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Oncogene ect2 is related to
regulators of small
GTP-binding proteins

Toru Miki, Cheryl L. Smith, Jason E. Long,
Alessandra Eva & Timothy P. Fleming*

Laboratory of Cellular and Molecular Biology, National Cancer Institute,
Building 37-1E24, 9000 Rockville Pike, Bethesda, Maryland 20892, USA

WE have developed an efficient expression cloning system that
allows rapid isolation of complementary DN As able to induce the
transformed phenotype'”. We searched for molecules expressed
in epithelial cells and possessing transforming potential to fibro-
blasts, and cloned a cDNA for the normal receptor of a growth
factor secreted by NIH/3T3 cells**. Here we report a second novel
transforming gene, ect2. The isolated cDNA is activated by amino-
terminal truncation of the normal product. The Ect2 protein has
sequence similarity within a central core of 255 amino acids with
the products of the breakpoint cluster gene, ber (ref. 5), the yeast
cell cycle gene, CDC24 (ref. 6), and the dbl oncogene’. Each of
these genes encodes regulatory molecules or effectors for Rho-like
small GTP-binding proteins®'°. The baculovirus-expressed Ect2
protein could bind highly specifically to Rho and Rac proteins,
whereas the dbl product showed broader binding specificity to Rho
family proteins. Thus ect2 is a new member of an expanding family,
whose products have transforming properties and interact with
Rho-like proteins of the Ras superfamily.

An ect2-transformed focus was induced after transfection of
NIH/3T3 cells with a BALB/MK mouse keratinocyte
expression cDNA library in ApCEV27 (ref. 2), and genomic
DNA from the transformed cells was subjected to plasmid
rescue’. A plasmid, designated p3N-11, had high-titred trans-
forming activity on transfection of NIH/3T3 cells. The ect2 foci
exhibited an unusual stellate morphology containing both
fusiform and rounded cells (Fig. 1a). A mass population of
marker-selected ect2-transfected cells formed rapidly growing
colonies at high efficiency (1-10%) in semi-solid agar medium,
another in vitro characteristic of transformed cells. Sub-
cutaneous inoculation of nude mice with 10° ect2 cells led to
palpable tumours in 100% of animals within 6 weeks, whereas
marker-selected control NIH/3T3 cells failed to form any
tumours, demonstrating that ect2 transfectants exhibited the
malignant phenotype.

Hybridization of the 2.8 kilobase (kb) ect2 ¢cDNA insert with
poly(A)* RNA from BALB/MK cells revealed a single 4.0 kb
transcript. The transcript was also detectable in kidney, liver,
spleen and, at highest levels among the tissues analysed, in testis
(Fig. 1b). By screening the BALB/MK c¢DNA library with the
p3N-11 insert as probe, we isolated additional cDNA clones,

* Present address: Department of Opthalmology and Visual Sciences, Washington University School
of Medicine, 660 South Eucid Avenue, St Louis, Missouri 63110, USA.
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whose sizes closely corresponded to the 4.0kb transcript.
Sequence analysis of one of these 4.0 kb ¢cDNAs, designated
CL7, revealed a long open reading frame of 2,214 base pairs
(bp) encoding a predicted 84K protein (Fig. 2a). Comparison
of the sequence of the p3N-11 clone with CL7 revealed that
p3N-11 was truncated at its N terminus, beginning at amino-acid
residue 212 in the complete ect2 coding sequence. There was
no match with any known gene in the GenBank and EMBL
nucleotide and SWISS-PROT protein sequence databases. But
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FIG. 1 Expression of the ect2 gene. a, Cell morphology of the transformed
foci induced by the ect2 expression vector at 21 day post-transfection
(x180). b, Northern analysis of poly(A)* RNAs from NIH/373 and BALB/MK
cells and different mouse tissues. RNAs were fractionated, blotted and
probed with (top) ect2 cDNA insert from p3N-11 or (bottom) B-actin cDNA
as described previously®. Molecular size markers are shown in kb,
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GAATCGGAGGCGGCAGCCTCTCTCGAGCCATGGCGGCGCCTGTGAGGGGGAGACTTAGTGTTTGAGAAGGATAAGCGAGGACTGCGCCGTCGTCGTTCCTTTTTAAAATCTCTGAGCGT
GGTGAGGACTGCGGGGTGAGTGGGGGACGGGAAGGGATTCGGGAACCCGGAACTGAGCACGGGCCGTGGCGACCAAGGCCGGCGCCCCCGCCGCGCCTTCATCAAGTAGTGCAAACAATG
GCTGACGACAGCGTGTTACCATCTCCTTCTGAGATAACTAGCTTGGCAGACTCTTCAGTGTTTGATTCTAAAGTTGCTGAAATGTCCAAGGAAAACTTGTGCTTGGCGTCTACTTCAAAT
GTTGATGAAGAAATGCCGCAGTTGAAGCAAGAGTGATAATGGTCCAGGATGCTGGGAAACAAGAAGAACTTCTAAAGGCCTTAAAGGATTGTTGGGCCACCAGTTATACTCAACTGTGCA
CAAAGGGGAGAGCCCTTGCCGTTTTCCTGCCGGCCGCTGTATTGTACGAGTATGCTGAACCTGGTGCTCTGCTTCACTGGATTCAGGAAGAAGGAGGAGCTTGTCAAATTGGTGACGTTG

