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14-3-3 Proteins interact with the insulin-like growth factor receptor but not

the insulin receptor’
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We have used a yeast two-hybrid system to identify proteins
which bind to the cytosolic portion of the type 1 insulin-like
growth factor (IGF) receptor (IGFIR) but not the insulin
receptor (IR). This analysis identified 14-3-34 and ¢ proteins. 14-
3-34 also binds to the IGFIR but not the IR in vitro and 14-3-
3-IGFIR complexes are present in insect cells overexpressing the
IGFIR cytoplasmic domain. 14-3-3 proteins are substrates of
the IGFIR in the yeast system and in vitro. The interaction of 14-
3-3 with the IGFIR requires receptor-kinase activity and maps to
the C-terminus of the receptor, but does not depend on tyrosine

residues in this or the juxtamembrane regions. Instead, the
binding maps to serine residue 1283 and requires phosphorylation
of this residue. 14-3-3 proteins are phosphoserine-binding pro-
teins which have been shown to interact directly with components
of the mitogenic and apoptotic signalling pathways, suggesting
that they participate in growth regulation. Our findings suggest
that 14-3-3 proteins may play a role in IGFIR signal transduction
and may contribute to the differences in IGF and IR signalling
capabilities.

INTRODUCTION

The insulin-like growth factors, IGF-I and IGF-II, play an
important role in growth and development (reviewed in [1]).
These effects of the IGFs are mediated through the type 1 IGF
receptor (IGFIR) (reviewed in [2]). This receptor is a member of
the tyrosine kinase family of growth-factor receptors and is
closely related to the insulin receptor (IR). Binding of the
cognate ligands activates these receptors and results in their
autophosphorylation. This creates motifs containing phospho-
tyrosine residues which are recognized by cytosolic proteins
involved in signal transduction by these receptors (reviewed in
[3])- Some of these proteins, such as IRS-1 [4], IRS-2 [5] and Shc
[6], are also substrates of these receptors. It is noteworthy that
the IGFIR and IR interact with similar cytosolic proteins,
suggesting that they share a common signal-transduction path-
way. Functionally, however, the IGFIR is more effective than
the IR in stimulating mitogenesis [7]. This difference in signalling
potential maps to the C-termini of these receptors and suggests
that these regions interact with different cytosolic effector mole-
cules [8—13]. However, no protein which interacts selectively with
the IGFIR has been reported.

Understanding of the mechanism by which the IGFs elicit
their mitogenic effect and how this differs from insulin signal
transduction requires the identification and characterization of
the proteins which interact with the IGFIR in vivo. To identify
such proteins we have used a yeast two-hybrid assay, the
interaction trap [14], to screen a human fetal brain cDNA library
for proteins which bind selectively to the cytoplasmic domain of
the IGFIR. The analysis identified two members of the 14-3-3
family of proteins. 14-3-3 proteins are phosphoserine (pSer)-
binding proteins which have been shown to interact directly with
products of oncogenes and components of the mitogenic and

apoptotic signalling pathways, suggesting that 14-3-3 proteins
may play a role in growth regulation [15-24].

EXPERIMENTAL
Materials

The yeast strains (EGY48 and EGY188) and expression plasmids
used for the interaction trap were obtained from Dr. Roger Brent
[14]. The human fetal brain activation domain (AD) fusion
library used in these studies was obtained form Dr. R. Brent and
Dr. D. Krainc (Massachusetts General Hospital, Boston, MA,
U.S.A.). NIH-3T3 cells overexpressing the IGFIR (NWTc48
cells) [9] or the IR (3006 cells) [25] were obtained from Dr. Derek
LeRoith and Dr. Simeon Taylor (National Institutes of Health,
Bethesda, MD, U.S.A.) respectively. The rabbit antiserum to the
C-terminal region of the IGF-1 receptor («IGFIR) was produced
as described previously [26]. A rabbit antiserum to the C-
terminal region of the insulin receptor («IR) was a gift of
Dr. J. N. Livingston (Bayer Corporation, West Haven, CT,
U.S.A.). Other reagents were obtained from commercial sources
as indicated in the text and Figure legends. Phosphorylated
and non-phosphorylated peptides corresponding to residues
1269-1289 of the IGFIR were purchased from Dr. M. Berne
(Tufts University, Boston, MA, U.S.A.); the peptides were
purified by HPLC and their identities confirmed by MS.

