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Class I, phosphatidylinositol 3-kinase (PI 3-kinase) is
a key component of important intracellular signalling
cascades. We have identified an adaptor protein, Ruk;,
which forms complexes with the PI 3-kinase holo-
enzyme in vitro and in vivo. This interaction involves
the proline-rich region of Ruk and the SH3 domain of
the p85a regulatory subunit of the class I, PI 3-kinase.
In contrast to many other adaptor proteins that acti-
vate PI 3-kinase, interaction with Ruk, substantially
inhibits the lipid Kkinase activity of the enzyme.
Overexpression of Ruk; in cultured primary neurons
induces apoptosis, an effect that could be reversed by
co-expression of constitutively activated forms of the
p110o catalytic subunit of PI 3-kinase or its down-
stream effector PKB/Akt. Our data provide evidence
for the existence of a negative regulator of the
PI 3-kinase signalling pathway that is essential for
maintaining cellular homeostasis. Structural similar-
ities between Ruk, CIN85 and CD2AP/CMS suggest
that these proteins form a novel family of adaptor
molecules that are involved in various intracellular
signalling pathways.
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Introduction

Signal transduction through inositol-containing lipids as
second messengers is one of the most important signalling
pathways in eukaryotic cells. 3’-OH phosphorylated
derivatives of phosphatidylinositol are important phos-
pholipid second messengers because they are directly
involved in the regulation of multiple cell functions,
including proliferation, differentiation, survival, migra-
tion, metabolic control, organization of the cytoskeleton
and membrane trafficking. The production of these
phospholipids is catalysed by phosphoinositide 3-kinases
(PI 3-kinases), a subfamily of lipid kinases. In eukaryotic

© European Molecular Biology Organization

cells, there are three classes of PI 3-kinase that differ in
their primary structure, regulation and substrate specificity
(Domin and Waterfield, 1997; Vanhaesebroeck er al.,
1997; Fruman et al., 1998). Phosphoinositides exert their
action by recruiting effector proteins to intracellular
membranes. This is achieved by the interaction of
membrane-associated phosphoinositides with specific
phospholipid-binding protein domains within the effector
proteins. Two protein domains that differ in their
specificities towards different phosphoinositides have
been identified, namely the FYVE and pleckstrin
homology (PH) domains.

The FYVE domain is specific for binding phosphatidyl-
inositol trisphosphate (PtdIns3P) and is found in several
proteins implicated in membrane trafficking (Stenmark
et al., 1996; Patki et al., 1997, 1998; Burd and Emr, 1998;
Gaullier et al., 1998; Fruman et al., 1999; Kutateladze
et al., 1999; Misra and Hurley, 1999). PH domains are
more widespread in proteins and demonstrate less
sequence conservation than FYVE domains. Accord-
ingly, PH domains exhibit different affinities and binding
specificities for inositol lipids (Salim et al., 1996; Rameh
et al., 1997; Isakoff et al., 1998; Kavran et al., 1998;
Fruman et al, 1999). From among >100 different
eukaryotic proteins with PH domains, those that bind
PtdIns(3,4)P, and PtdIns(3,4,5)P; preferentially have
attracted special attention. This group includes serine/
threonine protein kinases (PDK1 and PKB/Akt),
non-receptor tyrosine kinases of the Tek family, phospho-
lipase Cy, guanine nucleotide exchange factors and
GTPase-activating proteins. Phospholipid binding to the
PH domain induces conformational changes and trans-
location of these normally cytosolic molecules to
membranes where further activation takes place. The
numerous downstream targets of these PH domain proteins
contribute to the multiple effects of PtdIns(3,4)P, and
PtdIns(3,4,5)P5 on cell physiology (reviewed in Alessi and
Cohen, 1998; Alessi and Downes, 1998; Downward,
1998a; Leevers et al., 1999; Rameh and Cantley, 1999;
Vanhaesebroeck and Waterfield, 1999). The levels of these
two phospholipids are very low in quiescent cells and can
be increased by extracellular signals. This increase is
achieved by activation of class I PI 3-kinases, a group of
heterodimeric enzymes that are subdivided further into
class I, and class Ig.

