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Abstract

The c-fes proto-oncogene encodes a unigue non-receptor protein-tyrosine kinase (c-Fes) that
contributes to the differentiation of myeloid hematopoietic, vascular endothelial, and some
neuronal cell types. Although originally identified as the normal cellular homolog of the
oncoproteins encoded by avian and feline transforming retroviruses, c-Fes has recently been
implicated as a tumor suppressor in breast and colonic epithelial cells. Structurally, c-Fes consists
of a unique N-terminal region harboring an FCH domain, two coiled-coil motifs, a central SH2
domain, and a C-terminal kinase domain. In living cells, c-Fes kinase activity is tightly regulated
by a mechanism that remains unclear. Previous studies have established that c-Fes forms high
molecular weight oligomers in vitro, suggesting that the dual coiled-coil motifs may regulate the
interconversion of inactive monomeric and active oligomeric states. Here we show for the first
time that c-Fes forms oligomers in live cells independently of its activation status using a YFP
bimolecular fluorescence complementation assay. We also demonstrate that both N-terminal
coiled-coil regions are essential for c-Fes oligomerization in transfected COS-7 cells as well as
HCT 116 colorectal cancer and K-562 myeloid leukemia cell lines. Together, these data provide
the first evidence that c-Fes, unlike c-Src, c-Abl and other non-receptor tyrosine kinases, is
constitutively oligomeric in both its repressed and active states. This finding suggests that
conformational changes, rather than oligomerization, may govern its kinase activity in vivo.

The human c-fes proto-oncogene encodes a structurally unique, 93 kDa non-receptor
protein-tyrosine kinase (c-Fes) expressed in myeloid hematopoietic, vascular endothelial,
and some neuronal cells where it has been linked to signaling pathways controlling
differentiation (1,2). Early work showed that restoring wild-type c-Fes expression in the
chronic myelogenous leukemia cell line K-562 suppresses cell proliferation and primes the
cells for differentiation to macrophages by phorbol esters (3,4). Similarly, active c-Fes
mutants induced GM-CSF-independent proliferation in addition to cell attachment and
spreading in the cytokine-dependent myeloid leukemia cell line TF-1, consistent with
differentiation along the monocyte-macrophage pathway (5). In the monocytic precursor cell
line U-937, an active c-Fes mutant also induced cell adherence, macrophage morphology,
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and differentiation marker expression (6). Over-expression of wild-type c-Fes accelerated
NGF-induced neurite extension in PC12 cells, while active c-Fes mutants induced
spontaneous neurite formation in this cell line, suggestive of a role in neuronal
differentiation (7,8). Finally, over-expression of wild-type c-Fes induced FGF-2-
independent tube formation by cultured brain capillary endothelial cells, implicating c-Fes in
angiogenesis (9).

More recently, c-Fes expression has been detected in epithelial cells, where it may serve a
tumor suppressor function. Greer and colleagues determined that tumor onset in a breast
cancer model occurred more rapidly in mice targeted with either null or kinase-inactivating
c-fes mutations, and that a c-fes transgene restored the latency of tumor formation (10). Our
group found that c-Fes protein is strongly expressed in normal human colonic epithelial
cells, while expression was reduced or absent in 67% of colon tumor sections from the same
individuals (11). In addition, we have established that the expression of functional c-fes
transcripts is downregulated in colorectal cancer cell lines via promoter methylation (12).
Furthermore, re-expression of wild-type or active c-Fes suppressed anchorage-independent
growth of two colorectal cancer cell lines, HCT 116 and HT-29, both of which are negative
for c-Fes protein expression (11). Kinase-inactivating mutations have also been reported for
c-Fes in colorectal cancer cell lines (10,11,13), providing further support for a tumor
suppressor function for c-Fes in some tissue types.

Structurally, c-Fes consists of a long unique N-terminal region, with a tubulin-binding Fes/
CIP4 homology (FCH) domain and two coiled-coil homology motifs, followed by a central
Src-homology 2 (SH2) domain and a C-terminal kinase domain (1,2) (Figure 1). The c-Fes
FCH and first coiled-coil domain together belong to the family of F-BAR homology
domains, which have been linked to regulation of membrane curvature by other proteins
(14). Unlike other non-receptor protein-tyrosine kinases, c-Fes lacks negative regulatory
features such as an SH3 domain or the negative regulatory tail associated with Src-family
kinases (15). Despite this, c-Fes kinase activity remains strictly regulated in mammalian
cells. When wild-type c-Fes is ectopically expressed in rodent fibroblasts, little or no
transforming activity is apparent (5,16,17). However, mutation or deletion of the first coiled-
coil domain results in strong upregulation of kinase activity and release of transforming
potential in fibroblasts (3,5). Similarly, en bloc substitution of the c-Fes SH2 domain with
that of v-Src also causes loss of negative regulation in vitro (18), implicating the SH2
domain as well as the N-terminal coiled-coil motif in the regulation of kinase activity.

Gel-filtration and cross-linking studies have established that c-Fes forms higher order
oligomers in vitro (up to a pentamer), and that the two N-terminal coiled-coil domains are
responsible for oligomerization (5,19). In particular, gel-filtration analyses involving a small
fragment of the N-terminal region showed that point mutations disrupting both coiled-coil
motifs prevent oligomerization (5). This result led to a hypothetical model for c-Fes
activation in which the coiled-coil domains mediate interconversion between inactive
monomeric and active oligomeric states (5). In this model, the more N-terminal coiled-coil
was proposed to interact intramolecularly with the second to hold c-Fes in an inactive
monomeric conformation. Supporting this model is the observation that negative regulation
imparted by the first coiled-coil domain is dramatically perturbed by mutation (19,20).
However, no evidence for an inactive monomer has been generated either in vitro or in vivo,
and it is unclear how oligomerization modulates c-Fes activity in living cells.

