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The full-length versions of the Ras-specific exchange factors Ras-GRF1 (GRF1) and Ras-GRF2 (GRF2),
which are expressed in brain and a restricted number of other organs, possess an ionomycin-dependent
activation of Erk mitogen-activated protein kinase activity in 293T cells (C. L. Farnsworth et al., Nature
376:524-527, 1995; N. P. Fam et al., Mol. Cell. Biol. 17:1396-1406, 1996). Each GRF protein contains a Dbl
homology (DH) domain. A yeast two-hybrid screen was used to identify polypeptides that associate with the DH
domain of GRF1. In this screen, a positive cDNA clone from a human brain ¢cDNA library was isolated which
consisted of the GRF2 DH domain and its adjacent ilimaquinone domain. Deletion analysis verified that the
two-hybrid interaction required only the DH domains, and mutation of Leu-263 to GIn (L263Q) in the N
terminus of the GRF1 DH domain abolished the two-hybrid interaction, while a cluster of more C-terminally
located mutations in the DH domain did not eliminate the interaction. Oligomers between GRF1 and GRF2
were detected in a rat brain extract, and forced expression of GRF1 and GRF2 in cultured mammalian cells
formed homo- and hetero-oligomers. Introduction of the L263Q mutation in GRF1 led to a protein that was
deficient in oligomer formation, while GRF1 containing the DH cluster mutations formed homo-oligomers with
an efficiency similar to that of wild type. Compared to wild-type GRF1, the focus-forming activity on NIH 3T3
cells of the GRF1 DH cluster mutant was reduced, while the L263Q mutant was inactive. Both mutants were
impaired in their ability to mediate ionomycin-dependent Erk activity in 293T cells. In the absence of
ionomycin, 293T cells expressing wild-type GRF1 contained much higher levels of Ras-GTP than control cells;
the increase in Erk activity induced by ionomycin in the GRF1-expressing cells also induced a concomitant
increase in Raf kinase activity, but without a further increase in the level Ras-GTP. We conclude that GRF1
and GRF2 can form homo- and hetero-oligomers via their DH domains, that mutational inactivation of
oligomer formation by GRF1 is associated with impaired biological and signaling activities, and that in 293T
cells GRF1 mediates at least two pathways for Raf activation: one a constitutive signal that is mainly
Ras-dependent, and one an ionomycin-induced signal that cooperates with the constitutive signal without

further augmenting the level of GTP-Ras.

Ras GTPases, which play a pivotal role as transducers of
various mitogenic and differentiation signals, function as mo-
lecular switches, cycling between an inactive GDP-bound state
and an active GTP-bound state (33). Ras is negatively regu-
lated by GTPase-activating proteins (ras GAPs) that stimulate
hydrolysis of GTP-Ras to GDP-Ras. The conversion of the
GDP-bound form into the active form is stimulated by Ras-
specific guanine nucleotide exchange factors (GNEFs), such as
Ras-GRF (GREF, also known previously as CDC25™™) (10,
44), Sos (45), and Ras-GRP (13, 48). GNEFs function by
inducing release of bound GDP from Ras, which results in the
rapid binding of GTP, because the concentration of free GTP
is much higher than that of free GDP, and Ras has a greater
affinity for GTP than for GDP (31). Ras contains several direct
downstream targets, including Raf, which in turn activate the
Mek and Erk mitogen-activated protein (MAP) kinases (7).

Mammals contain two closely related sos genes, sos! and
sos2 (4), as well as two grf genes which encode homologous
proteins, GRF1 and GRF2, respectively (17). While Sosl and
Sos2 are ubiquitously expressed, full-length GRF1 and GRF2
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are primarily brain specific, although the full-length protein
and various smaller forms have also been observed in other
tissues (17, 21, 27, 43, 44, 50). Functionally, GRF1 has been
implicated in synaptic transmission and the formation of long-
term memory (5), in agreement with its presence in synaptic
junctions (47). In mice grfl has been shown to be imprinted,
with only the paternal gene being expressed (40). Animals
lacking detectable GRF1 protein are viable but grow more
slowly than controls, presumably because of a hypothalamic
defect, which is associated with low levels of circulating insulin-
like growth factor 1 (30).

Full-length GRF1 is a 140-kDa protein with many motifs
common to other signaling molecules (Fig. 1). In addition to its
C-terminally located Ras-catalytic domain, which is responsi-
ble for the stimulation of the guanine nucleotide exchange on
Ras, GRF contains an N-terminal pleckstrin homology (PH)
domain, a coiled-coil (CC) motif, an ilimaquinone (IQ) motif,
a Dbl homology (DH) domain adjacent to a second PH do-
main, and a PEST motif. The N-terminal PH domain of GRF1
has been shown to bind the By subunit of heterotrimeric G
proteins in vitro (49), and Mattingly and Macara have reported
a phosphorylation-dependent activation of GRF1 by musca-
rinic receptors through the By subunit of a heterotrimeric G
protein (37). The influx of calcium in human 293T cells, via the
calcium ionophore ionomycin, has also been shown to activate
GRF1, as measured primarily by an increased Erkl activity
that can be suppressed by a dominant inhibitory Ras mutant
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FIG. 1. Schematic representation of the domain structure of GRF1 and of the baits and preys used in the two-hybrid interactions. The various abbreviations are
as defined in the text; PEST is the protein instability motif, and Catalytic refers to the Ras guanine nucleotide exchange domain. In the bait fusions, Gal4BD represents
the Gal4-binding domain (BD), while Gal4AD represents the Gal4 activation domain (AD) in the prey fusions. The numbers in parentheses refer to the corresponding
amino acid residues of full-length mGRF1 encoded in the bait fusions and of full-length hGRF2 in the prey fusions. BD-mGRF1(221-497) is the starting bait fusion
used in the two-hybrid screen. BD-mGRF1(221-460) lacks the PH domain codons in BD-mGRF1(221-497). BD-mGRF(221-497)IIIRDII harbors a cluster of
substitutions in codons 394 to 400, while BD-mGRF1(221-497)L263Q contains a point mutation (see the text). AD-hGRF2(176-474) is the insert from clone
pGAD10.56 obtained in the two-hybrid screen. In AD-hGRF2(234-474), the IQ motif codons have been deleted from the hGRF?2 insert obtained in the two-hybrid

screen.

(19). The calcium-dependent activation is associated with the
binding of calmodulin to the IQ motif, which acts cooperatively
with the other motifs in the N terminus of GRF1, including
both PH domains as well as the CC and DH domains (6, 24).
A PEST-like region renders the protein susceptible in vitro to
cleavage by calpain, although it is not clear if this cleavage also
occurs in vivo (2). Ionomycin-dependent Erkl activation has
also been reported for GRF2, which is structurally similar to
GRF1 (17).

The precise function of the GRF1 DH domain has not been
determined. The c-Dbl oncoprotein is the prototype for sig-
naling proteins that contain a DH domain (11). c-Dbl acts as a
GNEF for two Rho family GTPases, Cdc42 and RhoA (39).
Members of the Rho family of GTPases, which include Rac in
addition to CDC42 and Rho, play important roles in mediating
various cytoskeletal reorganizations in cells (52). The DH do-
main of c-Dbl is responsible for its exchange activity in vitro
(28). It is believed that other Dbl family members also serve as
GNEF:s for one or more Rho family GTPases, although this
ability has been shown for only a subset of DH domains (39).
Mouse GRF2 has been recently shown to display in vitro ex-
change activity toward Rac (18). However, analogous attempts
to show that GRF1 displays exchange activity towards any of
the known Rho family GTPases have thus far yielded negative
results (11a, 24).

In this study, we included the DH domain of GRF1 as a bait
in a yeast two-hybrid screen to identify protein(s) that may
interact with this region. We report that the screen unexpect-
edly identified the DH domain of GRF2 as functionally inter-
acting with the DH domain of GRF1 and that, in mammalian
cells, GRF1 and GRF2 formed homo-oligomers as well as
hetero-oligomers with each other. We also observed a calcium
induced GRF1-dependent Erk activation that was associated
with increased Ras activity but, surprisingly, was not correlated

with a further increase in GTP-Ras. A point mutation in the
DH domain reduced each of these GRF1-dependent activities,
as well as the GRF1-dependent cell transformation.

MATERIALS AND METHODS

Plasmid constructions. The construction of the bait for the two-hybrid screen
was as follows: a 0.8-kb PCR product encoding the Dbl homology domain and
flanking regions of mGRF1 (amino acids 221 to 497) was synthesized by using
Pfu DNA polymerase (Stratagene) with the primers JD79 (GGGGATCCTGT
GCCGGCGAAAGTGGAAG) and JD80 (CCGTCGACTCAGAAACACTGG
CGCTCACCCTC). The underlined nucleotides indicate a BamHI site and a Sall
site, respectively. The fragment was subcloned into pAS1 by using these enzymes
to generate pASIGRFdbl. This plasmid contains the ADH promoter that directs
the synthesis of a fusion between the DNA-binding domain of GAL4 (amino
acids 1 to 147) and the Dbl homology domain of mGRF1. The mutation chang-
ing a leucine residue to a glutamine at position 263 of mGRF1 was created by
overlap PCR according to standard techniques. Constructs were verified by DNA
sequencing by using Sequenase 2.0 (Amersham). Expression of Gal4-binding
domain fusion proteins in yeast strain Y190 was verified by immunoblotting with
anti-GAL4 antibodies (Upstate Biotechnology, Inc.). For expression in mamma-
lian cells, full-length wild-type or mutated grf genes were cloned into pEFP (41).
For expression as glutathione S-transferase (GST) fusion proteins in mammalian
cells, grf genes were cloned into pEBG (obtained from Silvio Gutkind, National
Institutes of Health).

