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ABSTRACT

A method is described for the quantitative analysis of protein-protein interactions using
the ßow cytometry protein interaction assay (FCPIA). This method is based upon im-
mobilizing protein on a polystyrene bead, incubating these beads with a ßuorescently
labeled binding partner, and assessing the sample for bead-associated ßuorescence in a
ßow cytometer. This method can be used to calculate protein-protein interaction afÞni-
ties or to perform competition experiments with unlabeled binding partners or small
molecules. Examples described in this protocol highlight the use of this assay in the
quantiÞcation of the afÞnity of binding partners of the regulator of G-protein signaling
protein, RGS19, in either a saturation or a competition format. An adaptation of this
method that is compatible for high-throughput screening is also provided. Curr. Protoc.
Cytom. 51:13.11.1-13.11.15. C© 2010 by John Wiley & Sons, Inc.
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INTRODUCTION

Nearly all biological processes utilize a protein-protein interaction (PPI) at some level.
As our understanding of cellular processes evolves, it has become clear that a thorough
understanding of how two or more proteins interact in a functional manner is a crit-
ical factor in determining the fundamental mechanisms governing cellular processes.
Due to the importance of protein-protein interactions in biology, a number of meth-
ods have been developed to study the nature of these binding events in vitro. These
methods fall generally into one of three classes: solution-phase methods [e.g., ßuores-
cence polarization, intrinsic ßuorescence changes, ßuorescence resonance energy trans-
fer (FRET)/ßuorescence quenching, isothermal calorimetry, nuclear magnetic resonance
(NMR)]; cell-based methods [e.g., bioluminescence resonance energy transfer (BRET)
reporters, split luciferase reporters, yeast/mammalian two hybrid, beta-galactosidase
complementation assays]; and solid-surface methods (e.g., co-immunoprecipitation, sur-
face plasmon resonance). Many of these methods are based upon studying the interaction
between two or more recombinantly expressed and puriÞed proteins. These approaches,
including the methodology being presented here, have proven to be extremely valuable
tools in the study of PPIs. The method described here has signiÞcant advantages over
these more traditional tools, especially for the quantiÞcation of PPI afÞnities and in the
development of small molecule protein-protein interaction inhibitors.
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Figure 13.11.1 Schematic of FCPIA approach. Avidin-coated microspheres are labeled with biotinylated RGS proteins.
The immobilized RGS proteins are incubated with Alexa Fluor-532-labeled Gαo. The ability of small molecules or competing
unlabeled RGS proteins to inhibit this interaction can be characterized by their ability to diminish bead-associated Alexa
Fluor-532 fluorescence. The assay can be expanded by labeling distinctly identifiable beads (e.g., Luminex bead regions)
with different RGS proteins and performing the experiment in a multiplex format.

This unit describes a method for the quantitative analysis of protein-protein interactions
using the ßow cytometry protein-protein interaction assay (FCPIA; Fig. 13.11.1). This
methodology is based upon immobilizing a binding partner (target) to polystyrene beads
and incubating these beads in a solution of a ßuorescently labeled binding partner (re-
porter) in the presence or absence of competitors. This method can be used to characterize
a variety of protein-protein interactions (Sarvazyan et al., 1998; Sklar et al., 2002; Simons
et al., 2003) and to identify or characterize inhibitors of these binding events (Simons
et al., 2003; Roman et al., 2007; Roof et al., 2008), even in a high throughput manner [see
Roman et al. (2007) and Alternate Protocol 1]. This assay has been designed primarily
for use with puriÞed and chemically labeled proteins, but has also been adapted for use
with cell lysates and other complex biological mixtures (Buranda et al., 2009).

The protein-protein interaction upon which most of our work with this protocol is based
is that of the interaction between a regulator of G protein signaling (RGS) and a het-
erotrimeric G protein α subunit (Gα). RGS proteins are potent negative modulators
of G protein signaling (Berman et al., 1996; Neubig and Siderovski, 2002; Blazer and
Neubig, 2008). They function by binding to the active (GTP-bound) form of Gα sub-
units and inducing a conformational change in the G protein that accelerates the rate
of GTP hydrolysis (Berman et al., 1996). This interaction is heavily dependent upon
the nucleotide-bound state of the G protein, whereby the RGS protein binds weakly
(Kd >1 μM) to the guanosine diphosphate (GDP) state, but binds with high afÞnity
(Kd∼ 1 to 10 nM) to the GDP-aluminum ßuoride state (Fig. 13.11.2). In this confor-
mation, the aluminum ßuoride complex sits in a planar conÞguration in the gamma
phosphate-binding site on the G protein. It has been proposed that this conformation is
similar in nature to the transition state of GTP hydrolysis (Berman et al., 1996). The
strong dependence on aluminum ßuoride for the RGS-Gα interaction will be used as a
means to differentiate between speciÞc and nonspeciÞc binding for this particular PPI.
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Figure 13.11.2 Saturation of RGS19 binding to Gαo in the presence or absence of GDP, aluminum fluoride, and mag-
nesium. Nonspecific binding is defined by residual affinity of RGS19 for Gαo-GDP in the absence of aluminum fluoride
(−AMF). As can be observed, the interaction between RGS19 and Gαo binding is dependent on aluminum fluoride and is
of high affinity (Kd ∼ 12 nM).

