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The Rho family of small GTPases, key regulators of the actin
cytoskeleton in eukaryotic cells from yeast to human, is impli-
cated in the control of neuronal morphology. Guanine nucleo-
tide exchange factors (GEFs) are upstream positive regulators
of Rho GTPases and integrate extracellular signaling for appro-
priate activation of Rho GTPases at specific subcellular re-
gions. Here we describe the identification of a novel Dbl family
GEF for Rho GTPases in Homo sapiens and Mus musculus. It
contains a tandem Dbl homology-pleckstrin homology domain
and FERM domain, characteristic of the plasma membrane
proteins linker. This gene, termed FERM domain including
RhoGEF (FIR), was abundantly expressed in brain, lung, and

testis, as well as embryonic hippocampal and cortical neurons.
FIR was found to activate the biochemical pathway specific for
Rac1 but not for RhoA or Cdc42. Ectopic expression of FIR in
the cortical neurons resulted in significantly shortened neurites
and excessive growth cones, presumably mediated by Rac1.
These results suggest that FIR may regulate neurite remodeling
by mediating the signaling pathways from membrane proteins
to Rac.
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The Rho GTPases are key regulators of the actin cytoskeleton in
eukaryotic cells from yeast to human (Hall, 1998) and mediate the
morphological changes that can be observed during neuronal
development and plasticity, such as growth of neurites, axon
guidance, and dendrite elaboration (Luo et al., 1994; Threadgill
et al., 1997; Yamashita et al., 1999; Li et al., 2000). Each member
of the archetypal trio of the Rho GTPases, RhoA, Racl, and
Cdc42, has been found to regulate distinct actin filament-
containing structures. RhoA regulates the formation of focal
adhesions and subsequent assembly of stress fibers, and Racl
regulates the formation of membrane lamellae, whereas Cdc42
triggers the outgrowth of peripheral spike-like protrusions known
as filopodia (van Aelst and D’Souza-Schorey, 1997; Hall, 1998;
Richnau and Aspenstrom, 2001). The potential of the Rho
GTPases to function as signaling switches resides in their ability
to cycle between active, GTP-bound states and inactive, GDP-
bound states. These cyclings are regulated by a variety of intra-
cellular proteins. GTPase-activating proteins stimulate the intrin-
sic GTP hydrolysis of the GTPases, thus inactivating their targets
(Lamarche and Hall, 1994; Whitehead et al., 1997; Zalcman et al.,
1999). Guanine nucleotide exchange factors (GEFs) promote the
exchange of GDP for GTP, thereby activating GTPases. The Rho
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GEFs comprise enzymes with Dbl homology (DH) domain
(Mackay and Hall, 1998) and are Rho GTPase-specific exchange
factors (Whitehead et al., 1997). These proteins are characterized
by a DH domain sharing ~250 amino acids (aa), followed imme-
diately by a pleckstrin homology (PH) domain (Stam and Collard,
1999). They often contain multiple protein motifs, such as Src
homology domains 2 and 3 and PDZ (postsynaptic density 95/
Discs large/zona occludens 1) domains, most of which are in-
volved in intracellular signal transduction (Matsuo et al., 2002).
GEFs from the Dbl family are thought to integrate extracellular
signaling for appropriate activation of Rho GTPases at specific
subcellular regions. Whereas in Caenorhabditis elegans and Dro-
sophila some GEFs from the Dbl family have been shown to play
essential roles in neurite genesis (Steven et al., 1998; Awasaki et
al., 2000; Bateman et al., 2000; Liebl et al., 2000; Newsome et al.,
2000), in vertebrates, little is known about regulations of neurite
outgrowth by GEFs (Kunda et al.,, 2001; Penzes et al., 2001;
Matsuo et al., 2002).

To further understand the molecular mechanisms underlying
the activation of Rho GTPases and biological phenomena that the
related signaling pathway regulates, especially in neurons, we
tried to identify a novel GEF using a consensus sequence for DH
domains of Rho guanine nucleotide exchange factors to search
DNA databases. Here we describe the identification of a novel
GEF for Rho GTPases, including FERM domain in Homo sapi-
ens and Mus musculus. These proteins, termed FERM domain
including RhoGEF (FIR), were found to activate the biochemical
pathway specific for Racl. Ectopic expression of FIR in cortical
neurons resulted in morphological changes.
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MATERIALS AND METHODS

RNA isolation and Northern blot analysis. Total RNA derived from
6-week-old adult mice was extracted from various tissues by the acid
guanidium-thiocyanate—phenol chloroform method. Total RNA (20 pg/
lane) was separated by electrophoresis on 1.0% agarose—formide gels
and transferred overnight onto polyvinylidene difluoride membrane
(Millipore, Bedford, MA). The membrane was prehybridized for 1 hr at
65°C in hybridization buffer (0.9 M NaCl and 90 mm sodium citrate, pH
7.0) containing 5X Denhardt’s solution, 0.5% SDS, and heat-denatured
salmon sperm DNA (100 ng/ml). The cDNA probe specific for mouse
FIR mRNA was radiolabeled with [**P][dCTP (NZ522; PerkinElmer
Life Sciences, Emeryville, CA) by a random labeling kit according to the
instructions of the manufacturer (Takara Shuzo, Shiga, Japan). After
hybridization overnight at 65°C in hybridization buffer containing radio-
labeled cDNA probe (5 ng/ml), the membrane was washed with 2X SSC
containing 0.5% SDS, followed by 0.2X SSC containing 0.5% SDS, each
for 30 min at 65°C. Then, the filters were exposed to x-ray films (Fujifilm,
Tokyo, Japan) and subjected to autoradiography.