M L N L V L C F T G F R K K E E L V KL V T L
GTTCATCATATGGGTGGAGTTATTCGAARAGAGTGTAATTCCAAAGTAACACATCTGGTGGCAAATTGTACACAAGGCGAAAAATTTAGGGTTGCTGTGAGCCTGGGCACTCCAATTATG
V'HH M G GG V IR K E CN S5 KV THTILUV A NCTQQ G E K F RV AV S L GT P I M
AAGCCAGAATGGATTTATAAAGCGTGGGARAGACGCAATGAACAGTGTTITCTGTGCAGCAGTTGATGACTTTAGAAATGAATTTAAAGTTCCTCCATTCCAAGATTGCATTTTAAGTTTC
K E W I ¥ K A W E R R N E Q C F C A A V DD F RN EF K V P P F Q D C I L s F

CTGGGATTTTCAGATGAAGAGAAACATAGTATGGAAGAAATGACTGAAATGCAAGGAGGTAGCTATTTACCAGTTGGGGATGAAAGGTGCACTCACCTTATTGTTGAAGAGAATACAGTA
L' G F'SDE E KH S M E EMTEMQG G S Y L PV G D ERCTMHTUL I V EENTV

AAGGACCTTCCATTCGAACCTTCAARAGAAACTTTTTGTTGTCAAGCAAGAGTGGTTCTGGGGAAGCATTCAGATGGACGCTCGTGCAGGAGAGACTATGTATTTGTATGAAAAGGCTAAT
K D L P F E P § K K L F V vV K Q E W F W G S I Q M D AR A G ET MY L Y E K A N
ACTCCTGAGCTCAAGAAATCGGTGTCTCTGCTTTCTCTAAGTACTCCAAACAGCAACCGCAAGAGACGGAGATTGAAAGAGACCCTGGCTCAGCTCTCCAGGGAGACTGACCTCTCTECT
T P E L K K § VvV 8§ L L 8 L s T PN S NRI KU RWIRIZRTILIEKETTULAQL S U RETDTUL S P
TTCCCTCCCCGGAAGCGGCCCTCAGCTGAGCACTCTCTTTCTATTGGCTCACTCCTGGATATCTCCAACACACCCGAGTCCAGCATCCACTATGGAGAAACACCGAAGTCCTGTGCTAAG