This assay is applicable to the study of many PPIs other than the RGS-Gα interaction.
In the nervous system, PDZ domain containing proteins are important scaffolds for
signaling systems, especially in the post-synaptic density. One particular PDZ domain
containing protein, G alpha interacting protein C-terminus (GIPC), has been suggested
to be important in localizing RGS19 to the D2 and D3, but not D4 dopamine receptor
(Jeanneteau et al., 2004a,b). We have quantiÞed the afÞnity of GIPC for RGS19 using
this method (Fig. 13.11.3). Furthermore, we show that the afÞnity is independent of
which protein is the �target� protein (e.g., the immobilized protein on the bead). To
conÞrm that the nonstereotypical PDZ motif on the C-terminus of RGS19 (QSSEA) is
the predominant motif required for the GIPC-RGS19 interaction, a mutant of RGS19
with a C-terminal truncation of the last 11 amino acids (including the PDZ ligand)
was generated. This mutant protein is incapable of competing with wild-type RGS19 for
binding to ßuorescently labeled GIPC, suggesting that the PDZmotif is indeed necessary
for the GIPC-RGS19 interaction. The observation that GIPC and RGS19 interact in a
PDZ-dependent manner provides further evidence that GIPC may function as a scaffold
for RGS19. For this set of experiments, a competition format was particularly useful.
Unlike a saturation experiment, the competition experiment directly compares the ability
of two proteins to compete for the binding of the reporter protein, as opposed to trying
to measure weak or non-existent binding of a PDZ ligand-deÞcient RGS19 to GIPC.

This assay is also useful for the rapid screening of hybridoma clones in the development
of monoclonal antibodies. This method is useful in clone screening because it is easily
multiplexed, allowing for the study of the antigenic target and several related targets
in a single well. The ability to screen for antigenic speciÞcity earlier in the hybridoma
screening reduces both the number of clones for follow up and the time required to
identify the optimal clone. To prove this concept, we generated hybridomas from mice
that had been immunized with RGS19 and screened these clones for the ability to
selectively bind RGS19 over several other related RGS proteins in a multiplexed manner
using<50 μl of culture supernatant (Fig. 13.11.4). This was performed by immobilizing
RGS proteins or the fusion protein with which the antigen was originally expressed
(maltose binding protein; MBP) on the bead. The beads were then incubated with a
small volume of hybridoma supernatant and an excess of phycoerythrin (PE) labeled
anti�mouse IgG. MBP was included as a control because the RGS19 was expressed and
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Figure 13.11.3 Characterization of the RGS19-GIPC protein-protein interaction. Saturation of RGS19 binding to GIPC is
independent of which protein is immobilized on the bead. (A) Saturation of biotinylated RGS19 by Alexa Fluor-532-labeled
GIPC. (B) Saturation of biotinylated GIPC by Alexa Fluor-532-labeled RGS19. Notice that there is no difference in Kd

or Bmax. (C) Immobilized wild-type RGS19 is competed by unlabeled wild-type but not �PDZ RGS19 (dc11RGS19) for
binding to Alexa Fluor-532-labeled GIPC. Deletion of the PDZ domain abolishes the affinity of the wild-type RGS19.
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Figure 13.11.4 Multiplexed flow cytometry analysis during monoclonal antibody development. (A) Multiplexed titer anal-
ysis of sera from a representative mouse challenged with RGS19. (B) Representative single-point multiplexed hybridoma
screening on 74 clones derived from the mouse in panel A. Notice the high specificity for the target antigen (RGS19) over
MBP or RGS4-MBP fusion protein. This method allows a large number of hybridomas (>200) to be screened in a single
day for antigenic specificity.

puriÞed as an MBP fusion protein. The MBP tag was proteolytically cleaved from the
RGS and puriÞed away before mice were immunized, but there was still the potential for
low levels of contamination of the antigen with this bacterial protein.

The FCPIAmethodology described in this unit is applicable to the study of many protein-
protein interactions. It is amenable to the multiplexing of several target proteins for the
binding to a single reporter, saving both time and reagents. The main limitation of this
approach is the apparent afÞnity limitations that we have observed. PPIs with Kd values
weaker than 1 μM or so have been difÞcult to resolve using this method.