Reverse transcription-PCR. Total RNA (5 ug) was reverse-transcribed
using oligo-dT by reverse transcriptase from Moloney murine leukemia
virus (Invitrogen, San Diego, CA). For PCR amplification, specific oli-
gonucleotide primer pairs (10 pmol each) were incubated with 1 ul of
cDNA template in a 20 ul PCR reaction mixture containing 1.5 mm
MgCl,, 25 mm KCl1, 10 mm Tris, pH 9.2, mixed deoxynucleotides (1 mm
each), and 1 U of Taq polymerase. The sequences of primers used were as
follows: mouse FIR sense primer, 5'-AATTGACGGAGCTACAGCGA-
3" and mouse FIR antisense primer, 5'-GACGTGAGATTTGAATTG-
GA-3" (product length, 801 bp); mouse glial fibrillary acidic protein
(GFAP) sense primer, 5'-TAGACAGGAGGCAGATGAAGCCACC-3'
and mouse GFAP antisense primer, 5'-GTCGTTAGCTTCGTGCTTGG-
CTTGG-3' (product length, 337 bp); and, as an internal control, mouse
B-actin sense primer, 5'- TCCTCCCTGGAGAAGAGCTA-3" and mouse
B-actin antisense primer, 5'-TCCTGCTTGCTGATCCACAT-3' (product
length, 403 bp). Dilutions of the cDNAs were amplified for 35 cycles at 94°C
for 30 sec, 60°C for 30 sec, and 72°C for 30 sec. The amplified PCR products
were analyzed by 1.2% agarose gel electrophoresis and ethidium bromide
staining. The product for B-actin mRNA served as the internal standard.
All of the products were assayed in the linear response range of the reverse
transcription (RT)-PCR amplification process; the cycle number used was
determined by finding the midpoint of linear amplification on a sigmoid
curve for amplification products with cycle numbers of 24-40 plotted
against band density. The identity of each PCR product was confirmed by
subcloning the amplified cDNAs into the pPGEM-T vector (Promega, Mad-
ison, WI) and sequencing.

Plasmid constructs. The full-length FIR (FL-FIR) cDNA (KIAA0793;
gifts from Dr. T. Nagase, Kazusa DNA Research Institute, Kisarazu,
Japan) was digested with Sal/l and Xbal and subcloned into pEGFP
plasmid (Clontech, Palo Alto, CA), which produces the N-terminally
green fluorescent protein (GFP)-tagged protein under the control of
cytomegalovirus promoter. N-terminal truncated FIR (AN-FIR; aa 346—
1055) was generated by digestion of the full-length FIR with Sacl and
Xhol and subcloned into pEGFP plasmid. The 720 bp fragment encoding
the DH domain of FIR (aa 516-755) and the 942 bp fragment encoding
the DH and PH domains of FIR (aa 540-853) were subcloned into the
EcoRI and Xhol sites of pGEX-5X (Amersham Biosciences, Arlington
Heights, IL). Wild-type Racl, Cdc42, and RhoA were N-terminally
hemagglutinin (HA) tagged and subcloned into the pcDNA3 (Invitro-
gen). Racl-61L, Racl-17N, and RhoA-19N in pEF-BOS and wild-type
Racl and RhoA in pGEX-4T to produce glutathione S-transferase
(GST) fusion proteins in Escherichia were gifts from Dr. A. Hall (De-
partment of Biochemistry and Molecular Biology, University College
London, London, UK). Wild-type Cdc42 was subcloned into pGEX-5X
(Amersham Biosciences). The construct for Rac-binding domain of
human PAK2 (PAK2-RBD; aa 66-147) in PGEX-4T was made as de-
scribed previously (Akasaki et al., 1999). The construct for GST fusion to
the RhoA binding domain of Rhotekin (GST-RBD) was a gift from Dr.
M. A. Schwartz (Department of Cell Biology, The Scripps Research
Institute, La Jolla, CA), and neural Wiskott-Aldrich syndrome protein
(N'WASP)-Cdc42/Racl interactive binding (CRIB) in pEF-BOS was
from Dr. T. Takenawa (Division of Biochemistry, Institute of Medical
Science, University of Tokyo, Tokyo, Japan).

Expression and purification of recombinant proteins. Bacterially ex-
pressed recombinant RhoA, Racl, Cdc42, and FIR proteins were puri-
fied as described previously (Chuang et al., 1995). Escherichia strain
DH5a transformed with the vectors was treated for 3 hr at 37°C with 0.1
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mM isopropyl-thio-p-D-galactoside to induce the expression of each
protein, which was purified through a glutathione-Sepharose 4B column.

In vitro nucleotide exchange assay. Purified Rho proteins were used
directly for the *H-loaded GDP dissociation assays as described pre-
viously (Horii et al., 1994; Chuang et al., 1995). Briefly, 4 pg of each
Rho GTPase was incubated with 10 uM [*H]GDP (PerkinElmer Life
Sciences) for 25 min at room temperature, and GST-fused DH domain
or DH-PH domain of FIR was added to the assay mixture. At the
indicated time, an aliquot of the reaction sample was removed and
passed through nitrocellulose filters (IPV H 000; Millipore). The filters
were washed and used for scintillation counting. GST protein or the
buffer was used as a control.

Interaction of FIR with Rho GTPases. Binding of FIR to nucleotide-free
Rho GTPases was determined according to the procedure mentioned by
Penzes et al. (2001). Briefly, GST fusion proteins of Rho GTPases
purified from Escherichia were depleted of bound nucleotide by incuba-
tion with 10 mm EDTA. HEK293 cells expressing GFP-AN-FIR, which
contains DH and PH domains of FIR, were lysed in binding buffer (40
mM Tris-HCI, pH 7.5, and 50 mm NaCl containing 1% Triton X-100).
For each binding reaction, 5 ug of GST-GTPase bound to 25 ul of
glutathione-Sepharose beads was mixed with an aliquot of cell extract
containing 1 mg of protein for 2 hr at 4°C. The beads were washed with
binding buffer, and bound proteins were analyzed by SDS-PAGE and
Western blotting using the monoclonal anti-GFP antibody (Santa Cruz
Biotechnology, Santa Cruz, CA).

