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Rho GTPases are implicated in a multitude of cellular processes
regulated by membrane receptors, such as cytoskeletal re-
arrangements, gene transcription and cell growth and motility.
Activation of these GTPases is under the direct control of
guanine nucleotide exchange factors (GEFs), the Dbl family
proteins. By searching protein databases we have identified a
novel Rho-GEF, termed pl114-Rho-GEF, which similarly to
other Rho-GEFs contains a Dbl homology domain followed
by a pleckstrin homology domain. pl114-Rho-GEF interacted
specifically with RhoA, in its nucleotide-free and guanosine 5'-
[y-thio]triphosphate-bound states, but not with Racl and Cdc42,
and efficiently catalysed guanine nucleotide exchange of RhoA.

Consistent with these results in vitro was our finding that the
overexpression of pl14-Rho-GEF in J82 and HEK-293 cells
induced the formation of actin stress fibres and stimulated
serum-response-factor-mediated gene transcription in a Rho-
dependent manner. Rho-mediated transcriptional activation
induced by M, muscarinic acetylcholine and lysophosphatidic
acid receptors was enhanced by p114-Rho-GEF, suggesting that
the activity of this novel Rho-GEF, which is widely expressed in
human tissues, can be controlled by G-protein-coupled receptors.

Key words: actin stress fibre, KIAA0521 (Rho-specific guanine
exchange factor), RhoA, serum response factor.

INTRODUCTION

GTPases of the Rho family, which comprises more than ten
distinct proteins including RhoA, Racl and Cdc42, apparently
control a large variety of cellular processes in response to
extracellular signals [1-3]. First identified as regulators of specific
changes in the actin cytoskeleton in fibroblasts, RhoA, Racl and
Cdc42 are now considered to be pivotal regulators of several
signalling networks, including transcriptional regulation and cell
cycle progression. For example, RhoA, Racl and Cdc42 have
been reported to activate serum response factor (SRF)-dependent
gene transcription and to be required during G, cell cycle
progression [4,5]. Moreover, the mitogen-activated protein
kinases, c-Jun N-terminal kinase/stress-activated protein kinase
and p38 mitogen-activated protein kinase, have been reported to
be activated by Rac and Cdc42 [6,7]. Like other small GTPases,
Rho GTPases cycle between inactive GDP-bound and active
GTP-bound states. At least three distinct classes of regulatory
proteins control this cycling of Rho GTPases. These are
(1) guanine nucleotide dissociation inhibitors, which inhibit
nucleotide exchange by forming rather stable complexes with
the Rho GTPases; (2) guanine nucleotide exchange factors
(GEFs), which catalyse the exchange of GDP for GTP; and
(3) GTPase-activating proteins, which stimulate the low intrinsic
GTPase activity of Rho GTPases [1,2]. Many GEFs for
Rho GTPases have been identified, now forming a large protein
family with approx. 30 members [8—10]. Several of these GEFs,
including the prototype Dbl, Ost, Lbc, Lsc and Lfc, were first
identified as oncogenes. A common feature of GEFs for Rho
GTPases is a Dbl homology (DH) domain responsible for
exchange activity, followed by a pleckstrin homology (PH)

domain thought to be involved in subcellular localization of the
GEFs[8-11]. The release of GDP from the GTPases is apparently
promoted by an intermediate complex formation of the GEF
with the guanine-nucleotide-free state of the GTPase [12]. Several
GEFs for Rho GTPases are expressed preferentially in specific
cells and tissues and at certain developmental stages, suggesting
cell-specific and tissue-specific effects of these GEFs [8-10]. In
addition, some GEFs are specific for individual Rho GTPases,
for example Lfc for Rho, Tiam1 for Rac, and FGDI1 for Cdc42,
whereas others were found to act on several Rho GTPases, for
example Dbl and Ost act on both Rho and Cdc42 [12-16],
indicating a further specialization of the GEFs for Rho GTPases.
Here we report the characterization of a novel Rho-GEF, termed
p114-Rho-GEF, which contains a DH domain in tandem with a
PH domain as well as a proline-rich region, and which is widely
expressed in human tissues. pl114-Rho-GEF specifically bound
to and catalysed the GDP/GTP exchange of RhoA, but not that
of Racl and Cdc42. When overexpressed, pl14-Rho-GEF led to
the formation of actin stress fibres and SRF activation, and
potentiated Rho-dependent SRF activation by G-protein-
coupled receptors.

