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SUMMARY:

Quantitative Multiplex Immunoprecipitation (QMI) uses flow cytometry for sensitive detection of
changes in native protein-protein interactions at mesoscale. QMI can be performed using a small
amount of biomaterial, does not require genetically engineered tags, and can be adapted for any
previously defined protein interaction network.

Physical protein-protein interactions and their dynamics are the basis of a great deal of cellular
physiology. While it is useful to measure changes in individual pairs of protein interactions or all
interactions with one specific protein, many cellular processes or signals are modulated by
interactions among multiple proteins. To address questions concerning multi-protein complexes,
signaling cascades, and integration of signals, we have developed Quantitative Multiplex
Immunoprecipitation (QMI), which allows quantitative assessment of fold changes in protein
interactions based on relative fluorescence measurements. In QMI, protein complexes from lysate
are immunoprecipitated onto microspheres, then probed with a second antibody. Flow cytometry
measures the changes in protein-protein interactions between samples. Different classes of
microspheres contain distinct ratios of fluorescent dyes, which allows each class to be conjugated
to a unique immunoprecipitation antibody, combined for simultaneous co-immunoprecipitation,
and distinguished by flow cytometry. QMI does not require genetic tagging and can be done with
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minimal biomaterial compared to other immunoprecipitation methods. The initial set-up of a QMI
assay involves screening a panel of antibodies and empirically determining an appropriate lysis
buffer. The subsequent reagent preparation includes covalently coupling immunoprecipitation
antibodies to microspheres and biotinylating probe antibodies so they can be labeled by a
streptavidin-conjugated fluorophore. To run the assay, lysate is immunoprecipitated onto beads
overnight, then the beads are divided and incubated with different probe antibodies and a
fluorophore label, and read by flow cytometry. Two statistical tests are performed to generate high-
confidence “hits,” which can then be visualized using either a heatmap or a node-edge diagram.
QMI can be adapted for any defined group of interacting proteins, and has thus far been used to
characterize signaling networks in T cells and neuronal glutamate synapses. Results have led to
new hypothesis generation with potential diagnostic and therapeutic applications.

Keywords
IP-FCM; proteomics; protein interaction; signaling

INTRODUCTION:

Cellular processes are largely controlled by changes in protein-protein interactions.! These
changes are often thought of in terms of linear signaling pathways that switch between
steady states based on inputs, but they actually function as integrated networks made up of
dynamic multiprotein complexes in which frequency, duration, and amplitude of signals all
change in response to one another.2:3 In the case of G proteins, for example, different
receptors often have the ability to activate the same G protein, and one receptor can also
activate more than one type of G protein.° In order for the relatively small number of G
protein classes to specifically modulate a vast array of cellular functions such as synaptic
transmission, hormone regulation, and cell migration, cells must both integrate and
differentiate these signals.3# Evidence has shown that this signal specificity, for G proteins
as well as others, is primarily derived on the basis of delicately balanced protein-protein
interactions and their temporal dynamics.1~® Signaling ‘pathways’ comprised of dynamic
protein complexes have multiple inputs, outputs, and feedback loops, so a single
perturbation has the opportunity to alter the overall homeostatic balance of a cell’s
physiology.36 Rather than changing in isolation, elements of a signaling pathway can
interact with other pathways to initiate or modify additional cellular processes..” Similarly,
regulators act on pathways at different points, and even a single pathway element likely has
multiple regulators.3428 It is now widely agreed that signaling should be examined from a
network perspective in order to better understand how the integration of multiple inputs
controls discrete cellular functions in health and disease.6-12

Techniques such as fluorescence resonance energy transfer (FRET) and co-
immunoprecipitation (co-1P) followed by western blotting are useful for analyzing changes
in individual protein interactions, but due to technological limitations are currently unable to
be scaled up sufficiently to investigate network-level changes in protein complex
composition. While co-IP with subsequent mass spectrometry is a highly effective method
for determining a protein’s interaction partners, quantification of protein interactions from
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small samples, such as those from primary patients or rodent models, still presents a
substantial technological challenge. Quantitative Multiplex Immunoprecipitation (QMI) was
developed to gather medium-throughput, quantitative data about fold changes in dynamic
protein interaction networks using the small amount of starting material available in these
types of samples.

