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EHDS ARE SERINE PHOSPHOPROTEINS: EHD1
PHOSPHORYLATION IS ENHANCED BY SERUM STIMULATION
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Abstract: Endocytic processes are mediated by multiple protein-protein
interacting modules and regulated by phosphorylation and dephosphorylation.
The Eps15 homology domain containing protein 1 (EHD1) has been implicated
in regulating recycling of proteins, internalized both in clathrin-dependent and
clathrin-independent endocytic pathways, from the recycling compartment to the
plasma membrane. EHD1 was found in a complex with clathrin, adaptor protein
complex-2 (AP-2) and insulin-like growth factor-1 receptor (IGF-1R), and was
shown to interact with Rabenosyn-5, SNAP29, EHBP1 (EH domain binding
protein 1) and syndapin I and II. In this study, we show that EHD1, like the other
human EHDs, undergoes serine-phosphorylation. Our results also indicate that
EHD1 is a serum-inducible serine-phosphoprotein and that PKC (protein kinase
C) is one of its kinases. In addition, we show that inhibitors of clathrin-mediated
endocytosis decrease EHD1 phosphorylation, while inhibitors of caveolin-
mediated endocytosis do not affect EHD1 phosphorylation. The results of
experiments in which inhibitors of endocytosis were employed strongly suggest
that EHD1 phosphorylation occurs between early endosomes and the endocytic
recycling compartment.
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INTRODUCTION

Endocytosis and vesicular trafficking are complex processes that depend on
a large number of protein-protein interactions mediated by specific modules.
These processes may be regulated by phosphorylation and dephosphorylation
[1, 2]. One such module is the EH domain, first identified in Eps15 [3], which
binds an NPF (aspargine-proline-phenylalanine) sequence in the target proteins
[4]. Among the EH domain-containing proteins are members of the EHD
subfamily [4], characterized by three structural modules: an N-terminal domain,
harboring nucleotide binding motifs [5, 6]; a central coiled-coil domain,
involved in oligomerization; and a single C-terminal EH domain. There are four
vertebrate paralogs [7, 8], two plant orthologs and one gene in C. elegans [9] and
Drosophila [10].

Vertebrate EHDs show a distinct tissue expression pattern [7, 8, 11-13] and
intracellular localization. EHD1 was localized mainly to the endocytic recycling
compartment (ERC) [7] with some localization on the plasma membrane and
early endosomes [14, 15], while EHD2 was localized to the plasma membrane
[16, 17]. EHD3 was located on early endosomes and the perinuclear tubular and
vesicular structures of the recycling compartment [12, 18] and EHD4 was
localized to the plasma membrane, to vesicular structures [19] and to early
endosomes [20]. EHD1 has been implicated in the control of recycling to the
plasma membrane of cargo internalized by clathrin-dependent and clathrin-
independent endocytic pathways, including: the transferrin receptor [9, 21],
CFTR (cyctic fibrosis transmembrane regulator) [22], GLUT4 (insulin-
responsive  glucose transporter) [23], MHC-I (major histocompatibility
complex) [24], AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid) type glutamate receptors [25] and IGF-1R [26]. Total or partial absence of
EHDI1 or expression of its dominant negative mutants led to attenuated recycling
to the plasma membrane [9, 15, 21, 24].

It was recently shown that EHD1 has the ability to bind directly to an array of
phospholipids, preferably phosphoinositols with a phosphate at position
3 [11, 27]. Several proteins interact with EHDI1, including Rabenosyn-5 [28],
syndapins I and II [29, 30], EHBP1 [23], Rab11-FIP2 (Rabl1-family interacting
protein 2) [18] and SNAP29 [26, 30]. Rabenosyn-5 is involved in endosomal
fusion events on early endosomal membranes, and binds to phosphatidylinositol
3-phosphate via its FYVE domain [31]. Syndapins have been implicated in
vesicle formation and the coordination of endocytosis with regulation of the
actin cytoskeleton [32]. They bind the EH domain of the EHDs through their
NPF motif [29]. The EHBP1 protein, which connects actin dynamics with
endocytosis, has five NPF motifs through which it interacts, most probably with
the EH domain of EHD1 [23]. Rab11-FIP2 is a member of the family of Rabl1-
binding proteins that mediates endocytic recycling [33]. The interaction between
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EHD1 and Rab11-FIP2 is mediated through the NPF motif of Rab11-FIP2 and
the EH domain of EHD1 [18]. SNAP29 is a member of the SNAP family, which
includes SNAP23 and SNAP25. It is a target membrane SNARE protein
(t-SNARE) that has a role in vesicle docking and membrane fusion [34].