Two-hybrid screening. The yeast strain Y190 and plasmids pAS1 and pSE1112
(12) were provided by S. Elledge (Baylor College, Houston, Tex.). A human
brain cDNA library in the pGAD10 vector, used in the two-hybrid screen, was
purchased from Clontech. pGAD10 contains the ADH promoter expressing the
GALA transactivation domain (amino acids 768 to 881). The yeast reporter strain
Y190 harbors two reporter gene constructs. Two-hybrid interactions activate the
transcription of the HIS3 gene, allowing screening for growth in the absence of
histidine, and of the lacZ gene, allowing screening for B-galactosidase activity.
Y190 was cotransformed with pASIGRFdbl and the pGAD10-human brain
cDNA library and plated at a density of 5 X 10* colonies per plate on synthetic
minimal medium lacking leucine and tryptophan (for plasmid selection) and
histidine but containing 25 mM 3-aminotriazole. The plates were incubated at
30°C for 5 to 7 days. Colonies that grew on these plates were transferred to fresh
selective plates and assayed for B-galactosidase activity by a filter assay. Liquid
B-galactosidase assays were conducted according to standard procedures (26).
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GRF2 GenBank accession number and analysis of tissue samples for GRF
mRNA and protein. The GenBank accession number for human GRF2 is
AF023130. Two cDNA templates were prepared by PCR for the detection of
GRF1 and GRF2, respectively, in various human tissues. For hGRF1 the se-
quence of the probe corresponded to amino acids Asn-780-Leu-902. For hGRF2
the probe corresponded to Ser-763-Ala-879. The probes, chosen from regions
that bear little homology between the two proteins, were labeled with
[«-*?P]dCTP by random priming by using the Rediprime kit (Amersham) ac-
cording to the manufacturer’s instructions and hybridized to the membrane in
ExpresHyb solution (Clontech) at 68°C for 1 h. Subsequently, the blots were
washed twice in 2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)—
0.05% sodium dodecyl sulfate (SDS) buffer at room temperature, washed in 0.1X
SSC-0.1% SDS at 55°C, and autoradiographed. Northern blots, containing ap-
proximately 2 pg of the indicated poly(A)* RNA in each lane, were purchased
from Clontech (blots MTN-1 and MTN-2). Blots were first hybridized with the
hGRF?2 probe, stripped by incubation in 0.5% SDS at 95°C for 10 min, hybridized
with the hGRF1 probe, stripped again, and finally hybridized to an actin probe
to verify equal loading of poly(A)" RNA in each lane.

For hGRF2 antibody preparation, a peptide corresponding to amino acid
residues 183 to 200 of human GRF2, which was chosen because it shared only
one amino acid residue with GRF1, was coupled to bovine serum albumin (BSA)
by using the Imject Activated Immunogen conjugation kit (Pierce). The BSA-
conjugated peptide was used to immunize rabbits by subcutaneous injection.
Preliminary experiments indicated that it detects human and rodent GRF2
protein but not rodent GRF1 protein. For detection of GRF2, 75 pg of SDS-
solubilized proteins from human tissues (brain, kidney, lung, liver, and heart; all
from Clontech) were fractionated by SDS-polyacrylamide gel electrophoresis
(PAGE) and electroblotted onto polyvinylidine difluoride (PVDF) membranes.
Membranes were incubated with anti-GRF2 serum and then with >°I-conjugat-
ed goat-anti rabbit immunoglobulin G (ICN). Autoradiography was carried out
at —70°C for 2 days.

Analysis of homo- and hetero-oligomerization of GRF1 and GFR2. NIH 3T3
and 293T cells were transiently transfected with DNA constructs encoding GRF1
or GRF2 with or without a GST tag. At 24 h after transfection, NIH 3T3 cells
were metabolically labeled with [**S]methionine (150 Ci/ml; NEN-Dupont) in
methionine-free medium for 2 h and chased with Dulbecco modified Eagle
medium (DMEM) containing 5% fetal bovine serum (FBS) for another 3 h. The
cells were lysed with nondenaturing lysis buffer after two washes with cold
phosphate-buffered saline (PBS). Equal amounts of labeled protein, estimated
by obtaining trichloroacetic acid-precipitable counts, were immunoprecipitated
overnight by anti-GRF antisera or precipitated with glutathione-Sepharose
beads (Pharmacia). The pellets were washed twice with nondenaturing lysis
buffer, twice with HNTG (20 mM HEPES [pH 7.0], 500 mM NaCl, 0.1% Triton,
10% glycerol), and solubilized in Laemmli sample buffer. After separation by 6
to 13% gradient SDS-PAGE, proteins were detected by autoradiography. For
transfected 293T cells, immunoprecipitation followed by immunoblotting was
used for the analysis of GRF oligomers. For analysis of more than one protein,
blots were stripped according to the manufacturer’s instructions (Amersham)
and reprobed with the appropriate antibody.

Whole brains from several 2-day-old Sprague-Dawley rats (Taconic Farms)
were homogenized in ice-cold extraction buffer (20 mM Tris-HCI [pH 8.0], 1%
Nonidet P-40 [NP-40], 10 nM EGTA, 5 mM MgCl,, 20 mM B-glycerophosphate,
1 mM Na; VO,, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride
[PMSF], 10 g of leupeptin per ml, 10 pg of aprotinin per ml) by 10 strokes with
a glass homogenizer. The crude lysates were first cleared by centrifugation at
12,000 X g for 15 min at 4°C and then centrifuged at 100,000 X g for 30 min at
4°C. The supernatants were collected, and the protein concentration was esti-
mated by the BCA kit (Pierce). For the detection of complex formation between
GRF1 and GRF2 in the brain extract, antibodies specific for GRF1 (9), rodent
GRF2 (Transduction Laboratories), or human GRF2 as described, which in
preliminary experiments were found not to recognize the heterologous GRF
isoform, were used to obtain high sensitivity and specificity. In the assay, the 4 to
5 mg of extract was first precleared with protein A-Sepharose by rotating for 1 h
at 4°C. One-quarter of the extract was then used as a control, i.e., anti-GRF1
immunoprecipitation followed by anti-GRF1 immunoblotting. The remaining
three-quarters of the extract was immunoprecipitated with the anti-GRF2 anti-
bodies, followed by immunoblotting with anti-GRF1. The immunocomplexes
were washed twice with extraction buffer, twice with HNTG containing 0.5 M
NaCl, and twice with low-salt HNTG (containing 150 mM NaCl instead of 500
mM). The beads were then resuspended with sample loading buffer, separated by
gradient SDS-PAGE, and immunoblotted as described above.

Cell culture, transfection, and focus formation assays. NIH 3T3 (clone 7),
COS-7, and HEK 293T (293T) cells were maintained in DMEM supplemented
with 10% FBS at 37°C in a humidified 5% CO, atmosphere. NIH 3T3 cells were
transfected with 0.4 g of pEFP vector encoding wild-type or mutant GRF1 or
pGV16-MyrSosl (41) with calcium precipitation as described previously (53).
Foci were counted after 14 days.

Calmodulin immunocomplex formation with GRF1 and GRF2. pEFP vectors
encoding GRF1 or GRF2 were transiently transfected into 293T cells by using
Lipofectamine Plus (Life Technologies) according to the manufacturer’s instruc-
tions and analyzed 48 h after transfection. The day following transfection, cells
were serum deprived for 18 to 20 h and stimulated with 5 uM of ionomycin
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(Sigma) at 37°C for 5 min. Cells were solubilized by nondenaturing lysis buffer
(20 mM Tris [pH 7.4], 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM
EDTA, 10 mM Na;VO,, 10 mM NaF, 1 mM PMSF, aprotinin [10 pg/ml],
leupeptin [10 wg/ml]). Equal amounts of protein from the cleared cell lysates
were immunoprecipitated with anti-GRF1- or anti-GRF2-specific antiserum for
2 h on ice. Then, 50 pl of protein A-Sepharose slurry was added and rotated at
4°C for at least 3 h. Immunocomplexes were then washed twice with nondena-
turing lysis buffer and twice with HNTG and then denatured in Laemmli sample
buffer. After resolution by 6 to 13% gradient SDS-PAGE and transfer to PVDF
membranes, immunoblotting was performed to detect the expression of GRF1
and GRF2 by using cognate anti-serum at a 1:1,000 dilution. Calmodulin that
had coimmunoprecipitated with the anti-GRF sera was examined by using anti-
calmodulin monoclonal antibody (UBI) at a 1:2,000 dilution. For each blot,
horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin G
(Amersham) was used for the second reaction at a 1:10,000 dilution. Immuno-
complexes were visualized by enhanced chemiluminescence with an ECL Kit
from Amersham.

