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Activation of RAS proteins can lead to multiple outcomes by virtue of regulated signal traffic through
alternate effector pathways. We demonstrate that the RAS effector protein RIN1 binds to activated RAS with
an affinity (K, 22 nM) similar to that observed for RAF1. At concentrations close to their equilibrium
dissociation constant values, RIN1 and RAF1 compete directly for RAS binding. RIN1 was also observed to
inhibit cellular transformation by activated mutant RAS. This distinguishes RIN1 from other RAS effectors,
which are transformation enhancing. Blockade of transformation was mediated by the RAS binding domain
but required membrane localization. RIN1 recognizes endogenous RAS following transient activation by
epidermal growth factor, and a portion of RIN1 fractionates to the cell membrane in a manner consistent with
a reversible interaction. RIN1 also binds to 14-3-3 proteins through a sequence including serine 351. Mutation
of this residue abolished the 14-3-3 binding capacity of RIN1 and led to more efficient blockade of RAS-
mediated transformation. The mutant protein, RIN155'4| showed a shift in localization to the plasma
membrane. Serine 351 is a substrate for protein kinase D (PKD [also known as PKCp]) in vitro and in vivo.
These data suggest that the normal localization and function of RIN1, as well as its ability to compete with

RAF, are regulated in part by 14-3-3 binding, which in turn is controlled by PKD phosphorylation.

Genetic and biochemical studies have demonstrated that
RAS plays a pivotal role in the transduction of external signals
that activate a variety of cellular processes, including prolifer-
ation, differentiation, and metabolism (63). RAS accomplishes
its diversity of functions through a variety of mechanisms.
These include expression of different RAS gene products (H-,
K-, and N-RAS) in cell type and developmentally restricted
manners (24, 30, 34, 44). In addition, RAS responds to regu-
latory factors that promote activation (guanine nucleotide ex-
change factors [49]) or stimulate the return to an inactive state
(GTPase activating proteins [2]). The critical step in determin-
ing cell response is the physical interaction with downstream
RAS interaction partners (effectors) that function to accept the
activation message and dispatch it appropriately. Differences
in availability (e.g., restricted expression and subcellular se-
questration) and biochemical properties (e.g., binding affini-
ties) of these effector proteins lead to signaling specificity.
RAF proteins are the best characterized of the RAS effectors.
The interaction of RAS(GTP) with RAF1 activates this prox-
imal kinase of a MAP kinase cascade (reviewed in reference
31). Other RAS effectors that have been identified include PI3
kinase (58), RGF (also known as RalGDS) (reviewed in ref-
erence 10), RIN1 (16), AF6 (33, 71) and Norel (73).

RAS effectors do not share extensive primary sequence iden-
tity. They do, however, show significant similarities in their
RAS binding structures (12, 46, 50). This similarity is reflected
in the shared biochemical features of effector binding to RAS.
These interactions are characterized by a strong preference for
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the GTP-dependent conformation of RAS. In addition, each
effector so far identified interacts, at least in part, directly
through a short amino acid region (effector domain) within
RAS. Severe mutations within this sequence block all effector
binding, while some single site alterations appear to block only
selective effector interactions (27, 59).

RIN1 binds directly to RAS, as demonstrated by both in
vitro and cell extract coimmunoprecipitation experiments (16,
17). RIN1 binding shows the RAS effector domain require-
ment and GTP dependency common among effectors. The
RAS binding domain (RBD) of RIN1 is localized in the car-
boxyl-terminal region that has been shown to also interact with
14-3-3 proteins (17). Because 14-3-3 binding sites include an
obligate phosphoserine residue, this suggests a possible mech-
anism for regulated RAS interactions. In addition, the amino
terminus of RIN1 encodes a domain that promotes interaction
with, and phosphorylation by, the ABL tyrosine kinase (1, 17)
as well as the closely related protein ARG (H. Hu and J.
Colicelli, unpublished data). RIN1 also enhances the trans-
forming properties of BCR-ABL in vitro and in vivo (1).

The work reported here characterizes the high-affinity bind-
ing of RIN1 to RAS and demonstrates that this binding is
competitive with that of RAF1 in vitro and in vivo. Unlike
RAF and other RAS effectors, however, RIN1 is antagonistic
to transformation. These findings are consistent with a dy-
namic signal flux that is coordinated through RAS proteins and
modulated by the interplay among multiple RAS effectors. In
addition, we present evidence that 14-3-3 proteins act as negative
regulators of RIN1 membrane localization and RAS association.
We also demonstrate that the critical serine of the 14-3-3 binding
site in RINT1 is a substrate for protein kinase D (PKD [also known
as PKCp.], providing another level of control for this pathway.
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MATERIALS AND METHODS

Cell culture, transfection, and infection. Mammalian cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco BRL) supplemented with 10% fetal
bovine serum (HyClone), penicillin (30 pg/ml), and streptomycin (60 pg/ml). For
transfection and retrovirus production, helper-free retrovirus was produced by
transient cotransfection of 293T cells (51) with retroviral vectors and an eco-
tropic packaging vector (43) using calcium phosphate. Supernatants from 293T
cells were collected 24 to 48 h posttransfection. To generate stable transfectants,
Ratl and NIH 3T3 cells were infected with virus stocks that had been normalized
to give equivalent protein expression for individual constructs. Forty-eight hours
after infection, the cells were trypsinized and placed in medium containing 600
g of G418 per ml to select for virus-infected cells for 2 weeks. Protein expres-
sion levels were assayed by immunoblotting. H-RAS?®!L cells were generously
provided by Adrienne Cox, University of North Carolina. These cells were grown
in the absence of G418 selection prior to soft-agar colony assays. Lipofectin-
mediated transfections of COS-7 cells were carried out as previously described
(76).

