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Ras and Rho small GTPases possessing a C-terminal polybasic
region (PBR) are vital signaling proteins whose misregulation can
lead to cancer. Signaling by these proteins depends on their ability
to bind guanine nucleotides and their prenylation with a gera-
nylgeranyl or farnesyl isoprenoid moiety and subsequent traffick-
ing to cellular membranes. There is little previous evidence that
cellular signals can restrain nonprenylated GTPases from entering
the prenylation pathway, leading to the general belief that PBR-
possessing GTPases are prenylated as soon as they are synthesized.
Here, we present evidence that challenges this belief. We demon-
strate that insertion of the dominant negative mutation to inhibit
GDP/GTP exchange diminishes prenylation of Rap1lA and RhoA,
enhances prenylation of Racl, and does not detectably alter preny-
lation of K-Ras. Our results indicate that the entrance and passage
of these small GTPases through the prenylation pathway is regu-
lated by two splice variants of SmgGDS, a protein that has been
reported to promote GDP/GTP exchange by PBR-possessing
GTPases and to be up-regulated in several forms of cancer. We
show that the previously characterized 558-residue SmgGDS splice
variant (SmgGDS-558) selectively associates with prenylated small
GTPases and facilitates trafficking of Rap1A to the plasma mem-
brane, whereas the less well characterized 607-residue SmgGDS
splice variant (SmgGDS-607) associates with nonprenylated
GTPases and regulates the entry of Rap1lA, RhoA, and Racl into
the prenylation pathway. These results indicate that guanine
nucleotide exchange and interactions with SmgGDS splice variants
can regulate the entrance and passage of PBR-possessing small
GTPases through the prenylation pathway.

The Ras and Rho families of small GTPases participate in
almost all aspects of cell biology by regulating cell survival, pro-
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liferation, and migration (1-4). Some of these small GTPases
possess a C-terminal polybasic region (PBR)* that regulates
their trafficking as they undergo prenylation (5, 6) and is re-
quired as a second signal for membrane localization (7). It is not
known how the PBR promotes the trafficking of small GTPases
through the prenylation pathway. Interestingly, the PBR is
required for small GTPases to interact with SmgGDS, a protein
consisting almost entirely of predicted Armadillo (ARM)
domains (8). Although SmgGDS was previously reported to
preferentially interact with small GTPases that possess a PBR,
including K-Ras, Rap1l, RhoA, and Racl (9-11), the functional
significance of these PBR-dependent interactions has not been
clearly defined.

It was recently found that SmgGDS promotes the malignant
phenotype in non-small cell lung carcinoma (NSCLC) (12) and
prostate carcinoma (13). The participation of SmgGDS in can-
cer has been attributed to its ability to increase the activities of
multiple PBR-possessing small GTPases, many of which pro-
mote the malignant phenotype (reviewed in Ref. 12). This con-
clusion is supported by reports that many cellular processes
regulated by small GTPases, including NF-«B activity, actin/
myosin interactions, contractile responses, and cell migration
and proliferation, are inhibited by diminishing SmgGDS ex-
pression in cancer cells (12, 13) or other cell types (14).

The mechanism by which SmgGDS promotes the activities
of PBR-containing small GTPases is unclear. SmgGDS was pre-
viously reported to be a weak guanine nucleotide exchange fac-
tor (GEF) because of its ability to promote the dissociation of
GDP and uptake of GTP by its small GTPase partners (9-11).
However, SmgGDS does not possess any of the known catalytic
domains found in other GEFs, leading to the suggestion that
SmgGDS regulates small GTPases by a novel, unknown mech-
anism that might not involve classical guanine nucleotide
exchange. In this study, we provide evidence of a previously
undescribed mechanism utilized by SmgGDS to regulate small
GTPases, involving their entrance and trafficking through the
prenylation pathway.

Prenylation is necessary for optimal activity of members of
the Ras and Rho families of small GTPases, increasing their

3The abbreviations used are: PBR, polybasic region; ARM, armadillo; DN,
dominant negative; ER, endoplasmic reticulum; GEF, guanine nucleotide
exchange factor; GFP, green fluorescent protein; NSCLC, non-small cell
lung carcinoma; PM, plasma membrane; PTase, prenyltransferase; Rcel,
Ras-converting enzyme 1; tet, tetracycline; WT, wild type; A, aliphatic
amino acid.
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hydrophobic character and thereby promoting their participa-
tion in membrane-localized signaling pathways and other bio-
logical interactions (3, 5, 6). The newly synthesized GTPases
first interact with cytosolic prenyltransferases (PTases) (15-19)
that add a farnesyl isoprenoid or geranylgeranyl isoprenoid to
the cysteine in the C-terminal CAAX (where A indicates ali-
phatic amino acid) motif of the GTPases (20-23). The preny-
lated GTPases then move to the endoplasmic reticulum (ER) to
interact with the Ras-converting enzyme I (Rcel) and the iso-
prenylcysteine carboxylmethyltransferase for post-prenylation
processing (3, 5, 6).

The presence of a PBR influences which pathway a Ras or
Rho family member will take to reach the plasma membrane
(PM) after post-prenylation processing is completed in the ER.
Small GTPases such as H-Ras and N-Ras, which lack a PBR,
move from the ER to the Golgi, where they are palmitoylated,
and then move by vesicular transport to the PM (5, 6). In con-
trast, small GTPases that possess a PBR, such as K-Ras, Rapl,
RhoA, and Racl, move directly from the ER to the PM by an
uncharacterized mechanism that most likely involves uniden-
tified chaperone proteins (5, 6).

Several crucial events in this prenylation pathway remain a
mystery. It is not known how a newly synthesized small GTPase
initially finds its PTase in the cytosol. In the absence of any
known regulatory mechanisms, it is often assumed that small
GTPases are prenylated as soon as they are synthesized and
advance through the prenylation pathway unimpeded in a non-
regulated manner. Recently, several models have emerged to
define how the Rab escort protein Rep might regulate the inter-
actions of newly synthesized Rab small GTPases with their
PTase, geranylgeranyltransferase-1I (24-26). However, the
mechanisms that might regulate the interactions of newly syn-
thesized Ras and Rho family members with their PTases have
not been characterized.

Also unknown is how PBR-possessing small GTPases, once
modified by the addition of a hydrophobic prenyl group, move
through the cytosol to the ER for final processing by Rcel and
isoprenylcysteine carboxylmethyltransferase nor is it known
how the fully processed PBR-possessing small GTPases move
from the ER to the PM. It has been suggested that unidentified
chaperone proteins might escort PBR-containing small
GTPases between the cytosol, ER, and PM during the prenyla-
tion pathway (5, 6), but these suspected chaperones have not
been identified.

Here, we report that the prenylation and trafficking of PBR-
containing small GTPases is regulated by GDP/GTP exchange
and by interactions with two splice variants of SmgGDS, which
we have named SmgGDS-558 and SmgGDS-607. Our results
demonstrate that SmgGDS-607 specifically interacts with non-
prenylated small GTPases and regulates their entry into the
prenylation pathway, whereas SmgGDS-558 specifically associ-
ates with prenylated small GTPases and regulates trafficking to
the PM. These findings suggest that, in contrast to the previous
view of unregulated entry of small GTPases into the prenylation
pathway, prenylation of PBR-containing small GTPases is reg-
ulated in multiple ways. Interactions of PBR-containing small
GTPases with SmgGDS splice variants in conjunction with
GDP/GTP exchange presents, for the first time, a specific cel-
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lular mechanism to regulate the prenylation and subsequent
membrane localization of these GTPases.

EXPERIMENTAL PROCEDURES

Cell Lines and Transfection of siRNAs and cDNAs—All cell
lines were obtained from the American Type Tissue Collection
(Manassas, VA). The NSCLC cell lines NCI-H1703 and NCI-
H23 were maintained in RPMI 1640 medium with 10% heat-
inactivated fetal bovine serum and antibiotics; the HEK-293T
cell line was maintained in DMEM with 10% heat-inactivated
fetal bovine serum and antibiotics. All siRNA duplexes were
purchased from Dharmacon (Lafayette, CO). Sequences of the
siRNAs are presented in supplemental Table S1. Nontargeting
siRNAs (Dharmacon siControl 3) were designed not to target
any human mRNA. Cells were transfected with 25 nm siRNA
using DharmaFECT-3 transfection reagent (Dharmacon,
Lafayette, CO) according to the manufacturer’s instruction. All
cDNAs were transfected into cells using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol.