MATERIALS AND METHODS
Expression plasmid construction

The cDNA of p114-Rho-GEF (KIAA0521; GenBank® accession
number AB011093), kindly provided by Dr T. Nagase (Kazusa
DNA Research Institute, Chiba, Japan), was subcloned into the
EcoRYV site of the pPCMV-Tag3 expression vector (Stratagene) as

Abbreviations used: DH, Dbl homology; GEF, guanine nucleotide exchange factor; GST, glutathione S-transferase; GTP[S], guanosine 5'-[y-
thio]triphosphate; PH, pleckstrin homology; SRE, serum response element; SRF, serum response factor; TRITC, tetramethylrhodamine isothiocyanate.
" To whom correspondence should be addressed (e-mail ulrich.ruemenapp@uni-essen.de).
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a Smal fragment (nt 57-3795) containing the complete open
reading frame to permit the expression of Myc-tagged pl14-
Rho-GEF.

Northern-blot analysis

A human multiple tissue Northern blot (Clontech), containing
approx. 2 ug of poly(A)" RNA from eight different human
tissues in each lane, was hybridized with a [a-**P]dCTP-labelled
cDNA probe encompassing nt 36-447 of the pl14-Rho-GEF
sequence. Hybridization and washing were performed in ac-
cordance with the manufacturer’s instructions.

Cell culture and transfection

HEK-293 cells stably expressing M, or M, muscarinic acetyl-
choline receptors [17] and human bladder carcinoma J82 cells
[18] were cultured as described in detail previously [19,20].
Transfection of the cells was performed by the calcium phosphate
precipitation method for 4 h at 37 °C.

Purification of proteins

pGEX vectors encoding glutathione S-transferase (GST) fusion
proteins of RhoA, Racl and Cdc42 were kindly provided by Dr
Alan Hall (University College London, London, U.K.). The
proteins were expressed in Escherichia coli and purified as
described previously [21]. For preparation of a pl114-Rho-GEF
baculovirus construct, the insert of the pl14-Rho-GEF ex-
pression plasmid was subcloned as an EcoRI/HindIII (blunted
with Klenow DNA polymerase) fragment into the EcoRI/Smal
sites of the baculovirus transfer vector pAcGHLT-B
(PharMingen). Purified transfer vector construct (1 xg) was co-
transfected with 0.25 ug of BaculoGold DNA (PharMingen) into
Spodoptera frugiperda (Sf9) cells by using Lipofectin (Gibco
BRL). At 72 h after infection with recombinant virus, the cells
were rinsed in PBS without Ca** and Mg*" and lysed by
sonification on ice in a buffer containing 50 mM Tris/HCI,
pH 7.5, 2mM EGTA, 1 mM dithiothreitol, 10 xuM PMSF,
1 pg/ml leupeptin and 0.25 M sucrose. The GST fusion protein
was purified from the supernatant by affinity chromatography
on a glutathione—Sepharose (Amersham Pharmacia Biotech)
column, with a buffer containing 50 mM Tris/HCI, pH 7.5,
2 mM EGTA, 1 mM dithiothreitol and 10 mM GSH to elute the
protein from the affinity beads.

GDP/GTP exchange assays

Assays of GEF activity were performed by the nitrocellulose
filter binding method at room temperature, essentially as de-
scribed [22]. In brief, for the measurement of GDP binding,
purified recombinant GTPases were first made nucleotide-free by
incubation for 5 min in loading buffer containing 2 mM EDTA
and 3 M [PH]GDP (Amersham Pharmacia Biotech). Then
MgCl, (5mM) was added and the [PH]JGDP loading of the
GTPases continued for 20 min. Finally, purified GST-pl14-
Rho-GEF equilibrated for 15 min in exchange buffer containing
1 mMGTP was added and the reaction continued for the
indicated periods. For the binding of guanosine 5'-[y-thio]-
triphosphate (GTP[S]), [PH]JGDP was replaced by 3 uM
unlabelled GDP in the loading buffer; the exchange assay buffer
contained 5 xM GTP[**S] (New England Nuclear) instead of
unlabelled GTP. Bound and free nucleotides were separated by
filtration through nitrocellulose filters.