P P R K R P S A EH $ L 8§ I G S L L DI S NTUPES s I HY G ETP K S C A K
TCTTCTAGAAGTTCTACTCCAGTTCCTCCAAAGCAGTCAGCCAGGTGGCAGGTGGCGAAAGAGCTCTACCAGACTGAGAGCAATTATGTCAATATACTGGCCACAATCATTCAATTATTT
S8R 8§ § TP V P P K Q § A RWQ V A KEU LY QTE SN Y V NTITLATTITIUQTULF
CAGGTGCCCTTAGAAGAAGAAGGACAGCGTGGTGGGCCTATTCTTGCACCTGAGGAGATCAAGACTATTTTTGGGAGCATCCCAGATATCTITTGATGTGCATATGAAGATCAAGGATGAT
Q VvV P L E E E G Q R G G P I L A P E E I K T I ¥ G s I p D I F D V H M K I K D D
CTTGAAGACCTTATTGCTAACTGGGATGAGAGCAGAAGTATTGGTGACATCTTTCTTARAATATGCAAAAGATTTGGTAAAAACCTACCCTCCGTTTGTAAACTTCTTTGARATGAGCAAG
L 'E DL I A N WD E S R S$ I G DI F L K Y A KDL V K T Y P P F V N F F E M s K
GAAATGATCATTAAATGTGAGAAACAAAAGCCCAGATTTCATGCTTTCCTCAAGATAAATCAAGCTAAACCAGAATGTGGACGACAGAGCCTTGTGGAACTTCTCATCCGGCCAGTGCAG
E M I I K C E K Q@ X P R FH A F L K I N Q A K P E C G R Q s L V EL L I R P V Q
AGGCTACCCAGTGTCGCTTTACTTTTAAACGATC TTAAAAAGCATACAGCTGATGAAAATCCAGACAAAAGCACTTTAGAAAAAGCTATTGGATCACTAAAAGAAGTAATGACACATATC
R L P s V AL L'L N DL K KUHT A D ENUPDK s TLEI KA AI GG S L KEV MTH I
AATGAGGATAAGAGAAAAACAGAAGCACAGAAGCAAATTTTTGATGTTGTTTATGAAGTAGATGGATGCCCAGCTAATCTCTTATCTTCTCATCGGAGCCTGGTGCAACGAGTGGAAACG
N E D K R K T E A Q K Q I ¥ DV V Y E V D GG C P A NL L § S HUR S L V Q R V E T
GTTTCCCTTGGTGAGCACCCTTGCGACCGAGGAGAGCAAGTCACTCTCTTCCTCTTCAATGACTGCCTCGAGATAGCAAGAAAGCGGCACAAGGTTATTGGCACTTTTAGAAGTCCTCAC
V'§ L G EH P CDWI RGEQV TLF L F NDCULETIARI KT RHI KV I GTF R 5 P H
GACCGCACCCGGCCCCCCGCTTCTCTGAAGCACATTCATCTCATGCCTCTTTCTCAGATTAAGAAGGTGCTGGACATCCGAGAGACAGAAGATTGTCACAATGCCTTTGCCTTGCTTGTA
D R T R P P A S 'L K H I HL M P L § QI K KV L DI RZETET DT CHNU ATFATLTLYV

AGGCCACCAACAGAACAGGCCAATGTACTGCTCAGCTTCCAGATGACGTCAGAGGAGCTTCCAAAGGAGAGCTGGCTGAAGATGCTGTGCCGACATGTAGCCAACACCATTTGTAAGGCA
R P P T E Q A N V L L S F ¢ M T S E EL P K E S W L K ML CRHVYV A NTTI CK A

GATGCTGAGAATCTTATGTATGTGGCTGATCCAGAATCCTTTGAAGTAAATACAAAAGATATGGATAGTACATTGAGTCGAGCATCTAGAGCAATARAGAAGACTTCAAAARAGGTTACA
DA E N L M Y V A DUP E S F EV NTXKXKDMD s TTL S RA S R AT KK KT s K K Vv T

AGGGCATTCTCTTITTTCCAAAACTCCCAAGAGAGCCCTGCGGATGGCTCTTTCATCATCCCATAGCTCAGAGGGAAGGAGTCCTCCGAGCAGTGGCAAGCTTGCTGTGAGCCGTCTGTCC
R A F 5§ F'5 K T P K RALIRMATILS S S§ H S s E G R § P P 5 8§ G KL A V S§ R L 8
AGCACATCATCCTTAGCAGGTATTCCATCTCCCTCCCTTGTCAGCCTCCCTTCTTTCTTTGAACGGAGAAGTCATACATTAAGTCGATCTACAACTCACTTGATATGAAACTTAAGTCCT
s T § §$ L A G I P S P S L V s L P S F F ERIR S5 HTL S R S§ T TH L I *