¢DNA Constructs—A construct encoding human SmgGDS-
607 (cDNA clone FLJ30470) was obtained from the National
Institute of Technology and Evaluation Biological Resource
Center (Chiba, Japan) and was subcloned into the pcDNA3.1(+)
vector with a single C-terminal hemagglutinin (HA) epitope
tag (YPYDVPDYA). Two amino acids in the original con-
struct that did not agree with the sequences in the NCBI
Database were changed by site-directed mutagenesis to
agree with the sequences in the NCBI Database (accession
number NP_001093897). These changes were T197C to pro-
duce V66A and C1154T to produce F385L. SmgGDS-558-HA
was generated by overlap PCR from SmgGDS-607-HA in the
pcDNA3.1(+) vector. The Myc-tagged and GFP-tagged small
GTPase constructs were generated as described previously (27).
The SAAX mutants of the small GTPases described in supple-
mental Table S2 were generated by site-directed mutagenesis
to change the cysteine in the CAAX motif to a serine. Site-
directed mutagenesis was performed using the QuikChange II
site-directed mutagenesis kit (Stratagene, La Jolla, CA) accord-
ing to the manufacturer’s protocols, using primers purchased
from Operon. The FLAG-tagged Rapl GEF constructs MR-
GEF, C3G, GRP3, and PDZ-GEF were the kind gifts from Dr.
Lawrence Quilliam, Indiana University School of Medicine and
Wealther Oncology Center (28).

NCI-H1703 Cells Stably Expressing Tet-inducible shRNA—
NCI-H1703 cells were transduced with lentiviral vectors
encoding the luciferase protein (a kind gift from Dr. Michael
Dwinell, Medical College of Wisconsin) and the tetracycline
repressor protein (Invitrogen) and selected for stable expres-
sion of the vectors. Lentiviral vectors expressing inducible
shRNA for SmgGDS-558 (shRNA BD), SmgGDS-607 (shRNA
C2), or a nontargeting control shRNA were generated using the
“Block-iT” inducible H1 lentiviral RNAi system (Invitrogen,
K4925-00). Cells were transduced with the lentiviral vectors
containing the inducible shRNAs and selected for stable
expression of the vectors. Cells were maintained in RPMI 1640
triple selection media (200 pg/ml Zeocin, 12 pug/ml blasticidin,
400 ng/ml puromycin). Expression of shRNA was induced
using 2 pg/ml tetracycline (Invitrogen). Oligonucleotide
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sequences encoding the shRNA were purchased from Operon.
The forward sequences were as follows: nontargeting sShRNA,
5'-CACCATGGTTTACATGTTTTCTGATTGAGAAATC-
AGAAAACATGTAAACCA-3’; C2 shRNA, 5'-CACCAT-
TCTCATTGCTATAGTTCCGAAGAACTATAGCAATGA-
GAA-3’; and BD shRNA, 5'-CACCATGAAGCGAATGGC-
TATCGTGAGAACGATAGCCATTCGCTTCA-3'. Reverse
complements of the sequences were also purchased for forma-
tion of the sShRNA double-stranded DNA complexes.

Enhanced  Chemiluminescence (ECL)-Western Blotting—
Equal numbers of transfected cells were boiled in Laemmli
sample buffer and subjected to SDS-PAGE. The proteins were
transferred to polyvinylidene difluoride and immunoblotted
using antibody to SmgGDS (BD Transduction Laboratories
612511), GAPDH (Santa Cruz Biotechnology sc-32233), mouse
HA antibody (Covance, MMS-101P), rabbit HA antibody
(Covance, PRB-101P), mouse Myc antibody (Santa Cruz Bio-
technology, sc-40), rabbit Myc antibody (Covance, PRB-150P),
mouse antibody to FLAG (Sigma, F3165), rabbit antibody to
FLAG (Sigma, F7425), mouse antibody to Actin (Santa Cruz
Biotechnology, sc-47778), rabbit antibody to tet-repressor
(Chemicon, AB3541), rabbit antibody to lamin B1 (Abcam,
ab16048), or goat antibody to nonprenylated Rapl (29) (Santa
Cruz Biotechnology, sc-1482). Bound antibodies were visual-
ized using horseradish peroxidase-linked anti-mouse IgG, anti-
rabbit IgG (Amersham Biosciences), or anti-goat IgG (Santa
Cruz Biotechnology, sc-2056) and ECL reagents (PerkinElmer
Life Sciences), as described previously (30).

Analysis of Immunoprecipitates from Cultured Cells—HEK-
293T cells were transiently transfected with cDNAs encoding
HA-tagged SmgGDS splice variants and Myc-tagged small
GTPases. After 24 h, equal numbers of cells were lysed in buffer
containing 0.5% Nonidet P-40 with protease and phosphatase
inhibitors, and the lysates were centrifuged (2500 X g, 5 min,
4.°C). A portion of the resulting supernatants was reserved for
total cell lysates, and the remainder was immunoprecipitated
using mouse HA antibody (Covance, MMS-101P) or mouse
Myc antibody (Santa Cruz Biotechnology, sc-40). Immunopre-
cipitates and total cell lysates were subjected to ECL-Western
blotting as described above.

Analysis of mRNA and Protein Expression in Human Tumors—
Using an approved Institutional Review Board protocol
(Medical College of Wisconsin Institutional Review Board
PRO5554), lysates of archival lung tumors and their matched
normal lung tissue were homogenized in 50 mm HEPES, 150
mM NaCl, 1 mm EDTA, 1 mm EGTA, 0.5% Nonidet P-40, and
10% glycerol with protease inhibitors (Complete Mini Tablets,
Roche Applied Science) and then centrifuged (18,000 X g for 10
min at 4 °C). The resulting supernatants were then normalized
to a protein concentration of 1 mg/ml protein, boiled in Lae-
mmli sample buffer, and subjected to ECL-Western blotting
using antibody to SmgGDS or actin. The expression of mRNAs
for SmgGDS-558 and SmgGDS-607 in a panel of archival lung
tumors and matched normal tissue was determined by quanti-
tative real time PCR using methods described previously (31).

Clonogenic Assay—Anchorage-independent proliferation of
the NSCLC cells NCI-H1703 and NCI-H23 was analyzed by
their ability to form colonies in soft agar. 7 X 10* cells were
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transfected with siRNA or treated with transfection reagents
only (mock transfection). After 24 h, cells were lifted, and 9.9 X
102 cells were suspended in 0.3% low-melt agarose (Bio-Rad) in
complete RPMI. Triplicate wells were plated with 1 ml of the
cell suspension over 1 ml of solidified 0.6% low-melt agarose in
RPMI. After the 0.3% agarose layer set, each well was overlaid
with 2 ml of complete RPMI. Digital images of the cells were
collected 4 weeks (NCI-H1703) or 5 weeks (NCI-H23) later,
and the numbers of visible colonies in the agar were counted
using Image].

Triton X-114 Fractionation—As described previously (32),
cells were lysed in 1% Triton X-114-in TBS (50 mm Tris, 150 mm
NaCl, pH 7.5), incubated 15 min on ice, and then centrifuged at
25,000 X gat 4 °C to remove insoluble debris. An aliquot of the
cleared lysate was retained as total cell lysate. The remaining
lysate was subjected to temperature-dependent separation of
the aqueous and detergent phases (2 min of incubation at 37 °C
followed by room temperature centrifugation at 1500 X g).
After separation of the aqueous and detergent phase, the aque-
ous phase was transferred to a separate microcentrifuge tube,
and 11% Triton X-114 was added to a final concentration of 1%.
Any remaining aqueous sample was then scavenged from the
detergent phase and discarded. This step resulted in a loss of
both detergent and aqueous sample relative to total cell lysate,
visible as a disproportionate isolation of lamin B1 in the deter-
gent fractions and GAPDH in aqueous fractions compared with
the lamin B1 and GAPDH in the total cell lysate. TBS was then
added to the detergent phase to a final concentration 1% Triton
X-114. The detergent fractions, aqueous fractions, and total cell
lysate were combined 1:1 with 2X Laemmli sample buffer, and
equal volumes of each fraction and the total cell lysate were
separated by SDS-PAGE and examined by ECL-Western blot-
ting. Proteins were detected with mouse HA antibody to detect
SmgGDS isoforms and small GTPases, GAPDH antibody (an
aqueous phase loading control), and rabbit antibody to lamin
B1 (a detergent phase loading control).

