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ABSTRACT. The SH3 and SH2 domains of hematopoietic cell kinase (Hck) play important roles in substrate
targeting. To identify new components of Hck signaling pathways, we identified proteins that bind to the
SH3 domain of Hck (Scott et al. (2003) Biol. Chem. 27,728238). One such protein was ELMO1, the
mammalian orthologue of th€aenorhabditis elegangene,ced-12 ELMO1 is an~80-kD protein
containing a PH domain and a C-terminal Pro-rich sequenc€. lelegansced-12is required for the
engulfment of dying cells and for cell migration. In mammalian fibroblasts, ELMO1 binds to Dock180,
and functions upstream of Rac during phagocytosis and cell migration. We previously showed that ELMO1
binds directly to the Hck SH3 domain and is phosphorylated by Hck. In this study, we used mass
spectrometry to identify the following sites of ELMO1 phosphorylation: Tyr 18, Tyr 216, Tyr 511, Tyr
395, and Tyr 720. Mutant forms of ELMOL1 lacking these sites were defective in their ability to promote
phagocytosis and migration in fibroblasts. Single tyrosine mutations showed that Tyr 511 is particularly
important in mediating these biological effects. These mutants displayed comparable binding to Dock180
and Crk as wild-type ELMO1, but gave a lowered activation of Rac. The data suggest that Src family
kinase mediated tyrosine phosphorylation of ELMO1 might represent an important regulatory mechanism
that controls signaling through the ELMO1/Crk/Dock180 pathway.

The SH2 and SH3domains of Src-family tyrosine kinases Hematopoietic cell kinase (Hck) is a Src kinase that has
play important roles in substrate recognitida-@). In Src- been implicated in a variety of signaling pathways in
family kinases, two intramolecular interactions regulate granulocytic and monocytic cells. Hck plays an important
enzymatic activity: (i) an interaction between the SH2 role in phagocytosis and lysosomphagosome fusion;
domain and the C-terminal tail, and (ii) an interaction macrophages from Hck-deficient mice show impaired
between the SH3 domain and a polyproline type Il helix in phagocytosis 17). To identify novel components of Hck
the SH2-kinase linker regiorb{-7). Ligands for the SH2  signaling pathways, we previously carried out a mass
and SH3 domains can disrupt the autoinhibitory interactions spectrometry based search for proteins from U937 monocytic
and stimulate Src kinase activitg10). Many Src kinase  cells that bind to the SH3 domain of Hck. We identified
substrates possess SH3 or SH2 ligands; in this way, enzymeapproximately 25 potential binding partners for HA8Y,

activation is coupled to substrate phosphorylatién 11— One of them, ELMOL, is the subject of the present study.
13). Numerous substrates that bind to the SH3 domain of | \151 is the mammalian orthologue of t@aenorhab-

Src-family k_inases have be_en reported. W?”'St'“'diEd X" ditis elegansgene,ced-12.ELMO1/ced-12was identified
amples of this class of Src-kinase substrates include§3130 as an upstream regulator of Rac that functions genetically

(14), FAK (15), and AFAP-110 16). at the same step as Dock18€d-5in the engulfment of
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has no discernible catalytic domain, but at its C-terminus it Packings PepMap C18 capillary column (30® x 15 cm,
possesses a pleckstrin homology (PH) domain, a putative3 um particles). HPLC mobile phases contained 0.1% formic
leucine zipper motif, and a proline-rich motitg, 29. The acid and 0.02% trifluroacetic acid. The column flow was
C-terminal 100 amino acids of ELMOL1 are essential for the split prior to the MS with 0.40.6 uL/min going to the
interaction with Dock180 20), while the N-terminus of  micro-electrospray source and the remainder being manually
ELMOL1 is important for mediating cell migration via the collected into PCR tubes. MS spectra were recorded on a
ELMO1—Dock180 complex Z3). modified PE-Sciex API I (Concord, Ontario, Canada)
We previously showed that ELMO1 binds directly to the triple quadrupole mass spectrometer. Phosphopeptides were
Hck SH3 domain via a polyproline-rich motif. We also identified using a precursor ion scan for the phosphopeptide
demonstrated that coexpression of Hck and ELMO1 in marker ion, P@— (m/z 79). Precursor scan spectra were
mammalian cells resulted in tyrosine phosphorylation of recorded on a Sciex APl 3000 triple quadrupole mass
ELMO1 (18). In this report, we have mapped the sites of Spectrometer equipped with a nanoES spray source. An
tyrosine phosphorylation, and we report that phosphorylation aliquot (1uL) from each phosphopeptide containing ELMO
has the potential to modulate the ELMO/Dock/Crkll signal- fraction was mixed with L of 50:40:10 methanol:water:

ing pathway that leads to Rac activation. ammonium hydroxide prior to loading into the nanoES
sample needle.
MATERIALS AND METHODS Alternatively, the phosphoprotein tryptic digest was sepa-

