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To isolate and characterize proteins that interact with the unique domain and SH3 and SH2 domains of Src
and potentially regulate Src activity, we used the yeast two-hybrid assay to screen a human lung fibroblast
cDNA library. We identified RACK1, a receptor for activated C kinase and a homolog of the 3 subunit of G
proteins, as a Src-binding protein. Using GST-Src fusion proteins, we determined that RACK1 binds to the
SH2 domain of Src. Coimmunoprecipitation of Src and RACK1 was demonstrated with NIH 3T3 cells. Purified
GST-RACKI1 inhibited the in vitro kinase activity of Src in a concentration-dependent manner. GST-RACK1
(2 M) inhibited the activities of purified Src and Lck tyrosine kinases by 40 to 50% but did not inhibit the
activities of three serine/threonine kinases that we tested. Tyrosine phosphorylation on many cellular proteins
decreased in 293T cells that transiently overexpressed RACKI. Src activity and cell growth rates decreased by
40 to 50% in NIH 3T3 cells that stably overexpressed RACKI1. Flow cytometric analyses revealed that
RACKI1-overexpressing cells do not show an increased rate of necrosis or apoptosis but do spend significantly
more time in G,/G, than do wild-type cells. Prolongation of G,/G, could account for the increased doubling
time of RACK1-overexpressing cells. We suggest that RACK1 exerts its effect on the NIH 3T3 cell cycle in part

by inhibiting Src activity.

The cellular gene c-src and its viral homolog v-src (the trans-
forming gene of Rous sarcoma virus) encode 60-kDa, cytoplas-
mic, membrane-associated protein-tyrosine kinases (reviewed
in reference 6). For the viral protein (v-Src) or for transform-
ing mutants of the cellular protein (c-Src or Src), a close
correlation exists between elevated specific kinase activity and
cell transformation. At least four factors are known to influ-
ence Src activity: (i) mutation within the coding region of the
src gene, (ii) phosphorylation on Tyr 527 and Tyr 416 of Src,
(iii) subcellular localization of Src and its substrates, and (iv)
association of Src with other cellular proteins.

Compelling evidence indicates that Src-binding proteins can
regulate Src activity (reviewed in reference 6). A number of
interacting proteins that upregulate Src activity have been
identified. The prototype is middle T antigen (mT), the trans-
forming protein of polyomavirus. Src complexed with mT has
elevated specific activity due to dephosphorylation of Tyr 527
(5, 8, 11, 16). Activation of Src is required for the induction of
mammary tumors in mT transgenic mice (24). Characteriza-
tion of the Src-mT complex led to discovery of the fundamental
mechanism by which the cellular Src protein is converted to a
transforming protein and defined the requirement of Src for
polyomavirus transformation. Thus, characterization of a sin-
gle Src-binding protein contributed substantially to our under-
standing of both RNA and DNA tumor virology.

While a number of interacting proteins that upregulate Src
activity have been identified, few that downregulate Src activity
have been identified. Because it is the repression of c-Src
activity rather than the elevation of v-Src activity that accounts
for differences in their transforming abilities (9, 29, 53, 56), it
is important to search for cellular mechanisms that inactivate
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c-Src. Recently, caveolin, a 22-kDa integral membrane protein
that is the principal structural and regulatory component of
caveolae, was shown to bind Src and suppress its tyrosine
kinase activity (33-35).

Domains within Src kinases target the kinases to specific
subcellular locations where they bind to regulatory and/or sub-
strate proteins and are integrated into cell signaling pathways
and cell cycle events (reviewed in reference 6). For example,
the N-terminal unique domain (UD) confers the specificity of
binding of Lck to CD4 and CD8 (64) and of Fyn to the zeta
chain of the T-cell receptor (22), thus coupling intracellular
tyrosine kinases to the signaling pathways of cell surface re-
ceptors. The SH3 domain binds to proline-rich motifs in pro-
teins such as Sam68, an RNA-binding protein that binds to Src
and becomes tyrosine phosphorylated during mitosis (20, 63).
The SH2 domain of Src binds to tyrosine-phosphorylated pro-
teins such as the platelet-derived growth factor (PDGF) recep-
tor, and this interaction, which results in Src activation, is
required for PDGF-induced DNA synthesis (57, 65). Thus, the
UD and the SH3 and SH2 domains (UD/SH3/SH2) in Src are
key binding sites for proteins that regulate Src activity and inte-
grate Src into important signaling pathways and cell cycle events.

The purpose of this study was to isolate and characterize
Src-interacting proteins that potentially regulate Src activity.
We focused on protein interactions that involve UD/SH3/SH2
of Src. Using the yeast two-hybrid assay to screen a human lung
fibroblast cDNA library, we identified RACKI1, a receptor for
activated C kinase and a homolog of the B subunit of G pro-
teins, as a Src SH2-binding protein. We found that the over-
expression of RACKI inhibits the activity of Src tyrosine ki-
nases and the growth of NIH 3T3 cells. RACKI1 exerts its effect
on growth during the G,/G, phase of the cell cycle.

MATERIALS AND METHODS

Cell culture. NIH 3T3 cells were cultured in Dulbecco’s modified Eagle me-
dium (DMEM) (Mediatech, Herndon, Va.) supplemented with 10% calf serum
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(Sigma, St. Louis, Mo.). NIH 3T3 cells transfected with pneoMLV-wild-type
c-src (3T3/c-Src cells; 9) or pcDNA3-HA-RACKI1 were maintained in G418 (200
wg/ml) (Gibco-BRL, Life Technologies, Gaithersburg, Md.). 3T3/c-Src cells
transfected with pTK-Hygro (Clontech, Palo Alto, Calif.) and pcDNA3-HA-
RACKI or pZeoSV-HA-RACKI were maintained in G418 (200 wg/ml) and
hygromycin (150 wg/ml). NIH 3T3 cells transfected with pZeoSV-RACKI1 were
maintained in Zeocin (Invitrogen, La Jolla, Calif.) (150 wg/ml). HeLa, 293T, and
human colon carcinoma WiDr cell lines (American Type Culture Collection,
Manassas, Va.) were cultured in DMEM supplemented with 10% fetal bovine
serum (Sigma).

To analyze cell growth rates and doubling times, 10* cells were seeded in
35-mm-diameter plates. Cells from quadruplicate plates were counted with a
hemocytometer at 24-h intervals from days 2 to 6. Cell number (log scale) was
plotted versus time (linear scale), and doubling time was calculated from the
slope of the line.

Plasmids. pGEMsrc, a gift from Tony Hunter and Martin Broome (The Salk
Institute, La Jolla, Calif.), was digested with Ncol and Smal, and the src insert
was subcloned into the yeast vector pAS2, creating pAS2-srcUD/SH3/SH2. The
full-length, 1.2-kb human RACK1 ¢cDNA (H12.3) was excised from the yeast
two-hybrid vector pPGAD-GL and subcloned into pcDNA3 (Invitrogen), pZeoSV
(Invitrogen), and pGEX 4T3 (Pharmacia, Piscataway, N.J.) to create pcDNA3-
RACKI, pZeoSV-RACKI, and pGEX-RACKI, respectively. The influenza vi-
rus hemagglutinin (HA) tag (YPYDVPDYA) was inserted into the Bg/II site of
pcDNA3-RACKI1 and pZeoSV-RACKI to create pcDNA3-HA-RACKI1 and
pZeoSV-HA-RACKI, respectively. These plasmids were used for both transient
and stable RACKI1 expression. Hygromycin-resistant plasmid pTK-Hygro was
cotransfected with RACKI-containing plasmids into 3T3/c-Src cells. Murine
c-src cDNAs were subcloned into the pGEX 4T3 plasmid to create pGEXsrc (full
length), pGEXsrc-Smal (UD/SH3/SH2), pGEXsrc-UD, pGEXsrc-SH3, pGEX-
src-SH2, pGEXsrc-UD/SH3, and pGEXsrc-SH2/SH3. The pGEX-src constructs
were used to generate glutathione S-transferase (GST)-Src fusion proteins.
pGEMsrc was used for in vitro translations.

