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PHOSPHOLIPASE A, AND LIPIDS AS POTENTIAL

MODULATORS OF c-Raf-1 KINASE

Joseph V. Bonventre,* John M. Kyriakis, Richard Spech, Ralph Witzgall, and Thomas Force

c-Raf-1 is a proximal serine /threcnine kinase in the signaling cascade of many mitogens. The cellular
mechanisms responsible for regulation of this kinase remain ill-defined. Although c-Raf-1-
associated proleing have been identified, including Ras, none of these have been found to activate
c-Raf-1 kinase in pitvo,

To evaluate whether arachidenic acid ar ane of its products is implicated in c-Raf-1 activation,
c-Raf-1 activity was measured in LLC-PK, kidney epithelial cells averexpressing the 100 kDa
phospholipase As (PLA:). As compared to contral neomycin plasmid transfected cells, the cells
overexpressing PLA, had a greater activation of c-Raf-1 in response to A2Z3187 and phorbol ester
stirmulation.

Ta explore the possibility that c-Raf-1 activity may be modulated directly by lipids, the enzymalic
characteristics of c-Faf-1 were determined, and the effects of varicus possible lipid modulators on
c-Raf-1 activity were examined, The K, of c-Raf-1 for ATP and mitogen-activated protein kinase
kinase (MAFPKK), the only known physiologic substrate of c-Raf-1, were 116 um and 0.8 pu,
respectively. Of 13 lipids or combinations of lipids tested, including arachidonic acid and several
eicosanoids, only phosphatidylserine and diacvlglyeerol in the presence of Ca?* (2.5 mu) increased
c-Raf-1 kinase activity significantly. The increase (1.5-fold) was approximately two orders of
magnitude less than the stimulation of protein kinase C by these lipids.

c-Rai-1 kinase activity and immunoreactivity eluted on gel filtration at a predicted maolecular mass
of greater than 150 kDa, suggesting that active c-Raf-1 is part of a multimeric complex. The absence
af immunoreactive Ras in the active fractions confirms that the interaction is not necessary ko
maintain c-Raf-1 in an active state.

In conclusion, a product of PLA; may play a role, together with Ras and another unidentified
cofactor, in activating o-Raf-1, This lipid mediator{s) may dircctly or indirectly regulate the activity of
¢-Raf-1, but the identity of the mediator and its mode of interaction with c-Raf-1 and its associated

proteins remain unclear,

Keyaords: lipids, eicosanoids, mitogen-activated protein kinases, LLO-PK; cells.

INTRODUCTION

¢-Raf-1 is the cellular homologue of v-Raf, the trans-
forming gene of mouse sarcoma wvirus, 3611 [1]. It
encodes a serine/threonine kinase that is activated by
many mitogens, including G-protein-linked agonists
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endothelin, thrombin [2], growth factors (platelet-
derived growth factor [PDCF], epidermal growth fac-
tor [EGF], colony-stimulating factor-1 [CSF-1], and
fibroblast grovweth factor |[FGF]), cyvtokines, and phorbol
esters (reviewed in Refs. 3 and 4]. The importance of
c-Raf-1 in the conlrol of proliferation is supported by
the finding that c-Raf-1 functions downstream of Ras
protemns in the signaling cascade and is essential for
growth induction by serum factors and protein kinase
C [3]. c-Raf-1 is the mest proximal kinase identified in a
mitogen- and oncogene-stimulated protein kinase cas-
cade that includes mitogen-activated protein kinase
kinase (MAPKK) and MAF kinases. Oncogenic vari-
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ants of c-Raf-1 and mitogen-stimulated wild-type -
Raf-1 can phosphorylate and activate MAPKK [2, 6-5],
which in turn activates MAD kinase [9-11]. The MAP
kinases then phosphorylate and activate a number of
substrates, including ribosomal 56 kinase, (p85°),
cPLA: and the transcription factors, Elk-1/p6277,
ATF-2, and ¢-Jun [12-185].

