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C hapter 1
S cientific background

The Dbl (Diffuse B-ceil lymphoma) family proteins are gunanine-nucieoiide 

exchange factors catalyzing GDP/GTP exchange on the smaii molecular vveigin Rho 

(Ras Homology) GTPase proteins. As direct upstream activators of the Rho GTPases, 

they are involved in several physiological processes ranging from regulation of DNA 

synthesis to neuronal axis development. Phis chapter summarizes our current 

knowledge on this family of proteins.

1.1 The Rho GTPase family

The Rho family GTPases belong to the Ras superfamily of small molecular weight 

GTPases. Until today about twenty members of the Rho family have been identified, 

including Rho (A-E, IT G and 6-7), Rac (1-3), Cdc42, RhoBTB (1,2), TC10, and Rif 

(Schmidt and Hall, 2002], Their importance became clear about a decade ago when 

they were first shown to affect the actin cytoskeleton rearrangement in mouse 

f  hroblasts. Since then it has become apparent that they arc not only involved in 

organizing cytoskeletal changes in mammalian cells but also regulate many other 

processes, like G1 progression of the cell cycle, cell proliferation, DNA synthesis, 

transcription factor activation and activation of the p67NADPH-oxidase in neutrophil 

granulocytes, just to mention a few [Hall, 1998; Aspenstrom, 1999; Bishop and Hall. 

2000; Etiennc-Manncville and Hall, 2002],

Rho GTPase proteins are highly conserved molecules, sharing about 50-90 % 

sequence similarity within the family and about 30-50 % similarity to other Ras 

GTPase proteins. Similarly to Ras proteins, Rho GTPases are post-translationally
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modified at their C-terminus (CAAX sequence), acquiring an isoprenoid lipid tail which 

is important in directing them to the plasma membrane.

Rho GTPase proteins exist either in an active GTP-bound or in an inactive GDP- 

bound state After stimulation bv unstream signals. GDP-bound Rho GTPases release 

GDP. and then bind GTP again. In the GTP-bound active state, Rho piotuns adopt a 

different conformation in their effector binding loop, thereby becoming capable to

activation signal

recognize specific effector targets and inducing downstream molecular events [Bishop 

and Hall, 2000; Van Aelst and D'Sou/.a-Schorey, 1997]. They posses GTPase activity 

which hydrolyzes GTP to GDP, returning the GTPase to the inactive state. The 

inactivation of the GTPase leads to the release and inactivation of the bound effectors 

(Fig 1.1). There are two groups of proteins that interact with the Rho family GTPases to 

regulate the GDP/GTP binding cylc: (i) the Dbl family proteins, that arc Rho G TPase 

specific GTFs (guanine nucleotide exchange factors), and (ii) the Rho CrAPs (GTPase

stimulating GDP dissociation from and facilitating GTP binding to Rho GTPases. the



latter accelerate the GTPase activity. It has been increasingly accepted that the spatial 

and temporal control of the GTP-binding/GTP-hydrolysis cycle of Rho GTPases is 

essential for their proper function in cells. In addition to GLTs and GAPs, Rho GTPase 

proteins have a third group of regulators, the GDIs (GDP dissociation inhibitors). GDIs 

interact with the GDP-hound Rho proteins and keep them in the cytosnf When Rho 

GTPases are activated, they are released from GDI and translocated to the plasma 

membrane [Symons and Scttleman, 2000].

The structure of Rho family GTPases consist of six p strands located in the middle 

of the protein and surrounding a helices connected with loops and 3i0 helices. The P- 

loop (phosphate-binding loop) and the “effector loop” bind to the phosphate moiety, 

while other two loops to the guanine part of the bound nucleotide. By eomparising the 

GTP-bound active state with the GDP-bound inactive state, two conformationally 

flexible regions surrounding the y-phosphate of GTP were identified, named switch I 

and switch II. For strong GTP/GDP binding, Mg2+ is required to bring together the 

phosphate-binding regions, switch I and switch II [Hirshberg et ah, 1997; Feltham et ah, 

1997; Wei et ah, 1997; Ihara et ah, 1998J.

Previously Rho GTPases were believed to mainly function in the regulation of 

aetin cytoskeletal reorganization in response to extracellular stimulation. For example, 

RhoA stimulates formation of stress fibers and focal adhesions [Ridley and Flail, 1992], 

In contrast, Rac and Cdc42 proteins regulate lamellipodia and filopodia formation, 

respectively [Ridley et ah. 1992; Nobes and Hall. 1995], However, compiling evidence 

has revealed that Rho family proteins are also involved in diverse cellular events, such 

as gene expression, cell cycle progression, membrane trafficking, cytokinesis, and axon 

guidance and extension [Bishop and Hall, 2000; Etienne-Manneville and Hall, 2002],
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Dhl protein is the prototype of the Rho GFFs. It was described first as a potent

1.2 The Dbl protein family

1.2.1 History of the Dbl protein family

product leaded to malignant transformation ol mouse iibroblasts j hva and Aaronson, 

1985]. Oncogenic activation occurs through an amino-terminal truncation of proto-Dbl. 

Subsequent sequence analysis of this gene product revealed a region with significant 

similarity to the yeast Cdc24 protein, which was known to be involved in the regulation 

of yeast bud site assembly and also in the activation of the Rho family GTPase Cdc42 

[Johnson and Pringle, 1990; Ron et al., 1991], f urther investigations on Dbl and Cdc42 

led to the biochemical demonstration that Dbl acts as an activator of Cdc42, by 

catalyzing GDP/GTP exchange on it in vitro. The conserved domain in Dbl and Cdc24 

was found to be necessary for the nucleotide exchange, so this domain was named as 

DM (Dbl homology) domain [Hart et ah, 1991], In the past decade a large number of 

proteins were found with a tandem arrangement of DH and PI I (pleckstrin homology) 

domains, making them possible candidates for Rho family GFF proteins. Many of these 

proteins were discovered by different cell transformation assays. For example, Vav, Lbc 

and Lfc can lead to cellular transformation in NIII 3T3 fibroblasts [Adams et al., 1992; 

Toksoz and Williams, 1994; Whitehead et al., 1995], Tianrl is involved in T-cell 

lymphoma invasion and metastasis [Ilabets et ah, 1994], FGD1 and Bcr were found at 

the breakpoints of chromosomal rearrangements that are associated with faciogenital 

dysplasia (Aarskog-Scott syndrome) and chronic myelogenous and acute lymphocytic 

leukemias, respectively [Pasteris et al., 1994; Lifshitz et ah, 1988]. Some Dbl proteins 

were identified as binding partners of other proteins, like Triol which binds to FAR 

transmembrane protein tyrosine phosphatase [Debant et al.. 1996], In the last few years 

DNA database searches for Dbl homologues led to the discovery of PDZ-RhoGF.F 
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[Fukuhara et al., 1999] and pi 14-RhoGEF [Blomquist ct al., 2000], Today it is 

estimated that over 80 Dbl-like molecules may exist in the human genome [Zheng, 

2001], Table 1.1 shows a list of selected members of the Dbl protein family.

1.2.2 Function of Dbl GEFs

The Dbl family GFF' proteins serve as signal convergent or divergent points of 

Rho GTPase-mediated signaling [Ccrione and Zheng, 1996; Zheng, 2001; Schmidt and 

Flail 2002], The conserved Dbl-homology (DTI) domain in tandem with a pleckstrin 

homology (PI I) domain of this family of Rho GTPase regulators constitutes the 

minimum structural module capable of activating Rho proteins in cells. The DH 

domain is responsible for the catalytic GDP/GTP exchange activity, while the PF1 

domain has a supporting role in the DH domain targeting and may affect the DH-Rho 

protein interaction directly or indirectly [Zheng, 200 lj. home ol the GFFs display 

specific activity toward one Rho GTPase (e.g. FGD1 for Cdc42, Tiaml for Racl and

9

Table 1.1. Selected list of Dbl family members. (From |Zhcni;, 2001 ])

FGD2 GEFforCdc42 Embryonic development

Pix/Cool GEF for Rac At least two isoforms; binds to Rac effector PAK
Frabin GEF for Cdc42 Binds to actin

GTRAP48/KIAA038O/ GEF tor Rho Predominantly expressed in brain cerebellum; associates with
PDZ-RhoGEF neuronal glutamate transporter; binds to Grel 3

and Gill3

Stef GEF tor Rac1 To be determined
p114RhoGEF GEFforRhoA To be determined
Ngef/ephexin GEF for RhoA, Rac1, Cdc42 Proto-oncogene product; predominantly expressed in brain;



Fig. 1.2. Domain structures of representative Dbl family members. Abbreviations: Ac, acidic amino 
acid rich motif; AI, autoinhibitory domain; C2, calcium-dependent lipid binding; CC, coiled coil; Cdc25, 
RasGF.F motif; Cl I. calponm homology; CR, cystcine-rich zinc butterfly motif; DH, Dbl homology; FB. 
EAAT4 binding; EF, EF hand calcium-binding motif; G[ly, G|3y binding domain; Ig, immunoglobulin
like; IQ, calmodulin binding motif; Kinase, serinc/threonine kinase motif; P, proline-rich SI 13-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; Sec 14, sec 14-like; SH2, Src 
homology 2; SI 13, Src homology 3; TR, Tat/RAG8-related. (From [Zheng, 2001])

p] 15RhoGBF for RhoA), while others can activate multiple Rho GTPases 

promiscuously (e.g. Dbl and Ect2 can activate RhoA, Racl and Cdc42, and Dbs 

activates both RhoA and Cdc42) [Cerione and Zheng, 1996; Zheng 2001; Schmidt and 

Hall, 2002]. It is likely that under physiological conditions each Dbl protein is involved 

in a specific aspect of Rho GTPasc-regulatcd signaling process; but unfortunately, 

detailes on the mechanisms of the regulation and the involvement of most Dbl proteins 

in specific biochemical pathways remain unclear.
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Dbl family members are large multidomain proteins. They all share a DU domain 

immediately followed by a PH domain. 1 he Dl l-Phi domain is about I b>U amino acid 

long, Except for the D11-PI I module, these proteins are very diverse m their stricture 

and size. They contain diflerent domains in addition to the conserved PH-Dii domain. 

