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Abstract

Affinity purification-mass spectrometry (AP-MS) has become the method of choice for
discovering protein-protein interactions (PPIs) under native conditions. The success of AP-MS
depends on the efficiency of trypsin digestion and the recovery of the tryptic peptides for MS
analysis. Several different protocols have been used for trypsin digestion of protein complexes in
AP-MS studies, but no systematic studies have been conducted on the impact of trypsin digestion
conditions on the identification of PPIs. Here, we used NFxB/RelA and Bromodomain-containing
protein 4 (BRDA4) as baits and test five distinct trypsin digestion methods (two using “on-bead,”
three using “elution-digestion” protocols). Although the performance of the trypsin digestion
protocols change slightly depending on the different baits, antibodies and cell lines used, we found
that elution-digestion methods consistently outperformed on-beads digestion methods. The high-
abundance interactors can be identified universally by all five methods, but the identification of
low-abundance RelA interactors is significantly affected by the choice of trypsin digestion method.
We also found that different digestion protocols influence the selected reaction monitoring (SRM)-
MS quantification of PPIs, suggesting that optimization of trypsin digestion conditions may be
required for robust targeted analysis of PPlIs.
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INTRODUCTION

Proteins rarely act alone while performing their functions /7 vivo.! They are usually
organized into functional modules to carry out cellular functions. These protein complexes
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play central roles in regulating DNA replication, transcription, translation, RNA splicing,
protein secretion, cell cycle control, signal transduction, and intermediary metabolism.2:3
Protein-protein interactions (PPIs) are the key element in cellular signaling networks; for
example, many cellular signals are transmitted via the interaction between the protein
substrates and their posttranslational modifying enzymes such as kinases/phosphatases,
ubiquitinases/deubiquitinases, and acetyltransferases/deacetylases.24> Analysis of PPIs can
provide insights into the mechanism of signal transduction. Recent studies indicate that PPIs
also play major roles in the invasion, replication and immune evasion of pathogens.
Systems-wide analyses of PPIs between hosts and pathogens have yielded important new
information on how pathogens use host systems to their own advantage.5-8

To properly understand the significance and roles of PPIs, a comprehensive method is
needed to identify the PPIs. Affinity purification-mass spectrometry (AP-MS) has become
the method of choice for discovering PPIs under native conditions.2:6-12 This method uses
affinity purification of proteins under native conditions to preserve PPIs followed by their
detection with mass spectrometry. In this method, the protein complexes were captured by
antibodies specific for the bait proteins, or for tags that were introduced on the bait proteins,
and pulldown onto immobilized protein A/G beads. The complexes are further digested into
peptides with trypsin. The protein interactors of the bait proteins are identified by
quantification of the tryptic peptides via mass spectrometry. The success of AP-MS depends
on several factors: the ability of the antibody to enrich the bait protein and its associated
proteins, the efficiency of trypsin digestion, and efficient recovery of the tryptic peptides for
MS analysis.

A number of studies have been performed to compare the methods for trypsin digestion for
global proteomic profiling in which the proteins in cell extracts or biofluids are dissolved
and denatured with either chaotropic agents, surfactants or organic solvents, followed by in-
solution trypsin digestion.13:14 These studies have shown that the choice of chaotropic agent,
surfactant, or organic solvent has a significant impact on the efficiency, reproducibility, and
completeness of trypsin digestion, and hence affects sequence coverage of protein
identification by MS analysis.

The protocol for trypsin digestion of protein complexes in AP-MS studies requires
additional considerations for the following reasons. First, the proteins complexes are
attached to the beads, which can impose steric hindrance for trypsin to access the protein
complex. Second, if the protein complexes are to be eluted from the beads before trypsin
digestion, the solvents used for elution must be able to efficiently elute the protein complex
from the beads and be compatible with subsequent trypsin digestion and MS analysis.
Several different protocols have been used for trypsin digestion of protein complexes in AP-
MS studies,?11:12.15.16 bt there have been no systematic studies on the impact of trypsin
digestion conditions on the identification of PPIs via mass spectrometry.

NFxB/RelA is a pleiotropic transcription factor present in almost all cell types. It can be
activated by a vast array of stimuli and initiates a series of signaling events related to many
biological processes such as inflammation, immunity, differentiation, cell growth,
tumorigenesis, and apoptosis.>17 RelA is known to have interactions with many co-
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activators, transcription factors, co-repressors, and posttranslational modifying enzymes. Its
function is controlled by various mechanisms of post-translational modification and
subcellular compartmentalization, as well as by interactions with other cofactors or
corepressors.>17-19 |dentification of the dynamic changes in RelA interactome has long
been an interesting objective of many groups including ours.35:20.21 Here, we use RelA
interactome as a model system and compare the coverage of RelA interactome when several
different trypsin digestion protocols are used. Additional studies of BRD4 interactome were
conducted to evaluate the effect of bait and cell lines on the performance to the trypsin
digestion protocols. To our knowledge, our study offers the first systematic analysis on effect
of trypsin digestion condition on AP-MS.

EXPERIMENTAL PROCEDURES

Regents and chemicals

Cell culture

Antibodies

Regents and chemicals - all reagents were ACS grade or higher. All solvents used, including
water, were LC/MS grade. Ammonium bicarbonate (ABC), 2,2,2,-trifluoroethanol(TFE),
and acetic acid were purchased from Sigma-Aldrich. lodoacetamide (IDA), dithiothreitol
(DTT), acetonitrile (ACN), formic acid, and methanol were purchased from Thermo
Scientific. Urea ultra was from MP Biomedicals. Sequencing-grade modified trypsin
(Promega) was used.

Cell culture - A549 cells (human adenocarcinomic alveolar basal epithelial cells) were
grown in 10% FBS - DMEM with 1% penicillin streptomycin, 1% MEM non-essential
amino acids, 1% L-glutamine and 1% sodium pyruvate.12 An immortalized primary human
small airway epithelial cell line (RSAECs) was established by infecting primary hSAECs
with human telomerase and cyclin dependent kinase (CDK)-4 retrovirus constructs.1® The
immortalized hSAECs were grown in SAGM small airway epithelial cell growth medium
(Lonza, Walkersville, MD). All cells were incubated at 37°C, 5% CO, until confluence.

Antibodies - anti-RelA antibody (Rabbit polyclonal C20), 1gG (Rabbit polyclonal), anti-
NFKBIA antibody (mouse monoclonal H-4), anti-NFKBIE antibody (mouse monoclonal
G-4), anti-NFKB1 antibody (mouse monoclonal E-10), anti-TIMM23 antibody (Mouse
monoclonal H-8), and anti-Pol Il antibody (Rabbit polyclonal N-20) were purchased from
Santa Cruz Biotechnology. Anti-BRD4 antibody (Rabbit monoclonal E2A7X) and anti-
TRIM21 antibody (Rabbit monoclonal) were purchased from Cell Signaling.

