1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Traffic. 2010 January ; 11(1): 151-160. doi:10.1111/].1600-0854.2009.01003.x.

The Function of Yeast Epsin and Edel Ubiquitin-Binding
Domains During Receptor Internalization

Michael R. Dores?, Joshua D. Schnelll:2, Lymarie Maldonado-Baez3, Beverly Wendland3,
and Linda Hickel”

1Department of Biochemistry, Molecular Biology and Cell Biology, Northwestern University, 2205
Campus Drive, Evanston IL 60208

3Department of Biology, The Johns Hopkins University, 3400 N. Charles St., Baltimore, MD
21218

Abstract

The formation of a primary endocytic vesicle is a dynamic process involving the transient
organization of adaptor and scaffold proteins at the plasma membrane. Epsins and Eps15-like
proteins are ubiquitin-binding proteins that act early in this process. The yeast epsins, Entl and
Ent2, carry functional ubiquitin-interacting motifs (UIMSs), whereas the yeast Eps15-like protein,
Edel, has a C-terminal ubiquitin associated (UBA) domain. Analysis of mutants lacking early
endocytic adaptors reveals that the ubiquitin-binding domains (UBDs) of Ent2 and Edel are likely
to function primarily to mediate protein-protein interactions between components of the early
endocytic machinery. Cells that lack epsin and Edel UBDs are able to internalize activated,
ubiquitinated receptors. Furthermore, under conditions in which epsin UIMs are important for
receptor internalization, receptors internalized via both ubiquitin-dependent and ubiquitin-
independent signals require the UIMs, indicating that UIM function is not restricted to
ubiquitinated receptors. Epsin UIMs share function with non-UBD protein-protein interaction
motifs and domains in Ent2 and Edel, and the Edel UBA domain appears to negatively regulate
interactions between endocytic proteins. Together, our results suggest that the ubiquitin-binding
domains within the yeast epsin Ent2 and Edel are involved in the formation and regulation of the
endocytic network.
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Introduction

Endocytosis is an essential process for regulating cell morphology and homeostasis. The
formation of vesicles at the plasma membrane is highly regulated and is responsible for
transporting transmembrane proteins and lipids into the cell. A dynamic network of
endocytic proteins, including clathrin adaptors and clathrin, assembles at sites of vesicle
formation where cargo is recruited into the nascent vesicle bud (1-3). Assembly of actin
regulators and membrane-binding proteins at the endocytic network then facilitates vesicle
invagination and scission (4-7). The tightly coordinated assembly and dissociation of
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endocytic network constituents requires specific protein-protein and protein-lipid
interactions (8,9).

Endocytic adaptors and clathrin initiate the assembly of this network. Endocytic adaptors are
multisubunit complexes or monomeric proteins that localize to the plasma membrane via
lipid-binding domains and recruit clathrin to the membrane to form lattices enclosing
nascent buds (3,10-12). These adaptors, including epsins, AP180 proteins and AP-2
complexes, recognize signals that target cargo for internalization. Adaptors also assemble
later-acting endocytic proteins, known as scaffold proteins, that stabilize the adaptor-cargo-
clathrin complex and regulate the assembly of actin required for endocytic vesicle
maturation and internalization.

Endocytic adaptors are conserved from yeast to mammals, and the clathrin- and actin-
dependent endocytic pathway in yeast is an excellent model for clathrin-dependent
internalization that occurs in mammalian cells. In Saccharomyces cerevisiae, the epsin and
AP180 adaptors are functionally important and have overlapping roles (13,14). The epsins
Entl and Ent2 are an essential gene pair with endocytic functions that are mostly redundant
(15). They interact with phosphatidylinositol-(4,5)-bisphosphate at the plasma membrane via
an Epsin N-terminal homology (ENTH) domain and with ubiquitin via tandem ubiquitin
interacting motifs (UIMs). Both yeast epsins have two asparagine-proline-phenylalanine
(NPF) motifs that are required for their proper localization during endocytosis and for
interaction with the Eps15 homology (EH) domain-containing proteins, Edel and Panl
(14,16-19). At the C-terminus, Entl and Ent2 bind to clathrin through a clathrin-binding
motif (15,18). The AP180 proteins, Yap1801 and Yap1802, have an N-terminal ANTH
lipid-binding domain, multiple NPF motifs and a C-terminal clathrin-binding motif (16).
Previous studies suggested that different protein-protein and protein-lipid interaction
domains of the yeast monomeric clathrin adaptors have partially overlapping functions
during receptor internalization. Specifically, Entl NPF motifs function cooperatively with
the lipid and clathrin binding regions (14).

Edel is one partner of the epsin NPF motifs and is required for normal rates of receptor
internalization (14,20,21). Edel and the similar mammalian protein Eps15 are endocytic
scaffold proteins that are proposed to play a role in stabilization of the adaptor-cargo
complex (18,22,23). Both proteins have three comparably spaced EH domains at the N-
terminus and each has a C-terminal ubiquitin-binding domain, which binds ubiquitin directly
(21,24). In yeast, Edel functionally replaces Ent1 ubiquitin binding during receptor
internalization (21), and in mammalian cells, the epsins and the UIMs of Eps15 function
redundantly during internalization (25). At this time, however, specific mechanistic
information about the role of epsin and Edel UBDs in endocytosis is not available.