Antibodies, purified kinases, and synthetic peptides. A peptide corresponding
to amino acids 527 to 533 of Src was synthesized, coupled with glutaraldehyde to
a carrier (keyhole limpet hemocyanin; Calbiochem, San Diego, Calif.), and
injected into New Zealand White rabbits to produce antipeptide antibody R7
(26). Monoclonal antibodies (MAb) to RACKI1 (Transduction Laboratories,
Lexington, Ky.), the HA epitope (12CAS; Boehringer Mannheim Biochemicals,
Indianapolis, Ind.), and phosphotyrosine (PY20; Transduction Laboratories)
were commercially available. Src MAb 327 hybridoma cells (38) were used to
generate MAb 327 ascites. Antipeptide antibody specific for Yes (Yes 3; 31) was
a gift from Sara Courtneidge (Sugen, Redwood City, Calif.). Purified Src (ex-
pressed by recombinant baculovirus containing the human c-src gene in Sf9
insect cells; specific activity, 900 U/pg), Lck (purified from membrane fractions
of bovine thymus), and protein kinase C (PKC; a mixture of «, B, and vy isoforms
purified to >97% homogeneity from rat brain) were obtained from Upstate
Biotechnology, Inc., Lake Placid, N.Y. Purified protein kinase A (PKA; the
catalytic subunit of cyclic AMP-dependent protein kinase purified to homoge-
neity from bovine heart) and casein kinase IT (CKII; purified from rat liver in the
tetrameric form o o' B,) were purchased from Promega, Madison, Wis. Src
peptide substrate (K-V-E-K-I-G-E-G-T-Y-G-V-V-Y-K, corresponding to amino
acids 6 to 20 of p34°“°?) was purchased from Upstate Biotechnology, Inc. Kemp-
tide (L-R-R-A-S-L-G), CKII substrate (R-R-R-E-E-E-T-E-E-E) and biotinyl-
ated PKC substrate (Neurogranin,g 43; A-A-K-I-Q-A-S-F-R-G-H-M-A-R-K-K)
were purchased from Promega.

Yeast two-hybrid screen. UD/SH3/SH2 of murine c-src was inserted into the
plasmid vector pAS2 (which contains an HA epitope tag) as a GAL4 DNA-
binding domain fusion and transformed into cycloheximide-resistant (Chx")
MATa Saccharomyces cerevisiae Y190 (3, 19). Expression of the Src-GAL4 DNA-
binding domain fusion protein was confirmed by immunoblot analysis of yeast
cell lysates with MAb 327, which binds to the SH3 domain of Src, and with MAb
12CAS5, which recognizes the HA epitope (data not shown). A WI-38 human lung
fibroblast cell line cDNA library fused to the GAL4 activation domain in the
pGAD-GL vector (Clontech) was transformed into the Src-UD/SH3/SH2 Y190
strain, and 2 X 10° transformants were screened for interactors (19). Yeast
plasmid DNA was isolated from His™ B-galactosidase-positive Chx" colonies and
rescued into LeuB Escherichia coli HB101. False-positives were eliminated by (i)
generating Leu™ Trp~ transformants and assaying them for B-galactosidase
activity; (ii) cotransforming pGAD-GL clones and a control bait, pAS2-lamin;
and (iii) retransforming pGAD-GL clones into Y190 harboring pAS2-Src-UD/
SH3/SH2 and reassaying for B-galactosidase activity and growth on Trp~ Leu
His™ medium with 50 mM 3-aminotriazole. Redundant clones were eliminated
by analyzing insert sizes. Nonredundant, Src-specific cDNA clones derived from
the two-hybrid screen were sequenced by the dideoxynucleotide chain termina-
tion method with Sequenase 2.0 (United States Biochemicals, Cleveland, Ohio).
Nucleotide sequence databases (GenBank and EMBL) were searched for ho-
mologous sequences with FASTDB analysis (Intelligenetics, Santa Clara, Calif.).

In vitro translation and GST fusion protein-binding assays. Circular plasmid
DNAs (2 g of pPGEMsrc or pcDNA3-RACK1) were transcribed and translated
in vitro with a TNT-coupled rabbit reticulocyte lysate system (Promega) as
instructed by the manufacturer. In vitro-translated Src was shown in an in vitro
kinase assay (see below) to have in vitro kinase activity (data not shown).
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Cultures of E. coli DH5a containing pGEX-RACKI1 or various pGEXsrc
plasmids were induced with 0.1 mM isopropyl-B-p-thiogalactopyranoside (Unit-
ed States Biochemicals) for 3 h at 30°C. Bacteria were harvested, resuspended in
Tris-buffered saline (TBS) containing 1% Triton X-100 and 100 mM EDTA, and
sonicated. After centrifugation at 12,000 X g for 10 min to remove debris, the
supernatant was incubated with glutathione-agarose beads (Sigma) for 2 h at 4°C
with agitation. Beads were washed three times with TBS. GST fusion proteins
were eluted by the addition of 100 mM Tris (pH 8.0)-120 mM NaCl-20 mM
glutathione and dialyzed four times against TBS.

PRO-MIX[**S] (70% L-[>*S]methionine and 30% L-[**S]cysteine; >1,000 Ci/
mmol; Amersham, Arlington Heights, Ill.)-labeled in vitro translation products
were diluted in binding buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 0.2%
Nonidet P-40 [NP-40]) and incubated with 1 pg of purified GST fusion protein
for 3 h at 4°C. Protein complexes were collected with the addition of 30 wl of
glutathione beads, washed four times in buffer containing 0.5% NP-40, 20 mM
Tris (pH 8.0), 100 mM NaCl, and 1 mM EDTA, and boiled in sodium dodecyl
sulfate (SDS) sample buffer (7-11). Proteins were resolved by SDS-polyacryl-
amide gel electrophoresis (PAGE). A 1/10 or 1/20 quantity of the unbound
translation reaction product was loaded directly on the gel as a measure of the
amount of protein translated. The gel was stained with Coomassie brilliant blue
G-250 (Sigma) and treated with Fluoro-Hance (Research Products International
Corp., Mount Prospect, Ill.). Radiolabeled proteins were detected by fluorogra-
phy.

Protein extractions, immunoprecipitations, and in vitro protein kinase assays.
Cells were washed three times with ice-cold TBS. For coimmunoprecipitation
experiments, cells were lysed in ice-cold NP-40 buffer (0.5% NP-40, 20 mM Tris
[pH 8.0], 100 mM NaCl, 1 mM EDTA, 100 uM sodium vanadate, 50 mM sodium
fluoride, 50 pM leupeptin, 1% aprotinin, 1 mM dithiothreitol [DTT]). For other
experiments, cells were lysed in ice-cold modified radioimmunoprecipitation
assay (RIPA) buffer (0.1% SDS, 1% NP-40, 1% sodium deoxycholate, 0.15 M
sodium chloride, 10 mM sodium phosphate [pH 7.0], 100 uM sodium vanadate,
50 mM sodium fluoride, 50 wM leupeptin, 1% aprotinin, 2 mM EDTA, 1 mM
DTT). Lysates were centrifuged at 14,000 X g for 1 h at 4°C. Protein concen-
trations were measured by the bicinchoninic acid protein assay (Pierce, Rock-
ford, Ill.), and samples were standardized to equal amounts of total cellular
protein (7-11, 49, 50). Lysates were incubated for 3 h at 4°C with 1 pg of MAb
327, antipeptide antibody R7, or RACK1 MADb, and protein complexes were
collected with the addition of 30 wl of protein A/G Sepharose beads (Pharmacia)
for MAb 327 or R7 immunoprecipitates or with the addition of 30 wl of goat
anti-mouse immunoglobulin M (IgM) conjugated to agarose beads (Sigma) for
RACKI1 MAb immunoprecipitates (7-11, 49, 50). Src kinase assays were per-
formed by incubating MAb 327 or RACK1 MAb immunoprecipitates for 10 min
at 30°C in 30 pl of kinase buffer, containing 50 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (pH 7.0), 10 mM manganese chloride, 10 mM DTT, 1 ug of
acid-denatured rabbit muscle enolase (Boehringer), 10 uM ATP, and 25 n.Ci of
[v-*P]ATP (4,000 Ci/mmol; ICN, Costa Mesa, Calif.) (7-11, 49, 50). In some
cases, purified Src was preincubated for 15 min at 4°C with 2 pM GST or
GST-RACK or with RACK1 MAD or rabbit anti-mouse IgG immunoprecipitates
prior to the addition of kinase buffer. Proteins were resolved on SDS-7% poly-
acrylamide gels (acrylamide-bisacrylamide, 20:1) to achieve maximum separation
among 60-kDa Src, 55-kDa IgG heavy chain, and 47-kDa enolase. Gels were
stained with Coomassie brilliant blue G-250 to confirm that equivalent amounts
of enolase were present in each lane. Radiolabeled proteins were detected with
Kodak XAR or Fuji RX film and an intensifying screen at —70°C. ?P incorpo-
ration into proteins was quantified by Cerenkov counting of excised gel pieces
and, for some autoradiograms, by scanning densitometry. Both methods gave
similar results. Src or Yes in vitro protein kinase activity is linearly related to the
concentration of total cellular protein (7-11, 49, 50).

Immunoblot analysis. Src or RACKI immunoprecipitates were resolved on
SDS-10% polyacrylamide gels (acrylamide-bisacrylamide, 29:0.8). Proteins were
transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P; Mil-
lipore, Bedford, Mass.) in transfer buffer (25 mM Tris-HCI [pH 7.4], 192 mM
glycine, 15% methanol) with a Trans-Blot apparatus (Bio-Rad, Hercules, Calif.)
for 2 h at 60 V (7-11, 49, 50). Protein-binding sites on the membranes were
blocked by incubating membranes overnight in TNT buffer (10 mM Tris-HCl
[pH 7.5], 100 mM sodium chloride, 0.1% [vol/vol] Tween 20 [Sigma]) containing
3% nonfat powdered milk (blocking buffer). Membranes were incubated with
RACKI MADb (0.08 pg/ml), affinity-purified MAb 327 ascites (2 pg/ml), or
antiphosphotyrosine MAb PY20 (0.08 pg/ml) for 1 h, washed in TNT buffer, with
changes every 5 min for 30 min, and incubated with horseradish peroxidase-
conjugated donkey anti-mouse IgM (Zymed, San Francisco, Calif.) for RACK1
MAD blots or goat anti-mouse IgG (Bio-Rad) for MAb 327 or PY20 blots (7-11,
49, 50). Proteins were detected by enhanced chemiluminescence (Amersham)
according to the manufacturer’s protocol.