OD values of the GTPases detected in the aqueous, deter-
gent, and total cell lysate samples were measured on an
Alphalmager HP and analyzed using AlphaView SA software
(Alpha Innotech, San Leandro, CA). As discussed above, we
observed in some experiments that there was disproportionate
isolation of the detergent fraction (containing lamin B1) com-
pared with the aqueous fraction (containing GAPDH). There-
fore, all OD values for the detergent fraction were normalized
by the factor (OD lamin in detergent phase/OD lamin in total
cell lysates). Similarly, all OD values in the aqueous phase were
normalized by the factor (OD GAPDH in aqueous phase/OD of
GAPDH in the total cell lysate).

Intracellular Localization of Proteins—NCI-H1703 cells sta-
bly expressing tet-inducible shRNAs were cultured with or
without tetracycline for 72 h, transfected with cDNA encoding
GFP-tagged RaplA, and 24 h later examined by fluorescence
microscopy as described previously (30). The sample identities
were masked, and two investigators independently ranked the
membrane localization of GFP-Rap1A on a scale of 1-3, a score
of 1 representing undetectable, 2 moderate, and 3 extensive
membrane localization.
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FIGURE 1. Two splice variants of SmgGDS with distinct functions are expressed in NSCLC. A, SmgGDS-607
and SmgGDS-558 contain multiple predicted ARM domains (represented by the letters A-M); SmgGDS-558 is
missing ARM domain C. siRNAs C7 and C2 target only SmgGDS-607; siRNA BD targets only SmgGDS-558, and
siRNAs |1 and 12 target both SmgGDS splice variants. B, NCI-H1703 or NCI-H23 cells were transfected with the
indicated siRNAs or reagent only (Mock), lysed after 72 h, and subjected to ECL-Western blotting using anti-
bodies to SmgGDS and GAPDH. Results are representative of five independent experiments. C, archival lung
tumors (T) and matched normal lung tissue (N) from nine patients (7-9) were subjected to ECL-Western blot-
ting using antibodies to SmgGDS and actin. D, quantitative real time PCR using primers that specifically amplify
SmgGDS-558 or SmgGDS-607 mRNA was conducted using lung tumor tissue and matched normal lung tissue
isolated from 50 patients. Values were normalized to expression of 18 S RNA as described previously (31).

Statistics—All results are the means = S.E. Symbols above a
column indicate a statistical comparison between the bracketed
sample by analysis of variance with Dunnett’s post hoc multiple
comparison’s test, by Student’s ¢ test, or by x* analysis, as indi-
cated in the figure legends. p values less than 0.05 were consid-
ered significant.

RESULTS

SmgGDS Is Expressed as Two Splice Variants in NSCLC Cell
Lines and Tumors and Normal Lung Tissue—SmgGDS (also
known as smgGDS and Rap1GDS1) was originally isolated from
bovine brain (33) and human brain (34) as a cDNA encoding a
558-residue protein (NCBI accession NP_001093899, isoform
5). In addition to this previously described protein, which we
refer to as SmgGDS-558, the NCBI Database also lists a 607-
residue SmgGDS splice variant (NCBI accession NP_
001093897, isoform 3), which we designate as SmgGDS-607.
Both SmgGDS-607 and SmgGDS-558 consist mainly of pre-
dicted ARM repeats, with SmgGDS-607 differing from Smg-
GDS-558 by the addition of only one ARM repeat (Fig. 14;
supplemental Fig. S1).

Western blotting of NSCLC cell lysates using a monoclonal
SmgGDS antibody detects two proteins with apparent molecu-
lar masses of 55 and 60 kDa (Fig. 1B). We suspected that the
55-kDa protein corresponds to SmgGDS-558 and the 60-kDa
protein corresponds to SmgGDS-607. To confirm the iden-
tities of these immunoreactive proteins, we designed siRNA
duplexes to target either both SmgGDS splice variants simulta-
neously (siRNAs I1 and I2), only SmgGDS-607 (siRNAs C1 and
C2), or only SmgGDS-558 (siRNA BD) (Fig. 14; supplemental
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Normal

NSCLC tumors compared with nor-
mal lung tissue (12). To determine
whether both SmgGDS splice vari-
ants are expressed in lung tumors
and tissues, we conducted Western
blotting of lung tumors and
matched normal lung tissue from
nine patients (Fig. 1C). Two pro-
teins are detected by the SmgGDS
antibody in most of these immuno-
blotted tissue samples, and the migration of the immunoreac-
tive proteins corresponds to the migration of SmgGDS-607 and
SmgGDS-558 (Fig. 1C). The SmgGDS antibody also detects an
unidentified 42-kDa protein (p42) in some of the tumor or lung
tissue samples (Fig. 1C, samples 2—8), which may be an Smg-
GDS degradation product or potentially another uncharacter-
ized SmgGDS splice variant.

We examined the expression of mRNA transcripts for Smg-
GDS-558 and SmgGDS-607 using quantitative RT-PCR in a
panel of 50 matched samples of lung tumors and normal lung
tissues (Fig. 1D). In both the normal tissue samples and in the
tumor samples, quantitative RT-PCR analysis detected more
abundant SmgGDS-607 mRNA than SmgGDS-558 mRNA
(Fig. 1D). This detection of more SmgGDS-607 mRNA than
SmgGDS-558 mRNA is consistent with the immunoblotting
results, which indicated more detectable SmgGDS-607 pro-
tein than SmgGDS-558 protein in the majority of the tumors
and normal tissue samples examined (Fig. 1C) as well as in
the cultured cells (Fig. 1B). Somewhat surprisingly, we
observed that neither SmgGDS-558 mRNA expression nor
SmgGDS-607 mRNA expression is elevated in the tumors
compared with the matched normal lung tissues (Fig. 1D).
The finding that SmgGDS mRNA is not significantly ele-
vated in the tumors was somewhat unexpected, based on our
earlier report that SmgGDS protein is elevated in lung
tumors (12). The lack of SmgGDS mRNA overexpression in
the tumors suggests that SmgGDS protein may be elevated in
lung tumors due to post-translational events, such as stabi-
lization of SmgGDS protein.

Tumor
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FIGURE 2. SmgGDS splice variants are functionally distinct proteins and
interact differently with small GTPases. A and B, NCI-H1703 cells were
transfected in the absence (control) or presence of the indicated siRNAs and
24 h later re-plated in soft agar. Colonies were imaged (A) and quantified (B)
after 1 month. Results are the means =+ S.E. from three independent experi-
ments. (NT, nontargeting siRNA; **, p < 0.001; NS, not significant by analysis of
variance with Dunnett’s post hoc multiple comparisons test). C, HEK-293T
cells were transfected with a cDNA encoding the HA vector, SmgGDS-607-HA,
or SmgGDS-558-HA plus a ¢cDNA encoding the indicated Myc-tagged DN
small GTPases and then immunoprecipitated 24 h later with HA antibody.
Immunoprecipitates and cell lysates were subjected to ECL-Western blotting
using HA antibody and Myc antibody. Results are representative of at least
three independent experiments.

