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ABSTRACT

Rho proteins are signalling molecules that control cellular dynamics, movement and morpholo-
gical changes. They are activated by Rho guanine-nucleotide exchange factors (Rho GEFs) that
transduce upstream signals into Rho-mediated activation of downstream processes. Fgd5 is a Rho
GEF involved in angiogenesis and its target Rho protein for this process has been linked to Cdc42
activation. Here, we examined the function of purified Fgd5, specifically, which Rho proteins it
activates and pinpoint the structural domains required for enzymatic activity. Using a GEF enzyme
assay, we found that purified Fgd5 showed preferential activation of Rac1 and direct binding of
Rac1 in pull-down and co-immunoprecipitation assays. Structural comparisons showed that the
Fgd5 DH domain is highly similar to the Rac1 GEF, TrioN, supporting a role for Fgd5 as a Rac1 GEF.
Compounds that bind to purified Fgd5 DH-PH protein were identified by screening a small
molecule library via surface plasmon resonance. The effects of eleven ligands were further
examined for their ability to inhibit the Fgd5 GEF enzymatic activity and Rac1 interaction. From
these studies, we found that the compound aurintricarboxylic acid, and to a lesser extent
mitoxantrone dihydrochloride, inhibited both Fgd5 GEF activation of Rac1 and their interaction.
Aurintricarboxylic acid had no effect on the activity or binding of the Rac1 GEF, TrioN, thus
demonstrating the feasibility of selectively disrupting Rho GEF activators.
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Introduction There are several emerging roles for mutated FGD
genes and Fgd proteins in human disorders. Fgdl, the
founding member of the Fgd family, was originally
identified as the gene defective in the Aarskog-Scott
syndrome. This X-linked chromosome disorder pre-
sents with multiple developmental defects, including
bone and body malformations [1]. Mutations in Fgd4,
also known as Frabin, are associated with the peripheral
nerve disorder Charcot-Marie-Tooth disease [2,3].
Several recent studies indicate that Fgd5 contributes
to pro-angiogenesis processes in endothelial cells [4,5]
with elevated expression leading to poor prognosis in
breast cancer [6]. Fgd5 is abundantly expressed in
endothelial cells [7]. While its activity does not seem
to be altered by VEGF stimulation, it is known to be
involved in the regulation of endothelial adhesion,

Faciogenital dysplasia (Fgd) genes encode a family of
six homologous proteins predicted to be Rho guanine-
nucleotide exchange factors (Rho GEFs). They contain
the typical Rho GEFs subdomain structures with a Dbl
homology domain adjacent to a pleckstrin homology
domain (DH-PH). In addition to the common struc-
tures, all Fgd proteins contain a C-terminal FYVE
domain and a second PH domain, which may have
a role in membrane localization. FYVE domains are
known to bind the lipid, phosphatidylinositol 3-phos-
phate, whereas PH domains can bind di- or tri-phos-
phorylated phosphatidylinositol lipids. While all six
Fgd proteins share the same C-terminal sub-domain
structures, the N-terminal domain of each is unique.
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survival, and angiogenesis by modulating phosphatidy-
linositol 3-kinase signalling [4,8]. These effects of the
Fgd family of proteins is likely mediated through
downstream signalling from Rho GTPase which are
known regulators of cellular remodelling, cellular trans-
port and gene expression [9]. In their active form, Rho
GTPases bind and act on their downstream effector
proteins to generate a cellular response [10]. Rho
GEFs have emerged as important therapeutic targets
due to the significance of the downstream actions of
activated GTPases and their role in disease [11].

Rho GEFs catalyse the exchange of GDP for GTP
which results in the activation of Rho proteins and
subsequent downstream signalling. Rho GEFs transmit
upstream signals into numerous Rho protein-control
biological processing downstream which depends on
their subcellular localization and specific Rho protein
interaction. Many Rho GEFs show catalytic activity for
multiple substrate GTPases, however a few Rho GEFs
are specific for a single GTPase [11]. Structural deter-
minants in the DH domain determine the specificity of
coupling between Rho GEFs and Rho GTPases. The
specificity of GEF activity for four Fgd family members,
Fgdl-4, have been characterized and found to be
nucleotide exchange factors for the GTPase Cdc42
[12-15]. It has been suggested that Fgd5 and Fgd6 are
also Cdc42 GEFs based on similarities in subdomain
architecture. The potential GEF activity of Fgd5 has
been examined in cellular assays of endothelial cell
barrier function and proliferation in response to growth
factors [16-18]. These studies showed downstream
functions of Fgd5 were likely mediated through inter-
action and activation of Cdc42. However, it has also
been reported that Fgd5 effects in endothelial cells may
be mediated by Racl [4,18]. Here we present
a biochemical analysis of Fgd5 GEF activity and show
that it selectively binds and activates the Racl GTPase.
We also screened a small molecule library and identi-
fied compounds that bound to Fgd5 and interfered in
Racl binding and activation.