Yeast two-hybrid plasmid construction

The construction of the kinase-active (i.e. wild-type) LexA—
IGFIR cytoplasmic domain bait hybrid [LexA-IGFIR(WT)]
and the kinase-negative mutant bait hybrid in which Lys-1003 in
the ATP-binding domain of the IGFIR is changed to Arg

Abbreviations used: AD, activation domain; DTT, dithiothreitol; ECL, enhanced chemiluminescence; IGF, insulin-like growth factor; IGFIR, type 1 IGF
receptor; IR, insulin receptor; IRS, insulin receptor substrate; GST, glutathione S-transferase; LexA-IGFIR(WT), kinase-active IGFIR cytoplasmic domain
bait hybrid; LexA-IGFIR(KR), kinase-negative mutant bait hybrid in which Lys-1003 in the ATP-binding domain of the IGFIR is changed to Arg; pSer,

phosphoserine; Raf, c-raf-1.
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[LexA-IGFIR(KR)] has been described previously [26]. The
wild-type LexA—IR bait hybrid containing IR residues 941-1343
was constructed using a similar approach. A chimeric LexA—
IGFIR-IR bait hybrid plasmid in which residues 936-1216 of
the IGFIR are linked to residues 1231-1343 of the IR was
constructed by the method of Tartare et al. [27]. This approach
utilizes a unique Fspl site in a conserved region of the kinase
domains of the two receptors. Mutant LexA-IGFIR bait hybrid
plasmids were generated by PCR using appropriately altered
primers. The AD-14-3-3/ construct lacking a linker sequence
was constructed by amplifying amino acid residues 1-246 of 14-
3-34 by PCR and inserting this into the EcoRI and X#ol sites in
pJG4-5[14]. The sequences of all PCR-generated fragments were
confirmed by the manual dideoxy or automatic ABI prism DNA
sequencing.

Expression and purification of recombinant proteins
(His)s-tagged IGFIR cytoplasmic domain

The region of the IGFIR encoding amino acid residues 936-1337
was amplified by PCR and the product was inserted into the
BamHI and Pstl sites of pBlueBacHis B transfer vector
(Invitrogen). Sf9 cells were co-transfected with this construct
and wild-type AcMNPV DNA (Invitrogen) and the recombinant
virus was identified and purified. Sf9 cells were infected with
recombinant virus at a multiplicity of infection of 10. After
72 h, cells were lysed and the (His),-tagged IGFIR cytoplasmic
domain fusion protein was purified by chromatography on
metal-affinity resin (Clontech or Qiagen) and eluted with
100-300 mM imidazole buffer, pH 8.0.

Glutathione S-transferase (GST)

pGEX-14-3-3/ was constructed by cloning the insert in pJG-14-
3-34 into the EcoRI and Xhol sites of pGEX-4T-1 (Pharmacia).
The fusion protein was expressed in DH5a and purified according
to the manufacturer’s recommendations.

