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Abstract

Guanine nucleotide exchange factors (GEFs) are enzymes that promote the activation of GTPases through GTP loading.
Whole exome sequencing has identified rare variants in GEFs that are associated with disease, demonstrating that GEFs
play critical roles in human development. However, the consequences of these rare variants can only be understood
through measuring their effects on cellular activity. Here, we provide a detailed, user-friendly protocol for purification and
fluorescence-based analysis of the two GEF domains within the protein, Trio. This analysis offers a straight-forward, quanti-
tative tool to test the activity of GEF domains on their respective GTPases, as well as utilize high-throughput screening to
identify regulators and inhibitors. This protocol can be adapted for characterization of other Rho family GEFs. Such analyses
are crucial for the complete understanding of the roles of GEF genetic variants in human development and disease.

Keywords: guanine nucleotide exchange factor (GEF); Rho family GTPase; Trio protein

Introduction

Rho family GTPases are master regulators of the actin cytoskel-
eton [1–3]. They act as binary molecular switches, cycling be-
tween an inactive GDP-bound state and an active GTP-bound
state. In their active state, distinct Rho family GTPases engage
multiple specific effectors to coordinate dynamic rearrange-
ments of the actin cytoskeleton. Such rearrangements have
been best characterized for the GTPases RhoA, Rac1, and
Cdc42. RhoA:GTP activates downstream kinase target Rho
Kinase (ROCK) [4], upon activation, ROCK phosphorylates

myosin light chain to promote actomyosin contractility in cells
[4, 5]. Rac1:GTP and Cdc42:GTP stimulate Wiskott–Aldrich
Syndrome family proteins which are used to activate new actin
filament nucleation through the Arp2/3 complex and promote
actin-based cell edge protrusions [6–9]. In this manner, Rho
family GTPases direct dynamic changes in actin polymeriza-
tion, actin filament severing, actin filament coupling to the
membrane and actomyosin contractility. These cytoskeletal
rearrangements promote changes in cell shape and movement
in a wide variety of cellular contexts, including cell migration,
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phagocytosis, endocytosis, morphogenesis and cytokinesis
[10, 11].

The cycling of Rho-GTPases between their GDP- and GTP-
bound states is regulated by two classes of proteins: GTPase
activating proteins (GAPs) and Guanine nucleotide exchange fac-
tors (GEFs). GAPs act as Rho-GTPase inhibitors by promoting hy-
drolysis of bound GTP. In contrast, GEFs promote the dissociation
of GDP from the inactive Rho:GDP complex. This dissociation ena-
bles GTP, which is present at significantly higher cellular concen-
trations than GDP, to bind to and activate the GTPase (Figure 1)
[12]. Rho-GEF domains contain two parts: a Dbl-homology (DH)
domain and a regulatory pleckstrin homology (PH) domain. The
DH domain catalyzes nucleotide exchange [13–16]. The PH do-
main regulates GEF activity by binding phospholipids that tether
GEFs to the cellular membrane [17]. This binding either allosteri-
cally inhibits the GEF domain [18, 19] or facilitates catalysis via di-
rect interactions with the Rho family GTPase substrate [20–23].
These multiple modes of regulation enable GEFs to serve as cen-
tral signaling hubs that tightly coordinate signals between cell-
surface receptors and downstream cytoskeletal arrangements.

Due to these multiple modes of regulation, it is not surprising
that Rho-GTPases play integral roles in neuronal development
and function via their regulation of actin dynamics [24]. Of the 71
DH–PH domain-containing GEFs in the human genome, over half
of them are expressed in the developing brain [25–28]. Rho-GEFs
play diverse roles in coordinating neuronal migration, differentia-
tion, axon and dendrite formation, and synaptogenesis [29–31].
Advances in whole-exome and whole-genome sequencing tech-
nologies have enabled the field to find mutations and rare coding
variants associated with neurodevelopmental disorders.
Unsurprisingly, mutations and rare variants in Rho-GEFs are asso-
ciated with several neurodevelopmental disorders [32–37].