SmgGDS Splice Variants Are Functionally Distinct Proteins
and Interact Differently with Small GTPases—Soft agar colony
formation by NCI-H1703 cells is significantly reduced by
diminishing the expression of either SmgGDS-558 alone (Fig. 2,
A and B, siRNA BD) or both SmgGDS isoforms simultaneously
(Fig. 2, A and B, siRNAs I1 and 12). In contrast, diminishing only
SmgGDS-607 expression has little effect (Fig. 2, A and B,
siRNAs C1 and C2). These results indicate that SmgGDS-558
and SmgGDS-607 are functionally different proteins.
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To begin to determine how signaling through the SmgGDS
splice variants might diverge, we compared the abilities of Smg-
GDS-607 and SmgGDS-558 to co-precipitate different small
GTPases. We used dominant negative (DN) small GTPases in
these assays because of the possibility that the SmgGDS splice
variants might act as GEFs for the small GTPases. DN GTPases
do not readily bind GTP and thus do not readily dissociate from
GEFs, resulting in a stable DN-GTPase-GEF complex that can
be immunoprecipitated (35). In contrast, wild type (WT)
GTPases form a transient, unstable complex with GEFs because
GDP/GTP exchange rapidly dissociates the WT GTPase from
the GEF. The use of DN GTPases in these assays is supported by
our previous finding that SmgGDS co-precipitates more with
DN-RhoA than with WT-RhoA expressed in cells (36).

When the proteins were co-expressed in HEK293T cells,
both SmgGDS-558 and SmgGDS-607 co-precipitated the DN
forms of RaplA, K-Ras, RhoA, and Racl (Fig. 2C). Very inter-
estingly, SmgGDS-607 co-precipitates a slower migrating form
of all of the small GTPases tested (Fig. 2C, HA immunoprecipi-
tates, lanes 2, 5, 9, and 12), whereas SmgGDS-558 co-precipi-
tates a faster migrating form of all of the small GT Pases (Fig. 2C,
HA immunoprecipitates, lanes 3, 6, 10, and 13). This finding
suggests that the SmgGDS splice variants form complexes with
different post-translationally modified forms of the small
GTPases. Prenylation is the major post-translational modifica-
tion that is shared by all four of these small GTPases. Further-
more, prenylated small GTPases typically migrate faster than
nonprenylated small GTPases in SDS-PAGE (37). Based on
these characteristics, we hypothesized that SmgGDS-558 asso-
ciates with prenylated small GTPases, whereas SmgGDS-607
associates with nonprenylated small GTPases.

SmgGDS-607 Co-precipitates Nonprenylated Small GTPases,
whereas SmgGDS-558 Co-precipitates Prenylated Small
GTPases—To test the hypothesis of prenylation-specific inter-
actions of SmgGDS isoforms with small GTPases, we compared
the abilities of the SmgGDS splice variants to co-precipitate
GTPases that have a normal CAAX motif versus mutant
GTPases that cannot be prenylated due to serine-for-cysteine
substitution in the CAAX motif where the prenyl group is
attached. When expressed in cells, GTPases with a normal
CAAX motif will be present in both the nonprenylated and
prenylated forms, and each of these different forms could selec-
tively co-precipitate with a specific SmgGDS splice variant. In
contrast, GTPases with the mutant SAAX motif (termed K-Ras-
SAAX, RaplA-SAAX, Racl-SAAX, and RhoA-SAAX) will only
be present in the nonprenylated form, and will co-precipitate
only with the SmgGDS splice variant(s) that can form com-
plexes with nonprenylated GTPases.

We first compared the interactions of SmgGDS splice vari-
ants with DN GTPases that have a normal or mutant CAAX
motif (Fig. 3, A, C, E, and G, HA immunoprecipitates). We
found that SmgGDS-558 co-precipitates DN GTPases that
have a normal CAAX motif but not DN GTPases that lack pre-
nylation due to the SAAX mutation (Fig. 3, A, G, E, and G, HA
immunoprecipitates, lanes 3 and 4). These results indicate that
SmgGDS-558 is restricted to interacting with prenylated small
GTPases. In contrast, SmgGDS-607 co-precipitates nonpreny-
lated DN GTPases that have the SAAX mutation (Fig. 3, A, C, E,
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FIGURE 3. SmgGDS-558 associates with prenylated small GTPases, whereas SmgGDS-607 associates ; e
with nonprenylated small GTPases. HEK-293T cells were transfected with a cDNA encoding SmgGDS- 3, C and D, HA immunoprecipi
607-HA (607), SmgGDS-558-HA (558), or the HA vector (Vector) plus a cDNA encoding the indicated Myc- tates). However, we unexpectedly
tagged small GTPase possessing either a normal CAAX motif (odd lanes) or the SAAX mutation (even lanes),and  observed that both SmgGDS splice
containing the DN mutation (A, C, E, and G) or lacking the DN mutation (B, D, F, and H). After 24 h, the cells were . . .
lysed, and an aliquot of each lysate was subjected to ECL-Western blotting using Myc antibody (Cell Lysates). variants associate well with t.he DN
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with the DN and WT forms of

RaplA (Fig. 3, G and H, HA immu-
and G, HA immunoprecipitates, lane 2), indicating that unlike  noprecipitates). These results indicate that SmgGDS acts more
SmgGDS-558, SmgGDS-607 can interact with nonprenylated like a classical GEF when it is interacting with RhoA and Racl
small GTPases. SmgGDS-607 also co-precipitates DN GTPases  than when it is interacting with K-Ras and Rapl1A. When co-
that have a normal CAAX motif (Fig. 3, A, C, E, and G, HA precipitation of the WT GTPases was detectable, the WT

immunoprecipitates, lane 1). Intriguingly, these DN GTPases GTPases exhibited interactions similar to those exhibited by
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SmgGDS Splice Variants

contrast, DN-RaplA is expressed
equally as prenylated and nonpre-
nylated forms, as indicated by
similar amounts of the upper and
lower immunoreactive bands of
DN-RaplA in the Western blot of
the cell lysates (Fig. 3G, cell lysates,
lane 5). These differences in the
amounts of the two resolving upper
and lower immunoreactive bands of
WT-RaplA versus DN-RaplA sup-
port the hypothesis that the DN
mutation diminishes prenylation of
RaplA.

To test the hypothesis that Rap1A
prenylation is diminished by the DN
mutation, changes in Rap1A preny-
lation were investigated using an
antibody that detects only nonpre-
nylated Rap1 (29). Cells were trans-
fected with myc-RaplA or myc-
DN-RaplA and co-transfected with

m HA-WT-Rap1A
an HA-WT-K-Ras
HA-WT-RhoA
2 HA-WT-Rac1

cDNA co-expressed with HA-tagged GTPase

Representative Western blots are presented in supplemental Fig. S2, B-I.

the DN GTPases (Fig. 3, right panels and left panels, respec-
tively), indicating that the prenylation-specific interactions of
the GTPases with the SmgGDS splice variants are not an arti-
fact of the DN mutation.

Prenylation Is Regulated by Guanine Nucleotide Exchange—
An examination of the total cell lysates reveals that the SAAX
mutation significantly slows the migration of the Rap1lA pro-
teins in SDS-PAGE (Fig. 3, G and H, cell lysates, lanes 2, 4, and
6), indicating that changes in prenylation dramatically alter
RaplA migration in SDS-PAGE. When RaplA containing a
normal CAAX motif is expressed in cells, it migrates as two
distinctly resolving immunoreactive bands in the Western blot
of the cell lysates (Fig. 3, G and H, cell lysates, lanes 1, 3, and 5).
The upper immunoreactive band is predicted to be nonpreny-
lated RaplA due to its co-migration with the nonprenylated
RaplA SAAX mutant, whereas the lower immunoreactive band
is predicted to be prenylated Rap1A due to the faster migration
of prenylated than nonprenylated GTPases in SDS-PAGE (37).
Based on these predictions, WT RaplA is expressed mainly as
the prenylated form in the cells, as indicated by the predomi-
nance of the lower immunoreactive band of WT RaplA in the
immunoblot of the cell lysates (Fig. 3H, cell lysates, lane 5). In
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FIGURE 4. Prenylation of small GTPases is regulated by GDP/GTP exchange and SmgGDS-607 expression.
A, HEK-293T cells were transfected with myc-Rap1A or myc-DN-Rap1A in the presence of SmgGDS-558-HA,
SmgGDS-607-HA, or the HA vector. After 24 h, the cell lysates were subjected to ECL-Western blotting using an
antibody that recognizes the nonprenylated form of Rap1 and an antibody that recognizes the Myc epitope (to
detect total myc-Rap1A or myc-DN-Rap1A). The ratio of the proteins detected by the nonprenylated Rap1
antibody and the Myc antibody was quantified by densitometry. Results are the mean = S.E. for three inde-
pendent experiments. (NS, not significant; *, p < 0.05 by Student’s t test). A representative Western blot is
presented in supplemental Fig. S2A. B-D, HEK-293T cells were transfected with either SmgGDS-607-HA,
SmgGDS-558-HA, or the HA vector in the presence of one of the indicated HA-tagged DN GTPases or WT
GTPases. After 24 h, the cell lysates were subjected to Triton X-114 fractionation, and equal volumes of the
aqueous phase, detergent phase, or total cell lysate were separated by SDS-PAGE and subjected to ECL-
Western blotting using HA antibody. The average ratio (= S.E.) of the HA-tagged GTPases detected in the
aqueous phase (nonprenylated GTPases) compared with the detergent phase (prenylated GTPases) was cal-
culated from the OD values as described under “Experimental Procedures” (*, p < 0.05; NS, not significant).

