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ABSTRACT: Asef2, a 652-amino acid protein, is a guanine nucleotide
exchange factor (GEF) that regulates cell migration and other
processes via activation of Rho family GTPases, including Rac.
Binding of the tumor suppressor adenomatous polyposis coli (APC)
to Asef2 is known to induce its GEF activity; however, little is
currently known about other modes of Asef2 regulation. Here, we
investigated the role of phosphorylation in regulating Asef2 activity
and function. Using high-resolution mass spectrometry (MS) and
tandem mass spectrometry (MS/MS), we obtained complete coverage
of all phosphorylatable residues and identified six phosphorylation
sites. One of these, serine 106 (S106), was particularly intriguing as a
potential regulator of Asef2 activity because of its location within the
APC-binding domain. Interestingly, mutation of this serine to alanine
(S106A), a non-phosphorylatable analogue, greatly diminished the
ability of Asef2 to activate Rac, while a phosphomimetic mutation (serine to aspartic acid, S106D) enhanced Rac activation.
Furthermore, expression of these mutants in HT1080 cells demonstrated that phosphorylation of S106 is critical for Asef2-
promoted migration and for cell-matrix adhesion assembly and disassembly (adhesion turnover), which is a process that
facilitates efficient migration. Collectively, our results show that phosphorylation of S106 modulates Asef2 GEF activity and
Asef2-mediated cell migration and adhesion turnover.

KEYWORDS: mass spectrometry, phosphoproteomics, phosphorylation site mapping, guanine nucleotide exchange factors,
Rho family GTPases, Rac, cell migration, adhesion dynamics

■ INTRODUCTION

Cell migration is a complex, actin-dependent process that plays
a central role in embryonic development and wound healing.1

The tightly controlled signaling pathways that mediate cell
migration can be altered in pathological states, such as tumor
metastasis and atherosclerosis.2,3 Cell migration involves several
canonical steps: the extension of actin-rich protrusions, the
assembly of nascent adhesions at the leading edge, the
translocation of the cell body, and the retraction of the rear
of the cell.4 The assembly of leading edge adhesions, which are
sites of contact between cells and the extracellular matrix,
stabilizes protrusions and provides traction to propel the
forward movement of cells.4−6 Once formed, nascent adhesions
can disassemble, or they can continue to grow into larger, more
stable adhesions.7,8 The constant assembly and disassembly of
leading edge adhesions, termed adhesion turnover, is crucial for
efficient cell migration7,9 but not well understood on a
molecular level.
Small GTPases that comprise the Rho family, including Rho,

Rac, and Cdc42, are key modulators of cell migration through

their ability to regulate processes underlying migration, such as
adhesion assembly, disassembly, and maturation.1,10−12 Rho
family GTPases, like other small GTPases, function by cycling
between a GTP-bound active form and a GDP-bound inactive
form.13 This cycling is dependent on GEFs that catalyze the
exchange of GDP for GTP and GTPase activating proteins
(GAPs), which promote the hydrolysis of GTP.14−17 Upon
activation by GEFs, the Rho GTPases, in turn, activate a series
of downstream effector proteins that regulate adhesion and
actin dynamics.12,18,19 While the role of the Rho GTPases in
regulating cell migration has been studied, less is known about
the function of the various GEFs and GAPs in modulating
migration and its underlying processes.
Asef2 is a recently discovered GEF that has been implicated

in the regulation of cell migration.20−22 This 652-amino acid
protein is composed of several functional domains: an APC-
binding region (ABR), a Src homology 3 (SH3) domain, a Dbl
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homology (DH) domain, and a pleckstrin homology (PH)
domain.20 The DH domain mediates GTP exchange for Rac
and Cdc42, while the PH domain is most likely involved in
membrane localization.20−22 The ABR and SH3 domains work
in concert to regulate Asef2 activity.20 Asef2 exists in an
autoinhibited conformation that prevents nucleotide exchange
by the DH domain; once the tumor suppressor APC binds to
the tandem ABR and SH3 domains, Asef2 undergoes a
conformational change that stimulates its GEF activity.20,23,24

While the mechanism of APC binding to Asef2 and relieving
autoinhibition has been studied,20 little is currently known
about other potential modes of Asef2 regulation. For example,
post-translational modification of Asef2 is one possible avenue
of modulating its activity and function. The addition of
chemical moieties, such as acetyl, phosphate, or glycosyl groups,
to a protein is a common mechanism for altering its
conformation, localization, and activity.25 Indeed, it has
previously been shown that phosphorylation of GEFs is
necessary for proper function.26−28 These data point to a
possible role for phosphorylation in regulating Asef2 activity
and function.
Here, we describe the identification of phosphorylation sites

in Asef2 using a liquid chromatography−mass spectrometry
(LC−MS) approach consisting of high-mass-resolution Orbi-
trap MS, data-dependent tandem MS (MS/MS), multiple
protease and denaturing strategies, and bioinformatics-based
peptide and protein assignments.29 This methodology yielded a
94.5% sequence coverage and identified six sites of phosphor-
ylation. The portion of the sequence that was not covered does
not contain serine, threonine, or tyrosine residues; therefore,
100% coverage of possible phosphorylatable sites was achieved.
The majority of these sites are clustered in the N-terminus of
Asef2; one site (S106) is located in the ABR domain,20,21

suggesting that it could regulate Asef2 activity. Indeed, we show
that S106 phosphorylation is crucial for Asef2-promoted Rac
activation, cell migration, and adhesion turnover, pointing to a
new regulatory mechanism for Asef2 activity and function.