Materials and methods
Protein production

Hiss-tagged DH-PH domains from the GEFs Itsnl (a.a.
1229-1581) cloned into pPRoExHTb and Dbs (a.a.
623-967) cloned into pET28a were a gift from Dr. Kent
Rossman (University of North Carolina, Chapel Hill).
The Fgd5 DH-PH domains (a.a. 650-967) and DH-PH-
FYVE domains (a.a. 650-1060) were cloned into pET11b
from cDNA. An Fgd5-DH-PH"*** point mutant within
the DH specificity patch was generated by site directed

mutagenesis. The DH-PH domain of TrioN (a.a.
1292-1594) was cloned into pET15 from cDNA. GST-
tagged RhoA, Racl and Cdc42 were purchased from
cDNA.org. Plasmids were used to transform E. coli
Rosetta DE3 cells and proteins were expressed by growing
cultures at 22°C after inducing with 04 mM IPTG.
Proteins were purified from E. coli lysates by affinity
chromatography using Ni**-bound chelating sepharose
(GE Healthcare) in Ni-buffer (20 mM HEPES pH 7.5,
300 mM NaCl, 1 mM MgCl,, 0.1 mM ZnCl,, 30 mM
imidazole) eluted by the addition of 300 mM imidazole to
Ni-buffer, or wusing glutathione sepharose (GE
Healthcare) in PBS, eluted by the addition of 10 mM
reduced glutathione in 50 mM TrisCl pH 8. Typically,
protein concentrations of 10-40 uM were obtained.

SDS-PAGE and immunoblot

SDS-PAGE and Coomassie Blue staining were per-
formed to analyse proteins after purification processes.
Immunoblotting was performed by transferring gels to
nitrocellulose. Primary antibodies used were mouse
monoclonal anti-Hiss used at 1 pg/ml (Proteintech),
rabbit polyclonal anti-GST used at 0.2 pg/ml (Thermo
Fisher), rabbit polyclonal anti-Racl used at 0.4 pg/ml
(C-14, Santa Cruz Biotechnology), mouse monoclonal
Cdc42 at 0.2 ug/ml (B-8, Santa Cruz Biotechnology)
and mouse monoclonal anti-RhoA at 0.4 pg/ml (26C4,
Santa Cruz Biotechnology). Secondary antibodies used
were DyLight 800 conjugated goat anti-mouse IgG used
at 10 ng/ml (Thermo Fisher) and Alexafluor 680 goat
anti-rabbit IgG used at 50 ng/ml (Invitrogen). Blots
were scanned and quantified using a Licor Odyssey
digital fluorescent scanner.

GEF assay

The nucleotide exchange activity of purified GEFs was
determined by monitoring the relative increase in
fluorescence of the fluorescent GTP analogue, MANT-
GTP (Thermo Fisher), upon binding a GTPase [19,20].
GEF assays contained 1 pM of purified GST-Rho pro-
tein, 150 nM MANT-GTP in GEF buffer (20 mM Tris-
Cl pH 7.5, 60 mM NaCl, 5 mM MgCl,, 1 mM DTT,
50 pg/ml BSA, 10% glycerol) in a total volume of 2 ml.
Fluorescence measurements were taken using
a fluorimeter (PTI), ex/em = 360/440 nm + 5 nm,
with a temperature-controlled cuvette holder set to
25°C. After 5 min of equilibration time, 10-200 nM
GEF or buffer (control) was added and reactions were
monitor for a further 20 min. GEF activity was calcu-
lated as the initial rate of fluorescence increase relative
to buffer control. GEFs were pre-incubated with



450 nM drugs for 10 min to analyse the effect of Fgd5-
binding compounds.

Binding assays

To examine Fgd5-Rho protein interactions, HEK293T
cells were transfected with GFP-tagged full-length Fgd5
and a mutant lacking the DH domain (a.a. 650-842).
Cells were lysed 24 h post transfection and GFP-Fgd5
was immunoprecipitated with goat anti-GFP antibodies
bound to protein-G sepharose. Co-immunoprecipita-
tion of Rho proteins was analysed by immunoblot. To
analyse the direct binding of GEFs and Rho proteins,
GST-tagged Rho proteins, and GST control, immobi-
lized on glutathione resin (Sigma) were incubated with
purified GEF. Each assay contain 5 pM GEF, 10 pl of
protein saturated glutathione resin in binding buffer
(20 mM HEPES pH 7.5, 100 mM NaCl, 40 uM GDP,
1 mM EDTA, 0.5% Trition X-100). Samples were incu-
bated for 1 h at 4°C on a rotator, washed with the
respective binding buffers and the resin bound sample
prepared for SDS-PAGE and analysis of binding was
done by immunoblot with anti-GST and anti-Hisg
antibodies.

