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Abstract

Human plasma contains proteins that reflect overall health and represents a rich source of proteins
for identifying and understanding disease pathophysiology. However, few studies have
investigated changes in plasma phosphoproteins. In addition, little is known about the normal
variations in these phosphoproteins, especially with respect to specific sites of modification. To
address these questions, we evaluated variability in plasma protein phosphorylation in healthy
individuals using multiple reaction monitoring (MRM) and SWATH MS2 data-independent
acquisition. First, we developed a discovery workflow for phosphopeptide enrichment from
plasma and identified targets for MRM assays. Next, we analyzed plasma from healthy donors
using an analytical workflow consisting of MRM and SWATH MS2 that targeted
phosphopeptides from 58 and 68 phosphoproteins, respectively. These two methods produced
similar results showing low variability in 13 phosphosites from 10 phosphoproteins (CVinter
<30%) and high interpersonal variation of 16 phosphosites from 14 phosphoproteins (CVinter
>30%). Moreover, these phosphopeptides originate from phosphoproteins involved in cellular
processes governing homeostasis, immune response, cell-extracellular matrix interactions, lipid
and sugar metabolism, and cell signaling. This limited assessment of technical and biological
variability in phosphopeptides generated from plasma phosphoproteins among healthy volunteers
constitutes a reference for future studies that target protein phosphorylation as biomarkers.
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1 Introduction

Protein phosphorylation is a dynamic and reversible posttranslational modification known to
regulate cellular signaling pathways that control multiple biological processes. Significant
changes in protein phosphorylation occur in many disease states, including cancer [1]. Some
cancer-related phosphoproteins enter the blood-stream where they could potentially serve as
biomarkers for disease detection or in monitoring the efficacy of therapeutic strategies [2, 3].
Similarly phosphorylation status of native plasma proteins may reflect the disease status of
the organism during systemic responses like inflammation [4]. Biological fluids, including
blood, are the preferred and most accessible samples for disease diagnosis and monitoring as
they reflect processes in distant parts of the body and are relatively easily available. Plasma
phosphoproteome has been a largely overlooked source of potential biomarkers with only
limited studies performed [5-8]. Our recent work has shown potential for use of plasma
phosphopeptides as biomarkers of breast cancer differentiating subtypes of this disease [3].
However, despite growing numbers of plasma protein phosphorylation sites discovered,
nothing is known about biological variability in these sites among healthy human
population, let alone cancer patients. Moreover, most plasma and serum collection protocols
are not designed to stabilize phosphoproteins against phosphatase activity and therefore we
sought to implement plasma collection protocol incorporating the addition of phosphatase
inhibitors early after blood draw.

Mass spectrometry (MS)-based proteomics combined with selective phosphopeptide
enrichment strategies is a powerful technique for large scale comprehensive characterization
of the phosphoproteome [3]. Additionally, quantitative MS approaches, namely multiple
reaction monitoring (MRM), are increasingly used for biomarker verification and validation
in clinical samples due to their reproducibility and sensitivity [9]. However, MRM in its
most quantitative version requires synthetic stable isotope-labeled peptides for normalization
and endogenous peptide verification. MRM assays also require triple quadrupole
instrumentation with significant upfront development efforts and are further constrained by
the number of target peptides (typically less than <150) that can be measured in a single
analysis. Another recently developed targeting MS approach alternative to MRM, SWATH-
MS2, is based on a data-independent acquisition (DIA) mass spectrometric method [10]. In
this approach, data is typically acquired on a fast high resolution QqTOF instrument by
repeated cycling through sequential isolation myz windows over the entire chromatographic
separation. In contrast to MRM, SWATH M2S acquisitions record the fragment ion spectra
of all analytes detectable in a sample, which are then used for identification and
quantification using a targeted data extraction method. These data can be mined post-
acquisition and the method does not require extensive development. Overall, SWATH MS2
has strengths of shotgun proteomics to detect large numbers of analytes and also produce
accurate quantification comparable with MRM reproducibility and sensitivity as recently
shown for N-linked glycoproteins in plasma [11] and other PTMs of biomarkers [12].
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In this study, we developed an optimized and robust discovery workflow to first identify
phosphopeptides in plasma, and second, an analytical workflow that used much smaller
plasma volumes to assess variations among a target set of phosphopeptides among healthy
individuals using MRM-MS assays. Subsequently, an independent set of SWATH-MS2
acquisitions was obtained to assess the sensitivity and quantitative capabilities of this newer
method in comparison with the gold standard MRM-MS protocol. The two methods
produced similar, but complementary, results with overlap of over 40 phosphopeptides
which showed reproducible quantitation by both MRM and SWATH MS2. Biological
variability of phosphopeptides from numerous proteins that have known roles in cellular
processes and signaling pathways altered in cancer were also assessed. These independent
analyses showed that while there was a relatively high level of biological variation among
these targeted phosphopeptides in healthy individuals, a significant number of
phosphopeptides showed low biological interpersonal CVs (<30%). To our knowledge, this
is the first effort to quantify relative differences in plasma protein phosphorylation by
MRM-MS and SWATH-MS?2 in healthy human subjects.