rated by reverse phase HPLC and analyzed by positive-ion
electrospray mass spectrometry on a Micromass Q-ToF MS
for the presence of the phosphotyrosine specific marker ion
m/z 216.043 28). HPLC separations were performed using

acetonitrile/water gradients at 300 nL/min on an LC-Packings

Materials.Monoclonal antibodies against phosphotyrosine
(4G10) and Hck were obtained from Upstate Biotechnology,
Inc. (Lake Placid, NY). Anti-Dock180, Rac, Crkll, and Hck
polyclonal antibodies were obtained from Santa Cruz Bio-
technology, Inc. (Sqnta Cruz, CA). M45 antibody was agift PepMap C18 capillary column (76m x 15 cm, 3um
from Dr. Pat Hearing (SUNY at Stony Brook). Protein naricles). HPLC mobile phases were as described above.
A-agarose, alkaline phosphatase conjugated gel, and antiThe cojiision cell on the mass spectrometer alternated
Flag antibody were from Sigma. Glutathione-agarose and paiveen high energy to produce the marker ion and low
glutathione S-transferase (GST) antibody were purchasedggrgy to produce peptide molecular weight ions. Phospho-
from Molecular Probes (Eugene, OR). Ni-NTA affinity resin -y osine_containing precursor ions were identified by exact
was from QIAGEN. The pCM45 ELMO1 and Flag-Dock180  ohramatographic alignment of the marker ion and the putative
mammalian expression plasmids have been described PréVinrecursor (M.J.H. and R.S.A., unpublished results).
ously (18, 29. The anti-ELMO antibody was described Peptide sequencing was performed by targeted MS/

previously €0). . _ MS on a Micromass Q-ToF MS equipped with a nanoflow
Purification of ELMO1 for Phosphopeptide Mapping. jon source. Peptide mixtures were separated on a PepMap
ELMO1 was purified by immunoprecipitation from COS-7  c18 capillary column (75 unx 15 cm, 15um particles) at
cells transfected with M45-ELMO1 alone, or Hck plus M45- 0.3uL/min using a 5-50% gradient in 30 min. HPLC mobile
ELMOL1, as previously describedl®). Samples of V5-  phases contained 0.1% formic acid and 0.02% trifluroacetic
ELMO1 were applied to SDSPAGE and analyzed as  acid. Phosphorylation stoichiometry was determined using
described below. Alternatively, His-tagged ELMO1 was the positive ion LG-ESMS peak intensity of the phospho-

expressed and purified frol8podoptera frugiperd4Sfo) rylated and the nonphosphorylated pair for any peptide
cells as described previousl§). After purification, peak  sequence.

ELMO1 fractions were pooled, concentrated, and treated with ¢l Culture and TransfectiorCos-7 and 293T cells were
immobilized alkaline-phosphataserfd h atroom temper-  cyjtured in Dulbecco’s modified Eagle’s medium supple-
ature. ELMO1 (15g) was then phosphorylated by Hck (0.48  mented with 10% fetal calf serum and 1% antibiotic
#g) in a buffer containing 20 mM Tris-HCI (pH 7.4), 10 antimycotic (penicillin/streptomycin/amphotericin, Invitro-
mM MgCl,, and 1 mM DTT for 2 h at 30°C. Both  gen) at 37°C. Cells were cultured to 70% confluence in
dephosphorylated and tyrosine-phosphorylated ELMO1 were 100 mm dishes. Transfections were performed in OPTI
applied to SDSPAGE and used for mass spectrometry medjum (Invitrogen) using 10g plasmid DNA and TransIT
experiments. polyamine transfection reagent (Mirus) according to the
Phosphopeptide MappinGoomassie stained SB®AGE manufacturer’s instructions. Cells were harvested 40 h after
bands corresponding to ELMO, dephosphorylated ELMO, transfection. The Chinese hamster ovary fibroblast line LR73
and dephosphorylated ELMO treated with Hck in vitro were cells 29) were maintained in alpha modified Eagle’s medium
excised, reduced, alkylated, and digested with trypsin assupplemented with 10% FCS, 1% penicillin/streptomycin,

reported g5). and 292ug/mL glutamine. Cells were transiently transfected
Samples were analyzed for phosphopeptide content usingusing Lipofectamine 2000 (GIBCO-BRL) according to the
phosphopeptide specific LEESMS experiment26;, M.J.H. manufacturer’s instructiond §). In all experiments, carrier

and R.S.A., unpublished results). In one set of experiments,DNA was added to keep equal plasmid concentration
the phosphoprotein tryptic digest was separated by reversebetween various samples.

