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Rac and Phosphatidylinositol 3-Kinase Regulate the Protein
Kinase B in FceRI Signaling in RBL 2H3 Mast Cells®

Nabil Djouder,* Gudula Schmidt,* Monika Frings, T Adolfo Cavalié,” Marcus Thelen; and
Klaus Aktories®*

FceRlI signaling in rat basophilic leukemia cells depends on phosphatidylinositol 3-kinase (P13-kinase) and the small GTPase Rac.
Here, we studied the functional relationship among PI3-kinase, its effector protein kinase B (PKB), and Rac using inhibitors of
P13-kinase and toxins inhibiting Rac. Wortmannin, an inhibitor of PI13-kinase, blocked FeeRI-mediated tyrosine phosphorylation
of phospholipase Gy, inositol phosphate formation, calcium mobilization, and secretion of hexosaminidase. Similarlylostridium
difficile toxin B, which inactivates all Rho GTPases including Rho, Rac and Cdc42, an@lostridium sordellii lethal toxin, which
inhibits Rac (possibly Cdc42) but not Rho, blocked these responses. Stimulation of the éRI receptor induced a rapid increase
in the GTP-bound form of Rac. Whereas toxin B inhibited the Rac activation, PI3-kinase inhibitors (wortmannin and LY294002)
had no effect on activation of Rac. In line with this, wortmannin had no effect on tyrosine phosphorylation of the guanine
nucleotide exchange factor Vav. Wortmannin, toxin B, and lethal toxin inhibited phosphorylation of PKB on Set” Similarly,
translocation of the pleckstrin homology domain of PKB tagged with the green fluorescent protein to the membrane, which was
induced by activation of the FaRI receptor, was blocked by inhibitors of PI13-kinase and Rac inactivation. Our results indicate
that in rat basophilic leukemia cells Rac and PI3-kinase regulate PKB and suggest that Rac is functionally located upstream and/or
parallel of PI3-kinase/PKB in FceRlI signaling. The Journal of Immunology,2001, 166: 1627-1634.

the F&RI mediates cell activation which finally results in apoptosis (9, 10). Major products of PI3-kinase are phosphatidy!
degranulation and release of granule content (1, 2). Severahositol (P1) 3-phosphate (PI(3)P), Pl 3,4-bisphosphate (PI1(3)4)P
signal transduction pathways are involved in this process, includand PI 3,4,5-trisphosphate (PI(3,4,5)Pwhich interact with
ing tyrosine kinases Lyn and Syk, activation of phospholipaseFYVE- and pleckstrin homology domains to modulate protein- &
Cv1, subsequent increase in the intracellular calcium by mobili-protein and protein-lipid interactions. One established target ofg
zation of calcium stores, and calcium influx through calcium re-p|3-kinase is protein kinase B (PKB), also termed RAC kinase org
lease-activated calcium current channels (3-6). Recently, it wagrotein kinase Akt (11). PKB is activated by phosphorylation ats
shown that phosphatidylinositol 3-kinase (PI3-kinase) is also esThr**®and Set”*which are located in the so-called activation loop &
sential for activation in RBL cells (7, 8). PI3-kinase is involved in gnd C terminus of the kinase, respectively (12, 13). Whereas the;
p4

I n rat basophilic leukemia (RBL2H3) cells, cross-linking of  tion, cytoskeleton organization, proliferation, differentiation, and
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the regulation of a number of cellular functions, including secre-yinase responsible for the phosphorylation of“&&is still un-
known, phosphorylation of the A-loop site occurs by phosphoi-
*Institut fir Pharmakologie und Toxikologie der Univeisiteiburg, Freiburg, Ger- nosmde-depe.ndent protein kinase-1 (EDKl)' Activation of PKB is i
many; TInstitut fr Pharmakologie und Toxikologie der Univeisittes Saarlandes, ~ paralleled by its membrane translocation as shown recently by ace
Hombulrg %Saar), Germany; arthstitute for Research in Biomedicine, Bellinzona, tivation of Ieukocytes using the pleckstrin homology domain of the 8
Switzerlan L . . o
Received f blication August 2. 2000. Accented f biication N b protein kinase B, tagged with a green-fluorescent protein GFP (14)£
eceived for publication August 2, . Accepted for publication November . . ..

9. 2000. P 9 P P The Rho GTPases, including Rho, Rac, and Cdc42, are crltlcaﬁ
The costs of publication of this article were defrayed in part by the payment of pZalg;Jeg_mat()rS of the actin cytoskeleton _and_ pa_lrtlupate in several Slg‘;z
charges. This article must therefore be hereby maedxrtisemenin accordance  naling events (15-17). Recent studies indicate that Rho GTPases
with 18 U.S.C. Section 1734 solely to indicate this fact. are also involved in activation of RBL cells (18—21). For example, ¢
1 This work was supported by the Deutsche Forschungsgemeinschaft (grant to K.Agtable expression of dominant negative Rac and Cdc4? in RBLS
and the Bundesministeriumiflildung, Wissenschaft, Forschung and Technologie L . . 5
(clinical research group “Pathomechanismen der allergischeri fihing” to K.A. cells inhibited FeRI-mediated degranulation (22), and RhoGDI, a g
and G.S.). guanine nucleotide dissociation inhibitor that was shown to blockg

2 Address correspondence and reprint requests to Dr. Klaus Aktories, Institut futhe biological activity of Rho GTPases, inhibited regulated exo-
Pharmakologie und Toxikologie der Universifaeiburg, Hermann-Herder-Strasse 5, ;
D-79104 Freiburg, Germany. E-mail address: aktories@uni-freiburg.de cytosis from RBL cells (23)'
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3 - o i iy . , . Rho GTPases are the specific targets of various bacterial proteif
Abbreviations used in this paper: RBL cells, rat basophilic leukemia cells; C2 toxin, . . .

