Biochem. J. (2000) 347, 781785 (Printed in Great Britain)

781

Protein kinase C activation by acidic proteins including 14-3-3

Paulus C. J. VAN DER HOEVEN', José C. M. VAN DER WAL, Paula RUURS and Wim J. VAN BLITTERSWIJK®
Division of Cellular Biochemistry, The Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX Amsterdam, The Netherlands

14-3-3 proteins may function as adapter or scaffold proteins in
signal transduction pathways. We reported previously that
several 14-3-3 isotypes bind to protein kinase C (PKC)-{ and
facilitate coupling of PKC-{ to Raf-1 [van der Hoeven, van der
Wal, Ruurs, van Dijk and van Blitterswijk (2000) Biochem. J.
345, 297-306], an event that boosts the mitogen-activated protein
kinase (ERK) pathway in Rat-1 fibroblasts. The present work
investigated whether bound 14-3-3 would affect PKC-{ activity.
Using recombinant 14-3-3 proteins and purified PKC-{ in a
convenient, newly developed in vitro kinase assay, we found that
14-3-3 proteins stimulated PKC-¢ activity in a dose-dependent
fashion up to approx. 2.5-fold. Activation of PKC-{ by 14-3-3

isotypes was unrelated to their mutual affinity, estimated by co-
immunoprecipitation from COS cell lysates. Accordingly, PKC-
¢ with a defective (point-mutated) 14-3-3-binding site, showed
the same 14-3-3-stimulated activity as wild-type PKC-¢. As 14-
13-3 proteins are acidic, we tested several other acidic proteins,
which turned out to stimulate PKC-{ activity in a similar fashion,
whereas neutral or basic proteins did not. These effects were not
restricted to the atypical PKC-¢, but were also found for classical
PKC. Together, the results suggest that the stimulation of PKC
activity by 14-3-3 proteins is non-specific and solely due to the
acidic nature of these proteins, quite similar to that known
for acidic lipids.

INTRODUCTION

Members of the 14-3-3 family of proteins are emerging as
adapter or scaffold proteins that bind to and may interconnect a
variety of proteins involved in signal transduction, cell cycle
regulation and apoptosis [1]. Among these proteins is protein
kinase C (PKC), a major serine/threonine kinase family involved
in cell growth and differentiation. 14-3-3 isotypes have been
reported to bind to mammalian PKC-y, PKC-¢ [2], PKC-6 [3],
PKC-¢ [4] and PKC-ux [5], as well as to a Dictyostelium PKC
[6]. We reported previously that several 14-3-3 isotypes bind
to PKC-¢ and facilitate coupling of PKC-{ to Raf-1 in a
phosphorylation-dependent manner [4]. We found that this
heterotrimeric complex dissociates upon PKC-¢-mediated phos-
phorylation of 14-3-3, suggesting that complexation is a func-
tional and transient event in PK C-¢{-mediated signal transduction
towards Raf-1 and mitogen-activated protein kinase (‘ERK”), as
occurs in Rat-1 fibroblasts [4,7]. We were wondering whether, in
this complex, 14-3-3 would have an effect on PKC-{ activity.

Several studies have suggested that 14-3-3 proteins can
modulate PKC activity [3,5,6,8—10], but the data are conflicting
and the conclusions confusing. Initially, a group of kinase C
inhibitor proteins (‘KCIP’) from brain were identified as 14-3-
3 proteins [8,9]. Their inhibitory action on PKC was partially
overcome by phorbol ester or diacylglycerol, suggesting that the
cysteine-rich ‘zinc finger’ domains in PKC are involved in
the interaction with 14-3-3 [10]. In contrast, other investigators
reported a stimulatory effect (approx. 1.7-fold) of 14-3-3 on
PKC activity [11-13]. All these studies were performed on PKC
isolates without the definition of PKC isotypes. Differential
activation of various PKC isoenzymes by 14-3-3{ was reported
by Acs et al. [14]; the classical PKCs were activated approx.
2-fold, while PKC-¢ showed 5-fold activation in the absence of
phospholipids.

