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Neutrophils contain a soluble guanine-nucleotide-
binding protein, made up of two components with
molecular masses of 23 and 26 kDa, that mediates stimu-
lation of phospholipase CB, (PLCB,). We have identified
the two components of the stimulatory heterodimer by
amino acid sequencing as a Rho GTPase and the Rho
guanine nucleotide dissociation inhibitor LyGDI. Using
recombinant Rho GTPases and LyGDI, we demonstrate
that PLC, is stimulated by guanosine 5O-(3-thiotri-
phosphate) (GTP[S])-activated Cdc42H« LyGDI, but
not by RhoA x LyGDI. Stimulation of PLC B,, which was
also observed for GTP[S]-activated recombinant Rac1,
was independent of LyGDI, but required C-terminal
processing of Cdc42Hs/Racl. Cdc42Hs/Racl also
stimulated PLCB,in a system made up of purified recom-
binant proteins, suggesting that this function is mediated
by direct protein—protein interaction. The Cdc42Hs
mutants F37A and Y40C failed to stimulate PL(,,
indicating that the Cdc42Hs effector site is involved in
this interaction. The results identify PLCPB, as a novel
effector of the Rho GTPases Cdc42Hs and Racl, and as
the first mammalian effector directly regulated by both
heterotrimeric and low-molecular-mass GTP-binding
proteins.

Keywords Cdc42Hs/phospholipase C/Racl/RhoA/signal
transduction

Introduction

The signal transduction pathways responsible for activa-

phate causes the release of 2Cafrom intracellular
stores, whereasn1,2-diacylglycerol activates protein
kinase C. Molecular cloning has revealed the existence
of three major families of PLCR, y and 8. PLCB and
PLCy enzymes are activated by G protein-coupled
receptors (GCRs) and tyrosine-kinase-linked receptors,
respectively. Whether PL& enzymes are regulated by
cell-surface receptors is unknown. PR@xists in four
isoforms, PL@;.4, which are activated by members of
the ag subfamily of the G proteina subunits and,
except for PL@,, by G protein By dimers (Rhee and
Bae, 1997; Singeet al, 1997).

We have previously shown that cytosolic preparations
of myeloid differentiated HL-60 cells and of bovine
neutrophils contain a soluble phospholipase C, which is
stimulated by the poorly hydrolyzable GTP analogue
guanosine 50-(3-thiotriphosphate) (GTP[S]) (Camps
et al., 1990; lllenbergeet al,, 1997). A factor mediating
GTP[S]-dependent stimulation of PLC in neutrophils was
resolved from endogenous PLC, and functionally reconstit-
uted with exogenous recombinant PRLC (lllenberger
et al, 1997). The resolved protein mediated GTP[S]-
dependent activation of P33, but not PL(3; and PL®G;.
Stimulation of phosphatidylinositol-4-phosphate 5-kinase
was not involved in this activation. Purification of the
stimulatory factor revealed that it consisted of two proteins
of apparent molecular masses of 23 and 26 kDa. The
purified heterodimer stimulated a deletion mutant of
PLCB,, PLCB,A, lacking a C-terminal region necessary
for stimulation by G proteinug subunits. These results
led us to suggest that a GTP-binding protein distinct from
ay subunits, most likely a low-molecular-mass GTP-
binding protein associated with a regulatory protein, is
involved in activation of PL,.

Herein, we report the identification of the PR&
stimulating factor of bovine neutrophils as a member of
the Rho subfamily of low-molecular-mass GTP-binding
proteins associated with the Rho GDP dissociation
inhibitor LyGDI. We demonstrate that GTP[S]-activated
recombinant Cdc42Hs and Racl, but not RhoA, stimulate
the activity of PL(Q,. While the presence of LyGDI
is not necessary for PLE; activation, both C-terminal
processing of Cdc42Hs and Racl and integrity of their

tion of neutrophils by chemoattractants have been the
subject of intense investigation over recent years. The
binding of chemoattractants to their receptors on
the neutrophil plasma membrane generates multiple
intracellular second messengers and signalling molecules
through the activation of phospholipases C, @d D,

as well as through the activation of lipid and protein
kinases (Bokoch, 1995; Ye and Boulay, 1997; Baggiolini, The purification of the PL@,-stimulating guanine
1998). Phospholipase C (PLC) hydrolyses phosphatidyl- nucleotide-binding protein from soluble fractions of

effector-regulating domains are required for this effect.
These results identify PL& as a novel effector of the
Rho GTPases Cdc42Hs and Racl.

Results

inositol 4,5-bisphosphate (PtdlRg to produce two
second messengersp-myo-inositol-1,4,5-trisphosphate
and sn1,2-diacylglycerol.o-myo-inositol-1,4,5-trisphos-
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bovine neutrophils revealed that it consists of two
polypeptides of ~23 and 26 kDa (lllenberget al,
1997). The two proteins were subjected to protease
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digestion and proteolytic fragments were obtained for A Supernatant Eluate

amino acid sequence analysis. The sequences of two 161 ]

fragments of the 23 kDa protein (DQFPEVYVPTVFENY ¢ Iy %Z‘;’:{;‘] ; 1° 5
and DRLRPLSYP) were identical as partial amino acid % 1ol 1+ ] 2,
sequences of bovine RhoA (Ogorodtti al, 1989) and E — - - = s
human RhoC (Chardiret al, 1988). Three peptides of = & | r 14 238
the 26 kDa fragments were highly related in amino %5 8 x =
acid sequence to internal peptide fragments of human ¢ g [ % @
LyGDI (Scherle et al, 1993) and D4 (Leliaset al, 22t L 12 2§
1993), but were clearly different from the corresponding g ar &
fragments of bovine RhoGDI (Fukumotet al, 1990) £ - ] >
(DESLTKYTKTLLG, DPTAPNVKVTRLTLVXESAP, ol 0