Clostridium botulinumC2 toxin consisting of the enzyme component C2I and the tOXiNS, which are used as pharmacological tools to analyze the
binding component C2II; C2IN-C3, C3 fusion toxin consisting of C3 ADPérjbosyI— functional roles of the GTPases in diverse signal processes (24).
transferase and the N-terminal part of componentC dfotulinumC2 toxin; [C& " ]; s e . . .
cytoplasmic free calcium; Crib, Cdc42/Rac interactive binding; TNP-OVA, trinitro- C|95t“d|um difficiletoxins B inactivate Rho GTPases by glucosy'
phenyl-conjugated OVA; toxin BClostridium difficiletoxin B; lethal toxin, Clos- lation at ThF” (RhoA, -B, and -C) and TAPF (Rac and Cdc42),

tridium sordellii lethal toxin; IP, inositol phosphate; §Pinositol 1,4,5-triphosphate; H H i H _
PH, pleckstrin homology domain; PKB, protein kinase B; PAK, p21-activated protein reSpeCtlvely (25) T.he lethal toxin C(.ﬂOStl'ldlum sordelli glu
kinase; RBD, Rac-binding domain; PDK1, phosphoinositide-dependent protein ki-COSylates and inactivates Rac, possibly Cdc42, but not Rho (26,

nase-1; dGFP, green-ﬂuorescent”prlotein; F?l%mlhoszhlflipase o, Nr|1AP' rr1nitct>jgt|3n- I27). In addition, Ras subfamily proteins (e.g., Ras, Ral, and Rap)
activated protein; ERK, extracellular signal-related kinase; PI, phosphatidylinositol; . . . 0 .
PI(3)P, Pl 3-phosphate: PI(34)PI 3,4-bisphosphate; PI(3,4,8P1 3,4 5-risphos- a1 glucosylated by the lethal toxin. Finalglostridium botuli-
phate. numC3 exoenzyme and related C3-like transferases, including the

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00



1628 Rac AND PI3 KINASE REGULATE PKB IN FeRI SIGNALING

C3 chimeric toxin C2IN-C3, selectively ADP-ribosylate RhoA, -B, ington, MA) were grown in Eagle’s MEM with Earle’s salts supplemented
and -C at Asfi* and inhibit their functions (28—31). Therefore, the With 15% (v/v) heat-inactivated FCS, 4 mM glutamine, 100 U/ml penicil-
findings thatC. difficile toxin B andC. sordelliilethal toxin but not  !in. and 100ug/ml streptomycin in a humidified atmosphere of 5%GID

. AT . . 37°C. RBL 2H3 m1 cells were detached from culture plates with SK buffer
C3-like toxins inhibit FeRI-mediated degranulation suggested a (125 mM NaCl, 1.5 mM EDTA, 5.6 mM glucose, and Fio mM HEPES, pH

crucial role of Rac/Cdc42 but not of Rho isoforms ineR¢ sig-  7.2); no trypsin was used to avoid a partial destruction of membrane re-
naling in RBL cells (32, 33). ceptors. Cells were incubated overnight with pg/ml anti-TNP IgE be-

Several studies suggest that Rho GTPases and PI3-kinase furfef® Ag stimulation experiments.
tionally interact (34, 35). In porcine aortic endothelial cells, it was Treatment with toxins
ts: °‘f"” that PDGIG:_P'X aRstab!y exp;ressed F;DP(?:!): IigcepIC)tr Stlmu:aiessubconﬂuent cells were preloaded with anti-TNP-OVA IgE overnight.

e increase in -Rac via activation of Fls-kinase 10 regulat€rhereafter, the medium was changed, and the cells were treatecCwith
the actin cytoskeleton (36). Moreover, Rac is activated by stimudifiicile toxin B andC. sordellii lethal toxin for the indicated times and 9
lation of the FMLP and leukotriene Breceptors in neutrophils. concentrations. After toxin treatment, cells were washed with the appros
This effect is blocked by the PI3-kinase inhibitors wortmannin andPriate buffer and used for the assays. Viability of cells were checked byg
LY294002 (37). Th . leotid h factor V. trypan blue exclusion, indicating more than 90% viable cells. The toxins&

‘ - (37). e guamne 'nuc eotide eXF ange tactor ,avdid not induce any unspecific release of hexosaminidase.
which activates Rac (38), is activated by tyrosine phosphorylation. ) .
The PI3-kinase substrate PI(4,5)mhibits the phosphorylation 1 ransfection with PH-PKB-GFP construct
and activation of Vav, whereas the PI3-kinase product PI(3,4,5)PRBL cells were transfected with 16g of the PH-PKB-GFP by electro-
enhances phosphorylation and activation of the nucleotide exporation at 240 V and 95@.F, and 30 h later coverslips were placed in
change factor (39). In contrast, GTP-bound Rac and Cdc42 reporME/MImeq"%mé"l"‘gngg?t) '”Athe p.resle”.ce of 5% FCS and loaded with 0.3g
edly bind to the p85 subunit of PI3-kinase, possibly activating the"9™ anti- 9E before Ag stimulation. '