Soluble protein kinase assays with peptide substrates. Purified PKA, PKC,
CKII, Src, and Lck kinases were subjected to in vitro protein kinase assays with
[v-**P]ATP and specific peptide substrates (25). Attempts were made to use
equivalent specific activities for the kinases (900 U/pg). The following kinase
buffers and peptides were used for each reaction: (i) Src and Lck (13): 100 mM
Tris-HCI (pH 7.2), 0.25 mM Na;VO,, 2 mM EGTA, 125 mM magnesium
acetate, 25 mM MnCl,, 0.1 mM ATP, and 250 pM Src peptide; (ii) PKC (1): 20
mM morpholinepropanesulfonic acid (MOPS) (pH 7.2), 1 mM Na;VO,, 1 mM
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DTT, 25 mM B-glycerophosphate, 1 mM CaCl, with 0.5 mg of phosphatidylser-
ine per ml and 0.5 mg of diglycerides per ml as activators of PKC, 0.1 mM ATP,
and 0.1 mM biotinylated PKC substrate; (iii) PKA (55): 40 mM Tris-HCI (pH
7.4), 20 mM magnesium acetate, 0.2 mM ATP, and 130 pM Kemptide; and (iv)
CKII (30): 25 mM Tris-HCI (pH 7.4), 200 mM NaCl, 10 mM MgCl,, 0.1 mM
ATP, and 100 uM CKII peptide. Kinases were preincubated with 2 puM GST or
GST-RACKI1 at 4°C for 15 min prior to the addition of kinase buffer and
[y-*?P]ATP (0.5 X 10* to 1.0 X 10* cpm/pmol). Kinase reactions were run for 5
or 10 min at room temperature (RT). Proteins were precipitated with trichloro-
acetic acid (40%), and aliquots of the supernatant containing the phosphorylated
peptide were spotted on streptavidin discs (Promega) for PKC and on phospho-
cellulose P81 discs (Whatman, Hillsboro, Oreg.) for other kinases. Discs were
washed five times with 0.75% phosphoric acid and once with acetone (25). 3P
incorporation into peptides was quantified by counting in Ready Safe Liquid
Scintillation Cocktail (Beckman Instruments Inc., Fullerton, Calif.).

Transfection assays. NIH 3T3 cells were transfected with pZeoSV or pZeoSV-
RACKI by use of Lipofectamine (Gibco-BRL) according to the manufacturer’s
protocol. Briefly, 2 X 10 cells were plated in DMEM containing 10% calf serum
in six-well plates 24 h before transfection. Transfections were performed with
serum-free DMEM containing 1 pg of pZeoSV or pZeoSV-RACKI and 15 pl of
Lipofectamine. After 24 h, the medium was replaced with fresh DMEM con-
taining 10% calf serum. Colonies were isolated 14 to 17 days after the addition
of 500 pg of Zeocin per ml and analyzed for stable RACKI1 overexpression by
immunoblotting with RACK1 MAb.

HA-RACKI transfectants were produced by transfecting NIH 3T3 or 3T3/c-
Src cells with 1 pg of pcDNA3-HA-RACKI or pZeoSV-HA-RACKI. pTK-
Hygro (0.1 pg) was cotransfected with RACK1-containing plasmids into 3T3/c-
Src cells. Stable clones were obtained 10 to 14 days after the addition of 150 g
of hygromycin per ml and/or 400 pg of G418 per ml. Subclones were selected and
analyzed for HA-RACK]1 expression by immunoblotting with RACK1 MADb and
anti-HA MADb 12CAS5. Transient transfections in 293T cells were performed as
described above, except that cells were harvested 30 h after transfection. For
immunoblot analysis with antiphosphotyrosine MAb PY20, cells were treated
with 100 uM sodium vanadate for 30 min prior to harvesting. Cells were har-
vested in trypsin, collected by centrifugation, and lysed in boiling SDS sample
buffer.

Cell proliferation assays. NIH 3T3 cells (5 X 10%) stably expressing HA-
RACKI or those transfected with the vector alone were seeded in DMEM
containing 10% calf serum (no hygromycin) on three replicate 96-well plates.
Cell number was determined 72 h later by use of the CellTiter 96 nonradioactive
cell proliferation assay (28, 54), which relies on the ability of a living cell to
convert a tetrazolium salt into a formazan product; the assay was performed
according to the manufacturer’s (Promega) protocol. Briefly, after 72 h of
growth, 15 wl of tetrazolium salt (dye solution) was added and the cells were
incubated for 4 h at 37°C. Stop/Solubilization Solution (100 wl) was added, and
the cells were incubated overnight in a moist container at RT. The formazan
product was quantified by measuring the end-point absorbance at a 595-nm
wavelength with a ThermoMax microplate reader in conjunction with SOFTmax
2.32 software (Molecular Devices).

Cell cycle analysis. Unsynchronized cells in the mid-log phase were seeded at
a density of 2 X 10° cells/10-cm-diameter plate. After 24 h, cells were collected
by mild trypsinization and gentle centrifugation, washed twice in phosphate-
buffered saline, and incubated in 1 ml of a solution containing 50 pg of pro-
pidium iodide (PI; Sigma) per ml, 0.1% Triton X-100, 0.1% sodium citrate, and
1 mg of RNase A per ml for 30 min at 4°C in the dark (2, 17). The DNA content
of 5 X 10* Pl-stained cells was analyzed by flow cytometry (FACScan) at a
488-nm excitation, with gating set to exclude debris and cells containing less than
diploid DNA. The PI signal was filtered through a 635-nm band-pass filter to
remove scattered light. Linear amplification of fluorescence signals was used.
Pulse-processing electronics (peak integral versus peak height) were used to
analyze the DNA signals and to eliminate cell doublets from the analysis (2, 17).
LYSIS II (Becton Dickinson) was used to analyze flow cytometry data.

Analysis of cell death and apoptosis. Unsynchronized cells in the mid-log
phase were seeded at a density of 2 X 10° cells/10-cm-diameter plate. After 24 h,
cells were collected by mild trypsinization and gentle centrifugation, washed
twice in phosphate-buffered saline, and resuspended in 0.5 ml of buffer contain-
ing 10 mM HEPES-NaOH (pH 7.4), 140 mM NaCl, and 2.5 mM CaCl,. Fluo-
rescein-conjugated anti-Annexin V (Pharmingen, La Jolla, Calif.) (10 wl) and 50
ug of PI per ml were added to the buffer, and cells were gently vortexed and
incubated for 15 min at RT in the dark (2, 17). Stained cells were analyzed by
flow cytometry. Necrotic cells stained with both fluorochromes, apoptotic cells
stained with anti-Annexin V alone, and live cells did not stain with either
fluorochrome (2, 17).

RESULTS

Isolation of RACKI1 as a Src-interacting protein. To isolate
proteins that interact with UD/SH3/SH2 of Src and potentially
regulate its activity, we used the yeast two-hybrid assay to
screen a human lung fibroblast cDNA library. Of 2 X 10°
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colonies cotransformed with pAS2-Src-UD/SH3/SH2 and a
pGAD-GL fibroblast library, 48 were Trp* Leu™ His™ LacZ™.
After elimination of false-positives by cycloheximide selection
and recloning of the plasmids in E. coli, 12 clones that inter-
acted with the Src fusion protein and not a negative control
fusion protein, pAS2-lamin, were identified. Redundant clones
were eliminated by analysis of insert sizes, and the eight re-
maining clones were sequenced. One clone had 100% homol-
ogy at the nucleotide sequence level with human H12.3, a
homolog of the heterotrimeric G-protein B subunit (23), and
100% homology at the amino acid sequence level with rat brain
RACKI, a receptor for activated C kinase (23, 60, 61).

RACKT1 associates with the SH2 domain of Src in vitro. To
confirm the results obtained with the yeast two-hybrid assay,
we initially studied the Src-RACKI interaction with in vitro
binding experiments. Full-length Src or UD/SH3/SH2 was ex-
pressed as a bacterial fusion protein with GST, purified to
homogeneity on glutathione-agarose beads, and tested for the
ability to bind [**S]methionine-labeled, in vitro-translated
RACKI (Fig. 1A). One-tenth of the unbound translation re-
action product (flowthrough) was loaded on the gel as a mea-
sure of the amount of protein translated (Fig. 1A, lane 1). We
observed that GST-Src (Fig. 1A, lane 2) and GST-UD/SH3/
SH2 (lane 3) bound RACKI1, whereas the GST control (lane 4)
did not. We estimated (by scanning densitometry of RACK1
bands) that 4% of in vitro-translated RACK1 bound GST-Src.