These domains vary in the different Rho-GEFs (Fig. 1.3). Little is known about their 

exact role, but probaly they regulate the activity of the GEFs and provide connections to 

upstream activators. The DH-PFI module is the minimal stuctural unit which is capable 

to cause cellular transformation.

The DH domain is highly conserved among the members of the family. The three 

dimensional strictures of a few GEF Dll domains have been resolved by NMR studies 

and X-ray crystallography. The DFI domain contains nine alpha helices (al-a9) and 

three conserved regions (CR1-CR3) [Aghazadeh et al., 1998; Liu et al., 1998; Soisson et 

al., 1998; Worthylake et al., 2000], Outside the conserved regions the Dll domains 

share little sequence homology [Whitehead et al., 1997, Schmidt and Hall, 2002],

The PH domain is a protein motif about 100 amino acids, which was first 

identified in pleckstrin [Whitehead et al., 1997], The PH domain has been found in 

more than 100 proteins, including protein kinases, phospholipases, cytoskeletal proteins, 

Dbl family proteins and other regulators of small GTPases. The binding partners of PF1 

domains have been reported to include phosphoinositides, [3y subunits of helerotrimeric 

G proteins and several isoforms of protein kinase C. 'The structures of several PH 

domains have been determined. Despite the low homology among PH domains, their 

three-dimensional structures are very similar. The core structure of PI 1 domains 

consists of a [1 sandwich formed by two sets of antiparallel [t strands. The (1 sandwich 

structure is capped at one end by a G-ternnnai a helix. The positive charged ammo

1.2.3 Domain structure of Dbl proteins



acids at the other end are implicated in binding phosphoinositides [Hoffman and 

Cerione, 2002],

1.2.4 Mechanism of the 1)11 domain-mediated guanine nucleotide exchange

The function of Dbl GHFs is to catalyse the exchange of bound GDP for GTP on 

Rho family GTPases. The three-dimensional structure of the Tiaml-Racl complex has 

been resolved [Worthylake et ah, 2000], which remarkably helps us to improve our 

understanding of the potential mechanism of the GTP/GDP exchange. The main 

function of the exchange factor is to facilitate the release of bound GDP from the Rho 

protein, which - following a temporary nucleotide-free state of the complex - results in 

binding of GTP. The affinity of Rho proteins to GTP and GDP is similar, however the 

concentration of GTP is about 10 fold higher in the cells than the concentration of GDP, 

which explains the binding of GTP to the nucleotide-free complex. In the case of the 

Tiaml-Racl complex interactions are mediated primarily by CR1, CR3 and the C- 

terminus of a9 of Tiaml, and by switches I and II of Racl. It seems that Tiaml first 

interacts with the conformationally rigid p2-p3 strands and switch II residues 65 to 74 of 

Racl. This leads to conformational changes of switch I and the remaining part of switch 

II, resulting in destabilization of the nucleotide binding. One of the most important 

residue in the complex formation is the conserved Glul047 in CR1 which participates in 

three hydrogen bonds with Tyr32, Thr35 and Val36 of Racl. These interactions support 

the movement of Thr35 -6  A relative to its position in Racl/GMPPNP and preventing 

its ability to bind Mg2'. The interaction between Tiaml and Racl also results in shifting 

of switch I 2.7 A up along the nucleotide binding cleft and moving Ile33 near to the 

nucleotide binding site, destabilizing GDP binding. Furthermore, shifting of I!e33 

abolishes the hydrogen bond between the nucleotide and Cysl 8, and diminishes the 

interaction between Phc28 and the guanine base. The complex formation also causes



conformational changes in switch II between residues 59 and 64, leadig to the

destabilization of nucleotide binding by stericallv hindering Lyslb of the P-loop 

(phosphate-binding loop) and the MgJ' binding site. In summary, the interaction 

between Tiaml and Racl stimulates the GDP/GTP exchange bv destabilizing the < 1DP 

binding and facilitating the dissociation of GDP from the complex. According to 

mutagenesis studies similar mechanism of nucleotide exchange may be used by other 

GEFs [Zhu et ah, 2000; Debreceni et ah, 2004],

1.2.5 Types of Dbl family protein regulation

Since Dbl family proteins may exert potent protooncogenic effects, their activity 

must be strictly regulated in cells under normal conditions. Despite the tact that our 

understanding on the detailed mechanisms of how this regulation is maintained is still 

poor, there are a few examples of controlling mechanisms, which can be regarded as the 

main types of different regulation mechanisms.

Before stimulation, Dbl proteins are in an inactivated or partially activated state. 

The maintainance of these proteins in inactive form can be attributed to four main 

different mechanisms. The first is the intermolecular interaction between the Dll and 

the PI I domains, like in the case of Vav and Sosl. Binding of PIP3 

(phosphatidylinositol-3,4,5-trisphosphate) by the PI I domains of these GEFs results in 

inhibition of the DM domain [flan et ah, 1998; Nimnual et ah, 19981. Another 

inhibitory mechanism might be exerted through molecular interactions between a 

regulatory domain of the Dbl protein and the PH or DM domain, which can mask the 

Dbl protein from their activators. There is evidence for this type of regulation in the 

case of Dbl and Vav [Agha/.adeh et ah, 2000; Bi et ah, 20011. Other results suggest that 

oligomerisation of Dll domains could be a third way of maintaining Dbl proteins in an 

inactive state [Anborgh et ah, 1999; Zhu et ah. 2001 ]. Finally, inhibitory factors



specific for different Dbl proteins may bind to them and keep them in a minimum 

activity state. An example of this category includes the interaction of tumor metastasis 

suppressor nm2JFl 1 with 1 iám 1, which results in a decrease in GEF activity of fiam 1 

towards Racl |Olsuki et ah, 2001J.

modes resulting in stimulation of the GEF catalytic activity. T hese activating signals 

mainly originate from heterotrimcric G proteins, protein kinases and phosphoinositol 

kinases. It was shown that Dbl protein can bind to a 13 and py subunits of heterotrimcric 

G proteins through its N-terminal regulatory sequences |Nishida et ah, 1999; Jin and 

Exton, 2000], Gan also stimulates pi 15RhoGEF [Hart et ah, 1998], An example of 

protein kinase activation is Vav, which can be phosphoryiated by Src family tyiosine 

kinases at Tyrl74, which results in the loss of inhibition of the DH domain by the N- 

terminal regulatory sequence [ Aghazadeh et ah, 2000; Bustelo. 20011. Vav and Sosl 

also can be activated by PIP3 binding to the PFI domain. Furthermore the P1-3K 

(Phosphatidyl-Inositol 3-Kinase) activator wortmannin can block signal transduction 

from growth factor receptors toward Racl [Das et ah, 2000; Hall, 1998; Van Aelst and 

D'Souza-Schorey, 1997].

1.3 Rho GTPases, Dbl GEFs and diseases

Threre is a growing list of mutations in genes that can lead to disesase 

development and are related to Rho GTPase signaling pathways. In contrast to the Ras 

proteins that are frequently mutated in human cancers, only one example of Rho- 

specific mutation is known to date that is associated with cancer development, a fusion 

of Rholl and BCL3 coding genes that results in pathogenic progression of certain non- 

Hodgkin lymphomas. On the other hand, increased activity or overexpression of 

different Rho GTPases have been demonstrated in various tumor cells ( fable 1.2). For 

14



Table 1.2. Aberrant regulation of Rho proteins in cancer. (From [Saliai and Marshall. 2002])

Target Mechanism of 
deregulation

Tumor types

RhoA Uverexpression Colon, breast, lung, testicular germ cell, head and 
neck squamous-cell carcinoma

RhoC Overexpression Inflammatory breast n n rp r panrroatir Hnr-w 
adenocarcinoma

RhoH Rearrangement Non-Hodgkin's lymphoma, multiple myeloma
Point mutation Diffuse large B-cell lymphomas

Racl Overexpression Breast
Rac1B Alternative splicing Colon, breast
Rac2 Overexpression Head and neck squamous-cell carcinoma
Cdc42 Overexpression Breast

example RhoC was found to be overexpressed in human pancreatic adenocarcinomas, 

and the expression rate correlated with the metastatic activity and poorer prognosis of 

the tumors [Suwa et al., 1998). RhoA, Racl and Cdc42 were also shown to he 

expressed at elevated levels in human lung, colon and breast cancer biopsies | Fritz et al., 

1999]. It seems that the continous cycling between the GTP- and GDP-bound states of 

these proteins is necessary for their transforming activity. One evidence for this that the 

“last cycling” mutant of Cdc42, F28LCdc42 has greater transforming potential than its 

GTPase defective (constitutively active) G12V mutant [Lin et al., 1997], Moreover, 

fibroblasts expressing one of the “fast cycling" mutants of RhoA, Racl or Cdc42, 

showed signs of cellular tranformation, and these cells were tumorigenic when injected 

into nude mice [Lin et al., 19991. Another evidence for the importance of GTP/GDP 

cylcing is that the activators of Rho GTPases. Dbl family GKFs, are potent oncogens. In 

fact, many of them were discovered by their transforming acitivily [Schmidt and 1 kill. 

2002; Sahai and Marshall, 2002). Despite of the large number of Rho GLiFs found to be 

oncogenic by fibroblast transforming assays, only a few of them were shown to be 

involved in human cancer development or progression. Fngers and coworkers found 

that lour of the five investigated renal-cell carcinoma cell lines showed elevated levels
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of the Racl specific Tiam l, and the expression level correlated inversely with the in 

vitro invasiveness. Moreover, mutational analysis revealed different point mutations of 

the 1 iám 1 gene, of which one was located in the 1)11 domain which is necessary im

proper 1 unction of 1 laml j lingers et ah, 2()<)<)j. Another example is I.AKt - (Leukemia- 

Associated Rho Cilii7) that was indentifed as a fusion partner of the mixed-iineage 

leukemia (MLL) gene in a patient with acute myeloid leukemia [Kourlas et al., 2000J. 

However it is not clear how this fusion affects Rho activity in acute myeloid leukemia. 