2 Materials and methods

2.1 Plasma preparation and immunodepletion

Human blood samples from healthy volunteers (18-50 years; 4 males, 6 females) were
collected at the University of California San Francisco according to the CPTAC blood
collection protocol (http://wikisites.mcgill.ca/djgroup/images/9/9f/

CPTAC plasma_protocol 20080110.pdf) after informed written consent was obtained. The
protocol was approved by the UCSF Human Research Protection Program Committee on
Human Research (IRB #10-03275) and the Buck Institute BUA B1022.

Within 30 min of collection, the blood was centrifuged twice at 4 °C (1,500 x g and 2,000 x
g for 15 min each) and phosphatase and protease inhibitors (PhosSTOP and Complete Mini
EDTA-free protease inhibitor cocktail tablets, Roche) were added to the plasma. The
aliquots of plasma were stored at —80 °C until further processing [3]. The fourteen most
abundant plasma proteins were immunodepleted according to the manufacturer's instructions
using a Multiple Affinity Removal System (MARS) Human-14 column (10 x 100 mm) from
Agilent Technologies on a Waters 1525 HPLC system. The depleted proteins constituted
about 92% of the total plasma protein and the protein concentration of the depleted fraction
was between 4-5 mg/ml. The protein flow-through fractions were collected and re-adjusted
to the original volume of 200 pL per injection using 5K MWCO centrifugal concentrators
(Agilent Technologies). Henceforth, an immunodepleted plasma volume refers to the
original plasma volume (plasma equivalents, PE).

2.2 Trypsin digestion of plasma proteins

The MARS Hu-14 depleted plasma (1 mL PE) were denatured with 6 M urea, reduced with
20 mM DTT (30 min at 37 °C), alkylated with 50 mM iodoacetamide (30 min at RT), and
digested overnight at 37°C with 1:50 enzyme:substrate ratio (wt/wt) of sequencing grade
trypsin (Promega, Madison, WI1) as previously described [13]. Following digestion, the
samples were acidified with formic acid, and desalted using HLB Oasis SPE cartridges
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(Waters, Milford, MA), and concentrated by vacuum centrifugation. Peptides were stored at
-80°C until use.

2.3 Stable isotope-labeled heavy phosphopeptides as internal standards

Pure, stable isotope-labeled synthetic peptides, labeled at the C-terminus with 13Cg, 1N,-
Arg (R) of phosphorylated peptides were synthesized by Thermo as AQUA >97% purity
peptides (10 nmol): AAIpSGENAGLVR from ITIH1, ISApSAEELR from APOA4,
LPTDpSELAPR from SEPP1.

2.4 Strong Cation-Exchange (SCX) and hydrophilic interaction liquid chromatography
(HILIC) fractionation and TiO, and IMAC enrichment of phosphopeptides

