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Immunoproteomics Using Polyclonal
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Fredrik Edforst§, Tove Bostrom§], Bjorn Forsstrémi, Marlis Zeiler|,
Henrik Johansson**, Emma Lundbergt, Sophia Hoberq], Janne Lehti6**,

Matthias Mann|,, and Mathias Uhlent11t

The combination of immuno-based methods and mass
spectrometry detection has great potential in the field of
quantitative proteomics. Here, we describe a new method
(immuno-SILAC) for the absolute quantification of pro-
teins in complex samples based on polyclonal antibodies
and stable isotope-labeled recombinant protein frag-
ments to allow affinity enrichment prior to mass spec-
trometry analysis and accurate quantification. We took
advantage of the antibody resources publicly available
from the Human Protein Atlas project covering more than
80% of all human protein-coding genes. Epitope mapping
revealed that a majority of the polyclonal antibodies rec-
ognized multiple linear epitopes, and based on these re-
sults, a semi-automated method was developed for pep-
tide enrichment using polyclonal antibodies immobilized
on protein A-coated magnetic beads. A protocol based
on the simultaneous multiplex capture of more than 40
protein targets showed that approximately half of the
antibodies enriched at least one functional peptide de-
tected in the subsequent mass spectrometry analysis.
The approach was further developed to also generate
quantitative data via the addition of heavy isotope-labeled
recombinant protein fragment standards prior to trypsin
digestion. Here, we show that we were able to use small
amounts of antibodies (50 ng per target) in this manner for
efficient multiplex analysis of quantitative levels of pro-
teins in a human Hela cell lysate. The results suggest that
polyclonal antibodies generated via immunization of re-
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combinant protein fragments could be used for the en-
richment of target peptides to allow for rapid mass
spectrometry analysis taking advantage of a substantial
reduction in sample complexity. The possibility of build-
ing up a proteome-wide resource for immuno-SILAC
assays based on publicly available antibody resources is
discussed. Molecular & Cellular Proteomics 13:
10.1074/mcp.M113.034140, 1611-1624, 2014.

Mass spectrometry—based proteomics is fast developing in
the direction of clinical applications. Therefore, reliable quan-
tification methods for absolute protein concentration determi-
nation are indispensible tools for future applications. So far,
enzyme-linked immunosorbent assays and similar antibody-
based methods excel in the sensitive detection of low levels of
proteins in complex matrices, whereas mass spectrometry
enables unbiased approaches and can provide unsurpassed
specificity. The fact that most proteomes have a very high
dynamic range between high and low abundant proteins, in
particular for clinical samples, such as plasma and serum,
often makes it necessary to use protein depletion of the most
abundant proteins (1, 2) and/or elaborate fractionations (3-5)
before running the mass spectrometry analysis. This has
prompted several investigators to introduce a protein or pep-
tide capture step using specific antibodies to allow for immu-
noaffinity enrichment prior to the MS analysis. In this way, a
“sandwich” assay is obtained, but instead of having a readout
in the analysis step based on a second antibody, the analysis
step is performed using MS. In such an approach, either the
intact protein is captured using an anti-protein antibody (6) or
a peptide derived from the protein is captured using an anti-
peptide antibody that has been raised to the target peptide of
interest (7—11). This is the principle behind stable isotope stand-
ards and capture by anti-peptide antibodies (SISCAPA)," devel-
oped by Anderson and co-workers (12-15). In immunoaffinity

" The abbreviations used are: SISCAPA, stable isotope standards
and capture by anti-peptide antibodies; PrEST, protein epitope sig-
nature tag; ABP, albumin binding protein; SILAC, stable isotope la-
beling by amino acids in cell culture.
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proteomics, it is preferable for the affinity of the anti-peptide
capture antibody to be high, but the requirement for high se-
lectivity is lower, because the mass spectrometer can readily
distinguish and quantify the analyte peptide of interest despite
the binding of other peptides in the digested sample.

A disadvantage with the immunoaffinity proteomics strat-
egy is the limited availability of suitable antibodies that rec-
ognize peptides from the corresponding protein targets. The
affinity enrichment of peptides usually requires the generation of
custom antibodies for each target peptide, and this very time-
consuming process makes high-throughput efforts very difficult
to pursue. Most efforts so far have been aimed toward gener-
ating monoclonal antibodies against specific peptides selected
as appropriate for mass spectrometric detection, which is a
laborious and costly exercise. It would therefore be of great
interest to explore whether antibodies generated toward native
proteins or protein fragments could be used for the capture of
peptides and in this way take advantage of the huge resource of
already existing reagents for immunoproteomics.

Here, we investigated whether the publicly available re-
sources on polyclonal antibodies could be used for immuno-
enrichment followed by quantitative proteomics. According to
the Antibodypedia portal, there exist more than a million pub-
licly available antibodies toward human protein targets, and
more than 70% of these antibodies are polyclonal antibodies.
These antibodies are of course interesting starting points as a
resource for immunoproteomics, although this application
was not intended at the time when the antibodies were gen-
erated. More specifically, we have investigated the use of
polyclonal antibodies from the Human Protein Atlas project,
covering more than 80% of all human protein-coding genes.
These antibodies have been raised against human recombi-
nant proteins called protein epitope signature tags (PrESTSs),
and we have therefore investigated the direct use of this
resource for quantitative proteomics.