Several explanations have been put forward to reconcile these
conflicting data: the effect of 14-3-3 on PKC could depend on
different 14-3-3 isoforms [10] or PKC subtypes [14,15] involved,
or on the PKC substrate used [16]. Others proposed inadequate
renaturation of the 14-3-3 preparations [17], or contamination
of 14-3-3 preparations with an inhibitory protein [12]. None of
these explanations, however, satisfactorily account for the dis-
crepancies.

The best and most straightforward way to resolve the issue, if
and how 14-3-3 modulates PKC-¢{ activity, is to use a well-
defined in vitro kinase assay system with pure proteins of defined
isotype. For this purpose, we used three bacterially expressed
and purified 14-3-3 isotypes (3, { and 0), PKC-¢ purified from
recombinant baculovirus-infected insect Sf9 cells, and a new,
sensitive in vitro kinase assay with biotinylated ¢-peptide (derived
from PKC-¢) as a substrate. Using this assay system we demon-
strated that 14-3-3 stimulates PKC-¢ (and classical PKC)
activity. However, we also show that other negatively charged
proteins stimulate PKC activity as well, indicative of little
specificity. Furthermore, we show that at least part of the
controversy over whether 14-3-3 stimulates or inhibits PKC is
not real but relates to the definition of PKC activity.

MATERIALS AND METHODS
Materials and cells

Dulbecco’s modified Eagle’s medium was from ICN-Flow and
foetal calf serum from BioWhittaker. ATP was from Boehringer.
Acrylamide and N,N’-methylendiacrylamide were from Merck.
[y-**P]JATP (3000 Ci/mmol) and the enhanced chemilumin-
escence system were from Amersham. Classical PKC (mixture of
rat brain PKC-«, PKC-$ and PKC-y isoforms) was from Alexis
Corporation. L-a-Phosphatidylserine, cytochrome ¢ (horse heart)

Abbreviation used: PKC, protein kinase C.
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and apo-transferrin (human) were from Sigma. Myoglobin (horse
skeletal muscle) was from Calbiochem and lactoglobulin from
Serva.

COS7-M6 cells were grown in Dulbecco’s modified Eagle’s
medium supplemented with 109, (v/v) foetal calf serum and
containing penicillin (100 units/ml), streptomycin (100 xg/ml)
and 2 mM L-glutamine. Transfection of the cells (using the
DEAE-Dextran method) with PKC-{ [wild-type or S186A (Ser'®¢
— Ala) mutant] and 14-3-3 isotypes were described in our
previous paper [4].

Purification of PKC-{ and 14-3-3 proteins

PKC-¢ was partially purified from Sf9 insect cells infected
with PKC-¢ recombinant baculovirus [18], kindly provided by
Dr. D. Fabbro (Novartis, Basel, Switzerland). Purification was
based on the method of Dimitrijevic et al. [19]. Briefly, a 72 h
infected 250 ml spinner culture of Sf9 cells was pelleted and lysed
in 25 ml of buffer containing 20 mM Tris/HCI, pH 7.5, | mM
EDTA, 19% (v/v) Triton X-100, 50 xM PMSF, 10 ug/ml
leupeptin, 10 ug/ml aprotinin and 0.39%, p-mercaptoethanol,
sonicated and centrifuged at 100000 g for 30 min. Supernatant
(5 ml; 25 mg of protein) was loaded on a Mono Q column and
eluted in a linear gradient of 0—1 M NaCl in lysis buffer with
0.029, Triton X-100 (10 ml, flow rate 0.5 ml/min). Fractions
between 0.7-0.9 M NaCl were diluted 6-fold in elution buffer
without NaCl, loaded on to a Mono S column and eluted with
the same gradient. Fractions between 0.65-1 M were pooled,
loaded on to a PD-10 column (Pharmacia) and eluted with 3.5 ml
of 20 mM Tris/HCL, pH 7.5, 1 mM EGTA, 109, (v/v) glycerol,
0.1 mM PMSF, 0.02 9, Triton X-100, 1 mM dithiothreitol. The
final PKC-{ preparation (50 ug/ml; purity shown in Figure 1)
was frozen in aliquots and stored at —70 °C until use.