■ MATERIALS AND METHODS

Reagents and Plasmids

Mouse IgG agarose, FLAG M2-agarose affinity gel, FLAG
peptide (DYKDDDDK), FLAG monoclonal antibody (clone
M2), and fibronectin were obtained from Sigma (St. Louis,
MO). Sodium vanadate was purchased from Fischer Scientific
(Fairlawn, NJ), and calyculin A was obtained from EMD
Millipore (Billerica, MA). Peroxovanadate was prepared as
previously described.29 Glutathione sepharose beads were
purchased from GE Healthcare Life Sciences (Piscataway,
NJ). Phosphoserine polyclonal antibody (catalog number 61-
8100) was obtained from Life Technologies (Grand Island,
NY). GFP-Asef2 was generated by cloning human Asef2
(accession number: NM_153023.2) into EGFP-C3 vector
(Clontech, Mountain View, CA) at EcoRI sites as previously
described.22 FLAG-CFP was prepared as previously de-
scribed,29 and FLAG-CFP-Asef2 was generated by inserting
human Asef2 into the FLAG-CFP vector at EcoRI sites. Asef2
serine 106 mutants were created via site-directed mutagenesis
using the following primers: serine 106 to alanine (Asef2-
S106A), forward (5′-GGTACTGAGCCCGCTGCCTT-
AGTGGAT-3′) and reverse (5′-ATCCACTAAGGCAGC-
GGGCTCAGTACC-3′); serine 106 to aspartic acid (Asef2-
S106D), forward (5′-GGTACTGAGCCCGATGCCTT-

AGTGGAT-3′) and reverse (5′-ATCCACTAAGGCATC-
GGGCTCAGTACC-3′). mCherry-paxillin was a generous
gift from Steve Hanks (Vanderbilt University, Nashville, TN).

Cell Culture and Transfection

HT1080 fibrosarcoma cells and human embryonic kidney 293
(HEK293) cells were cultured in Dulbecco’s Modified Eagle
medium (DMEM, Life Technologies, Grand Island, NY),
which was supplemented with 10% fetal bovine serum (FBS;
Thermo Scientific, Waltham, MA) and penicillin/streptomycin
(Life Technologies, Grand Island, NY). These cells were
maintained in an incubator with 5% carbon dioxide (CO2) at
37 °C. Cells were transiently transfected with appropriate
cDNAs using Lipofectamine 2000 (Life Technologies, Grand
Island, NY) according to the manufacturer’s instructions.

Protein Purification

HEK293 cells were cultured in eight 150 mm dishes (Corning,
Tewksbury, MA) for 24 h and then transfected with FLAG-
CFP-Asef2 cDNA (12 μg per dish). After approximately 40 h,
cells were treated with 1 mM peroxovanadate and 50 nM
calyculin A for 10 min and then extracted with 25 mM Tris, 137
mM NaCl, 1% NP-40, 10% glycerol, and 2 mM EDTA (pH
7.4) containing a protease inhibitor cocktail (Sigma, St. Louis,
MO; catalogue number P2714) for 30 min on ice. The lysate
was precleared with mouse IgG agarose for 1 h at 4 °C with
end-over-end mixing; the lysate was then precleared a second
time by overnight incubation with IgG agarose. After
preclearing, the lysate was incubated with FLAG-agarose for
2 h at 4 °C with end-over-end mixing, and the beads were
washed three times (15 min each, 4 °C) with 25 mM Tris and
100 mM NaCl (pH 7.4). FLAG-CFP-Asef2 protein was eluted
from the beads by incubation with 0.2 mg/mL FLAG peptide
suspended in 25 mM Tris and 100 mM NaCl (pH 7.4) for 30
min at 4 °C; this elution was repeated, and the eluates were
pooled. The eluate was subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on a 10% slab,
followed by staining with Coomassie Brilliant Blue R-250
(EMD Millipore, Billerica, MA) to determine the protein
purity.
To examine serine phosphorylation, HEK293 cells from a

single 150 mm dish per condition were transfected with 8 μg of
either FLAG-CFP or FLAG-CFP-Asef2 cDNAs and were
immunoprecipitated using the aforementioned protocol. The
eluates were subjected to SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were incubated with
either phosphoserine polyclonal antibody or M2 FLAG
monoclonal antibody, followed by incubation with AlexaFluor
680 antirabbit IgG (Life Technologies, Grand Island, NY) or
IRDye 800 antimouse IgG (Rockland Immunochemicals Inc.,
Gilbertsville, PA). Membranes were scanned with a LI-COR
Odyssey Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE).