DKATEMVGSYGPRPE; italics, residues not present in GST GST-LyGDI
human LyGDI/D4; underlined, residues not present in
bovine RhoGDI). LyGDI and D4 are homologues of
the Rho guanine nucleotide dissociation inhibitor
RhoGDI, and are highly expressed in hematopoietic
cells (Leliaset al, 1993; Scherleet al, 1993). Their
amino acid sequences differ by only two out of 202 FRhoA—
residues. Taken together, these results led us to conclude
that the soluble PLf,-stimulating guanine nucleotide-
binding protein of bovine neutrophils is a heterodimer
of a Rho GTPase and LyGDI/D4.

To obtain further functional support of this notion,
recombinant glutathioné&-transferase fusion protein of
human LyGDI (GST-LyGDI) was producediischerichia

2 3 4 5

6 78 9 10

* .- @ — CdcazHs

Fig. 1. Depletion of the PLB,-stimulating activity from the purified
soluble stimulatory factor with a GST fusion protein of LyGDI. The
PLCp,-stimulating factor was incubated as indicated on the abscissa
with GST or GST-LyGDI bound to Glutathione Sepharose 4B.

(A) After removal of the matrix by centrifugation, 30 aliquots of

the supernatants were supplemented with soluble proteins of insect

coli in order to deplete the Rho GTPases from the Bj-C
stimulating factor purified from bovine neutrophils. To
this end, matrix-immobilized GST-LyGDI was incubated
with the PL(B,-stimulating factor. Following incubation,

matrix and supernatant were separated by centrifugation,

and bound proteins were eluted from the matrix with
glutathione. Figure 1A (left) shows that the treatment of
the PL@,-stimulating factor with matrix-immobilized

GST-LyGDI led to an almost complete loss of the GTP[S]-

cells expressing PL&A (0.2 pug protein/sample) and incubated in the
absence (open bars) or presence (hatched bars) ofitl0GTP[S]

with phospholipid vesicles containing Ptdinsfeft panel). The

proteins bound to the affinity matrix were eluted with glutathione and
concentrated. Aliquots (1l) of the concentrated solutions were
supplemented with soluble proteins of insect cells expressing3RA.C
(0.2 pg protein/sample) and incubated in the absence (open bars) or
presence (hatched bars) of 10M GTP[S] with phospholipid vesicles
containing Ptdinsp(right panel). The reaction was terminated by the
addition of chloroform/methanol/concentrated HCI, and the mixture
analysed for inositol phosphates. See Materials and methods for

experimental detailsB) Aliquots of the sample containing the
PLCB,-stimulating factor (lanes 1 and 6), of the supernatants obtained
after incubation of the factor with matrix-immobilized GST (lanes 2

dependent stimulation of PLE3A. Importantly, the stimul-
atory activity was recovered from the matrix by treatment
with qut.athlon'e (Flgl',”e ,:I'B' right). Thus, an ,aImOSt and 7) or GST-LyGDI (lanes 3 and 8), or of the concentrated
2-fold stimulation of inositol phosphate formation by solutions containing proteins bound to matrix-immobilized GST
GTP[S] was observed upon reconstitution of the eluate (lanes 4 and 9) or GST-LyGDI (lanes 5 and 10) were subjected to
with PLCB,A. These results provide direct evidence that rseggg\f’eAgiiifs‘?éﬂ‘rglrlgohbg%“(?;ngssl pse)ffgrmézg‘luzs';nsg(gﬂ;@ogielso)
the PLq32-Stlmu|at|ng fa(.;tor. Spec ifically interacts with The data gre representative of three independent experiments with
LyGDI and thus confirm its identity as a member of the gmilar results.
Rho subfamily of Ras-related proteins.

LyGDI/D4 has been reported to interact with RhoA,
Cdc42Hs and Racl, but not with Ras and Rap (Aatral,, (Figure 1B). No reactivity was detected in the eluate with
1993; Scherleet al, 1993). In order to identify the Rho  serum raised against human Racl (not shown). These data
GTPase(s) associated with recombinant GST-LyGDI upon demonstrate that at least two Rho GTPases, RhoA and
incubation with the PL@B,-stimulating factor from bovine = Cdc42Hs, are present in the soluble H.Gtimulating
neutrophils, immunostaining of the samples was performed factor from bovine neutrophils.
using polyclonal antisera specifically reactive against To determine whether LyGDICdc42Hs and/or
human RhoA, Cdc42Hs and Racl. Figure 1B shows that LyGDIXRhoA mediate(s) the GTP[S]-dependent stimula-
the purified PL@,-stimulating factor was highly reactive tion of PLOB,, the proteins were produced as recombinant
with antisera raised against RhoA and Cdc42Hs. No heterodimers for functional characterization. To this end,
immunoreactivity was observed with the serum raised the heterodimers were prepared by solubilization of recom-
against human Racl (results not shown). The specificity binant isoprenylated human Cdc42Hs or RhoA from
of the antisera was verified using bacterially expressed membranes of baculovirus-infected insect cells by bac-
human RhoA, Cdc42Hs and Racl (not shown). Analysis terially expressed, purified GST-LyGDI. The soluble
of the fractions obtained after incubation of the factor with fractions obtained after incubation of insect cell mem-
matrix-immobilized GST-LyGDI revealed a reduction of branes with GST or GST-LyGDI were analysed by
both the RhoA and the Cdc42Hs immunoreactivity. Most Western blotting. Figure 2A shows that GST-LyGDI was
importantly, both immunoreactivities were recovered upon capable of extracting both Cdc42Hs and RhoA into the
glutathione elution of the matrix containing GST-LyGDI supernatant. The fact that only minor quantities of
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Fig. 2. Stimulation of PL@3,A by recombinant heterodimeric GST— § :
LyGDI XCdc42Hs. A) Membranes of insect cells infected with = g
baculovirus encoding Cdc42Hs (lanes 1 and 2), RhoA (lane 3) or :