© 2000 Biochemical Society

Protein binding assay

Binding of p114-Rho-GEF to Rho GTPases was performed
essentially as described [12]. In brief, HEK-293 cells were
transfected with Myc-tagged p114-Rho-GEF. After 48 h the cells
were lysed at 4 °C in a buffer containing 20 mM Tris/HCI,
pH 7.6, 100 mM NaCl, 2 mM EDTA, 0.5 9%, (v/v) Triton X-100,
0.2 9%, sodium deoxycholate, | mM dithiothreitol, | mM PMSF,
10 ug/ml aprotinin and 10 xg/ml leupeptin. Approximately
150 pg of recombinant GST-fused RhoA, Racl and Cdc42 were
immobilized on glutathione-Sepharose beads and incubated first
with lysate of untransfected HEK-293 cells for 1 h at 4 °C to
reduce background binding. Then nucleotide-free, GDP-bound
and GTP[S]-bound states of the GTPases were prepared [12],
followed by incubation of the beads with lysates of cells expressing
Myc-tagged p114-Rho-GEF for 16 h at 4 °C. Finally, the beads
were washed, resuspended in Laemmli buffer and subjected to
SDS/PAGE and Western blotting with an anti-Myc antibody
(9E10; Calbiochem). Immunoreactive proteins were detected by
enhanced chemoluminescence (Amersham).

Staining with phalloidin and fluorescence microscopy

Subconfluent J82 cells cultured on 60 mm plastic dishes were
transfected with Myc-tagged pl114-Rho-GEF DNA (20 ug per
dish). Fluorescence microscopy of expressed Myc-tagged pl14-
Rho-GEF with anti-Myc antibody and FITC-labelled goat anti-
mouse IgG antibody, and of actin filaments with tetramethyl-
rhodamine isothiocyanate (TRITC)-conjugated phalloidin, was
performed 48 h after transfection, as described in detail pre-
viously [23].

Assay of SRF activation

Rho-dependent activation of SRF was measured in HEK-293
cell extracts with the Dual-Luciferase Reporter Assay System
(Promega) in accordance with the manufacturer’s instructions.
HEK-293 cells seeded on 12-well plates were co-transfected with
different expression plasmids together with pSRE.L-luciferase
reporter plasmid, a gift from DrJ. Mao and Dr D. Wu (University
of Rochester, Rochester, NY, U.S.A.), and pRL-TK control
reporter vector. Transfection was stopped after 4 h by switching
to culture medium containing 0.5 %, (v/v) fetal calf serum, both
without and supplemented with receptor agonists as indicated.
After 24 h, cells were washed once with PBS and lysed by
incubation with passive lysis buffer (Promega). Luciferase sub-
strates were then added to the lysates, and luciferase activities
were determined by measuring luminescence intensities with
a Lumat counter (Berthold). To minimize experimental vari-
ability, the activity of the experimental reporter was normalized
against the activity of the control vector.

RESULTS AND DISCUSSION
Identification and sequence analysis of p114-Rho-GEF

Rho family GTPases have been shown to have essential roles in
a wide variety of cellular processes; however, the signalling
pathways leading to their activation by membrane receptors are
still largely unknown [1-3]. Diverse GEFs for Rho GTPases have
been identified that now form a large protein family, the Dbl
family proteins [8—10]. In search of new members of this family,
we examined protein databases with the DH domains of known
GEFs. Our searches resulted in the identification of several as yet
uncharacterized proteins possessing DH domains that could
possibly function as GEFs for Rho GTPases (results not shown).
In particular, the protein named KIAA0521 (p114-Rho-GEF)
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Figure 2 Schematic representation of p114-Rho-GEF and alignments of
the homology domains of p114-Rho-GEF with other Rho GEFs

(R) p114-Rho-GEF contains DH and PH domains in residues 103—299 and 336—439
respectively, and a proline-rich domain (P) between residues 954 and 969. (B, C) Alignments
of the DH domains (B) and PH domains (C) of p114-Rho-GEF, p190 RhoGEF, Lbc and Lfc.
White-on-black residues represent sequence similarities, i.e. conservative amino acid changes
within the following functionally similar groups: hydrophobic residues (lle, Val, Leu and Met),
aromatic residues (Phe, Trp and Tyr), acidic residues (Glu and Asp), basic residues (Lys and
Arg) and uncharged polar residues (Asn and Gin).

attracted our interest; its characterization as a GEF for Rho
GTPases is reported here. Sequence analysis of the 5113 bp
cDNA revealed a major open reading frame of 3045 nt starting
with an ATG codon at nt 108. This codon is in moderately good
context for translation initiation with a purine (G) at —3 in
comparison with the Kozak consensus sequence [24]. Although
there are no additional termination codons upstream of this site,
the sequence is highly GC-rich (more than 75 9;,) and is therefore
unlikely to be coding. If we assume that translation starts at nt
108, the full-length cDNA would encode a protein of 1015
residues with a predicted molecular mass of 114 kDa (Figure 1),
which was therefore termed p114-Rho-GEF. Comparison of the
deduced amino acid sequence of pl14-Rho-GEF with sequences
in the protein databases revealed no apparent identity with
known proteins. Protein homology analysis demonstrated that
the DH domain resides between residues 103 and 299 and forms
a tandem with a PH domain between residues 336 and 439, and
that p114-Rho-GEF contains an additional proline-rich domain
at the C-terminus between residues 954 and 969 (Figure 2A). As
shown in Figure 2(B), the DH domain of pl114-Rho-GEF was

Figure 1 Nucleotide and deduced amino acid sequences of p114-Rho-GEF

The predicted amino acid sequence of p114-Rho-GEF is shown from the first ATG codon in the
open reading frame. Nucleotide and amino acid numbers are shown at the left and right.