To further define the binding site on Src for RACKI1, we
generated GST-Src fusions containing the UD, the SH3 do-
main, and/or the SH2 domain, and tested their abilities to bind
in vitro-translated RACK1 (Fig. 1B). We observed that all
fusions containing the SH2 domain bound RACK1 (Fig. 1B,
lanes 2, 4, and 6), whereas those that lacked the SH2 domain
did not (lanes 3 and 5). Similarly, we found that a GST-Src
fusion containing the SH2 domain bound RACKI1 in HeLa cell
lysates (Fig. 1C, lane 2), whereas fusions containing the SH3
domain (lane 4), UD (lane 5), or GST alone (lane 3) did not.
These in vitro binding studies demonstrated that RACK1 binds
to the SH2 domain of Src.

In reverse experiments, GST-RACK1 was tested for its abil-
ity to bind [*>S]methionine-labeled, in vitro-translated Src (Fig.
1D). Here, 1/20 of the flowthrough was loaded on the gel (Fig.
1D, lanes 1 and 3). We observed that GST-RACKI bound Src
(Fig. 1D, lane 2), whereas GST alone (lane 4) and GST fused
to a protein unrelated to RACKI (elongation factor Tu; data
not shown) did not. We estimated that 2% of the in vitro-
translated Src bound GST-RACKI1. Additional experiments
showed that GST fusions of two Src-related kinases, Lck and
Fyn, also bound RACK1 (data not shown). Together, these
studies demonstrated that Src family kinases associate with
RACKI in vitro.

To determine whether the binding of RACKI1 and Src is
concentration dependent and saturable, we measured the
binding of increasing amounts of GST-RACKI1 to a constant
amount of [**S]methionine-labeled, in vitro-translated Src
(Fig. 1E and F). We observed concentration-dependent, satu-
rable binding of GST-RACKI to Src, with ~8 nM GST-
RACKI1 being required for half-maximal Src binding.

To examine the specificity of the interaction of RACK1 with
Src family kinases, we tested other nonreceptor tyrosine ki-
nases and phosphatases for binding to RACKI1. We did not
detect binding of RACKI to the focal adhesion kinase (FAK)
or to the C-terminal Src kinase (Csk) after immunoprecipita-
tion of RACKI and immunoblotting with MAb specific for
FAK or Csk (data not shown). Similarly, we did not detect
binding of GST-RACKI to the Shp-2 tyrosine phosphatase
(data not shown). Thus, for the tyrosine kinases and phospha-
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FIG. 1. Association of RACK1 and Src in vitro. (A) Binding of in vitro-translated RACK1 to GST-Src fusion proteins. [**S]methionine- and [**S]cysteine-labeled
RACKI was synthesized in rabbit reticulocyte lysates and incubated with 1 pg of purified GST-Src (lane 2), GST-UD/SH3/SH2 (lane 3), or GST (lane 4) for 3 h at
4°C. Protein complexes were collected on glutathione-agarose beads, washed, and boiled in SDS sample buffer. Proteins were resolved by SDS-PAGE. For each
reaction, 1/10 of the unbound translation reaction product (flowthrough [FT]) was loaded directly on the gel as a measure of the amount of protein translated (lane
1). 33S-labeled proteins were visualized by autoradiography and quantified by scanning densitometry. (B) Binding of in vitro-translated RACK1 to additional GST-Src
fusion proteins. In vitro-translated RACKI1 (lane 1) was assessed for binding to GST-UD/SH3/SH2 (lane 2), GST-UD/SH3 (lane 3), GST-SH2/SH3 (lane 4), GST-SH3
(lane 5), or GST-SH2 (lane 6) as described for panel A. (C) Binding of RACKI from HeLa cell lysates to GST-Src fusion proteins. HeLa cell lysates containing 500
ug of total cellular protein were incubated with 5 pg of GST-SH2 (lane 2), GST alone (lane 3), GST-SH3 (lane 4), or GST-UD (lane 5) for 3 h at 4°C. Proteins bound
to GST or GST-Src fusion proteins were recovered, resolved by SDS-PAGE, transferred to PVDF membranes, and subjected to immunoblot analysis with anti-RACK1
MADb. Lysate containing 20 p.g of total cellular protein was loaded directly on the gel prior to transfer and immunoblotting with anti-RACK1 MADb (lane 1). (D) Binding
of in vitro-translated Src to GST-RACKI. In vitro-translated Src was assessed for binding to GST-RACKI1 (lane 2) or GST alone (lane 4) as described in panel A. For
each reaction, 1/20 of the FT was loaded directly on the gel (lanes 1 and 3). (E) Concentration-dependent binding of GST-RACKI to in vitro-translated Src. A constant
amount of in vitro-translated Src was assessed for binding to increasing concentrations of GST-RACKI1 (1.5 to 73 nM). Data are representative of four independent
experiments. (F) Quantitation of data on concentration-dependent binding of GST-RACKI to in vitro-translated Src. Data represent average values from four
independent experiments and are expressed as a percentage of maximal Src binding. Error bars indicate standard errors. Broken lines show the amount of GST-RACK1
required for half-maximal Src binding.

80

tases tested, RACKI interacted specifically with Src family
kinases and not with other nonreceptor tyrosine kinases or
phosphatases.

RACKI1 associates with Src in vivo. To determine whether
RACKI1 associates with Src in vivo, proteins from NP-40 ly-
sates of NIH 3T3 cells or proteins precipitated from lysates
with preimmune serum or excess Src polyclonal antibody R7
were resolved by SDS-PAGE, transferred to PVDF mem-
branes, and immunoblotted with an MAD specific for RACK1

(Fig. 2A). RACKI1 protein was detected in lysate (Fig. 2A, lane
3) and in Src immunoprecipitates (lane 2) but not in control
immunoprecipitates (lane 1). A nonspecific immunoreactive
band running below RACKI1 was present in all lanes. We
estimated (by scanning densitometry of RACKI bands) that
1% of total cellular RACK1 bound Src (compare RACKI1
protein levels in lanes 2 and 3 of Fig. 2A).

To determine whether Src coimmunoprecipitates with
RACKI, proteins from NP-40 lysates of NIH 3T3 cells overex-

A RACK blot B Sre blot ¢ Src kinase
e ot
S @ o
'\((\6\ %J\O \Q, Q‘ 6’%& Q‘v @ ('0\0 Q\Y*
& . _ﬁ ip: xS NN
rc Src— L
RACK—» -_—
1 0 lE C s
2

FIG. 2. Association of RACKI1 and Src in vivo. (A) RACKI1 coimmunoprecipitates with Src. Proteins were precipitated with preimmune serum (lane 1) or excess
Src polyclonal antibody R7 (lane 2) from NP-40 lysates of NIH 3T3 cells containing 800 pg of total cellular protein, resolved by SDS-PAGE, transferred to PVDF
membranes, and immunoblotted with anti-RACKI1 antibody. Lysate containing 20 ng of total cellular protein was loaded directly on the gel prior to transfer and
immunoblot analysis with anti-RACK1 antibody (lane 3). (B) Src coimmunoprecipitates with RACKI. Proteins were immunoprecipitated (ip) with rabbit anti-mouse
IgG (R o M, lane 1), Src MAb 327 (lane 2), or RACK1 MAD (lane 3) from NP-40 lysates of 3T3/c-Src cells containing 500 ug of total cellular protein and subjected
to immunoblot analysis with Src MAb 327. The band below Src is mouse IgG heavy chain. (C) In vitro protein kinase activity of Src bound to RACKI. Immunopre-
cipitates parallel to those shown in panel B were incubated with [y->*P]ATP and MnCl, for 10 min at 30°C in an in vitro protein kinase assay. 3°P-labeled proteins were
resolved by SDS-PAGE and visualized by autoradiography.
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FIG. 3. Effect of RACKI on Src activity in vitro. (A) Effect of RACKI immunoprecipitates on the activity of purified Src. Proteins were immunoprecipitated (ip)
with excess anti-RACKI antibody (lanes 2 and 4) or rabbit anti-mouse IgG (lanes 1 and 3) from NP-40 lysates of NIH 3T3 cells containing 100 wg of total cellular
protein, incubated with 5 U of purified Src, and subjected to an in vitro protein kinase assay (lanes 1 and 2) or immunoblot analysis with Src MAb 327 (lanes 3 and
4). The band below Src is IgG heavy chain. (B) Effect of purified GST-RACKI on the activity of purified Src. In vitro protein kinase assays (lanes 1 and 3) or immunoblot
analysis with MAb 327 (lanes 4 to 6) was performed with 5 U of purified Src alone (lanes 1 and 4) or with the addition of 2 uM GST (lanes 2 and 5) or GST-RACKI1
(GST-R) (lanes 3 and 6). (C) Concentration-dependent inhibition of Src activity by GST-RACKI. (Left panel) In vitro protein kinase assays were performed with 5
U of purified Src together with 2 wuM GST (lane 1), 1 to 6 uM GST-RACKI (lanes 2 to 5), or 2 wM boiled GST-RACK1 (2*) (lane 6). 3*P-labeled proteins were resolved
by SDS-PAGE and visualized by autoradiography. The arrowhead indicates a 55-kDa phosphorylated protein that comigrated with Coomassie-blue stained GST-
RACKI. Data are representative of four independent experiments. (Right panel) Quantitation of data on concentration-dependent inhibition of Src activity by
GST-RACKI. P incorporation into Src was quantified by scanning densitometry. Data represent average values from four independent experiments and are expressed
relative to those for purified Src with the addition of GST alone. Error bars indicate standard errors.

