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Introduction

The Rho family small GTPases function as molecular switches that control the signal flows
from a variety of cell surface receptors and cellular tumor suppressors. Among the panel of
receptors and tumor suppressors that require Rho family GTPases to relay signals leading to
mammary cell transformation and metastasis, the epidermal growth factor receptor, the erbB-2 gene
product, the colony stimulating factor-1 receptor, the cell adhesion receptor integrins, and the PTEN
and p53 tumor suppressors are the prominent ones. Overexpression or mutation of these receptors
and many signal transducers downstream of these receptors, as well as genetic defects in PTEN or
p33 tumor suppressor, are known to correlate with breast carcinogenesis. We hypothesized that in
breast cancer cells overexpressing or bearing mutations of one of the oncogenic receptors, Ras
proteins, Rho-specific activators (guanine nucleotide exchange factors) or the PTEN or p53 tumor
suppressors, a higher percentage of Rho family members, Rho, Rac or Cdc42, would be in the active
state. Determination of the activation states of these GTPases in breast tumors and defining which
tumor types show increased Rho, Rac, or Cdc42 activation may lead the way in the search for a
direct connection between Rho pathways and breast cancer genesis, and may provide novel
treatment strategies targeted at the Rho signaling components. We have utilized the Rho GTPase
effector pulldown method to measure the activation state of endogenous Rho family GTPases in the
oncogenic and mitogenic pathways of model cell systems and have succeeded in implicating
multiple gain of oncogenic function or loss of tumor suppressor function in activating Rho GTPases
under pathologically relevant situations.

In the initial proposal we planed to further screen a panel of breast cancer specimens for
RhoA, Racl and Cdc42 activities to tie the cellular studies with primary tumor situations. During a
lengthy transfer period from my former institution (University of Tennessee) to my current
institution (Cincinnati Children’s), however, we have lost both precious time and sample specimens
in addition to expert manpower (it took us over one year to obtain authorization to transfer this grant
during which time all related work had to be suspended). Nonetheless, we have made significant

progress in achieving the major goals of the original proposal as described below.




Body

The first two aims (Task 1 and Task 2) were proposed for months 1-10 and months 6-24 of
the funding period. Specifically, we have proposed to determine which p21-binding domains
(PBDs) of effectors are most suitable for the detection of activated RhoA and Rac1 (Task 1) and to
begin to apply the efector PBD-binding assay to the examination of endogenous Rho family
GTPases in mitogen-stimulated or oncogene-transformed cells (Task 2). Such studies are necessary
for later investigation of the potential involvement of Rho pathways in transducing
mitogenic/oncogenic signals in mammary cells and in breast cancer specimens. To this end, we
have mostly completed the tasks as we proposed. In the proposal we planned to further screen a
panel of breast cancer specimens for RhoA, Racl and Cdc42 activities to tie the cellular studies with
primary tumor situations (Task 3). During a lengthy grant transfer period from my former institution
(University of Tennessee) to my current institution (Cincinnati Children’s), however, we have lost
both precious time and sample specimens in addition to expert manpower (it took us over one year to
obtain authorization to transfer this grant during which time all related work had to be suspended).

As a result Task 3 has not been completed on time as planned.

1. Activation and translocation of Cdc42 and Racl by mitogenic and adhesion signals.

The Rho family GTPases Cdc42 and Racl are important signal transducers of many receptor-
initiated pathways (1, 2) and are regulated by mitogenic signals such as bradykinin and PDGF as
well as by adhesion (3, 4, 5). We have investigated the relationship between membrane
translocation and activation of endogenous Cdc42 and Racl in response to mitogenic and integrin
stimulation. The mitogen bradykinin induced translocation of Cdc42 and Racl to a membrane
fraction of Swiss 3T3 cells within two minutes, which correlated with the activation kinetics of the
GTPases. PDGF treatment of the cells induced rapid translocation and activation of Rac1 but not
Cdc42 within 30 seconds. The activation of Cdc42 and Rac1 appeared to precede actin microspike
formation or membrane ruffle induction of the cells. However, the translocated GTPases were found
to remain membrane bound for a much longer time course than their activation status, suggesting
that a deactivation event occurs at the membrane level. Cell adhesion on fibronectin matrix resulted
in transient activation of both Cdc42 and Racl, and caused a partial inhibition of bradykinin or
PDGF effect on the small G-proteins. Pretreatment of the cells with genistein or wortmannin

significantly reduced the bradykinin, PDGF, or fibronectin stimulated Cdc42 or Rac1 activity,




indicating that both tyrosine kinase and PI3 kinase are required elements of the small G-protein
pathways. Finally, Cdc42 and Racl activation by bradykinin were abolished by pertussis toxin
treatment, whereas the outcome by the PDGF or integrin treatment was unaffected. These results
suggest that mitogenic agonist and integrin mediated signals are integrated at the small G-protein
level, and tyrosine kinase, PI3 kinase, and/or heterotrimeric G-proteins are intimately involved in the

Cdc42 and Racl activation process.

2. Examination of proto-Dbl guanine nucleotide exchange activity in cells.

The dbl oncogene encodes a prototype member of the Rho GTPase guanine nucleotide
exchange factor (GEF) family (9). Oncogenic activation of proto-Dbl occurs through the truncation
of N-terminal 497 residues (10). The C-terminal half of proto-Dbl includes residues 498-680 and
710-815 that fold into the Dbl homology (DH) domain and the pleckstrin homology (PH) domain,
respectively, both of which are essential for cell transformation via the Rho GEF activity or

cytoskeletal targeting function (11). We have investigated the mechanism of the apparent negative

regulation of proto-Dbl imposed by the N-terminal sequences, employing the GST-effector pull

down assays to detect the effect of various proto-Dbl constructs on the endogenous Rho GTPase
activities (12). Deletion of the N-terminal 285 or C-terminal 100 residues of proto-Dbl did not
significantly effect on either its transforming activity or GEF activity, while removal of the N-
terminal 348 amino acids resulted in a significant increase in both transformation and GEF potential.
Together with other cell biology evidence, our findings unveiled an autoinhibitory mode of
regulation of proto-Dbl that is mediated by the intramolecular interaction between its N-terminal
sequences and PH domain, directly impacting on both the GEF function and intracellular distribution

(reprint enclosed in Appendix).

3. Modulation of RhoA activity in epithelial cells by Na,K-ATPase.

The mechanism by which the formation of tight junctions and desmosomes are regulated in
polarized epithelial cells are not well understood (13-14). Such mechanism may be tightly
associated with mammary epithelial transformation (15). In collaboration with Dr. A. K.
Rajasekaran’s laboratory (UCLA), we have investigated the involvement of RhoA GTPase in Na,K-
ATPase mediated assembly of tight junctions and desmosomes in MDCK cells (16). We found that
an increased sodium level caused by the inhibition of Na,K-ATPase prevents the formation of tight

junctions and desmosomes and this effect is negatively correlated with the endogenous RhoA




activity. Furthermore, we showed that the Na,K-ATPase ion transport function and suppression of
cell motility are separate events that require PI3 kinase and Rac1 activities (17). The results indicate
that the intracellular sodium level maintained by the Na,K-ATPase is an upstream regulator of PI3
kinase and Rac1/RhoA function in epithelial cells and might play a crucial role in the biogenesis of

polarized epithelia, cell motility regulation and ion transport (see attached reprint/preprint).

4. Genetic deletion of the Pten tumor suppresor gene promotes cell motility by activation of
Racl and Cdc42 GTPases.

Aside from examining the cellular functions of Rho proteins in the oncogene/mitogen
stimulated clonal cell systems, we were interested in determining the contribution of Rho GTPases
to cell behaviors in primary cells with a defined genetic background that might better represent
tumor cells. We reasoned that since no constitutively active mutations of Rho GTPases were found
in human tumors, Rho might play a role as transducer of mitogenic "second hit" in tumor induction
to mediate or cooperate with an established “first hit” that are frequently associated with cancer.
One likely "first hit" could be the defect of tumor suppressors such as PTEN, p53 or pRb, loss of
function of which are known to be associated with a wide variety of human tumors.

Pten is a recently identified tumor suppressor gene which is deleted or mutated in a variety of
primary human cancers including breast cancer (6). Pten has been implicated in controlling cell
migration, among other functions, but the exact mechanism is not very clear (7). In collaboration
with Dr. Hong Wu'’s laboratory (UCLA), we have shown that Pren deficiency led to increased cell
motility (8). Significant increases in the endogenous activities of Racl and cdc42, two small
GTPases involved in regulating the actin cytoskeleton, were observed in Pten-/- cells.
Overexpression of dominant negative mutant forms of Rac1 and cdc42 reversed the cell migration
phenotype of Pten-/- cells. These studies suggest that Pten negatively controls cell motility by

down-regulating Racl and Cdc42 (reprint enclosed in Appendix).

5. The p19Arf-p53 tumor suppressor pathway suppresses cell migration by downregulating
PI3K and Rho/Rac activities

The p19*"-p53 and p27*"'-Rb tumor suppressor pathways play a critical role in cell-cycle

checkpoint control and/or apoptosis (18). By using primary MEFs that lack Arf, p53, KipI or Rb, we
have studied the involvement of the p19Arf-p53 pathway in the regulation of cell motility and its

relationship with Rho GTPases (19). In subconfluent culture and serum free conditions, a significant




percentage of the p19™" or p33 deficient cells appeared to be in a round shape and displayed intense

cortical actin staining, while the p27*"'- or pRb-deficient cells were similar to wild type MEFs in

morphology and actin structure. Both p19*"'- and p53-deficient cells produced long trails, while the
Kipl and Rb knock out cells were similar to the wild type cells, showing no sign of movement in the
experimental conditions. In a wound healing assay the Arf/' and p53” cells migrated about two folds
faster than the wild type, Kip/™ or Rb™ cells under the low serum conditions at which the difference

9" and p53 were reintroduced into Arf” and p53” cells,

in cell growth was less than 10%. When pl
respectively, by retroviral induction, the migration phenotype of these cells were fully reversed.
Moreover, the GIn22/Ser23 mutant of p53 was able to rescue the migration phenotype of p53™ cells
similarly as wild type p53, but the His175 mutant which is defective in DNA binding was inactive.
Thus, deletion of Arf and/or p53, but not Kip! or Rb, led to actin cytoskeleton reorganization and a
significant increase in cell motility, and a transcriptional event of p53 is involved in this process.

To begin to understand the molecular mechanism underlying this observation, we have made
a discovery that the endogenous PI3-kinase and RhoA/Rac| activities were significantly elevated in

9*™_ and p53-regulated migration.

the Arf-/- and p53-/- cells, and these activities are required for p1
Reintroduction of the wild type Arf or p53 gene into the Arf-/- or p53-/- cells reversed the PI3K and
Rac1/RhoA activities as well as the migration phenotype (19). These results suggest a functional
relationship between the p53 tumor suppressor pathway and the PI3 kinase-Rho GTPase signaling

9Arf

module that controls actin structure and cell motility and show that p19”" and p53 negatively

regulate cell migration by suppression of PI3K and Rac1/RhoA activities (reprint in the Appendix).