Bcr (the product of Breakpoint Cluster Region gene) is another GEF involved in cancer 

development. The N-terminal part of Bcr is fused to the non-receptor tyrosine kinase 

Abl in Philadelphia chromosome positive leukemias [Laurent et al., 2001],

Rho signaling parthways arc also involved in other disesases. X linked mental 

retardation is a neurological disorder associated with an abnormal morphology of 

synaptic spines on neuronal cell dendrites. In this disease mutations have been found in 

three genes that are linked to Rho protein signaling: the Rho GAP oligophreninl 

[Biluart et al., 1998], the Rho effector PAK3 [Allen et al., 1998] and the Rac2 specif c 

Rho GEF, ARIIGEF [Kutsche et al., 2000], FGD1 is a Cdc42 specific GEF which is 

required for normal skeletal formation. Mutations in its gene lead to faciogenital 

dysplasia, a disease with skeletal and urogenital anomalies [Pasteris et al., 1994J.

With the accumulating evidence of Dbl family GEFs and Rho GTPases involved 

in pathological conditions, drug development aimed at interfering with the interactions 

between Dbl family GEFs and their Rho GTPase substrate would be a worthy effort.
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C hapter 2
M apping of R ho G T P ase- dependent S ites in the D H  

D omain oh D ue and T rioI that are R equired for 
G D P/G TP E xchange

2.1 Introduction

The three-dimensional structures of the DII domain of the Dbl family members [3- 

PIX, Sos and the N terminus oi Trio have been resolved recently by x-ray 

crystallography or NMR spectroscopy [Aghazadeh et al., 1998; Liu et al., 1998; Soisson 

et ah, 1998]. The tertiary structures are remarkably similar among the three DH 

domains, al! depicting a flattened, elongated a-helix bundle in which two of the three 

conserved regions, conserved region 1 (CR1) and conserved region 3 (CR3), are 

exposed near the center of one surface. Sequence analysis and limited mutagenesis 

studies suggest that several conserved residues in these regions may be involved in the 

formation of a Rho GTPase-interacting pocket. In particular, a highly conserved serine 

or threonine residue in the CR1 region (Seri 216 in UNC-73), a stretch of hydrophobic 

leucine residues in the CR3 region (LLLKETL in Dbl), and the C-tcrminal Gln-Glu 

residues of the last a-helix of DH domain (Asn673- Asp674 in Dbl). have been 

proposed to be important determinants involved in the GTPase interaction, because 

mutations of these residues in UNC-73, Trio, or Dbl have led to an apparent loss of GEF 

activity toward Racl or Cdc42 [Aghazadeh et al., 1998; Liu et al., 1998]. Other 

conserved residues in the vicinity of these sites have also been speculated to play roles 

in the G FPase interaction. However, what biochemical function these residues exert in 

the nucleotide exchange reaction (GEF catalysis versus substrate binding) and to what

specific sites of DH domain contributing to the catalytic or binding activity for Rho 
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GTPases, \vc have characterized a large panel ol'DII mutants of oncogenic Dbl in vitro. 

The results help define specific roles of individual residues of DM domain in the ( i171 ■' 

reaction and binding activity.

Dominant negative mutants of Rho GTPases are widely in use to elucidate the role 

of individual Rim proteins in different signaling pathways f or example mieroinjection 

of the dominant negative T17N Racl (where Thrl7 is replaced by Asn) into the 

cytoplasm of'Swiss 3T3 fibroblasts inhibited membrane ruffling elicited by PDGF 

[Ridley et ah, 1992], and dominant negative RhoA, Racl and Cdc42 could all inhibit 

serum response factor activation and Gl/S phase transition of the cell cycle [Olson et 

ah, 1995] and Ras-induced cell transformation [Qiuctah, 1995a, 1995b, 1997J. The 

proposed mechanism of the dominant negative mutant function is that they bind to their 

respective GTFs with high affinity and may sequester the endogenous Rho GEFs by 

forming non-functional dominant negative Rho-GEF complexes [Feig, 1999; Hart et ah,

1994], It is often assumed by users of these mutants that a given mutant blocks only the 

specific pathway(s) that is (are) activated by its wild type counterpart. Given the recent 

realization that many Dbl family GEFs, particularly the core DH-PH module which is 

responsible for Rho GTPase recognition and catalysis, are promiscuous in nature 

[Zheng, 2001; Schmidt and Hall, 2002], it could be expected that overexpression of one 

dominant negative Rho GTPase, (typically two to three folds over the endogenous 

protein to be effective [Feig, 1999J), might indiscriminatively inhibit other Rho GTPase 

activities by sequestering multiple GEFs or one GEF that is capable of activating 

multiple Rho protein substrates, leading to incorrect conclusions. In our experiments 

we have examined the specificity issue of dominant negative Rho proteins. We show 

that dominant negative Racl could indeed cause nonspecific inhibition of RhoA activity

18



Based on our findings with the Dbl mutants and the available information of a few- 

three-dimensional struetures of Dbl family GFTs, we have constructed a Dll domain 

mutant ol the Ghh tor Rac, t rio N-termmal Dl 1-PIl module (TrioN), to examine the 

catalytic mechanism of Dbl family GIT’s, and investigate whether mutants of certain 

substrate-specific DM-tamiiv ( rb f s can he used to speciheally block their corresponding 

Rho GTPase-mediated signaling pathways. We shows that a conserved pair of amino 

acid residues, Asnl406Trio-Asp65Racl, of the TrioN-Racl complex is essential for the 

GTF catalytic mechanism of Rac 1 and present evidence that a TrioN mutant, 

N1406A/D1407A, behaves as a dominant negative inhibitor to specifically block Racl 

activation in vitro and in vivo. Our results indicate that dominant negative mutant 

derived from a Rho GTPase regulator constitutes a new generation ol'specific inhibitor 

of Rho GTPase signaling pathways.

2.2 Experimental Procedures

2.2.1 Generation of mutant Dbl and Trio cDNA constructs

The DH domain point mutants of Dbl and TrioN were generated by 

oligonucleotide-directed mutagenesis of human oncogenic Dbl and Trio cDNA in 

pBluescript and pBT15b vectors, respectively, by the polymerase chain reaction-based 

second extension amplification technique using the Pfu polymerase (Stratagcne), with 

primers that contained the desired mutations. The Bamlll fragments encoding the DI1- 

PII module of onco-Dbl mutants were subsequently subcloned into the Bglll and Bamlll 

sites of pVL1392 vector together with the cDNAs encoding the glutathione S- 

transferase (GST) for insect cell expression [Zheng et ah, 1996b] or into the BamHI site 

of the mammalian pZipneo vector for transfection into Nil I 313 cells [Khosravi-Far et 

ah, 1994 ] The same Baml ll fragments of the wild type and mutant Dbl were also 

cloned into the pKH3 vector, which contains a triple hemagglutinin (HA) tag at the N 
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terminus for transient expression in COS-7 cells [Mattingly et al., 1994]. The Band II- 

KcoRI fragments encoding the DI l-PPI module of wild type or mutant TrioN (encoding 

residues 1 dip to Í037) were subsequently subcioned into the corresponding sites of 

pMX-iRES-GE P retroviral vector lor recombinant retrovirai production or pi. I l l  -GS'i 

vector tor transient transfection into Nil l 313 ceiis. The sequences of mutagenized 

cDNA inserts were confirmed by automated DNA sequencing.

2.2.2 Expression of recombinant proteins

Expression and purification of GST-fusion small GTP-binding proteins or the 

(llis)()-tagged TrioN proteins from the pGEX or pET15b vector-transformed E. coli were 

carried out as described previously [Zhang et ah, 1998], Production and purification of 

the Sf9 insect cell expressed GST-Dbl and DII mutants were performed similarly as 

described [Zheng et al, 1996b]. The concentration and integrity of purified proteins 

were estimated by the Bradford assay and Coomassic Blue-stained sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using serum albumin as a 

standard.

2.2.3 In vitro GDP/GTP exchange assay

The time courses for [3H]GDP/GTP exchange of Rho family GTPases (Cdc42, 

Racl or D65ARacl) in the presence or absence of the exchange factors (Dbl, Dbl 

mutants, TrioN or TrioN mutants) were determined by using the [3H]GDP-binding 

nitrocellulose filtration method or by monitoring the fluorescence changes caused by 

nucleotide analog mant-GDP dissociation from Racl [Li and Zheng, 1997; Zhang et al., 

2000], The GEF reaction buffer contained [TT|GDP- or mantGDP-loaded Rho protein 

(Racl or Cdc42) with 20 mM 1 ris-IICI, pH 7.6, 100 mM NaCl, 10 mM MgCf, 0.5 mM
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GTP, and 1 mM DTT supplemented with GS'l', GST-Dbl or Dbl mutants, TrioN or 

TrioN mutants.

2.2.4 Complex formation assay

Complex formation between IIA-DM. Dh! Dll mutants. (Mis)0-TrioN or '1'rioN 

mutants and GST-fused dominant negative Rho GTPases (T17NCdc42,4 17NRacl or 

T19NRhoA) were carried out as follows: Approximately 5 pg of each GST-fused small 

G-proteins were immobolized on agarose-glutathione beads, washed three times in a 

buffer containing 20 mM TrisIICl (pH 7.6), 100 mM NaCl, and 2 mM EDTA, then 

mixed with 2 pg purified Dbl protein in the presence of BSA (~50 pg total protein) for 1 

hr. 1 he washed precipitates from the mixtures were subjected to 10 % SDS-PAGE and 

transferred to nitrocellulose for Western blot analysis using anti-(llis)6 (Boehringer- 

Mannheim) or anti-HA (Roche Molecular Biochemicals) antibody. The 

immuncomplexcs were visualized by using chemiluminescence reagents (Amersham 

Pharmacia).

2.2.5 Retroviral expression of TrioN and dominant negative Racl and Cdc42

mutants in cells

Wild type, N1406A/1407A and T1244A of TrioN, T17NRacl and T17NCdc42 

were expressed in Nil I 3T3 or Swiss 3T3 cells by using the pMX-IRES-GFP vector 

which expresses the green fluorescent protein (GPP) as a bicistronic mRNA. Retroviral 

packaging and infection were carried out according to described methods (Liu et ah, 

2000]. Briefly, ecotropic Phoenix cells were transfected with individual retroviral 

vector and the retroviruses were harvested 48 hrs post-transfection. The fibroblasts 

were infected with the retroviruses and cells were harvested 72 hrs post infection. GFP



lor analysis immediately after sorting.

