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(Background: P-Rex1 (phosphatidylinositol (3,4,5)-trisphosphate-dependent Rac exchanger-1) activity is correlated with
Results: P-Rex1-Racl (Ras-related C3 botulinum toxin substrate-1) crystal structure reveals the molecular mechanism of Racl

Conclusion: The P-Rex1-Racl interface is critical for Racl activation in breast cancer cell lines.
Significance: The study provides a rationale for therapeutic targeting of the P-Rex1-Racl interface by describing the structural
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The P-Rex (phosphatidylinositol (3,4,5)-trisphosphate (PIP;)-
dependent Rac exchanger) family (P-Rex1 and P-Rex2) of the
Rho guanine nucleotide exchange factors (Rho GEFs) activate
Rac GTPases to regulate cell migration, invasion, and metastasis
in several human cancers. The family is unique among Rho
GEFs, as their activity is regulated by the synergistic binding of
PIP; and GBvy at the plasma membrane. However, the molecular
mechanism of this family of multi-domain proteins remains
unclear, We report the 1.95 A crystal structure of the catalytic
P-Rex1 DH-PH tandem domain in complex with its cognate
GTPase, Racl (Ras-related C3 botulinum toxin substrate-1).
Mutations in the P-Rex1-Racl interface revealed a critical role
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for this complex in signaling downstream of receptor tyrosine
kinases and G protein-coupled receptors. The structural data
indicated that the PIP;/GpB+y binding sites are on the opposite
surface and markedly removed from the Racl interface, sup-
porting a model whereby P-Rex1 binding to PIP; and/or Gy
releases inhibitory C-terminal domains to expose the Racl
binding site.

Rho GTPases are small G proteins that regulate cytoskeletal
organization, cell-cycle progression, and gene expression, and
their deregulation drives tumorigenesis and metastatic dissem-
ination (1, 2). The activation of Rho GTPases, from the inactive
GDP-bound state to the active GTP-bound state, is regulated
by guanine nucleotide exchange factors (GEFs)” (3). P-Rex1
(phosphatidylinositol (3,4,5)-trisphosphate (PIP;)-dependent
Rac exchanger 1) is a large multidomain GEF that catalyzes
nucleotide exchange for the Rac subfamily of Rho GTPases to
control cell motility, chemotaxis, and cell morphology (4-7).

Crucially, P-Rex1 overexpression is correlated with tumori-
genesis in breast and prostate cancers (8 —11), and knockdown
of P-Rex1 inhibits cell migration and invasion in melanoma,
prostate, and ovarian cancers (8, 12—14). The human PREX]
gene is located on chromosome 20q13; amplification of this
region occurs in 8 —29% of breast tumors and is associated with

’” The abbreviations used are: GEF, guanine nucleotide exchange factor; PIP,,
phosphatidylinositol (3,4,5)-trisphosphate; P-Rex1, PIP;-dependent Rac
exchanger 1; PEI, polyethylenimine; RTK, receptor tyrosine kinase; GPCR, G
protein-coupled receptor; EGFR, EGF receptor; Mant, N-methylanthra-
niloyl; TEV, tobacco etch virus; Ni-NTA, nickel-nitrilotriacetic acid; CAPS,
3-(cyclohexylamino)propanesulfonic acid; CFP, cyan fluorescent protein;
ANOVA, analysis of variance; BAR, B-adrenoceptor; r.m.s.,, root mean
square; PDB, Protein Data Bank; DH, Dbl homology; PH, pleckstrin
homology.
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poor patient outcomes (10). This region is also frequently
deleted or amplified in malignant myeloid diseases, hereditary
prostate cancer, pancreatic endocrine tumors, and ovarian can-
cers (15-18). PREXI mRNA expression is elevated in the
majority of human melanoma cell lines and human melanomas
(14) and promotes melanoblast migration via Rac activation.
Melanoma-model mice with P-Rex1 ablation are more resist-
ant to metastasis (14). Although P-Rex1 is not detected in the
normal breast, the PREX1 gene is amplified or mutated in pri-
mary breast tumors, with P-Rex1 positive staining in 58% of all
breast cancers. Recent genome sequencing of melanoma and
pancreatic cancers has also detected a high frequency of muta-
tion in P-Rex2, a close structural and functional homologue of
P-Rex1 (59% sequence identity) (19, 20).

P-Rex1 contains an N-terminal DH-PH tandem domain that
forms the catalytic subunit of the protein in vitro (21). C-termi-
nal to the DH-PH domain are two DEP (Disheveled, EGL-10,
pleckstrin) domains, two PDZ (postsynapticdensity protein,
discs large, zona occludens-1) domains, and a large IP4P (ino-
sitol polyphosphate 4-phosphatase) homology domain with no
identified phosphatase activity to date (Fig. 1A). Rho GEFs
maintain a generally conserved DH-PH tandem domain archi-
tecture; however the mode of GTPase binding and activation
varies between GEFs. A number of GEFs activate Rho GTPases
through interactions with the DH domain alone, whereas sev-
eral also require molecular contributions from the PH domain
and/or regions outside the tandem DH-PH domain (22-26).
The difference in contribution of the PH domain to GTPase
binding observed between different GEFs is largely due to con-
formational variability between the relative positioning of the
DH and PH domains. This conformational variability is defined
primarily by the GEF-specific length and orientation of the final
a-helix of the DH domain (27). Therefore, the mechanism of
Rho GTPase activation is highly GEF-specific.

P-Rex proteins are unique within the Rho GEF family, as they
function as a key integration point for signals downstream of
both receptor tyrosine kinases (RTKs) and G protein-coupled
receptors (GPCRs) (28, 29). For example, activation of P-Rex1
by the RTK epidermal growth factor receptor (EGFR) promotes
breast cancer cell migration and proliferation (10), whereas
P-Rex1 activation by the chemokine GPCR, CXCR4, mediates
endothelial cell angiogenesis in vitro, an essential step in tumor-
igenesis (30). RTK stimulation activates phosphoinositide 3-ki-
nase (PI3K) to phosphorylate PIP, to PIP, whereas GPCR acti-
vation leads to dissociation of the heterotrimeric G protein into
Ga and Gy subunits. Both the PIP; and Gf+y subunits are
thought to synergistically activate P-Rex proteins at the plasma
membrane (29, 31).

