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Abstract
A scalable method for screening and selection of peptide-specific monoclonal antibodies (mAbs)
is described. To identify high affinity anti-peptide mAbs in hybridoma supernatants, antibodies
were captured by magnetic affinity beads followed by binding of specific peptides from solution.
After timed washing steps, the remaining bound peptides were eluted from the beads and detected
by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry
(MS). This allowed measurement of monovalent interactions of peptides with single antigen
binding sites on the antibodies, thus reflecting antibody affinity rather than avidity. Antibodies that
were able to bind target peptides from solution phase and retain them during washing for a
minimum of 10 minutes were identified by the strength of the appropriate m/z peptide MS signals
obtained. This wash time reflects the minimum peptide dissociation time required for use of these
antibodies in several current immuno-mass spectrometry assays. Kinetic analysis of antibody-
peptide binding by surface plasmon resonance (SPR) showed that the selected antibodies were of
high affinity and, most importantly, had low dissociation constants. This method, called MALDI
immunoscreening (MiSCREEN), thus enables rapid screening and selection of high affinity anti-
peptide antibodies that are useful for a variety of immunoproteomics applications. To demonstrate
their functional utility in immuno-mass spectrometry assays, we used the selected, purified
RabMAbs to enrich natural (tryptic) peptides from digested human plasma.
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1. Introduction
There is currently a shortage of antibodies for use in a variety of proteomics applications.
The lack of such reagents presents a serious bottleneck for measuring the large number of
different proteins in biological samples including tissues and plasma, the major source of
biomarkers used in clinical diagnostics. Several ambitious projects are underway in both
Europe (http://www.hupo.org/research/hai/;www.proteomebinders.org) and the USA
(http://antibodies.cancer.gov) to make and characterize antibodies for use in
immunohistochemical assays and for immunoenrichment of proteins from complex
mixtures. Such antibodies will be useful for expression analysis of proteins in tissues and
cells and in “top-down” proteomics methods where intact protein targets are enriched before
analysis by methods such as mass spectrometry, a method pioneered by Nelson and
colleagues (1995).

Much less thought and effort has been focused so far on the development of anti-peptide
antibodies suitable for quantitation of signature peptide surrogates of proteins from digests
of complex biological materials. These kinds of antibody reagents are used in quantitative
assays such as immuno-Matrix-Assisted Laser Desorption/Ionization (i-MALDI; Raska et
al., 2003; Jiang et al., 2007) or Stable Isotope Standards and Capture by Anti-Peptide
Antibodies (SISCAPA; Anderson et al., 2004). These applications use antibodies for
specific enrichment of tryptic peptides from digests that are much more complex (in terms
of number of different molecules present) than the protein mixtures from which they are
derived. The unique requirements of such assays make it a challenge to derive and select
antibodies with the desired characteristics. Essentially, such antibodies must be able to bind
the target peptides from complex tryptic digests (typically from human plasma) and retain
them through the washing steps prior to peptide elution and mass spectrometric analysis.
Thus these antibodies must have high affinities, or more specifically, low off-rates for their
peptide analytes. With current SISCAPA assays, the retention time required for effective
peptide enrichment is a minimum of 10 minutes during which time unbound peptides are
washed away. The MiSCREEN method described in this manuscript allows selection of
such anti-peptide reagents.

A project to make quantitative assays for all human proteins, based on surrogate peptides,
anti-peptide antibodies and mass spectrometry, has been proposed by Anderson et al. (2009).
This human Proteome Detection and Quantitation Project (hPDQ) would function as an
assay resource available worldwide. The project would require both MS-friendly proteotypic
tryptic peptides for each target protein and renewable anti-peptide reagents specific for each.
Currently, few such anti-peptide reagents are available and the capacity to produce them is
limited. Although some commercial and academic research labs claim to be able to make
antibodies (or other affinity reagents) with high throughput, this has not been widely
demonstrated for anti-peptide reagents with the performance characteristics required for use
in immuno-MS assays.

We previously developed a surface plasmon resonance (SPR) method that allows selection
of monoclonal anti-peptide antibodies that are able to bind tryptic peptides in solution phase
and that are suitable for immuno-MS assays (Pope et al., 2009). This method measures true
antibody affinities (not avidities) and is useful for kinetic analysis of small numbers of
mAbs. However, the assay is too slow, cumbersome and expensive for high throughput
screening.

We therefore sought to develop a method that would allow selection of high affinity anti-
peptide mAbs (more specifically, those with low off rates) in a more cost effective and high
throughput fashion. To do this we have developed a method called MALDI-
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immunoscreening (MiSCREEN) for rapid screening of hybridoma supernatants. The method
allows the identification of antibodies that are able to bind specific peptides in solution
phase from complex mixtures and that have low dissociation constants (kd) suitable for
ultimate use in immuno-MS assays.

2. Materials and Methods
2.1. Peptides

Synthetic tryptic peptides chosen as surrogates of protein biomarkers were used throughout.
Peptides that occur in a single protein encoded within the human genome and that yield
several, strong multiple reaction monitoring (MRM) transitions in a triple quadrupole mass
spectrometer were selected (Anderson et al., 2004). Peptides were synthesized by solid-
phase methods by either the Chinese Peptide Company (Hangzhou, China) or by the UVic-
Genome BC Proteomics Centre (Victoria, BC) and were tested by the vendors for the correct
masses by MALDI-TOF mass spectrometry and for purity by high performance liquid
chromatography (HPLC). Stable-isotope-labeled versions of selected peptides were made by
chemical synthesis at the UVic-Genome BC Proteomics Centre. A mass increment was
added in each case through use of labeled C-term Arginine (6 or 10 amu) or Lysine (6 amu),
providing mass shifts of m/z = 3 or 5 for typical doubly-charged peptide ions. All peptides
were of greater than 80% purity, were quantified by amino acid analysis (Advanced Protein
Technology Centre, The Hospital for Sick Children, Toronto, Ontario) and stored at −20 °C
for short periods (2 weeks or less) at 4 °C in solution phase to prevent solubility problems
that occur with some peptides after lyophilization. After thawing and/or just before use in
MiSCREEN, all peptides were analysed by MALDI-TOF MS to determine their integrity
and to assess the presence of altered forms.

Peptides were first synthesized with C-terminal cysteines to allow thiol coupling to keyhole
limpet hemocyanin (KLH) carriers for immunization (Pierce Chemical Co., St Louis, MO).
The same peptides synthesized without C-terminal cysteines were used in enzyme linked
immunosorbent assays (ELISA; see peptide ELISA below) and in MiSCREEN and SPR
assays for measuring antibody-peptide binding without interference from the linker cysteine.
Although the peptides for this work were chosen as proteotypic surrogates of a variety of
protein biomarkers, any peptide of interest that can be bound by an antibody and detected by
MALDI-TOF mass spectrometry can be used. The peptides used in this work are described
in Table 1.