Protein extraction and RelA immunoprecipitation

Protein extraction and RelA immunoprecipitation - Before harvesting, the A549 cells were
washed twice with cold phosphate-buffered saline (PBS). The cells were suspended in 1 ml
of low ionic strength immunoprecipitation buffer (50 mM NaCl, 25 mM HEPES pH7.4, 1%
IGEPAL CA-630, 10% glycerol, fresh ImM DTT and protease inhibitor cocktail) and
sonicated 3 times, 10 sec each time (BRANSON Sonifier 150, setting 4). The cell lysate was
centrifuged for 5 min at 10K xg at 4°C, and the pellet was discarded. The supernatant was
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used for RelA immunoprecipitation. About 500 pg of cell lysate and 4 pg of anti-RelA
antibody (Rabbit polyclonal C20, Santa Cruz) or IgG (Rabbit polyclonal, Santa Cruz) was
used in each IP. The mixture was incubated overnight at 4°C, and then 30 puL of protein A
magnetic beads (Dynabeads, Invitrogen) were added. After incubation at 4°C for 4h, the
beads were separated from the supernatant with a magnetic stand. The beads were washed
with PBS five times before trypsin digestion.

Protein extraction and BRD4 immunoprecipitation

Protein extraction and BRD4 immunoprecipitation - Before harvesting, the hSAECs were
washed twice with cold phosphate-buffered saline (PBS). The cells were suspended in 2 ml
of low ionic strength immunoprecipitation buffer (50 mM NaCl, 25 mM HEPES pH7.4, 1%
IGEPAL CA-630, 10% glycerol, fresh ImM DTT and protease inhibitor cocktail) and
sonicated 3 times, 10 sec each time (BRANSON Sonifier 150, setting 4). The cell lysate was
centrifuged for 5 min at 10K xg at 4°C, and the pellet was discarded. The supernatant was
used for BRD4 immunoprecipitation. About 3 mg of cell lysate and 5 pL of anti-BRD4
antibody (Rabbit monoclonal E2A7X, Cell Signaling) or 4ug of 1gG (Rabbit polyclonal,
Santa Cruz) was used in each IP. The mixture was incubated overnight at 4°C, and then 40
pL of protein A magnetic beads (Dynabeads, Invitrogen) were added. After incubation at
4°C for 4h, the beads were separated from the supernatant with a magnetic stand. The beads
were washed with PBS five times before trypsin digestion.

Trypsin digestion

ABC method — on-bead digestion in ammonium bicarbonate buffer—The trypsin
digestion was performed as previously described.2:16 100 pL of 50 mM ammonium
bicarbonate was added to each sample. The beads were suspended with gentle vortexing for
1h. The proteins on the beads were reduced with 10 mM DTT for 30 min, then alkylated
with 20 mM IDA for 1h in dark. An aliquot of 4 ug of sequencing-grade trypsin was added
to each sample before a 4 h incubation at 37°C with gentle shaking; the supernatant was then
collected. Another 4 pg of trypsin was then added to the beads and the sample incubated at
37°C overnight with gentle shaking; the supernatant was then collected. After trypsin
digestion, the beads were washed twice with 50 pL of 50% ACN and the supernatants
collected. All of the supernatants were combined and dried with a SpeedVac. Three
independent replicates were performed for both RelA and IgG IPs.

TFE method — on-bead digestion in trifluoroethanol buffer—100uL of TFE buffer
(10% TFE in 50 mM ABC) was added to each sample. The beads were suspended with
gently shakingor 1h. The proteins on the beads were reduced with 10 mM DTT for 30min,
then alkylated with 20mM IDA for 1h in the dark. An aliquot of 4 g of sequencing-grade
trypsin was added to each before a 4 h incubation at 37°C with gentle shaking; the
supernatant was then collected, and another 4 pg of trypsin in TFE buffer added to the beads
before an overnight incubation at 37°C with gentle shaking; the supernatant was then
collected. After trypsin digestion, the beads were washed twice with 50 L of 50% ACN and
the supernatants collected. All of the supernatants were combined and dried with a
SpeedVac. Three independent replicates were performed for both RelA and 1gG IPs.
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Urea method — two-step digestion in urea buffer—The trypsin digestion was
performed as reported previously.11:22.23 Briefly, the beads were incubated in 60 pL of urea-
based digestion buffer 1 (2 M urea, 50mM Tris-HCI pH7.5, 8 pg trypsin) at room
temperature for 30 min with gentle vortexing. The beads were then separated from the
supernatant and washed twice with 25 pL of buffer 2 (containing 2M urea, 50mM Tris-HCI
pH7.5, ImM DTT). The supernatants were combined and allowed to digest overnight at
room temperature; 20ul of IDA (5mg/ml) was then added to the samples and incubated for
30 min in the dark. Three independent replicates were performed for both RelA and IgG IPs.

SDS-FASP method — SDS elution with filter-aided sample preparation (FASP)
—After IP, the beads were suspended in 50 puL of Laemmli loading buffer (BIO-RAD) with
10 mM DTT and heated at 75°C for 10 min. The beads and supernatant were separated using
a magnetic stand and the supernatant was collected. The beads were washed once with 50 uL
of Laemmli loading buffer and the supernatants were combined and loaded onto 10 KDa
filter units (Millipore) and centrifuged at 12,000 xg for 20 min. FASP trypsin digestion was
performed as described previously.24 Briefly, 100 uL of freshly made UA buffer (8M urea in
0.1M Tris-HCI pH 8.5) was added into the filter unit and centrifuged at 12,000 xg for 20
min. This step was repeated twice. About 100ul of IDA (0.05M IDA in UA buffer) was
added into the filter and incubated in the dark for 20 min. After centrifugation at 12,000 xg
for 20 min, 100 uL of fresh UB buffer (8M urea in 0.1M Tris-HCI pH8.0) was added into the
filter unit before centrifuging at 12,000 xg or 20 min. This step was repeated twice, then 135
pL of 50 mM ABC and 8 pg of trypsin were added into the filter unit. The sample was
incubated in 2 M urea overnight at room temperature. The resulting peptides were collected
by centrifugation. The filter was washed with 100ul of 50mM ABC and 50 pL of 0.5M
NacCl.