• nee activated cell sorting (FACS) and were used

2.2.6 In vivo GTPase activation assay

The glutathione agarose-immohih/ed GS 1 -PA.K 1 which contains the p2!-binding 

domain (PBD) of human PAK1 (residues 51-149) and the GST-Rhotekin which 

contains the site required for RhoA-GTP recognition of Rhotekin (residues 7-89) were 

expressed and purified in L. coli by using the pGEX-KG vector as previously described 

| Ren et ah, 19991. NIH 3T3 cells were grown to ~90 % confluence in DMLM medium 

containing 10 % calf serum before being washed with ice-cold PBS once and lysis on 

the dish in a buffer containing 50 miVl I risiK i. pH 7.4, 10U mM NaCl, 10 mM MgCf,

1 mM DTT, 1 % Triton X-100, 0.1 % SDS, 10 pg/ml each of leupeptin and aprotinin, 

and 1 mM phenylmethylsulfonyl fluoride. Cell lysates were clarified by centrifugation 

at 13,000 x g at 4 °C for 15 min. Lysates containing equal amount of total proteins were 

incubated with GST, GST-PAK1, or GST-Rhotekin (10 pg/sample) for 40 min at 4 °C 

under constant agitation. The lysate-incubated beads were then washed three times with 

the lysis buffer, and the bound Racl or RhoA were detected by anti-Racl or RhoA 

antibody (Santa Cruz Biotechnology).

2.2.7 Fluorescence microscopy

Log phase growing fibroblasts were seeded at a density of 3x10' cells/12-mm 

round coverslips (Fisher Scientific) overnight before fixation in PBS containing 4 % 

paraformaldehyde for 10 min at room temperature. The cells were permeabili/.ed in 

i  ris-buffered saline (TBS) (pH 7.4) containing 0.2 % Triton X-100 for 5 min, and were 

stained for F-actin using rhodamine conjugated phalloidin (Molecular Probes).
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Covcrslips were mounted onto slides in 50 % glycerol-TBS. Stained cells were 

analyzed by using a Zeiss confocal fluorescence microscope.

2.2.8 Transient iuciterase reporter assay

For determination of serum response factor-dependent gene expression the XKF- 

luciferase reporter plasmid (Stratagene) that contains the promoter response elements of 

SRF was used in transient co-transfections with the pCEFF vector or pCFFL- 

N1406A/D1407A in the presence or absence of the wild type TrioN cDNA in pKH3 

vector. Transfection into N1H 3T3 cells was performed using Lipofectamine reagents 

(lnvitrogen) according to the manufacturer’s protocols. Analysis of luciferase 

expression m the co-translected N1H3'1’3 cells was carried out by using a luciferase 

assay kit from Promega.

2.2.9 DNA synthesis assay

DNA synthesis was monitored by measuring incorporation of the artificial 

thymidine nucleotide analog 5-bromo-2’-deoxyuridine (BrdlJ) (Sigma) into newly 

synthesized DNA. The cells were cultured and synchronized as previously described. 

|Qlson et ah, 1995], Release from S-phase synchrony was achieved by washing the 

cells once with PBS followed by two washes with DMEM medium for 5 min. BrdU (10 

pM) was added to the medium upon release with 10 % serum or PDGF (10 nM), and 

labeling was carried out for 16 hrs before the cells were fixed and stained with anti- 

BrdU antibody (BD Biosciences).

2.2.10 Soft agar growth assay

NIII3T3 cell.-, expressing GIT, onco-Dbl together with GFP, onco-Dbl with GFP 

and TrioN mutant N 1406A/D 1407A, T1 7NRacl or T17NCdc42, were assayed for their



capability to grow in soft agar as described [Lin et al., 1997], Briefly, 2x1 O'1 cells were 

suspended in DMLM medium supplemented with 10 % calf serum and 0.3 % agarose 

and plated on top of a solidified DM EM with 10 % caif serum and 0.5 % agarose. Cells 

were fed weekly by the addition of 1 mi I >MI \1 supplemented with 10 % calf serum 

and 0.3 %  agarose. Two and a half week post-piating. colonies larger than Ml pm were 

scored under a microscope.

2.3 Results

2.3.1 Identification of conserved amino acids in the DH domain of Dbl that 

are critical for GEF catalysis

The Dll domains of P-PIX, Sos, and the N terminal GEF domain of Trio (TrioN) 

share a similar tertiary structure that is composed of 10 a helices folded into a flattened, 

elongated bundle [Aghazadeh et ah, 1998; Liu ct al., 1998; Soisson et ah, 1998J. Amino 

acid sequence alignment predicts a surface formed by two conserved helices near the 

center of one face of the DH domain that may be involved in the Rho GTPase

Fig 2.1. Amino acid sec|nenee alignment of the 1)11 domains of Dbl, 
Triol, H-Sos and [5-Pix. The three conserved regions, CR1, CR2, and CR3, 
are indicated.
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Fig. 2.2. Location of mutation sites in the DH domain of Dhl. The ribbon

interaction (Fig. 2.1). These two helices, ctl and a9, correspond to CR1 and CR3 of the 

primary sequences, respectively, whereas the conserved region 2 (CR2) of Dll domain, 

which folds into a3 and u4 helices, is located at the opposite side of the helix bundle.

To examine the biochemical roles of the residues in the DM domain and to assess the 

contribution of individual residues to DH function in a biological setting, we have 

generated 19 alanine substitution mutations of DH domain at CR1, CR3, and 

surrounding regions in the DH-PI I backbone of oncogenic Dbl based upon the structural 

predictions (Fig. 2.2). Previous studies have shown that the DH-PH module of Dbl 

(residues 498-825) constitutes the minimum structural unit retaining wild type OFF 

activity and cell transformation capability [Hart et ah, 1994]; the use of this module in

SDS-PAGL of
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the structure-function study, therefore, warrants extrapolation of the identified sites to 

the situation of full-length Dbl molecule.

I o test the in vitro (d-T activity, each \)\ 1 mutant was expressed m Stlt insect 

cells as GST fusion and was purified to homogeneity by glutathione affinity
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chromatography (Mg. 2.3). Of the four CR1 region mutants and five CR3 region 

mutants examined, five displayed significant loss of O ff' activity toward (\lc42 (Fig. 

2.4). The T5U()A mutation o ft K I. winch corresponds to 1 I244A ot Trio and S1216A 

o f i INT -73 [ Agha/adeh et ai, iw t i ;  Liu et af, 1 W8|. caused the most severe effect, 

whereas L640A. where die leucine resides in the N terminus of hydrophobic I I I KI I I 

sequences of CR3, appeared to retain only a fraction of the Cdc42 activation potential. 

Mutation of the charged residues Glu502, Gln633, and Arg634 also led to partial but 

significant loss of the GKF activity, whereas the neighboring charged residues Gln505. 

Arg508, Lys630, or Lys643-Glu644 did not seem to directly participate in the GEF 

reaction because mutations of these residues had no detectable effect (Fig. 2.4, panel A). 

Additional mutations made in other regions of the DII domain located at the CR1/CR3 

side of the surface, including those in the a2 (NK540-541AA), «6 (Q586A, Y588A, 

K590A), loop 7 (E607A, C608A), and a8 QR615-616AA) regions, were without effect 

on the GEF activity. Ffowever, Cys592 of the a6 region and Asn673-Asp674 of the 

junction site with the PFI domain appeared to be important because alanine substitution 

at these residues resulted in partial or complete loss of GEF function (Fig. 2.4, panel B) 

The loss of GEF activity of the mutants L640A, C592A and ND673-674AA were 

further verified by the examination of the time courses of [Tl|GDP/GTP exchange 

reaction catalyzed by the same amount of DFI mutants (Fig. 2.5). Together with those 

mutations that do not affect the exchange capability on Cdc42, which help exclude the 

involvement of parts of a2, aő. L7. and a8, the results of the loss of function mutations 

point to a GTPase interaction surface along the shallow groove formed by the N 

terminus of al and the middle section of a9, extending to part of tx6 and the DI l-PI I 

junction. These mutagenesis data on the Dll domain of Dbl arc consistent with the 

NMR mapping results of the Dll domain of Trio derived from Trio-Racl binding
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Fig. 2.5. Comparison of the time courses of the DH mutant- 
stimulated GDP dissociation from Cdc42. I mg of [JII]GDP 

loaded Cdc42 was incubated witli 0.2 mg of GST, GST-Dbl 
(WT) or the Dll mutants in the GEF reaction buffer containing 
20 niiVl Tris-HCI, pH 7.6, 100 mM NaCl, 10 miVl MgCF, i miVl 
DTT, and 0.5 mM GTP. At the indicated time points, aliquots 
of samples were withdrawn for quantification by passing 

through nitrocellulose filters. The radioactive counts of Cdc42- 
[3H]GDP at 0 min were taken as 100 %.

interaction [Liu ct al., 1998], also indicating that the Dbl family members utilize the

conserved structural surface to interact with Rho GTPases.

2.3.2 Interactions between the DH-mutants of Dbl and its effccors

To directly test the effect of the mutations on the binding activity to the small G- 

protein substrates, we employed a GST-agarose affinity pull-down assay using the 

immobilized GST-N17Cdc42 or GST-N19-RhoA, which binds to wild type Dbl tightly 

in a dominant-negative fashion [Hart ct al., 1994], and COS-7 cell lysates 

overexpressing the HA-tagged DH mutants. As shown in Fig. 2.6, among the five 

mutants made in the CR1 and CR3 regions, which suffer partial or complete loss of 

GHF activity. E502A and Q633A retained most of their binding activities to both Cdc42 

and RhoA, whereas T506A and R634A were inactive in binding to either GTPase.
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Fig. 2.6. Interaction of the DH mutants with dominant- 
negative Cdc42 and RhoA. Wild type (WT) Dbl and various 

DH mutants were expressed as HA-tagged proteins in COS-7 
cells by transient transfection. The glutathione-agarose 

immobilized GST, GST-N17Cdc42, or GST-N19RhoA (5 
mg/sample) were incubated with the respective COS-7 cell 
lysates lor 1 h followed by centrifugation and washes. The 
expression of respective HA-DH mutants in the cell lysates and 
their coprecipitation patterns with GST-N17Cdc42 and GST- 
N19RhoA were delected by anti-HA Western blotting.