CHARACTERIZING PROTEIN-PROTEIN BINDING USING THE FLOW
CYTOMETRY PROTEIN-PROTEIN INTERACTION ASSAY

Avidin-coated polystyrene beads are saturated with a puriÞed and biotinylated binding
partner and incubated in varying amountswith a puriÞedAlexa Fluor-532-labeled binding
partner. After equilibration, bead-associated ßuorescence is measured by ßow cytometry.
This application is easily multiplexed by using optically encoded beads, which are
commercially available from a variety of sources, and a suitable ßow cytometer (reviewed
in UNIT 13.8), allowing for simultaneous detection of reporter protein interactions with
multiple targets.
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BASIC
PROTOCOL 1

SATURATION ANALYSIS OF BIOTIN-RGS WITH ALEXA FLUOR532-GααO

This protocol is designed to measure the saturatable, aluminum ßuoride�dependent
binding of Gαo to RGS4. This assay requires 32 wells on a 96-well plate, 16 for dilutions
of Gαo in the presence of AMF and 16 for dilutions of Gαo in the absence of AMF. The
latter provides a measure of nonspeciÞc binding and it is considered background (Roman
at al., 2007; Shankaranarayanan et al., 2008).

Materials

LumAvidin polystyrene beads (L100-Lxxx-01, where the �xxx� represents the
bead region)

Bead coupling buffer (BCB; see recipe)
Biotinylated RGS protein (see Support Protocol 1)
Flow buffer (FB; see recipe)
Alexa Fluor532-conjugated Gαo (see Support Protocol 2)
50 μM aluminum chloride, aqueous
50 mM magnesium chloride, aqueous
50 mM sodium ßuoride, aqueous

1.5-ml microcentrifuge tubes
Microcentrifuge, preferably Þxed-angle rotor
Vortex
Full-skirted 96-well polypropylene PCR plate (ISC Bioexpress, cat. no. T-3082-1)
Multichannel pipet
Aluminum foil
Luminex 200 ßow cytometer (Luminex)

1. Add 60,000 LumAvidin beads to 1 ml of BCB in a 1.5-ml microcentrifuge tube.
Pellet the beads by centrifuging 1 min at 5000 × g, 4◦C, in a microcentrifuge.
Remove the supernatant and resuspend the pellet in 1 ml BCB. Repeat this washing
procedure with 1 ml of BCB for a total of three washes.

As with most bead-based assays, it is important not to disrupt the pellet during aspiration
of the supernatant.

2. Resuspend the beads in 200 μl BCB and vortex to disperse the pellet.

If necessary, light sonication in a bath sonicator may be used to ensure a monodisperse
population of beads.

3. Add 25 to 100 pmol of biotinylated RGS protein to the beads and incubate 30 min
at room temperature in the dark, mixing occasionally.

Gentle rotation or rocking may assist in bead coupling.

Since the bead binding capacity is very low (∼fmol), the total amount of bead-bound target
protein in the well will be very low compared to that of Gαo, justifying the assumptions
required for the standard nonlinear saturation curve analysis using total added ligand,
even at low concentrations of Gαo.

4. Wash the beads three times with BCB (see step 1) to remove nonspeciÞcally bound
target. Resuspend the beads in 2 ml FB and disperse the beads by vortexing.

5. Prepare the Alexa Fluor532-Gαo working dilutions by diluting the stock to 2 μM
in 250 μl of FB or 250 μl of FB + 5 μM AlCl3, 5 mM NaF, 5 mM MgCl2 (AMF).
Allow the Gαo to incubate for 10 min at room temperature to allow full incorporation
of aluminum ßuoride into the protein.

The solubility of these salts is limited in FB; therefore, it is important to prepare a fresh
dilution of salts from a stock solution in water for each experiment.
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Alexa Fluor532-Gαo is light sensitive. It is important to limit the light exposure of the
working and stock solutions using opaque tubes and prudent laboratory technique.

6. Add 100 μl aluminum ßuoride�activated Alexa Fluor532-Gαo to well A1 and A2
of a full-skirted PCR plate. Add 100 μl of unactivated Alexa Fluor532-Gαo to well
A3 and A4.

7. Add 50 μl of FB+AMF to wells B1-H1 and B2-H2. Add 50 μl of FB without AMF
to wells B3-H3 and B4-H4.

8. Serially dilute the Alexa Fluor532-Gαo down the columns of the plate with a mul-
tichannel pipet by transferring 50 μl of the solution from the previous well and
thoroughly mixing. All wells should be left with 50 μl of solution with two-fold
serial dilutions. Discard the remaining 50 μl.

9. Add 50 μl of the beads to all wells in columns 1 to 4 of the assay plate.

The Þnal volume in the well should be 100 μl, making the highest concentration of Gαo in
the assay 1 μM. For PPIs with weak afÞnity, this maximal concentration can be changed
as needed, though much lower afÞnity interactions (e.g., Kd >1 to 10μM) may be difÞcult
to detect by FCPIA.

10. Cover the plate with aluminum foil and incubate 30 min at room temperature.

11. Analyze the plate in the Luminex 200 ßow cytometer, collecting at least 100 events
per well. For analysis, data should be consolidated into median ßuorescence values
for each bead set per well.