Yeast two-hybrid library screen

The human fetal brain cDNA library screen was performed using
the two-step procedure recommended by Gyuris and Brent [14],
as described previously [26]. In the first step, 0.5 ug of the library
was used to transform yeast containing the LexA—-IGFIR(WT)
hybrid plasmid and transformants were selected for growth on
medium lacking tryptophan (the pJG library plasmid has a Trpl
selectable marker) and containing glucose as the carbon source.
In the second step, interactors were selected by plating approxi-
mately 107 primary transformants on to medium containing
galactose (galactose induces expression of the AD-hybrid protein)
and 5-bromo-4-chloroindol-3-yl f-p-galactopyranoside but lack-
ing leucine. After 4 days, approx. 100 of the fastest-growing and
most intensely blue colonies were isolated and subcultured; this
yielded about 80 pure clones with a galactose-dependent
LEU2*/lacZ* phenotype. These clones were sorted by PCR and
restriction digestion. This analysis identified eight distinct cDNA
inserts. The corresponding plasmids were isolated and tested for
their ability to activate reporter-gene expression when co-ex-
pressed in yeast containing the LexA-IGFIR(WT), LexA—
IGFIR(KR) or LexA-IR(WT) baits. Three of these clones
activated both the lacZ and LEU?2 reporters when co-expressed
with the wild-type IGFIR cytoplasmic domain but not when co-
expressed with the kinase-negative IGFIR mutant or the wild-
type IR. These clones were found to encode 14-3-34 (two clones
differing in the length of their 5" untranslated regions) and 14-3-

3¢,

Binding studies in vitro

For binding studies in vitro, NIH-3T3 cells overexpressing the
IGFIR (NWTc48) or IR (3006 cells) were employed. Subcon-
fluent (60-80 9,) monolayers were washed with PBS and incu-
bated in serum-free Dulbecco’s modified Eagle’s medium for
1624 h. The cells were then washed with warm PBS and
Dulbecco’s modified Eagle’s medium containing 0.05 M Hepes
(pH 7.5), 0.19%, (w/v) BSA and the appropriate hormone was
added (10 nM IGF-I or 17 nM insulin). At various times after
addition the cells were washed with cold PBS, lysed in buffer
[20 mM Tris/HCI (pH 7.5)/137 mM NaCl/19, (v/v) Nonidet
P40/109%, (v/v) glycerol/l mM MgCl,/1 mM CaCl,/1 mM
PMSF] containing 10 xg/ml aprotinin, 10 xg/ml leupeptin,
2 mM Na,VO, and 100 mM NaF, and the lysates were cleared by
centrifugation at 16000 g for 30 min. Aliquots (100-200 xl) were
incubated with glutathione—Sepharose containing either GST
alone (5 ug) or GST-14-3-3/ (10 ug) overnight at 4 °C. The
beads were then washed with lysis buffer, boiled in SDS/PAGE
sample buffer containing 100 mM dithiothreitol (DTT) and
resolved by SDS/PAGE. The proteins were transferred to
nitrocellulose (Immobilon-P, Millipore) and probed with an
antibody specific for the C-terminus of the human IGFIR
(«IGFIRp) [26] or to phosphotyrosine («PY) and appropriate
horseradish peroxidase (HRP)-linked second antibodies. Detec-
tion was with enhanced chemiluminescence (ECL) (Amersham).
The competitive binding experiments testing the phosphorylated
and non-phosphorylated IGFIR peptides were performed simi-
larly, except that 200 #M of the appropriate peptide was included
in the incubation medium and the quantity of GST-14-3-34 was
decreased to 2.5 ug per incubation.

RESULTS
Screening for proteins that interact selectively with the IGFIR

To identify proteins that interact selectively with the IGFIR, a
yeast two-hybrid system, the interaction trap, was used to screen
a human fetal brain cDNA library. The interaction trap employs
a plasmid encoding a hybrid protein containing the LexA DNA-
binding domain fused to the protein of interest (termed the bait
hybrid) and a plasmid encoding a hybrid protein containing the
B42 AD fused to the cDNA library. In this system an interaction
between proteins is detected as galactose-dependent activation of
the reporter genes LEU?2 and lacZ. This analysis identified three
AD hybrid clones which activated the reporter genes when co-
expressed with the LexA-bait hybrid containing the wild-type
IGFIR cytoplasmic domain but not when co-expressed with the
kinase-negative (i.e. KR) IGFIR bait hybrid or a bait hybrid
containing the wild-type IR cytoplasmic domain. One of these
clones encoded a fusion protein containing the entire coding
sequence of the ¢ isoform of 14-3-3 coupled to the activation
domain by a 38-amino-acid linker peptide derived from the
(normally) 5" untranslated region of the cDNA. The other two
clones encoded 14-3-34; they differed in the length of the
(normally) 5" untranslated region of the cDNA and encoded
linker peptides of 46 and 23 amino acids. These linker peptides
differed from that encoded by the 14-3-3¢ construct, suggesting
that the binding was due to the 14-3-3 proteins and not the linker
peptides. This was confirmed using a 14-3-34 hybrid construct
from which the entire linker sequence was deleted.

