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ABSTRACT Human RIN1 was first characterized as a RAS
binding protein based on the properties of its carboxyl-terminal
domain. We now show that full-length RIN1 interacts with
activated RAS in mammalian cells and defines a minimum
region of 434 aa required for efficient RAS binding. RIN1
interacts with the “effector domain” of RAS and employs some
RAS determinants that are common to, and others that are
distinct from, those required for the binding of RAF1, a known
RAS effector. The same domain of RIN1 that binds RAS also
interacts with 14-3-3 proteins, extending the similarity between
RIN1 and other RAS effectors. When expressed in mammalian
cells, the RAS binding domain of RIN1 can act as a dominant
negative signal transduction blocker. The amino-terminal do-
main of RIN1 contains a proline-rich sequence similar to con-
sensus Src homology 3 (SH3) binding regions. This RIN1
sequence shows preferential binding to the ABL-SH3 domain in
vitro. Moreover, the amino-terminal domain of RIN1 directly
associates with, and is tyrosine phosphorylated by, c-ABL. In
addition, RIN1 encodes a functional SH2 domain that has the
potential to activate downstream signals. These data suggest that
RINT1 is able to mediate multiple signals. A differential pattern
of expression and alternate splicing indicate several levels of
RIN1 regulation.

RAS is a membrane-associated small G protein that is indi-
rectly coupled to both receptor and nonreceptor tyrosine
kinases. RAS activation is regulated at the level of guanine
nucleotide binding: the GTP- and GDP-bound states of RAS
are distinct in their structures (1, 2) and in their capacity to
dispatch downstream signals through effector proteins. The
interactions between RAS and its effectors require both the
GTP-dependent structural confirmation of RAS and the
presence of particular RAS residues including a short se-
quence referred to as the “effector domain.” Some effector
pathways can lead to cell transformation and tumorigenesis
when constitutively activated by a mutant RAS that is unreg-
ulated and predominantly in the active form.

The first identified and best characterized effector of mam-
malian RAS is RAF1. Interaction with RAS leads to events
that stimulate the protein kinase activity of RAF1 (3-5). Other
potential RAS effectors have now emerged (reviewed in ref.
6). These include P13 kinase (7), RAL-GDS (8-10), and RIN1
(11). Although these proteins do not share obvious sequence
commonality, they each bind RAS in a manner that is condi-
tional upon RAS activation (GTP binding) and an intact
effector domain. In the case of RAF1, expression of the
RAS-binding domain (RBD) alone has been shown to block
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normal RAS signaling (12, 13), presumably due to a nonpro-
ductive interaction with RAS that blocks access to wild-type
RAF1 and other effector molecules.

For RAF1, binding to activated R AS may also involve 14-3-3
proteins. These small acidic proteins have been found to
associate with RAF (14-16), PI3 kinase (17), BCR/ABL (18),
and other signaling molecules with functions directly or indi-
rectly dependent on RAS. Although 14-3-3 proteins do not
appear to directly stimulate enzymatic activity, they may
facilitate protein interactions that lead to activation. 14-3-3
proteins also exist as dimers that may act as bridges between
signaling molecules (19) or may induce activation through
oligomerization (5).

Also fundamental in eukaryotic signal transduction are SRC
homology (SH) sequences. SH2 and SH3 domains are struc-
tural units instrumental in the assembly of signal transduction
protein complexes and in the regulation of nonreceptor ty-
rosine kinases such as SRC and c-ABL (reviewed in ref. 20).
In some cases, as with SRC, SH2- and SH3-based interactions
with “adaptor” proteins can serve as a link to the RAS
activation machinery. In other cases, such as c-ABL, these
domains are essential for function, but downstream effectors
have not been identified.

The carboxyl-terminal domain of RIN1 can suppress an
activated RAS allele in yeast (21) and was later shown to bind
RAS protein in vitro (11). We now show that RIN1 binds to
activated RAS in vivo. The binding specificity is distinct,
however, from that of RAF1 for RAS. Interestingly, the RBD
of RINI, like that of RAF1, can bind to 14-3-3 proteins. In
addition, overexpression of the RIN1 RBD in mammalian cells
leads to a block in RAS-mediated signaling. We also report
that the amino-terminal domain of RIN1 contains sequences
that can mediate interactions with the ABL tyrosine kinase
and that RINT1 is itself tyrosine phosphorylated by c-ABL.
These observations suggest that RIN1 is involved in multiple
signal transduction pathways and might provide a direct link
between RAS and tyrosine kinase-mediated signals.

MATERIALS AND METHODS

Plasmids and Viruses. Human RINI cDNA clones were
isolated from a U118-MG cell library (21). Rat Rinl clones
were isolated from a genomic library (kindly provided by the
late Robert Anderson, University of California, Los Angeles)
and a brain cDNA library (Stratagene). PCR was used with
human and rat 5'-R ACE-Ready cDNAs (CLONTECH). Full-
length RINI cDNA was generated through PCR, digestions,
and ligations (all PCR-generated material was sequenced). A
Sall site was added before the initiation codon of full-length