Erk and Raf-1 kinase assays. NIH 3T3 cells or 293T cells were transiently
cotransfected with pcDNA3-HA-ERK2 (a gift from Silvio Gutkind, National
Institutes of Health) and pEFP-GRF1, pEFP-GRF1L263Q, or empty vector, and
assayed 2 days after transfection. Transfected cells that had been deprived of
serum for 16 to 20 h were either left untreated or were treated with ionomycin
(5 M) for 5 min. For MAP kinase assays, cells were lysed with radioimmuno-
precipitation assay buffer (25 mM Tris-HCI [pH 7.5], 300 mM NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 1% Triton X-100, 0.5% NaDOC, 0.1%
SDS, 20 mM B-glycerophosphate, 1 mM sodium orthovanadate, aprotinin [10
pg/ml], 1 mM PMSF, leupeptin [10 wg/ml]). Protein concentrations were deter-
mined by using the BCA kit (Pierce). Equal amounts of protein (100 pg) from
cell extracts were immunoprecipitated with anti-HA monoclonal antibody
(Babco). After the complexes were washed twice with PBS containing 1% NP-40
and 2 mM Na;VO,, once with buffer 2 (100 mM Tris, [pH 7.5], 0.5 M LiCl,), and
once with reaction buffer (12.5 mM MOPS [morpholinepropanesulfonic acid; pH
7.4], 12.5 mM B-glycerophosphate, 7.5 mM MgCl,, 0.5 mM EGTA, 0.5 mM
sodium orthovanadate, 0.5 mM NaF), the immunocomplexes were incubated
with 50 ul of reaction buffer containing 20 uM ATP, 1 uCi of [y-**P]JATP
(NEN-Dupont), and 2 pg of myelin basic protein (MBP; Upstate Biotechnology,
Inc.). After incubation for 20 min at 30°C, kinase reactions were terminated by
the addition of 2X Laemmli sample buffer. The samples were then resolved by
SDS-PAGE, and the phosphorylated MBP was visualized by autoradiography.
For quantitation, dried gels were exposed on Phosphor Screens, and signals were
captured on a Molecular Dynamics PhosphorImager and analyzed by using
ImageQuant software. Control for equal loading was done by examining exog-
enous HA-ERK?2 proteins by immunoblotting with anti-hemagglutinin (HA)
antibody.

For the Rafl kinase assay, 293T cells were transiently transfected with pEFP-
GRF1, pEFP-GRF1L263Q, or empty vector, together with 0.4 pg of c-Raf-1. At
24 h posttransfection, the cells were serum starved overnight and then stimulated
with or without 5 uM ionomycin for 5 min at 37°C. The cells were washed twice
with ice-cold PBS and lysed by using Gold Lysis Buffer (GLB) containing 20 mM
Tris-HCI [pH 7.9], 137 mM NaCl, 5 mM EDTA, 10% glycerol, 1% Triton X-100,
1 mM EGTA, 10 mM NaF, 1 mM sodium pyrophosphate, 100 uM B-glycero-
phosphate, 1 mM leupeptin, aprotinin [10 pg/ml], and 1 mM PMSF. Lysates
from 293T cells (180 pg) were immunoprecipitated with 2 pg of Raf-1 antibody
(Santa Cruz). The immunocomplexes were washed twice with GLB; once with
buffer containing 10 mM HEPES [pH 7.4], 100 mM NaCl, 20 g of aprotinin per
ml, and 0.5% NP-40; and finally with reaction buffer (20 mM Tris [pH 7.4], 20
mM NaCl, 1 mM DTT, 10 mM MgCl,, 1 mM MnCl,). The complexes were then
incubated in 40 pl of reaction buffer supplemented with 25 uM PD98059 (RBI),
an MEK inhibitor to prevent autophosphorylation, 10 uM ATP, 2 uCi of
[y-**P]ATP, and 100 ng of MEK for 30 min at 30°C. Reactions were stopped and
processed as described for the MAP kinase assay.

In vivo analysis of GTP-Ras. In vivo analysis of GTP-Ras was performed as
described previously, with minor modifications (54). Subconfluent NIH 3T3 or
293T cells were transiently transfected with pEFPGRF1, pEFPGRF1L263Q, or
empty vector for 24 h, deprived of serum for 16 hours, metabolically labeled with
[*?PJorthophosphate for 6 h, and stimulated where indicated with 5 pM iono-
mycin or 20 nM epidermal growth factor (EGF) for 5 min. Cells were rinsed with
PBS and lysed in 20 mM Tris-HCI (pH 7.4)-100 mM NaCl-20 mM MgCl,-1%
NP-40-0.5% sodium deoxycholate. Ras protein was immunoprecipitated with
monoclonal antibody Y13-259 (25), followed with thin-layer chromatography on
PEI cellulose plates in 1.3 M LiCl, and analyzed with an AMBIS Radioanalytic
Imaging apparatus. Determination of the percentage of GTP (GTP/[GTP +
GDP]) bound to Ras was normalized for the moles of phosphate.

RESULTS

Two-hybrid screen identifies a human cDNA insert that
encodes the IQ motif and Dbl homology domain of human
GRF2. To identify proteins that interact with the DH domain
of GRF1, we employed the yeast two-hybrid system (22) as
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TABLE 1. Specificity of the interaction of the DH domain of
hGRF2 [AD-hGRF2(176-474)] with the DH domain of mGRF1
[BD-mGRF1(221-497)] in the yeast two-hybrid system”

GALA4 transactivation ~ GAL4 DNA-binding Growth in B-galactosidase
. . . . the presence L
domain fusion domain fusion of 3-AT activity

AD-SNF1 BD-mGRF1(221-497) - -
AD-hGRF2(176-474) BD-mGRF1(221-497) + +
AD-hGRF2(176-474) BD-mGRF1(464-604) - -
AD-hGRF2(176-474) BD-RasC186S - -
AD-hGRF2(176-474) BD-SNF4 - -
AD-hGRF2(176-474) BD-NF1 - -

“ Yeast strain Y190 was cotransformed with a GAL4 transactivation domain
plasmid and a GAL4 DNA-binding domain plasmid and analyzed for growth in
the absence of His and for B-galactosidase activity by a filter assay. AD-
hGRF2(176-474) has the IQ and DH domains of hGRF2, expressed from
pGAD10.56; BD-mGRF1(221-497) has the DH domain plus flanking amino
acids of mGRF]I, expressed from pASIGRFdbl; BD-mGRF1(464-604) has
the PH domain 2 plus flanking amino acids of mGRF1 expressed from
pASIGRFPH2; BD-RasC186S has human Ras-p21 with Cys-186 replaced by
Ser, expressed from pJD235; BD-SNF1 was expressed from pSE1111 and BD-
SNF4 was expressed from pSE1112 (12); BD-NF1 encodes amino acids 1543 to
1875 of neurofibromin (36).

modified by Durfee et al. (12). As bait for the two-hybrid
screen, we used a selectable plasmid, termed pAS1GRFdbl,
which encoded a fusion between the Gal4 DNA-binding do-
main and the DH domain plus flanking regions of mouse
(m) GRF1 (amino acids 221 to 497; BD-mGRF1 in Fig. 1).
The yeast reporter strain Y190 was cotransformed with
PAS1IGRFdbl and a selectable human brain ¢cDNA library
(Clontech). To select for cells that received a plasmid of each
type and also activated the resident His plasmid in the yeast
strain, cells were plated on synthetic minimal medium lacking
His, Leu, and Trp but containing 25 mM 3-aminotriazole (3-
AT) and then incubated at 30°C for 5 to 7 days. The His™
colonies were then screened for activation of B-galactosidase
gene activity in the yeast cells, an activity which should also
depend on a two-hybrid interaction. Of 2.2 X 10° yeast trans-
formants, 180 grew in the absence of histidine, and 6 of these
transformants were positive for B-galactosidase activity as de-
termined by filter assay (not shown). The inserts from these six
plasmids were digested by several restriction enzymes, includ-
ing Rsal and Tagql. This yielded identical patterns for each of
the six inserts (not shown). These plasmids were therefore
considered identical, and one, designated pGAD10.56, was
chosen for further analysis.

To verify the specificity of the interaction between
pGAD10.56 and the mGRF1 bait, pASIGRFdbl, we cotrans-
formed the yeast reporter strain with pGAD10.56 and a num-
ber of different plasmid baits expressing various GAL4-binding
domain fusion proteins, including a fusion encoding mGRF1
amino acids 464 to 604 (Table 1). Among these baits, only
cotransformation of pGAD10.56 with pASIGRFdbl yielded
yeast cells that could grow on minimal medium in the presence
of 3-AT and express B-galactosidase activity.

Having determined that the interaction was specific, we ob-
tained the sequence of the human cDNA insert of plasmid
pGAD10.56 and found a partial cDNA predicted to encode a
polypeptide of 299 amino acids, which was then compared
against a protein database by using the basic local alignment
sequence tool (1). Unexpectedly, a strong homology was found
to the GRF DH domain and IQ motif, with the closest homol-
ogy being to mGRF2 (17) [AD-hGRF2(176-474) in Fig. 1].
Comparison of the polypeptide sequence encoded by
pGAD10.56 with the corresponding region of mGRF2 showed
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97% identity, versus 81% identity with mGRF1 (Fig. 2). This
result strongly suggested that the human cDNA insert of
pGAD10.56 corresponds to a portion of human (h) GRF2.

Cloning of the full-length ¢cDNA encoding hGRF2. To con-
firm that the cDNA was part of the putative hGRF2, the
full-length human cDNA was isolated by 5’ rapid amplification
of cDNA ends (RACE) and 3" RACE, performed with a hu-
man hippocampal cDNA (Clontech) as a template. The com-
plete open reading frame of the cDNA was found to consist of
3,711 nucleotides encoding a polypeptide of 1237 amino acids,
with a predicted molecular mass of 136 kDa (Fig. 2). Compar-
ing the polypeptide sequence with that of mGRF2 confirmed
its identity as hGRF2. The overall sequence identity of the two
proteins is 90%, versus a 64% identity with mGRF1. Northern
analysis of human tissues confirmed a previous report by Fam
et al. (17) that GRF2 is more widely expressed than GRF1, and
we also found that mRNA for GRF2 was most abundant in the
brain, followed by heart tissue and several other tissues such as
lung, pancreas, and kidney tissues (data not shown). By West-
ern blot analysis, full-length hGRF2 protein was detected in
brain and lung tissue (not shown).