SCX and HILIC peptide fractionation was performed on a Waters 1525 HPLC system
equipped with a 9.4 x 250 mm Polysulfoethyl A 5 pm column (PolyLC) and 4.6 x 250 mm
TSKgel Amide-80 HR 5 um particle column (Tosoh Bioscience), respectively [14, 15]. For
SCX the plasma samples (1000 pL of plasma equivalents) were loaded in 100 % solvent A
(7 MM KH,PO4 pH 2.7, 30 % acetonitrile) and eluted with the following gradient: 0 % B for
2 min followed by 0 % B to 25 % B in 33 min, and then 100% B in 1 min for 15 min at 3
mL min~L. Solvent B consisted of 7 mM KH,PO,4 pH 2.7, 350 mM KCI, and 30%
acetonitrile. For HILIC the plasma samples (500 pL of plasma equivalents) were loaded in
80% solvent B (98% acetonitrile, 0.1% TFA) and eluted with the following gradient: 80 % B
for 5 min followed by 80 % B to 60 % B in 40 min, and then 0% B in 15 min at 0.5 mL
min~L. Solvent A consisted of 98% HPLC grade water (Honeywell) and 0.1% TFA. Ten
SCX fractions were collected and desalted using Sep-Pak 500 mg tC18 cartridges (Waters).
Twelve HILIC fractions were collected and each enriched for phosphopeptides after
reducing their volume to 50 L using a SpeedVac concentrator (Savant, Thermo Scientific).
Phosphopeptides were enriched using titanium dioxide (TiO,) chromatography according to
the manufacturer's instructions (Titanosphere Phos-TiO kit, 200 pL columns, GL Sciences).
For IMAC enrichment 5 mg of Fe-NTA (Sigma-Aldrich) was used and the samples were
incubated in 250 mM CH3COOQH/30% acetonitrile. The same buffer was used to wash the
gel 3 times and phosphopeptides were eluted sequentially with 50 mM K,HPO4/NH,4OH pH
10 and 150 mM NH,4OH/25% acetonitrile (100 pL each) and acidified immediately with
20% TFA. The samples were desalted using Oasis HLB pElution 96-well plate (Waters).
After removal of organic solvent using a SpeedVac concentrator, the phosphopeptide
samples were suspended in 0.1% formic acid and subsequently analyzed by LC-MS/MS. For
discovery experiments, fractionated plasma samples were pooled from 15 individual donors
(Fig. 1). For MRM and SWATH MS2 analyses individual donor plasma (500 pL and 200 pL
PE, respectively) was processed and analyzed in duplicate. HILIC fractions from 29-60 min
were combined, as they contained >95% of all phosphopeptides, yielding a total of 1
fraction. Heavy phosphopeptide standards were spiked in at 150 fmol each and the samples
were enriched using TiO5 (Fig. 3).

2.5.1 Nano-LC-ESI-MS/MS analyses, data dependent acquisitions—The peptide
mixtures obtained after tryptic digestion, SCX or HILIC fractionation, TiO, enrichment, and
desalting were analyzed by reversed-phase nano-HPLC-ESI-MS/MS using an Eksigent
nano-LC 2D HPLC system (Eksigent, Dublin, CA), which was directly connected to a
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quadrupole time-of-flight (QqTOF) QSTAR Elite mass spectrometer (AB SCIEX, Concord,
CA) in data dependent mode.

2.5.2 Mass spectrometric database searches—Mass spectrometric data were
analyzed using two separate bioinformatics database search engine systems, ProteinPilot™
(AB SCIEX) version 4.0.8085 (revision 148085) [16] using the Paragon Algorithm 4.0.0.0,
148083 [17] and an in-house Mascot 2.3 server (Matrix Science) [18] All data were searched
using a publicly available human SwissProt UniProt release 2011 05 database of 20,239
protein sequences. For ProteinPilot searches, the following parameters were used: trypsin
enzyme specificity, carbamidomethyl (Cys) as a fixed modification, special factors
including phosphorylation emphasis and urea denaturation, and thorough search effort
setting allowing for biological modifications [17]. For database searches, a ProteinPilot
‘peptide confidence’ cut-off value of 95 was chosen, yielding a peptide level local FDR of
<3%. For Mascot searches, the following parameters were used: trypsin enzyme specificity,
carbamidomethyl (Cys) as a fixed modification, and the following variable modifications:
phosphorylation at Ser, Thr, and Tyr, deamidation of asparagine and glutamine residues,
oxidization of methionine, acetylation at the protein N-terminus, cyclization of N-terminal
glutamine, and a maximum of three missed tryptic cleavages. For QSTAR Elite data a mass
tolerance of 100 ppm (MS1) and 0.4 Da (MS2) was set for the precursor and product ions,
respectively. Mascot peptide-spectral matches with significance threshold p < 0.05 were
accepted. FDR analysis was performed using the Mascot automatic decoy search. In all
cases, the peptide false-positive identification rate was < 3%. Due to the phosphopeptide-
centric approach, protein identifications were made based only on the identified
phosphopeptides and thus single phosphopeptide identifications were allowed.