lipid kinase (40). Moreover, it was shown that PI3-kinase actsMicroscopy
downstream of Rac/Cdc42 in the signaling of integrin-mediatedrBL cells were seeded on glass coverslips in 24-wells culture plates an
cell motility and invasiveness (41). incubated without or with wortmannin (100 nM, 20 min) and toxin B (40
To obtain more insights into the functional interactions of PI3-ng/ml, 2 h). The coverslips were mounted onto glass slides using PBSE
kinase, its effector PKB, and Rho GTPases, we studied the effecdycerol (1:1) and immediately subjected for microscopy using a Zeissg
o o . ' xiovert microscope. Photographs were takernxdB80 magnification. 3
of inhibitors of PI3-kinase (wortmannin and LY294002) and of ' o confocal microscopy, transfected RBL cells were fixated with 4% &
Rho GTPases (various bacterial toxins) oreRemediated RBL  formaldehyde and translocation of the PH-PKB-GFP construct to the mem=
cell activation. Furthermore, we used a construct of the pleckstrirbrane after 50 ng/ml TNP-OVA-stimulation were analyzed using a Zeiss3
homology (PH) domain of PKB tagged with GFP (14) to follow Axiovert microscope 135 TV equipped with Bio-Rad MRC 1024 ES.
the membrane translocation of PKB. Here, we report that inhibi-Hexosaminidase release assay and measuremerHjiP]
tion of PI3-kinase impairs FeRlI-signaling including degranula- formation
tion, inositol phosphatg (IP) accumulatl(.)n,'caICIum m.ObI.“Z.atlon’]for hexosaminidase release, cells were seeded in 96-wells culture plat&
and PKB phosphorylation and translocation; however, inhibitors ofyn jncubated without or with inhibitors (toxins, wortmannin) for the in-
PI3-kinase did not block activation of Rac bydRi stimulation.  dicated times and concentrations. Hexosaminidase release was determined
Rac-inactivating toxins blocked the above mentionedRFesig- as described (45). The values are expressed as percent of total amount ﬁf
naling including PKB phosphorylation and translocation. Our re_hexosaminidase which was determined using 2% Triton X-100 in Tyrode’s§

- . . uffer. Q
sults indicate that in RBL cells Rac and PI3-kinase regulate PKBb For the measurement of IP formation, cells were seeded into 24-welle

and suggest that Rac is functionally located upstream and/or papiates, grown to subconfluence, and labeled vitipositol (3 1Ci/ml) in
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allel of PI3-kinase/PKB in FeRI signaling. serum-free medium for 20 h. IP formation was measured as described (46§
When wortmannin (100 nM, 20 min) and toxin were used in experiments, @
Materials and Methods cells were pretreated at the indicated concentrations and times during la@

Materials beling with [HJinositol.

. _ .. Measurements of [Cd] in cell nsion
Cell culture medium and FCS were obtained from PAN Systems, (Aiden- ements of [Ca] in cell suspensions

bach, Germany)C. difficile toxin B (42), C. sordelliilethal toxin (26),C. RBL 2H3 m1 cells were detached from culture plates with SK buffer (125
botulinumC2 toxin (43), and th€. botulinumtransferase C3 fusion toxin  mM NacCl, 1.5 mM EDTA, 5.6 mM glucose, 10 mM HEPES, pH 7.2).
(C2IN-C3) (31) were prepared as described recently. Trinitrophenyl conAfter centrifugation, cells were resuspended in serum-free MEM medium
jugated to OVA (TNP-OVA,; 50 ng/ml) and IgE (0.3g/ml) were kindly and loaded with fura-2 acetoxymethyl ester (219) for 45 min at 37°C.
donated by Dr. A. Hoffmann (Paul-Ehrlich Institute, Langen, Germany). After loading, cells were washed three times with HEPES-buffered saline 2
fura-2 acetoxymethyl ester was obtained from Molecular Probé#tifGo  and cell density was adjusted toxL 10° cells/ml. Experiments were cen S
gen, Germany)myo[2-3H]-Inositol was purchased from NEN (Bad Hem  ducted at room temperature in HEPES-buffered saline using a Perkin%
burg, Germany). The GST-p21-activated protein kinase (PAK) fusion pro-Elmer LS 50B spectrofluorometer (Perkin-Elmer, Norwalk, CT). The flu- &
teins were a gift of Dr. J. Collard (Amsterdam, The Netherlands). Theorescence of cell suspensions was examined at an emission wavelength gf
anti-phosphotyrosine (clone 4G10), anti-Vav, and anti-phospholipgée C 510 nm and excitation wavelengths of 340 and 380 nm, respectively. ReS,
(PLCy1) Abs were from Upstate Biotechnology (Lake Placid, NY). The sults are presented as changes in fluorescence ratio 340/380 over time. 3
Rac Ab was from Transduction Laboratories (Lexington, KY). The anti- .