The initiation and regulation of endocytosis depend on phosphorylation and
dephosphorylation [2]. Phosphorylation of the different subunits of the AP-2
complex provides negative or positive regulation of internalization [35, 36]. The
recruitment and assembly of clathrin depend on Src-mediated phosphorylation of
the clathrin heavy chain [37]. Tyrosine phosphorylation of Epsl5 (epithelial
growth factor receptor pathway substrate) by EGFR (epithelial growth factor
receptor) has been shown to be essential for ligand-induced EGFR
internalization [38].

In this study, we show that all human EHDs are serine phosphoproteins. EHD1
is a serum-inducible serine-phosphoprotein. We also show that EHDI1
phosphorylation occurs between the early endosomes and the endocytic
recycling compartment during clathrin-mediated endocytosis.

MATERIALS AND METHODS

Construction of plasmids

To construct HAEHD1, a 1.7-kb Eagl fragment of EHD1 was cloned into the
Notl site of pCruz HA™ vector (Santa Cruz Biotechnology, Inc. CA, USA). To
construct MycEHD2, MycEHD3 and MycEHD4, 1.7-kb ¢cDNA fragments from
the corresponding cDNAs were cloned into a CMVneoMYC vector (donated by
Prof. Sima Lev of the Weizmann Institute of Science, Rehovot, Isracl) between
the Xhol and EcoRV sites (for EHD2), Notl and Nsil sites (for EHD3) and Not/
and Xhol sites (for EHD4). Site-directed mutagenesis was employed to mutate
all the serines in EHD1 to alanines. The reactions were performed in 25 pl
containing 50 ng of HAEHDI1, 25 pmoles of each ANTP, 20 pmoles of a primer
containing the mutation, and 1.25 units of PFU turbo DNA polymerase in PFU
buffer (Stratagene, La Jolla, CA, USA) at 37°C for 1 h. Mutations were validated
by sequencing.

Cells and transfections

HEK293 cells were grown in DMEM supplemented with 10% FCS. CHO cells
were grown in F-12 medium supplemented with 10% FCS at 37°C. CHO cells
stably expressing HAEHD1 (CHOHAEHD1) were generated by cotransfecting
CHO cells with pPBABE-puro plasmid (Addgene Inc. Cambridge, MA/USA) and
HAEHDI1, using FuGENE 6 Transfection Reagent (Roche Diagnostics,
Mannheim, Germany) according to the manufacturer’s protocols. 48 h later, cells
were split into dishes with a medium containing 7 pg/ml of puromycin (Sigma,
Steinheim, Germany). Puromycin-resistant clones were tested for HA-EHD1
expression using anti-HA antibody (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA). Stably expressing MycEHD2 (CHOMycEHD2) and MycEHD3
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(CHOMycEHD3) were generated by transfecting CHO cells, deficient for the
DHEFR gene, with MycEHD2 or MycEHD?3 plasmids and a vector expressing the
mouse DHFR cDNA, as above. Selection was performed with MEM-Alpha
(Biological Industries, Beit Haemek, Israel). In the case of CHOMycEHD3,
MycEHD3 overexpression was amplified by 100 nM methotrexate (Sigma,
Rehovot, Israel). The expression of Myc-tagged EHDs was followed using anti-
myc antibody (Cell Signaling Technology, Boston, MA, USA).

Metabolic labeling with **P-orthophosphate

For EHDI1, sub-confluent CHOHAEHDI1 or HEK293 cells transiently
transfected with HAEHD1 were incubated in phosphate-free DMEM for 30 min
before labeling with 0.07-0.2 mCi/ml of *’P-orthophosphate (Amersham
Pharmacia Bioscience, Freiburg, Germany) for 4-6 h. When indicated, the cells
were starved overnight for FCS in the appropriate media, after which they were
incubated in serum-free/phosphate-free DMEM for 30 min and labeled with
32p-orthophosphate for 4-6 h. Stimulation was performed with dFCS for the
indicated times before lysis. **P-orthophosphate (0.05 mCi/ml) was added
overnight to the CHOMycEHD2, CHOMycEHD3 and HEK293 cells transiently
transfected with MycEHDA4.