QM is an antibody-based assay in which cell lysate is incubated with a panel of
immunoprecipitation antibodies that are covalently coupled to magnetic beads containing
distinct ratios of fluorescent dyes. Having specific antibodies coupled to distinct bead
classes allows for simultaneous co-immunoprecipitation of multiple target proteins from the
same lysate. Following immunoprecipitation, beads are incubated with a second,
fluorophore-conjugated probe antibody (or biotinylated antibody in conjunction with
fluorophore-conjugated streptavidin). Fold changes in the co-associations between the
proteins recognized by each bead-probe pair, or PiISCES (proteins in shared complexes
detected by exposed surface epitopes), are then detected by flow cytometry and can be
quantitatively compared between different sample conditions.13 The sensitivity of QMI
depends on the protein concentration of the lysate relative to the number of beads used for
immunoprecipitation, and achieving a resolution to detect 10% fold changes requires only a
small amount of starting material compared to other co-1P methods.13:14 For example,
primary T cells isolated from a 4 mm skin biopsy, synaptosomes from a 2 mm coronal
section of mouse prefrontal cortex, cortical slices from a single hemisphere of adult mouse
brain, and 3 x 106 cultured primary neurons have each been used with up to 20x20 matrices
of IP and probe targets.13:15.16 Thjs sensitivity makes QMI useful for analysis of cells or
tissue with limited availability, such as clinical samples. Additionally, proteins can be
analyzed in their native states without any genetically engineered tags that could interfere
with physiological function.

QMI can be adapted for any protein interaction network, and to date has been developed to
analyze the T cell antigen receptor (TCR) sighalosome and a subset of proteins at
glutamatergic synapses in neurons.13:16.17.18 |n T Cells, QMI was first used to identify
stimulation-induced changes in PiSCES, then to distinguish autoimmune patients from a
control group, detect endogenous autoimmune signaling, and finally to generate a hypothesis
involving an unbalanced disease-associated subnetwork of interactions.13 More recently the
same QMI panel was used to determine that thymocyte selection is determined by a
quantitative rather than qualitative differences in TCR-associated protein signaling.1® In the
neuronal synapse system, QMI was used to describe input-specific rearrangement of the
protein interaction network for distinct types of signals in a manner which supports newly
emerging models of synaptic plasticity.18 Additionally, this synaptic QMI panel was used to
identify differences in seven mouse models of autism, cluster the models into subgroups
based on their PiSCES biosignatures, and accurately hypothesize a shared molecular deficit
that was previously unrecognized in one member of a cluster.1® This has implications for
potential therapeutics that could be tested for that specific model, and a similar approach
could be used to screen for other models that might respond to a given treatment. Ultimately,
this information is useful for both diagnostics and treatment, in addition to basic science.
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Any previously defined protein interaction network can be studied using QMI to gain insight
into complex signal transduction and network dysfunction in disease. QMI is particularly
useful to those who have limited biomaterial and want to study protein networks in their
native state without genetic engineering. Once a network’s behavior is defined, QMI has the
potential to be used as a tool for both diagnostics and drug screening, in health and disease.

PROTOCOL.:
1. Assay Design

1.1. Candidate Antibody Preparation

111

112

113

1.14.
1.15.

1.1.6.
1.17.

For each protein of interest, choose three to five antibodies to screen. When
possible, use monoclonal antibodies that recognize different epitopes. Also
include one non-specific control antibody.

Carrier proteins and buffers with free amine groups (such as Tris) will react
with COOH groups and quench the subsequent bead coupling and
biotinylation reactions. Ensure that all antibodies are purified (no carrier
proteins) and in a buffer free of primary amines (i.e. no Tris). To remove Tris,
perform buffer exchange by adding the antibody to a 30 kDa spin filter,
spinning down to its minimum volume, adding 500 uL of PBS, and repeating
3 times. To remove carrier proteins, perform Melon Gel purification according
to the Thermo Scientific protocol.

Couple each antibody to CML beads as described by Davis and Schrum?®. To
conserve the antibody, scale down bead coupling reactions by up to 1/5 (i.e.
3.6 x 10% beads with 10 uL of 0.2-1 mg/mL antibody). Estimate bead
numbers using a hemocytometer (typically ~108/ml) and store at 4 °C.

Biotinylate a portion of each antibody (see section 2.2 below). Store at 4 °C.

Confirm effective bead coupling and accurate counting by staining 1x10°
beads with a PE-conjugated antibody reactive to the species in which the
antibody was raised and reading on a flow cytometer.

