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SmgGDS Is a Guanine Nucleotide Exchange Factor That
Specifically Activates RhoA and RhoC™
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SmgGDS is an atypical guanine nucleotide exchange factor
(GEF) that promotes both cell proliferation and migration and is
up-regulated in several types of cancer. SmgGDS has been pre-
viously shown to activate a wide variety of small GTPases,
including the Ras family members Rapla, Rap1lb, and K-Ras, as
well as the Rho family members Cdc42, Racl, Rac2, RhoA, and
RhoB. In contrast, here we show that SmgGDS exclusively acti-
vates RhoA and RhoC among a large panel of purified GTPases.
Consistent with the well known properties of GEFs, this activa-
tion is catalytic, and SmgGDS preferentially binds to nucleo-
tide-depleted RhoA relative to either GDP- or GTPyS-bound
forms. However, mutational analyses indicate that SmgGDS uti-
lizes a distinct exchange mechanism compared with canonical
GEFs and in contrast to known GEFs requires RhoA to retain a
polybasic region for activation. A homology model of SmgGDS
highlights an electronegative surface patch and a highly con-
served binding groove. Mutation of either area ablates the abil-
ity of SmgGDS to activate RhoA. Finally, the in vitro specificity
of SmgGDS for RhoA and RhoC is retained in cells. Together,
these results indicate that SmgGDS is a bona fide GEF that spe-
cifically activates RhoA and RhoC through a unique mechanism
not used by other Rho family exchange factors.

Rho family GTPases play essential signaling roles in a wide
variety of cellular processes ranging from migration (1), to cell
cycle regulation (2), neurite outgrowth (1, 3), exocytosis (4), and
mitosis (5). As nucleotide-dependent switches, Rho GTPases
exist in two states: an inactive GDP-bound state and an active
GTP-bound state in which they signal to downstream partners.
Rho family guanine nucleotide exchange factors (RhoGEFs)?
stimulate the activation of Rho GTPases by promoting the dis-
sociation of GDP from the inactive GTPase and the subsequent
binding of GTP. High resolution structures have allowed eluci-
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dation of the mechanism of nucleotide exchange for eukaryotic
exchange factors of the Dbl (6, 7) and DOCK (8) families as well
as bacterial exchange factors such as SopE (9) and IpgB2 (10).
SmgGDS is a eukaryotic GEF composed of entirely armadillo
(ARM) repeats that does not belong to either the Dbl or DOCK
family (11). Despite its early identification as a GEF (12, 13),
details of the mechanism by which SmgGDS stimulates nucle-
otide exchange remain sparse.

SmgGDS was originally characterized as activating multiple
GTPases, including Ras family members RaplA (14), RaplB
(13), and K-ras (14), as well as the Rho family members Racl
(15), Rac2 (16), Cdc42 (17), RhoA (12), and RhoB (12). How-
ever, early experiments using SmgGDS were performed with
crudely purified protein samples (12, 13) and yielded inconsis-
tent reports of GTPase specificity. In addition, some reports
claimed that SmgGDS only activated prenylated small GTPases
(14, 18) whereas others reported activity independent of preny-
lation state (16, 19). SmgGDS has only been well characterized
for its ability to activate RhoA (19), but nothing is known about
the regions of SmgGDS necessary to catalyze exchange.

The biological function of SmgGDS has also been ques-
tioned. SmgGDS has not yet been shown to activate any
small GTPases in vivo. An alternative function of controlling
the nucleocytoplasmic shuttling of small GTPases has been
proposed (20). Despite the unknowns surrounding the func-
tion of SmgGDS, it has been implicated in a number of dis-
ease states. For example, SmgGDS has been found to be up-
regulated in both prostate cancer (21) and non-small cell
lung carcinoma (22) where it promotes both proliferation
and migration.

