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The Chaperone Protein SmgGDS Interacts with Small
GTPases Entering the Prenylation Pathway by Recognizing
the Last Amino Acid in the CAAX Motif”
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Background: SmgGDS-607 and SmgGDS-558 regulate GTPase movement through the prenylation pathway.

Results: The specificity of SmgGDS for GTPases depends on the GTPase CAAX sequence and the cellular context.
Conclusion: SmgGDS-607 binds to nonprenylated GTPases that end in a leucine and enter the geranylgeranylation pathway.
Significance: The identification of SmgGDS-607 as a novel CAAX-binding protein will accelerate the development of more

effective cancer therapeutics.

Ras family small GTPases localize at the plasma membrane,
where they can activate oncogenic signaling pathways. Under-
standing the mechanisms that promote membrane localization
of GTPases will aid development of new therapies to inhibit
oncogenic signaling. We previously reported that SmgGDS
splice variants promote prenylation and trafficking of GTPases
containing a C-terminal polybasic region and demonstrated
that SmgGDS-607 interacts with nonprenylated GTPases,
whereas SmgGDS-558 interacts with prenylated GTPases in cells.
The mechanism that SmgGDS-607 and SmgGDS-558 use to differ-
entiate between prenylated and nonprenylated GTPases has not
been characterized. Here, we provide evidence that SmgGDS-607
associates with GTPases through recognition of the last amino acid
in the CAAX motif. We show that SmgGDS-607 forms more stable
complexes in cells with nonprenylated GTPases that will become
geranylgeranylated than with nonprenylated GTPases that will
become farnesylated. These binding relationships similarly
occur with nonprenylated SAAX mutants. Intriguingly, farne-
syltransferase inhibitors increase the binding of WT K-Ras to
SmgGDS-607, indicating that the pharmacological shunting of
K-Ras into the geranylgeranylation pathway promotes K-Ras
association with SmgGDS-607. Using recombinant proteins and
prenylated peptides corresponding to the C-terminal sequences
of K-Ras and Rap1B, we found that both SmgGDS-607 and Smg-
GDS-558 directly bind the GTPase C-terminal region, but the
specificity of the SmgGDS splice variants for prenylated versus
nonprenylated GTPases is diminished in vitro. Finally, we pres-
ent structural homology models and data from functional pre-
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diction software to define both similar and unique features of
SmgGDS-607 when compared with SmgGDS-558.

Mutations and altered regulation of members of the Ras fam-
ily of GTPases can lead to uncontrollable proliferation (1, 2),
metastasis (3, 4), and evasion of apoptosis (5, 6) that occur in the
development and progression of cancer (7). Oncogenic signal-
ing by GTPases occurs at the cell membrane and is generally
caused by increased expression of the GTPase (8), altered func-
tions of GTPase-activating proteins or guanine nucleotide
exchange proteins (9), or an activating mutation within the
GTPase itself that interferes with GTP hydrolysis (10, 11).
Because of the myriad of causes that can lead to uncontrollable
signaling by a GTPase at cell membranes, research has been
focused on blocking the prenylation of a GTPase and thus
blocking it from reaching the plasma membrane. This thera-
peutic strategy has met with moderate success (12, 13).

Prenylation promotes the membrane localization of GTPases,
and the addition of this hydrophobic group is the only necessary
modification for GTPases that contain a C-terminal PBR to
associate with membranes (14). The C-terminal region of
GTPases such as K-Ras and Rap1B is known as the hypervari-
able region, which consists of a string of basic amino acids that
make up the PBR followed by a CAAX motif (15). The addition
of the prenyl moiety occurs on the cysteine of the CAAX motif
(where A represents an aliphatic amino acid), which is then
further processed by cleavage of the -AAX by Rcel and carboxyl
methylation by ICMT1 (16). The type of prenylation that a
GTPase will undergo is decided primarily by the last amino acid
of the CAAX motif; GTPases such as Rap1B that have a CAAL
motif will be geranylgeranylated, whereas GTPases such as
K-Ras that have a CAAM motif will be farnesylated (17). The
mechanism by which GTPases containing a PBR traffic to the
plasma membrane is not well defined, with limited evidence
showing direct binding of a GTPase to microtubule adaptor
proteins (18) and another report showing that K-Ras uses a
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unique, nonexocytic pathway (19). Recently, we found that the
splice variants of SmgGDS, SmgGDS-607 and SmgGDS-558,
play a role in promoting prenylation and trafficking of GTPases
to the cell membrane (20). However, the molecular interactions
that occur during these events have not yet been characterized.

SmgGDS has been found to be a key promoter in the malig-
nancy of multiple cancers including non-small cell lung cancer
(21), prostate cancer (22), and breast cancer (23). Prior to our
report in 2010 (20), virtually all studies regarding SmgGDS
(known as Rap1GDS1) focused on the 558-amino acid splice
variant. SmgGDS-558 was originally reported as a weak gua-
nine nucleotide exchange factor for multiple small GTPases
that contain a PBR including Rap1l (24, 25), K-Ras (24), Racl
(26), and RhoA (27) but more recently has been found to be a
true guanine nucleotide exchange factor for only RhoA and
RhoC (28). Structurally SmgGDS is comprised of armadillo
(ARM)? repeats similar to B-catenin or karyopherin « (29) and
therefore has been hypothesized to act as a scaffold protein for
multiple protein interactions (30). The ability of SmgGDS to
interact with multiple GTPases and affect their nucleotide
activity is most likely due to the binding of other guanine nucle-
otide exchange factors to the scaffold-like SmgGDS, because
scaffolds form a platform for protein interactions (20, 31). The
C-terminal region of a GTPase is needed for interaction with
SmgGDS (24, 32), and the ablation of the PBR of a GTPase will
diminish its ability to complex with SmgGDS (33).

Interestingly, it was reported that SmgGDS-607 will only
associate with nonprenylated GTPases, whereas SmgGDS-558
will only associate with prenylated GTPases, yet the mechanism
for the recognition of prenylated versus nonprenylated GTPases
has not been characterized (20). We previously found that Smg-
GDS-607 more effectively regulates the prenylation of GTPases
that will become geranylgeranylated, such as Rapl, RhoA, and
Racl, compared with GTPases that will become farnesylated,
such as K-Ras (20). This effect that SmgGDS-607 has on
GTPases that will become geranylgeranylated, but not on
GTPases that will become farnesylated, provides insight into its
mechanism of interaction.

In this study we use K-Ras and Rap1B as model GTPases that
become farnesylated and geranylgeranylated, respectively, to
define the parameters that promote their physical interactions
with SmgGDS splice variants. We report that SmgGDS-607
recognizes the last amino acid of a GTPase for interaction and is
also involved primarily in the geranylgeranylation pathway.
Our results provide evidence that SmgGDS-607 and SmgGDS-
558 structurally interact with GTPases similarly in vitro, and
this is in contrast to their interactions in cells. Furthermore, we
provide evidence that SmgGDS-607 is involved in the alternate
prenylation pathway of K-Ras in cells treated with farnesyl
transferase inhibitors (FTIs).

EXPERIMENTAL PROCEDURES

Cell Culture, cDNA Transfection, and Drug Treatment—The
HEK-293T cell line was obtained from the American Type Tis-

2The abbreviations used are: ARM, armadillo; PBR, poly-basic region; FTI,
farnesyltransferase inhibitor; GGTI, geranylgeranyltransferase inhibitor;
GGTase, geranylgeranyltransferase; Fmoc, N-(9-fluorenyl)methoxycar-
bonyl; DMF, N,N-dimethylformamide.
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sue Collection (Manassas, VA). HEK-293T cells were cultured
in DMEM with 10% heat-inactivated fetal bovine serum and
antibiotics. All cDNAs were transfected into cells using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. To inhibit prenylation, 10 um FT1-277 (CAT344555;
EMD Millipore) and GGTI-298 (CAT344555; EMD Millipore)
or 15 uM mevastatin (M2537; Sigma) was added 90 min post-
transfection to the cells.

¢DNA Constructs—Human SmgGDS-558-HA and Smg-
GDS-607-HA constructs were generated as described previ-
ously (20). The majority of Myc-tagged GTPase constructs
were generated as described previously (33). Myc-K-Ras CVIM
was mutated by site-directed mutagenesis to change the methi-
onine to a leucine (CVIL) and the cysteine to a serine (SVIM or
SVIL) (see Fig. 1A). Site-directed mutagenesis was performed
using the QuikChange II site-directed mutagenesis kit (Strata-
gene, La Jolla, CA) according to the manufacturer’s protocols,
using primers purchased from Eurofins MWG/Operon. The
CAAX mutant Myc-RaplB (CQLM) was generated by site
directed mutagenesis through Top Gene Technologies (Mon-
treal, Canada).