SDS-gel method — SDS elution with SDS-PAGE and in-gel digestion—After IP,
the beads were suspended in 20 pL of Laemmli loading buffer (BIO-RAD) with 10 mM
DTT and heated at 75°C for 10 min. The beads and supernatant were separated using a
magnetic stand and the supernatant collected. The beads were washed once with 20 uL of
Laemmli loading buffer and the supernatants combined. The proteins were separated on a 4—
20% TGX gel (Bio-Rad) and then stained with a Novex colloidal blue staining kit
(Invitrogen). The whole lane was excised from the gel and further cut into 1mm3 slices; in-
gel digestion was performed as previously described.2>26 Briefly, the colloidal blue stain
was removed with 25 mM ABC-50% MeOH and the gel further washed three times with
10% acetic acid-50% MeOH and once with water. The gels were dehydrated with ACN and
dried in a SpeedVac. Then, 800 pL of 20 mM IDA in 50 mM ABC was added to cover the
gel pieces and incubated in dark for 30 min. An aliquot of 8 pg of trypsin in 50 mM ABC
(pH 8.0) was added to the gel pieces and incubated overnight at 37°C with gentle shaking.
After trypsin digestion, the supernatant was collected and the peptides were extracted from
the gels with 50% ACN/5% TFA and 75% ACN/0.1% TFA. All of the supernatants were
combined and dried in a SpeedVac.
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LC-MS/MS analysis

A nanoflow ultra-high performance liquid chromatography (UHPLC) instrument (Easy nLC,
Thermo Fisher Scientific) was coupled on-line to a Q Exactive mass spectrometer (Thermo
Fisher Scientific) with a nanoelectrospray ion source (Thermo Fisher Scientific). Peptides
were loaded onto a C18-reversed phase column (25 cm long, 75 um inner diameter) and
separated with a linear gradient of 5-35% buffer B (100% acetonitrile in 0.1% formic acid)
at a flow rate of 300 nL/min over 180 min. Each sample was analyzed by LC-MS/MS twice.
MS data were acquired using a data-dependent Top15 method, dynamically choosing the
most abundant precursor ions from the survey scan (350-1400 m/z) using HCD
fragmentation. Survey scans were acquired at a resolution of 70,000 at m/z 400. Unassigned
precursor ion charge states as well as singly charged species were excluded from
fragmentation. The isolation window was set to 3 Da and fragmented with normalized
collision energies of 27. The maximum ion injection times for the survey scan and the
MS/MS scans were 20 ms and 120 ms respectively, and the ion target values were set to 3E6
and 1e5, respectively. Selected sequenced ions were dynamically excluded for 30 seconds.
Data were acquired using Xcalibur software. Detail information about the parameters for
LC-MS/MS analysis was tabulated in Supplemental table S1.

Data processing and Bioinformatic Analysis

Raw MS data were analyzed using MaxQuant software version 1.5.2.8 using the Andromeda
search engine2”-28, The initial maximum allowed mass deviation was set to 10 ppm for
monoisotopic precursor ions and 20 ppm for MS/MS peaks. Enzyme specificity was set to
trypsin, defined as C-terminal to arginine and lysine excluding proline, and a maximum of
two missed cleavages were allowed. Carbamidomethylcysteine was set as a fixed
modification, methionine oxidation as variable modifications. The spectra were searched
with the Andromeda search engine against the human sequence database (containing 42,130
human protein entries, downloaded from SWISSPROT database on December 26, 2015)
combined with 248 common contaminants and concatenated with the reversed versions of
all sequences. Protein identification required at least one unique or razor peptide per protein
group. Quantification in MaxQuant was performed using the built-in XIC-based label-free
quantification (LFQ) algorithm?8. The required false positive rate for identification was set
to 1% at both the peptide and protein level, and the minimum required peptide length was set
to 8 amino acids. Detail information about the parameters for MaxQuant analysis was
tabulated in Supplemental table S1. For statistical analysis of MaxQuant output we used the
Perseus platform (Version 1.5.5.3).2% Contaminants, reverse identification and proteins only
identified by site were excluded from further data analysis. The LFQ values were log,-
transfomed. After filtering (at least 3 valid LFQ values in at least one group), remaining
missing LFQ values were imputed from a normal distribution (width, 0.3; down shift, 1.8).
Student’s two-sample ftest was used to assess statistical significance of protein abundances
using a 5% permutation-based FDR adjustment. \enn diagram was generated by using a
Web tool, InteractiVenn (http://www.interactivenn.net/).30
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Scoring and Analyzing the RelA Interactome

Each MS dataset was analyzed by the mass spectrometry interaction statistics (MiST)
algorithm. The possibility of each identified protein being a RelA interactor or 1gG
interactor was scored by the MiST algorithm.6:10:31 Two criteria were used to determine
which proteins were specific RelA interactors: 1) prey proteins with a RelA-prey MiST
score = 0.75 and 1gG-prey Mist score < 0.75; 2) the enrichment of the proteins in RelA IP
relative to negative control 1gG was statistically significant (P value of Student’s two sample
ttest with permutation-based FDR adjustment <0.05).

Network analysis and visualization

The identified RelA interactors were subjected to STRING v10 (http://string-db.org) to
explore the interaction between the RelA interactors.32 Only the interactions with
experimentally determined interaction score = 0.75 are considered to be true PPIs. The new
RelA-prey interactions identified from this study and the connections between RelA
interactors were combined and analyzed by Cytoscape v 3.4.0. (http://cytoscape-
publications.tumblr.com/archive).33 The connectivity of RelA interactors was analyzed using
the NetworkAanlyzer tool of Cytoscape. NetworkAanlyzer calculates the neighborhood
connectivity of a node n as the average connectivity of all neighbors of n. The neighborhood
connectivity distribution gives the average of the neighborhood connectivity of all nodes n
with k neighbors for k =0,1,....34:35

Stable isotope dilution (SID)-SRM-MS and data analysis

The SID-SRM-MS assays were developed as described previously.36:37 The three or four
highest intensity y ions in MS/MS were selected to generate the SRM Q1/Q3 transition. The
collision energy (CE) breakdown curve of each Q1/Q3 transition was acquired so as to select
the optimal CE. The S-lens voltage breakdown curve of each precursor ion was acquired in
the same fashion.The signature peptides and SRM parameters for protein RelA, nuclear
factor NFxB p105 subunit (NFKB1), NFxB p100 subunit (NFKB2), NFxB inhibitor alpha
(NFKBIA), NFxB inhibitor beta (NFKBIB), and NF«xB inhibitor epsilon (NFKBIE) are
listed in Supplemental Table S2. The peptides were chemically synthesized incorporating
isotopically labeled [13Cg15N,] arginine or [13C61°N,] lysine to a 99% isotopic enrichment
(Thermo Scientific). The RelA complex was digested as described above. The tryptic digests
were reconstituted in 30 pL of 5% formic acid/0.01% trifluoroacetic acid. An aliquot of 10
uL of diluted stable isotope-labeled standard (SIS) peptides was added to each tryptic digest.
These samples were desalted with a ZipTip C18 cartridge. The peptides were eluted with
80% ACN and dried. The peptides were reconstituted in 30 uL of 5% formic acid/0.01%
TFA and were directly analyzed by LC-SRM-MS.