The widely expressed class I PI 3-kinases participate in
signal transduction from both receptor and non-receptor
tyrosine kinases. Delivery of inactive cytosolic class Ip
PI 3-kinases to the plasma membrane, where they gain
access to their lipid substrates, requires the regulatory
subunit that is encoded by one of three different genes:
p85¢c, p85 or p55y (reviewed in Wymann and Pirola,
1998; Vanhaesebroeck and Waterfield, 1999). The SH2
domain of the regulatory subunit binds to phosphorylated
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tyrosine residues within specific docking sites (YXXM) in
the intracellular domain of receptor tyrosine kinases or in
adaptor proteins. Although interaction of SH2 domains
with phosphorylated targets initiates the activation of
class In PI 3-kinase, two other domains of the regulatory
subunit have been implicated in modulating the lipid
kinase activity of the holoenzyme. SH3 domain—proline-
rich region interactions between the p85 regulatory
subunit and certain adaptor proteins causes a conforma-
tional change in the p85—p110 holoenzyme (Gout et al.,
1993; Liu et al., 1993; Prasad et al., 1993; Kapeller ef al.,
1994; Pleiman et al., 1994; Harrison-Findik et al., 1995;
Wang et al., 1995; Mak et al., 1996; Soltoff and Cantley,
1996; Hunter et al., 1997). Although the molecular
mechanism is not known, this conformational change
increases the ability of the class In PI 3-kinase to
phosphorylate the 3’ position of the inositol ring.

While the mechanism of activation of the PtdIns(3,4)P,
and PtdIns(3,4,5)P; signalling pathway by extracellular
stimuli has become relatively well understood, much less
is known about negative regulation of this pathway. The
importance of negative regulation for normal cell physi-
ology has been emphasized by the recent demonstration
that the protein encoded by the tumour suppressor gene
PTEN acts as a lipid phosphatase that dephosphorylates
the 3" position of PtdIns(3,4)P, and PtdIns(3,4,5)P3, and as
such acts as a functional antagonist of PI-3 kinases that
produce these second messengers (Myers et al., 1997,
Furnari et al., 1998; Haas-Kogan et al., 1998; Maehama
and Dixon, 1998; Stambolic et al., 1998). The conse-
quences of the loss of PTEN function are a constitutive
activation of the PKB/Akt pathway (and probably other
downstream pathways) that regulates cell growth and
survival, which ultimately leads to development of
neoplasia (reviewed in Cantley and Neel, 1999;
Maehama and Dixon, 1999). However, by acting at the
level of phospholipid products, PTEN negatively regulates
all signalling pathways downstream of class I and at least
some class II PI 3-kinases.

A few years ago, we isolated a clone (3E7) that encoded
a novel SH3 domain protein (Akopian et al., 1996), later
named Ruk (for regulator of ubiquitous kinase). Here we
demonstrate that Ruk is the first known adaptor protein
that is able to inhibit the lipid kinase activity of the class I
PI 3-kinase via specific binding to the p850. regulatory
subunit. This inhibitory activity of Ruk could represent a
novel mechanism for the fine regulation of the PI 3-kinase
signalling pathway.

Results

Cloning of ruk cDNA and analysis of ruk mRNA
expression
Using the insert of the original 3E7 clone (Akopian et al.,
1996) as a probe for northern hybridization, a 3.5 kb
transcript was detected in all tissues of newborn rats
studied (Figure 1 and data not shown). In addition to the
3.5 kb (ruk;) transcript, several other ruk transcripts were
detected in some tissues; the most prominent of these were
2.5 (ruk,,) and 1.5 kb (ruky) transcripts in newborn and
adult rat skin (Figure 1).

To isolate full-length clones that represent different
ruk transcripts, newborn rat skin and cerebellum cDNA
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Fig. 1. Autoradiograms of a northern blot of total RNA isolated from
newborn rat tissues hybridized with 32P-nick-translated ruk and L27
probes showing the relative levels of expression of ruk mRNAs in
different tissues.

libraries were screened with a ruk probe. Sequence
analysis of isolated clones demonstrated that ruk;,
ruk,, and rukg transcripts are generated by different
promoter usage and alternative splicing in the coding or
5’-untranslated region (5-UTR) regions (for details see
DDBJ/EMBL/GenBank accession Nos AF255884 for
ruks, AF255886 for ruk,,;, AF255887 for ruk,; and
AF255888 for ruk;).

Proteins coded by ruk mRNA
Analysis of ruk mRNA sequences showed that a set of
proteins with various features is coded by the ruk gene. In
all of the ruk mRNAs analysed, an upstream, in-frame
termination codon was found and the first in-frame ATG
codon was surrounded by a good Kozak consensus
sequence (Kozak, 1989). The C-terminal region (shaded
box in Figure 2) and serine-rich upstream region of the
protein coded by ruk; mRNA had no similarities to other
proteins in data banks available at the time of cloning.
Three typical SH3 domains (open boxes A, B and C in
Figure 2) followed by a proline-rich region occupy most
of the N-terminal half of the Ruk; protein. This domain
organization is very similar to that of the recently
identified adaptor protein, mMCD2AP/hCMS (Dustin et al.,
1998; Kirsch et al., 1999). Direct alignment of mouse
CD2A and rat Ruk; amino acid sequences revealed 37%
identity and 53% similarity between these two proteins
(Figure 2A). Although the most similar regions are the
SH3 domains, a putative coiled-coil C-terminal region is
also well conserved. The major difference between CD2A
and Ruk; is the structure of a spacer between proline-rich
and putative coiled-coil domains. This region of Ruk has
twice as many serine residues as the corresponding region
of CD2A. The proteins coded by ruk,, mRNAs possess
only one SH3 domain (C, Figure 2B) but all downstream
domains are the same as in the Ruk; protein. In contrast, a
short protein coded by rukg retains only the C-terminal
coiled-coil region.