either the HA vector, SmgGDS-607-
HA, or SmgGDS-558-HA. After 24 h,
the cell lysates were immunoblotted
with the nonprenylated Rapl anti-
body and with the Myc antibody,
which detects both prenylated and
nonprenylated forms of the Myc-
tagged GTPases. The ratio of the
proteins detected by these two anti-
bodies was quantified by densitom-
etry to define the relative amount of
nonprenylated Myc-tagged GTPase
expressed in the cells (Fig. 44 and
supplemental Fig. S24). We found
that the ratio of nonprenylated myc-GTPase to total myc-
GTPase expressed in cells that were co-transfected with the HA
vector was 1.3 = 0.2 for myc-DN-Rap1lA, and it was 0.2 = 0.1
for myc-WT-RaplA (p = 0.02) (Fig. 44). This result indicates
that the cells express a greater amount of nonprenylated
DN-RaplA than nonprenylated WT-RaplA (Fig. 44), support-
ing the conclusion that the DN mutation reduces RaplA
prenylation.

Having found that the DN mutation diminishes the prenyla-
tion of RaplA, we next tested whether the DN mutation affects
the prenylation of K-Ras, Racl, and RhoA. We could not exam-
ine the prenylation status of these GTPases by examining their
migration rates in SDS-PAGE, because unlike Rap1A, the pre-
nylated and nonprenylated forms of K-Ras, Rac1l, and RhoA do
not readily resolve into two distinct immunoreactive bands
under our SDS-PAGE conditions (Fig. 3, A—F, cell lysates, lanes
1, 3, and 5). Additionally, antibodies to specifically detect the
nonprenylated forms of these GTPases are not currently avail-
able. Therefore, to characterize the prenylation status of these
small GTPases, cells expressing the HA-tagged GTPases were
lysed in Triton X-114 to solubilize the prenylated proteins into
the detergent phase and the nonprenylated proteins into the
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aqueous phase. The fractions were subjected to Western blot-
ting using the HA antibody, followed by densitometry to define
the ratio of nonprenylated HA-GTPase in the aqueous phase
versus prenylated HA-GTPase in the detergent phase (Fig. 4B).
Representative immunoblots can be found in supplemental Fig.
S2, B-1. We observed that DN-RaplA accumulates more than
WT-RaplA in the aqueous phase (Fig. 4B), consistent with our
previous results indicating reduced prenylation of DN-RaplA
(Fig. 4A). Similarly, DN-RhoA accumulates more than WT-
RhoA in the aqueous phase (Fig. 4B), indicating reduced preny-
lation of DN-RhoA. In contrast, WT-Racl accumulates more
than DN-Racl in the aqueous phase (Fig. 4B), indicating
reduced prenylation of WT-Racl compared with DN-Racl.
Equal amounts of DN-K-Ras and WT-K-Ras accumulate in the
aqueous phase (Fig. 4B), indicating that the DN and WT forms
of K-Ras do not significantly differ in their prenylation status.
Taken together, these results indicate that the DN mutation
significantly diminishes the prenylation of RaplA and RhoA,
enhances the prenylation of Racl, and does not detectably alter
the prenylation of K-Ras.

Prenylation Is Regulated by SmgGDS-607—Because SmgGDS-
607 forms stable complexes with the nonprenylated form of all
small GTPases examined (Fig. 3), we tested whether SmgGDS-
607 regulates the prenylation of small GTPases. The results of
the Triton X-114 fractionation assay indicated that co-expres-
sion of SmgGDS-607 causes DN-RaplA, DN-RhoA, and DN-
Racl to accumulate in the aqueous phase (Fig. 4C), indicating
reduced prenylation of these DN GTPases when SmgGDS-607
is overexpressed.

The results of several other assays also indicate that
SmgGDS-607 regulates DN-Rap1lA prenylation. Western blot-
ting using the nonprenylated Rap1 antibody indicated that co-
expression of SmgGDS-607 significantly diminishes the preny-
lation of DN-RaplA (Fig. 44). Evidence that SmgGDS-607
regulates DN-Rap1A prenylation is also provided by the immu-
noblots of the total cell lysates shown in Figs. 2C and 3G, which
indicated that the upper immunoreactive band of nonpreny-
lated DN-RaplA is more prominent in the total cell lysates
prepared from cells co-transfected with SmgGDS-607 com-
pared with cells co-transfected with the HA vector (Fig. 2C, cell
lysates, lanes 1 and 2, and Fig. 3G, cell lysates, lanes 1 and 5).
Taken together, these findings indicate that SmgGDS-607
expression diminishes the prenylation of DN-Rap1lA.

Having found that SmgGDS-607 co-expression diminishes
the prenylation of DN-RaplA, DN-RhoA, and DN-Racl, we
next examined the effects of SmgGDS-607 on the WT forms
of these GTPases. In the Triton X-114 fractionation assay,
SmgGDS-607 co-expression significantly diminishes the pre-
nylation of the WT form of RaplA, but not K-Ras, RhoA, or
Racl (Fig. 4D). The reduced prenylation of WT-Rap1lA in cells
co-expressing SmgGDS-607 (Fig. 4D) was somewhat surpris-
ing, because Western blotting using the nonprenylated RaplA
antibody did not indicate altered WT-Rap1A prenylation in the
presence of co-expressed SmgGDS-607 (Fig. 44). Additionally,
we did not detect any change in the migration rate of
WT-RaplA in Western blots of cells co-transfected with Smg-
GDS-607 versus the HA vector (Fig. 3H, cell lysates, lanes 1 and
5). The Triton X-114 fractionation assay might detect a Smg-
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GDS-607-dependent change in the prenylation of WT-RaplA
because this method is a more sensitive indicator of prenylation
than the other methods employed to detect changes in
prenylation.

Because SmgGDS has been reported to be a weak GEF for
small GTPases (9—-11), we examined the possibility that other
GEFs might also regulate small GTPase prenylation. We
focused on GEFs for Rapl, including MR-GEF, GRP3, PDZ-
GEF, and C3@G, because many of these GEFs specifically interact
with Rapl. None of the overexpressed Rapl GEFs detectably
altered prenylation of DN-RaplA (supplemental Fig. S3A),
even though they are capable of forming stable complexes with
nonprenylated DN-RaplA (supplemental Fig. S3B). Thus,
SmgGDS-607 is unique among all of the tested proteins in its
ability to alter prenylation of the tested small GTPases.

In contrast to the responses induced by SmgGDS-607, the
co-expression of SmgGDS-558 has little effect on the prenyla-
tion of small GTPases. This conclusion is supported by our
observations that SmgGDS-558 co-expression does not alter
the migration of DN-RaplA in immunoblotted cell lysates
(Figs. 2C and 3G) nor does SmgGDS-558 co-expression
increase the amount of RaplA detected by the nonprenylated
Rapl antibody (Fig. 44). Furthermore, in the Triton X-114 frac-
tionation assays, SmgGDS-558 co-expression does not detect-
ably alter the prenylation of the WT GTPases (Fig. 4D) or most
of the DN GTPases (Fig. 4C). However, SmgGDS-558 co-ex-
pression caused an unexpected shift of DN-RhoA into the
aqueous phase in the Triton X-114 fractions (Fig. 4C). It is
unclear why SmgGDS-558 overexpression would reduce pre-
nylation of DN-RhoA, based on our finding that SmgGDS-558
does not detectably interact with nonprenylated GTPases.