Abbreviations: RBD, RAS binding domain; SH, SRC homology; HA,
hemagglutinin; MBP, maltose binding protein; GST, glutathione
S-transferase.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. for human and rat
RINT are L36463 and U80076, respectively).
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RINI. A 0.8-kb Kpnl-BamHI fragment from cDNA clone
99X4, which encodes the 62-codon deletion form, replaced the
corresponding fragment of RINI in RINIA clones. pPBTM117
(11) digested with Sall and Notl was used to create LexA
fusions. pLexA-RIN1 was made from the 0.9-kb Sall-KpnI and
the 1.6-kb KpnI-NotI RIN1 fragments. pLexA-RININ (RIN1
amino terminus) was made from the same 0.9-kb Sall-Kpnl
fragment and a KpnI-Notl adaptor. pGST-RININ was made
in the same way using a modified pGEX-2T (11). pGST-
RININA was created by digesting pGST-RIN1N with HindIII
and Kpnl followed by ligation with an adaptor oligonucleotide.
pcDNA3 (Invitrogen), digested with EcoRI and Norl, was
ligated to the 0.9-kb EcoRI-Kpnl and the 1.64-kb Kpnl-Notl
fragments of RIN1 from pLexA—-RINI. pcDNA3-RININ was
made similarly but using a Kpnl-NotI adaptor oligonucleotide.
pcDNA3HA-RINIC was made by inserting a hemagglutinin
(HA) epitope into the BamHI site of pcDNA3 and then
inserting the 1-kb Nhel-BamHI and 0.7-kb BamHI-NotI frag-
ments of pAD54-RINI1C, ayeast expression plasmid. To create
retrovirus constructs, EcoRI linkers were added to the ends of
the EcoRI-Xbal fragments of RINI, RININ, and HA-RINIC
released from pcDNA3 constructs and cloned into
pSRaMSVtkneo (22) using a unique EcoR1I site. Retroviruses
were made as described (23). RINI was cloned into the in vitro
transcription/translation vector pSP64—XBSN (11) with the
same strategy used for cloning into pBTM117. Deletions of the
RIN1 carboxyl terminus were made by PCR and cloning into
pSP64-XBSN or pSP64-XBM (24). pMBP-14-3-3¢ contains
the epsilon isoform of murine 14-3-3 fused to maltose binding
protein (MBP). It was made by inserting a Bg/II (Klenow
blunted) to EcoRI fragment from the library isolate of 14-3-3¢
into pPR997 (New England Biolabs) digested with Sa/l (Kle-
now blunted) and EcoRI.

Two-Hybrid Interactions. Yeast strain L40 (25) was trans-
formed with pLexA-RINIC and a WEHI cell GAL4 activation
domain cDNA fusion library (26) generously provided by Steven
Goff (Columbia University). Transformants (6 X 10°) were
subjected to selection on synthetic media lacking tryptophane
(pLexA-RINIC marker), leucine (library marker), and histidine
(two-hybrid reporter marker). This was followed by colony lifts
and LacZ (two hybrid reporter) assays. From 3,000 His*LacZ*
colonies, 288 were examined by plasmid segregation and reanal-
ysis following mating to cells with pPBTM117 or pLexA-RINIC.
From 41 potential RIN1 RBD interactors, plasmid isolation and
retesting yielded 4 groups (including 7 independent isolates of
14-3-3¢) and 4 individual clones. RAS effector mutant interac-
tions were done in L40 with pGAD-RINI1 (11), -RAF1 (27) or
—RalGDS (28) with pBTM116-R AS variants (27, 28).

Immunoprecipitation and Western Blotting. Immunopre-
cipitation of the RAS-RIN1 complex was done by a modifi-
cation of previously described methods (29). To overexpress
RIN1 proteins, NIH 3T3 cells with or without an activated
RAS allele (H-RAS®'L, kindly provided by Adrienne Cox,
University of North Carolina) were infected with RINI-
expressing retrovirus. Cells (3 X 10°) were plated on each
100-mm dish 6-10 h before infection. Mock infections were
done with virus collection medium (1X Iscove’s medium/10%
fetal bovine serum). Cells were grown 3 days in DMEM with
10% calf serum, rinsed with cold PBS and lysed in 1 ml cold
Nonidet P-40 lysis buffer (29). Lysates were incubated 10-30
min on ice and centrifuged at 16,000 X g for 15 min. Anti-Ras
antibody Y13-238 (Oncogene Science) or Y13-259 (Calbio-
chem) was then added to the supernatants, and immune
complexes were precipitated. In some cases, Y13-238 was
neutralized by pre-incubation for 30 min with 20 ug GST-
RASV!2 (Y238%). Anti-RAS and monoclonal anti-RIN1
(Transduction Laboratories, Lexington, KY) were used to
detect RAS and RIN1, respectively, in Western blotting (It
should be noted that a prominent 65-kDa band has been
misidentified as RIN1 in Transduction Laboratory literature.)
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For “reverse” coimmunoprecipitation, 3T3 cells with
H-RAS®L were infected with an HA-RIN1C expressing ret-
rovirus. Monoclonal antibody to the HA epitope (12CA5) was
conjugated to protein A agarose beads (Pierce) and used to
precipitate the RINIC-RAS complex. Immunoprecipitation
of HA-RIN1C-14-3-3 complexes was done as described above
using 12CAS. Antibody K-19 (Santa Cruz Biotechnology) was
used to detect 14-3-3 proteins in Western blotting.