Compound screening

The Library of Pharmacologically Active Compounds
1280 (LOPAC'*%) (Sigma-Aldrich) was screened by
surface plasmon resonance (SPR) for binding to the
Fgd5 DH-PH-FYVE domain. The protein was cross-
linked to the surface of a CM5 chip in channels 2 and 4,
while channels 1 and 3 were used as control. The chips
were loaded into a Biacore T200 which were primed
with drug binding buffer (2% DMSO in PBS-P+ (PBS
with 0.05% P20 surfactant)), followed by three control
runs of the drug binding buffer then ten drugs diluted
to 50 uM in PBS-P+ (the final concentration of DMSO
was maintained at 2%). After every ten runs a solvent
correction curve was generated contain 1.5% to 2.8%
DMSO in PBS-P + . Binding was calculated from the
channel 2-1 or 4-3 response units corrected for DMSO
solvent effects. The average binding levels were calcu-
lated from each drug plate (16 plates total) and com-
pounds showing signals 3 fold above average were
deemed potential binding compounds.

Amino acid alignment and structural modelling

Sequences for human Fgd family members, TrioN,
ITSN1 and Dbs were obtained from the National
Center for Biotechnology Information. Boundaries of
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the DH domains were based on annotation by ProSite
signature scanning. Structural coordinates were down-
loaded from the Protein Database (PDB) for Fgd5
(3MPX), and Racl co-crystals with TrioN (2NZ8) and
Vavl (2VRW). Ribbon structures were created using
PyMol v2.3.2. The DH domains of GEFs were aligned
via Clustal Omega (European Bioinformatics Institute)
and the structures of Racl and Fgd5 were superim-
posed, leaving the relative positions of the PH domain
and Racl with respect to the DH domain unchanged to
allow comparison of the respective positions of the PH
domains and Racl.

Results
Comparison of Fgd5 to other Rho GEFs

The action of GEFs can be highly selective towards one
GTPase, or they can have broad specificity for a class of
GTPases [9]. For example, Fgd1 has been shown to be
a specific GEF for Cdc42, while Vavl can act as a GEF
for Cdc42, Racl, and RhoA [21]. We first determined
the Rho GTPase specificity of Fgd5 by direct enzyme
assays. The DH domains of GEFs are involved in the
interaction and exchange activity with Rho proteins
[20]. While the DH domains of Fgdl-4 are highly
similar, the DH domains of Fgd5 and Fgd6 show diver-
gence, particularly at critical amino acid residues in the
specificity patch which define the interaction points
with specific Rho proteins (Figure 1(a)) [19]. This sug-
gests that they may have different GTPase selectivity.
Alignment of the Fgd5 DH domain with the Racl GEF,
TrioN, showed elevated sequence similarity here while
alignment with the Cdc42 and RhoA GEFs, Itsnl and
Dbs, showed reduced similarity (Figure 1(b)), inferring
that Fgd5 may be a Racl GEF. Similarity scores were
calculated for the domains shown in Figure 1(a,b)
based on identical or highly homologous (i.e. I/L/V,
S/T, G/A, D/E, N/Q, K/R) amino acid pairs. Similarity
scores between Fgdl-4 proteins are greater than 72%,
but less than 38% for Fgd5. The similarity score
between Fgd5 and the Racl GEF, TrioN, rises to 41%,
but when comparing Fgd1 to TrioN, it is less than 36%.
Similarity scores between Fgd5, Fgdl and the Cdc42
GEF, Itsnl, are 23% and 37.5%, respectively, showing
that Fgdl more closely resembles a Cdc42 GEF.
Similarity scores between Fgd5, Fgdl and the RhoA/
Cdc42 GEF, Dbs, are 31% and 27% respectively. This
analysis suggests that Fgd5 may be more closely related
to Racl GEFs because the similarity score is the highest.

Structural coordinates are available in the Protein
Database (PDB) for an Fgd5 construct containing the
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Figure 1. Protein sequence and structural comparison of Fgd5 DH domain. Amino acid sequence alignment of Fgd DH domain
specificity patches within the Fgd family (a), or with GEFs of known Rho GTPase specificity as indicated (b). BLACK/BOLD amino acids

marked with “*indicate identical residues within at least four Fgd family members; RED/BOLD residues marked with

101

indicate identical

residues within the comparison group that are non-identical with Fgd5; GREEN/BOLD residues marked with *" indicate identical
residues with the comparison sequence with Fgd5. (c) Superposition of the structures of the similar DH domains of Fgd5 (blue) and
TrioN (orange), which is bound to Rac1 (magenta). The PH domains of Fgd5 (/ight blue) and TrioN (/ight orange) are oriented in opposite
directions with Fgd5 exhibiting a distinctive bend in the final helix of its DH domain. Models were prepared in PyMol using structural
coordinates from PDB. Structures between upper and lower panels are rotated 90° top to bottom and 90° right to left.