This assay is compatible with any standard ßow cytometer. The Luminex instrument
provides the advantage of having predeÞned gating regions for their proprietary beadsets.
If a standard cytometer is used, it is important to use appropriate gating to ensure that
only data from monodisperse beads are included.

BASIC
PROTOCOL 2

FCPIA COMPETITION ASSAY

It is often desirable to study the inhibition of a PPI by small molecules or competing
proteins. This protocol provides a method to determine the inhibitory activity of a com-
petitor (small molecule or protein) on the formation of the Gαo-RGS PPI. This method
can be easily modiÞed for single point high-throughput screening (Roman et al., 2007,
2009; also see Basic Protocol 3).

Materials

LumAvidin polystyrene beads (L100-Lxxx-01, where the �xxx� represents the
bead region)

Bead coupling buffer (BCB; see recipe)
Biotinylated RGS protein (see Support Protocol 1)
Flow buffer (FB; see recipe)
Compound or competing protein (e.g., unlabeled RGS protein)
Alexa Fluor532-conjugated Gαo (see Support Protocol 2)
50 μM aluminum chloride, aqueous
50 mM magnesium chloride, aqueous
50 mM sodium ßuoride, aqueous

1.5-ml microcentrifuge tubes
Microcentrifuge, preferably Þxed-angle rotor
Vortex
Multichannel pipette orMultidrop micro reagent dispenser (Thermo-Fisher)
Luminex 200 ßow cytometer (Luminex)
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1. Wash 150,000 LumAvidin beads three times, each time with 1 ml of BCB in a 1.5-ml
microcentrifuge tube. Pellet the beads by centrifuging 1 min at 5000 × g, 4◦C,
in a microcentrifuge. Resuspend the beads in 200 μl BCB and vortex to ensure a
monodisperse population of beads.

This amount of beads provides enough labeled beads to Þll a whole 96-well plate. It is
often sufÞcient to use between 1000 to 3000 beads per well, so this assay can be scaled
accordingly to your needs.

Light sonication may also assist in dispersing beads.

2. Add 50 to 200 pmol biotinylated RGS protein to the bead solution, mix, and incubate
for 30 min at room temperature protected from light. Mix occasionally throughout
the incubation.

3. Wash the beads three times, each time with 1 ml BCB (see step 1) and resuspend the
pellet in 2 ml FB.

4. Add 50 μl of FB to all wells on the plate except for row A and row H.

5. Dilute the compound or competing protein to 2× the Þnal desired highest concen-
tration in the serial dilution series. Make 200 μl of this solution.

When testing a small molecule inhibitor in the RGS-Gαo FCPIA assay, the highest
concentration of compound used is often determined by its solubility. If the competitor
is an unlabeled RGS protein, a top concentration of 1 μM is sufÞcient due to the high
afÞnity (Kd ∼ nM) of RGS proteins for Gαo-GDP/AMF.

6. Serially dilute the working dilution of the compound or competing protein down the
plate in 1/2 log steps by adding 73.1 μl of the diluted competitor to the wells in row
A. Transfer 23.1 μl down the plate through row G, mixing thoroughly. Discard the
remaining 23.1 μl. Reserve the bottom row of the plate for positive and negative
controls.

Usually duplicate samples are sufÞcient, allowing up to six competitors to be tested per
96-well plate.

7. Add an excess of competitor (or some known inhibitor) to six of the twelve wells in
row H. This will be your positive control. For a negative control (e.g., total binding),
add vehicle to the other six wells.

8. Using a multichannel pipet or multidrop liquid handling unit, add 20 μl of the beads
to every well of the plate, including control wells. This will provide 1500 beads per
well.

If a pretreatment of the RGS with compound is desired, a 15-min incubation may be added
at this point.

9. Dilute Alexa Fluor532-Gαo stock to 30 nM in a Þnal volume of FB+AMF. Allow
the Gαo to activate for 10 min at room temperature in the dark.

Depending on the afÞnity of your PPI and the activity of your proteins, this concentration
may need to be varied. Based upon your saturation data (see Basic Protocol 1), it is
preferable to choose a Þnal concentration of the Gαo that provides between 50% and
90% of the maximal response (Bmax) in a saturation assay.

10. Add 30 μl of the activated AlexaFluor532-Gαo (from step 9) to every well on the
plate using a multichannel pipet or multidrop liquid handling unit. Incubate 30 min
at room temperature, shielded from light.