LC-SRM-MS analysis was performed with a TSQ Vantage triple quadrupole mass
spectrometer equipped with nanospray source (Thermo Scientific, San Jose, CA). The online
chromatography were performed using an Eksigent NanoLC-2D HPLC system (AB SCIEX,
Dublin, CA). Prior to LC-SRM analysis, 10 pL of stable isotope labeled peptide standards
(SIS) was added to each sample. The samples were desalted with C18 ZipTip (Millipore).
An aliquot of 10 L of each of the tryptic digests was injected onto a C18 reversed-phase
nano-HPLC column (PicoFrit™, 75 um x 10 cm; tip ID 15 pm) at a flow rate of 500 nL/min
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with a 20-min 98% A, followed by a 15-min linear gradient from 2-30% mobile phase B
(0.1 % formic acid-90% acetonitrile) in mobile phase A (0.1 % formic acid). The TSQ
Vantage was operated in high-resolution SRM mode with Q1 and Q3 set to 0.2 and 0.7-Da
Full Width Half Maximum. All acquisition methods used the following parameters: 1800 V
ion spray voltage, a 275°C ion transferring tube temperature, a collision-activated
dissociation pressure at 1.5 mTorr; the S-lens voltage used the values in the S-lens table
generated during MS calibration.

All SRM data were manually inspected to ensure peak detection and accurate integration.
The chromatographic retention time and the relative product ion intensities of the analyte
peptides were compared to those of the stable isotope-labeled standard peptides. The analyte
peptides and their stable isotopically labeled peptide standard (S1S) analogs that had same
chromatographic retention times (variance below 0.05 min) and relative product ion
intensities (£20% variance in the relative ratios for each fragment) were considered as true
peptide identification that were free of matrix interference from co-eluting ion.36:37 The
peak areas in the extract ion chromatography of the native and SIS version of each signature
peptide were integrated using Xcalibur® 2.1. The default values for noise percentage and
baseline subtraction window were used. The ratio between the peak areas of the native and
SIS version of each peptide was calculated.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium38 via the PRIDE partner repository with the dataset identifier PXD005984 and
PXD006739.

RESULTS AND DISCUSSION

Analytical workflow for the comparison of trypsin digestion methods for AP-MS

In general, AP-MS involves immunoprecipitation of a protein complex with an antibody
against the bait protein, trypsin digestion of the protein complex, and mass spectrometry
analysis either with shotgun proteomic approaches®11:12_ targeted selected reaction
monitoring (SRM)2® or sequential window acquisition of all theoretical mass spectra
(SWATH).? Unlike global proteome profiling, in which the proteins are usually digested in
solution, in AP-MS the protein complexes are either digested “on-beads” or eluted from the
beads with chaotropic regents or surfactants followed by “in-solution” or “in-gel” trypsin
digestion. A literature survey of AP-MS-related protein-protein interaction studies reveals
that there are three widely used protocols for trypsin digestion of the protein complex
isolated by affinity purification. The first (ABC method) is the most straightforward
approach, where the protein complex is trypsin-digested on the beads in an ammonium
bicarbonate buffer, and after the digestion, the tryptic peptides are eluted from the
beads!2:16. The second protocol (SDS-gel method) involves first eluting the protein complex
from the beads with SDS buffer and separating the protein complex on an SDS-PAGE. The
gel bands of interest or the whole lane is then subjected to in-gel digestion?3%40, The third
protocol (Urea methoa) is a hybrid approach!1:22:23 in which the protein complex is
subjected to a brief (30 min) on-bead digestion in a urea buffer and the solution is separated
from the beads and the trypsin digestion is continued in solution for a longer period of time
(> 16h).
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In addition to these three commonly used protocols, we explored two new methods, the 7FE
method and the SDS-FASP method (Figure 1A). TFE can improve protein solubility and
denaturation, and can be easily removed by evaporation after trypsin digestion. It has been
proven that TFE can greatly improve the efficiency of in-solution trypsin digestion.14:41.42
We tested a TFE protocol in which the protein complex was digested on beads in a TFE
buffer. We expected that TFE would be beneficial for on-bead digestion as it is for in-
solution digestion in global proteomic or phospho-proteomic profiling. SDS has been
routinely used for eluting, dissociating, and denaturing the protein complex, but must be
removed before trypsin digestion to avoid inhibition of trypsin activity and interference with
MS analysis. In-solution removal of SDS is preferable to in-gel removal because in-gel
digestion may prevent peptide recovery and requires additional sample-handling steps. FASP
has been shown to be an efficient way for in-solution depletion of SDS.2* We developed the
SDS-FASP protocol by combining elution of the protein complex from beads, depleting
SDS with FASP, and in-solution digestion. We divided these five protocols into two
categories — on-bead digestion (ABC and TFE methods) and elution-digestion (Urea, SDS-
FASP and SDS-gel methods). Our overall experimental workflow for comparing the
digestion methods is shown in Figure 1A. The RelA complex was IP’ed with anti-RelA
antibody from the whole lysate of A549 cells. SID-SRM-MS analysis of RelA in the starting
cell lysate and flow-through after IP showed that about 93% of RelA in the whole cell lysate
was pulled down by anti-RelA antibody, indicating a highly efficient affinity purification
(Figure 1B). The RelA complex was subjected to trypsin digestion with one of these five
methods. Pre-immune 1gG was used as a negative control, and the proteins associated with
IgG were processed in parallel. The tryptic peptides resulting from each digestion method
were analyzed and quantified by label-free LC-MS/MS analysis. A rigorous statistical
analysis was used to identify which proteins were specific RelA interactors.

To determine the reproducibility of replicates, pairwise analysis of the log,-transformed
protein abundance was analyzed. The Pearson correlations (r2) ranged from 0.90 to 0.97,
indicating a high degree of concordance (Figure 1C). We noted that on-bead digestion
methods have slightly better reproducibility than elution-digestion methods. The r2 was
greater for the ABC (mean r2 = 0.95 + 0.009) and TFE methods (mean rZ = 0.95 + 0.008) vs
that for the other three elution-digestion methods. The r2 was lowest for the urea methods
(mean r2 = 0.93 + 0.013). Compared to on-bead digestion, elution-digestion methods require
more sample preparation steps, which may introduce some variation in quantification.

Identification of RelA-interacting proteins

The different digestion methods yielded a significantly different number of peptides and
protein identifications (Figure 1D, E). A total of 1011, 1180, 1636, 1586 and 1267 proteins
were quantified by the ABC, TFE, Urea, SDS-FASP, and SDS-gel methods, respectively.
The proteins quantified by each method and protein-related information such as the score
and g-value of identification, the fold change relative to IgG control pulldown, and statistical
analysis results were tabulated in Supplemental table S3. Histograms of the number of
protein identifications relative to the MS intensity of the proteins show that the five methods
yielded a similar number of high-abundance proteins, but a dramatically different number of
low-abundance proteins (Figure 1F). Elution-digestion methods (Urea, SDS-FASP, SDS-gel)
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yielded a significantly larger number of low-abundance proteins than on-bead digestion
methods (ABC and TFE), suggesting that the steric interference of the beads may make the
low-abundance proteins less accessible to trypsin, or, alternatively, reduces the recovery of
low-abundance tryptic peptides from beads. Consequently, the SDS-FASP method is
superior to the SDS-gel method both in terms of the total number of proteins and the number
of low-abundance proteins identified.