An attractive strategy for quantitative proteomics using im-
muno-enrichment is to use stable isotope approaches, includ-
ing methods based on adding stable isotope-labeled pep-
tides (16, 17), proteins (18, 19), or protein fragments (20).
These methods are built on the detection of peptides gener-
ated by protease cleavage of the proteins in the sample, and
the quantification is achieved by reading out the ratio between
the endogenous peptide and the heavy-labeled spiked-in
peptide. Because the endogenous protein and the labeled
internal standard behave identically throughout the sample
preparation including the immuno-enrichment, the relative ra-
tio provides quantitative information, as the peptides can be
distinguished by the mass spectrometer because of the shift
in mass. We recently described (20) a method for protein
quantification making use of the large library of PrESTs that
has been developed in the course of the Human Protein Atlas
(21) project. Heavy isotope-labeled PrESTs were quantified
against an ultrapurified and accurately quantified protein
standard using the albumin binding protein (ABP) tag. There-

after, known amounts of heavy PrESTs were spiked into cell
lysates, and the SILAC ratios were used to determine the
cellular quantities of the endogenous proteins. That approach
sidesteps the quantification-, storage-, and digestion-related
causes of quantification error that are inherent to peptide-
based methods. The PrEST-SILAC principle was used to si-
multaneously determine the copy numbers of 40 proteins in
Hela cells demonstrating quantitative measurements over a
wide range of protein abundances, from the highly abundant
cytoskeletal protein Vimentin, with 20 million copies, down to
the low abundant transcription factor FOS, with only 6000
copies per cell.

Here, we combined the use of polyclonal antibodies for
immunocapture with quantitative proteomics using heavy
isotope-labeled proteins. A semi-automated immuno-SILAC
method was developed for multiplex analysis of protein tar-
gets, taking advantage of the linear epitopes of the antibod-
ies. A special effort was made to decrease the amounts of
antibodies used in the assay. Based on the results, a new
strategy for rapid mass spectrometry readout for target-spe-
cific proteomics is outlined in which antibodies are used for
the multiplex immunocapture of peptides generated via tryp-
sin digestion of cell extracts spiked with isotope-labeled re-
combinant protein fragments corresponding to the protein
targets.

EXPERIMENTAL PROCEDURES

Generation of Antibodies— Antigens were designed using the soft-
ware PRESTIGE (22). Gene fragments were amplified from a pool of
RNA isolated from human tissues, cloned into a vector, and ex-
pressed in Escherichia coli. To generate polyclonal antibodies, puri-
fied and validated recombinant protein fragments were used for the
immunization of New Zealand White rabbits, and the polyclonal rabbit
sera were purified using their corresponding antigens as affinity li-
gands (23).

Epitope Mapping Using High-density Peptide Array—High-density
peptide arrays were designed to contain 12-mer peptides with an
overlap of 11 amino acid residues, in total covering all the antigen
sequences. Parallel in situ peptide synthesis on microscope slides
and removal of side chain protecting groups were performed by
Roche NimbleGen Inc. (Madison, WI). Each slide containing 12 iden-
tical subarrays was covered with a PX12-mixer mask (Roche Nimble-
Gen Inc.) according to the manufacturer’s instructions. The polyclonal
antibodies were combined into pools of 20 antibodies and diluted in
binding buffer (10 mm Tris, 0.45% NaCl, pH 7.4, alkali soluble casein
0.5%) to a final concentration of 0.5 ug/ml for each antibody. The
samples were added to the peptide arrays and incubated overnight at
room temperature in a NimbleGen Hybridization Station (Roche
NimbleGen Inc.). After primary incubation, the mixer masks were
removed and the slides were washed in coplin jars twice with TBSTT
(20 mm Tris, 0.9% NaCl, pH 7.4, 0.1% Tween 20, 0.4% Triton X-100)
and twice with TBS, with each wash lasting 10 min. Secondary
DyLight649 conjugated anti-rabbit antibodies (Jackson Immuno-
Research, West Grove, PA) were diluted to 0.15 ug/ml in binding
buffer in LockMailer jars, and the slides were incubated for three
hours on a shaking table. The slides were washed again twice with
TBSTT and twice with TBS as described above, quickly rinsed three
times in filtered de-ionized water, and dried using a microarray slide
centrifuge. The slides were scanned at 2 um resolution using a
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NimbleGen MS200 scanner (Roche NimbleGen Inc.), and the median
fluorescence intensities of the peptide features in the scanned images
were analyzed using the NimbleScan software (Roche NimbleGen
Inc.).

Preparation of PrEST Digest—PrESTs were mixed into three pools
of 41, 42, and 44 targets, respectively. Samples containing 10 ug of
each PrEST were first reduced with DTT and thereafter digested using
the filter-aided sample preparation method (24). Briefly, the sample
was added to a 30-kDa cutoff spin filter (Millipore, Bedford, MA), and
the buffer was exchanged to denaturation buffer. The sample was
alkylated with iodoacetamide and the buffer was changed to 50 mm
NH,HCO; before trypsin (Sigma-Aldrich, St. Louis, MO) was added,
and the sample was incubated at 37 °C overnight.