2.2. Anti-peptide monoclonal antibodies
Rabbit monoclonal antibodies (RabMAbs) were produced by Epitomics Inc. (Burlingame,
CA) using a proprietary, stabilized rabbit plasmacytoma cell line derived from the original
parental myeloma 240-W (Spieker-Polet et al., 1995) as the fusion partner. To select
hybridomas secreting anti-peptide antibodies, 4000 hybridoma supernatants from each
fusion were tested by peptide ELISA (see below) using the immunizing peptides (without
carrier or added C-terminal cysteine) dried onto ELISA plates. Positive rabbit hybridoma
supernatants (usually obtained in small volumes of 400 μL after the initial peptide ELISA)
were used for MiSCREEN and SPR assays. All hybridoma supernatants were stored at 4 °C
before use to avoid freeze-thaw cycles.

Mouse monoclonal antibodies were also used in MiSCREEN assays. One of these, mAb
2A7 specific for peptide PPI-1b from LPS binding protein (see Table 1) was produced by
Immunoprecise Antibodies Ltd (Victoria BC) using single-step selection and cloning with
ClonaCell® (Cat No. 03800; StemCell Technologies Inc., Vancouver BC) and the other,
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mAb BGN/KA/4H, specific for angiotensin-I was purchased from Abcam Inc. (Cambridge,
MA).

2.3. Peptide ELISA
In earlier work in our lab, many different RabMAbs and mouse mAbs raised against
peptide-KLH conjugates showed reactivity in ELISA with unrelated peptide-carrier
conjugates, even when these peptides were coupled to a carrier protein different from the
one used in immunization (e.g., bovine serum albumin instead of KLH; unpublished
observations). Such antibodies appeared to bind to linker structures that comprise at least
part of the recognized epitopes. For this reason, we modified a standard indirect ELISA
method (Tolson et al, 1989) to use unconjugated peptide antigens (i.e. not coupled to protein
carriers) to coat polystyrene microtitre ELISA plates (Griener Bio-One Microlon™ 600,
high binding, flat well, Cat. No. 655081; VWR, Mississauga ON). In this specialized peptide
ELISA, peptides were dissolved in distilled water to a final concentration of 0.1 to 5.0 μg/
mL (each peptide was first titrated to select the optimum concentration to give good signal
to noise ratios) and 100 μL of this solution were dried onto each well by overnight
incubation at 37 °C in a dry incubator. This use of free peptides as antigen in ELISA is
important since the cysteine-coupled peptides used for immunization often induce antibodies
that recognize cysteine as part of the epitopes (unpublished observations). We were
interested only in selecting antibodies that bind strongly to free, natural peptides that are
released by trypsin digestion of human plasma. In addition, the simplicity of peptide ELISA
allows us to screen all 4000 hybridoma supernatants (obtained in a single fusion) for
RabMAbs that bind the peptide of interest, prior to further selection for high affinity (low
off-rates). This initial selection ensures that only a small number of positive mAbs must
undergo more complex testing, for example kinetics analysis by surface plasmon resonance.
Nevertheless it is important to note that the mAbs selected by peptide ELISA screening may
not be suitable for binding of peptides from solution phase since antibody avidity (i.e., two
site binding for IgG) may lead to positive ELISA signals for mAbs with low individual site
affinities (single site interactions). For this reason, peptide ELISA was used only to select
peptide-specific RabMAbs before they underwent further selection based on dissociation
rate.

2.4. Measurement of solution-phase peptide binding by MiSCREEN assay
To identify high affinity, anti-peptide mAbs from among the candidates selected by peptide
ELISA, mAbs in hybridoma supernatants were first captured by magnetic affinity beads (see
below) followed by binding of specific peptides from solution. After a series of washing
steps, remaining bound peptides were eluted from the beads for analysis by MALDI-TOF
MS. Our hypothesis was that if a given monoclonal antibody were able to bind peptide from
solution phase and retain it through the timed washing procedures (i.e. if it had a low
dissociation rate, kd), then the eluted peptide should be detectable by MALDI-TOF MS in
the bead eluate. Antibodies with slower off-rates should yield more peptide than antibodies
with faster off-rates and this would be reflected in the MS signal strengths obtained.

A variety of parameters (incubation times, washing steps, elution conditions, etc.) were
tested to develop the optimized MiSCREEN assay presented here. All washing and elution
steps were performed using a magnetic particle processor (KingFisher 96, Thermo Fisher
Scientific, MA, USA). Briefly, six 96-well polypropylene microplates (Cat. No.
CA83007-596, Thermo KingFisher 96 KF plate, 200 μl; Thermo Scientific) were first
loaded into the Kingfisher particle processor. Wells of the first plate contained 10 μL of
sheep anti-rabbit IgG Dynabeads (Cat. No. 112.03D, Invitrogen, Oslo, Norway; the volume
corresponding to the original concentration in the bottle) suspended in 200 μL of phosphate
buffered saline (PBS)/0.03% (3-[(3-cholamidopropyl) dimethylammonio]-1-
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propanesulfonate) (CHAPS) detergent. In MiSCREEN assays using mouse mAbs,
Dynabeads protein G (Cat No. 100.04D) or goat anti-mouse IgG magnetic beads (Cat No.
110.33) were used. After washing by agitation for 5 minutes, the beads were transferred by
the Kingfisher magnet array into wells of the second plate, each containing 50 μL of
hybridoma supernatant. After 2 hours incubation at room temperature the magnetic beads
and captured antibodies were transferred to the third plate, each well containing 1 picomole
of target peptide in 100 μL of PBS/0.03% CHAPS. After another 2-hour incubation, the
magnetic bead-antibody-peptide complexes were transferred sequentially to three
microplates for washing (3 times for 1-minute in 200 μL of PBS/0.03% CHAPS). The
washed beads were finally transferred to an elution plate (96-well Hard-Shell® PCR plate,
Bio-Rad, Ca, USA) each well containing 25 μL of 5% acetic acid, and incubated for 5
minutes to release any bound target peptide and possibly some bound antibody. During each
of these incubation steps, bead suspensions were agitated by a reciprocal motion of the
Kingfisher magnet head. The eluted peptides from all 25 μL were desalted and concentrated
using ZipTip C18 tips (Cat. No. ZTC18S960, Millipore, MA, USA) before spotting the
entire sample in a 2 μL volume onto a MALDI plate. In some experiments, to test whether
or not Zip-Tip C18 cleanup was necessary for achieving sensitivity, the peptides were eluted
in 12 μL of 5% acetic acid and 2 μL of this were directly spotted onto MALDI plates for
mass spectrometric analysis. After drying, 1 μL of the matrix alpha-cyano-4 –
hydroxycinnamic acid (CHCA) was added to each spot. A Voyager DE™ STR (Applied
Biosystems, Foster City, CA) was used to analyze the eluted samples from MiSCREEN
experiments. The instrument was set to reflectron mode with laser intensity of 2800,
accelerating voltage of 20 kV, delay time of 220 nsec and the mass range was set to 800–
3000 Daltons. One hundred laser shots were accumulated per spectrum and 5–10 spectra
were accumulated for each sample spot. All experiments were performed in duplicate.