Currently, we have limited molecular insight into how Rho
GTPases are activated by P-Rex1 and how P-Rexl activity is
regulated by the coordinated actions of PIP, the GB+y subunits,
and protein phosphorylation. For instance, P-Rex1 PH domain
binding to PIP; is necessary for activation and membrane local-
ization (21, 31); however the mechanism by which PIP; binding
increases P-Rex1 exchange activity is unresolved. In addition to
PIP, binding, PH domains commonly interact with G+ sub-
units (32-35). However, G+ activation of P-Rex1 appears to
be a complex process requiring the PH domain, DH domain,
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and/or additional interactions with the C-terminal DEP, PDZ,
and IP4P domains (21, 36). Moreover, intramolecular binding
between the C terminus and the DH-PH domain of P-Rex1 can
autoregulate GEF activity (21, 36). Finally, distinct patterns of
phosphorylation further contribute to the control of P-Rex1
activity (11, 37) and the affinity of P-Rex1 for GBvy and PIP,
(37, 38).

Herein, we report the 1.95 A x-ray crystal structure of the
P-Rex1 DH-PH domain in complex with its canonical GTPase,
Racl, providing the first structural insight into P-Rex1 activity
and regulation. Critically, using structure-guided mutagenesis
we have dissected the central role of the P-Rex1 DH domain-
Racl interface in promoting Racl activation both in vitro and
downstream of GPCR and RTK signaling in cancer cell lines.
Our structural data also indicate that the PIP;/GB7y binding
sites in P-Rex1 are markedly removed and on the opposite sur-
face from the Racl interface. Together, these data provide
insight into the future therapeutic targeting of P-Rex1 in the
treatment of a number of cancers.

Experimental Procedures

Reagents—RaichuEV-Racl (39, 40), kindly provided by Prof.
Michiyuki Matsuda and Assoc. Prof. Kazuhiro Aoki (Kyoto
University, Japan), is contained in the pCAGGS vector (41) pro-
vided by Dr. Jun-ichi Miyazaki (Osaka University, Japan).
MCEF?7 cells were from the American Type Culture Collection.
The highly metastatic MDA-MB-231 human breast adenocar-
cinoma cells (42) were a gift from Dr. Zhou Ou (Fudan Univer-
sity Shanghai Cancer Centre, China). P-Rex1 siRNA was from
GE Dharmacon (ON-TARGETplus SMARTpool). The mono-
clonal antibody to P-Rex1 was generated in-house.

Cloning and Mutagenesis—His,,-tagged P-Rex1 DH-PH
(residues 1-404) was cloned into the BamHI and EcoRI sites
of the polyhedron multiple cloning site of pFastBacDual
(Invitrogen). Racl (residues 1-177) was cloned into the Xhol
and KpnlI sites of the p10 multiple cloning site within the same
vector. For bacterial expression, Racl G12V (residues 1-177)
was cloned into pGEXTEYV, a modified version of pGEX-4T-1
(GE Healthcare) where the thrombin site is replaced witha TEV
cleavage site. Full-length HA-tagged P-Rex1 was cloned into
the HindIIl and Xbal sites of pcDNA3.1(+) (Invitrogen).
Mutations were introduced using QuikChange site-directed
mutagenesis (Stratagene).

Protein Purification—His, ,-tagged P-Rex1 DH-PH (residues
1-404) was co-expressed with Racl (residues 1-177) in Sf9
cells for 2.5 days following baculovirus infection (pFast-
BacDual, Bac-to-Bac, Invitrogen). Co-expressed Racl was not
purified with P-Rex1, as phosphorylation of P-Rex1 signifi-
cantly affected the yield of the P-Rex1-Racl complex purified
directly from insect cells. However, co-expression significantly
improved P-Rex1 expression in Sf9 cells. Cells were harvested
by centrifugation and lysed by sonication in 20 mm Tris, pH 8.0,
500 mm NaCl, 10% (v/v) glycerol, 5 mm 3-mercaptoethanol, and
0.02% (w/v) azide. Lysates were cleared by centrifugation, fil-
tered at 0.8 wm, and incubated with Ni-NTA resin (Qiagen) and
20 mM imidazole for 90 min at 4 °C with agitation. The resin was
washed with lysis buffer, and P-Rex1 was eluted with 500 mm
imidazole in the same buffer.
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The His, , tag was removed from P-Rex1 with overnight TEV
cleavage during dialysis into 20 mm Tris, pH 8.0, 200 mm NaCl,
10% (v/v) glycerol, 2 mm DTT, and 5 mM MnCl, and concurrent
dephosphorylation with A-phosphatase. Dephosphorylation of
P-Rex1 was necessary to increase the final yield of the purified
P-Rex1-Racl complex. P-Rex1 was further purified by cation
exchange on a ResourceS (GE Healthcare) column with a gra-
dient from 50 mm to 1 M NaClin 20 mMm Tris, pH 8.0,2 mMmDTT,
and 5% (v/v) glycerol. P-Rex1-containing fractions were further
purified on a HiLoad Superdex 75 16/60 size-exclusion column
(GE Healthcare).

GST-Racl G12V was expressed overnight in Escherichia coli
BL21(DE3) CodonPlus cells by IPTG induction at 18 °C. Cells
were harvested by centrifugation and lysed by sonication in 20
mw Tris, pH 8.0, 500 mm NaCl, 2 mm DTT, and 2 mm EDTA.
Lysates were cleared by centrifugation, filtered at 0.8 wm, and
incubated with glutathione-Sepharose 4B resin (GE Health-
care) for 90 min at 4 °C. The resin was washed with lysis buffer
and incubated at 4 °C overnight with TEV added to cleave the
GST tag. The protein was eluted from the resin and further
purified on a HiLoad Superdex 75 16/60 size-exclusion column
(GE Healthcare).

To form the P-Rex1 DH-PH-Racl complex for crystallogra-
phy, purified P-Rex1 and Racl were concentrated to 5-10
mg/ml and mixed at a 1:3 (P-Rex1-Racl) ratio with the further
addition of 5 mm EDTA. After a 30-min incubation at room
temperature, the complex was purified on a HiLoad Superdex
75 16/60 size-exclusion column (GE Healthcare) equilibrated
in 20 mm Tris, pH 8.0, 150 mm NaCl, and 2 mm DTT. Fractions
containing the complex were pooled and concentrated to ~10
mg/ml for crystallography.