In this study, we investigated c-Fes oligomerization in live cells using a bimolecular
fluorescence complementation (BiFC) assay based on yellow fluorescent protein (YFP) as
originally developed by Kerppola and colleagues for the study of transcription factors
(21,22). BIiFC provides a useful technique to examine protein-protein interaction in a normal
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cellular environment, as it is sensitive enough to detect interactions between proteins
expressed at physiological levels (21,22). In this approach, oligomerization partners (c-Fes
in this case) are fused to non-fluorescent N- and C-terminal portions of the YFP coding
sequence and co-expressed in the same cell. Oligomerization brings the two YFP fragments
into close proximity, resulting in structural complementation and fluorescence. Using the
BiFC technique, we made the surprising discovery that c-Fes exists as a constitutive
oligomer in cells, regardless of its autophosphorylation state. We further demonstrated that
both of the c-Fes coiled-coil regions are essential for oligomerization in transfected COS-7
cells as well as cell lines where c-Fes is known to exert biological effects (HCT 116
colorectal cancer cells and K-562 CML cells). Together, these data demonstrate that c-Fes
oligomerization is independent of activation and suggest that conformational changes, rather
than oligomerization, govern c-Fes kinase activation and downstream signaling in vivo. The
discovery that c-Fes exists as a pre-formed oligomer in vivo makes it unique among non-
receptor protein-tyrosine kinases, and suggests new strategies for the design of small
molecules that may modulate its activity in vivo. Such compounds may be of utility for the
differentiation therapy of certain types of tumors.

Experimental Procedures

Construction of plasmid vectors

Fes point mutants L145P, L334P, L145P-L.334P (2LP), R483L, and K590E have been
described elsewhere (5,7,20) (Figure 1A). To create the vectors required for BiFC analysis,
sequences encoding the non-fluorescent N- and C-terminal portions of YFP (YN: amino
acids 1-154, YC: amino acids 155-238) were amplified by PCR from pEYFP-C1 (Clontech)
and subcloned into separate pcDNAS3.1(+) vectors (Invitrogen). Full-length YFP was cloned
in a similar manner for creation of YFP-Fes fusion plasmids. Each of the c-Fes cDNAs was
fused to the C-terminal end of either YN or YC, creating YN-Fes and YC-Fes BiFC fusion
pairs. Each BiFC fusion pair was subcloned from pcDNA3.1+ into the mammalian
expression vector pIRES (Clontech). In this construct, YC-Fes was subcloned directly
downstream of the CMV promoter with YN-Fes downstream of the IRES sequence (Figure
1B). This cloning strategy was also applied to the pIRES-Fes BiFC control plasmids, which
either express YC-Fes or YN-Fes alone. All c-Fes constructs used in this study encode a C-
terminal FLAG epitope tag.

Cell culture and transfection

Cell lines were maintained at 37 °C in a 5% CO, humidified incubator. COS-7, HCT 116,
and K-562 cells were obtained through the ATCC and cultured in Dulbecco's modified
Eagle's medium (DMEM,; Invitrogen), McCoy's Modified 5A medium (Invitrogen), or
RPMI 1640 (Invitrogen), respectively. All culture media were supplemented with 10% fetal
bovine serum (FBS; Atlanta Biological) and Antibiotic/Antimycotic (Invitrogen). Transient
transfection was performed as follows: COS-7 cells (2.25x10°) were plated in 60 mm dishes
and transfected one day later with 2 pg of total plasmid DNA using Fugene 6 (Roche). HCT
116 cells (6x10°) were seeded in 6-well plates and transfected one day later with 4 ug of
total plasmid DNA using Lipofectamine 2000. K-562 cells (6x10°) were seeded in 12-well
plates and transfected immediately with 2 pg of total plasmid DNA using Lipofectamine
2000 (Invitrogen). All transfections were performed using serum-free Opti-MEM
(Invitrogen) as diluent, and transfected cells were grown in Antibiotic/Antimycotic-free
medium. Following incubation at 37 °C for 20 h, transfected cells were switched to room
temperature for 2 h to promote fluorophore maturation prior to fluorescence microscopy.
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Immunofluorescence microscopy and fluorescence imaging

Transfected COS-7 or HCT 116 cells were fixed with 4% paraformaldehyde in PBS for 10
min followed by 2 washes with PBS and permeabilized with 0.2% Triton X-100 in PBS for
15 min. Cells were then blocked in PBS containing 2% BSA for 30 min and incubated for
60 min with either anti-Fes (1:250 dilution; Fes C19, Santa Cruz Biotechnology) or anti-Fes
phosphospecific primary antibodies [pFes; 1:1,000 dilution; recognizes phosphotyrosine 713
in the activation loop (23)]. Immunostained cells were visualized with secondary antibodies
conjugated to Alexa Fluor 594 (Invitrogen) or Texas red (Southern Biotech). Fluorescent
images were recorded at 400x magnification using a Nikon TE300 inverted microscope with
epifluorescence capability and a SPOT CCD high-resolution digital camera and software
(Diagnostic Instruments). Images were recorded at 600x using either a Nikon TE2000
inverted microscope with epifluorescence capability (Figure 2) or an Olympus 1X81 and
with Fluoview software (Figure 4). Following acquisition of black & white images,
appropriate color palettes were applied (green for YFP or BiFC, red for c-Fes protein,
pTyr-713, or RFP), and minimal histogram, brightness, and contrast adjustments were
performed to improve image clarity. Identical manipulations were applied to all images in a
given experiment.