In the MiSCREEN assay, the total elapsed time between the end of peptide binding and
peptide elution (including the bead wash and transfer steps) was approximately 10 min, the
minimum peptide dissociation time useful for SISCAPA assays. Prior to MiSCREEN
analysis, a dilution series of each peptide was made and known amounts were spotted onto
MALDI plates to establish a standard curve. In this way, the signal intensity for each peptide
could be gauged as a measure of peptide performance.

Multiplexing of the MiSCREEN assay was tested by mixing supernatants from a number of
different hybridomas (each secreting different peptide-specific RabMAbs) and measuring
the enrichment of the relevant peptides from mixtures that also contained irrelevant tryptic
peptides as specificity controls. In addition, multiplexing was tested using a different set of
five peptides, two of which were specificity controls. Multiplexing experiments were
performed with three replicates per sample.

In MiSCREEN assays (and SISCAPA assays) the natural tendency of the beads to adhere to
plastic and other surfaces was overcome by addition of low concentrations (0.03%) of
CHAPS detergent to most solutions. In MALDI-TOF MS, CHAPS appears as a single peak
at 1229.7 Daltons. This detergent was also chosen for SISCAPA assays employing triple
quadrupole mass spectrometers since CHAPS elutes as a single major hydrophobic peak late
in the reverse phase chromatographic separation, after most peptides. It is thus more
practical than other detergents, most of which are polymeric, yielding many peaks revealed
by MS, some of which may interfere with peptide ionization and MS spectra analysis.

2.5. Measurement of solution-phase peptide binding by SPR
Kinetic screening of anti-peptide RabMAbs was performed by SPR using a Biacore 3000
optical biosensor (Biacore, Uppsala, Sweden) according to a previously published method
designed specifically for measuring peptide binding affinities of monoclonal antibodies
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(Pope et al., 2009). Research-grade CM5 chips (Order Code BR-1003-99) were used for all
experiments and were obtained from Biacore Life Sciences (Piscataway, NJ). Preselected,
affinity-purified goat anti-rabbit IgG (Fc fragment specific; Jackson ImmunoResearch
Laboratories, West Grove PA; Cat No. 111-005-008) was covalently bound to the CM-5
chips using an amine coupling method with 100 nM N-hydroxysuccinimide/390 mM 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride as crosslinker. The affinity
chip was then used for capture of RabMAbs. The method has also been adapted for
screening of murine mAbs by using affinity purified goat anti-mouse IgG (Fc specific)
capture antibodies. This general method allows determination of antibody affinity
(equilibrium dissociation constant, KD) by measuring binding and release of peptide in
solution, without avidity considerations. Most importantly, since low peptide off-rates are
critical for anti-peptide antibodies used in current immuno-mass spectrometry methods, the
dissociation rates (kd) for each antibody were calculated. This allowed us to determine the
off-rates for all mAbs selected by the MiSCREEN assay.

2.6. Enrichment of peptides from human plasma digests
RabMAbs selected by MiSCREEN and confirmed by SPR analysis were tested for their
ability to enrich specific “natural” surrogate peptides from trypsin-digested human plasma.

a) Trypsin digestion of human plasma—Pooled human potassium-EDTA treated
plasma was purchased from Bioreclamation Inc., Westbury NY (Cat No. HMPLEDTA). The
final protein concentration of the pooled plasma was 73.13 mg/mL as determined using a
bicinchoninic acid colorimetric assay kit (Sigma-Aldrich Ltd., St. Louis, MO) and using a
1% solution of BSA as a standard. Plasma was added to a lyophilized mixture of urea (Ultra
Urea, Sigma-Aldrich Ltd., St. Louis, MO), tris (2-carboxyethyl) phosphine) (TCEP)
(Bondbreaker neutral TCEP solution, Thermo Scientific, Rockford, IL) and Tris (Trizma
preset crystals pH 8.1, Sigma-Aldrich) to yield a final concentration of 9 M urea, a 2 fold
molar excess of TCEP over plasma cysteines (based on a cysteine concentration in plasma
of 2.68E-2 M) and 0.2 M Tris pH 8.1. The plasma proteins were denatured and reduced at
room temperature for 30 min. Iodoacetamide was added at a 3 fold molar excess over
plasma cysteines and allowed to alkylate the sample for 30 min at room temperature in the
dark. Prior to trypsin addition, the urea concentration was reduced to 1 M by dilution with
0.2 M Tris pH 8.1 (Trizma preset crystals pH 8.1). Tosyl phenylalanyl chloromethyl ketone
(TPCK; an inhibitor of chymotrypsin) - treated trypsin (Worthington Biochemical Corp.,
Lakewood, NJ) was prepared in 10 mM HCl and added at a 20:1 protein to enzyme ratio and
allowed to digest overnight in a 37 °C dry incubator. The sample was cooled to room
temperature and tosyl lysyl chloromethyl ketone (TLCK; an irreversible inhibitor of trypsin;
Fluka Biochemica, Buchs, Switzerland) was added at 2-fold excess over trypsin and
incubated for 30 min at room temperature to arrest digestion. The digested sample was
concentrated and desalted using 150 mg solid-phase extraction cartridges (Waters Oasis
HLB, Milford, MA). The digest was acidified using 0.2 M formic acid, gravity loaded onto a
pre-equilibrated cartridge, desalted with 5 mL 0.1% formic acid, eluted in 3 mL 50% ACN,
0.1% FA and the eluate was lyophilized. Finally, the mixture of lyophilized peptides was
reconstituted to the original plasma volume with PBS and brought to pH 7.0 using 6 M
NaOH. Aliquots of the reconstituted plasma digest were stored at −80° C and thawed
immediately prior to use.

