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A Label-free Selected Reaction Monitoring
Workflow Identifies a Subset of Pregnancy
Specific Glycoproteins as Potential Predictive
Markers of Early-onset Pre-eclampsia*□
S
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Philip N. Baker‡, Michael J. Walker**, Andrew Williamson**, Anthony D. Whetton**,
Wanchang Lin§, Lesley McCowan储, Claire T. Roberts‡‡, Garth J. S. Cooper§,
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Pre-eclampsia (PE) is a serious complication of pregnancy with potentially life threatening consequences for
both mother and baby. Presently there is no test with the
required performance to predict which healthy first-time
mothers will go on to develop PE. The high specificity,
sensitivity, and multiplexed nature of selected reaction
monitoring holds great potential as a tool for the verification and validation of putative candidate biomarkersfor
disease states. Realization of this potential involves establishing a high throughput, cost effective, reproducible
sample preparation workflow. We have developed a semiautomated HPLC-based sample preparation workflow before a label-free selected reaction monitoring approach.
This workflow has been applied to the search for novel
predictive biomarkers for PE.
To discover novel candidate biomarkers for PE, we
used isobaric tagging to identify several potential biomarker proteins in plasma obtained at 15 weeks gestation
from nulliparous women who later developed PE compared with pregnant women who remained healthy. Such
a study generates a number of “candidate” biomarkers
that require further testing in larger patient cohorts. As
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ward for verification in a 100 women (58 PE, 42 controls)
using label-free SRM. We obtained reproducible protein
quantitation across the 100 samples and demonstrated
significant changes in protein levels, even with as little as
20% change in protein concentration. The SRM data correlated with a commercial ELISA, suggesting that this is a
robust workflow suitable for rapid, affordable, label-free
verification of which candidate biomarkers should be taken
forward for thorough investigation. A subset of pregnancyspecific glycoproteins (PSGs) had value as novel predictive
markers for PE. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.026872, 3148–3159, 2013.
The identification of clinically relevant plasma biomarkers
with diagnostic and/or predictive value continues to challenge
the proteomics field. Whereas once the biomarker pipeline
was described as a two part discovery and validation process,
there is increasing consensus that an intermediate step is
required in which the proteins identified in the discovery
phase are technically verified in 50 to 200 samples. This
verification step identifies false positives from the discovery
phase and allows prioritization of proteins to be taken into
large-scale clinical validation studies (1). Although commercial ELISA kits may be used in this phase, these are unavailable for many proteins, are expensive, and may lack specificity. In addition, sample requirements may be too high to
perform ELISA on all candidates, especially if many proteins
are identified as potential markers by low powered, high penetration discovery workflows.
Selected reaction monitoring (SRM)1 mass spectrometry
has great potential as an alternative verification method (2– 6)
1
The abbreviations used are: AUROC, Area under receiver-operator-characteristic; CV, coefficient of variance; EO, early onset (⬍34
weeks gestation); FA, formic acid; LO, late onset (⬎34 weeks gestation); LOD, limit of detection; LOQ, limit of quantification; PBP, platelet basic protein (also known as CXCL7); PE, pre-eclampsia; PSG,
pregnancy-specific glycoprotein; SID, stable isotope dilution; SRM,
selected reaction monitoring.
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as it can be multiplexed, customized, and is highly specific.
This potential has not been exploited to date, largely because of technical issues developing a low-cost, reproducible workflow encompassing plasma and serum preparation
and LC/MS analysis with the capability to measure protein
levels reproducible in hundreds of samples. With traditional
stable isotope dilution SRM (SID-SRM), the high cost of
accurately quantified, purified stable isotope encoded peptides or proteins may be prohibitive for the verification of
multiple peptides from many proteins. Label-free relatively
quantitative methods are increasingly popular in discovery
proteomics but to a much lesser extent in targeted SRM
studies (7, 8).
For any SRM method, sample preparation workflows must
balance the extent of enrichment and fractionation to enable
quantification of lower abundance proteins, against increased
technical variability (which is influenced by the number of
sample handling steps) and reduced multiplexed potential as
a consequence of fractionating peptides from the protein of
interest into several distinct fractions. It is also essential that
the true technical variation in the workflow is quantitatively
evaluated from freezer to MS analysis, rather than just the
variation within the LC-SRM part of the experiment. As a
paradigm for a label-free SRM assay, we developed our workflow and applied it to the verification of candidate biomarkers
that indicate the risk of pre-eclampsia (PE).
PE affects 2– 8% of pregnancies, and is characterized by
hypertension and proteinuria, which may progress to severe
maternal complications or death (9). Because delivery of the
infant is the only effective intervention, a third of babies are
born premature and fetal or newborn mortality is increased
three- to 10-fold (10). Its complex etiology involves abnormal
placentation, an altered immune response and a sensitized
maternal vascular endothelium (11). Prediction of the condition in early pregnancy would allow prevention strategies,
such as low dose aspirin, to be targeted to high risk women.
In first-time pregnant women, a group particularly at risk,
biomarkers continue to fall short of a test that would be useful
or cost effective in clinical practice (12–14). Better-performing
novel biomarkers are required.
The aim of this study was to identify candidate predictive
biomarkers for PE and then develop a verification assay using
mass spectrometry to determine whether these should be
taken forward into more extensive and expensive validation
studies. Initial discovery experiments were employed using a
pooled sample iTRAQ approach using two different MS platforms to increase plasma proteome coverage. Among the set
of proteins discovered, we then developed a label-free SRM
assay for relative quantification of CXCL7 (Platelet basic protein; PBP) and members of the Pregnancy specific glycoprotein (PSG) family in a 100-sample set from the international
SCreeningfOr Pregnancy Endpoints (SCOPE) study (www.
scopestudy.net). Our workflow allowed the specificity and
linearity of response for each peptide to be determined, along
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with true technical variability. Although absolute concentration and LOD/LOQ cannot be calculated using this approach,
we aimed to test the hypothesis that a label-free SRM approach could provide a rapid, robust, and efficient screen of
candidate plasma biomarkers.
EXPERIMENTAL PROCEDURES