Pull-down GTPase assay. In vivo Racl/Cdc42 activation assay was
performed according to the method we described previously (Akasaki
et al., 1999). HEK293T cells were transfected using Lipofec-
tamine2000 (Invitrogen, Gaithersburg, MD), cultured for 48 hr, and
lysed [in 20 mM HEPES, pH 7.4, 150 mm NaCl, 2% Nonidet P-40, 20%
glycerol, 8 mM EGTA, 8 mm EDTA, 80 um p-amidinophenylmethane-
sulfonyl fluoride (hydrochloride), 100 wg/ml aprotinin, and 200 pg/ml
each of leupeptin, chymostatin, and pepstatin A]. Cell lysates were
clarified by centrifugation, and the supernatant was incubated with 20
ng of GST-PAK2 protein immobilized on glutathione-Sepharose beads
for 3 min. Beads were washed with washing buffer (20 mm HEPES, pH
7.4,142.5 mm NaCl, 1% Nonidet P-40, 10% glycerol, 4 mm EGTA, and
4 mM EDTA), and bound GTP-Rho proteins were detected by Western
blotting with the anti-HA monoclonal antibody (Boehringer Mann-
heim, Mannheim, Germany). In vivo RhoA activity assay was per-
formed according to the method reported by Schwartz and his col-
leagues using a GST fusion to the RhoA binding domain of Rhotekin
(GST-RBD) (Ren et al., 1999). To detect endogenous Racl activation
by FIR, COS-7 cells were cultured for 24 hr after transfection, fol-
lowed by the pull-down assay.

In vivo nucleotide labeling. Transfected HEK293T cells were cultured
for 24 hr, serum starved in DMEM medium, labeled with [**P]ortho-
phosphate (100 wCi/ml; PerkinElmer Life Sciences) for 4 hr, and dis-
rupted in lysis buffer (50 mm Tris-HCI, pH 7.5, 20 mm MgCl,, 150 mm
NaCl, 0.5% Nonidet-P40, 1 mm sodium orthovanadate, 1 mm PMSF, 25
ng/ml leupeptin, and 25 ug/ml aprotinin). Lysates were immunoprecipi-
tated with the anti-HA monoclonal antibody for 2 hr using protein
Sepharose G beads (Amersham Biosciences). Immunoprecipitates were
washed three times in lysis buffer and twice in washing buffer (50 mm
Tris-HCI, pH 7.5, 20 mm MgCl,, and 500 mm NaCl) and finally were
resuspended in 1 M KH,PO,, pH 3.4. Bound nucleotides were released by
heating at 68°C and fractionated using polyethyleneimine thin-layer
chromatography plates. Radioactive spots, located by autoradiography,
were scraped off the plates and counted in a scintillation counter (Ya-
mashita et al., 1999).

Cell cultures and transient transfections. NIH3T3cells and COS-7cells
were cultured in DMEM containing 10% fetal bovine serum (Sigma,
St. Louis, MO), penicillin, and streptomycin. For immunocytochem-
istry, cells grown on chamber slides for 3 d to 40-60% confluence were
transfected with 0.15 ug of plasmid DNA per 1 cm? and 0.25 ul/cm?
Lipofectamine2000 in complete serum-free medium for 5 hr, after
which they were washed and fed with growth medium for 24 hr. Then,
the medium was replaced with DM EM without serum for 16 hr. Cells
fixed in 4.0% formaldehyde in PBS (50 mm NaPi, pH7.5, and 150 mm
NaCl) for 10 min at room temperature were permeabilized and
stained.

Neuronal cultures and transfections. Cerebral cortex from embryonic
day 18 rat was digested with papain for 30 min at 37°C, followed by
dissociation. Dissociated neurons were plated on the dishes precoated
with poly-L-lysine in DMEM containing 10% fetal bovine serum (Sig-
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ma), penicillin, and streptomycin. After culturing for 1 d, the medium
was replaced with DMEM with B-27 supplement. Two days after dis-
sociation, cultures from rat embryo were transfected using Lipo-
fectamine2000. The neurons were fixed 24 hr after transfection in 4.0%
formaldehyde for 20 min, permeabilized, and blocked in PBS containing
5% normal goat serum, 0.1% bovine serum albumin, and 0.1% Triton
X-100 for 30 min. The cultures were incubated overnight with the
monoclonal antibody to class III B-tubulin (Research Diagnostics,
Flanders, NJ), followed by Alexa Fluor-conjugated secondary antibody
(Molecular Probes, Eugene, OR). Morphological features were quanti-
fied using LSM510 software version 2.02 (Zeiss, Oberkochen, Germany).
Pictures of randomly selected fields were taken at low magnification, and
the total neurite length as well as the length of the longest process on
each individual neuron in the field was measured after it was traced using
the computer program; at least 40 neurons from three independent
cultures were analyzed.

Dissociated cultures of hippocampus from embryonic day 18 mouse
were performed by the same procedure mentioned above. The hip-
pocampal and the cortical neurons were maintained for 1 d after disso-
ciation, and total RNA was isolated from them to perform RT-PCR.

A
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RESULTS

Identification of a novel FERM domain including
guanine nucleotide exchange factor for Rho GTPases
We first intended to identify candidate GEFs for Rho GTPases,
which contain domains previously implicated in signal transduc-
tion, and searched DNA databases using a consensus amino acid
sequence of the DH domain of known GEFs for Rho GTPases
(Boguski and McCormick, 1993; Fukuhara et al., 1999). A num-
ber of yet uncharacterized proteins containing putative DH-like
domains were detected. Subsequently, we analyzed their DNA
sequences, and their expected translational products suggested
that many of them encode putative GEFs for Rho GTPases. We
were interested in one of them, KIAA0793, human cDNA clone
(GenBank accession number AB018336). The plasmid construct
for KIAAQ793 was a gift from Dr. T. Nagase, and its nucleotide
sequence was confirmed. The cDNA is 3165 bp long and encodes

hFIR 1 NGEIEGTYRVLOTAGWRLGAQTPVGVSTLEPGQTYAP RMQEKHLHL RVKLLDNTHEIFD

wF IR 1 MGEIEGTYRALPTS

RLGGQTAIGVSTLEPEQSLEPRMQOEKHMRI RVKLLDSTVELFD

hFIR 60 IEPKCDGOVLLTOVWKRLNLVECDYFGHMEFQNTOSYWIWLEPMKEPIIRQIRRPENVVLR

wF IR 60 IEPKCDG

LLTOVWKHLNLIECDYFGLE SYWIVLEPMKPIIR KNAVLR

hFIR 119 LAVKFFPPDPGQLQEEYTRYLFALQLKRDLLEERLTCADT TAALLTSHLLQSEIGDYDE

wmFIR 119 LAVEFFPPDPG

EVTRYLFALQLERDLLEERLTC TAALLISHLLOSEIGDYDE

hFIR 178 TLDREHLEVNEYLPGOOHCLEKILEFHOEHVGCTPAESDFOVLEIARKLEMYGIRFHMA

mFIR 178 TLDREHLKANEVLP

LEKILDF GOTPAESDFOVLEIARKLEMYGIRFHMA

hFIR 237 SDREGTKIQLAVSHMGVLVFQGTTKINTFNWSEVRKLSFKRKRFLIKLHPEVHGPYQDT
wFIR 237 SDREGTKINLAVSHMGVLVFQGTTKINTFNWSKVRKLSFKRKRFLIKLHPEVHGPYQDT

