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Abstract. The small GTP-binding protein Rho has
been implicated in the control of neuronal morphology.
In N1E-115 neuronal cells, the Rho-inactivating C3
toxin stimulates neurite outgrowth and prevents ac-
tomyosin-based neurite retraction and cell rounding
induced by lysophosphatidic acid (LPA), sphingosine-
1-phosphate, or thrombin acting on their cognate G
protein—coupled receptors. We have identified a novel
putative GDP/GTP exchange factor, RhoGEF (190
kD), that interacts with both wild-type and activated
RhoA, but not with Rac or Cdc42. RhoGEF, like acti-
vated RhoA, mimics receptor stimulation in inducing
cell rounding and in preventing neurite outgrowth. Fur-

thermore, we have identified a 116-kD protein, p1168¥P,
that interacts with both the GDP- and GTP-bound
forms of RhoA in N1E-115 cells. Overexpression of
p116RP stimulates cell flattening and neurite outgrowth
in a similar way to dominant-negative RhoA and C3
toxin. Cells overexpressing p116R8P fail to change their
shape in response to LPA, as is observed after Rho in-
activation. Our results indicate that (¢) RhoGEF may
link G protein—coupled receptors to RhoA activation
and ensuing neurite retraction and cell rounding; and
(b) p116R¥P inhibits RhoA-stimulated contractility and
promotes neurite outgrowth.

their complex morphology are poorly understood.

Extracellular agonists as diverse as growth factors,
neurotrophins, matrix components, secreted proteases,
and bioactive phospholipids can exert dramatic effects on
neural architecture, ranging from stimulation of neurite
outgrowth to induction of growth cone collapse and neu-
rite retraction. Studies on neuronal cell lines, including
N1E-115, NG108-15, and PC12, have revealed that certain
G protein—coupled receptor agonists, notably lysophos-
phatidic acid (LPA)!, thrombin, and sphingosine-1-phos-
phate (S1P), trigger rapid growth cone collapse, retraction
of developing neurites, and transient rounding of the cell
body (Jalink and Moolenaar, 1992; Jalink et al., 1993;
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Suidan et al., 1992; Tigyi and Miledi, 1992; Postma et al.,
1996; see also Gurwitz and Cunningham, 1988). These dra-
matic shape changes are driven by actomyosin-based con-
traction of the cortical cytoskeleton, independently of
known second messengers, rather than by a loss of adhe-
sion (Jalink et al., 1993, 1994).

The small GTP-binding protein Rho regulates actin fila-
ment reorganization in response to extracellular stimuli
(Machesky and Hall, 1996; Symons, 1996). In fibroblasts,
active Rho-GTP mediates agonist-induced formation of
focal adhesions and stress fibers (Ridley and Hall, 1992).
In neuronal cells, Rho has been implicated in the control
of neurite behavior, a notion largely based on the use of
C3 toxin from Clostridium botulinum, which ADP-ribosy-
lates and thereby inactivates Rho. In differentiated N1E-
115 and PC12 cells, C3 toxin prevents agonist-induced cy-
toskeletal contraction and ensuing neurite retraction (Jalink
et al., 1994; Tigyi et al., 1996). Furthermore, C3 treatment
of undifferentiated N1E-115 or PC12 cells causes cell flat-
tening followed by neurite extension and growth arrest
(Nishiki et al., 1990; Jalink et al., 1994). The neurotrophic
effects of C3 are not restricted to neuronal cell lines: in
chick embryo sympathetic ganglia, C3 acts as effectively as
nerve growth factor in promoting neurite outgrowth (Ka-
mata et al., 1994). Together, these results support a model
in which basal Rho activity is necessary to maintain cy-
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toskeletal tension and cell shape; increased Rho activity
(Rho-GTP accumulation) then drives neurite retraction,
whereas Rho inactivation results in loss of contractility
and induces neurite outgrowth (Jalink et al., 1994). Yet,
direct evidence that Rho controls neurite behavior is still
lacking, as studies with activated or dominant-negative
Rho mutants have not yet been conducted in neuronal
cells.

Little is known about how Rho is activated biochemi-
cally, although it is generally assumed that the mechanism
is similar to Ras activation and mediated by specific GDP/
GTP exchange factors (Feig, 1994; Quilliam et al., 1995;
Machesky and Hall, 1996), among which are the recently
identified Lbc, Lfc, and Lsc oncoproteins (Zheng et al.,
1995; Glaven et al., 1996). Other proteins involved in the
regulation of Rho activity include GDP dissociation inhib-
itors (GDIs) that keep GDP-bound Rho in a cytoplasmic,
inactive form (Hancock and Hall, 1993; Machesky and
Hall, 1996). Several downstream targets of Rho have re-
cently been identified (for review see Machesky and Hall,
1996; Ridley, 1996), including a protein kinase (Rho-kinase)
that may regulate actomyosin contractility (Kimura et al.,
1996).

In this study we set out to explore further the role of
Rho in the control of neuronal morphology, using N1E-
115 cells as a model. In addition to defining the effect of
activated and dominant-negative RhoA on neuronal cell
shape, we have used the two-hybrid system to identify
RhoA-binding proteins that control neurite behavior. We
report the identification of a novel putative GDP/GTP ex-
change factor, RhoGEF (190 kD), and a 116-kD RhoA-
binding protein, p116®%%P, which are highly expressed in
brain and N1E-115 cells. We show that RhoGEF, like acti-
vated RhoA, induces sustained cell rounding and sup-
presses neurite outgrowth. In contrast, overexpressed
p1168¥P promotes cell flattening and neurite extension in a
similar way to dominant-negative RhoA or C3 toxin. Our
results establish RhoGEF and p116RP as critical determi-
nants of RhoA-mediated neuronal shape changes.

Materials and Methods

Plasmids

RhoA and V14RhoA ¢cDNA were kindly provided by Dr. A. Hall (Lon-
don, UK). These cDNAs contain a Phe-Asn mutation at position 25
(Paterson et al., 1990). This mutation was corrected by PCR; wild-type
and V14RhoA cDNAs were completely sequenced. Subsequently, yeast
and mammalian expression vectors were constructed with the PCR and
also sequenced. Wild-type RhoA and V14RhoA cDNA were amplified by
PCR using primers 5'-CGAGGTCGACAATGGCTGCCATCCGGAA-
GAAACTGGTGATTG-3" and 5'-CTTAGCGGCCGCTCACAAGA-
CAAGGCAACCAG-3' and cloned as an Sall-NotI fragment in frame
with the Gal4 DNA-binding domain (amino acids 1-147) of pPC97 (Chev-
ray and Natans, 1992) to generate pPC97-RhoA and pPC97-V14RhoA.
To prevent isoprenylation of RhoA, similar yeast vectors, pPC97-RhoA-
C190R and pPC97-V14RhoA-C190R, were constructed in which the cys-
teine residues at position 190 in the cDNAs of RhoA and V14RhoA were
replaced by arginine using PCR and backward primer 5'-CTTAGCGGC-
CGCTCACAAGACAAGGCGACCAGAT-3'. Subsequently, the vec-
tors pMD4-RhoA, pMD4-V14RhoA, pMD4-RhoAC190R, and pMD4-
V14RhoAC190R, in which the leucine selection marker present in pPC97
is replaced with the tryptophan selection marker present in pPC86 (Chev-
ray and Natans, 1992), were constructed. Human RhoGDI ¢cDNA in
pGEX2T (kindly provided by J. Hancock) was cloned as a BamHI (filled
in with Klenow)-EcoRI fragment in pPC86 digested with Smal and
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EcoRI. Mammalian expression vectors were constructed with NH,-termi-
nal epitope-tagged wild-type RhoA and V14RhoA by cloning Sall-NotI
fragments in pMT2SM-HA and pMT2SM-myc, modified pMT2 expres-
sion plasmids encoding the hemagglutinin (HA) epitope or myc epitope.
A dominant-negative mutant of RhoA was generated by replacing threo-
nine at position 19 for asparagine with the PCR and was cloned in
pMT2SM-HA and pMT2SM-myc in a similar manner. For transient trans-
fection studies in N1E-115 cells, the HA- and myc-tagged RhoA, V14RhoA,
and N19RhoA cDNAs derived from the pMT2 vectors as PstI (filled in
with Klenow)-Notl fragments were also cloned in pcDNA3 (Invitrogen,
San Diego, CA) digested with EcoRI (filled in with Klenow) and NotI. In
all cases, constructs generated with the PCR and nucleotide sequences of
mutated cDNAs were verified by DNA sequencing.