A flow diagram describing the analytical steps is provided in Fig. 1.
SCOPE Sample Collection—Early pregnancy plasma samples were
acquired via the SCOPE Study (Australian and New Zealand Clinical
Trials Registry ACTRN12607000551493), a prospective cohort study
of nulliparous women. Full ethical approval was obtained and all
women gave written informed consent. Full inclusion and exclusion
criteria are described in North et al. (15). A research midwife interviewed and examined the participants at 14 –16 and 19 –21 weeks
gestation. At the time of interview, data were entered on a webaccessed central database with a complete audit trail (MedSciNetAB)
and pregnancy outcomes were prospectively tracked with data available in ⬎99% of participants. PE was defined as systolic blood
pressure ⱖ140 mm Hg or diastolic blood pressure ⱖ90 mm Hg, or
both, on at least two occasions four hours apart after 20 weeks’
gestation but before the onset of labor, or postpartum, with either
proteinuria (24 h urinary protein ⱖ300 mg or spot urine protein:
creatinine ratio ⱖ30 mg/mmol creatinine or urine dipstick protein
ⱖ⫹⫹) or any multisystem complication of pre-eclampsia. Women
recruited in the Australian or New Zealand centers (n ⫽ 3182) were
included in this study, of whom 178 (5.6%) developed PE. Venipuncture was performed at 14 –16 weeks gestation according to a standardized protocol. Plasma samples were collected into EDTA-Vacutainer¨ tubes (Becton, Dickinson) centrifuged at 1500 ⫻ g at 4 °C for
10 min, plasma layer aliquotted and stored at ⫺80 °C. Samples were
processed within 4 h of collection. Plasma samples were defrosted on
ice and maintained below 4 °C during experiments wherever possible.
Using a customized software package, samples from women with
early onset PE (EO-PE, delivery ⬍34 weeks) and late onset PE (LOPE, delivery ⱖ34 weeks) were selected. Controls were randomly
selected from women who had an uncomplicated pregnancy (delivered at ⱖ37 weeks of an appropriately grown fetus in the absence of
any medical or obstetric complications) at the same center as the
cases. The sample numbers used in the different phases of the study
are outlined in Fig. 1 and the demographic data for this population are
shown in Table I.
iTRAQ Discovery Experiments—A subset of plasma samples was
used for the iTRAQ experiments. A pool of early onset PE cases
(EO-PE; n ⫽ 12) and two control pools (n ⫽ 12 each) were created. A
reference pool containing equal amounts of all samples was also
made. The pooled plasma samples were prepared for relative quantification by iTRAQ using two parallel workflows as outlined in the
supplementary material. Briefly, pooled plasma samples were immunodepleted using either the SepproÏgY 14 -SuperMix Liquid Chromatography Column system (Genway, San Diego, USA) or the Multiple
Affinity Removal LC Column - Human 14 (MARS 14; Agilent, UK).
Depleted plasma was concentrated and exchanged into 0.5 M TEAB,
digested using trypsin and labeled using iTRAQ8-plex reagent (Applied Biosystems, UK) according to the manufacturer’s instructions.
The reference pool and case pools were processed in duplicate from
start to finish, thus providing an assessment of the technical variability
of the workflow. The control pools were processed in parallel and the
variation between these two control pools was used to assess biological variability and define the range outside of which proteins were
considered changed in abundance. iTRAQ-labeled samples were
pooled and fractionated using high pH reversed phase chromatography (3 m Extend-C18 column; 4.6 ⫻ 100 mm; Agilent, Santa Clara,