This study revisits the GTPase specificity of SmgGDS using
highly purified proteins and for the first time implicates specific
residues of SmgGDS as being necessary for exchange upon
small GTPases. We show that SmgGDS is solely able to activate
RhoA and RhoC using in vitro nucleotide exchange assays. The
activation depends on the presence of an intact polybasic
region on the C terminus of the RhoA and does not utilize
the canonical mechanism of nucleotide exchange seen with
Dbl family exchange factors. SmgGDS also requires an elec-
tronegative patch and a highly conserved binding pocket on
its surface to activate RhoA. Finally, we show that transfec-
tion of cells with SmgGDS leads to specific increases in the
levels of active RhoA and RhoC, but not other GTPases,
including RhoB.
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EXPERIMENTAL PROCEDURES

Molecular Constructs—SmgGDS-558 (GenBank accession:
NM_174666, bovine) was kindly provided by L. Quilliam.
SmgGDS (GenBank accession: NM_001100426) was obtained
from the IMAGE Consortium. PCR amplification was used to
subclone each isoform into a modified pET-21a vector (Nova-
gen) using a ligation-independent cloning strategy (LIC) (23).
The pLIC-His vector expresses an N-terminal His, tag, a
tobacco etch virus cleavage site, and the inserted protein con-
struct. Rho and Ras family GTPases were cloned into bacterial
expression vectors as described previously (6, 24, 25). The
mammalian expression constructs of human SmgGDS-558
(GenBank accession: NP_001093899) and SmgGDS (GenBank
accession: NP_001093897) in pcDNA3.1+ (Invitrogen) were
kind gifts from C. Williams. Point mutations in constructs were
generated using the QuikChange site-directed mutagenesis kit
(Stratagene) and were verified by DNA sequencing of the entire
open reading frame.

Protein Expression and Purification—SmgGDS and GTPase
constructs were transformed into BL21(DE3) Escherichia coli,
grown at 37 °C in LB medium supplemented with 0.1 mg/ml
ampicillin to an A4y, of 0.6 —0.8, and then induced for 15-18 h
with 200 um IPTG. Cells were harvested and lysed, and His,-
tagged proteins were purified via Ni*>" affinity chromatogra-
phy. The His, tag was cleaved from SmgGDS and RhoA with
tobacco etch virus protease. Proteins were further purified with
size-exclusion chromatography. Proteins were then concen-
trated, and the final concentration was determined using A,g,
and the extinction coefficient as calculated by ProtParam
(ExPASy server) (26) prior to storage at —80 °C.

Gel Filtration Binding Assay—SmgGDS was incubated on ice
for 30 min with a 2-fold molar excess of RhoA in buffer con-
taining 150 mm NaCl, 20 mm Tris-HCI, pH 8.0, 5% glycerol, 1
mM DTT, and either 25 mm EDTA (nucleotide-free buffer), 2
mm MgCl,, and 30 um GDP (GDP buffer), or 2 mm MgCl, and
30 um GTPyS (GTPyS buffer). Protein was then separated
using a Superdex-75 gel filtration column (GE Healthcare), and
fractions were analyzed via SDS-PAGE.

Guanine Nucleotide Exchange Assays—The ability of
SmgGDS to catalyze guanine nucleotide exchange was deter-
mined with a MANT-GDP loading assay as described previ-
ously (27). Exchange assays were performed with a LS-55 fluo-
rescence spectrometer (PerkinElmer Life Sciences) with A, =
360 nmand A, = 430 nm and slits of 5 nm. The exchange assay
buffer was 50 mm NaCl, 20 mm Tris-HCI, pH 8.0, 5 mm MgCl,,
5% glycerol, 1 mm DTT, and 400 nm MANT-GDDP. Dissociation
of nucleotide from RhoA preloaded with MANT-GDP was
measured in a buffer containing 50 mm NaCl, 20 mm Tris-HCl,
pH 8.0, 100 um MgCl,, and 100 um free GDP.

Homology Modeling—Because there is not a template struc-
ture in the Protein Data Bank with enough ARM repeats to
model all of SmgGDS, the SmgGDS sequence was broken into
four sections of overlapping ARM repeats (1-184, 118-362,
254 -528, and 472- 608), and a homology model of each section
was created using B-catenin (Protein Data Bank ID code 2Z6G)
as a template (28). Alignment of SmgGDS repeats to B-catenin
was computed with the HHpred server, and homology models
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were created using the InsightIl molecular modeling package
(Accelrys, San Diego, CA). Overlapping repeats were superim-
posed to yield a single model of SmgGDS that was analyzed with
Profiles3D, yielding a score of 0.87, indicating the model char-
acteristics are similar to known protein structures (29). The
electrostatic surface potential of the homology model was cal-
culated using PBEQ Solver (30) and displayed using PyMOL. A
multiple sequence alignment of SmgGDS sequences from 23
different species was aligned using ClustalX (31). The clustal
consensus scores from the multiple sequence alignment were
mapped onto the surface of SmgGDS and colored according to
degree of sequence conservation.