B-galactosidase (lane 4) were incubated withpd® purified,

bacterially expressed GST (lane 1) or GST-LyGDI (lanes 2—4). The
membranes were sedimented by centrifugation and the supernatants
were concentrated. Aliquots of the concentrates were subjected to
SDS-PAGE and immunoblotting was performed using antibodies
reactive against (a) Cdc42Hs, (b) RhoA, (c) LyGDI or (d) GST.

(B) Aliquots (10pl) of the concentrates were supplemented with

soluble proteins of insect cells expressing B (0.2 ug protein/
sample). The samples were incubated in the absence (open bars) or
presence (hatched bars) of 100 GTP[S] with phospholipid vesicles

Fig. 3. Specificity of PL@,A stimulation by Rho GTPases.
(A) Membranes of insect cells infected with baculovirus encoding
B-galactosidasef}Gal) or Cdc42Hs were extracted with buffer

containing sodium cholate. Aliquots (30) of the detergent extracts
were supplemented with soluble proteins of insect cells expressing
PLCB,A (0.4 ug protein/sample) and incubated in the absence (open
Cdc42Hs were observed in the supernatant after treatmenbars) or presence (hatched bars) of 100 GTP[S] with phospholipid
of membranes with GST demonstrates that the extraction Vesicles containing PtdingPThe activities of the detergent extracts
e - -.1 and the preparation containing soluble F3.C8 alone in the absence or
of the Rh'o GTPases was due to specific interaction with presence of 10pM GTP[S] is shown for comparison. ItB].
LyGDI. Figure 2B shows that the heterodimer made UP membranes of insect cells infected with baculovirus encoding RhoA,
of GST-LyGDI and Cdc42Hs led to a marked (~3-fold) Cdc42Hs or Racl were extracted with buffer containing sodium
stimulation of the activity of recombinant PIBGA. In cholate. The abundance of the recombinant Rho GTPases in the
contrast. no stimulation of PL[EZA was observed for detergent extracts was estimated3$-GTP[S] binding. Aliquots of
Ny . the detergent extracts containing equal amounts of the three Rho
heterodimeric GST_LyGD{RhOA or free GST-LyGDL. GTPases (12 pmol) were supplemented with soluble proteins of insect
These results demonstrate that LyG{@dc42Hs, but not  cells expressing PLEA (0.5 pg protein/sample) and incubated in the
LyGDIXRhoA or LyGDI alone, mediates the GTP[S]- absence (open bars) or presence (hatched bars) ofilt0GTP[S]
dependent stimulation of PI5. with phospholipid vesiclesI cbcl)ntai[gling IIDtdIQsFFrr\]e a%tivily of the
- . : preparation containing soluble PB&\ alone in the absence or
The neXt.eXpe“memS were deS|gned to exa“.”'”e Whetherpresence of 10@M GTPI[S] is shown for comparison. The activities
both constituents of the CdcA2yGDI heterodimer are  of the detergent extracts containing RhoA, Cdc42Hs or Racl were
necessary for PLE, stimulation or whether monomeric  0.39 + 0.13 pmol/min, not detectable, and 0.330.02 pmol/min,
Cdc42Hs is sufficient to elicit this effect. Recombinant respectively, in the absence of PB4R, and were independent of the
Cdc42Hs was solubilized from membranes of baculovirus- Présence of GTP[S] (results not shown). The inset of (B) shows the
infected insect cells by extraction with detergent-con- results of the immunochemical analysis of the three detergent extracts.
taining buffer. As shown in Figure 3A, addition of GTP[S]
greatly (~3.6-fold) enhanced the PR& activity in the

containing PtdinsR

Aliquots of the three samples were subjected to SDS—-PAGE and
immunoblotting was performed using antibodies reactive against RhoA
(lane 1), Cdc42Hs (lane 2) or Racl (lane 3).
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presence of extracts containing Cdc42HSs. In contrast, no
stimulation by GTP[S] was observed in the presence of
extracts from control cells expressing recombinant

B-galactosidase rather than Cdc42Hs. Thus, monomeric

Cdc42Hs is sufficient to mediate GTP[S]-dependent stimu-
lation of PL(3,.

Since it is well-established that a wide range of effectors
is regulated by both Cdc42Hs and Rac1, but not by RhoA
(Van Aelst and D’Souza-Schorey, 1997), the specificity
of PLCp, stimulation by Rho family members was investi-

gated. The recombinant GTPases Cdc42Hs, Racl anc

RhoA were extracted from membranes of baculovirus-
infected insect cells with detergent-containing buffer and
reconstituted with recombinant PB@\. In agreement
with the results shown in Figure 2, the activity of PR&
was not stimulated by GTP[S]-activated RhoA (Figure
3B). Additional experiments showed that RhoA failed to
mediate GTP[S]-dependent stimulation of i@, even

at concentrations up to 800 nM (not shown). In contrast,
addition of both Cdc42Hs and Racl to PR@ led to

marked GTP[S]-dependent increases in inositol phosphate

formation. Both GTPases, Cdc42Hs and Racl, stimulated
PLCB,A activity to a similar extent (6.2- and 4.8-fold,
respectively), when tested at the same concentration
(200 nM). Thus, Racl, although not detected by immuno-
chemical means in the purified preparation from bovine
neutrophils, may represent an additional Rho GTPase
capable of stimulating PLE.