The mechanism of activation of c-Ral-1 is not clear.
Using biochemical techniques and the veast two-
hybrid cloning system, c-Raf-1 has been found to
associate with Ras [19=23]. To date, however, this
association has not been found to result in activation of
c-Raf-1 s vitro. It appears that the major role of Ras
interaction with c-Raf-1 is to bring the latter to the
membrane where other as yet unidentified Tactors can
activate the kinase [24, 25]. Ras interacts with c-Raf-1
via the latter’s amino-terminal regulatory domain,
which contains a cysteine finger region. Analogous to
protein kinase C, this region is also predicted to be a
lipid-binding region |26], suggesting ¢-Raf-1 activity
may be modulated by lipid binding [4].

Because of its importance in the cascade of mitogen-
activated kinases, it is important to understand the
regulation of this enzyme. Previous data have sup-
ported the role of arachidonic acid and one or more of
its products as important modulators of cellular prolif-
eralion |27, 28]. If PLA., arachidonic acid, or one or
more of the eicosanoid metabolites of arachidonic acid,
were activators of c-Raf-1, then one might predict that
overexpression of PLA; would enhance ¢-Raf-1 activ-
ity. We evaluated the activation of ¢-Raf-1 in response
to a Ca*' ionophore, A23187, and the phorbol ester,
PMA, in an LLC-PK,; renal epithelial cell line, which
overexpresses I'LAs, as compared to cells transfected
with the ncomycin selection plasmid only. Our find-
ings support the hypothesis that arachidonic acid
and/or one or more of its metabolites are important
intermediates in the cellular signal transduction path-
way used by peptide hormones and growth factors to
induce a proliferative response, and suggest part of
this effect may be via modulation of c-Raf-1 activity. A
number of eicosanoids and other lipids were tested for
direct activation of c-Raf-1 in oitro; however, the iden-
tity of a lipid mediator responsible for activation of
c-Raf-1 remains unknown. Gel filbration chromatogra-
phy reveals that active ¢-Raf-1 exists as a multimeric
complex, and activity is maintained in the absence of
associated Ras,

METHODS

Malerials

[+P]ATP was from DuPont-New England Nuclear.
ATP (special quality) was from Bochringer Mannheim,
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N-ethyl maleimide, arachidonic acid, diacvlglycerol
(B-arachidonoyl y-stearoyl), 1-oleoyl 2-acetyl snu-
plycerol, phosphatidic acid (f-arachidonoyl y-slea-
rovl), phosphatidylinositol bisphosphate, and phospha-
tidylserine were from Sigma. PGF.,, 'GE;, 12(5)-HETE
and 14(15)-EpETrE acid were from Cayvman Chemical.
Geneticin 418 was obtained from Gibeo BRL.

Cell culture

LLC-PK, cells were obtained from the American Type
Culture Collection {Rockville, MD). Cells were main-
tained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 4.5 g/l glucose and supple-
mented with 1% t-glutamine. Stable cell lines trans-
fected with pcDNA 1/Neo or pMT2-cPLA; (obtained
from Genetics Institute) were maintained in the same
medivm with the addition of G418 sulfate 400 pg/ml.
The cPLAytransfected cells were designated LMPCZ.
Cells transfected with pcDNA 1/ Neo alone were desig-
nated LNeoC4.

Ihospholipase A activily

PLA; activity in 100,000 % g supernatants of LMPC2
cells was 15 times that of the LNeoC4 cells. PLA.
activity was measured using 1-stearoyl-2-[1-'*C] arachi-
donoyl-sn-glvcero-3-phosphocholine  (2-[1-#C|AA-
GPC; 55.6 mCi/mmol ') purchased from Amersham,
Buckinghamshire (UK), using standard techniques es-
tablished in our laboratory [29].