Rho and Rac Family Activity Assays—Rho family activity
assays were performed as described previously (32). SmgGDS
constructs were transfected into HEK293 cells using Lipo-
fectamine 2000 according to the manufacturer’s instructions
(Invitrogen). Cells were grown for 24 h and lysed in 50 mm
Tris-HCI, pH 7.6, 500 mm NaCl, 1% Triton X-100, 0.1% SDS,
0.5% deoxycholate, 10 mm MgCl,, 200 um orthovanadate, and
protease inhibitors to assess Rho activity and 50 mm Tris-HCl,
pH 7.6, 150 mm NaCl, 1% Triton X-100, 10 mm MgCl,, 200 um
orthovanadate, and protease inhibitors to assess Rac activity.
Lysates were clarified by centrifugation, equalized for total vol-
ume and protein concentration, and rotated for 30 min with 30
pg of purified GST-RBD (Rho binding domain of either Rho-
tekin for Rho or PAK for Rac bound to glutathione-Sepharose
beads). The bead pellets were washed in 50 mm Tris-HCI, pH
7.6, 150 mm NaCl, 1% Triton X-100, 10 mm MgCl,, 200 um
orthovanadate, with protease inhibitors, and subsequently pro-
cessed for SDS-PAGE.

Western Blotting—Cell lysates were subjected to SDS-PAGE
and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore). For Western blotting, membranes were incubated
with primary antibody overnight at 4 °C and secondary anti-
bodies for 1 h at room temperature. Pan-Rho and Racl antibod-
ies were obtained from BD Transduction. RhoA, B, and C spe-
cific antibodies were obtained from Santa Cruz Biotechnology.
Blots were developed with SuperSignal West Pico Chemilumi-
nescent Substrate (Pierce) and visualized using Kodak BioMax
film (Kodak).

Circular Dichroism—Purified SmgGDS proteins at a concen-
tration of 0.15 mg/ml in 20 mm sodium phosphate, pH 7.5, were
analyzed by circular dichroism spectroscopy at 25 °C using a
Pistar-180 spectrometer with a 0.5 mm path length. Data were
plotted as mean residue ellipticity as a function of wavelength
and were analyzed for a-helical content using CDPro software.

RESULTS

SmgGDS Specifically Activates RhoA and RhoC—Previous
studies of the specificity of SmgGDS are contradictory. Fur-
thermore, these studies indicate that SmgGDS can activate
GTPases from both the Rho and Ras families, a highly unusual
property for a GEF. Consequently, a panel of small GTPases
previously reported to be SmgGDS substrates was purified to
homogeneity and tested for its capacity to be activated by puri-
fied SmgGDS (Fig. 1). In this assay, SmgGDS increased the
nucleotide exchange rate for RhoA and RhoC but not for other
Rho or Ras family GTPases. All tested GTPases retained the
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FIGURE 1. Purified SmgGDS specifically activates RhoA and RhoC in vitro. The intrinsic exchange of the indicated GTPase (1 um) was measured for 600 s in
exchange buffer. At the indicated time (arrow), SmgGDS (50 um) or EDTA (25 um) was added to stimulate nucleotide exchange.

capacity to exchange nucleotide upon the addition of EDTA, a
small molecule chelator of Mg2 *, which is an essential co-factor
for nucleotide binding and hydrolysis. These results strongly
indicate that SmgGDS specifically activates RhoA and RhoC
relative to other GTPase.

Activation of RhoA by SmgGDS Is Catalytic and Independent
of SmgGDS Isoform—Two major splice variants of SmgGDS
are expressed in human tissues, a 608-amino acid protein
(SmgGDS) containing 14 ARM repeats and a 558-amino acid
protein (SmgGDS-558) containing 13 ARM repeats (Fig. 2A4).
The fourth ARM repeat is not present in the shorter isoform.
There is no significant difference in the activation of RhoA by
SmgGDS-558 and SmgGDS, indicating that the isoforms have
equivalent nucleotide exchange abilities in vitro (Fig. 2B). Also,
no difference was detected in GTPase specificity between
SmgGDS and SmgGDS-558 (data not shown). Thus, the
remainder of the in vitro exchange assays in this paper utilize
the longer SmgGDS isoform.

