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Abstract

We describe a rapid assay for measuring the cellular activity of small GTPases in response to a
specific stimulus. Effector functionalized beads are used to quantify in parallel multiple, GTP-
bound GTPases in the same cell lysate by flow cytometry. In a biologically relevant example, five
different Ras family GTPases are shown for the first time to be involved in a concerted signaling
cascade downstream of receptor ligation by Sin Nombre hantavirus.
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Introduction

Members of the ras-related superfamily of small GTPases, including Rho, Ras and Rab
subfamilies, serve as critical integrators of cellular functions from cell division and survival
to membrane trafficking; making the measurement of their activites of pivotal significance.
The GTPases cycle between active GTP-bound and inactive GDP-bound states the balance
of which is regulated by guanine nucleotide-exchange factors (GEFs), GTPase-activating
proteins (GAPS) and guanine nucleotide-dissociation inhibitors (GDIs) [1; 2]. Generally,
there is an overabundance of regulatory factors that reflects in part the pathway and cell type
specificity of GTPase activation cascades. For example, over 30 GEFs and GAPS serve to
activate and inactivate, respectively, the approximately half as many Rho proteins [3; 4; 5].
Rho specific GDIs inhibit nucleotide cycling and sequester Rho GTPases in the cytosol
away from membranes, adding a third layer of regulation [3]. Once activated, GTPases
interact with specific downstream effector proteins to yield definitive physiological
responses.
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The functions of multiple Ras-related GTPases are frequently coopted during infection as
well as in acquired and genetic diseases. Additionally, the GTPases are gaining traction as
therapeutic targets [6; 7; 8]. Thus, there is a need to pinpoint the pivotal GTPases in each
scenario by quantitatively and temporally monitoring changes in activities. Current methods
for measuring the activation status of small GTPases rely on GST-bead based effector
pulldown assays, and ELISA based effector binding assay kits. The significant shortcomings
of all of these methods are that they are labor intensive and require large amounts of cell
samples, purified effector proteins and/or expensive kits and reagents. When working with
primary cell samples or infectious agents large cell lysate samples are a significant hurdle.

Here we describe a rapid, bead-based effector-binding assay that can monitor the activation
status of multiple GTPases from a single cell lysate derived from <100,000 cells. As proof-
of-principle we demonstrate the utility of the assay in measuring the previously
uncharacterized cascade of GTPases that is activated to allow cellular entry of Sin Nombre
hantavirus (SNV) in the course of a productive infection.

Hantaviruses, which cause hemorrhagic fever with renal syndrome (HFRS) and hantavirus
cardiopulmonary syndrome (HCPS), are of particular interest because their mechanisms of
host cell entry and subsequent pathogenesis are poorly understood (Supplemental note 1)
[9]. Viruses attach to cell surface receptors, promote the cytoskeletal remodeling required
for breaching inter- and intracellular cellular barriers, and enter the cell through endocytic
membrane trafficking pathways; all processes that fundamentally depend on the activation
of various GTPase cascades [10]. Parallel measurements of active GTPases downstream of
receptor engagement are therefore important for understanding how these signals are
regulated and how their consolidation is related to both physiological and pathological
contexts.

The active GTPase effector trap flow cytometry assay (G-trap) has significant advantages
over standard pulldown techniques including: 1) G-trap enables rapid measurement,
sensitivity and analysis with results within 4 h, compared to days required for other assays;
2) uses small samples e.g. <100,000 cells grown in a 48 well plate, well below the requisite
minimum of 2x108 cells for single ELISA based measures; 3) can measure multiple
GTPases from a single lysate using a multiplex approach (Fig 1A) whereas conventional
assays require the entire lysate for measurement of a single GTPase, and 4) it facilitates
replicate measures on precious cell samples.

Materials and Methods

Antibodies

Monoclonal rabbit anti-RAP1 (5G7): sc-47695 and rat monoclonal anti H-Ras (259): sc-35
were obtained from Santa Cruz Biotechnology, Inc (Santa Cruz, CA). Monoclonal mouse
antibodies: anti-Rho (A, B, C) clone 55 (#05-7788), anti-Rac1l, clone 23A8, #05-389, the
secondary antibody goat anti-mouse IgG (H+L) conjugated to Alexa Fluor 488, Rabbit
Polyclonal anti Cdc42 #07-1466 were obtained from Millipore (Temecula, CA ). Mouse
Monoclonal Anti Racl #ARCO03 was also purchased from Cytoskelton Inc. (Denver, CO).
Mouse monoclonal anti-Rab 7 antibody was from Sigma-Aldrich (St. Louis, MO). Mouse
monoclonal AP5 B3 anti LIBS antibody was purchased from the Wisconsin Blood Center.