Mapping the interacting regions. The pGAD10.56 prey,
which consists of hGRF2 amino acids 176 to 474, contains the
IQ and DH domains, while the pASGRFdbl mGRF1 bait
consists of mGRF1 amino acids 221 to 497, which represent
the DH domain and the N-terminal portion of the adjacent PH
domain (Fig. 1). To determine whether sequences other than
the respective DH domains were required for the two-hybrid
activity, the IQ domain (amino acids 176 to 233) was deleted
from the hGRF2 prey [AD-hGRF2(234-474) in Fig. 1] and the
PH domain sequences (amino acids 461 to 497) were deleted
from the mGRF1 bait [BD-mGRF1(221-460)], and their func-
tions were examined in the two-hybrid assay. Deletion of the
1Q domain from hGRF2 [AD-hGRF2(234-474)] did not pre-
vent the interaction with the mGRF1 bait, while removal of the
N-terminal part of the PH domain from the mGRF1 bait
[BD-mGRF1(221-460)] resulted in P-galactosidase activity
that was more than twofold higher than that of the wild type
(Table 2). These results demonstrate that the interaction, as
measured in the two-hybrid assay, requires only the DH do-
main of each peptide.

To confirm the essential nature of the mGRF1 DH domain
for the interaction, substitution mutations were introduced in
either of two regions within the mGRF1 DH domain. Both
regions are highly conserved between DH domains of various
Dbl-related proteins (3, 46). In one case, a point substitution
L263Q was introduced into the most N-terminally located
structurally conserved region of the DH domain [BD-
mGRF1(221-497)L263Q in Fig. 1]. In the other, a cluster
mutation was introduced in the third structurally conserved
region (3), replacing residues (394)LTLHELL(400) with resi-
dues (394)IIIRDII(400) [BD-mGRF1(221-497)IIIRDII in
Fig. 1]. In oncogenic Dbl, an analogous mutation cluster
greatly reduces its in vitro exchange activity as well as its
transforming activity on NIH 3T3 cells (28), and this cluster
mutation in rat GRF1 attenuated its capacity to respond to the
ionomycin-dependent activation of Erk (24). However, engi-
neering the DH cluster mutation in the mGRF1 bait did not
prevent its interaction with the hGRF?2 prey (Table 2). Quan-
titative analysis of the B-galactosidase assay revealed that,
compared with the wild-type mGRF1 bait, the interaction be-
tween the cluster mutant and the hGRF2 IQ-DH prey was only
marginally lower. By contrast, introduction of the L263Q sub-
stitution in the mGRF1 prey abolished the two-hybrid inter-
action (Table 2).
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MORF2  *kkkkddkkkh *RFFXRAMAF* FARKRKAFRAR KKAFKAAIAR IR AR RRFRIF AKX RRAKING *rRHI N kI hd kA h ok Nhknx ATNrADARAK* ksdkh ko 100
hGRF1 ***AI*L*D* *VAD*GL*** #*D**RK*Y** *RSSDNTK*(Q TH*****[**], *****GDS*G #*#*Gr[***** *Y*D*A*S*K D*LSA----K EP*E**H** 96
hGRF2 MQKSVRYNEG HALYLAFLAR KEGTKRGFLS KKTAEASRWH EKWFALYQNV LFYFEGEQSC RPAGMYLLEG CSCERTPAPP RAGAGQGGVR DALDKQYYFT 100
MGRF1  *N*SNDS**T ****T*DAK* CD**VA**AR ***KI[LAT*H *A*****L¥* LxVx*x**TV *Kr**(Q*%** GEV******T *YT*TN*I*D ND*IQSSNKA 197
MORE2 kA k*Dkkkk Ak Ak kA IAD KX hRFAREIN IR Kk AN rdhd XAFNRAII AR Khkhhkkhdd TRk kFhrdh FAXAFFNRIF K __HYRRhrd *hkkcr k- - 196
NGRF1 *N*S**N**A ****T*DAK* CD**VA**AH ***RTLATHH *A*xk**[ k% [ hkrkrkk**TY *Kr**Qu]nx GEI******x] *__*TS*[,*D N**IQST*TV 194
hGRF2 VLFGHEGQKP LELRCEEEQD GKEWMEAIHQ ASYADILIER EVLMQKYIHL VQIVETEKIA ANQLRHQLED QDTEIERLKS E--ITALNKT KERMRPYQS- 197
MGRF1 GSAD***Sik* kxkkkxksx], *xkkhkhhhs N*Iitﬁtmt* KADRARRh IS URRGHLAIRD *RXQENEhd KNI RARRhkd A AR RRANTH ok khhrtddh 297
MGRF2  VH**Eddkikk dhdkhhdkdhd dokddehhdhhhll dkdhndhiohd okdhhhhdord RARdodddodT *hANAhhhdd Sk hkkNGhh Fhk Xk rdk kNE hkhkkhdnkk 296
hGRF1 AP-N***Skk *akddhkrr ], *kkrrkknhlt *XT***kRE% *xDkrrkkdd VEXSH[K*H] *X* QR AHrrx KN**kxhdkr *khkdrxdTh *XX XX AR XN 293
hGRF2 -NQEDEDPDI KKIKKVQOSFM RGWLCRRKI TIVODYTCSP HABSMRKRNQ IVFTMVEAES EYVHOLYILV NGFLRPLRMA ASSKKPPISH DDVSSIPLNS 296
MGRF1 A**a*kkQhk YHAAAR*A*SS RARAYRAIFE RAIRXENREN KARRRARRIN SNTHRHARRR AARARANRIS KAARADIXEIT hhdrhhddhh shddhr*xx 3197
MGRF2 Ak dkkkkkhk kkkRokhk [ hk *ohkhdhhhkdh hhkkkhhhkh KA AR RAR Ik T Ak hhhhkkdhk Ak kkkhdhhk Ak ok hhkde Ahkhkh ok dk kdkhhhrk s 196
hGRF1  **kkkdxQkk Yhhhkkk kGG *kkkYkhh k], hokkkhdhhkdk hokkdkdhhhhd **[RAhkkd KXk kX k*[x KXKADX*EXT *hrkkkkrkdk Kxxk*x]xx% 393
hGRF2 ETIMFLHEIF HQOGLKARIAN WPTLILADLF DILLPMLNIY QEFVRNHQYS LQVLANCKQN RDFDKLLEKQY EANPACEGRM LETFLTYPMF QIPRYIITLH 396
MGRF1  *kkkkhkdhhk *xhkN*#*kDY*% khkhhkhdhTh *khkr*Bhhhh kkdkhtdbhhh ThrkeBorrdd *r kb Uhkddt MIMGLOYKS* S*RGh*kkkd Thikkkkdds 497
MGORF2 A% khkk kg *rkhkkhhhsr hhkhhhhhdhd KARNhRXRNN KRR AARAARK ANKIRRIINT AR AR R IR N AR AR I IR E Ak IR A I dh Kk k kR kh Rk * 496
NGRF1 DVU**kkkkksh *kkNkkDYh* *kkhkkk k¥ % *kAAFEArdhhk *h kA xh*k* [AXKErkrkt RXKFYRAA** AKXk *MS*kKr* [TREH*F* %% *XErkkrkkksk 493
hGRF2 ELLAHTPHEH VERKSLEFARK SKLEELSRVM HDEVSDTENI RENLAIERMI VEGCDILLDT SgggIRQGSL IQVPSVERGK LSKVRLGSLS LKKEGERQCF 496
MGRF1  **Q**[ Th%kx *Ghk**k*k*k*xT *kNk_*[4ksk ***[D**¥ENL, **EA**A*XPE IE**E***Q% **K*SLP¥*% J[AUKGTH*hk*k A*kThAkT x4t *hkhkkkkhn* 596
MORF2  **kkkkhkdd *rrrkehkdd Arr kA A*rh) *AIXFXAXGE XA XDREAKHM hkhrdkkhhds *XAARCHEF hkkhhhkkd Ak dhkrdd *kAXAFAErAA 596
NGRF1  **S**x[T#%k% *QkkdkbkkkT #*Nk_*k[hkk*% **x*[ *¥*EQT EEEA*****]) D ***k**Gk *¥KXGPPr** [HYXGhhk k% *kxThrkxh*d kxkklxkrnxn 592
hGRF2 LFTKHFLICT RSSGGKLHLL KTGGVLSLID CTLIEEPDAS DDDSKGSGQV FGHLDFKIVV EPPDRAAFTV VLLAPSRQEK AAWMSDISQC VDNIRCNGLM 596
MGRF1  MNA**kdkkx s*kwQuk®___ __________ KEKGHYCHHY *ARAAKAMr* Fh Rk Ihkkkh kXX Fkkkdd AhkkAddhdkh Xk ShFUh*x NAMrr*D**] 683
MGRFD  *xwkkdkekdkde dkdkkkxk___ Fkkkkkkkkk AR ARR AN RRKINHIIRK ARANIFARAF A I R A K IR KE KA AR A Ad A FDhA Rk k% 683
hGRF1 MNA**x*%*% *%%Q%**RTR EGTREAEMSR ***SQ*YCH**V *XRA XX *Mk* AR hAkrkhk Rrrrkkkdkhky *kxkakrhdk *krkShxUak *nJosxDrx] 692
hGRF2 TIVFEENSKV TVPHMIK--- ---------- SDARLHKDDT DICFSKTLNS CKVPQIRYAS VERLLERLTD LRFLSIDFLN TFLHTYRIFT TAAVVLGKLS 683
MGRF1 N**RK*MSA* *A*---**x% [ *SS*¥H*AKL LYGDAP**** ASk****&i* **[QT-***g5 *R**¥_**NJ *IITGGK**E *A-SLGC**D SYANIH**IS 777
MGRF2  hkkkkkkdkhdk sk __hkkh KAk Ak AXRI_ Kk rkkkhkdkk Frhkxdhdoksr Fhrkhhhkhhkd *hXX*_xhkh SkAXR¥ANhd* **_NGSSh** *hkrxkx[ ek x* 777
hGRF1 T***K*¥ISA* *ARWLR**** L**SG***KL LYGEPP***#* AT**xx***x* #GITK****G *R¥**[**NI *IITGCK*** *AGSLSCN*N GY*SMY*AMS 792
hGRF2 DIYKRPFTSI PVR---SLEL FFATSQNNRG EHLVDGKSPR LCRKFSSPPP LAVSRTSSPV RARKL-SLTS PLNSKIGALD LT----TSSS PTTTTQSPAA 775
mGRF1 PFGKT*LDTG KLCMASSLP- KTPEEIDVPA TIPEKPGELS ----ASR*HS SDV-LKEESE DDQNHSDE*N **V**VK**P **KSFLN*TI TEFPFFNYNN 871
MGREF2  wkkkkd_ o __ o . _________ - cenkk RERRRKNNRKAR *G ADM****x % *xT ***ACATGR* ------~~-- 832
hGRF1 PFSKA*LDTS KLYVSSSFTN KIPDEGD--- TTPEKPEDPS ----ALS*QS S*VSMREESD IDQNQSDDGD **T**TK**T **KSVKNKNS SEFPLFSYNN 885
hGRF2 SPPPHTGQIP LDLSRGLSSP EQSPGTVEEN VDNPRVDLCN KLKRSIQKAV LESAPADRAG VESSPAA-DT TELSPCRSPS TPRHLRYRQP ---------- 864
mMGRF1  GILMTTCRDL V**NRSTL*A T******+xG *NE*PSNKEV FRRMSLANTG FSSDQ*NI** #**Vx*x%Ak%% *kkxkwkxkk* Trk*xTx*«DTD DT**YR*ICF 971
MGRF2  ------ HIKY KHGHI KK IK* Kk Rk kkkk kkkkkkhkkd w_________ CookkRkk ok KKK KAKKAKKI KREKKERKKE KK AR A AN AR KK AR KA KK 904
hGRF1 GVVMTSCREL -**NRSAL*A #*****x**xG *NE*T*NKEK YRRMSLASAG FPPDQ¥NG** **Vk**Ak*k kkkxkxk*kx xxxSkxk*Tx Dik*x*CK*IGF 984
hGRF2 ------ GGQT ADNAHCSVSP ASAFAIATAA AGHGSPPGFN N--------- ---TERTCDK EFIIRRTATN RVLNVLRHWV SKHAQDFELN NELKMNVLNL 948
MGRF1 ****MH***% #Tkkxk*kxx%x *[*T*TLEET TEQ¥SM**EV *L**EGV*T* D**NHD*L*] ***Lk****x], V*Kk*xkhk PakrsaxAEx Yrkkddkkxs 1071
MGRF2 **kkkkhkxd *ARQARFIATHE hkkhhkkArd HARII AN KIN KRR RINDIAK FXKTAR R A A ko Nk ko kh k] Yhkkkrkokdkh hkdekkdkkkdd kxxkkrrrrx 1004
hGRF1  ****MH**E* *Th*kkkkkx *[*T*T*E*D G*NQIT**E* TH*AEGV*** Pr*NHF* %% T *RFT kk A AR, YAKK**kkk* Phork*k*xEh *kxkkaxkxnxx 1084
hGRF2 LEEVLRDPDL LPQERKAAAN ILRALSQDDQ DDIHLKLEDI IQMTDCMKAE CFESLSAMEL AEQITLLDHV IFRSIPYEEF LGQGWMKLDK NERTPYIMKT 1048
MGRF]1 TK***HY**F I**E*IRNE* I*AX*kSxk k% *xkkkkkhnk *kkXxDhrkd (kGIhhh¥*P ok kkar[kkk ***AGh[ k%% *A[ **kXD***k **k*k**kG¥R**x 1171
MGRF2 A *Xk*kXEkhkdk *kkhkkkhdkn TARkADrhor®x FAkhrkrdkrdk Ahkhkkkkhd *XFKARKDEN KA IRAXIRAF AAKRNAK*R A XA ARAAARK dkkkdkkrdkx 1104
NGRF1 TK**%*xI*xx I*GE*TRNE* INAXVS* k%% *kkkkdkhsh AhrkNAQRhdh Ak GMA* kXK *Ahhrk[kkd XhAkxkTHkn *A[Hkhkrkhh *kkkkPkwrx 1184
hGRF2 SQHFNDMSNL VASQIMNYAD VSSRANAIEK WVAVADICRC LHNYNGVLEI TSALNRSAIY RLKKTWAKVS KQTKALMDKL QKTVSSEGRF KNLRETLKNC 1148
MGREF1 DH**ChXkkkk *rk kR URAR* Ak Yh*Dk% kkkhhkhkhkd *kkAkwkkdd *kTAK**Dr%k ¥ X[ *****EG FMLA*ES %% Sr*[A**Kxx T| 1260
MGRF2  **kkkkk k% *hkkkkk*hxk KXXXKRKNKR FhkhhRAhhh khhkhkrkhh FAAKKRIQh* XX HRKKII], XYRKRXGHIT KX hkA RN kA® aé 1189
NGRF1 DA *CHa* %%k *hkhdkkhdsh *kkhY*kDA % Hhkdhhdden dkhkdkrhdd *AAXRYEr*R **xTH****(QS FYM**ES**% SHsR¥*¥K*% T[ 1275
hGRF2 NPPAVPYLGM YLTDLAFIEE GTPNFTEEGL VNFSKMRMIS HIIREIRQFQ QTSYRIDHQP KVAQYLLDKD LIIDEDTLYE LSLKIEPRLP 4 1237