© 2000 Biochemical Society
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Figure 3 Expression of p114-Rho-GEF

Northern-blot analysis was performed with a radiolabelled cDNA probe of p114-Rho-GEF for
hybridization to poly(A)* RNA prepared from the indicated human tissues. The positions of
molecular size markers (kb) are shown at the right.

619,, 549, and 519, identical with, and 759, 759, and 72 %
similar to, the corresponding DH domains of p190 RhoGEF
[25], Lbc [26] and Lfc [13] respectively. Furthermore, the PH
domain of pl114-Rho-GEF is closely related to those of p190
RhoGEF, Lbc and Lfc, exhibiting 74 %,, 57 9% and 57 9, identity,
and 859, 779, and 779, similarity respectively (Figure 2C).
Thus the DH and PH domains of pl114-Rho-GEF have the
highest degree of similarity to GEFs that are specific for Rho,
whereas they are more distantly related to those acting (addi-
tionally) on Rac and/or Cdc42, including Dbl [12], Tiam1 [14]
and Ost [16] (results not shown). In a comparison of the full-
length proteins, pl14-Rho-GEF exhibited 449, identity with
and 599, similarity to pl90 RhoGEF. Only minor sequence
similarities could be found between p114-Rho-GEF and pl115-
Rho-GEF, another Rho-specific GEF [27], although both pro-
teins are of strikingly similar molecular masses. All our findings
suggested that p114-Rho-GEF might be a GEF for Rho GTPases,
and is possibly specific for Rho.

Expression of p114-Rho-GEF

To examine the expression of pl114-Rho-GEF in human tissues,
a Northern-blot analysis was performed. As shown in Figure 3,
we detected a transcript of approx. 6.4 kb, with highest expression
in kidney and pancreas, and to a smaller extent in heart, brain,
placenta, lung, liver and skeletal muscle. In this tissue, an mRNA
of approx. 3.9 kb was detected, suggesting the expression of a
splice variant of p114-Rho-GEF in skeletal muscle. Reverse-
transcriptase-based PCRs with oligonucleotide primers
specific for p114-Rho-GEF led to the detection of transcripts of
p114-Rho-GEF in human bladder carcinoma J§2 cells and HEK-
293 cells (results not shown). If these results are taken together,
p114-Rho-GEF is apparently widely expressed in human tissues,
in contrast with several other GEFs for Rho GTPases, the
expression of which is restricted to specific tissues [8—10].

Biochemical characterization of p114-Rho-GEF

Next we examined the potential guanine nucleotide exchange
activity of pl114-Rho-GEF and its specificity for distinct Rho
family members. For this, recombinant GST-fused p114-Rho-
GEF purified from Sf9 cells was added to purified recombinant

© 2000 Biochemical Society
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Figure 4 Characterization of the Rho-specific guanine nucleotide exchange
activity of p114-Rho-GEF

(A) Concentration—response curve of [°H]GDP release from GST—RhoA (0.6 £¢M) induced by
GST—p114-Rho-GEF at the indicated concentrations after 40 min at room temperature. Bound
[®H]GDP is expressed as a percentage of control, i.e. binding in the absence of p114-Rho-GEF.
Right panel: Coomassie Blue-stained SDS-PAGE of purified GST—p114-Rho-GEF. The positions
of molecular-mass markers (kDa) are indicated at the right. (B) Time course of [*H]GDP release
from GST—RhoA (0.6 «M) measured in the absence (O) and presence (@) of GST—p114-
Rho-GEF (0.45 eM). () Time course of GTP[*S] binding to GST-RhoA (0.6 z«M) measured
in the absence (O) and presence (@) of GST—p114-Rho-GEF (0.45 xM). Conditions of the
exchange assays were as described in the Materials and methods section. Results are
means +S.EM. (n = 4).
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Figure 5 Rho-specific binding of p114-Rho-GEF

Binding assays of £ coli-expressed GST, GST-RhoA, GST—Rac1 and GST—Cdc42 with Myc-
tagged p114-Rho-GEF expressed in HEK-293 cells were performed as described in the
Materials and methods section. The GTPases were in the nucleotide-free (NF), GDP-bound
or GTP[S] (GTPyS)-bound states as indicated. Bound p114-Rho-GEF was resolved by
SDS/PAGE and identified with the use of an anti-Myc antibody.

