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Focal Adhesion Kinase (FAK) activity is controlled by growth
factors and adhesion signals in tumor cells. The scaffolding pro-
tein RACK1 (receptor for activated C kinases) integrates insu-
lin-like growth factor I (IGF-I) and integrin signaling, but
whether RACK1 is required for FAK function is unknown. Here
we show that association of FAK with RACK1 is required for
both FAK phosphorylation and dephosphorylation in response
to IGF-I. Suppression of RACK1 by small interfering RNA
ablates FAK phosphorylation and reduces cell adhesion, cell
spreading, and clonogenic growth. Peptide array and mutagen-
esis studies localize the FAK binding interface to blades I-III of
the RACK1 �-propeller and specifically identify a set of basic
and hydrophobic amino acids (Arg-47, Tyr-52, Arg-57, Arg-60,
Phe-65, Lys-127, and Lys-130) as key determinants for associa-
tion with FAK. Mutation of tyrosine 52 alone is sufficient to
disrupt interaction of RACK1 with FAK in cells where endoge-
nous RACK1 is suppressed by small interfering RNA. Cells
expressing a Y52F mutant RACK1 are impaired in adhesion,
growth, and foci formation. Comparative analyses of homology
models and crystal structures for RACK1 orthologues suggest a
role for Tyr-52 as a site for phosphorylation that induces confor-
mational change inRACK1, switching theprotein intoaFAKbind-
ing state. Tyrosine 52 is further shown to be phosphorylated by
c-Abl kinase, and the c-Abl inhibitor STI571disruptsFAK interac-
tionwithRACK1.We conclude that FAKassociationwithRACK1
is regulated by phosphorylation of Tyr-52. Our data reveal a novel
mechanism whereby IGF-I and c-Abl control RACK1 association
with FAK to facilitate adhesion signaling.

RACK12 is a tryptophan-aspartate (WD) repeat containing
protein that acts as a scaffolding protein in a wide array of sig-

naling events (1, 2). It has been reported to both regulate and
promote cell migration in different cell types (3–5). RACK1
scaffolds proteins at focal adhesions and is capable ofmediating
both focal adhesion assembly and disassembly (4, 6, 7). RACK1
also scaffolds core kinases of the ERK pathway in response to
adhesion signals and modulates the phosphorylation of focal
adhesion proteins including focal adhesion kinase (FAK) and
paxillin (8, 9). In transformed cells RACK1 integrates signaling
from the IGF-I receptor (IGF-IR) and �1 integrin by forming a
scaffolding complex that includes these receptors as well as
signaling molecules that promote cell migration (5, 10, 11).
Cooperation between IGF-IR and�1 integrin signaling is essen-
tial for growth of certain tumors (12), and we propose that
RACK1 has an important role in this.
The interaction of RACK1with the IGF-IR requires integrins

to be ligated and also requires a domain in theC terminus of the
IGF-IR that is essential for IGF-IR function in anchorage-inde-
pendent growth, cell survival, and cell migration (13, 14).
Ligand-mediated activation of the IGF-IR leads to recruitment
of certain proteins to RACK1 such as IRS-1, �1 integrin, and
dissociation of other proteins from RACK1 such as PP2A and
Src. Competitive binding to RACK1 occurs for some of these
proteins. For example, IGF-I-mediated dissociation of PP2A
from RACK1 is required for recruitment of �1 integrin, and
both PP2A and �1 integrin compete for binding to tyrosine 302
in RACK1 (5, 15).
RACK1 is located in areas of cell protrusion that are rich in

paxillin (4, 7) and can increase the phosphorylation of FAK (7).
FAK is a well characterized kinase in mediating integrin signal-
ing and is associated with the enhanced migratory potential of
several cancer cell types (16–18). FAK is phosphorylated on
tyrosine 397 in response to the clustering of integrins (for
review, see Ref. 19) or by activation of the EGF and platelet-
derived growth factor receptors (20–23). This results in
recruitment of Src and subsequent phosphorylation of target
proteins that are associated with focal adhesion formation
and activation of mitogen-activated protein kinase path-
ways. FAK becomes rapidly dephosphorylated when cells are
detached, and this is thought to be essential for focal adhe-
sion dissolution and cell migration. FAK dephosphorylation
can be stimulated by IGF-I (5, 24–27). Interestingly, we have
observed that IGF-I-mediated dephosphorylation of FAK is

* This work was supported by the Health Research Board of Ireland, Cancer
Research Ireland, and Science Foundation Ireland as well as Medical
Research Council (UK) Grants G0600765 and G0400053, European Union
Grant 037189, and Fondation Leducq (Paris) Grant 06VD02 (to M. D. H. and
G. S. B.).

1 To whom correspondence should be addressed. Tel.: 353-21-4901312; Fax:
353-214901382; E-mail: r.oconnor@ucc.ie.

2 The abbreviations used are: RACK1, receptor for activated C kinase; siRNA,
small interfering RNA; ERK, extracellular signal-regulated kinase; GST, glu-
tathione S-transferase; FAK, focal adhesion kinase; IGF-IR, insulin-like
growth factor I receptor; EGF, epidermal growth factor; PBS, phosphate-
buffered saline; HA, hemagglutinin.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 30, pp. 20263–20274, July 24, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

JULY 24, 2009 • VOLUME 284 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 20263



enhanced in cells overexpressing RACK1, which also have
enhanced migratory potential and increased activation of
mitogen-activated protein kinase pathways (28). However, it
is not known how the phosphorylation and subsequent
dephosphorylation of FAK are coordinated. In particular,
the role of RACK1 in regulation of FAK phosphorylation
remains undefined. Here we investigated this in the context
of IGF-I and adhesion signaling by determining the role of
RACK1 in FAK function.

MATERIALS AND METHODS

Reagents and Antibodies—Recombinant IGF-I and EGF
were purchased from Pepro Tech. Inc. (Rocky Hill, NJ). The
anti-RACK1 and anti-Abl (554148) were from BD Transduc-
tion Laboratories. The anti-IGF-IR polyclonal antibody and
anti c-Abl antibody was from Santa Cruz Biotechnology
(Santa Cruz, CA). The anti-phospho-Akt, anti-Akt, and anti-
phospho FAK (Tyr-397) polyclonal antibodies were from
Cell Signaling Technology (Beverly, MA). The anti-Shc poly-
clonal antibodies, the anti-phosphotyrosine monoclonal
antibody 4G10, anti-ERK-2, anti-FAK antibodies, and
recombinant glutathione S-transferase (GST)-Crk was pur-
chased from Upstate Biotechnology Inc. (Lake Placid, NY).
The anti-actin monoclonal antibody was from Sigma.
Recombinant GST-FAK and anti-c-Abl (OP14) were pur-
chased from Calbiochem. STI571 was a kind gift from
Novartis Pharma AG, (Basel, Switzerland).
Cell Culture, Transfection, and IGF-I-mediated Stimula-