Enzymatic Proteolysis

Purified Asef2 was separated into three aliquots containing
equal amounts of protein and was subjected to enzymatic
digestion using trypsin, chymotrypsin, and Glu-C proteases
(Promega, Madison, WI), as described previously.29 Briefly,
approximately 5 μg of purified Asef2 was resuspended in 75 μL
of 25 mM ammonium bicarbonate and was aliquoted into three
25 μL samples containing approximately 1.7 μg of protein.
Reduction and alkylation of cysteine sulfhydryl groups were
performed by the addition of 1.5 μL of 45 mM dithiothreitol
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(DTT) and incubation for 30 min at 55 °C, followed by the
addition of 2.5 μL of 100 mM iodoacetamide (IAM) and
incubation in darkness for 30 min at room temperature.
Digestion was performed by adding 42 ng of trypsin,
chymotrypsin, or Glu-C at a ratio of 1:40 protease/protein
(w/w), followed by incubation at 37 °C for 16, 4, and 6 h,
respectively. To quench proteolysis, 1 μL of 88% formic acid
was added. The digested material was lyophilized and
reconstituted in 25 μL of 0.1% formic acid for LC−MS analysis.
Two additional trypsin digestions were performed at strongly

denaturing conditions using heat and organic solvent. Both
samples contained approximately 2 μg of purified and aliquoted
protein. For denaturation by heat, the sample was reconstituted
with 25 mM ammonium bicarbonate and denatured for 15 min
at 90 °C. For denaturation by high organic solvent, the
respective sample was reconstituted with 20 μL of acetonitrile
(HPLC grade) and 5 μL of 25 mM ammonium bicarbonate to
achieve a solution of 80% acetonitrile.30,31 Both samples were
treated with DTT and IAM as described above to reduce and
alkylate cysteine sulfhydryl groups. Digestion was performed by
adding 52 ng (1:40 protease/protein, w/w) of trypsin
(Promega, Madison, WI) to each sample. The high organic
solvent digestion (referred to as TrypsinOrg) was stopped after 1
h of incubation at 37 °C, while the high temperature denatured
digestion (referred to as TrypsinTemp) was allowed to proceed
for 16 h at 37 °C. The digestions were quenched, dried, and
reconstituted as described above.

LC−MS/MS

Initial digestions of Asef2 were loaded onto a reverse-phase
capillary trap column using a helium-pressurized cell (pressure
bomb). The trap column (360 μm OD × 150 μm ID) was
fitted with a filter end-fitting (IDEX Health & Science, Oak
Harbor, WA) and packed with 4 cm of C18 reverse phase
material (Jupiter, 5 μm beads, 300 Å; Phenomenex, Torrance,
CA). After sample loading, an M-520 microfilter union (IDEX
Health & Science) was used to connect the trap column to a
capillary analytical column (360 μm OD × 100 μm ID)
equipped with a laser-pulled emitter tip and was packed with 20
cm of C18 material (Jupiter, 3 μm beads, 300 Å; Phenomenex,
Torrance, CA). Peptides were gradient-eluted at a flow rate of
500 nL/min using an Eksigent NanoLC Ultra HPLC, and the
mobile phase solvents consisted of 0.1% formic acid, 99.9%
water (solvent A) and 0.1% formic acid, 99.9% acetonitrile
(solvent B). The gradient consisted of the following: 2−45% B
in 40 min, 45−90% B in 10 min, 90% B for 5 min, 90−2% B in
10 min. Subsequent trypsin digestions of Asef2 were loaded
directly onto the capillary analytical column using the Eksigent
NanoLC Ultra HPLC and autosampler, and the same reverse
phase gradient was performed. Upon gradient-elution, peptides
were mass analyzed on a LTQ Orbitrap Velos mass
spectrometer (Thermo Scientific, San Jose, CA) equipped
with a nanoelectrospray ionization source. The instrument was
operated using a data-dependent method with dynamic
exclusion enabled. Full scan (m/z 300−2000) spectra were
acquired with the Orbitrap as the mass analyzer (resolution 60
000), and the top 10 most abundant ions in each MS scan were
selected for fragmentation in the LTQ. An isolation width of 2
m/z, activation time of 10 ms, and normalized collision energy
of 35% were used to generate MS/MS spectra. The MSn AGC
target value was set to 1 × 104, and the maximum injection time
was 100 ms.