Crystallization, Structure Determination, and Refinement—
P-Rex1 DH-PH-Racl crystals were formed at a 1:1 drop ratio by
sitting drop vapor diffusion in 0.1 mm Na-MES, pH 6.5, 0.2 M
sodium acetate, and 15% (w/v) PEG 8000. Crystals were cryo-
protected in mother liquor containing 20% (v/v) glycerol, and
data were collected at the MX2 microfocus beamline at the
Australian Synchrotron (43). The structure was determined by
molecular replacement in PHENIX (44) within the Phaser (45)
module using PDB codes 2DFK and 3SBD (46, 47). The struc-
ture was autobuilt in ARP/wWARP within the CCP4 suite (48—
50). Refinement was carried out using PHENIX Refine (51) with
local rebuilding in COOT (52), resulting in a model with an
R-factor of 16.23% (R, of 18.32%). The structure had a final
MolProbity (53) score of 0.70 (100th percentile). Structural
alignments were performed with Superpose within the CCP4
suite (54).

N-Methylanthraniloyl (Mant)-GDP Exchange Assay—Nucle-
otide exchange was measured with Mant-GDP (Invitrogen), a
fluorescent GDP analogue. 2 um Racl was equilibrated with 1
uM Mant-GDP in 20 mMm Tris, pH 7.4, 50 mMm NaCl, 5 mm
MgCl,, 1 mm DTT, and 5% (v/v) glycerol for 30 min prior to the
addition of P-Rex1 DH-PH to a final concentration of 400 nm.
Fluorescence (A, = 360 nm, A,,, = 440 nm) was measured on
aBMG Labtech CLARIOstar microplate reader over a period of
3 h at 25°C. Traces shown are baseline-subtracted and the
mean of at least three independent data sets. GEF activity of
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mutants was quantified by measuring fluorescence at 60 min
after DH-PH addition, relative to the wild type.

Pulldown Analysis—Hisg-tagged Racl was bound to Ni-NTA
resin (Qiagen) and incubated with 1 um untagged P-Rexl
DH-PH wild type or mutants in 20 mm Tris, pH 8.0, 150 mm
NaCl, 2 mm DTT, and 20 mMm imidazole. Solutions were incu-
bated at 4 °C for 90 min with agitation following which the
beads were washed three times in buffer and eluted in buffer
containing 500 mMm imidazole. Pulldowns were analyzed by
SDS-PAGE.

Cell Culture and Transfection—The MCF7 and MDA-MB-
231 cell lines were verified by CellBank Australia. MCF7 cells
were maintained in Dulbecco’s modified Eagle’s medium
(Invitrogen) with 10% (v/v) FBS, 10 wg/ml insulin, and penicil-
lin/streptomycin. MDA-MB-231 HM cells were maintained in
the same medium without insulin. Cells were grown in a
humidified atmosphere at 37 °C with 5% CO,.

For verification of endogenous P-Rexl knockdown using
siRNA, cells were seeded at 70% confluency during transfection
with Lipofectamine 2000 into 6-well plates in OptiMEM (Invit-
rogen). Cells were transfected with 10 nm scrambled or P-Rex1
siRNA and 7.2 ul of Lipofectamine 2000/well. The medium was
replaced with complete growth medium 6 h after transfection,
and protein expression was assessed by Western blotting 72 h
after transfection.

For verification of P-Rex1 mutant expression by Western
blotting, cells were seeded at 70% confluency during transfec-
tion with 25-kDa linear polyethylenimine (PEI) into 6-well
plates in complete growth medium. Cells were transfected with
1.6 ug of pcDNA or 1.6 ug of P-Rex1 DNA at a DNA:PEI ratio
of 1:4.5 (for MCF?7) or 1:6 (for MDA-MB-231). Protein expres-
sion was assessed by Western blotting 48 h after transfection.

For FRET experiments, cells were seeded at 70% confluency
during transfection with 25-kDa linear PEI into black, optically
clear 96-well plates in complete growth medium. MCEF7 cells
were transfected with 200 ng/well RaichuEV-Racl and 100
ng/well pcDNA or P-Rex1 at a 1:4.5 DNA:PEI ratio. MDA-MB-
231 cells were transfected with 150 ng/well RaichuEV-Racl and
100 ng/well pcDNA or P-Rexl at a 1:6 DNA:PEI ratio. For
P-Rex1 knockdown using siRNA, MCF7 cells were transfected
with 100 ng/well RaichuEV-Racl, 10 nm/well scrambled or
P-Rex1 siRNA, and 0.45 ul/well Lipofectamine 2000. FRET was
measured following overnight serum restriction (0.5% FBS (v/v)
culture medium) at 48 or 72 h (siRNA experiments) following
transfection.

Cell Lysate Preparation and Western Blotting—Cells were
detached from 6-well plates in PBS and resuspended in 100 ul
of lysis buffer/well (50 mm Tris, pH 7.5, 150 mm NaCl, 1% Non-
idet P-40, 1 mm benzamidine, 2 mm DTT, 2 mM sodium
orthovanadate, 10 mm 3-glycerophosphate, 1 mm PMSF, and
protease inhibitor mixture). Cells were incubated for 30 min on
ice and lysed by passage through a 21-guage needle 10 times.
Lysates were centrifuged (200 X g, 4 °C, 5 min), and the super-
natant was snap-frozen on dry ice. For Western blotting, lysates
were thawed, and total protein concentration measured using a
Bradford detection assay. 12 or 14 ug of total protein was run on
8% SDS-PAGE for MCF7 and MDA-MB-231 samples, respec-
tively. Protein was transferred to nitrocellulose membranes by
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electroblotting in 3-(cyclohexylamino)propanesulfonic acid
(CAPS) buffer before membrane blocking in 5% (w/v) milk
powder in TBS for 1 h. Blots were incubated overnight at 4 °C
with either anti-P-Rex1 or anti-HA (Abcam, ab9110) at 1:1000
in 1% (w/v) milk in TBS. Blots were washed three times with
TBS-T (0.05% v/v Tween 20 in TBS) before incubation with
anti-rabbit HRP-conjugated antibody (Thermo Scientific, No.
31460) at 1:5000 in 5% (w/v) milk in TBS for 1 h. Blots were then
washed three times in TBS-T, and bands were visualized with
Amersham Biosciences ECL chemiluminescence reagent (GE
Healthcare). Blots were stripped (Millipore ReBlot Plus) and
reprobed as described with anti-a-tubulin (Abcam, ab4074, 1
pg/ml) to confirm equal protein loading.