Yeast Two-Hybrid Analysis

Yeast strain Y190 (Harper et al., 1993) was transformed with plasmids en-
coding wild-type or mutant RhoA cDNAs fused to the Gal4 DNA-binding
domain, and two-hybrid screens with a day 14.5 CD1 mouse embryo li-
brary (Chevray and Natans, 1992) and a mouse brain library (obtained
from Dr. L. Van Aelst, Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY) were performed using the lithium acetate method (Schiestl et al.,
1989). Transformants were selected for growth on plates lacking histidine and
supplemented with 25 mM 3-aminotriazole. His+ colonies were subse-
quently tested for B-galactosidase activity as previously described (Dur-
phee et al., 1993). Binding specificity of cDNAs obtained from positive yeast
colonies was analyzed by retransformation with the different RhoA mutants
and with an irrelevant protein fused with the Gal4 DNA-binding domain.

c¢DNA Cloning and Analysis

To obtain full-length cDNAs for Rho-interacting protein (RIP) 2 and
RIP3, a day 16 mouse embryo library (Novagen, Madison, WI), a mouse
brain library (Stratagene, La Jolla, CA), and a mouse lung library (Strat-
agene) were used initially with probes derived from the clones isolated in
the two-hybrid screen. Subsequently, probes derived from these libraries
were used until overlapping clones, representing full-length cDNAs, were
isolated. Of each cDNA, at least two independent clones of the same re-
gion were analyzed to avoid mistakes due to possible cloning artifacts dur-
ing library construction. Restriction analysis, subcloning, and other stan-
dard DNA manipulations and procedures were performed to obtain
complete sequence information of the clones. DNA sequencing was done
with the T7 sequencing kit (Pharmacia, Uppsala, Sweden); sequences
were analyzed using Genetics Computer Group software (Devereux et al.,
1984).

Truncated HA-tagged mutant RhoGEF, termed HA-ARhoGEF, was
generated by cloning the entire two-hybrid cDNA of RIP2 (see Results)
into pMT2SM-HA and subsequently in pcDNA3. Therefore, a BgllI-Kpnl
fragment (bp 2,783-end) of RIP2 was cloned into pMT2SM, resulting in
pMT2SM-RIP2a, and an EcoRI (bp 2,160-2,955) fragment was cloned into
pMT2SM-HA, resulting in pMT2SM-HA-RIP2b. Subsequently, a BglII
fragment from pMT2SM-HA-RIP2b was cloned into pMT2SM-RIP2a, re-
sulting in the final expression construct, pMT2SM-HA-ARhoGEF, which
encodes the COOH-terminal amino acids starting from amino acid 685.
pcDNA3-HA-ARhoGEF was generated in two steps, resulting in cloning
of the entire HA-ARhoGEF as a PstI (filled in with Klenow)-Xbal frag-
ment in pcDNA3 digested with HindIII (filled in with Klenow) and Xbal.
Full-length RhoGEF was generated by cloning an EcoRI-Sphl fragment
(bp 1-1,343), derived from pPBSKML4 and an SphI-NotI fragment (1,343—
end) from pBSK-ML3 into pcDNA3 digested with EcoRi and NotlI. Both
pBSK-ML3 and pBSK-ML4 are clones obtained from the mouse cDNA
libraries.

We constructed two NH,-terminal deletion mutants of p116RiP, termed
AI-p116R%P and AII-p116RP, both with an NH,-terminal HA tag. For Al-
p116%¥P, the EcoRI fragment containing almost the entire insert, including
the RhoA-binding region, of the two-hybrid clone was cloned into
PMT2SMHA, resulting in pMT2SM-HA-AIp116RP, Subsequently, the en-
tire fragment, including the NH,-terminal HA tag, was subcloned in two
steps into the HindIII-EcoRI sites of pcDNA3, resulting in pcDNA3A-
Alp116RP. Plasmid pcDNA3-AIp116RP was obtained by cloning an EcoRI-
HindIII (filled in with Klenow) fragment (bp 1,824—end) from clone RP20
in pcDNA3-AIp116RP digested with EcoRI and EcoRV. pcDNA3-
Alp116Rip encodes amino acids 545-824, and pcDNA3-AIlp116RiP en-
codes amino acids 545-1,024 (end). A full-length p116®P construct, termed
pcDNA3-p116RP, was generated by cloning the EcoRI-HindIII (filled in
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with Klenow) from RP20 in pcDNA3 digested with EcoRI and EcoRV,
followed by insertion of an EcoRI fragment from ML27 that contains the
5’ end. Clones RP20 and ML27 were obtained from the mouse cDNA li-
braries.

RNA Isolation and Northern Blot Analysis

Total RNA was prepared using TRIzol Reagent (GIBCO BRL, Gaithers-
burg, MD) according to the instructions of the manufacturer. RNA was
separated on a 1.5% agarose-formaldehyde gel and blotted onto Hybond-
N membrane (Amersham Intl., Little Chalfont, UK). The membrane was
hybridized with o[**P]dCTP-labeled (Amersham Intl.) probes generated
with the Prime-It RmT random primer labeling kit (Stratagene).

Antibodies

A polyclonal anti-RhoGEF serum was made by immunizing rabbits with a
synthetic peptide corresponding to amino acids 1,529-1,547 (sequence
NKHSRQRSLPAVFSPGSKEV) coupled to a lysine backbone (Posnett
et al., 1988). A polyclonal anti-RIP3 serum was raised by immunizing rab-
bits with a glutathione-S-transferase (GST) fusion protein containing
amino acid residues 545-824 of RIP3 (EcoRI fragment derived from two-
hybrid screen).

Cos Cell Transfections

Cos-7 cells were transfected using the DEAE-dextran method as de-
scribed (Zondag et al., 1996). After 48 h, the cells were washed and lysed
in SDS sample buffer followed by boiling for 5 min. Samples were ana-
lyzed on 10% SDS-PAGE gels followed by immunoblotting. Immuno-
blots were blocked with 5% nonfat dry milk in TBST (50 mM Tris, pH 8.8,
150 mM NaCl, 0.05% Tween-20) and incubated with anti-RhoGEF or
anti-p116®P polyclonal antibodies followed by chemiluminescence detec-
tion (ECL; Amersham Intl.) using HRP-conjugated secondary antibodies.

Transfection of N1E-115 Cells

NI1E-115 cells were transiently transfected with pcDNA3-p116RiP,
pcDNA-Rho, pcDNA-GEF, together with pCMVlacZ in a 1:5 ratio, using
the calcium phosphate precipitation method as described (Kranenburg
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Figure 1. Two-hybrid interaction between RIPs and RhoA.
Binding of RIPs, identified in two-hybrid screens, to wild-type
(wt) RhoA and activated V14RhoA mutants was analyzed using
the two-hybrid system. The C190R mutation in RhoA removes
the isoprenylation site to prevent membrane targeting. Rho-GDI,
guanine nucleotide dissociation inhibitor (Hancock and Hall,
1993); RIP1 encodes a novel Rho-GDI, termed Rho-GDI2; full-
length RIP2 encodes RhoGEF and RIP3 represents p116RP, The
RIP4 isolate encodes a novel protein that remains to be charac-
terized. For further details see text.
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et al., 1995). After 14-16 h, the cells were washed and either incubated for
24-36 h in DME containing 10% FCS or in serum-free DME to induce
morphological differentiation. Cells were fixed in 3.5% formaldehyde/
PBS and assayed for B-galactosidase activity. For each transfection, the
percentage of undifferentiated (rounded without neurites) and neurite-
bearing cells (flattened) was calculated from at least 300 positive cells
counted. An average percentage was calculated from three dishes per
transfection and three independent transfections.

GST-RhoA Fishing Experiments

Purified GST-RhoA (wild-type) fusion protein (45 pg) was incubated
with either GDPBS or GTP~S (40 M) for 30 min at 30°C in 500 p.l reaction
mixture containing 20 mm Tris/HCI (pH 7.5), 10 mM EDTA, 1 mM DTT,
5 mM MgCl,. N1E-115 cell lysates were prepared in a buffer containing 50
mM Tris, 250 mM NaCl, 1 mM EDTA, 0.5% NP-40, supplemented with
protease and phosphatase inhibitors. Preloaded GST-RhoA proteins, or
GST alone, were then added to the lysates and incubated for 1 h on ice.
Glutathione-Sepharose beads were used to collect the GST fusion pro-
teins. The beads were washed three times in lysis buffer and subjected to 8%
SDS-PAGE followed by immunoblot analysis using anti-p116R”® antibody.