phase HPLC and analyzed by negative-ion electrospray mass Immunoprecipitation and Western BlottinGells were
spectrometry, monitoring for the presence of the phospho- harvested, washed twice with ice-cold phosphate-buffered
peptide specific marker ions BOand PQ— (m/z 63 and saline, and lysed in buffer containing 50 mM Tris-HCI (pH
79 respectively; re27). HPLC separations were performed 7.2), 5 mM EDTA, 2 mM NgvVO,, 150 mM NaCl, 1% NP-
using acetonitrile/water gradients atid/min on an LC- 40, 1 mM PMSF, 10ug/mL leupeptin, and 1Qug/mL
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aprotinin. The postnuclear lysates were precleared by additionwere incubated with immobilized GST fusion proteins for 2
of protein A-agarose for 1 h. Immunoprecipitation reactions h at 4°C. After gels were washed with a buffer containing
were initiated by addition of the appropriate antibody (or a Tris-HCI (pH 7.2), 0.15 M NaCl, 10 mM MgGJ and 1%
control) to the lysates with 1@L of protein A-agarose.  Triton X-100, bound proteins were eluted with SBBAGE
Incubations were continde5 h orovernight at 4°C. The sample buffer. The samples were subjected to 12%-SDS
resin was collected and washed 4 times with phosphate-PAGE and analyzed by Western blotting with anti-Rac
buffered saline plus 0.5% NP-40. The precipitated proteins antibody.
were analyzed on 8% SD%olyacrylamide gels and trans-
ferred to Immobilon membrane (Millipore, Bedford, MA) RESULTS
in the presence of 0.1% SDS. The membranes were blocked Identification of Hck-Specific Phosphorylation Sites on
using 5% milk in Tris-buffered saline plus 0.1% Tween 20, ELMO1.We previously demonstrated that coexpression of
then probed with the appropriate antibodies. Blots were ELMO1 with Hck resulted in tyrosine phosphorylation of
visualized using horseradish peroxidase conjugated secondELMO1 (18). To map Hck-dependent ELMO phosphoryla-
antibody with ECL (enhanced chemiluminescence, Amer- tion sites, we used a combination of electrospray mass
sham). spectrometry based strategie®6,( M.J.H. and R.S.A.,
Site-directed mutagenesis of ELMO1 (Y18F, Y216F, unpublished results). We first examined the phosphorylation
Y511F, Y395F, Y720F, 3YF, 4YF, and 5YF) was carried profile of ELMO by monitoring a tryptic digest of the protein
out on plasmid pCM45-ELMO1 using the Quikchange during on-line LG-ESMS for the phosphopeptide specific
Mutagenesis System (Stratagene). Mutations were confirmedmarker ions P@ and PG~ (m/z 79 and 63, respectively).

by automated DNA sequencing prior to transfection. Because this analysis utilizes an LC separation coupled to
Transwell Migration Assaylhe Transwell migration assay phosphopeptide detection, it generates a semiquantitative
was performed as described previoust@)( Briefly, LR73 phosphopeptide profile that can be used to compare the

cells were transiently transfected in 6-well plates with the phosphorylation state of a protein under two or more sets of
indicated plasmids and a pGL3-CMV-luciferase reporter conditions. We compared the phosphorylation profile of
construct. Twenty hours post-transfection, cells were ELMO1 from ELMO1-transfected COS-7 cells that either
trypsinized and resuspended in Opti-MEM medium contain- coexpressed) or did not coexpress=) Hck. The phos-
ing 2% FBS. Cells (1x 10°) were added to the upper phorylation profile of ELMO1 from the Hck—+) cells was
chamber of the &m pore Transwells. Equal amounts of very complex (Figure 1, panel A, gray shaded trace),
cells were added into the lower chamber of a separatesuggesting a high level of basal non-Hck-dependent phos-
Transwell to measure total input. The cells were incubated phorylation. The phosphorylation profiles of ELMO1 from
in Opti-MEM supplemented with 2% serum for another 6 the Hck () cells was equally complex (Figure 1, panel A,
h, and the cells in the lower chamber were then collected black trace), and only the peak at ca. 12 min showed a
and quantitated by luciferase detection (Promega). Migration significant increase in phosphorylation over the HeK) (
percentage was calculated by dividing the luciferase activity cells. We were not, however, able to identify any potential
from the trans-migrated cells by that from total input. tyrosine phosphorylated peptides in this fraction. These
Phagocytosis Assay.R73 cells were transiently trans- results suggested that the stoichiometry for Hck-dependent
fected in triplicate with GFP and the indicated plasmids in phosphorylation was low compared to the background levels
a 24-well plate. Twenty hours post-transfection, the cells of serine and threonine phosphorylation. To simplify the
were incubated with Zzm carboxylate-modified red fluo- identification of Hck-specific sites, we treated ELMO1
rescent beads, which mimic the negative charge on apoptoticpurified from Sf9 cells with alkaline phosphatase to remove
cells and serve as a simplified target, in serum-free medium endogenous phosphorylation (Figure 1, panel B) and then
(Sigma Chemical Co., St Louis, MO). After 2 h, the cells rephosphorylated this sample with purified Hck. Figure 1,
were trypsinized, resuspended in cold medium (with 1% panel C, shows the Hck-dependent phosphorylation profile
sodium azide), and analyzed by two-color flow cytometry. of this sample. The peaks labeled2 were collected for
Transfected cells were distinguished by their GFP fluores- further analysis.
cence. For each condition (in triplicate), 30 000 events were  Fractions 2-9 were analyzed by precursor ion scanning
collected and the data was analyzed using Cell Questfor the phosphopeptide specific marker ion PQm/z 79)
software. As shown previousl2(), the majority of double  to determine the molecular weight of each phosphopeptide
positive cells scored in the FACS assay represent transfecteghresent in the eight fractions. Based solely on the molecular
cells containing engulfed particles or particles in the processweights determined in these experiments, we were able to
of engulfment, and do not represent beads simply bound totentatively identify three phosphorylated ELMO sequences
the cell surface. For the Src kinase inhibition experiments, (see Table 1) with each mole of peptide containing one mole
PP2 was added to the medium containing the beads at theof phosphate. There were a number of other phosphopeptides
indicated concentration. The cells were then incubated with which could not be assigned to ELMO sequences based on
the slurry fa 2 h before the assay was performed. their determined molecular weights, leading us to suspect
Rac Binding Assaylhe PAK-CRIB domain was expressed that one or more other phosphoproteins had copurified with
as a GST fusion protein and purified with glutathione- ELMO. To localize the specific site of phosphorylation on
agarose. This immobilized CRIB domain was used in a pull the tentatively assigned ELMO sequences and to identify
down assay to measure Rac binding. Cells were lysed inthe unassigned phosphopeptides, we performed direct peptide
buffer containing Tris-HCI (pH 7.2), 0.5 M NaCl, 10 mM  sequencing using targeted EES-MSMS on all the phos-
MgCl,, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxy- phopeptides detected in each fraction. In this way we
cholate and protease inhibitors. Cell lysates (2 mg of protein) confirmed the three assigned ELMO phosphopeptide se-
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Ficure 1: Phosphorylation profile of ELMOL. After purification by SB®AGE, the band corresponding to ELMO1 was excised, digested
with trypsin, and analyzed by LEESMS for the presence of a marker ion @Pwhich is specific for phosphopeptides (see text for
details). (A) ELMOL1 from COS cells. (B) ELMOL1 purified from Sf9 cells was treated with alkaline phosphatase. (C) The alkaline phosphatase
treated sample from Sf9 cells was phosphorylated in vitro by Hck. Peasa#re collected for further analysis. (D) Summary of ELMO1
phosphorylation sites.