FRET Imaging of Live Cells—Cells were equilibrated in
Hanks’ balanced salt solution (Invitrogen) at 37 °C. Fluores-
cence imaging was performed using a high content GE Health-
care IN Cell 2000 analyzer with a FRET module. For emission
ratio analysis, cells were excited sequentially using a CFP filter
(430/24,430 £ 12 nm) with emission measured using YFP (535/
30) and CFP (470/24) filters and a polychroic filter optimized
for the CFP/YEFP filter pair (Quad3). Cells were imaged every 1
min, allowing image capture of up to 16 wells/min. Two fields of
view per well were captured for the MDA-MB-231 cells due to
lower transfection efficiency. Baseline emission ratio images
were captured for 4 min. Cells were challenged with an ECg,
concentration of isoprenaline (100 nm), SDFl« (30 nm), EGF
(10 ng/ml), or vehicle (0.13% w/v BSA in PBS), and images were
captured for 20 min. Cells were then stimulated with the posi-
tive control (1 uM isoprenaline, 50 ng/ml EGF, 10 um AICl;, and
10 mMm NaF (55)) for 10 min to generate a maximal increase in
Racl activity, and positive emission ratio images were captured
for 4 min. Data were analyzed within the FIJI distribution of
Image] (57). Cells with >5% change in F/F, (FRET ratio relative
to baseline for each cell) after stimulation with positive controls
were selected for analysis. Data are expressed as the emission
ratio relative to the maximal response for each cell (F/F,,,),
with the area under the curve calculated using GraphPad Prism.
Pseudocolor ratiometric images of the cells were generated as
described (58). Data are expressed as the mean = S.E. of n cells
as stated. Statistical significance was determined by two-way
ANOVA with Dunnett’s multiple comparison test, and p < 0.05
was deemed significant.

Results

Structure of the P-RexI-Racl Complex—To examine the
mechanism of P-Rex1-dependent Racl activation, we crystal-
ized the P-Rex1 DH-PH domain (residues 1-404) in complex
with Racl. The structure was determined by molecular replace-
ment and refined to 1.95 A resolution with an R, /R.. of
16.23 and 18.32%, respectively, and excellent geometry (Table
1). The final model comprises P-Rex1-(34—399) bound to Racl
without its membrane-associated C terminus (residues 1-176)
(Fig. 1A4). No density was observed for the N-terminal P-Rex1-
(1-33) and -(306-322) within the B3-B4 loop of the PH
domain, suggesting a high degree of mobility within these
regions.

The P-Rex1 DH domain (residues 34—-258) is composed of
the six main a-helices typical of Dbl family Rho GEFs arranged
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TABLE 1
Data collection and refinement statistics
P-Rex1-(1-404)-Racl-(1-177)

Data collection

PDB ID code 4YON

Beamline Australian Synchrotron MX2
Oscillation range, ° 1

Space group C222,

a=9451A,b=111254,c= 15812 A
a=90° B =90° y=90°
40.56-1.95 (2.00-1.95)

Cell parameters

Resolution, A*

Unique reflections” 60,929 (4,244
IoF 10.9 (2.1)
Ry %7 21.7 (139.7)
Ry %° 6.3 (40.4)
CCrb 99.6 (72.6)
Completeness, %* 100.0 (99.9)
Redundancy” 11.7 (11.8)
Refinement
Resolution, A 40.56-1.95
No. of reflections 60,883
Ry Riseer % 16.23/18.32
No. of protein atoms 4,197

No. of water atoms 780

r.m.s. deviation from ideal 0.004
bond length, A

r.m.s. deviation angles, ° 0.794

Ramachandran statistics, %°
Favored regions 98.07

Outliers 0

“ Highest resolution shell is shown in parentheses.

? CCw = percentage of correlation between intensities from random half-data sets
(66).

¢ As defined by MolProbity (53).

into an elongated bundle (Fig. 1B). Helices a3 and o4 are fur-
ther divided into two smaller a-helical segments. The extended
helix a6 of the P-Rex1 DH domain bridges both the DH and the
PH domains. This arrangement effectively positions the PH
domain (residues 259 —-399) toward the solvent and orients it
away from the DH domain. The PH domain forms a seven-f3-
stranded anti-parallel B-sandwich capped by a C-terminal
a-helix. The Racl fold, consistent with previously described
structures (59), contains one central six-stranded B-sheet sur-
rounded by six a-helices.

The P-Rexl DH Domain Activates Racl with No Direct
Molecular Contributions from the PH Domain—Racl makes
extensive contacts with helices a1, a5, and a6 of the P-Rex1 DH
domain, burying a total of 2,578 A? (Figs. 1B and 24). Racl
makes no molecular contacts with the PH domain (Fig. 24).
The conformational change within two highly conserved
regions of GTPases, termed switch 1 and switch 2, facilitates the
displacement of both the GDP and a Mg>" cofactor to allow
GTP binding and GTPase activation (59). Of the three highly
conserved regions of the P-Rex1 DH domain (termed CR1-3),
CR1 and CR3 make extensive contacts with both switch 1 and
switch 2 of Racl (Fig. 24). P-Rex1 helix a1 interacts primarily
with switch 1 through the highly conserved Glu-56"%°*!, which
forms hydrogen bonds with Tyr-32%*! and the main chain
amides of Thr-35%*! and Val-36"*“" with excellent density
(Figs. 2B and 3, A, B, and D).