Expression and purification ol histidine-tagged
c-Raf-1

lFor studies of candidate lipid modulators, c-Raf-1 was
purified from SF9 insect cells infected with recombi-
nant baculovirus, encoding a histidine-tagged ¢-Raf-1
cither alone (producing “inactive” c-Raf-1), or together
with recombinant baculovirus, encoding v-sre and
Val-12 v-ras (all obtained from Dr. Ulf Rapp) [30]. After
72 hof infection, the cells were lysed and the histidine-
tagged prolein was purified, using a Ni*“-nitrilotriace-
tic acid-Sepharose column (Invitrogen) and imidazole
¢lution [31]. c-Raf-1 was purified to a specific activity
of 29,000 U/mg (where 1 U = 1 pmol of phosphate
transferred to MAPKK per minute). The prolein was
dialyzed into a buffer containing 20 mym HEPES, pH =
7.4: 5 mat EGTA, 0.17% Triton X-100, 2 my dithiothreitol
(DTT), 50% glyeerol, and 1 my phenvimethylsulfanyl
fluoride, and stored at =20°C,

Immunoprecipitation and assay of c-Raf-1 kinase

c-Rai-1 was immunoprecipitated from LLC-PK,; cells
using 5P63 antisera (courtesy of Dr. Ult Rapp), using
methods previously described |2, 6]. Activily of the
c-Raf-1 kinase, either purified from SF9 cells or in
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immunoprecipitates, was measured by determining
the phosphorylation of MAPKEK purified from bovine
brain. ¢-Raf-1 kinase activity was assayed in the pres-
ence of MgCly (10 mn), [y==PTATE (100 g, 30008000
cpm pmole '), and MAPKK (23 pg/ml). ¢-Raf-1 was
assaved, using 5.6 ng per assay for 20 min. Reactions
were stopped with 505 sample buffer, and the proteins
were reselved by SDS5-PACE. Bands correspending to
the 48-kDa MADEE were excised, and radicactivity
was measured by liquid scintillation counting. Al
assays were corrected for MAPKE autophosphoryla-
tion, which was less than 10% of c-Raf-1 kinase activity.
In assays examining potential lipid modulators of
c-Raf-1, lipids were sonicated on ice in kinase assay
buffer (30 mu B glycerol phosphate [pH = 7.3], 1.5 m
EGTA, 1 mm DTT, (L03% Brij 33) for 1 min prior o
being added to the reaction mix.

Purification of MAT kinase kinase

Bovine brain MAPKK was prepared as previously
described |2, 8]. This procedure routinely vielded a
preparation with a specific activity of 3500 U/ mg with
an overall recovery of &%. The purity of the prepara-
fiom was approximately 30% [32].

Gel filtration chromatography

Purified histidine-tagged active c-Raf-1 (200 pl} was
applied to a 1 % 30-cm Superose 12 colummn (Pharma-
cia}, equilibrated with 20 mu Tris, pIT 7.4, 2 mm EGTA,
200 mrn NaCl, 1 ma DTT, 0005% Triton X-100, and
0.5-ml fractions, were collected. The columm was cali-
brated with ferritin, 440 kDa; aldolase, 158 kDa or Ig(G,
150 kDa; bovine serum albumin, 67 kiDa; and ovalbu-
min, 43 kDa or ribonuclease A, 14 kDa. Xylene cyanol
was used to indicate included volume.

Immunoblotting,

Samples were run on 10% SDS-PACE and then trans-
ferred to Imobilon. After blocking, the membranes
were exposed fo affinity-purified anti-Raf antisera
(anti-5P63), anti-Ras antisera (Oncogene Science), or a
moneclonal anli-GTlase activating protein (GAP} an-
tibody {Upstate Biotechnology Inc.). Antibody-binding
was detected with the ECL Western blotting system
LAmersham).

RESULTS AND DISCUSSION

Owerexpression of LA, enhances activation

of ¢-Raf-1

The 100,000 # g supernatants of LMPC2 cells contained
15-fold higher levels of PLA; activity when compared
to LMNeoCd cells. c-Raf-1 activation in response to
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AZZTEF (1 ) and PAMA {100 nad) in LMPCZ cells was
approximately twice that in LNeoCd cells (Fig. la).
This greater increase in c-Ral-1 kinase aclivily was
found despite less immunoreactive c-Raf-1 in the cells
overexpressing cl’LaA, (Fig, 1b).