Synthesis of K-Ras Peptides—Peptide synthesis was carried
out using an automated solid phase peptide synthesizer (PS3;
Protein Technologies Inc., Memphis, TN) employing standard
Fmoc/1H-benzotriazolium1-[bis(dimethyl-amino)metheylene]-
5-chloro-hexafluorophosphate (1-),3-oxide-based chemistry.
Synthesis began on either preloaded Fmoc-M-Wang resin or
Fmoc-L-Wang resin (0.25 mmol), and the peptide chain was
elongated using 1H-benzotriazolium1-[bis(dimethyl-amino)-
metheylene]-5-chloro-hexafluorophosphate (1-),3-oxide/N-me-
thylmorpholine-catalyzed, single coupling steps with 4 eq of
both protected amino acids and HTCU for 30 min. Following
complete chain elongation, the N terminus of the peptide was
deprotected with 10% piperidine in DMF (v/v), and the
presence of the resulting free amine was confirmed by ninhyd-
rin analysis. The resin containing the peptide was washed with
CH,Cl,, dried in vacuo overnight, weighed, and divided into
two portions for further synthesis on a reduced scale. Using
0.13 mmol of peptide on resin, the free N terminus was mod-
ified with a PEG-based linker in DMF (5 ml) using Fmoc-8-
amino-3,6-dioxaoctanoic acid (77 mg, 0.20 mmol, 1.5 eq) cata-
lyzed by N,N-diisopropylethylamine (16.4 ul, 13.0 umol) for
12 h. After installation of the linker and subsequent Fmoc
deprotection, the resulting N terminus was biotinylated in
DMEF (5 ml) using biotin (49.0 mg, 0.20 mmol, 1.5 eq) and 1H-
benzotriazoliuml-[bis(dimethyl-amino)metheylene]-5-
chloro-hexafluorophosphate (1-),3-oxide (82.7 mg, 0.20 mmol,
1.5 eq) catalyzed by N,N-diisopropylethylamine (16.4 ul, 13.0
pmol) for 16 h. After verifying the biotinylation was complete
by ninhydrin analysis, the peptide was cleaved from the resin
along with simultaneous side chain deprotection by treatment
with reagent K containing TFA (10 ml), crystalline phenol (0.5
g), 1,2-ethanedithiol (0.25 ml), thioanisole (0.5 ml), and H,O
(0.5 ml) for 2 h at room temperature. The released peptide was
collected and combined with TFA washes of the resin before
precipitation of the peptide in chilled Et,O (100 ml). The crude
solid peptide was collected by centrifugation, the supernatant
was removed, and the resulting pellet was washed two times
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with cold Et,O (50 ml), repeating the centrifugation and super-
natant removal steps each time. The crude peptide (100 mg)
was dissolved in a DMF/H,O solution (1:5, v/v, 25 ml), applied
to a semipreparative C, 4 reverse phase HPLC column equili-
brated in Solvent A, and washed with 10% Solvent B for 15 min.
The peptide was eluted using a linear gradient (15— 65% Solvent
B over 1.5 h at a flow rate of 5 ml/min). Fractions were analyzed
using an analytical C, ¢ reverse phase HPLC column employing
alinear gradient (0—100% Solvent B over 60 min at a flow rate of
1 ml/min) and detected at 214 nm. Fractions containing peptide
product of at least 90% purity were pooled and concentrated by
lyophilization to yield 35 mg (27% yield) of white peptide. The
[M + 3H]*" values for ESI-MS for Biotin-PEG-KKKKKKSKT-
KCVIM were 683.66 (calculated) and 683.73 (found), and those
for ESI-MS for Biotin-PEG-KKKKKKSKTKCVIL were 677.56
(calculated) and 677.75 (found).

Synthesis of Rap1B (Free Thiol) Peptide—Solid phase peptide
synthesis and purification was carried out in the same fashion as
described above starting with Fmoc-L-Wang resin (0.25 mmol).
No additional derivatizations were performed after peptide chain
elongation was complete. After reagent K cleavage and HPLC
purification, the free thiol-containing peptide resulted in 60 mg
(37% yield) of white peptide. The [M + 2H]** values for
ESI-MS were 943.51 (calculated) and 943.68 (found).

Synthesis of Rap1B (Farnesylated) Peptide—The starting free
thiol peptide (20 mg, 10.6 umol, 1 eq) was dissolved in DMF/n-
butanol/H,O (0.10% TFA) (3:1:1, v/v/v, 6 ml). Farnesyl bromide
(15 mg, 53.5 wmol, 5 eq) was dissolved in 0.50 ml of DMF and
added directly into the reaction flask that contained the dis-
solved peptide. Zn(OAc),-2H,0 (11.7 mg, 53.5 wmol, 5 eq) was
then added to initiate the alkylation reaction. After 4 h, the
reaction was monitored by analytical reverse phase HPLC,
purified by semipreparative C, 4 reverse phase HPLC, and iden-
tified via ESI-TOF MS. This reaction yielded 3.4 mg (19%) of the
desired alkylated peptide. The [M + 2H]*>* values for ESI-MS
were 1045.96 (calculated) and 1046.04 (found).

Synthesis of Rap 1B (Geranylgeranylated) Peptide—Synthesis
followed the same prenylation conditions as described above
using geranylgeranyl bromide (19 mg, 53.5 umol, 5 eq). This
reaction yielded 2.6 mg (12%) of the desired alkylated peptide.
The [M + 2H]*" values for ESI-MS were 1079.64: (calculated)
and 1079.73 (found).

Synthesis of Rap1B (C10-m-Bp) Peptide—Synthesis followed
the same prenylation conditions as described above using C10-
meta-Bp-Br (22.8 mg, 53.5 umol, 5 eq) that was prepared as
previously described (34-37). This reaction yielded 3.4 mg
(14%) of the desired alkylated peptide. The [M + 2H]*" values
for ESI-MS were 1117.37 (calculated) and 1117.48 (found).

Photo-Cross-linking—Biotin-Rap1B (C10) peptides contain-
ing a benzophenone (synthesized as described above) were
cross-linked to SmgGDS-607-HA by UV light irradiation uti-
lizing a UVGL-25 Minerallight lamp (366 nm). Peptides and
HEK-293T cell lysates overexpressing SmgGDS-607-HA or HA
vector were combined and incubated on ice for 10 min. Mix-
tures were transferred to quartz tubes and placed ~3 cm above
the UV light for increasing time points from 0— 60 min. Photo-
cross-linking reaction was quenched immediately after the
indicated time points by placing the sample in an Eppendorf
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tube, which was then placed in liquid nitrogen. A control sam-
ple was prepared as described above, and the tube was wrapped
in tin foil before exposure to UV light. After the cross-linking
procedure, the peptides were immunoprecipitated using
streptavidin-Sepharose 4B beads (434341; Invitrogen) and sub-
jected to ECL-Western blotting.

Expression of Recombinant Proteins—GST-K-Ras CVIM,
GST-K-Ras CVIL, His-SmgGDS-607, and His-SmgGDS-588
were purified as described previously (38). Briefly, the coding
sequence of K-Ras CVIM or K-Ras CVIL was cloned into
pGEX-2T (GE Healthcare), or the coding sequence of Smg-
GDS-607 or SmgGDS-558 was cloned into pET-28a. The con-
structs were expressed in Escherichia coli BL21 (DE3). Bacteria
were plated overnight at 37 °C with ampicillin (K-Ras) or kana-
mycin (SmgGDS) (250 ug/ml). Cells were added to 400 ml of LB
broth supplemented with either ampicillin or kanamycin and
cultured for 2 h at 30 °C when 1 mm isopropyl B-p-thiogalacto-
pyranoside was added, and the cells were cultured for an addi-
tional 2 h at 30 °C.