To determine the statistical significance of RelA vs IgG control, we calculated fold-changes
in protein abundance and the statistical significance of the differences in protein abundance
using FDR adjustment of a Student’s two-sample ztest. The volcano plots of proteins
identified by each method (Figures 2A, C, E, G, and 1) indicate very strong enrichment of
proteins in the RelA IP compared to the 1gG control I1P.43 To access the validity of
RelAeprotein interactions identified by AP-MS and distinguish the true RelA-interacting
proteins from false positives, we used the MiST algorithm to score the interaction between
identified proteins (preys) and bait proteins (RelA or 1gG). The MiST score is a composite
sum of three measures: protein abundance measured by MS (Abundance), invariability of
abundance over replicated experiments (Reproducibility), and uniqueness of an observed
bait-prey interaction across all purifications (Specificity).631 For each identified protein, the
MIST algorithm scored its interaction with both RelA and the negative control IgG based on
MS measurement. The MiST score of the protein quantified by each method were tabulated
in Supplemental table S3. As shown in Figure 2B, D, F, H, and J), the scatter plots of the
RelA-prey MiST score vs the 1gG-prey MiST score display a strong inverse correlation
(Pearson correlation r2= —0.41 ~ -0.74), indicating that RelA and IgG IP are two distinct
affinity purifications. The proteins in the bottom right quadrant have high RelA-prey MiST
scores (= 0.75), but low 1gG-prey MiST scores (< 0.75). We considered these proteins to be
enriched in the RelA IP, and to be potential RelA interactors. To further filter the data, we
adopted the second criterion that the enrichment of the proteins in RelA IP relative to the
negative control IgG must be statistically significant (o value of Student’s two sample #test
with permutation-based FDR adjustment <0.05). The red dots in Figure 2 are proteins that
have met these two criteria. We considered these proteins to be high-confidence RelA-
interacting proteins.

After applying the two-layer filtering, a total of 30, 44, 52, 114, and 58 RelA interactors
were identified with the ABC, TFE, Urea, SDS-FASP, and SDS-gel methods, respectively
(Figure 3A). We noted that the SDS-FASP method resulted in the largest pool of RelA
interactors (114), while the ABC method produced the least (30). Histograms of the number
of RelA interactors relative to the MS intensity of these proteins indicates that the ABC
method identified a few more high-abundance RelA interactors, while SDS-FASP identified
significantly more low-abundance RelA interactors than the other methods (Figure 3B). We
identified a total of 212 RelA interactors (Supplemental Table S3). A Venn diagram analysis
of the RelA interactors identified by the five different trypsin digestion methods found that
13 proteins were consistently identified by all methods (Figure 3C, Supplemental Table S3).
Most of these proteins are well-characterized benchmark RelA-interacting proteins, such as
NFKB1, NFKB2, Proto-oncogene c-Rel (REL), NFKBIB, and NFBKIE, indicating that our
analytical workflow and rigorous statistical analysis resulted in a robust dataset of RelA
interactors. We also identified some previously unknown RelA interactors, including the
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mitochondrial import inner membrane translocase subunit Tim23 (TIMM23) and the E3
ubiquitin-protein ligase, TRIM21. To confirm that these are true RelA interactors, we
conducted reciprocal IP of TIMM23 and TRIM21, in parallel with reciprocal IP of well-
known RelA interactors (NFKBIA, NFKBIE, NFKB1). 1IgG was used as negative control.
The amount of RelA in each sample was measured by SID-SRM-MS. As shown in Figure
3D, RelA was significantly enriched with the IP of NFKBIA, NFKBIE, NFKB1, TIMM23
and TRIM21 relative to IgG, indicating that these proteins are bone fide RelA interactors.

Comparison of the performance of different trypsin digestion methods

In elution-digestion methods, the bait protein and its interacting proteins were eluted from
beads. Sometimes additional fractionation steps such as FASP or SDS-PAGE had to be done
before trypsin digestion. On-bead digestion omits all these interim steps to progress straight
to the digestion. The limitation of on-bead digestion is that the beads may hinder the
accessibility of trypsin to the proteins. As we have demonstrated above (Figure 3A), the
order of the number of RelA interactors identified by each approach was: SDS-FASP >
SDS-gel > Urea > TFE > ABC. The ABC method produces the smallest pool (30) of RelA
interactors, while the SDS-FASP identified the largest number of RelA interactors (114).
Overall, the elution-digestion approaches gave better performance than on-bead digestion
methods in terms of the depth of coverage of the RelA interactome, and SDS-FASP seems to
outperform all the other methods tested.

We noticed that only a small fraction of protein identified (3 — 7%) were RelA interactors
and the majority of proteins identified were non-specific binding proteins, which may partly
be due to the high-sensitivity of MS and even a trace amount of non-specific binding
proteins could be detected by MS. This highlights the advantages of quantitative proteomics
analysis and rigorous statistical analysis and computational PPI scoring in isolating true
interactors from a large pool of non-specific proteins. We investigated whether trypsin
digestion methods would affect the identification of non-specific binding proteins. The
numbers of non-specific binding proteins identified by each trypsin digestion method were
different, but we found no significant difference in the percentage of non-specific proteins
identified by each method (Figure 3E).

With the results of MiST analysis, we were able to compare the performance of each method
in more detail. Surprisingly, the RelA interactions identified by the ABC method had the
highest average MiST Score (Figure 4A); 21 out of 30 (70%) RelA interactors had a MiST
score higher than 0.9. By contrast, the RelA interactors identified by SDS-FASP had the
lowest average MiST Score; only 28% (32 out of 114) RelA interactors had a MiST score
higher than 0.9. Similarly, RelA interactions identified by the ABC method had the highest
average MiST reproducibility (Figure 4B) and MiST specificity values (Figure 4C), while
the RelA interactors identified by SDS-FASP had the lowest average MiST reproducibility
and specificity values among the five different methods tested. Consistent with the histogram
analysis of MS intensities of RelA interactors (Figure 3B), the RelA interactors identified by
the ABC method had higher average MS signals (Figure 4D) than those identified by other
methods. This result indicates that the ABC method can efficiently digest moderate to high
abundance proteins in the Rel A complex, but the recovery of low-abundance proteins in the
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RelA complex was poor. The total number of tryptic peptides obtained from the ABC
digestion method was much lower than with other methods (Figure 1D), a phenomenon that
improved the identification of high-abundance peptides because the competition for MS/MS
fragmentation during LC-MS/MS analysis was reduced. Our data indicate that the SDS-
FASP method was able to recover much more low-abundance RelA interactors than other
methods (Figure 3C), but these low-abundance RelA interactors often had lower MiST Score
than high-abundance RelA interactors. As a consequence, the average MiST score for the
RelA interactors identified by the SDS-FASP method was decreased. We plotted the MiST
Score, reproducibility and specificity values against the MS intensities of the RelA
interactors. We found that high-abundance proteins are more likely to have a higher MiST
Score, reproducibility and specificity values than low-abundance proteins (Figures 4E-G). It
appears that the lower median MiST scores of RelA interactors identified by the SDS-FASP
method may be caused by a systematic bias of MiST algorithm against low-abundance
interactors, not an indication that SDS-FASP method produced a lower-quality dataset.