pressing Src (3T3/c-Src cells; 8) were immunoprecipitated with
MAD specific for RACKI1 or Src (327) or rabbit anti-mouse
IgG and subjected to immunoblot analysis with MADb 327 (Fig.
2B). Src protein (=60 kDa) was detected in Src (Fig. 2B, lane
2, upper band) and RACKI1 (lane 3, upper band) immunopre-
cipitates but not in control immunoprecipitates (lane 1). The
~55-kDa band running below Src in Fig. 2B, lanes 2 and 3, is
mouse IgG heavy chain (7-11, 49, 50). We estimated that 3%
of immunoprecipitable Src bound RACK1 (compare Src pro-
tein levels in lanes 2 and 3 of Fig. 2B). Together, these findings
indicated that Src and RACKI associate in vivo.

RACKI1 inhibits Src activity in vitro. To assess the effect of
RACKTI on Src protein kinase activity, we incubated IgG, Src,
or RACK1 immunoprecipitates (identical to those used for
immunoblotting in Fig. 2B) with [y->*P]ATP and MnCl, and
measured the phosphorylation of Src in an in vitro protein
kinase assay (Fig. 2C). As expected, we observed autophos-
phorylation of Src in Src immunoprecipitates (Fig. 2C, lane 2).
Surprisingly, we did not detect Src autophosphorylation in

RACKI1 immunoprecipitates (Fig. 2C, lane 3) that contained
detectable levels of Src protein (Fig. 2B, lane 3). Because
autophosphorylation of Src in a kinase assay is usually more
sensitive than immunoblot analysis for detecting Src, this find-
ing suggested that RACKI inhibits Src activity.

To investigate this finding further, we assessed the effect of
immunoprecipitable RACK1 on the activity of purified Src
kinase (Fig. 3A). We observed that the kinase activity of pu-
rified Src, as measured either by Src autophosphorylation or by
enolase phosphorylation, decreased 60 to 70% more with the
addition of RACK1 immunoprecipitates than with the addition
of IgG immunoprecipitates (compare lanes 1 and 2 of Fig. 3A).
Immunoblotting with Src antibody confirmed that equivalent
amounts of purified Src protein were present in both reaction
mixtures (compare lanes 3 and 4 of Fig. 3A). Thus, the addi-
tion of RACK1 immunoprecipitates to purified Src inhibits the
specific activity of Src.

To determine whether the inhibition of Src activity was due
to RACKI itself or to proteins or lipids associated with
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FIG. 4. Effect of RACKI on the activities of Src family and serine/threonine protein kinases. (A) Effect of RACK1 on Yes kinase activity. Proteins were precipitated
with excess antipeptide antibody specific for Yes from RIPA lysates of WiDr colon carcinoma cells containing 500 pg of total cellular protein. Yes immunoprecipitates
were incubated with 2 M GST (lane 1) or GST-RACKI1 (GST-R) (lane 2) or with anti-RACKI antibody (R) (lane 3) or rabbit anti-mouse (R a M) IgG (lane 4)
immunoprecipitates (ip) of WiDr cell lysates containing 100 pg of total cellular protein for 15 min at 4°C and subjected to an in vitro kinase assay with enolase as an
exogenous substrate. (B) Effect of GST-RACKI on the activities of Src family and serine/threonine protein kinases. Purified kinases were incubated with 2 uM GST
or GST-RACKI and assayed for in vitro protein kinase activity with specific peptides as substrates. All assays were performed with equivalent specific activities for each
kinase. Data represent average values from three independent measurements of Src or Lck activity and two independent measurements of PKC, PKA, or CKII activity.
Data on kinase activity measured after the addition of GST-RACKI1 (solid bars) are expressed relative to those measured after the addition of GST alone (hatched

bars). Error bars indicate standard errors.

RACKI1 in immunoprecipitates, we assessed the effect of GST-
RACKI1 that had been purified to homogeneity from bacteria
on the activity of purified Src kinase (Fig. 3B). We observed
that Src activity was slightly increased with the addition of 2
uM GST alone (compare lanes 1 and 2 of Fig. 3B) and was
decreased by more than 80% with the addition of 2 uM GST-
RACKI (compare lanes 2 and 3). Immunoblotting with Src
antibody confirmed that equivalent amounts of purified Src
protein were present in all reaction mixtures (compare lanes 4
to 6 of Fig. 3B). To confirm that the inhibition of Src by
GST-RACKI1 was due to RACK1 and not to the GST portion
of the fusion protein, we proteolytically cleaved RACKI1 from
GST-RACKI by using thrombin, purified RACKI by dialysis,
and measured the effect of purified RACKI on the activity of
purified Src. We observed a similar inhibition of Src activity
with thrombin-cleaved, purified RACK1 as we did with GST-
RACKI (data not shown). Together, these results suggested
that RACK1 inhibits Src directly and that other proteins or
lipids associated with RACKI1 and/or Src are not responsible
for the inhibition.

To determine whether RACKI inhibits Src in a concentra-
tion-dependent manner, we added increasing amounts of pu-
rifled GST-RACKI fusion protein to a constant amount (5 U)
of purified Src kinase and measured Src activity (Fig. 3C and
D). We observed concentration-dependent inhibition of Src
activity with the addition of increasing amounts of GST-
RACKI. Interestingly, the addition of 2 pM GST-RACK1
inhibited Src activity (as measured by autophosphorylation) by
~60%, whereas the addition of the same amount of boiled
GST-RACKI1 inhibited Src activity by <30%. These results
revealed that RACKI1 inhibits Src in a concentration-depen-
dent manner and suggested that the conformation of RACK1
is important for its ability to inhibit Src activity.

Incidentally, when boiled GST-RACKI1 was added to the
kinase reaction, we observed an ~55-kDa phosphorylated pro-
tein running between Src and enolase (Fig. 3C, left panel, lane
6, arrowhead). We determined that the protein was GST-
RACKI1 because it comigrated with Coomassie blue-stained
GST-RACKI. Thus, boiled GST-RACKI1 can be phosphory-
lated in vitro, probably because phosphorylation sites that are
inaccessible in the folded protein are exposed in the denatured
protein.

RACKI1 inhibits other Src family kinases but not serine/
threonine kinases in vitro. To determine whether RACK1
affects the activities of other Src family members, we measured
Yes kinase activity in Yes immunoprecipitates after the addi-
tion of 2 uM GST or GST-RACKI or after the addition of
immunoprecipitates of RACKI or IgG (Fig. 4A). We observed
that Yes activity (as measured by autophosphorylation) de-
creased 55% more with the addition of GST-RACKI1 than with
the addition of GST alone (compare lanes 1 and 2 of Fig. 4A)
and decreased 95% more with the addition of immunoprecipi-
tated RACKI than with the addition of IgG (compare lanes 3
and 4). We observed more phosphorylation of Yes than of
enolase, probably because Yes is a better substrate for itself
than is enolase (48, 49). These results indicated that RACK1
inhibits the activity of another member of the Src kinase fam-
ily, Yes, and that of Src to similar degrees.

To determine whether RACKI affects the activities of addi-
tional Src family members or serine/threonine kinases, purified
kinases were incubated with specific peptide substrates and 2
wM GST or GST-RACKI and assayed for in vitro protein
kinase activity (Fig. 4B). GST-RACKI inhibited the activity of
Src by ~40% and inhibited the activity of the Src-related ki-
nase Lck by ~50%. GST-RACKI1 had no significant effect on
the activities of three serine/threonine kinases: PKC, PKA, and
CKII. Thus, of the protein kinases that we tested and at the
concentrations of GST-RACKI1 that we used, RACKI1 inhib-
ited the activities of Src tyrosine kinases but not those of
serine/threonine kinases.

The data on the ability of RACKI to inhibit Src activity, as
measured by phosphorylation of a Src-specific peptide (Fig.
4B), are internally consistent with those obtained by measure-
ment of the phosphorylation of enolase (Fig. 3C); both show
that 2 uM purified GST-RACKI1 inhibits the ability of purified
Src to phosphorylate an exogenous substrate by 40 to 50%.

