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Abstract

Immunoaffinity enrichment of peptides coupled to multiple reaction monitoring-mass
spectrometry (immuno-MRM) enables highly specific, sensitive, and precise quantification of
peptides and post-translational modifications. Major obstacles to developing a large number of
immuno-MRM assays are the poor availability of monoclonal antibodies (mAbs) validated for
immunoaffinity enrichment of peptides and the cost and lead time of developing the antibodies de
novo. Although many thousands of mAbs are commercially offered, few have been tested for
application to immunoaffinity enrichment of peptides. In this study we tested the success rate of
using commercially available mAbs for peptide immuno-MRM assays. We selected 105
commercial mAbs (76 targeting non-modified “pan” epitopes, 29 targeting phosphorylation) to
proteins associated with the DNA damage response network. We found that 8 of the 76 pan (11%)
and 5 of the 29 phospho-specific mAbs (17%) captured tryptic peptides (detected by LC-MS/MS)
of their protein targets from human cell lysates. Seven of these mAbs were successfully used to
configure and analytically characterize immuno-MRM assays. By applying selection criteria
upfront, the results indicate that a screening success rate of up to 24% is possible, establishing the
feasibility of screening a large number of catalog antibodies to provide readily-available assay
reagents.
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The incorporation of an immunoaffinity enrichment step with mass spectrometry can
produce highly reliable quantitative assays [1-4]. Major obstacles to developing a large
number of peptide immuno-MRM assays are the poor availability of monoclonal antibodies
(mAbs) validated for immunoaffinity enrichment of proteotypic peptides and the cost and
lead time of developing the antibodies de novo. mAbs are especially attractive for use in
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immuno-MRM assays, since they are a renewable reagent that can be standardized [5].
Although there are thousands of commercially available mAbs (www.antibodypedia.com),
few have been characterized for their performance in immuno-MRM assays. In a prior study,
we demonstrated a high crossover success rate for using mAbs developed for peptide
immuno-MRM in conventional protein detection platforms (e.g. Western blotting) [5]. In
this study, we examine the converse by determining the success rate for using mAbs
commercially developed for conventional protein detection platforms (e.g. Western blotting)
in immuno-MRM assays. If successful, this approach has the potential to enable the
development of a wide array of assays using existing antibodies, improving biological
research by providing reproducible, multiplex, and highly specific quantification of proteins
and post-translational modifications in a manner that can be standardized across laboratories
[6-8].

For this study, we identified a panel of 105 commercially available mAbs for testing, based
on two selection criteria: i) protein targets are involved in the cellular DNA damage response
(DDR) network (as proof-of-concept), and ii) protein targets have been empirically observed
in LC-MS/MS experiments (determined by searching publicly available mass spectrometry
datasets [9, 10]). All mAbs were generated against peptide immunogens; however, we did
not know the specific antigen sequences, and the antibody epitopes were not mapped. Two
types of mAbs were chosen (Supporting Information Table 1): 76 that recognize non-
modified epitopes (i.e. pan mAbs) and 29 that recognize post-translationally modified targets
(i.e. phosphorylation mAbs).

Each mAb was tested for its ability to enrich peptides from trypsin-digested protein lysates
from human cell lines (Figure 1A-B). MCF10A, HelLa, Hep G2, and HEK293 cell lines
were selected based on confirmed expression data for the targeted proteins in the antibody
vendor catalog (see Supporting Information). Whole cell lysates were used for enrichment.
Pan antibodies (that had been coupled to Protein G magnetic beads) were applied to
untreated cells, whereas antibodies for the modified targets (also bead-coupled) were applied
to cells harvested two hours following exposure to 10 Gy ionizing radiation (to elicit a DNA
damage phospho-signaling response). As a negative control, a “beads only” capture was
performed (i.e., not containing antibodies). All immunoaffinity-enriched samples were
analyzed by LC-MS/MS, and the data were deposited to the ProteomeXchange Consortium
(see Supporting Information for details).

A total of 4884 unique peptides corresponding to 1703 proteins were identified across all
immunoaffinity enrichment experiments. Overall, 27 targets of the mAbs were identified,;
however, a large number of identifications were due to non-specific binding to the
antibodies, Protein-G, or the magnetic beads. To evaluate the specificity of the pull-downs,
we plotted a heatmap for the number of identifications in each pull-down and a histogram of
the fraction of total identifications across the pull-downs (Supporting Information Figures 1
and 2, respectively). Several filters were applied to the dataset to classify confidently
identified peptides associated with the antibody’s reported specificity. First, using a strategy
applied in identifying proteins ubiquitous in immunoprecipitation (IP) experiments (i.e. the
CRAPome) [11, 12], we eliminated peptides identified in greater than 8% (n=5) of total
capture experiments and any peptide identified in the bead-only control capture. Next, we
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required that the identified peptide was present in a capture in which the corresponding
target antibody was applied, and that matching peptides were proteotypic (i.e. unique to the
protein of interest). We also eliminated all identifications for which only 1 spectral match
was observed. Using these conservative criteria, peptides corresponding to 8 of the 76 pan
mAbs (11%) and to 5 of the 29 phosphorylation mAbs (17%) were confidently detected in
the LC-MS/MS data (see Supporting Information Table 2). Success rates were higher for
antibodies that were previously validated for IP of the full length protein (i.e., amongst the
105 mADbs, 40 were previously validated for protein IP, and 8 (20%) of these were amongst
the 13 successful mAbs; conversely, 65 mAbs were not previously validated for protein IP,
and only 5 (8%) of these were amongst the 13 successful mAbs).