GTGGGACCTATGCTTCAACAAGACGCTGACTTAAGTGGTACTTTGAATTAGCACTTGGTAAAGTTGTAGAGAAGATTAGTARCACTAACCAACGCCGTTTTATTTTCTTGAAATACAATT
TTCAAGATGGTCTATGTAAAAAAAATATGGATTTTGATGTAATTTATCTTTATTTGAATCTCACATCTGAAGACCAGTGACTTAAGTTATTCCTGATAATCAGTAGCTTTGTAACCCTGG
TACAGTAAACAGTTGGTGGGTGCAARATACTATTGTGTATTTGTATAGTATCTTGAATTTTTGGAAGTACATATTTGTGTATCTCAATTTGTGCAAAGACTGAACAGCAATGCAACACTT
GCTGAATAAAACCCTCTGATTAAATTCTAGAGGCTTGTTCAGTTCGATTGTTTGATGTACTTAACTGCGCTTTTGCAGTTTATTTTCTTTTAAAATAAGAGATCTAACACATGAATTTTA
AAGGATACACCATTATTAACCATACAATTACGATCGTTTGGAATTTTCTTTTGCAARATTGAGATAAGAAGAGAAAGATTACAAAACATTGTATATGTTGCGAAGATAAGATATTAGTATG
TACTTTATAATTGTTTCAGAGACTTTTATTTTTATTTTATTTTCTTATTCTACGACACTAGAAATCTTGATTTAGTTTTGACTACTGTATTGAATTTATTTCAAAGGATAAGACCACGTG
AAAACTGTGTTAAGAATTGCTTCTGTTCTTTGTACAGTTCTGAAGTTGTCTTCAGTTTTGCTAATCGCCTGTGAAAAGCATAGATATAATGTGTGGTGAACTTTTTATTGTGGTCATATC
ATTAAAATAAGATTGGAAATTTATTGTCAAAAATTTTGTGAATCTGCCATTATCTTCTACTGCAATATTTCTTTTAGTCAGTAATACAGAATGACTGGGCTACTATGGCCAAGAATATTT
TATTTCTTACACGTTCAGAGGAGTGTTACAGGTCTCCTTGTTACATAATTTTCAATAATCTGCTTTAATAGTTTAACTGACTGGATTTTTTTCTATACCATGTATGTACCAATTCACAGG
TTAGTAAATGACCTTGTTTTGCTATATTTTAAAAGCAGTTATATTAGCAAGAACTTTGTAAATAAATAGCTTTAARATACAARAAAAAAAAAARAAARARRAARAARAAAAAAARAAAARA

ber

ect2

dbl i

cDC24 ~IL-DKYRQQLLDSN-~---~LIT
FIG. 2 a Nucleotide and predicted amino-acid sequence of
the ect2 cDNA. The longest ect2 cDNA insert (CL7) was used

ber 550 to derermine the nucleotide sequence. Predicted amino-acid

ect2 217 sequence is shown from the first ATG codon in the open

ggé24 233 reading frame. Nucleotide and amino-acid numbers are shown
at the left. Polyadenylation signals are underlined. Complete
sequences of CL12 and p3N-11 were also determined and
they were identical to CL7 in the overlapping regions. b,

ber 601 Sequence comparison of the dbi-homology (DH) domains of

sct2 269 ] the four proteins. Amino acids of CDC24 are numbered

dbl 598 according to the revised sequence®>. Gaps were imposed by

cDC24. 258 dashes to give the maximum homology. The amino-acid
residues identical to that of the Ect2 protein are shadowed.
Sequence similarity between all four proteins are shown at
the top: Asterisk, equals sign and dot indicate that the residue

becr 654 is common in four, three and two proteins, respectively. The

ect2 316 bottom line shows a similar analysis but conservative amino-

dbl 639 acid changes are taken into account. The conservative amino

€DC24 300 acids are grouped as follows: D, EN, Q; H K, Ri A, G P, S T,
ILL M, V; F, W, Y; C (single-letter code). Amino-acid numbers
are at the left.

ber 707 FTDLLLCTKLKKQSGGKTQQYDCKWYIP

ect2 369

dbl 691

CDC24 352
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FIG. 3 Schematic representation of the ect2 cDNA clones and their trans-
forming activities. Untranslated regions are shown by thick lines and the
coding sequence is shown by a box. Hatched portion indicates the DH domain.
Positions of nucleotides that delimit the domains are shown under the
coding region box. The region carried by each clone is shown by a tine and
the nucieotide position of each 5'-end in the ect2 CL7 sequence is indicated
(see Fig. 2a). f.f.u, Focus-forming units; NT, not tested.