2.6.1 MRM transition selection—MS/MS data from the pooled plasma samples
obtained during discovery experiments were used to build spectral libraries in Skyline [19].
Initially, two MRM-MS precursor-to-product ion transitions per phosphopeptide were
designed in Skyline for all phosphopeptides in the library. The preliminary MRM-MS
analysis was performed using the QTRAP 5500 hybrid triple quadrupole/linear ion trap
mass spectrometer (AB SCIEX, Foster City, CA) that is capable of high-sensitivity and
multiplexed MRM acquistions, and the data was uploaded and analyzed in Skyline.
Phosphopeptides with both transitions present and free of coeluting ions were selected for
further assay development. The total of 3-4 transitions per each target phosphopeptide were
designed and the list was split into 3 separate methods each containing <100 transitions for
final sample analysis.

2.6.2 LC-MRM/MS—TFor selected reaction monitoring (MRM), samples were analyzed by
nano-LC-MRM-MS on a QTRAP 5500 mass spectrometer. Chromatography was performed
on a NanoLC-Ultra 2D LC system (Eksigent, Dublin, CA) with buffer A (0.1% (vol/vol)
formic acid) and buffer B (90% acetonitrile in 0.1% formic acid). Digests were separated on
a with a 75 um inner diameter Integrafrit analytical column (New Objective, Woburn, MA)
packed in-house with 10-12 cm of ReproSil-Pur C18-AQ 3 pum reversed phase resin (Dr.
Maisch GmbH, Germany) at a flow rate 300 nL/min. Gradient was 3% B from 0-5 min,
increased to 7% B over 3 min, increased to 25% B over the next 27 min and increased to
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40% B over the next 7 mins. Peptides were ionized using a PicoTip emitter (20 pm, 10 pm
tip, New Objective, Woburn, MA). Data acquisition was performed using Analyst 1.5.1 (AB
SCIEX) with an ion spray voltage of 2300 V, curtain gas of 20 psi, nebulizer gas of 15psi,
and interface heater temperature of 150°C.

The transitions, dwell times, and collision energy are listed in supporting Table 2. Four
transitions were assayed per peptide. Values of 100 and 40 were used as the declustering
potential and collision cell exit potentials, respectively, for all transitions. MRM transitions
were acquired at unit resolution both in the first and third quadrupoles (Q1 and Q3).
Samples were processed and analyzed in duplicate with 150 fmol of each heavy
phosphopeptide spiked in before TiO, enrichment and 125 pL PE was injected on the
column. Standard curves were performed in duplicate by spiking in the stable isotope-
labeled phosphopeptides to determine the linear range in a background matrix of 250 ng of a
predigested six protein mix (Michrom). Reproducibility of MRM measurements was tested
using 4 replicates of pooled plasma samples and was consistent with previous experience
where the QTRAP 5500 was a part of recent multi-site study that assessed system suitability
and reproducibilty for MRM-MS analysis [20].

2.6.3 Quantitative MRM Data Analysis—Skyline post-acquisition software was used to
process all MRM-MS data [19]. Each transition was individually integrated to generate peak
areas and the peak area of the most intense transition ion was used for analysis. All native
phosphopeptide data was normalized to the average of the most intense transition ions of 3
heavy phosphopeptide standards (y9-98 from AAIpSGENAGLVR, y8-98 from
ISApSAEELR, and y9 from LPTDpSELAPR). If multiple precursor ions were detected for
the same phosphopeptide, only the one with the most intense signal was included.

2.7.1 SWATH-MS2—Data acquisitions of 9 plasma samples were performed by reverse-
phase nano-HPLC-ESI-MS/MS using an Ultra Plus NanoLC 2D HPLC system (Eksigent,
Dublin, CA) which was directly connected to a new generation quadrupole time-of-flight
(QQTOF) Triple TOF 5600 mass spectrometer (AB SCIEX, Concord, CAN)_that became
available near the end of this study and was capable of SWATH-MS2 acquisitions. Samples
were initially re-analyzed in data-dependent mode to obtain MS/MS spectra for the 30 most
abundant parent ions following each survey MS1 scan to build spectral libraries. Additional
data sets were recorded in data-independent mode using SWATH-MS2 acquisitions. In the
SWATH-MS?2 acquisition, instead of the Q1 quadrupole transmitting a narrow mass range
through to the collision cell, a wider window of ~25 Da is passed in incremental steps over
the full mass range from 400-1000. To increase overall efficiencies, two injection replicate
SWATH MS2 experiments were performed per sample. The amount of sample injected on
the column equaled to 55 pL PE. Additional details describing mass spectrometric
instrument parameters and settings and all chromatographic setups and gradient conditions
are found in supplemental Methods S1. Lastly, it should be noted that the high
reproducibility of the TripleTOF 5600 was assessed in previous studies using new
algorithms that examined instrument stability with statistical metrics [21] and where the
MS1 signal intensities were examined for repeatability and reproducibility over extended
time period [22, 23].
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2.7.2 Quantitative SWATH MS2 Data Analysis—Data sets from SWATH-MS2
acquisitions were processed using the full scan MS/MS filtering module for data-
independent acquisition within Skyline. The top 8 fragment ions were extracted from
SWATH-MS?2 acquisitions within Skyline using a fragment ion resolution setting of 10,000.
The peak area of the most intense fragment ion was used for quantitative analysis. All native
phosphopeptide data was normalized to the average of the most intense transition ions of 2
spiked heavy phosphopeptide standards (yg-98 from ISApSAEELR and yg from
LPTDpPSELAPR).