Affinity Enrichment of Peptides Using Polyclonal Antibodies—Im-
munoaffinity enrichment of peptides from the trypsin-digested PrEST
mixture was carried out with a subset of 127 polyclonal rabbit anti-
bodies. A total of 250 ng of each antibody was pooled into 41-, 42-,
and 44-plex pools, and the final volume was adjusted to 300 ul with
PBS and Chaps detergent to yield a final concentration of 0.03%
(w/v). In parallel, 5.3 mg of Protein A Dynabeads (Invitrogen, #10001D)
was placed on a handheld magnet (Dynal, Oslo, Norway), and the
storage buffer was removed before the beads were washed twice
with wash buffer (1X PBS, 0.08% (w/v) CHAPS). Each subset of
pooled antibodies was immobilized together with 150 g of Protein
A-coated beads per microgram of antibody and incubated for 30 min
on a rotor mixer for 1 h at room temperature. A total of 200 ng of each
trypsin-digested PrEST was diluted to 50 ul with PBS-supplemented
CHAPS to a yield a final concentration of 1x PBS, 0.083% (w/v)
CHAPS. All samples were prepared in duplicate and transferred to
one 96-well standard microplate (ABgene, Hamburg, Germany) that
was inserted into a Magnatrix 1200 (Magnetic Biosolutions AB, Stock-
holm, Sweden) automated bead processing system. Afterward, im-
mobilized antibody—bead mixtures corresponding to 50 ng of anti-
body per target were transferred in triplicate to separate wells in a
96-well PCR plate (Thermo Scientific), and the plate was inserted into
the Magnatrix 1200 system. The beads were washed twice with wash
buffer and mixed with the peptide mixture from the trypsin-digested
PrEST mixture using robotics. The 96-well standard microplate was
manually covered with an opaque adhesive foil, and peptides were
enriched for 16 h overnight at room temperature on a microtiter plate
shaker at 1350 rpm. The following day, the plate was inserted into the
Magnatrix 1200, and the beads were washed twice with wash buffer
and then twice with 50 mm NH,HCO,. The enriched peptides were
eluted with 10 ul of 0.1% formic acid (pH 2.5) for 2 min. All samples
were heat treated at 96 °C for 5 min in order to denature antibodies
that were eluted along with peptides from the solid bead support.
Each sample was manually supplemented with 1 ul of 33% acetoni-
trile prior to storage at —20 °C until LC-MS analysis.

Production of Antigen Standards for Absolute Quantification—The
expression vector pAff8c containing a fragment coding for the quan-
tification standard HisABPOneStrep was transformed into E. coli
Rosetta DE3 cells (Novagen, Merck, Darmstadt, Germany), and
HisABPOneStrep was expressed according to the standard protocol
used within the Human Protein Atlas project (25). After purification
using immobilized metal ion affinity chromatography and buffer ex-
change to 1x PBS (10 mm NaP, 150 mm NaCl, pH 7.3) on a PD-10
desalting column (GE Healthcare, Uppsala, Sweden), a second puri-
fication step was performed using a StrepTrap™ HP column (GE
Healthcare) on an AKTAexplorer system (GE Healthcare) according to
the suggested protocol. The concentration of the purified protein was
determined using amino acid analysis. Expression vectors containing
PrEST fragments were transformed into an E. coli strain auxotrophic
for lysine and arginine (26) for the production of heavy isotope—
labeled PrESTs. A total of 41 targets were chosen for this purpose.

Included PrESTs contained at least five theoretical tryptic peptides
that had previously been detected in discovery proteomics experi-
ments (data not presented here). These PrESTs were non-overlapping
with the set used for the affinity enrichment screening. Cultivations of
10 ml were performed in 100-ml shake flasks using minimal autoin-
duction media as previously described (20, 27). Heavy isotope-
labeled (*3C and '°N) arginine and lysine (Cambridge Isotope Labo-
ratories, Tewksbury, MA) and light versions of the remaining 18 amino
acids (Sigma-Aldrich) were added to the medium to a final concen-
tration of 200 ug/ml. After cultivation, the cells were lysed and the
PrESTs were purified according to the standard Human Protein Atlas
protocol (25).

Quantification of PrESTs—HisABPOneStrep and heavy isotope—
labeled PrESTs were mixed in 50 mm NH,HCO;. The sample was
reduced with DTT, alkylated with iodoacetamide, and digested with
trypsin (Sigma-Aldrich) overnight. The samples were diluted in 5%
acetonitrile, 0.1% formic acid, injected onto a 150 mm X 0.5 mm
Zorbax 80SB-C18 column (Agilent, Santa Clara, CA), and separated
using a 20-min gradient of 10%-40% acetonitrile with a flow rate of
20 pl/min on an Agilent 1200 capillary-LC system. The peptides were
analyzed using an Agilent 6520 electrospray ionization quadrupole
TOF mass spectrometer in a data-dependent manner; three precursor
ions per cycle were chosen and fragmented via collision-induced
dissociation. The isolation width was set at 4 m/z. Full-scan MS
spectra were acquired between 300 and 2000 m/z, and product ion
scans between 100 and 2000 m/z. Data analysis was performed using
the software APP (unpublished), combining several MS analysis mod-
ules into one data analysis tool. The search engine X!Tandem (28)
(version 2011.12.01.1) was used with the human UniProt database
(70,555 entries, downloaded May 28, 2013) with the addition of the
HisABPOneStrep sequence. Carbamidomethylation of cysteines was
added as a fixed modification, and methionine oxidation was allowed
as a variable modification. The minimum peptide length was five
amino acids, and a maximum of two missed cleavages was allowed.
Data from X!Tandem were further processed with PeptideProphet (29)
and ProteinProphet (30), and SILAC ratios were determined with
XPRESS software (31) (all from TPP v4.6 occupy rev 3). Three tech-
nical replicates were performed for each PrEST, and the median value
was used when determining the protein concentration.

Preparation of HelLa Cell Lysates and Trypsin Digestion—Hela
cells (32) were cultivated in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) containing 10% fetal bovine serum (Sigma-Aldrich)
and antibiotic and antimycotic solution (Sigma-Aldrich). Cells were
released from the culture dish with a trypsin-EDTA solution (Sigma-
Aldrich) and frozen at —80 °C in aliquots of 10 million cells per tube.
Tubes were thawed on ice, and the cells were lysed with 1 ml of lysis
buffer (0.1 m Tris-HCI, 4% SDS, 10 mm DTT, pH 7.6). Samples were
incubated at 95 °C for 3 min and sonicated for 1 min. Aliquots of 100
unl corresponding to 1 million HelLa cells were used for tryptic diges-
tion. For the first experiment, 1 pmol of each heavy isotope-labeled
PrEST was spiked into the HeLa sample. Triplicate samples were then
prepared in which the PrEST amounts had been adjusted to a ratio
close to 1:1 relative to the corresponding endogenous protein. The
correct amount of each PrEST was mixed and reduced with DTT
before the PrEST mix was spiked into the Hela lysate. The sample
was diluted with denaturing buffer (8 m urea, 0.1 M Tris-HCI, pH 8.5)
and centrifuged through a 0.65-um spin filter (Millipore) to get rid of
cell debris. Digestion was performed using the filter-aided sample
preparation method (24) as described above.