METHODS. The first ect2 plasmid, p3N-11, was rescued from transformed
cells of the ect2 focus. Other cDNA clones were isolated by screening of
the BALB/MK library with p3N-11 cDNA insert as a probe. Plasmids with
the same structures as p3N-11 and CL6 were also identified in two other
ect2 foci induced by the BALB/MK cDNA library. To add a consensus
translation initiation site at the 5'-end of the truncated cDNA clones, oligonu-
cleotides were inserted between the BamHl site (in the vector) and the Nrut
site (in the Sfil adaptor?) located upstream from the cDNA sequence. The
resulting plasmids (ATG derivatives) were sequenced to confirm the presence
of the ATG codon in-frame with the truncated ect2 coding sequence. The
ATG oligonucleotides had following sequences: 5'-GATCCTAGGCCACCATG

the predicted Ect2 protein contained a central domain consisting
of 255 residues, which had sequence similarity with analogously
located domains within the ber, CDC24, and dbl gene products'’
(Fig.2b). The core region of dbl-homology (DH) domain (amino
acids 281-465) of ect2 showed 31%, 22% and 24% identity,
respectively, with those of Ber, CDC24 and Dbl proteins. A
chromosomal rearrangement of ber and abl is involved in the

Q
o

o
5D
58'0

Relative amount of bound [*H]GDP

0.0 - .
0 10 20 30
Time (min)

FIG. 4 Expression and functional analysis of the Ect2 protein. &, Production
of the FLAG epitope-tagged Ect2 protein in insect cells. Soluble fractions
(20 pl each) of S. frugiperda (Sf9) cells infected with wild-type (WT),
FLAG-Ect2-expressing (ect2), or Dbl-expressing (dbl) baculovirus were ana-
lysed by immunoblotting using anti-FLAG M2 monoclonal antibody (IBI, New
Haven) for WT and ect2, or anti-dbl antisera raised against a synthetic
peptide’® for dol. The bands were visualized by ECL detection system
(Amersham), Locations of molecular mass markers are at the left. b, Effects
of the Sf9 cell extracts containing Ect2 protein on [PH]GDP dissociation
from the murine CDC42 protein. Extracts (8 wl} of Sf9 cells infected with
the wild-type virus {circles), FLAG-Ect2 virus (triangles), or Dbl virus (squares)
were added to incubations (32 pl) containing the murine CDC42 protein
(CDC42Mm) and the time courses for the dissociation of [2HJGDP (Amersham;
12.6 Ci mmol ™) from the GTP-binding protein were measured as described™®.
The assay was done several times under similar conditions and a typical
result is shown. ¢, Binding of Dbl and Ect2 proteins to Rho family smalt
GTP-binding proteins. Binding assays were done as described®®. The
baculovirus-infected Sf9 cell extracts were dialysed and precleared with

GST-beads. Aliquots (0.1 ml) were mixed with GST-beads or GST-Rho family
protein beads (indicated on top) to precipitate the Dbl or Ect2 protein. The
samples, in addition to the precleared lysates (10 ! each), were analysed
as in a, except that affinity-purified anti-dbl rabbit polyclonal antibodies
(Santa Cruz Biotechnology, CA) were used to detect Dbl. The lower band in
the Dbl extract seems to be a degradation product of p66°’ d, Effect of
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(kb) ] 1 2 3 4 Transforming activity
L L 1 1 J (.f.u. pmol)
i igi AT
Xho! Bt(7v| Xhol\ Hln’dlll /AIIII BGH Original G

| isolate  denvative

531 1,365 2,129 2,744

cL? 1 <10° NT
cL12 765 >10° NT
CL14 1,155 >10¢ NT
p3N-11 1,164 >10° >10*
CcL6 1,197 >10 >10¢
CL16 1,326 <10° >10*
CL9 1,608 <10° <10°

GAAATCG-3', 5'-CGATTTCCATGGTGGCCTAG-3'. Transformed foci were
scored 21 days after transfection. In all of the transfection experiments,
more than 10* of G-418-resistant colonies were formed per pmol of each
plasmid DNA. Two other 4-kb ect2 clones similar to CL7 did not show
detectable transforming activity.

activation of the bcr-abl oncogene in chronic myelogenous
leukaemia (CML)®, CDC24 is a yeast cell cycle gene associated
with defective budding®, whereas NIH/3T3 transfection of a
human tumour DNA led to identification of the db! transforming
gene’. No other similarities were detected between the ect2
product and any of these molecules.