3149

A Label-free SRM Workflow Identifies a Subset of Pregnancy Specific Glycoproteins

FIG. 1. Flowchart detailing the experiments performed in this study.
CA). Fractions were then were subjected to reversed-phase peptide
fractionation using a Acclaim PepMap 100 C18 column (3 m, 1
mm ⫻ 150 mm; Dionex, CA, USA) with 5 m Acclaim PepMap
-Precolumn (300 m ⫻ 5 mm; Dionex) run on a UltiMate pump (LC
Packings, Amsterdam, The Netherlands) either online to a QStar XL
qTOF (AB Sciex), or fractions were spotted onto a MALDI target and
analyzed using a 5800 MALDI TOF-TOF (AB Sciex).
Data were interrogated using ProteinPilot version 3.0 (AB Sciex)
using default settings and a ‘thorough’ search effort. Peptide identifications were made using the Paragon algorithm (16) searching
against the International Protein Index for Human Proteins (version
3.59, 160,248 entries). A 95% confidence interval cut-off was used for
significant peptides, and single peptide identifications were included
in grouped protein identifications. Three data sets were produced.
False discovery rate (FDR) was calculated by searching all peptide
data against a concatenated database containing both forward and
reversed protein sequences. To ensure data analyzed was of the
highest quality, the data sets were filtered to remove low confidence
(⬍95%) protein identifications. The FDR for the filtered IgY 14-Supermix QSTAR and 5800 data sets was 0.61% and 0.63% respectively
and 1.63% for the MARS 14 –5800 data set. An average relative
quantification ratio (index sample:reference pool) was calculated for
each protein using default ProteinPilot settings.
Candidate biomarkers were identified following the application of
stringent criteria defined by assessing the mean fold change between
technical replicates (two identical pools) and control samples (two
biologically distinct pools). Proteins were only considered as candidate biomarkers where the protein was identified in all three data sets,
reproducibly quantified in the technical replicate samples ( ⱕ ⫾2 S.D.
mean fold change) and where the average fold change was greater for
case/control than control/control (⬎ ⫾2 S.D. mean fold change).
SRM Methods—
Plasma Immunodepletion—Plasma samples were thawed on ice
and centrifuged at 10,000 ⫻ g for 10mins at 4 °C. Supernatants were
removed to fresh tubes then vortexed. Forty microliters of plasma was
diluted with 120 l MARS A Buffer (Agilent, UK). Each sample was