DH-PH domains. The structure of the Fgd5 DH
domain superimposes closely onto the structure of the
TrioN DH domain. However, in Racl docking models,
the PH domain of Fgd5 occupies a position that could
encumber the docking of Racl (Figure 1(c), light blue
ribbon). This is because the final helical bundle of the
Fgd5 DH domain executes a turn that orients the PH
domain towards the Rho binding interface, as depicted
in Figure 1(c) (lower left panel) and Supplemental Data

Figure S1 (left panels). When the structure of the Rho
GEF, Vavl, was superimposed onto the Racl complex
the PH domain extends away from the Racl docking
site of the DH-domain (Supplemental Data Figure S1).

Biochemical analysis of Fgd5 GEF activity

We used an enzyme assay to characterize the GEF
activity of purified Fgd5 and its Rho selectivity.



A double domain construct containing DH-PH module
was cloned, as was a triple domain construct which also
contained the FYVE domain (DH-PH-FYVE). The
Fdg5 double and triple domain constructs were cloned
with a 6xHis tag, and purified from E. coli lysates. The
purified proteins were tested for GEF activity by incu-
bating them with multiple Rho proteins in the presence
of MANT-GTP which increases fluorescence when
bound to protein; thereby assessing the ability of
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a GEF to catalyse nucleotide exchange [20]. The DH-
PH domains from TrioN, Itsnl and Dbs were used as
controls which showed activation of Racl, Cdc42 and
RhoA, respectively (Figure 2(a—c)). Fgd5 did not show
activation of Cdc42 as expected (Figure 2(b)), but
instead showed activation of Racl (Figure 2(a)).
Specific activity was calculated from reactions that con-
tained various concentration of Fgd5 and TrioN
(Supplemental Data Figure S2), which showed that
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Figure 2. Nucleotide exchange assays. 200 nM purified Fgd5-DH-PH-FYVE was incubated in the presence of 1 mM purified GST-Rac1
(a), Cdc42 (b) and RhoA (c) and fluorescent MANT-GTP to examine nucleotide exchange activity. 50 nM of the DH-PH domains from
TrioN (a), Itsn1 (b) and Dbs (c) were used as controls which showed activation of Rac1, Cdc42 and RhoA, respectively. (d) GEF activity
was calculated from the initial slopes of activation assays normalized to controls. (€) Comparison of the Fgd5-DH-PH-FYVE triple
domain, Fgd5-DH-PH double domain and a double domain F803K mutant. GEF activities at 200 nM in the presence of 1 mM purified
GST-Rac1. Representative results from single GEF assays are shown in the line graphs (g, b, ¢, e-left panel), while average activities
calculated from four experiments are shown in the bar graphs (d, E-right panel). Error bars = s.e.m.
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Fgd5 DH-PH-FYVE had 36% (+ 6.2%) of the activity of
TrioN (Figure 2(d)). Therefore, Fgd5 is significantly
less active than TrioN, which has well-defined Racl
activation properties [22,23]. The Fgd5 DH-PH double
domain showed a 68% (£ 9.8%) reduction in activity
when compared to the Fgd5 DH-PH-FYVE triple
domain (Figure 2(e)). An F803K point mutant was
generated in the specificity patch of the Fgd5 DH
domain (see underlined residue in Figure 1(a,b)). The
F803K mutant failed to activate Racl (Figure 2(e)).
These results suggest that the FYVE domain might
facilitate Racl docking since molecular modelling

showed the PH domain may block Rho interaction
with the DH domain.

Analysis of Fgd5-Rho GTPase interactions

Next we examined which Rho proteins specifically
interact with the Fgd5 DH domain. Direct binding of
Rho GEFs was analysed via pull-down assays with
GST-tagged Rho proteins immobilized on glutathione
agarose. We found that the Fgd5 triple domain bound
to immobilized Racl, and not to Cdc42 or RhoA
(Figure 3(a)). The Fgd5 double domain also bound
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Figure 3. Analysis of Fgd5-Rho GTPase interaction. (a and b) Direct binding of Fgd5 to Rac1. Incubation of 5 uM Fgd5-DH-PH-FYVE triple
domain (a), or the Fgd5-DH-PH double domain (b) with immobilized GST or GST-tagged RhoA, Cdc42 or Rac1. Arrows indicate the Fgd5 bands,
while the GST probes can be seen in the background. (c) The Fgd5 DH-PH™%* double domain mutant does not bind Rac1. (d) Co-
immunoprecipitation of Fgd5 and Racl. Lysates (left panels) from HEK293T cells expressing GFP, GFP-Fgd5 (full length), GFP-Fgd5ADH
(deletion of the DH domain) were subjected to immunoprecipitation with GFP antibodies (right panels). Upper panels were immunoblotted
with anti-GFP, * indicates GPF proteins in lysates. Lower panels were immunoblotted with anti-Rac1, showing equivalent levels of Rac1 in
lysates (left) and its detection only in the GFP-Fgd5 immunoprecipitation (right). HC and LC indicates heavy and light chain IgG in the

immunoprecipitate.



