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Abstract
Protein phosphorylation is a dynamic post-translational modification that plays a critical role in
the regulation of a wide spectrum of biological events and cellular functions including signal
transduction, gene expression, cell proliferation, and apoptosis. Determination of the sites and
magnitudes of protein phosphorylation has been an essential step in the analysis of the control of
many biological systems. A high throughput analysis of phosphorylation of proteins would
provide a simple, logical, and useful tool for a functional dissection and prediction of biological
functions and signaling pathways in association with these important molecular events. We have
developed a functional proteomics technique using the ProteinChip array-based SELDI-TOF-MS
analysis for high throughput profiling of phosphoproteins/phosphopeptides in human serum for the
early detection and diagnosis as well as for the molecular staging of human cancer. The
methodology and experimental approach consists of five steps: (1) generation of a total peptide
pool of serum proteins by a global trypsin digestion; (2) rapid isolation of phosphopeptides from
the total serum peptide pool by an affinity selection, purification, and enrichment using a novel
automated micro-bioprocessing system with phospho-antibody-conjugated paramagnetic beads
and a hybrid magnet plate; (3) high throughput phosphopeptide analysis on ProteinChip arrays by
automated SELDI-TOF-MS; and (4) bioinformatics and statistical methods for data analysis. This
method with appropriate modifications may be equally applicable to serine-, threonine- and
tyrosine-phosphorylated proteins and for selectively isolating, profiling, and identifying
phosphopeptides present in a highly complex phosphor-peptide mixture prepared from various
human specimens such as cells, tissue samples, and serum and other body fluids.
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1. Introduction
The reversible protein phosphorylation is a key regulating switch that controls a wide range
of biological functions and activities (1–8). Particularly, phosphorylation of protein kinases
plays a critical role in signaling pathways involved in oncogenesis and pathogenesis of
various human cancers (6, 8–10). It is clear that the abnormal protein phosphorylation is
associated with many major diseases, such as diabetes, rheumatoid arthritis, cardiovascular
disease, and cancers (1, 10, 11). Therefore it is vitally important to understand the
intracellular signaling events that control protein phosphorylation. Many toxins that are
known to cause cancers act by affecting the functions of kinases or phosphatases (5, 9–12).
Although protein kinases are now one of the major groups of proteins being targeted by drug
discovery and therapeutics programs, the substrates, or proteins that these kinases and
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phosphatases affect, are largely unknown. Thus, determination of the sites and magnitudes
of protein phosphorylation has been an essential step in the analysis of the control of many
biological systems. A high throughput analysis of phosphorylation of serum proteins would
provide a simple, logical, and useful tool for a functional diagnosis and prediction of human
cancers in association with these important molecular events (5, 8, 9, 13–16). Moreover, the
current advanced cancer treatment with anti-angiogenesis agents and protein kinase
inhibitors showed profound impact on phosphorylation/dephosphorylation of proteins
involved in cell proliferation, apoptosis, angiogenesis, tumor progression, and metastasis in
laboratory and in preclinical and clinical settings (10, 11, 17). These phospho-modified
proteins are secreted from cells and into the circulation system and are easily available in the
serum. Thus, a high-throughput proteomic profiling of phosphopeptides in serum samples
exposed to these agents will allow the identification of specific serological biomarkers
associated with their biological action (3, 8, 14, 17–20). However, direct determination of
phosphorylation of individual proteins in a biological system has been difficult to date (5, 9,
14, 15, 21). It typically requires the purification to homogeneity of the phosphoprotein of
interest before analysis and there is currently no method available to study this aspect in
detail and consistently. Thus, there has been a substantial need for a more rapid, global, and
general method for the analysis of protein phosphorylation in complex protein mixtures (3,
14, 17–20, 22). In addition, a large-scale global phosphoproteome analysis poses challenges
in several fronts including to simultaneously isolate and enrich phosphopeptides in several
hundred parallel samples without introduction of significant experimental errors and to
maintain consistent integrity of proteome among all the samples (2, 3, 14, 15, 18, 19, 21,
23). To address these challenges, we developed an innovative, rapid, and simplified method
for serum phoshopeptide separation and enrichment using a one-step affinity capture of
phosphopeptides on phospho-antibody-conjugated paramagnetic beads or nanoparticles and
separation by a hybrid magnet. This method offers the advantage of automation to avoid
human errors and enable a high throughput serum phosphopeptide preparation, which is
readily coupled with an automated peptide profiling and analysis on ProteinChip arrays by
SELDI-TOF-MS.