To investigate the mechanism involved in activation of trans-

c d £
o}
d
E =
5 = ]
_— o'-‘:’(gg &5k E SmalGTP-
8 8 g g §EE E :(2 (g ‘_('_blndlngprﬂteln
pBE™ [ Te— pe6E=-+ @ & @ CDC42Mm
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o T i .
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the presence of guanine nucleotides on binding. Binding assays were done
in the absence (leftmost lanes) or presence (other lanes) of 0.5 mM of GDP,
GTP, or mixture of ATP, CTP and UTP, as indicated, and processed as in c.
The Rho family proteins used to precipitate Ect2 or Dbl are shown at the right.
METHODS. Oligonucleotides were inserted at the 5'-end of the ect2 ¢cDNA
insert of p3N-11 (see Fig. 3) to add the FLAG epitope of 8 amino acids>*
followed by an ATG codon at the N terminus of the protein. The ATG-FLAG-
ect2 plasmid showed a similar focus formation efficiency on NIH/3T3 cells
as p3N-11, indicating that the fusion protein is functionally active. The
ATG-FLAG-ect2 insert was then subcloned in a baculovirus expression
ptasmid pVL941, and the DNA was used to transfect Sf9 cells with linearized
baculovirus DNA using BaculoGold transfection kit (PharMingen, San Diego,
CA). The Sf9 cells were infected with the wild-type or ect2-recombinant
virus and collected 60 h after infection. The db/-recombinant virus-infected
cells has been described’®. These infected cells were sonicated in an
extraction buffer’® and the supernatants obtained after centrifugation for
15 min at 4 °C were used in all the experiments. The small GTP-binding
proteins were cloned by polymerase chain reaction (PCR) in pCEV30G (TM,,
unpublished data), a bacterial expression plasmid based on the T7 pro-
moter?®, to fuse the proteins in frame with GST. The entire sequence of
each insert was determined. The mouse CDC42 clone (CDC42Mm) was
95% identical to the human clone (CDC42Hs)*3** in nucleotide level, and
their amino-acid sequences were completely identical. Other clones were
isolated from human cDNA libraries and their sequences were as reported
except follows. Nucleotides A, C, G and A in positions 526, 564, 567 and
570 in the published rhoG sequence®® were found to be G, G, C and G,
respectively in our clone. Our sequence agrees to the hamster rhoG cDNA
sequence?® in these positions. The nucleotide position 452 of the published
rho sequence®” was found to be T in our sequence. These proteins were
expressed?® and purified®® as described. The CDC42Mm protein was pre-
pared by thrombin cleavage of the GST-CDC42Mm fusion protein followed
by removal of the GST moiety?®.
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forming activity, we compared biological activity of p3N-11
with the full-length ect2 cDNA as well as other clones isolated
by screening the BALB/MK cDNA library. Figure 3 shows that
the 4.0kb ect2 cDNA exhibited no detectable transforming
activity, whereas the truncated clones (CL12, CL14, p3N-11 and
CL6) induced greater than 10* focus-forming units per pmol
under the same assay conditions. These results indicated that
truncation of its N-terminal region was involved in the activation
of ect2 transforming function.

Analysis of CL16 and CL9 revealed the extent to which
N-terminal truncation could be done without loss of transform-
ing function. Although neither of these clones showed detectable
biological activity, both lacked a strong consensus translation
initiator. Therefore we inserted oligonucleotides containing a
consensus initiator at the 5’ ends of these clones as well as
p3N-11 and CL6. The ATG-derivative of CL16 exhibited high-
titred transforming activity, similar to that of p3N-11. In con-
trast, CL9 remained nontransforming. These results suggested
that deletion of an additional 96 residues including the first 81
amino acids of the conserved domain was sufficient to inactivate
ect2 biological function.