Results

Isolation of Novel RIPs

We set out to identify and characterize RhoA-binding
proteins using the yeast two-hybrid system. cDNAs encod-
ing wild-type RhoA and a constitutively active mutant
(V14RhoA) were fused to the DNA-binding domain of
the GAL4 transcription factor and used as bait to screen a
mouse brain cDNA library fused to the GAL4 activation

>
S
g
&
S S
o‘*«é" ‘Q‘ x 3 b
ES B SO
PPV
. “. P —oss
Rip - — 288
pllé6 ....'.-
— 188
— 188

GAPDH

Figure 2. Expression pattern of RhoGEF and p116RP analyzed
by Northern blotting. Total RNA (15 pg) of the indicated mouse
tissues was analyzed for expression of RhoGEF and p116%P. In
addition, total RNA from proliferating and differentiated (se-
rum-deprived) N1E-115 cells was analyzed. The smaller, ubiqui-
tously expressed transcripts correspond to the cDNAs cloned. As
a control for the amount of RNA loaded, the blot was reprobed
with a GAPDH probe.
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domain. We obtained six positive clones from a screen
with wild-type RhoA. Sequence analysis showed that the

1 CCGCTCCGGCGACGCTGGCCGECEEETCGCCTCGGCAGGCCTCGEGGACAGCGCCTCGECCAGEGCTCCTGGCGTTCCCGAGCCACAGCTCCAGATGCAGGAGCCAT
ATGGAGTTGAGCTGCAGTGAAGTGCCTCTTTATGGACAGARGACGGTCTATGCAAAGTTTGGCARAAACGTGTATCTACCCGAAGATGCGGAGTTTTACT TTGTTTATGGCGGGTCGCAT
M EL SCSEVPLY G K TV YAKTFGEKNUVYTLOPETDAETFTYTFTVYGGSH
CAGAGGCACGTGGTGATTGCTGACCGTGTCCAGGACAATGTCCTCCAATCTAGCATTCCAGGCCATTGGCTTCAGGAGACAGTGACGGTATCTGTGTGCCTCTGCTCGGARGGGTACTCC
QRHV YV IADRVYVOQDNTVTL2 QSSTIZPGHWLOQETV VTVSVCLC CSETGTYS
CCAGTGACCATGGACTCTGGCTCAGTGACCTACGTGGACAACATGGCCTGCAGGCTGGCTCGTCTGCTGGTCACTCAGGCTGACCGACTCACAGCCTGCAGTCACCAGACGCTGCTGACC
PV TMGSGSVTTYVDNMACRERTLARILTLYT A DRILTACSHQTTULTLT
CCETTTGCCCTGACAGTGGAAGCGCTGCCTGCCTTGGATGAGGAGCTCGTGCTGGCTCTGACCCAACTGGAGCTGCCTTTGAGTTGGACAGTCCTGGGAAAT TCCTCACTTGAAGTATCT
PFALTVESATLTPALDPETETLVTELALTO QLETILTPTL®G®WTTVTILGNSSTLEVS
CTACACAGAGAGTCTCTCCTGCACCTGGCTGTGAGATGGGCCCTGCCTAAGC TATTCCACTTCCTCT TG TG TCTCCC TGGAGGAGTCAAGGCCTTGAAGC TACCTAATGAAGAGGCCACT
LHEHRESTLILUHLAVRWATLTPIEKTLTFHTFTLLTC CLTZPG® GV VX KA ATLZEXKTELTPNETEAT
ACACCATTAGACTTAGCTTTGCAAGGTGGACACTCCACACTGGTAGAAGACATCACAAATT TTCAGGGTAGCCATTCCCCAGGCTTCTCCCGACTGCGTCT TAACGAAGAGGCCACTCTG
T P L DL AL G GHSTLVETDTITNF G § H S P GF SRLRILNETEHA ATL
CAGTTTGTTCATTCATCGGAAACATTGACCCTGACCGTTAACCACACAGC TGAGCATCTCTTGGAAGCAGACATCAAACTCTTCCGGARATATTTCTGGGACAGAGCCTTTCTTGTCARG

FVHSSETTLTTLTVN T AEHLLEADTIT KTLTFRTEKTYTFWDRATFTILVK
GCTCTTGAGCAAGAAGCCAAGACTGAGAAAGCAACCATGCCTTCTGGAGCTGCAGAAACTGAAGAAGAGGTTAGGAATTTGGAGTCTGGCAGATCACCATCGGAGGAGGAGGAGGATGCA
A L E EAKTETZ KA ATMPSGAAZETEETETVR RNTLESG GRSZPSETETEEDA
AAGAGCATCAAAAGCCAGGTGGATGGGCCGAGTGAACACGAAGACCAGGACCGCC TAGCTCTGGATCGCTCCTTTGATGGCCTCAAAAAATCCAAGCATGTCCCAGCGTCCCTTGCTGCA
K $ I KS QVDG?PSEUHETD QDR RTLALDI RSTFDGTULTZ KT XS KHYVPASTLAARBA
GGCCAGCTCTCTGATGT TCTGAACGGGGGTGATGAAGTC TACGCTARC TG TATGGTGATTGACCAGG TTGGCGAT TTGGATATCAACTATATAAACCTAGAGGGACTCTCCACCCATACG
G QL SDVLNG®GDEV VYA ANCHMYVTID V6DLDINTYTINTLETGTLSTHT
AGTCCCGAGTCTGGGAGGTCCATGCTGGGGCCTCAGGCTTGCATGCACACCCTTCCTCCCGACACCAGTCCCTGCGGGCGCCCACTCATTGAGAACAGTGAGGGGACCCTGGATGCTGCA
S PESGRSMILGZPOQACMEHETTLTP?®P?PDTSZPCGRTP?LTIENSTETGTTLTDAA
GCTTCGCAGTCTTTCGTGACACCATCCAGTTCTCGCACTTCCAACTTGAACCTTTCTTTTGGTCTCCATGGATT TGARAAGGAGCAGAGTCATCTCAAGAARAGGAGTTCTAGCCTGGAT
A S QS FVT?PSSSRTSNTLNTILS F L HGFETZKTEIOQSHL
GCCCTGGTTGCCGACAGTGAGGGGGAAGGAGGTTCTGAGCCCCCCATCTGCTATGCTGTGGGCTCTCAGAGTTCCCCAAGAACTGGACTCCCCAGCGGGGATGAACTGGACTCTTTTGAG
ALVADSEGEGS®GSET®PZPTICYA AVGSOQSSPRTGTLTPSGDTETLTDSFE
ACCAACACTGAACCAGACTGTAATATCTCCAGGACCGAATCACTCTCTCTGTCCAGTACTCTGCATTCAAAGGAGTCCTTGCTTTCTGGGATCCGETCTCGCTCCTACTCCTGCTCATCA
TNTEZPDCNTIS R E S L SLSSTTLHSZKTESTLILS S R S Y S C s §
CCCAAAATCTCTTCAGGAAAATCCCGGCTAGTGCGCGACTTCACAGTGTGCAGTACCAGCGAAGAACAGAGATCATATAGT TTCCAGGAGCCACCAGGAGAAAAAAGGATTCAGGAAGAA
P KISSGZKSRZLVYVRDTFTVUVCSTS S Y s F QE P G E KR I QEE
GAATGGGATGAATACGTCATTCCTGCCAAATCCGAGTCTGAAAAGTACARAGTGAGCCGAACTTTCAGCTTCCTCATGAACAGGATGACCAGCCCACGGAACAAATC TAAGATGAARAAC
EWDEJYUVTIZP?PAZKXSESTET XKTYZ KV VSRTTFSFTILMNPBRMTSTPRNTZEKSTZ KHMEKN
AAGGACACTAAAGARARAGAAAAAATGAATCGACATCAGTTTGTCCCGGGAACGTTCTCCGGGGTTCTGCAGTGCTCCCGTTGTGATAARACACTCCTGGGGAAAGAGTCACTCCAGTGT
XK DT KEKEZKMN®RHEGOQTFUVPGTTFSGVILOQCSGCDIKTTLTLGTEKTESL
GCCAACTGTAAGGCAAACACACACAAGGGCTGCAAAGATGCTGTGCCTCCGTGTACCAAGARATTCCARGAGARATACAACAAGAACAAACCACAGAGCATCCTTGGAAGCTCTTCAGTC
A NCKANTHE XSG CI KTDAVP?P?CTZ KT KTFQ QETZEKTYUNZ KNTZ KTPQOQSTILSGSSS V
AGAGACGTCCCAGCACCTGGGCTCTCCTTGCACCCTTCT TCCTCTATGCCCATCGGACTGUCAGCTGGAAGGAAGGAAT TTGCGGCTCAGGTGCATCCACTGTCCAGAAGTGTCCCCGEE