In Vitro Binding and Kinase Assays. In vitro RIN1-R AS and
RIN1-14-3-3¢ binding experiments were done as described
(11) except that the binding buffer for 14-3-3 was 125 mM
NaCl, 0.5% Nonidet P-40, 50 mM TrissHCL (pH 7.4), 10%
glycerol, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM DTT,
and 1% dry milk. Wash buffer is binding buffer without dry
milk. MBP and MBP-14-3-3¢ proteins were purified as de-
scribed (30). Purification of human c-ABL form 1b from insect
cells was performed as described (31). For kinase assays, 0.9 ug
c-ABL was immunoprecipitated with 10 ul ABL antiserum
(pex-5). Precipitated c-ABL was incubated with 10 wCi
[v-3?P]ATP (1 Ci = 37 GBq) at 30°C for 10 min in kinase (+)
buffer (10 mM Tris, pH 7.5/10 mM MnCl;/0.1 mM
Na3;V0O,/10 mM DTT) or kinase (—) buffer (10 mM Tris, pH
7.5/5 mM EDTA/0.1 mM NazVO,). Reactions were termi-
nated with 2X sample buffer and analyzed by SDS/PAGE and
autoradiography. 0.7 ug RININ-6His, purified using Talon
beads (CLONTECH), was used in c-ABL binding experiments
with either kinase (+) buffer plus 1 mM ATP or kinase (—)
buffer for 30 min at 30°C. Protein complexes were immuno-
precipitated with ABL antiserum and subjected to in vitro
kinase assays as described above. SH2 binding was done as
described (22) using K562 cells and GST-RININA bound to
glutathione-Sepharose. Bound proteins were analyzed by
SDS/PAGE, filter transfer and antiphosphotyrosine (Upstate
Biotechnology, Lake Placid, NY) probing. For SH3 binding,
pGST-PI3K-SH3, pGST-SRC-SH3, pGST-ABL-SH3 fusion
plasmids were kindly provided by Richard Rickles (32). Glu-
tathione S-transferase (GST) fusion proteins were purified on
glutathione-Sepharose (Pharmacia), dialyzed with PBS, and
concentrated. The peptide KSSPLSPPAVPPPPVPVLPGAR-
RASLG (Genemed Biotechnologies, South San Francisco,
CA) contains the putative SH3 binding site (underlined), five
flanking RIN1 residues on either side, and a recognition site
(RRASL) for bovine heart muscle kinase (HMK). A total of
2.5 nmol of peptide was labeled with 150 pmol [y-3?P]JATP and
30 units of HMK for 50 min. A total of 250 pmol 3?P-labeled
RIN1 peptide was incubated with 8 ug GST fusion protein and
10 wl 1:1 slurry of glutathione-Sepharose beads, in 250 ul PBS
plus 2% dry milk for 1 h at 4°C with constant rotation. Beads
were precipitated at 4°C and washed 5 times with unlabeled
PBS before cpm measurement. A 100-fold excess of a com-
petitor peptide AEPPPYPPPPIPGGK (32) or a control 26-
mer random peptide was used as indicated.

Transfections and Luciferase Assays. Procedures for trans-
fections and luciferase assays have been described (33). The
total amount of DNA in each transfection was held constant
by adjusting the quantity of vector DNA. All DNAs were
purified by CsCl gradient. Experiments were performed in
triplicate, and multiple such experiments were performed.

RESULTS

RIN1 Interacts with RAS in a Way That Is Distinct from
RAF-RAS Binding. Previous RIN1 studies (11) employed a
truncated human cDNA that encoded the carboxyl terminus of
the protein. We isolated additional cDNA clones and con-
structed a full-length RIN1 message (Fig. 14) that encodes a
total of 783 aa, 293 residues more than the original isolate. One
region of divergence within the RIN1 message results in a
186-nt (62 codon) deletion. This form of the message
(RIN1A), while a minor component was observed in multiple
human cDNA libraries and most likely results from an alter-
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Fic. 1. RINI structure and sequence. (4) Human RINI messages
differ by an internal deletion, A (186 nt, 62 aa; residues 429-490).
Hatched area (RINIC) is the original RAS-interacting coding region
(11). ORFs are indicated by open (or hatched) thick boxes. Untrans-
lated regions are shown as thin open boxes, and introns are presented
as solid lines. Broken lines indicate alignment at the alternate splice
sites. A 1 kb scale bar is given. (B) Alignment of the RIN1 SH2 domain
(residues 69-163) with known SH2 domains based on assignments of
secondary structure (34) indicated at the top of figure. RIN1 residues
identical to two or more others are marked with asterisks.

nate splicing event. This interpretation is supported by analysis
of rat cDNA and genomic clones of RIN1. The 5’ end of the
deleted sequence is located at a splice site in the genomic clone
(Fig. 1A4) and the 3’ end of the deletion is at a sequence that
is similar to splice acceptor sites (35). When expressed in Ratl
cells, the common form of RIN1 (longest ORF, no deletion)
was observed to comigrate with endogenous RIN1 protein
from HeLa cells (data not shown).

We examined the ability of full-length RIN1 to interact with
H-RAS in mammalian cells expressing both proteins. NIH 3T3
cells expressing an activated mutant H-RAS allele (36) were
infected with a retrovirus encoding the RIN1 protein. When RAS
is immunoprecipitated from these cells (using antibody Y238),
RIN1 was also present (Fig. 24). When the antibody was pre-
bound to exogenous RAS, no RIN1 was detected. The RAS
antibody Y259, which binds within the switch II region and blocks
effector interactions (29, 37), eliminated RIN1 association. Also,
in cells expressing RIN1 but only wild type RAS, RIN1 was not
coimmunoprecipitated. The lack of association between RIN1
and wild-type RAS is consistent with the dependence of this
interaction on RAS activation. A requirement for specific se-
quence and conformational determinants is a hallmark of RAS
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effector binding, and these results directly parallel what has been
seen for RAF1 (29). The interaction of RAS with RIN1 was
confirmed by copurification of activated RAS with an epitope
tagged form of the carboxyl terminus of RIN1 (RIN1C) from
cells expressing these proteins (Fig. 2B).