11. Analyze the experiment on a Luminex 200 ßow cytometer, collecting at least 100
events/well.
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BASIC
PROTOCOL 3

HIGH-THROUGHPUT SCREENINGWITH FCPIA

This protocol is a single-point version of the competition experiment described in Basic
Protocol 2 that has been optimized for high-throughput screening. This method has been
scaled to a 384-well format and, like all protocols described in this unit, is amenable to
multiplexing. Using a method very similar to the one presented here, we have screened
over 200,000 small molecules using several multiplexed assays to identify inhibitors of
Gαo binding to RGS4, RGS19, RGS16, RGS7, and RGS8 both in our laboratory, in
collaboration with the Center for Chemical Genomics at the University of Michigan and
in collaboration with the Molecular Library Probe Screening Network (MLPCN) at the
University of New Mexico (Roman et al., 2007, 2009; MLPCN screening IDs: 1423,
1415, 1439-41). For simplicity, this assay has been scaled to ten whole 384-well plates.
The reader will notice that the ßuorescent label on the Gαo has been changed to Alexa
Fluor-488 for this application. The sole purpose for this was to allow for data acquisition
using the standard blue laser available in most cytometers.

Materials

SPHERO streptavidin-coated particles, 5- to 5.9-μm diameter (Spherotech,
SVP-50-5)

Bead coupling buffer (BCB; see recipe)
Biotinylated RGS protein (see Support Protocol 1)
Flow buffer (FB; see recipe)
Test or library compounds
Alexa Fluor-532-conjugated Gαo (see Support Protocol 2)
50 μM aluminum chloride, aqueous
50 mM magnesium chloride, aqueous
50 mM sodium ßuoride, aqueous

1.5-ml microcentrifuge tubes
Microcentrifuge, preferably with a Þxed-angle rotor
Vortex mixer
Multidrop micro reagent dispenser (Thermo-Fisher)
Low volume, nonstick, black 384-well plate (Corning, cat. no. 3676)
HyperCyt liquid sampling unit (IntelliCyt)
Accuri C6 cytometer (Accuri Cytometers)
HyperView software

1. Wash 4.24 × 107 SPHERO beads three times, each time with 1 ml of BCB in a
1.5-ml microcentrifuge tube. Pellet the beads by centrifuging 1 min at 5000 × g,
4◦C, in a microcentrifuge. Resuspend the beads in 1.5 ml of BCB and vortex to
ensure a monodisperse population of beads.

This amount of beads provides enough labeled beads to Þll ten 384-well plates at 5000
beads per well with several milliliters excess for the dead volume in the Multidrop micro
reagent dispenser.

2. Add 250 pmol of biotinylated RGS protein to the bead population and incubate
30 min at ambient temperature.

Since the SPHERO beads tend to sink more rapidly than the LumAvidin beads used in
the previous protocols, it is advisable to gently mix the beads several times during the
labeling process.

3. Wash beads three times, each time in 1 ml BCB and resuspend the beads in 42 ml
FB.

This dilution will provide 5000 beads/10 μl.
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4. Using the Multidrop micro reagent dispenser, dispense 10 μl of the beads into every
well of a 384-well plate.

5. Add test or library compounds at desired concentration to columns 3 to 22. Allow
the compounds to incubate with the protein-bound beads for 30 min.

Columns 1 and 2 are reserved for positive control wells (Gαo in the absence of AMF).

Columns 23 and 24 are reserved as negative control wells (Gαo in the presence of AMF).

The DMSO concentration should not exceed 2% of the assay volume.

6. Activate the Gαo by adding 2.34 nmol Gαo to 45 ml of FB+AMF. For the positive
control, add 240 pmol Gαo to 8 ml FB without AMF. Incubate Gαo in the dark for
10 min before use to allow AMF incorporation.

While not commonly observed, loss of the Gαo binding signal can be observed over time.
If this occurs, multiple small batches of activated Gαo (e.g., enough for 2 to 5 plates) can
be made.

7. Using the Multidrop micro reagent dispenser, add 10 μl of activated Gαo in FB
without AMF to columns 1 and 2 for the positive control. Add 10 μl of the activated
Gαo in FB+AMF to the remaining columns (3 to 24). Allow the plates to incubate
40 min at room temperature in the dark.

8. Analyze the plate by aspirating samples through the HyperCyt liquid sampling unit
and measuring the bead-associated ßuorescence with the Accuri C6 ßow cytometer.

An entire plate is sampled and analyzed in one continuous acquisition and the data is
exported in one Þle to be analyzed by the HyperView software.

Since the HyperCyt automated liquid sampler continuously aspirates during collection,
samples from every well are separated by the air bubble that forms during probemovement
between wells. As these samples are fed into the ßow cytometer, bursts of bead events are
observed and can be correlated to a particular well from the sample plate.

The settings for both instruments (sip time, pump speed, ßow rate, etc.) need to be
optimized prior to analysis to ensure proper sample separation through the tubing from
the liquid handling unit to the ßow cytometer.

9. View and analyze the data using the HyperView software.

The raw data should be gated on forward/side scattering to eliminate bead aggregates
and to identify bead regions. The number of events within the gate is plotted against
acquisition time to apply bins to deÞne each of the 384 wells. The median FL1-H value,
corresponding to the amount of bound Alexa Fluor-488 Gαo, for each well is calculated
by the software based on the bins determined.