Sufficient antibody was available for quantitative assay development for 7 of the mAbs
showing activity for immunopeptide enrichment (Table 1). For these targets, stable isotope-
labeled peptide standards were used to develop MRM methods (see Supporting Information
Table 3 for transitions selected). The antibodies were configured into one multiplex
immuno-MRM group, and were characterized by response curves and the ability to detect
endogenous analyte from a digest of whole cell lysate. For phosphorylated targets, we
attempted to develop assays to the modified and non-modified versions of the peptides, as
previously demonstrated [13].

Response curves were used to determine the limits of detection (LODSs), lower and upper
limits of quantification (LLOQs and ULOQSs), precision, and linearity of the multiplexed
assay. Each concentration point was measured in technical triplicate (including replicates of
the immunoaffinity enrichment and mass spectrometry steps). Endogenous peptide analyte
and a linear response were observed for 6 of the 7 antibodies (including 7 peptides, since
one of the antibodies targeting pJUNSE63 was capable of enriching the phosphorylated and
non-modified peptides). The failure of MLH1 (LDETVVNR) could be due to the matrix
used, as it was detected in non-irradiated lysates in the shotgun studies described above. An
example response curve is shown in Figure 1C, and figures of merit are reported in Table 1
(response curves for the 7 assays are shown in Supporting Information Figure 3, and the raw
data are given as Supporting Information in a Skyline document). The LLOQs ranged from
0.4 to 25 fmol/mg digest, with a median of 1.6 fmol/mg. An example chromatogram
showing detection of the NBNPS343 peptide at the LLOQ is shown in Figure 1D. The %CVs
at the LLOQs ranged from 1.9 to 16.2%, with a median of 9.1%. The assays were linear for
>3 orders of magnitude for 5 of the 7 assays. (One assay with less than 3 orders was still
linear at the highest concentration point, thus underestimating the true linear range.) These
figures of merit are comparable to those seen previously using monoclonal antibodies
specifically generated for immuno-MRM [5].

The results of this study demonstrate the feasibility of using commercially available mAbs
in quantitative peptide immuno-MRM assays. Based on the results, we estimate an overall
success rate in developing working assays of ~14% (combining success rates in detection
and qualification of assays in MRM). This success rate is lower than a previous investigation
using polyclonal antibodies generated against protein fragments for peptide immunoaffinity
enrichment [14], possibly since use of polyclonals can increase the likelihood of a working
antibody by enriching multiple peptides (i.e. multiple epitopes) for each protein target.
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Limitations of polyclonal antibodies (e.g., limited resource, batch-to-batch variation) make
the use of mAbs more attractive for a distributable and standardizable assay reagent.

Several parameters could be taken into account to improve the likelihood of developing a
successful assay. First, considering known epitopes of commercial antibodies will improve
screening results by allowing selection of targets for which the peptide is amenable to LC-
MS analysis (for example, targeting epitope-containing tryptic peptides that are neither too
short nor too long, nor disrupted by a cleavage site). Parameters for suitable MRM-able
peptides have been published [15]. Likewise, antibodies for phosphorylated targets could be
considered for only phosphopeptides that yield an analyzable tryptic peptide. For example, 8
phosphosites in our study were contained within tryptic phosphopeptides that are not ideal
for mass spectrometry (peptide length > 35). Removing these targets from the study
increases the success rate of screening anti-phosphopeptide antibodies to 5/21 (24%). For
some of these difficult targets, alternative peptides may be produced through digestion with
enzymes other than trypsin. Finally, the higher success rate for antibodies previously
characterized by protein IP indicates that these characterization data are useful in identifying
antibodies most likely to work in peptide immuno-MRM. Publicly available antibody
databases and resources, such as antibodypedia (antibodypedia.com), 1degreebio
(1degreebio.org), CiteAb (citeab.com), Human Protein Atlas [16], or the National Cancer
Institute’s Antibody Portal [5] (antibodies.cancer.gov), could be searched for additional
validation methods, epitope information, and mAb uses, which would increase the chances
of a mAb working in immuno-MRM assays.

The availability of commercial antibodies is a definite advantage in terms of time savings for
assay development. However, the cost benefits are short-term given the current formulations
of antibodies. For example, Table 1 shows the per sample cost of the antibodies as
formulated and used in this study, ranging from $5 to over $50 per sample (by comparison,
the cost of using an existing custom-made monoclonal is $0.50 per sample (assuming
$1000-$3000 for production and purification of 6 mg) [17]). Even adding in the
considerable costs associated with de novo generation of a custom monoclonal antibody,
assays based on the custom antibody would be $2.33 — $3.50 per sample (assuming
$14,000-$21,000 for antibody generation and production of 6 mg). Thus, it may be
beneficial to use commercially-available antibodies for limited studies requiring small
numbers of assays, in order to generate data supporting development of a less expensive
antibody source for long-term or larger studies.

Regardless, the large number of commercially-available affinity reagents combined with the
relatively good success rate for working antibodies makes a broad screening effort
worthwhile. The potential for rapidly developing quantitative, multiplexed immuno-MRM
assays to a wide array of targets has the potential to greatly expand the assay content and
contribute immensely to quantitative biological studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Evaluation and characterization of multiplex immuno-MRM assays using commercial
mAbs

(A) Overview of evaluation of 76 pan antibodies, and (B) evaluation of 29 anti-phospho
antibodies. (C) Response curve for TTTPGPSLS[PO4]QGVSVDEK (pS343) to Nibrin
(NBN), plotted in linear and log space. Error bars indicate the range of the peak area ratios
of the three capture and LC-MRM-MS replicates. (D) Chromatogram for light and heavy
peptides for TTTPGPSLS[PO4]QGVSVDEK (pS343) to Nibrin (NBN) in 0.5 mg MCF10A
+ HeLa 10Gy IR lysate. Heavy peptide is added at a concentration of 0.4 fmol/mg. AIMS,
accurate inclusion mass screening.
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