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The yeast actin-regulating kinases Arklp and Prklp are signaling proteins localized to cortical
actin patches, which may be sites of endocytosis. Interactions between the endocytic proteins
Panlp and End3p may be regulated by Prklp-dependent threonine phosphorylation of Panlp
within the consensus sequence [L/I]xxQxTG. We identified two Prklp phosphorylation sites
within the Panlp-binding protein Entlp, a yeast epsin homologue, and demonstrate Prklp-
dependent phosphorylation of both threonines. Converting both threonines to either glutamate or
alanine mimics constitutively phosphorylated or dephosphorylated Entlp, respectively. Synthetic
growth defects were observed in a panl-20 ENTIFE double mutant, suggesting that Entlp
phosphorylation negatively regulates the formation/activity of a Panlp—Entlp complex. Interest-
ingly, pan1-20 ent2A but not pan1-20 ent1A double mutants had improved growth and endocytosis
over the pan1-20 mutant. We found that actin-regulating Ser/Thr kinase (ARK) mutants exhibit
endocytic defects and that overexpressing either wild-type or alanine-substituted Entlp partially
suppressed phenotypes associated with loss of ARK kinases, including growth, endocytosis, and
actin localization defects. Consistent with synthetic growth defects of panl1-20 ENTIFE cells,
overexpressing glutamate-substituted Entlp was deleterious to ARK mutants. Surprisingly, over-
expressing the related Ent2p protein could not suppress ARK kinase mutant phenotypes. These
results suggest that Entlp and Ent2p are not completely redundant and may perform opposing
functions in endocytosis. These data support the model that, as for clathrin-dependent recycling

of synaptic vesicles, yeast endocytic protein phosphorylation inhibits endocytic functions.

INTRODUCTION

Endocytosis is an essential process in eukaryotic cells during
which portions of the plasma membrane and extracellular fluid
are internalized, delivered to endosomes, and either recycled back
to the plasma membrane or targeted to a degradation compart-
ment. Clathrin-dependent receptor-mediated endocytosis re-
mains the most well characterized endocytic mechanism to date
(reviewed in Schmid, 1997). In this pathway, the cytosolic tail of a
receptor associates with an adaptor complex that recruits and
promotes the polymerization of clathrin triskelions into baskets,
forming a clathrin-coated pit invagination. A fission event involv-
ing several proteins, including the GTPase dynamin, culminates
in the release of a clathrin-coated vesicle into the cytosol.

The budding yeast Saccharomyces cerevisiae has been used
as a model organism for identifying novel endocytic factors.

* Corresponding author. E-mail address: beverly@jhu.edu.
Abbreviations used: ARK, actin regulating kinase; EH, Epsl5
homology; ENTH, epsin N-terminal homology; NPF, Asn-Pro-
Phe; PIP,, phosphatidylinositol 4,5 bisphosphate.
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We found that Panlp is required for endocytosis and normal
actin cytoskeleton organization in yeast (Wendland et al.,
1996; Wendland and Emr, 1998); others have identified and
characterized panl mutants in independent screens (Zoladek
et al., 1995; Tang and Cai, 1996). Panlp has a domain orga-
nization similar to the mammalian endocytosis protein
Eps15 (Wong et al., 1995; Wendland et al., 1996; Carbone et
al., 1997; Benmerah et al., 2000), and both contain Epsl15
homology (EH) domains that bind the tripeptide Asn-Pro-
Phe (NPF) (de Beer et al., 1998, 2000; Salcini et al., 1999). The
EH domains of Eps15 interact with epsin, an Asn-Pro-Phe-
containing protein also required for endocytosis (Chen et al.,
1998). We recently identified the yeast epsin homologues
Entlp and Ent2p that interact in an analogous manner with
the EH domains of Panlp (Wendland et al., 1999).

Epsin (Epsl15 interactor) proteins comprise a novel family
of interacting partners for components of the clathrin endo-
cytic machinery (Chen, et al., 1998; Rosenthal, et al., 1999).
Vertebrate epsins bind EH domain-containing proteins,
AP-2, and clathrin. The NH,-terminal 140 amino acids of
epsins constitute a highly conserved module termed the
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epsin-NH,-terminal homology (ENTH) domain, which has
recently been implicated in nuclear shuttling via an interac-
tion with the transcription factor promyelocytic leukemia
Zn>* finger protein (Kay et al., 1999; Hyman et al., 2000) and
can also bind the phospholipid phosphatidylinositol 4,5
bisphosphate (Itoh et al., 2001). As with mammalian epsin,
the Entlp and Ent2p proteins contain ENTH domains, bind
clathrin, and are required for endocytosis.

Phosphorylation as a means to control interactions be-
tween endocytic proteins has been proposed in mammalian
systems (Slepnev et al., 1998; Chen et al., 1999). Both Eps15
and epsin are dephosphins, endocytic proteins that are
phosphorylated in resting nerve terminals and coordinately
dephosphorylated during stimulation (Chen ef al., 1998). It
was shown recently that the yeast eps15-like protein, Panlp,
is phosphorylated in vitro by the novel Ser/Thr kinase,
Prklp, on regions containing the consensus sequence Lxx-
QXTG, and it was proposed that Prklp-dependent phos-
phorylation may negatively regulate the formation of an
endocytic complex between Panlp and End3p (Zeng and
Cai, 1999). Prklp, originally called Paklp (Thiagalingam et
al., 1995), belongs to a novel family of ARKs composed of
three proteins: Prklp, Arklp, and Akllp (Cope et al., 1999).
Arklp and Prklp are localized to cortical actin patches in
yeast. Although these patches may correspond to sites of
endocytosis, the molecular links between actin organization
and endocytosis remain undefined (Mulholland et al., 1999;
Qualmann et al., 2000). Targets of the ARK kinases, such as
Panlp, are good candidates for factors that link endocytosis
and actin organization. Here, we report that both Entlp and
Ent2p are also targets of Prklp. Mutant forms of Entlp that
mimic constitutively phosphorylated or dephosphorylated
states exhibit distinct genetic interactions with both arkIA
prk1A and pan1-20 mutants. The nature of these interactions
suggest that, as in mammalian systems, dephosphorylated
forms of yeast endocytic proteins promote internalization,
whereas phosphorylation is inhibitory.

MATERIALS AND METHODS
Media and Materials

Yeast strains were grown in standard yeast extract-peptone—dex-
trose (YPD) or synthetic medium with dextrose supplemented with
the appropriate amino acids as required for plasmid maintenance.
Bacterial strains were grown on standard media supplemented with
100 pg/ml ampicillin or 30 pg/ml kanamycin, as appropriate, to
maintain plasmids. Materials were purchased from Fisher Scientific
(Fairlawn, NJ) or Sigma (St. Louis, MO) unless stated otherwise.

Plasmid Strain and Construction

The strains and plasmids used in this study are listed in Table 1.
DNA and strain manipulations were performed with the use of
standard techniques. All green fluorescent protein (GFP) tags used
in this study are N terminal and are driven by the CPY promoter
carboxypeptidase y, giving approximately equivalent protein ex-
pression levels to endogenous promoters.