Sef™3PKBs,,, and the anti-PKB,,,Abs were from New England Biolabs Measurements of [Cd] in attached cells

(Schwalbach, Germany). Phosphorylated p42 and p44 mitogen-activategg) celis were seeded on coverslips, and the intracelluldt @as mea
protein (MAP) kinases were detected with the monoclonal anti-g g at room temperature 2 days later using an cell-imaging system (Till
diphosphorylated Ab from Sigma (St. Louis, MO). p42 (extracellular sig- ppqionics, Planegg, Germany). On the day of the experiments, the cells
nal-related kinase (ERK)-2) was detected with the polyclonal Ab C14,ere incubated in medium containing fura-2 acetoxymethyl esteis
(Santa Cruz Biotechnology, Santa Cruz, CA). The PH-PKB-GFP construct,, 1 1y atroom temperature. Subsequently, the culture medium was re-
was kindly donated by Dr. T. Balla (Bethesda, MD). Wortmannin and jjaceq by a bath solution with a Eaconcentration of 4.5 mM (115 mM
LY294002 were from Sigma. All other reagents were of analytical gradeNaCl‘ 4.5 mM CaCJ, 2 mM MgCl,, 5 mM CsCl, 10 mM HEPES, pH 7.2

and commercially available. (NaOH)). Images of 2035 cells per coverslip were obtainedye®e at

Cell culture an emission wavelength of 510 nm and excitation wavelengths of 340 and
380 nm, respectively. The fluorescence ratios were calibrated in vivo as

RBL cells transfected with the human muscarinic receptor (44) (RBL 2H3previously described (47) Experiments were paired by alternatirfg Ca

m1, a gift from Dr. G. Schultz, Berlin, Germany, and Dr. P. Jones, Burl- measurements in control and wortmannin treated coverslips.
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Expression of GST-PAK-Cdc42/Rac interactive binding (Crib)
domain

Expression of the GST-fusion proteins in BL21 cells growing at 37°C was
induced by adding 0.1 mM isopropgtp-thiogalactoside (final concentra-
tion) at ODyyo 1.0. Two hours after induction, cells were collected and
lysed by sonication in lysis buffer (50 mM Tris-HCI (pH 8.0), 2 mM
MgCl,, 2.0 mM DTT, 10% glycerol, and 1 mM PMSF). The lysate was
centrifuged at 10,00& g, and the supernatant was used for purification of
the GST-PAK-Crib domain by affinity purification with glutathione-Sepha-
rose (Pharmacia, Piscataway, NJ). Beads loaded with GST-fusion proteins
were washed twice with PBS and used immediately for GTPase pull down
experiments.

GST-PAK-Crib domain pull down experiments

RBL cells (1 X 10°) primed with anti-TNP-OVA-IgE (0.3ug/ml) over

night and incubated with toxin B (40 ng/ml, 2 h), wortmannin (100 nM, 20

min), LY294002 (10uM, 30 min), and genistein (100M, 30 min) at 37°C

were washed twice with PBS and stimulated during 1 min at 37°C by

TNP-OVA (50 ng/ml). After addition of 25Qul ice-cold GST-Fish lysis

buffer (10% glycerol, 50 mM Tris (pH 7.4), 100 mM NaCl, 1% (v/v)

Nonidet P-40, 2 mM MgCl and 25ug/ml aprotinin), cells were scraped

off the dishes, the detergent-soluble supernatant was recovered after cen-
trifugation at 14,000x g for 15 min at 4°C, and GTP-Rac proteins were FIGURE 1.

immunoprecipitated at 4°CL h with 20 ul GST-PAK fusion protein, re- . ) ) :
spectively. The complexes were washed three times with ice-cold F,Bsseeded on glass coverslips in 24-well culture plates and incubated witho

resuspended, and boiled with Laemmli buffer. Bound Rac proteins werd?) OF With wortmannin (100 M, 20 ming)) and toxin B (40 ng/ml, 2 h
detected by Western blotting using anti-Rac Ab (Santa cruz(C)). The coverslips were mounted on glass slides using PBS-glycerol (1:1
Biotechnology). and immediately subjected for microscopy. Magnificatiz®.80.

Effects of wortmannin on cytoskeleton. RBL cells were
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Immunoprecipitation of PLg1 and Vav

Cells were lysed in lysis buffer containing 50 mM Tris-HCI (pH 7.4), 1% FOr comparison, we used. difficile toxin B, which is known to
Nonidet P-40, 120 mM NaCl, 1 mM EDTA, 50 mM NaF, 40 mBAglyc- inactivate all Rho GTPases including Rho, Rac, and Cdc42 b
erophosphate (pH 7.4), 1 mM sodiwwanadate, 1 mM benzamidine, and glucosylation (25). Treatment of RBL cells with toxin B (40 ng/

0.5 mM PMSF. Extracts were centrifuged at 14,00@ for 15min at 4°C ) for 2 h caused a different phenotype characterized by a com
before immunoprecipitation. The detergent-soluble supernatant was gentl

rocked overnight at 4°C with g anti-PLCy1 or anti-Vav (Upstate Bio- |¥Iete rounding up of cells (Fig.Q.

technologies). Immunocomplexes were captured by addingl§fotein . . .
A/G agarose (Santa Cruz Biotechnology), and the reaction was rocked & 13-kinase feQU'aFeS the dggrarjulatlon, the calcium response,
4°C for 2 h. The beads were collected by centrifugation at 140@) (5  and IP formation in FeRI signaling

min, 4°C), washed twice with ice-cold PBS, mixed, boiled with Laemmli . .
buffer, and subjected to SDS-PAGE (7%), followed by transfer of proteinsRaC regulates the secretion of RBL cells (22, 48). Recently, it ha£

onto nitrocellulose membranes and Western blotting using a phosphoty@€en shown that the glucosylating clostridial cytotoxins (e.g., toxing
rosine Ab (Upstate Biotechnologies) (1:3000). Detection occurred by arB) completely inhibit the degranulation of RBL cells after stimu-