GST Affinity Chromatography—Bacterial cells expressing
GST-K-Ras were harvested, suspended in glutathione-binding
buffer (20 mm Tris, pH 7.6, 150 mm NaCl, 1% Triton X-100, 1
mwm PMSF, bacterial protease inhibitor mixture (Sigma), 20
pg/ml RNase, and 20 ug/ml DNase) and lysed in a French pres-
sure cell. The lysate was centrifuged (30,000 X g for 20 min),
and the soluble fraction was passed through a 0.45-um filter.
Bacterial lysates of GST-K-Ras CVIM or CVIL were incubated
with 1.5 ml of glutathione-Sepharose-4B beads (GE Healthcare)
for 30 min on a nutator at 4 °C. The slurry was centrifuged
(1500 X g), and the resin was washed four times with 25 ml of
binding buffer. Proteins were batch eluted three times with 1 ml
of elution buffer (20 mm reduced glutathione, 100 mm Tris-
HCl, pH 8.0, and 1% Triton X-100). GST-K-Ras was dialyzed
into 10 mm Tris-HCI (pH 8.0), 20 mm NaCl, and 30% glycerol,
and then stored at —80 °C.

Nitrilotriacetic Acid/Ni*" Affinity Chromatography—Bacte-
rial cells expressing His-SmgGDS were suspended in a binding
buffer (20 mm Tris, pH 7.9, 0.5 M NaCl, 5 mm imidazole, bacte-
rial protease inhibitor mixture (Sigma), 20 ng/ml RNase, and 20
pg/ml DNase) and lysed in a French pressure cell. The lysate
was centrifuged (30,000 X g for 20 min), and the soluble frac-
tion was passed through a 0.45-um filter. The filtrate was
applied to an equilibrated 2 ml of nitrilotriacetic acid/Ni*"-
agarose affinity matrix (Qiagen). The column was washed with
20 ml of binding buffer. SmgGDS proteins were eluted with the
addition of binding buffer containing 250 mm imidazole. Col-
lecting 1-ml fractions, SmgGDS-607 and SmgGDS-558 elutes
in fractions 3—4.

ECL-Western Blotting—Equal numbers of transfected cells
were heated in Laemmli sample buffer and subjected to SDS-
PAGE. The proteins were transferred as described previously
(20) and immunoblotted using an antibody to SmgGDS
(612511; BD Transduction Laboratories), GAPDH (sc-32233;
Santa Cruz Biotechnology), mouse HA antibody (MMS-101P;
Covance), mouse Myc antibody (PRB-150P; Covance), rabbit
Myc antibody (C2845; Sigma), rabbit HA antibody (PRB-101P;
Covance), and Gg, (C-16) antibody (sc-379; Santa Cruz).
Bound antibodies were visualized as described previously (20).
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Analysis of Immunoprecipitates from Cultured Cells—HEK-
293T cells were transiently transfected with cDNAs encoding
HA-tagged SmgGDS splice variants and Myc-tagged GTPases.
After 24 h, equal numbers of cells were lysed in buffer contain-
ing 0.5% Nonidet P-40 with protease and phosphatase inhibi-
tors, 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 monoclonal HA antibody-conjugated beads (A2095;
Sigma), or streptavidin-Sepharose 4B beads (434341; Invitro-
gen) prebound to the indicated C-terminal K-Ras and RaplB
peptides. Immunoprecipitates, total cell lysate, and excess pro-
tein not bound to beads were subjected to ECL-Western blot-
ting as described above.

Optical density values were measured by scanning the immu-
noblots utilizing an HP Scanjet (4850) at 600 dpi, and analyzing
the scanned images using Image]J software. Optical density val-
ues from Figs. 34 and 5C represent raw densitometry values. All
other optical density values are presented as ratios of the immu-
noprecipitated GTPase compared with the amount of immu-
noprecipitated SmgGDS.

Triton X-114 Fractionation—HEK-293T cells were lysed as
described previously (39) 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 separated into aqueous and detergent
fractions and examined by ECL-Western blotting as described
previously (20). Proteins were detected with mouse Myc anti-
body to detect Myc-tagged K-Ras constructs, SmgGDS anti-
body (an aqueous phase loading control), and G, antibody (a
detergent phase loading control).

Homology Modeling—Homology models of SmgGDS-608
(NCBI accession number NP_001093896) and SmgGDS-559
(NCBI accession number NP_001093893) were generated by
Dr. John Sondek’s laboratory (University of North Carolina,
Chapel Hill) as described previously (28). Models are displayed
using PyMOL and are colored to represent the indicated armadillo
(ARM) domains. An alanine is present at amino acid position 2 in
both SmgGDS-608 and SmgGDS-559, and this alanine is lacking
in SmgGDS-607 (NCBI accession number NP_001093897) and
SmgGDS-558 (NCBI accession number NP_001093899). The
presence of the alanine at position 2 is not expected to significantly
change the modeled structure of the proteins.

Statistical Analyses—The means = S.E. were measured for
each value. Symbols above a column indicate a statistical com-
parison between the bracketed samples by one-way analysis of
variance with Dunnett’s post hoc multiple comparison’s test or
by Student’s ¢ test (two-tailed), as indicated in the figure leg-
ends. p values less than 0.05 were considered significant.

RESULTS

SmgGDS-607 Is a Novel CAAX-binding Protein and Selec-
tively Associates with Nonprenylated K-Ras That Becomes
Geranylgeranylated—T o test the hypothesis that SmgGDS-607
selectively binds to GTPases that enter the geranylgeranylation
pathway, K-Ras 4B (K-Ras) was used as a model. We made the
indicated mutations to WT K-Ras (Fig. 14) and then tested the
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ability of SmgGDS-607 and SmgGDS-558 to co-precipitate the
proteins.

We found that SmgGDS-607 co-precipitates the slower
migrating (nonprenylated) form of K-Ras CVIM and CVIL, and
SmgGDS-558 co-precipitates the faster migrating (prenylated)
form of K-Ras CVIM and CVIL (Fig. 1B, HA Immunoprecipi-
tates, lanes 1 and 2 compared with lanes 4 and 5), consistent
with the previous report that SmgGDS-607 associates with
nonprenylated GTPases and SmgGDS-558 associates with pre-
nylated GTPases (20). SmgGDS-607 co-precipitates signifi-
cantly more with the mutant K-Ras CVIL than with WT K-Ras
CVIM (Fig. 1B, HA Immunoprecipitates, lane 2 compared with
lane I). Interestingly, SmgGDS-558 associated with both K-Ras
CVIM and K-Ras CVIL but exhibited significantly greater asso-
ciation with K-Ras CVIM (Fig. 1B, HA Immunoprecipitates,
lanes 4 and 5 and graph). These results show that SmgGDS-607
and SmgGDS-558 are novel CAAX-specific binding proteins for
K-Ras and indicate that the recognition of a GTPase by SmgGDS-
607 or SmgGDS-558 requires more than just the PBR.

To test the hypothesis that SmgGDS-607 can bind WT K-Ras
CVIM when the farnesylation pathway is blocked, we utilized a
farnesyl-transferase inhibitor (FT1-277), which is a CAAX-pep-
tidomimetic (12). As expected, we found that SmgGDS-558 did
not co-precipitate K-Ras CVIM in cells treated with a FTT (Fig.
1C, HA Immunoprecipitates, lane 5 compared with lane 6),
which further indicates that SmgGDS-558 will associate with a
GTPase only after prenylation. Treatment of the HEK-293T
cells with a FTI did not affect the ability of SmgGDS-607 or
SmgGDS-558 to co-precipitate K-Ras CVIL (Fig. 1C, HA
Immunoprecipitates, lanes 3 compared with lane 4 and lane 7
compared with lane 8, respectively), consistent with the FTInot
affecting GTPases that will become geranylgeranylated. Inter-
estingly, SmgGDS-607 associated with K-Ras CVIM signifi-
cantly more in cells treated with a FTI (Fig. 1C, HA Immuno-
precipitates, lane 1 compared with lane 2), indicating that
SmgGDS-607 can interact with a GTPase ending in a methio-
nine but only if it will traffic through the geranylgeranylation
pathway. The ability of K-Ras CVIM to interact with SmgGDS-
607 in cells treated with a FTI could result from the FTI causing
a larger pool of unprenylated K-Ras CVIM (Fig. 1C, Cell
Lysates, lane 1 compared with lane 2). Alternatively, SmgGDS-
607 might interact more with nonprenylated K-Ras CVIM in
FTI-treated cells because the FTI blocks K-Ras from interacting
with the farnesyltransferase, thereby forcing K-Ras CVIM to
interact with proteins in the geranylgeranylation pathway
(40), which includes the geranylgeranyltransferase as well as
SmgGDS-607.