RACKI1 overexpression results in decreased tyrosine phos-
phorylation on proteins in vivo. To examine the effect of
RACKI1 on protein tyrosine phosphorylation in vivo, we tran-
siently expressed HA-tagged RACKI in 293T cells, measured
HA-RACKI expression by immunoblotting with anti-HA MAb
12CAS5 (data not shown) and an anti-RACK1 MADb (Fig. 5, lanes
1 and 2), and measured tyrosine phosphorylation on proteins
by immunoblotting with antiphosphotyrosine MAb PY20 (Fig.
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FIG. 5. Effect of RACKI1 overexpression on protein tyrosine phosphorylation
in vivo. 293T cells were transiently transfected with 1 pg of pcDNA3 (lanes 1 and
3) or pcDNA3-HA-RACKI (lanes 2 and 4). After 30 h, cells were treated with
100 pM sodium vanadate for 30 min and lysed. Lysates were resolved by SDS-
PAGE, transferred to PVDF membranes, and incubated with anti-RACK1 an-
tibody (lanes 1 and 2) or antiphosphotyrosine antibody PY20 (pTyr) (lanes 3 and
4). Protein sizes are indicated in kilodaltons.

5, lanes 3 and 4). We observed that HA-RACK1 (Fig. 5, lane
2, upper band) was approximately 1 kDa larger than endoge-
nous RACKI1 (lane 2, lower band, and lane 1). The apparent
molecular mass of HA-RACK was consistent with the pre-
dicted molecular mass of a RACKI protein containing nine
additional amino acids from the HA tag. We observed that the
amount of transiently expressed HA-RACKI1 was similar to
that of endogenous RACKI. The antiphosphotyrosine MAb
PY20 blot revealed that while tyrosine phosphorylation of sev-
eral proteins in RACKI1-overexpressing cells was similar to or
higher than that in vector-transfected cells, tyrosine phosphor-
ylation of many other proteins in RACK1-overexpressing cells
was lower than that in control cells (compare lanes 3 and 4 of
Fig. 5). In four additional RACK-1 overexpressing clones that
we studied, we observed a similar decrease in tyrosine phos-
phorylation on many proteins (data not shown). Coomassie
blue-stained gels showed that the levels of cellular proteins
expressed in RACKI-transfected clones were similar to those
expressed in vector-transfected clones (data not shown). Thus,
the changes in tyrosine phosphorylation observed on the an-
tiphosphotyrosine blots appeared to be due to changes in the
levels of phosphotyrosine and not to changes in the levels of
protein expression. Src activity was decreased in cells tran-
siently overexpressing HA-RACKI1 (data not shown). These
findings showed that transient overexpression of RACKI re-
sults in decreased tyrosine phosphorylation on many proteins
in vivo.

RACKT1 overexpression results in inhibition of Src activity.
To determine whether stable overexpression of RACK1 affects
Src kinase activity, we transfected NIH 3T3 cells with pZeoSV
or pZeoSV-RACKI, screened isolated clones for stable ex-
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pression of RACK1 by immunoblotting with an anti-RACK1
MADb, and assayed clones for Src activity by immunoprecipi-
tating proteins with MAb 327 and performing in vitro kinase
reactions. We observed that 2 of 12 isolated clones overex-
pressed RACKI (data not shown). One clone, T8, expressed
approximately threefold-higher levels of RACKI protein than
did a clone transfected with the vector alone (compare lanes 1
and 2 of Fig. 6). The activity of Src isolated from T8 cells was
90% lower than that of Src isolated from cells transfected with
the vector alone (compare lanes 3 and 4 of Fig. 6). Immuno-
blotting with an anti-Src MAb confirmed that equivalent
amounts of Src protein were present in both immunoprecipi-
tates (compare lanes 7 and 8 of Fig. 6). The T8 clone and the
only other RACK1-overexpressing clone that we succeeded in
isolating by using this approach died after a few weeks in
culture. Thus, a clone of NIH 3T3 cells that expressed three-
fold-higher levels of RACKI1 than did control cells and showed
90% inhibition of Src activity did not survive long in culture.

Along with the above-described experiments, we transfected
NIH 3T3 cells with pcDNA3 or pcDNA3-HA-RACKI,
screened isolated clones for HA-RACKI expression by immu-
noblotting with an anti-RACK1 MAb and anti-HA antibody
12CAS, and assayed clones for Src activity by immunoprecipi-
tating proteins with MAb 327 and performing in vitro kinase
reactions (Fig. 7A). Using HA-tagged RACKI1 allowed us to
distinguish introduced RACK1 from endogenous RACKI1
(Fig. 5, lane 2). Among cells transfected with pcDNA3-HA-
RACKI, 6 of 24 isolated clones expressed detectable levels of
HA-RACKI (data on 4 of the 6 clones are shown in Fig. 7A,
left panel). While the level of HA-RACKI expression varied
somewhat between clones, overall it was lower than that of
endogenous RACKI1 or transiently expressed HA-RACKI1
(Fig. 5, lane 2). Src activity in the six HA-RACKI1-overexpress-
ing clones was 30 to 60% lower than that in the clone trans-
fected with the pcDNA3 vector alone (data on five of the six
clones is shown in Fig. 7A, right panel). There were no signif-
icant differences in levels of Src activity between the various
clones that overexpressed HA-RACKI. Additional experi-
ments showed that HA-RACKI was present in Src immuno-
precipitates (data not shown).

We also examined the effect of the stable expression of
HA-RACKI1 on Src activity in cells that overexpressed wild-
type c-Src (3T3/c-Src cells). 3T3/c-Src cells were transfected
with pcDNA3, pcDNA3-HA-RACKI1, pZeoSV, or pZeoSV-
HA-RACKI, screened for HA-RACKI expression by immu-
noblotting with an anti-RACK1 MAD, and assayed for Src
activity by immunoprecipitation of proteins with MAb 327 and
in vitro kinase reactions (Fig. 7B). Among cells transfected
with pcDNA3-HA-RACK]I, 3 of 11 isolated clones expressed
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FIG. 6. Effect of RACKI overexpression on Src activity. NIH 3T3 cells were transfected with pZeoSV (pZeo) or pZeoSV-RACKI, and isolated clones that stably
overexpressed RACKI1 were assayed for Src kinase activity. The results from one clone, T8, are shown. Proteins were immunoprecipitated (ip) from lysates containing
500 g of total cellular protein with excess anti-RACK1 MAD (lanes 1 and 2), Src MAb 327 (lanes 3, 4, 7, and 8) or rabbit anti-mouse (R a M) IgG (lanes 5 and 6)
and subjected to immunoblot analysis with anti-RACK1 MAD (lanes 1 and 2) or MAb 327 (lanes 7 and 8) or to in vitro protein kinase assays (lanes 3 to 6). Data are
representative of two independent experiments.
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FIG. 7. Effect of HA-RACKI1 overexpression on Src activity. (A) (Left panel) NIH 3T3 cells were transfected with pcDNA3 or pcDNA3-HA-RACKI, subclones
were isolated, and lysates containing 20 pg of total cellular protein were assayed for stable expression of HA-RACK1 by immunoblotting with anti-RACKI1 antibody.
(Right panel) Clones that expressed detectable levels of HA-RACKI1 were assayed for Src activity by immunoprecipitating proteins with MAb 327 and performing in
vitro kinase reactions. 3*P incorporation into enolase was quantified by Cerenkov counting of excised gel bands. Data represent average values from two independent
experiments. Data on Src activity in RACK1-overexpressing clones are expressed relative to those on Src activity in the vector-transfected clone. (B) 3T3/c-Src cells
were transfected with pcDNA3-HA-RACKI1 (left panel) or pZeo-HA-RACKI (right panel), and isolated subclones were assayed for expression of HA-RACKI and

Src activity as described in panel A. UT, untransfected 3T3/c-Src cells.

detectable levels of HA-RACKI (data not shown). Src activity
in the three clones was 20 to 35% lower than that in a clone
transfected with the pcDNA3 vector alone (Fig. 7B, left panel).
Similarly, among cells transfected with pZeoSV-HA-RACKI,
3 of 14 isolated clones expressed HA-RACKI, and Src activity
in the 3 clones was 15 to 45% lower than that in a clone
transfected with the pZeoSV vector alone (Fig. 7B, right pan-
el). Thus, in six clones stably overexpressing both c-Src and
RACKI1, Src activity was inhibited by 20 to 40%.

Together, these studies demonstrated that RACKI1, when
stably overexpressed from either a simian virus 40 or a cyto-
megalovirus promoter, results in the inhibition of c-Src activity
in both NIH 3T3 cells and NIH 3T3 cells that overexpress
c-Src. The inhibition is greater in NIH 3T3 cells, presumably
because they contain less c-Src. Moreover, the inhibition is
greater in cells transiently expressing RACKI1 than in cells
stably expressing RACKI, probably because the former ex-
press higher levels of RACKI protein.

RACK1 overexpression inhibits the growth of NIH 3T3 cells.
We observed that NIH 3T3 clones that stably overexpressed

HA-RACKI and had inhibited Src kinase activity (Fig. 7) ap-
peared to grow more slowly than clones containing the vector
alone. To analyze this result further, we seeded equivalent
numbers of the six NIH 3T3 clones that overexpressed HA-
RACKI1 (the HA-RACKI1 expression levels for four of the six
clones and the Src activities for five of the six clones are shown
in Fig. 7A) and a clone expressing the vector alone and mea-
sured cell numbers after 3 days of growth. We observed that all
six NIH 3T3 clones that overexpressed HA-RACK1 and had
inhibited Src kinase activity grew more slowly than the clone
containing the vector alone (Fig. 8A). After 3 days of growth,
there were, on average, 30 to 50% fewer RACK1-overexpress-
ing cells than control cells.