Bioinformatics

For peptide identification, tandem mass spectra were converted
into DTA files using Scansifter and searched using a custom
version of SEQUEST (Thermo Fisher Scientific, San Jose, CA)
on the Vanderbilt ACCRE Linux cluster against a concatenated
forward and reversed (decoy) database containing the Homo
sapiens subset of the UniProtKB (www.uniprot.org) protein
database, which was appended with the Asef2 sequence
containing the PCR fragment “IRL” prior to the N-terminus
methionine (shown in Supporting Information) for improved
coverage of the N-terminus of Asef2. The chymotrypsin
digestion was searched with nonspecific protease conditions.
A maximum of three missed cleavages was allowed for trypsin
digests, where cleavage was restricted to the C-terminal side of
arginine (R) and lysine (K) residues, and six missed cleavages
were allowed for Glu-C with cleavage restricted to the C-
terminal side of glutamic acid (E) residues. Spectra were
searched using a 2.5 Da mass tolerance for the precursor
peptide mass, and parameters were set to search for
monoisotopic masses of the product ions. Allowable variable
modifications were limited to carbamidomethyl derivatization
of cysteine, oxidation of methionine, and phosphorylation of
serine, tyrosine, and threonine. Scaffold version 4.3.2
(Proteome Software Inc., Portland, OR) was used to visualize
and validate peptide and protein identifications based on MS/
MS data. A minimum probability threshold of 95% was
required for peptide identifications; however, most peptides
achieved probabilities of 99% or greater. For protein
identification, the minimum requirements were four identified
peptides per protein and a protein probability threshold of
99%.32,33 For all samples, the decoy false discovery rates (FDR)
were 0.0% at the protein level and 0.00% at the peptide level.
Identifications made to Asef2 were based on the sequence
associated with accession number A2VEA_HUMAN, and Asef2
was identified in all samples with 100% probability. All potential
peptides and phosphopeptides achieving the minimum
probability threshold were manually validated, and MS/MS
spectra for all peptides are provided in the Supporting
Information. Additionally, several peptides not found by the
bioinformatics were manually identified and validated. These
peptides are noted in the Supporting Information, as well.

Migration Analysis and Microscopy

HT1080 cells were transfected with 1.5 μg of GFP, GFP-Asef2,
GFP-Asef2-S106A, or GFP-Asef2-S106D cDNAs and were
incubated for 24 h at 37 °C. Subsequently, the cells were plated
on tissue culture dishes that were coated with 5 μg/mL
fibronectin (diluted in Dulbecco’s Phosphate Buffered Saline
(DPBS, Life Technologies, Grand Island, NY)) and allowed to
adhere for 1 h at 37 °C. Prior to imaging, the culture medium
was replaced with SFM4MAb medium (Hyclone, Logan, UT)
supplemented with 2% FBS. Images were obtained every 5 min
for 6 h using an inverted Olympus IX71 microscope (Melville,
NY) with a Retiga EXi CCD camera (QImaging, Surrey, BC), a
10× objective (NA 0.3), and MetaMorph software (Molecular
Devices, Sunnyvale, CA) connected to a Lambda 10-2
automated controller (Sutter Instruments, Novato, CA).
GFP-expressing cells were visualized with an Endow GFP
Bandpass filter cube (excitation HQ470/40, emission HQ525/
50, Q495LP dichroic mirror) (Chroma, Brattleboro, VT).
MetaMorph software was used to track cell movement, and the
migration speed was calculated by dividing the net distance
traveled (μm) by the migration time (h). Wind-Rose plots were
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generated as previously described.34 SPSS Statistics, version 22
(Armonk, NY), was used for statistical analyses of migration,
adhesion turnover, and Rac activity assays. One-way ANOVA
was performed to compare multiple means, followed by post
hoc tests (Games-Howell pairwise comparison tests) to
determine the level of significance (p < 0.05).

Adhesion Turnover Assay

HT1080 cells were cotransfected with 1.5 μg of mCherry-
paxillin cDNA and 1.5 μg of either GFP, GFP-Asef2, GFP-
Asef2-S106A, or GFP-Asef2-S106D cDNAs and were incubated
for 24 h. Cells were then plated on glass-bottom dishes coated
with fibronectin (5 μg/mL) and were allowed to adhere for 1 h
at 37 °C. Fluorescent time-lapse images were acquired at 15 s
intervals for 20 min using the Olympus IX71 microscope setup
described above with a PlanApo 60X OTIRM objective (NA

1.45) and Metamorph software. mCherry was visualized with a
TRITC/Cy3 cube (excitation HQ545/30, emission HQ610/
75, Q570LP dichroic mirror). The t1/2 values for adhesion
assembly and disassembly were measured as previously
described.7,22

Rac Activity Assay

The Rac binding domain (termed p21-binding domain, or
PBD) from the effector p21-activated kinase (PAK) was tagged
with glutathione-S-transferase (GST), expressed, and attached
to glutathione sepharose beads as previously described.35

HT1080 cells were cultured on 60 mm tissue culture dishes
coated with 5 μg/mL fibronectin and cotransfected with 2 μg of
FLAG-Rac1 cDNA and 4 μg of either GFP, GFP-Asef2, GFP-
Asef2-S106A, or GFP-Asef2-S106D cDNAs. After 24 h, cells
were lysed and assayed for Rac activity as previously

Figure 1. Purification of FLAG-CFP-Asef2. (A) Schematic showing the protocol used to purify FLAG-CFP-Asef2 for LC−MS analysis. (B) SDS-
PAGE gel of immunoprecipitated FLAG-CFP-Asef2 that was stained with Coomassie Blue. The arrow points to the band representing purified
FLAG-CFP-Asef2 in the eluted sample. (C) Purified FLAG-CFP (control) and FLAG-CFP-Asef2 were subjected to SDS-PAGE, followed by
immunoblotting (IB) with phosphoserine (pSer, upper panel) and FLAG (lower panel) antibodies. These panels show that FLAG-CFP-Asef2 is
phosphorylated on serine residues.
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described.34,35 Briefly, cells were lysed with 50 mM Tris, 1%
NP-40, 10% glycerol, 100 mM NaCl, 2 mM MgCl2, and a
protease inhibitor cocktail, pH 7.5 (lysis buffer). A small
fraction of each lysate was kept to determine the amount of
total Rac. The remaining lysate was incubated with GST-PBD
beads for 1 h at 4 °C with end-over-end mixing. The beads
were washed three times with lysis buffer. Then, the bound
protein was eluted from the beads with Laemmli sample buffer
and analyzed via Western blot. The amount of active Rac pulled
down was normalized to total Rac for each condition.