2.8 Statistical analysis

To assess the sample processing and instrument reproducibility, the coefficient of variation
(CV) between two process replicates per sample (MRM-MS) or two process replicates with
two technical replicates each per sample (SWATH-MS2) were determined for each fragment
ion. Phosphopeptides were considered as reproducibly quantifiable only when process
replicate CV was <30% for at least 4 out of 6 samples analyzed by MRM in duplicate and at
least 6 out of 9 samples analyzed by SWATH MS2. Next, CVipter for all 8 MRM-MS and 9
SWATH-MS2 sample acquisitions was calculated to assess biological variation of
phosphopeptides within the human population. Interpersonal variation was considered low
when CViner<30% and high when CViper>30%.

2.9 Data Accession

All raw data associated with this manuscript may be downloaded from the Buck Institute ftp
site at ftp://sftp.buckinstitute.org:251. All confidently identified phosphorylated peptides
were transferred to the data-sharing Panorama server [24], allowing for interactive web-
based spectral viewing of all PTM-containing peptides in this study (at 95 % confidence).
The spectral viewer can be accessed at http://proteome.gs.washington.edu/software/
panorama/PlasmaPhosphoproteome.html

3 Results and Discussion

3.1 Workflow development and discovery analysis of phosphopeptides from plasma

In preparation for MRM-MS assay development, a discovery workflow for phosphopeptide
enrichment and subsequent data-dependent analysis (DDA) from plasma was developed
(Fig. 1). Pooled plasma samples were subjected to this workflow using larger volumes than
we would subsequently employ for our analytical workflow, allowing for a more in depth
analysis of the plasma phopshoproteome while building spectral libraries that would be
needed later. In this discovery workflow, a previous reported CPTAC blood collection
protocol was modified so that phosphatase and protease inhibitors could be added at a very
early stage after initial blood draw of the platelet-depleted plasma to preserve the
phosphorylation status of the plasma proteome and limit contamination from platelets and
other cell types [3]. Since the analysis and quantification of plasma and serum proteins are
challenging due to the complexity and large dynamic range of the plasma proteome, a
combination of analytical approaches was employed. After immunodepletion of the 14 most
abundant proteins and trypsin digestion, the peptides were fractionated by off-line SCX or
HILIC chromatography and enriched for phosphoproteins by TiO, and IMAC. The LC-
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MS/MS analysis on the QSTAR Elite of 1 mL of plasma equivalents (PE) allowed for
identification of over 250 unique phosphorylation sites with 95% confidence on 134
phosphoproteins (Fig. 2A and supporting Table 1). Because MARS Hu-14 immunodepletion
removes >97% of the 14 highest abundance proteins, phosphopeptides originating from
residual amounts of these proteins were not considered in our data set (APOA1, APOA2,
CO3, FIBA). Interestingly, only 78 of over 250 unique phosphosites we identified had been
previously reported [5, 6]. However, a more recent study by Jaros et al. [7] reported >500
phosphoproteins in human plasma, of which 58 are common with our discovery results. The
analysis of plasma samples prepared using three combinations of fractionation and
enrichment methods gave complementary sets of phosphosites with the most identified
following SCX fractionation. However, the highest number of phosphoproteins was
identified from plasma prepared by the HILIC-TiO, workflow. Given that HILIC
chromatography, unlike SCX fractionation, does not require subsequent desalting, we
choose HILIC for our fractionation method in our analytical quantitative assays workflow
for MRM-MS and SWATH-MS2 as described below (Fig. 3).