Immunoblotting and antibodies

Results

Transiently transfected COS-7, K-562, and HCT 116 cells were washed with PBS,
resuspended in Fes lysis buffer [50 mM Tris/HCI (pH 7.4), 1 mM EDTA, 50 mM NacCl, 1
mM MgCly,, 0.1% Triton X-100, 2 mM PMSF, 2 mM sodium orthovanadate, 25 mM sodium
fluoride and Protease Inhibitor Cocktail Set I11 (Calbiochem)], and sonicated for 10 s at 4
°C. The cell lysates were clarified by centrifugation, diluted with 2x SDS-PAGE sample
buffer (125 mM Tris-HCI, pH 6.8, 20% glycerol, 4% SDS, 172 mM 2-mercaptoethanol,
0.05% bromophenol blue), and heated to 95 °C for 10 min. Lysates were subjected to
immunoblot analysis with antibodies to c-Fes (C-19; 1 pug/ml), pFes (1:1000 dilution),
phosphotyrosine (PY99; 1 ug/ml, Santa Cruz Biotechnology), and Hck (N30; 1 pug/ml, Santa
Cruz Biotechnology) as required. Lysates were also blotted with anti-actin antibodies
(Chemicon MAB1501; 1:10000 dilution) as a loading control. Immunoreactive bands were
detected using an alkaline phosphatase-conjugated secondary antibody followed by
colorimetric detection with NBT/BCIP.

Visualization of c-Fes oligomers in live cells

Previous data from our laboratory suggested that c-Fes kinase activity may be regulated by
interconversion of inactive monomeric and active oligomeric configurations (see
Introduction) (3,5,19). These studies implied that wild-type c-Fes, whose kinase activity is
strongly repressed in cells, naturally adopts a monomeric conformation, as is the case for the
downregulated forms of several other non-receptor tyrosine kinases such as c-Abl (24,25),
Hck (26,27), and c-Src (28,29). To determine the oligomerization status of wild-type c-Fes
in live cells, we applied a BiFC approach in which complementary fragments of YFP (YN:
amino acids 1-154, YC: amino acids 155-238) were fused to the amino-terminus of full-
length wild-type c-Fes and subcloned into a single pIRES expression vector (Figure 1B). In
parallel, we created a plasmid where full-length YFP was fused to c-Fes for use as a positive
control for subcellular localization. COS-7 cells were transfected with plasmids encoding
YFP-Fes, YN-Fes alone, YC-Fes alone, as well as both YN-Fes plus YC-Fes and monitored
by fluorescence microscopy (Figure 2A). Transfected cultures were also immunostained
with a Fes-specific antibody to identify the c-Fes-positive cells. The BiFC fluorescence
intensity was then normalized to the total c-Fes fluorescence intensity in each culture
(Figure 2B). Cells expressing YN-Fes or YC-Fes alone failed to exhibit detectable
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fluorescent signals. In contrast, more than 50% of the cells expressing both YN-Fes and YC-
Fes fusion proteins exhibited strong cytoplasmic and perinuclear fluorescent signals,
indicative of c-Fes oligomerization in vivo. Immunoblots shown in Figure 2C confirm
expression of full-length YFP-Fes, YN-Fes, and YC-Fes. Note that YN-Fes is expressed at
lower levels than YC-Fes, most likely because its translation is controlled by the IRES in the
bicistronic transcript (Figure 1B). This observation shows that c-Fes oligomerization in vivo
is not an artifact of over-expression, as the c-Fes BiFC signal is readily observed despite the
limiting amount of YN-Fes protein present. These results demonstrate for the first time that
wild-type c-Fes forms oligomers in living cells.

The diffuse cytoplasmic and perinuclear distribution of the c-Fes BiFC signal is similar to
that observed with YFP-Fes, and is consistent with previous data for cells transfected with
wild-type downregulated c-Fes (7,18,30,31). This observation suggests that the YN and YC
fusions do not alter c-Fes subcellular localization. Imaging of the Fes BiFC-positive cells at
higher magnification revealed that wild-type c-Fes oligomers also localized to the plasma
membrane (Figure 2D), consistent with recent work demonstrating that the c-Fes F-BAR
domain localizes to the cell periphery in transfected COS-7 cells (32).

The coiled-coil homology domains are essential for c-Fes oligomerization in vivo

Located within the unique N-terminal region of c-Fes are two coiled-coil motifs that mediate
c-Fes oligomerization in vitro and play a key role in the regulation of c-Fes kinase activity in
vivo (3,5,19). To assess the role of the coiled-coil motifs in c-Fes oligomerization in cells,
BiFC assays were performed using coiled-coil leucine to proline point mutants previously
shown to disrupt the function of these domains (5) (Figure 1A). Expression vectors that co-
express both YN-Fes and Y C-Fes coiled-coil mutants from the same transcript were
generated as described above, and tested for oligomerization via BiFC in COS-7 cells. As
shown in Figure 3, coiled-coil domain mutations (L145P, L334P, or 2LP) dramatically
reduced the Fes-BiFC fluorescence intensity, indicating a requirement for both coiled-coil
domains in maintaining c-Fes oligomerization in vivo. These results also provide an
essential control for the wild-type c-Fes BiFC result, as they show that mutations in the
coiled-coil domains of c-Fes previously established to contribute to oligomerization in vitro
are required for fluorescence complementation in cells. Thus homotypic c-Fes interactions,
and not the YFP fragments themselves, are the driving force behind the BiFC signal. A final
interesting feature of the coiled-coil mutants is that while they fail to form oligomers in vivo
(negative BiFC signal), they all show a staining pattern consistent with localization to the
microtubule network. This result suggests that association with microtubules does not
require oligomerization, and is consistent with our previous data showing that c-Fes
movement to microtubules is dependent upon both Fes-mediated tubulin phosphorylation
and subsequent binding via the c-Fes SH2 domain (7). Indeed, immunoblots show that the
YN- and Y C-Fes coiled-coil domain mutants are strongly autophosphorylated, consistent
with this idea (Figure 3C and Supplemental Figure S1).