Confirm antibody biotinylation by dot blot using streptadivin-HRP.

Once the lab has generated reagents that are known to be effective, use those
reagents as positive controls in confirmation reactions 1.1.5 and 1.1.6.

1.2. Antibody Screening by IP-FCM (Immunoprecipitation Detected by Flow

Cytometry)

121.

1.2.2.

Calculate your IP volume. If you are screening X probe antibodies, each IP
will use (X+1) * 10ul * 1.1; X+1 to account for the required 1gG probe
control, and 1.1 to account for 10% pipetting error and ensure sufficient lysate
in subsequent steps. For example, in a 3x3 antibody screen, each IP should
use 44ul. Remember to include an IgG IP control (Figure 2).

Calculate your bead number. If you are screening X probe antibodies, use (X
+1) * 5x104 beads. Ideally, 5,000 beads per well will result in >2,000 beads
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1.3.

1.2.3.

124,

125.

1.2.6.

1.2.7.

1.2.8.

1.2.9.

1.2.10.

1.2.11.
1.2.12.
1.2.13.
1.2.14.
1.2.15.
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per well being read by the flow cytometer. For example, in a 3x3 antibody
screen, each IP should use 20,000 beads, which is approximately 0.66 ul of
bead stock.

Incubate the volume of lysate from 1.2.1 with the volume of each bead to be
screened from 1.3.2, overnight at 4 °C with rotation to prevent beads from
settling. Typically, incubations are performed in the first column of a 96-well
plate, and capped with PCR tube strip caps.

Spin down beads at 3200 x g for 1 min and remove lysate by a single, rapid
flicking of the plate over the sink. A tiny white pellet should be visible at the
bottom of each well.

Resuspend beads in a volume of FlyP buffer calculated as (X+1) * 1.1* 20ul,
similar to 1.2.1. For a 3x3 screen, resuspend in 88ul. FlyP buffer is 100 mM
NaCl, 50 mM Tris pH 7.4, 1% BSA, 0.01% NaNs.

Distribute each IP across (X+1) wells of a 96-well PCR plate, where X is the
number of probe antibodies being screened, using 20 pL/well (Figure 2).

Wash 2 additional times using 200 uL FlyP buffer per well. Spin the plate as
in 1.3.4 and flick the plate to remove wash buffer after each wash. Pellets will
be extremely small, but should be visible after each wash.

For each biotinylated antibody to be screened, calculate the total volume as (Y
+1) * 1.1 * 50ul, where Y is the number of IP antibodies being screened.
Dilute antibody in this volume of FlyP buffer, typically starting with 1:200
dilution of a 0.5mg/ml stock.

Distribute each diluted antibody down each column of the 96 well plate, and
ensure beads are resuspended.

Incubate at 4°C for 1 hour, either with rotation or pipetting at 15 min intervals
to ensure beads remain in suspension.

Wash 3x in 200 pL FlyP buffer.

Resuspend all beads in 50 pL of 1:200 Streptavidin-PE in FlyP buffer.
Incubate at 4°C in the dark for 30 min.

Wash 3x in 200 pL FlyP buffer.

Resuspend in 200 pL of FlyP buffer, then run on a flow cytometer.

Choosing Antibodies to Include in Assay

131

13.2.

Gate on size using FSC-H vs SSC-H, and eliminate doublets using FSC-H vs
FSC-A.

Generate histograms of PE fluorescence intensity and overlay both 1gG
controls (1gG bead-test probe, test bead-1gG probe) onto tested pairs (Figure
2).
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Look for a bead-probe pair that gives clear signal over noise. If there are no
acceptable options, repeat screen with additional antibodies (Figure 2).

1.4. Confirmation of Antibodies

14.1.

14.2.

To ensure antibody specificity for the intended targets, use a lysate sample in
which the target has been knocked out; for example, a knockout mouse or an
RNAI cell line. Alternatively, use lysate from a target-negative cell line in
which the target protein has been artificially expressed.

Perform IP-FCM as described in 1.2, modifying to fit the experiment.

1.5 Detergent Selection

151

Detergents are critical in co-IP experiments, and different variations should be
empirically tested to ensure that the assay has maximum likelihood of
detecting changes. To start, choose a relatively small panel of interactions (4—
8) that are known to change in a given condition and/or are of particular
interest to your study.