Structural alignment of P-Rex1-bound Racl with inactive
Racl-GDP reveals a displacement of Thr-358*! ~6 A toward
P-Rex1 (Fig. 2C). This large conformational change disrupts the
ability of Racl to coordinate Mg®", promoting GDP dissocia-
tion and subsequent GTP binding. Also within switch 1, Asn-
397! forms hydrogen bonds with the conserved GIn-197° %!
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FIGURE 1. Structure of the P-Rex1-Rac1 complex. A, schematic representation of the domain layout of P-Rex1, highlighting the position of the DH (yellow) and
PH (purple) domains. Rac1 is shown in teal. B, the structure of P-Rex1-(34-399) bound to Rac1-(1-176) shown schematically. The position of the missing 83-34

loop within the P-Rex1 PH domain is indicated.

in CR3 (helix a5) (Fig. 3, Band D). To confirm that these inter-
actions are critical for P-Rex1 activity, we generated P-Rexl
DH-PH domain Q197A and E56A mutants and an additional
switch charge E56R mutant. Mutation of Gln-1977 %! de-
creased activity compared with the wild-type control in an in
vitro Mant-GDP exchange assay (Fig. 3, E and G). P-Rexl
DH-PH domain activity was abolished following mutation of
Glu-56" "' in the E56A and E56R mutants (Fig. 3, Eand G). As
expected, mutation of either Glu-56° %! or Gln-197° %! also
diminished Racl binding compared with wild-type P-Rex1 in
vitro (Fig. 3H). Together, these data reveal the functional
importance of the conserved Glu-56°"%*! and GIn-197°R*!
for switch 1 binding and activation of Racl.

Racl is further anchored in a nucleotide-releasing conforma-
tion by extensive contacts between switch 2 and P-Rex1 helices
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a5 and a6, which buries 850 A? of surface area (Fig. 3, 4 and C).
Asn-238""%**! forms hydrogen bonds with Asp-65°*" and Arg-
667! (Fig. 3C), and alanine substitution (N238A) completely
abolishes both the exchange activity and Rac1 binding (Fig. 3, F
and H). Previous studies using sequence conservation reported
a “GEF-dead” P-Rex1 N238A/E56A mutation, which disrupts
activity both in vitro and in vivo (5, 8, 21). Our data give a
structural justification for this GEF-dead mutant, additionally
demonstrating that mutation of each residue alone is sufficient
to abolish GEF activity in vitro.

Glu-245"%" was in close enough proximity to form a
hydrogen bond and salt bridge with Arg-66%! in switch 2 (Fig.
3C). A switch charge mutation (E245R) had no effect on
exchange activity (Fig. 3, F and G). Interestingly however, we
detected reduced binding of P-Rex1 E245R to Racl (Fig. 3H).
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about the y axis relative to P-Rex1 to show the interface between each protein. Interacting residues involved in switch 1 binding (blue) and switch 2 binding
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1 region (blue). C, structural alignment of P-Rex1-bound Rac1 with Rac1 bound to GDP and Mg*" (gray; PDB code 114D (64), with an r.m.s. deviation of 1.008 A
over 169 residues). Conformational changes in the Rac1 switch 1 (blue) and switch 2 (orange) regions occur upon P-Rex1 binding, whereas the conformation
of the P-loop (green) is unchanged. Residues within the Rac1 switch regions that undergo large conformational changes upon P-Rex1 binding are displayed as
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FIGURE 3. Structural basis of Rac1 activation by P-Rex1. A, location of the Rac1 switch 1 and switch 2 interaction interfaces within the P-Rex1-Rac1 structure.
B, P-Rex1 DH domain residues Glu-56 and GIn-197 interact with the switch 1 region of Rac1. C, P-Rex1 DH domain residues Lys-201, Asn-238, Arg-242, and
Glu-245 mediate interactions with the switch 2 region of Rac1. D, multiple sequence alignment of P-Rex1 family members with related GEFs. The P-Rex1
secondary structure is illustrated above the alignment with residues targeted for mutational analysis indicated. E, the rate of in vitro GEF activity of the P-Rex1
DH-PH domain was significantly decreased for E56R, E56A, and Q197A mutants. F, the rate of in vitro GEF activity of the P-Rex1 DH-PH domain was significantly
decreased for R242A, K201A, and N238A, but not E245R, mutants. Curves show the average of at least three independent experiments. G, GEF activity at 60 min
following P-Rex1 DH-PH addition. H, impaired interactions between wild-type Hiss-Rac1 and untagged P-Rex1-(1-404) mutants compared with the wild-type
control. Error bars indicate means =+ S.E. ***, p < 0.001, one-way ANOVA with Sidak’s multiple comparison test. The activity of the mutants is expressed relative
to the wild-type P-Rex1 DH-PH domain. Binding was assessed by pulldown assays using Hiss-Rac1 bound to Ni-NTA-agarose beads. Purified untagged
wild-type P-Rex1 and the indicated P-Rex1 mutants were added to the pulldown assay at a concentration of 1 um.

Arg-242°R*! and the conserved Lys-201"%**! provided fur- these P-Rex1 residues to alanine (R242A and K201A) dimin-
ther contacts with the Rac1 switch 2 region via Asp-657** and  ished GEF activity (Fig. 3, F and G), although they did not com-
Ala-59%%¢!, respectively (Fig. 3, C and D). Point mutations of pletely abrogate Racl binding (Fig. 3H).
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FIGURE 4. EGFR, CXCR4, and BAR require P-Rex1 for Rac1 activation in breast cancer cells. A, Rac1 activity in MCF7 cells following the addition of 100 nm
isoprenaline, 30 nm SDF1«, 10 ng/ml EGF, or vehicle (0.13% (w/v) BSA in PBS) (406-526 cells). The FRET response for each cell is expressed relative to the
maximal FRET change (F/F,,,,). B, representative ratiometric pseudocolor images of MCF7 cells expressing RaichuEV-Rac1 at baseline (0 min) following
stimulation with ligands and the maximal FRET response to the positive control (Positive). C, effect of endogenous P-Rex1 knockdown on the Rac1 response in
MCF7 cells (26-101 cells). AUC, area under the curve. D, expression of endogenous P-Rex1 in MCF7 cells is knocked down by P-Rex1 siRNA but not by a
scrambled siRNA control. E, effect of P-Rex1 overexpression on the Rac1 response in MDA-MB-231 cells (307-484 cells). F, P-Rex1 is not endogenously
expressed in MDA-MB-231 cells but can be expressed following transfection. Error bars indicate means = S.E. *** p < 0.001 versus vehicle control; ", p < 0.01;
and ", p < 0.001 versus scrambled siRNA controls, two-way ANOVA with Dunnett’s multiple comparison test.