In addition to the coiled-coil domains, we also assessed the contribution of the c-Fes SH2
and kinase domains to oligomerization using mutant proteins. Unlike the coiled-coil
mutants, inactivating mutations in the SH2 domain (R483L) or kinase domain (K590E) did
not alter the capacity of c-Fes to form oligomers, as both mutants produced BiFC signals
with intensities similar to wild-type c-Fes. These mutants exhibited a diffuse cytoplasmic
distribution and failed to track to microtubules, consistent with lack of kinase activity in
vivo. Immunoblots shown in Figure 3C are consistent with this conclusion, as neither of
these mutants reacted with the c-Fes phosphospecific antibody. Taken together, these results
strongly suggest that both c-Fes coiled-coil domains, but neither the SH2 nor the kinase
domain, are required for c-Fes oligomerization in living cells.
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Coiled-coil mutations do not alter membrane localization of c-Fes

Data presented in Figure 3 directly implicate the coiled-coil domains as mediators of c-Fes
oligomerization in vivo. Because the coiled-coil mutations are located near amino acid
residues critical for phosphoinositide binding within the F-BAR domain, we investigated
whether these mutations affected c-Fes membrane localization (32). COS-7 cells expressing
wild-type Fes as well as the L145P, L334P, and 2LP coiled-coil domain mutants were
immunostained with a c-Fes-specific antibody and imaged by confocal microscopy. As
shown in Figure 4, wild-type Fes as well as each of the coiled-coil mutants localized to the
cell periphery. This observation suggests that disruption of the coiled-coil domains did not
alter the integrity of the F-BAR domain in terms of its membrane-targeting function. In
addition, the images clearly show that mutation of the coiled-coil domains resulted in
localization of c-Fes to the microtubule network, similar to what was observed with the
BiFC constructs of the Fes coiled-coil domain mutants (Figure 2). One possible caveat is
that membrane-targeting mechanisms may be distinct between wild-type and mutant Fes
proteins. Based on this analysis alone, we cannot rule out that F-BAR/phosphoinositide
binding may be affected by coiled-coil mutations and that these changes may be
complemented by a targeting mechanism unique to these monomeric PTKs.

Activation does not influence wild-type c-Fes oligomerization

Results presented in Figure 2 strongly suggest that c-Fes naturally adopts an oligomeric
conformation in vivo. To evaluate the effect of kinase activation on c-Fes oligomerization in
living cells, the YFP-Fes and BiFC-Fes plasmids used in Figure 2 were co-transfected with a
plasmid encoding an active form of Hck (Hck-YF) (33). Hck is a member of the Src kinase
family expressed in myeloid cells that has been previously demonstrated to activate wild-
type c-Fes in vivo (7,9). To identify cells expressing active c-Fes, the transfected cultures
were also immunostained with a phosphospecific antibody (pFes) that recognizes
autophosphorylation of Tyr-713 in the c-Fes activation loop (23). As shown in Figure 5A,
YFP-Fes alone exhibited a diffuse cytoplasmic localization and only a trace amount of
staining with the phosphospecific antibody. On the other hand, co-expression with Hck-YF
induced strong YFP-Fes activation as judged by pFes antibody staining. In addition, active
YFP-Fes relocalized to the prominent microtubule network present in COS cells, consistent
with our previous observations (7). Paralleling results for YFP-Fes, Figure 5B shows that
cells co-expressing YN-Fes plus YC-Fes exhibited a strong BiFC signal but only a trace of
autophosphorylation indicating that wild-type c-Fes oligomers are catalytically inactive. Co-
expression with Hck-YF induced strong phosphorylation of the c-Fes oligomers at Tyr-713,
as judged by phosphospecific antibody staining. In addition, activation of c-Fes by Hck-YF
induced localization to microtubules, demonstrating that active c-Fes remains oligomeric in
living cells and moves to microtubules as an oligomer. Immunoblot analysis confirmed that
wild-type YFP-Fes, YN-Fes and YC-Fes are weakly autophosphorylated when expressed
alone, but are robustly phosphorylated in the presence of Hck-YF (Figure 5C). These results
illustrate that activation does not alter wild-type c-Fes oligomerization in living cells, as c-
Fes remains oligomeric irrespective of kinase domain autophosphorylation.

c-Fes forms coiled-coil-mediated oligomers in human colorectal cancer and chronic
myelogenous leukemia cell lines

Previous work has demonstrated that c-Fes is expressed in normal colonic epithelium as well
as myeloid hematopoietic cells, and that loss of c-Fes expression correlates with tumor
progression in both colorectal cancer and CML (4,11,34). Restoring c-Fes expression to
HCT 116 colorectal cancer and K-562 CML cells results in a growth-suppressive effect
(3,4,11). To determine whether c-Fes forms oligomeric complexes in these biologically
relevant cellular contexts, BiFC analysis was performed using wild-type c-Fes and the
double coiled-coil c-Fes mutant (2LP) as a negative control. Transient expression of the YN-
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and YC-Fes fusion proteins as well as the YFP-Fes control was achieved in HCT 116 cells
using the pIRES vector system. Figure 6A shows that wild-type c-Fes exhibited strong
BiFC-dependent fluorescence similar to the YFP-Fes control in HCT 116 cells. The diffuse
cytoplasmic BiFC signal was observed in nearly 50% of the cells (Figure 6B), consistent
with the results in COS7 cells. On the other hand, the 2LP coiled-coil mutant reduced the
BiFC fluorescence intensity to less than 10% in HCT 116 cells (Figure 6B). Together, these
results indicate that c-Fes forms oligomers in colorectal carcinoma cells in a coiled-coil-
dependent fashion.