b) Peptide enrichment and analysis—We used the SISCAPA method (Anderson et
al., 2004) for enrichment and detection of peptides from trypsin digested human plasma. As
described above for MiSCREEN, all washing and elution steps involved in this procedure
were performed using a Kingfisher magnetic particle processor. However, special custom
produced, 1 micron diameter, protein G Dynabeads specifically designed for SISCAPA were
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used (MyOne OK432 Protein G Dynabeads, Invitrogen). These beads offer a greater surface
area to allow increased binding capacity and have special surface chemistry to reduce
background peptide binding. To capture 1.0 μg of RabMAb, 1.43 μL of beads are required.
Therefore the wells of the first microplate contained this amount of beads in 200 μL PBS/
0.03% CHAPS detergent. After washing the beads, they were transferred to a second
microplate containing 1 μg of purified RabMAb in each well. After 2 hours incubation at
room temperature, the magnetic beads and captured antibodies were transferred to a third
plate, with each well containing 100 μL of a 1 in 10 plasma digest (i.e. 10 μL of digest
diluted in 90 μL of PBS/0.03% CHAPS). After 2 hours incubation, the magnetic bead-
antibody-peptide complexes were transferred sequentially to three microplates for washing
(3 × 1-minute in 200 μL of PBS/0.03% CHAPS). Dynabeads were also incubated with a 1 in
10 dilution of plasma digest (without added antibodies) to control for any possible non-
specific background binding of irrelevant peptides. The bead-antibody-peptide complexes
were incubated in 25 μL of 5% acetic acid for 5 minutes to release any bound target
peptides. Finally, the eluted samples were concentrated using ZipTips as described for
MiSCREEN above and manually spotted onto a 384 well OptiTOF MALDI target plate
(Applied Biosystems, Foster, CA.) After the spots had dried, 1 μL of CHCA matrix was
spotted onto each sample. MALDI-MS data were automatically acquired over a mass range
of 800–4000 Da in the positive-ion reflector mode on a 4800 MALDI-TOF/TOF Analyzer
with 4000 Series Explorer v3.5 installed (Applied Biosystems/MDS Sciex, Framingham,
MA), using a fixed laser intensity of 3400 at 500 shots/spectrum and using a random spot
search pattern. Both MALDI-MS and MS/MS analyses were performed on the samples.
Selected precursor ions were fragmented using an MS/MS acquisition method set to 2 kV
collision energy. The relative precursor mass window was set at 300 (FWHM) and MS/MS
was acquired with CID turned on and with metastable suppression enabled. MS/MS
acquisition of selected precursors was set to 1,250 shots per spectrum. The sequence of
related peptides that generated acceptable MS/MS spectra was manually verified using MS-
Product tool from the ProteinProspector freeware v5.5.0 (University of California, San
Francisco, USA).

3. Results and Discussion
3.1. Synthetic peptides

It was important that all peptides synthesized for this work be of high purity and that they be
handled in a way that would preserve their integrity and prevent post synthesis
modifications. Initially, peptide vendors were instructed that 80% purity was required and
that both MALDI-TOF traces and HPLC traces be supplied. For almost all peptides, these
criteria were met. However, further quality control was undertaken whereby after thawing
and just before use of the peptides, they were examined by MALDI-TOF MS to ensure that
the appropriate peptide mass was the predominant species. Examples of two peptides, one
highly pure the other not, are shown in Figure 1. A typical high-purity peptide, CPTAC-39d,
is shown in Figure 1A. One peptide, CPTAC-43c (Figure 1B) did show an unacceptable,
alternative form of the peptide, indicating a sub-optimal synthesis, although this was an
unusual peptide since it contained 4 cysteines that required special blocking chemistry for
synthesis. Despite the presence of impurities, this peptide was used in MiSCREEN analysis
and revealed an unanticipated benefit of the method (see below). The parent proteins and
sequences and masses of the peptides used in the work reported here are shown in Table 1.

3.2. Peptide titration curves
The peptides used in this work were originally chosen on the basis of their performance in
electrospray ionization - triple quadrupole mass spectrometry. Therefore, it was important to
test each peptide for its ability to ionize effectively by MALDI since not all peptides ionize

Razavi et al. Page 7

J Immunol Methods. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



equally well under different ionization conditions. For each MiSCREEN analysis we
performed a standard curve by directly spotting varying amounts of the appropriate peptide
onto MALDI plates. To illustrate this, the results obtained from three selected peptides are
shown in Figure 2. Panel A shows the strong MS signals obtained with varying amounts of
angiotensin-I, a peptide that is often used as a standard in MALDI-TOF MS. Even low
femtomole amounts of this model peptide yielded measurable MS signals and the linearity
of the response was excellent. Panel B shows the more typical MS signals obtained with
tryptic peptides that we use in our immuno-MS assays. One peptide, (CPTAC-38b) ionized
well whereas the other (CPTAC-23c) showed significantly lower signal. Because of these
differences among peptides, the ability of the MiSCREEN assay to distinguish the best
mAbs is somewhat better for peptides with high MALDI response. The fact that some
peptides do not ionize well by MALDI must be taken into consideration in designing the
peptides for MiSCREEN or SISCAPA analyses using MALDI-TOF. By testing a variety of
synthetic tryptic peptide surrogates, those that ionized well by MALDI could be selected.
The same consideration holds for electrospray ionization and MS analysis using triple
quadrupole mass spectrometers.

3.3. Initial screening of hybridoma supernatants by peptide ELISA
Since 4000 hybridoma supernatants were obtained from each fusion, these were first
screened for the presence of anti-peptide antibodies using the novel peptide ELISA. This
allowed us to identify supernatants containing specific anti-peptide mAbs that were then
subjected to more definitive kinetic analysis by MiSCREEN and SPR for ultimate selection
of RabMAbs with low peptide off-rates. Using peptide ELISA, in each fusion we identified
between 40 and 150 individual hybridomas that secreted anti-peptide antibodies (data not
shown). These subsets were tested by MiSCREEN and SPR analysis in order to identify
mAbs that were able to bind peptides from solution and that had low peptide off-rates.

3.4. Screening of hybridoma supernatants by MiSCREEN
Representative examples of MALDI-TOF MS spectra obtained in a typical MiSCREEN
experiment are shown in Figure 3. In such experiments, a single peptide is used and different
hybridoma supernatants are tested for peptide binding. For illustrative purposes, mAbs with
poor (panel A), medium (panel B) and good (panel C) binding activity against a proteotypic
peptide CPTAC-39d from human thyroglobulin, are shown with peak intensities of 113,
1275 and 2623 respectively (shown on the vertical axis at the top right of each spectrum).