Table 1: Summary of ELMO Phosphorylation Sites Dependent on phosphopeptides as tyrosine phosphorylated Hck sequences

Hcka (data not shown).
M, To identify any additional Hck-dependent phosphorylation
. . sites on ELMO, we analyzed tryptic digests of Hck treated
peptide sequence obs _cale %phos g Mo using an on-line LEESMS method that detects the
ELMO 10-20  VAIEWPGAYPK 1309.6 1309.6 11

ELMO 201-218 SLAILESMVLNSHDLYQK 2156.0 2157.4 27

ELMO 390-397 HHQDAYIR - 1118.4 11184 +10
ELMO 506-516 LQNLSYTEILK 1400.8 1400.7 1614
ELMO 716-727 APSNYDFVYDCN 1543.6 1543.5 7077

phosphotyrosine-specific marker iomz 216.043 28). Using

this approach, we identified three potential phosphotyrosine-
containing ELMO peptides (data not shown). Direct se-
guencing of these peptides by HES-MSMS confirmed that

a peptides from trypsin-digested phosphorylated ELMO were de- one of the peptides was phosphorylated on the previously
tected and identified by mass spectrometry. All sequences were verifiedidentified Ty®!! and that the other two peptides were
t_)y direct MS-based sequencing. P_hosphorylated tyrosines are under'phosphorylated on novel sites, Tfand Ty7?. The stoi-
lined. % phos= approximate stoichiometry of phosphorylation in an . .
in vitro reaction with Hck. The amino acid numbering is based on the Ch'omEIry on these two new sites was found to be ap-
ELMO sequence described previoushg), which was cloned froma  Proximately 10% at Ty#° and 75% at Ty#° In all we
human testis cDNA library. The testis ELMO contains Ala at position conclusively identified five Hck-dependent tyrosine phos-
716, while most other human ELMO sequences have Glu at position phorylation sites on ELMO1 at residues 18, 216, 511, 395,
716. and 720 (summarized in Table 1 and Figure 1D).