Antibodies were raised by immunizing rabbits with a
C-terminal peptide that is common to all Ruk isoforms.
Western blot analysis showed various Ruk isoforms in a
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Fig. 2. (A) Alignment of the amino acid sequences of rat Ruk; and mouse CD2AP proteins. The vertical bars (I) designate identical amino acids ar_ld
the colons (:) designate similar amino acids. Gaps (—) were introduced for better alignment. SH3 domains A, B and C are boxed and the presumptive
coiled-coil domain is shaded. (B) Schematic representation of the domain organization of three Ruk proteins.
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Fig. 3. Detection of Ruk proteins in total protein extracted from adult
rat tissues (A and B) and cell lines (C) by western blotting. (A) Shows
elimination of specific bands after pre-incubation of the antibody with
excess of the peptide used for immunization. The positions of
molecular mass markers are shown.

variety of rat tissues (Figure 3A and B) at levels that
correlated with the levels of the corresponding mRNAs
shown in Figure 1. This antibody also detected Ruk
proteins of similar sizes in human cell lines (Figure 3C).
The mobility of the Ruk; protein corresponded to a
molecular mass of 85 kDa, which is much higher than that
predicted from the amino acid sequence, suggesting the
existence of post-translational modifications or a con-
formation that retards mobility. Pre-incubation of the
antibody with the peptide used for immunization com-
pletely eliminated specific Ruk bands on western blotting
(Figure 3A). Staining of cultured cells and cryosections of
adult rat brain with anti-Ruk antibodies showed that Ruk is
a cytoplasmic protein (data not shown).

Ruk; binds to various SH3 domain proteins in vitro
The structural organization of the Ruk protein suggests
that it might interact with various molecules involved
in signal transduction. To check this, we used a panel of
SH3 domains expressed as glutathione S-transferase
(GST) fusion proteins (Gout et al., 1993) to pull down
recombinant Ruk; protein produced in baculovirus. As
shown in Figure 4, Ruk, interacts in vitro with several SH3
domains, most strongly with the SH3 domain of the p85a
regulatory subunit of PI 3-kinase and the N-terminal SH3
domain of Grb-2. Full-length Grb-2 and p850c. GST fusion
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Fig. 4. Binding of Ruk to a panel of GST-SH3 domain fusion proteins.
GST alone or GST-SH3 fusion proteins were coupled to glutathione—
Sepharose beads and incubated with lysates of Sf9 cells, infected with
baculovirus expressing Ruk;. Bound proteins were analysed by western
blotting with anti-Ruk antibodies. p47 and p67 are subunits of NADPH
oxidase. The right lane contains recombinant Ruk;, purified from Sf9
cells.

proteins were also able to interact with recombinant Ruk;
in vitro (data not shown). Because both Grb-2 and the
p85a. regulatory subunit of PI 3-kinase play important
roles in signal transduction, we carried out further
experiments to demonstrate interaction of these proteins
with Ruk; in vivo. Although the interaction between Ruk;
and p85a was clearly demonstrated in various experiments
(see below), we were not able to detect complexes between
Ruk; and Grb2 in vivo (data not shown).

Ruk, binds PI 3-kinase via SH3 domain of the p85«a
in Sf9 cells

To study the interaction between Ruk; and p85a in vivo,
we co-infected Sf9 insect cells with baculoviruses
expressing p850. and Glu-tagged Ruk;. Anti-Glu-tag
antibody was used for immunoprecipitation of complexes
from Sf9 cell lysates and anti-p85a antibody for detection
of the regulatory subunit in these immunoprecipitates. The
results of this experiment (Figure 5, lane 4) clearly
demonstrated that Ruk; forms a stable complex with p85a
when co-expressed in insect cells. In further experiments,
deletion mutants of p850. were co-expressed with Ruk;.
Whereas deletion of the SH3 domain of p85a. completely
abolished interaction with Ruk;, deletion of the BH domain
(including proline-rich regions) did not affect this inter-
action (Figure 5). This confirms that the SH3 domain of
p85a and the proline-rich region of Ruk; are responsible
for interaction of these proteins in vivo.

To demonstrate that Ruk; forms a complex with the
PI 3-kinase holoenzyme, we infected Sf9 cells with
baculoviruses that express Ruk;, the pllOo catalytic
subunit and one of the regulatory subunits (p85c, p85pB
or p55y) of class In PI 3-kinase. Complexes were pulled
down from cell lysates by binding to a matrix-bound
phosphotyrosine peptide of the platelet-drived growth
factor-B (PDGF-B) receptor via the SH2 domains of the
regulatory subunits as described in Materials and methods.
SDS—polyacrylamide gel analysis of bound proteins and
western blotting with anti-Ruk antibody revealed that
although all three regulatory subunits form complexes
with the pl10q. catalytic subunit in infected cells, only
p85a recruits Ruk; to the complex (Figure 6A).