FIG. 2. Comparison of the sequences of mouse (m) and human (h) forms of Ras-GRF1 (GRF1) and Ras-GRF2 (GRF2). Alignment is given in comparison with
hRas-GRF2 (hGRF2). Going from the N terminus to the C terminus, the boxes indicate the PH, 1IQ, DH-PH, and the Ras catalytic domains, respectively (see Fig. 1).
An asterisk indicates sequence identity with respect to hRas-GRF2; a dash indicates a deletion. The underlined sequence of mRas-GRF1 (mGRF1) corresponds to
the bait used in the two-hybrid screen (residues 221 to 497 of mGRF1). The underlined sequence of hGRF2 corresponds to the insert of clone pGAD10.56, the sequence
trapped in the two-hybrid screen (residues 176 to 474 of hRas-GRF2). The GenBank accession numbers are as follows: L20899 (mGRF1), U67326 (mGRF2), L26584
(hGRF1), and AF023130 (hGRF2). The following regions are not highly conserved between GRF1 and GRF2: (i) the most N-terminal PH domain (and to a lesser
extent the PH domain C terminal to the DH domain); (ii) the region corresponding to residues Ser-180-Glu-200 of hGRF2, in which only 6 of 21 residues are identical
between mGRF1 and hGRF?2 (this region was used to generate a GRF2-specific peptide antibody); and (iii) the region corresponding to residues Thr761-Pro-878 of
hGRF2, in which only 20 of 118 residues are identical between hGRF2 and hGRF1. This region, which is much shorter in mGRF2, was chosen to generate cDNA probes

for Northern analysis of human tissues.

Oligomerization occurs in mammalian cells. We wished to
determine whether the interaction between the DH domains of
GRF1 and GRF2 DH detected by the yeast two-hybrid assay
also occurs with the full-length proteins in mammalian cells,
whether hetero-oligomerization occurs between GRF1 and
other proteins that contain DH regions, and whether GRF1
and GRF?2 form oligomers with themselves. Initially, we trans-

ferred the hGRF2 coding sequences from the pGAD10.56
prey, tagged with a FLAG epitope, to a mammalian expression
vector and cotransfected this construct with full-length GST-
mGRF1 or GST alone into COS-7 cells. Immunoprecipitation
with antibodies against GST showed a specific coprecipitation
of the GRF2 construct, demonstrating that the interaction
identified in the yeast two-hybrid assay could be detected as
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TABLE 2. DH-dependent oligomerization of GRF in the yeast two-hybrid system*

GALA4 transactivation domain fusion

GAL4 DNA-binding domain fusion

Growth in the

presence of 3-AT B-Galactosidase activity

AD-SNF1
AD-hGRF2(176-474)
AD-hGRF2(176-474)
AD-hGRF2(176-474)
AD-hGRF2(176-474)
AD-hGRF2(234-474)

BD-mGRF1(221-497)

BD-mGRF1(221-460)
BD-mGRF1(221-497)

BD-MGRF1(221-497)
BD-mGRF1(221-497)IIIRDIT
BD-mGRF1(221-497)L263Q

0.01 £ 0.002
0.19 £ 0.02
0.14 = 0.04
ND
0.48 = 0.04
0.17 £ 0.02

o+

“ Yeast strain Y190 was cotransformed with a GAL4 transactivation domain plasmid and a GAL4 DNA-binding domain plasmid and analyzed for growth in the
absence of His. Cells that grew in the absence of tryptophan, leucine, and histidine but in the presence of 25 mM 3-amino-1, 2, 4-triazole (3-AT) were then tested for
B-galactosidase activity (26). AD-hGRF2(234-474) concerns the DH domain without IQ sequences. BD-mGRF1(221-497)IIIRDII and BD-mGRF1(221-497)L.263Q
concern point mutations in the DH domain as described in the text. BD-mGRF1(221-460) concerns the DH domain without PH sequences. -Galactosidase activities
represent the average for six colonies from two independent transformations. The B-galactosidase activity for the AD-SNF1/BD-mGRF1(221-497) pair was obtained
from colonies that grew on an accompanying plate that selected for growth in the absence of tryptophan and leucine only. ND, not determined.

complex formation in mammalian cells (data not shown).
These results led us to determine whether the full-length
GRF1 and GRF2 proteins form homo-oligomers and/or het-
ero-oligomers. To carry out these analyses, additional plasmids
were constructed for full-length mGRF1 containing either the
L263Q mutation or the DH cluster mutation, full-length wild
type hGRF2, and full-length hGRF2 fused to GST (GST-
GREF2).