tion of MCF-7 and R� Cells—The MCF-7 breast carcinoma
cell line and R� cell line (the mouse embryonic fibroblast
cell line derived from the IGF-IR knock out mouse (29) was
maintained in Dulbecco’s modified Eagle’s medium (Bio-
Whittaker, Verviers, Belgium) were supplemented with 10%
(v/v) fetal bovine serum, 10 mM L-Glu, and 5 mg/ml penicil-
lin/streptomycin. R� cells were transiently transfected with
pcDNA3/IGF-IR WT or IGF-IR Y1250F/Y1251F or empty
pcDNA3 vectors (8 �g of DNA) using Lipofectamine trans-
fection reagent (Invitrogen). After 24 h in culture the trans-
fected cells were seeded into 10-cm plates and cultured for
an additional 18 h. For analysis of signaling responses in
adherent cells, the cells were then washed with PBS and
starved from serum for 4 h before stimulation with IGF-I or
EGF for the indicated times. For analysis of signaling
responses in non-adherent cells (Fig. 1A) confluent R� cells
were detached with trypsin/EDTA and then washed with
PBS. Cells were resuspended in serum-free medium and
maintained in suspension for 4 h before stimulation with
IGF-I for the indicated times.
RNA Interference—siRNAs targeted to human RACK1 were

purchased fromAmbion. The sequences are: siRNA ID 135615
(siRNA 1) 5�-ccaucaagcuauggaauactt-3� (sense), 5�-guauucca-
uagcuugauggtt-3� (antisense); siRNA ID 135616 (siRNA 2)
5�-gcuauggaauacccugggutt-3� (sense), 5�-acccaggguauucca-
uagctt-3� (antisense); siRNA ID135617 (siRNA 3) 5�-ccuuua-
cacgcuagauggutt-3� (sense), 5�-accaucuagcguguaaaggtg-3�
(antisense). MCF-7 cells were seeded at 50% confluency and
transfected with 100 �M siRNA using the OligofectAMINE
transfection reagent (Invitrogen) as described previously (5).

After 24 h the cells were starved and stimulated as described
above or lifted using trypsin/EDTA and replated for cell assays.
Preparation of Cellular Protein Extracts and Immuno-

precipitation—Cellular protein extracts were prepared by
washing cells with PBS and then scraping into lysis buffer
consisting of 10 mM Tris HCl, pH 7.4, 150 mM NaCl, 1%
Nonidet P-40 plus the tyrosine phosphatase inhibitor
Na3VO4 (1 mM), and the protease inhibitors phenylmethyl-
sulfonyl fluoride (1 mM), pepstatin (1 �M), and aprotinin (1.5
�g/ml). After incubation at 4 °C for 20 min nuclear and cel-
lular debris were removed by microcentrifugation at 14,000
rpm for 15 min at 4 °C. For immunoprecipitation of endog-
enous proteins from stimulated or unstimulated cells, cells
were initially precleared using bovine serum albumin-coated
protein G-agarose beads (15 �l of beads per 400 �g of total
protein in 700 �l of lysis buffer) by incubation at 4 °C for 1 h
with gentle rocking. The lysates were recovered from the
beads by centrifugation at 3000 rpm for 3 min and trans-
ferred to fresh tubes for incubation with primary antibody (3
�g of each antibody) overnight at 4 °C with gentle rocking.
Immune complexes were obtained by adding 20 �l of protein
G-agarose beads for 3 h at 4 °C, washing (�3) with ice-cold
lysis buffer, and removal from the beads by boiling for 5 min
in 20 �l of 2� SDS-PAGE sample buffer before electro-
phoresis andWestern blot analysis. For RACK1 immunopre-
cipitations, 700 �g of protein was incubated with 1 �g of
anti-RACK1 IgM antibodies, 5 �g of goat anti-mouse IgM
Fab fragment, 30 �l of protein G-agarose beads, 500 �l of
immunoprecipitation buffer (1 mM EGTA, 1 mM EDTA, 10
mM Tris-HCl, pH 7.4, 150 mM NaCl, and 1% deoxycholate
together with the tyrosine phosphatase inhibitor Na3VO4 (1
mM) and protease inhibitors as described previously (Kiely
et al. (25)).
Western Blot Analysis—Protein samples were resolved by

SDS-PAGE on 4–20% gradient gels and then transferred to
nitrocellulose membranes, which were blocked for 1 h at
room temperature in Tris-buffered saline containing 0.05%
Tween 20 and 5% milk (w/v). Primary antibody incubations
were overnight at 4 °C. Secondary antibody incubations were
at room temperature for 1 h. Where indicated, membranes
were stripped in 62.5 mM Tris-Cl, 1% SDS, and 0.7% 2-mer-
captoethanol for 30 min at 50 °C followed by extensive wash-
ing in 0.2 and 0.05% Tris-buffered saline containing 0.05%
Tween 20. Secondary antibodies conjugated with horserad-
ish peroxidase were used for detection of Shc with enhanced
chemiluminescence (Super Signal from Pierce). In all other
cases we used Alexa Fluor 680- and 800-coupled anti-rabbit
and anti-mouse secondary antibodies (LI-COR Biosciences)
for detection with the Odyssey� infrared imaging system
(LI-COR Biosciences).
Cell Adhesion and Cell Spreading Assay—Plates (96 wells)

were coated with collagen I (10 �g/ml) overnight at 4 °C and
washed twice with 2� PBS and then blocked with 2.5%
bovine serum albumin for 2 h at 37 °C. MCF-7 cells trans-
fected with siRNA targeting RACK1 or a control siRNA for
24 h were-serum starved for 4 h before harvesting with tryp-
sin/EDTA, washing with serum-free media (SFM), and
resuspending in SFM to give a final density of 2.0 � 105
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cells/ml. This cell suspension (100 �l/2.0 � 104 cells) was
plated onto collagen-coated plates and allowed to attach for
the indicated times at 37 °C. Unbound cells were removed by
inverting and gentle washing in PBS before the cells were
fixed in methanol at �20 °C for 5 min. Cells were stained
with 0.1% crystal violet and measured by reading the absorb-
ance at 595 nm. To assess cell spreading, MCF-7 cells (trans-
fected with siRNA targeting RACK1 or a control siRNA)
were harvested with trypsin/EDTA and replated onto multi-
ple wells of a collagen-coated 24-well plate. After 8 h the cells
were inspected and photographed.
Cell Proliferation and Plating Efficiency Assays—MCF-7

cells transfected with siRNA targeting RACK1 or a control
siRNAwere harvested after 24 h with trypsin/EDTA, washed
in serum-free medium, and resuspended in Dulbecco’s mod-
ified Eagle’s medium/10% fetal bovine serum at a final den-
sity of 3.0 � 104 cells/well in multiple wells of a 24-well plate.
At regular intervals (48, 72, and 96 h post-transfection) the
cells were removed from triplicate wells and counted using a
hemocytometer and trypan blue exclusion. To assess plating

efficiency cells were seeded in
triplicate wells of a 6-well plate at
500 cells/well in 3ml of Dulbecco’s
modified Eagle’s medium, 10%
fetal bovine serum and cultured
for 14 days. Cells were fixed in
methanol at �20 °C for 5 min and
stained with Giemsa. Colonies
were examined, counted, and
photographed.
Spot Synthesis of Peptides and