Recent findings have provided insights into the mechanisms
involved in Rho-GEF-mediated neuronal development and how
these mechanisms are disrupted in disease. For example, de novo
mutations and ultrarare disease-associated variants have been
found in the TRIO gene [34, 37–42]. TRIO encodes a large protein

with three catalytic domains: two DH–PH Rho-GEF domains and a
putative serine threonine kinase domain (Figure 2) [43]. The first
DH–PH module, the GEF1 domain, can activate Rac1 and RhoG
GTPases, while the second module, the GEF2 domain, activates
RhoA. Many of the disease-related mutations and rare variants lie
within or adjacent to the GEF1 and GEF2 domains.

Systematically measuring the impact of each of these muta-
tions on activity is critical, as mutations that alter Trio GEF1
activity are associated with distinct clinical outcomes [44].
Previous studies have used protein pull-down assays to assess
Rho [45] and Rac1 GTPase activity [46]. While this method per-
mits the measurement of the relative activation of the GTPase, it
does not measure the relative catalytic rate or efficiency of a
Rho-GEF. Fluorescence assays that monitored GDP/GTP exchange
on various GTPases were developed as a more robust and repro-
ducible quantitative assay for GEF activity. The first of such
in vitro fluorescence assays typically used mant-GDP, a fluores-
cent GDP analog. mant-GDP exhibits increased fluorescence
upon binding to Rho GTPases. Rho-GEF-mediated exchange of
mant-GDP for GTP led to a reduction in fluorescence over time
[47, 48]. Improvements came in the use of BODIPY-FL-guanine
nucleotides which exhibit increased signal to noise. The binding
or dissociation of BODIPY-FL-guanine nucleotides from GTPases
could be measured by either change in fluorescence [49, 50] or
change in polarization of the fluorescent nucleotide [51, 52].

Here, we provide a detailed, user-friendly protocol for mea-
suring the specificity and efficiency of the guanine nucleotide
exchange activities of TRIO, which has two GEF domains with
distinct catalytic activities (Figure 3). We first describe the pro-
cedure for expression and purification of Trio GEF1/GEF2
and Rho GTPases Rac1, RhoA, and Cdc42. We then describe the
use of a fluorescence-based assay to measure the guanine nu-
cleotide exchange activity for both Trio GEF domains. This assay
monitors Trio GEF activity by measuring the decrease in fluores-
cence intensity as fluorescent BODIPY-GDP bound to the
Rho-GTPase (Rac1 or RhoA) is exchanged for non-fluorescent
GTP. We have also developed software to enable facile data

Figure 1: GDP/GTP cycling of Rho family GTPases. Rho family GTPases remain in their inactive state when they are GDP-bound. They are activated by GEFs which cata-

lyze the exchange of GDP for GTP. Once GTP is bound, Rho family GTPases are in their active state and signal to downstream effectors that regulate the actin

cytoskeleton.

Figure 2: Trio protein structure. Trio has multiple catalytic domains. The Sec14 domain, the SH3 domains, and spectrin repeats mediate lipid protein and cytoskeleton

interactions. The kinase domain phosphorylates serine and threonine. The two GEF domains regulate the exchange of GDP for GTP on small Rho family GTPases, Rac1/

RhoG, and RhoA.
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processing to calculate catalytic rate and efficiency. Finally, we
demonstrate that this assay is scalable for a high-throughput
setting for potential use in identifying small-molecule regula-
tors of GEFs. This assay allows for a quantitative analysis of GEF
activity on many Rho-GTPases that can advance understanding
of the impacts GEFs have on human disease.

Materials and methods
Generation of DNA expression constructs

pGEX6P1-based plasmids encoding GST-tagged GTPases (GST-
RhoA, GST-Rac1, and GST-Cdc42) were PCR amplified from
cDNAs encoding mouse/human RhoA, Rac1, and Cdc42 utilizing
the following primers:

Rac1 primers
Sense: 50-GATCGGATCCATGCAGGCCATCAAGTGTGTG-30

Antisense: 50-GATCGCGGCCGCTTAGAGGACTGCTCGGATCGC-30

The amplified PCR product of 548 nucleotides encodes the
amino acids Glu 2 to Leu 179 of Rac1 flanked by the shaded
BamHI (50-GGATCC) and shaded NotI site (GCGGCCGC-30) fuses
Rac1 in frame to glutathione S-transferase.