Peptide Fractionation for PrEST-SILAC—Before MS analysis, 30
ng of the peptide mixture was divided into six fractions by means of
strong anion exchange chromatography. This was done in a pipette-
tip format as previously described (33). In brief, pipette tips were
packed with strong anion exchange material (3M Bioanalytical Tech-
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nologies, St. Paul, MN), and the peptide sample was loaded. Peptides
were eluted according to isoelectric point with buffers of decreasing
pH. After fractionation, eluted peptides were desalted using C18
StageTips.

Absolute Quantification of HelLa Cell Lysate—Immunoaffinity en-
richment of peptides from trypsin-digested Hela lysate, into which
heavy PrESTs had been spiked prior to digestion, was carried out in
the same way as described above for 41 polyclonal rabbit antibodies
for which heavy-labeled PrESTs were available. Here, a total of 15 ug
of trypsin-digested Hela lysate with spiked-in heavy PrESTs was
diluted to 50 ul with PBS-supplemented CHAPS to a yield a final
concentration of 1X PBS, 0.03% (w/v) CHAPS. A total of 500 ng of
each corresponding antibody was pooled (41-plex), and the final
volume was adjusted to 500 ul with PBS and CHAPS detergent to
yield a final concentration of 0.03% (w/v). All antibodies were immo-
bilized onto 3.15 mg Protein A-coated magnetic beads. All samples
were prepared in triplicate and processed in the same way as de-
scribed above.

Liquid Chromatography and Mass Spectrometry—For PrEST-
SILAC samples, 2 ug of peptides per fraction were analyzed, and for
immuno-SILAC, only 50% of the sample was used. Peptides were
first trapped on a Zorbax 300SB-C18 column (Agilent) and separated
on an NTCC-360/100-5-153 (Nikkyo Technos Co., Ltd., Tokyo, Ja-
pan) column using a gradient of 6%-40% acetonitrile over 180 min
(PrEST-SILAC) or 15 min (immuno-SILAC) with a flow rate of 0.4
pl/min on an Agilent 1200 nano-LC system. MS analysis was per-
formed on a Q Exactive instrument (Thermo Fisher Scientific, San
Jose, CA) operated in a data-dependent manner, with five precursors
selected for fragmentation by higher energy collisional dissociation in
each full MS scan. MS spectra were recorded between 300 and 1700
m/z at 70,000 resolution, and MS fragment ion spectra were recorded
at 17,500 resolution.

Analysis of PrEST-SILAC and Immuno-SILAC MS Data— Data from
Q Exactive MS runs were analyzed using MaxQuant software (34)
(version 1.3.0.5) with the built-in search engine Andromeda (35). A
human UniProt database (70,555 entries, downloaded May 28, 2013)
was used in the search. The minimum peptide length was six amino
acids, and two missed cleavages were allowed. Carbamidomethyla-
tion of cysteines was set as a fixed modification, and methionine
oxidation and N-terminal acetylation were chosen as variable modi-
fications. The initial MS mass tolerance for recalibration was 20 ppm,
the initial mass deviation for the precursor ions was 4.5 ppm, and a
maximum error of 20 ppm was allowed for MS/MS spectra. The false
discovery rate was set at 0.01, and the match between runs option
was used with a 2-min retention-time window. Identified peptides
were grouped with their corresponding PrEST, and copy numbers
were calculated for each peptide. The median peptide value was used
as the copy number for the corresponding protein as well as the
median value among the technical replicates.

RESULTS

Principle of the Targeted Immunoproteomics Method—The
principle of immuno-SILAC is shown in Fig. 1. The method
relies on the use of stable isotope-labeled recombinant pro-
tein fragment standards (PrESTs) produced in bacteria (Fig.
1A). In immuno-SILAC, a cell lysate is mixed with known
amounts of accurately quantified heavy-labeled protein frag-
ment standards, generated with heavy isotope-labeled ver-
sions ("®N and "3C) of the amino acids arginine and lysine. The
protein mixture is enzymatically digested, and the generated
peptides are subsequently captured by antibodies immobi-
lized onto Protein A—coated magnetic beads as illustrated in

Fig. 1C. Following enrichment from the complex peptide mix-
ture, target peptides are eluted with formic acid from the solid
phase bead support. If the peptides are eluted in an MS-
compatible buffer, only acetonitrile has to be added before
LC-MS/MS analysis. The low complexity of the resulting sam-
ple enables very short analysis times. Here, a single 15-min
HPLC gradient was sufficient for separation of a multiplexed
sample in which up to 44 different antibodies were used for
peptide enrichment. The ratios of light peptides originating
from the endogenous digested proteins and peptides from the
spiked-in heavy isotopic standards are compared, giving an
absolute quantitative measurement of the studied proteins.

A schematic overview comparing the workflows for the
related SISCAPA and immuno-SILAC methods is shown in
Fig. 1B. In SISCAPA, known amounts of heavy-labeled syn-
thetic peptides are spiked in after trypsin digestion, whereas
in immuno-SILAC the protein fragments are added prior to
trypsin digestion. The addition of protein fragments as stan-
dards before enzyme digestion has the advantage of com-
pensating for miscleavages or otherwise incomplete diges-
tion, as the heavy protein standards undergo the same
processing as the endogenous proteins (36). In this way,
possible losses during sample preparation do not introduce
quantification errors.