SmgGDS-607 Recognizes the Last Amino Acid of K-Ras for
Preferential Binding—To test the hypothesis that SmgGDS-607
associates with K-Ras CVIM in cells treated with a FTT only
when the GTPase can move through the geranylgeranylation
pathway and not because there is a larger pool of K-Ras that is
unprenylated, we utilized the nonprenylatable mutants K-Ras
SVIM and SVIL in immunoprecipitation assays (Figs. 14 and
2A). We found that SmgGDS-607 only minimally co-precipi-
tated both K-Ras CVIM and K-Ras SVIM but strongly co-pre-
cipitated both K-Ras CVIL and K-Ras SVIL (Fig. 24, HA Immu-
noprecipitates lanes 1 and 5 compared with lanes 2 and 6,
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FIGURE 1. SmgGDS-607 is a novel CAAX-binding protein and associates with nonprenylated small GTPases that will become geranylgeranylated. A,
WT K-Ras 4B has a CAAX motif of CVIM that allows for the protein to become farnesylated. The last amino acid of K-Ras was mutated to a leucine to promote
geranylgeranylation (40). The cysteine of the CAAX motif was mutated to a serine to inhibit prenylation of K-Ras (20). B and C, HEK-293T cells were transfected
with a cDNA encoding SmgGDS-607-HA, SmgGDS-558-HA, or the HA vector plus a cDNA encoding the Myc-tagged WT K-Ras CVIM, CVIL, or a Myc vector. 90
min post-transfection, the cells were treated with 10 um FTI-277 (C, odd lanes) or vehicle (C, even lanes). After 24 h, cells were lysed, and an aliquot of each lysate
was subjected to ECL-Western blotting using Myc antibody (Cell Lysates). The remaining volume of each cell lysate was immunoprecipitated with HA antibody,
followed by ECL-Western blotting using HA antibody and Myc antibody (HA Immunoprecipitates). The results are shown as the optical density of IP Myc-K-Ras divided
by the optical density of IP SmgGDS-HA and are the means = S.E. of four (B) and three (C) independent experiments. *, p < 0.05; **, p < 0.01 by Student's t test.

respectively). These results support the model that SmgGDS-
607 maintains a preference for K-Ras ending in leucine even
when presented with a large pool of nonprenylated K-Ras end-
ing in methionine. Treating the cells with a geranylgeranyl
transferase inhibitor (GGTI-298) did not significantly change
the ability of K-Ras CVIM or K-Ras CVIL to interact with Smg-
GDS-607 (Fig. 2A, HA immunoprecipitates, lanes 3 and 4 com-
pared with lanes 1 and lane 2, respectively). Taken together,
these data indicate that SmgGDS-607 specifically recognizes
the leucine at the end of the CAAX motif for binding. Further-
more, the association of SmgGDS-607 with K-Ras CVIM after
FTI treatment indicates that regardless of the CAAX sequence,
SmgGDS-607 prefers to interact with nonprenylated GTPases
that are destined to interact with the geranylgeranyltransferase
rather than the farnesyltransferase.

K-Ras CVIM Is Farnesylated and K-Ras CVIL Is
Geranylgeranylated—To verify that the K-Ras mutant CVIL
does indeed become geranylgeranylated and not farnesylated,
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we utilized a fractionation assay that separates proteins based
on hydrophobicity (39). The Triton X-114 fractionation assay
separates proteins from a cell lysate into an aqueous (A) and a
detergent (D) phase. Membrane-bound or hydrophobic pro-
teins separate into the detergent phase, and cytosolic or hydro-
philic proteins separate into the aqueous phase. Using cells
transfected with K-Ras CVIM, we found that the majority of
K-Ras CVIM fractionates into the detergent phase (Fig. 2B, top
panel, lanes 9 and 10, Total Cell Lysate, lane 5). Treatment of
these cells with either a FT1, both a FTT and a GGTI simultane-
ously, or mevastatin causes K-Ras CVIM to fractionate into the
aqueous phase (Fig. 2B, top panel, lanes 1, 2, 5, 6, 7, and 8, and
Total Cell Lysate, lanes 1, 3, and 4). In contrast, treatment of
these cells with a GGTI did not affect the fractionation of K-Ras
CVIM (Fig. 2B, top panel, lanes 3 and 4, and Total Cell Lysate,
lane 2). Using cells transfected with K-Ras CVIL, we found that
the majority of K-Ras CVIL also fractionates into the detergent
phase (Fig. 2B, middle panel, lanes 9 and 10, and Total Cell
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FIGURE 2. K-Ras CVIM is farnesylated, whereas K-Ras CVIL is geranylgeranylated, and SmgGDS-607 recognizes the last amino acid in the CAAX motif
for binding. A, SmgGDS-607-HA was expressed in HEK-293T cells with Myc-tagged WT K-Ras CVIM, CVIL, or their nonprenylatable mutants K-Ras SVIM and
K-Ras SVIL, ora Myc vector. 90 min post-transfection, the cells were treated with either GGTI (15 um) or vehicle. After 24 h, cells were lysed, and an aliquot of each
lysate was subjected to ECL-Western blotting using Myc antibody (Cell Lysates). The remaining volume of each cell lysate was immunoprecipitated with HA
antibody, and the immunoprecipitates were immunoblotted using HA and Myc antibodies (HA Immunoprecipitates). The results are shown as the optical
density of IP Myc-K-Ras divided by the optical density of IP SmgGDS-HA and are the means = S.E. of three independent experiments. *, p < 0.01 by one-way
analysis of variance with Dunnett’s post-test compared with the control value of Myc-K-Ras CVIM pulled down (lane 7). B, HEK-293T cells were transfected with
a cDNA encoding either Myc-tagged WT K-Ras CVIM (top panel) or mutant K-Ras CVIL (bottom panel). 90 min post-transfection, cells were treated with either
FTI-277 (10 pum), GGTI-298 (10 um), both FTl and GGTI, mevastatin (10 um), or vehicle control. After 24 h, the cells were lysed, and an aliquot of each lysate was
subjected to ECL-Western blotting using Myc antibody (Total Cell Lysate). The remaining volume of each cell lysate was subjected to Triton X-114 fractionation,
and equal volumes of the aqueous phase, detergent phase, or total cell lysate were immunoblotted using Myc antibody, antibody to SmgGDS (aqueous phase

marker), or antibody to Gg, subunit (detergent phase marker).

Lysate, lane 10). Treatment of these cells with either a GGTI,
both a FTI and a GGTI simultaneously, or mevastatin causes
K-Ras CVIL to fractionate into the aqueous phase (Fig. 2B, mid-
dle panel, lanes 3-8, and Total Cell Lysate, lane 7-9). In con-
trast, treatment of these cells with a FTI does not affect the
fractionation of K-Ras CVIL (Fig. 2B, middle panel, lanes 1 and
2, and Total Cell Lysate, lane 6).

The detergent phase loading control, Gg, subunit, fraction-
ated primarily in the detergent phase regardless of FTI, GGTI,
or mevastatin treatment, indicating that a large pool of this
protein already pre-existed in the cells with minimal synthesis
of new Gg, protein during treatment of the cells (Fig. 2B). A
longer exposure of the same immunoblots demonstrates a par-
tial block of G, prenylation in cells treated with FTTand GGTI
simultaneously as well as in cells treated with mevastatin (data
not shown).

Recognition of the Last Amino Acid in K-Ras by SmgGDS-607
Is Direct—The unique ability of SmgGDS-607 to recognize the
last amino acid of a GTPase could be mediated by another pro-
tein that is known to participate in the prenylation pathway,
such as the prenyltransferase, or perhaps an unknown protein.
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To identify whether the interaction between K-Ras and Smg-
GDS is direct, we made unprenylated recombinant GST-Myc-
tagged K-Ras CVIM and GST-Myc-tagged K-Ras CVIL, as well
as recombinant His-tagged SmgGDS-607 and His-tagged Smg-
GDS-558 to assess their interactions. Similar to the interactions
that occur in cells, we found that recombinant K-Ras CVIM did
not associate with SmgGDS-607, whereas recombinant K-Ras
CVIL significantly and strongly interacts with SmgGDS-607
(Fig. 3A, GST Immunoprecipitation, lane 1 compared with lane
2). We next wanted to assess the importance of the body of
K-Ras in its association with SmgGDS-607; therefore we pre-
pared biotin-labeled peptides comprised of the C-terminal PBR
and CAAX motif of K-Ras CVIM or K-Ras CVIL (Fig. 3B, top
panel). Similar to the results we obtained with the recombinant
full-length K-Ras, we found that the K-Ras CVIM peptide had a
weaker association than the K-Ras CVIL peptide with Smg-
GDS-607 (Fig. 3B, Streptavidin Immunoprecipitation, 30 sec.
exposure, lane 1 compared with lane 2). These data show that
the association between K-Ras CVIL and SmgGDS-607 is direct
and that the isolated C-terminal region of K-Ras is able to bind
to SmgGDS-607.
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Unprenylated K-Ras Can Bind to SmgGDS-558—Surpris-
ingly, we found that full-length unprenylated recombinant
K-Ras CVIM and K-Ras CVIL bound to SmgGDS-558 in vitro
(Fig. 34, GST immunoprecipitation, lanes 4 and 5). This is a
novel interaction between an unprenylated GTPase and Smg-
GDS-558 because our previous data indicated that only preny-
lated GTPases will associate with SmgGDS-558 in cells (20).