The structural determinants for effector binding are provided
by several amino acids, many of which are localized to the
“effector domain” of RAS. Some mutations in this sequence
completely block RAS function (reviewed in ref. 38) while other
mutations selectively inhibit the binding of some effector mole-
cules without influencing others. These latter mutations have
been used to distinguish multiple effectors (27) and the pathways
they control (39). We tested the ability of RIN1 to interact with
H-RAS effector domain mutants using the two-hybrid detection
system (Table 1). RINI, like RAF]I, interacts well with both
wild-type and the constitutively active mutant form of RAS
(H-RASVY'2). Mutations at positions 35 (H-RASV?5%) or 40
(H-RASY12¢40) however, block the RAS-RINT interaction. In-
terestingly, the position 35 mutation does not affect interactions
with RAF1 (27). Conversely, a mutation at position 37 (H-
RASV12637) does not interfere with RIN1 binding but abolishes
RAF]1 binding. These data suggest that RIN1 and RAF1 employ
both common and unique binding determinants on RAS. The
putative RAS effector RalGDS had an interaction profile iden-
tical to RIN1 (Table 1; ref. 28).

The RAS-Binding Domain of RIN1 also Interacts with
14-3-3 Proteins. To determine the minimal RBD of RIN1, a
series of deletions were assayed for in vitro binding to H-RAS.
Both the originally isolated amino-terminal deleted form of
RIN1 (RIN1C) and full-length RIN1 bind well to H-RAS (Fig.
3). Deletion of an additional 58 aa from the amino terminus
of RINIC reduced binding and deletion of 130 aa strongly
blocked RAS interactions. At the carboxyl terminus, deletion
of 56 aa had no inhibitory effect and actually enhance binding
slightly. Additional deletions from the carboxyl terminus,
however, eliminated binding. The naturally occurring 62-aa
internal deletion form (RIN1A) showed significantly weaker
RAS binding. The minimum RAS binding domain of RINI1,
therefore, appears to lie within residues 294-727, and optimal
binding requires some or all of the 62 aa that are missing in the
internal splicing variant. We did not detect multiple indepen-
dent Ras binding domains as seen for RAF1 (40).

The RAS effector RAF1 interacts through its RBD with
other proteins that may facilitate signal transduction functions.
We asked whether the RBD of RIN1 is also involved in other
protein—protein interactions. Using the two hybrid procedure
(41), we isolated eight distinct clones from a murine cDNA
library. One of the most frequently isolated cDNAs encodes
the epsilon isoform of 14-3-3. 14-3-3 proteins have been
implicated in mitogenesis and oncogenic transformation,
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Fi16.2. RIN1 coimmunoprecipitations from NIH 3T3 cells. (4) Cells expressing H-RAS®!L (+) or wild-type cells (—) were infected with a RIN1
expressing retrovirus (+) or were mock infected (—). Antibodies Y238 or Y259 were used to immunoprecipitation (IP) RAS. Y238* indictates
preincubation with GST-RAS protein. Whole cell lysate (no IP) was included (lane 2). Samples were analyzed by Western blot using antibody to
RAS (RAS) or RINIC (RIN1). (B) Cells expressing H-RAS®!L and HA-RIN1C were lysed and subjected to electrophoresis directly (=) or
immunoprecipitated with RAS antibody (Y238, Y238%*, Y259) or 12CAS5 antibody («¢HA) and analyzed by Western blot as in 4. (C) RIN1 and
14-3-3 copurify in immunoprecipitations. Cells expressing (+) or not expressing (—) HA-RIN1C were analyzed as lysates (lanes 1 and 2) or as an
IP with the 12CAS5 antibody and examined by Western blot using 14-3-3 or RIN1C antibody as probe.
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Table 1. Interaction of RIN1 with RAS effector domain mutants
using two-hybrid analysis

Ras effector domain binders

RAS allele RAF1 RIN1 RalGDS
H-RAS + + +
H-RASV!2 + + +
H-RASV12535 + _ _
H-RASV12G37 - + +
H_RA5V12C40 _ _ —

A + indicates both HIS3 expression (growth on selective media) and
LacZ expression (B-galactosidase assay).

based on their interactions with signaling proteins. Interaction
with 14-3-3 proteins has been linked to RAS-dependent
activation of RAF1 (15-17), which may occur through a
chaperon function that promotes RAS binding or through
enhanced oligomerization of RAF1 (5).

We examined whether RIN1 binds to other isoforms of
14-3-3. Indeed, RIN1 interacted with the epsilon, beta and zeta
isoforms of 14-3-3, although the zeta isoform showed markedly
weaker binding (Fig. 4). The same pattern of interactions was
seen with RAF1 (ref. 14 and data not shown) extending the
similarity of RIN1 and RAF1 in their biochemical behavior.
Deletion of the RBD of RIN1, or the naturally occurring 62-aa
internal deletion, abolished binding to all 14-3-3 isoforms in
this assay. Under in vitro binding conditions (Fig. 3), the
carboxyl-terminal domain of RIN1 (RIN1C) binds to 14-3-3¢.
Deletion of 121 aa from the carboxyl terminus reduced binding
somewhat while deletions of 58 aa or greater from the amino
terminus of RIN1C greatly reduced or abolished binding. The
internal 62-aa deletion also caused a severe reduction in
binding. The pattern of 14-3-3 binding capacity paralleled that
for RAS binding, although the signal was somewhat lower.

The ability of RIN1 to interact with 14-3-3 in vivo was tested
using NIH 3T3 cells expressing the carboxyl-terminal domain of
RIN1 (RINIC). These cells have significant levels of endogenous
14-3-3 protein. As shown in Fig. 2C, 14-3-3 proteins were indeed
copurified in immunoprecipitations of RIN1C. Because a pan-
14-3-3 antibody was used, the specific isoforms present cannot be
discerned. RIN1, then, shares the 14-3-3 binding property that
has been documented for other RAS-interacting proteins.