Measurement of cell growth rates over 6 days (Fig. 8B)
confirmed that RACKI-overexpressing clones grew more
slowly than wild-type clones. These data are internally consis-
tent with those from the proliferation assay (Fig. 8A); both
showed that after 3 days of growth, there were 40 to 50% fewer
RACKI-overexpressing cells than wild-type cells. The dou-
bling time for wild-type cells during exponential growth was 20
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FIG. 8. Effect of RACKI overexpression on the growth of NIH 3T3 cells.
NIH 3T3 transfectants that stably overexpressed HA-RACK1 and showed inhib-
ited Src activity (Fig. 7A) were assayed for cell growth rates. (A) Cell number
(optical density at 595 nm [O.D. 595]) after 3 days of growth was measured with
the CellTiter 96 assay. Data are representative of three independent experi-
ments. Data represent means = standard errors from three plates of each clone.
(B) Six-day growth curves. Cells were plated at 10* cells/dish (35-mm diameter)
and counted daily from days 2 to 6. Data are representative of two independent
experiments. Data represent means = standard errors from four plates at each

time point.

to 21 h, whereas that for RACKI1-overexpressing cells was 23
to 27 h (Table 1). Thus, RACKI1 overexpression inhibits the
growth of NIH 3T3 cells.

RACK1 overexpression prolongs the G,/G, phase of the
NIH 3T3 cell cycle. We used flow cytometry to analyze in
greater detail the mechanism(s) by which RACK1 affects NIH
3T3 cell proliferation. Two general mechanisms could account
for the longer doubling time of RACKI-overexpressing cells:
(i) RACK1-overexpressing cells die at a higher rate than wild-
type cells and/or (ii) RACKI-overexpressing cells proliferate
more slowly than wild-type cells. To distinguish between these
possibilities, we used Annexin V and propidium iodide staining
to estimate necrotic and apoptotic cell death in wild-type and
RACKI-overexpressing cells grown under normal conditions.
The results showed that the proportions of dead RACKI-
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TABLE 1. Doubling time and cell cycle analysis of wild-type and

RACK-1-overexpressing cells

Mean + SEM length (h) of cell cycle phase”

Cell line Doubling
time (h) Gy/G* S Gy/M
c3 20 12.5 + 1.9% 18+06 45+ 14
C6 21 13.3 + 235§ 1.9+ 0.1 43 =17
H14 27 20.8 + 1.2%§ 14+03  37+07
H17 23 17.5 + 0.4%% 1.4 +0.1 32+03

“ Doubling time was determined from cell growth rates (Fig. 8B); cell number
(log scale) was plotted versus time (linear scale), and doubling time was calcu-
lated from the slope of the line.

® Cells in the mid-log phase were stained with propidium iodide. The percent-
age of cells in each phase was determined by flow cytometry and was multiplied
by the doubling time to calculate the length of each cell cycle phase. Data
represent the means * standard errors of the mean (H14, n = 5; H17 and C3,
n =4; C6,n = 3).

¢ Statistical analysis was performed by analysis of variance. Only the length of
G/G, was significantly different among the four cell lines as a group (P < 0.01).
Further analysis with an independent ¢ test identified pairs with significant dif-
ferences (*, P < 0.005; 1 and ¥, P < 0.05; §, P < 0.01).

overexpressing cells in the mid-log phase (13% of H14 cells
and 9% of H17 cells) were similar to those of dead wild-type
cells (14% of C3 cells and 9% of C6 cells).The fractions of
apoptotic RACK1-overexpressing cells (<1% of H14 cells and
2% of H17 cells) were also similar to those of apoptotic wild-
type cells (1% of C3 and C6 cells). These findings implied that
the increased doubling time of RACKI-overexpressing cells
does not reflect increased cell death; therefore, we inferred
that RACKI1-overexpressing cells proliferate more slowly
than wild-type cells.

To analyze cell proliferation in greater detail, we used flow
cytometry to determine whether RACKI1 exerts its effect at a
particular phase of the cell cycle. Analysis of unsynchronized
populations during logarithmic growth revealed no significant
difference between wild-type and RACKI1-overexpressing cells
in the fraction traversing the S phase or the G,/M phase;
however, the fraction of RACKI1-overexpressing cells in the
G,/G, phase was significantly higher than the fraction of wild-
type cells in the G,/G, phase (data not shown). Combining
these flow cytometric data with the observed doubling times
for wild-type and RACKI1-overexpressing cells allowed us to
estimate the time that each cell type spends in each phase of
the cell cycle (Table 1). Our data indicate that there is no
significant difference between wild-type and RACKI-overex-
pressing cells in the time that they spend in the S phase (1.5 to
2 h) or in the G,/M phase (3 to 4.5 h). In contrast, RACKI1-
overexpressing cells spend significantly more time in the G,/G,
phase (18 to 21 h) than do wild-type cells (13 h). Thus, G,/G,
is prolonged by 5 to 8 h in RACK1-overexpressing cells. For
RACKI-overexpressing clone H14, the prolongation of G,/G,
could account for the prolongation of the doubling time (=7
h). For RACKI1-overexpressing clone H17, the prolongation of
G,/G, was greater than the prolongation of the doubling time
(=3 h), suggesting, but not proving, that compensatory mech-
anisms are at work in the cell to override the effect of RACK1
on Gy/G,. Taken together, our results suggest that RACK1
influences NIH 3T3 cell growth at least in part by altering the
length of the G,/G, phase of the cell cycle.

DISCUSSION

Because it is the repression of c-Src activity rather than the
elevation of v-Src activity that accounts for differences in the
transforming abilities of the two proteins (9, 29, 53, 56), it is
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important to identify mechanisms that inactivate c-Src in nor-
mal cells. While a number of interacting proteins that upregu-
late Src activity have been identified, few that downregulate
Src activity have been identified. Here we report the identifi-
cation of a protein, RACKI, which appears to be an inhibitor
of Src activity.

RACKT1 is one of a group of proteins collectively termed
RACKSs (reviewed in references 42 and 43). RACKI was
cloned from a rat brain cDNA expression library (60) and
shown to be 100% identical (at the protein level) to human
H12.3, which was previously identified as a homolog of the
heterotrimeric G-protein f subunit (23). Overall, human
RACKI has 44% homology with human G (61). RACKI1 and
Gp are both members of an ancient family of regulatory pro-
teins made up of highly conserved repeating units usually end-
ing with Trp-Asp (WD) (reviewed in references 46 and 47).
WD repeat proteins are functionally diverse, although all seem
to be regulatory and few are enzymes. The WD repeats in
RACKI are conserved from Chlamydomonas spp. to humans
(reviewed in reference 47). Thus, the function of RACKI1 was
probably fixed before the evolutionary divergence of plants and
animals.

While RACK1 binds to both PKC and Src, there are clear
differences in its interactions with the two kinases. Most nota-
bly, RACKI does not appear to inhibit PKC activity (60) (Fig.
4B) as it does Src activity (Fig. 3 to 7). RACKI, which is
located in the cell particulate fraction, appears to be required
for the translocation of cytosolic BPKC to the plasma mem-
brane, where isozyme-specific substrates are located (reviewed
in references 43 and 59). In this way, RACKI serves as an
anchoring protein for PKC (reviewed in references 18, 42, and
43). The interaction of RACK1 and PKC closely resembles
that of the By subunits of G proteins and the B-adrenergic
receptor kinase (BARK). By subunits appear to be required
for the translocation of BARK to the plasma membrane, where
it phosphorylates the agonist-occupied B-adrenergic receptor,
which then becomes desensitized to further stimulation (51).
The fact that RACKI, which is also a member of the G-protein
B-subunit family, is an anchor for PKC and possibly Src is
interesting in view of the role of By subunits of G proteins as
anchors for BARK. Recently, By subunits of G proteins were
shown to mediate Src-dependent phosphorylation of the epi-
dermal growth factor receptor and to serve as a scaffold for G
protein-coupled receptor-mediated Ras activation (39). Thus,
a common theme is emerging for signaling via protein kinases:
membrane-anchoring proteins, particularly subunits of G pro-
teins such as By and RACKI, appear to be important for
targeting specific nonreceptor protein kinases (before or after
activation) to their specific substrates. In this regard, it will be
important to determine the effect of RACKI on subcellular
targeting of Src to its substrates. Preliminary immunofluores-
cence and subcellular fractionation studies show colocalization
of RACKI and Src in the cytoplasm of 3T3/c-Src cells (12).