In order to determine whether stimulation of PRy
Cdc42Hs or Racl is mediated by direct protein—protein
interaction or whether additional proteins are required to
mediate this effect, the protein components were purified
from insect cells for functional reconstitution. PRSA
and LyGDI were purified from soluble fractions, and
Cdc42Hs and Racl were purified from membranes of
baculovirus-infected insect cells. Figure 4A shows the
result of the analysis of the purified proteins by SDS—
PAGE. The proteins were reconstituted and the inositol
phosphate formation was measured in the absence an
presence of GTP[S]. As shown in Figure 4B, purified
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q:ig. 4. Direct activation of PLB,A by Cdc42Hs and Racl.

ecombinant PLB,A and LyGDI were purified from soluble fractions

Cdc42Hs and Racl indeed caused a marked (~3.4- ancyf baculovirus-infected insect cells. Recombinant Cdc42Hs and Racl

4.3-fold, respectively) stimulation of purified PB&A.

Even at a concentration of @M, purified LyGDI had
little, if any, effect on the activity of PLB,A, regardless
of whether GTP[S] was absent or present in the incubation
medium. These data suggest that stimulation of RL&Y
Cdc42Hs and Racl is due to direct interaction between
the GTPases and PI3z In additional experiments (results
not shown), we found that purified LyGDI had no effect
on the ability of GTP[S] to activate PLUGA in the
presence of purified Cdc42Hs when present in up to 100-
fold excess of the Rho GTPase. Only at very high
concentrations of LyGDI#200-fold excess of Cdc42Hs
or Racl) was GTP[S]-dependent activation of the
enzyme reduced.

The observation that LyGDI is apparently not required
for PLCB, stimulation by GTP[S]-activated Cdc42Hs
raises the question of whether the posttranslational modi-

were purified from membranes of baculovirus-infected insect cells.

(A) Aliguots of purified PL@,A (5 pg of protein) (lane 1), purified
LyGDI (1 pg of protein) (lane 2), Cdc42Hs (Ojtg of protein)

(lane 3) and Racl (fug of protein) (lane 4) were subjected to SDS—
PAGE. Proteins were visualized by staining with silver. The positions
of PLCB,A, LyGDI, Racl, Cdc42Hs and the molecular weight
standards are indicated. We noticed a degradation of purified3fA.C
upon storage and/or freezing and thawing, resulting in fragments
migrating at ~90, 45 and 27 kDa. Attempts to resolve these fragments
from full-length PL@,A by several chromatographic procedures were
unsuccessful (results not shownB) (Aliquots of purified LyGDI,
Cdc42Hs and Racl were supplemented with purified BJ150 ng
protein/sample) and incubated in the absence (open bars) or presence
(hatched bars) of 100M GTP[S] with phospholipid vesicles

containing Ptdinsp The final concentrations of LyGDI, Cdc42Hs and
Racl were 10, 140 and 220 nM, respectively.

purified from cytosol of baculovirus-infected insect cells

fications of Cdc42Hs, which are required for its interaction were compared in their abilities to stimulate recombinant
with GDIs (Leonardet al, 1992), are necessary for PLCB,A. Amarked ~3.6-fold stimulation of PLE; activity

PLCB, stimulation. To address this question, C-terminally by GTP[S] was observed in the presence of modified
modified Cdc42Hs extracted with detergent-containing Cdc42Hs, but not in the presence of a similar quantity of
buffer from membranes and soluble, unmodified Cdc42Hs soluble Cdc42Hs (Figure 5A). These results suggest that
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Fig. 5. Structural elements of Cdc42Hs involved in ARB stimulation.

(A) C terminus. Cdc42Hs was either purified from cytosol or extracted
with buffer containing sodium cholate from membranes of insect cells
infected with baculovirus encoding Cdc42Hs. The abundance of
recombinant Cdc42Hs in the two preparations was estimated by
355-GTP[S] binding. Aliquots of the two preparations containing

15 pmol soluble Cdc42HsCdc42H$or 22 pmol membrane-bound
Cdc42Hs (hnCdc42Hpwere supplemented with soluble proteins of insect
cells expressing PL&A (0.5ug protein/sample) and incubated in the
absence (open bars) or presence (hatched bars) @NMIGBTP[S] with
phospholipid vesicles containing Ptdipsmset: aliquots of the two
preparations containing 15 pmol soluble Cdc42Hs (lane 1) or 22 pmol
membrane-bound Cdc42Hs (lane 2) were subjected to SDS—PAGE and
immunoblotting was performed using antibodies reactive against
Cdc42Hs. B) Effector-regulating domain. Membranes of insect cells
infected with baculovirus encoding wild-type Cdc421@ic42HEY, or

the mutants Cdc42H&7Aand Cdc42H¥*C, were extracted with buffer
containing sodium cholate. The abundance of the recombinant Cdc42Hs
proteins in the detergent extracts was estimatetP8yGTP[S] binding.
Aliquots of the detergent extracts containing equal amounts of the three
GTPases (30 pmol) were supplemented with soluble proteins of insect
cells expressing PL&A (0.5ug protein/sample) and incubated as
indicated at the abscissa in the absence or presence piM@TP[S]

with phospholipid vesicles containing PtdInsPhe activities of the
detergent extracts in the absence of Bbare shown for comparison.
Inset: aliquots of the detergent extracts containing equal amounts

(10 pmol) of Cdc42H¥ (lane 1), Cdc42HS7A (lane 2) or Cdc42HE0C
(lane 3) were subjected to SDS—PAGE and immunoblotting was
performed using antibodies reactive against Cdc42Hs.