More than 500 hybridoma supernatants producing RabMAbs against fifteen different tryptic
peptides were screened for peptide binding in the MiSCREEN assay. A summary of the
results obtained is shown in Table 2. Although all of the supernatants tested contained anti-
peptide mAbs detected by peptide ELISA, only a fraction of them were positive by
MiSCREEN suggesting that the latter assay detected only high affinity antibodies and that
with ELISA there are complicating avidity considerations. However, if some supernatants
contained very low amounts of antibodies, then the small amounts of captured antibodies
would not bind enough peptide for measurement and would be considered negative, even if
the antibodies were of high affinity. This is one failing of the MiSCREEN method (and
perhaps some other screening methods such as ELISA) since such hybridomas would be
considered negative and thrown away. However, we decided that such low-secreting
hybridomas are problematic so we were not interested in these and only selected those that
are good secretors and of course that had low off-rates. For a single peptide target measured
with multiple hybridoma supernatants, comparison of the accumulated MALDI-TOF peak
intensities for peptides bound by each mAb allowed selection of those that were able to bind
and retain peptides with a higher affinity. Such mAbs have low dissociation rate constants
(kd) and half off-times as determined by kinetic analysis using SPR.
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It is important that the ligand chosen for capturing monoclonal antibodies out of solution is
itself a strong binder so that the dissociation of the captured antibody during subsequent
peptide binding and washing steps is minimized. Therefore, selection of high quality,
affinity purified capture antibodies is crucial. In previous work (Pope et al, 2009) we
measured the binding kinetics of a selected affinity-purified anti-rabbit IgG capture antibody
with a variety of RabMAbs and compared off-rates with RabMAb-peptide binding. The off-
rates observed for RabMAb-peptide binding were always much faster than the slow off-rates
observed with the captured RabMAbs themselves. This can perhaps be explained by a
combination of high affinity, and especially avidity, of the capture antibody since multiple
epitopes on the Fc region of the RabMAbs are available for binding. We used the same
capture antibodies in the current work with the MiSCREEN assay and did not detect any
release of the captured monoclonal antibodies.

Although the CHCA matrix has been shown to form homogenous crystals, formation of
occasional `hot spots' (i.e. variations in crystallization) is inevitable (Tholey et al., 2006).
Therefore, comparing samples based on accumulated MALDI peak intensity can have
coefficient of variations (CV) as high as 30% depending on the number of spectra
accumulated. To overcome the latter limitation, known amounts of stable isotope-labeled
peptides (heavy peptides) are `spiked' into the reaction mixture to control for variations in
matrix formation (Szájli et al., 2008; Zabet-Moghaddam et al., 2004). In MiSCREEN
assays, we accumulated multiple spectra for each RabMAb over two replicates and thus
inconsistencies due to variations in crystallization are deemed to be minimal. However, to
test whether `hot spots' significantly affect the selection of RabMAbs by MiSCREEN, we
repeated the screening for one of the surrogate peptides (CPTAC-39d) with and without
spiked internal standards (Figure 4). The MALDI peak intensities (without heavy spike) and
the light:heavy peak ratios were remarkably similar for each RabMAb, demonstrating that
the peptide peak intensities in MiSCREEN are representative of the amount of peptide
bound by the individual antibodies and that RabMAb selection based on accumulated
MALDI peak intensity has not been significantly affected by `hot spot' variations.

One notable weakness of the MiSCREEN method is illustrated by some of the results shown
in Table 2. SPR analysis of mAb 19-44, specific for peptide CPTAC-23c, showed that this
mAb had a half off-time of 10.7 minutes and is probably useful for immuno-MS assays.
However, this peptide was not detected by the MiSCREEN assay since the peptide does not
ionize well by MALDI-TOF MS (shown in Figure 2). On the other hand, a useful and
positive attribute of the MiSCREEN method was demonstrated with the impure peptide
CPTAC-43c. This peptide has four cysteines and after synthesis contained a contaminating
form as shown in Figure 1B. By SPR, one could not differentiate between antibodies that
capture the `wrong' peptide and the ones that bind to the `correct' form of the peptide,
whereas MiSCREEN analysis revealed that mAb 38-12 recognized the appropriate peptide
(containing four S-carbamidomethyl cysteines) more readily than the `wrong' form of the
peptide and is therefore likely a useful reagent for peptide enrichment.

Not surprisingly, we were also able to select high affinity recombinant RabMAbs (eg mAb
58-4 in Table 2) using the rabbit antibody capture system. This is now our preferred method
for screening recombinant clones. In addition, high affinity murine mAbs (eg. mAbs 2A7
and BGN/KA/4H, see Table 2) were detected by substituting either protein G Dynabeads or
anti-mouse IgG Dynabeads as capture agents, illustrating the general utility of the
MiSCREEN method.

To further illustrate selection of anti-peptide mAbs by MiSCREEN, the results of screening
assays for selection of hybridoma supernatants are shown in Figure 5. In one experiment,
MiSCREEN was performed using a 10 minute duration of wash steps after peptide binding.
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The same supernatants were then tested by SPR for peptide binding. The results are shown
in Figure 5A. Antibodies that had dissociation constants (kd) of less than 1.0E-03 s−1 (i.e.
half off-time of 10 minutes or more) as determined by SPR retained more of the target
peptide during the 10 minute MiSCREEN wash steps and thus yielded stronger MALDI
signals. The 10 minute threshold we used was arbitrary and was chosen for this MiSCREEN
assay to resemble the wash steps in SISCAPA assays (8–12 minutes). In another experiment
(Figure 5B), the RabMAbs were washed for approximately 4 minutes after peptide binding.
Antibodies that performed well in MiSCREEN had a kd of approximately 2–3E-03 s−1 (i.e.
half off-time of approximately 4 minutes). These results demonstrate that for each target
peptide, MiSCREEN selects anti-peptide antibodies with slow off-rates. It is important to
note that there is not a perfect linear relationship between SPR and MiSCREEN - some
antibodies have very similar off-rates (as determined by SPR) yet their performance in the
MiSCREEN assay is different from one another, and vice versa. These differences may be
attributed to the inherent differences in biophysical aspects of peptide capture and washing
between these two assays, and highlights the importance of screening of mAbs in assays that
resemble the assay of ultimate use as closely as possible, for example MiSCREEN and
SISCAPA. Nevertheless, the strong overall trend towards increasing SPR off-rate with
increasing MiSCREEN signal, with strongest MiSCREEN response observed above the SPR
off-rate equivalent of the MiSCREEN wash time, supports a model in which antibody off-
rate is the primary determinant of success in MiSCREEN and SISCAPA assays.

It is also worth noting that by direct spotting of peptide eluates onto MALDI plates, we
could avoid Zip-Tipping of samples. Although the peak intensities were reduced when only
2 μL of the 12 μL sample were used, signals were still easily detected for all peptides tested
(data not shown). This is an important point since by avoiding sample concentration using
C18 ZipTips, spotting of MALDI plates is more easily amenable to automation and the
resultant increase in throughput.

3.5. Multiplexed binding of peptides by MiSCREEN
Two sets of multiplexing experiments were performed, each using different combinations of
RabMAbs and peptides. Representative results from one of these experiments are shown in
Figure 6. In this case, MALDI-TOF analysis showed that all five peptides were resolved
after directly spotting the mixture onto a MALDI plate (Panel A). A mixture of four
hybridoma supernatants containing RabMAbs specific for four of the peptides captured
them, whereas the control peptide (for which no specific antibody was included) was not
captured (Panel B). Indeed, the control peptide CPTAC-28d that ionizes well, was not
detected at all (panel C) showing that specificity was retained by the multiplexed antibodies.
Similar results were seen with all three replicates in this experiment. In addition, in a second
set of multiplexing experiments also performed in triplicate, specific RabMAbs selectively
enriched 3 (of 3) of their cognate peptides whereas the two control peptides were not
captured. In this latter experiment we also used two control RabMAbs (of “wrong”
specificity) and none of the 5 peptides were bound (data not shown). These experiments
demonstrated the ability of the selected RabMAbs to pull peptide analytes out of solution (in
this case, PBS) and show the specificity of the capture reagents.