Ruk, forms a complex with Pl 3-kinase in
mammalian cells

The human myelomonocytic leukaemia cell line U937 was
used to study complexes of Ruk; with PI 3-kinase in
mammalian cells. The matrix-bound phosphotyrosine
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Fig. 5. Interaction of Ruk; and p850. variants in Sf9 cells. Sf9 cells
were infected with baculoviruses expressing Glu-tagged Ruk; and either
wild-type p850. or p85a. deletion mutants as indicated. Ruk; protein
was immunoprecipitated with mouse monoclonal anti-Glu antibody.
Western blotting with mouse monoclonal anti-p85c. antibody was used
to detect p85a. in whole lysates of infected Sf9 cells (lanes 6-9) and
immunoprecipitates (lanes 1-5).

peptide and anti-p850. but not anti-p85p antibody co-
precipitate Ruk; from U937 cell lysates (Figure 6B).
Consistently, the p85c. but not the p85p regulatory subunit
could be co-precipitated from U937 cell lysates using anti-
Ruk antibody (Figure 6C), and lipid kinase activity could
be detected in the immunoprecipitate (Figure 6D), sug-
gesting the presence of the active catalytic subunit of
PI 3-kinase.

Ruk, inhibits lipid kinase activity of Pl 3-kinase

in vitro

Ruk; and p850—p110a were affinity purified from Sf9 cells
infected with the corresponding baculoviruses. A 50 ng
aliquot of the PI 3-kinase holoenzyme was mixed with
different amounts of recombinant Ruk; and the lipid kinase
assay was performed using phosphatidylinositol as sub-
strate. The presence of Ruk; substantially inhibited the
activity of PI 3-kinase, with a maximum inhibition seen
with an equimolar ratio of Ruk; and PI 3-kinase in the
reaction (Figure 7). Similar results were obtained when
PtdIns(4,5)P, was used as substrate in the lipid kinase
assay (data not shown). Consistently, the lipid kinase
activity in complexes pulled down from Sf9 cells co-
expressing p850—p1100—~Ruk; was lower than the activity
in complexes from cells that expressed only p85a and
p110a (data not shown).

Modulating Ruk expression affects neuronal
survival

The ability of Ruk; to inhibit the p850.-dependent activity
of class I, PI 3-kinase suggests that overexpression of this
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Fig. 6. Interaction of Ruk; with PI 3-kinase in vivo. (A) Specific
association between Ruk; and PI 3-kinase in Sf9 cells. Sf9 cells were
infected with baculoviruses expressing Ruk; alone (lane 4) or in
combination with baculoviruses expressing p850—p110a (lane 1),
p85B—p110a (lane 2) and p55y-p110c. (lane 3). Cell lysates were
incubated with Actigel-immobilized phosphotyrosine peptide (Y751)
of the human PDGF-f receptor that is able to interact with SH2
domains of regulatory subunits of PI 3-kinase (lanes 1-3) or Actigel-
immobilized proline-rich peptide that is able to interact with SH3
domains of Ruk (lane 4). Bound proteins were separated by SDS—
PAGE and visualized by Coomassie staining or western blotting with
anti-Ruk antibodies. (B-D) Association between Ruk and PI 3-kinase
in U937 cells. U937 cell lysates were either incubated with Actigel-
immobilized Y751 phosphopeptide or immunoprecipitated using
monoclonal antibodies to p85c. and B subunits of the PI3-kinase or
polyclonal antibodies to Ruk. Proteins were analysed by western
blotting with anti-Ruk (B) or anti-p85 (C) antibodies. (D) Results

of the PI 3-kinase assays performed with anti-p85c. or anti-Ruk
immunoprecipitates from U937 cell lysates. The position of the
phosphorylated product of the kinase reaction (PI3P) is shown by

the arrow.