Overlay Analysis—Peptides arrays
of RACK1 in nitrocellulose were
generated as previously described
(30–32). Essentially, scanning
libraries of overlapping 25-mer
peptides covering the entire
sequence of RACK1 were pro-
duced by automatic SPOT synthe-
sis and synthesized on continuous
cellulose membrane supports on
Whatman 50 cellulose using Fmoc
(9-fluorenylmethyloxycarbonyl)
chemistry with the AutoSpot-Ro-
sbot ASS 222 (Intavis Bioanalytical
Instruments). The interaction of
GST, GST-FAK, and c-Abl with the
RACK1 array was investigated by
overlaying the cellulose membranes
with 10 �g/ml concentrations of
each recombinant protein. Bound
protein was detected with specific
rabbit antisera for each protein and
a secondary anti-rabbit antibody
coupled with horseradish peroxi-
dase. Once the binding site of FAK
on the full-length RACK1 array was
determined, specific alanine scan-

ning substitution arrays were generated for selected peptides
using the same synthesis procedure.
In Vitro Kinase Assays—c-Abl kinase was first immuno-

precipitated from 500 �g of cell lysate by incubating 40 �l of
protein G-Sepharose beads and 3 �g of anti-c-Abl (K-12)
overnight. Beads were washed twice in lysis buffer and once
with the kinase buffer (20 mM HEPES, pH 7.1, 150 mM NaCl,
1% Triton X-100, 10% glycerol, 1 mM MgCl2, 2 mM MnCl2, 1
mM phenylmethylsulfonyl fluoride, 20 �g/ml aprotinin, and
100 �M sodium vanadate). The in vitro kinase reaction was
performed using 10 �g of GST-Crk as an exogenous sub-
strate in the presence of 10 �M ATP and 10 �Ci of
[�-32P]ATP at 30 °C for 15 min. The reaction mixture was
then subjected to SDS-PAGE, Western blotting, and autora-
diography phosphorimaging analysis. To assess the phos-
phorylation of peptide arrays, the membrane was placed in
membrane phosphorylation buffer (20 mM HEPES, pH 7.4,
100 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol, 0.2 mg/ml
bovine serum albumin for 1 h at room temperature. The
membrane was blocked overnight at 4 °C inmembrane phos-

FIGURE 1. RACK1 is required for FAK phosphorylation and dephosphorylation. A, MCF-7 cells were trans-
fected with siRNA1, siRNA2, and siRNA3 targeting RACK1 or control siRNA and serum-starved for 4 h before
stimulating with IGF-I for the indicated times. Cell lysates were prepared and separated on a 4 –20% gradient
PAGE and transferred to nitrocellulose membrane. The membrane was probed with antibodies directed
against phospho-FAK (Tyr-397) and FAK. B, R� cells were transiently transfected with pcDNA3 plasmids encod-
ing full-length WT IGF-IR or the Y1250F/Y1251F mutant IGF-IR. The cells were serum-starved under adherent
conditions or while maintained in suspension culture for 4 h before stimulation with IGF-I for the indicated
times. Cell lysates were prepared followed by Western blotting using antibodies directed against phospho-FAK
(Tyr-397) and FAK to determine protein loading. C, MCF-7 cells, R� cells, and R� cells were serum-starved for
4 h and stimulated with IGF-I before cell lysates were prepared. RACK1 was immunoprecipitated (IP) from the
lysates and analyzed for associated FAK by Western blotting with anti-phospho-FAK (Tyr-397) and anti-FAK
antibodies. RACK1 was also assessed to show that equal amounts of the protein were immunoprecipitated
from each sample.
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phorylation buffer containing 1 mg/ml bovine serum albu-
min, 100 �MATP. Eachmembrane was phosphorylated in 20
ml of membrane phosphorylation buffer containing 50 �M

ATP and 10 �Ci of [�-32P]ATP with and without kinase at
30 °C for 30 min. After extensive washing with 1 M NaCl
(10 � 10 min), H2O (3 � 5 min), 5% H3PO4 (3 � 15 min), and
H2O (3 � 5 min), the membrane was exposed by autoradiog-
raphy phosphorimaging analysis.

RESULTS

Association with RACK1 Is Required for FAK Phosphoryl-
ation and Dephosphorylation—We have shown previously
that FAK phosphorylation on Tyr-397 is increased in
RACK1-overexpressing cells and that IGF-I induced FAK
dephosphorylation is accelerated (25). We, therefore, inves-
tigated whether RACK1 is required for FAK phosphorylation
and dephosphorylation by cell adhesion and IGF-I stimula-
tion, respectively. To do this we suppressed RACK1 expres-
sion with siRNA in MCF-7 cells. In cells transfected with
control siRNA, FAK phosphorylation on Tyr-397 was evi-
dent in adherent serum-starved cell cultures and was

decreased after IGF-I stimulation. However, in cells trans-
fected with three different siRNAs targeting RACK1, FAK
phosphorylation on Tyr-397 was not detectable in either the
presence or absence of IGF-I (Fig. 1A). This indicates that
FAK phosphorylation on Tyr-397 requires RACK1.
We next investigated whether FAK phosphorylation was

dependent on an interaction between RACK1 and the IGF-
IR. To test this, R� cells were transfected with either wild
type IGF-IR (IGF-IR WT) or an IGF-IR mutant (Y1250F/
Y1251F) that does not interact with RACK1 and does not
promote cell migration (25). As can be seen in Fig. 1B, FAK
phosphorylation was decreased in response to IGF-I in cells
expressing wild type IGF-IR but was unresponsive to IGF-I
in cells expressing the Y1250F/Y1251F mutant. Moreover,
when R� cells expressing WT IGF-IR were maintained in
suspension culture, FAK phosphorylation was not detected
(Fig. 1B). These data confirm that FAK phosphorylation
requires cell adhesion and demonstrate that IGF-I-mediated
dephosphorylation of FAK requires association of RACK1
with the IGF-IR.