The Racl P-loop (residues 10 —18) coordinates the binding to
the phosphate groups of the bound nucleotide (27). In the
P-Rex1-Racl complex, no molecular contacts occur between
P-Rex1 and the P-loop, and its relative conformation does not
change upon P-Rex1 binding (Fig. 2C). This is consistent with
previously published structures in which GEF binding does not
promote major conformational change in the nucleotide coor-
dinating Racl P-loop (27).

EGFR, CXCR4, and B-Adrenoceptors (BAR) Require P-Rexl
for Racl Activation in Breast Cancer Cells—To examine P-
Rex1-dependent activation of Racl in an intact cell system, we
transfected two human breast cancer cell lines with the Rai-
chuEV-Racl FRET-based biosensor (39, 40): MCF7 cells, a
luminal breast cancer cell line that endogenously expresses
P-Rex1 at high levels (Fig. 4D), and a highly metastatic variant
of the triple negative breast cancer cell line, MDA-MB-231 (42),
that has undetectable levels of endogenous P-Rexl (10)
(Fig. 4F).

Previous studies have shown that in MCF?7 cells, stimulation
of the chemokine and epidermal growth factor receptors,
CXCR4 and EGFR, respectively, leads to an increase in Racl
activity dependent on P-Rexl (10, 30). Here, activation of
MCEF7 cells with 10 ng/ml EGF (EGER ligand) caused a rapid
and sustained increase in Racl activity over 20 min (Fig. 4, A
and B). In contrast, 30 nm SDF1a (CXCR4 ligand) caused a slow
increase in Racl activity (Fig. 4, A and B). Previous studies have
shown that activation of BAR in HEK293 cells caused a decrease
in Racl activity, dependent on PKA phosphorylation of P-Rex1
(38). However, in the MCF?7 cell line, 100 nm isoprenaline (BAR
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ligand) caused a slow and sustained increase in Racl activity
(Fig. 4, A and B).

To confirm that P-Rex1 is required for Rac1 activity in MCF7
cells, we knocked down endogenous P-Rex1 using targeted
siRNA (Fig. 4D). Compared with scrambled siRNA controls,
P-Rex1 knockdown abolished Racl activity in response to all
ligands (Fig. 4C). To complement this ‘loss-of-function’ exper-
iment, we performed a ‘gain-of-function’ experiment in the
MDA-MB-231 cellline. In MDA-MB-231 cells transfected with
empty pcDNA, there was no effect shown of EGF, SDF1q, or
isoprenaline on Racl activity compared with vehicle control
(Fig. 4E). However, following overexpression of P-Rex1 (Fig.
4F), all ligands caused a significant increase in Rac1 activity (Fig.
4E). Taken together, these data highlight the critical role of
P-Rex1 in activating Racl in MCF7 and MDA-MB-231 breast
cancer cells in response to EGF, SDF1q, and isoprenaline.

The P-Rex1-Racl Interface Is Critical for Racl Activation in
Human Breast Cancer Cells—To test the importance of the
P-Rex1-Racl interaction for Racl activity in intact cells, we
selected key residues that were critical for Racl activity in vitro
for mutagenesis in the full-length protein: Glu-56, Gln-197,
Lys-201, Asn-238, and Arg-242. These mutants were overex-
pressed in both MCF7 and MDA-MB-231 cells (Fig. 5, A and B).
As expected, overexpression of wild-type P-Rex1 had no effect
on the Racl response to EGF, SDFlq, or isoprenaline in the
MCEF?7 cell line (Fig. 5I), but it allowed an increase in Racl activ-
ity in the P-Rex1-deficient MDA-MB-231 cells (Fig. 5)).

Overexpression of P-Rex1 Q197A in MCF7 cells abolished
Racl activity in response to isoprenaline and SDF1«, and sig-
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FIGURE 5. The P-Rex1 DH domain activates Rac1 in human breast cancer cells. Transfection with HA-tagged full-length P-Rex1 wild-type (WT) or point
mutants induces P-Rex1 overexpression in MCF7 (A) and MDA-MB-231 (B) cells. P-Rex1-dependent Rac1 activity is shown following the addition of vehicle
(0.13% (w/v) BSA in PBS), 100 nmisoprenaline, 30 nm SDF1¢, or 10 ng/ml EGF in MCF7 cells transfected with wild-type P-Rex1 (347-446 cells) (C), P-Rex1 Q197A
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nificantly decreased the Racl response to EGF (Fig. 5, D and 1).
Interestingly, the temporal profile of the Racl response to EGF
also changed from sustained to transient with this mutation
within the switch 1 interaction interface. This may suggest that
within the full-length protein, mutation of Gln-197""%**! desta-
bilizes the P-Rex1-Racl interface and/or increases the suscep-
tibility of this complex to negative regulation. There was no
Racl activity in response to any ligand following expression of
P-Rex1 Q197A in MDA-MB-231 cells (Fig. 5/). We also tested
two single point mutations within the switch 2 interaction
interface (R242A and K201A) (Fig. 5, E and F). Although over-
expression of P-Rex1 R242A significantly decreased the Racl
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response to EGF compared with wild-type P-Rexl1, all ligands
still increased Racl activity compared with vehicle control in
MCF?7 cells (Fig. 5I). In contrast, only isoprenaline caused an
increase in Racl activity following P-Rex1 R242A expression in
MDA-MB-231 cells (Fig. 5]). All Rac1 activity in response to the
three ligands was abolished following overexpression of P-Rex1
K201A in both MCF7 and MDA-MB-231 cells (Fig. 5, F, I, and
J). Given that there was no additive effect of overexpression of
wild-type P-Rex1 in the MCF7 cells, the lack of Racl activity
following expression of P-Rex1 K201A suggests that transfec-
tion of the P-Rex1 mutants has a dominant negative effect over
endogenous P-Rex1 in this cell line.
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Finally, we assessed whether combined mutations within the
switch 1 and switch 2 regions would impair P-Rex1 activation of
Racl. Expression of the P-Rex1 R242A/Q197A double mutant
abolished Racl activity in response to EGF, SDFlq, and iso-
prenaline in both cell types (Fig. 5, G, I, and ), highlighting the
importance of switch 1 and switch 2 for P-Rex1-dependent
Racl activation. Similarly, and in agreement with previous
studies, overexpression of the GEF-dead P-Rexl (N238A/
E56A) abolished Racl activation in response to EGF, SDF1q,
and isoprenaline in both the MCF7 and MDA-MB-231 cells
(Fig. 5, H, I, and ]). Together, these data demonstrate the critical
role of key interactions between the P-Rex1 DH domain and
Racl in integrating the signaling of GPCRs and RTKs in human
breast cancer cells.