protein in cells that utilize the PI 3-kinase signalling
pathway should seriously compromise their physiology.
Early post-natal sympathetic and sensory neurons survive
in culture only in the presence of certain neurotrophic
factors, and the PI 3-kinase pathway is necessary for
efficient transduction of survival signals in these cells
(Klesse and Parada, 1998). Thus, we used this well
established experimental paradigm to investigate the
potential effect of Ruk on cell survival. Ruk-expression
plasmids were microinjected into the nuclei of cultured
primary sensory neurons of the post-natal day 1 (P1)
mouse trigeminal ganglion (TG) or sympathetic neurons of
the P1 mouse superior cervical ganglion (SCG). At this
stage of development, these neurons survive in medium
containing nerve growth factor (NGF). TG neurons also
survive in the presence of ciliary neurotrophic factor
(CNTF) and rapidly die in the absence of these factors.
Neurons were incubated in the presence of NGF or CNTF
and injected with expression plasmids as described in our
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Fig. 7. The effect of Ruk; on PI 3-kinase activity in vitro. Ruk; and
p850—p110c were affinity purified from Sf9 cells infected with the
corresponding recombinant baculoviruses. Purified recombinant Ruk;
and p850—p110a were mixed in the indicated ratios and PI 3-kinase
assay was performed as described in Materials and methods. A
phosphoimage of a representative thin-layer chromatogram is shown.
The bar chart shows the combined results of three independent
experiments.

previous publications (Allsopp ef al., 1993; Ninkina e? al.,
1996; Buj-Bello et al., 1997). The number of surviving
neurons was counted 48 h later and expressed as a
percentage of the number counted 2 h after injection
(between 50 and 100 cells per expression plasmid per
culture dish). A substantial reduction of survival was
evident in neurons microinjected with a plasmid express-
ing the Ruk; protein as compared with neurons injected
with the empty expression vector plasmid (Figures 8 and
9). Staining the cultures 24 h after microinjection using the
TUNEL technique to detect DNA fragmentation demon-
strated that a proportion of Rukj-injected cells undergo
apoptotic death (data not shown). In the presence of NGF,
this effect was much more pronounced in SCG neurons
(Figure 8) than in TG neurons (Figure 9). The survival-
inhibiting effect of Ruk, is dependent on the N-terminal
part of the protein that contains the first two SH3 domains
because a reduction in neuronal survival was observed
with an expression plasmid that has a deletion of the
C-terminal part of the Ruk; protein, but was not observed
with plasmids expressing Ruk;,, which does not contain
the first two SH3 domains (Figures 8A and 9A).

To ascertain if Ruk; kills neurons by inhibiting the
PI 3-kinase signalling pathway, we carried out co-injection
experiments. In cultures containing either NGF or CNTF,
the survival-inhibitory effect of Ruk; overexpression was
prevented by co-injecting plasmids expressing the con-
stitutively activated form of either PKB/Akt or the p110a
catalytic subunit of PI 3-kinase (Figures 8B, 9B and 9C).
However, overexpression of a non-functional form of the
PI 3-kinase catalytic subunit did not significantly affect the
survival-inhibitory effect of Ruk; overexpression (Figures
8B and 9C).

We also studied the survival of SCG neurons co-
expressing Ruk,, and either Ruk; or Ruk;AC. As shown in
Figure 8A, more than half of the neurons could be rescued
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Fig. 8. Ruk affects survival of sympathetic neurons in culture.

P1 mouse SCG neurons were plated in medium containing NGF and
injected with expression plasmids. The number of surviving neurons
was counted 48 h later and is expressed as a percentage of the number
counted 2 h after injection. For each condition, the means and SEM of
at least three independent experiments are shown. (A) Overexpression
of Ruk; or Ruk;AC results in reduced neuronal survival. Ruk,, does not
reduce survival and in co-expression experiments abrogates the effect
of Ruk; or Ruk;AC. (B) Reversal of the effect of Ruk; overexpression
by co-expression of constitutively activated forms of PKB/Akt kinase
and the p110o catalytic subunit of PI 3-kinase but not functionally
compromised (dead) p110c.

from Ruk;-induced death by overexpression of the Ruk,
isoform. This result suggests that Ruk,, could function as a
dominant-negative regulator of Ruk;.

Discussion

Signalling pathways involving PI 3-kinase and its
phosphoinositide products modulate numerous aspects of
cell physiology and are subject to complex multilevel
regulation. This is particularly important for class I
PI 3-kinases, which are expressed in the majority of
mammalian tissues and become activated in response to
many extracellular signals. The lipid kinase activity of all
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Fig. 9. Ruk affects survival of sensory neurons in culture. P1 mouse TG neurons were plated in medium containing NGF (A and B) or CNTF (C) and
injected with expression plasmids. The number of surviving neurons was counted 48 h later and is expressed as a percentage of the number counted

2 h after injection. For each condition, the means and SEM of at least three independent experiments are shown. (A and C) Overexpression of Ruk; or
Ruk;AC but not Ruk,, results in reduced neuronal survival. (B and C) Reversal of the effect of Ruk; overexpression by co-expression of constitutively
activated forms of PKB/Akt kinase and the p110o catalytic subunit of PI 3-kinase but not functionally compromised (dead) p110a.