Direct modulation of c-Raf-1 by lipids

We determined whether arachiclonic actd, several eicos-
ancids, or other membrane lipids directly activated
c-Raf-1 expressed in, and purified from, SF9 cells, To
do this, we first characterized the kinetics of c-Raf-1
[32]. The Michaelis Boston K, of c-Raf-1 for ATP and
MAPER were 11.6 pat and 0.8 us, respectively. Activ-
ity of c-Raf-1 increased in a linear fashion when Mg*'
or Mn?' concentrations were increased from 0 to 5 mn
Mg?* was the preferred cation at concenlrations of
Mgt and Mn?* above 5 mm [32].

There are many examples of regulation of intracellu-
lar signaling events by lipids, including arachidonic
acid and its metabelites, Arachidonic acid alters ligand-
receptor interactions [33, 34]. Arachidonic acid as well
as other fatty acids, which are not substrates for
cyclooxygenase or lipoxvgenase enzyies, modulate
activity of a number of different membrane channels
[35-41]. Arachidonic acid increases the activity of
guanylate cyclase [42], protein kinase C [43, 44], and a
GTPase inhibitory protein [45]. It inhibits Ca?*/
calmodulin-dependent protein kinase 11 [46] and the
GTPase activating protein, GAT [47]. Arachidonic acid
also activates the nenlransmembrane prolein tyrosine
phosphatase, containing two sre homology 2 (SH2)
domains (FTPLC, SHITP-2, or Syp) [48]. This phospha-
tase, like protein kinase C, is also activated by anionic
phospholipids, We have reported that endogencous
products of arachidonic acid are important modulators
of intracellular calcium homeostasis [49] and prolifera-
tion in rat mesangial cells [27].

Given this background of involvement of lipids in
the regulation of intracellular enzymes important for
signaling, together with the suggestion of a lipid-
binding demain in the regulatory region of c-Ral, and
our findings of enhanced activation of c-Raf-1 in cells
overexpressing LA, we tested a number of lipids for
potential modulatory effects on c-Raf. OF 13 lipids or
combinations of lipids tested (Table 1), enly phosphati-
dylserine and diacylglyeerol, in the presence of 2.5 mm
Ca®*, increased c-Raf-1 kinase activity significantly,
and the increase was only 1.5-fold [32]. This small
increase was approximately two orders of magnitude
less than the stimulation of protein kinase C by these
lipids, Arachidenic acid, PGE;, PGF,,, 12{5)-HETE, 14,
(15)-EpETrE (Table 1), and lysophesphatidyicholine
and lysophosphatidic acid {data not shown) had no
cffect. In addition, although phosphatidylcholine-
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Fig. 1. Activation of ¢-Raf-1 by phorbol ester and A23187 in cPLA; overexpressing cells. LMPC2 cells, stably
ovarexpressing cPLA,, or LNaoC4 cells, transfected with the neomycin resistance plasmid (pcDNAINeo) only, were
stimulated with PMA (100 nsb and A23187 {1 mm) for 10 min. Cell lysates were subjected to immunoprecipitation with
SPB3 antisera and aliquots were taken for c-Raf-1 kinase assay (a), or immunoblotting for c-Raf-1 (b
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Table 1. Candidate lipid maodifiers.
“Active”  “Inactive'
Lipid Raf (% Ch  Raf (% C)
AL 150 ) 98 110
DAG {100 pa/ml} g1 102
P& 100 wafmil) et} 113
FIFz (100 wgiml) =11 g9
PGF;, {150 ) 112 1249
PGE; {150 pnal 111 1148
12{5)-HETE {150 jua) 101 05
14,015-EpETrE 1150 wm) 110 105
Ca?’ {5 mm) B 111
Phosphatidylserine (100 pgiml} 824 113
Ca®/P5/DAG (2.5 mw/
100 pug/mi25 pgimil) 72 161
Ca® /PS/OAG (2.5 mny/
100 gm0 wodrml) 74 158
r-Acetyl s-farnesyl cysteine
(100 pg/ml} 74 147

Mote: o-Raf-1 was preincubated with the sonicated lipids for 10
min at 30°C hefore performing the kinase assays. FIFs, phospha-
tidylinositol biphosphate; 12(5)-HETE, 12-hydroxy[ 5.(E.2.2.5]-
52,810, 14-cicosalelroenoic acid; 14,015-EpETrE, 14,[15-2pomy-
aicosatriencic acid; DAG, diacylglyeerol; FS, phosphatidylsering;
PA, phosphatidic acid. DAG and PA were B-arachidonoy| -stea-
royl. (From Ref. 32, with permission.)

specitic phospholipase C has been implicated in the
activation of c-Raf-1 [30], the products of this enzyme,
diacylglycerol (DAG) and phosphatidic acid, were also
ineffective (Table 1). Thus, lipids alone were incapable
of activating o-Raf-1 in oiteo.

