et al., 2006).

Analysis of Pan1-GFP patches in �����Ent1, �����ENTH1
and �����Ent1NPF- cells revealed two phenotypes for Pan1
patch dynamics. First �����Ent1 and �����Ent1NPF-

cells had Pan1 patches with half their normal lifetime, sim-
ilar to observations of Sla1-GFP and Las17-GFP patches in
clathrin mutants. This could be due to a role for clathrin in
regulating patch assembly/disassembly (Kaksonen et al.,
2005). Lemmon and colleagues have demonstrated that
Ent1/2 and Yap1801/2 are required for the cortical localiza-
tion of clathrin (Newpher et al., 2005), so ���� cells are also
likely to have deficient clathrin recruitment, which may
phenocopy some clathrin mutant effects. Second, Pan1-GFP
patches in �����ENTH1 and �����Ent1NPF- cells exhib-
ited a population of immobile patches. A subset of Pan1EH--
GFP patches exhibited a similar greatly extended lifetime
phenotype with no apparent inward movement. These data
are consistent with the adaptor NPF/scaffold EH domain
interaction leading to a regulatory event necessary for en-
docytic sites to progress to later stages of internalization that

lead to the formation of an endocytic vesicle. Deleting Sla2
(or its coiled-coil region) also impairs the internalization of
Pan1 and increases its lifetime (Toshima et al., 2007); how-
ever, sla2 mutants increase plasma membrane-associated
clathrin pools (Newpher et al., 2005). Thus, there is no simple
correlation between clathrin behavior and Pan1 patch life-
times; clearly, this complex system will benefit from further
study.

Ede1 Becomes an Essential Dual Adaptor/Scaffold in
Adaptor Mutant Cells
The NPF motif function of the adaptors cannot be fully
compensated by other endocytosis proteins, as indicated by
the delay in endocytosis at 30°C and its complete block at
37°C in �����ENTH1 cells. However, we showed that
Ede1 partially compensates for the epsins and Yap180s,
because it becomes essential for viability in �����ENTH1
cells. Ede1 may bypass the clathrin-recruiting function of the
adaptors by indirectly recruiting clathrin to endocytic sites
through its membership in a Sla2-containing protein com-
plex (Gavin et al., 2002, 2006), because Sla2 interacts directly
with clathrin (Baggett et al., 2003; Newpher and Lemmon,
2006; Sun et al., 2006). Ede1 may also bypass the adaptor-
dependent ubiquitin functions, because it binds to ubiquiti-
nated plasma membrane proteins through its UBA domain
(Shih et al., 2002; Aguilar et al., 2003). The Ede1-related
mammalian protein Eps15 is a dual adaptor/scaffold protein
that mediates ubiquitinated-cargo internalization, regulates
the clathrin-cage assembly activity of AP180, functions as a
scaffold protein for Epsin, AP180 and Stonin 2 and interacts
with the mammalian Pan1-related protein Intersectin (Polo
et al., 2003). Thus, we suggest that that Ede1 is functionally
related to the dual adaptor/scaffold protein Eps15 (Morgan
et al., 2003; Maldonado-Baez and Wendland, 2006).