RhoA primers
Sense: 50-GATCGGATCCATGGCTGCCATCCGGAAGAAA-30

Antisense: 50-GATCGCGGCCGCTCACAAGACAAGGCACCCAGA-30

The amplified PCR product of 596 nucleotides encodes the
amino acids Ala 2 to Leu 193 of RhoA flanked by the shaded
BamHI (50-GGATCC) and shaded NotI site (GCGGCCGC-30) fuses
RhoA in frame to glutathione S-transferase.

Cdc42 primers
Sense: 50-GATCGGATCCATGCAGACAATTAAGTGTGTTA-30

Antisense: 50-GATCGCGGCCGCTCATAGCAGCACACACCTGCG-30

The amplified PCR product of 590 nucleotides encodes the
amino acids Glu 2 to Leu 191 of Cdc42 flanked by the shaded
BamHI (50-GGATCC) and shaded NotI site (GCGGCCGC-30) fuses
Cdc42 in frame to glutathione S-transferase.

These PCR products were digested with the indicated restric-
tion enzymes and inserted into the cognate sites of pGEX6P1.
All constructs were verified by DNA sequencing.

pET-His-TT-based plasmids encoding His-tagged GEF1 and
GEF2 were constructed following PCR amplification from cDNAs
encoding human Trio using the following primers:

TRIO GEF1 primers
Sense: 50-GATCGGATCCATGGGCTCAGAGGTGAAACTT-30

Antisense: 50-GATCGCGGCCGCCTACTTAGGGATGTGAATGGG-30

This set of primers amplified a PCR fragment of 1026 nucleoti-
des, which was cloned into the shaded BamHI (50-GGATCC) and
shaded NotI (GCGGCCGC-30) sites of pET-His-TT. The amplified
product encodes the Trio GEF1 domain from amino acid Gly
1270 to Pro 1608.

TRIO GEF2 primers
Sense: 50-GATCGGTACCATGGAAGAAAGGAAATCCAGCA-30

Antisense 50-GATCGCGGCCGCCCCTACCCGCTGTGGTTCCTC-30

This set of primers amplified a PCR fragment of 1005 nucleoti-
des, which was cloned into the shaded KpnI (50-GGATCC) and
shaded NotI (GCGGCCGC-30) sites of pET-His-TT. The amplified
product encodes the Trio GEF2 domain from amino acid Glu
1960 to Gln 2287.

Protein expression and purification

In pilot testing, we transformed each expression plasmid sepa-
rately into BL21, DH5a, and Rosetta Escherichia coli strains to
optimize expression and solubility of the respective protein.

Purification of GST-RhoA and GST-Rac1
Day 0: Plasmids were transformed fresh into BL21 cells and
plated onto agar plates containing 100 mg/mL ampicillin. The
plates were incubated at 37�C overnight.

Day 1: A single BL21 colony was used to inoculate 50 mL of
2XYT media (16 g/L tryptone, 10 g/L yeast, 5.0 g/L NaCl, pH ¼ 7.0)
containing 200 mg/mL ampicillin to maintain high plasmid copy
number and 0.2% glucose to prevent possible slow growth due
to expression of the recombinant protein. Starter cultures were
grown for �12–18 h at 37�C on a shaking platform at 200 rpm.
Sixteen milliliters (each) of the starter culture was used to
inoculate 4 � 800 mL cultures in 2XYT containing 200 mg/mL am-
picillin. The initial culture density was measured (typically
OD600� 0.050). These cultures were incubated on a shaking plat-
form at 37�C to an OD600 ¼ 0.6–0.8, then shifted to 16�C to equili-
brate. After approximately 60 min, when OD600 ¼ 0.8–1.0,

Figure 3: Graphical summary of methods. Rho family GTPase and Trio GEF plas-

mids were generated and cloned on days 1 and 2. Recombinant protein was

expressed and purified on days 3 and 6. A BODPIY-FL-GDP fluorescence-based

exchange assay was performed on day 7 to assess Trio GEF activity. Data were

processed using Python code and catalytic efficiency was determined.
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expression of the GTPase proteins was induced by adding IPTG
to 0.5 mM and incubating the culture on a shaking platform at
200 rpm in 16�C overnight. We have found that overnight induc-
tion at 16�C of the Trio GEF1 domain, Trio GEF2 domain, and
Rho family GTPases reduces protein degradation. Overnight in-
duction at 16�C also provides the optimal timing for bacterial
cell mass to grow, allowing the investigator to begin protein
purification first thing in the morning.