2. Materials
2.1. Reagents

1. Phospho-tyrosine antibody: the phospho-tyrosine mouse mAbs (P-Tyr-100)
developed by Cell Signaling Technology (Danvers, MA) is a high affinity mouse
monoclonal antibody and provides an exceptionally sensitive new tool with
increased utility for studying tyrosine phosphorylation and monitoring tyrosine
kinase activity in high throughput tyrosine phosphor-protein/peptide analysis. The
antibody is supplied in 10 mM sodium HEPES (pH 7.5), 150 mM NaCl, 100 μBSA
and 50% glycerol. Store at −20°C.

2. Surface Activated Dynabeads: the Dynabeads® MyOne™ Tosylactivated
(Invitrogen, Carlsbad, CA) are superparamagnetic and uniformpolystyrene beads
(1.0 μ in diameter) coated with a polyurethane layer. The dynabeads are used for
conjugation with phosphor-antibodies and for biomagnetic separation and
enrichment of phosphor-antibodycaptured phosphor-peptides.

3. Sequencing Grade Modified Trypsin: Sequencing Grade Modified Trypsin
(Promega, Madison, WI) is a porcine trypsin modified by reductive methylation,
rendering it resistant to proteolytic digestion (24). Sequencing Grade Modified
Trypsin is supplied as lyophilized powder and can be reconstituted in 50 mM acetic
acid. The substrate is dissolved in 50 mM Tris–HCl (pH 7.6), 1 mM CaCl2, and the
enzyme is diluted in 50 mM acetic acid.
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4. Human Serum: human clinical serum samples are collected and prepared using
approved clinical protocols and standard methods. Serum samples are stored at
−80°C.

2.2. Magnetic Plate
A new class of hybrid magnet plates has recently been developed at the Joint Genome
Institute and Lawrence Berkeley National Laboratroy (JGI/LBNL, Berkeley, CA) for high
throughput purification of biological samples for functional genomics and proteomics and
for affinity drug screening due to its superior capability of selectively separating proteins
and DNA from complex biological mixtures based on a magnetic field (25, 26). These
magnet plates are ideal for any process that requires automated bead manipulation in high-
density microtiter plates containing sample volumes in a range of 3–300 μl. The novel
hybrid magnetic structure combines a permanent magnet with ferromagnetic materials that
produces magnetic fields significantly higher than those of any commercially available
magnetic plate. More importantly, the fields at a distance of 1 cm above the magnet are
more than 1,000-fold stronger than those of the commercial 96-well magnet. This feature
allows for more vigorous washing and sample recovering. The second generation 96-well
hybrid magnet plate has been designed and constructed for our proteomics platform by
physicists and engineers at JGI/LBNL, producing fields well above 10,000.0 G, which
allows a more efficient separation of affinity-captured phosphopeptides from crude serum
peptide mixtures and thus improves reproducibility and sensitivity of proteomic analysis by
reducing processing loss and increasing peptide recovery while retaining a high peptide-
proteome integrity. Alternatively, the commercially available 96-well magnetic plates can
also be used.

2.3. ProteinChip Arrays and Peptide Standards
1. SEND-ID ProteinChip arrays (Bio-Rad, Hercules, CA) have C18 as a functional

group and are used for phosphopeptide profiling and fingerprinting on SELDI-
TOF-MS. IMAC30 ProteinChip arrays (Bio-Rad) can also be used for phospho-
peptide analysis.

2. All-in-1 Peptide standards (Bio-Rad) for SELDI-TOF-MS is supplied as a dry
powder in a glass vial with rubber stopper and is freshly reconstituted in
Reconstitution Solution.