FIGURE 2. RACK1 is required for cell adhesion, spreading, and foci formation. A, MCF-7 cells were transfected with RACK1 siRNA. After 20 h cells were serum-
starved for 4 h, removed with trypsin EDTA, and resuspended in serum-free medium at 2 � 105 cells/ml for analysis of adhesion to collagen-coated plates. At the
indicated times cells were stained with crystal violet, and absorbance was determined at 595 nm. Data are presented for quadruplicate samples. B, MCF-7 cells were
transfected with siRNA, cultured for 20 h, removed with trypsin EDTA, seeded into collagen-coated wells of a 24-well plate, and allowed to adhere for 8 h before being
examined and photographed with an inverted microscope (20� magnification). C, MCF-7 cells transfected with siRNA were seeded in multiple wells of a 24-well plate
at a density of 3 � 104 cells/well 24 h post-transfection. At the indicated time points cells were collected, and the number and viability were determined using a
hemocytometer and trypan blue exclusion. Data are presented as the mean and S.D. of live cell numbers in triplicate wells. D, MCF-7 cells transfected with siRNA were
seeded in multiple wells of a six-well plate. After 24 h cells were seeded at a density of 500 cells per well in medium supplemented with 10% fetal calf serum and
incubated for 14 days at 37 °C. After 14 days the cells were stained with Giemsa. The plates were photographed, and the colonies were counted. Data are presented as
the mean and S.D. of colonies per well for six wells and are representative of three independent experiments with similar results.
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These results led us to hypothesize that FAK association
with RACK1 may be regulated by IGF-I. To test this we
investigated the co-immunoprecipitation of FAK with
RACK1 in MCF-7 cells, R� cells, and R� cells. FAK was
found to be constitutively associated with RACK1 in immu-
noprecipitates from all three cell lines (Fig. 1C). This sug-
gests that the association is not dependent on the presence of
the IGF-IR. However, although RACK1-associated FAK was
phosphorylated in serum-starved cultures with all cell lines,
IGF-I-mediated dephosphorylation of FAK was observed in
both MCF-7 and R� cells but not in R� cells. This indicates
that phosphorylation of FAK in response to integrin ligation
and dephosphorylation of FAK in response to IGF-I, both,
occur when RACK1 is associated with the IGF-IR.
RACK1 Is Required for Cell Spreading, Proliferation, and

the Transformed Phenotype of MCF-7 Cells—We next inves-
tigated whether suppression of RACK1 would affect the abil-
ity of MCF-7 cells to attach and spread on collagen and pro-

liferate under different conditions. In cells with RACK1
suppressed, attachment to collagen was decreased by almost
50% in comparison to control siRNA- transfected MCF-7
cells (Fig. 2A). Furthermore, as can be seen in Fig. 2B, cell
spreading after 8 h of attachment was greatly impaired com-
pared with untransfected or control cells. Although cells in
which RACK1 was suppressed were attached and viable, they
clearly occupied a smaller surface area than control cells
(Fig. 2B).
Proliferation was assessed in normal monolayer cultures and

in plating efficiency assays, which measure the ability to form
foci at low density, a feature of transformed cells. In monolayer
cultures the proliferation rate ofMCF-7 cells with RACK1 sup-
pressed was reduced by 60% compared with controls (Fig. 2C).
In plating efficiency assays these cells also yielded fewer and
smaller foci than control cells (Fig. 2D). Taken together, these
data indicate that RACK1 is required for FAK phosphorylation,
cell attachment, initiation of cell spreading, proliferation, and

FIGURE 3. Identification of FAK interaction sites on RACK1 peptide arrays and alanine scanning peptide arrays. A, the amino acid sequence of the entire
RACK1 protein is shown schematically (1–317) with the 7 WD repeat sequences indicated. Peptides arrays of immobilized overlapping 25-mer peptides, each
shifted to the right by 5 amino acids encompassing the entire RACK1 sequence, were generated. Arrays were probed with GST-FAK, which was detected by
immunoblotting with anti-GST antibody. The array shown is a representative of three arrays which gave a similar pattern of FAK binding. Positively interacting
peptides generated dark spots, and non-interacting peptides left blank spots. The spots were blank in all sections of the array except for spots representing
peptides in WD2 (8, 9, and 10) and WD3 (22 and 23) of RACK1. Purified GST did not interact with any peptides (not shown). B, arrays in which the 25 amino acids
in peptide 10 and peptide 22 of RACK1 were sequentially substituted with alanine along the entire sequence of the 25-mer parent peptide. In cases where the
parent amino acid was alanine, it was substituted for aspartate. The top panel shows the alanine substitution array for peptide 10 (Thr-46 to Val-70), and the
bottom panel shows the alanine substitution array for peptide 22 (Lys-106 to Lys-130). Double alanine substitutions were also included for peptide 10 (Val-69
and Val-70, Arg-57 and Arg-60, His-62 and His-64) and for peptide 22 (Lys-106 and Asp-107, Arg-125 and Asp-126, Ser-114 and Ser-115, and Lys-127 and
Lys-130). The array was probed with GST-FAK, which was detected by immunoblotting with anti-FAK antibody. A decrease in intensity in binding to the
peptides after alanine substitution is indicative of decreased binding of FAK to RACK1. The binding of FAK to each alanine-substituted RACK1 peptide was
quantified by densitometry and presented as a percentage of the control “parent” sequence.
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foci formation. The data suggest that RACK1 may be required
for the initial stages of cell attachment necessary for both pro-
liferation and migration.
The Binding Site for FAK in RACK 1 Resides within WD

Repeats 1–3—Our co-immunoprecipitation results suggest
that FAK is constitutively associated with RACK1 (Fig. 1C).
To determine whether this is a direct interaction and to
define the site of interaction, we employed peptide arrays,
which we have recently used to identify the binding site for
PP2A and �1 integrin on RACK1 (15) and sites for RACK1
and � arrestin2 on PDE4D5 (33, 34). A library of overlapping
peptides (25-mers) each shifted by 5 amino acids encom-
passing the entire sequence of RACK1 (60 in all) was spot-
synthesized on nitrocellulose membranes to generate
RACK1 peptide arrays. These arrays were then probed with
recombinant GST or GST-FAK. GST did not bind to any peptide
spot within the RACK1 array. GST-FAK bound to a number of
peptides with the positive reactions indicated by dark spots (8, 9,
12, 22, and 23) (Fig. 3A). All of these peptides are derived from the
RACK1 sequence spanningWD repeats 1–3.
To identify the specific amino acids within these peptides

required for FAK binding we generated an array of peptides

derived from the 25-mer parent
peptides corresponding to spot 10
(Thr-46 to Val-70) and spot 22 (Lys-
106 to Lys-130). For each parent
peptide, 25 progeny were generated
where each new peptide in the array
had a single alanine substitution in
successive amino acids in the
sequence. These two alanine-scan-
ning peptide arrays were then
probed with recombinant GST-
FAK. Results showed that FAK
binding to these peptides was either
severely attenuated or ablated by
alanine substitution of Arg-47, Tyr-
52, Arg-57, Arg-60, and Phe-65 in
peptide 10 and by alanine substitu-
tion of Lys-127 and Lys-130 in pep-
tide 22 (Fig. 3B). Dual substitution
of the positively chargedArg-57 and
Arg-60 in peptide 10 and the posi-
tively charged Lys-127 and Lys-130
in peptide 22 completely ablated
binding of FAK. Dual substitutions
of either Val-69 and Val-70 or
His-62 andHis-64 in peptide 10 and
Lys-106 and Asp-107 or Ser-114
and Ser-115 in peptide 22 had no
effect on the binding of FAK to
RACK1 and, thus, provide internal
controls. The interaction of FAK
with the peptides was quantified by
densitometry and is presented in
Fig. 3B as a percentage of binding of
FAK to the control parent peptide.
Together these analyses confirm

that the binding of FAK to RACK1 is direct and demonstrates
that key amino acids required for binding are located in the
RACK1 sequence immediately after WD1 and running into
WD2 as well as into WD3.
Mutagenesis Substantiates the Involvement of RACK1 Blades