Activators and Inhibitors

Rapl Activator 8-Cpt-2me-cAMP was used at 50 pM and from R & D Systems
(Minneapolis, MN). Racl Inhibitor, NSC23766 was used at 100 .M and from Calbiochem
Inc. (now www.emdmillipore.com). Calpeptin (Rho activator) was used at 0.3 pM and from
Calbiochem Inc. The human recombinant form of the catalytic domain of p50RhoGAP from
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Cytskeleton Inc. (Denver, CO) was used at 2.50 pg/pl. Recombinant EGF was used at 10
nM and was from Life Technologies (Carlsbad, CA). The novel Cdc42 inhibitor
CID2950007 was used at 10 1M synthesized and characterized as previously described [6]
and can be purchased commercially as ML141.

RIPA buffer: 74 mM CaCl,, 50 mM Tris-HCI pH 7.4, 1% NP-40 (v/v), 0.5% (w/v)
deoxycholic acid, 0.1% (w/v) SDS, 1 mM sodium orthovanadate, and protease inhibitors.
HHB buffer: 7.98 g/L HEPES (Na salt), 6.43 g/L NaCl, 0.75 g/L KClI, 0.095 g/L MgCl, and
1.802 g/L glucose.

HeLa and Vero E6 cells from ATCC were plated at 2x10% cells per well in a 48-well plate,
then allowed to grow for ~48 h to medium/low confluence in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS, pen/strep, and L-glutamine in a 37°C
incubator with 5% CO».

Production of Sin Nombre Virus

SNV was propagated and titered in Vero E6 cells under strict standard operating procedures
using biosafety level 3 (BSL3) facilities and practices (CDC registration number
C20041018-0267) as previously described [11]. For preparation of UV-inactivated SNV, we
placed 100 pL of virus stock (typically 1.5-2x108 focus forming units/ml) in each well of a
96-well plate and subjected the virus to UV irradiation at 254 nm for various time intervals
(~5 mW/cm?) as described elsewhere [12]. We verified efficiency of virus inactivation by
focus assay before removing from the BSL-3 facility.

Fluorecent Labeling of SNV

The envelope membrane of hantavirus particles was stained with the lipophilic lipid probe
octadecylrhodamine (R18) and purified as previously described [12]. The typical yield of
viral preparation was 1 + 0.5x108 particles/pl in 300 il tagged with ~10,000 R18 probes/
particle or 2.7 mole % R18 probes in the envelope membrane of each particle of 192 nm
diameter average size [12]. Samples were aliquoted and stored in 0.1% HSA HHB buffer,
and used within two days of preparation and storage at 4°C. For long-term storage, small
aliquots suitable for single use were stored at —80°C.

Effector Proteins

The GST-effector chimeras consisting of the minimal GTPase binding domains (RBD) used
for the studies were as follows. PAK-1 RBD, a Racl effector and Raf-1 RBD, a RAS
effector protein were obtained from Millipore. Rhotekin-RBD, a Rho effector protein was
purchased from Cytoskeleton Inc.. RalGDS-RBD, a RAP1 effector protein was expressed
and purified from a plasmid kindly provided by Dr Burridge (UNC Chapel Hill) [13]. GST-
RILP RBD was purified as described below.

Expression and purification of GST-RILP

A plasmid encoding GST-RILP RBD was prepared by Daniel Cimino as previously
described [14]. Protein was expressed in competent E. coli BL21 cells. Cultures were grown
at 37°C to an absorbance of 0.5 O.D. measured at 595 nm and protein expression induced by
transfer to room temperature and addition of 0.2 mM isopropyl-beta-D-1-
thiogalactopyranoside (IPTG) for 16-18 h to maximize the yield of properly folded active
fusion protein. Purification of GST-RILP was performed according to standard procedures
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and as previously described [15] [16]. Briefly, the harvested bacterial cell pellet was
resuspended in cold PBS. Cells were lysed using lysozyme and a microtip sonicator
(Misonix Inc., Newtown, CT, U.S.A.). The cell lysates were mixed with 10% Triton X-100
and mixed end over end for 30 min at 4°C. Lysates were then centrifuged at 8,000 x g for 10
min to pellet the cellular debris. The supernatant was mixed with freshly prepared
Glutathione Sepharose 4B slurry and bound at 4°C for 2 h using gentle agitation to keep the
resin suspended in the lysate solution. Glutathione beads with bound protein were settled
using low speed centrifugation (500 x g) followed by multiple washes before eluting the
bound GST-tagged protein with 10 mM glutathione in 50 mM Tris -HCI elution buffer.
Eluted protein was concentrated by passing through Millipore Amplicon Ultra Tubes
(MWCO 30,000). The purified protein was quantified using the BCA protein estimation kit
(Pierce, City, State). Single use aliquots stored at =80 °C were used in the experiments.