The central core of ect2 gene product has significant homology
with the Ber, CDC24 and Dbl proteins. These proteins have
been implicated as regulators or effectors of Rho-like products
of the Ras superfamily of small GTP-binding proteins. A stretch
of 29 amino acids near the C terminus of the ber protein shows
similarity to a purified GTPase activating protein (GAP) for
p21™ and another GAP, n-chimaerin®. Moreover, the bac-
terially expressed Ber protein C terminus exhibits in vitro GAP
activity for p21™¢ (ref. 8). The defect in yeast budding associated
with cdc24 is shared by another mutant, cdc42 (ref. 12), whose
human homologue CDC42Hs encodes a Rho-related small
GTP-binding protein'®'*. The cdc24 lesion can be suppressed
by overexpression of CDC42, implying that CDC24 may be a
regulator of this GTP-binding protein®. The baculovirus-infected
insect cell extract containing dbl oncogene product catalyses
GDP/GTP exchange on CDC42Hs in vitro'®. To test whether
Ect2 protein can also act as an exchange factor towards CDC42,
we cloned the murine CDC42 ¢cDNA and purified the protein.
The transforming Ect2 protein was expressed in a baculovirus
expression system'’ (Fig. 4a), and the extract of the virus-
infected cells was used to assay for guanine nucleotide exchange
activity. The Ect2 protein-containing extract did not catalyse
GDP/GTP exchange on the purified CDC42Mm protein,
whereas the Dbl protein-containing extract possessed this
activity, although it was much lower than the reported activity
on the CDC42Hs protein purified from human platelet' (Fig.
4b). We also could not detect exchange activity in the Ect2
extract on Rho and Racl proteins expressed as glutathione
S-transferase (GST) fusion proteins (data not shown). These
results suggested that the Ect2 protein alone had no catalytic

activity as an exchange factor on the Rho family small GTP-
binding proteins under these conditions. The Ect2 protein may
have exchange activity for other small GTP-binding proteins,
or possibly modulate the activity of small GTP-binding proteins
by an unknown mechanism.

A small GTP-binding protein, Ran, associates with its cognate
exchange factor, RCC, and this complex dissociates in the
presence of excess GDP or GTP'®, suggesting that regulators of
small GTP-binding proteins can be identified by their specific
binding. To test whether the Ect2 protein can interact with Rho
family small GTP-binding proteins, we expressed and purified
several more Rho family small GTP-binding proteins in addition
to CDC42Mm as GST fusion proteins and examined specific
binding to the baculovirus-expressed Ect2. The Ect2 protein
showed specific binding to RhoC and Racl and, with less
efficiency, to Rho (Fig. 4c¢). In contrast, Dbl protein showed
specific binding to all of these Rho family proteins except TC10.
The defective binding of Dbl protein to TC10 may be explained
by possible N-terminal truncation of the TC10 protein, because
this protein was expressed from the third methionine codon of
the reported cDNA sequence'’. In the presence of excess GDP
or GTP, the specific binding of Dbl protein to CDC42Mm was
drastically reduced, whreas the presence of other nucleotides
had little effect (Fig. 4d). These binding properties were con-
sistent to the exchange activity of Dbl protein on CDC42Mm.
In contrast to CDC42Mm, Racl could form a complex with
either Dbl or Ect2 protein (Fig. 4c¢). These complexes were
detected even in the presence of guanine nucleotides (Fig. 4d).
Because only a weak GDP/GTP exchange activity of Dbl protein
on Racl was reported'® and we could not detect exchange
activity of Ect2 protein on Racl, this guanine nucleotide-insensi-
tive binding may be attributed to another function rather than
guanine nucleotide exchange. Detailed mapping is needed to
find specific binding sites of these proteins, but DH domains
may be involved in binding to Rho family proteins. Qur findings
strongly suggest that Ect2 protein can interact with and may
modulate the activity of Rho and Rac proteins and/or possibly
closely related unknown small GTP-binding proteins.

Although members of the Ber/CDC24/Dbl protein family
share common features, each has different structural motifs and
functional activities. For example, the CDC24 protein can bind
Ca®" ions'®, whereas the bcr product has serine/theronine-
kinase activity'® as well as a motif which allows binding to the
SH2 domain of the abl oncogene product®. Recently two other
molecules with DH domains were reported; Vav, an oncogene
product which contains SH2 and SH3 domains®', and Ras-GRF,
a GDP/GTP exchange factor for Ras proteins®2. Further charac-
terization of ect2 and others of this family should help in
elucidating signal transduction mediated by the small GTP-
binding proteins as well as aberrations in these pathways associ-
ated with oncogenic transformation. |
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