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This study investigates the roles of Fer-CIP4 homology (FCH)–Bin/amphiphysin/Rvs (F-BAR) and SH2
domains of Fes protein tyrosine kinase in regulating its activation and signaling downstream of the high-
affinity immunoglobulin G (IgE) receptor (Fc�RI) in mast cells. Homology modeling of the Fes F-BAR domain
revealed conservation of some basic residues implicated in phosphoinositide binding (R113/K114). The Fes
F-BAR can bind phosphoinositides and induce tubulation of liposomes in vitro. Mutation of R113/K114 to
uncharged residues (RK/QQ) caused a significant reduction in phosphoinositide binding in vitro and a more
diffuse cytoplasmic localization in transfected COS-7 cells. RBL-2H3 mast cells expressing full-length Fes
carrying the RK/QQ mutation show defects in Fc�RI-induced Fes tyrosine phosphorylation and degranulation
compared to cells expressing wild-type Fes. This correlated with reduced localization to Lyn kinase-containing
membrane fractions for the RK/QQ mutant compared to wild-type Fes in mast cells. The Fes SH2 domain also
contributes to Fes signaling in mast cells, via interactions with the phosphorylated Fc�RI � chain and the actin
regulatory protein HS1. We show that Fes phosphorylates C-terminal tyrosine residues in HS1 implicated in
actin stabilization. Thus, coordinated actions of the F-BAR and SH2 domains of Fes allow for coupling to
Fc�RI signaling and potential regulation the actin reorganization in mast cells.

Mast cells reside in connective and mucosal tissues and play
a key protective role in the immune response to helminth
infection (13, 21), sepsis (39), and snake or bee venoms (42).
Mast cells express FcεRI, which becomes sensitized to antigens
or allergens upon immunoglobulin E (IgE) binding. Aggrega-
tion of FcεRI by multivalent antigens causes the release of
preformed mediators by degranulation and the de novo pro-
duction of lipid mediators and cytokines (1, 52). Release of
these mediators causes increased vascular permeability, leuko-
cyte recruitment and activation, and inflammation (41). Aber-
rant mast cell activation is implicated in IgE-mediated type I
hypersensitivity reactions including anaphylaxis, allergic rhini-
tis, and asthma (20). FcεRI is a tetrameric receptor composed
of an IgE-binding � chain and of � and � chains containing
immunoreceptor tyrosine-based activation motifs that become
phosphorylated following multivalent antigen-mediated clus-
tering of FcεRI and activation of Src family protein tyrosine
kinases (PTKs), primarily involving Lyn (51). Lyn phosphory-
lates and activates both positive effectors of FcεRI signaling
(e.g., Syk PTK) and key negative regulators (e.g., Shp-1 and
SHIP) that serve to limit mast cell activation (28, 46, 69).

Fes (the mammalian orthologue of the v-Fps and v-Fes
oncoproteins from avian [57, 58] and feline [15, 56] retrovi-
ruses) and Fer are closely related PTKs that become activated
following FcεRI aggregation in mast cells (10). Surprisingly,

FcεRI-induced tyrosine phosphorylation of Fes and Fer does
not require their kinase activities (55) and is almost entirely
dependent on Lyn (67). Through the use of transgenic mouse
models, evidence for both unique and redundant functions for
Fes and Fer has been described in regulating hematopoiesis
(55) and limiting the innate immune response (22, 40, 50, 72).
In mast cells, we have shown that Fer promotes activation of
p38 mitogen-activated protein kinase and chemotaxis of mast
cells (10). We also found that Fer and Fes PTKs contribute to
FcεRI-evoked phosphorylation of platelet-endothelial cell ad-
hesion molecule 1 (PECAM-1) (67).

Each of the Fes and Fer PTKs is composed of an N-terminal
regulatory domain containing a Fer-CIP4 homology (FCH)
domain followed by several predicted coiled-coils (CC), a cen-
tral SH2 domain, and C-terminal PTK domain (19). It is worth
noting that early studies pointed toward an important role for
the N-terminal domain of v-Fps for its transforming activity
and membrane localization (5, 63). Several recent studies have
defined the FCH and first CC domain (amino acids 1 to 300)
in Fer, CIP4, and other pombe Cdc15 homology (PCH) family
adaptor proteins as an F-BAR domain (also termed extended
FCH or EFC domain) (reviewed in references 3 and 9). The
F-BAR domain was found to constitute a novel phosphoinosit-
ide-binding domain that can promote tubulation of liposomes
in vitro and membranes in vivo (27, 33, 66). The crystal struc-
tures of F-BAR domains from several PCH adaptors were
recently solved (27, 59). The F-BAR module was shown to
consist of a triple helical bundle that forms a homodimer, with
a concave surface rich in basic residues that have recently been
shown to contact phospholipids in curved membranes (16). In
vitro studies using the Fer F-BAR domain have shown that the
F-BAR domain binds strongly to phosphatidylinositol-4,5-
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bisphosphate [PI(4,5)P2]; however, the Fer F-BAR is relatively
weak compared with the adaptor protein FBP17 at inducing
membrane tubulation (66). Liposome sedimentation assays
have identified several conserved basic residues required for
F-BAR domain binding to PI(4,5)P2(66). The substitution of
R113/K114 to glutamines (RK/QQ) in FBP17 reduced phos-
phoinositide binding by 80% (66). A recent electron cryoelec-
tron microscopy study provided insights into binding of F-BAR
dimers to flat and curved membranes via different binding
faces (16). This study also confirmed that R113/K114 residues
(in CIP4) constitute a site of direct interaction with the lipo-
somes. Interestingly, microdomains of the plasma membrane
rich in PI(4,5)P2 are sites of dynamic actin assembly (47) and
endocytosis (4, 31). Previous studies have described Fes local-
ization to a variety of subcellular structures, including endo-
cytic vesicles (71), the trans-Golgi apparatus (71), microtubules
(37), and focal adhesions (44). The rapid activation of Fes and
Fer PTKs upon FcεRI aggregation on mast cells (10) would
suggest that there is a mechanism by which Fes localizes at or
near the plasma membrane. Phosphoinositide-binding via the
F-BAR domain of Fes and Fer PTKs may promote their re-
cruitment to the plasma membrane prior to their activation by
cell surface receptors such as FcεRI. The potential colocaliza-
tion with endocytosis and actin assembly regulators may allow
for regulation of receptor endocytosis or chemotaxis of mast
cells by Fes/Fer PTKs. A recent study implicates Rab5 GTPase
and its exchange factor RabGEF1/Rabex-5 in promoting inter-
nalization of FcεRI following clustering by antigens (34). It is
worth noting that defects in internalization of Toll-like recep-
tor 4 and transferrin receptor were observed in Fes-deficient
macrophages (48), and there is a potential role for Fes in
regulating internalization of mast cell receptors.