Oligomer formation with full-length proteins was first exam-
ined in NIH 3T3 cells, which were transiently cotransfected
with (i) GST-GRF1 and (ii) wild-type mGRF1, the L263Q
mGRF1 mutant, or wild-type GRF2 (Fig. 3A). Metabolically
labeled NIH 3T3 lysates were precipitated with glutathione-
Sepharose beads, which recognize GST but not GRF (Fig. 3A,
lane 7). As expected, GST-GRF1 signals were present in the
precipitates from GST-GRF1 transfectants (Fig. 3A, lanes 4 to
6). In addition to GST-GRF1, the precipitates from the cells
cotransfected with GST-GRF1 and wild-type GRF1 (lane 4) or
wild-type GRF2 (lane 6) contained GRF1 and GRF2, respec-
tively (note that GRF1 [lane 4] and GRF1 immunoprecipitates
[lane 1] migrated slightly more slowly than GRF2 [lane 6] and
GRF2 immunoprecipitates [lane 3]). These results indicated
that complexes were formed between GST-GRF1 and wild-
type GRF1 or wild-type GRF2. By contrast, precipitates from
cells cotransfected with GST-GRF1 and the L263Q GRF1
mutant contained almost no mutant protein (lane 5), although
control immunoprecipitations with GRF1 and GRF2 antibod-
ies indicated the transfectants contained similar amounts of
wild-type or mutant protein (Fig. 3A, lanes 1 to 3). Similar
results were also obtained in COS-7 cells (data not shown).

GREF oligomerization was also analyzed in unlabeled tran-
siently transfected 293T cells, by precipitation with glutathi-
one-Sepharose beads, followed by Western blotting with anti-
bodies specific for GRF1 or GRF2 (Fig. 3B and C, lanes 3 to
5), or by immunoprecipitation and Western blotting (Fig. 3C,
lanes 1 and 2). Lysates from 293T cells cotransfected with
GST-GRF1 and wild-type GRF1 formed a readily detectable
complex (Fig. 3B, lane 2). This complex required GRF1 in the
GST fusion, as the association did not occur in cells cotrans-
fected with GST and wild-type GRF1 (lane 1). As in the NIH
3T3 cells, the L263Q GRF1 mutant was deficient in its asso-
ciation with GST-GRF1 (lane 3), although the cells expressed
similar levels of wild-type or L263Q mutant protein (lanes 4
and 5). In contrast to the impaired complex formation seen
with the L.263Q GRF1 mutant, the efficiency of complex for-
mation between GST-GRF1 and the DH cluster mutant (des-
ignated GRF1* in lane 7) was similar to that between the wild
type and GST-GRF1 (lane 6). Conversely, specific oligomer-
ization was found between GST-GRF2 and either wild-type

GRF1 or wild-type GRF2 (Fig. 3C, lanes 3 to 5). Complex
formation between GST-GRF1 and GRF2 was also shown by
immunoprecipitation with GRF2 antibodies and Western blot-
ting with GRF1 antibodies (Fig. 3C, lanes 1 and 2; note that
the GRF2 blot for these lanes was incompletely stripped). In
addition, complex formation between wild-type GRF1 and
wild-type GRF2 was also shown for cells expressing both pro-
teins (Fig. 3D, lane 5).

Taken together, the data indicate that hetero-oligomers
form between GRF1 and GRF2 in mammalian cells and that
homo-oligomers composed of GRF1 or of GRF2 can also
form. As in the yeast two-hybrid assay, introduction of the DH
cluster mutation did not interfere with oligomerization, while
introduction of the L263Q mutation led to a protein that was
deficient in oligomer formation. It should also be noted that
the oligomerization assays underestimate the overall efficiency
of oligomerization because they detect only those oligomers
that form between proteins that can be distinguished by virtue
of their distinct size (as between GST-GRF1 and GRF1 in Fig.
3A and B) or their distinct antigenic properties (as between
GRF1 and GRF2 in Fig. 3C). The assays of the cotransfected
cells do not identify the two species of homo-oligomers that
must also be forming between molecules of the same protein
species, such as GRF1 homo-oligomers and GRF2 homo-oli-
gomers in cells cotransfected with plasmids encoding these two
proteins.

To determine whether complex formation might occur be-
tween GRF1 and less closely related proteins that also contain
DH domains, GRF1 was cotransfected with c-Dbl or with Sos1,
each of which contain a Dbl domain. However, under condi-
tions where GRF1 formed oligomers with itself or with GRF2,
no complexes were seen between GRF1 and c-Dbl or Sosl
(data not shown). Thus, the ability to form such oligomers
appears to be restricted to GRF1 and GRF2, whose DH do-
mains are more closely related to each other than to the DH
domains of ¢-Dbl or Sos.

Rat brain extracts contain GRF1-GRF2 oligomers. The
above-described studies indicated that forced expression of
GRF1 and GRF?2 led to oligomer formation in cultured cells.
To determine whether oligomerization between GRF1 and
GRF2 occurs in a physiologic context, a whole-brain extract
made from postnatal rats was used to examine this possibility,
as Northern blots from various areas of human brains indi-
cated that GRF1 and GRF2 mRNA were expressed in most
regions of the brain (data not shown). When the rat brain
extract was immunoprecipitated with anti-GRF2 antibodies,
GRF1 was also coprecipitated, as demonstrated by Western
blotting of the immunoprecipitate with anti-GRF1 antibodies
(Fig. 3D, lane 4). Several controls were run with this assay to
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FIG. 3. Formation of GRF1 and GRF2 oligomers in mammalian cells. (A) GRF oligomerization occurs in NIH 3T3 cells between GST-GRF1 and wild-type GRF1
or wild-type GRF2, but it is deficient between GST-GRF1 and the L263Q GRF1 mutant. Metabolically labeled NIH 3T3 cells transiently expressed mGRF1,
mGRF1L263Q, and hGRF2, with or without GST-mGRF1 or GST, as indicated. Cell lysates were immunoprecipitated with antisera to GRF1 (lanes 1 and 2), GRF2
(lane 3) or precipitated with glutathione-Sepharose (GS) beads (lanes 4 to 7). The arrows indicate the location of GRF1 (lanes 4 and 5) or GRF2 (lane 6) coprecipitated
with GST-GRF1 (lanes 4 to 6) and the location of GST (lane 7). (B) Wild-type GRF1 and the DH cluster mutant form oligomers in 293T cells, but oligomerization
is deficient with the L263Q mutant. Transiently transfected cells expressing wild-type (lanes 1, 2, 4, and 6) or mutant GRF1 (L263Q in lanes 3 and 5; cluster mutant
[GRF1*] in lane 7), with or without coexpression of GST-GRF1, were precipitated by glutathione-Sepharose (GS) beads or GRF antibodies as indicated, followed by
anti-GRF1 blotting. The designated oligomerized proteins are marked with arrows. (C) Oligomerization in 293T cells. In lanes 1 to 3, lysates from cells expressing GRF2
with or without coexpression of GST-GRF1 or GST were immunoprecipitated and blotted with anti-GRF2. In lanes 4 and 5, lysates from cells coexpressing GST-GRF2
and GRF1 or GRF2 were precipitated with glutathione-Sepharose (GS) beads followed by anti-GRF2 blotting. In the bottom panels, the anti-GRF2 blots were
(incompletely) stripped and were reprobed with GRF1 antibodies. The designated oligomerized proteins are marked with arrows. (D) A rat brain extract (RBE)
contains GRF1-GRF2 oligomers. Lanes: 1 and 2, extracts from 293T cells expressing GRF2 and GRF1, respectively, Western blotted with anti-GRF2 antibodies; 3 and
4, rat brain extracts immunoprecipitated with anti-GRF1 and anti-GRF2, respectively; 5, 293T cells coexpressing GRF1 and GRF2 immunoprecipitated with anti-GRF2

antibodies; 6 and 7, 293T cells expressing GRF1 immunoprecipitated with anti-GRF1 or anti-GRF2 antibodies, respectively.

confirm the specificity of the results. Immunoprecipitation with
the anti-GRF2 antibodies of transfectants expressing GRF1
did not precipitate GRF1 detectable by Western blotting with
the anti-GRF1 antibodies (lane 7), despite the presence of
GRF1 in the transfectants (lane 6). In addition, the anti-GRF2
antibodies did not detect GRF1 in a Western blot of extracts
from cells expressing GRF1 (lane 2), although the antibodies
could readily detect expressed GRF2 (lane 1). We conclude
that GRF oligomerization occurs physiologically in at least
some parts of the brain.