1.5.2 Usirigdteegeohsiingensscanth epeitbooyedon] tipdeter geit lashibadsiiyadeitdiénotial screens, perform | P-F

with different cell conditions for each detergent. Always use IgG controls for
both beads and probes.

1.5.3 Basddl iertikebyNHat s6noerctingsoredsesovidbse eddiet éregaretdehat optimizes the signal for the pairsor che

2. Multiplex Reagent Preparation

2.1. Magnetic Bead Coupling

211

212

213

214

2.15.

2.16.

21.7.
2.18.

Using the bead region map, select bead regions to use in a pattern that
minimizes risk of cross-talk. Beads typically smear up and to the right, so
avoid bead regions that are diagonally next to each other. We typically use
beads from every other column of the bead diagram shown on the Luminex
website (https://www.luminexcorp.com/magplex-microspheres/).

Prepare carrier-free antibody at 0.1 mg/mL in PBS (as in 1.1.2) in 250 pL.
Keep on ice for later use.

Vortex Luminex beads extensively, then aliquot 250 L into an amber
microcentrifuge tube (to protect beads from photobleaching).

Magnetically separate beads for 60 sec and remove supernatant.

Add 250 pL. MES buffer (50 mM MES pH 6.0, ImM EDTA), vortex,
magnetically separate 60 sec, and remove supernatant. Repeat and resuspend
beads in 200 pL MES buffer.

Add 40 pL MES to a 2 mg single use tube of Sulfo-NHS to make a 50 mg/mL
stock.

Add 25 pL freshly made Sulfo-NHS to beads. Vortex.
Add 25 pL of 50mg/mL freshly dissolved EDAC in MES buffer. Vortex.

J Vis Exp. Author manuscript; available in PMC 2021 June 11.


https://www.luminexcorp.com/magplex-microspheres/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brown et al.

2109

2.1.10.
2.1.11.

2.1.12.
2.1.13.
2.1.14.

2.1.15.

2.1.16.

2.1.17.

2.1.18.
2.1.19.
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Cover and shake on a vortexer with a tube-holding attachment for 20 min at
room temp, 1000 rpm.
Magnetically separate 60 sec and remove supernatant.

Resuspend in 500 UL PBS, vortex, magnetically separate 60 sec and remove
supernatant. Repeat.

Resuspend in 250 pL antibody solution from 2.1.2. Vortex.
Incubate 2 hrs at room temp with shaking on a vortexer at 1000 rpm.

Magnetically separate 60 sec, remove the antibody solution and reserve for
troubleshooting.

Add 500 pL PBS to beads, wash, vortex, magnetically separate 60 sec, and
remove supernatant.

Add 750 pL Blocking/Storage (B/S) buffer (1% BSA in PBS pH 7.4, 0.01%
NaN3). Cover and incubate 30min at room temp, 1000rpm.

Magnetically separate 60 sec and remove supernatant. Resuspend in 100 pL
B/S buffer.

Store at 4 °C.

Validate bead coupling by staining ~0.25 pL of coupled beads with a
fluorescent anti-host species secondary and reading on a flow cytometer, as in
1.1.5.

2.2. Biotinylation

221
222

223

224

2.2.5,
2.2.6.
2217.

228.

Ensure that antibodies are in PBS with no carrier protein.

Calculate the total ug of antibody to be biotinylated (100-200 ug
recommended for use in multiplex, 25-50 ug recommended for screening).

Prepare fresh 10 mM sulfo-NHS-biotin (can be done by adding 224 pL
ddH20 to a 1 mg no-weigh tube).

Add 1 pL of 10 mM sulfo-NHS-biotin per 25 ug of antibody, vortex or pipette
up and down to mix.

Incubate at room temp for 1 hr.
Incubate at 4 °C for 1 hr.

Use a 30 kDa spin filter to remove unbound biotin and stop the reaction. Add
500ul of PBS and spin the column until the minimum volume is reached. Add
500ul additional PBS and repeat for 3 total buffer exchanges.

Estimate concentration by measuring absorbance on a Nanodrop and bring
antibody concentration to 0.5 mg/mL.
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3. Quantitative Multiplex Immunoprecipitation

3.1. Plate Layout

311

The assay is performed using 96-well plates and works best with 2—4 sample
conditions. Appropriate controls (/.e. stimulated v. unstimulated cells) must
always be run on the same plate in order to detect changes between
conditions. Generally, each sample should be distributed horizontally across
the plate, and each column should be used for a different probe antibody. A
set of technical replicates for each probe should be run immediately after the
first set. See Figure 3 for an example.