In this study, we provide novel insights into the phospholipid
binding and liposome tubulating properties of the Fes F-BAR
domain. Mutation of two conserved basic residues within the
Fes F-BAR domain (RK/QQ) reduced phospholipid binding in
vitro, and membrane localization in vivo. In transfected RBL-
2H3 mast cells, the Fes harboring the RK/QQ mutation
(FesRK/QQ) displayed reduced FcεRI-evoked tyrosine phos-
phorylation compared to wild-type Fes (FesWT), which corre-
lated with reduced localization to Lyn-containing membranes
in mast cells. The SH2 domain of Fes was found to interact
with several phosphoproteins in mast cells, including FcεRI
and HS1, an actin regulator and cortactin homologue. We
found that Fes contributes to HS1 phosphorylation at C-ter-
minal residues implicated in actin branch stabilization, and we
present a model for how F-BAR-containing adaptor proteins
and PTKs may coordinate actin-driven endocytosis in mast
cells.

MATERIALS AND METHODS

Constructs. Retroviral MSCVpac-based (where MSCV is murine stem cell virus
and pac is the puromycin N-acetyltransferase gene) expression plasmids (25) encod-
ing C-terminally Myc epitope-tagged human FesWT and Fes with the K588R muta-
tion (FesK588R) were kindly provided by P. Greer (Queen’s University). The RK/QQ
mutation in Fes was generated using a QuikChange Site-Directed Mutagenesis kit
(Stratagene), MSCV-Fes plasmid and the primers (Integrated DNA Technologies
Inc. was the source of all primers) 5�-CGGGAACGGCAGCAATTGCAGCAGA
CCTACAGCGAGCAGTGG-3� and 5�-CCACTGCTCGCTGTAGGTCTGCTG
CAATTGCTGCCGTTCCCG-3�, which contained an MfeI site for screening. The
mutation was verified by sequencing. Plasmids encoding the minimal human Fes

F-BAR domain (Fes residues 1 to 300) or an extended construct including F-BAR
and the CC2 and CC3 (CC2/3) domains (Fes residues 1 to 459) were generated by
PCR amplification from MSCV-Fes plasmids using the EcoRI-containing forward
primer 5�-CGGAATTCATGGGCTTCTCTTCCGAGCTG-3� with either the SalI-
containing reverse primer 5�-CGGTCGACCTAGTTCAGCTGGAGCTCCCCAG
G-3� (for residues 1 to 300) or XhoI-containing reverse primer 5�-GTCCTCGAG
CACAGCCCTGTGCAGGACAAC-3� (for residues 1 to 459). Following
directional cloning of EcoRI/SalI- or EcoRI/XhoI-digested PCR products and
pGEX6P.1, constructs were verified by restriction digestion and sequencing. Using
these plasmids as templates, the RK/QQ mutation was conferred as above. The
R113E/K114E (RK/EE) mutation was prepared as above, using primers 5�-CCGG
GAACGGCAGCAATTGGAAGAGACCTACAGCGAGCAGTGG-3� and 5�-C
CACTGCTCGCTGTAGGTCTCTTCCAATTGCTGCCGTTCCCGG-3�. A con-
struct consisting of green fluorescent protein (GFP) and residues 1 to 300 of Fes
[GFP-Fes(1-300)] was generated by ligation of the PCR product described above
into pEGFP-C2 digested with EcoRI/SalI. Constructs were verified by restriction
digestion and sequencing, and mutagenesis was performed as described above. The
SH2 domain of human Fes was expressed as a glutathione S-transferase (GST)
fusion protein following PCR amplification of MSCV-Fes with primers (5�-GCGG
ATCCTGGTACCACGGGGCCATCCCG-3� and 5�-GCAGCGGCCGCCACAG
CCCTGTGCAGGACAAC-3�), digestion with BamHI/NotI, and cloning into
pGEX 4T-3. An expression construct for the C-terminal domain of SPY75 (mouse
HS1) fused to GST was described previously (17) (here referred to as GST-HS1CT),
and was kindly provided by T. Kawakami (La Jolla Institute of Allergy and Immu-
nology). Mutations of Y388F and Y405F and a double mutant (Y388F/Y415F)
within HS1CT were generated using a QuikChange Site-Directed Mutagenesis kit
(Stratagene) with the following primers: Y388Ffor, 5�-CCCGAGCCTGAGAATG
AATTCGAGGACGTTGAGGAG-3�; Y405Ffor, 5�-GAACCAGAGGGGGAAT
TCGAGGAGGTGCTCGAG-3�; Y388Frev, 5�-CTCCTCAACGTCCTCGAATT
CATTCTCAGGCTCGGG-3�; Y405Frev, 5�-CTCGAGCACCTCCTCGAATTCC
CCCTCTGGTTC-3�. An EcoRI restriction site encoding silent mutations was
created adjacent to Y388/Y405 for screening, followed by verification by sequencing.
GST-PECAM-1(CT), encoding the C-terminal tail of PECAM-1 was described
previously (67).

GST fusion protein expression and purification. All GST-containing plasmids
were transformed into BL21 cells, and colonies were grown in 1-liter cultures of
LB medium to mid-log phase and cooled to room temperature, and protein
expression was induced using 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG)
overnight. Lysates were prepared in buffer A1000 (20 mM Tris, pH 8, 1,000 mM
NaCl, 0.2 mM EDTA, 0.5 mM DTT, 0.1% phenylmethylsulfonyl fluoride) sup-
plemented with 150 �g/ml lysozyme, sonicated, and clarified prior to purification
using glutathione-Sepharose beads (1 ml) according to the manufacturer’s in-
structions (GE Healthcare Ltd.).

Creation of stable cell lines. MSCVpac (vector) and MSCV-based plasmids
encoding Myc-FesWT, Myc-FesK588R, and Myc-FesRK/QQ (20 �g) were trans-
fected by electroporation (310 V, 950 �F) into 106 RBL-2H3 cells. Following
transfection, cells were cultured with growth medium (Dulbecco’s modified Ea-
gle’s medium supplemented with 10% [vol/vol] fetal bovine serum, 1% [vol/vol]
glutamine, 1% [vol/vol] antimicrobial-antimycotic solution, and 24 �l/ml [vol/vol]
nystatin) and incubated at 37°C. After 2 days, transfected cells were selected
using 2 �g/ml puromycin. Individual colonies were expanded and screened for
expression following several passages using anti-Myc 1-9E10 monoclonal anti-
body (MAb).