SmgGDS-558 Uniquely Interacts with Prenylated GTPases
and Regulates RaplA Membrane Localization—In striking
contrast to SmgGDS-607, which interacts with nonprenylated
small GTPases, SmgGDS-558 exhibits exceptional specificity
for prenylated small GTPases. Among all of the potential GEFs
that we tested, we found that SmgGDS-558 is the only protein
that does not detectably co-precipitate with the nonprenylated
SAAX mutant of DN-RaplA (supplemental Fig. S3B, lane 4).
SmgGDS-558 is likewise confined to interacting with preny-
lated K-Ras, Racl, and RhoA and does not detectably interact
with their corresponding nonprenylated SAAX mutants (Fig.
3). This observation is consistent with the original description
by Takai and co-workers (38) that SmgGDS-558 interacts only
with prenylated small GTPases.

We hypothesized that SmgGDS-558 regulates the trafficking
of prenylated small GTPases to the PM. To test this hypothesis,
we examined the membrane localization of transiently trans-
fected GFP-Rap1lA in NCI-H1703 cells that stably express tet-
inducible shRNA targeting either SmgGDS-558 (shRNA BD) or
SmgGDS-607 (shRNA C2) or shRNA that is nontargeting (Fig.
5). Incubation with tet for 72 h induces shRNA expression in
these cells, resulting in specific knockdown of the targeted
SmgGDS splice variant (Fig. 54). Membrane localization of
GFP-RaplA is not detectably altered by the tet-induced expres-
sion of either the nontargeting shRNA (Fig. 5, B, panels a and b,
and C) or the C2 shRNA that knocks down SmgGDS-607 (Fig.
5, B, panels e and f, and C). In contrast, membrane localization
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FIGURE 5. SmgGDS-558 contributes to Rap1A membrane localization.
A and B, NCI-H1703 cells stably transfected with shRNAs in a tet-inducible
system were incubated with or without tet (Tet) for 72 h. The cells were then
lysed and subjected to ECL-Western blotting using the indicated antibodies
(A), or alternatively, they were transfected with GFP-Rap1A and then imaged
by fluorescence microscopy 24 h later (B). Membrane localization of GFP-
Rap1A was scored using criteria shown in panels g-i. The distribution of cells
receiving scores of 1-3in the absence or presence of tet are shown (C). Results
are the mean = S.E. of two independent experiments. x> analysis was used to
determine whether the distribution of scores in each cell population signifi-
cantly differed in the absence or presence of tet (NS, not significant).

of GFP-RaplA is diminished by the tet-induced expression of
the BD shRNA that knocks down SmgGDS-558 (Fig. 5, B, pan-
els ¢ and d, and C). These results indicate that SmgGDS-558
plays a greater role than SmgGDS-607 in promoting the mem-
brane localization of RaplA, consistent with our model that
SmgGDS-558 promotes the trafficking of prenylated small
GTPases to cell membranes, whereas SmgGDS-607 interacts
with small GTPases before they are prenylated.

DISCUSSION

Our results indicate that prenylation and subsequent mem-
brane trafficking of small GTPases is a dynamically regulated
process defined by changes in the nucleotide-bound state of the
GTPase and by interactions with SmgGDS splice variants. The
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assumption that newly synthesized small GTPases immediately
enter the prenylation pathway, without any regulatory controls,
is no longer tenable. This newly defined ability to regulate pre-
nylation might provide many advantages to cells, including the
ability to store nonprenylated small GTPases that could be rap-
idly released into the prenylation pathway when they are
needed, rather than depending on energy-dependent transcrip-
tion and translation.

The most striking and consistent pattern we observed is that
SmgGDS-607 interacts with the nonprenylated forms of all of
the small GTPases tested, whereas SmgGDS-558 is restricted to
recognizing the prenylated forms of these small GTPases. The
finding that SmgGDS-607 co-expression slows the prenylation
of the DN forms of RaplA, RhoA, and Racl indicates that
SmgGDS-607 regulates the entrance of these GTPases into the
prenylation pathway. It might seem perplexing that SmgGDS-
607 regulates the prenylation of DN GTPases more than WT
GTPases, especially because DN GTPases are not endog-
enously expressed in cells. However, the biological significance
of this observation is explained by reports that the DN mutation
prolongs the time that small GTPases remain in the nucleotide-
free state or the GDP-bound state (36, 39), which are states
attained by endogenous small GTPases in cells. Thus, the pref-
erential regulation of DN GTPases by SmgGDS-607 indicates
that SmgGDS-607 preferentially regulates small GTPases in the
nucleotide-free or GDP-bound forms. Consistent with this
interpretation, it was previously found that WT-Racl remains
in the nucleotide-free form when it is bound to SmgGDS (40).
Based on these observations, it is intriguing to speculate that
SmgGDS-607 intercepts newly synthesized, nucleotide-free, or
GDP-bound GTPases to regulate their entrance into the preny-
lation pathway.

The demonstration that insertion of the DN mutation alone
alters prenylation indicates that changes in the nucleotide-
bound state control the entrance of small GTPases into the
prenylation pathway. We found that the DN mutation slows the
prenylation of Rap1A and RhoA but enhances the prenylation
of Racl. Because it is unlikely that the actual mechanism of
prenylation differs between RaplA, RhoA, and Racl, all of
which are geranylgeranylated (20-22), these dissimilarities
likely represent differences in how these GTPases enter the
prenylation pathway in response to unique signals and differing
interactions with SmgGDS-607 or other proteins. Interestingly,
we found that neither the DN mutation nor interactions with
SmgGDS-607 detectably alter the prenylation of K-Ras, which
is farnesylated (23). It is possible that K-Ras is less responsive
than the other GTPases because farnesylated GTPases are reg-
ulated differently than geranylgeranylated GTPases.

Our observation that co-expression of SmgGDS-607 dimin-
ishes, rather than enhances, the prenylation of RhoA, Rac1, and
RaplA suggests that SmgGDS-607 functions as a gatekeeper
that prohibits these GTPases from entering the prenylation
pathway until the correct signals are received. Due to this reg-
ulatory function, it might be expected that silencing SmgGDS-
607 expression would allow the unimpeded entrance of small
GTPases into the prenylation pathway. Consistent with the
possibility that small GTPases can continue to be prenylated
when SmgGDS-607 expression is diminished, we found that
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FIGURE 6. Models of the regulation of prenylation and trafficking of PBR-containing small GTPases
by SmgGDS splice variants. A, SmgGDS-607 may act directly or in cooperation with another protein (X)
to stimulate GDP/GTP exchange and promote entry of nonprenylated GTPases into the prenylation path-
way. A nonprenylated GTPase may remain bound to SmgGDS-607 until a signal allows it to undergo
GDP/GTP exchange and be released to the PTase. Alternatively, a signal may stimulate binding of the
nonprenylated GTPase to SmgGDS-607, where it is retained in the nonprenylated form until GDP/GTP
exchange occurs. B, inability of a DN GTPase to bind GTP may inhibit its release from SmgGDS-607, thereby
diminishing the interaction of the GTPase with the PTase. Overexpression of SmgGDS-607 will generate
more complexes of SmgGDS-607 bound to nonprenylated DN GTPases, causing further retention of DN
GTPases in the nonprenylated form. C-J, ability of SmgGDS-607 and SmgGDS-558 to selectively bind
nonprenylated and prenylated small GTPases, respectively, suggests multiple roles for SmgGDS splice
variants in the regulation of small GTPase prenylation and localization. Because prenylation is not revers-
ible, SmgGDS-607 must intercept newly synthesized small GTPases before prenylation occurs. SmgGDS-
607 may then store nonprenylated small GTPases in the cytoplasm as a reserve for rapid prenylation (C) or
stimulate nonconventional signaling from cytosolic GTPases (D). SmgGDS-607 may also transfer nonpre-
nylated small GTPases to the PTase (E). SmgGDS-558, which binds only prenylated small GTPases, may
facilitate release of newly prenylated GTPases from the PTase (F) or transport GTPases to the ER (G).
SmgGDS-558 may also transport fully processed GTPases from the ER to the PM (H) or extract these
GTPases from the PM (/), potentially for transport to endomembranes where the small GTPases participate
in different signaling pathways (J).