3.2. Sample preparation & Immunoprecipitation (Day 1)

3.2.1.

3.2.2.

3.2.3.

3.24.

3.2.5.

3.2.6.

Lyse tissue or cells in appropriate detergent with protease and phosphatase
inhibitors and incubate on ice for 15 minutes. Take care to keep the lysate
cold at all times.

Spin down at 4 °C for 15 min at 16,000 x g to remove membranes and debris,
keep supernatant as lysate.

Perform a BCA Assay or similar to determine protein concentrations, then
normalize protein concentration between samples. If using cells, begin with
an equal number of cells per condition and normalization is optional.

Prepare a master bead mix that contains ~250 beads of each class per well in
the assay. Bead numbers should be adjusted based on data analysis so that in
future assays an average of 110 beads of each class will be read per well.
Example calculation: New bead volume = [(Run Average) / 110] * (previous
bead volume). Bead volumes should be adjusted in this way about every 8
runs or as needed. Typically, we use 3—4ul of beads (prepared as above) for a
2 plate experiment.

Wash the bead mix 2x in FlyP buffer with magnetic separation, then
resuspend in FlyP buffer. For resuspension, use 10 pL per sample per plate.

After thoroughly vortexing the bead mix, aliquot 10 pL into microcentrifuge
tubes (one tube per sample per plate). Add equal volumes of lysate (with
normalized concentrations) to each tube for immunoprecipitation. A separate
immunoprecipitation should be done for each plate. Place tubes on a rotator at
4 °C overnight for immunoprecipitation, covered to keep out light.

3.3.  Running the Assay (Day 2)

33.1L

3.3.2

Start with the IPs for Plate #1. Use a magnetic bead rack to remove lysate
from beads, and reserve lysate for future analysis. Wash beads 2x in 500 pL
ice cold FlyP buffer. The IPs should always be kept on ice or at 4 °C.

Calculate resuspension volume as (number of probes) x (2 technical
replicates) x (25ul per well) x (1.1 for pipetting error). Resuspend IPs in
calculated volume of ice-cold FlyP buffer.
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3.3.3.

3.34.

3.3.5.

3.3.6.

3.3.7.
3.3.8.
3.3.9.

3.3.10.
3.3.11.
33.12
3.3.13.

3.3.14.
3.3.15.
3.3.16.

4. Data Analysis

Page 9
After thoroughly resuspending beads by gentle pipetting, distribute 25 L per
well across a flat-bottomed 96 well plate, on ice.

In a different 96-well plate, dilute biotinylated probe antibodies to 2X
working concentration (typically 1:100) in FlyP buffer so that their order
matches the columns on the plate layout (see figure 3).

Use a multichannel pipette to distribute 25 pL of each probe antibody dilution
into the bead-containing assay plate.

Shake on a haorizontal plate shaker to mix and resuspend beads, then incubate
at 4 °C for 1 hour, shaking at 450 rpm in the dark.

Wash 3x with FlyP buffer on a magnetic plate washer at 4 °C.
Resuspend beads in 50 pL of 1:200 Streptavidin-PE.

Shake to mix and resuspend beads, then incubate at 4 °C for 30 min, shaking
at 450 rpm in the dark.

Wash 3x with FlyP buffer on a magnetic plate washer at 4 °C.
Resuspend in 125 pL FlyP buffer.
Shake for 1 min at 900 rpm to thoroughly resuspend beads.

Run on refrigerated flow cytometer at high RP1 target with a stop condition of
1000 beads per region (greatly overshooting the number that should be in any
individual well) and sample volume of 80 pL.

Pause the run half way through and resuspend the beads to prevent settling
Export files in .xls and .xml formats.

Repeat the process for the remaining plates.

The ANC code was designed to compare two conditions from N = 4 experiments, each with
2 technical replicates for each condition. For example, cells are stimulated four independent
times, QMI is run on four different days on control (unstimulated) and stimulated cells, with
technical replicates as above, and data analysis proceeds as described below.

4.1. Adaptive Non-parametric with Adjustable Alpha Cutoff. ANC
4.1.1 Open MATLAB and set the active directory to a folder containing the ANC

program components and the .xml files exported from the Bioplex.