L640A could still bind to Cdc42 but failed to interact with RhoA at a detectable level. 

The N673A/D674A mutant, which is made at the C-terminal end of DH domain and is 

catalytically inactive, retained almost the wild type binding activity to both Cdc42 and 

RhoA. We conclude from these data that residues Glu502, Gln633, and Asn673-

residues Thr506 and Arg634 may be responsible for the binding interaction with the
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GTPases, although wc cannot rule out the possibility that mutations at these sites have 

resulted in a disruption of'global folding of the Dll domain. Residue Leu640. which is 

highly conserved among Dll domains, appears to contribute in part to the specificity of 

RhoA binding.

I O correlate the in vitro GEF activity with the ability of the Dll muiams to 

activate Rho GTPases in cells, we cotransfected the wild type and mutant Dll constructs 

with FlA-taggcd Cdc42 or RhoA into COS-7 cells. The expression of HA-Dbl and HA- 

Cdc42 or HA-RhoA were visualized by anti-HA Western blotting of the cell lysates 

(Fig. 2.7), and the relative level of the active GTPasc, Cdc42-GTP or RhoA-GTP, was 

detected by using the activation state-specific probe, the PBD of PAR 1 or PKN, the 

effector domain that recognize specifically Cdc42-GTP or RhoA-GTP [Li et ah, 1999], 

Immobilized GST-PBDs of PAK1 and PKN were able to pull down significantly more 

Cdc42-GTP and RhoA-GTP in wild type Dbl coexpressing cells, respectively, than 

when Cdc42 or RhoA alone was expressed in the cells (Fig. 2.7), further indicating that 

the effector pull-down assay is effective in detecting the Rho GTPase-activating 

potential of Dbl in these cells. The five CR1 and CR3 mutants as well as the Pl I 

junction mutant ND673-674AA that have suffered partial or complete loss of in vitro 

GEF activity were mostly ineffective in Cdc42 or RhoA activation when coexpressed 

with the respective HA-GTPases (Fig. 2.7), indicating that the activating potentials of 

the Dl I mutants in cells correlate with the in vitro GEF activities. Notably, the 

catalytically impaired mutants E502A, Q633A, and ND673-674AA, which remained 

capable of binding to Cdc42 and RhoA were unable to activate the small G-proteins in 

cells, suggesting that the GEF catalytic activity of Dbl is required for Rho GTPasc 

activation in vivo.
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2.3.3 Administration of dominant negative Rael could non-specifically affect

RhoA activity in cells

The dominant negative mutants oi'Raci and Ccie42, il7NKacl and 11 /NC'de42, 

are widely used to inhibit Rac or Cdc42-reguialed signaling pathways. 1 hey were 

derived based on the corresponding mutant of Ras. which is capabie of sequestering 

Ras-specific GEFs and blocks endogenous Ras activity [Feig, 1999], These mutants 

were shown to bind to the Dbl-like GEFs with high affinity in vitro [Hart et ah, 1994J 

and to inhibit Rac-mediated lamellipodia formation and membrane ruffling or Cdc42- 

mediated filopodia induction in vivo [Ridley et ah, 1992; Nobes and Hall, 1995; Kozma

GFP Dbl + GFP

Dbl + GFP/N17Rac1 Dbl + GFP/N17Cdc42
Fig. 2.8. The effect or dominant negative Racl or Cdc42 on 
the actin cytoskeleton structure of oncogenic Dbl- 
transformed NIH 3T3 cells. GFP alone or GFP together with 
TI7NRacl or Tl7NCdc42 was expressed in wild type-or 
oncogenic Dbl-exprcssing NIH 3T3 cells by retroviral 

infection, and the GFP-positive cells were isolated by FACS. 
The actin structures were visualized by rhodanune-conjugated 
phalloidin staining 16 h after serum withdraw. Arrows point to 
the membrane ruffles and stress fibers of the cells.



et al., 1995], Given the apparent existence of a large number of Dbl-family GEFs in 

mammalian cells and the realization that many of them can hind to and activate multiple 

Riio proteins (Zheng, 2UU1; Schmidt and 1 lall, 20021, we were concerned that non- 

discnmmative application of these dominant negative Rho mutants in cells where 

abundant GEFs are expressed may produce misleading results To address the 

possibility that expression of one type of dominant negative Rho protein may unbalance 

the activity of distinct Rho family members by sequestering a commonly shared GEF, 

we transduced T17NRacl or T17NCdc42 into the NIH 3T3 cells expressing oncogenic 

Dbl protein and examined the effect on cell actin structure and endogenous Racl and 

RhoA activities. As shown in Fig. 2.8, the cells expressing Dbl showed a more compact 

cell shape. Filament actin staining revealed extensive lamellipodia along the cell edges 

and the retaining stress fibers in the cells, in accordance with the previous landings that 

Dbl can bind to and activate multiple Rho proteins including Racl and RhoA [Hart et 

ah, 1994; Olson et ah, 1996J. Effector domain pull-down assays showed that the levels 

of the GTP-bound Racl and RhoA were significantly enhanced in the Dbl expressing 

cells compared with the parental cells (Fig. 2.9). When Tl7NRacl or T17NCdc42 was 

coexpressed in the Dbl expressing cells, it appears that either protein could inhibit the 

lamellipodia and actin stress fiber formation (Fig. 2.8). Moreover, they effectively 

suppressed both endogenous Racl and RhoA activities that were upregulated by onco- 

Dbl (Pig.. 2.9). These results indicate that the conventional dominant negative mutants 

of Rho GTPases may function non-specificallv to inhibit distinct Rho GTPase activities 

by sequestering Dbl-like GEFs that are promiscuous in substrate recognition.



2.3.4 Identification of the conserved Asnl406-Asp65 pairing of TrioN-Racl 

as the critical determinants for GEE catalysis

The Dbi-iike GEFs outnumber Rho substrates by at least an 4 to 1 ratio |Zheng, 

200]; Schmidt and ilaii. 2()()2j, and there is evidence that certain GKl;s may play an 

important roie in specifying Rho protein mediated pathways (I lamels et al . I<-)<•)<->J Wo 

rationalized that if the substrate-specific GEF mutants that preserve specillc Rho 

GTPase binding but are catalytically compromised could be engineered, they might act

A

Anti-Rac1 blot

—

Lysates of

Cdc42 mutant
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dominant negatively in inhibiting individual Rho GTPase substrate and could be 

explored to specifically downregulate Rho GTPasc-mcdiated signaling.

Based on our results with the point mutants of Dbi, and crystallographic and 

struct urai mapping data jAgha/acieh el ai., i 998; I,in et ab. i WX; Worthylake et al., 

2000; Rossman el ai., 2002; Snyder ei ai., 2002 j, we have focused in the present studies 

on the TrioN structural module that contains the N-terminal DH and PH domains of 

Trio and is specific for Racl [Dcbant et al., 1996; Bellanger et ah, 1998J, hoping to 

derive a TrioN mutant that could act dominant negatively on Racl. We chose to 

examine two DH domain residues of TrioN in detail. One is Asnl406 at the C-terminal 

end of DH domain, another is Thrl244 located in the CR1 region. These residues 

correspond to the Á sni232 and Phil051 of Tiaml, respective!}, and both are highly 

conserved among Dbl family members [Whitehead et al., 1997], Asnl232 of Tiaml 

forms a hydrogen bond with the conserved switch II residue Asp65 of Racl in the 

Tiaml-Racl complex (Fig. 2.10), and such a pairing appears to be highly conserved in 

all the available structures of GEF-Rho protein complexes. Thrl051 of Tiaml is 

involved in van der Waal's interaction with the switch I residue Val36 of Racl in the 

Tiaml-Racl complex; such a pairing is also conserved in the available GEF-Rho 

GTPase structures [Worthylake et ah, 2000; Rossman et ah, 2002; Snyder et al., 2002], 

We produced N1406A/D1407A and T1244A mutants of TrioN as well as wild type 

TrioN as (Ilis)6-tagged fusion proteins and tested their GEF catalytic and substrate 

binding activities on Racl by reconstituting the purified components. As shown in Fig. 

2.11, panel A, the T1244A mutant remained partially active in stimulating fH |GDP 

dissociation from Racl, while N1406A/D1407A had lost the GEF catalytic activity 

completely. The latter mutant could actually further slow intrinsic |Tl|GDP 

dissociation from Rac 1, suggesting it retained the ability to interact with Rac 1. Indeed, 

a direct complex formation assay demonstrated that while T1244A only weakly
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interacted with Racl, the N 1406A/D 1407A mutant mostly preserved the substrate 

binding activity under the assay conditions (Fig. 2.1 1, panel B). A single point mutant 

of i'rioN, N i 4uoA, that contains mutation at the critical Asnl40o position, behaved 

similarly to the N 1406A/Di407A double mutant (data noi shown) These observations 

prompted us to further test whether the pairing residue of the substrate, Aspod of Rac i .

Tiaml DH domain in complex with Racl. A highly conserved pairing of 

Asnl232 of Tiaml (or other GHFs) and Asp65 of Rac (or other Rho proteins)

The pairings of Asp65 of Racl with Asnl232 of Tiam i and Val36 of Racl 
with Thrl051 of Tiaml are depicted. Aspl233 of the DH domain is not 

involved in Racl interaction. Residues Thrl051, Asnl232, and Asp 1233 of 
Tiaml correspond to Thr!244, Asnl406, and Asp 1407 of Trio, respectively.

might also play a similar role in OFF catalysis. As shown in Fig. 2.12, the D65A 

mutant of Racl has completely lost the responsiveness to TrioN stimulation in a 

fluorescence-based GHF activity assay while still retaining the ability to bind to TrioN 

in complex formation. These results indicate that the Asnl406-Asp65 pairing of TrioN 

and Racl interaction serves as critical structural determinants responsible for the (IFF
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catalysis, consistent with previous structural prediction from the Tiaml-Racl complex 

[Worthylake et al., 2000J. In particular, the highly conserved Asnl406 of 'frioN appears 

to stimulate GDP dissociation from Racl by engaging Asp65 of Racl, in a role that 

might be analogous of a glutamic acid of Sec7 domain for the ARF GTPase activation

37

Fig 2.11. The N1406A/D1407A TrioN mutant selectively inhibits CEF

N1406A/D1407A ofTrioN, and T 1244A of TrioN were determined in a GHF 
reaction bulTcr containing 1 pM ['IIJGDP-loaded Racl and a 0.4 pM

analysis ofTrioN and its mutants with Racl. Purified His(,-tagged wild type 

(WT) TrioN. T 1244A, or NI406A/D1407A was incubated with the agarose-



| Bcraud-Dufour ct al., 1998 j or a critical arginine residue termed "arginine finger" found 

in the RhoGAP catalytic reactions [Nassar et al.. 19981.