Tyrosine Phosphorylation of ELMO1 Mutani®o eluci-
quences and determined the specific phosphorylation sitesdate the role of tyrosine phosphorylation in ELMO1 function,
to be Tyf® Tyr?'6 and TypP'L The approximate phospho- we produced mutant forms of ELMO1 in which the sites
rylation stoichiometry for these three sites was determined identified by mass spectrometry were mutated to phenyl-
to be 10% at Ty¥® 14% at Tyf§ and 14% at Ty alanine. The mutants were tagged with the M45 epitope and
Additional targeted LEES-MSMS peptide sequencing were coexpressed with Hck in Cos-7 cells. After immuno-
allowed us to identify most of the remaining unassigned precipitation, we measured tyrosine phosphorylation by
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Ficure 2: Phosphorylation of ELMO 1 mutants. (A) M45-tagged
wild-type ELMO1 (WT) or the individual phosphorylation site
mutants were coexpressed with Hck in Cos-7 cells. The cells were
lysed and ELMO1 was immunoprecipitated using M45 antibody.
Precipitated proteins were subjected to SIFRGE and analyzed
with anti-phosphotyrosine and anti-M45 antibodies. The results
presented are representative of three independent experiments. (B
Similar experiments were carried out with mutants containing
multiple substitutions (3YF, 4YF, and 5YF). Wild-type ELMO1
and the mutants were coexpressed with Hck in Cos-7 cells. Wild-
type ELMOL1 was also expressed in the absence of Hck. The cells
were lysed and ELMO1 was immunoprecipitated using M45
antibody or IgG as a control. Precipitated proteins were subjected
to SDS-PAGE and analyzed with anti-phosphotyrosine and anti-
ELMO1 antibodies. The results presented are representative of fou
independent experiments.
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Ficure 3: ELMO1 mutants lacking tyrosine phosphorylation sites
fail to promote phagocytosis. LR73 fibroblasts were transiently
"transfected with plasmids encoding GFP (Bd2well) with Flag-
Dock180 (1.2ug/well) and M45-tagged ELMO1 (1.@g/well)
plasmids as indicated. Phagocytosis was measured (see Materials
and Methods), and the fraction of GFP positive cells with engulfed
particles is depicted. GFP mean fluorescence intensity (MFI) was

tions at the individual phosphorylation sites Y18, Y216, matched between the different constructs and cells with comparable
Y395, Y511, or Y720 showed no reduction in phosphory- MFI were analyzed throughout the experiment. If necessary, empty
Flag-vector was added to ensure that equal plasmid amounts were

lation relative to wild-type (Figure 2A), suggesting that \ € ]
multiple sites are phosphorylated under these conditions welransfected in each condition. These data are representative of at
; least 5 independent experiments.

mutated three tyrosine residues together (18, 216, and 511),

four tyrosine residues (18, 216, 511, and 395), or all five

tyrosine residues (18, 216, 511, 395, and 720); these mutantdeads 19). The expression of Dock180 or ELMO1 alone
were designated 3YF, 4YF, and 5YF, respectively. The 3YF, did not promote phagocytosis of the beads (Figure 3). As
4YF, and 5YF ELMO1 mutants all showed reduced tyrosine reported previouslyl(9—21), coexpression of Dock180 with
phosphorylation relative to wild-type ELMO1 (Figure 2B). ELMO1 stimulated phagocytosis about 3-fold (compared to
However, even after all five tyrosine sites were mutated to expression of either Dock180 or ELMO1 alone) (Figure 3).
phenylalanine, there was some residual tyrosine phospho-n contrast, the 3YF and 5YF mutants of ELMOL failed to

116kd-| -
82kd-

Western blotting with anti-phosphotyrosine antibody. Muta-

rylation of ELMO1 (Figure 2B). This could be due to
additional minor phosphorylation sites that were not detected
by our mass spectrometry approaches.

Functional Assays of the ELMO1 Mutan®e tested the

synergize with Dock180 to promote phagocytosis (Figure
3). For the single-site mutants, the total levels of tyrosine
phosphorylation were similar to wild-type ELMOL, as judged
by anti-phosphotyrosine Western blotting (data not shown).

importance of these sites in a well-established model systemThe Y720F ELMO mutant cooperated with Dock180 about

for phagocytosisi9—21, 23. In LR73 fibroblasts, ELMO1

as effectively as wild-type ELMOL1. The Y18F, Y216F, and

functions upstream of Rac in signaling pathways that lead Y511F mutants showed reductions in their ability to syner-
to phagocytosis and cell migration. To test the functional gize with Dock180 to promote phagocytosis (Figure 3).
importance of the tyrosine phosphorylation sites, ELMO1  To confirm that endogenous Src-family tyrosine kinases
mutants lacking sites of tyrosine phosphorylation were play a role in the ability of ELMO1 to promote phagocytosis
transfected into LR73 fibroblasts in the presence or absenceunder these conditions, we repeated the experiment in the
of Dock180. We did not overexpress Hck in these experi- presence of the broad-spectrum Src kinase inhibitor PP2. As
ments, but instead relied on the endogenous expression oshown in Figure 4, PP2 interfered with the ability of ELMO1
Src and other Src-family kinases in LR73 cells (C.D.D. and to synergize with Dock180, providing additional evidence
K.S.R., unpublished observations). We analyzed the 3YF andfor the role of Src kinases in this system.