Here we investigate the phenotypic consequences of mutating epsin and Edel UBDs on
receptor internalization. We find that ubiquitinated cargo can be internalized in the absence
of ubiquitin-binding by epsins and Edel. Moreover, in a genetic background in which
receptor internalization depends on epsin UIMs, internalization of cargo carrying ubiquitin
or linear peptide signals is severely impaired. These observations suggest that cargo binding
is not the major function of the epsin UIMs or Edel UBA domain. Instead, we demonstrate
that the UIMs of Ent2 are functionally redundant with the network-forming Edel EH
domains. Furthermore, we provide evidence that the Edel UBA domain negatively regulates
EH domain-mediated protein-protein interactions.
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Ubiquitin binding by epsins and Edel is not required for receptor internalization

Previous studies from our laboratory suggested that Edel and the epsin UIMs share a
common function in the process of receptor internalization. Specifically, we demonstrated
that deletion of Entl UIMs caused a significant internalization defect in cells lacking
wildtype epsins and Edel, but not in cells lacking only epsins (21). To determine whether
the functional redundancy between Edel and the UIMs of the yeast epsins is due to the Edel
ubiquitin-binding domain, we analyzed the effect of mutating the Edel UBA domain on
receptor internalization in ent1A ent2A edelA (3A) cells expressing Entl lacking functional
UIMs (Ent1YM4),

To measure receptor internalization in mutant yeast strains we employed an assay that
measures the internalization of [3°S]-labeled a-factor pheromone by its G protein-coupled
cell surface receptor, Ste2. When we performed these assays on 3A cells expressing
Ent1Y'MA and an Edel clone harboring a deletion of the C-terminal UBA domain
(ede1YBAA) 'we observed no defect in Ste2 internalization as compared to cells expressing
Ede1WT (Figure 1A). To confirm that deletion of the UBA domain eliminated the ability of
Ede1 to bind ubiquitin in this strain background, we tested whether Ede1YBAA expressed in
ent1YMA ent24 cells could bind ubiquitin immobilized on Sepharose beads. Although both
wildtype Edel and Ede1YBAA bound ubiquitin in the presence of a wildtype epsin,
Ede1YBAA did not bind ubiquitin in ent1Y!MA ent2 cells (Figure 1B). In the presence of
wildtype Ent1, Ede1YBAA presumably bound to ubiquitin indirectly through the formation of
an Ent1-Edel complex. However in cells in which neither epsins nor Edel carry a UBD,
binding of Ede1 to ubiquitin was abolished. These findings indicate that Ent1Y/MA and
Ede1YBAA are able to mediate the internalization of Ste2 without the ability to bind
ubiquitin.

The results described above suggest that the UBA domain is not the region of Edel that
functionally overlaps with epsin UIMs in receptor internalization. Further support for this
idea came from the analysis of the Ede1EH 3W-A protein that carries mutations inactivating
each of the three EH domains (26,27). Unlike Ede1YBAA Ede1EH 3W-A was unable to rescue
Ste2 internalization in 3A cells expressing Ent1Y'MA (Figure 1A). These surprising results
suggest that Edel compensates for the function of epsin UIMs not by binding ubiquitin, but
by forming protein-protein interactions mediated by EH domains.

The results described above indicate that epsin and Edel ubiquitin-binding is dispensable for
the internalization of receptors that use ubiquitin internalization signals. To more thoroughly
investigate the role of epsin UIMs in receptor internalization, we analyzed both entl and
ent2 mutants carrying mutations that impair ubiquitin-binding by UIMs, ent1Y/M $-D ang
ent2YIMA (18) As we observed with 3A+ent1Y!MA 3A cells expressing Ent1Y!M S-D were
defective for Ste2 internalization. However, when we performed these assays on 3A cells
expressing Ent2YMA 'we observed only a minor defect in internalization relative to cells
expressing wildtype Ent2 (Figure 1C). This finding suggests that there is a functional
difference between Entl and Ent2 and provides further evidence that efficient receptor
internalization can occur in the absence of ubiquitin-binding by Ent1, Ent2 and Edel.

Internalization of receptors carrying ubiquitin-independent signals requires epsin UIMs

In addition to ubiquitin, yeast plasma membrane proteins can be internalized by a linear
peptide signal with the consensus sequence NPFX(q 2D, where X is any amino acid (17,28).
Wildtype Ste2 carries a weak version of this signal, GPFAD, that can be converted to a
strong signal by mutation to NPFAD (17). We used an ent1A ent2A edelA strain with a
precise deletion of the STE2 open reading frame to test the endocytosis of variants of Ste2
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internalized by different sorting signals. Ste2NPFAD contains the NPFAD linear peptide
sorting signal and mutations of all the C-terminal-tail lysine residues (K—R) that serve as
sites of ubiquitination. In contrast, Ste2A!l LYS contains an F394A point mutation that
disrupts the linear peptide sorting signal, but leaves ubiquitination sites intact. In 3A cells
expressing Ent1WT, both Ste2 variants are internalized to the same extent as exogenously
expressed wildtype receptor (Ste2WT). In 3A+ent1YM S-D cells, internalization of Ste2WT is
defective as observed previously. Furthermore, the internalization of both Ste2A! LYS and
Ste2NPFAD js likewise defective in these cells (Figure 2). These results indicate that
receptors carrying both ubiquitin-dependent and ubiquitin-independent internalization
signals are equally reliant on the epsin UIMs. Thus mutation of the epsin UIMs affects a
general step in receptor internalization required for both Ste2 sorting pathways.