Cell stimulation and harvesting. Bone marrow-derived mast cell cultures were
established from WT, fesK588R/K588R ferD743R/D743R mice, sensitized and stimu-
lated as previously described (67). RBL-2H3 cells and the derivative cell lines
described above were seeded onto 100-mm tissue culture dishes at approximately
80% confluence. The following day, cells were starved and sensitized in starva-
tion medium (Dulbecco’s modified Eagle’s medium supplemented with anti-
dinitrophenol [DNP]-IgE [10% vol/vol] conditioned medium from SPE-7 hybrid-
oma) and incubated overnight at 37°C. Cells were then washed with warmed
Tyrode’s buffer (10 mM HEPES [pH 7.4], 130 mM NaCl, 5 mM KCl, 1.4 mM
CaCl2, 1 mM MgCl2, 5.6 mM glucose, 0.1% bovine serum albumin) and resus-
pended in Tyrode’s buffer with or without DNP-conjugated human serum albu-
min ([HSA] 100 ng/ml; Sigma) and incubated for various times at 37°C. Cells
were rinsed with cold phosphate-buffered saline–100 �M sodium orthovanadate
and subsequently lysed in KLB medium (10 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% [wt/vol] NP-40, 100 �M sodium orthovanadate, 100 �M
phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 10 mg/ml leupeptin). Soluble
cell lysates (SCLs) were prepared following centrifugation at 12,000 � g for 5 min
at 4°C. Immunoprecipitations (IP) were carried out using 1-9E10 anti-Myc
monoclonal hybridoma supernatant (100 �l/IP) for RBL-2H3 cell experiments or
HS1 MAb (StressGen; 2 �g/IP) for bone marrow mast cells (BMMCs) and
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incubated with GammaBind Sepharose (GE Healthcare Ltd.) overnight at 4°C.
Following three washes in KLB medium, immunoblotting (IB) was performed
using antiphosphotyrosine MAb (PY99; 1:1,000; Santa Cruz Biotechnology),
anti-Myc MAb (1:10), anti-phosphorylated extracellular signal-regulated kinase
(anti-pERK) MAb (1:200; Santa Cruz Biotechnology), anti-HS1 MAb (1:1,000;
StressGen), anti-FcεRI �-chain MAb (1:1,000), anti-GST rabbit antiserum, and
anti-Fes/Fer rabbit serum (1:1,000) (12). Antibody complexes were detected
using the following secondary antibody: horseradish peroxidase-conjugated
sheep anti-mouse IgG or goat anti-rabbit IgG (both at 1:10,000; GE Healthcare
UK, Ltd.). The proteins were visualized by enhanced chemiluminescence (ECL;
PerkinElmer Life Sciences, Inc.).

IVK assays. In vitro kinase (IVK) assays were carried out as previously de-
scribed (67). Briefly, IP were performed with anti-Fes/Fer antiserum (12),
washed three times with KLB medium and once in kinase reaction buffer (KRB;
20 mM Tris-HCl [pH 7.5], 10 mM MnCl2, 100 �M sodium orthovanadate).
Substrate proteins (GST, GST-HS1 WT, GST-HS1 with the mutation Y388F or
Y405F, and a GST-HS1 double mutant lacking both Y388 and Y405) were
washed once with KRB, and kinase reactions were performed in KRB supple-
mented with 100 �M cold ATP and 5 �g of GST fusion proteins as substrates.
Reaction mixtures were incubated for 20 min at 30°C, and reactions were ter-
minated by the addition of 2� sodium dodecyl sulfate (SDS) sample buffer (130
mM Tris-HCl [pH 6.8], 20% [vol/vol] glycerol, 2% [vol/vol] SDS, 10% [vol/vol]
�-mercaptoethanol, 0.08% [wt/vol] bromophenol blue). Samples were analyzed
by IB using PY99 MAb and anti-GST rabbit antiserum and revealed by ECL.

Phosphoinositide binding assays. PIP strip assays were performed as recom-
mended by the manufacturer (Echelon Biosciences, Inc.). Briefly, GST-Fes(1–
300) (0.5 �g/ml) was incubated with the PIP strip overnight at 4°C, followed by
affinity-purified rabbit anti-GST polyclonal antibody (1:2,000) and horseradish
peroxidase-conjugated goat anti-rabbit IgG (1:10,000; GE Healthcare UK Ltd.);
proteins were revealed by ECL. Liposome binding assays were performed as
previously described (33). Briefly, the GST-Fes(1–459) WT and RK/QQ and
RK/EE mutant proteins were subjected to centrifugation at 70,000 rpm for 15
min in a TL100 rotor (Beckman Coulter) to remove protein aggregates. Then, 5
�g of protein was incubated with 100 �g of liposomes [containing phosphatidyl-
choline/phosphatidylethanolamine (PC/PE; Sigma-Aldrich), with or without
phosphatidylserine (PS; Sigma-Aldrich) and PI(4,5)P2 (Echelon Biosciences
Inc.)] in binding buffer (0.1 M sucrose, 20 mM HEPES pH 7.4, 100 mM KCl, 1
mM EDTA) for 15 min at 25°C. Following centrifugation at 60,000 rpm for 15
min at 25 C, supernatants and pellets were resuspended in SDS sample buffer
and analyzed by Coomassie brilliant blue staining of SDS–11% polyacrylamide
gel electrophoresis gels. Liposome tubulation was carried out at room temper-
ature using 0.5 mg/ml PC/PE/PS-based liposomes (as above), with or without
PI(4,5)P2(10%), and incubated with 1 �g of recombinant purified F-BAR pro-
teins for 15 min at 25°C prior to plating on a microscope slide and phase-contrast
imaging using an Olympus BX51 microscope equipped with a Q Color5 digital
camera (100� oil objective with a 1.30 numerical aperture; images were acquired
using QCapturePro software).

Degranulation assays. RBL-2H3 cells stably transfected as described above
were assayed for degranulation by adapting a previously described assay for
histamine release (43) to detection of beta hexosiaminidase release (10). Briefly,
cells (105) were plated in 24-well plates with triplicate wells for each condition,
sensitized with anti-DNP-IgE, and either untreated or treated with DNP-HSA
(100 ng/ml) or calcium ionophore A23187 (1 �M; Sigma) in Tyrode’s buffer.
After 30 min, supernatants were collected, and lysates were prepared for assay of
beta hexosiaminidase activity using p-nitrophenyl N-acetyl-�-D-glucosamine
(Sigma) as a substrate. Percent degranulation was calculated as follows: (released
activity/total activity) � 100.

Immunofluorescence and live-cell imaging. Myc-FesWT and Myc-FesRK/QQ

protein localization was detected in IgE-sensitized RBL-2H3 cell lines (with or
without DNP-HSA treatment for 20 min), following fixation and permeabiliza-
tion in 4% paraformaldehyde–0.1% Triton X-100; samples were stained with
purified anti-Myc MAb (1:200; Applied Biological Materials Inc.), followed by
Alexa633-conjugated goat anti-mouse secondary antibody (1:400; Invitrogen)
and fluorescein isothiocyanate-conjugated rat anti-mouse IgE MAb (1:200;
Southern Biotechnology). Confocal images were collected using a Leica TCS SP2
multiphoton confocal microscope (equipped with a 100� objective) in the
Queen’s University Protein Function Discovery facility. For live-cell imaging
experiments, COS-7 cells were seeded on gelatin-coated �T plates (Bioptics) and
transfected with pEGFP-Fes(1–300) or pEGFP-Fes(1–459) (WT or RK/QQ
protein) and with a full-length Fes-GFP fusion construct (FesFL-GFP) that was
previously described (71). Transfections were carried out using FuGENE HD
according to the manufacturer’s instructions (Roche Diagnostics). Cells were
rinsed once in Tyrode’s buffer and incubated with 10 �g/ml DiIC16(3) fluorescent

dye (Invitrogen) for 10 min; this step was followed by live-cell imaging using a
Leica TCS SP2 multiphoton confocal microscope (equipped with a 100� objec-
tive and heated stage) in the Queen’s University Protein Function Discovery
facility. Frames were captured every 3 s for 2 min and assembled into time-lapse
videos using ImagePro Plus software. Still frames were extracted and are pre-
sented individually or as complete time-lapse videos in the supplemental
material.