FM 4-64 Internalization

Cells were grown to midlog phase in selective medium or YPD at
30°C. When appropriate, cells were shifted to 37°C for 45 min. One
milliliter of cells was pelleted at 300 X g for 30 s and resuspended
in 50 pl of prewarmed FM 4-64 dye diluted 1:100 in YPD (FM 4-64
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stock is 1 mg/ml in dimethylsulfoxide). After 15-20 min labeling,
the cells were washed, chased for 40—60 min, and observed. All
images were acquired at identical exposures with the use of a Delta
Vision deconvolving microscope (Applied Precision, Seattle, WA)
with a cooled CCD camera and processed identically with the use of
Adobe Photoshop 5.0. For quantification of FM 4-64 internalization,
pixel intensities were measured from a single focal plane for ~35-50
cells from each strain.

Filamentous Actin and GFP-Entlp and GFP-Ent2p
Localization

Cells were grown to midlog phase at 30°C. KHPO, (1 M), pH 6.4 (2
KH,P0,:1 K,HP0,), and 37% formaldehyde were then added di-
rectly to each cell culture flask to a final concentration of 0.1 M and
4%, respectively, and cells were incubated with shaking for 1-2 h.
After three washes in PBS, cells were permeabilized with 0.02%
Triton X-100 for 10 min. Cells were labeled by resuspending in
30-50 ul of 0.6 uM rhodamine-phalloidin and 1 uM DAPI in PBS
(Molecular Probes, Eugene, OR) for 2h. Cells were then washed,
mounted in DABCO (triethylene-diamine) anti-fade solution (Sig-
ma, St. Louis, MO), and observed with the use of a Delta Vision
Deconvolving microscope.

For GFP/phalloidin double staining, cells expressing GFP con-
structs were grown to midlog phase in selective medium, harvested,
then labeled and permeabilized concomitantly by incubating for 10
min at room temperature in the dark in a solution containing 0.3 uM
rhodamine—phalloidin in 1 M Sorbitol, 0.1% Saponin, 0.1 mg/ml
RNase, PBS, 5 mM MgCl,, and 1 mM CaCl,, followed by 15-20 min
incubation on ice. The cells were viewed directly without washing.

Immunoprecipitation Experiments

Preparation of Yeast Cell Extracts. Five or 10 ODy, of cells grown
to midlog phase were harvested, and cell pellets were precipitated
in 10% TCA with protease/phosphatase inhibitors (250 mM NaF, 10
mM EDTA, 4 mM Na-orthovanadate, 0.2 mM cyclosporin, 2 mM
AEBSF). TCA pellets were washed with cold acetone and lysed by
vortexing with 0.4 mm acid-washed glass beads in 100 ul of boiling
buffer (1 M Tris, 0.5 M EDTA, 10% SDS) with proteases/phospha-
tase inhibitors. Lysates were mixed with 1 ml of TBS-T/BSA (0.25 M
NaCl, 10 mM Tris, 0.25% Tween, 1% BSA) with protease/phospha-
tase inhibitors and spun for 10 min at 4°C, and the supernatant was
used for immunoprecipitation.

Entlp and Ent2p Immunoprecipitation Experiments. Epitope-
tagged Entlp, Entlp”A4-HA, and Ent1p®E-HA were immunoprecipi-
tated from extracts prepared as above with 0.4 ul/ODy,, of mouse
a-HA (Covance, Berkeley, CA) for 1 h at 4°C. After 1 h, 10 ul of
protein G Sepharose beads (Sigma) per ODgy, were added, and
immunoprecipitates were incubated for an additional hour at 4°C.

Immunoprecipitation of endogenous Entlp and Ent2p was per-
formed with the use of 0.25-0.5 ul/ODg,, of rabbit polyclonal
antiserum (custom increased by Scantibodies, Ramona, CA) di-
rected against amino acids 325-456 of a GST-Entlp C-terminal
fusion protein, followed by incubation with 10 ul/ODyg, of protein
A Sepharose beads (Sigma). Also used to immunoprecipitate en-
dogenous or HA-tagged Entlp and Ent2p was rabbit a-phospho-
threonine (Zymed, San Francisco, CA) at 0.8 ul/ODy,. Beads were
washed once with 1 ml TBS-Tween 20 + protease/phosphatase
inhibitors, twice with TBS-Tween-urea + protease/phosphatase
inhibitors, and once more with TBS + protease/phosphatase inhib-
itors. Excess liquid was removed from the beads with the use of a
Hamilton syringe. The dried beads were resuspended in 10 ul/
ODg protein sample buffer, heated to 70-80°C for 10 min, and
pelleted for 1 min, and the supernatant was used for SDS-PAGE and
Western blot analysis.
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Table 1. Genotypes of yeast strains and plasmid descriptions

Strain Genotype Source
BWY520 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl::LEU2 ent2::HIS3 Wendland et al., 1999
pENT1.1HA-GFP.426
BWY1038 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl::LEU:ent1[T394A, T416A] This study
ent2::HIS3
BWY1039 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl::LEU:ent1[T394E, T416E] This study
ent2::HIS3
BWY1041 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 ent1::LEU2 panl-20 This study
BWY1053 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl::LEU2 ent2::HIS3 pENT2- This study
GFP.426
BWY1051 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 ent1::LEU2 ent2::HIS3 This study
PENT2[T479A, T499A]
BWY1055 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl::LEU2 ent2::HIS3 This study
pENT1ACterm
BWY1098 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 panl-20 ent2::HIS3 This study
BWY1100 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl:: LEU2:ent1[T394A, T416A] This study
pan1-20
BWY1103 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl::LEU2:ent1[T394A, T416A] This study
ent2::HIS3 pan1-20
BWY1107 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl::LEU2:ent1[T394E, T416E] This study
pan1-20
BWY1113 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 entl::LEU2:ent1[T394E, T416E] This study
ent2::HIS3 pan1-20
BWY1252 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 panl-20 entl::LEU2 This study
DDY130 MATa his3-A200 ura3-52 leu2-3, 112 lys2-801 Drubin laboratory strain
DDY1407 MATa ark1::HIS3 his3-A200 ura3-52 leu2-3, 112 lys2-801 ade2-1 Drubin laboratory strain
DDY1558 MATa prkl::LEU2 his3-A200 ura3-52 leu2-3, 112 lys2-801 Drubin laboratory strain
DDY1885 MATa ark::HIS3 prk1::LEU2 his3-A200 ura3-52 leu2-3, 112 lys2-801 Drubin laboratory strain
DDY2104 MATa akll:: KANMX his3-A200 ura3-52 leu2-3, 112 lys2-801 Drubin laboratory strain
DDY2103 MATo ark::HIS3 prk1::LEU2 akll:: KANMX his3-A200 ura3-52 leu2-3, 112 lys2-801 Drubin laboratory strain
HWY40 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 ent1::HIS3 ent2::HIS3 Wendland et al., 1999
pENT2.416
HWY41 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 ent1::LEU2 ent2::HIS3 Wendland et al., 1999
pENT1.416
SEY6210 MATa leu2-3 ura3-52 his3-A200 trp1-A901 lys2-801 suc2-A9 Emr laboratory strain
Plasmid Description Source
pENT1.416 ENT1 ORF plus 289nt 5" UTR and 100Int 3" UTR in pRS416 Wendland et al., 1999
pENT1.426 ENT1 ORF plus 289nt 5" UTR and 1001nt 3" UTR in pRS426 Wendland et al., 1999

pENT1.1HA-GFP.426
PpENT1-GFP.426
pENT2-GFP.426
pENT1.317
pENT1.1HA 317
pent1[T394A, T416A].416
pent1[T394A, T416A].426

pent1[T394E, T416E].426

Sall in frame upstream of start AUG; blunt Sall fragment of ENT1 in blunt EcoRI
of pGOGFP .426