2.4. Buffers and Solutions
1. Trypsin Resuspension Buffer: 50 mM acetic acid.

2. Protein Denaturation Solution: 6 M guanidine HCl (or 6–8 M urea), 50 mM Tris–
HCl (pH 8), 2–4 mM DTT (or β-mercaptoethanol).

3. 1× PBS (phosphate buffered saline) (pH 7.4): 0.26 g NaH2PO4×H2O (MW 137.99),
1.44 g Na2HPO4×2H2O (MW 177. 99), 8.78 g NaCl (MW 58.5). Dissolve in 900
ml dH2O. Adjust pH to 7.4 and the volume to 1,000 ml.

4. 10× Phosphate Buffered Saline (PBS): To prepare 1 L add 80 g sodium chloride
(NaCl), 2 g potassium chloride (KCl), 14.4 g sodium phosphate, dibasic
(Na2HPO4), and 2.4 g potassium phosphate, monobasic (KH2PO4) to 1 L dH2O.
Adjust pH to 7.4.

5. Coating buffer: 0.1 M sodium borate buffer (pH 9.5): 6.183 g H3BO3 (MW 61.83).
Dissolve in 800 ml distilled water. Adjust pH to 9.5 using 5 M NaOH and adjust
volume to 1,000 ml with distilled water. The coating buffer is used for pre-washing
and coating of Dynabeads.
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6. 3 M ammonium sulphate stock solution: 39.6 g (NH4)2SO4 (MW 132.1). Dissolve
in 0.1 M sodium borate buffer (pH 9.5), adjust pH to 9.5 and adjust volume to 100
ml.

7. Blocking buffer: PBS pH 7.4 with 0.5% (w/v) BSA and 0.05% Tween 20 in 100 ml
PBS. Blocking buffer is used for blocking of all precoated Dynabeads. Do not use
this buffer or any buffer containing protein or amino-groups (glycine, Tris etc.) for
pre-washing or coating of Dynabeads.

8. Washing buffer: PBS pH 7.4 with 0.1% (w/v) BSA and 0.05% Tween-20 in 100 ml
PBS. If a preservative is needed in the coated product, a final concentration of
0.02% (w/v) sodium azide (NaN3) may be added to washing buffer. This
preservative is cytotoxic and must be carefully removed before use by washing.

9. Elution buffers: Any conventional method for protein elution can be used, e.g., 0.1
M citrate pH 3, 0.1 M glycine–HCl pH 2.5, or 0.1 M glycine–NaOH pH 10. All
reagents used should be analytical grade. Organic solvent containing 50%
acetonitrile (CAN) and 0.1% Triflouroaacetic acid (TFA) (Sigma, St. Louis, MO) is
best for the SEND-ID chip.