PAPGULSTLHTPSSSMPTIGHL A GRKETFAAQVHZPLSR RSV PG
ACCACTTTGGAAAGCTTCAGGAGGGCAGTGACATCGTTAGAGTCTGAGGG TGACAGCTGGAGAAGCAGGTCTCATTCCGATGAGCTGTTCCAGTCTATGGGCTCTTCTCCTTCCACGGAG
T TLESTFRRAVTSLETSETGDSUW®WRSRSHSDTETLTFZQSMGS S P S TE
TCATTCATGATGGAAGATGTTGTGGATTCTTCTCTGTGGATCGACCTCAGTAGTGATGCTCAGGAGT TTGAAGCAGAGTCTTGGAGTC TCGTGGTGGACCCTTCCTTTTGCAGTAGGCAG
S FMMEDV VDS SLWTIDTLSS D A E F E A E W S L VVDZPSFCSR
GAGAAGGATGTCATCARAAGACAAGATGTCATTTTTGAGCTGATGCAGACAGAGGTCCACCACATCCAGACTCTGCTCATCATGTCCGAGGTCTTCAGGARAGGCATGAAGGAGGAACTG
E XK DV I KR QD UV I EE L M Q T F V H H I Q T L L
CAGCTGGACCACAGCACGGTGGACAAGATCTTCCCCTGCTTAGATGAGC TGCTGGAGACTCACCGGCACTTCTTCTTCAGCATGAAGGAGCGCAGGCAGGAGTCCTGCGCTGGCAGTGAC
Q L D H S TV DEKIFPCLDETLTL H R H F F F S M K E R RO E S CAG S D
AGGAACTTTGTGATCAACCAAATTGGAGACAT TCTGGTACAACAGTTTTCAGAGGAAAATGCAAGCAAAATGAAGAGGATCTATGGAGAATTCTGCAGCCATCACAAAGAAGCCATGAGT
R N F V I N O I GD I LV QOQF E E N A S KM KR I Y GEF C H H K E A M
CTCTTTAAAGAGCTGCAGCAGAACAAGAAGT TTCAGAAT TTTATTAAGATCCGARATAGCAACCTGTTGGCTCGTCGCCGCGGAATCCCGGAGTGCATCCTGCTAGT TACCCAGCGCATC
L F K E L Q QO N K K F Q N F I K I R N S N L L A RRRGTI®PECTTILIL VYV TQR
ACAAAGTACCCAGTCTTGGTGGAAAGGATCCTGCAGTACACCAAGGAAAGGACTGAAGAGCACCGGGACCTGTGCAAAGC TCTCGGCTTAATTAAAGACATGATCGCAGCCGTGGACCTG
T_K Y P VL V E R I L QY T KERTETEUHERIDILCEKATLGTL I KDMTI A v D L
AARGTCAGCGAATACGAGAAGAACCAAAAATGGCTCGAGATCCTARATAAAATCGAGAACAAAACATACACAAAGCTCAAAAATGGCCACGTGTTTAGAAAGCAGGCGCTGCTGAGCCAG
K VvV s E ¥ E K N O K W L E I L N K I ENJEKTZYTZXKTZLZEKNTGIHYVTFTRTEKTE OQATLTELS Q
GAACGGGCTCTCCTGCATGATGGGCTTGTCTACTGGAAAACCGCTACGGGTCGCT TCARAGACATCCTGGCTCTGCTACTAACTGACGTGCTGCTCTTCTTACAAGARAAAGACCAGAAA
ERALTLEHDGTULV YWEKTAT R _F X D L A L L L T D V L L F L E K D K
TACATCTTTGCAGCTGTTGACCAGAAGCCATCAGTGAT TTCCCTCCAGAAGC TGATTGC TAGAGAAGT TGCCAACGAGGAGAGAGGCATGT T TCTGATCAGTGC TTCGTCAGCCGGLCLT

Y I F A A V D XK P S V I S L K_L A R _E_V AN E R G M F L I A_S A_G P
GAGATGTACGAAATCCACACCAATTCCAAGGAGGAGCGGARTAACTGGATGAGGCGGATCCAGCAGGCAGTAGAAAGTTGTCCAGAGGARGAAGGAGGAAGGACGAGCGAGTCGGATGAA
E M Y E I H T K E E R N W M R R I AV E S C P EEEGGRT E S D E

GAGAGGCGGARAGCTGAAGCTAGAGTGGCCAAGATTCAGCAATGTCAAGAAATACTCAGTAACCAAGACCAACAGATTTGCACGTACT TGGAAGAARAGCTGCATATCTACGCTGAACTT
E R R KAZEARUVAIKTIZGQZQ Q E I L S NQDQQQICTZYULETEZKTLHTIZY
GGGGAACTGAGTGGCTTTGAGGATGTCCACCTAGAACCCCATCTGCTCATCAAACCTGACCCTGGAGAGCCTCCCCAGGCAGCGTCCCTGCTTGCAGCAGCCCTGAGAGAAGCCGAGAGT
G EL S GF EDUVHTLEU®PUHLTULTIZ KU PDUPGEP P A A S L L A AALIREATE S
CTGCAAGTGGCTGTGAAGGCTTCAAAGATGGGCGATCTARGCCAGTCATCCGAAGAAAGCCCTGGAGGGACTGTCCTGATGGACACACCCAGTACACAGGATGTACCAGCGTCACCAACT
L Q VAV KASI KMGDV VS QS SEEZS®PGGTUVLMDT?®PS T D VP A S P T
GCTTCATTAGTCACAGAAGGGACAGAAGGAAGAGGCTGTTGGGATGTGGATCCCGGGCTCCAGGGTGTGGTAACCGACTTGGCAGTCTCTGATGCAGGGGAGAAGGTGGAATATAGAAGT
A S L VTEGTETGRUGT CWDUVDZPGTL G VvV TDULA AV S DAGEZ KVEYR S
PTCTCCGGTTCTTCACAGTCAGAGATTATACAAGCAATACAGAATTTAACGCGTCTCCTCTACAGCCTTCAGGCTGCCTTGACCATCCAGGACAGTCACATTGAGATCCACAAACTGGTT
F S G s § Q s E I I Q T R L L Y S§ L A AL T I D § H I E I H K L Vv
CTACAGCAGCGGGAGAGCTTGGCCCCTAGCCACTCCTTCCGAGGTGGCCCCTTGCAAGACCAGGAGARATCCCGCTACC TGGAAAAGCAGCGTGAAGAGCTGGCCAACATCCACAAGCTT
L Q Q R E S L A H S8 FRGGPUL QD E XK § RY L EKOQREETLANTIHI KL
CAACACCAGTTCCAGCAGGAGCAGCGGCGCTGGCACCGCACGTGCGACCAGCAACAGCGCGAGCAGGAAGCCCAAGAGAGCTGGCTGCAGGCGCGGGAACGTGAGTGCCAGTCCCAGGAG
Q B QF Q QE R RWHRTOCDOQQ QR E Q E A E S W L A R ERE CQ s Q E

. GAATTGTTGCTGCGCCACCGTAGCGAGCTGGACCACCAACTCCAGGAGTACCAGCAGAGCCTTGAGCGGC TACGGGAGGGCCAGCGGATGGTGGAGAGGGAGAGACAGAAGATGCGTGTC

E L L LR HR S EULUDUHZGQULOQE § L ERLREGU QURMUVEUZREI RIZ QI KMMRBRYUV
CAGCAGGGTCTGCTGGGCCACTGCAAGCATAGTCGCCAGCGGAGCCTCCCAGCCGTCTTCTCTCCAGGGAGCAAGGAGG TAACAGAACTTAACCGAGCTGAGAGTTTGTGTCATGAAAAT
Q @ 6L L GH CZKH S R R S L P AV F S PGS KEUVTETLUNIR RAESTLTCGCHEN
TCATTTTTCATCAATGAAGCTTTTGGACACATGTCACTTAACACGTCCAATAAACCAAACCCATCAGGGGTCCCCTGGGATGCTCACCCCCTGGAGGGGTCTCATTTTGATTTGGCAAGG
§ F F I NEATFGHMSILNTSNZE KU PNZPSGUV P W DAUHPILTETGS SHTFIDTLAR
ACTAGTGAGAGTCCAACAGAACTGAAGATAGACATTTCTCAGCC TCCTGATGTCAACTCTGAACTC TGGACAACGGGGCCGGGCCATCAGAGACCTGCTCTCCAAGAARACAGCAAGGAG
TS E S P TELIKIDTISQ?PPDVNSETLWTTUG?®POGHI QRUPALG QENSKE
TCTTATAAAAATGTTGCAGATTTGGACTCCTTCCAGAGTGAGTCCTCATCTCCCCAGGACTCCAATCAGCGTTGGCCCCCAGCCACAGACACTCACAACAGAAGCAAAACTAAGTCTTCC
S Y KNV ADLUDS ST F QS ESS S P QDSNIQRWPZPATDTHNI RTSI KTZKS S
GATGGCGGCTGGACACGGTGGCGATGCTGGAGACGEGGCTGAAGAAAACATTC TTTACCTCTGATTGTGTGGCCATT TG TTTTCCCAAGCAAACAAACAAAAACCACTGGCACTTTCGGE
D GG W TR WRCW®R R G * 1693