3.6. Detection of surrogate peptides in human plasma
All of the 8 RabMAbs that we tested were able to bind and enrich low femtomole levels of
spiked heavy-labeled peptides out of trypsin digested human plasma. Three of the eight
selected recombinant RabMAbs were also able to enrich “natural” (not spiked) cognate
peptides out of 10 μl of trypsin digested human plasma to levels that were detectable by
MALDI-TOF MS (results summarized in Table 3). Examples of the MALDI spectra
showing specific peptide enrichment are shown in Figure 7. All surrogate peptides from
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higher abundance proteins were detected except one, CPTAC-14d, corresponding to ferritin
light chain. In this case the surrogate peptide does not ionize well by MALDI, perhaps
explaining why this peptide was not easily detected. This observation again illustrates that
MiSCREEN may not be useful for all peptides, as occurs with electrospray methods for
peptide detection. The SISCAPA peptide enrichment experiments were performed on three
separate occasions. In each case we detected the anticipated masses for those surrogate
peptides that we were able to enrich. Since peptide masses do not unequivocally identify the
peptide, for the three most abundant protein targets, protein C inhibitor (PCI; also known as
PAI-3), LPS binding protein and transferrin receptor, the identity of peptides were also
verified by manual analysis of MS/MS spectra (data not shown). Although we detected
correct m/z signals from three low abundance plasma proteins (CA-125, receptor tyrosine-
protein kinase and thyroglobulin), we could not obtain accurate MS/MS analysis for these
targets due to their weak MALDI signal (Figure 7 panels C and D). Therefore, we are
hesitant to report unequivocal enrichment of these targets.

To demonstrate that antibodies selected by MiSCREEN can be used for peptide (thus protein
target) quantitation in human plasma digests, RabMAb 58-4, specific for peptide PPI-4d, a
surrogate for protein C inhibitor (PCI) was used for peptide enrichment in experiments using
stable isotope labeled peptide as internal standard. The results of a titration of labeled
peptide in comparison with the constant amount of endogenous PPI-4d peptide are shown in
Figure 8. The average amount of this peptide (calculated from the standard curve determined
in duplicate at 8 different dilutions) was determined from this titration to be 225 fmol (1 μg/
mL) in 10 μL of plasma. Given that the PPI-4d peptide is unique to protein C inhibitor, there
should be a one-to-one ratio between peptide levels and protein levels in plasma if the
tryptic digestion is complete and there is no degradation of the peptide prior to capture (the
basic requirements of peptide-based MRM assays). If these conditions are met, the
concentration of this protein in the test plasma sample is computed to be 1 mg/mL, in very
close agreement with 0.83 μg/ml measured in the equivalent SISCAPA assay using the same
antibody and sample but with triple-quadrupole MS quantitation (data not shown) and
reasonably good agreement with the literature value from immunoassay of 5 μg/ml (Hortin
et al., 2008). For absolute quantitation of target proteins using peptide surrogates in plasma,
it is necessary that complete digestion of the analyte be achieved. Studies are underway in
many laboratories to address this issue.

Conclusions
Although anti-peptide mAbs are made worldwide, very few laboratories or companies have
established methods to select those that bind short (e.g., tryptic) peptides with high affinity.
Such antibodies are required for several different immuno-MS assays used for measurement
of protein biomarkers in complex peptide mixtures. Often ELISA assays using peptides
coupled to carrier proteins are used for anti-peptide antibody screening, although such
assays measure avidity rather than true affinity (binding of a single peptide epitope to a
single antigen binding site of an antibody). In addition, we have often observed mAbs that
bind, at least in part, to linker moieties used to couple peptides to carrier proteins used as
antigens in ELISA. We were able to avoid selecting such antibodies in our study by
developing a “peptide ELISA” in which free peptide antigens are dried onto the ELISA
wells. These ELISAs, although not useful for measuring antibody affinity, were useful for
initial selection of peptide-binding mAbs prior to further selection by MiSCREEN (this
manuscript) designed to identify mAbs with high affinity, or more specifically, low off-
rates.

Screening of anti-peptide mAbs using SPR has proven to be a useful technique for
identification of high affinity anti-peptide antibodies (Pope et al., 2009) and yields a
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quantitative result capable of ranking antibody clones. However, this SPR protocol, with a
cycle time of approximately 30–45 minutes, is too slow for processing large numbers of
hybridoma supernatants. For this reason, we developed the MiSCREEN method that
combines the same peptide enrichment procedures used in SISCAPA assays with robust
MALDI-TOF MS for analysis of bound and eluted peptides to produce a semi-quantitative
test of antibody off-rate. In MiSCREEN, both peptide enrichment and MALDI-TOF MS
analysis of the bound-eluted peptides can be automated so that high throughput is possible.
First, peptide capture is performed using a Kingfisher magnetic particle handling robot and
second, since we have demonstrated that peptide eluates do not need to be desalted or
concentrated (data not shown), MALDI plates can potentially be spotted with a liquid
handling robot. We can now routinely screen 100 hybridoma supernatants in 4 hours. In
addition, we have demonstrated that multiplexing of the MiSCREEN assay using a mixture
of different peptides is possible. This facilitates the screening of large numbers of
hybridomas for the presence of a variety of high affinity-peptide specific antibodies.
Hybridoma supernatants can thus be screened for the presence of a different specific anti-
peptide antibody using a single MiSCREEN peptide mixture. Alternatively, screening of
antibodies from clones selected from recombinant libraries may be performed using multiple
peptides in MiSCREEN assays.

We have shown that rabbit mAbs (including recombinant antibodies) and importantly,
mouse mAbs, of sufficiently high affinity for use in peptide enrichment can be selected by
MiSCREEN. High affinity murine mAbs (produced against four of the same peptides as
RabMAbs) could also be selected, although these were more infrequently found
(unpublished observations). Regardless of the species of origin, mAbs that bound peptides
yielding high MALDI-TOF peak intensities (and low off-rates as determined by SPR) are
clearly able to retain peptides long enough for use in immuno-MS methods such as
SISCAPA under current configurations. Whether or not an absolute affinity ranking of
different antibodies specific for a given peptide is possible remains to be determined.
However, it is clear that MiSCREEN can discriminate qualitatively between those
antibodies that will function in current immuno-MS assays and those that will not. Progress
towards development of methods for quantitative prediction of peak intensities in MALDI-
TOF MS (Timm et al., 2008), coupled with the use of stable isotope labeled internal
standards should allow more quantitative multiplexed MiSCREEN applications as has been
achieved with SISCAPA (Anderson et al., 2004; Whiteaker et al., 2009). This should allow
accurate affinity ranking of antibodies by MiSCREEN thus facilitating selection of
antibodies with desired off-rates for each specific application.