Membrane fractionation. Membrane fractionation was performed as previ-
ously described (60). Briefly, RBL-2H3 cell lines grown to confluence in 100-mm
plates were serum starved and sensitized with anti-DNP-IgE overnight prior to
treatment with or without DNP-HSA (100 ng/ml) for 5 min. Cells were lysed in
hypotonic Triton X-100 lysis buffer (20 mM Tris-HCl [pH 7.4], 3 mM MgCl2 8%
sucrose, 0.5% Triton X-100, 5 mM EGTA, supplemented with protease and
phosphatase inhibitors), and after clarification at 10,000 � g, supernatants were
subjected to ultracentrifugation at 60,000 rpm for 2 h. After centrifugation the
pellet was designated the membrane fraction, and supernatants comprised the
SCL. Pellets were resuspended in SDS sample buffer and boiled for 10 min, and
proteins were analyzed by IB with anti-Myc and anti-Lyn MAbs (Santa Cruz
Biotechnology).

Modeling of Fes F-BAR domain. Using the known crystal structures of the
F-BAR domain (PDB codes 2EFL and 2EFK) (59) as the template, we con-
structed a three-dimensional model of the human Fes protein using the SWISS-
MODEL program (54). A human Fes F-BAR homodimer was generated using
the Xtalview program (http://www.sdsc.edu/CCMS/Packages/XTALVIEW/),
again based on the F-BAR dimer structure resulting from crystal packing (59).
The human FesRK/EE mutant was also generated, and all models were subjected
to further energy minimization. Structural analysis such as charged-surface re-
presentation of the human Fes model and its mutant was carried out with the aid
of the PyMol graphics program (http://www. pymol.org).

RESULTS

Homology modeling of the Fes F-BAR domain. The N-ter-
minal F-BAR domains of several PCH adaptor proteins were
shown to bind and tubulate phosphoinositide-containing lipo-
somes (33, 66). With the solving of F-BAR domain structures
from several PCH adaptors (27, 59) and the proposed exis-
tence of an N-terminal F-BAR in Fes (3, 26), we prepared a
homology model of the Fes F-BAR domain (amino acids 1 to
288), based on the solved structure of FBP17 (59). Despite the
relatively low sequence homology between Fes and FBP17
(	15% identity for F-BAR domains), the Fes F-BAR domain
model compared very closely with the structure of FBP17 as
both a monomer (data not shown) and a dimer (Fig. 1A). The
curvature of the Fes F-BAR dimer is conserved, as is the
alignment with the critical curvature-inducing P210 residue
within the �4 helix (Fig. 1D). A comparison of the concave
phospholipid-binding surface of the Fes F-BAR domain with
that of FBP17 (Fig. 1B) shows that although a key pair of basic
residues (R113/K114) is conserved in Fes, the patches of basic
residues on the concave surface appear less contiguous in the
Fes F-BAR domain than in that of FBP17. However, the Fes
F-BAR domain does have an extensive cluster of basic residues
at the tips of the F-BAR domain (Fig. 1B). A model of the Fes
F-BAR domain with glutamates for R113/K114 reveals a dra-
matic reduction in basic residues in the middle phospholipid
binding pocket, without affecting the basic cluster (Fig. 1C).
This Fes/Fer-specific basic cluster is created by an extended
region of basic residues occurring at every second position near
the beginning of �4 (amino acids 163 to 174) compared to
FBP17 and CIP4 (Fig. 1D). These differences in the charged
surfaces within the putative phosphoinositide-binding face of
the Fes F-BAR domain may confer novel lipid-binding or
localization properties to Fes/Fer PTKs. It is also worth noting
that outside of the conserved R113/K114 residues, Fes/Fer
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FIG. 1. Homology modeling of the Fes F-BAR domain. The F-BAR domain of human Fes was modeled on the FBP17 F-BAR domain crystal
structure (PDB codes 2EFL and 2EFK) (66) as described in Materials and Methods. (A) Fes F-BAR homodimer was generated with the Xtalview
program and analyzed in PyMol, and both ribbon and charged-surface representations are shown. Basic residues are shown in blue, and acidic
residues are in red for the Fes model and FBP17 structure. (B) The predicted phospholipid binding (concave) faces of the F-BAR domains are
shown. The relative positions of conserved residues R113/K114 are indicated by solid and dashed arrows within the Fes F-BAR domain dimer. An
more extended patch of basic residues (basic cluster) in Fes compared to FBP17 is indicated near each end of the dimer. (C) A homology model
of the FesRK/EE mutant F-BAR domain showing the predicted loss of the central basic residues on the phospholipid-binding face. (D) Multiple
sequence alignment of F-BAR domains from human Fes, Fer, CIP4 and FBP17 (from the Baylor College of Medicine Search Launcher using
pattern-induced [local] multiple alignment; http://searchlauncher.bcm.tmc.edu/multi-align/Options/pima.html) displayed using the Boxshade

392 MCPHERSON ET AL. MOL. CELL. BIOL.



retain few of the additional basic residues recently shown to
directly contact phospholipids within curved membranes (Fig.
1D) and for binding flat membrane sheets (Fig. 1D) (16).

Phosphoinositide binding properties of the Fes F-BAR do-
main. To determine the potential ability of the Fes F-BAR
domain to bind phospholipids, we prepared GST-Fes fusion
proteins encoding the F-BAR domain [Fes(1–300)] or an ex-
tended construct including F-BAR and the CC2/3 domains,
Fes(1–459) (Fig. 2A). Mutations to the conserved R113/K114
residues were conferred to either remove (RK/QQ) or reverse
(RK/EE) the basic charges. To survey for potential ligands of
the Fes F-BAR domain, PIP strips were probed with either
recombinant purified GST, GST-Fes(1–300), or GST-Fes(1–
459), and bound proteins were revealed by IB with anti-GST.
While no signals were obtained with GST (data not shown),
the Fes F-BAR domain (residues 1 to 300) bound all phos-
phoinositides but not other charged phospholipids (e.g., PS
and sphingosine-1-phosphate). Addition of CC2/3 domains to
the F-BAR [Fes(1 to 459)] modulated the phospholipid-bind-
ing profile to include detectable binding of PI and PS (Fig. 2B).
These results provide evidence that the Fes N-terminal domain
does bind phospholipids and suggest potential cooperative in-
teractions beyond the F-BAR domain sequences that corre-
spond to the solved structures (27, 59). Other F-BAR domains
have been shown to cause liposome tubulation in vitro. To test
whether this activity was conserved in Fes, we prepared PC/
PE/PS-based liposomes that were supplemented with or with-
out PI(4,5)P2 and incubated them with Fes(1-300) or Fes(1-
459) proteins. In the absence of PI(4,5)P2, liposomes were
round, whereas we observed extended tubular extensions of
PI(4,5)P2-containing liposomes with both Fes F-BAR con-
structs (Fig. 2C). To measure phospholipid binding and the
effects of mutations within the Fes F-BAR domain, we per-
formed liposome sedimentation assays using PC/PE-based
liposomes supplemented with or without PS and PI(4,5)P2(as
described in reference 33). We compared binding of Fes(1-
300) and Fes(1-459) proteins and found that these proteins
were highly enriched in the pellet fraction of PI(4,5)P2-con-
taining liposomes compared to control liposomes (Fig. 2D).
However, the RK/QQ and RK/EE mutations within the Fes(1-
459) protein caused a 	50% decrease in binding of PI(4,5)P2-
containing liposomes compared to WT Fes(1-459) (Fig. 2D).