ECL Western blotting system (Amersham Pharmacia Biotech,|ation of the FeRI receptor (32). Fig. 2 shows the effect of wort-
Piscataway, NJ). mannin and toxin B on the hexosaminidase release of primed RB
p42/p44 MAP kinase and PKB assays cells stimulated with increasing concentrations of TNP-OVA.
Cells were lysed in lysis buffer containing 50 mM Tris-HCI (pH 7.4), 1% Wortmannin (100 nM) aimost completely inhibited hexosamini-
- 4), 1% . . . . .
Nonidet P-40, 120 mM NaCl, 1 mM EDTA, 50 mM NaF, 40 mAglyc- dase secretion (Fig.A). Treatment with toxin B and lethal toxin

erophosphate (pH 7.4), kM microcystin-LR (Biomol), 1 mM sodium abrogated secretion at concentrations of 40 ng/ml (F&). Rote
o-vanadate, 1 mM benzamidine, and 0.5 mM PMSF. Extracts were centhat lethal toxin glucosylates Rac (to a minor extent Cdc42) but no

trifuged at 14,000< g for 15 min at 4°C before electrophoresis and West- Rho (26), indicating the role of Rac in secretion of RBL cells.

ern blotting. Phosphorylated p42 and p44 MAP kinases were detected with ; ; ; ;
the monoclonal antidiphosphorylated Ab (Sigma). p42 (ERK-2) was de- Th‘? Eﬁ.eCtS of Wortmgnm.n‘ toxin B, and lethal toxin on calcium
tected with the polyclonal Ab C14 (Santa Cruz Biotechnology). DetectionMObilization are shown in Fig. Z andD. Both agents blocked the

of activated PKB was performed with Abs directed against phosphorylate¢alcium mobilization in RBL cells stimulated by TNP-OVA.
Sef"(New England Biolabs). Protein kinases were visualized by the ECLToxin B and lethal toxin were somehow more active than wort-
system (Amersham Pharmacia Biotech). mannin. Treatment of RBL cells with wortmannin (100 nM)
caused 50% inhibition of TNP-OVA-induced calcium mobiliza-
tion (Fig. 2C), whereas toxin B and lethal toxin reduced calcium
mobilization by ~80% (Fig. D). This inhibition by wortmannin
P13-kinase and Rho GTPases, especially Rac and Cdc42, are irof calcium mobilization observed in cell suspensions appears to
portant players in FeRlI-signaling. Because PI3-kinase activates reflect the disruption of calcium signals in individual cells (Fig. 3).
Rho proteins in some cell types (9, 39) but is located downstreanBasically, the calcium signals of cells treated with wortmannin
of the GTPases in other signaling systems (41), we were promptedere delayed and exhibit repetitive elevations (spikes) above rest-
to study the role and relationship of Rho GTPases and PI3-kinasimg levels (Fig. B). This pattern contrasts with the frequently ob-
in RBL cells. It is well known that Rho GTPases are involved in served steady state elevations (plateaus) of intracellular calcium in
regulation of the actin cytoskeleton (15). This appears to be alsaontrol cells (Fig. 3). Recently PI3-kinase has been suggested to
true for PI3-kinase in RBL cells. Treatment of RBL cells with affect calcium mobilization by regulating PhQ@ (49). Therefore,
wortmannin (100 nM), a potent inhibitor of PI3-kinase, causedwe determined the effects of wortmannin and toxin B on IP for-
major morphological changes that were mainly characterized bynation. Both agents inhibited IP formation to a similar extent (not
shrinking of the cell body and reduction in cell spreading (FB).1  shown). Because total IP formation was significantly increased
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P13-kinase is essential for cytoskeleton regulation
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FIGURE 2. Effects of wortmanninC. sordel-

li lethal toxin, C. difficile toxin B on hex-
osaminidase release in RBL cells, RBL cells
were primed with 0.3.g/ml TNP-IgE overnight,
treated without (controll)) and with wortman-
nin (O, 100 nM, 20 min) and then stimulated by
increasing concentrations of TNP-OVAB,
Primed RBL cells were treated with increasing
concentrations of toxin BY) and lethal toxin
(A) for 2 h and then stimulated with 50 ng/ml
TNP-OVA. The release of hexosaminidase was

determined as described. Data are given as SEM;

n = 4. Shown is one representative experiment
repeated four times with similar results. Influ-
ences of wortmannin and toxins on Care-
sponses of RBL cells primed with anti-TNP-IgE.
Cells were treated with wortmannin (100 nM,
for 20 min (C)), toxin B (40 ng/m} 2 h (D)), and
lethal toxin (40 ng/ml2 h (D)) and stimulated
by 50 ng/ml TNP-OVA.
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only at rather high concentrations of Ag under the conditions usedTNP-OVA increased the phosphorylation of PKB in a time-depen-
we tested the effects of the toxins on tyrosine phosphorylation oflent manner to reach the maximal phosphorylation after stimula
PLCyl. Clostridial cytotoxins toxin B (inactivating Rho, Rac, and tion for 20 min. Wortmannin (100 nM) abolished this phosphor-
Cdc42) and lethal toxin (inactivating Rac) (each 40 ng/ml), wort-ylation, indicating that PI3-kinase regulates effectively PKB in

mannin (100 nM), and LY294002 (1AM), but not the fusion

toxin C2IN-C3 which inactivates Rho but not Rac and Cdc42,completely inhibited this activating phosphorylation (FigGnd

completely inhibited phosphorylation of PhHCT (Fig. 4). Taken
together, our results demonstrate that BILGs regulated by PI3-
kinase, in line with a recent report by Barker et al. (50)

PI3-kinase does not regulate Rac indRd signaling

To obtain more insights into the localization of Rac protein in theof the cytoskeleton is not responsible for the inhibition of phos-