Analysis of Linear Epitopes of Polyclonal Antibodies Using
High-density Peptide Arrays—In order to analyze the number
of linear epitopes for polyclonal antibodies generated in a
standardized manner using protein fragments (PrESTs), a
high-density array with 175,000 overlapping synthetic 12-mer
peptides with a single-amino-acid lateral shift was designed
covering 941 protein fragment sequences. The target pro-
teins, a majority of all human kinases and a number of inter-
esting biomarkers for cancer, were selected by the 7th Euro-
pean Union framework project Affinomics (37) for the ultimate
goal of generating corresponding affinity reagents. Parallel in
situ peptide synthesis of the arrays was achieved via repeated
cycles of selective activation using a UV-light source and a
micromirror device followed by the incorporation of amino
acids with a photolabile protective group. Each of the synthe-
sized peptide arrays was incubated with a pool containing 20
of the selected polyclonal antibodies, and a fluorophore-con-
jugated secondary anti-rabbit antibody was used to detect
antibody—peptide interactions. The small shift of only a single
amino acid between the overlapping peptides allowed very
detailed mapping of the linear epitopes recognized by the
antibodies. Previous results for polyclonal antibodies epitope-
mapped together with two separate pools of 29 unrelated
antibodies showed very similar binding profiles, indicating
limited cross-reactivity of the unrelated antibodies to the an-
tigen sequence peptides (data not shown). Two examples of
epitope mapping are shown in Figs. 2A and 2B, where the
bars represent the median fluorescence intensity of each
of the overlapping peptides. The anti-AGAP2 antibody
HPA023474 showed two distinct linear epitopes (Fig. 2A),
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Fic. 1. The principle of the immuno-SILAC method. A, absolute protein quantification using PrESTs as the internal standard. Peptides
originating from the albumin binding protein (ABP) tag (yellow) are used to quantify each PrEST against an ultrapurified ABP protein standard.
The PrEST can thereafter be used as an internal standard in unknown samples to quantify the corresponding endogenous protein (red) in
LC-MS. B, schematic representation of the immuno-SILAC workflow. Highly purified and accurately quantified isotopic heavy-labeled PrESTs
are spiked into cell lysates prior to trypsin digestion, thereby minimizing the risk of differences arising between samples and standards during
sample preparation. Antibodies coupled to magnetic solid phase support enrich target peptides from the digested sample, and the
endogenous protein concentration is calculated from the ratio of heavy to light peptides detected via MS. C, comparison between the SISCAPA
technology (7) using heavy-labeled peptides (blue) and immuno-SILAC using heavy-labeled protein fragments (green) for absolute protein

quantification.

whereas the antibody HPA027341, targeting the protein fu-
marate hydratase, recognized four linear epitopes (Fig. 2B).
The epitope mapping of the 941 antibodies showed that the
number of linear epitopes varied for the different antibodies
(Fig. 2C), but on average 2.9 linear epitopes were detected.
The fact that most of the analyzed polyclonal antibodies rec-
ognized multiple linear epitopes suggests the possibility of
using these polyclonal antibodies as capturing agents for the

enrichment of peptides from trypsin-digested complex sam-
ples. It is noteworthy that ~40% of the identified epitopes
contained a trypsin cleavage site (data not shown), suggest-
ing that they might not be functional for immuno-enrichment
of the corresponding peptides.

Immunocapture of Peptides for Mass Spectrometry Analy-
sis—In order to investigate the performance of the epitope-
mapped antibodies for immuno-enrichment of target protein
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Fic. 2. Epitope mapping of polyclonal antibodies on planar peptide arrays. Linear epitopes of 941 polyclonal antibodies were analyzed
using synthetic 12-mer peptides with an overlap of 11 amino acids, covering the antigen sequences. Two examples of the epitope mappings
are shown in A (HPRA023474) and B (HPA027341), where each bar on the x-axis corresponds to one of the overlapping peptides and the height
shows the median fluorescence intensity. C, distribution of the number of polyclonal antibodies recognizing 0 to 10 linear epitopes.

peptides from complex digested samples, we chose a ran-
dom subset of 150 antibodies. For 127 of these, the corre-
sponding recombinant PrESTs were available. The protein
fragments had previously been expressed in E. coli and puri-
fied as described before (25). The 127 PrESTs were pooled
together in equimolar amounts and used for trypsin cleavage
using a standardized protocol (24). The peptide mixtures were
transferred to a robotic work station for magnetic bead han-
dling (38), and immuno-enrichment of target peptides was
performed using a multiplex mixture of 40 to 45 of the corre-
sponding polyclonal antibodies captured on Protein A-
coated magnetic beads, using only 50 ng of each antibody.
After overnight affinity capture, the beads were thoroughly
washed and the enriched peptides were eluted with formic
acid suitable for the subsequent mass spectrometry analysis.
The MS analysis revealed that 57 out of the 127 target pro-
teins were successfully identified by at least one tryptic
peptide (supplemental Table S1). A representative subset of
identified peptides and the corresponding mapped linear
epitopes for the antibody used can be seen in Fig. 3. As
shown by the examples, predicted epitopes as determined by
epitope mapping using overlapping 12-mer peptides often
correlated with the sequences of enriched peptides in im-
muno-SILAC. However, in some cases (e.g. FLT1 and CAMK4

(Fig. 3)), some peptides were not predicted from the high-
density array mapping. It is tempting to speculate that in many
of these cases, the epitopes seen by the antibody were not
covered within the 12-mer peptides displayed on the high-
density array, implying that these epitopes needed longer
peptides to form than available on the peptide arrays. It is also
apparent from the examples that many of the linear epitopes
predicted by the epitope mapping were not observed after the
MS analysis. Many of these epitopes contain lysines or argin-
ines, and the corresponding peptides are thus not expected
to be captured, as the epitope is cleaved by trypsin. It is also
likely that many other peptides were not detected in the MS
analysis because of technical issues (39). In summary, the
results presented here, based on 127 antibodies, suggest that
approximately half of the polyclonal antibodies enriched at
least one peptide that could subsequently be detected via
mass spectrometry.