three known types of catalytic p110 subunit (o, B and ) is
stimulated by binding of one of the regulatory subunits,
products of three different genes, p85c, p85pB or p55y
(reviewed in Wymann and Pirola, 1998; Vanhaesebroeck
and Waterfield, 1999). This interaction involves the inter-
SH2 region of the regulatory subunit and the N-terminal
region of the catalytic subunit, and results in a conforma-
tional change of the substrate-binding site (Klippel et al.,
1993, 1994; Dhand er al., 1994; Holt et al., 1994).
Interactions of other domains of the regulatory subunit
with receptors and adaptor proteins could augment this
conformational change further and increase the lipid
kinase activity of the complex. In addition to these
structural modifications, interactions between PI 3-kinase
subunits and membrane-associated receptors or adaptor
proteins have another important function in vivo, namely
translocation of the enzyme to the membrane where the
lipid substrates are localized (reviewed in Wymann and
Pirola, 1998; Leevers et al., 1999; Rameh and Cantley,
1999). These interactions are mediated by the SH2
domains of the regulatory subunit and specific phospho-
tyrosine motifs in the intracellular domains of receptors
and adaptor proteins (Zhou and Cantley, 1995). However,
the multiplicity and variety of protein-binding domains in
both subunits of PI 3-kinase imply that this enzyme could
form various multiprotein complexes in the cytoplasm or
on the surface of intracellular membranes. The compos-
ition of these complexes could have a substantial effect on
the enzymatic activity and, therefore, on the cellular
responses that are regulated via the PI 3-kinase pathway.
Indeed, many proteins that increase PI3 lipid kinase
activity by interaction with the SH3 or proline-rich
domains of the regulatory subunit have been identified
(Gout et al., 1993; Liu et al., 1993; Prasad et al., 1993;
Kapeller et al., 1994; Pleiman et al., 1994; Harrison-
Findik et al., 1995; Wang et al., 1995; Mak et al., 1996;
Soltoff and Cantley, 1996; Hunter ef al., 1997). However,
proteins that down-regulate class I, PI3 lipid kinase

activity by binding to the regulatory subunit have not been
reported previously.

We described a novel protein, Ruk;, which has a domain
organization typical of adaptor proteins and acts as a
negative regulator of class I5 PI 3-kinase. A 10-fold
decrease in in vitro lipid kinase activity was observed
when equimolar amounts of Ruk; were added to p850—
pl10a complexes in a test reaction. Results of our in vitro
and in vivo experiments suggest that the molecular basis of
this inhibition is the formation of a complex between three
proteins. In such complexes, Ruk; is bound, via its proline-
rich region, to the SH3 domain of p85a., although different
effects of Ruk; and its truncated isoform, Ruk,,, on cell
survival hint at the importance of two N-terminal SH3
domains. It is possible that interaction of p850. with Ruk
but not with Ruk,, induces conformational changes in the
active site of the catalytic subunit that compromise its
ability to phosphorylate lipid substrates.

The presence of Ruk—PI 3-kinase complexes in mam-
malian cells suggests that at least one of the possible
biological functions of Ruk; is the negative regulation of
the PI 3-kinase signalling pathway. It is well established
that the PI 3-kinase signalling pathway plays an important
role in mediating the survival effects of several growth
factors (Hemmings, 1997; Kaplan and Miller, 1997; Marte
and Downward, 1997; Downward, 1998a,b). In certain
types of cells, inhibition of this pathway by wortmannin,
LY294002 or dominant-negative PI 3-kinase isoforms
results in apoptotic cell death and, conversely, activation
of PI 3-kinase or downstream effector PKB/Akt rescues
cells from apoptosis (Khwaja and Downward, 1997;
Khwaja et al., 1997; Philpott et al., 1997). We reasoned
that if Ruk; was a negative regulator of PI 3-kinase in vivo,
its overexpression in cells should result in apoptotic death.
To check this, we chose a well characterized system,
primary cultures of sympathetic (SCG) and sensory (TG)
neonatal mouse neurons that depend on NGF for survival.
Previous work has shown that PI 3-kinase subunits are
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expressed in both neuronal populations (Bartlett et al.,
1999) and that the PI3 signalling pathway is involved in
transduction of the NGF survival signal (Carter and
Downes, 1992; Soltoff et al., 1992; Bartlett et al., 1997;
Klesse and Parada, 1998; Klesse et al., 1999). When Ruk;
was overexpressed in these neurons, a substantial propor-
tion of them died by an apoptotic mechanism. This effect
could be prevented by co-expression of constitutively
activated forms of the pll0a catalytic subunit of
PI 3-kinase or its downstream effector PKB/Akt.
Consistent with an earlier observation that the PI 3-kinase
pathway is more important for survival of sympathetic
than sensory neurons (Bartlett et al., 1997), we found that
the pro-apoptotic effect of Ruk; is much more pronounced
in SCG than in TG cultures. We also studied the effect of
Ruk; overexpression on the survival of TG neurons in the
presence of another neurotrophic factor, CNTF, which also
provides trophic support for these neurons. CNTF, as well
as other cytokines that use the gp130 receptor subunit for
transduction of the signal through the plasma membrane,
primarily activate the JAK-STAT intracellular signalling
pathway. However, in various cell types, downstream
activation of PI 3-kinase is required for effective preven-
tion of apoptosis and other effects of these cytokines
(Bonni et al., 1997, Oh et al., 1998; Al-Shami and
Naccache, 1999). Accordingly, we observed a substantial
decrease in the number of trigeminal neurons surviving
after overexpression of Ruk; in the presence of CNTF. This
effect could also be blocked by co-expression of
constitutively activated PKB/Akt. Taken together, our
microinjection results support the hypothesis that Ruk; is
an intrinsic negative regulator of PI 3-kinase in vivo.