GST-RhoA, GST-Racl or GST-Cdc42; the binding of [P H]GDP
and GTP[**S] to these GTPases was determined. After 40 min of
incubation at room temperature with the small GTPases (0.6 uM
each), pl114-Rho-GEF (0.3 yM) induced a substantial release of
[PH]GDP bound to RhoA, to 32.14+4.19, of that in the absence
of p114-Rho-GEF (mean+S.E.M, n =4, P < 0.0001). In con-
trast, pl 14-Rho-GEF did not cause [P H]GDP release from Racl
and Cdc42, amounting to 106.5+5.49, and 103.4+3.99, re-
spectively of the values in the absence of p114-Rho-GEF. p114-
Rho-GEF was similarly ineffective on the [PHJGDP binding of
Racl and Cdc42 when studied at shorter periods (results not
shown). Half-maximal and maximal release of [’HJGDP from
RhoA (0.6 xM) were observed at 0.06 uM and at least 0.1 xM
pl14-Rho-GEF respectively (Figure 4A). The half-time for
[PHIGDP dissociation from RhoA was much smaller in the
presence of pl114-Rho-GEF than in its absence (Figure 4B). In
agreement with the [PH]JGDP binding data, pl114-Rho-GEF
promoted the binding of GTP[**S] to RhoA (Figure 4C). Thus
p114-Rho-GEF acts as a specific and effective GEF for RhoA in
vitro, thereby catalysing the release of bound GDP from this
GTPase and its replacement by GTP.

The nucleotide-binding-state specificity of the interaction of
GTPases with their GEFs is apparently quite distinct, even
within the subfamily of Rho-specific GEFs. For example, Lbc
and Lfc were reported to bind to nucleotide-free RhoA, but not
to its GDP-bound or GTP[S]-bound state, in agreement with the
exchange activity of the GEFs, which involves the stabilization
of a nucleotide-free transition state of the GTPase [8-10,12]. In
contrast, p190 RhoGEF and mNET1, also Rho-specific GEFs,
were reported to bind GDP-liganded and GTP[S]-liganded RhoA
equally well [25,28] (the binding of these GEFs to nucleotide-free
RhoA was not reported), whereas the Rho-specific GEF,
KIAA0380, bound most strongly to nucleotide-free RhoA and
also exhibited binding to GTP[S]-bound but not to GDP-bound
RhoA [23]. We therefore studied the RhoA species to which
p114-Rho-GEF binds and examined whether pl114-Rho-GEF
might interact with Racl and Cdc42, although the GDP/GTP
exchange of these GTPases was not affected by p114-Rho-GEF.
For this, protein binding assays were performed with GST
fusion proteins of RhoA, Racl and Cdc42 immobilized on
glutathione—Sepharose beads and Myc-tagged pl114-Rho-GEF
expressed in HEK-293 cells. The GTPases were in the nucleotide-
free, GDP-bound or GTP[S]-bound state. As shown in Figure 5,
binding of pl114-Rho-GEF was strongest to GTP[S]-liganded
RhoA, followed by binding to nucleotide-free RhoA ; binding to
the GDP-bound state of RhoA was not detected. In contrast,
p114-Rho-GEF did not bind to GST, Racl or Cdc42 in any of
the nucleotide-binding states examined. Thus, in agreement with

Figure 6 Formation of actin stress fibres by overexpression of p114-Rho-
GEF in J82 cells

TRITC-phalloidin staining revealing the actin cytoskeleton (upper panel) and anti-Myc antibody
immunofluorescence (lower panel) of J82 cells transfected with Myc-tagged p114-Rho-GEF is
shown. Scale bar, 20 gm.

its guanine nucleotide exchange activity at RhoA, p114-Rho-
GEF exhibited binding to nucleotide-free but not to GDP-
bound RhoA. In contrast, the strong binding of p114-Rho-GEF
observed with GTP[S]-liganded RhoA suggests that p114-Rho-
GEF might also function as an effector of activated RhoA or as
a carrier for the active GTPase to potential effector target sites.