=

8l

RBL cells (Fig. 8). Also, toxin B and theC. sordelliilethal toxin

D). By contrast, the fusion toxin C2IN-C3, which specifically in-
activates Rho but not Rac or Cdc42, did not affect PKB phosphor-<
ylation (Fig. 6,E andF). In addition, the actin-ADP-ribosylating

C. botulinumC2 toxin, which depolymerizes F-actin (43, 52), had
no effects on PKB phosphorylation, indicating that a redistribution

OIND Aq Jpd°2291/85 2

signaling pathway of the Fe®I receptor, we studied the activation phorylation caused by toxin B or lethal toxin.

of Rac using a PAK-binding assay. The assay is based on the . .

coprecipitation of the active GTP-bound Rac with the Rac-binding?@C @nd PI3-kinase regulate the translocation of PKB to the
domain of the p21-activated kinases PAK. Using GST-PAK-Rac-Plasma membrane in kR signaling

SOlBD |00UQ 1SBAU| [IEN 041D pun4

binding domain (37, 51), we observed that neither wortmanninWe used a construct of the pleckstrin homology domain of PKB=

(100 nM) nor LY294002 (1QuM) inhibited the activation of Rac

induced by FeRI (Fig. 5A). In contrast, genistein (10QM) in-

hibited this Rac activation by-50%. The expression level of Rac location of PH-PKB-GFP to the membrane indicated by an in-
was the same in untreated and treated RBL cells (not shownkrease of PH-PKB-GFP at the membrane and a decrease in the
Accordingly, in TNP-OVA-stimulated RBL cells, we did not ob- cytosol. In line with the phosphorylation study,
serve any wortmannin and LY294002-induced changes in the tyB, and lethal toxin completely inhibited the translocation of PH-
rosine phosphorylation of the guanine nucleotide exchange factdPKB-GFP to the membrane in unstimulated cells as well as in
Vav, which activates Rac (Fig.B). Both findings indicate that

activation of Rac is not dependent on PI3-kinase.

Rac and PI3-kinase regulate the $&rphosphorylation of PKB
in FceRI signaling

tagged with GFP (PH-PKB-GFP) (14) to follow the membrane 5
translocation of PKB. Stimulation by TNP-OVA caused a trans-

asn usoew|y

Pl

wortmannin, toxin §
13
TNP-OVA-stimulated cells. Again the C2IN-C3 fusion toxin had

no effect on the PH-PKB-GFP membrane translocation (Fig. 7).

Rho GTPase protein and PI3-kinase do not regulate the
phosphorylation of MAP kinase in ERI signaling

To further address the question of how PI3-kinase and Rac sigfo show that the effects of the toxins used were specific, we stud-
naling pathways are interconnected, we tested the effects of thied the FeRI-induced activation of the MAP kinases ERK-1 and
Rac-inactivating toxin B on 3-phosphoinositide metabolism. How-ERK-2. Wortmannin, toxin B, C2 toxin, and C2IN-C3 fusion toxin
ever, FeRI-stimulated 3-phosphoinositide formation measured inhad no effect on the FeRI-stimulated MAP kinase pathway (Fig.
whole lipid extracts of RBL cells was too marginal to provide 8). By contrast, lethal toxin treatment completely inhibited the
unequivocal results (not shown). Instead, we studied the phosphoMAP kinase activation (Fig. B). In addition to Rac, lethal toxin
ylation of PKB. Activation of PI3-kinase leads to phosphorylation modifies Ras subfamily GTPases (26). Taken together, the effects

of PKB at Sef”3. As shown in Fig. 8, activation of the FeRI by

of toxins suggest that Rac and PI3-kinase regulate PKB but not
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Stimulated RBL cells

Unstimulated RBL cells
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o
— FIGURE 4. Effects of toxin B and lethal toxin (each 40 ng/ml, 2 h), 3
55 0.0 o= _ C2IN-C3 (200 ng/ml)+ C2Il (100 ng/ml, 4 h), the PI3-kinase inhibitors §
& B ) wortmannin (100 nM, 20 min) and LY294002 (14, 30 min) on tyrosine %
© phosphorylation of PLgL. RBL cells primed overnight with IgE were §
2.0 1 stimulated by 50 ng/ml TNP-OVA. PL€l was immunoprecipitated from U%

RBL cell lysates with anti-PL§1 1gG, separated on SDS-PAGE, and an-
alyzed by Western blotting using anti-phosphotyrosine Ab (anti-PY). Equal
loading was tested by probing the membranes with anti4ALG&hown is
one representative blot. The experiment was repeated four times with sim.

Tee"s|eunol

[o]

ilar results. <

:

by the PI3-kinase inhibitor wortmannin and LY294002 and also by%

Rac-inactivating toxins (toxin B and lethal toxin) but not by C3 ¢

toxin. In addition, we observed that toxin B and wortmannin par-&

tially inhibited IP formation in FeRI signaling (not shown). Thus, g

P13-kinase and the GTPase Rac appear to regulate similar signa§

Time (min) ing processes. However, the mechanisms underlying the effects d§

FIGURE 3. Disruption of intracellular calcium signals by wortmannin. toXin B, lethal toxin, and wortmannin may be different. For exam- g
RBL cells were primed with 0,3:g/ml TNP-IgE for 2 days, and calcium ple, wortmannin reproducibly increased the delay of calcium mo'g
signaling was initiated by the addition of 50 ng/ml TNP-OVA (TNP- bilization, a finding also reported recently (50). Toxin B dramat- &
OVA). The effects of wortmannin on calcium signals were assayed inically inhibits calcium mobilization (as shown here) but does not-.:
paired experiments with control cell8)(and with cells treated with wort- =
mannin (100 nM, 20 minR)). In each experiment, the calcium signals of é
20-35 cells were obtained simultaneously. Each panel shows representa- A + 50 ng/ml TNP-OVA o
tive calcium signals of 15 cells and the mean response of all cells (bold g
line; A, n= 35;B, n= 31). Similar results were obtained in at least three o
paired experiments. -woe “ Rac-GTP g
B ES5® EESSC =