The pro-apoptotic effect of Ruk; does not require the
function of the C-terminal coiled-coil domain of the
protein. This domain has substantial homology with the
C-terminal domain of CD2AP/CMS, which is involved in
dimerization of this adaptor protein (Kirsch et al., 1999).
However, two N-terminal SH3 domains of Ruk; that are
not directly involved in the interaction with p85a are still
necessary for induction of apoptosis because the Ruk,,
isoform that lacks these domains does not have a pro-
apoptotic effect. Overexpression of Ruk,, is not sufficient
for prevention of neuronal apoptosis following neuro-
trophic factor deprivation; however, it rescues neurons
from the apoptosis induced by Ruk; or RukAC. We
propose that Ruk,, competes with Ruk; for binding to the
SH3 domain of p850. and by this means acts as a
dominant-negative regulator of Ruk;.

So far, only the effects of Ruk proteins on cell survival
have been studied. However, one might expect that Ruk
would play a role in regulating other cell functions because
the downstream effects of PI 3-kinase are multiple and
diverse. Moreover, the presence of several protein—protein
binding domains in the Ruk molecule together with our
in vitro binding data imply that p85c. is not the only
interaction partner of Ruk in vivo. In a recent study (Take
et al., 2000), published when this manuscript was in
preparation, it was shown that a human protein named
CINB8S5, which is possibly a human orthologue of Ruk;, is
able to bind c-Cbl, an SH2 domain adaptor protein that
negatively regulates receptor tyrosine kinases by induction
of their ubiquitination. This interaction involves the
proline-rich region of c-Cbl and the SH3 domains of
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CINS8S, and is enhanced by epidermal growth factor
stimulation of 293 cells. Taken together, these data suggest
that Ruk,/CINSS is an adaptor protein involved in multiple
intracellular signalling cascades.

The domain organization of Ruk; is identical to that of
the recently identified adaptor protein CD2AP/CMS
(Dustin et al., 1998; Kirsch et al., 1999). The similarity
is not restricted to the general organization of the protein
molecule; CD2AP/CMS is also the only known protein
that has amino acid homology to Ruk outside the SH3 and
proline-rich domains, namely in the C-terminal coiled-coil
domain. CD2AP/CMS is involved in the orchestration of
receptor patterning and rearrangements of the cytoskele-
ton, and is required for formation of a specialized junction
between the T cell and the antigen-presenting cell (Dustin
et al., 1998), and another specialized junction, the slit
diaphragm, in kidney glomerular epithelial cells (Shih
et al., 1999). It has also been shown that human CD2AP,
known as CMS, interacts with the focal adhesion protein
p130¢s and co-localizes with it and F-actin to membrane
ruffles and leading edges of cells (Kirsch et al., 1999). In
contrast to its interaction with the CD2 receptor, which
requires the N-terminal SH3 domain of CD2AP, inter-
action with p130® requires the proline-rich region of
CD2AP/CMS, which binds to the SH3 domain of p130<®,
Association of CD2AP/CMS with tyrosine kinases Fyn
and Yes in vivo has also been demonstrated (Kirsch et al.,
1999). These results reflect a complex pattern of protein—
protein interactions that involve members of the novel
family of adaptor proteins to which Ruk could be assigned.
Although we do not have evidence of physical or
functional interaction of Ruk; protein with the cell
cytoskeleton, it is possible that further studies will reveal
such interactions in certain types of cells. Likewise, it is
possible that CD2AP/CMS could have an effect on
PI 3-kinase, as it binds in vitro to the SH3 domain of
p85 regulatory subunit (Kirsch et al., 1999).

Only a single transcript coding for full-length CD2AP/
CMS has been found in all human and mouse tissues
studied so far. In contrast, the ruk gene generates a set of
transcripts, some of which are expressed only in certain
tissues. Sequence analysis of several such transcripts has
shown that they are products of alternative splicing and
different promoter usage. The proteins encoded by these
ruk transcripts have a common C-terminal region but are
truncated in their N-termini. Therefore, in addition to the
full-length Ruk; protein, which has a domain organization
identical to that of CD2AP/CMS, Ruk isoforms with single
SH3 and proline-rich domains, and isoforms without SH3
and proline-rich domains could be detected in certain
tissues and cell lines. Our results clearly demonstrate that
Ruk isoforms could have different functions in vivo, and it
will be important to clarify these functions in further
studies.