Several studies have indicated that TFE can greatly increase the efficiency of in-solution
trypsin digestion.144142 However, our data showed that the benefit of TFE for on-bead
digestion is not as significant as that with in-solution digestion. The number of proteins (Fig.
1C), peptides (Figure 1D), and RelA interactors (Figure 3D) identified by TFE on-bead
methods is slightly higher compared to the ABC on-bead digestion method (41 to 30),
suggesting that steric interference is the predominant factor for the efficiency of on-bead
trypsin digestion, not the solvent used for protein denaturation.

The urea method is a hybrid method that combines a brief on-bead trypsin digestion with
elution-digestion. The total number of proteins and RelA interactors identified by the urea
method was higher than with on-bead digestion methods, but we found that the
reproducibility of the MS intensities of the identified proteins was the lowest among the
methods tested. This may be caused by incomplete and less reproducible trypsin digestion
during the short on-bead digestion period.

The SDS-FASP and SDS-gel methods produced the largest number of RelA interactors,
indicating that SDS is very efficient in stripping the protein complex from the beads. As
expected, the data proved that FASP and in-solution digestion is superior to SDS-PAGE and
in-gel digestion. The number of RelA interactors identified by the SDS-FASP method was
almost double the number of RelA interactors identified by the SDS-gel method. Another
advantage of the SDS-FASP method over SDS-gel is that it avoids the laborious and time-
consuming steps such as SDS-PAGE, staining and destaining the gel bands, and improved
peptide recovery.

We performed GO annotation enrichment analysis of the RelA interactors identified by each
method (Supplemental Table S4). RelA interactors identified by the ABC, TFE and urea
methods have similar GO annotation enrichment; the top biological process terms are
regulation of type I interferon production; toll-like receptor 2, 5, 9, 10 signaling pathway;
MyD88-dependent toll-like receptor signaling pathway; and 1-kappaB kinase/NFxB
signaling. These GO terms are well-known major biological functions of RelA. The RelA
interactors identified by SDS-FASP had a different GO annotation enrichment; although
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interferon production, toll-like receptor signaling pathways, and I-kappaB kinase/NF«xB
signaling were still enriched, they were not the most significant terms. The top GO
biological process terms for RelA interactors identified by SDS-FASP were nucleic acid
metabolic process, gene expression, and chromosome organization, indicating that the
ability to identify a minor component of the RelA complex was increased with the enhanced
sensitivity of the SDS-FASP approach.

Comparison of the effects of different trypsin digestion methods on SID-SRM-MS analysis

of PPIs

SID-SRM-MS has been used in quantifying the dynamics of PPIs.1218 Unlike global
identification of PPIs using shotgun proteomics, the SID-SRM-MS method is based on the
MS analysis of pre-selected signature peptides for each targeted proteins. The quantification
is usually carried out by comparing the signals of pre-selected native peptides to the signals
of stable isotope labeled standard peptides.14 Therefore, when the relative quantification is
performed by SRM-MS, it is the reproducible production of these pre-selected native
peptides that will affect the quantification, not the completeness of digestion of the entire
protein. Previous study on in-solution digestion indicated that the effect of different solvents,
chaotropic agents, and surfactants on SRM quantification varied from protein to protein.14
To investigate the effects of different trypsin digestion methods on the SID-SRM-MS
analysis of the protein complex, we preselected a set of RelA interactors — RelA, NFKB1,
NFKB2, NFKBIA, NFKBIB, and NFKBIE from the pool of RelA interactors identified in
this study, and use SID-SRM-MS to determine and compare the amounts of native peptides
from these six proteins when different trypsin digestion are used. First, as can be seen in
Figure 5, no matter which trypsin digestion methods were used, all six of the proteins
showed significant enrichment in the RelA IP relative to the negative control 1gG IP.
Therefore, SRM-MS quantification provides an independent validation of the data generated
through the label-free LC-MS/MS approach. Second, Figure 5 also shows that the effect of
different trypsin digestion methods on the SRM-MS measurement varies from protein to
protein. For RelA, NFKB2, NFKBIA, and NFBKIB, the variation of native/SIS ratio of the
native peptides generated by different digestion methods is within the range from 9% to
16%. We consider that the impact of trypsin digestion protocols on SRM analysis of these
proteins is minimal. However, for NFKB1 and NFKBIE the variation of native/SIS ratio of
the native peptides generated by different digestion methods jumped to 46% and 64%,
respectively. For NFKBL, the signals of native peptides generated by the urea method were
much higher than those from other methods. For NFKBIE, the signals of native peptides
generated by the urea method and SDS-FASP protocol were much higher than those from
other methaods; the signal from the SDS-gel method was the lowest, probably due to lower
recovery the NFKBIE signature peptide after in-gel digestion. The data indicate that the
effect of different trypsin digestion methods on the SRM-MS measurement varies from
protein to protein. The sensitivity of SRM quantification depends on the efficiency of
production of the preselected signature peptides under different trypsin digestion conditions.
To maximize the sensitivity of the SRM detection of targeted protein interactors, it may be
necessary to optimize trypsin digestion conditions for each targeted protein or select
signature peptide to find the method that can provide the best sensitivity.
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The RelA interactome