14-3-3 proteins were expressed in Escherichia coli as gluta-
thione S-transferase fusion proteins using pGEX vector
(Pharmacia) and purified by glutathione-Sepharose affinity
chromatography. Free 14-3-3 proteins were obtained by cleav-
age with factor X, and were further purified by incubation with
glutathione—Sepharose beads. Purified 14-3-3 was dialysed
against 20 mM Tris/HCI, pH 7.5, 200 mM NaCl, concentrated
(Centricon, molecular mass cut-off 10 kDa) to approx. 0.4 xg/ml
and stored in aliquots at — 70 °C until use.

Synthesis of biotinylated &-peptide substrate

The epsilon substrate peptide (ERMRPRKRQGSVRRRYV) was
synthesized by standard Fmoc chemistry on a Millipore 9050 plus
Pepsynthesizer with reagents supplied by the manufacturer. ¢-
Peptide was biotinylated (on its free N-terminus) at room
temperature for 3 h in 200 mM sodium phosphate buffer, pH 8,
by the addition of 35 mg of sulphosuccinimidyl-6-(biotinamido)
hexanoate (NHS-LC-biotin; Pierce) to the 200 mg of peptide
still attached to the resin (arginines and lysines were protected).
After biotinylation, protective groups were removed and the
peptide was released from the resin. Biotinylated and non-
biotinylated peptides were separated by HPLC. The structural
integrity of the peptide was confirmed by amino acid analysis.

Antibodies, immunoprecipitation and immunoblotting

Antibodies against PKC-{ were raised in rabbits and were
directed against an oligopeptide (GFEYINPLLLSAEESVC)
based on the C-terminal region of rat PKC-{. Anti-14-3-3 (pan)
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antibodies were raised in rabbits and were directed against an
oligopeptide corresponding to amino acids 3—21 mapping to the
N-terminus of 14-3-34 (KSELVQKAKLAEQAERYDDC).
This antibody detects all 14-3-3 isoforms used in this study with
equal sensitivity as judged by immunoblotting in combination
with Ponceau S staining (results not shown). Monoclonal anti-
bodies against c-Myc were from the hybridoma clone 9E10.
Conditions for COS cell lysis, immunoprecipitation and immuno-
blotting were as described in our previous paper [4].

In vitro kinase assay for PKC

We developed a new, sensitive in vitro kinase assay for PKC,
especially for PKC-{. This quick and highly reproducible assay
utilizes a biotinylated-peptide substrate (Biotin-spacer-ERMRP-
RKRQGSVRRRYV) derived from the pseudo-substrate region of
PKC-¢ in combination with immobilized streptavidin. This ¢-
peptide is a very good substrate for PKC-¢ [20,21]. Kinase
activity was assayed in a volume of 50 xl in 20 mM Hepes, pH
7.4, 10 mM MgCl,, 1 mM EGTA, 0.5 mM Na,VO,, 50 uM [y-
32P]JATP (unlabelled ATP added to yield a specific raidoactivity
of approx. 500 c.p.m./pmol ATP), 25 uM biotinylated e-peptide,
25 ng of PKC-{ (or other PKC) and 50 ug/ml phosphatidylserine
as indicated. The assay was performed at 37 °C for 30 min and
was started by the addition of a 1:1 mixture of a 10 x stock
solution of ATP and biotinylated e-peptide. After 25 min 20 ul of
immobilized streptavidin (509, slurry; Pierce) was added and
incubated with shaking for 5 min. The reaction was stopped by
the addition of 3 ml of ice-cold buffer containing 25 mM EDTA,
1M NaCl, 25 mM Hepes, pH 7.4. The reaction mixture was
immediately filtered over Whatman GF/A glass-fibre filters
mounted on a Millipore filtration manifold (filter diameter
2.5 cm; pre-incubated in 50 mM ATP to reduce non-specific
ATP binding). Filters were washed at least ten times with 10 ml
of 1 M NaCl and two times with water and then counted by
liquid scintillation counting. Non-specific radioactivity bound to
filters (background) was routinely monitored by leaving out
kinase or by adding 10 mM biotin to the assay as indicated. The
advantage of using the biotinylated peptide substrate, rather
than the non-biotinylated substrate in a filter-binding assay, is
the specific isolation (via bead filtration) of phosphorylated ¢-
peptide only, since, for example, autophosphorylated protein
kinase or other proteins would not be retained by this method.
Although e-peptide is a preferred substrate for PKC-¢, other
protein kinases in COS cell lysates might in principle also be
capable of phosphorylating the peptide. However, the major
contribution of PKC-{ could be assessed by its selective inhibitor
Ro 31-8220 [21].