Consistent with the ability of GEFs to stimulate both the
loading and unloading of guanine nucleotides at catalytic con-
centrations, SmgGDS catalyzes the unloading of MANT-GDP
from RhoA as indicated by a decrease in fluorescence, as well as
the loading of MANT-GDP in a concentration-dependent fash-
ion (Fig. 2, Cand D). The slower unloading rates likely reflect: (i)
the slower off-rate of MANT-labeled nucleotides from RhoA
and (ii) the potential of the fluorophore to interfere with
exchange factor binding (33). Due to these potential caveats,
loading of labeled nucleotide is the preferred method to exam-
ine SmgGDS function and is used in all subsequent studies.
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SmgGDS Preferentially Forms a High Affinity Complex with
Nucleotide-free RhoA—GEFs directly and preferentially stabi-
lize nucleotide-free GTPases relative to either GDP- or GTP-
bound forms. Consequently, size-exclusion chromatography
was used to test the capacity of SmgGDS to interact differen-
tially with RhoA bound to either GDP or GTPYS or stripped of
nucleotide with EDTA (Fig. 3). Under these conditions,
SmgGDS forms a stable complex with only nucleotide-depleted
RhoA consistent with a bona fide GEF.

SmgGDS Has a Unique Exchange Mechanism Compared with
Dbl Family RhoGEFs and Bacterial Exchange Factors—
The exchange mechanism has been elucidated for canonical
Dbl family GEFs and bacterial exchange factors such as SopE
and IpgB2. Despite having distinct structures, both types of GEF
stabilize nearly identical conformations of the GTPase switch
regions. In particular, both GEFs stabilize Rho family GTPases
such that Ala-61 (RhoA numbering) in switch 2 occludes the bind-
ing site for Mg>™, and this occlusion is stabilized by a salt bridge
between Lys-18 of the phosphate binding loop and Glu-64 of
switch 2. Mutations of either Ala-61 or Glu-64 of RhoA ablated the
ability of Dbs (a Dbl family GEF) to catalyze exchange. In contrast,
these mutations had no effect on exchange catalyzed by SmgGDS
(Fig. 4, A and B). The fact that RhoA residues Ala-61 and Glu-64
are not essential for SmgGDS-catalyzed nucleotide exchange sup-
ports the conclusion that SmgGDS activates RhoA by a distinct
mechanism relative to other GEFs.

SmgGDS Requires a C-terminal Polybasic Region to Interact
with RhoA—SmgGDS activated RhoA and RhoC, yet was inert
toward RhoB (Fig. 1). Sequence alignment of RhoA, B, and C
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FIGURE 2. Activation of RhoA by SmgGDS is catalytic and independent of
SmgGDS isoform. A, domain architecture of SmgGDS isoforms is shown with
conserved ARM repeats (blue boxes) and inserted repeat (red). B, intrinsic
exchange of RhoA (1 um) was measured for 600 s in exchange buffer before
stimulation of nucleotide exchange with the indicated concentration of Smg-
GDS or SmgGDS-558. C, MANT-GDP-loaded RhoA (1 um) was incubated in
unloading exchange buffer for 600 s before addition of SmgGDS at the indi-
cated concentrations to stimulate nucleotide exchange. D, RhoA (1 um) was
incubated in unloading exchange buffer with 400 nm MANT-GDP in place of
the free GDP for 600 s before addition of SmgGDS at the indicated concen-
trations to stimulate nucleotide exchange.

reveals a high degree of similarity with the exception of the
C-terminal polybasic regions (Fig. 4C). Indeed, RhoB lacks a
strong polybasic sequence, implicating this motif as critical for
SmgGDS binding. Consistent with this assumption, SmgGDS
and a truncated form of RhoA lacking its C-terminal polybasic
region, RhoA Apbr, failed to form a high affinity complex upon
gel-exclusion chromatography under conditions designed to
favor nucleotide depletion (Fig. 4D). In addition, SmgGDS was
unable to activate either RhoA Apbr or RhoA containing muta-
tions in the polybasic region, whereas Dbs retained activity on
all proteins (Fig. 4, E-G). These data are consistent with previ-
ous reports that SmgGDS requires the polybasic region of
RhoA for binding (20, 34, 35). To define structural aspects of
the polybasic region required for SmgGDS activity, several chi-
meric GTPase having altered polybasic tails were tested for
activation (Fig. 4H). In particular, RhoA having the polybasic
tail of Racl retained its capacity to be activated by SmgGDS.
Furthermore, RhoB, which is normally not a substrate for
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FIGURE 3. SmgGDS preferentially forms a high affinity complex with
nucleotide-depleted RhoA possessing a polybasic region. SmgGDS was
incubated on ice for 30 min with a 2-fold molar excess of RhoA loaded with
GDP (A), GTP+S (B), or in the presence of EDTA (C), separated over size-exclu-
sion chromatography, and fractions were analyzed via SDS-PAGE.