For endogenous RAS activation assays, NIH 3T3 cells were serum starved for
24 h, stimulated with epidermal growth factor (EGF) (50 ng/ml) for various
lengths of time, and then washed with cold phosphate-buffered saline (PBS). Cell
extracts were prepared with lysis-immunoprecipitation (IP) buffer (77), incu-
bated with immobilized RBD(His) for 1 h at 4°C and washed four times with the
same buffer. Bound material was released with sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) sample buffer and analyzed by im-
munoblotting.

Protein purification. RIN1(Hisg), RBD(His,), and RIN153!4(His,) baculo-
virus constructs were used to infect Sf21 cells (infectivity ratio = 10) cultured in
Grace’s medium supplemented with 10% fetal bovine serum (HyClone), peni-
cillin, and streptomycin at 27°C. After 48 h, extracts were prepared by sonication
of cells in lysis buffer (20 mM HEPES [pH 7.2], 2 mM MgCl,, 1 mM dithiothre-
itol [DTT], 160 mM NaCl, 0.1% Triton X-100, 5 mM imidazole) with a protease
inhibitor cocktail and cleared at 16,000 X g in a microcentrifuge for 30 min at
4°C. Proteins were purified using Talon metal affinity resin (Clontech) under
nondenaturing conditions, released with 150 mM imidazole, and dialyzed.

The RAS binding domain of RAF1 (RAF154-131) was expressed as an MBP
fusion, and RASS!?Y was expressed as a glutathione S-transferase (GST) fusion
(74). Both were generously provided by A. Vojtek and J. Cooper. Proteins were
expressed in Escherichia coli BL21 cells. Cultures (volume, 400 ml) were induced
with 0.3 mM isopropyl-B-p-thiogalactopyranoside and disrupted by sonication in
10 ml of PBS plus 1% (vol/vol) Triton X-100 and a protease inhibitor cocktail
(phenylmethylsulfonyl fluoride [0.1 mM], leupeptin [2 wg/ml], pepstatin [1 g/
ml]). Purifications of GST-RAS and MBP-RAF1°413] were performed using
glutathione and maltose resins, respectively. Protein concentrations were quan-
tified using Bradford and Lowry assays, and purity was determined by SDS-
PAGE.

Surface plasmon resonance analysis. The GST-H-RASC!?V fusion protein
was purified from bacteria, and guanine nucleotides (Sigma) were loaded onto
the protein as previously described (77). RBD(His) was purified from Sf21
insect cells using Talon affinity resin (Clontech). The BiaCore 2000 (Phamacia
Biosensor, Uppsala, Sweden) was used to analyze the interaction between RIN1
and RAS in real time. Monoclonal anti-GST (BiaCore AB, Uppsala, Sweden)
was first coupled to carboxy-methylated dextran on a CMS5 sensor chip using
standard 1-ethyl-3 (3 dimethylaminopropyl) carbodiimide-N-hydroxysuccini-
mide coupling chemistry (26). A 10-ul volume of GST (10 pg/ml) or GST-
RASS'2V (5 pg/ml) preloaded with either GDP or GTPyS was immobilized on
the anti-GST-CMS5 chip at a flow rate of 5 wl/min at 9°C. This yielded responsive
units as follows: for GST, 400; for GST-RAS®!2Y(GDP), 312; and for GST-
RASC'2Y(GTP~S), 250. For kinetic measurements, RBD(His,) (32 to 255 nM)
was injected at a flow rate of 15 pl/min. The binding surface was regenerated with
750 mM NaCl with no decrease in binding capacity, and all measurements were
completed within 8 h. Data were collected after 10-min delays, and the K, values
were determined using BIA evaluation software (version 3.0).

Cell fractionation and subcellular localization. Approximately 10° HBL100
cells were washed three times with ice-cold PBS containing phenylmethylsulfonyl
fluoride (0.1 mM), pelleted at 1,000 X g for 10 min, resuspended in ice-cold
hypotonic buffer (10 mM Tris-HCI [pH 7.4], 10 mM KCI, 1.5 mM MgCl,, and
protease inhibitor cocktail) and incubated on ice for 45 min. The cells were then
disrupted with a Dounce homogenizer, and the cell lysate was centrifuged at
4,000 X g for 30 min at 4°C. The supernatant was centrifuged at 100,000 X g for
1 h. The resulting pellet was resuspended in 5 mM Tris-HCI (pH 8.5) containing
8.6% sucrose; loaded onto a discontinuous sucrose gradient consisting of 16, 31,
45, and 60% sucrose in 5 mM Tris-HCI (pH 7.4); and then centrifuged for 4 h at
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100,000 X g (57). Interface fractions were collected and diluted with 5 ml of 5
mM Tris-HCI. These samples were centrifuged at 100,000 X g for another hour.
The protein from each fraction was quantified by Bradford assay, and equal
amounts of protein from pellets and soluble fractions were subjected to SDS-
PAGE. The results were further analyzed by immunoblotting. Pellet material
from the 16/31 interface was treated with 1% SDS, 1.5 M NaCl, 6 M urea, or 10
mM EDTA at 4°C for 1 h and spun in a microcentrifuge for 30 min. The proteins
from both supernatant and pellet were separated by SDS-PAGE, and the results
were analyzed by immunoblotting.