It might be argued that only a limited number of
representatives of classes of potential lipid modulators
were tesled and that any o-Raf-1/lipid interaction
could be very specific to a modulator not included in
these studies, However, lipid activation of kinases or
phosphatases has generally been found to be an effect
commaon to a class or group of lipids [48, 51]. These
data suggest that while a product of PLA; activation
may play a role in activating c-Raf-1, either the lipids
tested were not the correct ones or a critical cofactor
necessary for activation was missing, or the effect we
observed is indirect (possibly via modulation of a GAP
or a GTPase inhibitory protein [45, 471),

Gel-filtration chromatography of c-Raf-1

On gel-filtration chromatography, the peak of c-Ral-1
kinase activity and immunoreactivity eluted at a pre-
dicted molecular mass of greater than 150 kDha, suggest-
ing that active c-Raf-1 exists as a multimeric complex
(Fig. 2) [32]. Ras is a candidate protein that might be
complexed te o-Raf-1 since Ras has been implicated in
the localization of c-Raf-1 to the membrane via a direct
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protein—protein interaction [24, 25]. In agreement with
the absence of Ras in immunoprecipitates of aclive
c-Raf-1 [24], immunoreactive Ras was not found in
fractions with active c-Raf-1 (data not shown). Thus,
whereas Ras is necessary to bring c-Eaf-1 to the
membrane, Ras is not necessary to maintain c-Raf-1 in
an active slate,

CONCLUSIONS

The mechanism of activation of o-Raf-1, a proximal
kinase in the signal transduchon cascade leading to
mitogenesis, remains unclear. Although Ras is essen-
tial to bring the kinase to the membrane, the factors
present in the membrane which then activate o-Raf-1
are unknown, c-Ral-1 associated proteins have been
identified, including hsp 90 and p50 [52], but none of
these have been demonstrated to activate the kinase in
wifro. Our data suggzest that a product of PLA; activa-
tion may play a role in the activation of ¢-Raf-1, but our
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Fig. 2. Analytical gel filtration of histidine-tagged c-Raf-1
from triply-infected SF9 cells. Histidine-tagged c-Raf-1
was purified from SF3 cells triply-infected with baculovi-
ruses encoding histidine-tagged c-Raf-1, v-sre, and v-Ras,
and subjected to gel filtration on a Superose 12 column.
The colummn was developed at 0.5 mlfmin and sixty 0.5-ml
fractions were collected. Kinase assays were performed
on every other fraction. Kinase activity of the fractions is
presented as cpm of BP0y incorporated into MAPKE. The
glution position of standard proteins is indicated: ferritin
(440 kDal; 1gG (150 kDal; bovine serum albumin (67 kDal;
owvalbumin (43 kDa). Below the graph is animmunoblot of
the column fractions using affinity-purified SPE3 to idan-
tify c-Raf-1. iFrom Ref. 32, with permission.)
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failure to activate the kinase in vifro, with the panel of
lipids we tested, suggests that a critical cofactor may
be missing or the effect is indirect. If lipid mediators
regulate the activity of this kinase, the identification of
the mediator and its mode of interaction with c-Raf-1
and its associated proteins, including Ras, will be a
major step toward understanding how arachidenic
acid and its metabolites modulate the mitogenic re-
sponse.