Stimulation of phospholipase C-f, by Rho GTPases
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Fig. 6. Stimulation of PL@,A by By; versus Cdc42Hs. Purified
recombinant PLB,A (120 ng protein/sample) was incubated at
increasing concentrations @f; purified from bovine retinal rod outer
segments (diamonds) or recombinant wild-type Cdc42Hs extracted
with buffer containing sodium cholate from membranes of
baculovirus-infected insect cells (circles) with phospholipid vesicles
containing PtdInspR The incubation was performed in the presence of
1.9 mM sodium cholate and 1QM GTP[S]. Cdc42Hs did not
stimulate PL@,A in the absence of GTP[S] (not shown).

C-terminal processing of Cdc42Hs is a prerequisite for
the ability of the protein to stimulate P135.

Substitution of amino acids in a region (residues
26-45) of Cdc42Hs and Rac homologous to the effector
region in Ras has been shown to interfere with their
binding to and regulation of downstream effectors
(Diekmannet al, 1994; Lamarchet al., 1996; Westwick
et al, 1997). To investigate whether the effector region
in Cdc42Hs is involved in the stimulation of P& two
single-amino-acid substitutions were introduced into the
effector domain of Cdc42Hs. Both mutants, Cdc42H4s
and Cdc42H¥'°C, were expressed in baculovirus-infected
insect cells, and their ability to bind®S-GTP[S] was
determined. Cdc42H&” and Cdc42H$°C were indistin-
guishable from wild-type Cdc42Hs in terms of their
355-GTP[S] binding parameters (not shown). However, in
marked contrast to wild-type Cdc42Hs, which caused
an ~6-fold stimulation of recombinant PIBg neither
Cdc42HS3"A nor Cdc42H¥%°C affected the activity of
PLCB,A in the absence or presence of GTP[S] (Figure 5B).
Therefore, the integrity of the effector-regulating region
of Cdc42Hs is required for PL& stimulation.

A comparison of the effects of increasing concentrations
of purifiedpy; and GTP[S]-activated recombinant Cdc42Hs
on purified PL@,A is presented in Figure 6. The results
show thatPy; caused a higher maximal enzyme stimu-
lation (~6.4-fold) than did GTP[S]-activated Cdc42Hs
(~3.6-fold), but was required at ~5-fold higher concentra-
tions to elicit this effect. Thus, half-maximal stimulation
of PLCB,A required ~400 nMpy;, but only ~70 nM
Cdc42Hs. In additional experiments (not shown), we found
that the potency of GTP[S]-activated Racl to stimulate
PLCB,A was ~20-fold higher than the potency of GTP[S]-
activated Cdc42Hs. Consistent with earlier results
(llenberger et al, 1997), we observed that wild-type
recombinant PLB, was stimulated to a lower maximal
extent by Cdc42Hs or Racl (up to ~2.5-fold) than BL&
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No evidence was obtained for synergism between eitherthat PL(B, serves as an effector rather than a regulator
Cdc42Hs or Racl an@y; upon co-stimulation of PLE,A of Cdc42Hs and Racl.

or wild-type PLQ,. Itis likely that regulation of PL@, activity by Cdc42Hs

and Racl is subject to control of the GTPases by regulatory
proteins, e.g. Rho family GDIs, GEFs or GAPs (Van Aelst
and D’Souza-Schorey, 1997). Interestingly, GTP[S] is

] ] ] shown in this study to promote the Cdc42Hs-mediated
We have previously shown that cytosolic preparations of ctimulation of PL@, activity, even in the presence of
bovine neutrophils contain a soluble, heterodimeric guan- LyGDI and in the absence of any GEF. This implies
ine nucleotide-binding protein that mediates stimulation spontaneous guanine nucleotide exchange under the condi-
of PLCB,. The molecular masses of the two components tions of our experiments, which is consistent with previous
of the purified heterodimer, 23 and 26 kDa, suggested thatfindings which indicate that such an exchange is feasible
a low-molecular-mass GTP-binding protein might mediate at |ow magnesium concentrations and/or in the presence
PLCB, activation. This notion was supported by the finding of ptdinsB (Self and Hall, 1995a; Zhengt al. 1996).

that the C-terminal region of PLR;, which is necessary = The existence of a specific GEF in neutrophils, which
for stimulation by members of tha, subfamily of the  might enhance the Cdc42Hs/Rac1-mediated BLEimu-
heterotrimeric G proteiit subunits, was not required for  |ation, and the functional role of LyGDI will be investi-
PLCPB, stimulation by the purified heterodimer (lllenberger gated in future studies.

et al, 1997). In this study, we identified the constituents ~ The findings of this study have important implications
of the purified PLQ,-stimulating protein from bovine  for the role of Cdc42Hs-mediated PBE stimulation in
neutrophils as the Rho GTPase Cdc42 and its regulatorypathways controlled by Cdc42Hs in intact cells. Rho
protein LyGDI. This result is consistent with our previous GTPases control the assembly and organization of the actin
observations and demonstrates, for the first time, that cytoskeleton in eukaryotic cells and regulate intracellular
PLCB, is regulated not only by heterotrimeric G proteins, protein kinase cascades and gene transcription (Van Aelst
but also by low molecular mass GTP-binding proteins of and D'Souza-Schorey, 1997; Hall, 1998). Cdc42 and Racl