Specific PKC-{ activity was calculated as follows: First, the
specific radioactivity (in c.p.m./nmol) of [y-**P]JATP was calcu-
lated. Then the specific kinase activity (in nmol P,/min per mg of
protein) was calculated wusing the following equation:
(c.p.m. —background)/(specific radioactivity x min x mg of
protein).

RESULTS AND DISCUSSION

We measured the effect of purified 14-3-3 proteins on the
activity of purified recombinant PKC-{ (purity shown in Figure
1). For this purpose, we developed a new sensitive in vitro kinase
assay, using a biotinylated e¢-peptide (derived from the PKC-¢
pseudo-substrate) as a substrate (see the Materials and methods
section). In this assay, we tested three recombinant 14-3-3
isotypes, which show a differential interaction/affinity with PK C-
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Figure 1 Purity of PKC-{ preparation

PKC-¢ was purified as described in the Materials and methods section. The final PD-10 column
fraction was subjected to SDS/PAGE and Coomassie Brilliant Blue staining. The major PKC-
¢ band is indicated. Note the absence of 14-3-3 proteins at 30 kDa.

¢in a COS cell overexpression system. Figure 2 shows that 14-3-
3/ and 14-3-30 co-immunoprecipitate with PKC-¢ from COS
cell lysates, while 14-3-3¢ does not. Despite the differences in
affinity to PKC-{ the effects of these 14-3-3 isotypes on PKC-{
activity are virtually the same. Figure 3(A) shows that in the
absence of phospholipids 14-3-34, 14-3-30 and 14-3-3¢ stimu-
late PKC-¢ activity 2.2-2.6-fold. This is in agreement with the
results of others using other PKCs [11-14]. Acs et al. [14] found
no stimulation of PKC-{ activity by 14-3-3¢, but this can be
explained by the fact that they used 0.5 mM CaCl, in their assay
which is known to inhibit PKC-{ activity [22].

The above results indicate that 14-3-3 isotypes stimulate
PKC-¢ activity independent of their mutual affinity. To confirm
this further, we used a PKC-{ mutant, PKC-{(S186A), that is
unable to bind 14-3-3 at the putative phosphoserine motif
RHDMpS"¢VMP in its regulatory domain, and is thus defective
in 14-3-3-mediated complex formation with Raf-1 [7]. We
overexpressed this mutant as well as the wild-type PKC-{in COS
cells and measured their kinase activity in cell lysates in the
presence or absence of 14-3-3f. Figure 4 shows that the two
overexpressed PKC-{ constructs show a 4-fold increase in kinase
activity in cell lysates, compared with empty-vector-transfected
control cells. This enhanced activity was fully blocked by Ro 31-
8220 (5 uM) (results not shown), confirming that this was PKC-
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Figure 2 Differential association of 14-3-3 isotypes to PKC-{ in immuno-
precipitates