3.2 MRM-MS analysis

All phosphopeptides identified in our discovery workflow were then used to build spectral
libraries in Skyline [19] for subsequent MRM-MS assay development. A set of preliminary
experiments was employed to develop an analytical workflow that was better optimized for
sample preparation using smaller plasma volumes that would be more typically available for
biomarker studies. The final sample preparation protocol included HILIC fractionation of
500 uL PE followed by TiO, enrichment (Fig. 3). Heavy phosphopeptide standards were
spiked-in at 150 fmol per injection prior to TiO5 enrichment to partially control for technical
variation in the phosphopeptide-specific enrichment steps. MRM transitions were refined
only for phosphopeptides that were detectable and final methods included 3-4 MRMMS
transitions per peptide, with a total of ~500 transitions. MRM data were imported into
Skyline and the most intense transitions were used for quantification. Peak areas were
normalized to the mean of the 3 heavy peptide most intense transitions. To test sample
processing and instrument reproducibility, a set of 4 individually prepared replicate pooled
plasma samples was analyzed and compared in Skyline. The coefficients of variation (CV)
for all spiked-in heavy peptide transitions was <20 % indicating very good sample
processing and instrument reproducibility (Supporting Fig. 1).

Using this analytical workflow, six plasma samples were then processed in duplicate and
two with one replicate each, for a total of 8 samples. To select reproducible data for native
phosphopeptides, CVs for each sample process replicate were calculated and only
phosphopeptides with CVs less than 30% were considered for further study. The MRM
analysis yielded quantitative data for 98 unique phosphopeptide sequences corresponding to
90 phosphosites from 58 phosphoproteins (Supporting Table 3).

Next, the biological variation in these phosphopeptides levels among the 8 individuals was
assessed based on calculating the CVijner. About half of the phosphosites showed relatively
low interpersonal variation below CVipter 0f 30% (Fig. 4A). The most abundant
phosphopeptides examined were derived from alpha-2-HS-glycoprotein (FETUA),
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kininogen 1 (KNGZ1), antithrombin-I11 (ANT3), and secreted phosphoprotein 1/osteopontin
(OSTP). Phosphopetides from 7 out of 11 phosphoprotein members of the complement and
coagulation cascades quantified by MRM showed low biological variation. The other four,
including a phosphopeptide from coagulation factor FA5, for which its concentration is
known to increase with age [25] had a relatively high biological variation. Phosphopeptides
from proteins with function in focal adhesion and ECM-receptor interactions, including
integrin 5 (ITA5), osteopontin (OSTP), tenaxin (TENXA), vitronectin (VTNC) showed low
biological variation, whereas pS1454 from filamin A (FLNA) had higher variation.
Phosphopeptides from protease inhibitor inter-alpha globulin inhibitor H4 (ITHI4), which is
involved in acute inflammatory response showed low variation, while phosphopeptides from
ITHI1 and ITHI2 were considerably higher. Other phosphosites with high biological
variation were derived from lipid carrier proteins apolipoproteins APOL1 and APOA4 and
IGF-binding proteins 3 and 5 (IBP3 and IBP5) (Supporting Table 3 and Fig. 5A, C).

As little is known about absolute concentrations of native phosphopeptides, we used a SID
MRM-MS approach to target 2 phosphopeptides derived from APOA4 and ITIH1 for which
heavy standard peptides were available. Average concentration of ISApSAEELR
phosphopeptide was 226 nmol/L of plasma and 203 nmol/L for AAIpSGENAGLVR
(Supplemental Fig. S2). The reported concentration of these proteins in plasma is 3-6 and
2-4 umol/L, respectively [26]. Therefore, an estimated level of phosphorylation at these two
phosphosites (5259 and S129) ranged from 4-7 %.

3.3 Data-dependent analysis prior to SWATH-MS2

The initial DDA analysis using the TripleTOF 5600 mass spectrometer that was used to
build the spectral libraries consumed less than half of the plasma volume than what was used
for MRM-MS analysis, yet still allowed for confident identification of 193 phosphosites
from 84 phosphoproteins (Supporting Table 4). When comparing discovery data obtained
from the QStar Elite mass spectrometer, these numbers are higher than obtained using
fractionated samples (Fig. 2B). Significantly, an additional 92 phosphosites from 25
phosphoproteins were identified that were not detected in original QSTAR Elite discovery
experiments (Fig. 2B). This dramatic improvement can be attributed to increased sensitivity
and scanning efficiency in this next generation TripleTOF 5600 instrument.