Preparation of GSH Beads

13 pm Superdex peptide beads were derivatized with glutathione (y-glu-cys-gly or GSH) as
previously described [7; 15; 16]. 5 um Cyto-Plex " carboxylated beads (FM5CROL L=1,2,3,
.....12) dyed with graded levels (L) of red emission were purchased from Thermo Scientific
(City, State). The beads were then functionalized with glutathione as previously described
[17]. Briefly, the carboxyl functionalized beads were converted to amine reactive N-
hydroxysulfosuccinimide (Sulfo-NHS) esters using 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride (EDC or EDAC) chemistry following
protocols provided by the manufacturer (Thermo Scientific). The amino derivatized beads
were then reacted with a bifunctional chemical crosslinker succinimidyl 4-[N-
maleimidomethyl]-cyclohexane-1-carboxylate (SMCC) in order to enable subsequent
attachment of GSH. 5x10 beads were suspended in 400 I of 50mM sodium phosphate
buffer (pH 7.5) containing 0.01% Tween-20 (w/v) and mixed with 8 pul of 2000 MM SMCC
in dimethyl sulfoxide (DMSO) and incubated with mild agitation for 30 min. The beads
were centrifuged and resuspended in 360 pL of fresh buffer together with 40 I of 200mM
GSH (pH 7) and 4l of 100 mM EDTA (pH 7-8). Nitrogen was bubbled slowly through the
suspension for 5 min, the tube was capped to exclude oxygen, and the beads were gently
mixed for 30 min. The beads were washed four times and stored in single use aliquots in 30
mM HEPES (pH 7.5), 100 mM KCI, 20 mM NaCl, 1 mM EDTA, and 0.02% NaNj3 at 4°C.

Assembly of GST Effector proteins on GSH beads and GST pull-down assay

Site occupancy (6) of GSH sites on beads (limiting reagent) is regulated by the dissociation
constant Kq and concentration of free glutathione -S-transferase (GST) fused to effector
proteins, according to Equation 1 [18]:

0:([ GST]free/Kd)/(1+([ GST}free/Kd)) (1)

We relied on previous studies wherein the characteristic kinetic and equilibrium binding
constants (Kq ~ 80 nM) of GST fused to Green fluorescent protein (GFP) were documented
[7; 15; 16; 17; 19], to establish optimal stoichiometric mixtures of GSH beads and specific
GST effector fusion proteins for obtaining saturating site occupancies of the GST effector
proteins for the present work. Typical site occupancies of the beads at saturation are in the
1-4 x106 ligand sites/bead range. For example, 10,000 beads present an upper limit of
4x1019 sites or 3.3 nM in 20 pL. Incubating 800 nM (10 x Kg) of GST effector protein with
the GSH beads is expected to yield a bead site occupancy, 6, of 0.91 (or 91%). In this way,
known quantities of beads were mixed with effector proteins of known concentration at the
desired stoichiometry range, incubated with shaking for 2 h at 4 °C, centrifuged, and
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resuspended in RIPA buffer at 10,000 beads/tube. Effector-bearing beads were prepared
fresh for each experiment and kept on ice while cell lysates were prepared.

Configurations of the GTPase effector trap flow cytometry assay (G-trap)

Vero E6 or HeL a cells were plated in 48 well plates or T 75 flasks and incubated overnight
in culture media. Cells were starved for overnight in serum-free medium followed by
stimulation with activator or inhibitor at concentrations and times shown in the Results
section. After incubating cells with various inhibitors, activators, and/or SNVR18 for desired
times, cells were lysed with 100 pL ice-cold RIPA buffer. For the purposes of
standardization, a fraction of the supernatant was collected to measure protein
concentrations. Lysates were kept ice cold at all times to limit hydrolysis of active GTPases.
Lysates were sonicated briefly, and then centrifuged at 14,000 rpm for 10 min to clear the
lysate of any unlysed materials and DNA. For each effector assay, 10,000 beads were added
to 50 pg of protein in 100 pul of cell lysate in RIPA buffer. The beads and lysate were
allowed to incubate for 1 h at 4°C. After incubation, the beads were pelleted in a cold
centrifuge. The bead pellets were resuspended in RIPA buffer and incubated with a primary
monoclonal antibody for the target GTPase, with gentle shaking for 1 h. Depending on
availability, the residual lysates were collected and re-assayed for a different GTPase by
adding the appropriate effector beads. Lysates may be saved for future assays by flash
freezing in liquid nitrogen, then storing at —20°C for up to one week. To minimize reporter
antibody crosstalk, samples were split into separate fractions after lysate binding to the
multiplex bead sets and then individually probed with a reporter antibody specific for a
single target GTPase per fraction. The beads were than centrifuged and resuspended in 10%
BSA HHB buffer with an Alexa 488 secondary antibody at a 1:200 dilution for 1 h with
shaking at 4°C. Finally the beads were centrifuged once more and resuspended in 100 L
RIPA buffer for reading on the flow cytometer.