COS cells were transfected with pmtSM plasmids encoding PKC-£ (Myc-tagged) together with
14-3-3 isotypes f, € or ¢ as indicated. Cells were lysed 48 h later and PKC-{ was
immunoprecipitated (IP) with 9E10 antibody. IPs and cell lysates (expression controls) were
subjected to SDS/PAGE and immunoblotted with anti-14-3-3 (pan) or anti-PKC- serum.
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Figure 3 Effect of 14-3-3 isotypes and control proteins on the activity of
PKC- (A) or classical PKC (B) in vitro

(R) Effect of 14-3-35 (pl 4.54; @), 14-3-3¢ (pl 4.50; @), 14-3-30 (pl 4.46; W),
lactoglobulin (pl 5.1-5.3; Q), apo-transferrin (pl 5.56; (1), myoglobin (pl 7.0-7.4; <) and
cytochrome ¢ (pl 10.1; A\) on the activity of PKC-¢. The pl values of the 14-3-3 isotypes
were calculated from NCBI-GenBank sequences, using http://www.expasy.ch/. (B) Effect of
lactoglobulin () and cytochrome ¢ (/\) on the activity of classical PKC (mix of PKC-cz, PKC-
/3 and PKC-y). Data are expressed as percentage of control +S.D.; 100% values approximately
equal the incorporation of 5 nmol of P,/min per mg of protein.

¢ activity [21]. Figure 4, furthermore, shows that stimulation of
activity by 14-3-34 is the same (1.3-fold) for wild-type PKC-¢
and PKC-{(S186A), indicating that this stimulation is unrelated
to the binding of 14-3-3 to PKC-{. The extent of stimulation
when using COS cell lysates is reproducible but lower than that
with purified compounds (Figure 3A). This is because PKC-{ in
these lysates has relatively high constitutive activity, as we have
shown and discussed before [21]. Additional activation by any
stimulus, or by 14-3-3 (in the present study), is therefore
moderate [21].

Our conclusion that 14-3-3 stimulates PKC-{ activity in-
dependent of their mutual binding may also be valid for classical
PKCs (see below) but not for any PKC isotype. PKC-x, a
subtype that differs from other PKC members in structure and
activation mechanisms, has been shown to bind 14-3-37 via a
Cbl-like serine-containing consensus motif [5]. This binding
results in inactivation of PKC-ux [5]. Apparently, in this case and
possibly also for 14-3-37 binding to PKC-6# [3], the mode of
interaction differs from PKC-¢, so that kinase activity is down-
regulated.

Since 14-3-3 proteins are acidic, having a pl of about 4.5 (see
legend of Figure 3A), we tested the effect of several unrelated
proteins with different isoelectric points. We found that acidic
non-14-3-3 proteins stimulate PKC-{ activity almost equally
well, while neutral or basic proteins had no effect (Figure 3A). A
similar stimulatory effect of acidic proteins is seen on the activity
of classical PKCs (Figure 3B). We conclude that the moderate
activation of PKC-{ (and probably also classical PKCs) by 14-
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Figure 4 Effect of purified 14-3-38 on PKC-{ activity in lysates of COS
cells transfected with empty vector, wild-type PKC-{ or PKC-{(S186A)
mutant

(R) No 14-3-34 added (open bars); 14-3-3 added to 2.75 xM (filled bars). The in vitro
kinase assay was performed as described in the Materials and methods section, with the
following minor modifications: assay volume 25 xl, 100 M ATP, 50 «M e-peptide substrate,
100 ng of protein (cell lysate). The specific filter binding of [y”P]ATP was estimated by
including 10 mM biotin in the assay. Data are means + S.D. of triplicates and are representative
of three experiments that had similar results. (B) Immunoblots for PKC-¢ in COS cell lysates
(expression controls). Cells were transfected with 3 xg of pmt2SM-mycPKC-¢"T (WT; plus
3 g of empty vector) and 1 zg of pmt2SM mycPKC-¢ S84 (S-A:; plus 5 zg of empty vector).
Transfected cells were lysed in 250 ! of buffer and 5 xl of total cell lysate was subjected to
SDS/PAGE and immunoblotted with anti-PKC-£ antibody.