The Fes F-BAR domain localizes to tubular structures within
the cytoplasm and at the cell periphery. Since overexpression of
the F-BAR domains from PCH adaptor proteins (e.g., FBP17)
can cause extensive tubulation of membranes (33, 66), we tested
whether this is a potential activity of the Fes F-BAR domain. We
performed live-cell imaging of COS-7 cells expressing GFP fused
to FesFL or to Fes(1–459) and Fes(1–300) (either WT or harbor-
ing the RK/QQ mutation). Prior to microscopy, membranes were
counterstained using DiIC16(3) (Fig. 3). Similar to previous stud-

ies on fixed cells, FesFL localization was highest in the perinuclear
region, consistent with the trans-Golgi apparatus (as previously
reported [71]), and along large tubules that likely correspond to
microtubules (as previously reported in reference 37). Interest-
ingly, some DiIC16(3)-positive vesicles colocalized with and ap-
peared to traffic along FesFL-positive tubules (Fig. 3; see
time-lapse video in the supplemental material). To examine
localization conferred by the Fes N-terminal domain and the
contributions of its phosphoinositide binding, we compared
subcellular localization of the Fes(1–459) WT and RK/QQ
proteins. Although less prominent than FesFL, Fes(1–459)WT dis-
played some tubular staining that colocalized with DiIC16(3)-
positive vesicles within the cytoplasm and at the cell periphery
(Fig. 3). In contrast, the Fes(1–459)RK/QQ mutant displayed
more uniform localization and no obvious colocalization with
DiIC16(3)-positive membranes. Interestingly, Fes(1–300)WT

was found to localize to dynamic tubules formed near the cell
periphery that were colocalized with DiIC16(3)-positive mem-
branes (Fig. 3, bottom left panel; see time-lapse video in the
supplemental material). Mutation of the phosphoinositide bind-
ing site caused a more diffuse cytoplasmic localization pattern of
Fes(1–300)RK/QQ compared to that of Fes(1–300)WT. Taken to-
gether, these results suggest that phosphoinositide binding via the
F-BAR domain of Fes can alter its subcellular localization rela-
tive to membrane compartments in live cells.

The F-BAR domain of Fes is required for Fc�RI-evoked
phosphorylation in mast cells. Our previous studies of Fes and
Fer PTK activation downstream of FcεRI in mast cells provided
evidence for tyrosine phosphorylation (pY) of Fes/Fer by an up-
stream PTK (55). One candidate PTK we identified in this path-
way is Lyn (67), an Src family PTK that is constitutively localized
to the plasma membrane. Hence, membrane localization of Fes
via the F-BAR domain may allow for Fes activation by FcεRI-
associated Lyn PTK. RBL-2H3 cells and derivates stably express-
ing Myc-FesWT, Myc-FesK588R (kinase-dead), or Myc-FesRK/QQ

were generated to determine the role of the F-BAR domain in its
activation via the FcεRI pathway. Following sensitization of the
cells with anti-DNP-IgE and stimulation with antigen (DNP-
HSA) for various times, we observed inducible pY of Myc-FesWT

(Fig. 4A, upper panel). In contrast, no detectable pY of Myc-
FesRK/QQ was observed. This is despite similar recovery of Myc-
FesWT or Myc-FesRK/QQ in the immunoprecipitates (Fig. 4A,
middle panel). To confirm that FcεRI-evoked signaling was in-
deed initiated in all cell lines, a pERK mitogen-activated protein
kinase IB of SCLs revealed similar FcεRI-evoked pERK levels
and kinetics in each cell line (Fig. 4A, bottom panel). To confirm
that the F-BAR mutation did not have unpredicted effects on Fes
PTK activity, IVK assays were performed (Fig. 4B). No significant
differences were observed in either autophosphorylation (pY-
Fes) or substrate phosphorylation between WT and RK/QQ Fes
proteins (Fig. 4B) (the ratio of pY Fes to total Fes was deter-

server (http://www.ch.embnet.org/software/BOX_form.html). Amino acid numbers are shown on the left, and aligning, identical residues are
shaded in black, while conserved residues are shaded gray. The positions of �1 to �5 and the F-BAR extended peptide (EEP) are shown above
the residues, based on the structure of FBP17 (59), and are color matched to the ribbon model shown in panel A. Red circles indicate the positions
of R113/K114, an asterisk indicates a conserved proline involved in generating F-BAR domain curvature, and blue boxes indicate residues in
Fes/Fer PTKs that contribute to the extended basic cluster at the ends of the dimer in panel B. Closed arrows indicate residues in CIP4 shown
by Frost et al. to contact lipids of curved membranes, and open arrows indicate residues in CIP4 implicated in binding flat membrane sheets (16).
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mined by densitometry[relative Fes pY]; PECAM-1(CT) was pre-
viously identified as an Fer/Fes substrate) (67). Further evidence
that effects on kinase activity are unlikely to account for the
defects in IgE/DNP-induced pY of Myc-FesRK/QQ is the observed

IgE/DNP-induced phosphorylation of a Myc-tagged kinase-dead
Fes (FesK588R; classical ATP-binding fold mutation) in this sys-
tem (Fig. 4C). These results are consistent with our previous
studies that show that Fer/Fes are substrates for an upstream