14-3-3 proteins bind to the IGFIR but not the IR in vitro

To determine if the IGFIR interacts with 14-3-3 in vitro, in vitro
binding studies were performed. The results of two experiments
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Figure 1 IGFIR binds to 14-3-3f in vitro

NIH-3T3 cells overexpressing the IGFIR (NWTc48 cells) were stimulated with 10 nM IGF-I and
lysates were prepared at the times indicated. Aliquots were incubated with glutathione—
Sepharose containing either GST alone (5 ug) or GST-14-3-34 (10 xg) overnight at 4 °C and
the Sepharose was washed. Aliquots of the lysates (Lys) or Sepharose (Ppt) were boiled in
SDS/PAGE sample buffer containing 100 mM DTT, resolved by SDS/PAGE and immunoblotted
for either the IGFIR («IGFIR) or phosphotyrosine (cPY). Detection was by ECL (Amersham).
The position of the A subunit of the IGFIR (IGFIRS) is indicated with an arrow.
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Figure 2 14-3-3f binds to the IGFIR but not the IR in vitro

NIH-3T3 cells overexpressing either (A) the IGFIR (NWTc48 cells) or (B) the IR (3006 cells)
were stimulated with 10 nM IGF-I or 17 nM insulin respectively. Lysates were prepared at the
indicated times. Aliquots were incubated with glutathione—Sepharose containing GST—14-3-35
(10 g) and the Sepharose was washed. Aliquots of the lysates (Lys) or Sepharose (Ppt) were
boiled in SDS/PAGE sample buffer containing 100 mM DTT, resolved by SDS/PAGE and
immunoblotted for the IGFIR (IGFIR), the IR («IR) or phosphotyrosine (cPY). Detection was
by ECL. The position of the £ subunits of the IGFIR (IGFIRZ) and IR (IR/) are indicated with
arrows. The «PY analyses of the two cell lines were performed in parallel and are from the same
immunoblots.

are shown in Figure 1 and Figure 2(A). Lysates prepared from
IGF-I stimulated cells bound to the resin containing GST—14-3-
3/, while lysates from quiescent cells had no binding activity. No
binding was observed with resin containing GST alone. Binding

014-3-3
_

14-3-3 = b |
IGFIRB
Infection

Figure 3 14-3-3 hinds to the IGFIR cytoplasmic domain in Sf9 insect cells

Extracts prepared from 4 x 10° uninfected Sf9 cells or Sf9 cells expressing (His)s-tagged IGFIR
cytoplasmic domain were purified by metal-affinity chromatography. Aliquots (containing
approx. 10 g (His)g-IGFIR) were boiled in SDS/PAGE sample buffer containing 100 mM DTT,
resolved on a 5-20% gradient SDS/polyacrylamide gel and immunoblotted for 14-3-3 proteins.
Detection was by ECL. The position of 14-3-3, determined using recombinant 14-3-3¢, is shown
with an arrow.

was detectable within 5min of the addition of IGF-I and
increased throughout the incubation, reaching maximum levels
at 1624 h (Figure 1). Thus the IGFIR binds to 14-3-3 proteins
in vitro and this binding requires receptor activation.

The binding assay in vitro was also performed with the
baculovirus-expressed IGFIR cytoplasmic domain. The baculo-
virus-expressed protein contains an N-terminal (His),-tag which
allows purification by metal-chelate chromatography; it is par-
tially phosphorylated when isolated from the insect cells. Similar
to the mammalian receptor, the insect-cell-expressed IGFIR
cytoplasmic domain bound to GST-14-3-35 but not to GST
alone (results not shown).