PI-PLC treatment

GLISA

To determine whether cytoskeletal remodeling was caused by the specific interaction of
SNVRI8 with DAF, Vero E6 cells were treated with phosphatidylinositol-specific
phospholipase C (PI-PLC), an enzyme known to cleave GPI- anchored proteins from cell
surfaces [20; 21]. Monolayers of Vero E6 cells plated in 8-well Lab-Tek chambers were
washed with HHB and treated with 1.0 unit of PI-PLC from Bacillus cereus (Life
Technologies, Carlshbad, CA). After incubation at 37°C for 30 min, cells were washed and
resuspended in HHB buffer and analyzed at the microscope.

Colorimetric based, commercial kits (Cytoskeleton Inc., Denver, CO) for measuring Rho
GTPase activation were used to measure SNV induced activation of Racl and RhoA in Vero
E6 cells. About 8x10* Vero E6 cells were plated in a 12-well plate in RPMI 1640 medium.
After reaching 50-60 % confluency, the media was replaced with starvation media
containing 0.5 % BSA. Cells were then serum starved for 24 h before treatment with ~10°
SNV particles at different time points. Media conditions included calcium (Ca2*), and PI-
PLC (as described above). Cells were washed with ice cold PBS and then lysed and
prepared for protein assays. Positive controls included purified Rac1-GTP and RhoA-GTP
provided in the kit and were used to quantify active GTPase levels in the cell lysates.
Negative controls included buffer-only controls, and cell lysates prepared from quiescent
control cells after serum starvation. Cell lysates were frozen, and active Racl levels were
quantified based on a p21-activated protein kinase binding assay [22], whereas active RhoA
was quantified based on a Rhotekin binding assay [23]. All assays were performed in 96-
well microtiter plates.

Anal Biochem. Author manuscript; available in PMC 2014 November 15.
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Stress Fiber Assay for RhoA activation

RhoA activation was independently confirmed by monitoring actin stress fiber formation
following calpeptin or SNV stimulation (1 pg/ml) for 30 min. Actin filaments in control and
stimulated cells were detected following paraformaldehyde (4%) fixation and Triton X-100
(0.5%) permeabilization using Alexa Fluor® 488 phalloidin (1 unit, or 0.17 uM) (Life
Technologies).

Confocal Microscopy of SNVR18

For live cell imaging of virus binding and endocytosis, Vero E6 cells were plated in 8-well
Lab-Tek chambers (Nunc) and temperature was maintained at 30°C with an objective heater
(Bioscience Tools) in appropriate buffer containing the desired cations, Ca2* or Mn2*,
which respectively confer low and high affinity states of a,3 [24]. In situ addition of
SNVR18 was performed by micropipeting an aliquot (100.L) of ~ 1x10? virus particles per
well containing ~ 1.5x10° cells in 200 ul in HBSS and mixing well by trituration with the
pipet. Confocal laser scanning microscopy was performed with Zeiss META or LSM 510
systems using 63x 1.4 oil immersion objectives as previously described [24]. Images were
collected using 2x line averaging at 3-10 s intervals, depending on imaging time, where
longer intervals were necessary to minimize photobleaching.

Results and Discussion

Configuration and General Applicability of G-trap Assay

Measurements of the activity of several GTPases in receptor-stimulated cells makes use of
micron-sized glutathione beads that are individually functionalized with GST-tagged
cognate effector protein and specific for individual target small GTPases. To simplify
bacterial expression and purification of effector proteins, only the GTPase binding domains
(RBD) are used. Effector coated beads are incubated with cell lysates that contain active,
GTP-bound Ras, Rho and Rab GTPases. The GTPases are selectively recruited to beads that
bear the cognate effector and are detected directly using fluorophore conjugated monoclonal
antibodies specific for each GTPase or indirectly using secondary antibodies with
fluorophore tags. It is important to note that the optimal signal-ratio between site occupancy
of effector beads exposed to resting and activated cell lysates is achieved by not using large
excesses of cell lysate proteins. This is because the effector beads are nominally used as
limiting reagents, and therefore can approach saturation even in the resting cell lysate. This
would obscure the accurate detection of increased activity status of GTPases in stimulated
cell lysates. Impirically, we found that 10,000 beads and 50 j.g protein in 100 pl were
optimal for each effector assay (see methods).