3-3 is solely caused by the acidic nature of the 14-3-3 protein.
It thus appears that PKC activity is not only elevated by acidic
lipids, such as phosphatidylserine [22-24], phosphatidic acid [22],
cis-unsaturated fatty acids [22,25] and polyphosphoinositides
[23,24], but also by acidic proteins in a rather non-specific way.

Finally, we wish to comment on the PKC inhibitory action of
14-3-3, reported by Aitken and co-workers [8-10]. In their
studies, they mostly used (classical) PKC isolates from sheep
brain and corrected for the background activity from other
kinases (including the catalytic fragment of PKC) by defining
PKC activity as phosphatidylserine-stimulated kinase activity.
This definition of PKC activity is legitimate or even necessary
when using partially purified PKC. In our study, however, such
a correction is unnecessary since all kinase activity stems only
from pure, unfragmented PKC-{. Legitimate or not, the cor-
rection for phosphatidylserine-independent kinase activity has
important implications for the final statement on whether PKC
is activated or inhibited. Figure 5(A) shows what happens when
we measure the effect of acidic proteins, 14-3-3 and lactoglobulin
on PKC-{ activity in the absence and presence of phosphatidyl-
serine. When subtracting the kinase activity in the absence of
phosphatidylserine from that in the presence of phosphatidyl-
serine, the effect of 14-3-3 on PKC-{ appears to be inhibitory.
The same holds for lactoglobulin [results not shown; note that
lactoglobulin has similar effects on classical PKCs (Figure 3B)].
The dose-dependency of this apparent inhibition is very similar
to that reported by Robinson et al. [10], who used recombinant
14-3-37. This means that the reported inhibitory effect of 14-3-
3 on PKC activity may just be due to the correction for
phosphatidylserine-independent kinase activity and is not a real
inhibition in terms of a constraint on kinase activity. Without
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Figure 5 Effect of 14-3-34 on the activity of PKC in the presence of
phosphatidylserine

The effect of 14-3-34 on the activity of PKC-¢ (A) or classical PKC (B) was measured in
the presence (Q) or absence (@) of phosphatidylserine. Alternative expression as
phosphatidylserine-activated kinase is also shown (4). The effect of lactoglobulin in the
absence and presence of phosphatidylserine shows a similar effect (results not shown).

this correction, the effect of 14-3-3 on PKC-{ per se would be
stimulatory, as shown. Thus, the apparent discrepancy between
our data (PKC stimulation by 14-3-3) and previous reports by
Aitken’s group (PKC inhibition) can be explained by the
definition of PKC activity as phosphatidylserine-stimulated pro-
tein kinase activity.

In conclusion, 14-3-3, by virtue of its acidic nature, promotes
PKC activity in the same way as acidic lipids do in a rather non-
specific manner. As an adapter protein, however, 14-3-3 isotypes
act more selectively and may help activating a protein kinase by
connecting it to another (upstream) activating kinase in a
signalling complex [1,4].
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Japan) for 14-3-3 ¢DNAs. This work was supported by the Dutch Cancer Society.

REFERENCES

1 Aitken, A. (1996) Trends Cell Biol. 6, 341-347

2 Yaffe, M. B,, Rittinger, K., Volinia, S., Caron, P. R., Aitken, A., Leffers, H., Gamblin,
S. J., Smerdon, S. J. and Cantley, L. C. (1997) Cell 91, 961971

3 Meller, N, Liu, Y.-C., Collins, T. L., Bonnefoy-Bérard, N., Baier, G., Isakov, N. and
Altman, A. (1996) Mol. Cell. Biol. 16, 5782—5791

4 Van der Hoeven, P. C. J., van der Wal, J. C. M., Ruurs, P., van Dijk, M. C. M. and
van Blitterswijk, W. J. (2000) Biochem. J. 345, 297-306

5 Hausser, A, Storz, P, Link, G., Stoll, H., Liu, Y.-C., Altman, A., Pfizenmaier, K. and
Johannes, F.-J. (1999) J. Biol. Chem. 274, 92589264