5YF mutants, as well as forms of ELMO1 with individual We also carried out cell migration assays with wild-type
Tyr to Phe substitutions at Y18, Y216, Y511, and Y720, for and mutant forms of ELMO1. As reported previously, LR73
their role in phagocytosis. (For reasons that are not clear, cells coexpressing Dock180 and wild-type ELMO1 showed
we were unable to express the Y395F ELMO1 mutant in enhanced migration compared to cells expressing Dock180
these cells under a variety of conditions.) A two-color flow alone (Figure 5). Cells coexpressing Dock180 and the 3YF
cytometry assay was carried out to determine the fraction or 5YF mutant forms of ELMO1, however, showed only
of GFP-positive cells that can engulf red fluorescent latex baseline levels of migration (Figure 5). Coexpression of the
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Ficure 5: ELMO1 mutants fail to cooperate with Dock180 to
promote cell migration. LR73 cells were transiently transfected with

a luciferase reporter construct (see Materials and Methods), Flag-

Dock180 (1.2zg) and wild-type or mutant and M45-ELMO1 (1.0

(wild-type or mutants) were cotransfected with Flag-tagged Dock180
in 293T cells. The cells were lysed and Dock180 was immuno-
precipitated with Flag antibody or IgG as control (top panel).
Alternatively, ELMO1 was immunoprecipitated with M45 antibody
or IgG as control (middle panel). Proteins were separated by-SDS
PAGE and analyzed by Western blotting with anti-Flag (Dock180)
and anti-M45 (ELMO1) antibodies. The bottom panel shows
expression of Dock180 and ELMOL1 in 293T cell lysates.

as was the case for the 3YF and 5YF mutants (Figure 5).
Lysates were immunoblotted with anti-ELMO1 antibody to
confirm similar protein expression of ELMO1 mutants
(Figure 5, bottom). Thus, the effects on phagocytosis and
migration were similar: the Y18F and Y720F forms of
ELMO1 cooperate with Dock180 approximately as ef-
fectively as wild-type, Y216F displays a partial cooperation,
and Y511F fails to cooperate. These results point to a
particularly important role for Y511.

Dock180 and Crkll Association with Tyrosine Mutants of
ELMO1 Based on the failure of the ELMOL1 tyrosine mutants
to synergize with Dock180 in phagocytosis and migration
assays, we tested the ability of the mutants to bind to
Dock180. Dock180 and ELMO1 have previously been shown
to associate directlyl@, 22. We coexpressed M45-tagged
ELMO1 and FLAG-Dock180 together with Hck in 293T
cells. We isolated ELMOL1 by anti-M45 antibody immuno-
precipitation, and examined Dock180 co-immunoprecipita-
tion by anti-FLAG Western blotting. Wild-type ELMO1
associated strongly with Dock180 in these cells (Figure 6).
The 3YF (Y18F, Y216F, and Y511F) and 5YF (Y18F,
Y216F, Y511F, Y395F, and Y720F) ELMO1 mutants

u1g) plasmids as indicated. The luciferase alone control was set atshowed essentially no difference in their ability to bind
100% (“Mock”). Cells from each transfection condition were saved Dock180 (Figure 6). We obtained similar results by doing
separately, lysed, and immunoblotted to confirm expression of the reciprocal immunoprecipitation (immunoprecipitation
Dock180 and ELMO mutants. . . : . .

with anti-FLAG, and Western blotting with anti-M45)

Y18F or Y720F mutants with Dock180 led to levels of (Figure 6). We also obtained similar data using endogenous
migration that were comparable to that of wild-type ELMO1. l€vels of Dock180, although the signal for co-immunopre-
(In some experiments, such as the example presented irfiPitation was much weaker (data not shown). Thus, mutation
Figure 5, the migration was higher than that of wild-type.) Of tyrosine phosphorylation sites on ELMO1 did not affect
The Y216F ELMO1 mutant displayed migration activity that the association between ELMO1 and Dock180.

was slightly reduced from that of wild-type. The Y511F ELMO1, Dock180, and Crkll form a trimeric complex in
mutant showed a complete inability to promote migration, which Dock180 acts as a bridge between ELMO1 and Crkill
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FiIGURE 7: Mutations of ELMO1 do not affect Crkll association.
293T cells were transiently transfected with the indicated plasmids. D \‘S\ X & «
CrklIl was immunoprecipitated from cell lysates. The precipitated = MR oy
proteins were analyzed by Western blotting with anti-Flag (Dock180), CRIB pulldown l | Rac-GTP
anti-M45 (ELMO1), and anti-Crkil antibodies. The bottom panel Blot: Rac
shows the expression of each protein in 293T cell lysates. FiIGURE 8: ELMO1 mutants fail to promote GTP loading of Rac.