In multiplex configuration distinct effectors were immobilized on Cytoplex™ beads of
graded fluorescence intensities of a fluorophore with a fixed red wavelength of 700 nm [19]
(Fig 1). An extra set of effector free beads was used as a control for nonspecific binding
(e.g. L4 in Fig 1B. To assess the degree of nonspecific reporter antibody crosstalk during the
labeling step, we measured the levels of binding to unconjugated GSH beads using a mixture
of reporter antibodies for RhoA, Rac, Cdc42, H-Ras and Rapl GTPases under the following
three conditions: a) GSH beads mixed with all antibodies and measurement of the aggregate
fluorescence of nonspecifically bound antibodies (multiplex in Fig. 1D), b) individual bead
populations were treated with each antibody separately and measured separately (fraction in
Fig 1D), c) individual bead populations were treated with each antibody separately, then
combined and measured as a single mixture (mixed fraction in Fig. 1D). For the five
GTPase antibodies tested, the multiplex sample was comparable to fraction and mixed
fraction samples for the Racl, RhoA, and Rap1l antibodies but higher for Cdc42 and H-Ras
antibodies. The degree of non-specific binding depends on antibody type, batch and
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supplier. Therefore it is important for the user to be familiar with binding characteristics of
new antibody batches before using them in multiplex format. In the present application, non-
specific binding values shown in Fig. 1D, were significantly lower (=5 fold to =30 fold) than
fluorescence signals associated with resting and activated cells, depending on assay
conditions (cf Fig 2). In these circumstances errors from non-specific binding are trivial.
However, in cases were the fluorescence signals associated with specific GTPase-activity
assays are of comparable order of magnitude to nonspecific background readings (e.g.
NSC23766 or ML141 treated cells in Fig 2), it is important to modify the multiplex protocol.
This can be addressed by adopting the mixed fraction format, where multiplexed samples
that are recovered from the lysates are partitioned into fractions that correspond to the
number of target analytes, and stained separately with reporter antibodies. In the case of the
example shown in Fig 1D, Cdc42 and Rap1, may be stained with reporter antibodies as
separate fractions, while Racl, RhoA and HRas can be treated as a full multiplex. In
summary it is important for the user to be familiar with binding characteristics of antibody
batches before using them in a format of the G-trap assay that is most suitable for the
prevailing conditions.

Cdc42, Racl and RhoA are among the most well characterized members of the Rho
subfamily of GTPases. They are known for orchestrating cytoskeletal reorganization
dynamics (filamentous actin and myaosin 2) and crosstalk to antagonize each other’s
activities [25; 26; 27; 28]. The availability of specific regulators of their activity makes these
GTPases a suitable platform to test the applicability of our G-trap assay. HeLa cells were
treated with the following signaling regulators: 1) NSC23766, a specific inhibitor of Racl
interaction with its two upstream GEFs Tiam1 and Trio (Trio is also identified as a RhoA
target [29; 30]), 2) CID2950007, a novel Cdc42 specific inhibitor [6] commercially sold as
ML141, and 3) calpeptin, an upstream activator of RhoA [31]. Cdc42, Racl and RhoA were
activated by adding 10 nM EGF to cells. Readings were taken at 3 min and 20 min after
stimulation. The data were corrected for nonspecific binding by subtracting the fluorescent
antibody binding to the GST-conjugated control beads from the antibody binding to GST-
effector bearing beads. EGF-stimulated cell samples were normalized to unstimulated
resting control cell samples. Data were collected 3 min (Fig. 2A, 2C) and 20 min (Fig. 2B
and 2D) post-EGF-stimulation. RhoA data were separately paired with Racl and Cdc42 for
ease of comparison of the putative antagonists. The activation of RhoA lagged behind both
Racl and Cdc42 activation, at 3 min and supplanted both Cdc42 and Racl at 20 min. At this
juncture it is not yet clear whether the time-dependent dominance in the relative amplitudes
of Racl and RhoA are due to their mutual antagonism. Cell treatment with the Rac1-GEF
inhibitor, NSC23766, suppressed Racl while RhoA activity was elevated relative to resting
cells. Treatment of cells with EGF and NSC23766 in combination resulted in a dramatic
activation of RhoA (>5-fold relative to resting cells) that was well above the activation of
RhoA observed following EGF-stimulation alone. Calpeptin-mediated activation of RhoA
was tested for comparison and found to be accompanied by a concomitant decrease in Racl
activity. Collectively, these data are consistent with the known mutual antagonism of Racl
and RhoA [25; 32]; wherein the inhibition of Racl is sensed and results in amplified RhoA
activity in the absense of a counteracting Racl effect. The targeted activity of NSC23766
against Racl and not RhoA suggests that Trio is not an important upstream factor for RhoA
activation under our experimental conditions. Interestingly, though Racl and Cdc42 are
believed to have partially overlapping functions in mediating the formation of actin-rich
protrusions in migrating cells [2; 33], the total inhibition of Cdc42 had no effect on RhoA
activity under our experimental conditions (Fig. 2C and 2D) as previously shown [6]. These
results suggest that under our experimental conditions, the up or downstream effector signals
associated with Cdc42 do not impinge on or regulate RhoA and vice versa. Together the
data demonstrate the power of the G-trap assay in sensitively and temporally dissecting
GTPase responses to stimuli and pharmacologic manipulation.
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Monitoring Virus-Induced GTPase Activation: Morphologic and Biochemical Assessment