The RAS-Binding Domain of RIN1 Interferes with RAS-
Mediated Signals in Mammalian Cells. The ability of RIN1 to
interfere with RAS signaling in yeast, and the observed in vitro
competition between RIN1 and RAF1 for RAS binding (11),
suggested that expression of the RBD of RIN1 might alter
signaling in mammalian cells. We tested whether RIN1C was

1 294 429 490 783
RIN1 L K 77 NN
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RIN1CA E
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Fic. 3. Interaction of RIN1 with H-RAS and 14-3-3¢. Labeled RIN1
was analyzed separately for normalization. Bound protein was analyzed
by SDS/PAGE and autoradiography. Binding above background (GST or

MBP alone) was assessed. Multiple +’s indicate strong binding; “w
indicates weak binding (<2-fold above background).

Proc. Natl. Acad. Sci. USA 94 (1997) 4957

F1G.4. Interactions of RIN1 with 14-3-3 isoforms. LexA-RIN1 and
Gal4-14-3-3 constructs were expressed in L40 cells and HIS3 reporter
gene expression was assayed by growth on synthetic media without
histidine. Rin1, full-length RIN1; Rin1A, 62-aa deletion form of RIN1;
Rin1N-term, amino-terminal domain of RIN1; V, vector only; epsilon,
beta, and zeta isoforms are indicated by Greek letters.

capable of blocking transcriptional activation that is dependent
on functional RAS and downstream mitogen-activated protein
kinase cascades. The expression system employed a luciferase
reporter gene under the control of a prostaglandin synthase 2
(PGS2) promoter. This construct shows potent induction
resulting from a RAS-mediated signal initiated by expression
of activated SRC (33, 42). The response to RAS activation
requires an ATF/CRE sequence within the promoter (42).
Transfection with v-SRC produced a dramatic increase in
expression of the PGS2-luciferase reporter (Fig. 5). When
RIN1C was included in the transfection, there was a marked
decrease in the expression level of the reporter gene and this
effect was dependent on the amount of RIN1C used. Fig. 5 also
demonstrates the effectiveness of a dominant negative mam-
malian RAS allele (43) in suppressing the v-SRC initiated
signal. Full-length RIN1, however, showed no significant
signal suppression in this assay (data not shown), although it
is capable of blocking activated RAS in yeast as judged by a
heat shock survival assay (11).

RIN1 Is a Binding Partner and Substrate for c-ABL. RIN1
contains a proline-rich sequence (residues 259-268) within the
amino-terminal region. Such sequences can be critical deter-
minants for binding to SH3 domains. In particular, the RIN1
sequence showed greatest similarity to peptides (32) and
proteins (44) selected for binding to the SH3 domain of the
tyrosine kinase c-ABL. Indeed, a synthetic peptide encoding
the RIN1 proline-rich sequence gave a strong binding signal
with the SH3 domain of c-ABL (Fig. 6). Some binding to
SRC-SH3 was also observed, while binding to P13 kinase—-SH3
was close to background (GST only). Competition experiments
demonstrated that RIN1 peptide binding to ABL-SH3 was
specific; a known ABL-SH3 binding peptide present in 100-
fold excess blocked binding, while an unrelated random pep-
tide had no effect (Fig. 6).

To determine whether the amino terminal domain of RIN1
(RININ) can interact with c-ABL and serve as a substrate for
tyrosine phosphorylation, we carried out coimmunoprecipita-
tions and kinase assays. RIN1N could indeed be phosphorylated

T T T T
vector
vector
3ugRIN1C
V-SIC* | 6)gRINTC
3ugDNRas

1 1 1 1
0 2 4 6 8 10

Luciferase activity units (X10%)/ ug protein

Fi6.5. The RBD of RIN1 interferes with RAS signaling. NIH 3T3
cells were transfected with PGS2-luciferase with or without v-src. 3 ug
or 6 ug of pcDNA3HA-RINIC (RINIC) and 3 ug H-RASNV
(DNRas) were used as indicated. pcDNA3HA was the control vector.
The data represent experiments performed in triplicate. Multiple
experiments were performed with the same result in each case.
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GST

PI3K

GST-SH3 i’bcl
fusions

Abl+cp
Abl+rp

32p_RIN1 peptide bound (CPM X10%)

Fi1G. 6. RINI1 binding to SH3 domains. Labeled RIN1 peptide was
incubated with purified GST (control) or GST fusion proteins with the
SH3 domains of PI3 kinase, Src or c-Abl [with or without competitor
(cp) or random (rp) peptides]. The mixture was then bound to
glutathione Sepharose beads, washed extensively, and counted.

by c-ABL in vitro (Fig. 7, lanes 1 and 2). There are several tyrosine
residues within RININ that could serve as phosphorylation
substrates, and a low level of tyrosine phosphorylation can be
detected on RIN1 overexpressed in Ratl cells (data not shown).
Autophosphorylated c-ABL protein was also detected. For c-
ABL, ¥P-labeled incorporation may represent an exchange re-
action since the c-ABL protein was tyrosine phosphorylated
before the reaction while recombinant RIN1N was not (data not
shown). When RIN1N and c-ABL proteins were mixed prior to
immunoprecipitation with ABL antibody, RIN1IN was detected
in the precipitated material (Fig. 7, lane 5). In this in vitro system
RININ tyrosine phosphorylation did not appear to be necessary,
however, for some c-ABL interaction. This was addressed by
performing the incubation of c-ABL with RININ and subse-
quent ABL immunoprecipitation under conditions that do not
permit tyrosine phosphorylation of RIN1N to take place. Under
these conditions, much of the RIN1N protein was still found to
be associated with c-ABL when visualized by a subsequent kinase
assay (Fig. 7, lane 7). However, these results do not rule out the
possibility that tyrosine phosphorylation has some effect on
binding affinity in vivo. Another basis for c-:ABL/RIN1 binding
may be the proline-rich sequence which can bind to the ABL~