■ RESULTS AND DISCUSSION

Identification of Phosphorylation Sites in Human Asef2

Because Asef2 phosphorylation, which could be an important
regulatory mechanism for the activity and function of this
protein, had not been previously investigated, we utilized an
LC−MS/MS-based approach to uncover potential phosphor-
ylation sites in Asef2.29 To perform MS analyses, FLAG-CFP-
Asef2 was expressed in HEK293 cells and then purified

according to the immunoprecipitation protocol outlined in
Figure 1A.29 A predominant band with a molecular mass
corresponding to that of FLAG-CFP-Asef2 was observed when
the immunoprecipitated protein sample was subjected to SDS-
PAGE followed by Coomassie Blue staining (Figure 1B). This
band was confirmed to be FLAG-CFP-Asef2 via Western blot
analysis (Figure 1C). We next examined the phosphorylation
state of Asef2 by using a phosphoserine antibody; a distinct
band was observed for the Asef2 sample compared to the
control sample (FLAG-CFP), demonstrating that Asef2 is
phosphorylated on serine residues (Figure 1C). Collectively,
these results indicate that the immunoprecipitated protein
sample is suitable for MS analysis to identify specific
phosphorylated residues in Asef2.
Multiple proteases were used to obtain complete coverage of

the potential sites of phosphorylation in Asef2. Initially, trypsin,
chymotrypsin, and Glu-C digestions were used, providing
partial (86%) sequence coverage, with 93% coverage of serine,
threonine, and tyrosine residues. However, two significant
stretches of the Asef2 protein sequence from R492-K518 and

Figure 2. Phosphorylation sites identified in Asef2. (A) The protein sequence of Asef2 is shown with the phosphorylation sites that were detected by
LC−MS/MS in red. Serine, threonine, and tyrosine residues that did not have detectable phosphorylation are shown in blue. Colored shading
represents the conserved domains in Asef2 as shown in panel B. Underlined residues were not detected in the MS analyses. (B) Schematic of Asef2
showing conserved domains and the location of the six identified phosphorylation sites (red). The domain numbering is based on Kawasaki et al.21

(C) Summary of Asef2 amino acid sequence coverage by LC−MS/MS analyses. Purified Asef2 samples were treated with multiple proteases
(trypsin, chymotrypsin, or Glu-C) to achieve high sequence coverage. Additional trypsin digestions were performed with strongly denaturing
conditions, which included high temperature (90 °C, TrypsinTemp) or a high percentage of organic solvent (80% acetonitrile, TrypsinOrg), to obtain
sequence coverage of regions that were resistant to trypsin under standard digestion conditions.
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R561-Y596 (Figure 2A) were not covered in the trypsin,
chymotrypsin, or Glu-C digestions. These regions have a high
abundance of aspartic acid and glutamic acid residues, and
therefore may not provide peptides of suitable length for LC−
MS analysis upon digestion with Glu-C. While these amino acid
sequences have multiple lysine and arginine residues, regions

R492-K518 and R561-Y596 were found to be inaccessible or
resistant to trypsin and chymotrypsin under standard digestion
conditions.
In order to obtain sequence coverage of regions R492-K518

and R561-Y596 of Asef2, additional trypsin digestions were
performed using two strongly denaturing approaches: heat and