6. Rho GTPases contribute to the cell growth regulation by p53 and cooperate with p53-
deficiency to promote primary MEF transformation

Since deletion of the p19*™ or p53 gene resulted in a significant increase in RhoA and Racl
activities in primary MEFs, we sought to dissect the contribution of the Rho GTPases to the cell
growth and gene transcription phenotypes of the p19”™ and p53 deficient cells (20). We found that
(1) p19*™ or p53 deficiency led to a significant increase in PI3 kinase activity which in turn
upregulated Racl and RhoA activities; (2) deletion of p/94rfor p53 led to an increase in cell growth
rate that was in part dependent on RhoA as well as Rac and Cdc42 activities; (3) p19*™ or p53
deficiency caused an enhancement of the growth related transcription factor NF-kB and cyclin D1
activities which appeared to be partly dependent on RhoA and Cdc42 but not Racl; (4) forced

expression of a fast cycling or constitutively active mutant of RhoA, as well as Rac1 and Cdc42,




could further promote the p53” and Arf” cell proliferation and caused transformation of both cells;
(5) multiple pathways regulated by RhoA including that of ROCK might be required for RhoA to
fully promote the transformation of p53™ cells; and (6) RhoA may contribute to the p53-regulated
cell proliferation by modulating cell cycle machinery while hyperactivation of RhoA further
suppressed a p53-independent apoptotic signal. These results provide strong evidence indicating
that signals through the Rho family GTPases contribute to the cell growth regulation by p/94rfand

p33. Furthermore, the fact that RhoA can synergize with p19*™

or p53 defect to promote primary
cell transformation suggests that mitogenic/oncogenic signals stimulating Rho pathways may serve
as potentail "second hits" to cooperate with p53-pathway defect in inducing tumorgenesis (reprint in

the Appendix).

7. Development of a novel strategy targeting Rho GTPase activity in tumor cells

Given the implication of the signaling pathways mediated by Rho GTPases in many aspects
of tumor cell biology (21), we have begun to design novel approaches targeting at Rho that might be
applicable to tumor cells. Recently we have developed a strategy to specifically target individual
Rho GTPase by utilizing the negative regulatory role of Rho GAPs (22). Because unlike Ras,
upregulation or overexpression of Rho GTPases, but not constitutively activative mutations, has
been associated with human cancer, we reasoned that the GTPase-activating function of Rho GAP
domain could be explored to downregulate Rho GTPase activity if it is properly targeted to the
intracellular locations where individual active Rho GTPase resides. As a demonstration of principle,
we have shown that a set of chimeric molecules could be generated by fusing the RhoGAP domain
of p190, a GTPase-activating protein that accelerates the intrinsic GTPase activity of the three
closely related Rho GTPases, RhoA, RhoB and RhoC, with the C-terminal hypervariable sequences
of the Rho GTPases, to specifically target RhoA, RhoB or RhoC function. The p190-Rho chimeras
were active as GAPs toward the Rho proteins in vitro, colocalized with the respective Rho proteins
and specifically downregulated Rho protein activities in cells depending on which Rho GTPase
sequences were included in the chimeras. In particular, the p190-RhoA chimera was able to
specifically inhibit the RhoA activity in cells and block the RhoA-induced cell transformation
whereas the p190-RhoC chimera specifically reversed the migration phenotype induced by RhoC
activation and was effective in reversing the anchorage-independent growth and invasion
phenotypes caused by RhoC overexpression in HME-RhoC breast cancer cells, and in inhibiting the

migration and invasion phenotypes attributed to RhoC upregulation in the highly metastatic A375-M




human melanoma cells (22). Thus, we have developed a novel strategy utilizing RhoGAP-Rho
chimeras to specifically downregulate individual Rho protein activity and have shown that this

approach could be applied to multiple human tumor cells to reverse the growth and/or invasion

phenotypes associated with deregulation of a distinct subtype of Rho GTPase (reprint in the

Appendix).




Key Research Accomplishments

- Established that the Rho GTPase-interactive effector domains of WASP, PAK 1, and Rhotekin
constitute the activation-state specific probes for Cdc42, Rac, and Rho that can be utilized to detect
endogenous Cdc42-GTP, Racl-GTP, and RhoA-GTP species, respectively.

- Applied GST-WASP, GST-PAK 1 and GST-Rhotekin probes to NIH 3T3 cells transfected with
various proto-Dbl oncogene products to reveal the activation states of Cdc42 and RhoA that were
regulated by proto-Dbl derivatives, suggesting that residues 286 to 482 of proto-Dbl are involved in

an autoinhibition mechanism.

- Applied GST-WASP, GST-PAK, and GST-Rhotekin to the tumor-suppressor, PTEN, p19Arf or
p53, knock-out mouse embryonic fibroblasts to determine that the three major Rho GTPase activities
become upregulated in the respective systems, which correlate with increased motility and/or
proliferation of the cells, suggesting that PTEN, pI9Arf and p53 negatively control cell motility and
growth by suppressing P13 kinase activity and down-regulating RhoA, Racl and Cdc42. These
studies implicate the Rho GTPases in the loss of tumor suppressor phenotypes for the first time and

may have important potential in putting Rho GTPases on the novel anti-cancer target list.

- Applied GST-Rhotekin and GST-PAK1 to an epithelial cell system to determine that inhibition of
Na,K-ATPase negatively regulates RhoA and positively regulates Rac1, which may in turn affect the
formation of tight junctions and desmosomes as well as ion transport function.

- Development of a RhoGAP-based targeting strategy toward individual Rho GTPases in tumor
cells.

- Part of the support from this grant allowed me to write two review articles published in TiBS and
Trends Cell Biol.
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Conclusions

Rho GTPase signaling pathways have begun to be appreciated to play roles in breast
carcinogenesis. To establish a causal link between activation of individual Rho GTPase activities
and certain aspects of breast cancer development, we have started to search for an effect on Rho
GTPase activities in mitogenic conditions, and in various potential pathological situations that
may be connected to mammary cell transformation and metastasis. As stated in this final report,
we have established a method using the Rho GTPase-interactive effector domains of WASP,
PAKI1, and Rhotekin to quantitatively define the activation-states of Rho family members Cdc42,
Rac, and Rho in cells, and have applied this method to a number of cellular conditions which are
potentially related to mammary tumorigenesis: (1) in a Swiss 3T3 model cell system to determine
the activation kinetics of endogenous Cdc42 and Racl in response to the mitogen, bradykinin or
PDGF, stimulation; (2) in NIH 3T3 cells transfected with various proto-Dbl oncogene products to
reveal the activation states of Cdc42 and RhoA that were regulated by proto-Dbl derivatives,
suggesting that residues 286 to 482 of proto-Dbl are involved in an autoinhibition mechanism; (3)
in the tumor-suppressors, PTEN, pl19Arf and p53, knock-out mouse embryonic fibroblasts to
determine that all three major Rho GTPases activities become upregulated in the systems due to
elevated PI3 kinase activity, that correlate with increased motility, proliferation, transformation
and/or invasion of the cells. Our results suggest that the commonly mutated tumor suppressors
such as PTEN, p19Arf and p53 negatively control cell motility and proliferation by down-
regulating Rho GTPase activities and genetic defects of these critical tumor suppressors may
cause mammary cancer in part through increased Rho GTPase signaling; (4) in an epithelial cell
system to determine that inhibition of Na,K-ATPase negatively regulates PI3 kinase and
subsequently Rac1 activity, which may in turn affect the formation of tight junctions and
desmosomes as well as ion transport function; (5) we have begun to design new strategies
targeting at individual Rho GTPases to reverse breast tumor cell phenotypes. One particular
effort has been by utilizing the RhoGAP-Rho GTPase fusion chimeras that could specifically

downregulate specific submembers of Rho GTPases. These studies are significant since the

findings have further confirmed the involvement of Rho GTPases in diverse physiological and
pathological situations that may contribute to oncogenesis. The results obtained also strengthened
our long term goal to implicate specific Rho GTPases in breast cancer development, and to devise
novel anti-cancer therapeutics targeting individual Rho pathways.
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The dbl oncogene encodes a prototype member of the Rho GTPase guanine nucleotide exchange factor (GEF)
family. Oncogenic activation of proto-Dbl occurs through truncation of the N-terminal 497 residues. The
C-terminal half of proto-Dbl includes residues 498 to 680 and 710 to 815, which fold into the Dbl homology
(DH) domain and the pleckstrin homology (PH) domain, respectively, both of which are essential for cell
transformation via the Rho GEF activity or cytoskeletal targeting function. Here we have investigated the
mechanism of the apparent negative regulation of proto-Dbl imposed by the N-terminal sequences. Deletion of
the N-terminal 285 or C-terminal 100 residues of proto-Dbl did not significantly affect either its transforming
activity or GEF activity, while removal of the N-terminal 348 amino acids resulted in a significant increase in
both transformation and GEF potential. Proto-Dbl displayed a mostly perinuclear distribution pattern, similar
to a polypeptide derived from its N-terminal sequences, whereas onco-Dbl colocalized with actin stress fibers,
like the PH domain. Coexpression of the N-terminal 482 residues with onco-Dbl resulted in disruption of its
cytoskeletal localization and led to inhibition of onco-Dbl transforming activity. The apparent interference with
the DH and PH functions by the N-terminal sequences can be rationalized by the observation that the
N-terminal 482 residues or a fragment containing residues 286 to 482 binds specifically to the PH domain,
limiting the access of Rho GTPases to the catalytic DH domain and masking the intracellular targeting
function of the PH domain. Taken together, our findings unveiled an autoinhibitory mode of regulation of
proto-Dbl that is mediated by the intramolecular interaction between its N-terminal sequences and PH

domain, directly impacting both the GEF function and intracellular distribution.

The proto-Dbl protein is the prototype member of a large
family of guanine nucleotide exchange factors (GEFs) for Rho
GTPases (8, 50). Oncogenic activation of proto-Dbl occurs by
truncation of the amino-terminal 497 residues (41), resulting in
constitutively active carboxyl-terminal sequences that include a
Dbl homology (DH) domain in tandem with a pleckstrin ho-
mology (PH) domain, the conserved motifs of the Dbl family.
Many members of this family, including Vav, Ect2, Tim, Ost,
Dbs, Lbc, Lfc, Lsc, and Net, possess transformation or invasion
ability, similar to onco-Dbl upon activation. In many cases, the
DH-PH module represents the minimum structural unit that is
required for cell transformation (8, 50).

A large body of evidence has helped establish that the bio-
logical functions of Dbl family members are intimately de-
pendent upon their ability to interact with and activate Rho
GTPases and that the cellular effects of Dbl-like proteins,
including actin cytoskeletal reorganization, cell growth stimu-
lation, and transformation, are likely the consequences of co-
ordinated action of their immediate downstream substrates,
the Rho family GTPases (8, 47, 50). The evidence includes the
findings that Dbl family oncoprotein-induced foci are morpho-
logically similar to those transformed by constitutively acti-
vated Rho GTPases but distinct from that seen when cells are
transformed by Ras, Raf, or Src (23); coexpression of Dbl
family members with dominant negative mutants of Rho family
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GTPases blocks their transforming activity (20, 23, 32, 52);
mutants of the GEFs that are no longer able to interact or
activate Rho protein substrates behave dominant-negatively in
cells (46, 54); and many cellular activities induced by Dbl
family proteins, such as actin cytoskeleton reorganization,
c-Jun kinase (JNK) activation, SRF transcriptional activation,
and NF-kB activation, are associated with the activation of
signaling pathways known to be mediated by the Rho GTPase
effector targets (24, 30, 36, 48). Therefore, the ability to inter-
act and activate Rho proteins is essential for Dbl family func-
tions.