To investigate the selectivity of the interaction in vitro, the
binding studies were repeated using NITH-3T3 cells overexpressing
the IR (3006 cells) (Figure 2B). As a positive control, NWTc48
cells were included in these experiments (Figure 2A). Immunoblot
analysis of the whole-cell lysates showed that the cognate
hormones stimulated approximately equivalent incorporation of
phosphotyrosine into the f-subunits of the two receptors, indi-
cating that the lysates from the two cell lines contained com-
parable amounts of activated receptors. However, no binding to
the GST-14-3-3/ resin was detected with lysates prepared from
the 3006 cells using antisera to either the IR or to phosphotyrosine
(Figure 2B). These results support a selective interaction of 14-3-
34 with the IGFIR.

14-3-3 proteins bind to the IGFIR in vivo

To determine if the IGFIR also associates with 14-3-3 proteins in
vivo, we examined the insect-cell-expressed receptor. When Raf'is
expressed in insect cells, it associates with endogenous 14-3-3
proteins in a kinase-dependent manner [20-22]. Extracts prepared
from uninfected Sf9 cells and Sf9 cells expressing the (His),-
tagged IGFIR cytoplasmic-domain fusion protein were purified
by metal-affinity chromatography, subjected to SDS/PAGE and
immunoblotting for 14-3-3 proteins. Purified extracts from
receptor-expressing cells, but not uninfected cells, contained 14-
3-3 (Figure 3). Thus 14-3-3 proteins also associate with the
IGFIR in insect cells.
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Figure 4 14-3-3f is phosphorylated by the IGFIR in yeast

Extracts were prepared from yeast co-expressing the AD—14-3-3/ hybrid and either the
IGFIR(WT) bait, the IGFIR(KR) bait or the wild-type IR bait by boiling for 10 min in SDS/PAGE
sample buffer containing 100 mM DTT/1 mM PMSF/1 mM Nav0,/100 mM NaF. Aliquots
were resolved by SDS/PAGE (12% gels) and immunablotted for either phosphotyrosine (ccPY)
or 14-3-3/3 (o«14-3-3). Detection was by ECL.

14-3-3 proteins are substrates of the IGFIR in yeast and in vitro

Mammalian 14-3-3 proteins contain multiple tyrosine residues
(nine of which are conserved among isoforms), and the 7 isoform
(Bap-1) has been shown to be phosphorylated on tyrosine residues
by Ber-Abl [16]. We have shown that Shc is phosphorylated by
the IGFIR in the yeast interaction trap [26]. To determine if 14-
3-3 proteins are also substrates of the IGFIR in yeast, extracts
were prepared from yeast co-expressing the AD—-14-3-34 hybrid
and the wild-type IGFIR, the kinase-negative mutant receptor or
the wild-type IR bait hybrids, and these were examined by
immunoblotting for phosphotyrosine. Yeast expressing the wild-
type IGFIR hybrid contained a phosphotyrosine-containing
band corresponding to the AD—14-3-34 hybrid protein, whereas
this band was absent in yeast expressing either the IGFIR(KR)
mutant or the wild-type IR hybrid proteins (Figure 4). Thus, in
yeast, the 14-3-3p hybrid undergoes IGFIR-directed tyrosine
phosphorylation, which does not occur with the IR.

To determine if 14-3-3 proteins are also substrates of the
IGFIR invitro, lysates prepared from IGF-I-stimulated NWTc48
cells were incubated with GST-14-3-3-Sepharose. After wash-
ing, the beads were incubated in the absence or presence of ATP
and then examined by immunoblotting for phosphotyrosine. As
shown in Figure 5(A), under these conditions GST—14-3-3/5 was
tyrosine-phosphorylated. Similarly, when the purified baculo-
virus-expressed IGFIR cytoplasmic domain was incubated with
ATP and recombinant 14-3-3¢, the 14-3-3¢ protein was tyrosine-
phosphorylated (Figure 5B). These findings indicate that 14-3-3
proteins are substrates of the IGFIR in vitro.

