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ABSTRACT: Small GTPases (sGTPases) are critical
switch-like regulators that mediate several important
cellular functions and are often mutated in human cancers.
They are activated by guanine nucleotide exchange factors
(GEFs), which specifically catalyze the exchange of GTP
for GDP. GEFs coordinate signaling networks in normal
cells, and are frequently deregulated in cancers. sGTPase
signaling pathways are complex and interconnected;
however, most GEF assays do not reveal such complexity.
In this Communication, we describe the development of a
unique real-time NMR-based multiplexed GEF assay that
employs distinct isotopic labeling schemes for each
sGTPase protein to enable simultaneous observation of
six proteins of interest. We monitor nucleotide exchange of
KRas, Rheb, RalB, RhoA, Cdc42 and Rac1 in a single
system, and assayed the activities of GEFs in lysates of
cultured human cells and 3D organoids derived from
pancreatic cancer patients. We observed potent activation
of RhoA by lysates of HEK293a cells transfected with
GEF-H1, along with weak stimulation of Rac1, which we
showed is indirect. Our functional analyses of pancreatic
cancer-derived organoids revealed higher GEF activity for
RhoA than other sGTPases, in line with RNA-seq data
indicating high expression of RhoA-specific GEFs.

The sGTPase proteins are molecular switches that
interconvert between two different forms; a GDP-bound

inactive and a GTP-bound activated form, which binds to
downstream effector proteins to stimulate their respective
signaling pathways. The intrinsic hydrolysis of GTP and
nucleotide exchange (GDP to GTP) are slow, but can be
catalyzed by regulatory proteins known as GTPase activating
proteins (GAPs) and guanine nucleotide exchange factors
(GEFs) (Figure 1a), respectively. Deregulation of this “GTPase
cycle” by alterations of sGTPases, GEFs or GAPs is associated
with human ailments such as cancer and developmental
disorders.1a,b The cellular signaling pathways mediated by
sGTPases are highly interconnected;2 for example, one sGTPase
can promote the activation of another sGTPase by activating its
GEF (e.g., Ras-GTP stimulates RalGEFs, Sos1 and Tiam1), or
stimulating the transcription of its regulatory proteins (e.g., KRas

induces expression of GEF-H1).2,3 The synchronized temporal
and spatial activation of RhoA, Rac1 and Cdc42 during cell
migration illustrate coordinated sGTPase signaling (Figure 1b).4

Further, a single sGTPase can be activated by multiple GEFs and
one GEF can act on multiple sGTPases.5 Though the intricacies
of sGTPase signaling are increasingly appreciated, few of the
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Figure 1. Cartoons depicting the GTPase cycle (a) and signaling
cascades downstream of Ras involving sGTPases comprising the assay
(b). The signaling connections include activation of GEFs by direct
interactions with Ras (black arrows), as well as transcriptional activation
(brown arrows) (blue font: GEFs, Ras and Rho subfamily members are
colored cyan and green, respectively).
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commonly used in vitro sGTPase assays can reveal such
complexity.
Fluorescence, colorimetric or radioactive methods are

frequently used to measure GEF activity, but are limited to
monitoring a single sGTPase at a time.6 Pulling down a sGTPase
with an effector protein can be used to assess its level of activation
in vivo, but does not report specifically on GEF versus GAP
activities. Previously we introduced a real-time NMR based GEF
assay, which observes nucleotide-dependent structural changes
in sGTPase proteins directly, and used this functional assay to
characterize several sGTPases (Table S1). This assay is highly
reliable because direct monitoring of protein provides an
unambiguous readout and built-in control for folding.
Importantly, the method does not require fluorescently tagged
nucleotide analogs, which can alter the kinetics of exchange and
hydrolysis.7 Here we have taken advantage of the protein-specific
readout to develop a multiplexed GEF assay to simultaneously
monitor multiple sGTPases in real-time. We sought to develop a
tool to explore and profile the GEF activities that regulate
proliferative and metastatic properties of cancer cells, thus we
selected sGTPase proteins that are relevant to these processes,
however the approach should be generally applicable to any
subset of sGTPases.
The Ras and Rho subfamilies of sGTPases regulate cell

proliferation and migration and are strongly implicated in
oncogenic processes.1a,8 We therefore developed the assay to
include KRas, Rheb and RalB from the Ras subfamily, as well as
RhoA, Rac1 and Cdc42 from the Rho subfamily (Figure 1b).
Thirty-percent of human cancers harbor oncogenic RAS
mutations, which has led to extensive drug discovery efforts,9