Sall in frame upstream of start AUG; Sall/Sspl of ENT1 in Kpnl(blunt)/Sall of
pGOGFP 426

Sall in frame upstream of start AUG; Sall/HinDII of ENT2 in Kpnl(blunt)/Sall of
pGOGFP 426

HinDIII fragment of ENT1 in HinDIII of pRS317

Sacl fragment (3’ end) of pENT1.1HA 414 into Sacl of pENT1.317

Oligo/PCR-mediated mutation of pENT1.416

BstEIl fragment of ENT144 replacing BstEIl fragment of pENT1.426

Oligo/PCR-mediated mutation of pENT1.416

BstEIl fragment of ENT1EE replacing BstEIl fragment of pENT1.426

Wendland et al., 1999
This study
This study

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

[

pent1[T394E, T416E] 416
[
[

pent1[T394A, T416A].1HA.317 BstEIlI fragment of ENT144 replacing BstEII fragment of pENT1.1HA.317
pent1[T394E, T416E].1HA.317 BstEII fragment of ENT1EF replacing BstEIl fragment of pENT1.1HA.317
drop out Spel fragment from pENT1.414, blunt, self-ligate

PRK1 OREF plus 385nt 5" UTR and 284nt 3" UTR in pRS316

CPY promoter driving GFP (S65T) in pRS426

pentlAC-term.414
pDD556
pGOGEFP 426

This study

This study

This study

Cope et al., 1999
Cowles et al., 1997

Phosphatase Treatment

Five ODy of cells were harvested and lysed as described above. To
test for phosphate modifications of Entlp, Entlp-HA was immuno-
precipitated as described above. Beads were washed in TBS-T buffer
lacking phosphatase inhibitors, resuspended in phosphatase buffer
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(0.01 M Tris, 0.01 M MgCl,, 1 M NaCl, 1 mM DTT, 0.1 mM AEBSF),
and incubated with or without 1 ul of Lambda Protein Phosphatase
(New England Biolabs, Beverly, MA). Two microliters of phospha-
tase inhibitors (see above) were added to appropriate control tubes,
and samples were incubated at 30°C for 30 min. After 30 min,
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samples were mixed with protein sample buffer and prepared for
SDS-PAGE. To test for Prklp-dependent mobility shifts of endoge-
nous Entlp and Ent2p, 0.4 ODy, of cell extract were incubated with
or without 2 ul of calf intestinal alkaline phosphatase (New England
Biolabs) in phosphatase buffer at 30°C for 30 min.

SDS-PAGE and Immunoblotting

Samples were separated on either 7.5 or 9% polyacrylamide mini
gels at 30 mA constant current in SDS-PAGE running buffer (3 mM
SDS, 25 mM Tris, 192 mM glycine) and transferred onto nitrocellu-
lose membrane in transfer buffer (1 mM SDS, 48 mM Tris, 400 mM
glycine, 10% methanol) at 80 V for 90 min. Blots were blocked for 1 h
in 5% nonfat dried milk in Western wash buffer (0.25 M NaCl, 10
mM Tris, 0.025% Tween, pH 7.5) and incubated with the appropri-
ate primary antibody for 1 h at room temperature (or overnight at
4°C) and with secondary antibody for 45 min to 1 h at room
temperature.

Antibodies Used for Immunodetection

The following antibodies were used for immunodetection: mouse
a-HA at 1:1000 for detection of Entlp-HA; rabbit a-Entl/2p at
1:20,000 for detection of endogenous Entlp and Ent2p; rabbit
a-phosphothreonine at 1:250 for detection of phosphothreonine
modification; and rabbit a-phosphorylated amino acids (Zymed) at
1:1000 for detection of all phosphorylated amino acids on immuno-
precipitated Entlp-HA. Either goat a-rabbit or goat a-mouse—horse-
radish peroxidase (Pierce, Rockford, IL) at 1:5000 for 1 h at room
temperature was used as secondary antibody for all blots. All anti-
body dilutions were in 5% milk in Western wash buffer, and the
Pierce Supersignal Chemiluminescence detection system was used
for visualization.

RESULTS

Entlp Is Phosphorylated on Threonine Residues

A search of the proteins predicted by the S. cerevisiae Ge-
nome Database revealed that Entlp and Ent2p each contain
two candidate Prklp consensus phosphorylation sites (L/
IxxQxTG) and are thus possible targets of Prklp. To deter-
mine whether Entlp is a phosphoprotein, an HA-epitope—
tagged Entlp (Entlp-HA) was immunoprecipitated from
wild-type cell extracts, treated with lambda protein phos-
phatase in the presence (+) or absence (—) of phosphatase
inhibitors, and analyzed by Western blotting (Figure 1A).
No signal was detected from cells containing a plasmid
encoding untagged Entlp (Figure 1A, lanes 1, 6). In un-
treated immunoprecipitates, Entlp-HA migrates as a broad
series of ~66—-75 kDa bands. These bands collapse into a
single ~66 kDa band after phosphatase treatment (Figure
1A, lanes 2, 3), slightly higher than the predicted molecular
weight of ~56 kDa, suggesting that the slower mobility
species arose because of phosphorylation. Some of the phos-
phorylation occurred on threonine residues, because
Entlp-HA immunoprecipitates also reacted with an a-phos-
phothreonine antiserum (Figure 1A, lane 7). As expected, no
phosphothreonine was detected in phosphatase-treated
Entlp-HA immunoprecipitates (Figure 1A, lane 8). Thus,
Entlp-HA is a phosphoprotein that contains phosphothreo-
nine.

Entlp Is Phosphorylated within Prk1p Consensus
Sites on Thr Residues 394 and 416

We next asked whether the target Thr residues within the
Prklp consensus sites in Entlp were subject to phosphory-
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lation. HA-tagged Entlp point mutants in which the two
putative target Thr residues were converted to either Glu
(T394E, T416E; EE) or Ala (T394A, T416A; AA) were ex-
pressed in wild-type cells. Wild-type or mutant forms (EE or
AA) of Entlp-HA were immunoprecipitated and analyzed
by immunoblotting as described above (Figure 1B). The
Entlp point mutant proteins were stable but migrated more
rapidly than wild-type Entlp-HA (Figure 1B, lanes 1-3).
Rabbit a-phosphothreonine antibodies failed to detect sig-
nificant levels of phosphothreonine in the Entlp-HA point
mutants (Figure 1B, lanes 5, 6) as compared with wild-type
Entlp-HA (Figure 1B, lane 4). These data suggest that thre-
onine phosphorylation of Entlp is primarily on the two
threonine residues within the putative Prklp kinase target
sites. Probing with an antiserum recognizing all phosphor-
ylated amino acids (a-phosphoamino acids) showed resid-
ual phosphorylation in the point mutants, suggesting the
presence of other phosphorylated residues within Entlp
(our unpublished results; and see below). In contrast, anal-
ogous threonine point mutant forms of Ent2p exhibited re-
sidual phosphothreonine modification, suggesting the pres-
ence of additional target threonines in this protein.