Immunofluorescence. NIH 3T3 or NIH 3T3 RAS?°!L cells were infected with
MSCV-RINT (wild type or mutant) and 2 days later were plated on coverslips
coated with 0.01% poly-lysine-0.1% gelatin (50:50). After 24 h, the cells were
fixed in PBS containing 3% paraformaldehyde for 15 min and then permeabil-
ized with 0.2% TritonX-100 for 5 min. The cells were incubated with rabbit
anti-RIN1 (Transduction Laboratories) for 1 h. After extensive washing, the cells
were incubated with a 1:400 dilution of Cy3-conjugated affinity-purified sheep
anti-rabbit immunoglobulin G (Sigma) for 1 h, washed and mounted onto slides
with mounting solution (10 mM Tris-HCI [pH.7.4], 2% DABCO, 90% glycerol).
A Leica TCS-SP microscope and 40X objective lens were used. The images were
analyzed with Leica confocal software.

Phosphorylation and kinase assays. For in vitro PKD assays, COS-7 cells were
transfected with vector pcDNA3, an expression construct encoding wild-type
PKD (pcDNA3-PKD), or a kinase-inactive mutant (pcDNA3-PKD-K618N) (23,
72, 82). After 72 h, indicated cultures were stimulated with phorbol 12,13 dibu-
tyrate (PDB) for 10 min. Cells were lysed in buffer (1% Triton X-100, 2 mM
EDTA, 2 mM EGTA, 2 mM DTT, 1 mM AEBSF [4-(2-aminoethyl)-benzene-
sulfonyl fluoride], aprotinin [100 wg/ml], and leupeptin [10 pg/ml] in 50 mM
Tris-HCI, pH 7.4) and clarified by centrifugation at 16,000 X g at 4°C for 10 min.
PKD was immunoprecipitated for 3 h at 4°C using PA-1 antiserum (72) together
with protein A agarose. PKD immunocomplexes were washed twice with lysis
buffer and then twice with kinase buffer (10 mM MgCl, and 2 mM DTT in 30
mM Tris-HCI, pH 7.4). This material was incubated in kinase buffer with
[v-**P]JATP (5 pCi/reaction; final ATP concentration, 100 M) at 30°C for 25
min in the presence of purified RIN1 protein (0.1 pg), RIN15%!4 protein (0.1
wg), or elution buffer. The reactions were terminated by addition of sample
buffer and analyzed by SDS-PAGE. The gels were dried and subjected to auto-
radiography.

For in vivo PKD assays, COS-7 cells were transfected with RINI1 or
RIN1531A ] either alone or with PKD. After 72 h, the growth medium was
replaced with fresh Dulbecco’s modified Eagle’s medium lacking phosphate and
incubation was continued for 30 min. The medium was then replaced with 5 ml
of the same medium containing 100 wCi of carrier-free >*PO,; per ml, and the
cells were metabolically labeled at 37°C for 5 h. In the final 10 min, selected
cultures (as indicated below) were stimulated with PDB (200 nM). The labeling
medium was removed, and the cells were rinsed with cold PBS and then lysed as
described above. RIN1 was immunoprecipitated using polyclonal anti-RIN1
(Transduction Laboratories) and protein A agarose. The immune complexes
were analyzed by SDS-PAGE (8% acrylamide), with dried gels subjected to
autoradiography.

In vitro kinase assays were also performed for JNK2 (UBI), p38 (UBI), and
ERK2 (Uppsala Biotechnology, Inc.) using supplier-provided buffers.

RIN1-RAS pulldowns and RIN1/RAF competition assays. For RIN1-RAS
binding and RAF1 competition assays, 200 ng of GST-RAS®!2V(GTPyS) was
immobilized on the glutathione beads and incubated at 4°C for 30 min. The
beads were washed with 10 column volumes of binding buffer 2 (77), and mix-
tures of 50 nM RINI1(Hisy) with different concentrations of MBP-RAF were
further incubated with GST-RAS-bound beads for 1 h at 4°C. The beads were
then washed three times with washing buffer (77). The bound proteins were
eluted with SDS-PAGE sample buffer and analyzed by immunoblotting.

For RAS pull-down experiments, RIN1(Hisg) proteins were expressed in Sf21
cells and immobilized onto Talon resin (Clontech). RASS'?Y wild-type and
effector mutants (provided by Michael White, University of Texas Southwest
Medical Center) were expressed in 293T cells. The cells were then sonicated in
lysis/IP buffer (77). The clear lysates were incubated with RIN1-Talon resin for
1 h at 4°C. Protein-bound resin was further washed with lysis/IP buffer. Bound
RAS was assayed by immunoblot with monoclonal anti-RAS (Transduction
Laboratories).