The binning can potentially be double-checked by observing the extra time gap at the
end of a column or row depending on the set-up of the sampling order of the plate wells.
Different sampling templates are available, as well as options for a rinse after a desired
number of samples through the HyperView software. This provides further conÞdence in
correct binning and less carryover between wells.

10. Compare individual compound data points to the positive and negative control wells
to calculate a percent inhibition. After screening the small molecule library, select
potential lead compounds for follow-up dose response experiments based upon this
percent inhibition value.

An alternative approach to identifying lead compounds is to use the number of standard
deviations a test compound is away from the negative control as a measure of inhibitory
activity.
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SUPPORT
PROTOCOL 1

BIOTINYLATION OF RGS PROTEIN

This protocol is a general method for biotinylating RGS proteins, although it is generally
applicable to most puriÞed protein samples that contain solvent exposed primary amines
(e.g., lysine residues or unmodiÞed N-terminus).

Materials

1 to 10 mg of puriÞed protein, preferably >90% homogeneous
Reaction buffer: 50 mM HEPES, pH 9.0, at 4◦C, 250 mM NaCl, 5% glycerol
supplemented with 1 mM tris(2-carboxyethyl)phosphine (TCEP)

N-hydroxysuccidimyl ester-biotin (NHS-biotin; Sigma-Aldrich, cat. no. B2643)
Dimethyl sulfoxide (DMSO)
1 M glycine (MP Biomedicals, cat. no. 808831) in 1 M HEPES, pH 9.0, at 4◦C
Storage buffer: 50 mM HEPES, pH 7.4, at 4◦C, 250 mM NaCl, 5% glycerol
supplemented with 1 mM tris(2-carboxyethyl)phosphine (TCEP)

10-ml Sephadex G25 gel Þltration column (essentially any standard desalting
column can be used)

Amicon Ultra centrifugal concentrators (MWCO, 10,000; Millipore, cat. no.
UFC901096)

1. Exchange protein into reaction buffer by gel Þltration.

This is a critical step, especially if the buffer in which the protein is stored contains
primary amines (e.g., TRIS buffers), which will compete with the protein for the label.

Most RGS proteins are readily obtained through recombinant expression in E. coli
(Berman et al., 1996; Roof et al., 2006; Roman et al., 2007). The only notable exception
to this is RGS9.

2. Concentrate the protein, if necessary, to 2 to 8 mg/ml.

Concentrate the protein using an Amicon Ultra centrifugal concentrator, per the manu-
facturer�s instructions.

3. Dissolve 1 mg of NHS-biotin to 50 mM in DMSO.

4. Add a 3- to 5-fold molar excess of the NHS-biotin to the protein solution, being sure
to add the DMSO slowly while swirling the tube.

This ensures that no local precipitation of the protein occurs upon addition of the organic
solvent.

It is important to keep the DSMO concentration below 2% to ensure protein stability.

5. Allow the reaction to proceed 2 hr at 4◦C in the dark while gently shaking.

6. Quench the reaction by adding an excess of glycine to the tube.

A 5- to 10-fold molar excess of glycine to label is sufÞcient.

7. Purify the protein by gel Þltration into storage buffer.

8. Concentrate protein to>30 μM using an Amicon Ultra centrifugal concentrator and
store in small aliquots (10 μl) at −80◦C.

9. Test the function of labeled RGS protein.

This may be done by directly testing the ability of the labeled RGS to bind Gαo using
Basic Protocol 1 or by using the single turnover GAP assay as described (Roof et al.,
2006).
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SUPPORT
PROTOCOL 2

ALEXA FLUOR532 LABELING OF GααO

This protocol is a general method for ßuorescently labeling Gαo, although it is generally
applicable to most puriÞed protein samples that contain solvent exposed thiols (e.g.,
cysteine residues). This protocol is identical for labeling Gαo with Alexa Fluor488.

Materials

1 to 10 mg of puriÞed Gαo, preferably >90% homogeneous
Tris(2-carboxyethyl)phosphine (TCEP)
Reaction buffer: 50 mM HEPES, pH 7.4, at 4◦C, 250 mM NaCl, 5% glycerol,
supplemented with 10 μM guanosine diphosphate (GDP)

AlexaFluor532 maleimide, 1 mg (Invitrogen, cat. no. A10255)
Dimethyl sulfoxide (DMSO)
1 M dithiothreitol (powdered DTT), aqueous
Storage buffer: 50 mM HEPES, pH 7.4, at 4◦C, 250 mM NaCl, 5% glycerol
supplemented with 1 mM TCEP and 10 μM GDP

Amicon ultra centrifugal concentrators (MWCO, 10,000; Millipore, cat. no.
UFC901096)

10 ml Sephadex G25 gel Þltration column (essentially any standard desalting
column can be used)

Spectrophotometer

1. Treat protein with a ten-fold molar excess of TCEP for 10 min on ice to ensure
complete reduction of solvent accessible thiols.