Table 1. Phosphorylation Sites Identified in Asef2 by LC−MS/MS Analysis

peptidea sequence position proteaseb m/zc (charge) mass error (ppm)
−LMTSApSPEDQNAPVGC*PK17 S5 TrypsinOrg 991.42 (+2) 0.91
2TSApSPEDQNAPVGC*PK17 S5 Chymo 869.36 (+2) −1.27
22RRPIpSVIGGVSLYGTNQTEELDNLLTQPASRPPMPAHQVPPYK64 S26 TrypsinOrg 962.30 (+5) 1.77
23RPIpSVIGGVSLYGTNQTEELDNLLTQPASRPPMPAHQVPPYK64 S26 TrypsinTemp 1163.59 (+4) 0.52
23RPIpSVIGGVSLYGTNQTEELDNLLTQPASRPPMPAHQVPPYK64 S26 TrypsinOrg 1163.59 (+4) 2.49
70FRPFTFSQpSTPIGLDR85 S78 Trypsin 650.32 (+3) 0.92
70FRPFTFSQpSTPIGLDR85 S78 TrypsinTemp 650.32 (+3) 0.77
70FRPFTFSQpSTPIGLDR85 S78 TrypsinOrg 650.32 (+3) 2.00
70FRPFTFSQpSTPIGLDRVGR88 S78 TrypsinOrg 566.04 (+4) 0.53
70FRPFTFSQpSTPIGLDRVGRR89 S78 TrypsinOrg 605.06 (+4) 0.66
94ASNVSSDGGTEPpSALVDDNGSEEDFSYEDLC*QASPR129 S106 Trypsin 1295.86 (+3) −0.23
94ASNVSSDGGTEPpSALVDDNGSEEDFSYEDLC*QASPR129 S106 TrypsinTemp 1295.86 (+3) −0.39
94ASNVSSDGGTEPpSALVDDNGSEEDFSYEDLC*QASPR129 S106 TrypsinOrg 1295.86 (+3) 1.00
205VNQEELSENSSSpTPSEEQDEEASQSR230 T217 Trypsin 992.73 (+3) −0.40
205VNQEELSENSSSpTPSEEQDEEASQSR230 T217 TrypsinTemp 992.73 (+3) 0.71
203LRVNQEELSENSSSpTPSEEQDEEASQSR230 T217 TrypsinOrg 1082.46 (+3) 0.00
210LSENSSSpTPSEEQDEEASQSRHRHC*E235 T217 Glu-C 774.81 (+4) −0.26
615HIpTMPTSVPQQQVFGLAEPK634 T617 TrypsinOrg 763.38 (+3) 1.18

aThe hyphen “−” indicates that the peptide occurs at the N-terminus of Asef2 and includes a residual PCR fragment leucine (L) prior to the start of
Asef2; the “p” denotes a site of phosphorylation; an asterisk “*” denotes carboxyamidomethylation of cysteine. b“Chymo” refers to digestion using
chymotrypsin. The superscript “Org” denotes sample denatured by a high percentage of organic solvent; the superscript “Temp” denotes sample
denatured by heat. cThe m/z values shown here are truncated to two decimal places; however, mass errors were calculated with m/z values extended
to four decimal places. The m/z values used in the mass error calculations may be found in the Supporting Information.

Figure 3. MS and MS/MS spectra for an Asef2 phosphorylated peptide. Data-targeted MS/MS scan of m/z 1295.86 in the TrypsinOrg sample,
corresponding to the triply charged (inset) phosphopeptide 94ASNVSSDGTEPpSALVDDNGSEEDFSYEDLC*QASPR129. All backbone cleavages
(b and y ions) observed are marked on the sequence (top), and additional ions are labeled in the spectrum. Sequence positions for b8 and y6 are
shown with dashed markers (top) due to isobaric m/z values of 718.3. “C*” denotes a carbamidomethyl-modified cysteine. “#” indicates ions
corresponding to −H2O from b11 (2), b31

+2, and b34
+2, respectively. “X” denotes ions corresponding to −H3PO4 from b24

+2 and b33
+2, respectively.
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high organic solvent concentration. Digestions done in mixed
aqueous−organic solvent conditions have been demonstrated
to increase peptide identifications from proteolysis-resistant
proteins, while simultaneously allowing for shorter digestion
times.30,31 Our results showed that an additional 44 residues
were covered in regions R492-K518 and R561-Y596 with the
strongly denaturing digestions, which were observed as the
following peptides: 494DMLYYK499 and 517DKDCNLSVK525 in
the TrypsinHeat digestion, and 563VQEDKEMGMEISENQ-
KKLAMLNAQK587, 588AGHGKSKGYNRCPVAPPHQGLHP-
IHQR614, and 552WLQACADERRR562 in the TrypsinOrg

digestion, where the italicized portions contributed to the 44
additional residues observed. Of these 44 amino acids,
approximately 64% were observed in the high organic solvent
digestion (TrypsinOrg). Combined, the two strongly denaturing
digestions yielded nearly 82% sequence coverage and accessed
additional regions of Asef2 compared to the more conventional,
aqueous-based digestions. A sequence coverage of 94.5% was
achieved with the five different digestions (Figure 2C), and

complete coverage of the serine, threonine, and tyrosine
residues was obtained in the identified peptides.
The identified phosphopeptides are shown in Table 1, along

with the type of enzymatic digestion used and the associated
mass error. Phosphopeptide identities were initially revealed by
SEQUEST, but each was manually validated to confirm the
location of phosphorylation. Four sites of phosphorylation were
identified in the digestions using standard conditions: pS5,
pS78, pS106, and pT217. Two additional sites, pS26 and
pT617, were identified from the strongly denatured digestions.
Five (pS5, pS26, pS78, pS106, and pT217) of the six total sites
of phosphorylation were observed in multiple digests. An
example of MS/MS data for the phosphorylated peptide,
94ASNVSSDGGTEPpSALVDDNGSEEDFSYEDLCQASPR129

is shown in Figure 3. This peptide was conserved in all three
tryptic digests, and the observation of both y23

+3 and y25
+2

enabled the exact site of phosphorylation (pS106) to be
discerned.