The PIP, and GBvy Binding Sites Are on the Opposite Side of
P-Rex1 from the Racl Interface—The P-Rex1 PH domain is nec-
essary for PIP, binding and coordinates P-Rex1 membrane
recruitment and exchange activity (21, 31). PIP, binding there-
fore plays a crucial role in P-Rex1 regulation. The electrostatic
surface potential of the P-Rex] DH-PH domain structure
reveals a positively charged surface pocket situated within the
PH domain that could coordinate the negatively charged PIP,
head group (Fig. 6B). The P-Rex1 PH domain aligns closely with
the PIP,-bound PH domain of CENTA1I, with an r.m.s. devia-
tion of 1.82 A over 86 residues (Fig. 6A). In this alignment, PIP,
sits between the B-sheets of the P-Rex1 PH domain 3-sandwich
within this positively charged pocket (Fig. 6, A and B).

In addition to PIP, binding, the binding of GBvy subunits
increases P-Rex1 activity and facilitates the efficient recruit-
ment of P-Rexl to the plasma membrane (21, 29, 31). PH
domains frequently interact with GBvy subunits (32-35), and
the P-Rex1 PH domain is required for GBy-mediated mem-
brane recruitment (31). Importantly, alignment of the PH
domains of P-Rexl and GRK2 within the P-Rex1-Racl and
GRK2-GBy complexes positions G+ into a highly negatively
charged surface patch of the P-Rex1 structure with few steric
clashes (Fig. 6, A and B). In this model, the GBy heterodimer
contacts both the DH and PH domains via helices a3 and a6 of
the DH domain and sheet 84 and helix a7 of the PH domain
(Fig. 6A). Interestingly, the GB+y heterodimer sits on the oppo-
site side of P-Rex1 from Racl and does not make any direct
interactions with the GTPase. The C-terminal Cys-68 of Gy
undergoes prenylation to enable attachment to the cell mem-
brane. This model is compatible with membrane recruitment of
the three proteins, as Cys-68 of Gyaligns on the same side of the
tetramer as the membrane-associated C terminus of Racl and
the proposed PIP, binding site of the P-Rex1 PH domain (Fig. 6,
Cand D).

Discussion

The P-Rex family of Rho GEFs is rapidly emerging as critical
effectors of cell migration, invasion, and metastasis in several
human cancers including melanoma and prostate and breast
cancer (8, 10, 14). Herein, we have undertaken the first investi-
gation into the structural basis for P-Rexl activity. The
P-Rex1-Racl crystal structure highlights the critical role of the
P-Rex1 DH domain in coordinating Racl activation. P-Rex1
DH domain helices a1, a5, and a6 coordinate interactions with
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the nucleotide-binding regions of Racl with no direct molecu-
lar contributions from the PH domain. P-Rex1 binding induces
a large conformational change in Racl, principally localized to
the switch 1 region. This conformational change disrupts Mg ™"
and GDP binding, thereby facilitating GDP displacement and
subsequent GTP loading. Critically, the disruption of key resi-
dues within this interface abolishes both P-Rex1 exchange
activity in vitro and Racl signaling downstream of RTKs and
GPCRs in breast cancer cell lines.

We observed significant decreases in P-Rex1 in vitro activity
upon alanine substitution of either Arg-242°%*! or GIn-
197°Rex! that correlated with reduced signaling in both the
MCEF7 and MDA-MB-231 cancer cell lines. Importantly, the
combined mutation of these two residues in P-Rex1 completely
abolished Racl signaling in breast cancer cells. Of the two
mutations, GIn-197°%*! is highly conserved among Rho GEFs
and makes analogous interactions with Asn-39%*<! in the
Tiam1-Racl and Vavl-Racl complexes (25, 60). Indeed, an
equivalent mutation of the conserved glutamine residue in
Vavl significantly abrogates Racl activation in HEK293 cells
(60).

Lys-2017R*! forms a key hydrogen bond to Ala-59%*,
effectively positioning the Racl residue in proximity to steri-
cally inhibit efficient Mg>" association. This interaction is
highly conserved, and has previously been shown to be critical
for the activation of a number of related Rho GEFs (27).
Accordingly, removal of the stabilizing hydrogen bond by
mutation of Lys-201°%*" reduced the exchange activity in
vitro and completely abolished Racl activity in both cancer cell
lines. However, we observed only a minor reduction in Racl
binding in the Lys-201°®**! mutant in pulldown assays.
Together, these data indicate that Lys-201"%**! does not
greatly contribute to Racl binding, although it plays a critical
role in Racl activation by promoting GDP dissociation. This
important role of Lys-201°**! in Racl activation is further
highlighted upon comparison with the single Arg-242°%** and
Gln-197°R*! mutants, which displayed a similar exchange
activity in vitro but had less of an inhibitory effect in the cellular
environment.

Interestingly, we observed reduced binding of P-Rex1 E245R
to Racl in pulldown assays without a concomitant reduction in
in vitro exchange activity. Although the cause of this disparity is
unclear, these data may suggest that the Glu-245° ! interac-
tion with Arg-667*“! predominantly supports complex associ-
ation and has little direct role in modulating Racl nucleotide
exchange. Additionally, the mutation of Glu-56°"**! and Asn-
238" k! previously identified in the GEF-dead P-Rex1 mutant
(21), abrogated activity both in vitro and in the two breast can-
cer cell lines. The important role of Glu-56""%**" in stabilizing
the Racl switch 1 region is illustrated by its high level of con-
servation. Indeed, numerous studies of related Rho GEFs show
a comparable reduction in activity upon mutation of the equiv-
alent glutamic acid residue (27, 60).