Gαo is readily obtained from recombinant expression in E. coli (Lee et al., 1994).

2. Exchange protein into reaction buffer by gel Þltration.

3. Concentrate the protein, if necessary, to 2 to 8 mg/ml.

Concentrate the protein using an Amicon Ultra centrifugal concentrator, per the manu-
facturer�s instructions.

4. Dissolve 1 mg of Alexa Fluor-532 maleimide to 20 mM in DMSO.

5. Add a 3- to 5-fold molar excess of the Alexa Fluor-532 maleimide to the protein
solution, being sure to add the DMSO slowly while swirling the tube.

This ensures that no local precipitation of the protein occurs upon addition of the organic
solvent.

It is important to keep the DSMO concentration below 2% Þnal concentration to ensure
protein stability.

This labeling could also be performed on primary amines (e.g., ε-amines on lysine and
free N-termini) using an amine reactive ßuor, but GDP should be removed from the buffer.
Removal of GDP will affect Gαo stability, so thiol labeling is recommended.

6. Allow the reaction to proceed 2 hr at 4◦C in the dark while gently shaking.

7. Quench the reaction by adding an excess of dithiothreitol to the tube.

A 5- to 10-fold molar excess of DTT to label is sufÞcient.

8. Purify the protein by gel Þltration into storage buffer.

9. Concentrate protein to >30 μM using an Amicon ultra centrifugal concentrator.
Store in 10-μl aliquots up to 1 year at −80◦C.

10. Determine the activity and concentration of Gαo by [
35S]GTPγS binding and/or by

spectrophotometric analysis (A280).

Determining label incorporation can also be done spectrophotometrically, per the product
insert provided with the Alexa Fluor-532 label.
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REAGENTS AND SOLUTIONS
Use deionized, distilled water in all recipes and protocol steps. For common stock solutions, see
APPENDIX 2A; for suppliers, see SUPPLIERS APPENDIX.

Bead coupling buffer (BCB)

Phosphate-buffered saline (PBS; APPENDIX 2A), pH 7.4, supplemented with 1%
bovine serum albumin (BSA) and sterile Þltered through a 0.22-μm Þlter to re-
move particulates that might be detected in the ßow cytometer. Store in 50-ml
aliquots up to 6 months at −20◦C.

Flow buffer (FB)

Combine 50 mM HEPES, pH 8.0, at ambient temperature (pH adjusted with 10 N
NaOH), 100 mM NaCl, 0.1% Lubrol PX, supplemented with 1% bovine serum
albumin (BSA) and sterile Þltered through a 0.22-μm Þlter. If the experiment
involves Gα subunits, supplement this buffer with 10 μMGDP immediately before
use. Store in 50-ml aliquots up to 6 months at −20◦C

The BSA and detergent concentrations have been optimized to reduce nonspeciÞc binding
of the RGS-Gα binding pair and may need to be optimized for each PPIs.

COMMENTARY

Background Information
A number of methods have been devel-

oped to quantitatively assess the binding of
two proteins. The FCPIA approach is gener-
ally applicable to the study of PPIs. We have
tailored this approach to monitor the interac-
tion between a wide array of RGS proteins
and Gα subunits; however, we and our col-
laborators have successfully used this method
to study the interaction between a variety of
different proteins. This methodology is quite
malleable and can be adapted to the study of
many PPIs. To date, it has been applied to rela-
tively high afÞnity interactions with Kd values
ranging from 100 pM to over 300 nM. Fur-
thermore, this assay is directly adaptable to
high-throughput analysis in a 384-well format.
This has been used successfully for small-scale
HTS (Feng et al., 2005; Roman et al., 2007)
and has been scaled up to large HTS screen-
ing campaigns (R. Neubig, unpub. observ. and
MLPCN screening IDs: 1423, 1415, 1439-
41). This methodology has some particular
advantages over standard solution-phase
screening methods (e.g., FP, FRET). First and
foremost, this method reduces the effect of
spectrally interfering compounds or contam-
inants by virtue of the analysis technique.
Also, the large amount of carrier protein (BSA)
and detergent that is used in the assay buffer
to reduce nonspeciÞc binding will also min-
imize the effects of nonspeciÞc aggregators
that have been shown, in certain cases, to con-
stitute a large number of the false positives
identiÞed in biochemical screens for small

molecule protein-protein interaction inhibitors
(SMPPIIs) (Feng et al., 2005; Shoichet, 2006).
Another important advantage is the ability

to perform multiplexed binding experiments.
In this approach, two or more target proteins
are assayed for their ability to bind the same
reporter protein under conditions of negligible
competition between target proteins for free
ligand. Thus, multiplexing increases experi-
mental efÞciency by reducing reagent/time use
and increasing the amount of data generated
per experiment. Furthermore, since the bind-
ing conditions are truly identical for each tar-
get protein, differences in afÞnity of the targets
can be more accurately determined. Using our
RGS-Gα interaction example, we have multi-
plexed up to seven different RGS proteins in
a single experiment, although theoretically it
should be possible to go signiÞcantly higher.
These advantages can be combined to pro-

vide a convenient method for high-throughput
analysis in a multiplexed format. As men-
tioned previously, we have used this method
to perform several high-throughput screens to
identify smallmoleculeRGS-Gα inhibitors. In
these assays, we screened the library against
Þve different RGS proteins simultaneously,
thus reducing time, reagent, and compound
library use by Þve-fold.
There are two major limitations to the