Figure 7. The NPF motif/EH domain Adaptor-
Scaffold Regulation Model (A) Transitions be-
tween the distinct stages of endocytic internaliza-
tion may be regulated by adaptor/scaffold
interactions. In adaptor mutant cells, cargo and
clathrin recruitment are compromised and the
spatiotemporal dynamics of the early scaffold
Ede1 are aberrant, potentially altering the initia-
tion step. The spatiotemporal dynamics of the
late scaffold Pan1 are perturbed in adaptor mu-
tant cells; Pan1 is recruited to cortical patches,
but it does not exhibit the usual inward move-
ment that marks the invagination/scission step
of internalization. That Pan1 is not bound to the
adaptors may misregulate Pan1, causing the loss
of recruitment of late factors that provide the
forces for membrane invagination. (B) Schematic
of Pan1 and its major binding partners relevant
to this work. The inhibitory interaction between
the N terminus (red) and C terminus (blue) is
indicated.
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Clathrin Adaptor and Scaffold Protein Interaction
Regulates the Progression of Endocytosis
Our data suggest that the adaptors exert a regulatory influ-
ence on the endocytic process, perhaps by imposing an
order to a sequence of protein complexes, or by acting as or
triggering a switch that promotes a transition from early to
late events. Based on a plethora of results in the literature
and our own findings, we explain the role of the NPF
motif/EH domain interaction as follows. The presence of
long-lived immotile Pan1-GFP patches in �����ENTH1 or
�����Ent1NPF- cells suggest that a stalled intermediate
complex accumulates, and that NPF/EH interactions resolve
this intermediate to form the next complex(es) in the path-
way (Figure 7A). This further suggests that the NPF/EH
interaction may either relieve an inhibited state or stimulate
the transition of this complex to facilitate vesicle formation.

Our mechanistic view of the role of NPF–EH interactions
in endocytosis focuses on the regulation of Pan1, in part due
to its presence at cortical patches after Ede1 has dissociated
(Kaksonen et al., 2005). Because Pan1 is the last EH-contain-
ing protein present during the endocytic process, it is the
best candidate for a factor that could be regulated by NPF
interactions. We would like to understand why Pan1-GFP
patch inward movement requires the adaptors. Figure 7B
shows a schematic of Pan1 with its key binding partners; the
N terminus (which binds the adaptors) and the C terminus
(which binds and activates Arp2/3 and the type I myosin
Myo5) are indicated; Pan1 N terminus inhibition of the
C-terminal Arp2/3 activity is also shown (Toshima et al.,
2005; Barker et al., 2007). Actin polymerization promotes
vesicle invagination and scission (Sun et al., 2006; Toret and
Drubin, 2007); thus, we speculate that the adaptors mediate
an indirect effect on the stimulation of the actin machinery
through interactions with Pan1. More definitive proof of this
idea awaits further investigation, including analysis of the
dynamics of late-acting components involved in the final
stages of endocytosis (actin polymerization, vesicle invagi-
nation, and scission) in adaptor mutant cells.

NPF/EH regulation of Pan1 could occur via a direct in-
teraction of adaptors with Pan1 to induce a conformational
change that promotes Pan1 C-terminal activities. This could
be a direct relief of inhibition; alternatively, an indirect
mechanism via another protein(s) may occur. For example,
the missing adaptors could reduce clathrin assembly, which
could then affect Sla2 activity, a known clathrin-binding
protein that is also a Pan1 inhibitor (Newpher et al., 2005;
Toshima et al., 2006) Because the adaptors and Sla1 both
bind to the N-terminal region of Pan1, the adaptors could
also affect the function of Sla1. Interestingly, sla1� is lethal in
cells with a Pan1 mutant that cannot bind Myo5 (Barker et
al., 2007), providing another example of functional connec-
tions between the Pan1 N terminus (Sla1 binding) and the
Pan1 C terminus (Myo5 binding and actin regulation). Thus,
adaptors are good candidates to regulate Pan1, which in
turn likely shepherds the transitions of many endocytic pro-
teins between the distinct stages of internalization.

This model also predicts that in the absence of the
adaptors or some function they provide (such as cargo
recruitment or local clathrin assembly), a prerequisite for
the recruitment or regulation of factors that mediate the
onset of actin polymerization is also absent. In prelimi-
nary studies, we have observed reduced recruitment of
the late-acting type I myosin Myo5 in the adaptor mutant
cells (our unpublished data). Because neither clathrin nor
adaptors are known to bind directly or activate Myo5, it is
appealing to speculate that the adaptors mediate a con-

formational change in Pan1 that triggers a transition so
that Pan1 can bind Myo5 and commence the final stages of
endocytic internalization. Future work will focus on how
the different protein complexes rearrange, how the inter-
actions are regulated, and how the sequence of events is
orchestrated during each stage of clathrin-mediated en-
docytosis.
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