Discussion

the Rho family. In addition, our experiments demonstrate
that a recombinant heterodimer made up of human LyGDI
and Cdc42Hs substituted for the heterodimer purified from
bovine neutrophils in terms of its ability to stimulate
PLCB,. Interestingly, the GTPase Cdc42Hs alone was
sufficient to mediate GTP[S]-dependent stimulation of
PLCB,. Analysis of the Rho family member specificity of
PLCB, stimulation revealed that this stimulation was not
limited to activated Cdc42Hs, but was also observed with
activated Racl. Importantly, activated RhoA was without
effect, adding PL, to the growing list of targets regulated
by Cdc42Hs and Racl, but not by RhoA.

An important outcome of this study is the observation
that stimulation of PLB, by Cdc42Hs required C-terminal
processing of Cdc42Hs (Glomset and Farnsworth, 1994).
It should be noted that the inability of soluble unmodified
Cdc42Hs to stimulate PLE; was not due to its inability
to bind GTP[S]. Both modified and unmodified Cdc42Hs
possessed similaf>S-GTP[S] binding activities when
tested under a variety of conditions, including those used
for measurement of their abilities to stimulate Hi,C
(cf. legend to Figure 5A). Rho GTPases need to be
C-terminally modified in order to interact with guanine
nucleotide dissociation inhibitors (GDIs) and, at least in

mutants carrying effector site substitutions have previously
been used to dissect the biochemical pathways involved
in these cellular responses (Jonesbal., 1996; Lamarche

et al, 1996; Westwicket al., 1997). Results from these
studies have provided evidence for bifurcating pathways
controlling cytoskeletal changes and MAP kinase activa-
tion. Thus, amino acid substitution at position 40 of Cdc42
blocked c-Jun N-terminal kinase (JNK) activation without
affecting activation of Racl, while changes at codon 37
had the opposite effect. Both mutants, however, still
induced DNA synthesis, and caused formation of filopodia
and focal complexes (Lamarchet al., 1996). Our own
observation that both Cdc42K8C and Cdc42Hs"Afailed

to stimulate PL@, suggests that PL may represent
an additional independent effector moiety regulated by
Cdc42Hs. Furthermore, PI3z stimulation by Cdc42Hs

is unlikely to be involved in Cdc42Hs-mediated activation
of JNK, activation of Racl, and formation of filopodia
and focal complexes, at least in fibroblasts, since these
pathways are activated by either Cdé#% or Cdc4237A,

An important issue concerning the role of Cdc42Hs and
Racl in the regulation of PL& is how these low-
molecular-mass GTP-binding proteins fit into the scheme
by which GCRs control this enzyme in intact cells.

some cases, with guanine nucleotide exchange factorsPrevious results provide strong evidence that GCRs activ-

(GEFs) and effectors (reviewed in Takei al, 1995).

ate PL@, in neutrophils viaPy dimers released from

The results reported here demonstrate that C-terminalpertussis toxin-sensitive G proteins (Canwgisal,, 1992;

modification of Cdc42Hs is not required for guanine

Jiang et al, 1996). However, chemoattractant receptors

nucleotide exchange, at least under the conditions used inhave also been shown to cause the activation of Rho

this study, but is a prerequisite to its ability to mediate
GTP[S]-dependent stimulation of P& The effector site
substitutions Cdc42H&A and Cdc42H¥CC resulted in
mutants which failed to stimulate PI3g, indicating that
both C-terminal modification(s) and the integrity of the
effector-regulating region of Cdc42Hs are required for
PLCp, activation. In addition, our results obtained with

GTPases in intact leukocytes (Laudamtal., 1996). The

mechanisms by which this activation takes place are
largely unknown. Several scenarios are possible. First,
GCRs could interact directly with Rho GTPases to catalyse
their activation (Polakigt al., 1989; Wielancet al.,, 1990;

Mitchell et al, 1998). Secondly, Rho GTPases could be
regulated through GCRs via direct interaction with free

purified proteins suggest that Cdc42Hs and Racl directly G protein By dimers (Harhammeet al, 1996; Alberts

interact with PL@,. Taken together, these data indicate
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trimeric G proteins could interact with and activate GEFs
of Rho GTPases (Zhaet al, 1995; Hartet al, 1998;
Nern and Arkowitz, 1998). Finally, leukocyte GCRs have
been shown to cause alterations in the levels and/or
activities of multiple intracellular second messengers and
signalling molecules, some of which are known to modu-
late, either directly or indirectly, the activity of Rho
GTPases (Hawkinet al,, 1995; Haret al,, 1998). Import-

Stimulation of phospholipase C-f, by Rho GTPases

Production of recombinant proteins in baculovirus-infected

insect cells

Recombinant baculoviruses were produced as described (Dietrih
1992). Recombinant proteins were produced by infec@mpdoptera
frugiperdacells (Sf9 cells, Invitrogen) with recombinant baculoviruses
as described (Dietricht al,, 1994). PL@,A, a deletion mutant of human
PLCBA, lacking a C-terminal region necessary for stimulationdyy
subunits (F819-E1166) and carrying a serine to alanine replacement in
position 2, was produced in baculovirus-infected Sfarochoplusia ni

cells (High Five" cells, Invitrogen). PLB,A is indistinguishable from

antly, Cdc42 and/or Racl may also be activated by the latterwild-type recombinant PL@, in terms of its interaction with PtdIis,

mechanism(s) via receptors not coupled to G proteins, e.g.

receptor tyrosine kinases. Signals emerging from both
G protein-coupled receptors and tyrosine kinases may
converge at the level of PUE. Of interest, signalling

C&* and G proteiry dimers.