Stress fibre formation and transcriptional activation by p114-Rho-
GEF

GTPases of the Rho family are best known for their specific
effects on the organization of the actin cytoskeleton in fibroblasts,
with RhoA producing stress fibres associated with focal
adhesions, Racl inducing lamellipodia and membrane ruffles
and Cdc42 triggering the formation of filopodia or microspikes
[1,2]. Thus, to study whether p114-Rho-GEF could act as a GEF
for Rho GTPases in intact cells, we first examined potential
cytoskeletal changes induced by the overexpression of pl14-
Rho-GEF in human bladder carcinoma J82 cells. Control
experiments with constitutively active Rho GTPases showed that
the expression of V14 RhoA induced the formation of stress
fibres, whereas the expression of V12 Racl promoted the
formation of lamellipodia (results not shown). As shown in
Figure 6, J82 cells expressing Myc-tagged pl14-Rho-GEF,
detected by an anti-Myc antibody, exhibited actin stress fibres,
which stained with TRITC-phalloidin, without the appearance
of lamellipodia. Thus, in agreement with the results in vitro, the
overexpression of pl14-Rho-GEF induced similar cytoskeletal
changes to those induced by active RhoA, suggesting that p114-
Rho-GEF also leads to RhoA activation in intact cells.

© 2000 Biochemical Society
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Table 1 Potentiation by p114-Rho-GEF of SRF-mediated gene transcription
induced by G-protein-coupled receptors

HEK-293 cells were co-transfected with pSRE.L-luciferase reporter plasmid (1 zg per well)
expressing firefly luciferase and pRL-TK control reporter vector (0.1 g per well) expressing
Renilla luciferase, in the absence and in the presence of expression plasmid for p114-Rho-GEF
(0.03 pg per well). Cells were then cultured for 24 h in the absence and the presence of 1 mM
carbachol (cells expressing M; muscarinic acetylcholing receptor) or 10 M lysophosphatidic
acid (cells expressing M, muscarinic acetylcholine receptor) as indicated. The firefly luciferase
activities were normalized against the level of expressed Renilla luciferase. Results are
means +S.D. (7= 3). *Significantly different (P < 0.005) from the value obtained from
empty-vector-transfected cells; Tsignificantly different (P < 0.005) from the value obtained
from unstimulated cells.

Luciferase production (fold induction)

Agonist Without p114-Rho-GEF With p114-Rho-GEF
None 1.0+01 15+01"
Carbachol 314057 514+01*F

None 10401 22402°
Lysophosphatidic acid 224021 51401*F

RhoA, Racl and Cdc42 have been reported to regulate tran-
scriptional activation by SRF [4]. In particular, activated RhoA
effectively stimulated SRF, resulting in the activation of the c-fos
serum response element (SRE), a regulatory sequence found in
many growth-factor-regulated promoters. Thus we investigated
the ability of p114-Rho-GEF to induce gene expression via SRF
and SRE and studied which types of Rho GTPase are involved.
For our experiments, we used a firefly luciferase expression vector
controlled by SRE.L, a derivative of the c-fos SRE that contains
an intact high-affinity binding site for SRF but cannot bind
ternary complex factor [4,29]. Co-expression of constitutively
active V14 RhoA (1 ug of plasmid DNA per well) in HEK-293
cells caused a 20.0+3.6-fold elevation in luciferase reporter
production (mean+S.D., n =3, P < 0.03). Overexpression of
p114-Rho-GEF (1 ug of DNA per well) also markedly induced
SRE.L-dependent transcription, by 13.5+3.9-fold. This stimu-
latory effect was completely abrogated by the co-expression of
Clostridium botulinum C3 transferase (0.2 ug of DNA per well),
which specifically ADP-ribosylates and inactivates Rho proteins,
but not Rac and Cdc42 [30]. Thus p114-Rho-GEF can efficiently
regulate transcriptional activation by SRF in a Rho-dependent
manner. Rho proteins have been reported to link G-protein-
coupled receptors to SRE-dependent gene transcription [4,31].
Therefore we finally studied whether pl114-Rho-GEF can be
activated by membrane receptors. As shown in Table 1, activation
of the M, muscarinic acetylcholine receptor stably expressed
in HEK-293 cells by the agonist carbachol (1 mM) resulted in
a strong induction of SRE.L-controlled firefly luciferase
expression, ranging between 3-fold and 10-fold activation. Simi-
larly, activation of the endogenously expressed lysophosphatidic
acid receptor by 10 xM lysophosphatidic acid increased luciferase
activity by approx. 2-fold maximally (Table 1). The stimulatory
effect of both receptor agonists was completely blocked by the
co-expression of C3 transferase, confirming that it is mediated by
endogenous Rho proteins (results not shown). When p114-Rho-
GEF was co-expressed at a level that by itself induced only a
small increase in luciferase production, SRE.L-dependent trans-
cription induced by either carbachol or lysophosphatidic acid
was strongly increased. There was no potentiating or additive
effect when pll14-Rho-GEF was expressed at a maximally
effective level (results not shown). Thus, although the exact
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mechanisms of the control of SRF-dependent gene transcription
by Rho GTPases are as yet unidentified, the results support the
idea that p114-Rho-GEF can be activated by extracellular signals
acting via G-protein-coupled receptors.