Furthermore, we observed that the unprenylated peptides of
K-Ras CVIM and CVIL also (to a lesser degree) bound to Smg-
GDS-558 overexpressed in HEK-293T cells (Fig. 3B, Streptavi-
din Immunoprecipitation, Overnight exposure, lanes 4 and 5).
Taken together, these data suggest that there are cellular pro-
tein(s) that bind to either the body of K-Ras or to SmgGDS-558
that help mediate the specificity of SmgGDS-558 for prenylated
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K-Ras. Alternatively, post-translational modifications that A

occur only in eukaryotic cells may promote the specificity of GTPase Polybasic region (PBR) CAAX

SmgGDS-55§ f(?r prenylated K-Ras. Rap1B: VPGKARKKSS CQLL (geranyigeranylated)
The Association between SmgGDS-607 and a K-Ras CVIL Rap1B: VPGKARKKSS CQLM (famesylated)

Peptide Can Be Competed by Full-length K-Ras CVIL but Not

K-Ras CVIM—We demonstrated that SmgGDS-607 associates B

well with both full-length K-Ras CVIL and the K-Ras CVIL

(prenylation)

HA-tagged SmgGDS: SmgGDS-607 SmgGDS-558 HA-Vector

eptide, but SmgGDS-607 associates poorly with full-length ST YITEITS
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length K-Ras CVIM. To test this prediction, we utilized the T12[3]4]5][6]7[8]9
biotin-K-Ras CVIL peptide in a competition assay with full- myc-Rapm{Non'Preny":- - Wmee me
length K-Ras CVIM or K-Ras CVIL. To define the optimal Prenyl Cell Lysates
conditions for this assay, we first determined that SmgGDS-
607-HA associates with the K-Ras CVIL peptide in a dose-de- 1.6 7 —
pendent manner (Fig. 3C, top left panel). We determined that 1.4 4
1000 pg of total protein from lysates of HEK-293T cells > 124
expressing SmgGDS-607-HA was an appropriate concentra- % 1.0 = mcall
tion to use for the competition assay, based on our dose-re- Q  og- ECALM
sponse curve (Fig. 3C, top left and top right panels). We found S o0s-
that the addition of full-length recombinant K-Ras CVIL pro- S 044
tein, but not the addition of full-length recombinant K-Ras 0.2 1
CVIM protein, significantly prevented the association of Smg- 0-
GDS-607-HA with the K-Ras CVIL peptide (Fig. 3C, top right SmgGDS-607  SmgGDS-558 n=3

panel and graph). Taken together, these data demonstrate a
dose-dependent association of K-Ras CVIL peptide to Smg-

FIGURE 4. SmgGDS-607 recognizes the last amino acid of Rap1B for bind-
ing. A, the C-terminal region of Rap1B is depicted in two segments: the PBR
identified by the basic lysines and arginines, followed by the CAAX motif. WT

GDS-607 that can be competitively blocked by full-length
K-Ras CVIL protein.

SmgGDS-607 Recognizes the Last Amino Acid in RaplB for
Association—We tested whether the observed interactions of
SmgGDS with specific CAAX motifs are unique to K-Ras or
conserved among multiple GTPases using Rap1B as a model.
Previous reports show that SmgGDS-607 binds to Rap1B (41),
RaplA, and RhoA (20), which are GTPases that contain a PBR
and a CAAX motif ending in leucine and undergo geranylgera-
nylation. We tested the ability of SmgGDS-607 to co-precipi-
tate RaplB after mutating the last amino acid, changing the
sequence from CQLL to CQLM (Fig. 4A4). SmgGDS-607 co-
precipitates Rap1B CQLL strongly and Rap1B CQLM signifi-
cantly less so (Fig. 4B, HA Immunoprecipitates, lane 1 com-
pared with lane 2). There was no significant difference in the

Rap1B has a CAAX sequence of CQLL, which allows for the protein to become
geranylgeranylated. The last amino acid of Rap1B was mutated to a methio-
nine for this study. B, HEK-293T cells were transfected with a cDNA encoding
SmgGDS-607-HA, SmgGDS-558-HA, or the HA vector plus a cDNA encoding
the Myc-tagged WT Rap1B CQLL or Rap1B CQLM mutant, or a Myc vector.
After 24 h, the cells were lysed, and an aliquot of each lysate was subjected to
ECL-Western blotting using Myc antibody (Cell Lysates). The remaining vol-
ume of each cell lysate was immunoprecipitated with HA antibody, followed
by ECL-Western blotting using HA antibody and Myc antibody (HA Immuno-
precipitates). The results are shown as the optical density of IP Myc-Rap1B
divided by the optical density of IP SmgGDS-HA and are the means = S.E. of
three independent experiments. ns, not significant; **, p < 0.01 by Student’s
t test. A nonspecific background band in the immunoblot is indicated by the
asterisk.

co-precipitation of SmgGDS-558 with either Rap1B CQLL or
Rap1B CQLM (Fig. 4B, HA Immunoprecipitates, lane 4 com-
pared with lane 5), which demonstrates a difference in the abil-

FIGURE 3.SmgGDS-607 binds directly and specifically to K-Ras CVIL, and SmgGDS-558 binds unprenylated WT K-Ras CVIM or CVIL in vitro. A, 100
ng of recombinant His-tagged SmgGDS-607 and SmgGDS-558 were allowed to interact with 250 ng of recombinant GST-Myc-tagged full-length K-Ras
CVIM or K-Ras CVIL proteins prebound to glutathione-Sepharose 4B beads. The complexes were isolated by pelleting the beads and subjected to
ECL-Western blotting using a SmgGDS antibody. The results are shown as the optical density of the SmgGDS protein signal in the immunoblots and are
the means = S.E. of three independent experiments. ns, not significant; **, p < 0.01 by Student’s t test. B, Biotin-PEG,-K-Ras CVIM or CVIL peptides with
the sequence KKKKKKSKTKCVI(M/L) (top panel) were prebound (10 wng) to streptavidin beads and allowed to interact with HEK-293T cell lysates
expressing either SmgGDS-607-HA, SmgGDS 558-HA, or HA vector. The complexes were isolated by pelleting the beads and subjected to ECL-Western
blotting using HA antibody. The results are representative of three (30 sec. exposure) or two (Overnight exposure) independent experiments. C, lysates of
HEK-293T cells expressing SmgGDS-607-HA were prepared as increasing concentrations of total cellular protein (45 g to 2250 wq) (top left panel) or
1000 pg of total cellular protein (top right panel) and allowed to interact with the biotin-K-Ras CVIL peptide (10 ng) that was prebound to streptavidin
beads. Full-length recombinant GST-K-Ras-CVIM or -CVIL proteins were added at increasing concentrations (0.1-1 ug) to the reaction mixtures (top right
panel). SmgGDS-607-HA that was bound to the biotin-K-Ras CVIL peptide was isolated by pelleting the streptavidin beads and then subjected to
ECL-Western blotting using HA antibody. The results are representative of two (top left panel) or three (top right panel) independent experiments. The
graph shows the optical density (means = S.E.) of the immunoblotted SmgGDS-607-HA protein that was pulled down by the biotin-K-Ras CVIL peptide
in the presence of the indicated concentrations of full-length recombinant GST-K-Ras-CVIM or -CVIL proteins. *, p < 0.05 by one-way analysis of variance
with Dunnett’s post-test compared with the control value from the sample that did not receive full-length recombinant GST-K-Ras protein.
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ity of SmgGDS-558 to recognize K-Ras CAAX variants versus
RaplB CAAX variants. These data also show that SmgGDS-607
preferentially binds CAAX motifs ending in leucine in multiple
GTPases.