Pre-IP

c-ABL + + + + +
RININ-6His — — — - +
Kinase Rxn. nd nd nd + +

++ |
+ +
+

Post-1P
c-ABL —
RININ-6His —
Kinase Rxn. <+

++ 1
+
|
|
|
|
+

c-ABL

RININ &

Fic. 7. RININ is a substrate and binding partner for c-ABL.
Autoradiogram of c-ABL phosphorylation reaction products. For
kinase reactions, + indicates use of kinase (+) buffer, — indicates use
of kinase (—) buffer, and nd indicates no reaction. [3?P]JATP was used
only in Post-IP (immunoprecipitation) reactions. Lanes 1-3: immu-
noprecipitated c-ABL protein without (lane 1) or with (lanes 2 and 3)
RININ-6HIS protein present. Lanes 4 and 5: c-ABL was incubated
without (lane 4) or with (lane 5) RININ-6HIS, immunoprecipitated,
and used in a kinase reaction. No RININ-6HIS was immunoprecipi-
tated in the absence of c-ABL protein (lane 6). Lanes 7 and 8: c-ABL
and RININ-6HIS were incubated and immunoprecipitated from
kinase (—) buffer followed by reactions in kinase (+) buffer (lane 7)
or kinase (—) buffer (lane 8). Lanes 4-8 were run on a separate gel
and do not perfectly align with lanes 1-3.
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SH3 domain in isolation (Fig. 6) and/or other domains. It should
also be noted that no change in c-ABL kinase activity was
observed in the presence of RININ, as judged by the level of
c-ABL autophosphorylation.

Experiments performed using extracts from mammalian
cells expressing both c-ABL and RIN1 showed no coimmu-
noprecipitation (data not shown). This difference from the in
vitro assay could reflect the fact that c-ABL is mostly, though
not entirely, nuclear (45, 46). We have previously shown that
a large proportion of RIN1 is itself associated with the plasma
membrane (11) and may therefore be largely inaccessible for
c-ABL binding under normal conditions.

RIN1 encodes another recognizable binding motif, an SH2
domain (Fig. 1B), near its amino terminus. Using a GST-
RININA fusion protein (and GST control), we have demon-
strated the ability of the RIN1 SH2 domain to physically interact
with multiple phosphotyrosine containing proteins from a whole
cell extract in vitro (data not shown). However, it is not yet clear
which, if any, of these interact functionally with RIN1 in vivo.

RIN1 Expression Shows Unequal Tissue Distribution. We
examined the tissue distribution of RINI expression to look for
patterns that might reflect the physiological function of this gene.
RINI message was present in all tissues examined, although the
level varied significantly (Fig. 8). The highest expression level was
detected in brain tissue. Northern blot analyses on subtissues of
the brain indicated that RIN1 expression was not uniform. Some
tissues, such as hippocampus, showed notably higher expression
compared with whole brain (data not shown).

DISCUSSION

RIN1-RAS Interaction. The in vitro properties of the physical
interaction between RIN1 and RAS are strikingly consistent with
the predictions for RAS effector molecules and with the observed
properties of known and putative RAS targets. In particular,
RIN1 binds specifically to the activated (GTP-bound) form of
RAS. In addition, the in vivo association of RIN1 and RAS
cannot be detected with a neutralizing (effector-competing) RAS
antibody. These properties are shared with RAF1 (29) and are
consistent with the observation that RIN1 and RAF1 bind
competitively to RAS in vitro (11). Another property shared by
RIN1 and other RAS targets is the ability to interact with 14-3-3
proteins. Even the 14-3-3 isoform binding preference is the same
as that for RAF1, but the role of 14-3-3 in RIN1 function is not
yet clear. In light of this convergence of consensus properties,
however, there is a surprising disparity among the known RAS
binding partners at the sequence level. To date, only one RBD
structure, that of RAF1, has been determined (47). Conservation
of higher order structure may yet be revealed by analysis of other
RAS targets.

The ability of the RBD of RIN1 to block a RAS-mediated
signal in mammalian cells is consistent with the binding properties

123456 78
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Fi1G. 8. Human tissue Northern blot analysis of RINI. Lanes: 1,
heart; 2, brain; 3, placenta; 4, lung; 5, liver; 6, skeletal muscle; 7,
kidney; 8, pancreas. (Lower) Actin probe results.
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of RINI1. The observation that full-length RIN1 does not appear
to be a signal suppressor in this system may reflect a stronger
interaction between activated RAS and the truncated form of
RINI, although this is not the case in vitro. The expression level
of RIN1 was somewhat lower than that of RIN1C, however, and
this may account for some of the difference. Also, the ability of
full-length RINT to interact with other proteins through its amino
terminal binding motifs may, in part, account for the reduced
effect in the RAS suppression assay if RIN1 is partially seques-
tered with other binding partners, resulting in a lower “effective”
concentration. Alternatively, this difference might imply that
full-length RINT1 has a positive signaling function that compen-
sates for any reduction in mitogen-activated protein kinase cas-
cade activation. That full-length RIN1 can suppress Ras2V!%p in
yeast may indicate that other partners, and other pathways, are
not available in these cells.