RelA has been shown to be predominantly cytoplasmic, but it can be translocated to
subcellular organelles such as nuclear® and mitochondria®4-4¢ and form protein complexes
with its interactors. We plotted the 212 RelA interactors identified in this study in a network
representation (Figure 6A). We also introduced an additional 134 interactions between RelA
interactors from the STRING protein-protein interaction database. The RelA interactors
(nodes with yellow to orange color) that have known interactions with each other are
clustered together to identify the function of the RelA-interactome. We found that RelA is
associated with many protein complexes with important biological functions. Some
examples of these complexes are the IxB/NFxB complex, RNA Pol ll-mediator complex,
histone methyltransferase complex, spliceosomal complex, ribonucleoprotein complex,
origin recognition complex (ORC), and the calpain complex. The 1xB/NFxB complex
regulates the expression of genes influencing a broad range of biological processes including
innate and adaptive immunity, inflammation, stress responses, and cancer.>:17 While in an
inactivated state, RelA and NFKB1 form a heterodimer (NFxB) in the cytosol. Its functions
are inhibited by the inhibitory protein NFKBIA/IxBa.. Upon activation via a variety of
extracellular signals, IKK kinases phosphorylate the NFKBIA/IxBa protein, which results
in degradation and dissociation of NFKBIA/IxBa from NFxB. The activated NFxB is
translocated into the nucleus, where it binds to specific DNA sequences. The DNA/NFxB
complex recruits other proteins such as coactivators and RNA polymerase, which transcribes
the downstream DNA into mRNA.>17 Our finding that RelA interacts with the RNA Pol II-
mediator complex has been previously reported.16 RelA interacts with P-TEFb to release
paused RNA Pol Il. The interaction is mediated by RelA Ser phosphorylation by a family of
ribosomal S6 kinases in a stimulus-dependent manner. Specifically, the formation of
phospho-Ser276 RelA is critical for activation of a subset of highly inducible “immediate-
early” inflammatory genes maintained in an open chromatin conformation.? In this
pathway, phospho-Ser276 RelA binds the cyclin-dependent kinase (CDK)9 complex,
responsible for phosphorylation of Ser2 in the carboxy-terminal domain (CTD) of RNA Pol
I, licensing it to produce fully spliced transcripts, a process known as transcriptional
elongation.1819 Calpains are cytosolic calcium-activated neutral proteases. They mediate a
parallel proteasome-independent pathway for cytokine-inducible NFKBIA/IxBa proteolysis
and NFxB activation.?” The spliceosomal complex is another large group of proteins that
was found to be associated with RelA. This complex includes several of the so-called “SR
proteins,” ribonucleoproteins and components of the exon junction complex (EJC), such as
mago nashi homolog (MAGOH), RNA-binding protein with serine-rich domain 1 (RNPSL1),
and pinin (PNN). The EJC complex mediates many RNA-related processing steps, such as
mRNA export, transition, and decay.*8:49 It also interacts with SR proteins and promotes
mRNA packaging and compaction.#® Although our data indicate that RelA associates with
many components of the spliceosomal complex, further studies will be required to
understand how RelA regulates spliceosomal complex functions. The Origin Recognition
Complex (ORC) is associated with specific loci on the chromosomal DNA where DNA
replication takes place, and is the central component of cell-cycle control of the
chromosomal replication pathway. During the cell cycle, CDC6/CDC18 temporally
associates with ORC at the G1-S boundary and is essential for assembly of the pre-
replication complex (preRC) at origins of replication before the initiation of DNA synthesis.
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This is followed by the loading of the minichromosome maintenance (MCM) protein
complex onto the replication origins, leading to the formation of preRCs. After MCM
loading, S-phase CDK phosphorylates CDC6/CDC18; this phosphorylation leads to the
rapid degradation of CDC6/CDC18 to prevent re-initiation.>%:51 Although it has been
observed that NFxB/RelA is a regulator of the cell cycle by activating cyclin D1 expression
and promoting G1-to-S progression,2 there was no report of the direct interaction between
NFxB/RelA and ORC before this study.

RelA can simultaneously interact with many individual proteins or protein complexes. We
estimated the relative abundance of RelA interactors that were pulled down with RelA using
the label free LFQ intensities. The boxplots of the median LFQ intensity of the components
of each complexe are shown in Figure 6B. Based on this profile, we can estimate the
stoichiometry of the interaction between RelA and major protein clusters. In the basal
condition, the calpain complex, IxB/NFxB, and the ribonucleoprotein complex are the most
abundant protein complexes that were associated with RelA. This analysis indicates that
more RelA protein molecules are interacting with these three complexes than complexes
such as RNA-pol Il/mediator, the spliceosomal complex, or ORC.

Bromodomain-containing protein 4 (BRD4) interactome

To test whether the protocols performance might change when different baits, antibodies or
cell lines are used, we conduct a BRD4 inteactome study using primary human small airway
epithelial cells. BRD4 is a member of bromodomain and extra terminal domain family that
functions as histone acetyltransferase, a chromatin reader protein and RNA pol Il kinase. It
play key role in transcription regulation of signal-inducible genes by regulating the activity
of RNA polymerase 11.16:53 It is also required for maintenance of higher-order chromatin
structure.>* In this study, BRD4 interactors were pulled down with anti-BRD4 antibody.
Different trypsin digestion methods yielded a significantly different number of protein
identifications (Figure 7A). A total of 927, 864, 1008, 977 and 405 proteins were quantified
by the ABC, TFE, Urea, SDS-FASP, and SDS-gel methods, respectively. The proteins
quantified by each method and protein-related information such as the score and g-value of
identification, the fold change relative to 1gG control pulldown, and statistical analysis
results were tabulated in Supplemental table S5. Similar to the results obtained from the
RelA interactome, the Urea method and SDS-FASP method identified more proteins than
the on-beads digestion methods (ABC and TFE). We noticed that we identified fewer
proteins using SDS-Gel method, which may be caused by the low-efficiency of peptide
coverage from the gel pieces. Overall, the elution of the protein complex from beads with
SDS or urea before trypsin digestion increases the efficiency of trypsin digestion of protein
complex, which is consistent with the conclusion that we draw from the RelA interactome
study.

The high-confidence BRD4 interactors were determined using the same two-layer filter that
was used in the RelA interactome study. The MiST score of the protein quantified by each
method were tabulated in Supplemental table S5, After applying the two-layer filtering, a
total of 99, 73, 112, 151, and 50 BRD4 interactors were identified with the ABC, TFE, Urea,
SDS-FASP, and SDS-gel methods, respectively (Figure 7B). SDS-FASP method and Urea
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method resulted in the larger pool of BRD4 interactors than ABC method and TFE method,
a finding that is consistent with RelA interactome study. We noticed that the protocols
perform slightly differently in BRD4 interactome study, for example, TFE method identified
less number of BRD4 interactors than ABC method and SDS-gel method yield the smallest
number of BRD4 interactors. A Venn diagram analysis of the BRD4 interactors identified by
the five different trypsin digestion methods found that 19 proteins were consistently
identified by all methods (Figure 7C, Supplemental table S5). Consistent with the
conclusion obtained from RelA interactome study, elution-digestion methods identified more
low-abundance BRD4 interactors (Figure 7D).

In this BRD4 interactome study, we identified 16 core members of RNA pol Il complex
including DNA-directed RNA polymerase Il subunit RPB1 (POLR2A). We conducted a
reciprocal IP of pol Il. The amount of POLR2A and BRD4 were measured by SID-SRM-
MS. As shown in Figure 7E, BRD4 was significantly enriched with the IP of POLRA2
relative to 1gG, confirming the interaction between BRD4 and POLR2A.

We plotted the 277 BRD4 interactors identified in this study in a network representation
(Figure 7F). We also introduced an additional 596 interactions between BRD4 interactors
from the STRING protein-protein interaction database. The BRD4 interactors (nodes with
blue to orange color) that have known interactions with each other are clustered together to
identify the function of the BRD4-interactome. We found that BRD4 is associated with
many protein complexes with important biological functions. Some examples of these
complexes are DNA-directed RNA polymerase Il complex, spliceosomal complex,
ribonucleoprotein complex, SWI/SNF complex, and AP-2 adaptor complex.