The presence of ARM repeats in
SmgGDS also supports its role as a
scaffold, because ARM repeats
often occur in proteins with scaffold
functions (42). In their role as scaf-
fold proteins, SmgGDS splice vari-
ants may form complexes with
small GTPases and different regula-
tory proteins at specific steps in the
prenylation pathway. Release into
the prenylation pathway, or subse-
quent transport to or from the
ER, may depend on GDP/GTP ex-
change induced by a GEF in the
SmgGDS-GTPase complex. Alter-
natively, signaling events such as
phosphorylation of proteins in the
SmgGDS-GTPase complex may
trigger release of GTPases to allow
their processing or transport.

To incorporate our findings into
a model of signal-dependent preny-
lation (Fig. 6), we propose that Smg-
GDS-607 retains nonprenylated
GTPases in a state that slows their
entry into the prenylation pathway.
When the appropriate signal is
delivered, SmgGDS-607 facilitates
GDP/GTP exchange by the GTPase
either directly or in complex with
another protein, promoting the
entry of the GTPase into the preny-
lation pathway (Fig. 6A). Because
WT GTPases can undergo GDP/
GTP exchange, they can be released
from SmgGDS-607 and enter the
prenylation pathway (Fig. 6A4). In
contrast, because DN GTPases do
not bind GTP, DN GTPases are rel-
atively nonresponsive to the signals
that release the GTPase from the
SmgGDS-607 complex (Fig. 6B).
Overexpression of SmgGDS-607
would increase the formation of

silencing SmgGDS-607 does not significantly alter events that
depend on prenylated GTPases, including NSCLC soft agar col-
ony formation (Fig. 2, A and B) and the membrane localization
of GFP-tagged RaplA in NSCLC cells (Fig. 5).

Multiple signals might release small GTPases from SmgGDS-
607 and allow their entrance into the prenylation pathway. One
of the most likely signals to release a GTPase from SmgGDS-
607 is GDP/GTP exchange, because SmgGDS has been
reported to act as a weak GEF for all of the small GT Pases tested
in this study (9 —11). However, it is possible that SmgGDS splice
variants do not have intrinsic GEF activity but instead act as
scaffolds that bind GEFs for small GTPases. A scaffold function
for SmgGDS is supported by the discovery that SmgGDS forms
complexes with Racl and B-Pix, which is a GEF for Racl (41).
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these nonresponsive DN-GTPase-SmgGDS-607 complexes.
This possibility explains why SmgGDS-607 overexpression
reduces the prenylation of DN-RaplA, DN-RhoA, and
DN-Racl (Fig. 4C). Overexpressed SmgGDS-607 would also
slow the prenylation of WT GTPases, if the required signal is
not delivered to release the WT GTPase from the overex-
pressed SmgGDS-607. This possibility explains why SmgGDS-
607 overexpression reduces the prenylation of WT-RaplA, as
indicated by the results of the Triton X-114 fractionation assay
(Fig. 4D).

In this model, SmgGDS-607 might sequester newly synthe-
sized small GTPases in the cytoplasm as reserves for rapid pre-
nylation (Fig. 6C), consistent with reports of regulated activa-
tion of PTases (43— 46) and rapid prenylation of small GTPases
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in response to different signals (47). SmgGDS-607 might also
act as a scaffold or GEF to stimulate nonconventional cytoplas-
mic signaling by nonprenylated small GTPases (Fig. 6D). Our
results also support the possibility that SmgGDS-607 transfers
nonprenylated small GTPases to the PTase or facilitates a gua-
nine nucleotide exchange event necessary for prenylation (Fig.
6E), likely in response to a signal.

The binding of prenylated PBR-containing small GTPases
by SmgGDS-558 suggests several possible mechanisms by
which SmgGDS-558 might promote signaling and mem-
brane localization of small GTPases. SmgGDS-558 might
promote the release of newly prenylated small GTPases from
PTases (Fig. 6F), consistent with a recently proposed model that
unidentified cellular proteins assist in the release of farnesyla-
ted proteins from farnesyltransferase (48). SmgGDS-558 might
also escort newly prenylated small GTPases to the ER for CAAX
processing (Fig. 6G). The possibility that SmgGDS-558 trans-
fers PBR-containing GTPases from the ER to the PM (Fig. 6H) is
consistent with SmgGDS-558 preferentially interacting with
PBR-containing small GTPases, because PBR-containing
GTPases follow a unique ER to PM route that differs from the
Golgi to PM route followed by small GTPases lacking a PBR (6).
Finally, SmgGDS-558 might also escort prenylated GTPases
from the PM to endomembranes (Fig. 61), thereby promoting
signaling from endomembranes (Fig. 6/). These multiple mech-
anisms provide novel ways to regulate small GTPase prenyla-
tion and membrane trafficking that merit further investigation.

Our discovery that SmgGDS splice variants participate in the
prenylation of small GTPases has potential therapeutic impli-
cations for NSCLC and prostate cancer, which are cancers that
overexpress SmgGDS (12, 13). There is much interest in devel-
oping chemotherapeutic drugs that block the passage of small
GTPases through the prenylation pathway or disrupt the func-
tioning of the isoprenoid moiety. Drug targets include PTases
(49, 50), Rcel, and isoprenylcysteine carboxylmethyltrans-
ferase (3), enzymes that synthesize the isoprenoid moiety (51)
and the attached isoprenoid moiety itself (52). Unfortunately,
some of the developed drugs can disrupt other metabolic path-
ways and block the prenylation of proteins unrelated to small
GTPases, which may result in unwanted side effects. In con-
trast, SmgGDS splice variants are potentially more specific
therapeutic targets, because they interact only with PBR-con-
taining small GTPases (11, 38). Further studies are needed to
validate SmgGDS splice variants as potential drug targets in
cancer.

Our study supports the view that, in addition to the widely
accepted model that prenylation of small GTPases occurs con-
stitutively, cells possess the capability of regulating the preny-
lation of small GTPases. Expression of SmgGDS-607 and
SmgGDS-558 provides cells with a mechanism to potentially
coordinate the entry, transit, and exit of small GTPases moving
through the prenylation pathway to their final sites of activity at
membranes. The participation of SmgGDS splice variants in
these events raises the possibility that SmgGDS splice variants,
as well as other uncharacterized regulatory proteins, could be
exploited to therapeutically control the prenylation and local-
ization of small GTPases.

NOVEMBER 12, 2010+VOLUME 285-NUMBER 46

SmgGDS Splice Variants

Acknowledgments—We thank Dr. Lawrence Quilliam for ¢cDNAs
encoding MR-GEF, C3G, GRP3, and PDZ-GEF and Dr. Michael
Dwinell for the lentiviral vector encoding luciferase.