10. Peptide Standards Reconstitution Solution: 10 mM ammonium acetate, 25%
acetonitrile, and 1.25% trifluoroacetic acid.

3. Methods
An important goal of clinical proteomics is to develop sensitive, specific, and robust
proteomic platforms to simultaneously measure the human proteome in clinically relevant
specimens and to establish protein signature profiles for discriminating between the normal
and disease states (27–35). Serum potentially carries a rich archive of histological and
biological information and is attracting increasing interest in clinical proteomics. A
throughput profiling and an accurate measurement of these serum proteome would serve to
improve early detection, diagnosis, and prognosis of cancers and identify new therapeutic
targets (27–35). While the importance of studying the serum proteome is obvious, the
characterization and analysis of serum proteins, however, are analytically challenging due to
their extremely high dynamic range of concentration that spans more than 9–10 orders of
magnitude and to the complexity that is composed of biomolecules ranging from large
proteins and lipids to small metabolite hormones, peptides, amino acids, and electrolytes.
Particularly, the serum protein contents are dominated by a handful of abundant proteins
such as albumin, immunoglobulins, haptoglobin, transferrin, and lipoproteins that account
for more than 99% of serum protein masses and overwhelmingly shadow the detection of
those low abundant but biologically important molecules (30). The reduction of sample
complexity and depletion of the level of these abundant proteins are essential first steps for a
successful and efficient analysis of the serum proteome. Affinity depletion methods have
therefore been developed to remove abundant serum proteins such as albumin and
immunoglobulin from serum prior to mass spectrometric analysis (36–38). One of the major
pitfalls of these protein depletion methods, however, is that many important low molecular
weight proteins or peptides can be concomitantly removed during the sample processing as
well (27, 28, 30). Classical methods such as sample fractionation and purification by liquid
chromatography with various media, separation by gel electrophoresis, sample desalting and
concentration by dialysis, centrifugation, and immuno-precipitation, are often labor-
intensive and demand large quantities of sample, suffer from attendant analyte loss due to
non-specific binding and dilution effects, and easily introduce experimental errors during
multi-task and multi-step sample preparation thus hampering sample quantification and
parallel comparison (30, 38, 39). A simple, direct, and efficient mass spectrometric sample
preparation and protein/peptide detection in heterogeneous samples is much needed.
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In this method, we use innovative antibody-conjugated magnetic beads to specifically
capture a subset of biologically important phosphopeptides from the trypsin-digested serum
peptide mixtures. The captured peptides are rapidly and efficiently separated and purified by
a novel hybrid magnet specifically developed for our proteomic analysis. This method will
significantly reduce the complexity of serum proteins, completely eliminate the interference
of abundant serum proteins but not affect the integrity of serum proteome, and avoid multi-
steps of serum sample fractionation and purification, thus, allowing a high throughput
sample preparation, quantification, and parallel comparison. A comparison of technologies
and applications between the existing proteomic approaches (Method 1) and our new serum
phosphopeptide proteomic platform (Method 2) is shown in Fig. 1.

The ProteinChip-based SELDI technology is currently being used to successfully detect
disease-associated proteins in complex biological specimens and has primarily been applied
to search for the cancer-relevant biomarkers in clinical serum samples (33, 34, 40–45).
These studies emphasize the capability and potential of SELDI for the detection and
characterization of differentially expressed proteins or proteomic patterns for detection and
prediction of diseases. For serum proteomics to realize its full potential, however, several
potential problems and controversy in sensitivity and reproducibility concerning the SELDI
profiling approach needs to be addressed (32, 34, 46, 47). Semmes et al. (48) has recently
assessed the platform reproducibility using SELDI-mediated serum protein profiling for the
detection of prostate cancer and demonstrated the reproducibility of SELDI serum profiling
between laboratories and suggested that this approach could provide a reproducible
diagnostic assay platform. The most severe limitation for the reproducibility may be a result
of loss of the majority of proteins and peptides present in the sample while using SELDI for
the protein profiling (27, 28, 43, 48). This in turns leads to the rather low-resolution pattern
that represents only a minority of proteins and peptides in the serum. Other limitations for
SELDI protein profiling are due to variability such as in instrumental laser desorption
energy level and ProteinChip array quality and in sample collection, processing, and storage
(32, 49–53). These changes resulted in reproducible changes in serum proteome, and can
sometimes overshadow the biological changes in the serum samples (32). In this study, we
use SELDI-TOF-MS to profile serum phosphopeptide sub-proteome instead of total proteins
and, thus, will partially circumvent these problems and enhance reproducibility because it
concentrates all measurements in a small region of low mass peptides within 200–5,000 Da
with an extremely high mass resolution by SELDI-TOF-MS spectrometry. Furthermore,
because the affinity capture is performed after a complete global proteolytic digestion of
serum proteins, phosphopeptides cleaved from larger proteins are equally captured together
with other phosphopeptides in the pool and can be easily and precisely detected on MS
spectroscopy, therefore circumventing the difficulty and inefficiency of using mass
spectrometry such as SELDI or MALDI in detection of large protein species (>30–50 kDa),
improve the measurement sensitivity, and gain a higher coverage of serum proteome.