Mapping the 14-3-3 binding site on the IGFIR

We have shown previously that the yeast interaction trap can be
used to map the sites of interaction of the IGFIR with IRS-1 and
Shc [26]. To map the region of the IGFIR which interacts with
14-3-3, a series of mutant LexA-IGFIR bait hybrids was
generated. The structures of the most informative constructs are
shown in Figure 6 (left lower panel). These receptor baits were
co-expressed with the AD—-14-3-34 hybrid and the transformants
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Figure 5 14-3-3 is phosphorylated by the IGFIR in vitro

(R) Lysates from IGF-I treated NWTc48 cells were incubated with glutathione—Sepharose
containing GST—14-3-3/3, washed and incubated for 60 min at 4 °C in the absence or presence
of 0.1 mM ATP. (B) Purified baculovirus-expressed IGFIR cytoplasmic domain (50 ng) was
incubated with 0.1 mM ATP in the absence or presence of recombinant 14-3-3¢ (1.5 ) for
60 minat 4 °C. In both experiments the reactions were terminated by the addition of SDS/PAGE
sample buffer containing 100 mM DTT and the samples were resolved by SDS/PAGE and
immunoblotted for phosphotyrosine (ecPY) (4G10, UBI). The positions of the IGFIR 4-subunit
(IGFIRf), (His);-IGFIR (IGFIR), GST—14-3-34 and 14-3-3¢ (indicated with arrows) were
determined by probing parallel blots with the respective antisera.

were assayed for reporter gene expression. The results, using the
quantitative solution assay for lacZ expression, are shown in
Figure 6 (right lower panel). As described earlier, co-expression
of AD-14-3-3p with the wild-type LexA—IGFIR hybrid resulted
in strong galactose-dependent activation of the LacZ reporter
gene, while its co-expression with either the kinase-inactive
mutant [i.e. IGFIR(KR)] or the wild-type IR did not activate the
reporter. Mutation of Tyr-950 to phenylalanine (i.e. Phe-1337)
had little effect on the activation of the reporter; this tyrosine is
essential for the interaction of the receptor with IRS-1 and She
[26]. However, deletion of the 27 C-terminal residues of the
receptor (i.e. 1310-Tyr) decreased reporter expression by about
209, and deletion of the 93 C-terminal residues (i.e. 1244-Tyr) or
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Figure 6 Mapping the IGFIR binding site for 14-3-3 in the yeast interaction trap

The upper panel shows a schematic representation of the IGFIR cytoplasmic domain and the locations of amino acid residues which were mutated in this study. The left lower panel shows schematic
representations of the wild-type IGFIR cytoplasmic domain and informative mutatants. In the right lower panel is shown the lacZ activity of the constructs when co-expressed with the AD—14-3-
3/ plasmid. LacZ activity was measured using a quantitative solution assay [26], and activity is expressed relative to that of the wild-type IGFIR construct. Four clones from each transfection
were assayed and the mean values are shown. JM, juxtamembrane region; TK, tyrosine-kinase domain; CT, C-terminal region.

replacement of the IGFIR C-terminus with that of the IR (i.e.
IGFIR-IR) reduced LacZ expression to negligible levels.

The region of the IGFIR encompassing residues 1244-1310 is
the most divergent region in the cytoplasmic domains of the
IGFIR and IR (43 9, identical) but is highly conserved among
species. This region of the IGFIR contains two tyrosine residues
(Tyr-1250, Tyr-1251), which are not present in the IR and which
have been implicated in IGFIR function [8,28]. To determine if
these residues are important for interaction with 14-3-3 proteins,
constructs in which one or both of these residues were changed
to phenylalanine were generated and tested. Mutations of either
or both of these tyrosines (i.e. 1337-Phe-Phe-Phe) had essentially
no effect on reporter expression, indicating that these tyrosines
are not necessary for this interaction.