Comparative Analysis of PrEST-SILAC and Immuno-SILAC —
In order to investigate the success rate of finding functional
immunoproteomics pairs using corresponding recombinant
PrESTs as internal standards, we analyzed a new set of 41
protein targets known to be present in HelLa cells based on
RNA sequencing data (40). The targets were chosen based on
sequences of the corresponding PrESTs, with a minimum of
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Fic. 3. Comparison of mapped epitopes and peptides identified in immuno-SILAC screening of polyclonal antibodies against
trypsin-digested PrESTs. The upper part of each panel shows the binding intensities in median fluorescence intensity to overlapping 12-mer
peptides in the epitope mapping, where epitopes are shown as clusters of bound peptides. The blue horizontal bars in the lower part show the
locations of peptides identified in immuno-SILAC screening on their corresponding antigen, and gray vertical lines indicate trypsin cleavage sites.

five tryptic peptides required. A Hela cell lysate was analyzed
using both the PrEST-SILAC method described earlier (20)
and the immuno-SILAC protocol in parallel. Isotope-labeled
protein fragments corresponding to 41 human protein targets
were spiked into a cell lysate sample as schematically shown
in Fig. 1C, and the mixture of heavy standards and light

peptides was captured using the immobilized multiplex anti-
bodies (n = 41). Of the 41 antibodies used in the multiplex
analysis, 22 managed to capture peptide(s) corresponding to
the correct target protein. Two targets were successfully
quantified using two different antibodies, resulting in 20 quan-
tified proteins. The targets are shown in Table |, and the cell
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TABLE |
Quantified protein copy number per Hela cell for immuno-SILAC and PrEST-SILAC. Copy numbers are shown for each replicate, along with
the median copy number, relative standard deviation (RSD), and number of peptides used for quantification

Gene Copy number Copy number Copy number Median copy Number of
. . . RSD (%) ;
name replicate 1 replicate 2 replicate 3 number peptides
Immuno-SILAC
ACOT7 1283838 998 876 498 230 998 876 42.9 2
ANXA1 6 664 952 9833375 6 362 332 6 664 952 25.2 4
ANXA3 2219240 2298319 4 650 459 2298319 45.2 1
BLVRB 2148 052 - 3002 937 2575 495 23.5 1
CANTA - 70703 42 667 56 685 35.0 1
CAPG 3078134 2579694 - 2828914 12,5 1
CLPP 1208 794 1087915 777 082 1087915 21.7 1
DAP3 1498 865 1016 070 900 236 1016 070 27.9 6
DECR1 - - 588 225 588 225 - 1
DIMTA - - 235127 235127 - 1
ERLIN1 529 872 923 508 1013719 923 508 31.3 2
P4HA1 277 258 307 834 431 686 307 834 241 1
PDIA5 94 844 166 129 186 790 166 129 323 3
PRPF4 306 890 316 067 342 904 316 067 5.8 1
PTPNA1 763 589 1035203 686 727 763 589 221 2
SERPINB6 885677 2539203 1477 373 1477 373 51.3 2
SILA1 - 117 997 - 117 997 - 1
SLC25A24 2317 150 2099 723 1239592 2099723 30.2 1
STUB1 573 646 474 906 490 305 490 305 10.4 1
UGDH 193 277 501 192 605 305 501 192 49.5 1
PrEST-SILAC
ACOT7 771360 1170 086 955 768 955 768 20.7 4
ANXA1 12516 639 10077 946 11725516 11725516 10.9 14
ANXA3 1899 959 2 428 880 4058 745 2 428 880 40.2 12
BLVRB 779755 836 484 624 563 779755 14.7 4
CANT1 - 67 847 - 67 847 - 2
CAPG 2238047 2535 800 2762024 2535 800 10.5 4
CLPP 1017 569 705 756 639 815 705 756 25.6 3
DAP3 329798 - 638 890 484 344 451 2
DECR1 - - - - - -
DIMTA 337 769 408 358 342916 342916 10.8 6
ERLIN1 559 997 963 844 803794 803794 26.2 5
P4HA1 1114521 627 467 733443 733 443 31.0 11
PDIA5 134 089 253 862 152 319 152 319 25.5 4
PRPF4 411 509 274 967 566 398 411 509 34.9 6
PTPNA1 520 007 542 602 597 039 542 602 7.2 5
SERPINB6 576 320 974 111 1269 089 974 111 37.0 9
SIL1 96 363 155 829 111 533 111533 25.5 1
SLC25A24 1077 749 1015007 925 753 1015007 7.6 4
STUB1 719533 604 201 692 742 692 742 9.0 4
UGDH 1000 743 888 750 746 425 888 750 14.5 5

Number of peptides: the total number of different peptides used for the quantification.