Biological activity in NIH 3T3 cells. Full-length mGRF1 has
been reported previously to induce focus formation in NIH
3T3 cells (9). To determine the effect of the L263Q and DH
cluster mutations on this activity, NIH 3T3 cells were trans-
fected with the wild-type gene, the L263Q mutant, or the DH
cluster mutant (Fig. 4). The transforming activity of the DH
cluster mutant was about 1 order of magnitude lower than that
of wild type, while the L263Q mutant was repeatedly transfor-
mation defective, although transient transfection indicated

that the wild-type and mutant genes expressed similar levels of
protein in the cells (Fig. 5A; data shown for wild type and the
L263Q mutant). Since the DH cluster mutant formed oligo-
mers with an efficiency similar to that of wild type (Fig. 3B,
lanes 6 and 7), whereas the L263Q mutant was deficient in this
activity (Fig. 3A, lane 5, and Fig. 3B, lane 3), the cell transfor-
mation results support the possibility that GRF oligomeriza-
tion contributes to the biological activity of the protein. Con-
sistent with their relative transforming activity, the Erk activity
in transiently transfected NIH 3T3 cells was highest for the
wild-type GRF1 (5.9 arbitrary units versus 1.0 for the vector
control), followed by the cluster mutant (4.1 U) and the L263Q
mutant (3.4 U) (Fig. 5A; primary data not shown for the cluster
mutant). In addition, wild-type GRF1 induced a higher level of
GTP-Ras than the L263Q mutant in transiently transfected
cells (Fig. 5B).

Ionomycin-dependent stimulation of Erk activity is not as-
sociated with an increase in GTP-Ras. As noted above, treat-
ment of 293T cells expressing rat GRF1 with a calcium iono-
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FIG. 4. Focal transforming activity of GRF1. NIH 3T3 cells transfected with
the indicated GRF1 constructs. The data shown represent the mean of four
separate experiments (three readings per experiment). Each bar shows the trans-
forming activity and the standard error.

phore, ionomycin, has been shown to increase the Erk activity
in conjunction with calmodulin binding. We confirmed these
results for wild-type mouse GRF1 protein in transiently trans-
fected 293T cells (Fig. 6). In the absence of ionomycin treat-
ment, the basal Erk2 activity in 293T cells transfected with
wild-type GRF1 was, as expected, higher than in cells trans-
fected with the empty vector, and treatment with ionomycin for
5 min led to a severalfold increase in Erk2 activity (Fig. 6B and
C), as well as in calmodulin binding to GRF1 (Fig. 6A, lanes 1
and 2).

Another feature of rat GRF1 is that calcium-dependent Erk
activation is markedly reduced in the mutant carrying the DH
cluster mutations, as well as for mutants affecting the CC
region or either of the PH domains, although these mutants
bound calmodulin in an ionomycin-dependent manner (6, 24).
We confirmed that this activity was attenuated with the DH
cluster mutant (data not shown) and determined whether the
L263Q mutant would behave similarly. Compared with cells
transfected with wild-type mGRF1, ionomycin treatment of
cells transfected with the L263Q mutant induced an attenuated
increase in Erk activity (Fig. 6B and C), although calmodulin
bound to the mutant protein (Fig. 6A, lane 3). Thus, these
results are analogous to those reported for rat GRF1 mutants.

We also examined whether the level of GTP-Ras in the 293T
cells would correlate with Erk activity (Fig. 7A). As expected,
transient transfection of wild-type GRF1, in the absence of
ionomycin, led to a substantial increase in the basal level of
GTP-Ras compared to control cells transfected with the empty
vector. To our surprise, however, there was no additional in-
crease in GTP-Ras when the GRFl1-expressing cells were
treated with ionomycin, despite the ability of this treatment to
stimulate the substantial increase in Erk activity noted above.
Cells transfected with the L263Q mutant also showed an in-
crease in basal GTP-Ras, although it was less than that seen
with the wild-type mGRF1, and the GTP-Ras levels did not
increase further with ionomycin treatment. To rule out the
possibility that the lack of GTP-Ras in response to ionomycin
might be secondary to an inability of the transfected cells to
increase further their level of GTP-Ras, cells were treated with
EGF or with ionomycin. Although EGF treatment of GRF1-
expressing cells demonstrated a further increase in GTP-Ras,
ionomycin actually led to a small decrease in GTP-Ras in the
same experiment (Fig. 7B).
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Ionomycin induces increased Raf activity. The failure of
ionomycin to increase GTP-Ras in the GRF1-expressing cells
implied that another mechanism would account for the iono-
mycin-dependent increase in Erk. Three features of Raf led us
to examine this serine-threonine kinase as a possible down-
stream target for the ionomycin-dependent increase in Erk:
Raf is part of the Erk pathway, Raf lies immediately down-
stream from Ras, and Raf is only partially activated by Ras
(reviewed in reference 38). 293T cells were transiently cotrans-
fected with GRF1 and c-Raf, treated with ionomycin, and
extracts were immunoprecipitated with anti-Raf antibodies.
The kinase activity of the immunoprecipitates was then ana-
lyzed by the in vitro phosphorylation of MEK, an authentic Raf
substrate located between Raf and Erk (Fig. 8). Consistent
with the basal increase in GTP-Ras in cells expressing wild-
type GRF1, the basal level of Raf kinase activity in these cells
was also increased compared to extracts of cells transfected
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FIG. 5. Erk and GTP-Ras in NIH 3T3 cells. Assays were carried out 2 days
after transfection of NIH 3T3 cells with the indicated GRF1 plasmid. (A) Erk
activity in NIH 3T3 cells. Cells were transiently cotransfected with empty vector,
wild-type GRF1 (GRF1), or the L263Q GFR1 mutant (L263Q), along with
HA-ERK2. In the upper portion of the panel, the basal Erk activity was deter-
mined by precipitating lysates with HA antibody, followed by kinase assay of the
immune complex with MBP as the substrate. In the middle portion of the panel,
the presence of GRF1 or the mutant was verified by Western blotting of the
immunoprecipitates. In the lower portion of the panel, the blots were stripped
and probed with the HA antibody to verify the equal expression of HA-Erk2. The
arrows show the location of MBP, GRF1, and HA-Erk in the upper, middle, and
lower portions, respectively. (B) In vivo measurement of GTP and GDP bound
to Ras in transiently transfected NIH 3T3 cells. Cells were metabolically labeled
with [*?PJorthophosphate, extracts were immunoprecipitated with a Ras-specific
monoclonal antibody, and the percentage of GTP-Ras was determined by thin-
layer chromatography as described in Materials and Methods.
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FIG. 6. Calmodulin binding and ERK activity in 293T cells expressing wild-type GRF1 and L263Q mutant. (A) 293T cells were transiently transfected with wild-type
GRF1 or the L263Q mutant, serum starved overnight, and either left untreated (—) or treated with ionomycin for 5 min (+). Cell lysates were immunoprecipitated
with GRF1 antibodies and blotted with GRF1 antibodies (top portion of the panel) or with a calmodulin antibody (bottom portion of panel). Lane 4 contains only input
calmodulin marker. (B) Basal and ionomycin-induced Erk activation in 293T cells transfected with GRF1. Cells were transiently transfected with vector, wild-type
GREF1, or the L263Q mutant along with HA-ERK2, serum starved overnight, and either left untreated (—) or treated with ionomycin for 5 min (+). The exogenous
ERK activity was determined as described in the text. The cells were processed and analyzed as described for panel A. (C) Quantitation of ERK activity. The amount
of radioactivity present in phosphorylated MBP was quantitated with a phosphorimager. The activity of exogenous Erk was based on the mean of two experiments.

with the empty vector. Ionomycin treatment of the transfected
cells induced a further increase in Raf activity over this al-
ready-elevated basal activity. This ionomycin-induced GRF1-
dependent increase in Raf kinase probably occurred by a Ras-
independent mechanism, given the lack of increase in GTP-
Ras seen with ionomycin treatment of GRF1-expressing cells
(Fig. 7).

To confirm the dependence of this response on wild-type
GRF1, the Raf activity was also determined for companion
cells cotransfected with the L263Q mutant and c-Raf (Fig. 8).
The results obtained in the Raf kinase assay correlated with
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those observed with this mutant in the Erk assays in that
ionomycin treatment induced a smaller increase in Raf kinase
than was seen with wild-type GRF1.

DISCUSSION

In this study, we report two unexpected observations about
the Ras-specific exchange factor GRF: (i) GRF1 and GRF2
can form homo- and hetero-oligomers, via their respective DH
domains, which represents a hitherto-unreported function for
a DH domain; and (ii) the ionomycin-induced Erk activity of
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FIG. 7. GTP-Ras in 293T cells expressing wild-type GRF1 and L.263Q mutant. Cells were transiently transfected with the indicated GRF1 gene. Cultures were
serum starved and metabolically labeled with [*?P]orthophopshate, cells were treated with 5 LM ionomycin or 20 nM EGF for 5 min, extracts were immunoprecipitated
with a Ras-specific monoclonal antibody, and the percentage of GTP-Ras was determined by thin-layer chromatography as described in Materials and Methods. Results
in panel A represent the average of two experiments, while the results in panel B are from a single experiment.
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FIG. 8. GRF1 increased Raf activity in response to ionomycin. Transiently
transfected 293T cells were treated with or without ionomycin after serum star-
vation as in Fig. 6. Cell lysates were immunoprecipitated with Raf antibodies,
and the immunocomplexes were assayed for in vitro kinase activity by using
MEK-1 as a substrate (upper part of panel). The amount of radioactivity present
in phosphorylated MEK-1 was determined with a phosphoimager, and the fold
increase, compared with the untreated vector control, is shown underneath the
upper part of the panel. The expression of Raf and GRF1 was confirmed by
immunoblotting, as shown in the middle and bottom panels, respectively.