Taken together, these data substantiate the P-Rex1-Racl
interface as a potential therapeutic target in the treatment of
cancer. Rho GTPases, such as Racl, are typically viewed as dif-
ficult targets for small molecule inhibitors owing to their glob-
ular fold and lack of suitable hydrophobic surface pockets (61).
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FIGURE 6. Structural insights into P-Rex1-Gf3y and P-Rex1-PIP; binding. A, alignment of the PH domain of P-Rex1 with the GRK2 PH-GBy complex (green;
PDB code TOMW (34), with an r.m.s. deviation of 2.046 A across 93 residues) positions the GB+y heterodimer on the opposite side of P-Rex1 from Rac1. In the
alignment, GBy contacts both the P-Rex1 DH and PH domains. Inset, shows PIP; modeled by structural alignment of the P-Rex1 PH domain with the CENTA1
PH-PIP, complex (purple; PDB code 3LJU (65), with an r.m.s. deviation of 1.815 A over 86 residues). B, electrostatic surface of P-Rex1 in the same orientation as
shown in A, highlighting a highly negatively charged surface patch on P-Rex1 at the site of GBy binding and a highly positively charged pocket, where
modeling places the negatively charged PIP; head group. Cand D, the membrane-interacting regions of each component of the P-Rex1-Rac1-Gp~y tetramer are
located on the same face of the complex (C), including the C terminus of Rac1 extending from Val-176 (orange), the PIP;-binding pocket of the P-Rex1 PH
domain, and the C-terminal Cys-68 of Gvy (blue) (D). PIP; (green) shown as modeled in A. Val-176 of Rac1 and Cys-68 of Gvy are highlighted as spheres.

Further, although mutation of Ras GTPases is commonly found
as a driver of cancer, oncogenic dysregulation of Rho family
GTPases occurs primarily through the aberrant expression of
their upstream regulators (62). As such, a number of studies
have begun to focus on Rho GEF inhibition as an alternative
mechanism to provide tissue-specific inhibition of Rho GTPase
activity (62, 63). Within the P-Rex1-Racl structure, the Racl
switch regions interface with surface grooves of P-Rexl
formed by the a-helices of the DH domain. As clearly dem-
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onstrated by the P-Rex1 point mutations in intact cancer cell
lines, interference with the P-Rex1-Racl interface represents
a potential mechanism to inhibit Racl activation in vivo.
Future studies will be aimed at the development of small
molecules targeting these surface grooves on P-Rexl to
ascertain whether this is a viable approach to inhibiting Racl
activation in cancer.

Previous studies have indicated that the PH domain is
required for full P-Rex1 activity; however the molecular basis
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Rac1 &

GDP

Rac1 &

GDP

FIGURE 7. Model of GBvy and PIP;-dependent P-Rex1 GEF activity. Low
basal P-Rex1 activity is maintained through inhibitory interactions between
the DH-PH tandem domain and C-terminal domains (gray) that block the
GTPase binding site (DH domain, orange). At the plasma membrane, PIP,
binds via a positively charged pocket within the PH domain (purple), and GBy
subunits bind to a negatively charged patch that spans the DH and PH
domains. The binding of PIP; and GBy subunits releases the C-terminal
domains and exposes the Rac1 binding interface on the opposite side of
P-Rex1. This allows Rac1 nucleotide exchange via the P-Rex1 DH domain.

for this function is unclear (21, 31). It has been suggested that
the PH domain may interact directly with Racl, as observed in
the Rho GEF GTPase structures of Dbs-Cdc42, LARG-RhoA,
and PDZ-Rho GEF-RhoA (22-24). However, here we saw no
evidence for direct molecular contacts between the P-Rex1 PH
domain and Racl. Instead, the extended a6-helix of the P-Rex1
DH domain effectively oriented the PH domain away from
Racl. As such, we propose that the PH domain instead plays an
indirect role in P-Rex1 activity by regulating membrane local-
ization and/or by releasing autoinhibitory interactions with the
C-terminal domains of P-Rex1 following PIP, binding.

As a consequence of the orientation of the P-Rexl PH
domain relative to the DH domain, both the modeled PIP, and
Gpy binding sites are positioned away from the GTPase inter-
action interface. This suggests that both PIP, and GB7y subunits
may control P-Rex1 activity via a unique regulatory mechanism
rather than via direct stabilization of GTPase binding. Indeed,
previous studies have demonstrated that the C-terminal P-
Rex1 domains can autoinhibit activity, presumably by interact-
ing with the DH-PH domain (21, 36). This led the authors to
postulate that key regulatory processes, including P-Rex1 phos-
phorylation patterns and plasma membrane recruitment by
Gy and/or PIP, binding, may activate P-Rex1 by relieving this
C-terminal autoinhibition (21, 31, 36, 37). Taken together with
these studies, our data begin to build a structural context for the
unique synergistic regulation of the P-Rex family members by
PIP, and GBy. Within the cytoplasm, the P-Rex1 C-terminal
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domains sterically inhibit activity via interactions with the
DH-PH domain (21, 36) (Fig. 7). Upon membrane localization,
PIP, and/or Gy compete for DH-PH domain binding, releas-
ing the autoinhibitory C-terminal domains and allowing
GTPase activation by the DH domain.

Phosphorylation of P-Rex1 likely adds another layer of com-
plexity to this regulatory process. A number of studies have
demonstrated that P-Rex1 activity is carefully coordinated by
the phosphorylation state of the protein (11, 37, 38). Interest-
ingly, phosphorylation of P-Rex1 residues Ser-313 and Ser-319
within the 83-B4 loop negatively regulates Racl activation in
breast cancer cells (11). The conserved P-Rex1 33-4 loop (res-
idues 306 -322) within the PH domain (Fig. 1B) could not be
resolved in the crystal structure, suggesting that this region of
the protein is highly mobile. The orientation of the residues on
either side of the 33-B4 loop in the structure suggests that the
loop is solvent-exposed and faces toward the DH domain-Racl
interface adjacent to helix a6. It is possible that upon phosphor-
ylation, the B3-B4 loop may interact with the surface of the DH
domain to sterically inhibit Racl binding.

In conclusion, our findings provide the first high-resolution
molecular description of P-Rex1 activity, highlighting the crit-
ical role of the DH domain in enabling GDP displacement and
GTP loading. The mutations in the P-Rexl-Racl interface
reveal a critical role of this complex in Racl activation down-
stream of RTKs and GPCRs. The PIP,/Gf+y binding sites are on
the opposite surface and markedly removed from the Racl
interface, supporting a model whereby P-Rex1 binding to PIP,
and/or Gy releases inhibitory C-terminal domains to expose
the Racl binding site. Lastly, these data uncover the
P-Rex1-Racl interface as a potential therapeutic target in the
treatment of cancer.
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