including targeting Ras interaction with the RASGEF SOS to
inhibit activation.10 Rheb drives cellular growth through mTOR
and is upregulated in many types of cancer,11 although the
identity of its GEF remains unclear.12 RalGEFs are Ras effector
proteins, which activate Ral when activated by Ras-GTP,13 and
are important for the oncogenic effects of Ras mutants.14 RhoA,
Cdc42 and Rac1 are three well-studied members of the Rho
subfamily of GTPases implicated in tumorigenesis.15 Impor-
tantly, the human genome encodes numerous GEFs for Rho
family GTPases, and increased expression of several RhoGEFs is
associated with certain cancer types.16 We have combined these
six sGTPase proteins into a single system to build a tool to
measure the activities of full-length GEFs from cancer cells and
organoids, thus expanding the data obtained from these precious
samples and maximizing NMR instrument time, while providing
internal controls.
Our real-time NMR-based method measures nucleotide

exchange of sGTPases based on intensities of protein cross-
peaks that are sensitive to nucleotide binding. Briefly, an excess of
nonhydrolyzable GTP analog is added to a purified 15N-labeled
GDP-loaded sGTPase protein, and 1H−15N HSQC NMR
spectra are collected sequentially over the time course of the
exchange reaction. The unique readout, which observes protein
directly, provides an opportunity to develop this method into a
multiplexed assay to observe several sGTPases at once. To
overcome peak overlap (Figure S1), we used selective labeling
strategies to simplify each spectrum, and further used two nuclei
with distinct chemical shift ranges (13C and 15N). First, we
identified backbone amide (NH) or side chain methyl (CH3)
peaks in each protein that undergo chemical shift changes upon
nucleotide exchange, and do not overlap with peaks from the
other proteins. By analyzing the overlaid spectra of the six
proteins in both the GDP- and GTP-bound forms, we devised

the following labeling scheme; KRas and RhoA: 15N-threonine,
Rac1: 15N-lysine, Rheb and Cdc42: 13C-methyl groups on
leucine and valine side-chains, and RalB: 13C-methyl methionine
(Figure S2).
To simultaneously acquire spectra of both 15N- and 13C-

labeled sGTPases in the mixture of six proteins, we used a time-
shared pulse sequence (Figure S3).17 Time-shared NMR has
been used to reduce acquisition time in protein structure
determination;18a−c however, we have applied it to improve the
temporal resolution of real-time NMR data to measure reaction
kinetics of a mixture of several sGTPase proteins. The pulse
sequence was optimized for the different magnitudes of the 1JNH
and 1JCH heteronuclear coupling constants, reducing the t1
increment for carbon compared to nitrogen to detect both
chemical shift regions simultaneously, and applying gradients for
coherence selection and water suppression (Figure S3).17

Each multiplex assay was prepared by mixing GDP-loaded
sGTPases to a final concentration of 400 μM for each 15N-labeled
protein (KRas, RhoA, Rac1) and 200 μM for each 13C methyl
labeled protein (Rheb, Cdc42 and RalB). NMR data was
collected from a 40 μL sample, thus each assay requires ∼1.4 mg
total labeled sGTPase protein. Despite this high protein
concentration (35 mg/mL), no significant chemical shift
perturbation or peak broadening was observed (Figure S4).
After the addition of 6 mM GTPγS, the mixture was transferred
to a 1.7 mm NMR tube and real-time time-shared (RT-TS)
1H−15N and 1H−13C HSQC spectra were acquired sequentially
over the time course of the exchange process (Figure 2a,b).
Within the mixture we were able to monitor well resolved GDP-
and GTP-specific peaks for each of the six sGTPases. By
combining selective labeling schemes with simultaneous
acquisition of 13C and 15N, we could plot intrinsic exchange
curves and calculate the rate of exchange for each sGTPase

Figure 2. Schematic illustration representing the multiplex assay
development. (a) sGTPase proteins are expressed in E. coli using
selective isotope labeling strategies and the mixture is used to assay GEF
activities present in lysates of cells or organoids. (b) 1H−13C and
1H−15N RT-TSHSQC spectra collected from amixture of six sGTPases
before and after nucleotide exchange. The arrows represent peaks used
as probes for nucleotide exchange.
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(Figure S5). The exchange rates and GTPγS loading at
equilibrium of each sGTPase in this mixture were proportional
to those in isolation.
Next, we used the assay to characterize GEF activities in cell

lysates. GEF-H1 is a Rho-family GEF that can be inhibited by
sequestration on microtubules and activated by multiple
signaling events.19a−c GEF-H1 was initially reported to have
GEF activity for both RhoA and Rac1;20 however, subsequent
reports focused mainly on RhoA.21a,b To resolve the substrate
specificity of GEF-H1 and explore how GEF-H1 expression may
indirectly perturb signaling of the other sGTPases, we performed
an internally controlled multiplex assay to characterize GEF
activities in lysates of cells overexpressing full-length GEF-H1.
Green fluorescent protein (GFP)-fused wild-type or catalyti-