Immunoblots were performed on HCT 116 cell lysates to verify the expression and
activation status of the c-Fes fusion proteins. As shown in Figure 5C, the YFP, YN, and YC
fusion proteins of both the wild-type and 2LP c-Fes proteins are clearly present.
Interestingly, immunoblots of the same cell extracts with the c-Fes phosphospecific antibody
(pFes) show that wild-type c-Fes is strongly phosphorylated on activation loop tyrosine
residue Tyr-713. This is in contrast to transfected COS-7 cells, where wild-type c-Fes
autophosphorylation is downregulated in comparison to the coiled-coil domains mutants
[Figures 4 and 5; see also Ref. (7)]. Activation of wild-type c-Fes in transfected colon
carcinoma cells may be due to direct phosphorylation by Src-family kinases, which are often
constitutively active in colorectal cancer cells (35).

In K-562 CML cells, we were unable to detect translation of the YN-Fes protein from the
PIRES plasmid (data not shown). To analyze c-Fes oligomerization in this cell line,
therefore, separate expression vectors encoding the YN-Fes and Y C-Fes fusion proteins
were co-transfected together with an RFP expression plasmid to monitor transfection
efficiency. As in previous experiments, wild-type and 2LP mutant YFP-Fes fusion proteins
were included as controls. As shown in Figure 7A, K-562 cells co-expressing the wild-type
c-Fes BiFC partners exhibited strong cytoplasmic fluorescence, similar to that observed with
the YFP-Fes control. The BiFC signal intensity was observed in greater than 60% of the
transfected cells (Figure 7B). In contrast, BiFC analysis of the Fes-2LP mutant reduced the
fluorescence complementation intensity to nearly 10%, indicating that c-Fes oligomerization
is coiled-coil-dependent in cells of myeloid lineage. Transfected cells were readily identified
in the BiFC-2LP cell population, as indicated by strong fluorescence from the RFP control.
Immunoblot analysis of cell lysates verified expression of the YN-, YC- and YFP-Fes fusion
proteins in each of the transfected cell populations (Figure 7C). Immunoblots with the pFes
phosphospecific antibody showed that wild-type YFP-Fes autophosphorylation was
repressed in K-562 cells, but strongly activated by the double coiled-coil (2LP) mutation. In
K-562 cells expressing the c-Fes BiFC partners, a low level of autophosphorylation was
observed with wild-type c-Fes which was enhanced with the YN- and YC-Fes 2LP mutants,
consistent with the results in COS-7 cells.

Oligomerization-defective Fes mutants transphosphorylate kinase-dead Fes

One additional mechanistic issue involves whether or not loss of oligomerization function,
while resulting in kinase domain upregulation, affects intermolecular autophosphorylation.
To test this, COS-7 cells were co-transfected with wild-type Fes or each of the three coiled-
coil domain mutants together with a kinase-defective Fes mutant (Fes-KE) as a potential
phosphoacceptor. N-terminal YFP fusions of the wild-type and coiled-coil domain Fes
proteins were used to allow separation from Fes-KE by SDS-PAGE. Immunoblot analyses
were performed with antibodies to the Fes protein to verify expression as well as the
phosphospecific Fes antibody to detect phosphoryation of the kinase domain activation loop.
As shown in Figure 8, all three of the active point mutants, despite lacking functional coiled-
coil domains, were able to transphosphorylate Fes-KE. These data suggest that active Fes
does not require functional coiled-coil domains to induce activation of other Fes molecules
via trans-phosphorylation of the activation loop. This result is consistent with our
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observation that Src family kinases, which lack coiled-coil domains, can also activate Fes by
direct transphosphorylation [e.g. Figure 5 and Refs. (7,9)] However, these data are still
consistent with an important role for the coiled-coil domains in the negative regulation of
Fes activity (see Discussion).

Discussion

The non-receptor protein-tyrosine kinases encoded by the three classic tyrosine kinase proto-
oncogenes, c-Src, c-Abl, and c-Fes, are strictly regulated with respect to kinase activity in
vivo. In the case of the c-Src and c-Abl, extensive X-ray crystallographic studies have
provided tremendous insight as to the structural mechanisms responsible for downregulation
of kinase activity in vivo (15,36). In both cases, intramolecular interactions cause these
kinases to adopt a monomeric, downregulated conformation. In contrast, no structural
information is available for the full-length c-Fes kinase, and the mechanism responsible for
suppression of its kinase activity in vivo remains unclear. Previous work from our laboratory
has implicated the coiled-coil domains as key regulators of c-Fes kinase activity in vivo, and
initially led us to a model in which c-Fes self-regulates its kinase activity through coiled-
coil-mediated monomer (inactive) to oligomer (active) transition (3,5,23). Prior to our study,
however, the oligomeric nature of c-Fes had not been directly examined in living cells, and
no evidence for the putative inactive monomer existed.