Current biochemical and structural data have pointed to the
conserved structural motif of the Dbl family, the DH domain,
as the primary interactive site with Rho GTPases (2, 20, 31, 44,
54). The DH domain does not have significant sequence ho-
mology with other subtypes of small GTPase activators such as
the Cdc25 domain and Sec7 domain, which are specific to Ras
and ARF, respectively (6, 14), indicating that the DH-Rho
protein interaction employs a distinct mechanism (9). Dele-
tions or mutations within the DH domain have been reported
to result in loss of GEF activity and cellular functions by the
GEFs (20, 40, 43, 54, 55), suggesting that an intact DH domain,
likely its Rho GTPase-interactive ability, is critical for the
cellular effects of Dbl family members.

The invariable location of a PH domain immediately C-
terminal to the DH domain of the Dbl family GEFs suggests a
functional interdependence between the two domains. Indeed,
a regulatory role of the PH domain in the function of Dbl
family members has been recognized. Derivatives of the Dbl
family members onco-Dbl, Lbe, Lfc, and Dbs that are trun-
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cated within the PH domain are impaired in their transforming
activity (38, 48, 49, 53). In these cases, the PH domain was
found to promote the translocation of the Dbl family pro-
teins to the plasma membrane or cytoskeleton, where the
Rho GTPase substrates reside. It is therefore likely that the
PH domain of the Dbl proteins, acting similarly to the SH2/
SH3 domains in the Ras pathway (10, 39), serves to bring the
catalytic DH domain to specific intracellular locations to
effectively activate the Rho GTPases.

Many members of the Dbl family appear to exist in an
inactive, basal state prior to full activation. The incoming up-
stream signals, such as the heterotrimeric G-protein Ga and
Gpvy subunits, protein tyrosine or serine/threonine kinases,
adaptor or scaffolding proteins, and phosphoinositol lipids,
may contribute in varying degrees to GEF activation processes
(12, 13, 18, 19, 26, 34, 46). The best-understood example of
self-regulation among the family members is the proto-Vav
protein. The N-terminal autoinhibitory extension of proto-Vay
forms an a-helix that binds in the DH domain active site
through direct contact with the Rho GTPase binding pocket,
blocking access to GTPases (3). Phosphorylation of Tyr174,
which is an integral part of the autoinhibition interface, by Syk
or Src-like kinases causes the N-terminal peptide to become
unstructured and released from the DH domain, resulting in
proto-Vav activation (3). The yeast Dbl family member Cdc24,
which is a Cdc42-specific GEF, forms a protein complex with
the scaffolding molecule Farl and the GBy subunits to mediate
the mating response of Saccharomyces cerevisiae (34). Mam-
malian pl15RhoGEF becomes activated as a Rho GEF upon
Ga, 5 binding to its N-terminal RGS domain, suggesting that
the coupling between a Ga and p115Rho GEF may relieve the
intrinsic constraint of the DH domain (19). Moreover, phos-
phorylation of the Racl-specific GEF Tiam1 by Ca®*/calmod-
ulin-dependent protein kinase II has been shown to lead to its
translocation to the plasma membrane and activation (13),
possibly by interference of the PH domain function of Tiam1,
which has previously been demonstrated to determine its sub-
cellular location (45). These cases suggest that the Dbl family
GEFs employ a diverse range of self-regulatory mechanisms to
maintain themselves in the basal state.

Proto-Dbl activation occurs through truncation of N-termi-
nal 497 amino acids (42), suggesting that the N-terminal half of
the molecule contains a negative regulatory element(s) for the
C-terminal DH-PH functional module. A previous database
search found limited similarities between the N terminus of
proto-Dbl and the intermediate filament protein vimentin,
spanning a 300-amino-acid region which was predicted to con-
sist of an extended a-helical coiled-coil structure (41). How-
ever, where the inhibitory function resides upstream of the DH
domain (residues 498 to 690) and how the N terminus exerts
the inhibitory function remain unclear. In the present article,
we report the finding that proto-Dbl protein involves an in-
tramolecular interaction between the N terminus and the PH
domain to maintain an autoinhibited, inactive state. The N-
and C-terminal domain interaction effectively limits the access
of the Rho GTPase substrates RhoA and Cdc42 to the catalytic
site of the DH domain and masks the intracellular targeting
function of the PH domain, resulting in suppression of its GEF
function and a unique perinuclear localization pattern in cells.
Such an autoinhibition state prevents proto-Dbl from trans-
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forming cells, and presents a basal mode that could be subject
to modulation by a variety of upstream signals.

MATERIALS AND METHODS

Construction of mutant proto-Dbl ¢DNAs. Constructs pZipneo-onco-Dbl,
pZipneoGST-DH-PH, pKH3-DH-PH, pKH3-Cdc42, and KH3-RhoA were gen-
erated as described before (54). Various proto-Dbl truncation mutants, including
T1-T7, N1-N4, and the DH and PH domains (Fig. 1A), were generated by PCR
cloning using the high-fidelity Pfu DNA polymerase (Stratagene) as described
(28). The resulting constructs in the pZipneo vector were subsequently sequence
proofed by automated fluorescence sequencing. The ¢cDNAs encoding T1-T7,
DH-PH, DH, or PH were subcloned into the pKH3 vector for expression as the
trihemagglutinin (HA;)-tagged proteins in Cos-7 cells. The Myc-tagged N2 and
Flag-tagged N1 constructs were generated by subcloning the corresponding
cDNA sequences to the pPCMV6 and pCMV2B vectors, respectively. The BamHI
fragments encoding T1, N1, and the DH-PH module were also subcloned into
the Bgl/ll and BamHI sites of pVL1392 vector together with the cDNAs encoding
the glutathione S-transferase (GST) or His, sequences for insect cell expression
(51). The N2, N3, and N4 cDNAs were subcloned into the BamHI and EcoRI
sites of the pGEX-2T vector for expression in Escherichia coli as GST fusions.
The pSR-lbc and pSR-v-ras plasmids used for the transformation assays were
described before (52).

Expression of recombinant proteins in E. coli and insect cells. Expression and
purification of GST fusion small GTP-binding proteins (GST-Cdc42, GST-
RhoA, GST-N17Cdc42, and GST-N19RhoA) from pGEX vector-transformed
E. coli were carried out as described previously (20). Production of GST-N2, -N3,
and -N4 and the GST-PH domain of Dbl in E. coli was carried out similarly.
Production and purification of the Sf9 insect cell expressed Hisg-tagged T1,
DH-PH module, or N1 polypeptide were performed as described (51). The
concentration and integrity of purified proteins were estimated by Coomassie
blue staining after sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).

Cell culture and transfection. Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% calf serum (NIH 3T3) or
10% fetal bovine serum (Cos-7). Transfections were carried out using the Lipo-
fectamine reagent (Gibco Life Sciences, Inc.). To generate stable cell lines, NIH
3T3 cells were transfected with pZipneoGST constructs or a combination of the
pKH3 construct with pPCMV2B vector (Stratagene), which contains a neomycin
resistance selection marker and were selected in DMEM supplemented with 5%
calf serum and G418 (350 pg/ml). The drug-resistant colonies were cloned and
subcultured in the same medium after 18 days.

To assay transforming activity, NIH 3T3 cells were transfected with the
pZipneo-proto-Dbl constructs onco-Dbl and /bc or v-ras cDNA by the calcium
phosphate method as described (53). For inhibition assays, different doses of the
cDNAs encoding the N-terminal polypeptide N1 or N2 in the pCEFL vector or
the pCEFL vector alone were cotransfected with onco-Dbl, lbe, or v-ras cDNAs
into the cells. The transfected NIH 3T3 cells were fed every 2 days with fresh
DMEM supplemented with 10% calf serum. At 12 to 14 days posttransfection,
the cell culture dishes were either visualized directly under the microscope for
focus formation or stained with a 2% solution of Giemsa for focus scoring (53).

In vitro GDP/GTP exchange assay. The time courses for [*’H|GDP/GTP ex-
change of Rho family GTPases in the presence and absence of purified Hisg-
tagged or HA;-tagged proto-Dbl mutants were determined as previously de-
scribed using the nitrocellulose filtration method (51). The GEF reaction buffer
contains [*H]GDP-loaded Cdc42 with 20 mM Tris-HCI (pH 7.6), 100 mM NaCl,
10 mM MgCl,, 0.5 mM GTP, and 1 mM dithiothreitol (DTT) supplemented with
various proto-Dbl mutants.

Complex formation and immunoprecipitation. Cos-7 cells were transfected
with various proto-Dbl constructs or the N-terminal polypeptide N1 by the
Lipofectamine method (54). At 48 h posttransfection, complex formation be-
tween the HA;-tagged proto-Dbl mutants and GST-fused dominant negative
Cdc42 (N17Cdce42) were carried out by incubation of the mutant proto-Dbl-
expressing cell lysates with the immobilized GST fusion proteins (54). Complex
formation between GST-N1, GST-N2, GST-N3, or GST-N4 and the DH-PH,
DH, or PH protein or between the GST-PH domain and the HA-N1 polypep-
tide were carried out similarly. The coprecipitation complexes were probed with
anti-HA monoclonal antibody and visualized with chemiluminiscence reagents
(Amersham Pharmacia). To detect coimmunoprecipitation between the N2 poly-
peptide and various Dbl mutants, the Myc-N2-encoding cDNAs in vector
pCMV6 were cotransfected with the DH-PH, DH, or PH construct in the pKH3
vector into Cos-7 cells, and the cell lysates were subjected to anti-HA immuno-
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precipitation with an anti-HA monoclonal antibody immobilized on agarose
beads (Roche Biochemicals). The coprecipitates were washed three times before
being probed with anti-HA or anti-Myc in Western blots.

In vivo Rho GTPase activation assay. The glutathione-agarose-immobilized
GST-PAKI, which contains the p21-binding domain (PBD) of human PAKI

408[:482

FIG. 1. N terminus of proto-Dbl contains an inhibitory motif for
transforming activity. (A) Schematic representation of the structures
of proto-Dbl, onco-Dbl, and various deletion mutants. Numbering
refers to proto-Dbl sequences. (B) Focus-forming activities of various
proto-Dbl constructs in NIH 3T3 cells. The cDNAs encoding various
proto-Dbl mutants were cloned into plasmid pZipneo-GST and trans-
fected into NIH 3T3 cells (0.1 pg/60-mm dish). At 14 days posttrans-
fection, the number of foci was quantified visually after crystal violet
staining.

(residues 51 to 135), and GST-PKN, which contains the site required for
RhoA-GTP recognition of protein kinase N (residues 1 to 128), were expressed
and purified in E. coli by using the pGEX-KG vector as previously described (29).
The active, GTP-bound form of Cdc42 or RhoA in fresh Cos-7 cell lysates
coexpressing the small GTPase and various proto-Dbl constructs was captured by
incubation with the GST-fused effector domains for 40 min at 4°C (54).

Fluorescence microscopy. Log-phase growing fibroblasts were seeded at a
density of 3 X 10* cells per 12-mm round coverslip (Fisher Scientific) overnight
before fixation in phosphate-buffered saline containing 4% paraformaldehyde
for 10 min at room temperature. The cells were permeabilized in Tris-buffered
saline containing 0.2% Triton X-100 for 5 min and double stained for HA-tagged
protein and F-actin using anti-HA monoclonal antibody and rhodamine-phalloi-
din (Molecular Probes). Coverslips were mounted onto slides in 50% glycerol—
Tris-buffered saline. Stained cells were analyzed with a conventional fluorescence
microscope and a Zeiss confocal microscope (54).
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RESULTS

Effect of deletion mutations on proto-Dbl transforming
activity. To delineate a possible structural motif embedded
within the N-terminal sequences that confers an inhibitory
function, we generated a series of deletion mutants of proto-
Dbl in which the N-terminal 101, 171, 285, 348, 407, 442, or 497
residues and/or the C-terminal 100 amino acids (T1 to T7 and
DH-PH) were removed while leaving the DH-PH module in-
tact (Fig. 1A). To evaluate the transforming potential of these
proto-Dbl constructs, the respective cDNAs were cloned into
the mammalian pZipneo vector and transfected into NIH 3T3
cells. As positive and negative controls, pZipneo-proto-Dbl,
pZipneo-onco-Dbl, and the pZipneo vector alone were tested
in parallel.