Day 2: Bacteria were pelleted via centrifugation for 20 min at
15 000 rpm in an SA-600 centrifuge. Cell pellets were resus-
pended in a total volume of 48 mL of ice-cold lysis buffer con-
taining 1� PBS (8 mM Na2HPO4-7H2O, 2 mM KH2PO4, 137 mM
NaCl, 2.7 mM KCl), 5% glycerol, 1 mM EDTA, 1 mM DTT, 1 mM
PMSF, and protease inhibitors (in all cases, we use 1� Sigma
Aldrich cOmplete protease inhibitor cocktail). If needed, the
resuspended cell pellets can be frozen in 50 mL Falcon tubes us-
ing liquid nitrogen and stored at �80�C for later purification. We
have stored material in this manner for up to 2 weeks with no
loss in the quality of the purified material.

Resuspended cell pellets were thawed in a water bath and
quickly put on ice. The pellets were subject to sonication at
maximal output on a 50% duty cycle for 4 � 3 min, pausing in
between cycles to swirl the lysates on ice and cool the sample.
Following sonication, Triton X-100 was added to 1% to the lysate
and gently mixed. This mixture was allowed to incubate for
20 min on ice. The lysate was loaded into Oak Ridge tubes and
centrifuged at 4�C in an SA600 Rotor for 30 min at 15 000 rpm.
The supernatant was loaded into a 50-mL syringe and filtered
through a 0.45-mm syringe top filter. Two milliliters of
glutathione-agarose bead slurry (Pierce) was washed 3� in ice-
cold 1� PBS (1.5 mM KH2PO4, 155 mM NaCl, 2.7 mM Na2HPO4

•7H2O). The beads were packed into a 10-mL disposable chro-
matography column (Pierce Protein Solutions, ThermoFisher).
The lysate supernatant was run through the column 3� and
washed three times with 10 mL of 1� PBS, 5% glycerol, 1 mM
DTT, and 1 mM PMSF, and equilibrated with 10 mL of equilibra-
tion buffer (20 mM HEPES pH ¼ 7.25, 150 mM KCl, 5% glycerol,
1 mM DTT, 0.01% Triton X-100, and 1 mM PMSF). Fractions were
eluted in 1 mL aliquots of elution buffer (20 mM HEPES pH ¼
7.25, 150 mM KCl, 5% glycerol, 1 mM DTT, 0.01% Triton X-100,
10 mM glutathione, buffered to pH ¼ 7.25). Protein elution was
monitored using a Bradford assay. Eluted protein fractions were
pooled and incubated with PreScission Protease (5 units/mg)
overnight to cleave off the GST-tag. The following day, the pro-
tein mixture was concentrated by centrifugal filtration and GST
was separated from the GTPase by size exclusion chromatogra-
phy into GTPase exchange buffer (20 mM HEPES pH ¼ 7.25,
150 mM KCl, 5% glycerol, 1 mM DTT, and 0.01% Triton X-100) on
a Superdex 75 column (GE). A series of 2-fold dilutions of a bo-
vine serum albumin (BSA) protein standard in Bradford reagent
ranging from 0 to 2 mg/mL were prepared to create a standard
curve used for calculating protein concentration. Two microli-
ters of each BSA dilution was added to 200 mL of diluted Bradford
reagent. Often, the eluted protein was too concentrated to be in
the linear range of detection when added to Bradford reagent.
The purified protein sample was diluted in elution buffer, 1:5,
1:10, and 1:20, depending on the concentration of protein eluted.
Two microliters of each protein dilution was added to 200 mL of
Bradford reagent. Absorbance levels of both the BSA and protein
dilutions were measured at 595 nm on a spectrophotometer.
The standard curve was created for the BSA dilutions using ab-
sorbance (A595) versus concentration. The unknown concentra-
tion of the purified protein was determined from an absorbance
(A595) versus BSA concentration plot. Protein purity was

evaluated after running 10 mg of protein using SDS-Page and
Coomassie blue staining with analysis in Image J. GTPase was
aliquoted for assay use and stored at �80�C.