Epsin and Edel UBDs share an overlapping function with yeast AP180 adaptors

The previously described results suggest that epsin and Edel UBDs function to promote
protein-protein interactions among components of the endocytic machinery, not primarily as
receptors for ubiquitin internalization signals. We observed that the EH domains of Edel,
which bind to NPF motifs in several endocytic proteins (29-31), are important in the absence
of epsin UIMs (Figure 1A). To identify proteins that might act with Edel EH domains in a
protein-protein interaction that is functionally redundant with the epsin UIMs, we performed
a high-throughput yeast 2-hybrid screen, using the EH domains (a.a. 1-376) of Edel as bait.
We identified Entl and Ent2 in this screen, which were previously shown to bind EH
domains (18). We also identified several additional yeast proteins implicated in endocytosis,
including the other yeast monomeric adaptors, Yap1801 and Yap1802. As mentioned
previously, the yeast AP180 adaptors function cooperatively with the epsins and harbor
many of the epsin functional domains and motifs (14). A two-hybrid interaction between
Edel EH domains and Yap1802 was previously reported (17).

To determine whether Yap1801 and Yap1802 are Edel-interacting proteins that might
substitute for Ent2 UIM function, we expressed Ent2Y!MA jn an ent1A ent2A yap1801A
yap1802A edelA (5A) strain. We observed a ~10 fold decrease in the rate of receptor
internalization in 5A+ent2Y!MA cells as compared to 5A+ENT2 cells (Figure 3A). In
addition, we tested 5A strains expressing wildtype epsins or Ent2U'MA for growth at 30°C
and 37°C on rich medium and found that the 5A+ent2Y!MA strain grew poorly at 30°C and
not at all at 37°C (Figure 3B). The expression of wildtype Edel in the 5A+ent2YMA ce|ls
restored both receptor internalization and growth at 37°C (Figures 3A and 3B). This
evidence indicates that Edel and the Ent2 UIMs share a common role that is crucial for
receptor internalization. Furthermore, because receptor internalization mediated by
Ent2YIMA s significantly more rapid in 3A cells as compared to 5A cells, the yeast AP180
proteins and Ent2 UIMs are likely to perform overlapping functions that are necessary for
receptor internalization and cell growth at high temperature.

The Ent2 UIMs and NPF motifs perform partially overlapping functions in endocytosis

Since the Edel EH domains and Ent1 UIMs are functionally redundant, we tested whether
the Edel EH domains would also overlap in function with the Ent2 UIMs. We assayed Ste2
internalization in 5A+ent2Y!MA cells expressing Ede1WT or Ede1EH 3W-A The 5A+ent2UIMA
ede1EH 3W-A ce|ls exhibited a clear defect in receptor internalization (Figure 4A), indicating
that the Ent2 UIMs function redundantly with the Ede1l EH domains.

Edel EH domains bind to NPF sequences in Entl and Ent2 (18). Therefore, we predicted
that Ent2 NPF motif mutations might cause a defect in receptor internalization in
combination with Ent2 UIM mutations in the presence of wildtype Edel. We generated a
variant of Ent2 in which both NPF motifs were mutated to NAA (ent2NPF-NAA) ‘3 mutation
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that eliminates binding of NPF motifs to EH domains (27). We expressed the Ent2NPF-NAA
mutant in ent1A ent2A yap1801A yap1802A (4A) cells and found that receptor
internalization was slightly defective as compared to internalization by the same strain
expressing wildtype Ent2. The internalization defect in 4A+ent2NPF-NAA cells was the same
as that in 4A+ent2YMA cells, Mutating both UIMs and NPF sequences together
(ent2UIMANPE-NAA) caysed a further decrease in the rate of internalization (Figure 4B).
These results suggest that epsin ubiquitin binding might serve a function similar to NPF-EH
domain interactions in the organization of early endocytic machinery.

The Edel UBA domain has a function distinct from that of the Ent2 UIMs

The data presented in Figure 1A suggest that the Edel EH domains, rather than the Edel
UBA domain, are the part of Edel that is functionally redundant with the Entl UIMs in 3A
cells. To test what part of Edel is functionally redundant with Ent2 in 5A cells, we
compared receptor internalization in 5A+ent2YIMA cells expressing Ede1YBAA Ede1EH 3W-A
or EdeaWT. The 5A cells co-expressing Ent2YMA and Ede1YBAA were able to internalize a-
factor at the same rate as cells co-expressing Ent2YMA and Ede1WT (Figure 5A). Therefore,
deletion of the Edel UBA domain does not affect the ability of Edel to compensate for loss
of Ent2 UIM function in 5A cells, consistent with the observation that the Edel UBA
domain is not functionally redundant with the Entl UlMs.