SmgGDS-607 Can Bind Prenylated RaplB Peptides—We
next assessed the role of prenylation in the interaction of Smg-
GDS with a GTPase. It was previously reported that a gera-
nylgeranylated Rap1B peptide (PGKARKKSSC), but not a un-
prenylated Rap1B peptide, binds to SmgGDS-558 (32, 42). We
utilized a GTPase known to be geranylgeranylated, based on
our hypothesis that SmgGDS-607 will preferentially interact
with a GTPase that will become geranylgeranylated. Therefore,
we synthesized biotin-labeled Rap1B peptides that were either
in a free thiol form or conjugated to farnesyl diphosphate, gera-
nylgeranyl diphosphate, or a photo-active C10-m-BP (C10)
geranylgeranyl mimic (Fig. 54).

Similar to data obtained using full-length GTPases in cells,
we found that the nonprenylated Rap1B (free thiol) peptide
co-precipitates SmgGDS-607 but not SmgGDS-558 (Fig. 5B,
Streptavidin Immunoprecipitation, lane 2 compared with lane
1). As expected, the geranylgeranylated Rap1B (geranylgeranyl)
peptide co-precipitates SmgGDS-558 (Fig. 5B, Streptavidin
Immunoprecipitation, lane 4), but surprisingly geranylgerany-
lated Rap1B (geranylgeranyl) also co-precipitates SmgGDS-607
(Fig. 5B, Streptavidin Immunoprecipitation, lane 5). We next
assessed whether a farnesyl or geranylgeranyl moiety conju-
gated to RaplB affects association to SmgGDS. SmgGDS-607
strongly co-precipitates with both the farnesylated RaplB
(farnesyl) and geranylgeranylated Rap1B (geranylgeranyl) pep-
tides, whereas interestingly, SmgGDS-558 co-precipitates less
strongly with both prenylated peptides (Fig. 5C, Streptavidin
Immunoprecipitation, lanes 6 and 7 compared with lanes 10
and 11). These are the first findings that identify a prenylated
GTPase peptide binding to SmgGDS-607.

To test the hypothesis that a prenylated Rap1B peptide is
directly binding to SmgGDS-607, we utilized a photo-activat-
able geranylgeranyl mimic (C10), which was conjugated to a
Rap1B peptide (Fig. 54). The benzophenone-containing pre-
nyl-group is a photophore that is chemically stable and acti-
vated by UV light that cross-links the conjugated species
(Rap1B peptide) to proteins that directly interact with the con-
jugated substrate (SmgGDS-607) (43—46). We found that the
Rap1B (C10) peptide cross-linking to SmgGDS-607 increased
with greater UV exposure (Fig. 5D). The control lane shows a
weak association between SmgGDS-607 and the C10 peptide at
a lower molecular weight comparable with the SmgGDS-607
whole cell lysate input (Fig. 5D, lane 5 compared with lane 7),
which indicates binding but not cross-linking. Taken together,
these results indicate a novel interaction between a prenylated
GTPase peptide and SmgGDS-607, which differs from our pre-
vious data that SmgGDS-607 will only recognize a nonpreny-
lated GTPase in cells (20).

SmgGDS-607 and SmgGDS-558 Share Similar Predicted Pro-
tein Structures as Well as Similar Functional Domains with
Some Unique Differences—SmgGDS-607 and SmgGDS-558 are
armadillo proteins that we previously described as consisting of
ARM domains A—M (20). SmgGDS-558 is a splice variant of
SmgGDS-607 and is lacking the “C” ARM domain (Fig. 64,
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yellow shaded area). We analyzed homology models of the 608-
and 559-amino acid forms of SmgGDS. These forms of Smg-
GDS contain an additional alanine at position 2 compared with
the 607- and 558-amino acid forms of SmgGDS. The insertion
of this alanine should have minimal or no effect on the structure
of SmgGDS-608 compared with SmgGDS-607 and of Smg-
GDS-559 compared with SmgGDS-558. Thus, it is reasonable
to assume that the predicted structures of SmgGDS-608 and
SmgGDS-559 are similar to those of SmgGDS-607 and Smg-
GDS-558, respectively. These homology models predict that
the N-terminal region consisting of ARMs A and B is structur-
ally very different in SmgGDS-608 compared with SmgGDS-
559 (Fig. 6A, blue shaded area). In contrast, SmgGDS-608 and
SmgGDS-559 are predicted to share very similar structures in
the region consisting of ARMs D-M (Fig. 6A, green shaded
area). This region contains the electronegative patch in Smg-
GDS that interacts with the positively charged C-terminal PBR
of a GTPase (28).

Utilizing the I-TASSER server (47-49), we analyzed the
function of SmgGDS-607 and SmgGDS-558 through COFAC-
TOR software. The COFACTOR software utilizes functional
libraries to assess the predicted protein structure match to
functional sites and homologies of other known protein com-
plexes. Table 1 shows the top five predicted enzymatic
homologs of the SmgGDS splice variants using known enzyme-
substrate complexes. Similar predicted functions between
SmgGDS-607 and SmgGDS-558 include the functions of the
V-type ATPase subunit H, PME-1, and PP2A core enzyme
complex, and immunoglobulin A1 protease (Table 1). Interest-
ingly, SmgGDS-558, but not SmgGDS-607, shared an enzy-
matic homology with a protein farnesyltransferase bound to a
caged TCVIM peptide and farnesyl diphosphate. This differ-
ence between SmgGDS-558 and SmgGDS-607 is consistent
with SmgGDS-558 uniquely recognizing prenylated GTPases.

DISCUSSION

Our results indicate that the binding of a GTPase to Smg-
GDS-607 is based not only on the PBR of the GTPase (30) but
also by the last amino acid of the GTPase. This finding indicates
that SmgGDS-607 is a novel CAAX-binding protein and pro-
vides new insights into the regulation of GTPases before their
entry into the prenylation pathway. Furthermore, our results
show that SmgGDS-607 preferentially binds GTPases that will
become geranylgeranylated rather than GTPases that will
become farnesylated. These findings identify SmgGDS-607 as a
target for cancer therapeutics, especially therapies aimed at
inhibiting protein prenylation.

Our proposed model shows that SmgGDS-607 will associate
with GTPases that end in a leucine and will move through the
geranylgeranylation pathway, but not with a GTPase that ends
in a methionine and will move through the farnesylation path-
way (Fig. 6B). Previous data (20) along with the data presented
in this study support the idea that SmgGDS-607 acts as a stor-
age protein that binds the nonprenylated GTPase until the
geranylgeranyltransferase (GGTase) can process it. Storage of a
nonprenylated GTPase by SmgGDS-607 is an ideal way to reg-
ulate the entrance of a GTPase into the geranylgeranylation

VOLUME 289-NUMBER 10-MARCH 7, 2014



SmgGDS-607 Is a CAAX-specific Binding Protein

A
Biotin-PEG-V P G K A R K K S8 8§ C Q L L
0 0 0 ) Q Q ) 0 0 9 0 0, o0
H H H H H H H H H
. 6-N-(I7Hb—N—QH&—N—QH&-N—QH&—N—QH&—N—QH&—N—QH&-N-(':H&—N—(}H&-“—?Hé—H—QHE-n—?HE-OH (F.T)
” 5 \)j\ 9 H GH;  CHy CH CH CH, CHy CGH, CHp  CHp  CHy  CHy
NN ”-QHC-N CHy CH, CH, CH, OH OH SH GH;  CHCH; CHCH;
)/\/\ S ’ CHCHs CH, CH,  CHy  CH, * €=0 CH;  CHy
o ..‘-QNH CHs CH NH  CH  CH, NH,
H NH, C=NH NH,  NH,
HN*O &Hz