lysate was an extract from the Hela cell cultivation. The
concentrations of the endogenous proteins were calculated
based on the ratio between the light peptides from the sample
and the corresponding heavy peptide from the protein stan-
dard. In parallel, the same protein targets were analyzed using
the PrEST-SILAC protocol. For immuno-SILAC, 15 ug of a
digested HelLa sample was used in the peptide enrichment
and prior to MS analysis; a 15-min HPLC gradient was needed
for sufficient peptide separation. For PrEST-SILAC, 30 ug of
peptides was divided into six fractions, and then each fraction
was further separated on an HPLC column using a 3-h gra-
dient. The difference in sample complexity between the two

methods is illustrated in Fig. 4, where example chromato-
grams from one immuno-SILAC run and one of the six frac-
tions from a corresponding PrEST-SILAC run are shown. An
example MS spectrum (at the retention time indicated by the
arrow) showing a peptide from SERPINBG6 is shown for both
methods. The peptide intensities are similar in the two spec-
tra, but the absence of interfering peaks in the immuno-SILAC
spectra indicates a better separation of peptides along the
HPLC gradient. To further demonstrate the difference in sam-
ple complexity between the two methods, intensities for pep-
tides corresponding to the target proteins were compared
with the total intensity of all identified endogenous peptides
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STUB1

(common contaminants excluded). The proportion of target
peptides in immuno-SILAC was 83%, as compared with 0.5%
for PrEST-SILAC (data not shown).

In Fig. 5, a comparison of identified peptides from targets
quantified via both immuno-SILAC (blue) and PrEST-SILAC
(yellow) is shown for 6 of the 20 proteins together with the
epitopes mapped on peptide arrays (green). In general,

PrEST-SILAC identified, as expected, more unique peptides
than immuno-SILAC, as no specific peptides were enriched.
However, the peptide enrichment step reduces the complex-
ity of the input material, consequently decreasing the analysis
time drastically. For SLC25A24, four peptides were found
using PrEST-SILAC, and one peptide was found when using
the corresponding antibody for peptide enrichment, as this
peptide contained the consensus epitope determined on the
peptide array. The same peptide was also identified in PrEST-
SILAC, indicating that it was present at sufficient levels for MS
analysis even without peptide enrichment. This was the case
for most of the analyzed proteins, as the target proteins were
all moderate to highly abundant proteins in HelLa cells. Inter-
estingly, some peptides were identified only in immuno-SILAC
(see PRPF4 and STUBH1). In the case of PRPF4, two epitope
regions were detected during mapping, but the most C-ter-
minal epitope contains a trypsin cleavage site (indicated by
dotted vertical lines) and, as expected, the antibody failed to
bind any of the two resulting tryptic peptides. The N-terminal
epitope region probably consists of two overlapping epitopes,
of which at least one is still intact after digestion and can be
enriched. For SERPINB6, two different peptides can be
identified.

Quantitative Analysis of 20 Targets in HelLa Cell Lysates
Using Immuno-SILAC and PrEST-SILAC—A quantitative
analysis of 20 protein targets in a human Hela cell lysate was
performed. The same targets were analyzed using three tech-
nical replicates for both immuno-SILAC and PrEST-SILAC
methods. Given the amount of Hela cells used in the assay,
absolute quantification of endogenous proteins as copy hum-
bers per HelLa cell was determined from the ratio of heavy to
light peptides. Heavy standard amounts were spiked into the
lysate close to the level of endogenous protein in order to
generate SILAC ratios close to 1:1 and hence more reliable
quantitative data. Relative standard deviations ranged be-
tween 10% and 40% for most targets, with somewhat lower
numbers for PrEST-SILAC (Table I).
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Ratios obtained from the MS analysis for all peptides used
for quantification in immuno-SILAC in comparison with
PrEST-SILAC are shown in Fig. 6. A good correlation between
the PrEST-SILAC and the immuno-SILAC can be observed for
all 20 targets. Note that miscleaved peptides also can be used
for quantitative analysis. Here, miscleaved peptides refer to
peptides that still contained one or more potential cleavage
sites after trypsin digestion. These miscleaved peptides be-
come an issue in methods relying on spiked-in peptide stan-
dards for protein quantification (41), such as AQUA (17), in
which peptides are spiked in after the enzymatic digestion.
However, it is noteworthy that information from these mis-
cleaved peptides can be used in the quantitative analysis in
immuno-SILAC; here we took advantage of heavy-labeled
protein fragments enzymatically digested along with the pro-
tein target. The observed ratios suggest that the enzymatic
digestion was equal for both protein fragment standards and
endogenous proteins, and these peptides add extra and val-
uable information rather than introducing ambiguity to the
subsequent quantitative analysis.

The absolute quantifications for all 20 targets as determined
via immuno-SILAC are shown in Fig. 7A. Among the 20 iden-
tified proteins, copy numbers ranged from 6.6 million copies
per cell for annexin 1 down to 57,000 copies per cell deter-
mined for calcium activated nucleotidase, which represents
moderately to highly abundant proteins. The absolute quan-
titative data given by immuno-SILAC was compared with that
obtained via the previously described PrEST-SILAC method
(20). Cell copy numbers determined via each respective ab-
solute quantitative method (Table I) were plotted against each
other as illustrated in Fig. 7B. In total, 17 and 18 proteins were
quantified in at least two out of three replicates using the
immuno-SILAC and PrEST-SILAC methods, respectively. Out
of these, 59% of the targets (10 out of 17 proteins) were
detected with only a single peptide using immuno-SILAC,

whereas only 6% of the targets (1 out of 18) were detected
with only one peptide using PrEST-SILAC. It should be noted
that the data used for quantification with the two methods
differed, as in general PrEST-SILAC identified more peptides
per protein than immuno-SILAC. However, even though many
proteins were quantified with only one proteotypic peptide in
immuno-SILAC, good correlation could be observed between
the two methods. To investigate whether the determined pro-
tein cell copy numbers showed any correlation to mRNA
levels of the corresponding genes, we determined the tran-
script levels of all genes in the Hela cell culture using deep
sequencing of mMRNA molecules using RNA sequencing (42).
Fig. 7C shows a comparison between protein cell copy num-
bers as determined from the immuno-SILAC experiments and
the absolute transcript levels for the 20 targets analyzed here.
Even though a completely linear relationship between protein
and RNA levels cannot be assumed and it is especially diffi-
cult to compare protein and RNA using data from only a single
cell line, the analysis still showed a trend between RNA and
protein levels. It is clear from Fig. 7C that the RNA levels to
some extent indicated protein levels.