Also consistent with results indicating a redundant function for Entl UIMs and the Edel EH
domains, the Ede1EH 3W-A muytant only partially rescued the receptor internalization defect
of 5A cells expressing Ent2YMA We generated a mutant of Ede1 lacking functional EH
domains and the UBA domain (ede1EH SW-AUBAA) g test whether deleting the UBA domain
would intensify the defect caused by mutating the Edel EH domains. Surprisingly, the
Ede1EH 3W-AUBAA mytant restored receptor internalization in 5A+ent2YMA cells to the
same extent as wildtype Edel (Figure 5B). The effects we observed were not due to changes
in mutant protein expression or stability, because the steady-state protein levels of wildtype
Edel and Edel mutants did not correlate with defects in receptor internalization (Figure 5C).
These observations indicate that the UBA domain does not functionally overlap with the
epsin UIMs. Instead, the UBA domain appears to negatively regulate Edel.

Edel is ubiquitinated

Mammalian Eps15 carries C-terminal UIMs instead of a UBA domain and is ubiquitinated.
Ubiquitination of Eps15 is believed to negatively regulate the internalization of activated
EGF receptor by binding to and inactivating the UIMs in an intramolecular interaction (32).
Like Eps15, yeast Edel binds to ubiquitin via a domain at its C-terminus that appears to
negatively regulate the protein's activity in receptor internalization.

To investigate whether Edel might also be regulated by an intramolecular interaction
between its UBA domain and an attached ubiquitin, we tested whether Edel is ubiquitinated
in yeast cells. We immuneprecipitated Edel from wildtype and edelA cells expressing an
epitope-tagged version of ubiquitin (HA-Ub) from a plasmid. Immunoblotting with anti-HA
antibodies detected a precipitated protein that was specific to cells expressing Edel and HA-
Ub, indicating that Edel is a ubiquitinated protein (Figure 6A). This protein migrated as a
discrete band and was similar in molecular mass to Edel, suggesting that the modification
was monoubiquitin or a short oligo-ubiquitin chain. Although treatment of mammalian cells
with a receptor ligand enhances Eps15 ubiquitination (33), stimulation of yeast cells with a-
factor had no effect on the ubiquitination of Edel (Figure 6A). Edel immuneprecipitated
from cells carrying a temperature-sensitive mutation in the catalytic domain of the Rsp5
ubiquitin ligase was not detectably modified at the non-permissive temperature (Figure 6B),
providing more evidence that Edel is ubiquitinated. Together, these data demonstrate that
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Edel, like Eps15, is modified by ubiquitin, consistent with the idea that Edel is negatively
regulated by an intramolecular ubiquitin-UBA domain interaction.

Discussion

Epsins and their yeast homologues, Entl and Ent2, are thought to act as adaptors for
ubiquitinated endocytic cargo because they bind to specific plasma membrane
phosphoinositides and clathrin, and they have putative cargo-recognition domains in the
form of UIMs. In mammalian cells, epsin and Eps15 co-immuneprecipitate with activated,
ubiquitinated EGF receptors in a UIM-dependent manner, prompting the conclusion that
these proteins bind directly to ubiquitin internalization signals (25). Furthermore, although
deletion of epsin UIMs has a small effect on receptor internalization in yeast, this defect is
greatly enhanced in cells that also lack Edel (21), consistent with the idea that the epsin and
Eps15/Edel UBDs might serve as redundant receptors for ubiquitinated cargo.

In this study we found that yeast cells internalized ubiquitinated receptors efficiently even in
the absence of epsin and Edel UBDs. Expression of Ede1YBAA in strains that are defective
for epsin ubiquitin binding (3A+ent1YMA and 5A+ent2Y!MA) restored internalization of
activated Ste2. Furthermore, the internalization of receptors carrying ubiquitin-independent
linear peptide signals required Ent1 UIMs to the same extent as receptors carrying ubiquitin
signals. The simplest interpretation of these observations is that the primary function of
epsin and Edel UBDs is not as receptors for ubiquitin internalization signals.

Our results are consistent with recent findings in mammalian cells demonstrating that the
Eps15 UIM domains are not required for the internalization of activated, ubiquitinated
receptors. The Met (hepatocyte growth factor) receptor is ubiquitinated in response to ligand
binding and requires Eps15 for internalization (34-37). In contrast to EGFR, which requires
the ubiquitin-binding domains of the epsins and Eps15 for internalization (25), the Met
receptor does not require Eps15 UIMs. Instead, Met receptor internalization requires the
coiled-coil region and the proline-rich region of Eps15 (37).

The identity of receptors for ubiquitin signals in the yeast endocytic machinery remains
unknown. Perhaps multiple proteins with UBDs serve as ubiquitin internalization signal
receptors, and Entl, Ent2 and Edel UBDs act as receptors in addition to having other early
endocytic functions. Slal, a protein that arrives shortly after clathrin during vesicle
formation (5,38), serves as a receptor for a linear peptide internalization signal (17) and also
binds to ubiquitin through its third SH3 domain (39). It is possible that Slal contributes to a
complex of redundant cargo adaptors that bind to the ubiquitin internalization signal.
Proteins that act later during internalization are less likely to recruit ubiquitinated cargo,
however several of these proteins, including the endophilin homologue Rvs167, also bind to
ubiquitin directly (our unpublished data).