In this study, we explored c-Fes oligomerization in live cells by developing a YFP
bimolecular fluorescence complementation (BiFC) assay, based on previous work of
Kerppola and colleagues for the analysis of transcription factors that also contain coiled-coil
oligomerization domains (21,22). Here we establish for the first time that c-Fes, unlike c-Src
and c-Abl, is a constitutive oligomer in living cells. Using COS-7 cells as a model system,
we used BiFC to demonstrate that wild-type c-Fes adopts an oligomeric conformation
irrespective of kinase domain autophosphorylation. Fluorescence resonance energy transfer
(FRET) analyses, which require interacting partners to be separated by 10-100 A (37), were
also performed, but did not provide clear results (data not shown). Thus, for proteins such as
c-Fes, where the structural basis for interactions is not known, BiFC provides an ideal
alternative because protein-protein interactions can be detected when partners are separated
by distances greater than 100 A (21).

Using previously described point mutations that disrupt the function of each major c-Fes
domain (5,7,20), we determined that both coiled-coil domains are required for
oligomerization in living cells. Mutation of either coiled-coil domain alone or together (2LP)
substantially reduced the percentage of oligomeric c-Fes molecules (Figure 3). This result
agrees with previous gel-filtration experiments using the same mutations in the context of a
shorter c-Fes N-terminal protein construct encompassing only the coiled-coils and the
intervening protein sequence (5). In these prior studies, mutation of both coiled-coils was
required for elution of the recombinant protein as a monomer. In contrast to the coiled-coil
domains, disruption of either SH2 function (R483L) or kinase activity (K590E) was without
effect on oligomerization, as both of these mutants formed oligomers with BiFC efficiencies
similar to wild-type c-Fes in vivo (Figure 3). Previous chemical cross-linking studies have
also suggested that the SH2 and kinase domains are not involved in the oligomerization of c-
Fes (19).

Upon establishing the coiled-coil domains as mediators of c-Fes oligomerization in living
cells, we next assessed whether c-Fes also form oligomers in cell lines where it has been
shown to produce a biological effect. Previous studies have demonstrated that re-expression
of c-Fes suppresses anchorage-independent growth of HCT 116 colorectal cancer cells and
causes growth arrest and terminal differentiation in K-562 CML cells (3,4,11). In these cell
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lines, we determined that wild-type c-Fes forms coiled-coil mediated oligomers (Figures 6
and 7), paralleling our results in COS-7 cells and strongly suggesting that oligomerization is
essential to c-Fes function. Unexpectedly, wild-type c-Fes was also found to be
constitutively autophosphorylated upon expression in HCT 116 cells (Figure 6C). This
observation may be due to the presence of active Src-family kinases in colorectal cancer cell
lines (35), which can directly activate c-Fes by phosphorylating its activation loop tyrosine
residue (Figure 5) (7).

With the surprising revelation that c-Fes intrinsically adopts an oligomeric conformation
regardless of the activation status of its kinase domain, the question remains as to what
mechanism governs the tight regulation of c-Fes catalytic activity in vivo. c-Fes may self-
regulate its catalytic activity through conformational changes involving interplay of the
unique N-terminal region and SH2-kinase unit, an idea originally suggested by Greer (1).
When c-Fes is inactive, the coiled-coil domains may lock c-Fes in a conformation that
hinders the association of the SH2 domain with the kinase domain. In response to upstream
stimuli, such as proteins that bind to the coiled-coils in trans (38,39), the conformational
restraints imparted by the coiled-coil domains may be disrupted, enabling the SH2 domain
to interact with and prime the c-Fes kinase domain for trans-autophosphorylation and
cellular signaling. This revised model suggests that small molecules designed to specifically
bind to the coiled-coil domains may be potent c-Fes agonists. Such molecules may have
utility in the differentiation therapy of tumor cells where the c-Fes protein is expressed but
its catalytic activity is repressed. The proposed role of the SH2 domain in this model of c-
Fes regulation strikes a contrast to that of Src-family kinases, where SH2 is essential for
negative regulation of kinase activity (15).

Support for the activation mechanism described above comes from several previous studies
as well as new data presented here. First, deletion of the c-Fes SH2 domain has been shown
to diminish autophosphorylation and substrate phosphorylation both in vitro and in cell-
based assays (23,40). Furthermore, an intact SH2 domain is required for c-Fes biological
activity (fibroblast transformation), as an activated c-Fes variant (myristoyl-Fes) can be
rendered biologically inert by SH2 domain deletion or substitution with a heterologous SH2
domain (18). Second, c-Fes has been shown to bind directly to its own SH2 domain (40),
and this interaction is mediated at least in part by the kinase domain (T. Smithgall,
unpublished results). In addition, early studies involving a viral counterpart of c-Fes (v-Fps)
suggest that the SH2 domain interacts in cis with the kinase domain to form the active
kinase conformation (2). Mild proteolysis of v-Fps released a stable globular fragment
containing the SH2 and kinase domains, consistent with the idea that SH2-kinase domain
interaction is essential for full kinase activity (41,42).

Very recently, the X-ray crystal structure of the c-Fes SH2-kinase region has been solved
(43). This structure reveals that the SH2 domain indeed makes multiple contacts with the N-
terminal lobe of the kinase domain, including the critical aC helix involved in
conformational regulation of the active site. Mutagenesis of key residues at the SH2:kinase
interface dramatically reduced kinase activity, firmly establishing that c-Fes kinase domain
function is dependent upon interaction with the SH2 domain. When considered in the
context of the full-length structure, it is reasonable to postulate that N-terminal sequences
may interfere with the formation of this positive regulatory interface, thus repressing kinase
activity. Along these lines, data presented in Figure 4 show that mutational disruption of the
N-terminal coiled-coil domains causes a complete loss of oligomerization (no BiFC signal),
yet result in very strong kinase domain autophosphorylation as well as c-Fes movement to
the microtubule network. Note that our previous work has established that microtubule
association of c-Fes correlates strongly with kinase activation in COS cells (7). Thus the
coiled-coil domains contribute not only to oligomerization, but also to repression of kinase

Biochemistry. Author manuscript; available in PMC 2011 November 22.