To examine phosphate modifications of native Entlp and
Ent2p, a rabbit polyclonal antiserum was produced against
a region conserved between Entlp and Ent2p (amino acids
325-456 of Entlp). The specificity of this antiserum is dem-
onstrated in Figure 1C. Whole-cell extracts of wild-type cells
(lane 1), cells expressing only Entlp (ent2A, lane 2), only
Ent2p (ent1A, lane 3), or entlA ent2A cells expressing an
Entlp construct lacking the C-terminal region used to gen-
erate the a-Entlp/2p antiserum (denoted —, lane 4) were
analyzed by immunoblotting with the a-Entl/2p serum.
Entlp and Ent2p migrated as ~49 and 82 kDa doublet
bands, respectively. The observed mobility of Entlp is con-
sistent with its predicted value of ~53 kDa, whereas Ent2p
mobility is slightly slower than the predicted value of ~72
kDa. When rabbit a-phosphothreonine immunoprecipitates
were probed with a-Ent1/2p serum, both endogenous yeast
epsin proteins were detected (Figure 1C, lanes 5-7), consis-
tent with phosphothreonine modifications on both native
proteins. Two background bands that migrated below Entlp
and Ent2p were also detected on these immunoblots (Figure
1C, lane 8). The IgG heavy chain of rabbit a-phosphothreo-
nine migrates just below Entlp. The second nonspecific
background band (marked with #*) runs just below Ent2p.
These data demonstrate that both Entlp and Ent2p are phos-
phorylated on threonine residues.

Prkl1p Is Required for Entlp and Ent2p
Phosphorylation

To determine whether Prklp kinase is required for Entlp
and Ent2p phosphorylation, whole-cell extracts from five
different ARK family deletion strains and wild-type cells
were either mock treated (—) or treated (+) with phospha-
tase, and mobility shifts were examined by immunoblotting
with rabbit a-Entl/2p (Figure 1D). The slower mobility
forms of endogenous Entlp and Ent2p present in mock-
treated wild-type cells collapsed into faster mobility bands
during phosphatase treatment (Figure 1D, lanes 1, 2). Simi-
lar phosphatase-sensitive, slow-mobility bands were ob-
served in extracts from ark1A cells (lane 3) but were absent in
extracts from mock-treated prk1A and ark1A prklA, and the
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Figure 1. Entlp and Ent2p threonine phosphorylation requires
Prklp. (A) Epitope-tagged Entlp (Entlp-HA) was immunoprecipi-
tated, with the use of mouse a-HA, from wild-type cell extracts
treated with lambda protein phosphatase and/or phosphatase in-
hibitors and analyzed on immunoblots. Left panel, rabbit a-HA;
right panel, rabbit a-phosphothreonine. Lanes 1 and 6 correspond to
immunoprecipitates from wild-type cells expressing untagged
Entlp; lanes 2-5 and 7-10 correspond to immunoprecipitates from
wild-type cells expressing Entlp-HA. (B) HA-tagged entlp point
mutants in which the two putative target Thr residues were con-
verted to Ala (T394A, T416A; AA) or Glu (T394E, T416E; EE) were
expressed in wild-type cells. Wild-type (TT) or mutant forms of
Entlp-HA were immunoprecipitated with the use of mouse a-HA
and analyzed by immunoblotting. Left panel, rabbit a-HA; right
panel, rabbit a-phosphothreonine. Lanes 1-3 and 4-6 each corre-
spond to wild-type Entlp-HA, Ent1p®F-HA, and EntlpAA-HA im-
munoprecipitates, respectively. (C) Rabbit polyclonal antisera
raised against a region of protein conserved between Entlp and
Ent2p (rabbit a-Ent1/2p) recognizes endogenous Entlp and Ent2p
in both whole-cell extracts (left panel) and rabbit a-phosphothreo-
nine immunoprecipitates. Left panel, immunoblot of whole-cell ex
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ark1A prk1A akl1A mutants (Figure 1D, lanes 5, 9, 11). These
results suggest that Prklp is required for Entlp and Ent2p
phosphorylation and are consistent with the inability of
a-phosphothreonine to immunoprecipitate endogenous
Entlp and Ent2p from extracts of cells lacking PRK1. Also,
although akIIA extracts contained phosphatase-sensitive,
slow-mobility Entlp and Ent2p (Figure 1D, lane 7), the
intensity of these slower migrating species was consistently
reduced as compared with wild-type and arkIA extracts,
suggesting a possible role for Akllp as an upstream activa-
tor of Prklp. Similarly, reduced phosphothreonine levels
were observed in Entlp-HA immunoprecipitated from akI1A
extracts.

Interestingly, even slower mobility forms of both Entlp
(~63 kDa) and Ent2p (~106 kDa) were observed exclusively
in ark1A prk1IA and ark1A prk1A akl1A extracts (Figure 1D,
lanes 9-12, marked with e). Upper Ent2p bands were resis-
tant to phosphatase treatment, whereas the upper Entlp
band was reduced in intensity and mobility in phosphatase-
treated extracts. The significance of these upper bands re-
mains to be determined.

pan1-20 Interacts Genetically with ENT1*E and
ent2A

Zeng and Cai (1999) showed previously that loss of Prklp
activity suppressed the temperature-sensitive growth of a
panl-4 mutant and that Prklp phosphorylation may nega-
tively regulate Panlp/End3p interactions. These data sug-
gest that Prklp-mediated phosphorylation, possibly of a
Panlp complex, may serve an inhibitory function. In vivo
genetic interactions between our panl-20 mutant and
ENTI144 and ENTI*E point mutants as compared with wild-
type ENT1 were examined to test the hypothesis that
Panlp/Entlp interactions may be phospho-regulated.