AGAGCTTCTCCTTGCCCCAGCCCTTGAGTG TG TGAT TC TC TG TGCCCAACTTGC T TTAAGAAGAATATTTAATATCCCATGCACGTTCAATTTTTGGCATGAGTCTAATAATTAAATTAT
TAAAAAAAAAAARARAAAAAA. 5405

clones were identical and encoded a novel protein with

>55% identity to known GDIs for Rho-family GTPases.
We termed this clone RIP1-RhoGDI2 (RIP for Rho-
Interacting Protein). We next screened mouse cDNA li-
braries with constitutively active V14RhoA (containing
the C190R mutation; see below) to isolate three additional
clones, termed RIP2, RIP3, and RIP4, that encode previ-
ously unknown proteins. As will be detailed below, RIP2
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Figure 3. RhoGEF cDNA
and predicted amino acid se-
quence. (A) RhoGEF nucle-
otide and polypeptide se-
quence. The DH domain is
underlined; the PH domain is
doubly underlined. The con-
served residues of the zinc
finger-like motif are in bold.
These sequence data are
available from EMBL/Gen-
Bank/DDBJ under acces-
sion number U73199. (B)
Schematic representation of
the RhoGEF protein and
analogous domains in Lfc
and Lbc, with relevent amino
acid numbering indicated.
Relevant residues are num-
bered. DH, Dbl-homologous
domain; PH, pleckstrin ho-
mology domain; COILED,
coiled-coil region; L-rich,
leucine-rich region; Zn’*,
zinc finger motif. Percent-
ages indicate relative identity
of DH/PH or Zn finger do-
mains in pairwise compari-
son with the corresponding
domains in RhoGEF. (C)
Alignment of the tandem
DH/PH domains of RhoGEF
with those of Ibc and lfc
(GenBank accession num-
bers U03634 and U28495, re-
spectively). (D) Immunoblot
analysis of RhoGEF expres-
sion. Lysates of transiently
transfected COS cells were
analyzed on a 10% SDS-PAGE
gel followed by immunoblot-
ting with polyclonal anti-
RhoGEF antiserum. Both
full-length RhoGEF and an
NH,-terminally truncated ver-
sion of RhoGEF (ARhoGEF,
lacking amino acids 1-684)
were expressed. (E) Lack of
two-hybrid interactions be-
tween RhoGEF (RIP2) and
Rho-family members Rac
and Cdc42. Experimental de-
tails as in Fig. 1.

represents a novel GDP/GTP exchange factor (RhoGEF),
while RIP3 and RIP4 encode putative structural proteins.

Binding to Wild-Type and Mutant RhoA Proteins

We tested the various RIP clones for their ability to inter-
act with wild-type and activated RhoA. Since the two-
hybrid assay detects interactions only when both proteins
translocate to the nucleus, we also used mutant versions of
RhoA and V14RhoA in which the cysteine at codon 190 in
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the RhoA CAAX lipid modification motif was replaced by
an arginine to prevent membrane localization (Katayama
et al., 1991; Adamson et al., 1992a). The results of the two-
hybrid screens are shown in Fig. 1. RIP1, encoding the
novel RhoGDI, binds strongly to wild-type RhoA, but
only poorly to V14RhoA; further details of RIP1 will be re-
ported elsewhere. RIP2, encoding RhoGEF (see below),
binds equally well to both wild-type and activated RhoA,
suggesting similar affinities for the GDP- and GTP-bound
forms of RhoA. In contrast, RIP3 and RIP4 interact only
with activated RhoA, at least under two-hybrid condi-
tions, and thus represent potential targets of RhoA-GTP.
We note that, in the case of RIP2, RIP3, and RIP4, the in-
teraction with RhoA was critically dependent on the
C190R mutation that disrupts the membrane localization
signal (Fig. 1). In the absence of this mutation, lacZ stain-
ing with RIP2, RIP3, and RIP4 was only observed after
very long incubations. In contrast, binding between RhoA
and RIP1 (RhoGDI2) apparently requires the CAAX
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lipid modification motif (Fig. 1), as one would expect for
Rho-GDI interactions (Hancock and Hall, 1993).

Northern Blot Analysis

We investigated RIP gene expression by Northern blot
analysis (Fig. 2). We found that RIP1 (not shown), RIP2,
and RIP3 are highly expressed in brain (both forebrain
and hindbrain); furthermore, RIP2 and RIP3 are equally
expressed in both proliferating and differentiated (serum-
deprived) N1E-115 cells. As can be seen from Fig. 2, RIP2
and RIP3 transcripts are also prominent in lung and kid-
ney, while RIP3 shows additional expression in heart. Al-
though isolated from a brain cDNA library, RIP4 appears
to be specific for lymphoid organs, with no message de-
tectable in brain or N1E-115 cells (total RNA blot; not
shown). Therefore, RIP4 was not further characterized in
the present study.

RhoGEF, a Novel Putative GDP/GTP Exchange Factor

Sequence analysis of the RIP2 cDNA insert (3.25 kb) re-
vealed an open reading frame encoding a predicted
polypeptide (1,009 amino acids) with a Dbl-homologous
(DH) domain in tandem with a pleckstrin homology (PH)
domain. Such tandem DH/PH domains are conserved
among the GDP/GTP exchange factors for Rho-family
GTPases (Quilliam et al., 1995). We found that RIP2 fails
to undergo two-hybrid interactions with either of two
other Rho-family members, Racl and CDC42Hs (Fig. 3 E),
strongly suggesting that RIP2 is a Rho-specific exchange
factor. Therefore, we called this protein RhoGEF.

The complete cDNA sequence of RhoGEF was ob-
tained from various overlapping clones isolated from a
mouse brain cDNA library. The full-length RhoGEF cDNA
encodes a protein of 1,693 amino acids with a predicted
molecular mass of 190.3 kD (Fig. 3 A). A schematic repre-
sentation of the RhoGEF protein and a comparison with
the structures of the most closely related GDP/GTP ex-
change factors are shown in Fig. 3 B. The sequence of
the tandem DH/PH domain of RhoGEF is 54% identical
to that of two other exchange factors, notably the Rho-
specific exchanger Lbc and its close relative Lfc (Toksoz
and Williams, 1994; Zheng et al., 1995; Whitehead et al.,
1995). An alignment of these DH/PH regions is shown in
Fig. 3 C. Markedly less similarity exists with the DH/PH
domains of other exchanger factors, such as Tiam-1 (21%;
Habets et al., 1994).

Upstream of its conserved DH/PH domain, RhoGEF
contains a leucine-rich region and a cysteine-rich zinc fin-
ger-like motif, which is also found in the Lfc exchangers
(Fig. 3 B); such a motif is thought to be involved in pro-
tein-lipid interactions (Ahmed et al., 1991). Downstream
of the DH/PH domain, RhoGEF contains a region with
weak homology to cytoskeleton-associated proteins such
as plectin and myosin heavy chain. This highly charged re-
gion is supposed to form an a-helical coiled-coil structure
mediating protein—protein interactions (Lupas et al., 1991).

Transfection of an expression vector for RhoGEF into
COS cells yields a protein with an apparent size of ~200
kD in Western blot (Fig. 3 D, which also shows expression
of a truncated RhoGEF protein, ARhoGEF). That RhoGEF
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migrates somewhat slower on SDS-PAGE than predicted
is presumably due to the charged coiled-coil region.

RhoGEF, Like V14RhoA, Induces Cytoskeletal
Contraction and Inhibits Neurite Outgrowth

To examine the possible role of RhoGEF and RhoA in
controlling neurite behavior, we determined their effect
on the morphology of N1E-115 cells. These cells acquire a
flattened morphology and begin to extend neurites after
serum removal. Readdition of serum, LPA (the active in-
gredient of serum; Moolenaar, 1995), a thrombin receptor
agonist peptide, or S1P triggers rapid retraction of devel-
oping neurites and transient rounding of the cell body
(Jalink and Moolenaar, 1992; Jalink et al., 1993, 1994;
Postma et al., 1996). We used a transient transfection pro-
tocol, in which transfected N1E-115 cells are identified by
blue staining (Kranenburg et al., 1995; see Materials and
Methods).

The majority of the V14RhoA-expressing cells are fully
rounded and fail to extend neurites upon serum removal,
whereas untransfected or control transfected cells remain
flattened and undergo morphological differentiation (Fig.
4 A and Table I). Correct protein expression of the trans-
fected cDNAs was verified by immunoblot analysis (Fig.
4 B). Thus, activation of RhoA is sufficient to prevent neu-
rite outgrowth, consistent with active RhoA maintaining
the cortical actomyosin system in a fully contracted state
(Jalink et al., 1993, 1994). As shown in Fig. 4 A and Table
I, the effect of RhoGEF expression on cell morphology is
indistinguishable from that observed with V14RhoA.
These results strongly suggest that RhoGEF activates
RhoA in vivo to promote cytoskeletal contraction and to

control

ARhoGEF

Table 1. Morphology of Transfected NIE-115 Cells

Rounded Neurite-bearing*
% %

Serum-free:

Control 11 +1 304
V14RhoA 333 132
RhoGEF 33+2 172
ARhoDEF* 34+6 14=2
8% serum:

Control 54+ 4 52
N19RhoA 24 =5 34+2
pl16Ries 38%5 20 =2
Apl16RiP 56 = 10 9+3

NIE-115 cells were transiently transfected with the indicated plasmids together with
the LacZ gene to identify transfected cells, as described in Materials and Methods.
Cell morphology was assessed in both serum-free medium (which promotes neurite
outgrowth) and serum-containing medium (which contains LPA and prevents neurite
outgrowth), as indicated. The percentage of undifferentiated (rounded without neu-
rites) and neurite-bearing cells (flattened) was calculated from at least 300 positive
cells counted. An average percentage was calculated from three dishes per transfection
and three independent transfections. Numbers are percentages of total number of blue-
stained cells (mean = SEM). Differences with control cells are statistically significant
(P < 0.001) according to ¢ test. For details see Materials and Methods.

*Neurites longer than twice the soma diameter were scored positive.