Exposure of Vero EG6 cells to known titers of UV killed and fluorescently labeled SNV
particles causes cells to contract, lose cell contacts, and form filopodia, lamellipodia and
stress fibers (Fig. 3A—F). Ultimately the virus is internalized and present in Rab7 positive
late endosomes (Supplemental Note 3 and Fig. S3). Such morphological changes and
membrane trafficking events are anticipated to be associated with the changes in the
activities of multiple GTPases. Actin based structure changes are associated with Cdc42
(filopodia), Racl (lamellipodia), and RhoA (stress fiber formation and cellular contraction)
[34]. Staining for actin with Alexa Fluor 488® phalloidin, identified RhoA induced F-actin
stress fibers formed in response of treatment of resting cells with calpeptin (compare Fig. 3D
vs. 3E) were similar to the stress fibers formed in response to SNV exposure (Fig. 3F). The
ruffling observed in SNV- treated cells is similar to that seen in response to EGF-mediated
activation of Racl-dependent ruffling [35]. The loss of cell adhesion is connected to integrin
affinity regulation, which is presumed to be downstream of antagonsitic Rap1 and H-Ras
activity [36] [37]. AP-5 monoclonal antibodies recognize the PSI domain of extended
conformation activated f3 integrins at the cell surface [38] and enabled detection of the onset
of cellular detachment at the cell junctions in virus treated cells; based on poor APS5 staining
of the plasma membrane and instead a strong perinuclear substratum staining (arrows in Fig.
31). See for comparison resting and Mn2* stimulated (maximal cell surface integrin
activation) controls (Fig. 3G-H). All of the described morphologic indicators of changes in
GTPase activity prompted us to use conventional GLISAs in comparision with our G-trap
assay for monitoring the activation status of individual GTPases in SNV treated cells.

We first used GLISA assays to measure Rho GTPase activation as a function of virus
exposure time of wild-type Vero cells and cells where surface-expressed DAF was first
cleaved with PI-PLC [20] (Fig 4). Virus treatment resulted in a robust activation of first
RhoA at 3 min and subsequently Racl at 7 min with both falling to baseline levels by 30
min. After 60 min of virus exposue the levels of active GTP-Rho and -Rac fell below
baseline levels, most likely because the expression of GTP-bound Rho GTPases is regulated
by cell-cell and cell-matrix adhesion [33] [39]. In DAF-cleared cells, Racl failed to be
activated across all timepoints indicating that virus engagement of a GPI anchored receptor
such as DAF was required upstream of Racl activation. It is important to note that, the
GLISA assays were performed separately on different days using different cell lysates,
therefore the relative amplitudes of RhoA and Racl can not be accurately correlated to their
temporal responses in the same way that the G-trap data shown in Fig 2 was analyzed.

We next turned to the G-trap assay to examine the induction Rho protein activity in virus
treated Vero E6 cells. Using known Rho GTPase activators and inhibitors the assay
validation experiments (Fig 2) and results were recapitulated using permissive Vero E6 cells
(Fig S1). In virus stimulated cell lysates (Fig 5A) and analogous to the GLISA results, RhoA
activity increased = 4-fold above resting levels within 3 min post-treatment. Active Racl
levels also increased to a lesser extent at the 3 min timepoint. At the 20 min timepoint
timepoint, the activity of both GTPases decrease to baseline levels confirming the trend
documented by GLISA above (compare Fig. 4 vs. Fig. 5A). The temporal overlap in the
activation of RhoA and Racl implies that SNV binding induces signaling cascades that lie
upstream of RhoA and Rac1 activation, which mirrors what has been observed in a study on
Group B Coxsackievirus-activated cells [40]. Racl and Rho normally mutually suppress
each other’s activity in response to single stimuli as affirmed in Fig. 2 and elsewhere in the
literature [2; 25; 41]. Their apparent co-stimulation by the virus may reflect the activation of
multiple signaling cascades through sequential events with distinct spatial and temporal
characteristics [32]. This notion is further supported by the simultaneous visualization of
multiple GTPase biosensors during cell migration where surprisingly RhoA was activated
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exclusively near the cell edge connected with leading-edge advancement. In contrast, Cdc42
and Racl were activated away from the leading edge with a delay of ~ 40 seconds [25].