panl mutants exhibit defects in growth, endocytosis, and
actin cytoskeleton organization at 37°C (Zoladek et al., 1995;
Tang and Cai, 1996; Wendland et al., 1996; Tang et al., 1997).
To study genetic interactions between pan1-20 and dephos-
pho/phospho forms of Entlp, we integrated ENTI44 or
ENTIEE point mutant constructs into the ent1 locus of ent1A
ent2A cells (see MATERIALS AND METHODS). These
ENT144 ent2A and ENTIFE ent2A cells exhibited normal
growth and actin cytoskeleton organization. Endocytosis of
FM4-64 was normal in ENT144 ent2A cells, but the ENT1FE
ent2A mutant exhibited mild endocytic defects, suggesting
that ENT1FE is somewhat dominant; however, overexpress-
ing ENTIFE in wild-type cells did not appear to be domi-
nant. Immunoblots of whole-cell extracts showed that al-
though the levels of integrated Entlp#4 are similar to wild-

tracts from wild-type cells (lane 1), ent2A cells (lane 2), ent1A cells
(lane 3), and negative control ent2A cells expressing an Entlp con-
struct lacking the region used for generating rabbit a-Ent1/2p (lane
4). Right panel, endogenous Entlp and Ent2p were immunoprecipi-
tated from cells with the use of a-phosphothreonine and analyzed
by immunoblotting with rabbit a-Ent1/2p. Nonspecific background
bands are indicated by asterisk. (D) Whole-cell extracts from five
different ARK family deletion strains and wild-type cells were either
mock treated (—) or treated (+) with protein phosphatase and
analyzed on immunoblots with the use of rabbit a-Entl/2p. Phos-
phatase-resistant and/or slower mobility bands are indicated (°).
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Table 2. Summary of genetic interactions and phenotypes

Genotype

Actin organization

Endocytosis

Growth

Source

ark1Aprk1A

ark1Aprk1A + ENTI 2

ark1Aprk1A + ENTI44 22

ark1Aprk1A + ENTIEE 22

ark1Aprk1A + ENT2 2P
panl-20

panl-4 prk1A

pan1-20 ent1A

pan1-20 ENT14A¢
pan1-20 ENT1EEe
pan1-20 ent2A

pan1-20 ENT144 ent2A

pan1-20 ENTIFE ent2A

Severely disrupted;
actin clumps and
depolarized patches

Similar to ark1Aprk1A

Actin clumping is less
severe than
ark1Aprk1A

Similar to ark1Aprk1A

Similar to ark1Aprk1A

Actin mislocalization
and mild clumping

?
Similar to pan1-20
Similar to pan1-20
Similar to pan1-20
Similar to pan1-20
Similar to pan1-20

Similar to pan1-20

Reduced endocytic
uptake; accumulation of
endocytic intermediates

Partial suppression of
defective uptake

Similar to ark1Aprk1A +
ENTI1 2

Endocytic defects
enhanced

Similar to ark1Aprk1A

Reduced endocytic uptake
at 37°C

?
Similar to pan1-20
Defective uptake less
severe than pan1-20
Similar to panl-20
Partial suppression of
endocytic defect

Similar to pan1-20 ent2A

Similar to pan1-20 ENT15E

Slow at 30°C; poor on
sorbitol at 30°C
ts at 37°C

Suppression of ts and
sorbitol-sensitive
growth

Similar to ark1Aprk1A
+ ENTI 2

Similar to arkIAprk1A

Similar to ark1Aprk1A
Slow at 30°C ts at 37°C

Suppression of panl-4
ts growth

ts growth similar to
pan1-20

ts growth is similar to
panl-20

ts growth defects
enhanced

ts growth less severe
than pan1-20

Similar to pan1-20
ent2A

Similar to pan1-20

Cope et al., 1999; and
unpublished data

This study

This study

This study

This study
Wendland et al., 1996

Zeng and Cai, 1999
This study
This study
This study
This study
This study

This study

ENTIEE

ENTIEE

2 No differences observed between wild-type cells and wild-type cells or entIA cells overexpressing either ENT144 or ENT1EE.
 No differences observed between wild-type cells and wild-type cells overexpressing ENT2.
< No differences observed between wild-type or ent2A cells containing chromosomally integrated ENT144 or ENT1 and non-chromosomally

integrated wild-type cells.

type Entlp, integrated EntlpF is present at higher levels
(approximately fourfold) (Figure 1B, lane 2). This may rep-
resent either elevated expression or increased stability of the
Ent1pFF protein.

Next, pan1-20 ent]l double-mutant strains were generated
by mating integrated ENT144 ent2A or integrated ENT1EE
ent2A cells with pan1-20 cells, followed by sporulation and
dissection of the resultant meiotic recombinant haploid
spores. In this way we were able to analyze pan1 interactions
with ENT144 and ENTIEE in the presence and absence of
ENT2. Growth and endocytic and actin defects of the strains
were analyzed. The results are described below and sum-
marized in Table 2.

Growth Defects

pan1-20 mutants exhibit poor growth on rich medium at
37°C. pan1-20 ENT144 cells showed temperature-sensitive
growth defects similar to pan1-20 on rich medium at 37°C. In
contrast, we found that pan1-20 ENTIEE cells grew even
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more poorly than pan1-20 alone (Table 2). Interestingly, we
found that pan1-20 temperature sensitive growth was par-
tially suppressed in a pan1-20 ent2A double mutant. pan1-20
ENTIA4 ent2A triple mutants grew similarly to panl-20
ent2A cells, whereas pan1-20 ENTIFE ent2A triple mutants
grew almost as poorly as pan1-20 ENT1FE double mutants,
indicating that deleting ENT2 cannot overcome the delete-
rious effects of combining panl-20 with ENTIE. We later
isolated pan1-20 ent1A double-mutant cells and found that
they exhibit similar ts growth at 37°C as panl-20 and
pan1-20 ENT144 mutants (Table 2). The synergistic growth
defects of pan1-20 ENTIFE double mutants suggest that,
consistent with panl-4 prk1A data (Zeng and Cai, 1999),
constitutively phosphorylated Entlp may also be inhibitory
to Panlp function.

Endocytic Defects

Endocytic function was assessed with the use of FM 4-64
dye uptake experiments with the above strains. Cells were
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Figure 2. Effects of ENT144, ENT1E, and ent2A on pan1-20 growth
and endocytic defects. Cells were grown to midlog phase in rich
medium at 30°C, preshifted to 37°C for 30—45 min, and labeled with
the lipophilic dye FM 4-64 at either 30 or 37°C for 15-20 min. After
a 30—45 min chase period, cells were washed and observed with the
use of fluorescence microscopy. (A) Pixel intensity values (35-50
cells per sample) refer to quantitation from a single focal plane of
vacuolar membrane fluorescence after dye uptake and are as fol-
lows: wild-type, 1400 *+ 130; panl1-20, 483 + 90; panl-20 ent2A,
1150 = 170; pan1-20 ENT144, 700 = 60; pan1-20 ent2A ENT144,
984 =+ 160; pan1-20 ENT1EE, 565 * 90; pan1-20 ent2A ENT1EE, 595 +
100. (B) The FM 4-64 uptake assay at 37°C was performed as
described above on wild-type, pan1-20, pan1-20 ent1A, and pan1-20
ent2A cells. Pixel intensities in this experiment were lower because
of differences in labeling times and are as follows: wild-type, 765 *
26; pan1-20, 244 * 12; pan1-20 ent1A, 250 = 17; and pan1-20 ent2A,
677 = 12.

grown to midlog phase at 30°C and shifted to 37°C for 30—45
min. After the temperature shift, cells were labeled with the
lipophilic FM 4-64 dye followed by a chase period. This dye
associates with the outer leaflet of the plasma membrane
and can be used to follow membranes as they travel through
the endocytic pathway from the plasma membrane to the
vacuolar membrane, in a time-, energy-, and temperature-
dependent manner (Vida and Emr, 1995; Zheng et al., 1998).