Lysis, immunoprecipitation, and immunoblotting

The cells were washed with ice-cold PBS and scraped into a lysis buffer (10 mM
Hepes pH 7.5, 100 mM NaCl, 5 mM EDTA, 1% glycerol, 40 mM NaF, 1 mM
Na;VO,, 0.1 mM ammonium molybdate, 0.5% NP-40) supplemented with the
protease inhibitors: 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 pg/ml
aprotinin (Sigma, Rehovot, Israel), and 1 pg/ml leupeptin (Sigma, Rehovot,
Israel). Following centrifugation (13,000 g for 10 min at 4°C), the supernatants
were subjected to immunoprecipitation by the addition of the required antibodies
and protein-A-conjugated agarose beads (Roche Applied Science, Bazel,
Switzerland). Following incubation for 12 h at 4°C, the immunocomplexes were
washed at least 3 times with lysis buffer, mixed with Laemmli sample buffer and
boiled for 3 min. The proteins were resolved on 10% SDS-PAGE and transferred
to a PVDF (Boehringer, Mannheim, Germany) or nitrocellulose
(Schleicher&Schuell, Dassel, Germany) membrane, and subjected to further
analysis or decorated with the relevant antibodies. Detection was carried out
using horseradish peroxidase conjugated to a specific secondary antibody
followed by an enhanced chemiluminescence reaction (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA).

In-vitro phosphorylation assay

Twenty four hours after transfection of HEK293 cells with the appropriate
plasmids, they were lysed in a lysis buffer (10 mM Hepes pH 7.5, 100 mM
NaCl, 5 mM EDTA, 1% glycerol, 40 mM NaF, 1 mM Na;VO,, 0.1 mM
NH4Mo00O,, 0.5% NP-40) supplemented with the protease inhibitors: PMSF
(1 mM), aprotinin (1 pg/ml) and leupeptin (1 pg/ml). The lysates were incubated
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on ice for 20 min followed by centrifugation at 13,000g for 10 min at 4°C, and
the supernatants were subjected to immunoprecipitation with the appropriate
antibodies. The immunoprecipitates were washed five times with lysis buffer
and once with doubled distilled water. The kinase assay was performed at 30°C
for 10 min in 30 pl of reaction buffer (50 mM MES pH 6.0, 1.25 mM EGTA,
12.5 mM MgCl, 0.125 mM ATP, 5 uCi of y-"*P-ATP and 20 ng of PKC
(Calbiochem, La Jolla, CA, USA) in a total volume of 30 ul. The proteins were
resolved through 10% SDS-PAGE and transferred to a membrane which was
autoradiographed.

Partial acid hydrolysis of proteins immobilized on PVDF membrane

Partial acid hydrolysis of the PVDF-immobilized proteins was carried out as
described previously [39]. Following X-ray exposure, the PVDF membrane,
containing the **P-labeled proteins, was rewetted with methanol, rinsed twice
with PBS, and washed for 5 min with 50 mM Tris pH 7.5, 150 mM NaCl, and
0.2% Tween-20. Proteins were stained in 50 mM Tris pH 6.5, 150 mM NaCl and
0.2% Tween-20, containing 1 pl/ml indian ink (Royal Talens, Apeldoorn, the
Netherlands). The membrane was rinsed in 50 mM Tris pH 6.5, 150 mM NaCl
and 0.2% Tween-20 for 2 min. The stripes containing the proteins of interest
were excised and placed in tubes containing 200 pl 6 N HCI, which were then
filled with argon. Hydrolysis was performed at 110°C for 1 h. The supernatants
were dried, resuspended in 100 pl of water and dried again. 10 pl of first
dimension buffer (2.5% formic acid, 7.8% glacial acetic acid, pH 1.9) containing
15 parts buffer to 1 part cold phosphoamino acid standards (1 mg/ml each of
phosphoserine, phosphothreonine, and phosphotyrosine in deionized water) was
added to the mix.