As shown in Fig. 1B, under assay conditions in which proto-
Dbl displayed 1 to 2% of the transforming activity of onco-Dbl,
the vector alone consistently yielded null foci. Deletion of the
C-terminal 100 residues from proto-Dbl (T1) yielded a similar
number of foci as proto-Dbl itself, indicating that the C-termi-
nal sequences after the PH domain do not contribute directly
to proto-Dbl regulation. Sequential removal of the N-terminal
sequences, however, apparently unleashed the transforming
activity in a two-step manner: the T2, T3, and T4 constructs,
which lack the N-terminal 101, 171, and 285 residues, respec-
tively, displayed a minor increase in transforming activity, with
7 to 9% of the transforming activity of onco-Dbl, whereas
further truncation to residue 348, 407, or 442 (TS, T6, and T7,
respectively) resulted in significant activation of transforming
activity indistinguishable from that of onco-Dbl. Since the de-
letion mutants were expressed equally well in NIH 3T3 cells
and Cos-7 cells, giving rise to polypeptides of the expected
molecular weights (data not shown; see Western blots de-
scribed below), the differences between the mutants in trans-
formation are likely to reflect the true biological activities in
cells rather than their differences in stability. Consistent with a
previous observation (20), the DH-PH module (residues 498 to
825) behaved like onco-Dbl (Fig. 1B), implying that the DH
and PH domains together constitute the structural module
sufficient for maximum transforming activity. These results
suggest that the extreme N terminus (residues 1 to 101) of
proto-Dbl contains a minor negative regulatory element and
that sequences between residues 286 and 348 contain an addi-
tional element(s) that is involved in imposing a major con-
straining effect on the oncogenic activity of the subsequent
DH-PH module.

Effect of deletion mutations on the GEF activity of proto-Dbl
protein. The transforming activity of onco-Dbl was found to
correlate closely with its Rho GEF activity (54). We pondered
whether proto-Dbl, under the constraint of the N-terminal
sequences, is defective in functioning as a GEF for Cdc42 and
RhoA, resulting in the apparent suppression of transforming
activity. To this end, the T1 mutant, which bears the C-terminal
100-amino-acid truncation and functions like proto-Dbl in
transformation assays, and the DH-PH module, which mimics
onco-Dbl in both GEF catalysis and transformation ability
(20), were expressed in Sf9 insect cells as Hisq-tagged fusion
proteins and purified by Ni**-agarose affinity chromatography.
When equal molar amounts of His,-T1 and His,-DH-PH were
assayed for the ability to stimulate [*’H]|GDP/GTP exchange of

MoL. CELL. BIoL.

Cdc42, we observed that while DH-PH was very efficient in
accelerating the GEF reaction, such that over 90% of bound
[PH]GDP was dissociated from Cdc42 within 5 min under its
stimulation, T1 was only marginally active in stimulating the
GEF reaction, such that only ~10% of Cdc42-bound [*H]GDP
was replaced by GTP within the same time period compared
with that in the absence of T1 (Fig. 2A). Thus, the N-terminal
sequences of proto-Dbl negatively regulate the GEF activity of
the DH-PH module.

Next, we examined the catalytic GEF activity of a panel of
proto-Dbl mutants on Cdc42 in vitro. The T1, T4, T5, T6, and
DH-PH cDNAs in the pKH3 vector, which provides an HA,
tag at the N terminus, were transiently expressed in Cos-7 cells,
and the proteins were purified by immunoprecipitation from
the cell lysates by using anti-HA agarose beads. Upon elution
by HA peptides, the purified deletion mutants were analyzed
by anti-HA Western blot, and the amount of each protein was
visualized by chemiluminiscence imaging of the blot (Fig. 2B).
While the TS and T6 mutants, which lacked the N-terminal 348
and 407 residues, respectively, showed activities in stimulat-
ing [*H]GDP dissociation from Cdc42 similar to that of the
DH-PH module, T1 and T4, which contain an intact N termi-
nus or residues 286 to 825, respectively, were comparable in
displaying a significantly weaker GEF activity at equal molar
quantities (Fig. 2C). These results indicate that the N-terminal
sequences directly impose an inhibitory effect on the GEF
activity of the DH-PH module. To test if the N terminus
interacts with the catalytic DH domain, resulting in inhibition,
the N1 polypeptide encoding residues 1 to 482 was generated
in Sf9 insect cells as a GST fusion and included in the GEF
activity assays with the DH-PH module. As shown in Fig. 2D,
no detectable effect was observed when a fourfold molar excess
of GST-N1 was present together with the DH-PH module in
stimulating [*H]GDP dissociation from Cdc42 compared with
DH-PH alone. We conclude that the N terminus of proto-Dbl
interferes with the GEF function through a mechanism other
than direct blockage of substrate binding to the DH domain as
is the case with Vav (3).

To determine the Rho GTP ase exchange potential of the
mutants in cells, the HA-tagged proto-Dbl mutants were tran-
siently cotransfected with HA-tagged, wild-type Cdc42 or RhoA
in Cos-7 cells. The expression level of the mutants and Cdc42
or RhoA could be directly compared (Fig. 3). The relative
amounts of activated GTPases in the cell lysates were mea-
sured by GST-PAKI1 or GST-PKN pull-down, which specifi-
cally recognizes and stabilizes the GTP-bound form of Cdc42
or RhoA (29). As shown in Fig. 3, both the T1 and T4 mutants
demonstrated significantly lower Cdc42 activating potential,
while TS and T6 were similar to the DH-PH module in their
ability to generate Cdc42-GTP. Similar observations were also
made when RhoA was examined as an in vivo substrate
(data not shown). These results indicate that the cellular Rho
GTPase-activating potential of the proto-Dbl mutants corre-
lates with their in vitro GEF activity. This pattern of GEF
activity and the Rho protein-activating potential of the mutants
are reminiscent of the above-described transforming abilities
of the mutants (Fig. 1B). We deduce from these results that the
sequences between residues 286 and 348 contain the critical
structural element(s) that appears to hinder the GEF function
of the DH-PH module and that the lack of transforming ac-
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FIG. 2. GEF activity of proto-Dbl is negatively regulated by the presence of the N-terminal sequences. (A) Time courses of [’H]GDP
dissociation from Cdc42 catalyzed by T1 and the DH-PH module. The insect cell-expressed Hisg-T1 and His,-DH-PH were purified to homoge-
neity by Ni>*-agarose affinity chromatography. Approximately 10 pmol of each (T1, solid circles; DH-PH, solid squares; buffer, open circles) was
used to assay GEF activity on ~1 pg of Cdc42-[*H]GDP in a buffer containing 20 mM Tris-HCI (pH 7.6), 100 mM NaCl, 10 mM MgCl,, 0.5 mM
GTP, and 1 mM DTT. The GEF reactions were terminated at the indicated time points by nitrocellulose filtration. (B) HA;-tagged deletion
mutants were purified from Cos-7 cell lysates by using the immobilized anti-HA antibody. After elution with 0.2 mM HA peptides, the mutants
were analyzed by Western blot with anti-HA antibody. (C) Effect of deletion mutations on GEF activity. Approximately equal molar amounts of
the mutants purified from Cos-7 cell lysates (20 pl) were assayed for the ability to stimulate [*H]GDP dissociation from Cdc42 at various times.
Open circles, buffer; solid circles, T1; open triangles, T4; solid triangles, T5; open squares, T6; solid squares, DH-PH. (D) Effect of isolated
N-terminal peptide N1 on GEF activity of DH-PH. [*’H]GDP dissociation from Cdc42 was assayed in the presence (solid squares and open
diamonds) or absence of His-DH-PH (open circles and solid diamonds) and an approximately fourfold molar excess of purified GST-N1
(diamonds) at various time points.

tivity of proto-Dbl reflects the suppressive effect on the cata-
lytic GEF activity by the N-terminal negative regulatory con-
straint(s).

Rho GTPase-binding activities of deletion mutants of proto-
Dbl. To further investigate the functional properties of the
various deletion mutants of proto-Dbl, we next compared their
abilities to directly bind to the Rho GTPase substrate Cdc42.
Cos-7 cell lysates expressing similar amounts of HA-tagged T1,
T4, TS, T6, and the DH-PH module (Fig. 4) were incubated
with the glutathione-agarose-immobilized, GST-fused, domi-
nant negative form of Cdc42, N17Cdc42, that is known to bind

to the DH domain of onco-Dbl with high affinity (20). After
extensive washing the coprecipitates of GST-N17Cdc42 were
subjected to anti-HA Western blotting. Among the five HA-
tagged polypeptides, TS, T6, and the DH-PH module displayed
a similarly strong binding pattern to N17Cdc42. T4 bound sig-
nificantly more weakly, and T1 binding was barely detectable
(Fig. 4). These results are consistent with the relative effec-
tiveness of the mutants in activating the guanine nucleotide
exchange of Cdc42 in vitro and in vivo (Fig. 2 and 3) and co-
incide with the mutants’ transformation abilities (Fig. 1B). They
suggest that the N-terminal residues, particularly residues 285




1468 BI ET AL.

o
ng\ »
proto-Dbl mutant: - O A 4* & ®
Cd RN T R

HA-T1 - —

HA-T4 — -
HATE =
HA-DH-PH - .

mcuaz—......

whole cell lysates

L@
L
proto-Dbl mutant: O - IR PR
Cdc42 : B W e N @
Cdcd2-GTP — - - -
S, c:,.,;°
‘o,,v Y,

b %,
%‘h

FIG. 3. Cdc42 exchange potential of proto-Dbl mutants in cells.
HA;-Cdcd42 was expressed alone or together with HA-DH-PH, HA-
T1, HA-T4, HA-TS, or HA-T6 in Cos-7 cells. The cell lysates were
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to reveal the relative amount of Cdc42-GTP in cells.

to 348, are involved in negative allosteric control of proto-Dbl
activity by limiting the access of Rho GTPase to the catalytic
site on the DH domain.