cally impaired (E241K) GEF-H1 were transiently expressed in
HEK293a cells and cell lysates were applied to the multiplex
assay. As expected, lysate from cells expressing GEF-H1
increased the RhoA nucleotide exchange rate by more than 6-
fold compared to the cells expressing GFP, whereas expression of
the inactive GEF-H1 mutant did not affect exchange (Figures 3

and S6). The addition of GEF-H1 lysate doubled the exchange
rate of Rac1; however, the GEF-H1 E241K lysate also stimulated
Rac1 exchange to a similar extent (Figures 3 and S6). The other
four sGTPases exhibited similar exchange rates in the presence of
all three lysates. These data suggested the increase in Rac1
exchange activity may be an indirect effect of GEF-H1
overexpression. To determine definitively whether GEF-H1
possesses exchange activity for Rac1, we expressed the catalytic
DH-PH domain (residues 201−601) in E. coli, and examined the
GEF activity of the pure recombinant protein on 15N RhoA, Rac1
and KRas. The DH-PH domain (1:5000 molar ratio) enhanced
the nucleotide exchange rate of RhoA 17-fold, but had no
detectable effect on Rac1 or KRas exchange, even at a higher
molar ratio (1:1250) (Figure S7), indicating that Rac1 is not a
direct substrate of GEF-H1. This demonstrates that themultiplex
assay can detect GEF activities for multiple sGTPases in cell
lysates. The increased Rac1 exchange activity may be the result of
GEF-H1 perturbing cellular signaling, possibly stimulating the
activity or expression of another GEF. The insensitivity of this
effect to the E241K mutation suggests it may be mediated
through a GEF-independent role of GEF-H1 (e.g., KSR-1
activation).19a These results demonstrate the remarkable
sensitivity and selectivity of our assay for both direct and indirect
effects of GEFs.
To further illustrate the utility of our assay, we used it to profile

GEF activities of lysates from patient-derived organoids, self-

organizing 3D cell cultures. Pancreatic cancer has a 5-year
survival rate of only 7%, highlighting the need for better
therapeutics.22 These efforts require better preclinical models,
which has driven the development of organoid models.23 To test
our assay with a patient-relevant model, two pancreatic ductal
adenocarcinoma organoids were acquired from University
Health Network Living Biobank.24

The organoids were lysed, and multiplexed GEF assays were
performed using 70 μg of total protein from the lysate. In these
experiments, we utilized a labeling scheme in which RhoA was
uniformly 15N labeled and Rac1 was 13C-methyl labeled on
isoleucines (Figure S8). Interestingly, both of the organoids,
Org_2256 and Org_14553, showed high GEF activity for RhoA
whereas this amount of lysate did not significantly alter the
exchange rate for the other five sGTPases (relative to lysis buffer)
(Figures 4a and S9). To investigate whether this functional

observation correlates with gene expression, we compared the
RNA-seq read counts of 77 GEF proteins of which 66 are
RhoGEFs encoding a Dbl homology (DH) domain (Figure
S10). Four of the five most abundant mRNAs encode GEFs with
strong substrate specificity for RhoA (Figure 4b).25a−d Ras
subfamily GEFs exhibited much lower RNA-seq counts,
consistent with the lack of GEF activity observed for KRas and
RalB. It is reassuring that our GEF protein activity data parallel
the gene expression data on the same organoids. Our observation
is also consistent with previous findings that pancreatic cancer
invasion requires RhoA activation.26

In conclusion, we developed a multiplexed real-time NMR-
based method to simultaneously measure the GEF activity for
several sGTPases in lysates from cells and organoids. This
functional assay based on simultaneous real-time acquisition of
1H−13C and 1H−15NHSQC spectra was applied to the detection
of GEF activities of cells and organoids, and could serve as a
functional read-out of GEF protein activities in cancers,
complementing gene expression assays such as RNA-seq. This
combination of selective isotopic labeling with time-shared and
real-time NMR may enable multiplex observation of other
biological processes (e.g., post-translational modifications).

Figure 3. GEF-H1 activity in cell extracts. HEK293 cells were
transfected with GFP, GFP-tagged GEF-H1, or a catalytically dead
mutant (E241K) and lysates were analyzed by the multiplex assay.
Exchange curves were fit to a one-phase exponential decay function.

Figure 4. GEF activities in pancreatic cancer organoid lysates. (a)
Lysates of pancreatic cancer organoids were assayed in the multiplexed
system to generate exchange curves for six sGTPases. (b) RNA-seq read
counts from 77 GEFs were compared for two organoids, and the data for
the five most highly expressed genes are shown (full data in Figure S10).
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