ACKNOWLEDGMENTS

The authors would like to thank Ulf Rapp and Xian-
feng Zhang for helpful discussions and Karen Dellovo
for her expert technical assistance and photography.
This work was supported by NIH grants DEOT1986,
DEZ9P73, DEAE452, and GM46577, and a Searle Re-
search Challenge Grant,

REFERENCES

1. Rapp LR, Goldsborough MD, Mark GE, Booner TIL
Groffen |, Revnolds FH R, Stephenson |R: Structure and
biological activity of veraf, a unique oncogene trans-
duced by a retrovirus. I'roc Matl Acad Sci USA 198350
42184222,

2. Kyriakis M, Force TL, Rapp UR, Borvventlre TV, Avruch T
Mitogen regulation of c-Raf-1 protein kinase activity
toward mitogen-activated protein kinase kinase, | Biol
Chem T993,268: 1A0059-16019.

. Rapp UR: Role of Raf-1 serine/ threonine protein kinase
in growth factor signal transduction. Oncogene 19916
495-500,

4. Li B, Wood K, Mamon H, Haser W, Roberts T: Raf-1; A
Kinase currently without a cause but not lacking in
effects, Cell 1991;64:479-482,

5. Kolch W, Heidecker G, Lloyd F, Rapp UR: Ral-1 protein
kinase is required for growth of NIH /313 cells. Mature
1991;34%:420-425.

b, Kyriakis [M, App H, Zhang X, Banerjee I, Brautigan DL,
Rapp UR, Avruch |: Raf-1 activates MAP kinase-kinase.
Mature 1992;358:417-421.

7. Howe LR, Leevers 5], Gomer M, Nakielny 5, Cohen I
Marshall CJ: Activation of the MAT kinase pathway by
the protein kinase raf. Cell 1992;71:335-342,

. Dent I Haser W, Havstead TA], Vincent LA, Roberts Th,
Sturggill TW: Activation of mitogen-aclivaled prolein
kinase kinase by w-Raf in WNTH 3T3 cells and in witro.
Science 1992:257:1404-1407.

9. Ahn NG, Seger R, Bratlien RL, Dilkz CD, Tonks MNE,
Krebs EG: Multiple components in an epidermal growth
factor-stimulated protein kinase cascade. ] Biol Chem
1991, 266:4220-4227,

10, Gomez N, Cohen P Dissection of the protein kinase

Lk

o0

Awmerican Journal of Therapeutics (1995} 304)

11.

12

13

l&.

17.

15,

19,

20

21

22,

23,

24,

25,

2h.

JY BOMVENTRE et al.

cascade by which nerve growth factor activates MAFP
kinases, WNature 1991353 170-173.

Cresws O, Alessandrini A, Erikson RL: The primary
structure of MEEK, a protein kinase that phosphorylates
the ERK gene producl. Science 1992255475480,

Sturgill TW, Ray LB, Erikson I, Maller JL: Insulin-
stimulated MAP-2 kinase phosphorvlates and activates
ribosomal protein 56 kinase [T MNalure 1992,334:715-718.
Lin L-L, Wartmann M, Lin AY, Knopf L, Seth A, Davis
El: cPLAZ is phosphorylated and activated by MAT
kinase. Cell 1993,72: 269275,

- Mernemobf A, Winita 5, Oilan IN-X, Van Putten V, Johnson

L, Heasley LE: Phosphorylation and activation of a
high molecular weight from of phospholipase A2 by p42
microtubule-associated protein 2 kinase and protein
kinase C. [ Biol Chem 19493;268: 196014904,

. Janknecht R, EH. W, Pingoud V, Nardheim A: Activation

of ternary complex factor Elk-1 by MAT kinase, EMB( ]
1993 1250975104,

Gille H, Sharrocks AL, Shaw PE: Phosphorylation of
transcription factor po2™F by MADP kinase stimulates
ternary complex formation at c-fos promoter. Nature
1992358414416,

Abdel-Hafiz HA, Heasley LE, Kyriakis [M, Avruch ],
Kroll D], Jehnson GL, Hoeffler I Achivating transcrip-
licn factoe-2 DNA-hinding activity is stimulated by
phosphorylation catalvzed by p42 and p5d microtubule-
associated protein kinases, Mol Endo 1992620792089,
TPulverer B, Kyriakis [M, Avruch ], Nikolakalki E, Woodgell
I Phophorylation of c-jun mediated by MAD kinases.
Makure 1991353670674,

Zhang X-f, Settleman ], Kvriakis [M, Takeuchi-5uzuki E,
Elledge 5], Marshall M, Bruder JT, Rapp UR, Avruch |:
Mormal and oncogenic p2lras proteing bind to the
amino-terminal regulatory domain of c-Raf-1. MNalure
1903,3604:308-313.