Two-dimensional (2D) thin-layer electrophoresis and phosphoamino acid
identification

TLE was carried out using the Hunter thin-layer electrophoresis system (HTLE-
7000, CBS Scientific, Inc. Del Mar, CA, USA) as described [40]. Briefly,
following acid hydrolysis, samples containing 50-100 cpm were applied to
a TLC cellulose plate (Merck, Darmstadt, Germany). Separation was carried out
with 2.5% formic acid, 7.8% glacial acetic acid, pH 1.9 for 20 min at 1.5 kV for
the first dimension, and with 5% glacial acetic acid, 0.5% pyridine, pH 3.5 for
16 min at 1.3 kV for the second dimension. Standard phosphoamino acids were
visualized by ninhydrin staining. **P-labeled phosphoamino acids were
identified by autoradiography.

Phosphopeptide mapping

?p-labeled proteins were immunoprecipitated, separated on 10% SDS-PAGE,
transferred to nitrocellulose membrane and autoradiographed. Phosphopeptide
mapping was carried out as described elsewhere [40]. Stripes containing the
proteins of interest were excised from the membrane and blocked with 0.5%
polyvinylpyrrolidone (Sigma, Steinheim, Germany) in 100 mM acetic acid for
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30 min at 37°C. Following washes with water (I ml x 5) and with 50 mM
NH,HCO; (1 ml x 2), a tryptic digest was performed overnight at 37°C in 200 pl
of 50 mM NH;HCO; containing 2 pg of modified trypsin (Proteomics Grade,
Sigma, Rehovot, Israel), after which 2 pg of enzyme were added for an
additional 4 h at 37°C. Following the removal of the membrane and evaporation
of the remaining liquid in a speed-vac, 20 ul of the first dimension buffer
(2.2% formic acid, 7.8% glacial acetic acid, pH 1.9) was added and evaporated,
and 5-10 pl of the same buffer was added. First dimension TLE separation was
carried out using the HTLE-7000 system as above. Samples containing
200-1000 cpm were applied to a TLC cellulose plate and separated in first
dimension buffer for 25 min at 1 kV, followed by TLC in 62.5% isobutyric acid,
1.9% butanol, 4.8% pyridine, 2.9% glacial acetic acid, pH 3.5 for the second
dimension. The plates were dried and autoradiographed.

Quantitation and proteomic tools

Blots were scanned using an Image Scan scanner (Amersham Pharmacia
Biotech, UK), and the intensity of each band was measured by the image master
densitometer 1Dprime (Amersham Pharmacia Biotech, UK). The prediction of
kinases  was  performed using the NetPhosK 1.0  program
(http://www.cbs.dtu.dk/services/NetPhosK/).

RESULTS AND DISCUSSION

EHDL1 is a serine phosphoprotein: its phophorylation is enhanced by serum
stimulation

Increasing evidence suggests that phosphorylation plays a regulatory role in
endocytosis. Therefore, we decided to examine whether EHD1 is
a phosphoprotein. The results (Fig. 1A) show that EHD1 is a phosphoprotein. Its
phosphorylation is enhanced by serum stimulation. The phosphorylation level of
EHDI1 starts to increase following 5 min of serum induction, reaches its peak
after 15 min, and returns to its basal level after 30 min of serum induction.
Phosphoamino acid analysis revealed that EHD1 is a serine phosphoprotein (Fig. 1B).