WAOPP \ VAVE VAV VAVA VaTL. OMOPP
0

Farnesyl diphosphate Geranylgeranyl diphosphate C10-m-BP diphosphate

(Far.) (GGer.) (C10)
B C
Biotin-Peptide: Rap1B Free Thiol Rap1B Ger.geranyl
HA Vector Sg 607-HA Sg 558-HA
TR b o
%’ § 9 § § 9 Biotin Rap1B Peptide:{ & 0“"\;9 Qq’é. & Oéézwq/*' & (9‘;'\;\_0 o
5 & £ & & £ g 9 ¢
1 |23 ]a]5]6 1]2f3]afs5[ef7[8]o]10f11]12
SmgGDS-HA: —— P— SmgGDS-HA: G -
Streptavidin Immunoprecipitation Streptavidin Immunoprecipitation
[ 1213121516 1]2ofaafsfe]7]8]o]10f11]12
SmgGDS-HA: — — SmgGDS-HA: - et -
Whole Cell Lysates Excess Protein not Bound to Streptavidin Beads
25 4 —— SmgGDS-607 ——
SmgGDS 607-HA
D e WE°'sitie” > 20 - — SmgGDS-558 ——
Biotin-Rap1B C10 Peptide : ‘@
S < = o 1.5
g T 8 o
> O U .
Ultraviolet Light s § § S£§£§8589 5 9 8 1.0
Exposure (t) & QE QE C,E QE;E < g < 5
T = 6 665 T o T O 05 -
1 [2]3]4[5[6]7]8
0 -t
e — — 5 5
Smachs s o S IR G o)
Strepavidin Immunoprecipitation SO SN o CSEE SN &

FIGURE 5. SmgGDS-607 binds directly to both the prenylated and nonprenylated forms of a Rap1B C-terminal peptide, and SmgGDS-558 binds to the
prenylated form of the peptide. A, the structure of the free thiol Rap1B peptide is shown, where the asterisk indicates the farnesyl (left panel), geranylgeranyl
(middle panel), or C10-m-BP (right panel) group. The C10 group contains the photoactive benzophenone-containing residue, which allows for photo-cross-
linking to a substrate. B and C, the indicated Biotin-PEG-Rap1B peptides in the free thiol (F.T.), farnesylated (Far.), or geranylgeranylated (GGer.) forms were
prebound to streptavidin beads and allowed to interact with lysates of HEK-293T cells expressing either SmgGDS-607-HA, SmgGDS-558-HA, or HA vector. The
bound complexes, whole cell lysates (B), and excess protein not bound to the streptavidin beads (C) were subjected to ECL-Western blotting using HA antibody.
The results are representative of three independent experiments. D, Biotin-PEG-Rap1B C10-m-BP peptides were allowed to interact with HEK-293T cell lysates
containing either SmgGDS-607-HA or HA vector and exposed to increasing times of UV light (1, 10, 30, and 60 min). The control sample was wrapped in tin foil
and exposed to UV light for 60 min. Streptavidin beads were used to pull down the complexes of SmgGDS-607-HA cross-linked to the biotinylated Rap1B
peptide, and then the complexes and whole cell lysates were subjected to ECL-Western blotting using HA antibody. The results are representative of three

independent experiments.

mine the ability of a GTPase to bind SmgGDS-607 and/or be
released to the GGTase.

We found that mutating the C-terminal residue of K-Ras
from a methionine to a leucine significantly increases the bind-
ing of K-Ras to SmgGDS-607. This leucine substitution causes
K-Ras to become geranylgeranylated instead of farnesylated,
supporting our model that SmgGDS-607 prefers binding small

pathway. SmgGDS-607 may promote the trafficking of a
GTPase to the GGTase similar to the interaction of the Rab
escort protein-1 with Rab proteins (50, 51). In this case, Smg-
GDS-607 would recognize a newly synthesized GTPase ending
in a leucine and present it to the GGTase for prenylation. Our
previous studies indicate that certain signals such as nucleotide
exchange (20) or phosphorylation (41) of a GTPase will deter-
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nylgeranyltransferase. The geranylgeranylated GTPase then interacts with SmgGDS-558 and traffics to the plasma membrane. A FTI promotes the alternate
geranylgeranylation of a GTPase that is normally farnesylated (e.g., K-Ras), and this leads to an increased association between a GTPase ending in a methionine
and SmgGDS-607. More analyses are needed to determine whether the interaction of WT K-Ras with SmgGDS-607 is needed for the alternate geranylgerany-
lation of this GTPase in cells treated with FTI (red arrows).

TABLE 1

Structure-based functional predictions of SmgGDS-607 and SmgGDS-558

The table shows analysis of SmgGDS-607 and SmgGDS-558 utilizing the I-TASSER structural and functional prediction software, which reports COFACTOR: structure-
based functional predictions. The top five proteins that are shown share similar structural active sites to either SmgGDS-607 or SmgGDS-558. Cscore™“ is the confidence
score for the Enzyme Classification (EC) number prediction. Cscore™ values range between 0 and 1; a higher score indicates a more reliable EC number prediction. TM
score is a measure of global structural similarity between query and template protein where scores <0.17 correspond to a random similarity. PDB Hit is the Protein Data
Bank signifier.

Rank Name of enzyme homolog Cscore®© PDB hit TM score Predicted active site residues

SmgGDS-607

1 Vacuolar ATP synthase subunit H 0.177 1ho8A 0.387 NA

2 PME-1 and PP2A core enzyme 0.157 3c5wA 0.279 372

3 Immunoglobulin A1 protease 0.15 3h09B 0.411 364

4 1,4-a-Glucan-branching enzyme 0.136 3k1dA 0.388 335 and 384

5 Fatty acid synthase subunit « 0.133 2vkzG 0.362 225
SmgGDS-558

1 Vacuolar ATP synthase subunit H 0.25 1ho8A 0.427 282, 284, 289, 291, and 334

2 Protein farnesyltransferase 0.191 3dpyA 0.38 NA

3 PME-1 and PP2A core enzyme 0.181 3c5wA 0.29 239 and 325

4 O-linked GIcNAc transferase 0.163 1w3bA 0.426 311 and 344

5 Immunoglobulin A1 protease 0.162 3h09B 0.418 298 and 315

GTPases that have a C-terminal leucine and will become
geranylgeranylated.

Quite surprisingly, we found that treatment with a FTI
increased the co-precipitation of complexes consisting of WT
K-Ras and SmgGDS-607 from cells. This result might seem
perplexing, because we would not expect SmgGDS-607 to bind
WT K-Ras because of the presence of the C-terminal methio-
nine. However, it is well known that the presence of an FTI
causes WT K-Ras to have reduced interactions with the farne-
syltransferase and increased interactions with the GGTase,
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resulting in the geranylgeranylation of K-Ras. It is intriguing to
speculate that complexes of K-Ras and SmgGDS-607 can be
isolated from FTI-treated cells because K-Ras has increased
interaction with the GGTase in these cells. If SmgGDS-607 acts
as a scaffold that binds the GGTase, then SmgGDS-607 would
be expected to bind the GGTase when it is interacting with
K-Ras in FTI-treated cells. In this case, SmgGDS-607 will not
directly bind K-Ras (because of the presence of the C-terminal
methionine), but instead SmgGDS-607 will bind the complex
consisting of the GGTase and K-Ras.
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Taken together, our findings support the model that Smg-
GDS-607 directly binds GTPases that have the CAAL motif (as
indicated by our studies using recombinant proteins), but Smg-
GDS-607 can also indirectly bind GTPases that have the CAAM
motif if they are associated with the GGTase (as in the case of
K-Ras in FTI-treated cells). This model predicts that SmgGDS-
607 will physically interact with both the GTPase and the
GGTase. However, our initial studies trying to immunoprecipi-
tate the GGTase I-B subunit with SmgGDS-607 or SmgGDS-
558 either in the presence or absence of a GTPase have yielded
no associations (data not shown). We have also tried to probe
our immunoblots of immunoprecipitated complexes using
antibodies that recognize the farnesyltransferase or GGTase
with no success.

The interesting finding that K-Ras will associate with Smg-
GDS-607 in cells treated with a FTI provides novel insight into
the mechanism of alternate prenylation and has potential ther-
apeutic implications. FTIs were developed to block farnesyla-
tion of oncogenic Ras and prevent it from reaching the plasma
membrane where its downstream target proteins are localized
(52, 53). Although promising initially, the main limitation of
FTIs was the lack of effectiveness in clinical trials (54, 55). Inter-
estingly, it was found that in cells treated with FTTs, K-Ras could
become alternatively geranylgeranylated and still continue to
promote oncogenic signaling from the membrane (40). More
success came from utilizing FTIs simultaneously with GGTIs;
however, toxicity then became an issue (56, 57).