selectively to Racl, even though it showed minimal
GEF activity (Figure 3(b)) while the F803K specificity
patch mutant did not bind (Figure 3(c)). Control
experiments were also carried out to show direct bind-
ing of Cdc42 with the Cdc42-specific GEF Itsnl, and
Racl with the Racl-specific GEF TrioN (Supplemental
Data Figure S3A and S3B, respectively). Notably, Racl
did not interact with Itsnl, and Cdc42 did not interact
with TrioN which indicates binding specificity of this
assay was maintained. The RhoA GEF, Dbs, showed
binding to both RhoA and Cdc42, but not Racl
(Supplemental Data Figure S3C). Interactions between
Fgd5 and Rho proteins were also examined by co-
immunoprecipitation experiments. HEK293T cells
were transfected with GFP-tagged Fgd5-full-length
or -DH domain deletion constructs. Both constructs
were expressed at similar levels. Immunoprecipitation
using GFP antibodies showed a small amount of endo-
genous Racl co-immunoprecipitated specifically with
full length Fgd5 (Figure 3(d)). Cdc42 was not detected
in the immunoprecipitate (Supplemental Data Figure
§4). Therefore, Fgd5 showed selective GEF interaction
and activation of Racl.

Fgd5 compound screening by SPR

Compounds that interfere with specific Rho GEFs have
recently been reported [24-26]. For example, the com-
pound NSC 23,766 blocks the TrioN and Tiam1 activa-
tion of Racl while having no effect on Vavl activation
of Racl [24], although specific Fgd5 inhibitors have not
yet been reported. In order to identify potential Fgd5-
Racl ligands we screened the LOPAC'*** compound
library for small drug-like molecules that bind the Fgd5
DH-PH-FYVE construct since its domains are most
critical to GEF activity. This Fgd5 construct was cross-
linked to a CM5 Biacore chip and interacting ligands
were identified by surface plasmon resonance (SPR)
(see Figure 4(a) for representative SPR curves). A total
of 93 compounds showed binding levels greater than
3-fold above plate averages (Supplemental Data Table
S1), and 20 compounds showed binding levels greater
than 10-fold above plate averages (Table 1). From this
subset, some compounds were removed due to repeated
identification in unrelated screens (personal communi-
cations), leaving 11 compounds which were further
tested for interference in Racl binding and exchange
activity (Figure 4(b)).

Biochemical analysis of compounds

Compounds that displayed significant binding to the
Fgd5 DH-PH-FYVE construct were tested for
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inhibition of GEF activity. Only a subset were expected
to be Fgd5 inhibitors since some could bind to sites
unrelated to the active site. For cross-validation two
assays were performed; one examined the inhibitory
effect on GEF enzyme activity and the other whether
compounds interfered in direct binding between Racl
and Fgd5.

GEF enzyme assays were performed in the presence
of each of the 11 Fgd5-binding compounds. Assays
contained 200 nM Fgd5 and 450 nM of each compound
that were pre-mixed before adding to GEF assays that
contained 1 uM GST-Racl and 150 nM MANT-GTP.
The percent inhibition was calculated as the difference
in activity divided by the activity in the absence of
inhibitor. Three of the 11 compounds tested showed
a significant inhibition of Fgd5 GEF activity by
Student’s t-test (Figure 5(a)). Of these, CP-100,356
had the most striking effect, resulting in negative activ-
ity values based on the negatively sloped GEF curves.
However, addition of CP-100,356 to GEF assays con-
taining TrioN also resulted in negative activity values,
suggesting non-specifically effects. Aurintricarboxylic
acid significantly inhibited Fgd5 GEF activity while
5-N,N hexamethylene amiloride also showed slight
inhibition (Figure 5(a)), and neither compound
showed any effect on TrioN-stimulated GEF activity
(Figure 5(b)). Application of a Holm-Bonferroni statis-
tical correction for multiple comparisons resulted in
only aurintricarboxylic acid maintaining statistical sig-
nificance. Hence we consider aurintricarboxylic acid
a candidate specific inhibitor of Fgd5 GEF activity.