PKC is one of the kinases responsible for basal phosphorylation of EHD1
According to computer predictions, PKC may phosphorylate EHD1. To test this
possibility, the phosphopeptide map of EHD1, phosphorylated irn vitro by PKC,
was compared to that of EHD1 immunoprecipitated from cells labeled with
32p-orthophosphate. As shown (Fig. 2), EHDI phosphorylated in cells shares
four overlapping peptides (peptides 1-4, Fig. 2) with PKC-phosphorylated
EHD1, providing evidence that EHD1 is a substrate for PKC phosphorylation in
cells. However, the major serum-inducible phosphopeptides (peptides 1, 5 and 6,
Fig. 2) are absent from the in vitro phosphorylation reaction, suggesting that
serum-stimulated phosphorylation of EHD1 is not PKC-mediated. Thus, our
results indicate that PKC is one of the kinases that phosphorylate EHDI1.
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Fig. 1. EHD! undergoes serum-stimulated phosphorylation on serine(s). A — Following
overnight FCS starvation, CHOHAEHDI cells were labeled with **P-orthophosphate for
4 h. In the last 30 min of labeling, the cells were stimulated with 10% dFCS for 0, 5, 15 and 30
min. HAEHD1 was immunoprecipitated with anti-HA antibody and separated through 10%
SDS-PAGE, and the corresponding blot was subjected to autoradiography (upper panel) and
interaction with anti-HA antibody (lower panel). The chart shows the mean ratio of the
phosphorylation level normalized to the protein amount based on band-density measurements
from four experiments (means = SD). B— HAEHD1 was labeled and purified as described in A.
Following autoradiography, the membrane was stained with indian ink, and bands
corresponding to HAEHD1 were excised, quantified and subjected to phosphoamino acid
analysis. The digested material was separated on two-dimensional TLE and autoradiographed.
Standard phosphoamino acids were located by ninhydrin staining (dotted circles).
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Fig. 2. Peptide maps of EHD1 phosphorylated in cells and in vitro. 24 h after transfection of
HEK?293 cells with HAEHDI-expressing plasmid, the cells were labeled with
*P-orthophosphate for 4 h and stimulated with dFCS for 15 min. Following
immunoprecipitation with anti-HA antibody, 10% SDS-PAGE and blotting, the membrane was
autoradiographed. Protein bands were excised from the membrane and subjected to trypsin
digestion. The digested material was separated on 2D TLE/TLC, followed by autoradiography.
For in vitro phosphorylation, HAEHD1 was immunoprecipitated with anti-HA antibody and
subjected to in vitro phosphorylation by PKC kinase as described in the Materials and Methods
section. The phosphorylation products were separated on 10% SDS-PAGE and blotted, and the
membrane was autoradiographed. The protein bands corresponding to HAEHD1 were subjected
to trypsin digestion and TLE/TLC separation as described. The numbers denote the different
peptides.
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All mammalian EHDs are serine phosphoproteins

Since EHD2, EHD3, and EHD4 are highly homologous to EHD1, we decided to
test whether they are also phosphoproteins. To do that, cells stably expressing
either EHD2 (CHOMycEHD2) or EHD3 (CHOMycEHD3) and HEK293 cells
transiently transfected with MycEHD4 were labeled with **P-orthophosphate
and stimulated with serum for different periods. The cell lysates were
immunoprecipitated with anti-myc antibody and resolved through a 10% SDS-
PAGE, which was blotted and autoradiographed. The results (Fig. 3, A-C)
demonstrate that EHD2, EHD3 and EHD4 are phosphoproteins. Their
phosphorylation is not stimulated by serum. Phosphoamino acid analysis
demonstrated that EHD2, EHD3 and EHD4 are serine phosphoproteins. EHD4
may also be phosphorylated on threonine (Fig. 3C, bottom panel). Since EHD?2,
EHD3 and EHD4 undergo phosphorylation which is not serum stimulated, it is
plausible that their phosphorylation is important either for their correct
conformation or localization, or their interaction with other proteins.
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Fig. 3. EHD2, EHD3 and EHD4 are serine-phosphoproteins. CHOMycEHD2 (A),
CHOMycEHD?3 (B), or HEK293 cells transiently transfected with MycEHD4 (C) were starved
in a medium devoid of FCS overnight and then labeled overnight with **P-orthophosphate. Prior
to lysis, the cells were stimulated with 10% dFCS for the indicated times. Immunoprecipitation
was carried out with anti-myc antibody and interacting proteins were separated via 10% SDS-
PAGE and transferred to a nitrocellulose membrane, which was autoradiographed (upper
panels) or subjected to interaction with anti-myc antibody (lower panels). The blots were
scanned as described in the Materials and Methods section. The outlined charts show the results
of the quantitation of protein phosphorylation measured in three different experiments. The
phosphorylation level at time 0 was determined as 1, and the intensity was normalized
according to the protein level. D-F — Proteins immunoprecipitated as above were separated
through 10% SDS-PAGE, transferred to a PVDF membrane and processed for phosphoamino
acid analysis. Following HCI digestion, the mixtures were loaded onto TLC plates and
separated by 2D TLE following autoradiography. Standard phosphoamino acids were visualized
by ninhydrin staining (marked with circles).
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EHD1 phosphorylation depends on clathrin-mediated endocytosis