We observed differences in the requirement for Entl and Ent2 UIMs during receptor
internalization. Cells appear to tolerate the loss of Entl function in internalization more
readily than that of Ent2 because Ent2Y!MA was able to function as the sole source of epsin
in the absence of Edel whereas Ent1Y'MA and Ent1Y!'M S-D were not. An internalization
defect with Ent2Y'MA was not observed until Yap1801 and Yap1802 are also eliminated.
The observed differences in phenotype between the ent1Y'MA and ent2UMA mutations are
consistent with previously observed differences between Entl and Ent2. Ent2 is more
abundant and has a higher affinity for clathrin than Ent1, and, unlike Ent1, can colocalize
with clathrin in the absence of accessory proteins such as Sla2 (11,13,40). These findings
suggest that Ent2, rather than Ent1, is the primary epsin at the internalization step of
endocytosis.
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What is the primary function of the epsin and Edel UBDs? The Ent1 UIMs and the Entl
clathrin-binding region share a related function (14), and the Ent1 and Ent2 UIMs overlap
functionally with EH-NPF protein interactions (this study). Thus, we suggest that the yeast
epsin UIMs mediate protein-protein interactions that stabilize the endocytic network or
engage later-acting endocytic machinery. Mutation of the UIMs likely results in the
disruption of downstream endocytic machinery required for both ubiquitin and non-ubiquitin
mediated receptor internalization. Mutation of the protein-interaction domains within Ent1/2
has been shown to disrupt the spatiotemporal localization of Pan1, which in turn affects the
organization of the actin cytoskeleton (14,41). In contrast, the Edel UBA domain appears to
negatively regulate Edel in the absence of EH-NPF interactions. Furthermore, Edel is
ubiquitinated. To explain these observations, we propose a model in which the Edel UBA
domain binds to ubiquitin conjugated to lysines within Edel itself or to ubiquitinated targets,
as has been proposed for Eps15 (42). These interactions could hold Edel in an inhibited
state that would be released upon binding of the Edel EH domains to an NPF-containing
epsin or Yap180 adaptor (Figure 7). Deubiquitination of the UBA domain target would
prevent re-binding and provide temporal direction to endocytic network assembly and
function.

Ubiquitination of the epsins may also be involved in protein-protein interactions and
regulation. Our attempts to detect ubiquitinated forms of Entl or Ent2 have been
unsuccessful, although published data suggest that they are ubiquitinated. For example,
mammalian epsins are ubiquitinated (43), and Ent2 has been identified in a high-throughput
screen for substrates of the E3-ligase Rsp5 (44). It is possible that epsin ubiquitination is
important for the formation and regulation of the early endocytic scaffold.

Our study suggests that the Ent2 UIMs and Edel UBA domain are involved in the
organization of the endocytic network. Understanding the role of UBDs in the formation of
protein interaction networks during vesicle formation will provide clues to the role of
ubiquitin-binding proteins in other membrane trafficking events and in different cellular
processes.

Materials and Methods

Media and reagents

Yeast strains were grown in rich medium (2% bactopeptone, 1% yeast extract, 2% glucose
supplemented with 20 mg/I adenine, uracil and tryptophan) or synthetic minimal media
(YNB; US Biological, Swampscott, MA).

Monoclonal antiserum was prepared against the hemagglutinin (HA) epitope from the
12CA5 hybridoma cell line. Anti-Edel polyclonal antiserum was raised in rabbits against a
recombinant Edel fragment (amino acids 1-400) expressed and isolated from E. coli. This
antiserum specifically recognized a ~200 kDa protein present in lysates prepared from
wildtype but not edelA=TRP1 cells (our unpublished data).

353-labeled o-factor was purified from yeast as described previously (45).

Strains and plasmids

Strain transformations, growth and genetic manipulations were performed using standard
techniques. Strains used are listed in Table 1. The construction of the 3A strain used in this
study was described previously (21). The 4A and 5A yeast strains used in this study and the
method for exchanging ENT2 plasmids in these strains were described previously (14).
Because of an essential function performed by the epsin ENTH domain, strains must carry a
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form of epsin with a functional ENTH domain (15). The ent1A ent2A edelA ste2A strain
was generated by the targeted deletion of STEZ2 in the 3A strain.

The plasmids used in this study are listed in Table 2. The plasmids encoding ENT2WT
(LHP823), ent1Y!MA (| HP1431), ENT1WT (LHP2703) and ent1Y!M $-D (LHP2774) were
described previously (14). Plasmids encoding the Ste2 variants, STE2WT (LHP424),
ste2NPFAD (| HP426) and ste2All LYs (LHP427) were also described previously (46). The
ent2YIMA (| HP1412) plasmid was generated by precise deletion of sequences encoding both
UIMs (a.a. 175-225) in LHP823 using Quikchange™ mutagenesis (Stratagene, La Jolla,
CA). The ent2NPF-NAA (| HP1924) and ent2UIMANPE-NAA (| HP2790) plasmids were
generated by mutating Pro348, Phe349, Pro492, and Phe493 to alanine by Quikchange™
mutagenesis in LHP878 and LHP1412, respectively.