N-terminal sequences dictate the intracellular localization
pattern of proto-Dbl. Onco-Dbl and the PH domain of Dbl
were colocalized with Triton X-100-insoluble particulates in
previous cell fractionation studies (53). Whether the N-termi-
nal constraining sequences of proto-Dbl would interfere with
the PH domain intracellular targeting function, thereby caus-
ing an alteration in the intracellular distribution pattern of
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FIG. 4. In vitro binding activity of proto-Dbl mutants to GST-
N17Cdc42. Various proto-Dbl constructs were expressed in Cos-7 cells
by transient transfection. A portion of cell lysates was analyzed by
anti-HA Western blotting. The cell lysates were incubated with 2 pg of
GST or GST-Cdc42N17 immobilized on glutathione beads for 1 h at
4°C under constant agitation. After three washes, bound proteins were

detected by immunoblotting with anti-HA antibody.
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FIG. 5. Intracellular distribution patterns of proto-Dbl and various
deletion mutants. (A) Stable transfectants of HA-tagged T1 (proto-
Dbl), DH-PH module, DH domain, PH domain, N-terminal N1 poly-
peptide, or DH-PH module coexpressed with the N1 polypeptide were
generated in NIH 3T3 cells by G418 selection. Cell lysates (~5 x 10°
cells) of the G418-resistant clones were subjected to anti-HA immu-
noprecipitation followed by Western blotting with anti-HA antibody.
(B) Fluorescence microscopy of the cellular localization patterns of the
proto-Dbl mutants. Stably transfected cells were maintained in low
serum (2%) overnight before being fixed and double stained as de-
scribed in the text. The cells were analyzed by confocal microscopy
with double filters for fluorescein and rhodamine. The overlap of
fluorescein and rhodamine images is shown in yellow.

proto-Dbl from that of onco-Dbl, has not been assessed. To
examine the effect of the N-terminal sequences on proto-Dbl
cellular localization and to determine the contribution of in-
dividual structural motifs to the proto-Dbl localization pattern,
we have generated stable transfectants of NIH 3T3 cells ex-
pressing the HA-tagged proto-Dbl (T1), DH-PH module, DH
domain, PH domain, or the N1 polypeptide (residues 1 to 482),
as well as a cell clone coexpressing Flag-tagged N1 together
with HA-DH-PH (DH-PH+N1). Western blot analysis of the
anti-HA immunoprecipitates from the respective cell lysates
confirmed that HA-tagged polypeptides of the expected mo-
lecular sizes were expressed in the cell lines (Fig. SA). In ad-
dition, an anti-Flag Western blot further confirmed that Flag-
N1 was coexpressed with HA-DH-PH in the DH-PH+NI1 cells
(data not shown). After fixation, the cells were double stained
with anti-HA monoclonal antibody plus fluorescein-labeled an-
ti-mouse immunoglobulin antibody and rhodamine-labeled
phalloidin to visualize HA-tagged polypeptide distribution and
cellular actin structures. Under a confocal microscope, we
found that proto-Dbl displayed a mostly perinuclear distribu-
tion pattern similar to that of the N1 polypeptide (Fig. 5B).
The DH-PH module, on the other hand, was found to colo-
calize with actin stress fibers, like the PH domain alone,
whereas the DH domain was mostly diffused throughout cells,
with some degree of concentration around the nucleus (Fig.
5B). These results are consistent with the previous cell frac-
tionation data showing a significant portion of the DH-PH
module and the PH domain in the Triton X-100-insoluble
fraction and the DH domain mostly in the cytosol (53) and
suggest that the N-terminal sequences in proto-Dbl affect the
cellular distribution pattern of proto-Dbl. In the N1 polypep-
tide-coexpressing cells, the actin-stress fiber colocalization pat-
tern of DH-PH was disrupted and changed to the mostly pe-
rinuclear localization, similar to that of the N1 polypeptide
alone (Fig. 5B). Thus, the N-terminal sequences of proto-Dbl
contain the structural element(s) that dictates the intracel-
lular distribution of proto-Dbl. This is likely due to the
interference of the PH domain targeting function that de-
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termines the localization pattern of onco-Dbl by the N-
terminal sequences.

Isolated N-terminal fragment of proto-Dbl inhibits onco-
Dbl transforming activity. The negative regulatory function of
the N-terminal sequences raised the possibility that the iso-
lated N terminus of proto-Dbl might interfere with the bi-
ological activity of oncogenic Dbl. To test this hypothesis,
the cDNAs encoding the N1 (residues 1 to 482) and N2
(residues 286 to 482) polypeptides were cloned into the
mammalian expression vector pCEFL and cotransfected
with onco-Dbl into NIH 3T3 cells. Compared with the empty
vector, N1 reduced onco-Dbl transforming activity by ~90%
at a dose of 2 ug/100-mm dish, while N2 consistently caused
~25% inhibition under similar conditions (Fig. 6). At a lower
dose (0.2 ng/100-mm dish), however, only N1 showed signifi-
cant inhibition of onco-Dbl activity. Neither N1 nor N2 had a
detectable effect on proto-Dbl transforming activity when the
foci were induced by proto-Dbl overexpression (2 pg of cDNA/
100-mm dish; data not shown). To confirm that the N-terminal
sequence-caused inhibition was specific for onco-Dbl, we ex-
amined the ability of N1 and N2 to affect the transforming
functions of a dbl-related oncogene, /bc, and oncogenic v-ras.
Distinct from their effects on onco-Dbl, neither peptide showed
any sign of inhibiting oncogene-induced focus formation at
2 pg of cDNA/dish (Fig. 6). These results indicate that the N
terminus of proto-Dbl can specifically act on onco-Dbl or the
onco-Dbl pathway and negatively influence its biological activ-
ity.

Interaction of N-terminal sequences with the PH domain of
proto-Dbl. The above-characterized negative regulatory func-
tion of the N terminus of proto-Dbl could be rationalized by an
intramolecular interaction involving the N-terminal regulatory
sequences and the C-terminal functional module, thereby af-
fecting the GEF activity of the DH domain and the intracel-
lular targeting function of the PH domain. To test this hypoth-
esis, we first employed a glutathione-agarose pull-down assay
using the insect cell-expressed GST-N1 peptide as a probe to
detect possible interaction with the C-terminal functional mo-
tifs, i.e., the DH-PH module, DH domain, or PH domain. The
DH-PH module, DH domain, and PH domain were transiently
expressed in Cos-7 cells as HA-tagged proteins, and the cell
lysates were incubated with immobilized GST or GST-N1. As
shown in Fig. 7A, GST-N1 was able to stably associate with the
DH-PH module and the PH domain but not with the DH
domain, whereas the GST control did not bind to any of the
three proteins. When the N1 polypeptide was expressed in
Cos-7 cells and subjected to the pull-down assay with the im-
mobilized GST-PH domain, we found that GST-PH was able
to tightly bind to HA-N1 in the glutathione-agarose coprecipi-
tates under conditions in which GST alone did not interact
with N1 (Fig. 7B). Therefore, the N-terminal 482 residues of
proto-Dbl can form a physical complex with the C-terminal
DH-PH functional module via the PH domain.

To further delineate the region of amino acids in the N
terminus that may contribute to direct interaction with the PH
domain, the sequentially deleted N2, N3, and N4 polypeptides,
encoding residues 286 to 482, 349 to 482, and 408 to 482,
respectively, were employed as GST-tagged probes to detect
possible binding to the PH domain. Figure 7C shows that while
none of the three N-terminal peptides bound to the DH do-
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FIG. 6. N-terminal sequences of proto-Dbl specifically inhibit
onco-Dbl transforming activity. NIH 3T3 cells were transfected with
pZipneo-onco-Dbl (4 ng/100-mm dish) together with pCEFL vector or
¢DNAs encoding the N1 or N2 sequences in pCEFL vector at the
indicated doses (micrograms per 100-mm dish). The /bc oncogene (0.1
pg/100-mm dish) together with the pCEFL vector or the N1 or N2
¢DNA in the pCEFL vector (2 pg/dish) or oncogenic v-ras cDNA (0.1
pg/dish) together with vector or the N1 or N2 ¢cDNA (2 pg/dish) in
pCEFL were cotransfected in parallel. The focus-forming activity of
each oncogene cotransfected with the empty pCEFL vector was set at
100%. The relative focus-forming activities represent results from four
independent experiments.

main at a detectable level, N2, but not N3 or N4, was capable
of binding directly to the PH domain. These results imply that
the region between amino acids 286 and 348 contains an im-
portant element(s) that is involved in interaction with the PH
domain.

To test whether stable association between the N terminus
and the PH domain could occur in cells, a Myc-tagged N2
peptide was coexpressed with the HA-tagged DH-PH module,
DH domain, or PH domain in Cos-7 cells, and the coimmu-
noprecipitation pattern of Myc-N2 with the HA-tagged pro-
teins was determined. In contrast to the lack of detectable
association by HA-DH, both HA-DH-PH and HA-PH formed
a stable complex with Myc-N2, as revealed by the anti-Myc
Western blot of the anti-HA immunoprecipitates (Fig. 7D).
Thus, the N-terminal sequences of proto-Dbl can bind tightly
to the C-terminal PH domain in cells and are likely to do so
intramolecularly. Such an interaction may have a direct impact
on both the GEF activity and intracellular localization of
proto-Dbl, which are essential for its transforming activity,
causing the observed autoinhibitory behaviors.

DISCUSSION

Although most Dbl family members contain diverse multi-
functional motifs, they all have the structural array of a central
DH domain in tandem at the carboxyl terminus with a PH
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FIG. 7. N-terminal sequences of proto-Dbl interact directly with
the PH domain. (A) GST-N1 polypeptide forms a stable complex with
the DH-PH module or the PH domain of proto-Dbl. The DH-PH
module, DH domain, or PH domain was transiently expressed in Cos-7
cells as an HA-tagged protein. About 2 ug of GST or GST-N1 immo-
bilized on glutathione-agarose beads was incubated with the cell ly-
sates for 1 h at 4°C. After three washes, the agarose bead coprecipi-
tates were subjected to anti-HA Western blotting analysis. (B) PH
domain complexes with N1 polypeptide of proto-Dbl in vitro. Immo-
bilized GST or GST-PH (~2 pg/sample) was incubated with Cos-7
lysates expressing HA-N1, and the coprecipitates were detected by
anti-HA immunoblotting. (C) Immobilized GST-N2 (residues 286 to
482), GST-N3 (349 to 482), or GST-N4 (408 to 482) was incubated
with cell lysates expressing HA-DH or HA-PH. The association of the
HA-tagged DH or PH domain with the GST fusion coprecipitates was
detected by anti-HA Western blot. (D) DH-PH module and the PH
domain but not the DH domain associate with the N2 polypeptide in
cells. The Myc-tagged N2 polypeptide was coexpressed in Cos-7 cells
with the HA-tagged DH-PH, DH, or PH construct. Cell lysates were
subjected to anti-HA immunoprecipitation (IP) followed by anti-HA
or anti-Myc Western blotting.
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domain. Previous studies of onco-Dbl have established that the
DH domain is primarily responsible for Rho GTPase binding
and GEF activity, while the PH domain is involved in intracel-
lular targeting and is necessary for the transforming activity of
onco-Dbl (8, 50). Truncation of the N-terminal 497 residues of
proto-Dbl results in oncogenic activation (42), suggesting that
the N-terminal sequences contain negative regulatory elements
imposing a constraint on the C-terminal DH-PH module. To
date, the mechanism which the N terminus employs in the
negative regulation of proto-Dbl activity and the regions of the
molecule contributing to the regulation remain unclear. In this
study, we provide direct evidence that proto-Dbl adopts an
autoinhibitory mechanism for controlling its biochemical and
biological activities. We identified the region between amino
acids 275 and 349 as a critical inhibitory motif that impairs
GEF catalytic activity and the intracellular targeting activity of
the DH-PH module. The autoinhibitory effects are likely to
arise through direct intramolecular interaction of this region
with the PH domain, limiting the access of Rho GTPases to the
DH domain and masking the intracellular targeting function of
the PH domain. Such an autoinhibitory mode may be optimal
for proto-Dbl regulation, since incoming upstream signals
could exert their effects by modulation of either the N-terminal
motif or the C-terminal PH domain.