FIG. 2. Requirement of conserved basic residues for phospholipid binding via the Fes F-BAR domain. (A) Schematic representation of the GST-Fes(1–300)
and GST-Fes(1–459) fusion proteins and the positions of RK/QQ and RK/EE mutations. (B) Phospholipid binding screen of the GST-Fes(1–300) and
GST-Fes(1–459) proteins with phospholipids arrayed on a filter (PIP Strip; Echelon Bioscience, Inc.). Relative positions of lipid spots are as follows: LPA,
lysophosphatidic acid; LPC, lysophosphatidylcholine PI, phosphatidylinositide; PI(3)P, phosphatidylinositol-3-phosphate; PI(4)P, phosphatidylinositol-4-phos-
phate; PI(5)P, phosphatidylinositol-5-phosphate; S1P, sphingosine-1-phosphate; PI(3,4)P2, phosphatidylinositol-3,4-bisphosphate; PI(3,5)P2, phosphatidylinosi-
tol-3,5-bisphosphate; PI(4,5)P2, phosphatidylinositol-4,5-bisphosphate; PI(3,4,5)P3, phosphatidylinositol-3,4,5-trisphosphate; PA, phosphatidic acid. A blank was
included. (C) Liposome tubulation assays were carried out with PE/PC/PS-based liposomes, alone or supplemented with PI(4,5)P2, that were incubated with
purified Fes(1–300) and Fes(1–459) proteins, as described in Materials and Methods. Representative phase-contrast images are shown. Scale bar, 10 �m.
(D) Liposome sedimentation assays using liposomes composed of the indicated combinations of PC, PE, PS, and PI(4,5)P2, incubated with purified GST-
Fes(1–300), GST-Fes(1–459)WT, GST-Fes(1–459)RK/QQ, or GST-Fes(1–459)RK/EE protein. Following liposome sedimentation the amount of GST fusion
proteins in supernatant (S) and pellet (P) were analyzed by SDS-polyacrylamide gel electrophoresis, followed by Coomassie brilliant blue staining. (E) The results
from four to six independent liposome sedimentation assays were quantified by densitometry (graph depicts mean 
 standard error of the mean). Asterisks
indicate a significant difference (P � 0.05 compared to GST-Fes(1–459)WT by t test).
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PTK (e.g., Lyn) (55, 67). This suggests that phosphoinositide
binding via the F-BAR domain of Fes may contribute to its
localization to FcεRI/Lyn complexes in the plasma membrane.

Role of Fes F-BAR domain in regulating degranulation and
Fes localization in mast cells. To gain further insights into the
potential role of the F-BAR domain of Fes for regulating
FcεRI aggregation-induced responses of mast cells, we per-
formed degranulation assays on the vector-, Myc-FesWT-, and
Myc-FesRK/QQ-transfected RBL-2H3 cell line. Compared to
vector-transfected cells, overexpression of Myc-FesWT led to
increased IgE/DNP-triggered degranulation (Fig. 5A). It is
worth noting that no differences were observed with IgE or
calcium ionophore (A23187) treatment. Interestingly, IgE/
DNP-triggered degranulation was reduced in Myc-FesRK/QQ-
expressing RBL-2H3 cells compared to vector- or Myc-FesWT-
transfected cells. This was not due to defects in granule
contents as these cells were found to degranulate very effi-
ciently in response to ionophore. The defects in FcεRI-induced
degranulation were not due to loss of surface FcεRI, as dem-
onstrated by flow cytometry (Fig. 5B). Taken together, these

results suggest that the F-BAR domain of Fes is required for
Fes to regulate degranulation of mast cells.

To gain further insights into the potential role of the
F-BAR domain for Fes localization in mast cells, we per-
formed immunofluorescence staining of Myc-Fes and FcεRI
in anti-DNP-IgE-sensitized stable transfectants of RBL-2H3

FIG. 3. The Fes F-BAR domain contributes to tubular localization
of Fes in live cells. Live-cell imaging of COS-7 cells transfected with
GST-Fes(1–459)WT, GST-Fes(1–459)RK/QQ, and GST-FesFL were in-
cubated with DiIC16(3) (diI) and imaged by confocal microscopy as
described in Materials and Methods. Representative confocal micros-
copy images are shown with overlays of GFP (green) and DiIC16(3)-
positive membranes (red). Arrows indicate sites of membrane tubula-
tion. Scale bar, 20 �m. For time-lapse videos showing the dynamic
patterns of Fes localization, see the supplemental material.

FIG. 4. The F-BAR domain of Fes is required for FcεRI-evoked Fes
phosphorylation in mast cells. (A) RBL-2H3 cells and derivatives stably
expressing FesFL, Myc-FesWT, or Myc-FesRK/QQ were starved and sensi-
tized with anti-DNP-IgE and stimulated for various times (min) with
DNP-HSA (100 ng/ml). SCLs were prepared and subjected to either IB
with anti-pERK or IP with anti-Myc antibody, followed by IB with anti-
pY. The blot was stripped and reprobed with anti-Myc antibody. (B) IVK
assays were performed using the same cell lines as above. The relative
positions of Myc-Fes autophosphorylation (pY) and substrate phosphory-
lation (PECAM-1 CT pY) (67) are indicated on the left. The blot was
reprobed with anti-Myc to document the relative amounts of Myc-FesWT

and Myc-FesRK/QQ in the IVK assay. The position of the IgG heavy chain
is indicated on the left. Relative Fes pY and substrate pY were quantified
by densitometry. (C) RBL-2H3 cells and derivatives stably expressing
Myc-FesWT or the kinase-dead mutant Myc-FesK588R were starved and
sensitized with anti-DNP-IgE and stimulated for 5 min with DNP-HSA.
Lysates were subjected to IP with anti-Myc and to IB with anti-pY and
anti-Myc. The positions of the Myc-Fes proteins are indicated on the left.
Relative Fes pY was determined by densitometry. nd, not detected.
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cells, treated with or without antigen. Confocal microscopy
images revealed exclusively plasma membrane localization
of FcεRI for IgE-treated cells and extensive FcεRI cluster-
ing and internalization in both cell lines following antigen
challenge for 20 min (Fig. 5C). Interestingly, Myc-FesWT

localized in a punctate pattern within the cytoplasm but also
colocalized with FcεRI at the plasma membrane (Fig. 5C).
We also detected colocalization of Myc-FesWT in the pe-
rinuclear region with internalized FcεRI in IgE/DNP-
treated cells (Fig. 5C, upper right panel). The F-BAR do-
main likely contributes to the plasma membrane localization
since less colocalization of Myc-FesRK/QQ was observed with
FcεRI at the plasma membrane in resting mast cells (Fig.
5C, lower left panel). However, upon antigen-induced
FcεRI internalization, some colocalization of Myc-FesRK/QQ

with FcεRI was detected (Fig. 5C, lower right panel). To

address the contributions of the F-BAR domain to mem-
brane localization, we performed membrane fractionation
on Myc-FesWT- and Myc-FesRK/QQ-transfected RBL-2H3
cells. Similar amounts of Myc-Fes proteins were expressed
in these cells, as detected in the SCLs (Fig. 5D). However,
Myc-FesWT and Lyn were readily detected in the membrane
fraction, whereas Myc-FesRK/QQ was only weakly detected
(Fig. 5D, lower panels). These results suggest that the F-
BAR domain plays a key role in localization to membranes
prior to FcεRI activation but do not rule out other interac-
tions possibly mediated by the SH2 domain following FcεRI
phosphorylation and downstream signaling.