Direct binding assays were also performed in the
presence of potential Fgd5 inhibitors. This showed
that the Fgd5 triple domain interaction with Racl
could also be inhibited significantly by aurintricar-
boxylic acid and also slightly by mitroxantrone and
chelerythrine chloride (Figure 6(a)). Control experi-
ments showed that the Racl-TrioN interaction was
not affected by aurintricarboxylic acid, and only
slightly by mitoxantrone (Figure 6(b)). We again
applied a Holm-Bonferroni statistical correction for
multiple comparisons which showed that aurintricar-
boxylic acid and chelerythrine maintained statistical
significance. Taken together with GEF assays, these
results suggest that aurintricarboxylic acid may be
a relatively specific Fgd5 GEF inhibitor since it dis-
rupts Fgd5 binding and activation of Racl. Titration
of aurintricarboxyic acid into Fgd5 GEF assays
showed the approximate ICs, for GEF inhibition
was 157 nM (Figure 7(a)). Similarly, titration of aur-
intricarboxylic acid into Fgd5 binding assays with
GST-Racl showed a dose dependent inhibition of
both Fgd5 DH-PH and DH-PH-FYVE domains



154 (&) S.PARKET AL.

a 10000
9500 —=—N-acetyl cysteine
——mitoxantrone
£ 9000+ —8—dequalinium chloride o
5 —e—aurintricarboxylic acid
o 8500+ HS/\HJ\OH
(2]
< HN.__CHs
S 8000 b
g (0]
@ 7500+ N-acetyl-L-
7000 cysteine

6500-] ; — ;
50 100 150 200 250
Time (s)
H Response Response
b HO NS 0 oH OH
HO NH,
9 640 HOQ/'V “Cires | 480

HO_~\~_NH O OH
H

mitoxantrone dihydrochloride

7 N\ or or
HoN /*\I;I*CHg(CHz)ECHE*I‘\J\_/ NH,
. 48.0

Hy *xH0  H,C

dequalinium chloride hydrate

OCH;
HiCO AL

‘ P
\L J - HCl

"
HaCO._ f\/q.N _~_OCH; 29.7
HaCO” \\/LN’L‘H N 0CH;,
CP-100356 monohydrochloride
25.0
15.3

chelerythrine chloride

norepinephirine bitartrate salt

o)
NH
-\ A&
o]
F OH

AS-252424

el
o O OCHs | 34.4

PD 98,059
O NH;

ClI/NfLN/)\NHZ
Q\l SN NH, 26.5

5-N,N hexamethylene amiloride

/;I/N\}\
2 P Ao
HQN»)L»%\/ N | 274

NH,

Ro 90-7501

23.1

quercetin dihydrate

Figure 4. Compound screening for small molecule ligands of Fgd5. The Fgd5 triple domain was crosslinked to a CM5 Biacore chip and
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acid). Response calculations from compounds showing greater than 3-fold response over the average response calculated for each plate
are provided in Table S1 (supplemental data). (b) Structures of the top 11 compounds selected for further analysis.

(Figure 7(b), upper and middle panels, respectively),
while having no effect on the binding of TrioN DH-
PH domain (Figure 7(b), lower panel). Hence, the
drug molecule aurintricarboxylic acid is an Fgd5 inhi-
bitor that displays selectivity for this target over other
GEFs.

Discussion

Rho GEFs comprise a large family of 70 Dbl-like and 11
DOCK-like activators of Rho GTPase [11]. With mini-
mal numbers of Rho proteins, this large family of GEFs
is needed to produce highly selective activation events
in different cell types to maintain their function. The



Table 1. Fgd5 Binding Compounds Identified by SPR.

Response (fold over

plate avg) Sigma Cat No Chemical Name

64.03 M6545 Mitoxantrone dihydrochloride
48.01 D3768 Dequalinium chloride hydrate
45.04 A0937 Norepinephirine bitartrate salt
41.57 A8981 AS-252,424

34.40 p-215 PD 98,059

29.68 pz0171 CP-100,356 monohydrochloride
27.43 R0529 Ro 90-7501

26.54 A9561 5-N,N hexamethylene amiloride
24.99 A1895 Aurintricarboxylic acid

23.05 Q0125 Quercetin dihydrate

15.28 2932 Chelerythrine chloride

FGD family of Rho GEFs comprise 6 members with
highly similar domain architecture of adjacent DH-PH-
FYVE domains followed by a second, C-terminal PH
domain [27]. The human disorders, Aarskog-Scott syn-
drome and Charcot-Marie-Tooth disease have been
linked to mutations in FGD1 and FGD4, respectively
[1-3]. While these disorders are quite dissimilar, they
do define the importance of Fgd proteins in human
development. Fgd5 is a Rho GEF that is highly
expressed in endothelial cells [7]. While genetic muta-
tions of FGD5 have identified they have not been
linked to human disease causation. Fgd5 is known to
be is highly expressed in endothelial cells [7] and we
and others have previously shown that it plays a role in
endothelial cell sprouting [4,17].