hFIR 296 LEFLLGSRDECKNFWKICVEYHTFFRLMDQPKPKAKAVFFSRGSSFRYSGRTQKQLVDY
mFIR 296 LEFLLGSRDECENFWKICVEYHTFFRLEDOPKPEKAKAVFFSRGSSFRYSGRTQRQLVDY

wmFIR 355

hFIR 355 E

hFIR 413 TLE
SL

wFIR 414

hFIR 471 GLS|
wFIR 473 GFS

KDSGMKRIPYERRHSKTHTSVRALTADLPKQSISFPEGLRTP ARISSAN-AF BS
KDGGMKRIPYERRHSKTRTSLHALTVDLPKQSVSFTDGLRTSA

PSGLPEFKDSSSSLTDPQVEHVKSP ALAERRS G~
PPGLPNLKDSSSSLVDPQA

EISSPQPSPSSEKSPLSLSPHQVPLGPJLEQGSS PLLSPVLSDAGG.

SSANESF 55

AGGPDTPS AQIQIGPPALQPGP
DGPSTQS A GPPVYLRPGP

MDE-EEPRH
KSHLSLCPELQAALSTAEQGASPVLSPVLSGAGT NSMDREEEQKH

IKSTAAERSS

SPOQP3PS5|

hFIR 529 KRVPADEAYFIVKEILATERTYLKDLEVITVWFRSAVVKEDAMPATLMTLLFSNIDPIY
wFIR 532 KHMPEDEAYF IAKEILATERTYLKDLEVITVVFRSVLIKEEAMPARLMALLF SNIDRYY

WFIR 588 EFHRGFLREVEQRLALVEGPSKA
wFIR 591 EFHRGFLHEVEQRLALUEGPSSA

KGSHQRIGD ILLRNMRQLKEF TSYFQRHDEVLTE
'GDHORIGD ILLRNMRQLKEF TSYF QRHDEVLTE

hFIR 647 LEKATKRCKKLEAVYKEFELQKVCYLPLNTFLLKPIQRLLHYRLLLRRLCGHYSPGHHD
wFIR 650 LEKATKHCKKLEAVYKEFELOKVCYLPLNTFLLKPYQRLVHYRLLLSRLCAHYSPGHRD

Figure 1. FIR contains several domains in signal
transduction. A4, Schematic structure and deduced

nFIR 706 YADCHDALKAITEVTTTLQHMLIRLENLQKLTELQRDLVGIENLIAPGREFIREGCLHK
wFIR 709 YADCHEALKAITEVTTEL

: : hFIR 765 LTKKGLQORMFFLFSDMLLYTSKGVAGTSHFRIRGLLPLOGMLVEESDNEUSVFHCFTI
amino acid sequence of human and mouse FIR. The wmFIR 768 L'I}(KGI_..QQR:I‘E‘F_I..FSI_)HLL_YTSKﬁV_T%S.I{FR.IRG]_'LPL_gg!ﬂ_..VE ESENEVSWRHCFTI
seqvencesof buman and mouse FIRWere UMl L oo hioutivitetie oy i o oo g R
aligned on the basis of residue identity (nonboxed) WFIR 827 YAAQKTIVVAASTRLEKEKUMEDLNALZIOM GDSPPVII:E%TRTPRSSDEVSL
and similarity (gray box). Black boxes are noncon- ~ ~ ~ UTTTmmammnsmmmaasmmammmaaeesimmeny

served residues. FERM domain, Single underline; hFIR 583 EEESEDDARGHRSSLEGHGQHRANTTMHVCWYRNTSVSRADHSAAVENQLSGYLLRKFK

DH domain, interrupted line; two PH domains, dot-
ted lines. B, C, Sequence comparison of FIR with
ERM proteins, Dbl, and pleckstrin (B) and other

wFIR 886 --EESEDGRGYRGSLEGNSQHRANTTMHVCWYRNTSVSRADHSAAVENQLSGYLLREFK

hFIR 942 NSHGUQKLWWVFTNFCLFFYKTHQDDYPLASLPLLGYSVSIPREADGIHKD YVFKLQFK
wFIR 943 NSNGUQRLUWVETNFCLFFYKTHQDDYPLASLPLLGYSVSLPREADS IHKD YWFKLOFK

Rac-GEFs (C). Black boxes, Identical residues; gray NFIR 1001 SHVYFFRAESKYTFERUMEV IQEASSSAGRAPSIVQNEPOPSSGLEGUVRGKE

boxes, similar residues to FIR. hFIR, Human FIR; RFIR 1002 BYRERARSKY LEE RIIBYIRGASSSPORP P oF QLG AN OLE ABIREKE Mg
- . hTi nF IR

mFIR, mouse FIR; hSOS1, human SOS1; hTiaml, BEIR 1061 .

human Tiam1; hVavl, human Vavl.

Figure 1 continues.