Serum contains a large number of biologically active molecules that can affect
different processes in cells by binding to their specific receptors, including
receptor tyrosine kinases (RTKs) and G-protein coupled receptors (GPCRs),
which internalize as a result of binding to these ligand molecules. Since we have
shown that EHD1 phosphorylation is stimulated by serum, we tested different
RTK and GPCR ligands for their ability to induce EHD1 phosphorylation.
Platelet-derived growth factor (PDGF), b-fibroblast growth factor (bFGF),
insulin, lisophosphatidic acid (LPA) and the GPCR ligand LPA increased EHD1
phosphorylation in a concentration-dependent manner (Fig. 4A, upper panel).
It is worth noting that both RTKs and GPCRs internalize through clathrin-
mediated pathways [41].
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Fig. 4. EHD1 phosphorylation is stimulated by RTK and GPCR ligands, but not by albumin.
Preconfluent CHOHAEHDI1 cells were serum starved overnight and labeled with
2p-orthophosphate for 4 h. Prior to lysis, the cells were stimulated as follows: A — with
growth factors at the marked concentrations for 15 min, or B — with bovine serum albumin
(BSA) at the marked concentrations for 15 min. HAEHD1 was immuoprecipitated, separated
through 10% SDS-PAGE and transferred to a nitrocellulose membrane, which was
autoradiographed (upper panels) and then subjected to interaction with anti-recombinant
mouse EHD1 antibodies [7] (A — lower panel, B — middle panel) or with anti-phosphoAkt1/2
antibodies (Cell Signaling Technology, Boston, MA, USA), (B — lower panel). PDGF —
platelet-derived growth factor; FGF — fibroblast growth factor; Ins — insulin; LPA —
lysophosphatidic acid; pAkt1 — phosphorylated Aktl; pAkt2 — phosphorylated Akt2.

Albumin is an abundant protein in the plasma that undergoes caveolin-mediated
endocytosis [42]. Since EHD1 was shown to play a role in the recycling of MHC
class I molecules internalized through a caveolin-mediated pathway [24], we
tested whether albumin induction affects EHD1 phosphorylation. The results
(Fig. 4B, upper panel) show that treatment with BSA had no detectable effect on
EHD1 phosphorylation, although it increased the phosphorylation of Aktl
kinase in CHOHAEHDI cells (Fig. 4B, lower panel), which was used as
a positive control for BSA-mediated signaling [43].

To summarize, our results strongly suggest that the activation of clathrin-
mediated endocytosis by RTK and GPCR ligands increases EHDI
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phosphorylation. Stimulation of caveolin-mediated endocytosis by BSA has no
effect on EHD1 phosphorylation. These results imply that phosphorylation of
EHDI1 is mediated by clathrin-dependent endocytosis.

Inhibitors of clathrin-dependent endocytosis reduce EHD1 phosphorylation
To confirm the results suggesting that EHD1 phosphorylation occurs during
clathrin-mediated endocytosis, pharmacological treatments that specifically
inhibit clathrin- or caveolin-mediated endocytosis were employed. Treatment of
cells with 0.45 M sucrose specifically inhibits clathrin-mediated endocytosis,
arresting coated pit formation [44], while monodansylcadaverine (MDC)
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Fig. 5. EHD1 phosphorylation is sensitive to treatment with sucrose and MDC, but not to
genistein and nystatin. CHOHAEHDI cells were grown and labeled with **P-orthophosphate in
phosphate-free DMEM, supplemented with 1% dFCS for 4 h. Prior to lysis, the cells were
treated with: A — hypertonic medium (0.45 M sucrose), B — MDC (400 uM), C — genistein
(200 uM) or D — nystatin (25 pg/ml) for the indicated times. Following immunoprecipitation
and separation through 10% SDS-PAGE, the proteins were transferred to a membrane,
autoradiographed, blotted and subjected to interaction with anti-EHD1 antibodies. The outlined
charts show the results of the quantitation of protein phosphorylation, measured in three
different experiments. The phosphorylation level at time 0 was determined as 1. Suc — sucrose,
MDC — monodansylcadaverine, Gen — genistein, Nys — nystatin.
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specifically inhibits clathrin-mediated internalization by stabilizing clathrin cage
assembly [45]. We decided to test whether these treatments affect EHDI1
phosphorylation. The results indicated that treatment with sucrose (Fig. 5SA) or
MDC (Fig. 5B) effectively inhibited EHDI1 phosphorylation, suggesting that
EHD1 phosphorylation depends on intact clathrin-mediated endocytosis and that
phosphorylation occurs downstream of clathrin-coated vesicle formation.