3.1. Preparation of Phospho-Antibody-Conjugated Magnetic Beads
The Tosylactivated Dynabeads® (1–2 μm in diameter) (Invitrogen, Carlsbad, CA) is used as
a solid phase to conjugate phosphor-antibodies for a biomagnetic separation of
phosphopeptides from the trypsin-digested serum peptide mixtures. The general protocols
given below are based on experience with either phosphotyrosine (pY)-specific antibodies
(Cell Signaling Technology) or phospho-Serine/Threonine (pS/pT)-specific antibodies (BD
Biosciences). When incubating the beads with the ligand of choice, it will be physically
adsorbed onto the surface of Dynabeads MyOne™ Tosylactivated first and followed by the
formation of covalent bonds over time (see Note 1).

1. The volume of beads used is based on the number of serum samples to be analyzed
(1 mg beads per 200 μl serum sample). The conjugation is at a ratio of 40 μg

Ji et al. Page 5

Methods Mol Biol. Author manuscript; available in PMC 2012 June 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antibodies to 1 mg beads (w/w). These conditions are for the coating of 1.0 mg
phosphor-antibody to 25 mg Dynabeads MyOne™ Tosylactivated (250 μl at 100
mg beads/ml).

2. Resuspend Dynabeads thoroughly by vortexing for 30 min. Transfer 250 μl of
beads into a test tube. Place the tube on a magnet (Dynal MPC, Invitrogen) for 2
min or until the beads have migrated to the side of the tube and the liquid is clear.

3. Pipette the supernatant off carefully, leaving beads undisturbed.

4. Remove the test tube from the magnet and resuspend the beads thoroughly in 1 ml
of Coating buffer (Solution 5) by vortexing.

5. Repeat steps 3–4.

6. Resuspend the washed beads in 100 μl volume coating buffer and the beads are
ready for conjugation with antibodies.

7. Dilute 1.0 mg of antibodies in coating buffer to a total of 600 μl. For optimized
coating, the antibodies may be pre-treated and acidified (see Note 2)

8. Add 970 μl of coating buffer to the above washed beads (100) and mix properly.

9. Add the diluted antibodies (1.0 mg/600 μl) to the suspended beads and mix
properly.

10. Add 830 μl of 3 M ammonium sulphate stock solution to the antibody/beads
mixture to a total of 2,500 μl of conjugation reaction.

11. Incubate the conjugation reaction for 16–24 h at 37°C with slow tilt rotation. Do
not let the beads settle during the incubation period (see Note 3 for optimized
coating time, temperature, and pH).

12. After incubation, place the tube on the magnet for 2 min, or until the beads have
migrated to the side of the tube, and remove the supernatant.

13. Add the same total volume (2,500 μl) of PBS with 0.5% BSA and 0.05%
Tween-20 and incubate at 37°C over night.

14. Wash three times with PBS with 0.1% BSA and 0.05% Tween-20, and resuspend
the washed conjugates to the desired volume or concentration. The Dynabeads are
now coated and ready for use (see Note 4).

15. For storage, the desired preservative, e.g., 0.02% sodium azide may be added and
store at 2–8°C. The coated beads can usually be stored for several months at 2–8°C,
depending on the stability of your immobilized antibodies.

1The efficacy of immunomagnetic separation is critically dependant on the specificity and avidity of the antibody or other ligand
applied. A concentration of 40 μg antibody/mg Dynabeads is generally optimal for coating. Antibody/protein to be coated directly
onto the surface of Dynabeads must be purified, since all proteins will bind to the bead surface. Sugars or stabilizers may disturb the
binding and should be removed from the antibody preparation.
2For antibody pre-treatment and acidification, in general, lowering pH to 2.5 for 15 min at room temperature or 1 h at 1–4°C, and then
raising the pH to approximately neutral prior to addition of the beads, will increase binding and function of antibodies, but this must
be optimized for your specific antibodies.
3The physical adsorption to the bead surface is rapid, while the formation of covalent bonds will need more time. After the
recommended 16–24 h at 37°C, a maximal chemical binding is achieved. Coating at 20°C will require an extended incubation time to
48 h and longer to obtain the same degree of chemical binding. At 4°C the chemical binding is very slow (>48 h). Both higher
temperatures and a higher pH will speed up the formation of covalent bonds, provided that the antibodies in question are stable and
functional under these conditions. Sodium borate buffer pH 9.5 is recommended. Molarities between 0.1 and 0.5 are optimal.
4If the presence of BSA will interfere with your downstream application, this protein can be omitted from the buffer. Detergent may
similarly be omitted.
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3.2. Protease Digestion of Serum Proteins
1. Serum Protein Denaturation: Serum proteins require denaturation and disulfide

bond cleavage before enzymatic digestion can go to completion. 200 μl (10–15 mg
of total proteins) of serum is used for each individual assay. Dilute serum sample
1:1 (v/v) in 100 mM NH4HCO3, pH 8.2, in each well of a 96-well plate.