Conclusions

We have identified a novel GEF for Rho GTPases, pl14-Rho-
GEF, that is widely expressed in human tissues. Homology
analysis and direct analysis in vitro indicate that p114-Rho-GEF
specifically binds RhoA, but not Racl or Cdc42, and efficiently
catalyses guanine nucleotide exchange on RhoA. Overexpression
of pl14-Rho-GEF induced cytoskeletal changes and trans-
criptional activation in a Rho-dependent manner, and
potentiated Rho-dependent transcriptional activation induced
by G-protein-coupled receptors, suggesting that pl14-Rho-GEF
might link receptors to Rho protein activation. The signalling
mechanisms involved in pl114-Rho-GEF activation are currently
under investigation.

We thank S. Olesch, B. Langer and C. Moorkamp for expert technical assistance, and
Dr T. Nagase, Dr A. Hall, Dr J. Mao and Dr D. Wu for the gifts of various plasmids.
This work was supported by the Deutsche Forschungsgemeinschaft and the Interne
Forschungsforderung of the Universitétsklinikum Essen.

REFERENCES

1 Mackay, D. J. G. and Hall, A. (1998) Rho GTPases. J. Biol. Chem. 273,
20685—20688

2 Kijoller, L. and Hall, A. (1999) Signaling to Rho GTPases. Exp. Cell Res. 253,
166179

3 Seasholtz, T. M., Majumdar, M. and Brown, J. H. (1999) Rho as a mediator of G
protein-coupled receptor signaling. Mol. Pharmacol. 55, 949—956

4 Hill, C. S, Wynne, J. and Treisman, R. (1995) The Rho family GTPases RhoA, Rac1
and Cdc42 regulate transcriptional activation of SRF. Cell 81, 1159-1170

5 Olson, M. F., Ashworth, A. and Hall, A. (1995) An essential role for Rho, Rac and
Cdc42 GTPases in cell cycle progression through G,. Science 269, 12701272

6 Coso, 0. A, Chiariello, M., Yu, J. C., Teramoto, H., Crespo, P., Xu, N., Miki, T. and
Gutkind, J. S. (1995) The small GTP-binding proteins Rac1 and Cdc42 regulate the
activity of the JNK/SAPK signaling pathway. Cell 81, 1137—1146

7 Minden, A, Lin, A, Claret, F.-X., Abo, A. and Karin, M. (1995) Selective activation of
the JNK signaling cascade and c-Jun transcriptional activity by the small GTPases
Rac and Cdc42Hs. Cell 81, 11471157

8 Cerione, R. A. and Zheng, Y. (1996) The Dbl family of oncogenes. Curr. Opin. Cell
Biol. 8, 216—222

9  Whitehead, I. P., Campbell, S., Rossman, K. L. and Der, C. J. (1997) Dbl family
proteins. Biochim. Biophys. Acta 1332, F1—F23

10 Stam, J. C. and Collard, J. G. (1999) The DH protein family, exchange factors for
Rho-like GTPases. Prog. Mol. Subcell. Biol. 22, 51—83

11 Blomberg, N., Baraldi, E., Nilges, M. and Saraste, M. (1999) The PH superfold: a
structural scaffold for multiple functions. Trends Biochem. Sci. 24, 441—445

12 Hart, M. J., Eva, A., Zangrilli, D., Aaronson, S. A, Evans, T., Cerione, R. A. and
Zheng, Y. (1994) Cellular transformation and guanine nucleotide exchange activity are
catalyzed by a common domain on the dbl oncogene product. J. Biol. Chem. 269,
62—65

13 Glaven, J. A, Whitehead, I. P., Nomanbhoy, T., Kay, R. and Cerione, R. A. (1996) Lfc
and Lsc oncoproteins represent two new guanine nucleotide exchange factors for the
Rho GTP-binding protein. J. Biol. Chem. 271, 27374—27381

14 Michiels, F., Habets, G. G. M., Stam, J. C., van der Kammen, R. A. and Collard, J. G.
(1995) A role for Rac in Tiam1-induced membrane ruffling and invasion. Nature
(London) 375, 338-340