*ARhoGEF lacks amino acids 1-684.

S Ap1168P lacks amino acids 1-544.

inhibit neurite outgrowth. Expression of NH,-terminally
truncated ARhoGEF (Figs. 3 D and 4 B), lacking amino
acids 1-684, yielded the same phenotype (Fig. 4 A and Ta-
ble 1). This implies that the leucine-rich region and the
zinc finger motif of RhoGEF are dispensable for its activity.

RhoV14
B A
¢ V14 GEF GEF
RhoGEF 4 :lgg
——
———— 5
.-—;. —25

Figure 4. Regulation of neuronal cell shape by RhoGEF expressed in N1E-115 cells. N1E-115 cells were transiently transfected with the
indicated cDNAs, all containing an NH,-terminal epitope tag (HA) and cotransfected with a plasmid containing the gene for B-galac-
tosidase (control, empty vector plasmid). Truncated RhoGEF (ARhoGEF) lacks amino acids 1-684. After 48 h, the cells were fixed and
stained for B-galactosidase activity. (A) Phenotype of transfected cells (dark cells). Both V14RhoA- and RhoGEF-transfected cells have
a rounded morphology without neurites; see also Table 1. (B) Analysis of protein expression in immunoblot. Total lysates were pre-
pared from a duplicate transfected culture and analyzed on a 12% SDS-PAGE gel. The blot was probed with anti-HA antibody 12CAS.
Bar, 30 pm.
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pl1168?, a Novel RhoA-binding Protein

The full-length RIP3 cDNA was obtained from several
overlapping clones. The cDNA sequence encodes a pro-
tein of 1,024 amino acids with a predicted molecular mass
of 116.4 kD, which we termed p116RP (Fig. 5 A). While the
sequence of p116RP is not closely related to that of known
proteins, it contains several motifs typical for signaling
molecules, including a PH domain and two proline-rich re-
gions that are putative binding sites for Src homology 3
(SH3) domains. In addition, p116®¥ contains a COOH-
terminal coiled-coil region showing distant relationship
with that of myosin heavy chain, plectin, and Rho-kinase
(Fig. 5 B). This coiled-coil region overlaps with the RhoA-
binding region (residues 545-823), as inferred from the
two-hybrid binding experiments.

When expressed in COS cells, p116RP has an apparent
molecular mass of ~125 kD and exactly comigrates with
the endogenous protein in N1E-115 cells (Fig. 5 C). As
with RhoGEF, the discrepancy between the apparent and
predicted size of p116RP may be due to the charged coiled-
coil region.

The Interaction of p116%%? with RhoA in N1E-115 Cells
Is Nucleotide Independent

Although RIP3 binds only to activated RhoA under yeast
two-hybrid conditions (Fig. 1), it remains to be examined
whether the interaction between p116R8P and RhoA is GTP
specific under physiological conditions. To this end, N1E-
115 cell lysates were incubated with either the GDPRS-
or GTPyS-bound forms of GST-RhoA, or with GST alone.
The fusion proteins were pulled down with glutathione
beads and analyzed for interaction with endogenous p1168P
by immunoblotting. As shown in Fig. 5 E, both the GTP-
and the GDP-bound forms of RhoA are able to bind
pl168¥P, Thus, whereas p1168%P binds only to activated
RhoA in yeast, the interaction of p116%P with RhoA is nu-
cleotide independent in N1E-115 cells. One explanation
for this discrepancy would be that the p116-RhoA interac-
tion requires an additional protein not present in the yeast
system.

Overexpressed p116%? Induces Cell Flattening
and Neurite Outgrowth Similar to Dominant-Negative
NI19RhoA and C3 Toxin

We next examined the effects of p1168P on N1E-115 cell
morphology. As can be seen from Fig. 6 A and Table I,
overexpression of p116®P (Fig. 6 B) induces cell flattening
and neurite outgrowth in the presence of serum, similar to
the action of C3 (Jalink et al., 1994). The same morpholog-
ical effects were observed after transfection of dominant-
negative RhoA, N19RhoA (Fig. 6, A and B, and Table I).
By analogy to dominant-negative Ras mutants (Feig, 1994;
Quilliam et al., 1995), N19RhoA is thought to form stable,
inactive complexes with Rho-specific exchange factors,
thus titrating out RhoGEF activity. An NH,-terminally
truncated form of p1168P (Ap116RP), which lacks amino
acids 1-545 encompassing the PH domain and both pro-
line-rich regions, had no detectable effect on N1E-115 cell
morphology, even when it was expressed at much higher
levels than full-length p1 16RiP (Fig. 6, A and B, and Table I).
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This suggests that the PH domain and/or the SH3-binding
sites are essential for p116R" to exert its effect.

When p1168iP-overexpressing cells were serum deprived
and subsequently exposed to LPA (1 uM) or serum (which
contains LPA; Moolenaar, 1995), no detectable cell round-
ing or neurite retraction ensued (as observed in three in-
dependent transfections; data not shown). Resistance of
newly formed neurites to LPA and serum was also observed
after transfection of dominant-negative N19RhoA (Table
I, and results not shown), as was shown earlier for C3-treated
cells (Jalink et al., 1994). Thus, overexpressed p1168P coun-
teracts RhoA-mediated signaling.

Discussion

Previous studies using the Rho-inactivating C3 toxin sug-
gested that Rho plays an important role in the control of
neurite retraction as well as neurite outgrowth in both
neuronal cell lines and primary sympathetic ganglion cells
(for references see Introduction). In the present study we
have established the physiological importance of RhoA in
controlling neurite behavior in N1E-115 cells. By using the
yeast two-hybrid system, we have isolated a novel, puta-
tive Rho-specific exchange factor (RhoGEF) and a RhoA-
binding protein (p1168P) that affect neuronal morphol-
ogy. Of note, successful two-hybrid interaction between
RhoGEF and RhoA and between p116RP and RhoA was
only observed after disrupting the membrane localization
signal in RhoA (C190R mutation) to facilitate entry of
RhoA into the nucleus. We find that RhoGEF mimics ac-
tivated RhoA (V14RhoA) in causing sustained neurite re-
traction and cell rounding, whereas overexpressed p1168iP
mimics dominant-negative RhoA and C3 toxin in stimulat-
ing cell flattening and neurite extension. Our results estab-
lish RhoA, RhoGEF, and p116RP as critical determinants
of neuronal cell shape.

RhoGEF

RhoGEF is a large protein (190 kD), whose catalytic DH/
PH region is 54 % identical to those of the Rho-specific ex-
changers Lbc and Lfc (Whitehead et al., 1995; Glaven et
al., 1996). RhoGEF mRNA is abundant in brain and N1E-
115 cells, whereas Lbc transcript is prominent in skeletal
muscle and hematopoietic cells but not detectable in brain
(Tokosz and Williams, 1995). Therefore, Lbc is unlikely to
participate in Rho-dependent neuronal morphogenesis.
RhoGEF expression is not restricted to neuronal tissue
and cell lines but is also found in kidney, lung, and, to a
much lesser extent, heart (Fig. 2).

In addition to its catalytic DH/PH region, RhoGEF con-
tains a zinc finger motif, a leucine-rich domain, and a
coiled-coil region; the latter two domains may be involved
in mediating protein—protein interactions. Experiments
with an NH,-terminally truncated version of RhoGEF re-
veal that the leucine-rich region and the zinc finger motif
are dispensable for the catalytic activity of RhoGEF in
vivo. We find that RhoGEF binds equally well to wild-
type and activated RhoA, at least under two-hybrid condi-
tions. This finding supports a model in which RhoGEF not
only stimulates GDP release but also actively participates
in promoting GTP accumulation. In contrast, Ras-specific
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1 GGCCGGGCGGCGGGGCGGEGCGCGAGGCGGECGCECGCTCTCGAGGCCGCGGCGAGCAGGCGGGGCGLGCGGT

Figure 5. p116®P cDNA, pre-
dicted amino acid sequence,

and interaction with RhoA in

72 GAGAGGGGAGGCCTTTCCGGGCTGCGGCGGCCAGCGCARRATCGGCGGCGECCGCGCTGAGTCCCCGACCCCC

2416 L E § K
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31C P L 8 P HRRAZ KSULDU RRISTE S S MTP
1392 CAGTGGAAGAAACACTGGTTTGTCCTGGCAGATCAGAGCCTGAGATACTACAGGGATTCCGTGGCTG