Plasmid construction and two-hybrid assays. Full-length RIN1 was cloned
into pQE60 (Qiagen) as described previously (77). The 14-3-3 binding site
mutation was engineered in this plasmid by using double-strand site-directed
mutagenesis (Clontech). The primer used for Ser351Ala mutagenesis, 5'CT
GCTTCGGTCCATGGCCGCCTTCTGCTC, also introduced an Ncol restric-
tion site (underlined). A primer that eliminated the vector XmnlI site was used to
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select for mutant plasmids. The EcoRI-Bg/II fragment from QE60-RIN1 (wild
type or mutant) was ligated into EcoRI- and Sall-digested pBTM117 (16) in the
presence of adapter oligonucleotides (Bg/II-EcoRI-Sall) to create LexA DNA
binding domain fusions. RIN1 sequences were subcloned as EcoRI fragments
into pMSCV (to generate retrovirus) and pcDNA3. pGAD425-14-3-3¢ con-
structs have been described previously (17). Two-hybrid assays were performed
with yeast strain L40 (22) transformed with pBTM117-RIN1 and pGAD425-14-
3-3e. Cells were selected on synthetic medium lacking tryptophan (pBTM117
marker), leucine (pGAD425 marker), and histidine (two-hybrid reporter).

RESULTS

RIN1 binds to RAS with high affinity. The affinity and spec-
ificity of RIN1 for RAS was examined using in vitro binding
assays. Immobilized GST-H-RAS was loaded with either
GTP~S or GDP and incubated with increasing concentrations
of RIN1(Hiss). The bound protein was analyzed by immuno-
blotting. The results demonstrated that RIN1 bound preferen-
tially to RAS loaded with the nonhydrolyzable GTP analog
(Fig. 1A). The complex with RAS(GTPyS) was detectable at
RIN1 concentrations as low as 27 nM, and the binding was
concentration dependent. To confirm the specific association
of RIN1 with RAS, we performed a binding assay in the pres-
ence of the RBD of RAF1 (74) at increasing concentrations as
a competitor (Fig. 1B). We observed that RAF1 at concentra-
tions in the range of 50 to 100 nM effectively blocked RIN1
(present at 50 nM) from binding to RAS. This result reflects
the comparable high affinity binding of these two effectors.

To directly measure the affinity of RIN1 for RAS, we per-
formed surface plasmon resonance analysis. Recombinant
GST, GST-RAS(GDP), and GST-RAS(GTP+S) proteins were
loaded on sensor chips, and RIN1-RBD binding was examined.
RBD formed complexes with RAS(GTP~yS) selectively and in
a concentration-dependent manner. In contrast, only back-
ground levels of association were seen with GST or GST-
RAS(GDP) (Fig. 2). Kinetic measurements were used to
calculate an equilibrium dissociation constant (K,) of approx-
imately 22 nM for RIN1-RBD-RAS binding.

Mutations within the effector domain of H-RAS can influ-
ence binding to downstream effectors differentially (78), re-
vealing that distinct effector pathways control different cellular
processes and cell fates (25, 41, 55, 59, 67). We examined the
ability of RIN1 to bind to RAS effector mutants using a pull-
down protocol. 293T cells were transfected with wild-type H-
RAS, H-RASGlZV, H-RASGIZV’T3SS, H-RASGIZV’E37G, or
H-RASC12V-Y40€ "and cell extracts were incubated with immo-
bilized RIN1(Hiss). RAS proteins extracted by RIN1-coated
resin were detected by immunoblotting. Position 35 (T/S) and
40 (Y/C) mutations respectively reduced and abolished RIN1
binding. In contrast, the position 37 (E/G) mutation had little
effect on RIN1 binding (data not shown). This extends previ-
ous findings from two-hybrid studies (17) by showing that full-
length and posttranslationally modified RIN1 (from insect cell
culture) can quantifiably distinguish among RAS effector mu-
tants produced in mammalian cells.

RIN1 binds endogenous, transiently activated RAS. To de-
termine whether RIN1 binds RAS activated in response to
physiological stimulation signals, we employed a pulldown pro-
tocol (13). Quiescent NIH 3T3 cells were stimulated with EGF,
and cell extracts were incubated with immobilized RINI-
RBD(Hise). Within 5 min of growth factor treatment, there
was a substantial increase in the level of RAS associated with
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RIN1-RBD (Fig. 1C). This signal persisted for close to 1 h. A
parallel detection of phosphorylated ERK proteins demon-
strated a close correlation between RAS binding to RINI-
RBD and activation of ERK proteins that are known down-
stream elements in the RAF1-initiated MAP kinase pathway
(31). Binding to RIN1 follows the natural, transient course of
RAS activation and inactivation by growth factor receptor
stimulation. This reinforces the selectivity of RIN1 for the
GTP-bound conformation of RAS. Also, a similar result has
been reported for RAF, suggesting that RIN1 and RAF may
bind to the same, transiently activated form of RAS, consistent
with a competition model.