Wan Aclst L, Barr M, Marcus 5, Polvering A, Wigler M:
Complex formation between RAS and RAF and other
protein kinases, Proc MNatl Acad Sci USA 1993,90:6213-
6217,

Warne 'H, Viciana 'R, Downward [: Direct interaction of
Ras and the amino-terminal region of Raf-1 in wvitro,
Mature 1903364352355,

Vojtek AB, Hollenberg SM, Cooper JA: Mammalian Ras
interacts directly with the serine/threonine kinase Eall
Cell 1993,74:215-214.

Moodie SA, Willumsen BM, Weber M), Wolfman A:
Complexes of Ras-GTT with Raf-1l and mitogen-act-
vated protein kinase kinase, Science 1993;260:1155-1161.
Leevers 5], Patersen HF, Marshall CJ: Requirement for
Ras in Raf aclivalion is overcome by targeting Kaf to the
plasma membrane, MNature 1994,368:411-414.

Stokoe 1, Macdonald S5G, Cadwallader K, Symons M,
Hancock JF: Activation of Eaf as a result of recruitment to
the plasma membrane. Science 1994,264:1463-1467.
Bruder JT, Heidecker G, Rapp UR: Serum-, TPA-, and
Ras-induced expression from Ap-1/Ets-driven promot-
ers requires Raf-1 kinase. Genes Dev 1992:6:545-556,

. Sellmayer A, Uedelhoven Wi, Weber PC, Bonventre [V



FLA; AND LIPIDS AS MODULATORS OF c-Raf-1 KINASE

28,

31

33

40,

Endogencus non-cyclonxvgenase metabolites of arachi-
denic acid modulate growth and mRENA levels of imme-
diate-early response genes in rat mesangial cells. | Biol
Chermn 1997;206: 3800-35807,

Bonventre [V: Phospholipase A; and signal transduction,
| Am Soc Mephrol 1992;3:125-150.

. Kim DK, Borventre |V Purification of a 100 kDa phospho-

lipase A; from spleen, lung and kidnev. Anliserum raised
to pig spleen phosphelipase Az recognizes a similar form
in bovine lung, kidney and platelets, and immunoprecipi-
tates phosphalipase Ay activity, Biochem | 19493294261
2710

- Williams NG, Roberts T, Li P: Both p21ras and ppaiv-

srcare regquired, but neither alone is sufficient, to activate
the Raf-1 kinase. Proc Natl Acad Sci USA 1992592022
2920,

Janknecht B, De Martynoff G, Lou ], Hipskind RA,
Mordhem A, Stunnenberg HG: Rapid and efficient purifi-
cation of native histidine-lagged protein expressed by
recombinant vaccinia virus, Proc MNatl Acad Sci USA
(RGN e R SR M N

2. Force T, Bonventre |V, Heidecker G, Rapp U, Avruch [,

Kyriakis |M: Ereymatic characteristics of the c-Raf-]
protein kinase, Proc MNat Acad Sci TISA 1994911270
1274

Kalo [: Arachidonic acid as a possible modulator of
estrogen, progesting androgen, and glucocorticoid recep-
tors in the central and peripheral lissues, | Steroid
Biochem 1989;34:219-227,

3. Baltarelli MDD, Yamada ¥, Covle [T: Phospholipase A and

H-hemichelinium-3 binding sites in rat brain: a poten-
tial second-messager role for fatty acids in the regulation
of high-affinity choline uptake. | Neurosci 1990:10:62-72.