Fes SH2 domain interactions with Fc�RI and HS1 in mast
cells. We next wished to address how the Fes SH2 domain may
contribute to its coupling to the activated FcεRI or Fes sub-
strates in mast cells. The consensus sequence for the Fes SH2

FIG. 5. Contributions of Fes F-BAR to regulation of degranulation and localization in RBL-2H3 mast cells. (A) Vector-transfected RBL-2H3
cells and Myc-FesWT- or Myc-FesRK/QQ-expressing cells were sensitized with anti-DNP-IgE and assayed for degranulation in response to antigen
or calcium ionophore, as described in Materials and Methods. (B) Surface expression of FcεRI was determined for RBL-2H3 cells stably
transfected with MSCV vector (vec), Myc-FesWT, and Myc-FesRK/QQ. (C) Localization of Myc-FesWT and Myc-FesRK/QQ was analyzed in
IgE-sensitized cells (with or without DNP-HSA treatment for 20 min) by immunofluorescence, as described in Materials and Methods. Repre-
sentative confocal images showing Myc-Fes staining in red and FcεRI in green are shown (yellow indicates colocalization). Scale bars are shown
in the lower right of each panel. (D) Membrane fractions were prepared from Myc-FesWT- and Myc-FesRK/QQ-transfected RBL-2H3 cells as
described in Materials and Methods. SCLs and membrane fractions (Memb) were subjected to IB with Myc and Lyn antibodies. Positions of
molecular mass markers are indicated on the left.
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domain was originally defined as pYEX(V/I) (62) and more
recently defined as pY(E/y/i/m/d)(N/e/m/l)(V/Y/E/l), with the
most highly preferred amino acids shown in uppercase letters
(30). To test for interacting partners of the Fes SH2 domain
(FesSH2) in mast cells, lysates from IgE-sensitized BMMCs
(treated with or without DNP-HSA) were incubated with GST
or a GST-FesSH2 fusion protein bound to beads. IB with
anti-pY revealed several pY-containing proteins recovered with
FesSH2 (Fig. 6A, lanes 5 and 6). Very few proteins were de-
tected in the control GST pull-down samples (lanes 3 and 4).
By taking a candidate approach, we identified the FcεRI �
chain and HS1 as the 24- and 72-kDa proteins, respectively.
Thus, the FesSH2-mediated interaction with FcεRI may con-
tribute to its recruitment and/or localization with the activated
receptor.

Since cortactin is a substrate of Fer PTK in fibroblasts re-

sponding to platelet-derived growth factor or reactive oxygen
species (11, 53), we investigated whether HS1 is also a poten-
tial direct substrate of Fes or Fer PTK. IVK assays were per-
formed on Fes/Fer IPs from RBL-2H3 mast cells (with or
without IgE or antigen) using either GST or GST-HS1CT as
substrates (Fig. 6B). Strong pY of GST-HS1CT was evident,
with no detectable pY in mock reactions (input) without Fes/
Fer PTKs. No GST pY was detected. We next addressed the
potential sites of HS1 pY by mutating two previously identified
phosphorylation sites (6). Although the Y388F mutant had the
most dramatic effect on Fes/Fer PTK-induced phosphorylation
of the single mutants, a double mutant (Y388F/Y405F) was
required to eliminate detectable HS1 pY (Fig. 6C). Similar
amounts of each substrate were compared in these IVK assays,
as shown by Coomassie blue staining (Fig. 6C, bottom panel).

Although HS1 was previously shown to undergo FcεRI-

FIG. 6. Fes SH2 interactions with FcεRI and its putative substrate HS1 in mast cells. (A) BMMCs were serum starved, sensitized with
anti-DNP-IgE, and treated with or without DNP-HSA for 5 min. Lysates were prepared and incubated with purified GST, or GST-FesSH2 fusion
protein bound to glutathione-Sepharose beads. Following extensive washing, IB with anti-pY was performed. Relative molecular mass markers are
shown on the left, and arrows on the right indicate FesSH2-bound pY-containing proteins. IB performed with anti-� chain and anti-HS1 antibodies
on duplicate membranes identified these proteins as potential FesSH2 ligands. (B) IVK assays were performed on Fes/Fer IPs (using a cross-reactive
antiserum described previously) (12) from lysates prepared from RBL-2H3 cells sensitized with anti-DNP-IgE and treated with or without
DNP-HSA for 2 min. Purified GST and GST-HS1CT were used as substrates in either a mock reaction (input) or Fes/Fer IPs. IVK samples were
analyzed by IB with anti-pY and anti-GST antibodies. The positions of autophosphorylated Fes/Fer and of GST proteins are indicated by arrows
on the left. Substrates added to each reaction mixture are shown at the bottom. (C) Similar IVK assays were performed for GST-HS1CT fusion
proteins harboring the mutations Y388F or Y405F or a double mutant encompassing both mutations (DM). IVK assays were analyzed by IB with
anti-pY (upper panel), and substrate amounts are shown by Coomassie brilliant blue staining (lower panel). (D) BMMCs from WT, ferD743R/D743R

(ferDR/DR), and fesK588R/K588R ferD743R/D743R (fesKR/KR ferDR/DR) mice were generated, starved of interleukin-3, and sensitized with anti-DNP-IgE.
Following treatment with DNP-HSA for the indicated times (min), lysates were prepared and subjected to IP with anti-HS1 and to IB with either
anti-pY or anti-HS1. The relative HS1 pY (ratio of pY HS1/total HS1) was determined by densitometry, and values are relative to WT cells treated
for 1 min.
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induced pY in mast cells (17), the candidate PTKs and the role
of HS1 in mast cells remain unclear. BMMCs were generated
from WT, ferD743R/D743R (no Fer activity) and fesK588R/K588R

ferD743R/D743R (no Fes or Fer activities) mice (55). Following
sensitization with anti-DNP-IgE and challenge with DNP-HSA
for various times, lysates were prepared and subjected to IP
with anti-HS1. IB with anti-pY revealed a slight decrease
(30%) in HS1 pY in Fer-deficient BMMCs and a more pro-
found decrease (�50%) in total HS1 pY in Fes/Fer kinase
activity-deficient BMMCs (Fig. 6D). These results suggest that
HS1 is a substrate of Fes/Fer PTKs in vitro and in vivo.