LHP1531 carries a genomic fragment containing EDE1, including 485 base pairs of the
promoter and 80 base pairs of the 3’ region, cloned into pRS426 (47). Truncation mutants of
EDE1 were generated using Quikchange™ mutagenesis to introduce tandem stop codons at
the indicated amino acid. Similarly, ede1YBAA (LHP1532) was generated by the addition of
tandem stop codons at amino acid 1334 to precisely delete the C-terminal UBA domain. EH
domain point mutants in ede1EH 3W-A (LHP1770) and ede1EH 3W-AUBAA (| HP1992) were
generated by mutating Trp56, Trp176, and Trp319 to alanine using Quikchange™
mutagenesis. All mutations were verified by automated DNA sequencing. The expression of
mutant proteins was checked by immunoblot analysis (see below).

a-factor internalization assays

353-labeled o-factor internalization assays were performed at 30°C using the continuous
presence method, as described previously (48). Cells were grown to mid-log phase,
harvested and pre-incubated at 30°C for 15 min prior to addition of 3°S-a-factor. Aliquots of
cells (1 x 108) were taken at the indicated time and incubated in either pH6 buffer (40 mM
KH,POy4, 6.0 mM K,HPO,) or pH1 buffer (50 mM NazCgHs07). Samples were collected on
glass-fiber filters (VWR, Batavia, IL) and analyzed using a Beckman LS6500 scintillation
counter. The percent internalized a-factor for each time point was calculated by dividing the
pH1 sample value by the pH6 sample value. Each data point represents an average of three
or more assays and error bars represent the standard deviation.

Ubiquitin-binding experiments

Binding of proteins from yeast lysates to ubiquitin-Sepharose was performed as described
previously (21) with the following modification: total yeast lysate proteins (2.0 mg) were
incubated with 80 pl 25% ubiquitin-Sepharose slurry (Boston Biochem, Cambridge, MA) or
Sepharose CL-4B (Pharmacia, Peapack, NJ) in 1.5 ml MES buffer at 4°C for 4 h.

Denaturing immuneprecipitations

Lysates and immuneprecipitations were carried out as described previously with minor
changes (45). All buffers were supplemented with 5 mM NEM and 1 mM 1,10-
orthophenanthroline to inhibit deubiquitinating enzymes. Following lysis by mechanical
agitation using glass beads, SDS was added to 1% final weight by volume and lysates were
incubated at 37°C for 10 min. After clarification, lysates were diluted to 2 ml.
Immuneprecipitations were carried out at 4°C for 1 h, followed by incubation with Protein A
Sepharose CL-4B (Amersham Biosciences, Piscataway, NJ) at 4°C for 30-60 min.
Immuneprecipitates were washed as described, eluted by heating to 80-90°C in urea sample
buffer and resolved by 6% SDS-PAGE. Immunoblotting was performed as described
previously using a-Edel and a-HA antisera (39).
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Figure 1. Edel and Ent2 ubiquitin binding domains are not required for Ste2 internalization

(A) The Edel UBA domain is not required for internalization of Ste2. Triple mutant cells,
ent1A ent2A edelA (3A), expressing Ent1Y'MA and either Ede1WT (LHY3642), Ede1YBAA
(LHY3643) or Ede1EH 3W-A (L HY4959) were grown at 30°C and assayed for internalization
of 3°S-labeled a-factor. Each point represents the average of three or more assays. Error bars
represent the standard deviation. (B) An Entl-Edel complex lacking ubiquitin-binding
domains cannot bind monoubiquitin. Yeast lysates (Inp) prepared from 3A cells expressing
Ent1WT and Ede1WT (LHY3638), Ent1WT and Ede1YBAA (LHY 3639) or Ent1Y!MA gnd
Ede1YBAA (LHY3643) were incubated with Sepharose (Seph) or ubiquitin-Sepharose (Ub-
Seph) beads. The bound and unbound (Un) proteins were analyzed by SDS-PAGE and anti-
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Edel immunoblotting. (C) Ent2 UIMs are not required for Ste2 internalization. Triple
mutant cells, ent1A ent2A edelA (3A), expressing Ent1WT (LHY5718), Ent1Y!M S-D
(LHY5719), Ent2WT (LHY3190) or Ent2Y'MA (L HY3191) were grown at 30°C and assayed
for internalization of 3°S-labeled a-factor. Each point represents the average of three or more
assays. Error bars represent the standard deviation.
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Figure 2. Entl UIMs are required for ubiquitin-dependent and ubiquitin-independent
internalization of Ste2
Variants of Ste2, Ste2WT (LHP424), Ste2NPFAD (LHP426), which can only be internalized

via the peptide sorting sequence NPFAD, or Ste2All LYS (LHP427), which can only be
internalized by ubiquitination, were expressed in ent1lA ent2A edelA ste2A cells expressing
either EntIWT or Ent1YM S-D_ These strains were stimulated with radioactively labeled a-
factor at 30°C as in Figure 1A, and cell aliquots taken at 2 min or 30 min were analyzed.
Each bar represents the average of three assays, and error bars represent the standard
deviation.
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Figure 3. Ent2 UIMs share overlapping functions with Yap180 proteins and Edel