I-III in FAK Binding—During the course of this work no crystal
structure was available for RACK1, although we had previously
developed a seven-bladed �-propeller RACK1 model based on
homologous proteins (35). To direct subsequent mutagenesis
studies, this model was used to assess the likely surface expo-
sure of array peptide residues implicated in FAK binding. The
clustered residues from peptide 10 (Arg-47, Tyr-52, Arg-57,
and Arg-60) were predicted to occupy surface-exposed posi-
tions on a single �-hairpin motif (Fig. 4Ai), and peptides
encompassing this region might reasonably preserve the native
structure of the intact protein. In contrast, Phe-65 fell within a
loop region inWD2, and its structural organization in the array
peptides andmimicry of the intact proteinwas considered to be
less assured. Nevertheless, the model predicted surface expo-
sure of Phe-65 proximal both to the preceding peptide 10 resi-
dues and those implicated in FAK binding from array peptide
22. Lys-127 and Lys-130, residues present in peptide 22, were

FIGURE 4. Predicted locations of key residues implicated in FAK binding. A, the sequences corresponding
to array peptides 10 and 22 (respectively, yellow and green) are mapped onto a homology model of RACK1 (1);
amino acids whose individual mutation to alanine significantly compromises FAK binding are highlighted in
red: (i) top view of �-propeller; (ii) edge view with solvent accessible surface rendition. B, MCF-7 cells were
transfected with plasmids encoding HA-RACK1, WT, Y52F, R57A/R60A, or K127A/K130A. Cell lysates were
prepared and immunoprecipitated (IP) with anti-HA antibody followed by Western blotting to detect associ-
ated FAK and IGF-IR.
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also predicted to occupy surface locations on RACK1 (Fig. 4Ai),
consistent with their possible involvement in a protein docking
interface. Other residues in peptides 10/22 (or indeed neigh-
boring regions of RACK1) may potentially engage FAK, albeit
insufficiently strong to be identified from the scanning peptide
array.
We focused our attention on the RACK1 residues (Tyr-52,

Arg-57, Arg-60, Lys-127, and Lys-130) that had themost prom-
inent predicted surface exposure and that were, therefore, con-
sidered strong candidates for direct interaction with FAK.
These residues were mutated (Y52F, R57A/R60A, and K127A/
K130A) in the context of full-length, HA-tagged RACK1, and
the mutants were expressed in MCF-7 cells for comparison
with HA-RACK1-WT. Each HA-tagged RACK1 protein was
then immunoprecipitated with anti-HA antibody and assessed
for associated FAK. The R57A/R60A and K127A/K130A
mutants had decreased binding of FAK, but the Y52F mutant

completely lost binding of FAK (Fig. 4B). These data clearly
indicate a critical role forTyr-52 inRACK1 for either directly or
indirectly binding to FAK. Given the conservative nature of
Y52F substitution (in terms of steric demand and aromatic
character of the side chain), this suggests that phosphorylation
of Tyr-52 in the intact RACK1 protein may be required for
binding of FAK.
Tyr-52 in Propeller Blade I Is Required for RACK1Function in

Cell Adhesion—Our data suggest that RACK1 is essential for
cell adhesion in MCF-7 cells and FAK phosphorylation by
growth factor and adhesion signals. FAK is important for focal
adhesion formation, and given our observation that Y52F
mutation in RACK1 disrupts FAK binding, we predicted that
cells expressingHA-RACK1 (Y52F)would have defective adhe-
sion. To test this, we generatedMCF-7 cells stably overexpress-
ing HA-RACK1 (Y52F) and tested their ability to attach to col-
lagen. Cells overexpressing HA-RACK1 (WT) displayed
increased attachment at 1 and 2 h, but MCF-7 cells expressing
HA-RACK1 (Y52F) showed a dramatic decrease in attachment
to collagen compared with untransfected cells and WT cells
(Fig. 5A). We then investigated whether the Y52F mutation
affects the ability of RACK1 to support the transformed pheno-
type of MCF-7 cells in foci-forming assays. WT cells displayed
increased numbers of foci (Fig. 5B). In marked contrast to this,
Y52F cells exhibited decreased numbers of foci (Fig. 5B), indi-
cating that interaction of FAK with RACK1 is essential for foci
formation. These data also suggest that Y52F RACK1may have
dominant negative function in MCF-7 cells. Together, these
results indicate that the interaction between RACK1 and FAK
at Tyr-52 is essential for cell adhesion and foci formation.
RACK1 Can Be Phosphorylated by c-Abl, and Inhibition of

c-Abl Activity Suppresses FAK Binding to RACK1—Because
Tyr-52 in RACK1 is required for interaction with FAK, we con-
sidered it likely that phosphorylation of this tyrosine may reg-
ulate FAK association with RACK1. We also hypothesized that
c-Abl may be a candidate to act as the kinase to phosphorylate
Tyr-52 because c-Abl associates with RACK1 in transformed
cells (36) and phosphorylates focal adhesion-associated pro-
teins (37–39). We first investigated the interaction of c-Abl
with RACK1 by probing a RACK1 peptide array with recombi-
nant c-Abl. This revealed positive reactions for peptides
derived fromWD repeats 1–3 (Fig. 6A) and a pattern of inter-
action that was very similar to that of FAK (Fig. 3A). This
included the WD1/2-connecting sequence and WD repeats 2
and 3 represented by peptides 8 and 9 and peptides 21, 22, and
23. c-Abl also interacted strongly with peptides 18 and 19,
which were not implicated in the FAK interaction, suggesting
some differences in the way in which FAK and c-Abl interact
with RACK1.
We next asked if c-Abl could phosphorylate a target peptide

within the RACK1 peptide array. To do this we incubated the
RACK1 peptide array with active recombinant c-Abl and
[32P]ATP in a kinase assay. A radioactive signal was detected
only for peptides 8 and 9, both of which include Tyr-52 (Fig. 6A,
lower panel). All peptides containing other tyrosines (Tyr-140,
-194, -228, -248, and -302) in RACK1 were not phosphorylated
by c-Abl (not shown). Furthermore, all other peptides where
c-Abl bound (17, 18, 19, 21, 22, and 23) were negative in the