3150

injected onto a 4.6 ⫻ 100 mm MARS Hu-14 immunodepletion column
(Agilent) using the manufacturer’s recommended method and proprietary buffers with collection into glass vials using a 1200 series liquid
chromatography system (Agilent) with autosampler and fraction collector held at 4 °C.
Following a batch of immunodepletion runs (n ⫽ 24), 5 l of 500 mM
dithiotreitol was added to each sample (approx 850 l) before incubation at 40 °C for 30mins. Proteins were alkylated by addition of 10
l of 500 mM iodoacetamide and incubation at room temperature in
the dark for one hour.
Protein Desalting and Fractionation—To desalt and concentrate
depleted plasma, a reversed-phase HPLC step was performed on a
4.6 ⫻ 50 mm mRP-C18 column (Agilent) using a 1200 liquid chromatography system with chilled autosampler, column oven, UV detector,
and fraction collector. This afforded the opportunity to also perform
fractionation of the proteins to increase sensitivity by further reducing
background. Forty-five microliters of a 2% trifluoroacetic acid in
acetonitrile solution was added to each depleted plasma sample,
which was subsequently fractionated using the gradient shown in
supplemental Table S4. Fraction collection was triggered at 4.8mins
with eight 0.6min fractions collected vertically (A to H) in a 96-well
plate (Nunc V96PP, Thermo). The column was cleaned in between
each sample by injecting 500 l of a 6 M urea ⫹ 1% (v/v) acetic acid
solution and running a short gradient with a 4min 100% B wash step.
Plasma Protein Digestion—Following a batch of fractionation runs
(n ⫽ 24), fractions were dried in a speed-vac concentrator (Savant
SPD131DDA, Thermo Scientific) until a vapor pressure of 300 mTorr
was achieved corresponding to complete dryness. Each sample was
resuspended in 50 l of 50 mM ammonium bicarbonate, 5% (v/v)
acetonitrile with 0.75 g trypsin (sequencing grade, Sigma, UK).
Samples were vortexed well, placed in a 37 °C oven, and vortexed
every hour for 4 h. At 4 h an additional 50 l of 50 mM ammonium
bicarbonate, 5% (v/v) acetonitrile with 0.75 g trypsin was added to
each sample before incubation for 16 h at 37 °C. 5 l of 4% (v/v)
formic acid was added to each sample to terminate digestions, which
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37 ⴙ 7 (34 ⫹ 3–41 ⫹ 2)
3063 (1635–4415)
31 (0–99)
32 ⴙ 4 (27 ⫹ 3–33 ⫹ 6)
1553 (740–2660)
3 (0–94)
32 ⴙ 5 (28 ⫹ 4–33 ⫹ 6)
1380 (980–2660)
1 (0–94)
40 ⫹ 3 (38 ⫹ 2–41 ⫹ 6)
3700 (3080–4580)
54 (27–96)

40 ⫹ 0 (37 ⫹ 6–41 ⫹ 6)
3663 (2850–4530)
60 (16–100)

26 (16–40)
26 (20–50)
110 (96–130)
69 (56–86)
155 (105–220)
100 (70–125)
37 ⫹ 1 (34 ⫹ 3–41 ⫹ 2)
30 (20–40)
27 (21–36)
121 (102–142)
76 (54–98)
176 (140–200)
109 (90–140)
31 ⫹ 5 (24 ⫹ 1–33 ⫹ 5)
28 (17–35)
25 (19–42)
102 (90–128)
60 (48–80)
120 (100–136)
70 (50–88)
30 (24–40)
27 (21–36)
116 (100–140)
74 (70–92)
172 (140–200)
108 (90–125)
32 ⫹ 5 (24 ⫹ 1–33 ⫹ 5)
28 (14–40)
25 (17–45)
104 (90–130)
62 (50–74)
120 (100–132)
75 (60–88)