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

1duasnuey Joyiny vd-HIN

Shaffer et al.

Page 10

activity, possibly by affecting the SH2:kinase domain interaction described above. In
addition, the findings that oligomerization-defective, active mutants of Fes as well as
oligomerization-competent wild-type Fes activated by Hck all localize to microtubules show
that microtubule localization, while activity-dependent, does not require oligomerization.

Alternatively, catalytic activation of c-Fes may involve an equilibrium shift from lower-
order to higher-order oligomers. Cross-linking studies suggest that c-Fes forms trimers,
while gel-filtration experiments support the existence of oligomers as large as pentamers
(19). Note that the BiFC analysis used here cannot distinguish between individual
oligomerization states, and cannot rule out the presence of Fes monomers in cells. Rather,
BiFC only reports in a binary fashion as to whether or not c-Fes has interacted with itself in
vivo. While further clarification of the contribution of oligomerization to c-Fes catalytic
activity and biological function is required, it is tempting to speculate that c-Fes is primed
for autophosphorylation and signaling through the constitutive oligomeric nature imparted
upon its overall structure by its unique N-terminal coiled-coil oligomerization domains.
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Figure 1.

c-Fes constructs and BiFC experimental design. A) The structure of the wild-type (WT) c-
Fes protein is shown at the top, which includes a unique N-terminal region harboring a Fes/
CIP4 homology (FCH) domain, two coiled-coil homology motifs (CC1 and CC2), a central
SH2 domain, and a C-terminal kinase domain. The FCH and CC1 domains together
constitute an F-BAR domain. Coiled-coil domain mutants include leucine to proline
substitutions in CC1 (L145P) and CC2 (L334P), as well as the corresponding double mutant
(2LP). c-Fes proteins with inactivating mutations in the SH2 domain (R483L) as well as the
kinase domain (K590E) are also shown. B) pIRES YFP BiFC system. The coding sequences
for c-Fes were fused in frame with the nucleotide sequences of the N-terminal portion of
YFP (encoding amino acids 1-154) to create the YN-Fes fusion protein and to the sequences
of the C-terminal part of YFP (encoding amino acids 155-238) to create YC-Fes. The
resulting c-Fes fusion proteins were subcloned into the pIRES vector as shown. Use of the
IRES construct ensures simultaneous expression of both YN-Fes and Y C-Fes BiFC partners
from the same transcript as shown.
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Figure 2.

Wild-type c-Fes forms oligomers in living cells. COS-7 cells were transfected with plasmids
encoding YFP-Fes, YN-Fes alone, YC-Fes alone, and YN-Fes + YC-Fes (BiFC-Fes).
Twenty hours after transfection, cells were incubated at room-temperature for 2 hours and
either fixed and immunostained with a c-Fes-specific antibody or lysed for immunoblot
analysis. A) Fluorescent images of representative cells expressing YFP-Fes, YN-Fes, YC-
Fes, and BiFC-Fes. YFP-Fes, YN-Fes, YC-Fes, and BiFC-Fes proteins were examined for
YFP fluorescence (top row). Secondary antibodies conjugated to Alexa Fluor 594 were used
to visualize transfected cells immunoreactive for the c-Fes antibody (bottom row). YFP/
BiFC and Alexa Fluor 594 are represented as green and red, respectively. B) BiFC
fluorescence intensity was normalized to the total c-Fes fluorescence intensity as determined
by antibody staining using Metamorph (version 7.5.6). Each experiment was repeated in
triplicate and the results are presented as the mean ratios = S.D. C) Lysates from the
transfected cell populations shown in part A were analyzed by immunoblotting with
antibodies to c-Fes (top) and to actin as a loading control (bottom). The arrows indicate the
positions of the YFP-Fes (YFP), YN-Fes (YN), and YC-Fes (YC) fusion proteins. D) High
magnification images (600x) reveal subcellular localization of BiFC-Fes. BiFC-Fes proteins
were examined for YFP fluorescence (left panel) and immunoreactivity to a c-Fes antibody
(center panel); a merged image is shown as well (right panel).
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Coiled-coil homology domains mediate c-Fes oligomerization in vivo. Plasmids encoding
wild-type, L145P, L334P, 2LP, R483L, and K590E c-Fes BiFC partners (YN and YC
fusions; see Figure 1) were transiently expressed in COS-7 cells. Twenty-hours after
transfection, cells were incubated at room-temperature for 2 hours and either fixed and
stained with a c-Fes-specific antibody or lysed for immunoblot analysis. A) Representative
fluorescent images of cells expressing the c-Fes BiFC partners for each of the point mutants
shown as well as the wild-type (WT) control (top). Secondary antibodies conjugated to
Alexa Fluor 594 were used to visualize c-Fes-positive immunostained cells. The BiFC signal
and Alexa Fluor 594 fluorescence are represented as green and red, respectively. Images
were recorded at 400x magnification. B) BiFC fluorescence intensity was normalized to the
total c-Fes fluorescence intensity using Metamorph (version 7.5.6). Each experiment was
repeated three times, and the results are presented as the mean ratios = S.D. C) Lysates from
the transfected cell populations shown in part A were analyzed by immunoblotting for c-Fes
protein (top), c-Fes autophosphorylation (pFes; middle) and actin as a loading control
(bottom). The arrows indicate the positions of the YN-Fes (YN), and YC-Fes (YC) fusion
proteins.
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Figure 4.