The region of the IGFIR between residues 1244 and 1310 also
contains a Ser-Ser-Ser-Ser-Leu-Pro sequence which is absent in
the IR and which is similar to the consensus pSer-containing
motif (Arg-Ser-Xaa-pSer-Xaa-Pro) present in other proteins
which bind to 14-3-3. To determine if this motif is involved in
binding to the IGFIR, constructs in which all four serines and
the proline were changed to alanine (i.e. Ala-Ala-Ala-Leu-Ala),
and in which only Ser-1283 was changed to alanine (i.e. Ser-1283
— Ala) were generated and tested. Each mutation resulted in an
809 to 909, decrease in lacZ reporter expression. The sim-

ultaneous mutation of Ser-1283 to alanine and deletion of the C-
terminal 27 residues of the IGFIR (i.e. 1310-Ala) reduced reporter
expression to negligible levels. These results indicate that Ser-
1283 is a major determinant for the binding of 14-3-3 proteins to
the IGFIR but that other residues, possibly located in the
extreme C-terminus, may also contribute to the binding.

Phosphorylation of Ser-1283 is essential for binding of the IGFIR
to 14-3-3 proteins

The data presented above indicate that Ser-1283 in the IGFIR is
an important determinant for 14-3-3 binding. To determine if
phosphorylation of this (or other) serine residue(s) is essential,
competitive binding experiments were performed. In these experi-
ments, phosphorylated and non-phosphorylated peptides, cor-
responding to residues 1269-1289 of the IGFIR, were tested for
their ability to compete with the receptor for binding to 14-3-34
in the binding assay in vitro. This region of the receptor contains
two Ser-Xaa-Pro motifs, which are potential binding sites, and
peptides in which one or both of these serines were phosphoryl-
ated were tested. The results of a representative experiment are
shown in Figure 7. Neither the non-phosphorylated peptide (P1)
nor the peptide phosphorylated only at position 1272 (P3)
competed with the IGFIR for binding. In contrast, the peptide
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Figure 7 Phosphorylation of Ser-1283 is essential for binding of the IGFIR
to 14-3-38

NWTc48 cells were stimulated with IGF-I for 16 h and lysates were prepared. Aliquots were
mixed with buffer only or the appropriate peptide (200 M final concentration), incubated with
glutathione—Sepharose containing GST—14-3-35 (2.5 1g) and the Sepharose was washed.
Aliquots of the Sepharose were boiled in SDS/PAGE sample buffer containing 100 mM DTT,
resolved by SDS/PAGE and immunoblotted for the IGFIR (cIGFIR). Detection was by ECL. The
region of the gel containing the 4 subunit of the IGFIR is shown.

phosphorylated on both Ser-1272 and Ser-1283 (P2) and the
peptide phosphorylated only on Ser-1283 (P4) inhibited binding.
These data suggest that phosphorylation of Ser-1283 is essential
for binding of the IGFIR to 14-3-34.

DISCUSSION

These studies were undertaken to identify proteins that interact
selectively with the IGFIR. To this end we used the yeast
interaction trap to screen a human cDNA library. This analysis
identified 14-3-3/4 and 14-3-3¢. We have also shown that 14-3-3/
binds to the IGFIR but not the IR in vitro. This observation
indicates that the interaction observed in yeast is not an artifact
resulting from the expression of normally cytosolic proteins in
the nucleus or their expression as LexA and AD fusion proteins.

14-3-3 proteins are a highly conserved family of acidic proteins
which are found in a wide range of organisms, including plants,
yeast and mammals (reviewed in [15]). Seven mammalian iso-
forms have been identified (4, y, €, {, 9, o and 7). Some isoforms
are expressed in cell-type or tissue-specific fashion (i.e. 7 in T-
cells and o in keratinocytes) and most cells contain more than
one isoform. All isoforms have molecular masses of about
30 kDa (about 250 amino acids) but these proteins exist as
homo- and hetero-dimers in vivo [29]. Sequence analysis indicates
that 14-3-3 proteins contain a mid-molecule annexin-like domain
[30]. The crystal structure indicates a dimeric structure consisting
of bundles of a-helices arranged around an amphipathic groove.
Invariant residues line the groove, suggesting that it might form
part of a ligand-binding surface [30,31].