The potential roles of the mutually antagonistic Rapl and H-Ras downstream of SNV
signals that lead to loss in cell adhesion were also examined by G-trap assay. Beads
functionalized with effectors for Rapl (GST RalGDS-RBD) and H-Ras (Raf-1 RBD) were
used to simultaneously assay activated Rapl, and H-Ras GTPases from cell lysates of virus
treated cells (Fig. 5B). An activator of Epac/Rapl, 8-Cpt-2m-cAMP, served as a specificity
control. Activation of Rapl by 8-Cpt-2m-cAMP was readily demonstrated and as expected
decreased basal levels of H-Ras in the G-trap assay [42]. The activity of Rapl and H-Ras in
virus-activated cell lysates at 3 min and 20 min post-exposure showed that the GTPase pair
was activated sequentially, where active Rap 1 peaked within the first 3 min and
subsequently declined at 20 min. H-Ras remained low while Rapl was at its zenith,
eventually peaking at 20 min as active Rap1 was in decline. The coincidence between high
H-Ras activity and loss of cell-cell adhesion might be linked to the proclivity of H-Ras to
suppress integrin activity [43] (cf. Fig 3F).

Finally, the activation status of GTPases involved in the intracellular transport of virus
particles following internalization, were assessed by monitoring the levels of active Rab7, a
GTPase associated with early to late endosome and lysosomal transport [14; 44; 45]. Active,
GTP-bound Rab7 levels peaked 15 min following virus exposure (Fig. 5C). The timing of
maximal Rab7 coincides with the timing of fluorescently labeled SNV delivery to
perinuclear late endosomes traced by microscopy (Fig S3, Supplemental Note 3). The time
frame is also within the range reported for the delivery of other large viral cargoes to Rab7-
positive late endosomes [46; 47].

In sum, we have devised a novel, cost effective, flow cytometry-compatible, bead-based
effector-binding assay (G-trap) for rapidly monitoring the activation status of multiple
members of the Ras GTPase superfamily in cell lysates. We have validated the assay
through the use of known agonists and antagonists of individual GTPases. The study
provides previously unknown mechanistic detail about SNV induced activation of cellular
signaling to promote virus entry and transport. We have recently used a novel inhibitor to
define the involvement of Cdc42 GTPase in the lifecycle of Sin Nombre virus infection [6].
Selective pharmacological inhibitors of the active GTPases can be paired with the G-trap
assay to further define the signaling pathways that are important for regulating the lifecycles
of pathogens that rely on the same processes. In similar vein we have shown that Y27632,
the inhibitor of RhoA kinase (ROCK), blocks the loss of cell barrier function in polarized
endothelial cells and thus limits viral infection (Buranda, unpublished results). We therefore
anticipate that this approach will enable investigations into the interconnection of signaling
networks via GTPase cascades in normal cellular functions as compared to viral or bacterial
infections or other pathogenic processes.
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Figure 1. The GTPase effector trap flow cytometry assay (G-trap)

A. Plot of red fluorescence (FL4) versus sidescatter (SSC) of a set 12 of Cyto-Plex™ beads
dyed with 12 discrete levels (Lj i = 1,...12) of 700 nm fluorescence. B. Li beads are coated
with effectors for GTPase bait, some beads (e.g. L4) are not functionalized with effectors
and used as controls for non-specific binding. L; GSH beads individually coated with
specific effectors for detection of discrete active GTPase populations are added to a sample
tube containing cell lysates. As illustrated GTP-bound GTPases (P2 in schema; P2 = GDP)
are recruited to their cognate effectors immobilized on beads, while GDP-bound GTPases
remain unbound. Bead-bound active GTPase assemblies are quantified using fluorescently
labeled antibodies. In the G-trap assay, the letters a, b, ¢, d, and e identify and link effectors
to their cognate GTPases and fluorescently labeled reporter antibodies (FL1 (520 nm
emission). C. Prototypical multiplex format, electronic gates on red fluorescence (FL4)
versus side scatter (SSC) on the flow cytometer are used to select individual L; beads that
bear known analytes, after which bead associated green fluorescence reflecting bound
antibody (FL1) in each gate were measured. D. Reporter antibody cross talk was examined
to determine the significance of differential non-specific staining of cytoplex beads.
Multiplex samples were prepared by exposing GSH beads to multiple antibodies and
measuring the aggregate fluorescence of nonspecifically bound antibodies. Fraction samples
were prepared by staining, washing and measuring fluorescence of bead populations
separately. Mixed fraction samples were prepared as the fraction samples but mixed and
measured in multiplex format.
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Figure 2. G-trap Assay Validation