Purification of TRIO His-GEF domains
Days 0–1 were followed as described above using plasmids
encoding His-tagged TRIO GEF domains, His-GEF1 and His-GEF2.

Day 2: Bacteria were pelleted via centrifugation for 20 min at
4000 rpm in an RC3B centrifuge and cell pellets were resus-
pended in a total volume of 48 mL of ice-cold His lysis buffer
(20 mM Hepes pH ¼ 7.25, 500 mM KCl, 5% glycerol, 1% Triton X-
100, 20 mM imidazole pH 7.25, 5 mM b-mercaptoethanol, 1 mM
DTT, 1 mM PMSF, and protease inhibitors). The resuspended
cells were sonicated as described above and centrifuged at 4�C
in an SA600 Rotor for 30 min at 15,000 rpm. The supernatant
was loaded into a 50-mL syringe and filtered through a 0.45-lm
syringe top filter. One milliliter of Ni-NTA agarose bead slurry
(Thermo Fisher) was washed 3� with ice-cold buffer (20 mM
Hepes pH ¼ 7.25, 150 mM KCl, 5% glycerol, 1% Triton X-100,
20 mM imidazole pH 7.25, 5 mM b-mercaptoethanol, 1 mM DTT,
1 mM PMSF, and protease inhibitors) and packed into a 10 mL
disposable chromatography column (Pierce Protein Solutions,
Thermo Fisher). The clarified lysate was passed through the col-
umn 3� and washed with 10 mL of wash buffer A (20 mM Hepes
pH ¼ 7.25, 150 mM KCl, 5% glycerol, 0.1% Triton X-100, 20 mM
imidazole pH 7.25, 5 mM b-mercaptoethanol, 1 mM DTT, and
1 mM PMSF), 10 mL of wash buffer B (20 mM Hepes pH ¼ 7.25,
150 mM KCl, 5% glycerol, 0.01% Triton X-100, 5 mM MgCl2,
10 mM ATP, 1 mM DTT, 1 mM PMSF, adjusting pH to 7.25 with
KOH, if needed), and 10 mL of wash buffer C (20 mM Hepes pH ¼
7.25, 150 mM KCl, 5% glycerol, 0.01% Triton X-100, 1 mM DTT,
and 1 mM PMSF). Bound protein was eluted in 0.5 mL aliquots of
His elution buffer (20 mM Hepes pH ¼ 7.25, 150 mM KCl, 5% glyc-
erol, 0.01% Triton X-100, 1 mM DTT, 250 mM imidazole pH 7.25,
1 mM PMSF, and protease inhibitors). The protein concentration
and purity were determined as stated above. We typically do
not cleave the His-tag, as cleaving it from the Trio GEF1 and
GEF2 domains does not impact GEF catalytic activity. Purified
protein fractions were dialyzed for 4–6 h using 2 L of dialysis
buffer (20 mM Hepes pH ¼ 7.25, 150 mM KCl, 5% glycerol, 1 mM
DTT, 0.01% Triton X-100, and 1 mM PMSF) then overnight in
2 L of fresh dialysis buffer. The Trio GEF domains were ali-
quoted, flash frozen in liquid nitrogen, and stored at �80�C
for later use.