The association of K-Ras with SmgGDS-607 in cells treated
with FTIs suggests that SmgGDS-607 might participate in the
alternative geranylgeranylation of K-Ras in the presence of
FTIs. If SmgGDS-607 regulates the entry of K-Ras into the gera-
nylgeranylation pathway in FTI-treated cells, then inhibiting
interactions of SmgGDS-607 with K-Ras (either through down-
regulation or inactivation of SmgGDS-607) could provide a
novel way to inhibit K-Ras geranylgeranylation when FTIs are
administered. Thus, SmgGDS-607 could be a novel target for
combination therapeutics, because initial studies show that
knockdown of SmgGDS-607 alone is not deleterious in breast
and lung cancers (20, 23). However, it is important to note that
the association of K-Ras with SmgGDS-607 in FTI-treated cells
could simply be an ancillary result, whereby K-Ras can become
geranylgeranylated regardless of its association with SmgGDS-
607. More tests are needed to define the function of SmgGDS-
607 in the alternative geranylgeranylation of K-Ras when farne-
sylation is inhibited.

SmgGDS-558 differs from SmgGDS-607 because SmgGDS-
558 is restricted to binding prenylated GTPases in cells (20).
Interestingly, the analysis of predicted functional properties
between SmgGDS-558 and SmgGDS-607 identified that the
structure of SmgGDS-558 (but not SmgGDS-607) has enzy-
matic homology with a farnesyltransferase that has a caged
K-Ras peptide and farnesyl pyrophosphate bound, which sup-
ports the observation that SmgGDS-558 will functionally bind
prenylated GTPases (Table 1).

We found that in cells, SmgGDS-558 binds prenylated K-Ras
that has either a methionine or leucine as the last amino acid,
but interestingly SmgGDS-558 co-precipitates significantly
more K-Ras CVIM than K-Ras CVIL. The most likely explana-
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tion for this finding is that the prenylated form of K-Ras is
generated more from K-Ras CVIM than from K-Ras CVIL in
the cells, thereby providing more prenylated K-Ras for Smg-
GDS-558 to co-precipitate from the cells. This possibility is
supported by our finding that a higher ratio of prenylated to
nonprenylated K-Ras is generated when K-Ras CVIM is
expressed than when K-Ras CVIL is expressed (Fig. 1C, Cell
Lysates, lane 6 compared with lane 8). A less likely explanation
for SmgGDS-558 co-precipitating significantly more K-Ras
CVIM than K-Ras CVIL is that SmgGDS-558 prefers to associ-
ate more with farnesylated K-Ras (which is generated from
K-Ras CVIM) than with geranylgeranylated K-Ras (which is
generated from K-Ras CVIL). Finally, a third potential explana-
tion for the preference of SmgGDS-558 for K-Ras CVIM is that
SmgGDS-558 interacts with prenylated K-Ras before the -AAX
is cleaved from the CAAX motif by Rcel. In this speculative
model, SmgGDS-558 binds prenylated GTPases that still retain
their CAAX motif, with a preference for a CAAX motif ending
in methionine rather than leucine. If these last two explanations
are correct, we would expect SmgGDS-558 to exhibit the same
binding preferences for the RaplB CAAX variants as those
shown for the K-Ras CAAX variants. However, we found that
SmgGDS-558 co-precipitates equal amounts of RaplB CQLM
and Rap1B CQLL from cells (Fig. 4), suggesting that neither the
type of isoprenoid modification (farnesyl versus geranylgeranyl)
nor the last amino acid in the CAAX motif (methionine versus
leucine) is dictating the specificity of SmgGDS-558 for the pre-
nylated GTPases. Instead, the ratio of prenylated to nonpreny-
lated GTPase seems to be the most likely indicator for interac-
tion with SmgGDS-558. This conclusion is supported by our
finding that Rap1B CQLM and Rap1B CQLL generate the same
ratios of prenylated to nonprenylated RaplB (Fig. 4B, Cell
Lysates, lane 4 compared with [ane 5) and are equally co-pre-
cipitated by SmgGDS-558.

The ability of SmgGDS-558 to associate with both farnesy-
lated and geranylgeranylated GTPases in cells supports the idea
that this splice variant may play a greater role than SmgGDS-
607 in the trafficking of oncogenic GTPases. Indeed, previous
studies indicate that the malignant phenotype of non-small cell
lung carcinoma and breast cancer is decreased more by the
RNAi-mediated knockdown of SmgGDS-558 than by Smg-
GDS-607 (20, 23). However, it is possible that the RNAi-medi-
ated knockdown of SmgGDS-607 did not deplete SmgGDS-607
protein levels enough in these experiments to produce a func-
tional effect. The development of small molecule inhibitors for
both SmgGDS splice variants will aid further studies of their
unique functions (20, 23).

We made the unexpected discovery that the preference of
SmgGDS-558 for prenylated GTPases is lost when SmgGDS-
558 is allowed to interact with GTPases in vitro. This conclu-
sion is supported by our observation that even though Smg-
GDS-558 co-precipitates only the prenylated forms of WT
K-Ras and K-Ras-CVIL in cells, SmgGDS-558 will bind to non-
prenylated WT K-Ras and K-Ras-CVIL in recombinant systems
in vitro. Additionally, we show that SmgGDS-558 will bind a
nonprenylated C-terminal K-Ras peptide. Consistent with
these findings, it was previously reported that SmgGDS-558
can induce guanine nucleotide exchange by the nonprenylated
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form of RhoA in a recombinant system but promotes guanine
nucleotide exchange by only prenylated RhoA in cells (28).
These findings indicate that SmgGDS-558 prefers prenylated
GTPases only when interacting with the GTPases in a cellular
system. Post-translational modifications or unknown protein
partners may mediate the interaction of SmgGDS-558 with
prenylated GTPases in cells, and the loss of these post-transla-
tional modifications or protein partners in recombinant sys-
tems may allow SmgGDS-558 to interact with nonprenylated
GTPases in vitro.

Another interesting finding was the strong association of a
prenylated Rap1B peptide to SmgGDS-607, which is surprising
considering our previous model that SmgGDS-607 only binds
nonprenylated GTPases. This novel discovery led us to assess
whether this interaction was direct, and indeed using cross-
linking we show that a prenylated RaplB peptide covalently
binds to SmgGDS-607. It is not clear why SmgGDS-607 directly
binds the prenylated Rap1B C-terminal peptide in vitro, when
SmgGDS-607 is restricted to binding only nonprenylated full-
length Rap1B in cells. The prenylated peptide might bind to
SmgGDS-607 through nonspecific hydrophobic interactions
that arise in the in vitro system. Alternatively, the prenylated
peptide might specifically bind a hydrophobic pocket in Smg-
GDS-607 that is accessible to the prenylated peptide in vitro but
is inaccessible to full-length prenylated Rap1B in a cellular con-
text. Further testing will be needed to define the reasons for this
surprising result.

The homology models help explain several of the interac-
tions we have observed in this study. According to these mod-
els, SmgGDS-608 and SmgGDS-559 are structurally very simi-
lar in ARMs D-M, which contains the electronegative patch
that binds the PBR of a GTPase (28). We propose that when
SmgGDS and a GTPase are allowed to interact in vitro without
the presence of other proteins, the GTPases that are nonpreny-
lated can associate with both SmgGDS splice variants through
an electrostatic interaction between the PBR and the electrone-
gative patch in ARMs D-M. This prediction is supported by our
finding that both SmgGDS-607 and SmgGDS-558 bind non-
prenylated K-Ras in recombinant systems.

The very different structure predicted for ARMs A and B in
SmgGDS-608 compared with SmgGDS-559 might explain why
the two SmgGDS splice variants differ in their ability to bind
nonprenylated versus prenylated GTPases in cells. We propose
that the different N-terminal structures of the two SmgGDS
splice variants might cause them to have unique post-transla-
tional modifications or to interact with different protein part-
ners in cells. These post-translational modifications and/or
interactions with cellular protein partners may define the spec-
ificity of SmgGDS-607 for nonprenylated GTPases, and Smg-
GDS-558 for prenylated GTPases that is observed only in cel-
lular systems. Thus, in vitro with no other proteins available,
the splice variants would lose their ability to differentiate
between prenylated and nonprenylated GTPases, and their
interactions with GTPases in vitro would be dictated mainly by
the electronegative patch in ARMs D-M.

This study is the first report that SmgGDS-607 binds
GTPases by recognizing the last amino acid of the GTPase.
SmgGDS-607 is shown to be involved specifically in the gera-
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nylgeranylation pathway for GTPases. Although direct, the
associations of SmgGDS-607 and SmgGDS-558 with GTPases
differ between cells and in vitro, suggesting that these interac-
tions are regulated by processes that uniquely occur in intact
cellular systems. Further studies should be focused on develop-
ing small molecule inhibitors for both splice variants of Smg-
GDS and assessing their potential therapeutic use.
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