Inhibitors of caveolin-dependent endocytosis do not affect EHDI
phosphorylation

Genistein specifically inhibits caveolin-mediated endocytosis without affecting
clathrin-dependent internalization [46]. Nystatin is a cholesterol-binding drug
that removes cholesterol from membranes and thereby selectively disrupts
caveolae while not affecting clathrin-coated pits, actin fibers, or other
submembranous structures [46]. The effect of these drugs on EHDI
phosphorylation was tested. As evident from the results neither genistein
(Fig. 5C) nor nystatin (Fig. 5D) had any effect on EHD1 phosphorylation. The
presented data supports our earlier suggestion that EHD1 phosphorylation
depends on intact clathrin-mediated endocytosis, but not on caveolin-mediated
endocytosis.

The effect of inhibitors of vesicular trafficking on EHD1 phosphorylation
The results presented imply that EHD1 phosphorylation depends on clathrin-
mediated endocytosis. To further explore at what stage of the endocytic pathway
it occurs, the effect of several inhibitors was studied. The fungal metabolite
wortmannin is an irreversible inhibitor that blocks the activity of the PI3-kinase
of mammalian cells [47]. It reduces the delivery of internalized transferrin from
early endosomes to the recycling compartment by preventing the binding of
EEA1 (early endosomal antigen 1) to endosomes [42, 48, 49]. As presented in
Fig. 6A, wortmannin significantly inhibited EHD1 phosphorylation.

Since nocodazole treatment results in microtubule disassembly and the inhibition
of microtubule-based vesicle transport, its effect on EHD1 phosphorylation was
tested in CHOHAEHDI. Interestingly, nocodazole treatment increased EHDI1
phosphorylation (Fig. 6B), implying that dephosphorylation of EHDI is
microtubule-dependent.

Taking all the results together, we can assume that the phosphorylation of EHD1
occurs during the microtubule-dependent vesicular translocation from early
endosomes to the endocytic recycling compartment. This assumption fits well
with the results showing maximum phosphorylation after 15 min of serum
induction and the results of a previous study in a similar cell system (CHO cells)
which showed that following 15 min of exposure to transferrin, most of it was
found in the endocytic recycling compartment [50]. Based on this assumption
and since EHD1 has an established role in recycling from the endocytic
recycling compartment to the plasma membrane [24], we hypothesize that
phosphorylation precedes recycling from the endocytic recycling compartment.
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The biological significance of EHD1 phosphorylation during clathrin-mediated
endocytosis is still unknown. As a first stage in studying the potential impact of
EHD1 phosphorylation on endocytosis, we undertook a systematic mutagenesis
approach. All 26 serines in EHD1 (Fig. 7A) were mutated to alanines and the
phosphorylation of all the mutated proteins was tested by transfecting plasmids
expressing them into HEK293 cells. None of the mutants showed any substantial
decrease in phosphorylation level compared to WT-EHD1, implying that more
than one serine is phosphorylated in EHD1 (Fig. 7B). This is consistent with the
results of the phosphopeptide analysis (Fig. 2) and with the results of a study in
which the proteome analysis of adipogenesis was carried out [51]. The authors
used several techniques to follow changes in the protein expression profile that
occur during differentiation of 3T3-L1 fibroblasts into adipocytes. They found
that EHD1 appeared on 2D gels in four different forms, which change in
abundance during induced adipogenesis without any change in the level of
EHD1 expression, suggesting that these changes are due to post-translational
modifications.

We also tested the ability of several truncation mutants to undergo
phosphorylation in cells in tissue culture. The smallest truncation, which showed
the typical EHDI1 localization but was not phosphorylated, contained the
N-terminal 336 amino acids (out of 535) of EHDI1 (see Fig. 7A). There are
8 serines in the missing region (S349, S355, S369, S402, S406, S456, S474 and
S529) out of which only 4 (S349, S456, S474 and S529) are conserved among
vertebrates with 4 EHDs, including human, mouse, dog, fugu and xenopus.
While the truncation mutant was not phosphorylated, the mutant with four serine
to alanine mutations in the conserved serines (S349, S456, S474 and S529) did
not present any decreased phosphorylation, suggesting that the truncation was
unable to perform a function necessary for phosphorylation (data not shown).

In summary, we have shown that all human EHDs are serine-phosphoproteins.
EHD1 phosphorylation is stimulated by serum during -clathrin-mediated
endocytosis, most probably during the transport of vesicles between the early
endosomes and the ERC.
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