BODIPY-FL-GDP nucleotide exchange assays

Prior to assay use, all protein aliquots were thawed on ice and
centrifuged for 10 min at 15,000 rpm to remove any debris.
Protein concentration was measured again via Bradford (as de-
scribed above) to verify protein concentration. 12.8 lM Rac1,
RhoA, or Cdc42 (data not shown) was loaded with 3.2 lM
BODIPY-FL-GDP in 1� exchange buffer (20 mM Hepes pH ¼ 7.25,
150 mM KCl, 5% glycerol, 1 mM DTT, and 0.01% Triton X-100)
plus 2 mM EDTA to a total volume of 25 lL per reaction, then in-
cubated for 1 h at room temperature. The reaction was pro-
tected from light with aluminum foil. GTPases were loaded at a
ratio of 1:4 BODIPY-FL-GDP to GTPase, respectively, to minimize
background fluorescence. Loading of BODIPY-FL-GDP was
halted by the addition of 5 lL of MgCl2 to block further GDP bind-
ing to GTPase, for a total volume of 30 lL with a final MgCl2
concentration of 30 mM. Prior to initiating the reaction with Trio
GEF, 30 lL of GTPase (12.8 lM) plus MgCl2 (30 mM) or blank
(3.2 lM BODIPY-FL-GDP, 2 mM EDTA, 1� exchange buffer) was
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added to appropriate wells, followed by shaking of the plate for
30 s and 10 min of room temperature incubation. During this in-
cubation period, various Trio GEF1/GEF2 concentrations were
prepared in 1� Buffer (20 mM Hepes pH ¼ 7.25, 150 mM KCl, 5%
glycerol, 1 mM DTT, and 0.01% Triton X-100), 4 mM GTP, and
2 mM MgCl2. GEF mixes were mixed well and placed on ice until
use. Exchange reactions were started by adding 10 lL of respec-
tive Trio GEF concentration mixture (as stated above) to each
well, for a total reaction volume of 40 lL. Reactions were mixed
carefully to avoid bubbles. After shaking the plate again for 30 s,
real-time fluorescence data were measured every 10 s for 30 min
monitoring BODIPY-FL fluorescence by excitation at 488 nm and
emission at 535 nm. For these measurements, we set the photo-
multiplier tube (PMT) gain to 325 V, but note that this setting
may need to be adjusted depending on the sensitivity of the
instrument.

Data processing and analysis of catalytic rate and
efficiency

Data from the assay were processed using a custom script in
Anaconda distribution of Python (see Supplementary Materials).
The script is a text-based program that runs from a command
line. The code takes in raw time-series plate reader data as a
.xls spreadsheet. The user must convert the .xls to .xlsx prior to
processing the data via the script. The user specifies which
wells were used for background and which wells contained
each experimental condition. Data from wells that were not
part of the experiment are discarded. Wells for which some or
all observations fell below the background value are automati-
cally flagged as possibly containing a bubble. The program then
calculates the average time series for each experimental condi-
tion and subtracts the background value. The user can opt to
normalize the data so that the first observation for each aver-
aged time series has a value of 1. Raw or normalized fluores-
cence averages are then visualized in a time-series line plot that
may be saved in a .png format. The relabeled data may be saved
for further analysis as either a .csv or .xlsx file, with or without
the averages and normalizations. We have run the program
successfully on macOS High Sierra using the built-in Terminal
and Windows 10 using Anaconda Prompt, processing data from
a Molecular Devices SpectraMax M5 plate reader. Data saved as
.csv can be imported to GraphPad Prism 8. Because the fluores-
cence of GDP-FL-BODIPY decreases exponentially over time, the
fluorescence curves can be fit to a one-phase exponential decay
function to determine the catalytic rate (k) of Trio GEF activity
using Equations (1)–(3):

Yt ¼ Y0e
�t=s ; (1)

k ¼ 1
s
; (2)

t1=2
¼ lnð2Þ

k
¼ s � ln 2ð Þ; (3)

where Yt is the fluorescence intensity at time t and Y0 is the ini-
tial intensity at time t¼ 0. s is the time constant, expressed in
the same units as the X-axis. It is computed as the reciprocal
of the catalytic rate, k. The half-life, t1/2, is the time required
for the amplitude to be one half of its initial value. A pseudo
first-order rate constant (observed rate constant or Kobs) can be
calculated from the data because the reaction contains a large
excess of GTP over GTPase.

GraphPad Prism 8 can be used to execute this fit. After opening
GraphPad Prism 8 and creating a new XY table, the time can be en-
tered into X and fluorescence readings into Y. The X units can
be marked “Seconds” for analysis by selecting “Format Data
Table” from the Change Menu. After entering data (X units), the
“Analyze” button can be selected, followed by “Nonlinear
Regression” from the list of XY analyses. “One phase exponential
decay” can be selected to obtain the first-order Kobs value, or
k (s�1). Because the derivative of an exponential decay equals �k *
Y, the initial rate can be calculated as �k * Y0. When testing multi-
ple GEF concentrations, the catalytic efficiency (Kcat/KM) can be
extracted from a plot of catalytic rate (s�1) versus GEF concentra-
tion that is fit with a linear function using Microsoft Excel.