Inhibitory effects of N-terminal sequences of proto-Dbl on
the DH-PH module. Our previous structural mapping studies
indicate that the DH-PH module of Dbl represents the mini-
mum constitutively active structural unit that confers Rho
GTPase exchange activity and cell-transforming potential (20).
We show here that the presence or absence of the C-terminal
100 amino acids just outside the PH domain did not cause any
change in transforming activity for either proto-Dbl or onco-
Dbl, indicating that these sequences are not involved in regu-
lation of the DH-PH module. A series of deletion mutations
into the N terminus resulted in an apparent two-step activation
of the proto-Dbl transforming activity: removal of the N-ter-
minal 100 or 274 residues caused minor but significant en-
hancement, while further truncation to residue 348 led to full-
blown activation of the focus-forming activity that is similar to
the capacity of the DH-PH module (Fig. 1). These results
prompted us to speculate that the N-terminal sequences im-
pose a two-layer regulatory mechanism on the DH-PH mod-
ule. The N-terminal 100 residues and sequences between res-
idues 275 and 349 either act independently in negatively
controlling the DH-PH activity or act coordinately so that the
N-terminal 100 residues may further reinforce the negative
constraint imposed by the following sequences. This is analo-
gous to the situation of the vav proto-oncogene product, in
which removal of the N-terminal 66 or 127 residues led to only
partial activation of the transforming activity, while full acti-
vation was achieved by truncation of the N-terminal 186 resi-
dues (1).

The cellular transforming activity of Dbl is intimately de-
pendent upon its catalytic GEF activity on Rho GTPases (54).
The inhibitory effects of deletions of proto-Dbl on transforma-
tion indeed reflect their relative GEF activities on Cdc42 and
RhoA when the purified mutants were tested in vitro (Fig. 2).
The N terminus appears to potently inhibit the GEF ability of
the DH-PH module, implying that an intramolecular interac-
tion is at work in the regulatory mechanism. Residues 275 to
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Dbl family guanine nucleotide
exchange factors
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The Dbl family of guanine nucleotide exchange factors are multifunctional
molecules that transduce diverse intracellular signals leading to the activation
of Rho GTPases. The tandem Dbl-homology and pleckstrin-homology domains
shared by all members of this family represent the structural module
responsible for catalyzing the GDP-GTP exchange reaction of Rho proteins.
Recent progress in genomic, genetic, structural and biochemical studies has
implicated Dbl family members in diverse biological processes, including
growth and development, skeletal muscle formation, neuronal axon guidance
and tissue organization. The detailed pictures of their autoregulation, agonist-
controlled activation and mechanism of interaction with Rho GTPase
substrates, have begun to emerge.
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The dbl oncogene product was originally isolated
from a diffuse B-cell lymphoma. Subsequent amino
acid sequence analysis found that a region in the
central portion of the Dbl protein, now known as the
Dbl homology (DH) domain, shares significant
similarity with the yeast cell division cycle protein
Cdc24 and the human break point cluster region
protein Ber. Suspicion that Cdc24 might act
upstream of the GTPase Cdc42 in yeast led to the
finding that both Dbl and Cdc24 function as guanine
nucleotide exchange factors (GEFs), stimulating the
replacement of GDP bound to specific Rho family
GTPases with GTP[1,2]. Over the past decade,
many proteins have been placed in the Dbl

family because they contain a DH domain and a
tandem pleckstrin homology (PH) domain that is
invariably located immediately C-terminal to the
DH domain.

The current biochemical model depicts that Dbl
family GEF's function immediately upstream of Rho
GTPases (Fig. 1). Stimulation of growth factor
receptors, cytokine receptors, cell-to-cell or
extracellular matrix-to-cell adhesion receptors, or the
G-protein-coupled serpentine receptors, can all
initiate intracellular signals that lead to Rho GTPase
activation, a process that probably involves Dbl
family members. Concomitantly, the incoming signals
might also modulate Rho GTPase-activating proteins
(RhoGAPs) and Rho GDP-dissociation inhibitors
(RhoGDIs), both of which serve to negatively regulate
Rho functions, resulting in elevated levels of Rho-
GTP. The active Rho species interact, in turn, with a
large array of effector targets that further relay the
signals to downstream signaling components,
resulting in diverse biological responses (Fig. 1;
reviewed in Refs [3,4]).

This review focuses on recent progress in our
understanding of the biological functions and

molecular mechanisms underlying the biochemical
activities of Dbl family GEF's. The mode of regulation
of Dbl family members and the mechanistic
interactions between the GEFs and Rho GTPase
substrates are discussed in depth.

Evolution and biological functions

The DH domain does not share significant sequence
homology with other subtypes of small G-protein
GEF motifs such as the Cdc25 domain and the Sec7
domain, which specifically interact with Ras and
ARF family small GTPases, respectively, nor with
other Rho protein interactive motifs, indicating that
the Dbl family proteins are evolutionarily unique.
Recently completed genome sequencing projects
have revealed that there are at least three Dbl family
GEF's in Saccharomyces cerevisiae, 18 in
Caenorhabditis elegans, 23 in Drosophila
melanogaster and 46 in Homo sapiens [5). This
number might increase further when detailed
annotations of the genomic sequences become
available; indeed, there are at least 20 additional
partial sequences in the human genome that appear
to encode DH domain-containing proteins. The
number of GEF substrates (i.e. Rho family GTPases)
also increases with evolution, from six in

S. cerevisiae to 18 in human, but they are far
outnumbered by the positive regulators in higher
eukaryotes, suggesting that the function of
individual GEFs is more specialized in mammals.
Indeed, many mammalian Dbl family members are
tissue- and cell-type specific, and their biochemical
GEF activities range from being highly selective for
one Rho GTPase substrate to more promiscuous
towards multiple Rho proteins (Table 1).

The first genetic evidence of Dbl family functions
came from studies of Cdc24, a bud site assembly
molecule in S. cerevisiae whose function is closely
associated with that of Cde42 [3]. Disruption of
CDC24 led to cell death, indicating that Cdc24 had an
essential role in cell growth. Various Cdc24 mutant
phenotypes also imply that Cdc24 is an essential
component regulating vegetative growth, cell mating,
polarity establishment and cell orientation [6]. RomZ2,
another Dbl family member of budding yeast that can
suppress mutations of the phosphatidylinositol
kinase (PI3K) homolog tor2, appears to be the
physiological activator of Rhol and Rho2 GTPases,
and acts in the Tor2—-Rho1/Rho2 pathway controlling
the actin cytoskeleton and cell shape [7].

http:/tibs.trends.com  0968-0004/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved. Pll: S0968-0004(01)01973-9
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Fig. 1. Signaling role of Dbl family GEFs in the regulation of Rho GTPase functions. In mammalian cells,
stimulation of a variety of cell surface receptors, including growth factor receptors, cytokine receptors,
cell—cell or cell-extracellular matrix adhesion receptors, and G-protein-coupled serpentine receptors,
might all lead to the activation of specific Dbl family GEFs. The activated GEFs, in turn, catalyze the
exchange of bound GDP for GTP on specific Rho GTPases, resulting in their activation. The receptor-
mediated signals might also affect the biochemical activity of two classes of negative regulators of Rho
GTPases; thatis, RhoGAPs and RhoGDls. Suppression of the negative regulators, together with the
activating potential of GEFs, might synergistically drive Rho GTPases to the active conformation. The
GTP-bound Rho proteins can then interact with multiple effector targets, leading to diverse cellular
responses such as actin cytoskeleton reorganization, endocytosis and exocytosis, transcription
activation, stimulation of DNA synthesis, and/or translational regulation. Abbreviations: GAP,
GTPase-activating protein; GDI, GDP-dissociation inhibitor; GEF, guanine nucleotide exchange factor.

The functional link between Dbl family GEF's
and Rho GTPases was further strengthened when
UNC-73, a large multifunctional protein in
C. elegans containing two separate DH-PH motifs,
was found to regulate actin structure and
movement by activating the Rho GTPase Rac, and a
loss of DH domain function resulted in multiple
defects in axon guidance and neuronal cell
migration [8]. In Drosophila, the Dbl protein SIF
was suggested to be involved in regulation of
synaptic differentiation because it is associated
with the plasma membrane of synaptic terminals,
and mutations in SIF led to defects in neuronal
morphology [9]. Recently, a set of genetic studies
presented strong evidence that Trio, a homolog of
UNC-73, mediates the effects of axon guidance
factors on actin dynamics [10-12]. The genetic
phenotypes of Trio mutations suggest a biochemical
pathway linking the transmembrane tyrosine
phosphatase Dlar and the Abl tyrosine kinase to the
Trio—Rac—Pak signaling complex. In mice, Trio
deficiency causes skeletal muscle deformation and
neuronal disorder [13], and elimination of the
vav gene, which encodes a hematopoietic cell
specific Dbl family GEF, results in impaired
lymphoid development, and defective immune
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responses of B- and T-lymphocytes [14], suggesting
more complex roles of the GEF's in mammals.
Interestingly, Dbl knockout mice do not display
major abnormalities (A. Eva, pers. commun.),
raising the possibility that multiple Dbl family
genes could play redundant roles.

The compelling evidence that Dbl family GEF's are
involved in human genetic disorders came from the
studies of the FGD1 GEF [15]. A mutation in the DH
domain of FGD1 that results in a loss of FGD1
function, cosegregates with faciogenital dysplasia, a
developmental disorder. More recently, a mutation in
the Dbl member ARHGEF6 (also known as oPIX) was
found to be associated with X-linked nonsyndromic
mental retardation [16]. Whether the DH domain in
Ber, which is present in the p210 isoform of Ber—Abl
fusions in chronic myelogenous and acute
lymphocytic leukemias [17], or the Rho-specific GEF
activity of LARG [18,19], which is retained in an
MLIL~-LARG fusion in acute myeloid leukemia [20],
play a role in these diseases, remains to be seen.

Biochemical functions

Dbl family GEF's contain diverse structural motifs in
addition to the conserved DH-PH domains (Fig. 2).
Early biochemical studies using oncogenic Dbl as a
model system established that, whereas the DH
domain is responsible for GEF catalytic activity, the
adjacent PH domain is involved in intracellular
targeting of the DH domain [1,2]. Although the
PH-directed localization of the DH-PH module to the
plasma membrane and the actin cytoskeleton
conform to the generalized view that PH domains
function as regulated membrane-binding modules
[21], it also suggests a unique capability of the PH
domain to associate with actin or actin-binding
components. The DH domain, together with the PH
domain, constitutes the minimum structural unit
bearing transforming function [1,2]. This appears to
be a generalized principle among Dbl family GEF's as
similar conclusions have been drawn in the cases of,
for example, Lbe, Lfc and Dbs. Demonstration of
substrate-binding and catalytic activities in
reconstituted GEF reactions, and examination of
Rho GTPase activation states induced by
overexpression of GEF's, have provided the bulk of
the data on the biochemical functions of Dbl
members, although much of this is currently limited
to the three most prominent Rho GTPases: RhoA,
Racl and Cde42 ([1,2]; Table 1). Some of the GEF's,
for example Cde24, FGD1, Tiam1 and Lbc, are
specific for a single Rho protein, whereas others,
including Dbl, Ost, Ect2 and Ber, are more
promiscuous, targeting multiple Rho GTPases. The
early view that certain members of the Dbl family
might function by binding to Rho GTPases without
GEF activity (e.g. Ect2) [2] does not seem to hold up,
as recent studies have revealed that the lack of GEF
activity of certain GEF's might have been caused by
the requirement of missed regulatory signals
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Table 1. A selected list of novel mammalian Dbl family members?

Dbl family member GTPase substrates Biological activities/unique distributions Accession No.