In at least one important respect, RIN1 binding is distinct from
RAF1 binding to RAS. The effector domain mutations at
positions 35 and 37 clearly differentiate between RAF1 and
RIN1. The biological properties of these RAS mutants (39, 48)
suggest that the multiple effects resulting from the activation of
RAS in mammalian cells can be attributed, at least in part, to the
presence of multiple RAS effectors. There is also a diversity of
responses to RAS activation depending on the cell type, suggest-
ing that there are differences in the signaling “context.” One
possible molecular basis for signal context may be alterations in
the palette of available RAS effectors. The observed variation in
RINI1 expression levels among the tissues sampled suggests that
it may be an important variable in the mix of RAS binding
proteins. In addition, alternate RIN1 splicing may produce
proteins with modified binding properties, as with the internal
62-aa deletion, providing another level of regulation.

RIN1-ABL Interaction. Binding to c-ABL involves the
amino-terminal domain of RIN1 and is likely to be mediated,
at least in part, through a proline-rich sequence that interacts
with the ABL SH3 domain. One consequence of binding is the
tyrosine phosphorylation of RIN1. But the interaction of
RIN1 with c-ABL did not produce any significant change in
c-ABL catalytic activity as judged by autophosphorylation
levels. This does not rule out, however, a role in c-ABL-
mediated signals through changes in substrate specificity or
connections to downstream effectors.

We were unable to detect an in vivo interaction of RIN1 with
the c-ABL protein. This likely reflects the fact that, under
normal conditions, most c-ABL protein is localized to the
nucleus and not available for binding to RIN1. Interestingly,
mutations that lead to the oncogenic activation of c-ABL
(amino-terminal truncations and fusions in the cases of murine
v-abl and human BCR/ABL) result in increased cytoplasmic
localization, along with elevated tyrosine kinase activity (re-
viewed in ref. 46), making it accessible for RIN1 binding.
Indeed, RIN1 demonstrates both physical and functional
interactions with BCR/ABL in mammalian cells (D.A., L.H.,
J. McLaughlin, A. Dhaka, O.N.W., and J.C., unpublished
data). The specificity of the interaction between c-ABL and
RIN1 and the subsequent tyrosine phosphorylation of RIN1,
together with the in vivo data for BCR/ABL, suggest involve-
ment of RIN1 in ABL signaling. There may be other endog-
enous interaction partners for the amino terminus of RINI.
The presence of a functional SH2 domain within RINT raises
additional possibilities for participation in signaling pathways
that may shed light on RIN1 function.

Taken together, the unique profile of RIN1 suggests that it
participates in multiple signal transduction pathways in mam-
malian cells. It should be noted that the RIN1 interaction
partners RAS and c-ABL are themselves key proteins that,
when mutationally activated, are involved in tumorigenesis in
humans. There is, as yet, no evidence of stable three-way
complexes of RIN1 with RAS and c-ABL, and it remains a
possibility that separate pools of RIN1 protein may be com-

Proc. Natl. Acad. Sci. USA 94 (1997) 4959

mitted to either RAS interactions or SH3/SH2 interactions
with c-ABL or a related protein.

We would like to acknowledge S. Goff, R. Rickles, M. Zoller, E.
Freed, R. Davis, C. Der, and G. Cooper for providing critical reagents
and information; Charles Nicolette for contributions to RIN1 splice
analysis; and Richard Chang and Kate Ellwood for technical assis-
tance. This work was supported by Public Health Service Grants
CA56301 (J.C.), GM24787 (H.H. and W.X.), CA53867 (O.W.), and
CA71443 (M.W.). O.W. is a Howard Hughes Medical Institute Inves-
tigator and D.A. is a Leukemia Society of America Special Investigator.

1. de Vos A.M.,, Tong, L., Milburn, M. V., Matias, P. M., Jancarik, J., Noguchi, S.,
Nishimura, S., Miura, K., Ohtsuka, E. & Kim, S. H. (1988) Science 239, 888—893.

2. PaiE. F., Krengel, U, Petsko, G. A., Goody, R. S., Kabsch, W. & Wittinghofer, A. (1990)
EMBO J. 9, 2351-2359.

3. Marais, R, Light, Y., Paterson, H. F. & Marshall, C.J. (1995) EMBO J. 14, 3136-3145.

4. Dent, P., Reardon, D. B., Morrison, D. K., Sturgill, T. W. (1995) Mol. Cell Biol. 15,
4125-4135.

5. Luo, Z., Tzivion, G., Belshaw, P. J., Vavvas, D., Marshall, M. & Avruch, J. (1996) Nature
(London) 383, 181-185.

6. Marshall, C.J. (1996) Curr. Opin. Cell Biol. 8, 197-204.

7. Rodriguez-Viciana, P., Warne, P. H., Dhand, R., Vanhaesehroeck, B., Gout, 1., Fry,
M. J., Waterfield, M. D. & Downward, J. (1994) Nature (London) 370, 527-532.

8. Kikuchi, A., Demo, S.D., Ye, Z.-H., Chen, Y. W. & Williams, L. T. (1994) Mol. Cell.
Biol. 14, 7483-7491.

9. Hofer, F., Fields, S., Schneider, C. & Martin, G. S. (1994) Proc. Natl. Acad. Sci. USA 91,
11089-11093.

10. Spaargaren, M. & Bischoff, J. R. (1994) Proc. Natl. Acad. Sci. USA 91, 12609-12613.

11. Han, L. & Colicelli, J. (1995) Mol. Cell. Biol. 15, 1318-1323.

12.  Fridman, M., Tikoo, A., Varga, M., Murphy, A., Nur-E-Kamal, M. S. & Maruta, H.
(1994) J. Biol. Chem. 269, 30105-30108.

13. Clark, G.J., Drugan, J. K., Terrell, R.S., Bradham, C., Der, C.J., Bell, R. M. &
Campbell, S. (1996) Proc. Natl. Acad. Sci. USA 93, 1577-1581.