FIGURE 5. The RACK1 Tyr-52 mutant suppresses cell adhesion and foci
formation. A, MCF-7 cells stably overexpressing HA-RACK1 Y52F were serum-
starved for 4 h, removed from plates, resuspended in serum-free medium,
and allowed to adhere to collagen for the indicated times. Cells were washed
and stained with crystal violet, and absorbance was determined at 595 nm.
Data are presented for quadruplicate samples for three individual clones and
are representative of that obtained for five clones. B, MCF-7 cells stably over-
expressing HA-RACK1 Y52F were seeded in multiple wells of a 6-well plate
24 h after transfection at a density of 500 cells per well and incubated for 14
days at 37 °C. After 14 days cells were stained with Giemsa, the plate was
photographed, and the colonies were counted. Data are presented as the
mean and S.D. of colonies per well for six wells and are representative of data
obtained with five independent clones.
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kinase assay, indicating that the radioactive signal on the array
did not come from RACK1-bound c-Abl but rather from the
phosphorylated RACK1 peptide itself. Src did not phospho-
rylate the RACK1 peptide array incorporating this site (not
shown). Together these data indicate that c-Abl and FAK bind
to a shared region in RACK1 and suggest that phosphorylation
of RACK1 on Tyr-52 is important for the interaction with FAK.
IGF-I has recently been shown to activate c-Abl kinase in

MCF-7 cells (40). Furthermore, either pharmacological inhibi-
tion of c-Abl activity or siRNA-mediated suppression of c-Abl
reduced cell proliferation and anchorage-independent growth

(40). In agreement with Srinivasan
et al. (40), we found that IGF-I
induces an increase in c-Abl activity
as measured by its ability to phos-
phorylate Crk in MCF-7 cells (Fig.
6B). We also reasoned that if c-Abl
associates with and phosphorylates
RACK1, then inhibition of c-Abl
activity should disrupt the RACK1-
FAK interaction and cell adhesion.
To test this, MCF-7 cells were pre-
incubated with increasing concen-
trations of the Abl kinase inhibitor
ST1571 (41, 42) before immunopre-
cipitating RACK1 and measuring
associated FAK. In untreated cells
FAK was associated with RACK1,
but strikingly, the amount of
RACK1-associated FAK decreased
with increasing concentrations of
STI571. No FAKwas detected in the
RACK1 immunoprecipitation (Fig.
6C) in the presence of 10 �M

STI571, which has been shown in
previous reports to inhibit phos-
phorylation of c-Abl by 75% activity
and switch off kinase activity in
MDA-MB-435 and BT-549 cells
(43). STI571 also reduced the adhe-
sion of MCF-7 cells to collagen in a
dose-dependent manner with
almost complete loss of adhesion in
cells cultured in the presence of 10
�M STI571 (Fig. 6D).
We next asked if phosphorylation

of Tyr-52 by c-Abl occurs in vivo.
We have consistently observed that
tyrosine phosphorylation of RACK1
in cell lysates is barely detectable.
We also predict that phosphoryla-
tion of Tyr-52 in RACK1 is likely to
be a dynamic event during cell adhe-
sion and de-adhesion. Therefore,
we designed experiments that
measure the ability of c-Abl to phos-
phorylate RACK1 that was tran-
siently expressed in cells and then

immunoprecipitated for analysis in in vitro kinase assays. If
c-Abl is the correct kinase for Tyr-52, then under normal cul-
ture conditions this tyrosine should be phosphorylated by
endogenous c-Abl and would not be available for further phos-
phorylation by c-Abl when immunoprecipitated RACK1 is sub-
jected to in vitro kinase assays.However, in cells pretreatedwith
10 �M STI571, where c-Abl activity is suppressed, RACK1
Tyr-52 should not be phosphorylated and should be available
for phosphorylation by Abl in in vitro kinase assays.
To test this, MCF-7 cells were transfected with WT RACK1

or a series of point mutants of RACK1 (Tyr-52, Tyr-302, Arg-

FIGURE 6. c-Abl phosphorylates RACK1 at the FAK interaction site and c-Abl kinase activity is required for
interaction of FAK with RACK1. A, A RACK1 peptide array was probed with recombinant active c-Abl, which
was detected by immunoblotting with anti-c-Abl antibody. Blank spots indicate no binding and were evident
in all sections of the array except for spots in WD2 (corresponding to peptides 8, 9, and 10) and WD3 (corre-
sponding to peptides 18, 19, 22, and 23) (top). To measure phosphorylation of the RACK1 array by c-Abl kinase,
the membrane was incubated in 20 ml of membrane phosphate buffer together with 1 �g of c-Abl and 32P at
30 °C for 30 min. After extensive washing, radioactivity was detected with phosphorimaging. The spots were
blank in all sections of the array except for spots corresponding to peptides 8 and 9 in WD2. B, c-Abl was
immunoprecipitated (IP) from MCF-7 cells which had been serum-starved for 4 h and stimulated with IGF-I for
the indicated times. The immunoprecipitated proteins were subjected to an in vitro kinase assay using GST-Crk
as a substrate. The total amount of c-Abl used in the kinase assay was detected by Western blotting. C, MCF-7
cells maintained in serum were pretreated with increasing concentrations of STI571. RACK1 was immunopre-
cipitated (IP) from the lysates and investigated for associated FAK before probing with antibodies against the
IGF-IR and RACK1 to show that equal amounts of the protein were immunoprecipitated from each sample.
D, MCF-7 cells maintained in serum were pretreated with increasing concentrations of STI571. The cells were
then serum-starved for 4 h and resuspended in serum-free medium and allowed to adhere to collagen coated
plates for the indicated times before staining with crystal violet and analysis of absorbance at 595 nm. Data are
presented for quadruplicate samples. E, MCF-7 cells were transfected with plasmids encoding HA-RACK1 WT,
Y302F, R57A/R60A, K127A/K130A, or Y52F. Cell lysates were prepared and immunoprecipitated with anti-HA
antibody and used as a substrate in an in vitro kinase assay with c-Abl kinase. Recombinant Crk and immuno-
precipitated Src were used as positive and negative controls, respectively. Incorporated radioactivity was
detected by phosphorimaging.
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57/Arg-60, Lys-127/Lys-130). Cells were pretreated with
STI571 or not, and each RACK1 was then immunoprecipitated
and subjected to in vitro kinase assays with recombinant c-Abl.
Crk was used as a positive control for c-Abl activity (Fig. 6E).
Strong phosphorylation of RACK1 WT, Y302F, R57A/R60A,
and K127A/K130A was observed from cells that were pre-
treated with STI571 (first four lanes). This indicates that c-Abl
can phosphorylate tyrosines in these immunoprecipitated
RACK1 proteins. No phosphorylation of the RACK1 Y52F
mutant was observed (fifth lane), indicating that this tyrosine is
required for c-Abl phosphorylation of RACK1. No phosphoryl-
ation of WT RACK1 from cells that were not pretreated with
ST1571 was observed (sixth lane), suggesting that the cAbl tar-
get tyrosine is already phosphorylated in these cells. Taken
together these data indicate that Abl may phosphorylate
RACK1 on Tyr-52 in vitro and in vivo and that c-Abl activity is
required for interaction of FAK with RACK1 as well as cell
adhesion.