2. Boil for 5 min in a heating-block that fits a 96-well plate. If smaller amounts of
protein are to be digested, the recommended conditions given can be scaled down
proportionally. However, under no conditions should less than 25 μl of dissolving
agent be used.

3. After denaturation, allow the reaction to cool to room temperature.

4. Protease Digestion: add sequencing grade modified trypsin (Promega) to a final
protease:serum proteins ratio of 1:50 (w/w). Incubate at 37°C overnight.

5. Remove a small aliquot and chill the reaction on ice or freeze. Add an inhibitor to
the aliquot to terminate the protease activity or precipitate the sample by the
addition of TCA to a 10% final concentration.

6. Determine the extent of digestion by subjecting a portion of the digestion products
to reverse phase HPLC or SDS-PAGE. If further proteolysis is required, return the
reaction tube to 37°C and continue incubating until the desired digestion is
obtained.

7. The reaction can be terminated by freezing or by the addition of specific inhibitors
(see Note 5).

3.3. Capture, Separation, and Enrichment of Serum Phosphopeptides
1. For affinity capture and enrichment of serum phosphopeptides, wash the phosphor-

antibody-conjugated magnetic beads with two volumes of 1× PBS three times to
remove any unbound antibodies.

2. Resuspend the phosphor-antibody (p-Ab)-beads conjugates in PBS at a desired
concentration (1 mg per 200 μl of serum sample).

3. Transfer the p-Ab/beads conjugates at a ratio of 200 μl trypsin-digested serum
proteins to 1 mg p-Ab/beads into each well of the 96-well plates containing
digested serum proteins.

4. Incubate the plate for 1 h at room temperature with gentle shaking.

5. Place the plate on a 96-well magnet plate and allow phosphorpeptide-captured
beads to settle down.

6. Gently remove the supernatant and the unbound peptides by washing three times
with 400 μl of PBS.

7. The captured phosphor-peptides are then eluted in 15 μl of elution buffer
comprising 50% acetonitrile (CAN) and 0.1% Trifluoroacetic acid (TFA).

8. Place the plate on a 96-well hybrid magnet plate. After the beads settle down,
carefully collect the eluted phosphorpeptides into a fresh 96-well plate.

5Trypsin can also be inactivated by lowering the pH of the reaction to below 4. Trypsin will regain activity as the pH is raised above
4. Reducing the temperature will decrease the digestion rate. Longer incubation periods, up to 24 h, may be required depending on the
nature of the protein.
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9. All these steps of process are performed automatically using a Biomek-2000
Laboratory Automation Workstation (Beckman, Fullerton, CA).

3.4. Phosphopeptide Profiling on ProteinChip Arrays by SELDI-TOF-MS
The enriched phosphopeptides are further processed automatically using a micro bio-
processor (Bio-Rad) and a Biomek-2000 Laboratory Automation Workstation (Beckman,
Fullerton, CA) and loaded onto a SEND (Surface Enhanced Neat Desorption) or IMAC
proteinchip array purchased from (Bio-Rad). SEND arrays are unique compared to other
arrays by having the energy-absorbing molecule (EAM) incorporated into the array
chemistry and is added after sample addition. They are best suited for small molecule
analysis, which in our case are phosphopeptides. Pooled serum samples are used as quality
assurance (QA) controls and samples are randomly loaded onto each ProteinChip array with
duplicates. One spot is loaded on each array with peptide standards for peptide mass
calibration. The chips are automatically loaded and analyzed by SELDI-TOF-MS
spectrometer (Model PSII or new model PCS 4000, Bio-Rad).