Since the association rates (ka; on-rate) that we observed for a given tryptic peptide binding
to antibodies were roughly similar (generally within a 10-fold or smaller range) the
dissociation rates (kd; off-rate) are the major determinants of overall antibody affinity (KD).
For a chemically homogeneous mAb reagent, half the peptide dissociates in ln2/kd. To
retain 75% or more of the captured peptide, and avoid losing assay sensitivity, a half off-
time greater than twice the washing period is desirable. Current quantitative SISCAPA
protocols involve serial washes over a total elapsed time of 8–12 minutes after removal of
antibody-coated magnetic beads from the sample digest, suggesting that antibodies with half
off-times of at least 10 minutes and ideally 20–30 minutes are desirable. Antibodies of even
higher affinity (longer half off-times) allow extended washing and removal of non-
specifically bound peptides. We have frequently selected antibodies with half off-times of
several hours, yet despite such high affinities, we have so far not observed instances in
which 5% acetic acid eluent fails to elute the bound peptides.

We believe that a method similar to the multiplexed MiSCREEN technique presented here
can be developed as a quantitative assay for measuring several biomarkers simultaneously.
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Such assays, and the previously described SISCAPA assays depend on antibody quality. In
the recent literature, there has been some skepticism about the prospect of using antibodies
for proteomics from a “high content” approach to biomarker discovery and use (Zichi et al.,
2008). The argument has been made that antibodies do not have the requisite specificity, that
off-target proteins would interfere with detection and with multiplexing and that
autoantibodies present in many people confound the problem. Many of these criticisms will
hold true for top down proteomics approaches to measurement of intact proteins, as has been
observed for standard sandwich immunoassays. Such criticisms do not apply to anti-peptide
antibodies, however, since protein-protein interactions are destroyed during sample
digestion to peptides, and we believe they should receive much more attention. It is
important to emphasize that anti-peptide antibodies of high specificity and with low off-rates
can be selected by SPR (Pope et al, 2009) or by MiSCREEN (this manuscript). We have
shown that such antibodies are functional in SISCAPA assays, i.e. they are able to enrich
natural (non-spiked) surrogate peptides from complex tryptic digests of human plasma.
Three of eight RabMAbs that we tested were able to enrich their cognate peptides to
detectable levels from the digest of 10 μl of plasma (Table 3). We also observed correct m/z
signals for three low abundance biomarkers (CA-125, receptor tyrosine-protein kinase and
thyroglobulin) although we were unable to verify their identity by MS/MS analysis due to
weak MALDI signals. However, the utility of the selected antibodies for these targets in
digested plasma was confirmed using spiked heavy labeled peptides and identification by
triple quadrupole MS in which case low femtomole levels of the spiked peptides in tryptic
plasma digest were detected (data not reported here). Enrichment of such low abundance
endogenous peptides will possibly be achieved by increasing the amount of plasma used for
immunocaptures.

The two targets that we could not detect were ferritin light chain and WAP four-disulfide
core domain protein (HE-4). Although ferritin light chain is relatively abundant in human
plasma (50 ng/mL), the surrogate peptide from this target did not ionize well by MALDI.
Performing SISCAPA by measuring MRM transitions after electrospray ionization of
captured peptides may solve this issue for many surrogate peptides that do not ionize well by
MALDI (Whiteaker et al., 2009), although this is not an approach that is amenable to high
throughput (the strength of MiSCREEN). The other peptide that we failed to sufficiently
enrich to detectable levels, was a specific surrogate for WAP four-disulfide core domain
protein (HE-4), a very low abundance molecule in human plasma. Perhaps this protein is not
digested well with trypsin or the parent protein is at a level too low for detection. By
performing capture from larger amounts of plasma digest this problem may be solved.

To show that antibodies selected by MiSCREEN are able to perform in assays for
measurement of potential biomarker targets, a quantitiative MALDI-TOF assay based on
stable isotope standards was demonstrated using protein C inhibitor as a model target. In
addition, several of the selected RabMAbs reported in this study have also been used in
SISCAPA assays using triple quadrupole MS for peptide identification and quantitation by
monitoring MRM transitions (data not reported here). In these latter assays, unlike those
employing top-down immuno-proteomics methods (coupled with MALDI-TOF MS
analysis) or standard immunoassays, the analytes are absolutely identified by analysis of
MRM transitions. Thus, even if off target binding occurs, this will not seriously interfere
with measurement of the target peptide.

Derivation and affinity characterization of a large number of selected high affinity anti-
peptide antibodies will be necessary for more ambitious approaches to studying the human
proteome. One such strategy is to develop tools for measuring all human proteins by
utilizing proteotypic peptides and anti-peptide antibodies specific for each of them. This has
been described as the human proteome detection and quantitation (hPDQ) project (Anderson
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et al., 2009). The MiSCREEN method described here should aid in this endeavor,
particularly since the method is amenable to automation, thus capable of high throughput.
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Abbreviations