FGD2 GEF for Cdc42 Embryonic development NMO013710

Lbc/Brx GEF for Rho Proto-oncogene product; binds to nuclear hormone receptor NMO006738

p115RhoGEF/Lsc GEF for Rho Proto-oncogene product; binds to Go13 and G112 U64105

Net1 GEF for Rho Proto-oncogene product u02081

Ost/Dbs GEF for Cdc42 and Rho; Proto-oncogene product; at least three isoforms 235654

binds to Rac

p190RhoGEF GEF for Rho Inhibits neurite outgrowth; binds to microtubules U73199

Kalirin/Duo GEF for Rac and Rho Two DH-PH modules; multiple isoforms as a result of alternative AF232669
splicing

Asef GEF for Rac Enriched in brain; binding to tumor suppressor APC leads to AB042199
activation

Pix/Cool GEF for Rac At least two isoforms; binds to Rac effector PAK AF044673

Frabin GEF for Cdc42 Binds to actin AF038388

Vav3 GEF for Rho and Rac Proto-oncogene product NMO020505

hPEM-2 GEF for Cdc42 Predominantly expressed in brain AB007884

GEF-H1 GEF for Rac and Rho Associates with microtubules U72206

GTRAP48/KIAA0380/ GEF for Rho Predominantly expressed in brain cerebellum; associates with AF225961

PDZ-RhoGEF neuronal glutamate transporter; binds to Ga13

LARG GEF for RhoA Fuses to MLL gene in acute myeloid leukemia; interacts with Go.12 AF180681
and Ga13

Tiam2 GEF for Rac Two isoforms; cerebellum and testis specific NMO012454

Stef GEF for Rac1 To be determined AB022915

p114RhoGEF GEF for RhoA To be determined AB011093

Ngef/ephexin GEF for RhoA, Rac1, Cdc42 Proto-oncogene product; predominantly expressed in brain; NM019867
mediates Eph regulation of growth cone

Collybistin To be determined Two splice variants; predominantly expressed in brain AJ250425

Intersectin GEF for Cdc42 Two splice variants; one is brain-specific NM003024

#Abbreviations: APC, adenomatous polyposis coli; DH, Dbl homolgy; GEF, guanine nucleotide exchange factor; PAK, p21-associated kinase; PH, pleckstrin homology.

(e.g. phosphorylation) [22]. Furthermore, DH domain
mutants that retain substrate-binding activity but
are catalytically compromised act as dominant-
negatives in cells [23], suggesting that a threshold of
GEF activity, in addition to the Rho-binding activity,
is required for function. It remains to be seen
whether all Rho GTPases use Dbl members as
activators as some of them, for example RhoE, seem
to exist in a constitutively active form [24].

A few additional lines of evidence also help
establish that Dbl family GEF's function by activation
of Rho GTPases in cells: (1) the foci induced by Dbl
family oncoproteins are morphologically similar to
those transformed by constitutively active Rho
GTPases, but distinct from those seen when cells are
transformed by other types of oncogenes such as Ras,
Rafor Sre[1]; (2) coexpression of Dbl family members
with dominant-negative mutants of Rho family
GTPases blocks their transforming activity [3];

(3) mutants of GEFs that are no longer able to
interact or activate Rho protein substrates behave as
dominant negatives in cells [22,23]; and (4) many
cellular activities induced by Dbl family proteins,
such as actin cytoskeleton reorganization,
cytokinesis, stimulation of G1 to S phase transition,
c-Jun N-terminal kinase activation, cyclin D1
induction, and activation of the serum response factor
and nuclear factor-xB transcription factors, are
associated with the activation of signaling pathways
known to be mediated by active Rho GTPases or by
Rho GTPase effector targets [1,3,25].
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It is therefore not surprising that many Dbl family
members display transforming activity in fibroblast
transfection assays and some, through activation of
Racl or a related pathway, regulate cell migration
and tumor metastasis. The issues currently
attracting much attention are which GEF-regulated
pathways are essential for cell transformation or
metastasis, and whether interference with selected
pathways can be explored for anti-cancer drug design.
However, it is important to note that given the
multifunctional nature of these proteins (Fig. 2), it is
possible that many of the GEF molecules bear
GEF-independent functions [26,27]. Determining
what these other functions might be and whether
they affect the GEF-elicited pathways, should
also provide leads to a more comprehensive
understanding of GEF functions.

Mechanisms of regulation

Many members of the Dbl family seem to exist in an
inactive or partially active state before stimulation.
Current literature suggests that their basal states can
be maintained by one or multiple forms of four possible
regulatory modes involving intra- or inter-molecular
interactions (Fig. 3). The first is through the
intramolecular interaction between DH and PH
domains. Examples of such an interaction include the
Dbl family members Vav and Sos1 in which binding to
the PI3K product phosphoinositol (3,4,5) trisphosphate
[PtdIns(3,4,5)P,] by the PH domain seems to alleviate
an inhibitory effect on the DH domain [28,29].
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Fig. 2. Domain structures of representative Dbl family members. Abbreviations: Ac, acidic amino
acid rich motif; Al, autoinhibitory domain; C2, calcium-dependent lipid binding; CC, coiled coil;
Cdc25, RasGEF motif; CH, calponin homology; CR, cysteine-rich zinc butterfly motif; DH, Dbl
homology; EB, EAAT4 binding; EF, EF hand calcium-binding motif; Gy, GBy binding domain;

Ig, immunoglobulin-like; IQ, calmodulin binding motif; Kinase, serine/threonine kinase motif;

P, proline-rich SH3-binding motif; PDZ, DHR or GLGF domain; PEST, amino acids P, E, S and T rich,
degradation motif; PH, pleckstrin homology; RBD, Ras-binding domain; REM, Ras exchanger motif;
RGS, regulator of G-protein signaling motif; RhoGAP, Rho GTPase-activating protein motif;

Sec14, sec14-like; SH2, Src homology 2; SH3, Src homology 3; TR, Tat/RAG8-related.

The second possible mode of regulation is through the
intramolecular interaction of a regulatory domain with
the DH or PH domain of the GEF protein. Such
interactions are expected to impose a constraint on the
normal DH and/or PH domain function by masking the
access of the Rho GTPase substrate and/or altering
intracellular targeting mediated by the PH domain.
Examples of such regulation include Vav and Dbl
[30,31], and maybe also Asef, Lbc and p115RhoGEF.
The third possible mode involves oligomerization
through an intermolecular interaction between
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DH domains. This mode of regulation has been
suggested recently in the cases of RasGRF1, RasGRF2
and onco-Dbl [32,33], and is postulated to play a role in
the efficient execution of GEF function. Finally,
additional cellular factors could interfere with specific
Dbl member function through direct protein—protein
interactions, helping maintain the GEF at a basal
state. Examples in this category include the recently
discovered interaction of tumor metastasis suppressor
nm23H1 with Tiam1, which results in a decrease in
GEF activity of Tiam1 towards Rac1 [34], and the
potential recruitment of an inhibitory factor through
the C terminus of p115RhoGEF [35]. Incoming
upstream signals, via heterotrimeric G proteins,
protein kinases, adaptor molecules and/or
phosphoinositol lipids, could contribute to the
alteration of these regulatory modes, resulting in
intracellular translocation of GEF and stimulation of
GEF catalytic activity. A few representative cases of
GEF regulation are illustrated in Fig. 4.
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Fig. 3. Intra- and inter-
molecular interactions
implicated in regulation of
Dbl family GEFs.

(a) Potential DH and/or PH
interaction within a
DH-PH functional module
might block the access of
Rho GTPase substrates.
(b) Interaction between an
intramolecular regulatory
domain and the DH or PH
domain could mask the
DH domain and/or affect
the targeting function of
the PH domain.

(c) Oligomerization
through DH domains
might allow the
recruitment of multiple
Rho substrates into one
signaling complex.

(d) Recruitment of an
inhibitory cellular factor ()
by the regulatory
sequences of GEF could
suppress the GEF activity
and help maintain the

basal state. Abbreviations:

DH, Dbl homology;

GEF, guanine nucleotide
exchange factor;

PH, pleckstrin homology.
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Activation by GTP-binding proteins

Bradykinin, LPA, bombesin and other G-protein-
coupled receptor stimuli are known to activate Rho
GTPase pathways [3,4]. Both Go. and GBy subunits
have been suggested to have roles in inducing Rho-
mediated actin stress fiber formation and/or focal
adhesion assembly. GByin S. cerevisiae was first
found to directly interact with a RhoGEF, Cdc24, in
response to pheromone-receptor activation [2,3]

(Fig. 4d). Rsrl, a Ras-related GTPase, also directly
interacts with Cdc24 to target it to the budding site of
the cell [1,2] (Fig. 4d). Subsequent biochemical
studies identified p115RhoGEF, LARG and
GTRAP48/PDZ-RhoGEF, as a subset of GEF's
containing a regulator of G-protein signaling
(RGS)-like domain that binds to, and might be
activated by, Ga13 [20,36,37] (Fig. 4b). Dbl protein
was also suggested to be able to bind GByand Go13
through its N-terminal regulatory sequences [38,39],
although it remains to be seen whether such
interactions are physiologically relevant. Early
experiments in Swiss 3T3 fibroblasts suggested that
Cdc42, Racl and RhoA act in a linear cascade to
mediate signals causing cytoskeleton changes [4], and
that they are all involved in Ras-induced
transformation [3,4]. The GEF's between these small
G-protein hierarchy chains remain to be identified.
One possible scenario pictures the link as a single
GEF molecule such as Tiam1, which was recently
found to contain a Ras-binding domain [40] and
therefore might activate Racl promptly in response to
Ras (J. Sondek, pers. commun.; Fig. 4a).
Alternatively, a class of GEFs containing both a

DH domain and a Ras-activating Cdc25 domain, such
as Sos and RasGRF, could serve to activate Ras and
Racl simultaneously or sequentially in response to
stimuli, as both these motifs have recently been found
to confer GEF activity towards Racl and Ras,
respectively [29,41]. However, activation of the

DH domain in these two-headed GEFs might

require additional modulators such as E3b1 and Eps8
in the case of Sos1 [42], where a macromolecular
complex seems to be needed to unmask the GEF
activity for Racl.

Activation by protein kinases

In response to extracellular stimuli, many Dbl family
GEF's become phosphorylated by protein kinases,
which could contribute to their activation. The best-
understood case is Vav, which is phosphorylated by
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Src family tyrosine kinases after cytokine or adhesion
receptor activation [14]. In the basal state, a stretch of
N-terminal sequences folds into an a-helical
structure and binds to the active site of the DH
domain, masking the access of Rac1 [30]. Upon
phosphorylation at residue Tyr174, these amino acid
sequences become unstructured and the constraint on
the DH domain is relieved. Another example of
activation by phosphorylation is Ect2, a regulator of
cytokinesis whose GEF activity towards Rho is
induced by Cdk-related kinases during cell-cycle
progression [22]. The physiologically meaningful
phosphorylation events that regulate many GEF
functions remain to be clarified.