Figure 2A shows a graph quantitatively comparing FM
4-64 dye uptake in rich medium at 37°C in wild-type,
pan1-20, panl-20 ENTI144, pan1-20 ENTIFE, and panl-20
ent2A mutant cells as determined by pixel intensity values of
vacuolar membrane fluorescence from a single focal plane.
Vacuolar morphology was similar in all cases; however,
intensity of labeling varied. pan1-20 ENT144 (700 * 60)
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Figure 3. High copy ENT1 and ENT14 can suppress ark1A prk1A
sorbitol sensitivity. Cells transformed with empty vector, single
copy (abbreviated, CEN)PRK1 plasmid, and single or high copy
(abbreviated, 2 u) ENT1, ENT144, and ENT1EE were grown over-
night in selective medium. Serial dilutions of each strain were
spotted onto plates containing either rich medium (YPD, left panels)
or sorbitol (YPD + 0.75 M sorbitol, right panels) and grown at 30°C
for 3 d.

double-mutant cells internalized slightly more dye than
panl1-20 alone (485 * 90), whereas pan1-20 ENT1EE (565 *
90) dye uptake was roughly similar to that of panl-20.
Consistent with improved growth at 37°C, internalization of
FM 4-64 in pan1-20 ent2A (1150 * 170) was restored to
nearly wild-type levels (1400 = 130), and the vacuoles were,
on average, twice as bright as pan1-20 cells. Also, as ob-
served in the growth experiments, an ent2A mutation can
partially rescue the pan1-20 internalization defect in combi-
nation with ENT144 (984 =+ 160) but not ENTI®E (595 = 100).

In separate experiments, when FM 4-64 internalization
was compared between panl-20 ent1A and pan1-20 ent2A
mutants (Figure 2B), we found that, as with temperature
sensitive growth, entIA could not suppress the endocytic
defects of pan1-20 as compared with ent2A. These data pro-
vide a previously unobserved distinction between Entlp
and Ent2p function.

High Copy ENT1 and ENT144 Can Suppress ark1A
prk1A Defects

Our biochemical data indicate that Prklp alone is required
for Entlp and Ent2p threonine phosphorylation. Cope et al.
(1999) found that arkIA and prkIA single deletion mutants
behave similarly to wild-type cells, whereas arkIA prk1A
double-deletion mutants exhibit poor growth and severe
actin cytoskeleton defects. These data suggest that Arklp
and Prklp may perform a redundant function or are com-
ponents of an essential complex that requires the activity of
at least one of the proteins. As a test of whether Entlp and
Ent2p might be down-stream targets of Arklp/Prklp func-
tion in vivo, we looked for genetic interactions between
ENT1 and ENT2 and the ark1A prkl1A mutants.
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ark1A prkIA cells are sensitive to growth on sorbitol-contain-
ing medium at 30°C, as shown in the top panels of Figure 3.
Serial dilutions of cells transformed with either empty vector
or complemented with a single-copy PRKI plasmid were
spotted onto rich medium = sorbitol and grown at 30°C for
3 d. PRK1 complemented cells grew well on both media,
whereas the growth of empty vector-containing cells was
severely reduced on sorbitol medium.

As shown in Figure 3, high copy ENT1 was able to sup-
press the sorbitol sensitivity of arkIA prk1A cells. High copy
ENT144 suppressed sorbitol sensitivity comparably with
high copy ENT1, whereas high copy ENT1FF did not sup-
press these growth defects, and in fact was deleterious.
Temperature sensitivity is fully suppressed by PRKI and
was also partially suppressed only by high copy ENT1 or
high copy ENT144. Interestingly, high copy ENT2 was un-
able to suppress either growth defect of double kinase mu-
tant cells (our unpublished results). The yAP180 proteins
share a similar domain organization with the Ent proteins,
and each contains one copy of the L/IxxQxTG motif. Over-
expression of either of the two yAP180 proteins was also
unable to suppress the ark1A prk1A sorbitol-sensitive growth
phenotype. These data demonstrate that ENT1 is an in vivo
target of Arklp/Prklp regulation and furthermore reveals a
surprisingly specific property of Entlp for suppression of
ark1A prk1A phenotypes.

Endocytic Defect Suppression

Uptake of the fluorescent fluid-phase marker Lucifer yellow
(LY) was used to monitor endocytosis from the medium to
the vacuole. We found that arkIA prkIA cells exhibit defec-
tive endocytic uptake of LY, which, as with other defects,
can be suppressed by single-copy PRK1 (Figure 4Aab). As
for sorbitol and temperature-sensitive growth, either high
copy ENT1 or ENT144, but not ENT1FE, was partially able to
restore uptake of LY in the ark1A prk1A cells (Figure 4Ac—e).
Interestingly, high copy ENTIFE expression not only failed
to restore ark1A prk1A LY uptake, but the cells accumulated
a number of peripheral patches of concentrated marker at
the cell surface (Figure 4Ae). Similar peripheral patches
accumulated to a lesser extent in arkIA prk1A cells alone
(Figure 4Aa). Patches like these have also been observed in
yeast treated with the F-actin stabilizing drug, jasplakinol-
ide, which induces both actin and endocytic defects similar
to ark1A prkl1A cells (Ayscough, 2000). Experiments with the
use of the lipophilic dye FM 4-64 to follow endocytosis of
membranes revealed similar results.

Actin Cytoskeleton Defect Suppression

The actin cytoskeleton provides the structural basis for cell
polarity in most eukaryotic cells. In S. cerevisiae, the actin
patches at the cell cortex show a polarized distribution at the
sites of cell growth (buds and sites of cytokinesis) that
changes throughout the cell cycle (Kilmartin and Adams,
1984). Cope et al. (1999) found that the filamentous actin of
ark1A prk1A mutants accumulates in a few large clumps and
that cortical actin patches are smaller than normal and no
longer concentrated at sites of budding, as shown in Figure
4Ba. These actin defects can be fully suppressed by intro-
ducing a single functional copy of either ARKI or PRK1
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Figure 4. Overexpressing ENT1 and ENT144 but not ENT1FE par-
tially suppresses the endocytosis and actin defects in arkIA prk1A
mutant cells. (A) The fluorescent fluid-phase marker LY was used to
monitor endocytosis from the medium to the vacuole interior, in
cells transformed with (a) empty vector, (b) single copy PRK1I, (c) 2
w ENT1, (d) 2n ENT144, and (e) 20 ENT1EE. Vacuoles, long arrows;
peripheral patches, short arrows. Bar, 2 um. (B) Cells were grown
overnight in selective media at 30°C and fixed, and filamentous
actin was labeled with the use of Texas Red-conjugated phalloidin.
Panel a corresponds to ark1A prk1A cells with empty vector, panels
b—d correspond to ark1A prkl1A with single copy PRK1, high copy
ENT1, and ENT144, respectively.