Purification of recombinant Rho GTPases and LyGDI from
baculovirus-infected insect cells
Baculovirus-infected Sf9 cells were harvested and homogenized, and

through CD5, a co-receptor and tyrosine kinase substratemembranes and soluble proteins were prepared from the homogenate as

of T lymphocytes, has recently been shown to cause an
increase in intracellular Ga through a process requiring
phosphatidylinositol 3-kinase, Vav and Rac-1 (Gringhuis
et al, 1998).

In conclusion, we have shown that a heterodimer made
up of Cdc42 and LyGDI mediates GTP[S] stimulation of
PLCB, in soluble fractions of neutrophils. Our results
identify PLCB3, as a new target of the Rho GTPases
Cdc42Hs and Rac1, but not RhoA. PR{may, therefore,
represent an integral part of signal transduction pathways
activated by Cdc42Hs and/or Racl in neutrophils and,
possibly, other cells expressing this effector enzyme.

Materials and methods

Amino acid sequence analysis of the PLCB,A-stimulating

factor purified from bovine neutrophils

The PL@,-stimulating factor present in soluble fractions of bovine
neutrophils was purified as described previously (lllenbergeral.,

described previously (Cerionet al, 1995). Soluble Cdc42Hs was
purified from the soluble fraction of baculovirus-infected insect cells by
gel permeation chromatography using a HiLoad 26/60 Superdex 75 prep
grade column (Pharmacia) (lllenbergearal., 1997). Membrane-bound
Cdc42Hs and Racl was solubilized by extracting the membranes with
buffer containing 23 mM sodium cholate and the detergent-solubilized
Rho GTPases were purified according to Cerione (1995), except that the
proteins obtained by chromatography on Mono Q were diluted ~5-fold
with buffer A (20 mM Tris—HCI pH 8.0, 23 mM sodium cholate) and
applied to a column (080.5 cm) of hydroxylapatite (Calbiochem,
HPLC grade) connected to a SMART micropurification chromatography
system (Pharmacia) which had been equilibrated with buffer A. The
flow rate was 5Qul/min. After application of the sample, the resin was
washed with 1 ml of buffer A and eluted with a linear gradient (1 ml)
starting with buffer A and ending with buffer B containing 20 mM Tris—
HCI pH 8.0, 1 mM EDTA, 1 mM dithiothreitol, 100 mM PO,/
H3POy, 40% (v/v) glycerol and 23 mM sodium cholate. Recombinant
Rho GTPases eluted in single peaks at ~50 mpIRO,/H3PO;. LyGDI

was purified from the soluble fraction of baculovirus-infected insect
cells by sequential chromatography on Superdex 75 prep grade, and
Mono Q as described for the purification of the soluble BMS
stimulating factor from bovine neutrophils (lllenbergstral., 1997).

1997). For amino acid sequence analysis, the 23 and 26 kDa constituentspyrification of recombinant PLCB,A

of the purified protein were separated by SDS—-PAGE and electroblotted
onto ProBlott membranes (Applied Biosystems). The bands were excised
and subjected to digestion with endoproteinase Asp-N (Boehringer
Mannheim). The proteolytic fragments were fractionated by reverse-

The soluble fraction offrichoplusia nicells infected with baculovirus
encoding PL@B,A (10 ml, 200 mg of protein) was applied to a column
(1.6x8 cm) of Heparin Sepharose CL-6B (Pharmacia) that had been
equilibrated with buffer A [20 mM Tris—HCI pH 8.0, 1 mM EDTA,

phase high-performance liquid chromatography prior to sequence analysis1 mMm dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 3 mM
on an Applied Biosystems Model 470A automated gas phase sequenatorpenzamidine, 10uM leupeptin, 2uM pepstatin, 1pg/ml aprotinin,

Plasmids

The cDNAs of human Rho GTPases were kindly provided by Drs
Martijn F.B.G.Gebbink, Wouter H.Moolenaar, Rainei Iu and Martin
Bahler. The cDNA of human LyGDI (Scherleet al, 1993) was
amplified from poly(A)” RNA of undifferentiated HL-60 cells by
reverse-transcriptase-PCR (RT-PCR) using synthetic oligonucleotides
complementary to the ends of the coding region and carrying recognition
sites forBanH| and EcaRl on their 8 and 3 ends, respectively. The
PCR product was ligated into tl&coRI/BanH| sites of the prokaryotic
expression vector pGEX-2TK (Pharmacia) and the baculovirus transfer
vector pVL1393 (Invitrogen). Point mutations were introduced into the
cDNA of Cdc42Hs by the PCR overlap extension method (Horton and
Pease, 1991) to generate the cDNAs of Cdc43Hsand Cdc42HE0C,

The cDNAs encoding the Cdc42Hs mutants were ligated int@#reH|/
EcaRl site of pVL1393. All cloned PCR products were sequenced using
the T7 Sequenase version 2.0 DNA sequencing kit (Amersham).