Kubo et al. « FERM Domain Including Guanine Nucleotide Exchange Factor J. Neurosci., October 1, 2002, 22(19):8504-8513 8507

B

FERM domain

hFIR 47 D) ) §
mPIR 47 D) I
esrin & T I
radixin @& T

mee=in & T

hFIR 106 IR[ IRRPEN-UVULRL AU ERLTMADT
mEIR 106 IR K - AVLRL 2% ERLT|

ezt in 66 SANEVRKENPL(Q FEKFRA! ET PE,
radixin 66 TOQUDVEKENPLQ ET PE
meesin &6 TANDVRKESPLLTK DI PE
RFIR 162 EFZ0 QT

mFIR 182
escin 1zs5
radixin 125
moesin 125

DR T
WD QHEL TRDQVE oua"'s

WL EQHEL TKEQVE oﬂ

WL EQHKL NKDQWEERRQ Ef

hTIR 21z
mEIR 212
escin 154
radixin 184
mees=in 184

DH domain

hFIR 540  VEMILA VITUNRISAUVVEE---D [ — WIDP I G
mFIR 543 AKAIL A KIDEE 1 TV, IKE---E A== HIDF o]
Ib1 5§00 L 1] LEYZARMD NPEM TDL, P KD UMAL T I
hTIR 599 FLREVE QRL GPSK KeSHQIAIED I LKEFT 3| DEVLSELEZAT
mEIR 596 TLHEVE QRL GP33 KEDHQIAI[ED I LKEFT 3 DEVLELEZAT
Dkl $58 ------ D-INASSLENCR AP~~~ C DEQITY C| PRSEQNI =
hFIR 652 K AUVYKEFEL QEUC 1 2 L[ GHHD CH
mFIR 655 K AUYKEFEL QEVC 1 SRC GHRD CH
Dkl 607 -EMATTQECQREL KR~~~ -8R 4D S IT i L1y CEGSELLE
KFIR 711 D ITEUTTTLQHIL

wFIR 714 E ITEVTTELQQSL

Dbl 660 DLLESUNDSH

1st PH domain

hFIR 157 CIRHILTE-~KGLQ QRMFPAFSMLL YT 3IHGUAGT SHIR I VE
mEPIR 760 CIRHIALT K-~ KGLQ QRMFTY LLYT 3 {SUTGASHIR I VE
pleckstrin 5 WK GSUT BT WK PHUAAY GIE SDHSP -~~~ STLT

hFIR §10 ESDREWS-VPHC AAQKT IVUAAST ~-KE WLRSER0A

wFIR $1% ESENEWS-VLHC AAQKT IVUAAST -KE LN P
pleckstrin 57 BPCODFGERMIY TTEQQDHFFQAR RD ! c

2nd PH domain

hFIR 931 QL TENS HG00 NICL HQUID YL A3LL SUSIQRE
mFIR 924 QL TENS NGO WrcL g0yl ASL SUSLIRE
plecksetxin & IR GSUFNTKP! LEDG IE g S Iy STLT33CQ
hFIR 986 ADGIHED Q- SKYTFE 535

mFIc 987 ADS IHED Q- SKYTIE 533

pleckserin 71 DFG-ERM ITTTQQD! ATLEERD IKC

hFIR 540 VEE IL AT ERTLEDSEY ITUWFRSAVUVEE D - AHP ATLMTLLIS NIDP I YEFHR G WE
h5081 205 WEKARMAE IRQQIRE: I IKVFREFFUSH SKL F5ANIVENINS RIVD IHEL SVKLAGHIE
hTiaml 1045 ICELLETERT, M C LMERYLEPLQKET -FLTQDELD GNLTEMVEFQUE LE
hifawl 199 LREIQQTE! DTS IQQHFLKPLQR ---FLEPQDIE I T3 INIEDLLRUNTH 2124

hFIR 599 QRLALWEGP SKANTKGS HQR-~-- - IGD ILLRNMRQLKE FTS¥FQRHDEVL TEL EKATKRC
h3031 265 DTUEMTDEGSPHPLVGSCFED-------- LAEELAFDP ¥YESYARD ILRPGTHDRFL3QLS
hTiaml 1104 DGURLVPDLEKLEKVD(Q FKKVL PSLGGSTLYVADRIKL ¥3ATCAIHTEUP KVL - -VKAKT
havl 256 EALG-TPGAANLYQU-=-=========== FIKVKERILVYGRYCSQVESASKML DRUAA AR
hFIR 655 KELE AVYEEFEL QK---UCYLPu IQRL! I CGHYSP CHHD YAD CHD
h3031 217 EKEPGAALYLQS IGEGIEE AVQYUIEPRLI HC FE EKSED-QEDKECLEKQ
hTiaml 1163 DTAFKAFLDAQNPKQ--QHSSTIRES IQRIN Ly FALTDAE SEENVHLDY
hVawl 201 EDVQMKLEECSQRAN--NGRTITSRDLY Q . TQEAMEKE-NLEL

hFIR 71z KAITEUTTTLOHIL
h3031 76 ITALL NU(QSGMEK IC
hTiaml 1120 IETHNEUVASH INEMQ
hitawvl 259 AMR DL A4Q CUNE UK

Figure 1 continued.
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Figure 2. Tissue distribution of FIR and the expression in neurons. 4,
Northern blot analysis of a panel of tissues from adult mouse. Ribosomal
RNA was used as a standard. B, The expression of mouse FIR mRNA in
primary cultured embryonic day 18 hippocampal and cortical neurons was
detected by RT-PCR. No signal for GFAP mRNA was found in cortical or
hippocampal neurons. M, Molecular weight marker; N, no cDNA; C,
cortical neurons; H, hippocampal neurons; ¥, adult mouse whole brain.

a putative protein consisting of 1055 amino acids. The proposed
initiating ATG conforms to a Kozak consensus sequence (Kozak,
1986), and there is a stop codon just upstream of this ATG in
frame (data not shown). The encoded putative protein is pre-
dicted to have a core molecular mass of 117 kDa and has highly
homologous domains implicated in signal transduction (Fig. 1).
We also detected possible homolog of KIAA0793 in Mus muscu-
lus (GenBank accession number BC009153), whose putative open
reading frame consists of 1065 amino acids (Fig. 14). The puta-
tive protein in mouse shows 83% identity and 97% similarity with
that encoded by KIAA(0793 (Fig. 1A4). Each of these putative
proteins has one highly conserved DH domain and two PH
domains. In N-terminal region, they contain an interesting struc-
ture exhibiting homology to the FERM domain (band 4.1 homol-
ogy domain) of ERM proteins (ezrin, radixin, and moesin). The
FERM domain is known to associate with plasma membrane
proteins such as CD44 (Bretscher et al., 1997; Tsukita et al., 1997,
Vaheri et al., 1997) (Fig. 1B). As well established, a tandem of
DH and PH domains are responsible for the nucleotide exchange
activity of Rho GTPases, and, therefore, we tentatively named
these newly detected molecules as FERM domain including
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RhoGEF (FIR), which might represent a novel exchange factor
for Rho GTPases.