4.1.2 Fill in the “ANC input” file to reflect the details of your experimental design.

4.1.3 Run the program. The ANC “hits” are output as a .csv file.
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4.2. Weighted Correlation Network Analysis

421

422

423

424

4.2.5

Use Microsoft Excel and the .xls file exported in 3.3.15 to calculate the average
Median Fluorescent Intensity (MFI) of the technical replicates for each IP_bead
combination for each sample.

Create a spreadsheet with each interaction IP;_Probe; on a different row, and
each sample in a different column. The top row of each column should contain
the name of each sample, for example “WildtypeControl1”. Save the file as

a .csv and name it “input”.

Create a second spreadsheet. Starting with row 2, paste-transpose the column
titles from “input” into column 1. Starting with column 2, title each column as
an experimental “trait”, for example, genotype or treatment with a chemical
stimulation. Note that the traits must be coded numerically. One of the titles
must be “experiment”, that indicates which samples were run on the same plate
and allow for batch effect correction.

Open R studio and set the working directory to a folder containing the “input”
and “traits” files.

Run the R commands as indicated in the commented command file. The WCNA
modules significantly correlated with each experimental trait are output as a
graphic file, and the correlation of each interaction IP;_Probe; with each module
is output as a .csv file.

4.3. Positive ‘Hits’ & Visualization

431

432

433

For each interaction in the “3/4 hits” list in the ANC output file, identify if that
interaction is also a “CNA hit” by checking the CNA output file. We define
CNA hits as interactions with module membership (MM) > 0.7 and p < 0.05 for
membership in a module that was identified as significantly correlated with the
experimental variable of interest. Create a new column that indicates if each
ANC hit is also a CNA hit.

Calculate the average log, fold change value for each ANCNCNA hit by
averaging the values given in the ANC output spreadsheet. The numbers
following each significant interaction signify the p values for each experiment,
then the fold change values for each experiment. Convert values to log fold
change before averaging. For interactions that were significant in only 3/4
replicates, delete the outlier value.

Make a spreadsheet with each ANCNCNA hit listed as an IP in one column, a
probe in the second column, and the fold change value in the third column. Use
this spreadsheet to create a node-edge diagram in Cytoscape by importing the
file as a network.
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REPRESENTATIVE RESULTS:
Antibody Screening.

A compatible bead-probe pair from the initial antibody screening should clearly show signal
over noise when comparing MFI histograms (Figure 2b). When confirming specificity of a
pair, a negative control lysate from a knockout animal or cell line without the target protein
should have an MFI similar to the 1gG controls (Figure 2c).

Bead Coupling.

A typical bead coupling quality control reaction will give an MFI 3-4 logs above
background when stained with a secondary antibody conjugated to a fluorophore with a
brightness index between 3 and 5 (such as PE or FITC). Figure 4 shows a typical quality
control reaction comparing the conjugation of a new bead compared to the older batch being
replaced.

Data Analysis.

After a QMI assay is run, ANC analysis is performed and will call “hits” based on
interactions with significant fold changes between conditions in >70% of runs. CNA
analysis then identifies modules that change together with a given variable. Interactions that
appear in both ANC hits and the relevant CNA module are ANCNCNA hits, which have a
high level of confidence and are reported as significant changes. ANCNCAN hits can then
be visualized using a node-edge diagram or a heatmap (Figure 5).

DISCUSSION:

QMI requires careful pipetting and tracking of sample and antibody well locations. Carefully
labeling the assay plates is useful, as is making a detailed template of well locations on
paper, which is then saved for data analysis. The importance of keeping the beads and lysate
cold at all times, including in the Bioplex bead reader, cannot be overstated. PPIs will
rapidly dissociate at room temperature, and our early attempts at using an unmodified, room
temperature Bioplex 200 ended with the identification of many temperature-labile
interactions, but not those that changed with our intended stimulation.

QM is an antibody-based assay, so the initial selection of antibodies is critical. Monoclonal
or recombinant antibodies should be used whenever possible to reduce variability in results.
Polyclonals show lot-to-lot variation, but peptide-based polyclonals to a short epitope seem
to be relatively stable over time in our experience. Drift can be minimized by buying large
batches of antibodies; this also allows for custom-orders of carrier-free antibodies which
precludes the need to purify antibodies using Melon Gel and spin columns, and the
associated antibody loss.