DISCUSSION

FAK is widely regarded as being the convergence point of
growth factor and integrin signaling (16, 44), yet how FAK
phosphorylation is regulated within the growth factor and inte-
grin network is not fully understood. The aim of this study was
to investigate whether RACK1 is important for regulating FAK
activity and the early events of cell adhesion and cell prolifera-
tion promoted by IGF-I in transformed cells. IGF-I and insulin
have both been shown to induce FAK dephosphorylation,
which is in contrast to both platelet-derived growth factor and
EGF, which both induce FAK phosphorylation (45). These dif-
ferent responsesmay relate to the capacity of these receptors to
associate with RACK1. Indeed, in contrast to the IGF-IR, there
are no reports of RACK1 interacting with either the EGF or
platelet-derived growth factor receptors.
Our findings are summarized in Fig. 7. We propose that

RACK1 is an essential scaffolding protein for the phosphoryla-
tion of FAKonTyr-397 by adhesion signals and for dephospho-
rylation of FAK in response to IGF-I stimulation. The interac-

tion of RACK1 and FAK occurs on
an exposed surface of RACK1
involving propeller blades I-III but
is disrupted by mutation of Tyr-52.
This tyrosine can be phosphoryla-
ted by c-Abl, which interacts with
RACK1on the same face, andwhose
kinase activity is enhanced by IGF-I.
Thus, we conclude that phosphoryl-
ation of Tyr-52 by c-Abl stabilizes
the interaction of FAK and RACK1,
which facilitates FAK activation
and function (phosphorylation and
dephosphorylation on Tyr-397).
Thus, RACK1 is a scaffold for cross-
talk between the IGF-IR and inte-
grins in regulating FAK activity.
IGF-I-mediated dephosphoryla-

tion of FAK has previously been
associated with cell migration (24).

Cell migration is enhanced when RACK1 is overexpressed and
is decreased when RACK1 expression is suppressed (5). In this
studywe show that RACK1 expression is required for cell adhe-
sion and spreading, which are key initiating steps in cell migra-
tion (3, 4, 6). FAK activity is essential for cell spreading (46, 47).
Enhanced cell spreading is also associated with enhanced cell
growth (48, 49).WhenRACK1 expression is suppressed, FAK is
not phosphorylated on Tyr-397 and remains unresponsive to
IGF-I stimulation. Our data indicate that RACK1 scaffolding is
necessary for FAK to receive signals from both the IGF-IR and
�1 integrin to initiate the early events of cell spreading and
migration. This is supported by our observations in R� cells
expressing the Y1250F/Y1251F IGF-IR mutant. In these cells
RACK1 does not associate with the IGF-IR, FAK dephospho-
rylation is not induced by IGF-1, and cells do not migrate. The
role of RACK1 in regulating FAK function is likely to be impor-
tant for cooperation between IGF-IR and integrin signaling in
transformed cells. Suppression of RACK1 expression dramati-
cally reduced the proliferation and plating efficiency of MCF-7
cells (Fig. 2). Consistent with this, in prostate carcinoma cells
suppression of RACK1 inhibits androgen-mediated cell growth
(50). Other studies have shown that lack of Integrin-IGF-IR
interaction leads to suppressed tumor growth (12).
The interaction of FAK with RACK1 appears to occur inde-

pendently of Tyr-397 phosphorylation in FAK as recombinant
FAK interacts with RACK1 peptide arrays and FAK can be co-
immunoprecipitated constitutivelywithRACK1. FAK interacts
with the N terminus of RACK1. To date, the N terminus
encompassing WD repeats 1–4 is known to contain binding
sites for protein kinase Cs, STAT3, and the IGF-IR (10, 51,
52), whereas �1 integrin, PP2A, and Src interact within sites
in the C terminus (WD repeats 4–7) (4–6, 15)) The interac-
tion of FAK with the N terminus of RACK1 is likely to facil-
itate recruitment of FAK to integrins and, at the same time,
provide a mechanism for integration of integrin signaling
with the IGF-IR signaling pathway. Clustering of integrins
facilitates FAK phosphorylation on Tyr-397, which in turn
facilitates the recruitment of Src to FAK (for review, see Ref.

FIGURE 7. Model illustrating our findings on how RACK1 association with FAK is regulated. In adherent
serum-starved cells (left panel) RACK1 associates with the IGF-IR. FAK associates with RACK1 and is phospho-
rylated on Tyr-397, presumably because of integrin ligation. Upon stimulation with IGF-I (right panel), c-Abl
activity is enhanced, and RACK1 is phosphorylated on Tyr-52, which regulates and stabilizes the interaction
with FAK. FAK then becomes dephosphorylated at Tyr-397, which promotes cell migration. Suppression of
RACK1 expression, inhibition of c-Abl kinase activity, or mutation of Tyr-52 are all sufficient to ablate FAK
phosphorylation. Thus, the association of FAK with RACK1 at Tyr-52 is essential for activity of FAK.
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53). Subsequent interactions with downstream signaling
proteins, many of which are shared by the IGF-IR including
the adaptor proteins Shc, Grb2, and the p85 subunit of phos-
phatidylinositol 3-kinase, Cas, and paxillin, would facilitate
FAK signaling in focal adhesion formation (19, 45, 54).
RACK1 residues contributing to a putative FAK binding

interface were initially identified through scanning peptide
array analysis. This identified a group (Arg-47, Tyr-52, Arg-
57, Arg-60, and Phe-65) in the sequence immediately after
WD1 and running into WD2 and two amino acids (Lys-127
and Lys-130) in the WD3 repeat. With no crystal structure
available, we used a RACK1 homology model (Fig. 4Ai) to
assess the likely contribution of the identified amino acids
to a FAK binding surface and to select residues for further
evaluation through mutagenesis. Recent emergence (55) of a
crystal structure for Arabidopsis thaliana RACK1A, a pro-
tein that shares 66% sequence identity with human RACK1,
has subsequently confirmed the validity of our homology
model and the predicted surface exposure of Arg-47, Tyr-52,
Arg-57, Arg-60, Phe-65, Lys-127, and Lys-130. Although ala-
nine mutation of the Arg-57/Arg-60 and Lys-127/Lys-130
pairings reduced the binding of FAK to RACK1, the single
Y52F mutation was sufficient to completely abolish the
interaction. Thus, Tyr-52 is another critical tyrosine in
RACK1 important for protein-protein interaction. Tyr-246
inWD6 of RACK1 is important for Src binding (4, 6, 56), and
we have recently shown that Tyr-302 in WD7 of RACK1
controls the binding of PP2A and �1 integrin (15).