High-throughput guanine nucleotide exchange assay
and screening

For high-throughput screening, the Trio GEF1 or GEF2-mediated
rate of nucleotide exchange was monitored using a
Fluorescence Imaging Plate Reader (FLIPR). Compound was first
incubated with GEF1 for 10 min in 384-well clear bottom
Corning microplates. The nucleotide exchange process was ini-
tiated by adding Rac1, pre-loaded with BODIPY-FL-GDP, through
an in-line liquid dispenser building within FLIPR (Figure 6I).
Reactions containing GEF1 and GTP were initiated by in-line liq-
uid transfer of 1.5 mM RhoA pre-loaded with BODIPY-FL-GDP.
The kinetic reaction for the exchange assay was measured con-
tinuously from the well-bottom using fluorescence imaging for
10 min. The initial fluorescence change (slope of fluorescence)
from dissociation of BODIPY-GDP from the Rac1-bound form in-
dicated a linear relationship with concentration of GEF1 and
BODIPY-GDP-bound Rac1. In total, 2 mM BODIPY-GDP loaded
Rac1 and 0.2 mM GEF1 was used for high-throughput screening
since these conditions allowed for the detection of both inhibi-
tion and activation of GEF1-catalyzed nucleotide exchange. This
allowed for the potential identification of both activators and
inhibitors of GEF activity.

Results

GST-tagged proteins were purified with an average yield of
�20 mg with 94% purity for Rac1 and 99% purity for RhoA
(Figure 4). His-tagged proteins were purified with an average
yield of �30 mg with 95% purity for GEF1 and 94% purity for
GEF2 purity (Figure 4). Purified proteins were utilized in our

Figure 4: Purified proteins used in GEF assays. Coomassie Blue staining of the

purified proteins Trio GEF1, Rac1, Trio GEF2, and RhoA following overexpression

in bacteria. The % purity of each protein calculated using Image J is as follows:

Trio GEF1 95%, Trio GEF2 94%, Rac1 94%, and RhoA 99%. Asterisks indicate

preScission protease residue used to cleave GST-tags off protein that do not im-

pact the assay.
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BODIPY-FL-GDP exchange assay with the goal of determining
Trio GEF1/2 specificity for the Rho GTPases Rac1 and RhoA.
BODIPY-FL-GDP emits little fluorescence in solution, but this
increases 4-5-fold upon binding GTPases (Figure 5). In the pres-
ence of GTP and Mg2þ, Trio GEFs catalyze the exchange of
BODIPY-FL-GDP for GTP on Rho family GTPases, leading to an
exponential decrease in BODIPY-FL-GDP fluorescence in a time-
and GEF concentration-dependent manner. Each experimental
group was performed in triplicate. Negative controls for this ex-
periment include a reaction containing BODIPY-FL-GDP with no
GTPase and a reaction containing GTPase loaded with BODIPY-
FL-GDP, but no GEF. Trio GEF1 catalyzed efficient nucleotide ex-
change on Rac1 (Figure 6A) with a catalytic rate of kobs(250 nM

GEF1) ¼ 0.00532 s�1 and a catalytic efficiency of kcat/Km ¼
2.14� 104 M�1 s�1 (Figure 6C). Trio GEF2 was similarly efficient
in catalyzing nucleotide exchange on RhoA (Figure 6B) with a
kobs(250 nM GEF2) ¼ 0.00598 s�1 and a kcat/Km ¼ 2.39� 104 M�1 s�1

(Figure 6D). GEF1- and GEF2-mediated exchange was specific:
Trio GEF1 did not catalyze significant nucleotide exchange on
RhoA (Figure 6E, G) and Trio GEF2 did not exhibit significant ex-
change on Rac1 (Figure 6F, H).