RINT1 is localized to both plasma membrane and cytoplasm.
To characterize the localization of RIN1, we performed frac-
tionation studies using HBL100 cells. This human breast tis-
sue-derived epithelial cell line naturally expresses RIN1. Cell
lysates were first separated into soluble cytoplasmic proteins
and a pellet of membrane derived material. The pellet was
further purified by discontinuous sucrose gradient centrifuga-
tion resulting in separation of plasma and microsomal mem-
branes. RIN1 protein, detected by immunoblotting, was en-
riched in the plasma membrane fractions (Fig. 3A). As
expected, RAS was also localized to the same fractions but was
absent from the soluble material. The results demonstrate that
some RINI is in close proximity to RAS and situated appro-
priately for regulated interactions.

A variety of conditions were explored to characterize the
nature of the plasma membrane association of RIN1. The
plasma membrane fraction was treated with high salt (1.5 M
NaCl), a denaturing agent (6 M urea), a cationic chelating
agent (10 mM EDTA), or a detergent (1% SDS). While the
high salt and chelating agent treatments did not disrupt the
association of RIN1 with the plasma membrane, the presence
of urea or 1% SDS resulted in significant release of RIN1 (Fig.
3B). In contrast, RAS protein could only be dislodged from the
plasma membrane by detergent treatment. These results indi-
cated that RINI1 is associated with the plasma membrane
through a relatively weak interaction and probably not by a
lipid modification.

RIN1 can block RAS-mediated cell transformation. A soft-
agar colony growth assay was used to determine the potential
for RIN1 to interfere with RAS-mediated cell transformation.
Consistent with its ability to interfere with RAS-RAF associ-
ation in vitro, we observed that full-length RIN1 produced a
twofold reduction in the number of soft-agar colonies when
introduced into RAS?®'™ cells (Fig. 4). In a complementary
experiment, RASS'?Y was introduced into Ratl cells with or
without stable expression of RIN1 and a similar block in trans-
formation was detected (data not shown). Surprisingly, the
RBD alone, which had been shown to bind tightly to RAS in
vitro, had no suppression activity in this assay. We examined
the effect of plasma membrane localization of RBD by append-
ing a farnesylation signal (CAAX) onto the carboxy terminus.
The resulting RBD-CAAX showed increased membrane local-
ization, compared to that of full-length RIN1 or RBD, when
expressed in NIH 3T3 cells with or without activated RAS (Fig.
5). This shift toward membrane association also correlated
with potent suppression (three- to fourfold) of the soft-agar
colony growth induced by RAS®®'™ (Fig. 4). These results are
consistent with RIN1 acting as an endogenous RAS effector
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FIG. 1. RIN1 binds active RAS and competes with RAF1. (A) Binding of RIN1 to GST-RAS. Immobilized GST-RAS was loaded with guanine
nucleotide (GDP or GTPyS) and incubated with RIN1(His,) (27 or 54 nM). The purified protein complex was analyzed by immunoblotting with
anti-RIN1. The numbers at the left indicate molecular mass markers in kilodaltons. Conc., concentration. (B) Confirmation of specific association
of RIN1 with RAS. Immobilized GST-RAS(GTPyS) was incubated with 50 nM RIN1-RBD and the indicated concentration of RAF15+131],
Bound RIN1-RBD was determined by immunoblotting. (C) Binding of RIN1 to RAS activated by EGF. Serum-starved NIH 3T3 cells were
stimulated with EGF (time after stimulation is indicated in minutes [min.]), and endogenous RAS was pulled down by immobilized RBD(Hisy).
The bound protein was examined by immunoblotting with anti-RAS. The activation of ERK1 and ERK2 was assessed using phosphospecific
antibody. The total quantity of immobilized RBD(His,) for the zero time point was less than that for the other time points but was still in excess
of the quantity of endogenous RAS protein in the cell extracts. Data gathered at the 60-min (signal attenuation) time point demonstrate that the
concentration of activated RAS determines binding.
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that, when localized to the plasma membrane, can directly and The regulatory role of 14-3-3 proteins in RIN1-RAS inter-
efficiently compete with RAF. Unlike other RAS effectors, actions. 14-3-3 proteins can dramatically influence signaling by
however, full-length RIN1 does not promote fibroblast trans- RAF (37, 54, 61, 68, 69, 80). RIN1 is also known to interact
formation. with multiple isoforms of 14-3-3 proteins, and the binding
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FIG. 2. RINI1 binds to RAS(GTP) with high affinity and specificity. (A) Affinity. The GST-RAS(GTP~S) fusion protein was immobilized onto
a BiaCore CMS5 sensor chip, and the surface plasmon resonance at increasing concentrations of RIN1-RBD was determined. (B) Specificity, as
indicated by the interaction of RIN1-RBD with immobilized GST, GST-RAS(GTP«S), or GST-RAS(GDP). Response units are plotted as a

function of time (in seconds [S]).

domain has been localized within the RBD region (17). Amino
acid sequence analysis of RIN1 revealed a potential 14-3-3
binding site at residues 348 to 353 (RSMSAA) that matches
the conserved 14-3-3 binding motif (RSXpSXP) (the lowercase
p indicates a phosphate) except at position 6 which is known to
show considerable degeneracy (reviewed in reference 11).
Phosphorylation of the serine residue at position 4 is known to
be critical for 14-3-3 binding (45). To determine the contribu-
tion of this potential 14-3-3 binding site to RIN1 function, we
introduced a substitution (alanine for serine) at residue 351 of
RINI1. Two-hybrid experiments indicated that this mutation
blocked binding to 14-3-3 proteins (Fig. 6A). Similarly, in a
coimmunoprecipitation assay the RIN15*'4 mutant showed
loss of binding to endogenous 14-3-3 (Fig. 6B). The mutant
protein was expressed at levels comparable to those for wild-
type RIN1, as determined by immunoblotting.