Tissue distribution of FIR and the expression

INn heurons

We determined the tissue distribution of mouse FIR mRNA to
gain insight into possible functional roles. A 800 bp fragment
corresponding to mouse FIR (nucleotides 2311-3110) was used to
specifically detect FIR mRNA. Northern blot analysis of a panel
of tissues from adult mouse revealed an ~8 kb mRNA species,
with high levels of expression in brain, lung, and testis (Fig. 24).
Low levels of expression could be found in heart and kidney. We
next examined the expression of FIR mRNA in primary neuronal
cultures (1 d after dissociation) derived from embryonic day 18
mice by RT-PCR. In both cortical and hippocampal neurons, the
signals corresponding to FIR mRNA were detected (Fig. 2B).
These results suggest that FIR may play some roles in neuronal
cells in brain.

FIR activates Rac1 but not Cdc42 or RhoA

To determine the specific Rho GTPases on which FIR can cata-
lyze GDP-GTP exchange, we used an in vitro assay that measured
the ability of FIR to induce the dissociation of *H-labeled GDP
from RhoA, Racl, or Cdc42. As shown in Figure 34, the isolated
DH domain promoted nucleotide exchange of Racl but not on
RhoA or Cdc42. A fused protein of DH and PH domains had the
same effects on Racl as DH domain itself, suggesting that PH
domain did not enhance nucleotide exchange of Racl.

Next, we assessed binding of FIR with nucleotide-depleted
Rho GTPases. HEK293 cells were transfected with the GFP-
tagged N-terminal truncated form of FIR, which consists of DH
and PH domains without FERM domain. Purified nucleotide-
depleted GST fusion proteins of Cdc42, Racl, and RhoA were
incubated with the lysates from the transfected HEK293 cells.
The results show that FIR interacted with nucleotide-depleted
Racl but not with RhoA or Cdc42 (Fig. 3B). These data support
the notion that FIR acts on Racl.

To examine whether FIR acts as a Racl-specific GEF also in
vivo, we measured the activity for Racl, RhoA, or Cdc42 in
HEK293T cells transiently transfected with or without FIR con-
struct by affinity precipitation. Because Rho GTPases in the
GTP-bound state bind to their downstream effectors, GST fu-
sions of these effectors can be used to capture active Rho
GTPases from cell lysates. Thus, a GST fusion to the Rac1/Cdc42
binding domain of PAK (GST-PAK2) was used to specifically
precipitate  GTP-bound Racl or Cdc42 from cell extracts
(Akasaki et al., 1999). RhoA activity was examined using a GST
fusion to the RhoA binding domain of Rhotekin (GST-RBD)
(Ren et al., 1999). This assay revealed that extracts of HEK293T
cells transfected with Racl and FIR contained increased amount
of GTP-Racl compared with the control cells without FIR ex-
pression (Fig. 3B), although the levels of expression of Racl were
comparable. As expected, no or little activation of RhoA or
Cdc42 could be found (Fig. 3C).

We further confirmed Racl activation by FIR by radioactive in
vivo nucleotide labeling. HEK293T cells transiently transfected
with HA-tagged Racl with or without FIR were **P-labeled, and
the radioactivity associated with Racl was determined by immu-
noprecipitation with the anti-HA antibody, followed by thin-layer
chromatography. The radioactivity precipitated with Racl comi-
grated with a GDP standard. Because Rho proteins have a high
intrinsic GTPase activity, this assay precludes the detection of
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Figure 3. FIR activates Racl but not Cdc42 or

RhoA. A, In vitro exchange activity of DH domain

w of FIR. The ability of DH or DH-PH domain of
fl FIR to induce the dissociation of *H-labeled GDP
from RhoA, Racl, or Cdc42 in 30 min was mea-
sured. GST protein or the incubation buffer was
used as a control. The graph represents the aver-
age = SE of relative amount of initial [*H|GDP
remaining bound from three individual experi-
ments. *p < 0.05; ¢ test, compared with the control.
B, Binding of the FIR with nucleotide-depleted
Rho GTPases. Lysates (1 mg of protein) from the
HEK293 cells transfected with GFP-AN-FIR were
incubated with 5 pug of GST-fused Rho GTPases.
Bound proteins were analyzed by Western blotting
with the anti-GFP monoclonal antibody. Precipi-
tated GST fusion proteins were visualized with
Coomassie blue (bottom). C, Pull-down GTPase
activity assays. The activity for Rho GTPases in
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HEK?293T cells transiently cotransfected with HA-
tagged RhoA and with or without FL-FIR was
detected by affinity precipitation using GST fu-
sions of their effectors. The amounts of Rho
GTPases in the lysates are shown in the middle
panels. FIR expression was confirmed with the
anti-GFP antibody (bottom). D, Precipitation of
[**P]GDP-Racl. After *P labeling, HEK293 cells
transfected with HA-tagged Racl and with or
without FIR were immunoprecipitated with the
anti-HA antibody. [**P]JGDP was quantified by
scraping the thin-layer plates and counting. Values
represent relative amount of radioactivity and are
expressed as means = SEM of four experiments.
**p < 0.005; t test, compared with the control
vector. Expression of Racl (middle) or FIR (bot-

ESy
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Relative amount of labeled GDP

radiolabeled GTP and reflects the nucleotide exchange rates of
the GTPases (Yamashita et al., 1999). Massive >?P-labeled GDP
associated with Racl was coprecipitated in the presence of FIR,
whereas levels were low in the absence of FIR (Fig. 3D). To-
gether, these results demonstrate that the catalytic domain of FIR
acts specifically on Racl both in vitro and in vivo. In fact, amino
acid sequence of DH domain of FIR is highly similar to that of
other Rac-GEFs, such as SOSI1, Tiaml, and Vavl (Fig. 1C).
Similarity of the putative DH domain of human FIR with that of
human SOSI1, Tiam1, or Vavl is 63.2, 65.6, or 61.5%, respectively.

tom) in the lysates was determined.