Production of recombinant proteins in E.coli
GST fusion proteins of RhoA, Cdc42Hs, Racl and LyGDI were
produced irE.coliDH5a and purified by chromatography on Glutathione

16 pg/ml L-1-chloro-3-(4-tosylamido)-4-phenyl-2-butanone (TPCK),
16 pg/ml L-1-chloro-3-(4-tosylamido)-7-amino-2-heptanone hydro-
chloride (TLCK), 2ug/ml soybean trypsin inhibitor]. The flow rate was

1 ml/min. After application of the sample, the column was washed with
20 ml of buffer A and eluted with a linear gradient (60 ml) of NaCl
(0-900 mM) in buffer A, followed by 10 ml of buffer A containing
900 mM NacCl. Fractions of 1 ml were collected and analysed by SDS—
PAGE and immunoblotting using antibodies reactive against[B3LAC
(Campset al, 1992). Fractions containing maximal levels of 3.8
were pooled (15 ml, 40 mg of protein), concentrated ~10-fold by pressure
filtration in a stirred cell equipped with an Amicon PM10 membrane,
diluted 4-fold with buffer A and applied to a Mono Q HR 5/5 column
(Pharmacia), which had been equilibrated with buffer A containing
100 mM NaCl. The flow rate was 0.5 ml/min. After application of the
sample, the column was washed with 5 ml of buffer A containing
100 mM NacCl and eluted with a linear gradient (10 ml) of NaCl (100-
900 mM) in buffer A, followed by 5 ml of buffer A containing 900 mM
NaCl. Fractions of 50Qul were collected into tubes containing %0

of 10-fold concentrated protease inhibitors as listed above. Fractions
containing PLB,A (1 ml, 10 mg of protein) were diluted 4-fold with
buffer B (20 mM Tris—HCI pH 7.5, 100M EDTA, 1 mM dithiothreitol,

Sepharose 4B (Pharmacia) according to the method described previously0.1 mM phenylmethylsulfonyl fluoride, 3 mM benzamidine, §/ml

(Self and Hall, 1995b). The purified GST fusion proteins were dialysed
extensively against buffer containing 20 mM Tris—HCI pH 7.6, 2 mM
MgCl,, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride and

1 pM GDP (GST-RhoA, GST-Cdc42Hs and GST-Racl) or 20 mM
Tris—=HCI pH 7.5, 1 mM EDTA, 1 mM dithiothreitol and 0.1 mM
phenylmethylsulfonyl fluoride (GST-LyGDI). The purity of the proteins
was at least 90%, as judged by analysis on SDS—polyacrylamide gels
stained with Coomassie Blue.

TPCK, 16 pg/ml TLCK). The sample (2 ml, 5 mg of protein) was
applied to a column (080.5 cm) of hydroxylapatite (Calbiochem,
HPLC grade) connected to a SMART micropurification chromatography
system (Pharmacia) which had been equilibrated with buffer B. The
flow rate was 10Qul/min. After application of the sample, the resin was
washed with 0.5 ml of buffer B and eluted with a linear gradient (5 ml)
of KoHPO/H3PO, pH 7.5, (0-500 mM) in buffer B. PLBA eluted in

a single peak at ~110 mM K POy/H3PO,.
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Depletion of Rho GTPases from the PLCfB2-stimulating factor Miscellaneous

with matrix-immobilized GST-LyGDI The method used to puriffy; from bovine retinal rod outer segment
Two hundredpl of PLCB,-stimulating factor partially purified from membranes is described in Gierschik and Camps (1994). Protein concen-
bovine neutrophils by gel filtration [lllenberget al. (1997) fraction 11 trations were determined according to Bradford (1976) using bovine IgG
of the preparation shown in figure 2 therein] containing 1.2 mg of as standard. SDS—PAGE and immunoblotting were performed according
protein were supplemented with 2Q0 of a 50% slurry of Glutathione to standard protocols (Harlow and Lane, 1988), except that immuno-

Sepharose 4B loaded with GST-LyGDI or GST as described in the GST reactive proteins were visualized using the ECL Western blotting
Gene Fusion System Manual (Pharmacia) and rotated end-over-end fordetection system (Amersham). The method used to stain the gels with
15 h at 4°C. The beads were sedimented by centrifugation ag660 silver is specified in Oaklegt al. (1980). Polyclonal antibodies reactive

5 min at 4°C and washed three times with 1 ml each of ice-cold buffer against RhoA (sc-179), Cdc42Hs (sc-87), Racl (sc-217), LyGDI
containing 20 mM Tris—=HCI pH 7.5, 1 mM EDTA, 100 mM NacCl, (sc-359) and GST (sc-459) were from Santa Cruz Biotechnology. A
1 mM MgCl, and 1pM GDP. Proteins were eluted from the matrix by ~ baculovirus encodinde.coli B-galactosidase was from Dr M.Ruffing.
adding to the wet gel cake 4Q@ of 10 mM reduced glutathione in All other materials were from standard vendors or from sources described
40 mM Tris—HCI pH 7.5, 1 mM EDTA, 1 mM MgGland 1uM GDP. previously (lllenbergeet al., 1997).

The eluate was concentrated ~6-fold using Nanosep-10 microconcentra-
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Solubilization of membrane-bound recombinant Rho

GTPases with soluble GST-LyGDI

Membranes of insect cells expressing Cdc42Hs, RhoA, Racl or
B-galactosidase (3.5 mg of protein each) were rotated end-over-end for
15 h at 4°C in 20Qul of 20 mM Tris—HCI pH 7.5, 1 mM EDTA, 1 mM
dithiothreitol and 0.1 mM phenylmethylsulfonyl fluoride containing
either 40uM GST or 40uM GST-LyGDI. The samples were centrifuged

at 100 000g for 10 min at 4°C and the supernatants used for further
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