3.4 SWATH MS2 analysis

SWATH-MS?2 analysis was performed in attempt to minimize sample volume and assay
development time and maximize numbers of quantifiable phosphopeptides. Data
independent SWATH-MS2 acquisitions were obtained in duplicate for 9 plasma samples
prepared as two process replicates each. SWATH-MS2 data were analyzed in Skyline and
the most intense transition ions were used for quantification. Peak areas were normalized to
the mean of the most intense transitions of 2 spiked-in heavy peptides. To select
reproducible data, CVs for native phosphopeptides of each sample process replicate were
calculated and only phosphopeptides with process replicate CVs of less than 30% were
considered. The SWATH MS2 analysis yielded 178 unique phosphopeptide sequences
corresponding to 139 phosphosites from 68 phosphoproteins (Supporting Table 4).
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Interpersonal variability was evaluated based on calculated CVijpier for all 9 plasma donor
samples. Similar to the MRM-MS assay results, about half of the phosphopeptides had low
biological variation with CVjner < 30% (Fig. 4B). The most abundant phosphopeptides were
from alpha-2-HS-glycoprotein (FETUA), kininogen 1 (KNG1), antithrombin-111 (ANT3),
and fibronectin (FINC). Most of the phosphopeptides from 14 phosphoprotein components
of the complement and coagulation pathways that were quantified by SWATH-MS2 had low
variability, while phosphopeptides from 5 phosphoproteins (CBPB2, CFAH, CO9, F13B,
and FAS5) showed high biological variation (Supplemental Table 4). Also most of the
phosphopeptides representing proteins involved in focal adhesion and ECM-receptor
interactions had low biological variability with the exception for CD44 and collagen alpha
1(1V), and a doubly phosphorylated phosphopeptide FRIpSHELDSASPSEVN from
osteopontin, not included in MRM-MS measurements.

Phosphopeptides from additional 29 phosphoproteins not included in the MRM assays were
quantified by SWATH-MS2. Some interesting examples of phosphopeptides with high
biological variation that may be linked to various disease states included IGF-1, known to be
connected with diabetes-associated cancers [27], CD44 receptor for extracellular proteins
involved in cell migration and tumor growth and progression [28], vitamin D-binding
protein (VTDB) known to affect inflammation and cell proliferation in cancer and
cardiovascular disease [29], , adenyl-cyclase associated protein 1 (CAP1) implicated in cell
motility and tumor invasiveness [30], and SPARK-like protein 1 (SPRL1) with tumor
suppressor function [31]. Interestingly, in addition to the highly variable pS92 on SPRL1,
another phosphosite pS295 on SPRL1 had lower biological variability (Supporting Table 4).

3.5 Comparison between MRM and SWATH MS2 quantification

Phosphopeptides quantified with high reproducibility by both MRM-MS and SWATH-MS2
were compared (Table 1). Thirteen phosphosites from 10 proteins showed low interpersonal
variation (CVinter<30%) (Fig. 5A-B) and 16 phosphosites from 14 proteins revealed high
biological variation ((CVinter>30%) (Fig. 5C-D) in both methods. However, 14 phosphosites
from 12 proteins had noticeably different CVj,er Values as measured by MRM-MS and
SWATH-MS2. These larger discrepancies were primarily linked to phosphopeptides that
contained multiple phosphorylation sites that were prone to missed cleavage by trypsin,
including phosphopeptides from CERU, IBP3, IBP5, KNG1, and ZPI (Table 1). In some
cases phosphosites represented by several phosphopeptide forms, for example pS45 from
plasminogen (PLMN), varied in their % CVinter Which appeared to be reflective of trypsin
cleavage efficiency. Considering variability of the most abundant phosphopeptide form, this
phosphosite can be regarded as having low biological variation (Fig. 5). Lastly,
phosphopeptides from 19 proteins were quantified only by MRM-MS and from 29 proteins
only by SWATH-MS2 (Supporting Tables 3 and 4).

3.6 Relevance of phosphorylated proteins to disease

Many phosphoproteins for which phosphopeptides were quantified are known to be involved
in processes and pathways associated with human diseases, including cancer, and some of
them have been proposed as biomarkers [32]. For example, several phosphopeptides from
phosphoproteins involved in the plasminogen activator/plasmin system were quantified,
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which is one of the major protease systems involved in tumor metastasis. In addition to
plasminogen itself, phosphopeptides from proteins involved in down-regulation of the
plasminogen activator/plasmin system and thus suppression of cell motility (alpha-2-
antiplasmin, A2AP) [33] and from proteins known to stimulate cell migration and tumor
invasiveness, like Src/Rac-stimulating vitronectin (VTNC) and integrin alpha 5 (ITA5) [34],
were quantified and shown to have low biological variability in the healthy population
sampled here. A phosphopeptide from collagen-interacting tenascin-X was among ones with
higher biological variation and has been previously associated with breast cancer proteome
[35].