2.3.5 The \  I4(M> A/I)I407 A mutant of IrioIN acts dominant negatively for 

Racl activation in vitro and in vivo

To examine whether the N1406A/D1407A mutant of TrioN could act dominan 

negatively in vitro, we subjected the mutant to a competition assay in a Racl GIT’
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Fig. 2.12. Asp65 of Racl is essential to GEF catalysis activated byTrioN.
A. the responsiveness of Racl and its mutant D65ARacl to TiioN stimulation

pM Racl or D65ARacl pre-loaded with mantGDP was incubated with 0.4 pM 

and immobilized GST-Racl or GST-D65ARacl. The glutathionc-agarose-co-



Rad + Trio + N1406A/D1407A

N1406A/D1407A (|jM) 0 7.5 4 0.75

Fig. 2.13. Dominant negative effect of the Trio mutant N1406A/D1407A 

on Racl activation in vitro. A, [JH]GDP-loaded Racl (1 pM) was 
incubated with 0.5 pM wild type Trio, 0.5 pM wild type Trio together with 2 
pM N1406A/D1407A, or the control buffer. [3H]GDP dissociation from 
Racl was measured by terminating the GEF reactions in an ice-cold stop 

buffer and filtering the reaction mixtures through nitrocellulose filters. The 
relative Raci-bound [TlJGDP was normalized to 100 % at time 0. B, the 

relative inhibition of wild type Trio-stimulated [3H]GDP dissociation from 
Racl by increasing concentrations of the N1406A/D1407A mutant was 
determined at 2 minute time point of the respective GEF reactions. 100 % 
inhibition ot wild type Trio represents the intrinsic [3I1]GDP dissociation by 

Racl.

reaction catalyzed by wild type TrioN. As shown in Fig. 2.13, N1406A/DI407A was 

able to inhibit the wild type TrioN-stimulatcd pIIJGDP release from Racl. and this 

inhibitory effect was dose dependent, indicating that the mutant can indeed inhibit Racl 

activation albeit effective only at concentrations higher than wild type TrioN. To 

analyze the in vivo behavior of the mutant, next we tested its effects on cell morphology
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and actin cytoskeleton in Swiss 3 i 3 cells. Previously ;t has been established that Racl 

activation is a critical step in membrane ruffling and lamellipodia formation in these

formation j Ridley and Hall, ! 992 j. The GFP marker alone or GFP together with wiki 

type TrioN, N1406A/D14U7A or T 1244A was expressed in the cells by retrovnral 

induction and the GFP-positive cells (> 90 %) were analyzed (fig. 2.14). The GIT 

expression level by using the pMX-IRHS-GFP vector has been demonstrated previously 

to quantitatively correlate with the JRES-regulated bicistronic gene expression [ Liu et 

ah, 2000], F-actin staining of these cells revealed that under the serum-free conditions 

both wild type TrioN and T1244A induced peripheral lamellipodia structures, whereas 

N 1406A/D1 407A caused a change of actin structure similar to T17NRacl (Fig. 2.15). 

Upon PDGF stimulation, the GFP-expressing cells readily produced lamellipodia 

extensions and the TrioN- and T1244A-expressing cells displayed further enhancement 

of their lamellipodia structures. In contrast, N1406A/D1407A readily inhibited the 

PDGF induction of lamellipodia but retained actin stress fibers of the cells, whereas 

T17NRacl yielded a similar effect on lamellipodia but also eliminated actin stress fibers 

simultaneously (Fig. 2.15). These results indicate that N1406A/D1407A can act 

dominant negatively to inhibit Racl-mediated actin reorganization.

To evaluate the effect of N1406A/D1407A on Racl-mediated signaling to the 

nucleus, we carried out a set of experiments to examine if N1406A/D1407A could 

affect wild type TrioN stimulated serum response factor activity. As shown in Fig. 2.16. 

transfection of the cDNA of TrioN into the cells elicited a -5 fold increase in the SRF 

reporter activity, and this effect was readily reversed by co-expression of the 

N1406A/D1407A mutant in a dose-dependent manner. Western blot analysis of the co- 

transfectants indicated that increased expression of N 1406A/D!407A does not affected 

wild type TrioN expression in the transient expression system (data not shown).
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Fig. 2.14. Morphology of cells expressing WT Trio or Trio mutants.
GFP alone, GFP with wild type, T1244A, or N1406A/D1407A mutant of 

Trio, or GFP with N17Racl were stably expressed in Swiss 3T3 fibroblasts 
by retroviral infection. The cell morphology was visualized by phase contrast 
microscopy (left column), while the GFP and the correlating Frio mutant or 

N17Racl expression was visualized by fluorescent microscopy (right 
column).

Combined with the above described in vitro inhibitory effect on Racl activation and in 

vivo inhibitory effect on Racl-mediated actin reorganization, these results demonstrate
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that the N1406A/D1407A mutant of TrioN constitutes a dominant negative inhibitor of 

Rac-mediated signaling.

2.3.6 The M1406A/D1407A mutant of TrioN can distinguish Racl from

RhoA in ceils

We have shown that overexpression of T17NRacl causes non-discriminative 

inhibition of RhoA activity in Dhl cells (Figs. 2.8 and 2.9). Upon examination of the 

N1406A/D1407A-expressing Dbl cells, we found that in contrast to T17NRacl, 

expression of this TrioN mutant maintained the enhanced aetin stress libers but induced 

a contracted cell body and disappearance of lamellipodia (Fig. 2.17), suggesting that this 

mutant can distinguish Racl from RhoA activity. Further effector pulldown assays 

show that N1406A/D1407A specifically inhibited Racl activity without affecting RhoA 

in the Dbl-cells (Fig. 2.18), establishing its specific nature in a cellular environment.

To demonstrate the advantage of the TrioN mutant over the dominant negative 

T17NRacl mutant, we next compared the effects of these mutants in two cellular 

functions: the PDGF-induced DNA synthesis and the Dbl-induced cell transformation. 

Racl, as well as other Rho proteins, has previously been implicated in serum-induced 

cell cycle progression through G1 phase [Olson et al., 1995] and was shown to be 

required for Dbl-induced cell transformation by the administration of T17NRacl [Lin et 

al., 1999], We observed that in the GFP-expressing control cells serum starvation led to 

a low basal DNA synthesis activity that could be significantly stimulated hy PDGF, 

serum, wild type TrioN or the T1244A mutant of TrioN (Fig. 2.19). Whereas 

T17NRacI effectively blocked the PDGF-elicited DNA synthesis but had no effect on 

the serum-induced activity, N1406A/D1407A did not alter the PDGF-induced BrdlJ 

incorporation (Fig. 2.19) despite of its significant impact on PDGF-induced actin 

structure of the cells (Fig. 2.15). Consistent with the notion that multiple Rho GTPases
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- PDGF PDGF

Fig. 2.15. Effect of Trio mutants on the actin structure induced by 
PDGF in Swiss 3T3 cells. GFP or GFP together with Trio mutant or 

N17Racl expressing cells were serum starved overnight and treated with 

PDGF (10 nM) or control buffer for 5 min. The cells were fixed and stained 
for F-actin filaments with rhodamine labelled phalloidm and visualized by 
confocal fluorescence microscopy.

contribute to Dbl-mediated cell transformation [Olson et al., 1996; Lin ct al., 1999], the 

N1406A/D1407A mutant that inhibited endogenous Racl activity (big. 2.20) did not 

affect anchorage-independent growth of the Dbl cells, contrary to the marked inhibitory 

effect of T1 7NRacl or T1 7NCdc42 (Fig. 2.20). These results further highlight potential 

complications of the use of conventional dominant negative Rho protein mutants, and
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Fig. 2.16. Effect of the Trio mutant NI406A/D1407A on serum response 
factor activation by wild type Trio. 0.1 gg of WT Trio cONA in pCKFL 
was cotransfected with the indicated amount of the Trio mutant 
N1406A/DI407A (0. 0.1, 0.5, 1, 2 pg, respectively) together with the SRF- 
luciferase reporter construct (1 pg) into cultured NIH 3T3 cells. The 
transfected cells were allowed to recover for 30 hrs, and were starved in 
DMEM supplemented with 0.5 % calf serum for 16 hrs prior to lysate 

preparation. The lucifcrase activities were expressed as the fold of activation 
relative to the activity induced by the pCEFL vector alone.

members such as Trio is better suited for the dissection of specific Rho GTPase 

signaling pathways.

2.4 Discussion

The Dhl related GEFs for Rho GTPases form a fast expanding cell growth 

regulatory proféin family (hat is expected to play an important role in Rho GTPase 

regulation in diverse physiological systems [Cerione and Zheng, 1996; Whitehead et al„ 

1997; Zheng, 2001; Schmidt and Hall, 2002], A large body of biochemical data has 

pointed to the conserved structural motif of this family, the DH domain, as the primarv 

interactive site with Rho GTPases. Dl 1 domain does not share significant sequence
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Dbl + GFP Dbl + N1406A7D1407A

Fig. 2.17. The Trio mutant N1406A/D1407A acts as a Raci-specific 

inhibitor in oncogenic Dbl transformed cells. The actin structure of the 
Trio mutant N1406A/D1407A expressing, oncogenic Dbl transformed cells 
shows reversal of the lamellopodia and membrane ruffle formation without 
affecting stress fiber formation. The cells were visualized similarly as in Fig.
2.8. Arrows point to the membrane ruffles of the cells.

homology with other subtypes of small GTPase activators such as the Cdc25 domain 

and Sec7 domain that are specific to Ras or ARF [Sprang and Coleman, 1998; Cherfils 

and Chardin, 1999], indicating that the DH-Rho protein interaction employs a distinct 

mechanism. Deletions or mutations within the DII domain have been reported to result 

in loss of cellular functions by the GEFs [Ron et al, 1991; Mart ct ah, 1994; Crespo et 

ah, 1996; Qian et ah, 1998], suggesting that an intact DII domain, likely its Rho 

GTPase-interaclive ability, is essential for the cellular effects of Dbl family members. 