AGAGCGCTGGGCCGTGGCGCCGGCTCCGCGGCCGCCTAGCCGAC
192 ATGTCGGCGGCCAAGGAAAACCCGTGCAGGAARATTTCAGGCCAACATCTTCAACAAGAGCAAGTGTCAGAACTGCTTCAAGCCCCGCGAGTCGCATCTGCTCAACGACGAGGACCTGACG
1M S AAKENUPCRZI KT FQANTITFNIZKS SI KT COQNTCTFTZ KZPR RESHTLTILNDETDTLT
312 CAGGCAARACCCATTTATGGTGGCTGGCTGCTCCTGGCTCCAGATGGCACTGACTTTGACAACCCAGTGCACCGGTCACGGAAATGGCAGCGACGATTCTTCATCCTTTATGAGCATGGC
41Q A K P I Y G G WILILLAUPUDGTDUFDNU PUVHRSI RIEKUW®WQRTRTFTFTITLYEHG
432 CTCTTGCGATATGCCCTGGATGAGATGCCCACCACCCTCCCTCAGGGCACCATCAACATGAACCAGTGCACAGATGTGGTGGATGGGGAGGCCCGCACAGGGCAGAAGTTCTCCCTCTGC
81L L R Y AL DEMZPTTTZLUPQQGTTINMNT QT CTDVVYVDGEU AIRTTG G2 QZKTFSTILC
552 ATCCTGACACCTGACAAGGAACATTTTATCAGGGCAGAAACCAAGGAGATCATCAGTGGGTGGTTAGAGATGCTCATGGTGTATCCTCGAACCARCAAGCAGAACCAGAAGAAGAAACGG
122 I L T P D K EH F I RA E T KETITI S GWIULEMILMMUVYPRTNIZKIOQN
672 AAAGTAGAGCCACCTACCCCACAGGAGCCTGGGCCTGCTAAGATGGCTGTCACTAGCAGTAGTGGCGGCACGAGTGGTAGCAGCAGCAGCATTCCCAGTGCTGAGAAAGTTCCCACCACC
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792 AAATCCACACTCTGGCAGGAAGAAATGAGAGCCAAAGACCAACCTGATGGGACCAGCCTGAGTCCAGCTCAAAGTCCCAGCCAAAGCCAGCCTCCTGCTGCTTGCACCCCACGGGAACCA
200K S T L WQ EEMRAKDOGQ?PDGTSUL S PAQSPSQ S QP PAACTPREP
912 GGACTAGAAAGCAAAGAAGATGAAAGCACCATAAGTGGGGACCGTGTGGATGGTGGTCGGARAGTACGGGTAGAGAGCGGCTACTTCTCCCTGGAGAAGGCCAAGCAGGACCTGAGGGCT
D ESTISGDRUVDG GOGRI KV VR RVYVESU GYVFSLETZ XK aAIZ KT GQDTLRA
1032 GAGGAGCAGCTGCCCCCACTACTCTCCCCACCCAGCCCCAGCACCCCACACAGCAGGAGGTCCCAGGTAAT TGAGAAATTTGAGGCCTTGGACATTGAARAAGCAGAGCACATGGAAACC
§ PP S P S TPHSRIRSQVIEZ KT FEA ATLDTITETZ K AEUHMET
1152 AACATGCTGATTCTGACCACTCCATCAAGTGACACTCGTCAGGGCCGCAGTGAGAGACGGGCCATCCCTAGAAAGCGGGACTTTGCCAGCGAAGCCCCCACAGCTCCTCTCTCAGATGCT
G R SERZ®RAIUPRIEKRDTFASEA ATPTA AZPTLSTDHA A
1272 TGTCCCCTGTCTCCACACCGAAGAGCCAAGTCATTGGACAGGAGGTCCACAGAATCCTCCATGACGCCTGACCTGCTGAATTTCAAGAAAGGCTGGCTAACCAAGCAGTATGAGGATGGC
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AGCTGACCTAGATGGAGAAATTAACTTGTCCACTTGCTATGATGTC

N1E-115 cells. (A) pl16Ri
nucleotide and polypeptide
sequence. The PH domain is
underlined. The sequence con-
tains two proline-rich regions
(amino acids 164-172: PPT-
PQEPGP, and amino acids
285-296: PPLLSPPSP) that
are putative SH3-binding sites
(B). These sequence data for
pl1168¥P are available from
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1632 GTGCTCCCAGCATCTGCCCCAGATGTGACCAGCTCATTGCCTGAGGGARAGAATARAAGCACATCT TTTGAGACC TGCTCAAGGTCAACTGAGAAGCAAGAAGCTGAGCCAGGAGAGCCA
481V L P A S A P DV TS S L PEGI KNI KSTSFETU CSR S TE K
1752 GATCCTGARCARAAGAAGAGCCGTGCTCGAGAGCGGAGGCGGGAGGGTCGCTCCAAGACCTTTGACTGGGCTGAATTCCGCCCTATACAACAGGCCCTGGCTCAAGAARGGGCCAGCGET
521D P E Q K K S R ARERU RREG GRS KTZFDWAETFHRZPTIZ QO QAL AZQETRASA
1872 GTTGGGTCTTCTGATTCTGGTGACCCTGGGTGTCTTGAAGCCGAGCCAGGTGAGCTGGAGCGTGAACGAGCTCGACGTCGAGAAGAACCCCGCAAGCGCTTTGGGATGCTGGACACCATT
56lvV G S S D8 GDPGCULEAEZPGETULEREHRARTI RTI RETETPRIEKIRFGMTLDTTI
1892 GATGGACCAGGAATGGAGGACACAGCCCTACGTATGGACATCGACCGGAGCCCAGGGCTGCTGGGAACCCCTGACCTCAAGACACAGAATGTCCACGTGGAAATTGAGCAGCGTTGGCAT
601D G P GM EDTATLU RMDTIDIRSU?PGULILGT?PDULI KXTZOQNVHVYVETIE

2112 CAAGTGGAGACCACCCCTCTCAGGGAGGAGAAACAGGTGCCCATTGCCCCTCTGCACCTATCCTT

681 E L E Q S Q K E A S D L L E Q N R L L QD QLURTYATLGE RTET G QSARTETGZ YV L Q
2352 GCTACATGTGAGCGAGGCTTTGCCGCCATGGAGGAGACACATCAGAAGAAGATTGAAGACCTACAGAGGCAACACCAGCGGGAGCTAGAGAAGCTGCGGGAGGAARAAGACCGCCTCCTG
H QK K I EDTLG QRGO QEHG QRTETLTET KTLTRTETETZ KT DT RTLTL
2472 GCTGAGGAGACAGCTGCCACCATATCAGCCATTGAAGCCATGAAGAATGCTCACCGAGAGGAGATGGAACGAGAGTTAGAGARGAGCCAGCGGTCTCAGATCAGCAGCATCAATTC:.IAC
761A E E T A AT I S A I EAMEKNAHRETEHMETRTETLTET KT SO QRSOQTISSTINSD
2592 ATAGAAGCCCTGAGGCGACAGTACCTGGAGGAGCTGCAGTCACTGCAGCGGGAGCTGGAAGTCCTTTCAGAGCAGTACTCCCAAAAGTGCCTGGAGAATGCACACCTAGCCCAGGCGCTG
8011 E A L R R Q Y LEETULG QS SV QRETLTETVTLSET QTYSQZKC CLENAEHETLAZ® QAL
2712 GAGGCCGAGCGTCAGGCCCTGCGGCAATGCCAGCGTCAGAACCAGGAGCTCAACGCCCACAACCAGGAGCTGAATAACCGCCTGGCTGCGGAGATCACACGGTTGCGGACACTACTGACT
841 E A E R Q A L R QCQREUNTG QETLNA AHNT QETLNNT RTLA
2832 GGAGACGGTGGTGGGGAGTCCACTGGGTTGCCTCTCACACAGGGCAAGGATGCCTATGAGT TAGAGETCT TG TTGCGGGTCAAAGAGTCAGARATCCAGTACCTGAAACAGGAGATCAGT
G KDAYELTETVTLTLR RYVIEKTESETI
2952 TCCCTCAAGGATGAACTCCAGACAGCCCTGCGGGATAAGAAGTATGCTAGTGACAAGTACARAGACATCTACACTGAGCTCAGCATTGCCAAGGCCAAGGCTGACTGCGACATCAGCAGG
$21s L K D E L Q T ALRTDT KT KT YA ASDTIKTYZEKDTITYTETLSTIAZ KA AE K ATDTCTDTIS R
3072 CTGAAGGAGCAGCTGAAAGCAGCCACAGAGGCACTGGGCGAGAAATCTCCTGAAGGCACTACTGTGTCAGGATATGACATAATGAAATCTAAAAGCAATCCTGACTTCCTGAAGARAGAC
L K A ATEALGEI K S PEGTTUV S G Y D I MK
3192 AGATCCTGIGTTACCCGGCAACTCAGAARCATCAGGTCCARGTCCGTAATTGAGCAGGTCTCATGGGATAACTGAGTCGCGCCCGCTTCCAAGTCCCCTGTCGTATAGAGTCTGAAGGAR
1600R § C V T R QL RNTIRTSTIKT STV TIES® QVSHWDN * 1024

3312 GGCTGACGGTGCAGGAGCGCTTGAAGCTCTTTGAATCCAGGGACTTGAAGAAAGATTAGCTGCATCCATTCCACTGACACATCCTTCCCAGCTGGTGGCAGCACAAGCCAAGCGTGGTTT
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961 L K E

V A E E A A
1512 ACTGAGTATCCAGTCCAGAGAAACTATGGCTTTCAGATACATACCAAGGAGGGTGAGTTCACCCTCTCAGCCATGACATCTGGCATACGACGGAACTGGATCCAGACCATTATGAAACAT