Serum starved Hela cells were stimulated with: 10 nM EGF to activate Racl, Cdc42, and
RhoA, 100 uM NSC23766 to suppress Racl activity, 10 M ML141 to inhibit Cdc42, 1 uM
Calpeptin (clptn) to activate RhoA,. Control samples (rest and non-cognate GSH effector
beads) were mock-treated with 0.1% DMSO to account for compound solvent. A.
Nonspecific binding-corrected plot of fold change (relative to resting cells) in median
channel fluorescence (MCF) flow cytometer readings corresponding to changes in active
Racl and RhoA in cells treated with EGF as indicated in panel. NSC refers to resting cells
treated with NSC23766. EGF-NSC refers to cells treated with NSC23766 (1 h) and then
EGF stimulated (3 min) before analysis of cell lysates for activated GTPases by flow
cytometry. B. Data were collected after 20 min of EGF stimulation where applicable, all
other condtions are the same as Panel A. C. Conditions as in Panel A measuring changes in
active Cdc42 and RhoA. ML141 or CID2950007 served as the Cdc42 specific inhibitor. D.
Conditions as in Panel B with applicable changes for Cdc42. The errors represent standard
deviation of 3 independent experiments measured in duplicate each time. ** P<0.001 for all
data compared to resting (rest) cells.
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Figure 3.

UV-killed SNVRI8 induces vigorous remodeling of the actin cytoskeleton of Vero E6 cells,
causing loss of cell adhesion. Confocal microscopy images of resting Vero E6 monolayers
transiently transfected with the cell adhesion marker, paxillin GFP. Individual cells are
outlined. A. Cells designated 1 and 2 before virus exposure are also defined by their surface
area. The white square was included as size reference for cell 1. B. After 15 min exposure to
10,000 SNVR8 particles/cell the size of reference cell 1 is decreased relative to the
rectangular marker. C. Time lapse frame taken 42 min after cells were exposed SNVR18
shows how cells 1 and 2 shrank in size and lost cell adhesion to each other and the coverslip.
Arrows mark broken cell-cell junctions. D. Resting Vero E6 cells stained for actin with
Alexa Fluor 488® phalloidin. E. RhoA induced F-actin stress fibers are shown 15 min
activation with calpeptin and F. after SNV treatment. G. Resting Vero cells stained with
integrin affinity sensitive AP-5 antibodies. H. Increased AP-5 staining in Mn?* activated
cells. I. Detection of differential activation of 3 integrins at the perinuclear and peripheral
regions of Vero cells using AP5 antibodies. Arrows mark broken cell-cell junctions (see Fig.
S2 for relative quantitative limits of AP-5 staining in resting and integrin activated cells).
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Figure4. SNV inducesincreasein GTP-bound Rho GTPaselevelsin Vero E6 cells

Bar graph shows GLISAs measuring kinetics of adhesion-dependent Rho protein (Racl and
Cdc42) activation. PI-PLC-treated cells were cleared of DAF surface expression, a receptor
for virus binding. Serum starved cells were stimulated with SNV particles as described in
the methods and compared with unstimulated cells (0 min). Control cells were mock-treated
with media to account for virus diluent. After cell lysis, the amounts of active Racl and
RhoA were quantified based on p21-activated protein kinase or Rhotekin binding by GLISA
respectively. The error bars represent the standard deviation of three independent
measurements.

Anal Biochem. Author manuscript; available in PMC 2014 November 15.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Page 17

JA'Q 5 s
c 4f 3k [CJRac1
© ElRhoA
o 3f
c
£ 2f
5
1.
=Sinl Bl Bsl |
L rest 3min 20min
B .
- Il Rap1 [_JHRAS
25 Pl sk
c4r 3k
gﬂ.
&
5
"I1] i
O
il M
Rest cAMP 3 min 20 min
™
Co 25 mmranz,,
c 2.0
15
<
g 1.0
= 0.5
S 0.0

0 10 15 30 60
Time (min)

Figure5.

SNV induces the activity of several GTPases in VVero E6 cells. A. Vero E6 cells were serum
starved for 24 h and treated with 10,000 SNVR18/cell. Active Racl and RhoA were detected
in cell lysates at 3 min and 20 min after virus exposure using PAK1 and Rhotekin beads,
respectively.. The errors represent standard deviations in 3 separate measurements. C. Rapl
and H-Ras were sequentially activated by SNVVR18 in Vero E6 cells. Vero E6 cells were
serum starved for 24 h and treated with 10,000 SNVR8/cell. Active Rap1 and H-Ras were
measured on Ral and Raf-functionalized beads, respectively, at 3 and 20 min after virus
exposure. Cells were treated with the cAMP analog 8-pCPT-2’-O-methyl-cAMP (O-Me-
cAMP), which stimulates the Epac/Rap1 pathway as a specificity control. Error bars
represent standard deviations 3 separate measurements. D. Rab7 is activated in response to
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SNV exposure. Cell lysates prepared at varying timepoints (0—60 min) following SNV
exposure were analyzed for the presence of active Rab7 using RILP functionalized beads.
Error bars represent 3 separate measurements. ** P<0.001 for all data compared to resting
(rest) cells.
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