(A) 293T cells were cotransfected with ELMO1 and Dock180 in
(19, 23. Mutants of Dock180 and Crkll that were unable to the presence or absence of Hck. Lysates were incubated with

interact with each other did not synergize in the LR73 immobitlifjeg ZAD};-DCA%E dodmainbf(()jr Zt#hBOUH?bPIjOte(iSVV\\I{leJe

: separated by and probed with Rac antibody. ild-
engulfment assa)(le). \.Ne t.eSted whether mutation O.f the type, 3YF, or 5YF ELMO1 were cotransfected with Dock180
Hck phosphorylation sites in ELMO1 affected formation of - tggether with Hck in 293T cells, and PAK-CRIB binding was
the ELMO1-Crkll complex. M45-tagged ELMOL (wild-  analyzed as described above. (C) 293T cells were cotransfected
type or 3YF mutant) was transfected into 293T cells together with Dock180 and wild-type, 3YF, or 5YF ELMO1. Endogenous

; ~ . Rac was immunoprecipitated from cell lysates, and precipitated
with FLAG-tagged Dock180 and Crkil. After anti-Crkll proteins were analyzed by anti-Dock180 Western blotting. (D)

Immunoprecipitation, the samples were analyzed by SDS  wjlg.type, 3YF, Y18F, Y216F, or Y511F ELMO1 were cotrans-
PAGE and Western blotting with anti-FLAG and anti-M45  fected with Dock180 together with Hck in 293T cells, and PAK-

antibodies (Figure 7). We observed no difference between CRIB binding was analyzed as described above.
wild-type ELMO1 and the phosphorylation site mutant with
regard to Crkl+Dock180 complex formation or CrkH DISCUSSION

ELMO association (which presumably occurs via Dock180) Phagocytosis, the process by which cells recognize and