FCPIA assay. TheÞrst limitation is that FCPIA
has an afÞnity limitation that can restrict its
use for the characterization of low-afÞnity
interactions. PPIs with low afÞnities (>1 μM
Kd) tend to be difÞcult to resolve in this assay,
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most likely due to the increased nonspeciÞc
adsorption of the reporter protein to the bead.
This is not a problem with a homogeneous
solution phase PPI assay, where there is no
solid substrate for adsorption. The second ma-
jor limitation to the FCPIA assay is the poten-
tial for nonspeciÞc binding that has to be over-
come in the assay. For soluble, well-behaved
proteins, this limitation is not often an issue.
For �stickier� proteins, this limitation is often
circumvented by optimizing conditions with
a small detergent/blocking agent (e.g., BSA)
screen. Other ways to optimize the signal-to-
noise of particularly troublesome PPI pairs can
be found in the next section. Even with these
limitations, the ability to dramatically increase
data throughput by assay multiplexing makes
FCPIA an attractive complement to the more
traditional solution phase protein-protein in-
teraction assays.

Critical Parameters and
Troubleshooting

NonspeciÞc binding
If the proper precautions are not taken, there

can be signiÞcant issueswith nonspeciÞc bind-
ing in this assay. As with all biochemical as-
says, the most speciÞc signal from recombi-
nant proteins will be obtained if the target
protein is puriÞed to homogeneity before use.
The inclusion of up to 1% BSA in the as-
say buffer and detergent (e.g., 0.1% Lubrol
PX) was able to minimize nonspeciÞc bind-
ing under most circumstances tested thus far.
Determining the optimal concentrations and
types of carrier proteins and detergents may
be PPI speciÞc. A further mechanism to min-
imize nonspeciÞc ßuorescence events in the
assay is to ensure that the labeled protein is
properly folded and puriÞed away from free la-
bel. Biochemical labeling of puriÞed proteins
with bulky ßuor groups can sometimes cause
protein aggregation or misfolding. These im-
properly folded proteins can contribute signif-
icantly to the nonspeciÞc binding signal ob-
served. Optimization of the labeling procedure
can minimize these effects, but it is advisable
to purify the labeled protein from the reaction
mixture using a size-exclusion column to re-
move both free label and aggregated protein.
Other commonly used methods (e.g., spin col-
umn, concentration/dilution, dialysis) will not
remove aggregated protein and are likely to be
less efÞcient at removing free label.
Low-afÞnity complexes: The FCPIA ap-

proach, unlike some solution-state experi-
ments, has an afÞnity (Kd) limitation on the

order of 1 μM. This is likely to be primarily a
product of the nonspeciÞc binding that can be
observed.

Anticipated Results
When performed correctly, thismethodwill

provide a robust speciÞc binding signal, of-
ten 5- to 50-fold above background. In many
cases, PPIs are high afÞnity (Kd ∼ nM) and
they will be easily observed in a quantitative
manner. Unlike most assays, saturation bind-
ing experiments performed in FCPIA are capa-
ble of being multiplexed. While in most ßuid-
phase assays the amount of �receptor� protein
required for adequate signal detection is at or
just under the expected Kd value of the inter-
action, the FCPIA approach requires signiÞ-
cantly less. In the protocols described above,
the binding capacity of the beads limits the
amount of target protein to the pM-fM range,
which is well below the Kd values observed
for most PPIs (nM-μM). This provides the ad-
vantage that, even at the low concentrations
of the reporter protein (e.g., the ßuorescently
labeled protein), there is minimal competition
between different �receptor� proteins in the
well. Using this method it is possible to com-
pare the binding of two or more proteins to a
�ligand� protein in the same well, saving both
time and reagents.

Time Considerations

Flow cytometry protein interaction
saturation assay
Bead labeling/washing should take

∼45 min. Plate set up and incubation of RGS-
labeled beads with ßuorescent Gαo should
take an additional 40 min. Instrument set up
and data collection on a full 96-well plate in
the Luminex 200 should take ∼30 min.

Flow cytometry protein interaction
competition assay
Bead labeling/washing should take

∼45 min. Plate set up and incubation of
RGS-labeled beads with competitor should
take 20 min. Then, an additional 30 min is
required for incubation of the RGS/competitor
mixture with ßuorescent Gαo. Instrument set
up and data collection on a full 96-well plate
in the Luminex 200 should take ∼30 min.
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