This assay can be readily scaled up to a 384-well assay for
high-throughput screening (Figure 6I). A CNS-focused library of
5100 small molecules was screened in duplicate as a pilot to val-
idate the novel screening assay and identify potential regulators
that modulate the rate of GEF1 or GEF2-catalyzed nucleotide ex-
change of Rac1 or RhoA. Initial fluorescence change rate for
each well was captured and analyzed in Genedata (RRID:
SCR_021326). This assay achieved a 10-fold signal to background
window and an average Z0 factor of 0.6 (using no GEF1 as inhibi-
tor control), indicating it is an excellent assay for primary high-
throughput screening. The hit compounds from the pilot
screening were selected using a cut-off of three standard devia-
tions from the mean of the total measured compounds. Twenty
inhibitor hits were identified in a pilot screen for a 0.4% hit rate
(Figure 7A) and 16 activator hit compounds were identified
(Figure 7B) for a 0.3% hit rate. A dose–response experiment
starting from 100 mM of each compound with 2-fold sequential

dilutions was carried out for confirmation of hits, but unfortu-
nately none showed significant potency upon dilution
(IC50> 100 mM for all compounds). It is possible that increasing
the chemical space beyond 5100 compounds probed would
yield more promising hits. We validated this assay by testing
several published Trio GEF1 regulators including NSC23766 [53,
54], ITX3 [55], CPYPP [56], EHop016 [57], and EHT1864 [58], how-
ever, none of them reached our potency threshold (Figure 7C).
For example, the Trio GEF1 inhibitor ITX3 showed �40% inhibi-
tion against GEF1 at 250 mM, which is less potent than previ-
ously published data (IC50 �76 mM) when RhoG was used as a
substrate [55] (Figure 7D). It is possible that there is a potency
difference when Rac1 is used as a substrate when compared
with RhoG.

Discussion

We described an assay developed to demonstrate the specificity
of Trio GEFs for the various Rho family GTPases. Similar
approaches are directly applicable to GEFs for other GTPases.
This assay enables a quantitative analysis of catalytic efficiency
of the GEFs and can also be scaled up for a high-throughput
screening for small molecule GEF regulators.

It is especially important to properly understand how Trio
GEF activity changes with several disease-related mutations [37,
59]. Since these mutations are directly related to clinical out-
comes, understanding the change in this activity could prove
beneficial for developing small molecule modulators of GEF ac-
tivity. In addition, there are some cases in which GEF activity is
dependent upon the presence of additional proteins [60], which
could also be included in these assays.

This assay can be translated for use in high-throughput
screening assays for small molecule regulators. The discovery
of positive or negative regulators may prove useful to probe the
physiological functions of GEFs and as possible leads for the
development of drugs to treat diseases that are influenced by
GEF mutations.

Figure 5: GEF activity assay. This assay measures the ability of the GEF domains to catalyze the exchange of GDP for GTP on their respective small, Rho family GTPases.

Free fluorescent BODIPY-FL-GDP has a low fluorescence. Fluorescence increases when BODIPY-FL-GDP binds to Rac1. GTP is introduced and GEF catalyzes the exchange

of BODIPY-FL-GDP for GTP on Rac1 causing a decrease in fluorescence.
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Figure 6: Fluorescence-based, GEF assay. Fluorescent GDP was incubated with the (A, E) Trio GEF1 (B, F) or Trio GEF2 domain at a specific concentration for 1 h. GEF ac-

tivity was monitored by the decrease in fluorescence in a 96-well plate as GEF1 catalyzes the exchange of GDP for GTP on (A) Rac1 (E) and RhoA and as GEF2 catalyzes

GDP–GTP exchange on (B) RhoA and Rac1 (F). Linear fit of initial rates plotted against (C, G) GEF1 (D, H) or GEF2 concentration. Linear fit of initial velocities yielded a

kcat/Km of (C) 2.14�104 M�1 s�1 for GEF1 on Rac1, (D) 2.39�104 M�1 s�1 for GEF2 on RhoA, (G) 0.0057�104 M�1 s�1 for GEF1 on RhoA, and (H) 0.0402�104 M�1 s�1 for GEF2

on Rac1. (I) Single well readings for 384-well high-throughput screening assay of Trio GEF1 activity on Rac1. GEF1 was introduced into solution with BODIPY-FL-GDP

and Rac1 in addition to small molecule regulators. The catalysis of GEF1 for the exchange of GTP for GDP on Rac1 is inhibited or promoted based on the small molecule

regulators. The addition of GEF1 in a solution of Rac1 and BODIPY-FL-GDP catalyzes the exchange of GTP for GDP.
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