Coiled-coil domain mutations do not alter plasma membrane localization of c-Fes. Wild-
type c-Fes, as well as the L145P, L334P, and 2LP coiled-coil domain mutants were
transiently expressed in COS-7 cells as YFP fusion proteins. Twenty hours later, cells were
fixed and stained with a c-Fes-specific antibody. Secondary antibodies conjugated to Alexa
Fluor 594 were used to visualize c-Fes-positive cells. Representative images are shown.
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Figure 5.

Active wild-type c-Fes remains oligomeric in vivo. Wild-type YFP-Fes and c-Fes BiFC
fusion vectors were transiently expressed in COS-7 cells. Cells were also co-transfected with
an active form of the Src family kinase Hck as indicated. The active form of Hck in these
experiments has a phenylalanine substitution for the negative regulatory tyrosine in the C-
terminal tail (Hck-YF). Twenty hours later, cells were incubated at room-temperature for 2
hours and either fixed and stained with c-Fes phosphospecific antibodies or lysed for
immunoblot analysis. Note that cells expressing active Hck alone do not cross-react with the
c-Fes phosphospecific antibody (data not shown). A) Representative fluorescent images of
COS-7 cells expressing YFP-Fes plus and minus (Con) active Hck. Secondary antibodies
conjugated to Texas Red were used to visualize pFes staining. YFP-Fes and Texas red
(pFes) fluorescence are represented as green and red, respectively. Images were recorded at
400x magnification. B) Representative fluorescent images of COS-7 cells expressing BiFC-
Fes (YN-Fes & YC-Fes) plus and minus (Con) Hck. The BiFC-Fes fluorescent signal
(BiFC) and Texas red (pFes) fluorescence are represented as green and red, respectively.
Images were recorded at 400x magnification. C) Immunaoblot analyses of cell lysates from
part A for c-Fes protein levels (Fes) and c-Fes autophosphorylation with the phosphospecific
antibody (pFes); arrows indicate the position of YFP-Fes (YFP), YN-Fes (YN), and YC-Fes
(YC). Blots were also performed for Hck protein expression and actin as a loading control.
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Coiled-coil-dependent oligomerization of c-Fes in HCT 116 colorectal carcinoma cells.

HCT 116 cells were transfected with plasmids encoding wild-type c-Fes or the double

coiled-coil domain mutant (2LP) as YFP fusions or as BiFC partners using the pIRES vector
shown in Figure 1. Twenty hours after transfection, cells were incubated at room
temperature for 2 hours and either fixed and stained with a c-Fes-specific antibody or lysed
for immunoblot analysis. A) Representative fluorescent images of cells expressing wild-type
YFP-Fes (YFP-WT) or the corresponding BiFC partners (BiFC-WT) as well as the YFP
fusion of the coiled-coil domain double mutant (YFP-2LP) or the BiFC partners of this
mutant (BiFC-2LP). Secondary antibodies conjugated to Alexa Fluor 594 were used to
visualize Fes-positive immunostained cells. YFP/ BiFC and Alexa Fluor 594 fluorescence
are represented as green and red, respectively. Images were recorded at 40x magnification.
B) BiFC fluorescence intensity was normalized to the total c-Fes fluorescence intensity
using Metamorph (version 7.5.6). Each experiment was repeated twice, and the results are
presented as the mean ratios + S.D. C) Lysates from the transfected cell populations shown

in part A were analyzed by immunoblotting for c-Fes protein (top), c-Fes

autophosphorylation (pFes; middle) and actin as a loading control (bottom). The arrows

indicate the positions of the YFP-Fes (YFP), YN-Fes (YN), and YC-Fes (YC) fusion

proteins.
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Figure 7.

Coiled-coil-dependent oligomerization of c-Fes in K562 chronic myelogenous leukemia
cells. K-562 cells were transfected with individual plasmids encoding wild-type c-Fes or the
double coiled-coil domain mutant (2LP) as YFP fusions or as BiFC partners (YN-Fes + YC-
Fes fusions). Cells were co-transfected with RFP as a marker for transfection efficiency. A)
Representative fluorescent images of cells expressing wild-type YFP-Fes (YFP-WT) or the
corresponding BiFC partners (BiFC-WT) as well as the YFP fusion of the coiled-coil
domain double mutant (YFP-2LP) or the BiFC partners of this mutant (BiFC-2LP). YFP/
BiFC and RFP fluorescence are represented as green and red, respectively. Images were
recorded at 40x magnification. B) BiFC intensity was normalized to RFP intensity (a marker
of transfection efficiency) using Metamorph version 7.5.6. Each experiment was repeated
twice, and the results are presented as the mean ratios + S.D. C) Lysates from the transfected
cell populations shown in part A were analyzed by immunoblotting for c-Fes protein (left),
c-Fes autophosphorylation (pFes; right top) and actin as a loading control (right bottom).
The arrows indicate the positions of the YFP-Fes (YFP), YN-Fes (YN), and YC-Fes (YC)
fusion proteins.
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Figure 8.

Oligomerization-defective Fes mutants transphosphorylate kinase-dead Fes. COS-7 cells
were transfected with a kinase-defective Fes mutant in which the conserved arginine in the
ATP-binding site was replaced with glutamate (KE) either alone or together with N-terminal
YFP fusions of wild-type Fes (YFP-WT), the L145P mutant (YFP-L145P), the L334P
mutant (YFP-L334P) or the double coiled-coil domain mutant (YFP-2LP). Lysates from the
transfected cells were analyzed by immunoblotting for c-Fes activation loop tyrosine
phosphorylation (pFes; top), Fes protein (Fes; middle) and actin as a loading control
(bottom). The arrows indicate the positions of the YFP-Fes fusion proteins as well as Fes-
KE. This experiment was repeated three times with comparable results.
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