1. Add 5 μl of 0.1% TFA to each spot of a SEND-ID array and then quickly remove.

2. Add 10 μl of the eluted phosphorpeptides onto each spot of the SEND-ID array that
is placed in a humidity chamber and incubate for 30 min.

3. Remove samples from the array surface and wash bound phospho-peptides quickly
once with 5 μl of 0.1% TFA.

4. Then add 2 μl of 25% ACN and 0.1% TFA to each spot. Air-dry.

5. Read arrays with desired and optimized instrumental parameters and settings in a
ProteinChip reader, according to manufacturer’s instruction.

3.5. Data Processing and Analysis
The SELDI-MS spectral data collected from the mass spectrometer are calibrated and
subjected to further analysis using bioinformatics tools and statistical methods developed by
Dr. Coombes (52, 54). Advanced proteomic data processing and analysis methodologies and
bioinformatics algorithms are needed to address concerns regarding reliability, sensitivity,
and reproducibility of peak detection, quantification, and identification in clinical serum
proteomics (32). Some advanced methodologies and algorithms for spectral alignment,
baseline correction and normalization, peak detection and quantification, and statistical
analysis of peaks are also needed for evaluating clinical significance of cancer diagnostic
peptides (32, 49–55). These methods will improve the reproducibility of peak
quantifications and provide tools for evaluating the variations in this phosphor-peptide
proteomics platform and more accurately interpret serum phosphor-peptide profiling results.

To overcome the technology barriers and circumvent the potential problems and limitations
facing MS spectrometry-based serum proteomics and as demonstrated in the above serum
protein-profiling experiments, we have developed an innovative and integrated functional
proteomics technique using the ProteinChip array-based SELDI-MS analysis for a high
throughput profiling of phospho-peptides in human serum. To demonstrate the feasibility of
this proteomic platform for clinical serum sample processing and analysis, we performed
phosphopeptide (phosphor-Tyrosine) proteomic profiling on serum samples from human
normal and lung cancer patients in different stages and with different smoking histories. We
analyzed three groups of samples: (1) 20 serum samples from lung cancer patients collected
by Dr. Roth in the Department of Thoracic & Cardiovascular Surgery (Cancer Group 1, C-
G1), (2) 20 lung cancer serum samples collected by Dr. Spitz in the Department of
Epidemiology (Cancer Group 2, C-G2), and (3) 20 serum samples from normal controls.
Tyrosin-phosphopeptides (pYPs) were prepared and selectively isolated from these serum
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samples as described in the Subheading 3. The purified pYPs were randomly loaded onto
SEND ProteinChip arrays in duplicate. Phosphopeptide MS-spectra and data were analyzed
using bioinformatics tools and statistical methods developed by Dr. Coombes (52, 54).

We used wavelets and the mean spectrum for peak detection. Briefly, we first computed the
mean of the aligned, baseline-corrected, normalized spectra. We used an undecimated
discrete wavelet transform (UDWT) to denoise the mean spectrum by hard thresholding the
wavelet coefficients that were less than ten times the standard deviation. Peaks were defined
as local maxima in the denoised mean spectrum. Along with the location of each peak, we
also recorded an interval that contained the peak by finding the nearest local minimum on
either side of the peak. Using this procedure, we detected 622 distinct peaks spanning a m/z
range from 50 to 5,500 Da (Fig. 2a). The smallest signal-to-noise ratio (S/N) of any of these
peaks was 4.92; the median S/N was 416. In order to quantify the peaks in the individual
spectra, we began by locating the time interval containing the peak. We then took the
maximum value of the spectrum in that interval and subtracted the three minimum values in
the interval to define the peak height. Peak quantification was performed on the aligned,
baseline-corrected, normalized spectra. Implicitly, the minimum value was used as a local
estimate of the baseline in the interval. Because no smoothing was performed, the peak
heights might be slightly biased on the high side. However, this is a reasonable trade-off
because it decreases the variance.