(A) Edel functions redundantly with Ent2 UIMs in ligand-mediated endocytosis. Quintuple
deletion cells, ent1A ent2A yap1801A yap1802A edelA (5A), expressing Ent2WT
(LHY5644), Ent2UMA (LHY5645), or Ent2Y!MA together with Ede1WT (LHY5693) were
assayed for internalization of radioactively labeled a-factor at 30°C. (B) Edel is required for
growth at 37°C in cells lacking Ent2 UIMs. Quintuple mutant cells expressing Ent1WT
(LHY5641), Ent2WT (LHY5644), Ent2UMA (LHY5645), or co-expressing Ent2UMA and
Ede1WT (LHY5693) were grown on rich medium for 3 days at 30°C or 37°C.
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Figure 4. Ent2 NPF motifs and UIM domains share a redundant function during endocytosis
(A) The EH domains of Edel are required for rapid receptor internalization in the absence of
Ent2 UIMs. Quintuple deletion cells co-expressing Ent2WT and Ede1WT (LHY5712),
Ent2WT and Ede1EH 3W-A (LHY5648), Ent2UMA and Ede1WT (LHY5693), or Ent2UIMA
and Ede1EH 3W-A (L HY5650), were assayed for internalization of radioactively labeled -
factor at 30°C. Each point represents the average of three or more assays. Error bars
represent the standard deviation. (B) The Ent2 UIMs and NPF motifs function cooperatively
during receptor internalization. Quadruple deletion cells (4A) expressing endogenous Edel
and either Ent2WT (LHY5627), Ent2UMA (LHY5628), Ent2NPF-NAA (| HY5629) or
Ent2UIMANPE-NAA (| HY5694) were assayed for internalization of radioactively labeled o-
factor at 30°C. Each point represents the average of three or more assays and error bars
represent the standard deviation.

Traffic. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dores et al.

Page 17

Figure 5. The Edel UBA domain negatively regulates Edel function during receptor
internalization

(A) A strain lacking epsin and Edel ubiquitin binding domains is able to rapidly internalize
ligand-bound receptors. A quintuple mutant strain co-expressing Ent2Y!MA together with
Ede1YBAA (LHY 5649) was assayed for internalization of radioactive o-factor at 30°C. The
internalization curves for cells expressing Ede1WT (LHY5693) or no Edel (LHY5645) are
shown for comparison. Each point represents the average of three or more assays, and error
bars represent the standard deviation. (B) The UBA domain inhibits Edel in the absence of
EH domain interactions. Quintuple deletion cells (5A) co-expressing Ent2Y!MA and

Ede1EH 3W-AUBAA (| HY5711) were assayed for internalization of radioactively labeled a-
factor at 30°C. The internalization curves for 5A cells expressing wildtype Edel
(LHY5693), Ede1EH 3W-A (LHY5650), or no Edel (LHY5645) are provided for
comparison. Each point represents the average of three or more assays. Error bars represent
the standard deviation. (C) Protein levels of wildtype Edel and Edel mutants do not
correlate with defects in receptor internalization. Cell lysates from the same strains used in
experiments presented in Figures 3A, 4A and 4B were prepared from 2 x 108 cells and
analyzed on an immunoblot probed with polyclonal anti-Edel antibody. The (*) denotes a
cross-reacting band used as a loading control.
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Figure 6. Edel is ubiquitinated in an Rsp5-dependent manner

(A) Edel is ubiquitinated. Edel was precipitated from denatured lysates of edelA
(LHY900), EDE1 (LHY291) and EDE1 HA-UBI (LHY?2432) cells prepared before and after
stimulation with a-factor. The precipitates were analyzed by immunoblotting using a-Edel
or a-HA antisera. (B) Ubiquitination of Edel requires the catalytic activity of the Rsp5
ubiquitin protein ligase. RSP5 HA-UBI (LHY4548) and rsp5-1 HA-UBI (LHY5056) cells
were incubated for 1 h at 37°C (the non-permissive temperature for rsp5-1 cells). Cell
lysates were then prepared and subjected to immuneprecipitation with Edel antiserum. The
immuneprecipitates were analyzed by immunoblotting using a-Edel or a-HA antisera.
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Figure 7. Models for UBA-mediated regulation of Edel

When not bound to Ent2, Edel is inhibited in a UBA domain-dependant manner. The UBA
domain of Edel may interact with either ubiquitin conjugated directly to Edel or to other
ubiquitinated endocytic proteins. When bound to Ent2 via EH-NPF interactions, Edel is
active in receptor internalization. The ubiquitin-binding domains of Ent2 and Edel may also
interact with other endocytic machinery (dashed lines), contributing to the formation of the
endocytic scaffold.
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Table 1
Strains used in this study