(Figure 4Bb) (see also Cope et al.,1999). As seen with the
sorbitol sensitivity and LY uptake, high copy ENT144 was
able to partially suppress the accumulation of actin clumps
in ark1A prkl1A cells (Figure 4Bd). Although most of the
filamentous actin remains in the characteristic large clumps,
an increased number of smaller, peripherally localized
patches was observed in arklA prk1A mutants expressing
ENTI144. Interestingly, partial suppression of actin clump
accumulation occurred to a significantly lesser extent with
high copy ENT1 (Figure 4Bc). Consistent with our other
suppression studies, neither ENT1EE nor ENT2 overexpres-
sion suppressed these actin localization defects. Together,
the findings that ent2A but not ent1A rescued pan1-20 defects
and the observed differences in the genetic interactions
among ENT1, ENT2, and the ark1A prk1A double mutants all
support the conclusion that ENT1 and ENT2 are at least
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GFP-Entip DIC

partially functionally distinct. Furthermore, it appears that
Prk1p phosphorylation either inhibits Entlp function or neg-
atively regulates the activity of a Panlp/Entlp complex.

GFP-Entlp Localizes to Actin Clumps in ark1A
prk1A Cells

Filamentous actin clumps of ark1A prk1A cells contain Sac6p,
cofilin, Sla2p, and Abplp, all of which are known cortical
actin patch constituents (Cope et al., 1999). We next deter-
mined the localization of GFP-Entlp and GFP-Ent2p in these
mutants. GFP-Entlp and GFP-Ent2p are each stable proteins
that fully rescue lethality of ent1A ent2A cells. In ent1A ent2A
cells, GFP-Entlp localizes to peripheral and internal punc-
tate structures (Figure 5Aa) in a pattern suggestive of its
association with plasma membrane-associated patches
and/or early endosomes, and consistent with its partial
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Figure 5. Entlp-GFP and Ent2p-GFP colo-
calize with actin clumps in ark1Aprk1A mu-
tant cells. (A) GFP localization of Entlp and
Ent2p in ent1A ent2A and ark1A prk1A cells.
entlIA ent2A and arkIA prklA cells trans-
formed with high copy plasmids encoding
GFP-tagged Entlp (GFP-Entlp) or GFP-
tagged Ent2p (GFP-Ent2p) were grown over-
night in selective media and observed by flu-
orescence microscopy. Bar, 4 um. (B) Entlp-
GFP and Ent2p-GFP colocalization with
phalloidin-labeled arkIA prk1A cells. arklA
prk1A cells transformed with GFP-Entlp or
GFP-Ent2p were grown to midlog phase, har-
vested, and resuspended in permeabilization
buffer containing Texas Red-conjugated phal-
loidin without fixation. Cells were incubated
at room temperature for 10 min, followed by
20 min on ice, then observed by fluorescence
microscopy.

colocalization with cortical actin patches (Wendland et al.,
1999). Localization patterns were identical for both single
and high copy plasmid. It should be noted that expression
levels of high copy GFP-Entlp driven by the CPY promoter
were not as elevated as with high copy ENT1 driven by its
endogenous promoter. GFP-Ent2p also localizes to periph-
eral and internal punctate structures in both wild-type and
ent1A ent2A cells; however, the peripheral structures are
finer and more diffuse (Figure 5Ab). In arkl1A prk1A cells,
GFP-Entlp and to a lesser extent, GFP-Ent2p, accumulated
in large clumps that were reminiscent of the aberrant fila-
mentous actin structures observed previously in these mu-
tants (Figure 5Ac,d).

To determine whether GFP-Entlp or GFP-Ent2p colocal-
izes with filamentous actin, wild-type and ark1IA prk1A mu-
tant cells expressing GFP-Entlp and GFP-Ent2p were la-
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beled with Texas Red-conjugated phalloidin, an F-actin—
binding toxin that prevents F-actin depolymerization.
Interestingly, fixation methods used for phalloidin labeling
consistently caused dispersal of these GFP fusion proteins.
Instead, we found that phalloidin stabilization of actin fila-
ments in saponin-permeabilized cells without previous fix-
ation was able to preserve GFP-Entlp and GFP-Ent2p local-
ization. In these experiments, GFP-Entlp colocalized exactly
with both large actin clumps and small peripheral actin
patches in arkIA prk1A mutants (Figure 5B, top panels). In
contrast, although a portion of GFP-Ent2p also localized to
these clumps, the majority of GFP-Ent2p remained highly
dispersed in small phalloidin-negative patches at the cell
periphery (Figure 5B, bottom panels). Similar to GFP-Ent2p,
GFP-Panlp and the GFP-yAP180 proteins also did not local-
ize exclusively to the large actin clumps in arkIA prk1A cells
(our unpublished results). This difference in localization be-
tween Entlp and Ent2p provides further evidence to sup-
port a functional distinction between the two proteins.

DISCUSSION

The ARK kinases Arklp and Prklp have been implicated in
regulation of the actin cytoskeleton because of their local-
ization at cortical actin patches and their requirement for
normal actin organization. Genetic interactions with and
phosphorylation of proteins implicated in endocytosis sug-
gested that the ARK kinases might also be important for
regulating endocytosis; however, this had not been tested
directly. In this study, we have found that the ARK kinases
are also necessary for efficient fluid phase endocytosis. This
indicated that the targets of these kinases should not only be
proteins that control actin cytoskeleton structure, but also
might be endocytic proteins. Indeed, we found that the yeast
epsin homologues Entlp and Ent2p are phosphorylated on
threonine residues in a PRKI-dependent manner, and that
the phosphorylation status of Entlp appears to modulate its
ability to support endocytosis. Finally, this study has also
revealed interesting functional distinctions between the
highly homologous Entlp and Ent2p proteins.

Threonine Phosphorylation of the Yeast Epsins
Entlp and Ent2p Is Dependent on Prkl1p

Panlp was recently identified as an in vitro target for thre-
onine phosphorylation by the serine/threonine kinase Prk1p
on regions containing a total of 13 repeats of the consensus
sequence LxxQXxTG (Zeng and Cai, 1999). Yeast genome
searches showed that Entlp and Ent2p each contain two
copies of an L/IxxQxTG sequence. We have demonstrated
that these are the only two sites required for threonine
phosphorylation in Entlp, and that Prklp is required for this
modification. Interestingly, there are several other proteins
predicted by the yeast genome sequence that contain mul-
tiple copies of this consensus sequence or slight variations of
it, including the actin-associated protein, Slalp, and the clath-
rin-associated factor, Scd5p (S. cerevisine Genome Database Pat-
tern Match [Holtzman ef al., 1993; Nelson ef al., 1996]). It will be
of great interest to determine whether these proteins are also
modified and regulated by Prklp. Additionally, future identi-
fication of targets of the related Arklp kinase should also
reveal important regulators of endocytosis.
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Entlp and Ent2p May Perform Distinct Roles in
Endocytic and Actin Functions

Previous data have shown that at least one functional copy
of either an Entlp or an Ent2p ENTH domain is required for
yeast cell viability, which suggested that the two proteins
perform redundant functions (Wendland et al., 1999). Our
new findings reported here, however, indicate that in addi-
tion to their redundant functions, distinct functional roles
are performed by Entlp and Ent2p, possibly independent of
their ENTH domains. For instance, converting the two
Prklp consensus site threonines in Entlp to either alanine or
glutamic acid residues resulted in significantly reduced de-
tection by phosphothreonine antiserum, whereas analogous
mutations in Ent2p did not. In contrast, total phosphothreo-
nine levels appear to be Prk1p dependent for both Entlp and
Ent2p, as seen in prk1A cell extracts. These data suggest that
other potential Prklp-dependent threonine phosphorylation
sites are present in Ent2p. This may indicate that either
Prklp can phosphorylate a broader range of consensus sites
in Ent2p (and possibly other proteins) or that Ent2p threoni-
nes are phosphorylated by other kinases downstream of
Prklp.