Figure 4. Phosphorylation of S106 stimulates Asef2 GEF activity. (A) Schematic depicting the protocol used to detect active Rac (Rac activity assay),
which was modified from Kraus et al.35 (B) HT1080 cells were cotransfected with FLAG-Rac1 cDNA and either GFP, GFP-Asef2, GFP-Asef2-
S106A, or GFP-Asef2-S106D, and active Rac was subsequently pulled down from lysates from these cells. The amount of total Rac is shown as a
control. (C) Quantification of the amount of active Rac from 3 to 7 separate experiments is shown. Error bars represent s.e.m. *p = 0.007, **p =
0.001.
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Serine Phosphorylation Stimulates Asef2 GEF Activity

A majority of the confirmed phosphorylation sites in Asef2 are
concentrated at the N-terminus (Figure 2B). One residue
(S106) is in the ABR domain, while four others (S5, S26, S78,
and T217) bracket the adjacent ABR-SH3 domains. The sixth
phosphorylation site (T617), conversely, resides in the C-
terminus of Asef2 (Figure 2B). Of these six phosphorylation
sites, S106 was particularly intriguing because of its location in
the ABR domain, which is a critical region for Asef2
activation.20,21 This led us to hypothesize that phosphorylation
of S106 is an important regulatory mechanism for Asef2 GEF
activity. To investigate the effect of S106 phosphorylation on
Asef2 activity, we mutated this residue to either alanine
(S106A) or aspartic acid (S106D) using site-directed muta-
genesis; these substitutions represent non-phosphorylatable
and phosphomimetic analogues, respectively.36−38 Then, we
assessed the effect of S106 mutation on the activation of the
small GTPase Rac using a GTPase activity assay.22,34 In this
assay, the GST-tagged binding domain from the Rac effector
PAK (GST-PBD) is used to detect the active form of Rac from
lysates of GFP- and GFP-Asef2-expressing cells (Figure 4A). As
expected, expression of wild-type Asef2 caused a significant
increase in the level of active Rac (Figure 4B). Quantification
showed that the amount of active Rac was increased
approximately 8-fold in GFP-Asef2-expressing cells compared
with control cells expressing GFP (Figure 4C). In contrast,

GFP-Asef2-S106A expression caused an approximately 80%
decrease in active Rac compared to expression of GFP-Asef2
(Figure 4B,C), suggesting that phosphorylation of Asef2 at
S106 promotes its GEF activity toward Rac. Expression of
GFP-Asef2-S106D resulted in an approximately 2-fold increase
in active Rac compared to expression of GFP-Asef2 (Figure
4B,C). Therefore, these results point to S106 as an important
phosphorylation site in Asef2 that mediates its ability to activate
Rac.

S106 Phosphorylation Regulates Cell Migration

We have previously shown that Asef2 promotes the migration
of HT1080 cells plated on fibronectin via active Rac.22 In this
study, we demonstrate that phosphorylation of S106 is critical
for Asef2-mediated activation of Rac. This led us to hypothesize
that S106 phosphorylation of Asef2 plays a role in regulating
cell migration. To test this hypothesis, we transfected HT1080
cells with either GFP, GFP-Asef2, GFP-Asef2-S106A, or GFP-
Asef2-S106D cDNAs and then plated the cells on fibronectin-
coated dishes and assessed cell migration using live-cell
imaging. Migration data were generated by tracking individual
cells and were used to calculate the migration speed. Figure 5A
shows the individual tracks of GFP-, GFP-Asef2-, GFP-Asef2-
S106A-, and GFP-Asef2-106D-expressing cells. The migration
paths of GFP-Asef2-expressing cells were significantly longer
than those of control cells expressing GFP. Quantification
showed an approximately 1.3-fold increase in migration speed

Figure 5. Phosphorylation of S106 is critical for Asef2-promoted cell migration. (A) HT1080 cells expressing GFP, GFP-Asef2, GFP-Asef2-S106A,
or GFP-Asef2-S106D were plated on fibronectin-coated dishes and imaged using time-lapse microscopy. The migration of individual cells was
tracked and analyzed. Wind-Rose plots depicting the migration tracks for individual cells are shown. (B) Migration speed was quantified for GFP-,
GFP-Asef2-, GFP-Asef2-S106A-, and GFP-Asef2-S106D-expressing cells. Error bars represent s.e.m. for 66−159 cells from 4 to 9 independent
experiments (*, p < 0.001). (C) Quantification of the fluorescence intensity in cells transfected with the indicated cDNAs shows that all the
constructs were expressed at comparable levels. Error bars represent s.e.m. for 69−76 cells from 3 separate experiments. For panels B and C, “n.s.”
denotes no statistically significant difference.
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in GFP-Asef2-expressing cells compared to those expressing
GFP (Figure 5B). Intriguingly, mutation of serine 106 to
alanine abolished this increase in migration (Figure 5B). The
migration speed of GFP-Asef2-S106A-expressing cells was
significantly decreased compared to cells expressing GFP-
Asef2, suggesting that S106 phosphorylation is important for
Asef2-promoted cell migration. All of the GFP-tagged proteins
were expressed at similar levels (Figure 5C), indicating that
changes in migration speed were not due to differential protein
expression. Expression of the phosphomimetic S106D mutant
resulted in an increase in migration speed compared to that
observed with GFP expression (Figure 5B). However, the
migration speed of cells expressing GFP-Asef2-S106D was not
significantly different than the migration speed of GFP-Asef2-