Effects of FIR on the actin cytoskeleton

We next examined the effects of FIR on the morphology of
fibroblasts, in which RhoA, Racl, and Cdc42 each elicits distinct
morphological changes. Specifically, RhoA induces stress fiber
formation, Cdc42 induces filopodia extension, and Racl induces
lamellipodia formation and membrane ruffling (Hall, 1998). We
transfected NIH3T3 fibroblasts with the plasmid for GFP-fused
FIR or GFP. After serum starvation for 16 hr, we detected the
expression of FIR by GFP autofluorescence and examined the
actin structures by staining F-actin with rhodamine-phalloidin.
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GFP

F-actin
Figure 4. Effects of FIR on the actin cytoskeleton. A4,
NIH3T3 cells transfected with the full-length FIR and
N-terminal truncated FIR displayed lamellipodia and ruf- GFP
fles, indicative of Rac. Scale bar, 50 um. B, COS-7 cells
transfected with FIR showed similar phenotypic changes
induced by Racl-61L Scale bar, 50 um. C, Endogenous
Racl activation by FIR in COS-7 cells was detected using ~ F-actin S

pull-down Racl activation assay. N, Nontransfected cells;
R, ruffles; sf, stress fibers.

GFP-FL-FIR-transfected cells displayed lamellipodia and ruffles,
indicative of Rac (Hall, 1998; Penzes et al., 2000) (Fig. 44). Stress
fiber formation was significantly suppressed in the cells expressing
FIR compared with the control cells expressing GFP. These
changes in actin cytoskeleton induced by FIR were observed in
the cells transfected with the dominant active form of Racl
(Racl-61L), consistent with our biochemical data that show
activation of Racl by FIR. Next, we made a GFP fusion to
N-terminal truncated form of FIR, in which FERM domain was
deleted, to assess whether FERM domain was not necessary to
induce these changes in actin structures. N-terminal truncated
FIR also induced morphological changes characteristic of the
activation of Racl. Interestingly, the cells expressing full-length
FIR fusion protein, which contains FERM domain, showed a
punctate pattern similar to that observed previously for ERM
proteins fused to GFP (Mangeat et al., 1999; Olsson et al., 1999),
whereas GFP signals for N-terminal truncated FIR were diffuse
in the cytoplasm (Fig. 44). Signals for N-terminal truncated FIR
were seen in the nucleus, as is the case with Racl, although
function of Racl in the nucleus has remained to be elucidated
(Kraynov et al., 2000). In contrast, the full-length FIR was mainly
localized in the cytoplasm, suggesting that FERM domain may
regulate the subcellular localization of FIR.

These alterations of the actin structures by expression of FIR
were also found in COS-7 cells (Fig. 5B). Pull-down Racl acti-
vation assay revealed that endogenous Racl was activated in
COS-7 cells transiently transfected with FIR compared with the
control cells (Fig. 5C). Overall, these results show that FIR
regulates the structure of actin cytoskeleton presumably through
activation of Racl.

FIR regulates neuronal morphology

Because FIR mRNA was expressed in cortical and hippocampal
neurons in the developmental stages as well as the adult brain
from mice, it is suggested that FIR may play some roles in
neuronal function. Therefore, we established an assay to directly
address the role of FIR in regulating neuronal morphology.
Dissociated culture of embryonic 18 d rat cortical neurons were
transfected with GFP or GFP-fused FIR and cultured in the
defined medium for 48 hr, and then morphological changes were
assessed. Neurons overexpressing the full-length or N-terminal
truncated FIR often displayed multiple lateral growth cones
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extending from neurites compared with those transfected with
GFP (Fig. 54). A large fraction of neurons overexpressing the
full-length or N-terminal truncated FIR had growth cones on
their cell soma. These alternations in cortical neurons are con-
sistent with the previous finding in which the cortical neurons
were transfected with Racl-specific GEF (Penzes et al., 2001).
Similar to the finding in NIH3T3 cells, cortical neurons overex-
pressing the full-length FIR, which contains FERM domain,
showed the punctated pattern, characteristic of ERM proteins.

Next, we evaluated the effects of overexpression of FIR by
measuring the total neurite length per neuron and the length of
the longest neurite per neuron visualized by autofluorescence.
The average length of the longest neurite per full-length FIR-
expressing neuron was significantly shorter than that from the GFP
control (Fig. 54d,Ae,B). The average length of the longest neurite
per neuron expressing GFP-fused N-terminal truncated FIR was
not significantly different from that expressing full-length FIR
(data not shown). Exactly the same results were obtained when the
total neurite length per neuron was measured (data not shown).
Thus, regulation of neurite outgrowth by overexpression of FIR in
embryonic cortical neurons may be attributable to DH and PH
domains of FIR rather than its FERM domain.

Neurite remodeling by FIR is dependent on activation
of Rac1

The effects of FIR on the neuronal morphology may be attribut-
able to Racl activation. To test this hypothesis, we used mamma-
lian expression vectors for constitutive active and dominant nega-
tive forms of Racl (Ridley and Hall, 1992; Nobes and Hall, 1995).
Cortical neurons were transfected with constitutive active Racl
(Racl-61L). The average length of the longest neurite per neuron
expressing Racl-61L was significantly shorter than the control
(Figs. 5B, 6A4), demonstrating that the effect of Racl-61L was
comparable with that of FIR. On the other hand, ectopic expres-
sion of the dominant negative mutant of Racl (Racl-17N) blocked
the effect of FIR with regard to the neurite outgrowth (Figs. 5B,
6A). We further tested whether RhoA or Cdc42 was involved in
FIR signaling. However, cotransfection of dominant negative
RhoA (RhoA-19N) did not modify the effect of FIR (Figs. 5B, 6B).
Coexpression of FIR with CRIB domain of NWASP, which was
used to competitively inhibit Cdc42 (Miki et al., 1998), also failed
to affect the morphology induced by FIR (Figs. 5B, 6B). These
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FL Figure 5. FIR regulates neuronal process length. 4, Cor-

tical neurons (2 d after dissociation) were transfected
with the empty pEGFP vector (a), pPEGFP-AN-FIR (b),
or pEGFP-FL-FIR (c). Transfected cells were detected
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FIR or AN-FIR display multiple lateral growth cones
extending from neurites and growth cones on their cell
soma. Computer-assisted tracing of p-tubulin III-labeled
neurites of control GFP (c)- and FL-FIR (d)-expressing
neurons revealed apparent difference between two
groups. Scale bar, 20 um. B, The length of the longest
process in each FL-FIR- or GFP-expressing neurons was
analyzed. Histograms of lengths of the longest process of
transfected neurons. For B, error bars are the SE for three
experiments, each containing 40-50 neurons. Overex-
pression of FIR affects the length of neurites. FL, Full-

data demonstrate that FIR regulates neurite remodeling of the
dissociated cortical neurons through activation of Racl.