However, a few important issues, e.g. how the mutations have affected the biochemical 

properties of the proteins and/or whether substitutions of given amino acids may have 

led to disruption of the DFI folding, were not properly addressed in previous 

mutagenesis studies of Dbl family members.

The recently available three-dimensional structure of DFI domain has provided a 

frame work to further examine these structure-function issues [ Aghazadeh et ah, 1998; 

Liu ct ah, 1998; Soisson et ah, 1998 J. The amino acid sequence analysis and limited 

mutagenesis .studies based on the structural information have helped laying out the 

groundwork with the postulation that one side of the a-helical bundle of DII domain.
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Fig. 2.18. N1406A/D1407A selectively inhibits Racl activation by Dbl in 
cells. Cell lysates derived from Nil l 3T3 cells expressing GFP, Dbl and GFP, 

or Dbl, GFP and N1406A/D1407A, were incubated with immobilized Ilis- 
tagged Pakl or Rhotekin. Total Racl or RhoA in the lysates and the effector- 

domain bound, active Racl or RhoA were revealed by Western blot analysis 
using anti-Racl or anti-RhoA antibody.

including CRl and CR3 regions, is the possible site involved in the recognition of Rho 

GTPases [Aghazadeh et al., 1998; Liu ct al., 1998; Soisson et al., 1998]. By taking one 

step further along these lines, we have attempted in the present studies to achieve two 

goals: to identify specific residues of DU domain that are critical for defined 

biochemical activities, i.e. the catalytic or the binding activities for Rho GTPases, and to 

establish a causa! relationship between the GEF catalytic activity and cellular 

transforming function of Dbl [Zhu et al., 2000], The systematic alanine substitution
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Fig. 2.19. Comparison of the effects of dominant negative Trio and Rael 
mutants on the PDGF-stimuIated DNA synthesis. Nlil 3T3 cells

N 1406A/D 1407A, or N17Racl were serum starved overnight and treated 

with PDGF (10 nM) or 10 % calf serum in the presence of BrdU (10 gg/ml) 

for 14 ltrs. The cells were fixed and stained with monoclonal anti-BrdU 

followed by TRJTC-conjugated anti-lgG. The total and BrdU positive cell 
numbers were counted under a phase contrast or fluorescent microscope.
Data are representative of three independent experiments.

approach in the postulated GTPase interactive surface of DH domain has allowed us to 

identify a panel of DH mutants made in the a l ,  a6, and a.9 regions and the PH junction 

site that suffer complete or partial loss of GEF activity toward Cdc42 and RhoA, 

suggesting that the mutation sites are required for the GEF function. The lack of effect 

by mutations in parts of a2, aó, L7, and a8, on the other hand, helped exclude the 

involvement of these regions |Zhu et al., 2000], Kinetic and binding analysis further 

revealed that although most GEF-deficienl mutants displayed decreased catalytic' 

activities in the GEF reaction, T506A and R634A suffered major loss in G-protein 

binding activity. The E502A, Q633A, and N673A/D674A mutants, in particular, have 

retained the binding ability to the Rho GTPases but were partially or completely inactive 

in GEF catalysis. Taken together, our results provide strong support of a GTPase
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Fig 2.20. Comparison of the effects of dominant negative Trio and Racl 
mutants on the Dbl-induccd anchorage-independent growth. NIH 3T3

cells coexpressing oncogenic Dbl and GFP alone, or GFP together with the 
N1406A/D1407A, N17Racl or N17Cdc42, were plated in 0.3 % agar on top 

of 0.5 % soft agar. Cells were grown for 14 days in DMEM containing 10 % 

calf serum and the colonies were quantified under a microscope.

interaction surface of DU domain along the shallow groove formed by the N terminus of 

a l and the middle section of a9, extending to a part of a6 and the DH-P1I junction (Fig.

Residues Glu502, Thr506, Arg508, Lys630, Arg633, Leu640, and Lys643-Glu644 

of CR1 and CR3 are mostly conserved among DH domains. T506A, corresponding to a 

loss of function mutation in UNC-73 that is necessary for neuronal pathfinding in 

Caenorhabditis elegáns [Steven et al., 1998], is inactive in the GEF and the Rho GTPase 

binding assays. Because Thr506 is located on the surface of al helix, it is likely that 

this highly conserved residue is critical in mediating the binding interaction with Rho 

proteins that is required for GEF catalysis. This conclusion is supported by the NMR 

data collected with a similar mutation of the DFI domain of Trio, showing that such a 

mutation still maintains the overall integrity of the DII domain [Liu et a!.. 1998], The 

fact that mutations of the charged residues Arg508 and Lys630, which were previously
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suggested to be involved in GTPase coupling [Liu et al., 1998; Soisson et al., 1998J, do 

not have detectable effect on the GLF activities indicates that they are not required for 

Rho G 1 base interaction. Argb34, on the other hand, may torm an intramolecular salt 

bridge with Glu507 to contribute to the stabilization ot the tertiary folding. 1 he loss of 

function of KliUA. therefore, couid be attributed to a possible disruption of the folding 

pattern of the Dl I domain. Mutant H502A remained mostly active in binding to the 

GTPases but was catalytically compromised, suggesting that G!u502, like the C- 

tenninal Asn673-Asp674 residues, is directly involved in GEF catalysis. Previous 

mutations of residues 640-647, EEEK.ELL, to illRDll sequences in DH domains of 

Cdc24, Dbl, and Vav, inevitably abolished the GEF activities [Ron et al., 1991; Hart et 

al., 1994; Crespo et al., 1996], and the similar conserved changes in Sosl led to a 

significant decrease of transforming activity [Qian ct al., 1998]. Our results show that 

the charged residues Lys643-Glu644 within this stretch of amino acids are not required 

for the GEF function, whereas the hydrophobic Leu640 is indispensable for both Rho 

binding and catalysis, providing direct support to the notion that Leu640 and the 

neighboring leucine residues form a hydrophobic pocket of Rho GTPase interaction.

Dominant negative mutants of Rho GTPases, such as T19NRhoA, T17NRael and 

T17NCdc42, have been widely in use to elucidate signaling pathways in different cell 

biological systems. They were derived based on the biochemical principle of similar 

point mutant of Ras, which was discovered to be inhibitory for Ras signaling by random 

mutaizenesis screening [Feig and Cooper. 1988], Our current understanding of these 

dominant negative mutants predicts that they compete with the endogenous small 

GTPase counterparts for high affinity binding to their GEI-’s to form activation-defective 

GTPase-GEF complexes [Feig. 1999], Indeed, previous biochemical analysis of 

dominant negative Rho proteins have confirmed their high affinity binding to Dbl-iike 

GEFs when they are in a nueleotide-depleted state [Mart et ah, 1994J. Although it seems
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logical to expect that the dominant negative Rho proteins may have non-specific efleet 

when applied to sophisticated cellular systems by overexpression because many Dbl-like 

GEFs shows promiscuity in binding activity towards multiple Rho GTPases |('erione 

and Zheng, 19%; Whitehead et al., 1997; van Aclst and D'Souxa-Schorev. 1997: Zhenn. 

2 0 0 ! ; Schmidt and Hall, 2002J, it remains to be demonstrated, let alone to be cautioned, 

that such a potential may lead to erroneous conclusions in certain cases.

To provide direct experimental evidence that such speculation may bear truth, we 

have used the Dbl expressing cells that contain elevated Racl and RhoA activities as a 

model system in the present studies. The rational is that if dominant negative Rael 

could interfere with Dbl-mediated RhoA activation in the commonly shared GHF 

expressing system, the non-specific effect of dominant negative mutants of Rho proteins 

may well be manifested in more physiological relevant cellular contexts where GEF 

expressions are at a lower level and the GEF activation of Rho proteins should occur 

more subtly. Our results clearly demonstrate that T17NRacl, as well as T17NCdc42, 

can block the actin reorganization and biochemical activities of both Racl and RhoA in 

Dbl cells (Figs. 2.8 and 2.9). The effects are consistent with the explanation that these 

mutants may titrate out the Rho protein activator, Dbl. by sequestering it in an activation 

deficient dominant negative Rho GTPase-Dbl complex as suggested by previous in vitro 

biochemical studies [Hart et al.. 1994], Therefore it is necessary to raise concerns to a 

body of literature in which non-sclcctive use of dominant negative Rho protein mutants 

was solely dependent upon to implicate the involvement of specific Rho family 

members in complex cell signaling networks.

The Dbl-like GFFs for Rho GTPases share a common structure unit, the 011-PI I 

module, that constitutes the minimal structural domains required for activation of Rho 

substrates in cells. Previous biochemical studies from a number of laboratories have 

found that certain Dbl family members can work specifically toward one or one subset
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of Rho protein substrate, while others may function quite promiscuously toward 

multiple Rho substrates [Cerione and Zheng. 1996; Whitehead et al.. 1997; van Aelst 

and D'Souza-Schorey, 1997; Zheng, 2UU1; Schmidt and Maii, 2UU2j. We have identified 

multiple residues of Dbl located in the CR1, CRJ ol the 1911 domain and the 1711-IJ11 

junction site that are exposed near the center ot one side ol the moiecuie as the 

important sites involved in the formation of a Rho GTPase interactive pocket (figs. 2.2, 

2.4 and 2.5). Based on the structural information derived from the complexes of Racl- 

Tiam l, Cdc42-Dbs, Cdc42-lntcrsectin and RhoA-Dbs [Worthylakc et ah, 2000; 

Rossman et ah, 2002; Snyder et ah, 20021, Sondeck and coworkers have also analyzed a 

number of amino acid pairings between Rho proteins and GFTs that arc essential for 

GHb catalysis, and identified a few residues of Dll domain that appear to be responsible 

for substrate selection. Although the residues of the DH-PH module identified so far, 

including Gly 1368. Metl369 and Leul376 of Intersectin and Lys758, Leu759 and 

Leu766 of Dbs, appear to contribute to Cdc42 or RhoA specificity to a different extent 

[Cheng et ah, 2002; Snyder et ah, 2002), the key residue(s) that might play a critical role 

in the generalized Rho protein GHF catalysis similar to a glutamic acid of Sec7 domain 

for the ARF GTPase activation [Beraud-Dufour et ah, 1998) or an arginine residue of 

RhoGAPs that is essential for accelerating the GTPase activity of Rho proteins [Nassar 

et ah, 1998], remain to be identified.