6 Matto-Yelin, M., Aitken, A. and Ravid, S. (1997) Mol. Biol. Cell 8, 18891899



14-3-3 activates protein kinase G 785

Van Dijk, M. C. M., Hilkmann, H. and van Blitterswijk, W. J. (1997) Biochem. J. 325,
303-307

Toker, A., Ellis, C. A., Sellers, L. A. and Aitken, A. (1990) Eur. J. Biochem. 191,
421-429

Toker, A., Sellers, L. A., Amess, B., Patel, Y., Harris, A. and Aitken, A. (1992) Eur. J.
Biochem. 206, 453461

Robinson, K., Jones, D., Patel, Y., Martin, H., Madrazo, J., Martin, S., Howell, S.,
Elmore, M., Finnen, M. J. and Aitken, A. (1994) Biochem. J. 299, 853—861

Isobe, T., Hiyane, Y., Ichimura, T., Okuyama, T., Takahashi, N., Nakajo, S. and
Nakaya, K. (1992) FEBS Lett. 308, 121—124

Tanji, M., Horwitz, R., Rosenfeld, G. and Waymire, J. C. (1994) J. Neurochem. 63,
1908-1916

Dellambra, E., Patrone, M., Sparatore, B., Negri, A., Ceciliani, F., Bodanza, S., Molina,
F., Descalzi Candecca, F. and De Luca, M. (1995) J. Cell Sci. 108, 3569—3579

Acs, P., Szallasi, Z., Kazanietz, M. G. and Blumberg, P. M. (1995) Biochem. Biophys.
Res. Commun. 216, 103—109

Aitken, A., Howell, S., Jones, D., Madrazo, J., Martin, J., Patel, Y. and Robinson, K.
(1995) Mol. Cell. Biochem. 149/150, 41—49

Chen, F. and Wagner, P. D. (1994) FEBS Lett. 347, 128—132

Received 22 September 1999/7 February 2000; accepted 29 February 2000

20

21

22

23

24

25

Jones, D. H. A., Martin, H., Madrazo, J., Robinson, K. A., Nielsen, P., Roseboom,
P. H. Patel, Y., Howell, S. A. and Aitken, A. (1995) J. Mol. Biol. 245, 375-384
McGlynn, E., Liebetanz, J., Reutener, S., Wood, J., Lydon, N. B., Hofstetter, H.,
Vanek, M., Meyer, T. and Fabbro, D. (1992) J. Cell. Biochem. 49, 239250
Dimitrijevic, S., Ryves, W. J., Parker, P. J. and Evans, F. J. (1995) Mol. Pharmacol.
48, 259-267

Kazanietz, M. G., Areces, L. B., Bahador, A., Mischak, H., Goodnight, J., Mushinski,
J. F. and Blumberg, P. M. (1993) Mol. Pharmacol. 44, 298-307

Van Dijk, M. C.M, Muriana, F. J. G., van der Hoeven, P. C. J., de Widt, J., Schaap,
D., Moolenaar, W. H. and van Blitterswijk, W. J. (1997) Biochem. J. 323, 693—699
Limatola, C., Schaap, D., Moolenaar, W. H. and van Blitterswijk, W. J. (1994)
Biochem. J. 304, 1001—1008

Palmer, R. H., Dekker, L. V., Woscholski, R., Le Good, J. A., Gigg, R. and Parker,
P.J. (1995) J. Biol. Chem. 270, 22412—22416

Toker, A., Meyer, M., Reddy, K. K., Falck, J. R., Aneja, R., Aneja, S., Parra, A,
Burns, D. J., Ballas, L. M. and Cantley, L. C. (1994) J. Biol. Chem. 269,
3235832367

Khan, W. A., Blobe, G., Halpern, A., Taylor, W., Wetsel, W. C., Burns, D., Loomis, C.
and Hannun, Y. A. (1993) J. Biol. Chem. 268, 5063—5068

© 2000 Biochemical Society