RACKI resembles the membrane-anchored scaffolding pro-
tein caveolin in its interaction with Src. Caveolin, like RACKI1,
inhibits Src activity (35). Caveolin also interacts with H-Ras
and G-protein o subunits and downregulates the GTPase ac-
tivity of the latter (35). In a broader analysis, caveolin and
RACKI functionally resemble another family of scaffolding
proteins, the AKAPs (A-kinase anchoring proteins). One fam-
ily member, AKAP79, interacts with PKA, PKC (a and B
isoforms), and protein phosphatase 2B. Another family mem-
ber, AKAP250 (gravin), interacts with PKA and PKC (45).
Both AKAPs suppress the activities of the enzymes with which
they interact (14, 15, 18, 27, 45), just as caveolin and RACK1
suppress the activity of Src. Thus, a broader theme is emerging
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for signaling via intracellular protein kinases and phospha-
tases: membrane-anchored scaffolding proteins, such as
AKAPs, caveolin, and RACKI, not only may restrict the sub-
cellular movement and localization of kinases and phospha-
tases but also may restrict their activity. It will be important to
determine whether RACKI1, PKC, and Src function in a tri-
molecular complex and, if so, how they regulate each other’s
activity. Interestingly, in v-Src-transformed cells, PKC 8 asso-
ciates with Src, becomes phosphorylated on tyrosine, and is
downregulated (67).

How does RACKI inhibit Src activity? While the specific
mechanism is unknown, the recently identified three-dimen-
sional structures of G-protein 3 subunits and Src kinases may
provide clues. G-protein  subunits fold into a highly symmet-
ric, seven-bladed, B propeller containing seven structurally
similar WD repeats (21, 32). This GB structure provides a rigid
scaffold that serves as an anchor for interacting proteins. In the
inactive state, Src folds up with phosphorylated Tyr 527 in the
C-terminal tail binding to the SH2 domain. The ligand-binding
surfaces of the SH2 and SH3 domains are tucked inside, thus
presenting an inert surface to the outside environment (40, 62,
66). Thus, it is possible that RACKI1 inhibits Src activity by
clamping down on Src and holding it in the closed, inactive,
conformational state. Preliminary studies suggest that there
are multiple sites in RACK1 that bind to Src and multiple sites
in Src that bind to RACKI (12). Once the precise binding sites
on Src and RACKI1 have been identified, we may better un-
derstand the mechanism by which RACKI1 inhibits Src activity.

A related mechanism by which RACKI may inhibit Src
activity is by acting as a molecular chaperone, a protein that
assists other proteins in folding (reviewed in reference 4).
Newly synthesized v-Src appears to interact with one chaper-
one, Hsp90, to hold it in the inactive state and later with
another chaperone, Ydjl (a member of the DnalJ chaperone
family), to dissociate it from Hsp90 or to achieve the final
activated state (reviewed in reference 4). Thus, it seems pos-
sible that RACKI1 serves as a chaperone for c-Src by assisting
it in folding into the inactive state.

How can the significant amount of Src inhibition observed in
HA-RACKI-transfected NIH 3T3 cells be explained by the
fairly low levels of HA-RACKI1 that are stably expressed in the
cells (Fig. 7) and the small quantities of Src and RACKI1
molecules that appear to interact in vivo (Fig. 2)? One expla-
nation, which accounts for the latter finding, is that, in addition
to directly binding to Src in cells, RACKI indirectly influences
Src activity through its interaction with other regulators of Src.
For example, RACKI could inactivate tyrosine phosphatases
which dephosphorylate Src at Tyr 527, activate tyrosine kinases
that phosphorylate Tyr 527 (like Csk), or recruit known inhib-
itors of Src (like caveolin). Thus, RACKI, like other scaffold-
ing proteins, could regulate enzymes or recruit adaptor pro-
teins that, in turn, downregulate Src. However, our in vitro
data showing that 1 uM purified GST-RACKI is sufficient to
inhibit the activity of purified Src by ~50% (Fig. 3C) argue
against the involvement of other downregulators of Src. A
more likely explanation is that we are underestimating the
amounts of Src and RACKI that interact. Most of the esti-
mates are based on postlysis, immunoprecipitable analyses of
RACKI, which is a fairly insoluble protein. We estimate that
only 5% of total cellular RACK1 is immunoprecipitable from
cell lysates (data not shown). Historically, the detection of the
RACKI1-PKC complex by coimmunoprecipitation analysis has
been difficult, and overlay assays have been used instead to
detect the complex (41, 58-60).

One possible explanation for the fairly low levels of stable
HA-RACKI expression observed in NIH 3T3 cells (Fig. 7A),
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the gradual loss of HA-RACKI1 expression in these cells over
2 to 3 months in culture (data not shown), and the failure of
cells that initially express high levels of RACKI1 to survive
more than a few weeks in culture (like clone T8) is that
RACKI inhibits both Src activity (Fig. 3 to 7) and the growth
of cells (Fig. 8 and Table 1); thus, there is a survival advantage
for cells that do not overexpress RACK or that do so but at
very low levels. A similar decrease in the expression of the
growth-inhibitory protein SSeCKs (Src-suppressed C kinase
substrate; see below) was seen with serial passage of cells in
culture (36, 37).

Our in vitro data show that nanomolar amounts of GST-
RACKI1 are sufficient to obtain maximal binding of in vitro-
translated Src (Fig. 1F), yet micromolar amounts of GST-RACK1
are required to obtain maximal inhibition of baculo-
virus-expressed Src (Fig. 3C). One possible explanation is that
these two forms of Src have different posttranslational modi-
fications and that specific posttranslational modifications on
Src are important for binding and/or inhibition by RACKI1. For
example, baculovirus-expressed Src is important for binding
and/or inhibition by RACKI. For example, baculovirus-ex-
pressed Src has a higher level of specific activity (because of
increased phosphorylation on Tyr 416 and decreased phos-
phorylation on Tyr 527; 52) than does in vitro-translated Src;
therefore, baculovirus-expressed Src may require higher con-
centrations of GST-RACKI1 for inhibition. Curiously, when we
added increasing concentrations of GST-RACKI and mea-
sured Src activity by autophosphorylation, we observed linear
inhibition of Src activity and nearly complete inhibition with
the addition of 6 pM GST-RACK1 (Fig. 3C). In contrast,
when we measured Src activity by phosphorylation of the ex-
ogenous substrate enolase, we observed only 50% inhibition of
Src activity with the addition of 6 pM GST-RACKI. Although
the reason for these results is unknown, one possibility is that
RACKI binds to the autophosphorylation site on Src (Tyr
416), thereby inhibiting phosphorylation at this site but not
entirely inhibiting the enzymatic activity of Src.

The finding that RACKI inhibits both Src family kinases
(Fig. 3 to 7) and the growth of NIH 3T3 cells (Fig. 8 and Table
1) suggests a role for RACKI in Src kinase-mediated mito-
genic signaling. A clear correlation exists between the suppres-
sion by RACKI1 of Src kinase activities and its suppression of
cell growth. Thus, it is tempting to suggest that the two are
linked and that it is in part through the repression of Src
kinases that RACKI1 inhibits cell growth. It is also tempting to
suggest that RACKI1 exerts its influence on Src activity at the
G,/S boundary, where the activation of Src is required for the
PDGF-induced G,/S transition and DNA synthesis (57, 65).
However, the inhibition of Src activity is only one of many
possible mechanisms by which RACKI could influence cell
growth.

Interestingly, the deduced amino acid sequence of the prod-
uct of the cpc-2 gene of Neurospora crassa reveals 70% homol-
ogy with RACKI (44). cpc-2 upregulates the activity of amino
acid biosynthetic enzymes in response to amino acid starvation
and is required for the formation of the female sexual organs,
protoperithecia (44). Mutations which drastically reduce cpc-2
expression reduce the rate of growth of N. crassa in exponen-
tial cultures by 50% and result in female infertility. Moreover,
mutants of both c¢pc-2 and the related gene cpc-I become
temperature-sensitive synthetic lethal mutants. Thus, cpc-2, a
gene closely related to the RACKI1 gene, appears to regulate
the growth of N. crassa.

The 322 gene product, which is closely related to AKAP-250,
is growth inhibitory when overexpressed in NIH 3T3 cells (36).
In addition, 322 is transcriptionally suppressed in cells trans-
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formed by src and ras (36) and encodes a protein which is a
substrate of PKC (thus its name, SSeCKs (37). Therefore,
SSeCKs, a close relative of AKAPs, a substrate of PKC, and a
protein whose expression is suppressed in Src-transformed
cells, may be another example of a membrane-anchored scaf-
folding protein that is growth inhibitory.

In summary, we have shown that RACKI1 inhibits the activ-
ities of Src tyrosine kinases and inhibits the growth of NIH 3T3
cells. In this way, RACKI resembles other membrane-an-
chored scaffolding proteins that restrict the activities of asso-
ciated kinases and phosphatases and that are growth inhibi-
tory. Thus, anchors containing WD repeats may direct the
assembly and regulation of intracellular kinases and phospha-
tases involved in mitogenic signaling pathways. Understanding
the mechanisms by which these anchors regulate protein phos-
phorylation may ultimately lead to strategies for selectively
regulating cell growth.
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