The fact that semi-conservative mutation of Tyr-52 (to Phe)
was sufficient to ablate FAKbinding suggests that it is phospho-
rylation of this tyrosine in vivo that is the critical determinant
for FAK binding. However, the absence of known phosphoty-
rosine binding motifs in FAK also suggests that this phospho-
rylation may control FAK binding indirectly by mediating con-
formational change in RACK1. Indeed, comparative analysis of
A. thaliana RACK1A and a second RACK1 structure, recently
acquired for a yeast orthologue (Asc1) with 52% sequence iden-
tity to human RACK1 (57), strongly supports this contention.
As predicted by our homology model, the cognate tyrosine to
Tyr-52 in RACK1A is located on a loop connecting adjacent
antiparallel �-strands (Fig. 8). The tyrosine phenolic group is
hydrogen-bonded to Lys-8 (conserved as Arg-8 in human
RACK1). Significantly the Tyr-52 cognate residue in the yeast
protein is phenylalanine 54 (Fig. 8B), and yet the presentation of
this latter residue is essentially identical to Tyr-52 in RACK1A.
Thus, it is unlikely that removal of the phenolic OH afforded by
Y52F mutation would ablate FAK binding by inducing confor-
mational change in RACK1. Moreover, in the RACK1 basal
state the Tyr-52 phenolic group is predicted to be sequestered
by interaction with Arg-8 and is unlikely to be able to engage
FAK directly by hydrogen bonding. The ablation of FAK bind-
ing seen with Y52F mutation in our studies is, therefore, likely

FIGURE 8. Structural detail for the cognate Tyr-52-containing loops in
RACK1 orthologues. A, crystal structure (PDB code 3DM0) of A. thaliana
RACK1A (loop sequence, KLTKDDKAYGV) (55). B, crystal structure (3FRX)
of Saccharomyces cerevisiae RACK1 orthologue, Asc1 (loop sequence

KLTGDDQKFGV) (57). C, superimposition of A. thaliana and S. cerevisiae pro-
tein structures (respectively, blue and orange), highlighting the conserved
presentation of Tyr-52/Phe-54 side chains and the local conformational dif-
ference arising from the absence (in the yeast protein) of the Asp-29 –Lys-47
ion-pairing present in the A. thaliana protein.
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because of the loss of a required phosphorylation site rather
than direct or indirect disruption of an associationwith RACK1
in a nonphosphorylated state.
In principle, a direct electrostatic interaction between the

putative RACK1 Tyr(P)-52 tyrosine phosphate and FAKmight
contribute to the association of these proteins notwithstanding
the absence of established phosphotyrosine binding motifs in
FAK. However, an indirect role for the phosphate in driving
conformational change required for FAK binding is consistent
with our observation that FAK binds to the unphosphorylated
RACK1 array peptides, where greater flexibility in these pep-
tides, abstracted from the full-length RACK1 protein, could
allow their adoption of a FAK binding conformation without
the need for activation by a phosphate switch. Compromised
FAK binding capacity with Y52A mutation in array peptide 10
may, however, signify partial involvement of the tyrosine ben-
zylic side chain for interactionwith FAK. The structural impact
of Tyr-52 phosphorylation is unclear at present, although the
predicted orientation of Arg-47 conserved as (Lys-47 in
RACK1A, Fig. 8A) on the opposing limb of the Tyr-52-contain-
ing loop may be significant. Although the tyrosine phenol and
terminal ammonium functionalities of these residues are prox-
imal (4.8 Å), they lack a tight hydrogen-bonded pairing in the
RACK1A protein. Instead, the side chain of Lys-47 forms a salt
bridge to Asp-29 (also conserved in human RACK1). Given the
strong sequence conservation in this region of the protein, it is
probable that the unphosphorylated Tyr-52-containing loop
in human RACK1 adopts a similar conformation to that seen
in the RACK1A crystal structure. Tyrosine phosphorylation
would reasonably lead to a significant conformational change in
this loop region, and the predicted proximity of Tyr-52 and
Arg-47 suggests the likely establishment of a strong Arg-47–
Tyr(P)-52 salt bridge pairing. This could serve to disengage the
putative Arg-47–Asp-29 interaction in the unphosphorylated
protein, whereas the predicted contact with Arg-8 may or may
not be retained post-phosphorylation. Notably the cognate res-
idues toArg-47 andAsp-29 are, respectively, Gly andAsn in the
yeast protein (Gly-49 andAsn-31, Fig. 8B), contrasting with the
Arabidopsis and Drosophila orthologues that conserve Asp,
Arg/Lys, and Tyr residues at the positions corresponding to
Asp-29, Arg-47, and Tyr-52. It may be, therefore, that a basic
residue corresponding to Arg-47 is redundant in the absence of
a neighboring tyrosine phosphorylation site. Moreover, analy-
sis of the yeast RACK1 protein structure suggests that it is the
absence of the Arabidopsis Lys-47–Asp-29 ion-pairing that
gives rise to the local conformational differences between the
two crystal structures (Fig. 8C). Thus, phosphorylation-driven
reorganization of this loop region of human RACK1 may plau-
sibly involve Arg-47–Asp-29 disengagement resulting from the
establishment of a Tyr(P)-52–Arg-47 ion pairing, and this may
contribute to local conformational changes that facilitate FAK
binding across propeller blades I-III.
Given the evidence suggesting a role for Tyr-52 as a site for

phosphorylation that induces conformational change in
RACK1, switching the protein into a FAKbinding state, we next
sought to identify a candidate kinase that might mediate this
phosphorylation. Our attention focused on c-Abl kinase, which
has previously been shown to bind to RACK1 (36). We deter-

mined that c-Abl interacts with RACK1 within WD repeats 2
and 3 and demonstrated that c-Abl kinase phosphorylates
RACK1 peptides containing Tyr-52 in RACK1 peptide arrays.
Furthermore, Y52Fmutation is sufficient to remove c-Abl-me-
diated phosphorylation of RACK1. Our finding that inhibition
of c-Abl activity with STI571 disrupts the RACK1-FAK inter-
action and cell adhesion in a dose-dependent manner confirms
that c-Abl activity may modulate FAK binding to RACK1 and
strongly suggests that c-Abl phosphorylates RACK1 at Tyr-52
in cells under physiological conditions. FAK activity, cell adhe-
sion, and foci formation in MCF-7 cells were all significantly
reduced in cells expressing the RACK1 Y52F mutant. The
mutant exhibits dominant negative function, which further
highlights the importance of Tyr-52 for interaction with FAK.
In summary we have identified FAK as a novel RACK1-inter-
acting protein. We conclude that the association of FAK with
RACK1 is dependent on phosphorylation at Tyr-52 by c-Abl
and that this is essential for IGF-I-mediated cell migration.
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