The reduction in 14-3-3 binding by RIN15%'4 also corre-
lated with an increased capacity for suppression of activated
RAS (Fig. 4), suggesting that 14-3-3 proteins may function to
inhibit RAS binding by RIN1. To determine if this involved
regulation of access to the plasma membrane, we directly ex-
amined the subcellular localization of mutant RIN. In

RAS®®"expressing NIH 3T3 cells, RIN15%'4 showed a
marked shift to the membrane compared with wild-type RIN1
(Fig. 5). This was similar to what was seen for RBD-CAAX
when compared with RBD. Both RIN15%'4 and RBD-CAAX
continued to show heightened plasma membrane localization
in the absence of RAS?°'", demonstrating that this effect is not
driven by RAS binding. Interestingly, however, NIH 3T3 cells
expressing RIN15%3'4 (but not activated RAS) were rounded
and showed a roughened membrane appearance, with the
RIN15*3' protein distributed over the entire surface along
with some enhanced staining at membrane edges.

PKD phosphorylates serine 351 of RIN1. Based on the role
of RIN1 serine 351 in binding to 14-3-3, as well as the conse-
quences on subcellular localization and function, we sought to
identify the kinase responsible for phosphorylation of this site.
PKD is a protein serine kinase with a modular structure con-
sisting of an N-terminal regulatory domain that includes a
hydrophobic segment, two phorbol ester/diacylglycerol binding
cysteine-rich motifs, a pleckstrin homology domain, and a C-
terminal catalytic domain with a distinctive primary sequence
and substrate specificity (70, 72, 75). The substrate specificity
of PKD can be clearly distinguished from that of PKCs, indi-
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FIG. 3. Determination of RINT subcellular localization in HBL100 cells. HBL100 cell extracts were prepared under hypotonic conditions and
separated into soluble cytosolic proteins (S100,000) and a pellet of membrane-derived material (P100,000). The pellet was further separated into
plasma (F-16/31) and microsomal (F-31/45) membrane fractions. (A) Immunoblotting analysis of RIN1 with monoclonal anti-RIN1 or anti-RAS.
(B) Immunoblotting analysis of supernatant and pellet fractions of plasma membrane fraction samples, treated as indicated in the text. CTL,

control.

cating that this protein kinase selects a unique set of biological
targets. Syntide-2 (PLARTLSVAGLPGKK) is phosphorylated
by PKD with high efficiency (70, 72). In contrast, a PKCe
substrate peptide (ERMRPRKRQGSVRRRYV) is an excellent
substrate for all PKC isoforms (28, 38) but not for PKD. A
syntide-2 variant peptide (PLAATLSVAGLPGKK) with a sin-
gle arginine-to-alanine change (syntide-2-R4A) was a poor
substrate, however, indicating PKD’s preference for basic res-
idues upstream of the targeted serine. In addition, PKD
showed specificity for peptides containing arginine at position
—3 and leucine at position —5, relative to the targeted serine
(47). Finally, an optimized peptide incorporating preferred

amino acids at positions —7 to +5 was efficiently phosphory-
lated by PKD but not by various PKCs (47).

A database search (BLAST) revealed close similarity be-
tween the putative optimal PKD substrate (L’VRQMSVAF'%)
(47) and a sequence in RIN1 (L***LRSMSAAF***). We ex-
amined RIN1 as a potential PKD substrate using in vitro ki-
nase assays with PKD immunoprecipitated from transfected
COS-7 cells. RIN1 was clearly phosphorylated by PKD (Fig.
7A). Prior stimulation of PKD by treatment of cells with the
phorbol ester PDB was required, and RIN1 phosphorylation
correlated with PKD autophosphorylation. A small amount of
active PKD was isolated from PDB-stimulated control cells,

Vector

Z

RIN1S31A

RBD

RBD-CAAX

20 40
Soft Agar Colony Formation (%)

FIG. 4. RINI1 blocks RAS transformation. NIH 3T3 RASP¢' cells were infected with a retrovirus expressing the indicated construct and
subjected to soft-agar growth assays (29). Colony formation is reported as a percentage of that seen for vector transduced cells. The results shown
are the means of three experiments, each performed in duplicate.

60 80 100
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FIG. 5. Mutation of 14-3-3 binding site changes RIN1 localization. NIH 3T3 or NIH 3T3 RAS®?°'" cells were infected with the indicated
retroviral constructs. RIN1 proteins were visualized by anti-RIN1 immunofluorescence.

and this endogenous PKD phosphorylated RIN1 to a minor
extent (Fig. 7A). Assays using kinase-deficient enzyme
(PKDX618Ny demonstrated that PKD kinase activity, as op-
posed to that from a coprecipitating kinase, was responsible for
RIN1 phosphorylation. Note that RIN1 phosphorylation in
reactions using PKD®*'®N from PDB-stimulated cells was sim-
ilar to that in lysates from PDB-stimulated control cells (Fig.
7A). The mutant RIN15%3!2 protein was not phosphorylated to
a significant extent by activated PKD. In contrast, PKD auto-
phosphorylation in these reactions was unchanged.