GGACAGAAGTGAGCGGCTCTCCACACATGAGCTCACCTCTCTGCTAGAGAAG
641 Q VvV E T T P L R E E K Q V P I A P LHULSUL EUDRSE R
2232 GAGCTGGAGCAGAGCCAGAAAGAAGCCTCGGATCTTCTAGAGCAGAACCGGCTTCTACAGGACCAGTTAAGGGTGGCCCTGGGCA AACAGAGTGCCCGGGAGGGCTATGTGCTGCAG

EMBL/GenBank/DDBJ un-
der accession number U73200.
(B) Schematic representation
of domains in p116%¥P; pppp,
proline-rich putative SH3-
binding regions (see above);
PH, pleckstrin homology do-
main; COILED-COIL, coiled-
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coil domain. The RhoA-inter-
acting region is indicated
(amino acids 545-823, black
bar). (C) Immunoblot analy-
sis of p116R¥P transiently ex-
pressed in COS and N1E-115
cells. Cell lysates were ana-
lyzed on a 10% SDS-PAGE
gel followed by immunoblot-
ting with a polyclonal anti-
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3432 TCATCTTCACCTGTGCATCTCATTGTTGCTGTCATTAACTGTGGGGATGGATGCATGAGAGACTGCTGTGGEGTGCTTGCTCCAGTCCCTCCCTGTCAATTCCAACTTCCTGTTGTCTTT
3552 ATCACAGCTTTTTTCCCATGGTATTCTCAGATTAGTCACGCGCAAGCAGTAGAGTGGGACGGTTTCCCCGCTGATACCTGAGCAGCCCCCTTGTCCTCCCAGCACACTCACTGTCAGTAT
3672 TAAGGCACAGCAGCCTGTTAATAAGCTAGCCCTGCCTCAGAGTGCACATGTGGGGACCTGCCAGTGGCTCTGCTCTGCCGCACACAGCGGAGCACCACCCTTGATGGTCAGAGCAGAGCC
3792 ACCGAATGTTGTAGGCTGGCCTGATTTCTGAGGGGCCTAGGARAGTGTCCAGCCTGGCCCACTTCCTTTTGATGTGGGAGGGGGACAGCATTTTGTACCTGGCCACTGATGCAGCTTAGA
3912 ACCATACCCAGATAATCCGGCAAATCCTTCACAACCTGGAAAATGTTGAAAGCAACCATTCCTATTTTGGTTTTTTATTAAATCTTGCACAAAAAARMAA 4010

164-172 285-206 391 477 &7

976 Rip
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]
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pl16RP antibody. (Right)
Analysis of identical samples,
in which the blot was incu-
bated with primary antise-
rum in the presence of the
synthetic peptide used for
immunization (see Materials
and Methods). (D) Interac-
tion of p116%P with the GDP-
and GTP-bound forms of
RhoA in N1E-115 cells. Puri-

fied GST-RhoA fusion proteins, preloaded with either GDPBS or GTPvS, were used to fish in lysates of serum-starved N1E-115 cells,
as described in Materials and Methods. GST alone served as a control. The GST proteins were isolated on glutathione beads and ana-
lyzed by immunoblotting using anti-p116R”P antibody. (Open arrow) Position of p116RP,

GDP/GTP exhanger factors, such as yeast CDC25 and
mammalian SOS, predominantly recognize the inactive,
GDP-bound form of their target GTPase (e.g., Munder
and Fuerst, 1992; Quilliam et al., 1995). That RhoGEF acts
specifically on Rho is further supported by the finding that
overexpression of Rac or Cdc42 fails to mimic RhoGEF
action in N1E-115 cells: both activated Rac and Cdc42
promote cell flattening instead of cell rounding (van Leeu-
wen, F., and J. Collard, unpublished observations).

A major challenge for future studies is to delineate how
receptor stimulation may couple to the RhoGEF-RhoA
pathway. We previously showed that the Src tyrosine ki-
nase is involved in LPA- and thrombin-induced neurite re-
traction, but cause—effect relationships are not clear
(Jalink et al., 1993). We are currently investigating
whether RhoGEF may be activated, either directly or indi-
rectly, via a protein tyrosine kinase.
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pl16%»

The amino acid sequence of p116RP shows little homology
to known proteins. While the protein specifically interacts
with activated RhoA under two-hybrid conditions, our GST
fishing experiments indicate that in N1E-115 cells p116R¥ in-
teracts with both RhoA-GDP and RhoA-GTP. Although
such a nucleotide-independent interaction seems unusual
for molecular “switches” like RhoA, there is a precedent
for proteins to interact with Rho in a nucleotide-indepen-
dent manner. For example, both the GDP- and GTP-
bound forms of RhoA are capable of binding phosphati-
dylinositol-5 kinase type 1 (Ren et al., 1996). Furthermore,
the interaction between the p140 PRK2 kinase and RhoA
is nucleotide independent, at least in vitro (Vincent and
Settleman, 1997). Our failure to detect an association be-
tween p116XP and wild-type RhoA under two-hybrid con-
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ditions may suggest that this association requires an addi-
tional protein (possibly RhoGDI) that is not present in
yeast. We are currently investigating this possibility.
Although their primary sequences are highly divergent,
p1168¥P shares some characteristics with the Rho-binding
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protein citron (Madaule et al., 1995), particularly a PH do-
main and a large coiled-coil region. In p116®¥P, as in citron,
the coiled-coil region largely overlaps with the putative
Rho-binding domain. While the biochemical function of
pl116RP is as yet unknown, it is likely that p116R"P partici-

RhoN19

Figure 6. Induction of neurite
outgrowth by p116R"P and domi-
nant-negative NI19RhoA ex-
pressed in N1E-115 cells. (A)
NI1E-115 cells were transiently
transfected with the indicated
cDNA:g, as in Fig. 4. (B) Analy-
sis of protein expression in im-
munoblot, as in Fig. 4 B. (Left)
HA-N19RhoA expression visu-
alized in an anti-HA blot; (right)
expression of pll168P and
Apl116RP (anti-p116RP blot); a
and b refer to two distinct trun-
cation mutants (amino acids
545-1,024 and 545-823, respec-
tively; see Materials and Meth-
ods). Note the presence of en-
dogenous pl116RP in all lanes.
This signal is markedly in-
creased in the cells transfected
with full-length p116R? (lane 4).
Bar, 30 pm.
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pates in a multimolecular signaling complex that regulates
Rho action. Overexpression of p1168P stimulates neurite
formation and, furthermore, renders the newly formed
neurites resistant to receptor stimulation, similar to what is
observed with dominant-negative N19RhoA or C3 toxin.
This suggests that p116%¥P is a negative regulator of RhoA
signaling that inhibits, either directly or indirectly, RhoA-
stimulated actomyosin contractility. Importantly, overex-
pression of truncated Ap116R¥P (to higher levels than the
full-length protein) has no morphological effects, while
Ap1168¥P does bind to activated RhoA (Fig. 6 A and Table
I). This rules out the formal possibility that overexpressed
p1168¥P would inhibit RhoA signaling by sequestering ac-
tive RhoA-GTP. Studies to elucidate the normal bio-
chemical function and protein—protein interactions of
p1168¥P are underway.

Concluding Remarks

The present study indicates that RhoA, RhoGEF, and
p1168¥P are critical determinants of neuronal cell shape.
The available evidence supports a model in which certain
G protein—coupled receptors stimulate RhoGEF-RhoA
“activation” and consequent actomyosin contraction me-
diated by Rho-kinase (Kimura et al., 1996). Rho inactiva-
tion would then abrogate RhoGEF/RhoA/Rho-kinase sig-
naling, thereby inducing cytoskeletal relaxation followed
by neurite formation (see also Jalink et al., 1994). This
model is probably not unique for neuronal cells, as Rho-
stimulated contractility is also observed in serum-deprived
fibroblasts (Chrzanowska-Wodnicka and Burridge, 1996),
albeit to a much lesser extent than in N1E-115 cells. While
our present work focuses on the role RhoA, there can be
little doubt that other members of the Rho family, particu-
larly Rac and Cdc42, also play a critical role in several as-
pects of neuronal morphogenesis, such as growth cone for-
mation and axonal pathfinding; in fact, genetic evidence
points to a role for both Rac and Cdc42 in neurite forma-
tion during Drosophila embryogenesis (see Mackay et al.,
1995, and references therein).

Finally, at the molecular level, a number of key ques-
tions are outstanding. What is the nature of the G protein
subunit(s) that couple(s) the receptors for LPA, S1P, and
thrombin to RhoGEF activation? What are the intermedi-
ate biochemical steps? And, what is the normal function of
pl168P in RhoA signaling? Future experiments should
provide answers to these questions.

We thank Alan Hall for kindly providing RhoA, V14RhoA, and RhoGDI
plasmids, Frits Michiels for Rac and Cdc42 constructs, and Ger Ramakers
for the initial transfection experiments.
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