Distinctions between Entlp and Ent2p were also observed
in phenotype suppression studies in pan1-20 and arkIA
prk1A mutant cells. High copy ENTI partially suppressed
ark1A prk1A mutant defects, whereas high copy ENT2 did
not. Additionally, GFP-Entlp mislocalized to the actin
clumps of ark1A prkl1A cells, similarly to other cortical actin
patch constituents such as Sla2p, cofilin, and Abplp,
whereas only a portion of GFP-Ent2p was similarly mislo-
calized. Finally, combining ent2A with pan1-20 suppressed
growth and endocytic defects of the panl-20 mutant,
whereas a pan1-20 ent1A double mutant behaved essentially
identically to pan1-20 cells. This observation suggested that
Ent2p interactions with Pan1p may inhibit Pan1p-dependent
endocytic processes. Consistent with this idea, overexpress-
ing ENT2, but not ENT1, enhanced pan1-20 growth defects
(our unpublished results). The role of Ent2p in Arklp/
Prklp-regulated events is not yet clear. Because GFP-Ent2p
localization is relatively resistant to loss of Arklp/Prklp
activity, Ent2p may be less sensitive to ARK kinase regula-
tion, regulated by additional enzymes, or have a unique set
of binding partners relative to Entlp. These differences
might also be related to the apparent inhibition of Panlp by
Ent2p.

Interestingly, mammalian cells also contain two genes
encoding highly related epsins, epsinl and epsin2/Ibp2
(Hussain ef al., 1999; Rosenthal et al., 1999). Epsinl is phos-
phorylated by the mitotic kinase cdc2, whereas epsin2 is not
(Stukenberg et al., 1997; Chen et al., 1998; Rosenthal et al.,
1999). Thus, like the yeast epsins, the mammalian epsins
may also be differentially regulated to perform distinct func-
tions.

Entlp Function in Endocytosis May Be Negatively
Regulated by Prklp Phosphorylation

Zeng and Cai (1999) found that prk1A suppresses the growth
and actin defects of the pan1-4 mutant, and that when in a
complex with End3p, Panlp is unavailable for in vitro Prklp
phosphorylation. Although the functional significance of a
Panlp/End3p interaction remains to be determined, these
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data suggest that Prklp phosphorylation inhibits Panlp ac-
tivity. Consistent with this, our data indicate that Entlp
activity is inhibited by Prklp phosphorylation. Importantly,
our data also suggest that Ark1p/Prklp activity is necessary
to regulate endocytosis and that Entlp is one of the critical in
vivo targets of these kinases.

We were unable to detect significant effects of overex-
pressing the constitutively dephosphorylated mimic,
ENTI1#4, or the constitutively phosphorylated mimic,
ENTIFE, in wild-type cells, and found only mild defects in
ent1A ent2A cells expressing ENT1EE either chromosomally
or from a high copy plasmid. Instead, the effects of ENT144
or ENTIFE were most apparent when combined with an-
other mutation such as ark1A prk1A or panl1-20. We found
that ENT1EE but not ENT144 increased the growth defects of
pan1-20 cells. Although ENTIEE did not exacerbate panl-20
endocytic defects, it prohibited ent2A suppression of these
defects. Taken together, these data suggest that Prklp-me-
diated phosphorylation of Entlp regulates Panlp activity,
possibly through modulating and EH/Asn-ProPhe interac-
tion. Additionally, Ent2p may antagonize Entlp or Panlp;
future experiments examining physical associations be-
tween these proteins in the presence or absence of kinases
should shed light on this question. Previous precedence for
phosphorylation of endocytic machinery having inhibitory
consequences can be found in the example of the dephos-
phins (e.g., Eps15 and epsin), which are phosphorylated at
rest and are coordinately dephosphorylated during stimu-
lation of the nerve terminal to promote recycling of synaptic
vesicle membranes (Chen et al., 1999).

In this study, we also report that, in addition to their
growth and severe actin defects, arkIA prk1A mutants are
also defective in endocytosis. We found that high copy
ENT1FF increased the growth and endocytic defects of ark1A
prk1A mutants, whereas high copy ENT144 partially sup-
pressed these defects as well as the actin defects. Multiple
kinase targets must be affected in ark1A prk1A cells; thus, it is
somewhat surprising that the severe phenotypes of arkIA
prkl1A cells can be ameliorated by the overexpression of one
of these targets, ENT1. Together, these data suggest that
phosphorylation of Entlp inhibits its endocytic function(s)
and that its dephosphorylated form has a positive role in
promoting endocytosis. The suppression of the ark1A prk1A
phenotypes by high copy ENT144 might be due to Entlp
having a role in de novo formation of endocytic complexes.
Alternatively, high copy ENT144 might promote partial dis-
solution of the F-actin cortical patch/endocytic aggregate to
form separate subcomplexes, some of which are active for
endocytosis. For neither scenario would high copy ENTIFE
be expected to have suppressing activity if the phosphory-
lated form is inhibited for function, as our data suggest.

It is intriguing that the ENTH domain of mammalian
epsin was recently found to bind phospholipid phosphati-
dylinositol 4,5 bisphosphate, in part through a highly con-
served lysine residue (Itoh et al., 2001). This lysine residue is
present in both Entlp and Ent2p; thus, it is possible that
yeast epsin ENTH domains also bind to phospholipid phos-
phatidylinositol 4,5 bisphosphate and/or other phosphate-
containing molecules. Interestingly, we have found recently
that combining ENT144 with the ENTH domain mutation of
the entl-1 temperature-sensitive allele allows growth of
ent1A ent2A cells at high temperature (our unpublished re-
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sults). This suggests that Prklp-dependent phosphorylation
of Entlp might also act through regulation of intramolecular
interactions between the ENTH domain and the Prklp phos-
phorylation sites of Entlp.

Many interesting questions remain, including identifying
additional targets of Prklp Arklp and Akllp and determin-
ing the in vivo function and regulation of Panlp/Entlp/
Ent2p complexes. Future studies aimed at dissecting the
composition and activities of the various protein complexes
that form and dissociate during the endocytic cycle should
reveal important new steps for regulating the process of
endocytosis in both yeast and more complex eukaryotes and
may reveal novel connections between endocytic and actin
machinery.
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