REFERENCES

1. Pruitt, K., and Der, C.J. (2001) Cancer Lett. 171, 1-10

2. Rodriguez-Viciana, P., Tetsu, O., Oda, K., Okada, J., Rauen, K., and Mc-
Cormick, F. (2005) Cold Spring Harbor Symp. Quant. Biol. 70, 461—467

3. Winter-Vann, A. M., and Casey, P. J. (2005) Nat. Rev. Cancer 5, 405—412

4. Karlsson, R, Pedersen, E. D., Wang, Z., and Brakebusch, C. (2009) Bio-
chim. Biophys. Acta 1796, 91-98

5. Hancock, J. F. (2003) Nat. Rev. Mol. Cell. Biol. 4, 373384

6. Wright, L. P, and Philips, M. R. (2006) /. Lipid Res. 47, 883—891

7. Hancock, J. F., Paterson, H., and Marshall, C. J. (1990) Cell 63, 133—139

8. Peifer, M., Berg, S., and Reynolds, A. B. (1994) Cell 76, 789 -791

9. Takakura, A., Miyoshi, J., Ishizaki, H., Tanaka, M., Togawa, A., Nishizawa,

Y., Yoshida, H., Nishikawa, S., and Takai, Y. (2000) Mol. Biol. Cell. 11,
1875-1886

10. Quilliam, L. A., Rebhun, J. F., and Castro, A. F. (2002) Prog. Nucleic Acid
Res. Mol. Biol. 71, 391—444

11. Williams, C. L. (2003) Cell. Signal. 15, 1071-1080

12. Tew, G. W., Lorimer, E. L, Berg, T. ., Zhi, H,, Li, R,, and Williams, C. L.
(2008) /. Biol. Chem. 283, 963-976

13. Zhi, H, Yang, X. J., Kuhnmuench, J., Berg, T., Thill, R,, Yang, H., See,
W. A., Becker, C. G., Williams, C. L., and Li, R. (2009) /. Pathol. 217,
389-397

14. Thill, R., Campbell, W. B., and Williams, C. L. (2008) J. Cell. Biochem. 104,
1760-1770

15. Casey, P.J., Solski, P. A, Der, C.J., and Buss, J. E. (1989) Proc. Natl. Acad.
Sci. U.S.A. 86, 8323—8327

16. Reiss, Y., Goldstein, J. L., Seabra, M. C., Casey, P. J., and Brown, M. S.
(1990) Cell 62, 81-88

17. Farnsworth, C. C., Gelb, M. H., and Glomset, J. A. (1990) Science 247,
320-322

18. Joly, A., Popjék, G., and Edwards, P. A. (1991) J. Biol. Chem. 266,
13495-13498

19. Finegold, A. A., Johnson, D. L, Farnsworth, C. C., Gelb, M. H., Judd, S. R.,
Glomset, J. A., and Tamanoi, F. (1991) Proc. Natl. Acad. Sci. U.S.A. 88,
4448 — 4452

20. Katayama, M., Kawata, M., Yoshida, Y., Horiuchi, H., Yamamoto, T., Mat-
suura, Y., and Takai, Y. (1991) J. Biol. Chem. 266, 12639 —12645

21. Kinsella, B. T., Erdman, R. A., and Maltese, W. A. (1991) . Biol. Chem. 266,
9786 -9794

22. Buss, J. E., Quilliam, L. A,, Kato, K., Casey, P. ., Solski, P. A., Wong, G.,
Clark, R., McCormick, F., Bokoch, G. M., and Der, C.J. (1991) Mol. Cell.
Biol. 11, 1523-1530

23. Hancock, J. F., Magee, A. I, Childs, J. E., and Marshall, C. . (1989) Cell 57,
1167-1177

24. Leung, K. F., Baron, R., and Seabra, M. C. (2006) J. Lipid Res. 47, 467—475

25. Wu, Y. W, Tan, K. T., Waldmann, H., Goody, R. S., and Alexandrov, K.
(2007) Proc. Natl. Acad. Sci. U.S.A. 104, 12294 —12299

26. Baron, R. A., and Seabra, M. C. (2008) Biochem. ]. 415, 67-75

27. Lanning, C. C., Ruiz-Velasco, R., and Williams, C. L. (2003) J. Biol. Chem.
278, 12495-12506

28. Rebhun, J. F., Castro, A. F., and Quilliam, L. A. (2000) /. Biol. Chem. 275,
34901-34908

29. Peterson, Y. K, Kelly, P., Weinbaum, C. A., and Casey, P. J. (2006) J. Biol.
Chem. 281, 12445-12450

30. Lanning, C. C,, Daddona, J. L., Ruiz-Velasco, R., Shafer, S. H., and Wil-
liams, C. L. (2004) J. Biol. Chem. 279, 4419744210

31. Regala, R. P., Thompson, E. A,, and Fields, A. P. (2008) Cancer Res. 68,
5888 -5895

32. Hancock, J. F. (1995) Methods Enzymol. 255, 237-245

33. Kaibuchi, K., Mizuno, T., Fujioka, H., Yamamoto, T., Kishi, K., Fukumoto,
Y., Hori, Y., and Takai, Y. (1991) Mol. Cell. Biol. 11, 2873—-2880

34. Kikuchi, A., Kaibuchi, K., Hori, Y., Nonaka, H., Sakoda, T., Kawamura, M.,

JOURNAL OF BIOLOGICAL CHEMISTRY 35265



SmgGDS Splice Variants

35.
36.

37.

38.

39.

40.

41.

42.

43.

Mizuno, T., and Takai, Y. (1992) Oncogene 7, 289 —293

Farnsworth, C. L., and Feig, L. A. (1991) Mol. Cell. Biol. 11, 4822—-4829
Strassheim, D., Porter, R. A., Phelps, S. H., and Williams, C. L. (2000)
J. Biol. Chem. 275, 6699 — 6702

Gutierrez, L., Magee, A. I, Marshall, C. ]., and Hancock, J. F. (1989) EMBO
J. 8,1093-1098

Mizuno, T., Kaibuchi, K., Yamamoto, T., Kawamura, M., Sakoda, T., Fu-
jioka, H., Matsuura, Y., and Takai, Y. (1991) Proc. Natl. Acad. Sci. U.S.A.
88, 64426446

Feig, L. A., and Cooper, G. M. (1988) Mol. Cell. Biol. 8, 24722478
Chuang, T. H., Xu, X, Quilliam, L. A., and Bokoch, G. M. (1994) Biochem.
J. 303, 761-767

Shin, E. Y, Lee, C. S., Cho, T. G., Kim, Y. G., Song, S., Juhnn, Y. S., Park,
S. C., Manser, E., and Kim, E. G. (2006) J. Biol. Chem. 281, 35954 —35964
Parmeggiani, F., Pellarin, R., Larsen, A. P., Varadamsetty, G., Stumpp,
M. T., Zerbe, O., Caflisch, A., and Pliickthun, A. (2008) J. Mol. Biol. 376,
1282-1304

Goalstone, M. L., Leitner, J. W., Wall, K., Dolgonos, L., Rother, K. I, Accili,

35266 JOURNAL OF BIOLOGICAL CHEMISTRY

44

45.

46.

47.

48.

49.
50.
51.
52.

D., and Draznin, B. (1998) J. Biol. Chem. 273, 23892—23896

Luo, Z.G., Je, H. S., Wang, Q., Yang, F., Dobbins, G. C., Yang, Z. H., Xiong,
W. C., Lu, B., and Mei, L. (2003) Neuron 40, 703-717

Zhou, X.P., Wu, K. Y., Liang, B., Fu, X. Q., and Luo, Z. G. (2008) Proc. Natl.
Acad. Sci. U.S.A. 105,17181-17186

Goalstone, M. L., Leitner, J. W., Berhanu, P., Sharma, P. M., Olefsky, ]. M.,
and Draznin, B. (2001) /. Biol. Chem. 276, 12805-12812

Ohkawara, H., Ishibashi, T., Sakamoto, T., Sugimoto, K., Nagata, K,
Yokoyama, K., Sakamoto, N., Kamioka, M., Matsuoka, L., Fukuhara, S.,
Sugimoto, N., Takuwa, Y., and Maruyama, Y. (2005) /. Biol. Chem. 280,
10182-10188

Hougland, J. L., Hicks, K. A., Hartman, H. L., Kelly, R. A., Watt, T.]., and
Fierke, C. A. (2010) J. Mol. Biol. 395, 176 -190

Sebti, S. M., and Adjei, A. A. (2004) Semin. Oncol. 31, 28 -39

Philips, M. R., and Cox, A. D. (2007) /. Clin. Invest. 117, 1223-1225
Swanson, K. M., and Hohl, R. . (2006) Curr. Cancer Drug Targets 6,15—37
Rotblat, B., Ehrlich, M., Haklai, R., and Kloog, Y. (2008) Methods Enzymol.
439, 467-489

VOLUME 285+-NUMBER 46-NOVEMBER 12, 2010