. . . . . s & b X s & @ X S

MAP kinase. This regulation occurs most likely independently of S g g I S g" g § © &
the actin cytoskeleton because depolymerization of the actin cy- £~ P g
toskeleton by C2 toxin had no effect on PKB phosphorylation. ;
o

Discussion B + 50 ng/ml TNP-OVA ;%
In RBL 2H3 cells, the GTPases of the Rho subfamily essentially 3
regulate responses stimulated byRtincluding redistribution of Anti-PY | & 5 el |<v,v 8
the actin cytoskeleton (16), calcium mobilization (18), degranula- - 2
tion (22), and JNK activation (15). PI3-kinase activity also appears Anti-Vav | N _q_,.| Vav S
to be required for these signaling events (7, 53-55). Therefore, we D e o @ e s e o o@ e §
studied the relationship among PI3-kinase, its effector PKB, and § § § £ g’ §- g § 5§ 2 %
Rac in RBL cells by using various toxins as pharmacological tools. o £ & ol °c £ g ® & 3
Wortmannin and LY294002 are potent and highly specific inhib- g - E 8
N

itors of PI3-kinase. Rho GTPases were inactivated by various toxFIGURE 5. Effects of PI3-kinase inhibitors, genistein, and toxins on
ins including toxin B, lethal toxin, and C3 toxin. In agreement with Rac activation. Immunoprecipitation of GTP-bound Rac and tyrosine phos-
a central role of P13-kinase in ERI signaling, wortmannin caused phorylation of Vav. RBL cells primed overnight with IgE were stimulated
changes in the morphology of RBL cells, decreased calcium moby 50 ng/ml TNP-OVA.A, Effects of wortmannin (100 nM, 20 min),
bilization and secretion. Similarly, Rho GTPase-inhibiting toxins L Y294002 (10uM, 30 min), genistein (10gM, 30 min), and toxin B (40

(toxin B and lethal toxin but not C3 toxin) blocked &i-medi- ng/ml, 2 h) on precipitation of GTP-bound Rac by the Rac-binding domain
of PAK. Bound GTP-Rac was analyzed on Western blots using Abs against

ated activation of RBL cells, including calcium mobilization and o "o "c e oot wortmannin (100 nM, 20 min), LY294002 (104, 30
degranulation. Because lethal toxin modifies Rac (in vitro alsomin)’ genistein (10QuM, 30 min), and toxin B (40 ng/ml, 2 h) on tyrosine
Cdc4z2) but not Rho (26), the findings indicate that Rac but not Rhgyposphorylation of the guanine nucleotide exchange factor Vav. Vav was
is involved in these events. It has been reported thaty8LI8  jmmunoprecipitated from whole lysates followed by Western blot analysis
regulated by PI3-kinase. Accordingly, phosphorylation of RLC  and probed with a phosphotyrosine Ab (anti-PY). The experiment was
which appears to be a key event in PJ.&ctivation, was inhibited  repeated four times with similar results.
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FIGURE 6. Influence of wortmannin and toxins on phosphorylation of FIGURE 7. Confocal microscopy of the pleckstrin homology domain of g
PKB on Sef”® RBL cells primed overnight with IgE and treated without PKB. A construct of the pleckstrin homology domain of PKB tagged with
(A) or with wortmannin (100 nM, 20 mirg)), toxin B (40 ng/m) 2 h ©)), GFP (PH-PKB-GFP) (14) was used to follow the membrane translocatlonoZ

lethal toxin (40 ng/mi2 h (D)), C3 fusion toxin (200 ng/ml C2IN-C3 and of PKB. RBL cells were transfected with PH-PKB-GFP and then starved%
100 ng/ml C2II, for 4 h E)) and C2 toxin (200 ng/ml C2I and 100 ng/ml in 5% FCS overnight. Thereafter, cells were treated with inhibitors and2
C2ll, for 4 h (F)). Primed RBL cells were stimulated with 50 ng/ml TNP- stimulated with 50 ng/ml TNP-OVA for 20 mirright) or remained un-
OVA for the times (min) given. Cell lysates were separated on SDS-PAGEStimulated [eft). A andB, Control; C and D, PI3-kinase inhibitor wort-
and subjected to Western blot analysis. Phosphorylation of PKB was delannin (100 nM, 20 min)E andF, toxin B (40 ng/ml for 2 h;G andH,

tected using the anti-pSEf-specific Ab. Blots were stripped and reprobed lethal toxin (40 ng/ml for 2 h] andJ, fusion toxin C2IN-C3 (200 ng/ml,

for total PKB. The experiment was repeated four times with similar results Plus C2II (100 ng/ml) for 4 h. The experiment was repeated three time
with similar results.