SmgGDS, was efficiently activated when possessing the polyba-
sic tail of RhoA. In contrast, Racl possessing the polybasic
region of RhoA failed to be activated by SmgGDS. These data
illustrate that the presence of a strong polybasic region is nec-
essary for the interaction of SmgGDS and Rho isoforms, but the
specific sequence of the polybasic tail is not essential. Impor-
tantly, these results also indicate that there are differences out-
side of the polybasic region that account for the ability of
SmgGDS to exchange upon RhoA or RhoB, but not Racl.

Surface Electrostatics and Conservation Highlight Portions of
SmgGDS Required for Activation of RhoA—The necessity of a
polybasic region on RhoA suggests that it interacts with a com-
plementary acidic region on the surface of SmgGDS. Lacking a
high resolution structure of SmgGDS, we created a homology
model using the ARM repeats of 3-catenin as a template struc-
ture. The electrostatic potential surface was calculated, and a
region of strong electronegative charge was observed near the
center of the protein (Fig. 54). To identify which acidic residues
were likely to be critical for interaction with RhoA, a multiple
sequence alignment was created of SmgGDS sequences from 23
different species. The alignment was analyzed to determine
acidic residues that were highly or completely conserved (Fig.
5B). Charge reversal mutations were made in clusters of the
conserved acidic residues, and the mutant SmgGDS proteins
were tested for their ability to activate RhoA (Fig. 5C). As pre-
dicted, mutating any of the conserved acidic clusters that com-
prise the electronegative patch on SmgGDS ablated the ability
of SmgGDS to activate RhoA. However, mutating a modestly
conserved acidic cluster on the opposite surface of SmgGDS
had no effect on the ability of SmgGDS to activate RhoA. Cir-
cular dichroism spectroscopy was used to confirm that mutant
SmgGDS proteins had the same secondary structure character-
istics as the wild-type protein and were not misfolded (supple-
mental Fig. S1).

Having observed that the conserved acidic residues were
essential for the ability of SmgGDS to activate RhoA, we inves-
tigated whether there were additional conserved regions on the
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FIGURE 4. SmgGDS utilizes a novel exchange mechanism to activate
RhoA. A, B, E-G, intrinsic exchange of T um GTPase was measured for 600 s in
exchange buffer, and at the indicated time (arrow) SmgGDS (50 um) or Dbs
(200 nm) was added to stimulate nucleotide exchange. A, RhoA A61G. B, RhoA
E64A. C, sequence comparison of Rho family member polybasic regions with
basic residues highlighted in blue. D, SmgGDS incubated on ice for 30 min
with a 2-fold molar excess of RhoA Apbr in the presence of EDTA, separated
over size-exclusion chromatography, and fractions analyzed via SDS-PAGE.
E, RhoA Apbr. f, RhoA R182A+R183A. G, RhoA K185A+K186A+K187A.
H, intrinsic exchange of the indicated GTPase construct (1 um) measured for
600 s in exchange buffer. At the indicated time (arrow), SmgGDS (50 um) was
added to stimulate nucleotide exchange.

surface of SmgGDS that could be implicated in the interaction
with RhoA. Using the multiple sequence alignment of
SmgGDS, we mapped the sequence conservation of SmgGDS
onto the surface of the homology model (Fig. 5D). Two regions
of high sequence conservation were observed. The smaller
region of sequence conservation was between the N termi-
nus and the electronegative patch whereas the larger region
was in a superhelical groove formed by the curvature of the
ARM repeats and was C-terminal to the electronegative
patch. Mutations of conserved residues were generated, and
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mutant proteins were tested for their ability to activate RhoA
(Fig. 5E). Whereas mutating the N-terminal conserved
region (R112A+N116A+Y119A) did not affect the ability of
SmgGDS to exchange upon RhoA, mutations in the C-terminal
binding groove either impaired (M307A; N395A+K396A) or
abolished (N388A; H380A+S384A; N343A+K396A) activity
on RhoA. None of the SmgGDS mutations had altered a-helical
content as measured by circular dichroism spectroscopy, indi-
cating that they retained their proper fold (supplemental Fig.
S1). These results suggest that the conserved binding groove of
SmgGDS might bind the body of the GTPase with the polybasic
tail extending over the electronegative surface patch.