Information on the peak locations and heights was further exported from MATLAB and
imported to the software program R for statistical analysis. To answer the primary question
whether there are any peaks that are different between cancer samples and normal samples,
we performed a one-way analysis of variance (ANOVA) using a single factor that takes on
three levels (Cancer-G1 Cancer-G2, verses Normal). We performed a separate ANOVA for
each of the 622 peaks, using the base-two logarithm of the peak height to try to separate the
three sample groups. For each peak, we recorded the p-value from an F-test of the model;
small p-values suggest that the peak height is different between at least two of the three
groups in the study. In order to account for multiple testing, we modeled the set of p-values
using a beta-uniform mixture (BUM) model to estimate the false discovery rate (FDR) (56–
59). Setting FDR at 1, 5, and 10%, we found 0, 1, and 2 significant peaks, respectively (Fig.
2b). However, using a BUM analysis after accounting with other technological factors
including laser intensity, vacuum chamber pressure, and spot positions on the ProteinChip
arrays, we found 1, 15, and 39 signifiant peaks with FDR = 1, 5, and 10%, respectively (Fig.
2c). The fold changes in intensity detected on MS profiles between the normal and cancer
serum samples are plotted in Fig. 2d. Using this phosphopeptide proteomic profiling
technology and data analysis we are able to find peaks that significantly differ between the
three groups. The data generated from these phosphopeptide profiles are also highly
reproducible, as shown by the consistent mass spectra among each sample group (Fig. 3).
Differences in sample handling explain some of the peaks that are found to be differentially
expressed. Nevertheless, many of the changes can clearly be attributed to differences
between normal samples and cancer samples, regardless of who collected them. These pilot
experiments clearly demonstrate the feasibility of our serum phosphopetide proteomic
platform in detecting temporal changes of phosphopeptide proteome in clinically relevant
serum samples. Our proteomics platform also demonstrated the capability of overcoming
and circumventing a number of technological problems and barriers facing the current MS
spectrometry-based proteomics technologies, including reduction of proteome complexity,
enhancement of specificity and sensitivity of detection of low abundance proteins and
peptides, increase of throughput rate of sample process and analysis, and improvement of
identification and quantification of specific peptides and proteins on MS profiles and
proteomic data processing and analysis.
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Fig. 1.
Comparison of methods and platforms for phosphoprotein/phosphopeptide proteomics
analysis by mass spectrometry. Method 1, the conventional phosphopeptide purification by
affinity column and analysis by MALDI-MS or LC-MS/MS. Method 2, the magnet-assisted
phosphopeptide affinity-capture, separation, enrichment, and profiling on ProteinChip arrays
by SELDI-TOF-MS.
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Fig. 2.
Detection, quantification, and statistical analysis of specific human serum phosphopeptide
peaks determined by ProteinChip array-based SELDI-TOF-MS. (a ) Phosphopeptide peaks
are detected using wavelets and determined by the mean spectrum of the aligned, base-line-
corrected, and normalized spectra. More than 600 phospho-tyrosine peptide peaks are
detected from the magnet-assisted and affinity-enriched human serum phosphopetide pools.
Statistical analysis of phosphor-peptide modulations between the normal and lung cancer
serum samples using a beta-uniform mixture (BUM) Fig. 2. (continued) model to estimate
the false discovery rate (FDR). (b) BUM analysis of peaks that are different between the
three groups of samples using one-way NOVA, and (c) BUM analysis of p-values from an F
-test of the significance of group effects after accounting for other technological factors,
including laser intensity, pressure, and spot position. Peaks with significant changes
(p<0.05) between the normal and the cancer groups are determined at FDR = 1, 5, and 10%,
respectively. (d) Scattered plot of 39 pairs of phosphor-tyrosine peptides with significant
changes between the normal and lung cancer serum samples, as determined by BUM in c.
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Fig. 3.
Profiles and analysis of tyrosine-specific phosphopeptides in normal and lung cancer serum
samples on SEND ProteinChip arrays by SELDI-TOF-MS. The variations of phosphopetide
levels as defined by peak intensity on the mass spectra among serum samples are shown by
the overlapping spectra (top three panels ) and by the box plots (bottom panel ) with error
bars indicating the ranges of each paired peptide peak among three serum sample groups.
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