We next examined the ability of PKD to utilize RIN1 as a
cellular substrate. RIN1 protein showed a low level of phos-
phorylation when immunoprecipitated from unstimulated,
metabolically **P-labeled COS-7 cells (Fig. 7B). In contrast, a
marked increase in RIN1 phosphorylation was induced by
PDB stimulation of cells, a treatment that activates PKD via a
PKC-dependent signal transduction pathway involving PKD
activation loop phosphorylation (76, 82). Cotransfection of
RINI1 together with PKD resulted in strong, PDB stimulation-
dependent RIN1 phosphorylation. In addition, RIN1 phos-
phorylated by PKD was predominantly at Ser®’, since the
RIN15%' mutant cotransfected with PKD showed no phos-
phorylation, either with or without PDB stimulation (Fig. 7B).
Taken together, these data indicate that Ser®', the 14-3-3
binding determinant, is an efficient and specific substrate for
phosphorylation by PKD. They do not, however, demonstrate
that Ser®" is phosphorylated exclusively by PKD in vivo.

There are likely to be phosphorylation events by other ki-
nases acting at other sites on RIN1. Particularly noteworthy
are two PXSP motifs that fit the reported optimum ERK sub-
strate site (14, 35) and the observation that RIN1 was an in

vitro substrate for the MAP kinases ERK2, JNK2 and p38
(data not shown). RIN1 was also phosphorylated by PKC (iso-
forms «, B, and v), but not by PKA (data not shown). These
data, although generated outside a cellular context, suggest
additional levels of RIN1 regulation that will require further
study.

DISCUSSION

RIN1 shows the established hallmarks of a RAS effector:
binding is GTP dependent and requires an intact RAS effector
domain (reference 17 and this work). The RBD of RIN1 has an
affinity of approximately 22 nM for RAS(GTP). This is strik-
ingly similar to the affinity of 18 nM measured for RAF1 and
markedly stronger than the binding constants determined for
other RAS effectors (20, 50). Notably, the full-length RIN1
protein has a somewhat lower RAS-binding affinity than does
the RBD fragment. Although it is true that minimum RBDs of
other effectors have shown binding affinities greater than those
of the intact proteins, the RBD of RIN1 is unusually large in
comparison to the minimal RBDs of other effectors (4, 21, 60,
62). This raises the possibility that the RAS-binding determi-
nants of RIN1 are inextricably combined with structural fea-
tures that are required for distinct functions such as RAB-
directed nucleotide exchange (66) and 14-3-3 interactions (this
work).

The observation that the RBDs of RIN1 and RAF1 directly
compete for binding to activated RAS reflects the overlapping
nature of these interactions. The approximately equal molar
competition observed in vitro is consistent with the similarity in
binding affinity for RAS(GTP). The RBD of RIN1 was also
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FIG. 6. Binding of 14-3-3 is abolished in RIN15%*'A, (A) Two-hybrid assay results. LexA fusions of RIN1 or RIN15**'* and GAL4 activation
domain fusions of 14-3-3 (e or B) were transformed into strain L40, and growth on histidine-deficient medium was used to select for activation
of the HIS3 reporter gene. (B) Coimmunoprecipitation assay results. Cell lysates prepared from 293T cells transfected with the indicated RIN1
construct were immunoprecipitated with anti-RIN1 then subjected to immunoblot analysis for RIN1 and 14-3-3.

seen to bind transiently activated wild-type RAS from stimu-
lated NIH 3T3 cells. This behavior has been reported for the
RBD of RAF, and suggests that RIN1 may indeed compete
with endogenous RAF. More importantly, while RAF activa-
tion is itself transforming in fibroblast cells (29, 64) and the
effectors PI3K and RGF synergistically enhance transforma-
tion (59, 79), we report that full-length RIN1 blocked trans-
formation by activated RAS. This result implies that RIN1
normally functions in a pathway either not required for or
antagonistic to transformation of fibroblast cells. Possible an-
tagonistic signals might be mediated by RIN1 effectors that
include the ABL family tyrosine kinases (1) (H. Hu and J.
Colicelli, unpublished) that regulate cytoskeleton remodeling
and perhaps RAB proteins (66) that facilitate receptor down-
regulation.

The competition between RAF and RIN1 for activated RAS
raises the possibility that the signal transmission output from
RAS may be modulated physiologically through the regulated
expression of these effectors. Although RAF expression ap-
pears to be ubiquitous (65), RIN1 is expressed at low or un-
detectable levels in most tissues except for a subset of brain
neurons (17) (A. Dhaka and J. Colicelli, unpublished data) to
concentrations that may support direct competition between
these effectors. In this model, RAS occupation by RIN1 would
result in a concerted blockade of RAF activation together with
a redirection of RAS signaling through RIN1 to its down-
stream effectors. Indeed, recent findings support neuronal
functions for RAS (3, 5, 8), for ABL family kinases (32), and
for RAB proteins (53).

There are likely to be some differences in the specific con-

tacts between RAS and the alternate effectors RAF and RIN1,
as highlighted by distinctions in binding to RASS'?V-T3>S
(binds RAF, not RIN1) and RAS®'?V-E37G (binds RIN1, not
RAF) This may reflect subtle differences that could be ex-
ploited in cells to further discriminate among effectors and
selecgigglg;ghunt RAS signaling. It is of interest to note that
RAS ~~  shows RGF binding capacity but that some of its
biological effects appear to be independent of this effector (52,
55) and may be mediated by RIN1.