15 Zheng, Y., Fischer, D. J., Santos, M. F., Tigyi, G., Pasteris, N. G., Gorski, J. L. and
Xu, Y. (1996) The faciogenital dysplasia gene product FGD1 functions as a Cdc42Hs-
specific guanine-nucleotide exchange factor. J. Biol. Chem. 271, 33169-33172

16 Horii, Y., Beeler, J. F., Sakaguchi, K., Tachibana, M. and Miki, T. (1994) A novel
oncogene, ost, encodes a guanine nucleotide exchange factor that potentially links
Rho and Rac signaling pathways. EMBO J. 13, 4776—4786

17 Peralta, E. G., Ashkenazi, A., Winslow, J. W., Ramachandran, J. and Capon, D. J.
(1988) Differential regulation of Pl hydrolysis and adenylyl cyclase by muscarinic
receptor subtypes. Nature (London) 334, 434—437

18  O'Toole, C., Prize, Z. H., Ohnuki, Y. and Unsgaard, B. (1978) Ultrastructure, karyology
and immunology of a cell line originated from a human transitional-cell carcinoma.
Br. J. Cancer 38, 64—76



Novel Rho-specific guanine nucleotide exchange factor 325

20

21

22

23

24

25

Schmidt, M., Hiiwe, S. M., Fasselt, B., Homann, D., Rimenapp, U., Sandmann, J.
and Jakobs, K. H. (1994) Mechanisms of phospholipase D stimulation by m3
muscarinic acetylcholine receptors. Evidence for involvement of tyrosine
phosphorylation. Eur. J. Biochem. 225, 667—675

Limmen, G., Virchow, S., Rimenapp, U., Schmidt, M., Wieland, T., Otto, T., Riibben,
H. and Jakobs, K. H. (1997) Identification of G protein-coupled receptors potently
stimulating migration of human transitional-cell carcinoma cells. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 356, 768—776

Self, A. J. and Hall, A. (1995) Purification of recombinant Rho/Rac/G25K from
Escherichia coli. Methods Enzymol. 256, 3—10

Zheng, J., Hart, M. J. and Cerione, R. A. (1995) Guanine nucleotide exchange
catalyzed by dbl oncogene product. Methods Enzymol. 256, 77—84

Rimenapp, U., Blomquist, A., Schwdrer, G., Schablowski, H., Psoma, A. and Jakabs,
K. H. (1999) Rho-specific binding and guanine nucleotide exchange catalysis by
KIAA0380, a Dbl family member. FEBS Lett. 459, 313318

Kozak, M. (1991) Structural features in eukaryotic mRNAs that modulate the initiation
of translation. J. Biol. Chem. 266, 19867—19873

Gebbink, M., Kranenburg, 0., Poland, M., van Horck, F., Houssa, B. and Moolenaar,
W. (1997) Identification of a novel, putative Rho-specific GDP/GTP exchange factor
and a RhoA-binding protein: control of neuronal morphology. J. Cell Biol. 137,
1603—1613

Received 30 June 2000/14 August 2000; accepted 13 September 2000

26

27

28

29

30

31

Zheng, Y., Qlson, F., Hall, A., Cerione, R. A. and Toksoz, D. (1995) Direct
involvement of the small GTP-binding protein Rho in Ibc oncogene function. J. Biol.
Chem. 270, 9031-9034

Hart, M. J., Sharma, S., elMasry, N., Qiu, R.-G., McCabe, P., Polakis, P. and Bollag,
G. (1996) Identification of a novel guanine nucleotide exchange factor for the Rho
GTPase. J. Biol. Chem. 271, 25452—25458

Alberts, A. S., Bouquin, N., Johnston, L. H. and Treisman, R. (1998) Analysis of
RhoA-binding proteins reveals an interaction domain conserved in heterotrimeric G
protein A subunits and the yeast response regulator protein Skn7. J. Biol. Chem.
273, 86168622

Mao, J., Yuan, H., Xie, W. and Wu, D. (1998) Guanine nucleotide exchange factor
GEF115 specifically mediates activation of Rho and serum response factor by the G
protein o subunit Gee13. Proc. Natl. Acad. Sci. U.S.A. 95, 12973—12976

Aktories, K. and Just, 1. (1993) GTPases and actin as targets for bacterial toxins. In
GTPases in Biology, 108/1 (Dickey, B. F. and Birnbaumer, L., eds.), pp. 87112,
Springer-Verlag, Berlin

Fromm, C., Coso, O. A., Montaner, S., Xu, N. and Gutkind, J. S. (1997) The small
GTP-binding protein Rho links G protein-coupled receptors and Gee12 to the serum
response element and to cellular transformation. Proc. Natl. Acad. Sci. U.S.A. 94,
10098—10103

© 2000 Biochemical Society