SmgGDS Specifically Activates RhoA and RhoC in Cells—
SmgGDS isoforms were transiently transfected into HEK293
cells, and lysates were probed for active Rho proteins using an
effector pulldown assay (Fig. 6A). Interestingly, and in contrast
to the equivalent activities of the two isoforms defined in vitro,
only the SmgGDS-558 isoform activated Rho GTPases in cells.
This activation was abolished by substitutions in the conserved
binding groove of SmgGDS-558 equivalent to mutations in
SmgGDS shown earlier to prevent the in vitro ability of
SmgGDS to activate RhoA. Similar assays conducted with Racl
showed no activation by either SmgGDS isoform (Fig. 6B).
Using antibodies specific to the various Rho isoforms,
SmgGDS-558 was observed to activate only RhoA and RhoC,
but not RhoB (Fig. 6C). Hence, the specificity profiles of
SmgGDS in vitro and SmgGDS-558 in cells are identical.

DISCUSSION

Distinct types of GEF domains invariably activate specific
families of GTPases. For example, DH domains activate Rho
family GTPases whereas Cdc25 domains activate Ras family
GTPases. However, SmgGDS, which is predicted to be a single
domain, has been reported to activate both Rho and Ras family
GTPases. In addition, the literature describing GTPase activa-
tion by SmgGDS is contradictory. For example, SmgGDS has
been reported to activate Rap1b (36), RhoB (14), as well as nei-
ther of these GTPases (12, 13). Early work was performed with
SmgGDS purified from brain extracts and contamination by
other GEFs could account for the conflicting results. In addi-
tion, it has been shown that SmgGDS can associate with other
exchange factors such as 3-Pix, lending credence to this possi-
bility (37). Using highly purified recombinant proteins, we have
demonstrated that SmgGDS is only capable of stimulating
nucleotide exchange on RhoA and RhoC in vitro. This narrow
substrate specificity more closely aligns with the typical restric-
tion of distinct GEFs to specific families of GTPases.

SmgGDS has also been proposed to have an alternative func-
tion in regulating the nucleocytoplasmic transport of small
GTPases (20). Our present studies do not examine this role of
SmgGDS, and it is possible that the protein may have multiple
biological roles. However, we show convincing evidence that
SmgGDS possesses the characteristics expected of a true GEF.
First, it is able to catalyze both the loading and the unloading of
MANT-GDP on RhoA in a catalytic and concentration-depen-
dent fashion. In addition, it specifically forms a high affinity
complex only with nucleotide-depleted RhoA and not with
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GDP- or GTPyS-bound RhoA, displaying a key characteristic of
GEFs to stabilize the nucleotide-free state.

Divergent GEFs, such as SopE and Dbs, despite having
unique tertiary structures, stabilize essentially identical confor-
mations of nucleotide-free GTPases. These results lead to the
suggestion that all GEFs for Rho family GTPases would pro-
mote similar nucleotide-free states (38). Residues Ala-61 and
Glu-64 of RhoA are essential for exchange catalyzed by Dbl
family GEFs. Our data show that these residues are not essential
for the ability of SmgGDS to activate RhoA, indicating that
SmgGDS has a unique exchange mechanism that stabilizes a
distinct nucleotide-free state of the GTPase. DOCK has also
been shown to stabilize a nucleotide-free conformation of
Cdc42 which does not rely on residues analogous to Ala-61 or
Glu-64 of RhoA (8). DOCKOY catalyzes nucleotide exchange by
the direct insertion of a valine side chain into the nucleotide
binding pocket. Although there is no significant homology
between the GEF region of DOCK9 and SmgGDS, the possibil-
ity that the two classes of GEF work by similar mechanisms
cannot be ruled out.