(Figure 7). engulf large particles, is important in host defense mecha-
Effects of ELMO1 Tyrosine Mutations on Rac Aation. nisms as well as in tissue repair and morphogenetic remodel-
Rac lies downstream of the ELMO1/Dock180/Crkil complex ing. Phagocytosis is driven ultimately by the reorganization
in signaling pathways leading to cell migration and phago- of filamentous actin (F-actin). The Rho/Rac family of small
cytosis (19, 30. Coexpression of Dock180 and ELMO1 GTPases regulates the actin cytoskeleton, and signaling
strongly promoted Rac GTP loading(). We reproduced  through these regulators is critical for dynamic processes such
these results by coexpressing ELMO1 and Dock180 in 293T as phagocytosis and cell migratioB1]. Recent work in
cells, then incubating lysates with an immobilized fusion mammalian and other systems has focused on the upstream
protein containing the Cdc42/Rac interactive binding (CRIB) components of pathways leading to phagocytosis.
domain from PAK. The CRIB domain only interacts with ELMOL1 is the mammalian orthologue of ti& elegans
Rac in the GTP-bound stat€d). Bound proteins were  gene ced-12 Based on genetic studies in the worm and on
analyzed by SDSPAGE and Western blotting with anti-  pjochemical studies in cultured mammalian cells, ELMO1
Rac antibody (Figure 8A). Coexpression of Hck in 293T cells has been shown to functionally cooperate with Crklil and
did not affect the amount of GTP-bound Rac, suggesting Dock180 during phagocytosis. The ELMO1/Dock180/CrklI
that endogenous Src kinases are sufficient for Rac activationcomplex functions upstream of Rac in this signaling pathway.
in this system (Figure 8A). Next, we compared the abilities |n C. elegansELMO1/ced-12is also necessary for the proper
of wild-type ELMO1 and the 3YF and 5YF mutants to migration of the gonadal distal tip cells during larval
promote GTP loading of Rac. The immobilized CRIB development. The biochemical basis for the stimulation of
domain of PAK was incubated with lysates from cells Rac-GEF activity in these events is that ELMO1 aug-
overexpressing Dock180, ELMO1 (wild-type and mutants), ments complex formation between Dock180 and Rac. The
and Hck. We observed a significant reduction in the GTP- Dock180-ELMO1 complex appears to operate as an un-
bound form of Rac from cells expressing the 3YF and 5YF usual, bipartite guanine nucleotide exchange factor for Rac
mutant forms of ELMO1 (Figure 8B). There was no (20).
significant reduction in the ability of the 3YF and 5YF The potential role of phosphorylation in ELMO1 function
mutants to promote the association between Rac andhas not been elucidated. We reported previously that over-
Dock180 (Figure 8C). We also analyzed the three individual expression of Hck leads to tyrosine phosphorylation of
mutations represented in the 3YF mutant (Y18F, Y216F, and ELMO1. We focused here on a cell model system for
Y511F). In each case, we observed some reduction in Racphagocytosis of apoptotic cells in which ELMO1 has been
activation, suggesting that all three sites are involved in implicated. We identified five sites on ELMO1 (tyrosines
coupling ELMO1 to Rac activation (Figure 8D). 18, 216, 511, 395, and 720) that are phosphorylated by Hck.
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Additional sites of tyrosine phosphorylation may be present, sequence at the C-terminus of Dock188R)( Tyrosine
since the 5YF mutant still showed reactivity with anti-pTyr phosphorylation of ELMOL1 did not appear to be critical for
antibody (Figure 2), and the 5YF mutant could still be the recruitment of Crkll, however, since the 3YF mutant form
phosphorylated by Hck in vitro (data not shown). Mutation of ELMO1 was equally efficient in promoting Dock180
of three of these sites (Y18, Y216, and Y511) or all five Crkll binding and ELMOZX-Crkll binding (via Dock180)
sites caused a decrease in the ability of ELMO1 to cooperateas wild-type ELMO1 (Figure 7). This is consistent with the
with Dock180 to promote the uptake of fluorescent beads, aidea that ELMO*-Dock180 can function independently of
simple model of phagocytosis (Figure 3). ELMO1 was unable Crkll (23).
to cooperate with Dock180 in the presence of the Src-kinase Rac is the most downstream component in the Crkll/
inhibitor PP2, suggesting that endogenous Src-family kinasesDock180/ELMO1 signaling pathways leading to phago-
play a role in the process (Figure 4). Mutation of the tyrosine cytosis and cell migration. The interaction between ELMO1
phosphorylation sites also decreased the ability of ELMO1 and Dock180 is required for Rac activatic20( 23. Both
to promote cell migration (Figure 5). By testing single-site  ELMO1 and Dock180 do not have an obvious Dbl homology
mutants of ELMO1, we found that tyrosine 511 plays an domain, which is present in most other known mammalian
especially important role in the cooperation with Dock180 GEFs for Rho family GTPase49%, 32. However, Dock180
to promote phagocytosis and migration. The Y18F and contains a Docker domain that can interact directly with
Y720F mutations had minor effects in these assays, while nucleotide-free Rac and catalyze Rac GDP/GTP exchange
the Y216F mutation gave partial effects. In the migration in vitro (20, 33. Both the ELMO1 and Rac binding regions
assay, the Y511F and 5YF mutant forms of ELMO1 behaved of Dock180 appear to be essential for migratiam,(23. In
similarly, suggesting that Y511 is primarily responsible for our experiments, wild-type ELMO1 promoted Rac GTP
this effect. In the phagocytosis assays, Y511F ELMO1 did loading when coexpressed with Hck and Dock180, but the
not show as dramatic a defect as the 5YF mutant, suggestingYF and 5YF mutants did not (Figure 8B). At present it is
that more than one site may be involved in this process. Ourunclear precisely how the 3YF and 5YF mutants may affect
data suggest that Src kinase-mediated phosphorylation afRac activation. It is notable that both mutants of ELMO1
some of these sites acts to regulate signaling via the ELMO1/bind Dock180 similarly to the wild-type ELMO1. Recent
Dock180 complex. studies have suggested that ELMO regulates Dock180
The mechanism by which Hck influences the ELMO1/ mediated Rac activation by at least three distinct mecha-
Dock180 complex is not clear. Tyrosine phosphorylation of nisms: (i) binding of ELMO to activated RhoG and
ELMO1 is not required for the interaction with Dock180, localization of the Dock180/ELMO complex to the mem-
since mutation of three of the tyrosine phosphorylation sites brane; (ii) relief of an intramolecular inhibition within
(Y18, Y216, and Y511) or all five sites had no effect on the Dock180 by ELMO binding; and (iii) ELMO-PH domain
ability of ELMO1 to bind Dock180 (Figure 6). Previous dependent enhancement of Dock180:Rac complex formation.
experiments point to the C-terminal region of ELMO1 as Because Dock180:Rac complex formation was not affected
an essential determinant for interaction with Dock180) ( by the 3YF or 5YF mutations (Figure 8C), mechanisms i
This region presumably interacts with the N-terminal portion and ii are more likely explanations. Future detailed experi-
of Dock180, as deletion of the Dock180 N-terminus abolishes ments may help identify which of these mechanisms is
the interaction with ELMO1. The N-terminal region of affected by the 3YF or 5YF mutations. In any case, although
ELMO1 (residues £330) is required for migration and for  the upstream mechanism has not been defined, the ultimate
proper localization of the ELMO2Dock180 complexZ3). output of this signaling pathway is affected by mutation of
Interestingly, ELMO1 mutants lacking the N-terminus were the tyrosine phosphorylation sites on ELMO1.
able to cooperate with Dock180 to promote Rac activation Three Rac isoforms (Racl, Rac2, and Rac 3) have been
and phagocytosis2@). The SH3 domain of Hck interacts identified in mammals. Racl is ubiquitously expressed, while
with the C-terminal polyproline region of ELMO118). Rac2 is highly expressed in hematopoietic cells. Dock2, a
Tyrosine phosphorylation of ELMO1 by Hck could stabilize Dock180 family member expressed in hematopoietic cells,
the complex, recruit additional complex components, or also synergizes with ELMO1 in cell migratio23). It will
modulate downstream Rac signaling by an unknown mech- be of interest to investigate ELMO1/Dock2 /Rac2 complexes
anism. Of the five sequences identified here, three (Y18, in hematopoietic cells, because of the high expression of Hck
Y216, and Y395) do not fall in any obvious SH2-binding in these cells and the possible role of Hck in multiple types
consensus sequence. The two sites in the C-terminal half ofof phagocytosis34—36).
ELMO1 (Y511, with the sequence Tyr-Thr-Glu-lle, and
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