- Ordway BW, Walsh [V, [k, Singer ||: Arachidenic acid and

other fatty acids directly activate potassium channels in
smooth muscle cells. Seience 1989;244:1176-117%,

- Dredway BW, Singer ||, Walsh Jr. W Direct regulation of

ion channels by fatty acids, Trends Neurosel 19971;14:96
10,

. Kim D, Lewis DL, Graziadei L, Neer EJ, Bar-Sagi I

Clapham [E: G-protein By-subunits activate the cardiac
muscarinic [0 channel via phospholipase As. MNature
1989:337:557-560,

- Kim D, Clapham DE: Potassium channels in cardiac cells

activated by arachidonic acid and phosphalipids, Sci-
ence T989: 24411741176,

- Kime D, Dff RA: Regulation of K- channels in cardiac

ryocytes by free fatty acids, Cire Res 1990067 1040- 1046,
Hwang T-C, Guggine SE, Gugging WHE: Direct modula-
tiem of secrelory chloride channels by arachidonic and

41.

43,

45

46,

47

48,

49,

S

52,

293

other cis unsaturated fatty acids. Proc Natl Acad Sei UsA
199087537 00-5709,

Anderson ME, Welsh M]: Fatty acids inhibit apical
membrane chloride channels in airway epithelia. Proc
Matl Acad Sci USA 1990:87,7334-7338,

2. Cerzer [, Brash AR, Hardman ]G Activation of soluble

guanylate cvelase by arachidonic acid and 13-lipoxyge-
nase products. Biochim. Biophys, Acta 1986;886:383-3585.
Hansson A, Serhan CM, Haeggsteam ], Ingelman-
Sundberg M, Samuelsson B Activation of protein kinase
C by lipoxin A and other eicosanaids. Intracellular action
of ocxvgenation products of arachidonic acid. Bichem
Biophys Res Commun 1986;134:1215-1222,

- MePhail L, Clayton CC, Snyderman B A potential

second messenger role for unsaturated fatty acids. Acti-
vation of Ca**-dependent protein kinase, Science 1984,
224:062-560.

Tsai M-H, Yu C-L, Stacey DW: A cytoplasmic protein
inhibits the GTPase activity of H-Kas in a phospholipid-
dependent manner. Scicnee 1990,250L9582-935.

Piomelll D, Wang JKT, Sihra TS5, MNairn AC, Czernik AL
Greengard I Inhibition of Ca®' /calmodulin-dependent
protein kinase | by arachidenic acid and its metabolites.
Proc Matl Acad Sci USA T989:86:85350-8554.

sai M-H, Yo C-1, Wei 155, Stacey DWW The effect of
Gllase activating protein upon Ras is inhibited by
mitogenically responsive lipids. Science 19849;243:522-
526,

Zhae £, Shen 5-H, Fischer EH: Stimulation by phosphi-
lipids of a protein-tyrosine-phosphatase containing two
sre homoelogy domains, Proc Natl Acad Sci UISA 1993590
42514255,

Foree T, Hyman G, Flajjar B, Sellmaver A, Bonventre [V
Moneyclooxy penase metabolites of arachidonic acid am-
plify the vasopressin-induced Ca?™ signal in glomerular
mesangial cells by releasing Ca®™ Trom intracellular
stores. | Biol Chem 19971;266:4295-4302.

Cai H, Erhardt 1% Troppmair |, Diaz-Meco MT, Sithanan-
dam G, Kapp LK, Moscat |, Cooper GM: IHydralysiz of
phosphatidvicheline couples Ras to activation of Haf
protein kinase during mitogenic signal transduction.
Mol Cell Biol 1993;12:7645-7551.

. Makanishi H, Exton JH: Purification and characterization

of the { isoform of prolein kinase C from bovine kidney: |
Biol Chem 19922671634 716354,

Wartman M, Daviz R]; The nafive strocture of the
activated Raf protein kinase is a membrane-bound multi-
subunit complex. [ Biol Chem 1994, 260:6085-60701.

American Jouwrnal of Therapeutics (199a) 304)



	Ohne Titel-1.pdf
	Ohne Titel-2.pdf
	Ohne Titel-3.pdf
	Ohne Titel-4.pdf
	Ohne Titel-5.pdf
	Ohne Titel-6.pdf
	Ohne Titel-7.pdf