Multiple activities have been reported for 14-3-3 proteins,
including the activation of enzymes involved in neurotransmitter
synthesis and the regulation of protein kinase C activity [15]. 14-
3-3 proteins have been shown to interact directly with com-
ponents of the mitogenic and aptoptic signalling pathways,
including ber and ber-abl [16], cdc25 [17], Raf [18-22], BAD [23]
and A20 [24]. They have also been shown to bind to a pSer-
containing motif in Raf, and a similar motif (Arg-Ser-Xaa-
pSer-Xaa-Pro) is present in many other proteins with which 14-

3-3 associates [32]. These and other observations have led to the
hypothesis that 14-3-3 proteins function both as adaptor mole-
cules involved in the assembly of signalling complexes and as
chaperones to protect other proteins from inactivation or to
sequester them in the cytoplasm [23,24,29,31-34].

The interaction of 14-3-3 with the IGFIR requires receptor
kinase activity both in yeast and in vitro, suggesting that re-
ceptor autophosphorylation is important. However, we found
that Tyr-950, Tyr-1250, Tyr-1251 and Tyr-1316 are not necessary
for the interaction in the yeast two-hybrid system. Instead, the
interaction maps to Ser-1283 in the C-terminus of the receptor,
and competitive binding experiments suggest that phosphoryl-
ation of this residue is essential for the interaction. Ser-1283
forms part of an Ser-Ser-Ser-Ser-Leu-Pro sequence which is
similar to the consensus pSer-containing motif (Arg-Ser-Xaa-
pSer-Xaa-Pro) identified in Raf, and in most other proteins
which bind to 14-3-3 [23,24,32-34]. This suggests that serine
phosphorylation also plays a role in the binding of 14-3-3 to the
IGFIR. The IGFIR has been reported to undergo serine phos-
phorylation in vivo, but the biological effects of this modification
are unknown [35]. Our observation that 14-3-3 proteins interact
with the IGFIR in yeast indicates that either yeast expresses a
serine kinase capable of phosphorylating the IGFIR or the
phosphorylation is catalysed by the receptor itself.

14-3-34 and 14-3-3¢ are substrates of the IGFIR tyrosine
kinase both in vitro and in the yeast two-hybrid system. Some 14-
3-3 isoforms are phosphorylated on serine in vivo and the 7
isoform has been shown to be phosphorylated on tyrosine by
Ber-Abl in vitro and in vivo [16]. It is noteworthy that 14-3-3¢ also
binds to Ber-Abl, but it is a poorer substrate, suggesting that
there may be kinase-isoform specificity. We have not yet de-
termined if the IGFIR also shows isoform specificity or which, if
any, 14-3-3 isoforms undergo tyrosine phosphorylation in re-
sponse to IGF stimulation in vivo.

We found that 14-3-3 associates with the IGFIR in insect cells
overexpressing the receptor cytoplasmic domain. However, we
have been unable to detect 14-3-3 in IGFIR immunoprecipitates
of NWTc48 or MG63 cells. This result does not preclude an
interaction in vivo, since other proteins which are known to
interact with the IGFIR, such as Shc, cannot be detected in
receptor immunoprecipitates. It is also possible that 14-3-3
proteins are true substrates of the receptor and dissociate from it
after phosphorylation. In this model, phosphorylation would be
expected to alter the binding of 14-3-3 to its downstream targets.

In summary, we have found that 14-3-34 and 14-3-3¢ bind
selectively to the IGFIR in the yeast two-hybrid system in vitro
and in insect cells overexpressing the receptor, and that these
proteins are phosphorylated by the receptor in yeast and in vitro.
In the yeast system the interaction maps to Ser-1283 in the C-
terminus of the IGFIR and requires phosphorylation of this
residue. These findings suggest that 14-3-3 proteins may play a
role in IGFIR signal transduction and may contribute to the
differences in IGF and insulin receptor signalling capacities.
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