Materials and methods

Miscellaneous procedures

RNA extraction, isolation of RNA, preparation of hybridization probes,
northern hybridization, library screening and plasmid sequencing were
performed as described earlier (Buchman et al., 1992, 1994). An adult rat
skin cDNA library in the AZAPII vector was constructed using a kit from
Stratagene.



Anti-Ruk antibody and protein detection

Rabbits were immunized with the 17mer C-terminal peptide of rat Ruk
(CRLQMEVNDIKKALQSK) conjugated to keyhole limpet haemo-
cyanin (Calbiochem) activated by 3-maleimidobenzoic acid N-hydroxy-
succinimide ester (Sigma). Monospecific antibody was purified from
the antisera by affinity chromatography using the antigen bound to
N-hydroxysuccinimide-activated columns (Supelco) and used at dilutions
of 1:500 for western blot/ECL detection of Ruk in total cell protein
samples. Protein extraction and western blotting/ECL detection were
carried out as described earlier (Buchman et al., 1998). In some
experiments, 10 ml of diluted antibody was pre-incubated with 15 ug of
recombinant Ruk protein at room temperature for 2 h.

Tissue culture and microinjection techniques
Human leukaemia cell lines Raji, HFB1, Jurkat 6, H9, HL-60, K562 and
U937 were maintained in RPMI-1640 medium supplemented with 10%
fetal calf serum (FCS). Ratl and Cosl fibroblasts were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FCS.
Purified P1 mouse TG or SCG neurons were grown on a polyornithine/
laminin substratum in defined medium in the presence of 2 ng/ml NGF.
For some experiments, TG neurons were grown in the presence of 5 ng/ml
CNTF. At 48 h after plating, expression plasmids (pRc/CMV vector only,
ruk cDNAs in pRc/CMV, Akt/PKB and PI 3-kinase cDNAs in pSGS5)
were injected into the nucleus of the neurons as described previously
(Allsopp et al., 1993; Ninkina et al., 1996; Buj-Bello et al., 1997).
Expression plasmids for constitutively activated PKB/Akt kinase, p110
PI 3-kinase and the functionally compromised (dead) form of PI 3-kinase
were described earlier (Khwaja and Downward, 1997; Khwaja et al.,
1997). The cultures were supplemented with 2 ng/ml fresh NGF or
5 ng/ml fresh CNTF and the starting number of neurons in each
experimental condition was counted 2 h after injection. The number of
surviving neurons was counted 48 h later and expressed as a percentage of
the starting number.

Baculovirus expression and affinity purification of
recombinant proteins

Full-length coding sequences of Ruk; or Ruk,, containing a Glu tag
epitope at the N-terminus, were subcloned into pBlueBac4 transfer vector
(Invitrogen). Propagation and transfection of Sf9 cells, isolation of
recombinant viruses and infection of insect cells were performed
according to the manufacturer’s recommendations. Recombinant Glu-
tagged Ruk proteins were purified by affinity chromatography on a
protein G—Sepharose/anti-Glu tag monoclonal antibody matrix. Elution
of specifically associated proteins was carried out in the presence of
50 mg/ml Glu tag peptide. Recombinant baculoviruses that express
PI 3-kinase subunits were described earlier (Gout et al., 1992; Harpur
et al., 1999).

Protein-protein interaction studies

Lysates of baculovirus-infected Sf9 cells or human promonocytic U937
leukaemia cells were incubated with Actigel beads containing an
immobilized 17 amino acid phosphotyrosine peptide whose sequence is
based on that surrounding Tyr751 of the human PDGF- receptor (Fry
et al., 1992; Panayotou et al., 1992). After extensive washing with cell
lysis buffer, bound proteins were eluted by boiling the beads in SDS—
PAGE sample buffer. These proteins were separated on 8% gels and were
visualized either by Coomassie staining or by western blotting using
specific antibodies. Proteins were also immunoprecipitated from cell
lysates using specific antibodies, and protein G—Sepharose was used to
bring down the immune complexes.

Pl 3-kinase assay

The assay of PI 3-kinase activity was performed essentially as described
previously (Whitman er al., 1985). Lipid kinase assays contained
2 mM MgCl,, 1 mM ATP, 20 uCi of [y-*?P]JATP and 200 pg/ml
phosphatidylinositol. Extracted phospholipids were separated by thin-
layer chromatography in 65% 1-propanol, 0.7 M acetic acid, 50 mM
phosphoric acid. The level of radioactivity in radiolabelled phospholipids
was measured by phosphoimager (Bio-Rad). PI 3-kinase assay in
immunoprecipitates was carried out as described previously (Kilgour
et al., 1996).
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