expressing cells. This result is somewhat unexpected, given the
additional increase in Rac activity detected in the GFP-Asef2-
S106D-expressing cells (Figure 4C). The expression of wild-
type Asef2 may be sufficient to maximally stimulate Asef2
signaling, at least in terms of promoting cell migration.
Specifically, the high level of active Rac resulting from wild-
type Asef2 expression could be adequate to saturate down-
stream signaling; thus, a further increase in active Rac, such as
that caused by GFP-Asef2-S106D expression, would not yield a
higher migration speed. Consistent with this, a previous study
showed that expression of constitutively active Rac did not
cause a further increase in migration speed compared to that
observed with wild-type Rac expression.39 Nevertheless, these

Figure 6. S106 phosphorylation regulates adhesion turnover. (A) HT1080 cells were cotransfected with mCherry-paxillin cDNA and either GFP,
GFP-Asef2, GFP-Asef2-S106A, or GFP-Asef2-S106D cDNAs and were subsequently used in adhesion turnover assays. Time-lapse images show
adhesions that are assembling and disassembling at the leading edge of migrating cells (arrows). Bar = 5 μm. (B) Quantification of the apparent t1/2
of adhesion assembly and the t1/2 of adhesion disassembly for transfected cells is shown. Error bars represent s.e.m. for 34−70 adhesions, which were
analyzed in 11−22 cells from 3 to 6 independent experiments (*p < 0.005, **p < 0.001). “n.s.” denotes no statistically significant difference.
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results underscore the importance of S106 phosphorylation in
regulating Asef2-mediated cell migration.

Phosphorylation of S106 Modulates Adhesion Turnover

Because the ability of cells to migrate efficiently is dependent
on the proper assembly and disassembly of their adhesions
(adhesion turnover), and because Asef2-Rac signaling plays an
important role in regulating adhesion dynamics,7,11,22 S106
phosphorylation may affect migration by modulating adhesion
turnover. Therefore, we coexpressed mCherry-paxillin, a well-
characterized adhesion marker, with GFP, GFP-Asef2, GFP-
Asef2-S106A, or GFP-Asef2-S106D in HT1080 cells and
analyzed adhesion turnover using an adhesion turnover assay
that we previously developed.7,22 In this assay, mCherry-
paxillin-containing adhesions from these cells were imaged
using time-lapse microscopy (Figure 6A), and the change in
fluorescence intensity in individual adhesions was used to
calculate t1/2 values for adhesion assembly and disassembly.
Cells expressing GFP-Asef2 exhibited an approximately 50%
decrease in the t1/2 values for adhesion assembly and
disassembly compared to GFP-expressing cells (Figure 6B);
this suggests that adhesions in GFP-Asef2-expressing cells turn
over more quickly, resulting in faster cell migration speeds.22

Conversely, the t1/2 values for both adhesion assembly and
disassembly were significantly larger in GFP-Asef2-S106A-
expressing cells compared to those cells expressing GFP-Asef2
(Figure 6B). These data are consistent with the slower cell
migration speed that was observed in GFP-Asef2-S106A-
expressing cells (Figure 5B), further emphasizing the
importance of phosphorylation of this residue for efficient
cell migration. Expression of the S106D mutant, on the other
hand, resulted in t1/2 values that were comparable to those
observed with GFP-Asef2 expression. Collectively, these results
suggest that the phosphorylation of Asef2 at S106 promotes
faster adhesion turnover, which is critical for proficient cell
migration.

■ CONCLUSIONS

Asef2 is emerging as an important GEF in modulating cellular
processes, such as migration and adhesion dynamics; however,
the mechanisms that regulate the activity and function of Asef2
are currently not well understood. In this study, we identified
six phosphorylation sites in Asef2 by LC−MS/MS analysis. We
demonstrate that phosphorylation of one of these sites, S106,
which is located in the ABR domain, is important for
modulating Asef2 GEF activity as well as for Asef2 function
in cell migration and adhesion turnover. Four of the other
detected phosphorylation sites (S5, S26, S78, and T217) are
congregated toward the N-terminus of Asef2, and it is possible
that they contribute to Asef2 regulation and/or function as well.
Indeed, the N-terminal location of these phosphorylation sites
puts them in a potential position to regulate the autoinhibitory
state of Asef2 because this region of the protein contains the
ABR-SH3 module, which maintains Asef2 in an autoinhibited,
inactive state.20 The sixth phosphorylation site (T617) is
located in the C-terminus of Asef2. The C-terminus associates
with the ABR-SH3 module to maintain Asef2 in an auto-
inhibitory state.20 Thus, phosphorylation within this region
could also affect Asef2 GEF activity. Furthermore, the C-
terminus of Asef2 is involved in mediating protein−protein
interactions; for example, Asef2 interacts with the actin-binding
protein spinophilin, via this region.40 Phosphorylation of T617
could be involved in regulating this association or other

protein−protein interactions. Future studies are needed to
determine the significance of these phosphorylation sites on
Asef2 activity and function.
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