CONCLUSIONS

In this study, we used RelA as a model bait protein to determine the trypsin digestion
conditions under which the highest possible PPI coverage can be achieved. We found that
the identification of the high-abundance RelA interactors is not affected by the choice of
trypsin digestion protocols, but trypsin digestion methods have a significant impact on the
identification of low-abundance RelA interactors. Overall, eluting the RelA complex from
beads before trypsin digestion produces higher coverage of the RelA interactome compared
to direct on-bead digestion, and SDS is preferable as the elution buffer vs. urea. To remove
SDS before trypsin digestion, two approaches were used, FASP/in-solution digestion and
SDS-PAGE/in-gel digestion. Our data suggested that FASP/in-solution digestion is superior
to SDS-PAGE/in-gel digestion in terms of identification of low-abundance of RelA
interactors. With rigorous statistical and PPI scoring analysis, we identified 212 RelA
interactors; many of the PPIs are known and have been studied extensively, while some of
the RelA interactors have not been reported before. The functions of these PPI require
further study.

From the RelA interactome and BRD4 interactome studies, we can conclude that elution-
digestion methods (SDS-FASP and Urea methods) yield higher interactome coverage than
on-beads digestions methods; and SDS-FASP method is slightly better than Urea method.
We also notice that the performance of the trypsin digestion protocols may change
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depending on the different baits, antibodies or cell lines used. The binding affinity between
bait and interactors, the orientation of the interactors within the complex, and the recovery of
tryptic peptides may also affect the performance of the trypsin digestion protocols.

It is also worth noting that different digestion protocols can affect the SRM-MS
quantification of PPIs. Even in the relatively small set of proteins that we quantified by
SRM-MS, wide variations caused by different digestion protocols were observed, and there
is no common procedure that is best for all of the proteins, so optimization of trypsin
digestion conditions for each targeted protein may be required.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AP Affinity purification
BRD4 Bromodomain-containing protein 4

CDK9 Cyclin dependent kinase 9

DTT Dithiothreitol

FASP filter-aided sample preparation
FDR False discovery rate
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1gG Immunoglobin G

IP Immunoprecipitation

LC Liquid chromatography
LFQ Label free quantification
MS Mass spectrometry

ORC Origin recognition complex
PBS Phosphate-buffered saline
PPI Protein-protein interaction
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Figure 1. Analytical workflow for comparison of trypsin digestion methods for AP-M S analysis
of protein-protein interaction

(A) Schematic workflow for five trypsin digestion methods for AP-MS analysis of RelA
interactome. The protein complexes purified with RelA IP or control 1gG IP were digested
by five different methods, followed by label-free LC-MS/MS quantification. (B) Isolation
efficiency of RelA IP. The amount of RelA in the whole cell lysate of A549 cells before and
after RelA IP was measured by SID-SRM-MS. (C) Reproducibility of biological and
technical replicates. The Pearson correlations (r2) of the pairwise comparison of log,-
transformed protein abundance between replicates are shown for each digestion method.
Note that the ranges fall between 0.9-0.97. (D) The number of proteins identified by each
trypsin digestion method. (E) The number of peptides identified by each trypsin digestion
method. (F) Histogram of the abundance of the proteins identified by each trypsin digestion
method.
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Figure 2. I dentification of RelA interactors
(Left panels) Volcano plots of the —log,¢ P-value vs. the log,-transformed intensity

difference of the RelA IP vs. negative control 1gG IP for proteins identified by the (A) ABC
method, (C) TFE method, (E) Urea method, (G) SDS-FASP method, and (1) SDS-Gel
method. The proteins in the top-right quadrant are proteins enriched with RelA IP relative to
1gG IP (Student’s #test with FDR correction P<0.05). (Right panels) Scatter plots of the
MIiST score of 1gG-prey vs. the MiST score of RelA-prey for each protein identified by the
(B) ABC method, (D) TFE method, (F) Urea method, (H) SDS-FASP method, and (J) SDS-
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Gel method. The red dots are the proteins that met the criteria for identification of high-
confidence RelA interactors.
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Figure 3. RelA interactors
(A) The number of RelA interactors identified by each trypsin digestion method. (B)

Histogram of the abundance of the RelA interactors identified by each trypsin digestion
method. (C) Venn diagram of the RelA interactors identified by each trypsin digestion
method. (D) SID-SRM-MS measurement of RelA in reciprocal IP of RelA interactors. (E)
The percentile of non-specific binding proteins identified by each trypsin digestion method.
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Figure 4. Comparison of different trypsin digestion methods for AP-M S analysis of the RelA
interactome

(A) Boxplot of the MiST scores of the RelA interactors identified by each trypsin digestion
method. (B) Boxplot of MiST reproducibility values of the RelA interactors identified by
each trypsin digestion method. (C) Boxplot of the MiST specificity values of the RelA
interactors identified by each trypsin digestion method. (D) Boxplot of the MiST abundance
of the RelA interactors identified by each trypsin digestion method. (E) Scatter plot of the
MIST score vs. the MS intensity of proteins. (F) Scatter plot of the MiST reproducibility
value vs. the MS intensity of proteins. (G) Scatter plot of the MiST specificity value vs. the
MS intensity of proteins.
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Figure5. SRM-M S analysis of RelA interactorswith different trypsin digestion methods
Black bars, SRM measurement of RelA interactors from negative control 1gG IP; grey bars,

SRM measurement of RelA interactors from RelA IP.
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(A) Network representation of RelA interactome. In total, 212 RelA interactors (blue) are
represented. The color of each node represents the neighborhood connectivity of each
protein. The color of edges corresponds to the MiST score from interactions between RelA
and its interactors and also to interactions between RelA interactors that were obtained from
publicly available STRING database. (B) Relative abundance of protein complexes that are

associated with RelA.
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Figure 7. BRD4 interactome and the effects of trypsin digestion methods on the identification of
BRD4 interactors

BRD4 complex was IPed with anti-BRD4 antibody and digested with trypsin with five
different protocols. (A) The number of proteins identified by each trypsin digestion method.
(B) the number of BRD4 interactors identified by each trypsin digestion method. (C) Venn
diagram of BRD4 interactors identified by each trypsin digestion method. (D) Histogram of
the abundance of the BRD4 interactors identified by each trypsin digestion method. (E) SID-
SRM-MS measurement of Pol Il and BRD4 in reciprocal IP of Pol Il. (F) Network
representation of BRD4 interactome. The color of each node represents the neighborhood
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connectivity of each protein. The color of edges corresponds to the MiST score from
interactions between RelA and its interactors and also to interactions between RelA
interactors that were obtained from publicly available STRING database.
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