Strain

Genotype

LHY291

LHY2432
LHY4548
LHY5056
LHY3190
LHY3191
LHY3638
LHY3639
LHY3642
LHY3643
LHY4959

LHY5627

LHY5628
LHY5629
LHY5694
LHY5641

LHY5644

LHY5645
LHY5693
LHY5648
LHY5649
LHY5650
LHY5711
LHY5712
LHY5718
LHY5719
LHY5723
LHY5724
LHY5725
LHY5727
LHY5728
LHY5729

his3 trp1 lys2 ura3 leu2 barl

same as LHY291 + HA-UBI [TRP1]

rsp5-HIS3 leu2 ura3 his3 trpl lys2 barl GAL + RSP5 [TRP1] + HA-UBI [URA3]
same as LHY4548 + rsp5-1 [TRP1] + HA-UBI [URA3]

edelA-KAN ent2A:KAN entlA-HIS3 ura3 his3 leu2A trpl barl + ENT2 [TRP1]
same as LHY3190 + ent2U'MA [TRP1]

same as LHY3190 + ENT1[TRP1], EDE1 [URA3]

same as LHY3190 + ENT1[TRP1], ede1UBAA [URA3]

same as LHY3190 + ent1Y/MA [TRP1], EDE1 [URA3]

same as LHY3190 + ent1Y'™MA [TRP1], ede1YBAA [URA3]

same as LHY3190 + ent1Y'MA [TRP1], ede1EH 3W-A [URA3]

entl-LEU2 ent2-HIS3 yap1801-HIS3 yap1802-1LEU2 ura3-52 his3-A200 trplA 901 leu2-3, 112 lys2-801 suc2-A9 barl + ENT2
[TRP1]

same as LHY5627 + ent2U'MA [TRP1]

same as LHY5627 + ent2NPF-NAA [TRP1]
same as LHY5627 + ent2VIMANPE-NAA TTRP1]
same as LHY5627 + ENT1 [TRP1]

ent1-LEU2 ent2:HIS3 yap1801-HIS3 yap1802 -1 EU2 edelKANR ura3-52 his3-A200 trp1A 901 leu2-3,112 lys2-801 suc2-A9
barl + ENT2 [TRP1]

same as LHY5644 + ent2YIMA [TRP1]

same as LHY5644 + ent2U!MA [TRP1], EDE1 [URA3]

same as LHY5644 + ENT2 [TRP1], ede1EH 3W-AUBAA [JRAZ]
same as LHY5644 + ent2YMA [TRP1], ede1YBAA [URA3]

same as LHY5644 + ent2V'MA [TRP1], ede1BH 3W-A [URA3]
same as LHY5644 + ent2Y'MA [TRP1], ede1EH 3W-AUBAA [URA3]
same as LHY5644 + ENT2 [TRP1], EDEL [URA3]

same as LHY3190 + ENT1 [TRP1]

same as LHY3190 + ent1V'MSD [TRP1]

ent2A “KANR ede1A -KANR ent1A -Nat® ste2A -deu2 his3A ura3A lys2A trplA barlA + ENT1 [TRP1] + STE2 [URA3]
same as LHY5723 + ENT1 [TRP1], ste2NPFAD [URA3]

same as LHY5723 + ENT1 [TRP1], ste2Al! Lys [URA3]

same as LHY5723 + ent1VMS-D [TRP1], STE2 [URA3]

same as LHY 5727 + ent1Y'MS-D [TRP1], ste2NPFAD [URA3]
same as LHY5727 + ent1VIMSD [TRP1], ste2All Lys [URA3]
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Table 2
Plasmids used in this study
Plasmid Description Details
LHP472  RSP5 pRS416::RSP5 [TRP1, CEN]
LHP1615  rsp5-1 pRS416:rsp5-1 (L733S) [TRPL, CEN]
LHP326  HA-UBI YEp112:HA-UBI [TRP1, 2um]
LHP462  HA-UBI PES7:HA-UBI [URA3, 2:m]
LHP823  ENT2 YCplac22:ENT2 [TRPL, CEN]
LHP424  STE2 YCplac33:STE2 [URA3, CEN]
LHP426  ste2NPFAD YCplac33::ste2NPFAD (K337R, K352R, K358R, K374R, K387R, K400R, K422R, G392N) [URA3, CEN]
LHP427  ste2AllLys Y Cplac33::ste2All Lys (F394A). [URA3, CEN]
LHP1412  ent2UiMa Y Cplac22::ent2U'™- (Aaal75-225) [TRP1, CEN]
LHP1431  ent1ViMA YCplac22::ent1Y'™- (Aaa165-209 and Aaa 217-251) [TRP1, CEN]
LHP1924  ent2NPF-NAA Y Cplac22:ent2NPF- (P348A, F349A, PA92A, FA93A) [TRP1, CEN]
LHP2799  ent2UMANPE-NAA - vy (Cplac22::ent2V!M-NPF- (Aaal175-225, P348A, F349A, P492A, F493A) [TRP1, CEN]
LHP439  EDE1 pRS426::EDE1 [URA3, 2:m]
LHP1531 EDE1 pRS316:EDE1L [URA3, CEN]
LHP1532  ede1YBAA pRS316::edel (aal-1334) [URA3, CEN]
LHP1770  ede1EH3W-A pRS316:edel (W56A, W176A, W319A) [URA3, CEN]
LHP1992  edelEH3W-AUBAA  pRS316:edel (aal-1334, W56A, W176A, W319A) [URA3, CEN]
pBW0768 ENT1 YCplac22:ENT1 [TRPZ, CEN]
pBW1375  ent1VIMSD YCplac22:entl (S177D,5201D) [TRP1, CEN]
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