Our results support a role for Fgd5 as Rho GEF for
Racl. This differentiates it from Fgd1-4, which have all
been previously shown to bind and activate Cdc42

a Fgd5-Rac1
200 4

150 -
100 -

50 4

GEF Activity (% of DMSO control)

ATAHMA AS CP CY DQ MX NE QC RO PD
Compound
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[13,15,28-31]. Our results are in disagreement with
several prior reports that show Fgd5 plays a role in
Cdc42 activation [16-18,32]. Fgd5 overexpression was
shown to increased Cdc42 activation [16,17], however
in endothelial cells, reduced Fgd5 expression still
resulted in a modest increase in active Cdc42 when
VEGEF-stimulated [16]. There are additional conflicting
results from other studies that show Fgd5 is required
for both Racl and Cdc42 activation when endothelial
cells are treated with AKB-9785, a phosphatase inhibi-
tor that enhances tyrosine kinase signalling [18]. We
have previously shown that Racl is required for VEGF-
stimulated angiogenic sprouting, an event controlled by
Fgd5 [4]. These discordant results in endothelial cells
suggest that Fgd5 may have dual roles; the stimulation
of endothelial cell sprouting via Racl, and the main-
tenance of endothelial cells junctions via Cdc42.
Indeed, active Cdc42 was shown to localize to endothe-
lial cell junctions with other proteins required for bar-
rier function [32].

Interaction between Fgd5 and Cdc42 was also shown
by co-immunoprecipitation of overexpressed Fgd5 in
endothelial cells with concomitant activation of Cdc42
and no activity towards Racl [17]. This is different
from our results using purified proteins that show
Fgd5 binds and activates Racl and lacks this activity
for Cdc42 (Figures 2 and 3). We also examined for
cellular interactions via expression of GFP-Fgd5 in
HEK293T cells; this showed an interacted with Racl
and not Cdc42 (Figure 3(d) and S4). Although the level
of interaction in the co-immunoprecipitation was low,
it is known that GEFs transiently bind their cognate
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Figure 5. Effect of Fgd5-binding compounds on GEF enzyme assays. 200 nM of Fgd5 DH-PH-FYVE triple domain (a) or 50 nM of TrioN
DH-PH domain (b) was preincubated with 450 nM of each of the 11 compounds selected for further analysis as indicated in Figure
4B prior to the addition of standard GEF assays (2 ml final volume). Each assay was normalized to a control experiment contain Fgd5
that was preincubated without compound but with an equivalent volume of DMSO (vehicle). Error bars = s.e.m.; n = 3; significance
was calculated using an unpaired Students t-test (¥, p < 0.1; **, p < 0.01). Compound abbreviations: Aurintricarboxylic acid (ATA),
5-N,N hexamethylene amiloride (HMA), AS-252,424 (AS), CP-100,356 (CP), chelerythrine (CY), dequalinium (DQ), mitoxantrone (MX),
norepinephirine (NE), PD 98,059 (PD), quercetin (QC), Ro 90-7501 (RO).
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acid (ATA), mitoxantrone (MX) and chelerythrine (CY). (b) Specificity of compound inhibitory effect was examined by preincubation
of TrioN with Fgd5-binding compounds then adding to tubes containing immobilized GST-Rac1. Mitoxantrone also inhibits TrioN-
Rac1 binding and thus is not a selective inhibitor. Sample immunoblots from binding assays are shown below the histograms. (a and
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abbreviations: see legend to Figure 5.

Rho proteins to catalyse GTP loading; once this occurs,
binding affinity decreases [19,20]. Differences in these
results may arise from cellular models; our results used
HEK293T cells for GFP-Fgd5 overexpression while
other studies used endothelial cells. In endothelial
cells it cannot be ruled out that Cdc42 activation may
be connected to Racl activation. A recent report of

Fgd5 function in endothelial cells also examined the
effect of reduced Cdc42 expression on Racl activation
[18]. While Fgd5 was required for both Cdc42 and
Racl activation, it was found that Racl activation was
not affected by reduced Cdc42 expression. Hence, Fgd5
may coordinately regulate the activation of Racl fol-
lowed by Cdc42 in endothelial cells.
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Fgd5 Rac1 GEF activity with a calculated ICs5o of 157 nM. Error bars = s.e.m., n = 4. (b) The ICsq for inhibition of GST-Rac1 binding was
1.8 uM for the Fgd5 DH-PH domain (upper panel), and 1.1 uM for the Fgd5 DH-PH-FYVE domain (middle panel), while no inhibition

was observed for binding the TrioN DH-PH domain (lower panel).

Structural studies show that Rho GEFs have
a ‘specificity patch’, which is considered to be the
decisive factor for Rho GTPases selectivity [19]. The
specificity patch on Rho GEFs is created by a ‘U
shaped structure of a helices which contributes to the
interface that interacts with Rho GTPases [10]. We
provide further analysis of the specificity of the Fgd
family by homology analysis within the specificity
patch. This showed that while Fgdl-4 have long
stretches of identical amino acids, Fgd5 and Fgd6 are
significantly divergent here (Figure 1(a)). Alignment of
Fgd5 with the Racl GEF, TrioN, showed an elevated
similarity (Figure 1(b)), which supports our results
showing that Fgd5 is Racl GEF (Figure 2(b)).