This work is the first identification of regions of SmgGDS
that are essential for its ability to activate RhoA. The electro-
static surface potential generated from the SmgGDS homology
model highlights a conserved electronegative patch that when
mutated ablates the ability of SmgGDS to activate RhoA. This
functionally important electronegative patch suggests a com-
plementary electropositive binding surface on RhoA. It seems
likely that this surface on RhoA corresponds to its polybasic tail,
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which we have shown is essential for SmgGDS-catalyzed
exchange.

A second, highly conserved binding surface was also identi-
fied in the groove of the ARM repeat superhelical structure.
Mutation of residues in this conserved binding surface also ren-
ders SmgGDS unable to activate RhoA. Given the relative posi-
tions of the two regions, we postulate that the body of nucleo-
tide-depleted RhoA will lie in the conserved groove and that the
polybasic tail of RhoA will extend over the surface of the elec-
tronegative region. Without any information on the orientation
of RhoA with respect to the surface of SmgGDS it is not possible
to model complex formation accurately, but given the distance
between the conserved binding groove and the electronegative
region (~25 A) and the length of the polybasic region (~32 A if
fully extended) such a conformation is physically reasonable.

Given that both SmgGDS and SmgGDS-558 showed equiva-
lent capacity to activate RhoA in vitro, it is surprising that only
SmgGDS-558 activated RhoA in cells. Interestingly, recent
results from the Williams laboratory suggest that SmgGDS-558
specifically binds prenylated GTPases in cells, whereas the
larger SmgGDS isoform specifically interacts with nonpreny-
lated GTPases (39). As the majority of Rho in cells is expected to
be prenylated, this may explain our observation of preferential
activation of Rho in cells by SmgGDS-558. It may be that the
two isoforms differentially interact with cellular factors that
affect their ability to catalyze nucleotide exchange. Indeed, it is
tempting to speculate that the highly conserved patch con-
taining Arg-112, Asn-116, and Tyr-119, found directly
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FIGURE 6. SmgGDS specifically activates RhoA in cells. HEK293 cells were
transfected with the indicated GEF expression vectors and then lysed. Active
GTPase was precipitated from lysate with GST-RBD (Rho) or GST-PBD (Rac)
beads. Pulldown (GTP-bound GTPase) and lysates (total GTPase) were
detected by Western blotting. Expression of GEF was confirmed with immu-
noblotting for HA antibody. Experiments were performed in triplicate, and
mean band intensity relative to the control is graphed with S.E. (error bars).
A, active Rho detected with a pan-Rho antibody. B, active Rac detected with a
pan-Rac antibody. C, active RhoA, RhoB, and RhoC detected with RhoA-,
RhoB-, and RhoC-specific antibodies.

N-terminal to the extra ARM repeat of SmgGDS, may be an
important binding motif. The three-dimensional context of
this motif relative to the GTPase binding surface will vary
between the two SmgGDS isoforms. This variation may dif-
ferentially affect interactions with cellular factors to modify
exchange capacity.

A unique property of SmgGDS is that it requires the RhoA
polybasic region to interact with and promote nucleotide
exchange upon RhoA. To date, no other nucleotide exchange
factor clearly requires the polybasic region of the GTPase for
exchange. Indeed, the polybasic region of GTPases is typically
used for proper membrane localization and is dispensable for
direct protein/protein interactions. The polybasic region of the
GTPase ends at the CAAX box, with the cysteine residue being
the site of prenylation for the GTPase. Early reports on the
function of SmgGDS suggested that SmgGDS required preny-
lation of the GTPase to stimulate exchange and was capable of
causing extraction of GTPase from cell membranes (14, 40).
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Given the close proximity of the prenylation site and the poly-
basic region and recent observations that prenylation status
influences the SmgGDS/GTPase interaction in cells, it would
be interesting to investigate how prenylation of GTPase alters
affinity for either SmgGDS isoform.

This study is the first identification of SmgGDS residues
essential for nucleotide exchange. SmgGDS is observed to spe-
cifically activate only RhoA and RhoC in vitro, and this speci-
ficity is confirmed in cells. The mechanism of nucleotide
exchange is shown to be distinct from Dbl family GEFs and to
require the presence of a C-terminal polybasic region in the
GTPase. Future structural characterization of a SmgGDS-RhoA
complex will be necessary for a full understanding of the
SmgGDS nucleotide exchange mechanism.
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