In this study we have also examined the role of two most conserved residues of 

the TrioN GFF module, Thrl 244 that is located in the CR1 region and Asnl406 that is 

located close to the ('-terminus of the DPI domain, in detail. The corresponding 

mutation of T1244A was first described in C. elegáns UNC-73 gene, which resulted in a 

loss of function [Aghazadeh et ah. 1998; Steven et ah, 1998), whereas our mutant ol 

Dbl corresponding to N 14U6A/D Í4U7A of TrioN was found lack of transforming 

activity [Zhu et ah, 2000). The crystal structures of four pairs of Rho-GEF complexes
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all show a highly conserved mode of interaction of Thrl244 and Asnl406, with the 

former en<’auim> in a van der Waal's interaction with the switch 1 residue Val36 of Rho 

proteins and the latter involved in hydrogen bonding to the switch il Aspb5 of Rho 

proteins (Fig. 2.10 and | Worthylake et ah. 2000; Rossman et ah, 2002; Snyder et ah, 

20021). Interestingly, 11244A was tound partially inactive in the OFF activity toward 

Racl, correlating with its loss of binding activity to the substrate, whereas 

N1406A/D1407A and N1406A were Found completely inactive in the GEF assays but 

retained the substrate binding activity (Fig. 2.11). N1406A/D1407A was not only 

inactive in stimulating GDP-dissociation of Racl but also inhibited the intrinsic 

GDP/GTP exchange activity of Racl (Fig. 2.11). The reciprocal mutant of D65ARacl 

behaved similarly toward 1 noN like N1406A toward Racl. confirming the unpoitance 

of the Asnl406-Asp65 pairing between TrioN and Racl in the GEF catalytic 

mechanism. In cells, overexpression of T 1244A led to a partial stimulation of 

membrane ruffling compared with wild type TrioN while N1406A/D1407A failed to 

elicit such an effect (Fig. 2.15). Taken together, these results implicate Asnl406 of 

TrioN as the critical determinant in the GEF catalytic reaction of Racl. We propose that 

the highly conserved asparagine residue found in all Dbl family GEFs plays a parallel 

role in catalyzing Rho GTPase exchange as the famed "arginine finger" found in the 

Rho GAP catalytic reactions [Nassar et ah, 1998] or the glutamic acid residue found in 

the Sec7 domain in catalyzing the guanine nucleotide exchange of ARF family small G- 

proteins [Beraud-dufour et ah, 1998J.

The discovery of the key mechanistic role of Asnl406 of TrioN provided a 

valuable clue that mutant generated from this residue might behave in a dominant 

negative manner in inhibiting Rac-mediated signaling pathways. Indeed, we found that 

the mutant N14Ü6A/D14U7A of 1 noN could inhibit Racl activation by wild type TrioN 

in vitro and effectively blocked the Racl-mediated membrane ruffling and lamellipodia



formation induced by PDGF in cells (Figs. 2.13 and 2.15). Furthermore, the 

N1406A/D1407A mutant effectively blocked the TrioN-stimulated SRF transcriptional 

activity (lag. 2.16). J hese combined results indicate that N 14Ü6A/Ü14U7A constitutes a 

dominant negative inhibitor of Rac-signahng pathways. However, the 

N I 400A/I) 140 / A mutant did not seem very e fleet ive in competing with wild type 

TrioN for inhibiting Racl exchange in vitro, possibly because the effectiveness of the 

competitive inhibition partly depends on the concentrations of Racl and wild type Trio 

in addition to the concentration of the Trio mutant present. Examination of the kinetics 

of TrioN-catalyzed Racl exchange in the presence of increasing concentrations of 

N 1406A/D1407A (Fig. 2.13, panel B) shows that N 1406A/D 1407A can interfere with 

the initial reaction rate of Racl exchange competitively and may compete for binding to 

rather than stabilizing a subpopulation of Racl in the GDP-bound configuration. On the 

other hand, N 1406A/D 1407A was quite effective in inhibiting Racl activation in cells, 

possibly due to the facts that the endogenous Rac GEF level is much lower than the wild 

type Trio used in the in vitro competition assay and N1406A/D1407A may target to the 

site of Rac activation by endogenous GEF.

To demonstrate the distinction between the dominant negative mutant of TrioN 

and the conventional dominant negative mutant of Racl in inhibiting cellular functions, 

we further compared the abilities of N1406A/D1407A and T17NRacl to interfere with 

PDGF-stimulated DNA synthesis and Dbl-induccd anchorage independent growth, both 

processes that could require Racl activation [Hart et ah, 1994; Fin et ah, 1999J. Despite 

its inhibitory effect on the PDGF-elicited lamellipodia formation. N1406A/D1407A had 

no effect on the PDGF-induccd DNA synthesis. This is in contrast with the marked 

inhibition of both of the PDGF-stimulated cellular responses by T17NRacl. Similarly, 

unlike 1 I 7NRacl, N 1406A/D14U7A did not affect Dbl-induccd growth of the cells in 

soft-agar despite of its inhibitory effect on the Dbl-induccd membrane ruffling and



endogenous Rael aelivity. I hese results strongly suggest that N1406A/D1407A aets 

more speeifieally in bloeking Rae-mediated signaling events than T17NRael.

In summary, we presented evidence that non-disenmmative administration ot 

dominant negative mutant ot'Rho proteins such as 1 17NRael may cause nonspecific 

effect on multiple Rho ( iTPase-regulated signaling pathways We showed that the 

conserved Asp673-Asp674 of Dbl and a conserved pair of amino acid residues of the 

Trio-Rac complex are essential to the GFF catalysis of Rho GTPases, providing insights 

into the catalytic mechanism of Rho GTPasc activation reaction. We offer an 

alternative to dominant negative Rho GTPases, the dominant negative regulator of Rho 

proteins such as N1406ATrioN, as a new generation of Rho GTPasepathway specific 

inhibitors. We expect that tuture design ol dominant negative mutant similar to 

N1406A of TrioN made in the full-length backbone of Dbl family GKFs may provide 

more valuable pathway-specific inhibitors that are useful for the dissection of 

sophisticated signal transmission through individual Rho proteins in the complex cell 

signaling paradigms.
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S ummary

The Dbl family GEFs arc large multidomain proteins that transduce intracellular 

signals leading to the activation of Rho GTPases. All Dbl family guanine nucleotide 

exchange factors contain at least one DH-PH domain unit, where the Pl I domain is 

invaiiably located immediately C-terminal to the Dll domain. While the Dll dumáin 

alone is able to facilitate the exchange of bound GDP for GTP in vitro on Rho proteins, 

the Pl I domain is indispensable for their cellular transforming activity. In the past few 

years a large number of Dbl family members was discovered. I lowever the exact 

mechaninsm of how they facilitate the GDP/GTP exchange on Rho proteins in not well 

known. To understand the structure-function relationship of the Dl l domain, we have 

investigated the role of specific residues of the Dll domain of Dbl in interaction with 

Rho GTPases. Based on the three-dimensional structures of a few Dbl GEFs recently 

resolved we have constructed a set of alanine substitution mutants of the Dbl protein 

and identified a panel of mutants made in the a l,  a6, and a9 regions and the PH junction 

site that suffer complete or partial loss of GEF activity toward Cdc42 and RhoA.

Catalytic and binding analysis of these mutants revealed that altough five of the 

mutants displayed decreased catalytic activity in the GEF reaction, the substrate binding 

activities of two of this set were significantly reduced. Another three mutants, on the 

other hand, retained the binding capability to the Rho GTPases but lost the GEF 

catalytic activity.

Triol is a member of the Dbl family GEFs containing tw'o Dl I-PH domains, of 

which the N-tcrminal one shows specific catalytic activity toward Racl, a member of 

the Rho family small GTPases. Based on the available structural information and our 

previous investigations we have constructed an N1406A/D1407A alanine substitution 

mutant of the N-terminal Dll domain of Triol. The N1406A/D1407A mutant of Trio 

acted dominant negatively in vitro by retaining Racl binding activity but losing GEF
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losing GEF catalytic activity and competitively inhibited Racl activation by wild type 

Trio. Furthermore, the N1406A/D1407A mutant readily blocked the PDGF-induced 

lamellipodia tormation and inhibited the wild type i rio-induced serum response iactor 

activation in 3 13 fibroblasts.

I )ommant negative mutants of Rho GTPases. such as T 'w NRaci. that block the 

endogenous Rho protein activation by sequestering upstream GKFs have been widely 

employed to implicate specific members of Rho family in various signaling pathways. 

Such an approach could produce potentially misleading results since many Rho GEFs 

can interact with multiple Rho proteins promiscuously and overexpression of one 

dominant negative Rho protein mutant may affect the activity of other members of the 

Rho family. In our experiments the N1406A/D1407A mutant was able to selectivel) 

inhibit Dbl-induced Racl activation without affecting RhoA activity in 313 cells, in 

contrast to the non-discriminative inhibitory effect displayed by T17NRacl.

Furthermore the Trio mutant - in contrast to ri7NRacl - was ineffective in inhibiting 

PDGF-stimulated DNA synthesis and Dbl-induced transformation, revealing the Rac- 

independent functions of PDGF and Dbl. Our studies also identify the highly conserved 

amino acid pairing of N1406 frio-D65Racl of GEF-Rho GTPase interaction that is 

likely to be essential to the GEF catalysis of Rho family GTPases.
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