Rho GEFs have a highly conserved Dbl homology
(DH) domain which catalyzes the nucleotide exchange
required to create the active Rho protein [10]. These
domains are approximately 200 amino acids and contain

GEF enzymatic activity. Within the DH domain, there are
two a helices (CR1 and CR3) on the surface of the domain
that are directly involved in the formation of the GTPase
interaction pocket [18]. This area interacts with GDP-
bound GTPases to catalyse exchange of GDP for a GTP
[9]. The combined action of the tandem DH-PH domains
is known to be the minimal unit needed to activate Rho
GTPases [9]. PH domains are thought to facilitate Rho
GTPase interaction by membrane localization through
binding of phosphorylated phosphoinositides [33,34].
Binding of the PH domain to inositol phospholipids in
the membrane has been suggested to expose the DH
domain and allow interaction with GTPases [10]. Our
structural model of the Fgd5 DH-PH domain suggests
that the PH domain could orient in a way that occludes
the interaction of the DH domain with Racl (Figure 1(c)
and S1). While the final CR3 helical domain of other Racl
GEFs, such as TrioN and Vavl, are straight and hence
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result in the projection of the PH domain away from the
Racl-binding interface, there is a significant bend in final
CR3 helix of Fgd5 which orients the PH domain towards
the Racl-binding interface (Figure 1(c) and S1, lower left
panel). In GEF assays, purified TrioN DH-PH domain
showed significant GEF activity, while purified Fgd5 DH-
PH domain showed little activity. This significant reduc-
tion may be due to the structural differences in the orien-
tation of the PH domain. Inclusion of the FYVE domain
increased activity (Figure 2(e)), which suggests that the
FYVE domain may have a role in regulating the GEF
activity of Fgd5, for example, by facilitating
a conformation change upon ligand binding. This is sup-
ported by previous results that show overexpression of
only the Fgd5 DH-PH domain in endothelial cells has no
activity [16].

The uniqueness of the Fgd specificity patch provides
opportunities for the development of highly specific
pharmacological inhibitors [35]. Therefore we per-
formed a limited compound library screen using SPR,
which identified numerous small molecules that bind to
the Fgd5 DH-PH-FYVE domain. Comparison of the
compounds that bound significantly indicated that
some chemical groups are shared between a few of
the molecules. Different salts of norepinephrine were
present on several different plates and binding to Fgd5
was detected each time (Supplemental Data Table S1).
Additionally, R-(-)-apomorphine hydrochloride hemi-
hydrate and R(-)-propyl norapomorphine hydrochlor-
ide both bound extremely well and have similar
substructures. Common chemical structures that reap-
pear in all four of these molecules are catechol struc-
tures (Figure 4). Pharmacologically, this suggests that
catechol-like motifs exhibit affinity for the Fgd5
protein.

A subset of compounds were further examined in
GEF activity and direct-binding assays. Some com-
pounds, such as Ro-7501, increased Fgd5 activity
which may be due to affecting the conformational
changes that facilitate Fgd5 interaction with Racl.
Aurintricarboxylic acid was found to inhibit both the
interaction with Racl and its GEF activity (Figures 5
and 6). This compound was originally reported to be
a strong inhibitor of topoisomerases and ribonucleases
[36]. It has since been shown to be an active inhibitor
of viral pathogenesis [37,38] and expression of adhe-
sion molecules [39]; however, the specific targets for
these effects are unknown, although they may be
mediated through inhibition of nucleases. Nuclease-
independent targets of aurintricarboxylic acid include
reports of binding and inhibition of phospholipase
C [40] and more recently, inhibition of Staphylococcus
aureus phosphatases involved in the regulation of their

virulence [41]. Therefore, aurintricarboxylic acid may
serve to inhibit multiple processes, with identification
of its interactors being key to the design of more
specific inhibitors.

The development of Fgd5 inhibitors is important for
investigating its role in human disease. The Fgd5 gene
was found to be highly expressed in human vascular
endothelial cells [7]. Fgd5 may regulate VEGF actions
through affecting Racl in endothelial cells through
proliferation and pro-angiogenesis [4]. In support of
this finding, we found that inhibition of Fgd5 expres-
sion was related to the reduction of endothelial cell
sprout protrusion [8]. Furthermore, Fgd5 knockdown
reduces adhesion to fibronectin and collagen IV and
the remodelling of matrix proteins complexes. Fgd5 has
also been implicated in cell survival, due to the increase
in the expression of caspase-3 in endothelial cells lack-
ing Fgd5. Adhesion and survival signal transduction
pathways are both regulated by phosphatidylinositol
3-kinase/Akt pathway, which requires Fgd5 [4]. The
development of chemical probes and specific inhibitors
of Fgd5 will help to delineate its mechanism of action
in these pathways and its utility as a target for cancer
progression and the control of the growth and survival
of blood vessels.
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