DISCUSSION

Here, we show that polyclonal antibodies raised against
recombinant protein fragments can be used for immunopro-
teomics analysis. The immuno-SILAC method takes advan-
tage of the fact that the majority of the epitopes of the gen-
erated antibodies are directed to relatively short linear
epitopes and are therefore useful for immunocapture of pep-
tides generated after trypsin cleavage. In addition, the method
takes advantage of the fact that protein fragments used for
generating the antibodies can be efficiently expressed in bac-
teria (E. coli) using cultivation in minimal media with isotope-
labeled arginines and lysines followed by a standardized pro-
tocol for affinity purification using an affinity tag. Thus, it is
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easy to generate protein standards, and these can be quan-
tified in an exact manner using the PrEST-SILAC method
previously described by us (20).

The method resembles other immunoproteomics methods,
such as SISCAPA (7) and the use of AQUA peptides (17), but
this new method has several important differences. First, the
use of protein fragments often generates multiple peptides,
and it is in many cases possible to obtain quantitative data
from several independent peptides using the same antibody
and protein standard. In addition, the fact that the protein
fragments are added prior to the trypsin cleavage ensures that
uncleaved endogenous peptides will not affect the quantifi-
cation as long as the digestion efficiency of the protein stan-
dard is the same as that of the endogenous protein target.
Furthermore, miscleaved peptides can be used as additional
standards, and the problem of miscleaved peptides is there-
fore transformed into an opportunity to generate more data
that can be used in the analysis. Finally, the generation of the
protein standards does not involve peptide synthesis, and the
quantification of the protein standards can be easily per-
formed using the quantification tag included as a fusion on
every protein fragment (20).

The publicly available antibodies from the Human Protein
Atlas project constitute a huge antibody resource for the
immuno-SILAC method described here. These polyclonal an-
tibodies are generated in a standardized manner involving
immunizations of animals using recombinant protein frag-
ments selected for their low sequence identity to other human
proteins. In addition, more than a million antibodies toward
human targets are listed in the antibody portal Antibodypedia
(43), and ~70% of these antibodies are polyclonal antibodies.
However, the fact that the method described here relies on
polyclonal antibodies makes it important to decrease the con-
sumption of antibody reagent in each assay. Although it is
possible to renew polyclonal antibodies through re-immuni-
zation of the same antigen in more animals, batch-to-batch
variations exist, and one can never be sure of an unlimited
resource of renewable antibodies, as is the case with mono-
clonal antibodies. We have investigated various protocols to
lower the consumption of the antibody reagent used in each
assay. The protocol described here requires only 50 ng of
antibody for each target, and these antibodies do not need to
be chemically immobilized to a solid support and can be
simply mixed with Protein A-coated magnetic beads in a
multiplex manner. Although the amount of antibodies varies
greatly for publicly available polyclonal antibodies, the mean
concentration of the ~18,000 polyclonal antibodies generated
within the framework of the Human Protein Atlas program is
~140 pg/ml (unpublished); thus an aliquot of 100 ul can be
used for more than 250 individual assays, and the whole
batch with ~10 ml of affinity-purified antibodies would last for
25,000 assays. Furthermore, it is likely that the need for anti-
bodies can be reduced even further through the use of smaller
magnetic beads and altered capture procedures, such as the

use of microfluidics. Thus, the publicly available polyclonal
antibodies covering more than 90% of the human protein-
coding genes listed in Antibodypedia are an attractive re-
source for efforts to develop new immunoproteomics assays.

Here, we have screened polyclonal antibodies raised
against human protein fragments to investigate their function-
ality for immunoproteomics. In total, the immuno-enrichment
experiments generated 79 new immunoproteomics pairs,
each with an antibody suitable for immuno-SILAC. Here, ap-
proximately half of the analyzed antibodies (57/127) yielded
functional antibodies for peptide immuno-enrichment in the
initial screening, and the subsequent quantitative HelLa anal-
ysis had a similar success rate (22/41). It is noteworthy that
the high-density microarray assay identified approximately
three linear epitopes per polyclonal antibody on average,
but the results presented here suggest that only a fraction of
these epitopes are suitable for immuno-SILAC.

The rapid turn-around times coupled with the ease of
automating all the unit operations of sample preparation
makes the immuno-SILAC method ideal for both research
applications and future clinical diagnostic assays. In total, the
PrEST-SILAC method described here required an MS analysis
time of around 24 h for the six fractions of the sample. To
compare, the MS analysis time for the 40-plex immuno-SILAC
experiments took ~40 min. It is noteworthy that more than
80% of the total intensities from the mass spectrometry anal-
ysis corresponded to the target peptides for the immuno-
SILAC experiment, suggesting that the analysis time can be
reduced even further. The method allows for multiplex analy-
sis, and we have used it for the simultaneous analysis of 20
protein targets using both PrEST-SILAC and immuno-SILAC.
As a large number of antibodies are publicly available, it might
not be unrealistic to increase the multiplexing to several hun-
dreds of protein targets. Particularly for samples with a huge
dynamic range between abundant proteins and proteins to be
diagnosed, such as plasma and serum analysis, the immuno-
capture step prior to the mass spectrometry analysis is an
attractive way forward. In summary, we have shown that small
amounts of polyclonal antibodies can be used for efficient
multiplex analysis of quantitative levels of proteins, opening
up the possibility of building up a proteome-wide resource for
immuno-SILAC reagents based on already available public
antibody resources.
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