DISCUSSION

The GEFs from the Dbl family are multifunctional molecules that
transduce diverse intracellular signals leading to the activation of
Rho GTPases. The tandem of DH and PH domains shared by all
members of this family represent the structural module respon-
sible for catalyzing the GDP-GTP exchange reaction of Rho
GTPases. Recent progress in genomic, genetic, structural, and
biochemical studies have implicated GEFs from Dbl family mem-
bers in diverse biological processes, including growth and devel-
opment, tissue organization, and neuronal axon guidance. In the
nervous system, Rho GTPases are essential for establishing highly
asymmetrical neuronal forms and might adjust the shape of neu-
rites in differentiated neurons (Zhai et al., 2001). This notion is
substantiated by the facts that expression of dominant inactive
forms of Racl and Cdc42 caused defects in axon guidance and
cell migration in C. elegans, Drosophila, and mouse (Luo, 2000).
Among many regulators of Rho GTPases, Trio and ephexin,
GEFs for Rho GTPases, have emerged recently as key factors for

length; gc, growth cones.

axon guidance (Bateman et al., 2000; Shamah et al., 2001). Trio
and ephexin associate with the receptor phosphatase LAR and
EphA, respectively, and transduce the signal from these receptors
to Rho GTPases. However, because at least these GEFs seem to
mediate signals from the specific receptors and there are much
more guidance receptors, identified so far, whose molecular sig-
nals remain to be elucidated, new molecules will be added in the
course of elucidation of the mechanisms of neuronal navigation in
the future. We identified a previously uncharacterized GEF for
Rac and named FERM domain including RhoGEF (FIR), which
would be implicated in axon guidance, because FIR mRNA is
expressed in cortical and hippocampal neurons during the devel-
opmental stages. FIR shares mild homology with CDEP
(chondrocyte-derived ezrin-like domain-containing protein),
which has a FERM domain at the N terminus and a DH domain
followed by two PH domains in the C-terminal region (Koyano et
al., 1997, 2001). However, CDEP was reported to act on Rho in
vitro, and the distribution pattern was different from FIR, sug-
gesting distinct function of CDEP. To clearly elucidate the spe-
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Figure 6. Neurite remodeling by FIR is involved in Racl signaling. A4,
Cortical neurons expressing Racl-61L (top) or Racl-17N plus FIR (bot-
tom). Transfected cells were detected by GFP autofluorescence. B, The
length of the longest process in each neuron expressing FIR plus NWASP
or FIR plus RhoA-19N was analyzed. Histograms of the length of the
longest process of the transfected neuron. For 4 and B, error bars are SE
from three experiments, each containing 40-50 neurons.

cific roles of these GEFs, it will be necessary to find the interac-
tors of FIR to find how FIR is regulated in the cells.

Previous reports have shown diverse effects of Rho GTPases on
neuronal morphology (Luo et al., 1994; Li et al., 2000). Activated
Racl inhibited axonal outgrowth of both Drosophila sensory and
mouse Purkinje neurons (Luo et al., 1994; Luo et al., 1997),
suppressed axonal formation in Xenopus retinal ganglion cells
(Ruchhoeft et al., 1999), and elicited growth cone collapse in
embryonic chick dorsal root ganglion neurons (Jin and Strittmat-
ter, 1997). Penzes et al. (2001) showed shortened axons and
excessive growth cones of rat cortical neurons, mediated by Racl-
specific catalytic domain of RhoGEF protein, Kalirin-9. The
inhibition of neurite elongation and morphological changes by
overexpression of FIR in rat cortical neurons through Racl
activation are consistent with these previous reports showing
Racl phenotype. However, the effects of any DH domain might
depend on the complement of Rho GTPases present in any given
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neuron at a particular time (Penzes et al., 2001). In addition, the
action of Rho GTPases might vary with cell type and develop-
mental stage. For example, we found that axonal outgrowth was
facilitated through inactivation of RhoA and inhibited by activa-
tion of RhoA in other cells, such as embryonic chick ciliary
neurons, cerebellar granule neurons, and hippocampal neurons
(Yamashita et al., 1999; Neumann et al., 2002; Yamashita et al.,
2002), that are seemingly contradictory. Therefore, FIR may
mediate diverse actions that are dependent on the cell context.

Many Rho GTPase-specific GEFs contain multiple protein
motifs involved in intracellular signal transduction, such as Src
homology domains and PDZ domains (Matsuo et al., 2002). FIR
includes the FERM domain. ERM proteins, collectively com-
posed of ezrin, radixin, and moesin, are a group of closely related
membrane cytoskeleton linkers that regulate cell adhesion and
cortical morphogenesis (Mangeat et al., 1999). The N-terminal
membrane binding domain, the so-called FERM domain, of
FERM has been shown to associate with several membrane
associated proteins, such as hyaluronan receptor CD44 (Tsukita
et al., 1994), intercellular adhesion molecule (ICAM-1), and
ICAM-2 (Heiska et al., 1998). Therefore, considering the fact
that Rho regulators play important roles in neuronal navigation,
it is possible that FIR transmits signals from plasma membrane
receptors for guidance molecules to cytoskeletal reorganization
through interaction of FERM domain with the receptors. In fact,
Max-1, a recently identified cytoplasmic protein that has FERM
domain, was shown to be involved in netrin-induced axonal
guidance by modulating the Unc5 receptor signaling pathway
(Huang et al., 2002). In addition, FERM proteins themselves are
also known as upstream regulators of RhoA, and their FERM
domain can bind directly with PH domain of Dbl (Mangeat et al.,
1999; Tsukita and Yonemura, 1999; Louvet-Vallee, 2000). Thus,
the FERM domain of FIR may elicit Rho signal through binding
to Dbl, independent of the internal DH domain. Alternatively, it
is possible that FERM domain and the internal PH domains
might mutually interact intramolecularly and regulate additional
transductional functions for the cytoskeleton. Detailed structure—
function analyses of FIR should help to elucidate the precise
mechanism of FIR in regulating cell morphology, especially in
neurons.
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