14.  Freed E., Symons, M., Macdonald, S. G., McCormick, F. & Ruggieri, R. (1994) Science
265, 1713-1716.

15. Fantl, W. J., Muslin, A. J., Kikuchi, A ., Martin, J. A., MacNicol, A. M., Gross, R. W. &
Williams, L. T. (1994) Nature (London) 371, 612-614.

16. Irie, K., Gotoh, Y., Yashar, B. M., Errede, B., Nishida, E. & Matsumoto, K. (1994)
Science 265, 1716-1718.

17. Bonnefoy-Berard, N., Liu, Y. C., von Willebrand, M., Sung, A., Elly, C., Mustelin, T.,
Yoshida, H., Ishizaka, K. & Altman, A. (1995) Proc. Natl. Acad. Sci. USA 92,
10142-10146.

18. Reuther, G. W., Fu, H,, Cripe, L. D., Collier, R. J. & Pendergast, A. M. (1994) Science
266, 129-133.

19. Braselmann, S. & McCormick, F. (1995) EMBO J. 14, 4839-4848.

20. Feller, S. M., Ren, R., Hanafusa, H. & Baltimore, D. (1994) Trends Biochem. Sci. 19,
453-458.

21. Colicelli, J., Nicolette, C., Birchemeier, C., Rodgers, L., Riggs, M. & Wigler, M. (1991)
Proc. Natl. Acad. Sci. USA 88, 2913-2917.

22. Muller, A.J., Young, J. C., Pendergast, A. M., Pondel, M., Landau, N. R. & Witte, O. N.
(1991) Mol. Cell. Biol. 11, 1783-1792.

23. Afar, D. E. H., Mclaughlin, J., Sherr, C. J., Witte, O. N. & Roussel, M. (1995) Proc. Natl.
Acad. Sci. USA 92, 9540-9544.

24. Kirieg, P. A. & Melton, D. A. (1984) Nucleic Acids Res. 12, 7057-7070.

25. Hollenberg, S. M., Stenglanz, R., Chang, P. F. & Weintraub, H. (1995) Mol. Cell. Biol.
15, 3813-3822.

26. Dunaief, J. L., Strober, B. E., Guha, S., Khavari, P. A., Alin, K., Luban, J., Begemann,
M., Crabtree, G. R. & Goff, S. P. (1994) Cell 79, 119-130.

27. White, M. A., Nicolette, C., Minden, A., Polverino, A., Van Aelst, L., Karin, M. &
Wigler, M. H. (1995) Cell 80, 533-541.

28. White, M. A, Vale, T., Camonis, J. H., Schaefer, E. & Wigler, M. H. (1996) J. Biol.
Chem. 271, 16439-16442.

29. Finney, R. & Herrera, D. (1995) Methods Enzymol. 255, 310-323.

30. Voltek, A. B,, Hollenberg, S. M. & Cooper, J. A. (1993) Cell 74, 205-214.

31. Pendergast, A. M., Muller, A. J., Havlik, M. H., Clark, R., McCormick, F. & Witte, O. N.
(1991) Proc. Natl. Acad. Sci. USA 88, 5927-5931.

32. Rickles, R. J., Botfield, M. C., Weng, Z., Taylor, J. A., Green, O. M., Brugge, J. S. &
Zoller, M. J. (1994) EMBO J. 13, 5598-5604.

33. Xie W., Fletcher, B. S., Andersen, R. D. & Herschman, H. R. (1994) Mol. Cell. Biol. 14,
6531-6539.

34. Eck, M.J., Shoelson, S. E. & Harrison, S. C. (1993) Nature (London) 362, 87-91.

35. Padgett, R. A, Grabowski, P. J., Konarska, M. M., Seiler, S. & Sharp, P. A. (1986) Annu.
Rev. Biochem. 55, 1119-1150.

36. Cox, A.D. & Der, C.J. (1994) Methods Enzymol. 238, 277-294.

37. Koide, H,, Satoh, T., Nakafuku, M. & Kaziro, Y. (1993) Proc. Natl. Acad. Sci. USA 90,
8683-8686.

38. Polakis, P. & McCormick, F. (1993) J. Biol. Chem. 268, 9157-9160.

39. Joneson, T., White, M. A, Wigler. M. H. & Bar-Sagi, D. (1996) Science 271, 810-812.

40. Brtva T. R., Drugan, J. K., Ghosh, S., Terrell, R. S., Campbell-Burk, S., Bell, R. M. &
Der, C.J. (1995) J. Biol. Chem. 270, 9809-9812.

41. Fields, S. & Sternglanz, R. (1994) Trends Genet. 10, 286-292.

42. Xie, W. & Herschman, H. R. (1995) J. Biol. Chem. 270, 27622-27628.

43. Cai, H., Szeberenyi, J. & Cooper, G. M. (1990) Mol. Cell. Biol. 10, 5314-5323.

44. Cicchetti, P, Mayer, B. J., Thiel, G. & Baltimore, D. (1992) Science 257, 803-806.

45. Van Etten, R. A, Jackson, P. & Baltimore, D. (1989) Cell 58, 669—678.

46. Laneuville, P. (1995) Semin. Immunol. 7, 255-266.

47. Nassar, N., Horn, G., Herrmann, C., Scherer, A., McCormick, F. & Wittinghofer, A.
(1995) Nature (London) 375, 554-560.

48. Khosravi-Far, R., White, M., Westwick, J. K., Solski, P. A., Chrzanowska-Wodnicka, M.,
van Aelst, L., Wigler, M. H. & Der, C.J. (1996) Mol. Cell. Biol. 16, 3923-3933.