MiSCREEN MALDI immunoscreening

mAbs monoclonal antibodies

MALDI-TOF matrix-assisted laser desorption/ionization time-of-flight

MS mass spectrometry

SPR surface plasmon resonance

SISCAPA stable isotope standards and capture by anti-peptide antibodies

hPDQ human proteome detection and quantitation project

MRM multiple reaction monitoring

HPLC high performance liquid chromatography

KLH keyhole limpet hemocyanin

ELISA enzyme linked immunosorbent assay

RabMAbs rabbit monoclonal antibodies

PBS phosphate buffered saline

CHAPS 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate

KD equilibrium dissociation constant

ka association rate constant

kd dissociation rate constant
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Figure 1.
Examples of MALDI spectra of purified peptides. Panel A: 1 picomole of peptide
CPTAC-39d; Panel B: 1 picomole of peptide CPTAC-43c. The peptides were spotted
directly onto a MALDI plate. The peptides were chosen as examples of both high and low
purity.
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Figure 2.
Peptide titration by MALDI-TOF MS. Panel A: Angiotensin-I (positive control) Panel B:
CPTAC-38b and CPTAC-23c. Angiotensin-I was chosen as a model peptide since it ionizes
extremely well by MALDI whereas the other peptides were more typical of tryptic peptides
chosen as surrogates for protein targets and ionize moderately well (CPTAC-38b) or poorly
(CPTAC-23c).
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Figure 3.
Peptide enrichment by MiSCREEN and surface plasmon resonance plots of low, medium
and high affinity RabMAbs. Selected RabMAbs specific for the same peptide and having
low (Panel A) medium (Panel B) and high (Panel C) affinities were compared using
MiSCREEN assays for their ability to bind peptides from solution. On the left hand side of
the figure are shown single replicate spectra representing binding of peptide CPTAC-39d
(1271.71 Daltons; a proteotypic surrogate of thyroglobulin) by RabMAbs in different
hybridoma supernatants as tested by MiSCREEN. Panel A: RabMAb 35-25; Panel B:
RabMAb 35–36; Panel C: RabMAb 35–41. Note the differences in peak intensities shown
on the right hand vertical axes. On the right hand side of the figure are shown the
corresponding SPR peptide binding and dissociation curves for the same antibodies. The
half off-times of these antibodies were: Panel D: 8 minutes, Panel E: 22 min and Panel F:
174 min, respectively.
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Figure 4.
MALDI-TOF analysis of eluted peptides using internal stable isotope labeled standards to
control for variations in matrix crystallization. After capture of peptide from solution (PBS)
by each RabMAb, bound peptides were eluted in 25 μL of 5% acetic acid. Stable isotope
labeled peptide (500 femtomoles) was added to each eluate and after Zip-Tipping, the light
and heavy peptides were spotted onto MALDI plates. All samples were ionized using a fixed
laser intensity of 3400 at 500 shots/spectrum.
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Figure 5.
RabMAb selection by MiSCREEN and comparison to SPR. Panel A: Hybridoma
supernatants containing RabMAbs specific for thyroglobulin peptide CPTAC-39d were
screened by MiSCREEN using a wash time of 10 minutes. The same supernatants were also
tested for peptide binding kinetics by SPR. The vertical axis represents the accumulated
MALDI peak intensity for each RabMAb while the horizontal axis represents the
dissociation constant (kd) for the same antibody. Antibodies that had a high enough affinity
to retain the target peptide during the wash steps (approximately 10 mins; kd of ~1.0E-03)
showed a high MALDI signal by MiSCREEN. Panel B: Hybridoma supernatants containing
RabMAbs specific for thryoglobulin peptide CPTAC-39c were screened by MiSCREEN
using a wash time of approximately 4 minutes (kd of ~3.5E-03). Antibodies with off-rates
below this threshold performed weakly in the MiSCREEN assay while high affinity
RabMAbs capable of retaining peptides beyond the wash period yielded a strong MALDI
signal. The vertical lines in each panel represent the half off-times (10 minutes in Panel A
and 4 minutes in Panel B).
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Figure 6.
MiSCREEN Multiplexing. Panel A: The MALDI-TOF MS spectrum of a mixture of 5
peptides (1picomole each) that was directly spotted onto a MALDI plate. Peptide
CPTAC-28d was added as a specificity control. Panel B: Forty microliters of each of four
hybridoma supernatants containing RabMAbs specific for peptides CPTAC-14d, 36d, 38b
and 39d were pooled and MiSCREEN was performed using this mixture. The spectrum
shows that all four specific peptides were captured. Notably, the negative control peptide
CPTAC-28d was not bound. Panel C. An expanded view of the spectrum shown in Panel B
shows that that the control peptide was not present, even at background levels. This
spectrum is representative of three independent experiments each performed with three
technical replicates. Similar results were obtained in three independent experiments
performed using a different peptide mixture as described in Materials and Methods (data not
shown).
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Figure 7.
MALDI-TOF spectra of peptides enriched from human plasma digest using RabMAbs
selected by MiSCREEN. For each protein target tested, one microgram of specific anti-
peptide RabMAb was used to enrich the surrogate peptide of interest from 10 μL of trypsin-
digested human plasma. The spectra on the left side of the figure show the presence of
enriched peptides. Panel A: Surrogate peptide EDQYHYLLDR (1351.44 Daltons) from the
parent protein PCI (also known as PAI-3). Panel B: Surrogate peptide
GFVEPDHYVVVGAQR (1672.86 Daltons) from the parent protein transferrin receptor.
Panel C: Surrogate peptide ELGPYTLDR (1063.54 Daltons) from the parent protein
mucin-16 (CA-125). Panel D: Surrogate peptide FSPDDSAGASALLR (1406.69 Daltons)
from the parent protein thyroglobulin. As shown on the right side of the figure, no peaks
corresponding to the surrogate peptides were observed in the negative controls, which lack
the specific RabMAb (i.e. Dynabeads incubated with 1/10 dilution of plasma digest to test
for non-specific background binding of peptides).
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Figure 8.
Quantitation of a protein C inhibitor (PCI) specific peptide in trypsin-digested human
plasma. Stable isotope labeled (heavy) peptide with the same sequence as the endogenous
PCI peptide was spiked into the reaction mixture at different levels. One μg of purified
RabMAb 58-4 was used to capture both heavy and endogenous peptides from 10 mL of
digested plasma. The captured peptides were eluted using 25 μL of 5% acetic acid and were
analyzed by MALDI-TOF MS. The ratio of accumulated peak intensity of
heavy:endogenous peptide was used to determine the amount of endogenous peptide. The
coefficient of variation from 16 samples was determined to be 5.3%.
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Table 1

Protein targets and their surrogate (proteotypic) tryptic peptides

Protein Name Surrogate Peptide ID AA Sequence Mass (Daltons)

Ferritin Light Chain CPTAC-14b KPAEDEWGK 1059.14

Ferritin Light Chain CPTAC-14d LGGPEAGLGEYLFER 1607.78

Alpha-fetoprotein precursor CPTAC-23a GYQELLEK 979.10

Alpha-fetoprotein precursor CPTAC-23c YIQESQALAK 1150.30

Receptor tyrosine-protein kinase CPTAC-36c NNQLALTLIDTNR 1485.80

Receptor tyrosine-protein kinase CPTAC-36d AVTSANIQEFAGC*K1 1495.72

Mucin-16 (CA-125) CPTAC-38b ELGPYTLDR 1063.54

Mucin-16 (CA-125) CPTAC-38c VLQGLLGPIFK 1184.74

Thyroglobulin precursor CPTAC-39c FSPDDSAGASALLR 1406.69

Thyroglobulin precursor CPTAC-39d VIFDANAPVAVR 1271.71

WAP four-disulfide core domain protein CPTAC-43c C*C*SAGC*ATFC*SLPNDK1 1847.72

LPS Binding Protein PPI-1b ITLPDFTGDLR 1247.41

LPS Binding Protein PPI-1c LAEGFPLPLLK 1197.48

Protein C Inhibitor (PCI; also known as PAI-3) PPI-4d EDQYHYLLDR 1351.44

Transferrin Receptor PPI-6d GFVEPDHYVVVGAQR 1672.86

Angiotensin-I2 Ag-I DRVYIHPFHL 1296.49

1
The asterisk (*) denotes carbamidomethyl cysteine.

2
Angiotensin-I was chosen as a positive control peptide since it ionizes extremely well and is often used as a standard in MALDI-TOF mass

spectrometry.
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