We have also characterized a specific 14-3-3 binding site
within the RBD sequence of RIN1. Mutation of this site elim-
inated 14-3-3 binding and simultaneously produced a shift in
localization to the plasma membrane. The membrane-staining
pattern of RIN15*3'* in NIH 3T3 cells was somewhat altered
by RAS?%'L. Although the RIN1 mutant appeared throughout
a roughened membrane in wild-type NIH 3T3 cells, it was
concentrated at membrane edges in cells with RAS?®'", Taken
together, these observations raise the possibility that mem-
brane compartmentalization (and proximity to RAS) of RIN1
may be reversible and regulated through phosphorylation and
dephosphorylation of a core serine within the 14-3-3 recogni-
tion site. Engagement with 14-3-3 may reduce access to the
plasma membrane through an allosteric change in RINT1 struc-
ture, by an induced covalent modification, and/or by simple
sequestration. Indeed, 14-3-3 proteins can participate at mul-
tiple levels of signal regulation, as demonstrated by extensive
studies with RAF proteins. There are at least two, character-
ized 14-3-3 binding sites in RAF1. While binding at one site
has been demonstrated to stabilize the inactive kinase, binding
at another site appears to facilitate RAF1 activation (7, 61, 68,
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FIG. 7. PKD phosphorylates Ser’>" of RINI. (A) Phosphorylation of RIN1 by PKD. PKD was immunoprecipitated from COS-7 cells
transfected with vector (pcDNA3), wild-type PKD, or a kinase-inactive mutant (PKD*®'®N) and treated with phorbol 12,13 dibutyrate (PDB) where
indicated. The resulting material was used for in vitro kinase assays with purified wild-type RIN1 or a phosphorylation site mutant (RIN153%14)
and analyzed by SDS-PAGE and autoradiography. A molecular marker (97 kDa) is shown at left. This experiment was performed three times with
similar results. (B) Ability of PKD to use RINT as a cellular substrate. COS-7 cells transfected with RIN1 or RIN15%'A_ either alone or with
wild-type PKD, were metabolically labeled with *?P. Cells were then treated (or not) with PDB, as indicated, and lysed. The RIN1 immunopre-
cipitates were analyzed by SDS-PAGE and autoradiography. This experiment was performed three times with similar results. The results (shown
at right) of immunoblotting analysis of COS-7 cells transfected with PKD, together with either RIN1 or RIN15*'A and lysed directly in

SDS-PAGE sample buffer, demonstrated comparable expression (immunoblotting carried out with anti-RINT).

80). Further studies will be required to determine the full role
of 14-3-3 in RIN1 function.

Both in vitro and in vivo experiments support a role for
PKD-mediated phosphorylation of RIN1 at the site (serine
351) that controls 14-3-3 binding. Others have noted that the
consensus PKD substrate site resembles some 14-3-3 binding
motifs, and identified within the PKD regulatory domain a
putative autophosphorylation site compatible with regulated
14-3-3 binding (19). Our findings provide evidence that PKD
may indeed function as a regulator of 14-3-3 binding to at least
some partner proteins. Because PKD is dynamically parti-
tioned between the cytoplasm and plasma membrane (40, 56),
it is well positioned to play a role in mediating RAS effector
accessibility. PKD-mediated RIN1 Ser®' phosphorylation
may, together with other events, serve as an attenuation mech-
anism to uncouple RIN1 from activated RAS through the
promotion of 14-3-3 binding and cytoplasmic relocation. This
might further result in the promotion of alternate (e.g., RAF)
effector pathways and might in part explain the observation
that PKD selectively stimulates the ERK1/2 mitogen-acti-
vated protein kinase cascade in some cells (18). Return of
RINT1 to a signal-ready state (i.e., available for RAS inter-
action) would require the action of an as-yet-unidentified
phosphatase.

RINT1 is subject to other modifications, including a previ-
ously characterized tyrosine phosphorylation by ABL (1, 36).
We also report here on potential MAP kinase-mediated RIN1
phosphorylations. It should be noted that RAF proteins are
regulated by multiple phosphorylations from distinct kinases, a
complex system that has been only partly characterized (6, 9,
15, 39, 42, 81).

The propensity for RIN1 to associate with the plasma mem-
brane, and perhaps to reside in particular subregions, is likely
to be controlled at multiple levels. We have previously re-
ported that in an epithelial cell line (HeLa) endogenous RIN1
showed primarily a punctate pattern of membrane staining.
Here we demonstrate that in a fibroblast cell line (NIH 3T3)
ectopically expressed RIN1 is somewhat more cytoplasmic.
This may be in part due to the high level of expression. Also,
fibroblast and epithelial cells differ substantially in the quality
and quantity of cell-cell and cell-substrata adhesions, and they
respond differently to activated RAS (48). These distinctions
likely reflect additional levels of signal traffic regulation.

Taken together, these data suggest a multilevel regulatory
system that controls RAS signaling output based on the affin-
ity, cell-specific availability, and localization of downstream
effectors.
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