Several phosphopeptides identified in our recent study examining phosphoproteins in
conditioned media of breast cancer cell lines [3] were also targeted here. Among these were
phosphopeptides from CYTC and IBP5 specific for less aggressive luminal type tumors that
showed high and low interpersonal variability, respectively, by both MRM and SWATH
MS2 (Table 1). In addition, phosphopeptides that were characterized as basal breast cancer
tumor specific from OSTP, CD44, and IBP3 were quantified. While the phosphopeptide
from OSTP with either phosphorylation at S308 or S310 showed low biological variability,
phosphopeptides from CD44 and IBP3 had higher interpersonal variation within healthy
population.

4 Concluding remarks

Both MRM-MS and SWATH MS2 methods for phosphopeptide quantification in human
plasma were employed in this current study to evaluate phosphopeptide variation among
healthy individuals. The two methods produced reproducible relative phosphopeptide
quantification data for partially overlapping sets of phosphopeptides, with two thirds
showing biological variability of abundance consistent between MRM and SWATH-MS2.
Differences in interpersonal phosphorylation variability were shown for phosphopeptides
derived from proteins involved in maintaining hemostasis, immune response, cell surface
interactions, diabetes pathways, metabolism of lipids, and cell signaling pathways. Our
results provide data that will be critical to first establishing the base levels of protein
phosphorylation variation within healthy human population. Such data will be critical for
future studies that might compare plasma samples among cancer patients. For example,
changes in phosphorylation of proteins involved in signaling networks and cell-to-cell
interactions may enable disease diagnosis and monitoring progression of treatment. The
developed phosphopeptide targets can also complement already developed MRM-MS assays
for nonphosphorylated plasma peptides [36, 37] and constitute a reference for selection of
biomarker candidates. Indeed, the total number of phosphoproteins and defined phosphosites
that have been identified in human plasma to date has increased significantly just in the last
year, including novel phosphosites identified in this current study [3, 7].

Our results also suggest that SWATH-MS2 analysis combined with phosphopeptide
enrichment can provide reproducible and sensitive quantification of plasma phosphosites.
Almost twice as many phosphopeptides were quantified from half of the plasma volume
compared to MRM-MS analysis. The SWATH-MS2 analysis did not require extensive
method development and phosphopeptide targets were not limited to pre-selected ones like
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the MRM-MS method. Additional incorporation of heavy phosphopeptide standards,

potential sample preparation automation, or introducing a multiplexed SISCAPA approach,
would be expected to increase method sensitivity and technical reproducibility even further.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The experimental workflow developed for preparation of phosphopeptides from plasma for
discovery experiments.
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Fig. 2.

Nl?mbers of unique phosphosites (left) and phosphoproteins (right) identified in healthy
human plasma A) after fractionation and phosphopeptide enrichment of 1 ml of plasma
using SCX-TiO,, SCX-IMAC, and HILIC-TiO,. B) Comparison of the numbers of
phosphasite (left) and phosphoprotein (right) identifications obtained during discovery
experiments with the results obtained for 200 pl of plasma processed with HILIC-TiO, and
analyzed by data-dependent acquisitions on TripleTOF 5600 (encircled).
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The experimental workflow developed for preparation of phosphopeptides from plasma for

quantitative mass spectrometric measurements.
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Fig. 4.

The dependence of biological variability (CVinter) On the abundance of total peak areas of
transition ions of all plasma donor samples in A) MRM and B) SWATH-MS2 measurements
for 86 phosphopeptides in MRM and 187 in SWATH-MS2 analysis. Vertical dotted line
represents CVinier=30%.
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Fig5.

Mean peak area of the selected product ions of phosphopeptides in plasma from healthy
donors analyzed by A) MRM and B) SWATH MS2 with low biological variation
(CVinter<30%), and by C) MRM and D) SWATH MS2 with high biological variation
(CVinter>30%) consistent between the two methods. The lines represent averages of all
individual plasma samples. Corresponding phosphopeptide sequences and transition ions
used for quantitation are described in detail in Table 1.
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