on
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cause major delay in calcium signals (33). In preliminary experi-
ments, we did not find indication for inhibition of the capacitative stronger than that by genistein and is explained by toxin B-induced
calcium entry by wortmannin (unpublished observation). By con-glucosylation of Rac. Inhibition by genistein indicate that protein §
trast, we showed recently that toxin B and lethal toxin stronglytyrosine kinases participate in activation of Rac. In mast cells, the&
inhibit the capacitative calcium entry in RBL cells (33). Moreover, guanine nucleotide exchange factor Vav is involved in Rac acti-§
the findings that the Rac-inactivating toxins blocked-iftluced  vation (58). Vav was suggested to participate in early signalingg
calcium influx in a patch clamp configuration suggest a direct in-events downstream of the Src tyrosine kinase Syk, which cause$
volvement of the GTPase in calcium release-activated calcium curthe tyrosine phosphorylation of Vav, inducing its translocation to
rent (33). the plasma membrane and the activation of Rho GTPases (59). In
Several reports describe the PI3-kinase-dependent activation @igreement with the results of the PI3-kinase inhibitors on GTP-
Rac in different cell types. To gain more insight into the possibleRac coprecipitation, we did not observe an inhibition of the ty-
relationship between the PI3-kinase and Rac signaling, we meaesine phosphorylation of Vav by wortmannin or LY294002.
sured the activity of Rac, using a coprecipitation assay for theHowever, genistein inhibited the Vav phosphorylationb§0%,
active GTPase. The assay exploits the interaction of GTP-bounthdicating that tyrosine kinases are involved in the regulation of
Rac with the Rac-binding domain of PAK (56, 57). Neither wort- Vav. Thus, our results suggest that PI3-kinase is not involved in
mannin nor LY294002 inhibited activation of Rac induced by the Vav-mediated activation of Rac by theeR¢. This finding
FceRI cross-linking. However, toxin B and genistein inhibited the appears to be contradictory to a recent report showing that PI3-
activation of Rac. Inhibition of Rac activation by toxin B was kinase products (e.g., PJPdirectly activate Vav and promote its
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sates were analyzed on Western blots using an anti-diphospho-ERK1/2 Alparallel of PI3-kinase in FaRlI-signaling, because inhibition of
Equal loading was assessed by reprobing the membranes with a specifRl3-kinase by wortmannin did not affect Rac activation and, ing

anti-ERK-2 1gG. RBL cells were primed overnight with IgE and then
treated without (controlA)) or with wortmannin (100 nM, 20 min4)),
toxin B (40 ng/m| 2 h B)), lethal toxin (40 ng/mI2 h (B)), C3 fusion toxin
(200 ng/ml C2IN-C3 and 100 ng/ml C2II, ifet h (C)), and C2 toxin (200
ng/ml C2I and 100 ng/ml C2Il, fo4 h (C)). RBL cells were stimulated
with 50 ng/ml TNP-OVA for the times given. The experiment was repeated
three times with similar results.

tyrosine phosphorylation (39). However, these effects of PI3-ki-

nase products on Vav were shown in in vitro assays and may not

apply to RBL cells.
From the present data, we conclude that ireMestimulated
RBL 2H3 cells the activation of PI3-kinase is not a prerequisite for
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brane and activated by phosphorylation at residues®?tand
Sef” (63). Although the activation mechanism of PKB is not
entirely clear, it is generally accepted to depend on lipids formed
by PI3-kinase and on the Ser/Thr kinase PDK1. Both PKB and
PDK1 possess PH domains which bind tophosphoinositides
and are responsible for membrane association. In line with the
decisive role of 3phosphoinositides in PKB activation, inhibition

of PI3-kinase by wortmannin or LY294002 prevented PKB phos-
phorylation of Set”3in RBL cells. Moreover, the inhibitors of the
lipid kinase prevented the ERI-mediated PH-PKB-GFP-mem-
brane translocation. Also toxin B and lethal toxin completely o
blocked the membrane translocation of PH-PKB-GFP and the ac3
tivating phosphorylation of PKB, indicating an essential role of§
Rac and PI3-kinase in the activation of PKB ineR¢ signal trans- =
duction. Recently, a role of Rho GTPases in PKB translocation ha§
been shown in chemoattractant receptor signaling in neutrophil$
(14). However, the specific Rho GTPases responsible for the PKEg\'
translocation was not identified. Our finding that C3 fusion toxin
which inactivates RhoA, B, and C, was without effects and lethal®
toxin, which does not inhibit Rho, blocked PKB activation, suggest
that Rho isoforms are not essential foreR&-mediated activation

of PKB in RBL cells. Moreover, the observation that C2 toxin
which depolymerizes F-actin, did not affect the phosphorylation o
PKB indicates that changes in the actin cytoskeleton induced by
Rho GTPases are not responsible for inhibition of PKB activation.&
A more recent report is noteworthy, showing that in mast cellsg
derived from Rac2-deficient mice, phosphorylation of PKB by§
stem cell factor (SCF) was blocked indicating a role of Rac2 in§
PKB activation (64). However, in this report no conclusion upon &
the localization of Rac2 in the signaling to PKB was possible. Our
data indicate that in RBL cells Rac is located upstream and/o
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contrast, toxin B and lethal toxin blocked PKB translocation and 2
phosphorylation. Our findings do not rule out that Rac controls$
PKB phosphorylation by a mechanism that is independent of PI32
kinase. For example, it was shown that hyperosmotic stress Ieac§
to dephosphorylation of PKB without changing PI3-kinase activity
most likely by decreasing the phosphatase-dependent conversiojw
of PIP; to PI(3,4)R (65). However, we demonstrate here that in &
RBL cells PI3-kinase is essential to propagate Rac-mediated actig
vation of PKB upon FeRlI cross-linking.
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