DISCUSSION

In this study, we present new insights into how Fes PTK
utilizes its F-BAR and SH2 domains for its coupling to the
FcεRI pathway in mast cells. Several recent advances have
helped define F-BAR domains as novel phosphoinositide-
binding modules with membrane tubulation activity (33, 66).
Solved structures of F-BAR domains reveal a largely �-helical
bundle structure that forms a gently curved dimer with a highly
basic charged phospholipid binding face (27, 59). A conserved
proline residue (P210 in FBP17) induces the curvature within
�4 that helps generate the concave shape of this domain. This
proline residue in Fes and Fer PTKs likely denotes the C-
terminal boundary of what was previously thought to be a CC
domain (CC1) in Fer and Fes PTKs (19). The CC1 and CC2
domains were previously implicated in oligomerization of Fes
and Fer (7, 12, 36). In the case of Fes, deletion or proline-
insertion mutagenesis of CC1 resulted in elevated Fes PTK
activity and an increased ability to promote malignant trans-
formation of fibroblasts and myeloid differentiation (7, 8). Ear-
lier studies pointed to an important function for the v-Fps
N-terminal domain for membrane localization and transforma-
tion (5, 63). It will now be important to characterize these
mutations with respect to their potential effects on phospho-
inositide binding and localization of Fes. In this study, we show
that a mutation within the F-BAR domain (RK/QQ) blocks

Fes PTK activation downstream of FcεRI in RBL-2H3 mast
cells and provide evidence for an altered localization pattern of
the mutant protein. We hypothesize that this mutation effec-
tively uncouples Fes from the pathway by reducing its local-
ization to FcεRI/Lyn complexes in the plasma membrane (Fig.
7). In the future, it will be very interesting to visualize local-
ization of phosphorylated Fes in activated mast cells. Previous
studies have reported localization of Fes to microtubules (64)
and evidence for Src family kinases in Fes activation (37). Mast
cell activation by FcεRI causes rapid formation of microtu-
bules near the cell periphery that function in translocation of
granules to the plasma membrane during degranulation (45).
Interestingly, we show in this study that Fes overexpression
modulates degranulation in mast cells, and this requires the
F-BAR domain. Potential Fes substrates that have been im-
plicated in regulating degranulation include the immunorecep-
tor tyrosine-based inhibitory motif-containing protein PECAM-1
(67) and N-ethylmaleimide-sensitive factor, a key regulator of
vesicle fusion (32). Future studies will be needed to investigate
whether the Fes F-BAR domain is required for localization
and phosphorylation of N-ethylmaleimide-sensitive factor or
PECAM-1 in mast cells.

In this study, we identify HS1 as both an SH2 domain ligand
of Fes and as a direct substrate of Fes and Fer PTKs in mast
cells. HS1 contains several sites of tyrosine phosphorylation
within its C-terminal domain, including Y388 and Y405, both
of which fit the consensus motifs for SH2 binding (388-YEDV-
391 and 405-YEDV-408 in mouse HS1) and substrate phos-
phorylation (61, 62). Although overall tyrosine phosphoryla-
tion of HS1 is not completely abrogated in BMMCs devoid of
Fes/Fer kinase activities, the remaining tyrosine phosphoryla-
tions are likely due to Lyn and/or Syk PTK-mediated priming
on other residues (6, 23). Our results showing that HS1 is both
an SH2 binding partner and substrate are consistent with a
recent paper describing the crystal structure of the SH2-PTK
domains of Fes (14). In this study, positive interactions be-
tween the SH2 and PTK domains within Fes were mapped, and

FIG. 7. A potential model for contributions of F-BAR-containing adaptor proteins and PTKs in regulating FcεRI signaling during internal-
ization. FcεRI-evoked activation of Fes and Fer PTKs involves the actions of an upstream PTK (e.g., Lyn), which is facilitated by F-BAR
domain-mediated membrane localization. F-BAR-containing adaptor proteins are known to induce membrane invagination and dynamic actin
assembly via SH3-mediated recruitment of WASP and dynamin. We hypothesize that Fes and Fer PTK recruitment of HS1 by FesSH2 and its
subsequent phosphorylation contribute stabilization of branched F-actin that promotes endocytosis and chemotaxis of mast cells.
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interaction with pY-containing SH2 ligand peptides were
found to increase catalytic activity from the kinase domain of
Fes. Tyrosine phosphorylation of HS1 correlates with its trans-
location to the plasma membrane following platelet activation
(6) and to the immune synapse in T cells upon contact with
antigen-presenting cells (18). Formation of the immune syn-
apse requires HS1 phosphorylation, which promotes Vav1 re-
cruitment and filamentous actin (F-actin) polymerization.
Vav1 is a guanine nucleotide exchange factor that activates the
Cdc42 and Rac GTPases that promote F-actin branching
through effectors such as WASP (29). HS1 associates with
Arp2/Arp3 and F-actin and synergizes with WASP family pro-
teins to stabilize branched F-actin networks (24, 68). Tyrosine
phosphorylation of HS1 could regulate these activities since
tyrosine phosphorylation of cortactin promotes branch point
stabilization by facilitating the displacement of WASP (38).
Presumably, the same model applies to HS1. Future studies
will investigate whether hypophosphorylation of HS1 in Fer-
deficient BMMCs contributes to their defective chemotaxis
(10) and whether this is exacerbated in BMMCs lacking both
Fes and Fer PTKs.

Following activation of mast cells by IgE or antigen, FcεRI
is rapidly internalized, and this involves Rab5 GTPase, a key
regulator of endocytosis (70), and its activation by RabGEF1/
Rabex-5 (34). Interestingly, FcεRI aggregation leads to in-
creased expression of RabGEF1, which is predicted to increase
subsequent endocytosis of both FcεRI and c-Kit receptors (35).
This negative feedback mechanism is physiologically relevant
since RabGEF1/ mice develop severe skin inflammation
and have elevated numbers of dermal mast cells (65). Several
F-BAR- and SH3-containing adaptor proteins have been
shown to promote receptor-mediated endocytosis (33, 66). The
proposed model to explain this activity (Fig. 7) involves local-
ized membrane curvature induced by F-BAR domains, to-
gether with SH3 domain-mediated recruitment of regulators of
actin assembly and endocytosis (e.g., N-WASP and dynamin)
(9). Interestingly, previous studies have implicated both v-Fps
in promoting internalization of platelet-derived growth factor
receptor in fibroblasts (2) and FesWT PTK in promoting Toll-
Like receptor 4 internalization in macrophages (48). Based on
our results showing colocalization of Fes with both surface and
internalized FcεRI (Fig. 5C), it will be interesting to investigate
whether Fes/Fer PTKs also participate in regulating actin as-
sembly during receptor endocytosis of c-Kit or FcεRI on mast
cells (Fig. 7). Phosphoinositide binding via the Fes/Fer PTKs
may allow for colocalization with PCH adaptors at sites of
membrane invagination. PCH adaptor proteins can promote
initial F-actin branching and actin assembly via WASP/N-
WASP-dependent recruitment of Arp2/Arp3. For stabilization
of F-actin branching, HS1 (or cortactin in nonhematopoietic
cells) is recruited and interacts with Fes or Fer PTKs via their
SH2 domains. Phosphorylation of HS1 by Fes or Fer PTKs
may then displace WASP and promote stabilization of F-actin
branches that drive invagination of the plasma membrane and
endosome closure by dynamin. Interestingly, WASP-deficient
mast cells display defects in F-actin reorganization, degranu-
lation, and cytokine production upon FcεRI aggregation (49).
Future work will therefore focus on whether Fes and Fer PTKs
are redundant in these proposed roles and whether loss of HS1

protein or phosphorylation sites has the predicted effects on
FcεRI internalization and signaling.
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