GRF1 occurs via at least two cooperative GRF1-dependent
signaling pathways that converge to activate Raf. In 293T cells
under the conditions examined, one pathway is a constitutive
GRF1-dependent increase in GTP-Ras, which occurs in the
absence of ionomycin. The other pathway is a further GRF1-
dependent increase in Raf activity, which is induced by iono-
mycin. This latter activation occurs via a Ras-independent
mechanism in that it is not associated with a further increase in
GTP-Ras.

Homo- and hetero-oligomerization of GRF1 and GREF2.
Dimerization via the DH domains was seen initially in a yeast
two-hybrid screen developed to identify proteins in a human
brain cDNA library that might interact with the mGRF1 DH
domain. This screen identified, in the brain library, an encoded
polypeptide which turned out to consist of the IQ motif and the
DH domain from hGRF2. Deletion analysis of the hGRF2
polypeptide indicated that the IQ motif was dispensable for the
interaction, as were the few non-DH domain amino acids
present in the mGRF1 bait. Mutation of a highly conserved
leucine residue to glutamine (L263Q) in mGRF1 inactivated
the interaction with hGRF2. The leucine residue forms part of
a structurally conserved N-terminal region of the DH domain
(3, 46). By contrast, a cluster of mutations in a C-terminal
region of the DH domain did not abolish the interaction.
Taken together, the above results implied that the mGRF1 DH
domain was capable of interacting with the hGRF2 DH do-
main, and L.263 in mGRF1 was required for this interaction.

When the examination was extended to mammalian cells,
the results confirmed that a complex was formed between
GRF1 and GRF2 in a rat brain extract or when the full-length
proteins were coexpressed in cells and, further, that GRF1 and
GRF2 can each form homo-oligomers. The analysis also es-
tablished that homo-oligomer formation for GRF1 is impaired
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by the L263Q mutation (the analogous mutation was not in-
troduced into GRF2) but not by the DH cluster mutation.
Complex formation between the DH domains of GRF1 and
GRF2 appears to be relatively specific, since complexes were
not detected between GRF1 and two other proteins that con-
tain DH domains, Sos1 and c-Dbl. It may be relevant that the
DH domains in Sosl and c-Dbl share less than 30% identity
with the GRF1 DH domain, while the DH domains of GRF1
and GRF2 are more than 80% identical. It is likely that the
oligomerization of GRF1 and GRF2 represents a direct inter-
action between DH domains that are identical (in the case of
homo-oligomerization) or very closely related (in the case of
hetero-oligomerization), but it remains possible that the com-
plex formation identified here might depend on an additional
unidentified molecule. Such a putative molecule would need to
be conserved between yeasts and mammals, given the similarity
of the results in both systems. What we are designating as
“oligomers” probably represent dimers, but our data do not
rule out the possibility of multimers.

Oligomerization has also been reported for the yeast ho-
molog of GRF, Cdc25p, both with itself and with Sdc25p,
which is a closely related exchange factor (8). In Cdc25p, the
oligomerization domain was localized to its C-terminal por-
tion, which contains the Ras catalytic domain and the signal
responsible for membrane localization. Since neither Cdc25p
nor SCD25p contain a DH domain, the mechanism of oligo-
merization involving the yeast factors is distinct from that re-
ported here for mammalian GRF.

Functional relevance of oligomerization. The possible rele-
vance of oligomerization to GRF function was analyzed by
studying the two GRF1 DH mutants for their transforming
activity and ability to participate in ionomycin-dependent sig-
naling. In the NIH 3T3 cell transformation assay, the oligomer-
ization-competent DH cluster mutant was less active than wild
type, while oligomerization-deficient L263Q mutant lacked any
detectable activity. One interpretation of these results is that
the DH domain encodes two functions, one being oligomer-
ization and the other possibly involving GDP-GTP exchange
involving one or more Rho family GTPases; the oligomeriza-
tion-competent DH cluster mutant, which retains some biolog-
ical activity, would be deficient only in the latter function, while
the biologically inactive L263Q mutant would be deficient in
both functions. Both mutants were deficient for calcium-de-
pendent signaling. The precise relationship between the DH
domain of GRFs and GDP-GTP exchange on small GTP-
binding proteins remains unclear. As noted in the Introduc-
tion, negative GDP-GTP exchange results were reported for
the relationship in vitro between GRF1 and Rho family
GTPases (11a, 24), but positive results were reported for the
relationship between GRF2 and Rac (18). However, while
activation of the Rac-dependent JNK/SAPK pathway in 293T
cells was reported as being GRF2 dependent, an activated
form of Rac (RacV12) was unable to mimic this effect (18).

Oligomerization has been reported for other components
involved in signaling. In some instances, oligomerization ap-
pears to be primarily inducible, such as with many cell surface
receptors (29) and possibly with Raf (20, 34), while in others it
appears to be constitutive, as with the 14-3-3 proteins (51). The
oligomerization of GRF1 and GRF?2 identified here is consti-
tutive. Additional studies will be needed to determine whether
it may also have an inducible component.

Raf activation by Ras-dependent and Ras-independent sig-
nals. Although GRF1 induced a constitutive increase in GTP-
Ras, we observed that the level of GTP-Ras was not aug-
mented further when 293T cells expressing GRF1 were treated
with ionomycin, which induced a substantial increase in Erk
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activity as previously reported. In seeking an alternate expla-
nation for the Erk activity induced by ionomycin treatment of
GRF1-expressing cells, we found that this treatment was asso-
ciated with a concomitant increase in Raf kinase activity. Given
the failure of ionomycin to increase the level of GTP-Ras, it
seems most likely that the GRF1 signal induced by ionomycin
further activates Raf via a Ras-independent pathway. The Ras-
dependent activation of Raf by GRF1 may be a prerequisite
for the postulated ionomycin-mediated Ras-independent sig-
nal that increases Raf activity, since a dominant inhibitory
mutant of Ras has been shown to inhibit the ionomycin-de-
pendent activation of Erk by GRF1 or GRF2 (17, 19). Thus,
the ionomycin-dependent signal in the 293T cells acts in co-
operation with the constitutive GRF1 signal, which may be
largely Ras dependent.

The GTP-Ras results seen here are somewhat at variance
with those reported by Farnsworth et al. (19), who found that
ionomycin treatment of 293T cells expressing rat GRF1 in-
duced a small additional increase in GTP-Ras from ca. 35%
GTP-Ras without ionomycin to ca. 43% GTP-Ras with iono-
mycin (19). It is likely that minor differences in cells, growth
conditions, and/or transfection efficiency might account for this
discrepancy. We do not view this discrepancy as being incom-
patible with the conclusion that ionomycin has induced a Ras-
independent effect on Raf, since the small increase in GTP-
Ras seen by Farnsworth et al. was associated with a seven- to
eightfold increase in Erk activity. Furthermore, our in vivo
results are actually consistent with other reported data with
GRF1: ionomycin treatment did not lead to a further increase
in the in vitro exchange activity on Ras in GRF1 immunopre-
cipitates (19), and in vitro calcium and calmodulin binding to
GRF1 actually inhibited Ras exchange activity GRF up to
twofold (2).

Although we do not yet have a detailed molecular explana-
tion for the Ras-independent effect on Raf, it is known that
GTP-Ras, by itself, induces only a partial activation of Raf
activity. Additional signals, such as the Src protein tyrosine
kinase, can cooperate with GTP-Ras to induce higher levels of
Raf kinase activity (16, 35). Ca>* influx can activate the Ras/
Raf/MAPK pathway by diverse routes (14, 15, 23). In PC12
cells, which do not express GRF, voltage-dependent Ca** in-
flux has been reported to activate Src (42). Activation of a
kinase such as Pak3, which can be activated by Cdc42 or Rac,
can also increase the activity of Raf via the phosphorylation of
serine 338 (32).

It is likely that the ionomycin-dependent activation of Raf
depends, at least in part, on a calmodulin-dependent activity,
such as calmodulin-dependent kinase, given that calmodulin
binding to GRF1 depends on ionomycin, that mutation of the
1Q domain in GRF1 or GRF?2 abolishes this binding, and that
the ionomycin-dependent activation of Erk by GRF1 or GRF2
is abolished by mutation of the IQ domain (17, 19). However,
the requirements for calmodulin-dependent activation of
GRF1 must be quite complex since, as noted above, mutation
of the other motifs in the N terminus of GRF1 attenuate or
abolish the ionomycin-dependent activation of Erk, although
these mutations do not prevent the ionomycin-dependent
binding of calmodulin to GRF1.

In summary, the results reported here imply that full GRF1
activity requires at least two cooperative signals that activate
Raf. One is a Ras-dependent activation, which depends pri-
marily on the Ras catalytic domain in the GRF1 C terminus,
although the N terminus may also participate. Under the
growth and transfection conditions employed here, the Ras-
dependent activity is constitutive in NIH 3T3 and 293T cells.
However, we speculate that in neuronal cells, where GRF is
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expressed physiologically, this activity may be repressed in the
absence of an extracellular signal and may therefore be induc-
ible. The Ras-independent signal, as detected by ionomycin
treatment of 293T cells, depends on calmodulin binding, as
well as on other functions that depend on several motifs lo-
cated in the GRF N terminus. As identified here, oligomeriza-
tion via its DH domain appears to be one of these functions.
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