Regulation by phosphoinositol kinases

The PI3K homolog Tor2 was shown to be involved in
activation of the GEF Rom2 and the GTPase Rhol
cascade in yeast [ 7], suggesting that the lipid product
of the kinase, PtdIns(3,4,5)P,, might play a role in
GEF activation. In mammalian cells, early studies
have shown that treatment with the PI3K inhibitor
wortmannin inhibited the activation of Rac
downstream of growth factor receptor activation [3,4].
In addition, the invariable presence of a PH domain in
Dbl family GEFs makes it a valid hypothesis that
phosphoinositol phosphates might affect GEF activity
and/or location by binding to the PH domain. Indeed,
many PH domains derived from Dbl family members
were shown to be capable of interaction with
phosphatidylinositol phospholipids. The more
convincing evidence that such interaction could
contribute to the modulation of GEF function came
from studies of Vav and Sos1, both of which displayed
enhanced GEF activity towards Racl upon
PtdIns(3,4,5)P, binding to the PH domain [28,29].
Interestingly, PtdIns(4,5)P,, the substrate of PI3K,
was found to inhibit substrate binding and GEF
activity of the DH domain of Vav and Sos1 [43],
suggesting that phosphatidylinositol phospholipids
regulate the intramolecular interaction between DH
and PH domains. Moreover, phosphorylation of Vav
also seems to contribute to its activation by
PtdIns(3,4,5)P,. By contrast, the GEF activity of Dbl
towards Cdc42 was found to be inhibited by either
PtdIns(4,5)P, or PtdIns(3,4,5)P, binding to the PH
domain [44]. Although lipid binding is important for
plasma membrane targeting, it apparently is not
essential for cytoskeleton localization of onco-Dbl, nor
for cell transformation.
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Fig. 4. Regulation of four Dbl family GEFs in intracellular signaling networks.

(a) The Dbl family member Tiam1 is regulated by diverse mechanisms including
phosphorylation by Ca?*/calmodulin-dependent kinase Il (CaMKII) or related kinases,
interaction with phosphatidylinositol-3-kinase (PI3K) product PtdIns(3,4,5)P,, binding
to cell surface molecule CD44 or cytoskeleton protein ankyrin, as well as direct binding
to activated Ras. By contrast, interaction with the tumor metastasis suppressor
nm23H1 negatively regulates Tiam1 GEF activity. (b) G-protein-coupled receptors
could use the heterotrimeric G-protein Go.13 and an as yet to be identified tyrosine
kinase, to regulate intracellular localization and GEF activity of p115RhoGEF. Binding of
p115RhoGEF through the N-terminal RGS domain to activated Go.13 could stimulate
GTP-hydrolysis of Ga13 and return it to the GDP-bound state, meanwhile causing an
activation of the GEF activity of p115RhoGEF and translocating it to the plasma
membranes, where it activates the Rho-mediated pathways. (c) BPIX might serve as a
scaffold in activation of Rac1-PAK pathway. BPIX effectively forms a stable complex
with Rac through the DH domain, with PAK through the SH3 domain, and with other
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molecules such as Cat1/Git-1 through the C-terminal proline-rich region; and can exert
both GEF/Rac-dependent and GEF-independent functions in the signaling pathway of
growth factors. (d) Heterotrimeric G-protein fy subunits, small G-protein Rsr1, multiple
adaptor molecules (Far1 and Bem1), Cdc42-effector Clad kinase, and cell cycle-
dependent kinase, together contribute to the effective onset and offset of the GEF
activity towards Cdc42 and the intracellular localization of Cdc24. Far1 binds to the

N terminus of Cdc24 and in response to cell-cycle progression translocates it to the
plasma membrane where it could meet with GByand Bem1 through direct interaction
mediated by the unique N-terminal or C-terminal sequences of Cdc24 and activate
Cdc42. One of the Cdc42 effectors, Cla4, could in turn phosphorylate Cdc24 and
mediate its dissociation from the signaling complex. Abbreviations: BBS, Bem1
binding site; CDK, cyclin-dependent kinase; CRIB, Cdc42/Racl-interactive binding;

DH, Dbl homology; GEF, guanine nucleotide exchange factor; P, proline-rich sequences;
PAK, p21-associated kinase; PH, pleckstrin homology; RBD, Ras-binding domain;

RGS, regulator of G-protein signaling; SH, Src homology.
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Fig. 5. Mechanism of Rac1 activation by the DH-PH module of Tiam1. (a) The three-dimensional view
of Tiam1-Rac1 tetramer complex. Two identical units of Tiam1-Rac1 complex are in a back-to-back
dimer configuration through interaction of extensive hydrophobic surface areas in DH domains.
Switch regions of Rac1 are shown in red, and the rest of Rac1 are shown in green. One set of DH-PH
moduleisinlight gold and light blue, and the other unitis in darker colors. (b) Expanded view of the
regions of Tiam1-Rac1 complex that specify GEF-Rac interaction. The p2/B3 residues S41, N43, N52,
and W56 of Rac1 form both hydrogen bonds and van der Waal's contacts with the a.7/a7b residues
Q1177,S1179, H1178, E1183, S1184 and 11187 of Tiam1. Abbreviations: DH, Dbl homology;

GEF, guanine nucleotide exchange factor; PH, pleckstrin homology.

Regulation by other intermolecular interactions
In S. cerevisiae, the GEF activity of Cdc24 is
subjected to regulation by two adaptor/scaffolding

molecules, Bem1 and Farl (Fig. 4d). The formation of

a Cdc24—Far1-Gfycomplex signals a landmark for
orientation of the cytoskeleton during growth [45]. In
mammalian cells, Farl-like large scaffolding
molecules are still to be identified. Filamin, an

actin crosslinker, was shown to be a potential target
of the PH domain of Trio [46], whereas Frabin, a
FGD1-related GEF, was found to contain

intrinsic actin cross-linking activity [47].
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The membrane-associated molecule radixin interacts
with Dbl and might also recruit RhoGDI to the
complex [48]. Other regulatory interactions of GEFs
reported recently include Asef interaction with, and
subsequent activation by, the tumor suppressor APC
[49]; p115RhoGEF interaction with HIV gp41, which
leads to a negative effect on GEF function [50];
Tiam1 binding to the hyaluronic acid-binding
receptor CD44 and the cytoskeletal protein ankyrin,
both of which positively regulate the Racl-specific
GEF activity [51,52]; and Tiam1 interaction with
tumor metastasis suppressor nm23H1, which results
in a decrease in GEF activity towards Racl [34]

(Fig. 4a). Most recently, two novel Dbl family GEFs,
ephexin and GTRAP48, have been shown to form a
signaling complex at the receptor level with EphA
and EAAT4, respectively [37,53], mediating neuronal
growth cone dynamics or glutamate transporter
functions. It is foreseeable that future studies of
GEFs converging from diverse biological areas could
uncover more unique, physiological meaningful
interactions that have regulatory effect on GEF
functions.

Overall, the biochemical mechanisms of the spatial
and temporal regulation of GEFs remain poorly
understood. In addition to GEF activation,
concomitant upstream signals are probably required
to suppress the negative regulations imposed upon
Rho GTPase substrates by RhoGAPs and RhoGDIs
[3,4]. To this end, the regulatory networks employed
by PIX [54] and Cdc24 [45,55] (Fig. 4¢,d) provide some
clues that a large signaling complex could function to
enhance the counter-reactive ability of a GEF for
negative regulations and to ensure signaling
specificity.

Mechanism of guanine nucleotide exchange
on Rho GTPases
Similar to the mechanisms of Ras and heterotrimeric
Go activation by their respective GEF's, the Dbl
family GEFs are thought to involve sequential
GDP-dissociation and GTP-binding steps to facilitate

sDP-GTP exchange on Rho GTPase substrates [56].
The exchange reactions are initiated when GEFs
recognize the GDP-bound Rho proteins, followed by
stimulation of GDP dissociation to achieve a binary
GEF-Rho complex in which the small G protein exists
in a nucleotide-free state. This transient reaction
intermediate is then dissociated by GTP binding to
the Rho protein. The highlights of the biochemical
function of Dbl family GEFs in such a scheme are that
they serve dual roles in the reaction: to destabilize
GDP-Rho interactions and to stabilize the nucleotide-
depleted, transition state of the substrate. The
~10-fold higher concentration of GTP over that of
GDP in cells is also an important factor in driving the
exchange reaction towards production of the
GTP-bound state.

The three-dimensional structures of three

distinct DH domains of Dbl family members TrioN,
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complex. It is likely that the PH domain plays a
predominantly structural role in maintaining the
integrity of the adjacent DH domain in this case, or
alternatively, the snap shot of the crystals might
have failed to capture a more dynamic interaction
between the PH domain and the DH domain or the
small G protein. Indeed, the PH domain of Dbs, a Dbl
member closely related to Dbl, appears to be involved
in the exchange mechanism on Cdec42 based upon
data obtained by X-ray crystallography and
mutagenesis studies (J. Sondek, pers. commun.). In
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It should be noted that although Dbl family GEFs
appear to be the major class of molecules that
positively regulate Rho GTPase activities,
exceptional cases involving non-DH domain motifs or
phosphoinositol lipids have been reported to
stimulate guanine nucleotide exchange or GDP
dissociation of Rho GTPases. For example,
Salmonella SopE protein can effectively activate Racl
and Cdc42 to facilitate bacteria entry into the host
cells [64], and the Rap1l-specific GEF, C3G, is an
active GEF towards the Rho protein TC10 in insulin-
stimulated GLUT4 translocation [65]. The
biochemical and structural basis of these GEF
reactions requires further investigation.

Conclusions

Recent genetic, biological, structural and
biochemical studies have implicated Dbl family
GEF's as the major positive regulators of Rho
GTPases in diverse biological settings. In vitro
biochemical studies have established the role of the
conserved DH domain in Rho GTPase interaction
and activation, and the role of the tandem PH
domain in intracellular targeting and/or regulation
of DH domain function. More systematic
characterizations of the biochemical functions,
modes of regulation and signaling mechanisms of Dbl
family members in various physiologically relevant
systems will probably assign each to specific
intracellular pathways and will be an important step
towards understanding the mechanism of control of
signal flows through these GEF's and their specific
Rho GTPase substrates. With increasing
appreciation of a close relationship between the
activation status of Dbl family members, their Rho
GTPase substrates and pathological conditions such
as cancer, drug discovery efforts aimed at interfering
with the GEF functions of Dbl proteins could prove to
be worthy endeavors.
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Rho GTPase-activating proteins in cell

regulation
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Rho family small GTPases serve as molecular switches
involved in the regulation of diverse cellular functions
including various cytoskeleton-related events and gene
transcription. The Rho GTPase-activating proteins (Rho-
GAPs) are one of the major classes of regulators of Rho
GTPases found in all eukaryotes that are crucial in cell
cytoskeletal organization, growth, differentiation, neur-
onal development and synaptic functions. Recent
studies have implicated them as specific negative regu-
lators of Rho protein signalling pathways and provided
insight into how the RhoGAP-catalysed GTPase-activat-
ing reaction might proceed. Progress has also been
made in understanding how various intracellular sig-
nals might converge on or diverge from RhoGAPs lead-
ing to their tight regulation or GAP-independent
function.

Rho family GTPases act as binary molecular switches that
are turned on and off in response to a variety of
extracellular stimuli. Rho proteins in the GTP-bound
active state can interact with a number of effectors to
transduce signals leading to diverse biological responses
including actin cytoskeletal rearrangements, regulation of
gene transcriptions, cell cycle regulation, control of
apoptosis and membrane trafficking [1-3]. When the
bound GTP is hydrolysed to GDP, Rho proteins return to
the inactive basal state. Three classes of regulatory
proteins are involved in balancing Rho GTPases between
the on and off states: the guanine nucleotide exchange
factors (GEFs), which promote the release of bound GDP
and facilitate GTP binding [4]; the GTPase-activating
proteins (GAPs), which increase the intrinsic GTPase
activity of Rho GTPases to accelerate the return of the
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