It is also important to note that, because detecting a signal is reliant upon available epitopes,
the lack of a signal does not necessarily indicate the lack of an interaction, a limitation that
is common with other protein interaction methodologies.13 Further, when we do detect a
signal, it is impossible to unambiguously state weather the protein interaction is direct (A
interacts with B) or indirect (A interacts with X and Y, which then interact with B).
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It is critical in QMI to select an appropriate lysis buffer. Too weak of a detergent can leave
membranes intact and hold together proteins that aren’t in complex, while too strong of a
detergent can destroy protein-protein interactions (PPIs). Additional factors such as the
presence of calcium or its chelators can dramatically affect PPls and should be carefully
considered before screening antibodies to include in a QMI panel. For IP-western
experiments, lysis conditions are usually optimized for each PPI on a case-by-case basis, but
the best conditions for detecting a single PPI often don’t translate to other PPIs in the same
protein network. This is in essence a chicken-and-egg dilemma in that a lysis buffer is
needed to screen antibody candidates, but the panel of antibodies is also needed to screen for
an appropriate lysis buffer. While not a perfect solution, we suggest selecting a small panel
of beads and probes that are of particular interest and/or have known associations or
dissociations in response to a stimulus, and testing their behavior under different lysis
conditions on white (non-fluorescent) CML beads. An ideal detergent should allow for both
reliable detection of PPIs and recapitulation of known physiological PPI behavior
(association/dissociation) with a given stimulus. If there is any concern that a detergent does
not fully solubilize membranes, a negative control antibody can be added that would only
give signal if two proteins were linked by membrane.2°

Previous work using QMI in neurons and T cells has both carefully confirmed previous
findings in order to increase confidence in the validity of the new results, and generated new
hypotheses that led to discoveries about signal transduction and disease pathways. In the
future, QMI can be adapted to other protein interaction networks and expanded up to 500
proteins with the current microsphere classes available. We believe that using QMI to study
the ways in which networks of multi-protein complexes change in response to stimuli to
control cellular processes will yield important insights into both health and disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of Quantitative Multiplex Immunoprecipitation.
(a) Protein complexes are immunoprecipitated by antibody-coupled microspheres overnight,

then co-immunoprecipitated proteins are labeled by a probe antibody and a fluorophore. (b)
Microspheres are run through a refrigerated flow cytometer to quantify relative amounts of
proteins occurring in shared complexes. (c) The flow cytometer separates microspheres by

class and creates (d) fluorescence histograms from each bead region.
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Figure 2. Cx36 antibody screening using |P-FCM.
(@) IP-FCM was performed on mouse brain lysate using a 4x4 panel of Connexin 36 (Cx36)

beads and probes. Lysate was immunoprecipitated with each bead in a separate row of the
plate. After washes, each bead was distributed across its row so that one probe antibody can
be added per column. (b) Most antibody combinations show no signal (red) over 1gG
background (green, blue). The IE-5H5 IP with the 6200Poly probe shows some positive
signal. The IE-5H5 bead/probe and UW bead/probe pairs each show acceptable signal, but it
is not ideal to use the same antibody for both bead and probe. The 6200Poly bead with the
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IE-5H5 probe gives the strongest signal and was chosen to use in the multiplex assay
pending specificity confirmation. (c) IP-FCM using the pair of Cx36 antibodies selected
from screening was performed on the lysate of 293T cells transfected with Cx36 and non-
transfected controls. There is clear signal from the Cx36-transfected cells, but the non-
transfected cells are indistinguishable from IgG bead/probe controls.
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Figure 3. Example plate layout.
A 4-condition multiplex is set up in a 96-well plate. Samples are loaded in consecutive rows,

and technical replicates are loaded in the same order in the following rows. One probe is
used per column.
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Figure 4. A typical quality control reaction comparing the conjugation of a new bead compared
to the older batch being replaced.

The bead gives an MFI 3—4 logs above background, and the new batch has an MFI similar to
that of the old batch.
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Figure5. ANC U CNA hitsin an NM DA stimulation experiment.
Visualizations of the results of a QMI experiment comparing NMDA stimulated neurons to

aCSF (unstimulated) controls. Only protein-protein interactions that were statistically
significant by both ANC and CNA data pipelines are shown in the node-edge diagram (a)
made in Cytoscape and the heatmap (b) made in R.
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