Maternal characteristics
Age (years)
BMI
Systolic BP (15w)
Diastolic BP (15w)
Maximum Systolic BP (mmHg)
Maximum Diastolic BP (mmHg)
Gestation at diagnosis (weeks⫹days)
Birth outcomes
Gestation at delivery (weeks⫹days)
Birthweight (g)
Birthweight Centile

Late-onset PE
n ⫽ 42
Verification

Early-onset PE
n ⫽ 16
Control
n ⫽ 42
Early-onset PE
n ⫽ 12

Discovery
Control
n ⫽ 24
Study characteristics

TABLE I
Demographic data for discovery and verification cohorts. Values are median (range). Differences between groups assessed by Mann Whitney; values in bold represent (p ⬍ 0.005) cases
vs controls. Twelve women in the EO-PE discovery sample set are also included in the EO-PE verification sample set, 1 woman in the discovery control group is also included in the
verification control group (occurred by chance during random selection)
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were then centrifuged at 11,000 ⫻ g for 5mins before supernatants
were transferred to fresh 96-well plates.
SRM Transition Selection and Optimization—A spectral library of
human plasma MS/MS data was generated on an Agilent 6530 QTOF,
searched using Mascot (Matrix Science, UK) and imported into Skyline software (17) where a library was built. Because of the high
sequence identity of PSG family members, to select specific peptides
their sequences were aligned and tryptic peptides selected manually
based on their uniqueness to individual family members. BLAST
searching was carried out (http://www.uniprot.org/blast/) to ensure
that peptides shared no similarity to other proteins likely to be found
in human plasma. No exclusion criteria based on peptide sequences
were set. For peptides that were required to attain isoform specificity
(or a sufficient number of unique peptides per protein), and for which
no high quality spectrum was found in the library, crude synthetic
peptides were purchased (JPT Technologies, Berlin, Germany) and
MS/MS sequences for these peptides obtained and used for selection
of optimal transitions.
SRM methods were established for PBP and PSG-family members.
We initially monitored 6 – 8 y-ion transitions per peptide to ensure
specificity with the criteria that ⬎5 y-ions with the same elution profile
and in the same ratios as the spectral library, and at predicted
retention times were observed. Optimal collision energies and cell
acceleration voltages were experimentally determined for each peptide by running replicates of each transition with ramping of the
collision energy by 2 and 4 eV in either direction and the acceleration
voltage at 1, 4, or 7. The settings that gave the highest intensity
response for that transition were selected as optimal. From these
data, a minimum of three abundant transitions were identified and
subsequently used in further analyses, where a summing of all transitions was used to generate quantification data for each peptide.
A test pool of plasma from pregnant donors was immunodepleted,
fractionated and digested as described. Preliminary SRM assays for
the PSG family (23 peptides) and PBP (5 peptides) were used to
analyze each fraction to determine where these proteins were detected. PSG peptides were distributed across fractions B, C, and D;
these fractions were combined into a 1.5 ml microcentrifuge tube
(before drying) to facilitate measurement of all PSG family members in
a single assay for the remainder of the study. All PBP peptides were
detected only in fraction A.
LC-SRM Method—LC-SRM analysis was performed on a 1290
uHPLC – 6460 QqQ LC/MS platform with a JetStream electrospray
source (Agilent). Peptides were separated on a 250 ⫻ 2.1 mm, 2.7 m
particle size Poroshell 120 column (Agilent) with mobile phases A:
Water ⫹ 0.1% (v/v) formic acid and B: acetonitrile ⫹ 0.1% (v/v) formic
acid. A post-column valve enabled the loading and wash phases to be
diverted to waste. A linear gradient of 8 –35% B over 23 mins was
applied at a flow rate of 150 l/min with column oven at 50 °C. Source
parameters were as follows: Gas temp: 250 °C, Gas flow: 10l/min,
Nebuliser: 40psi, Sheath gas temp: 300 °C, Sheath gas flow: 10l/min.
Peptide retention times and optimized collision energy values were
supplied to MassHunter (vB03.01, Agilent Technologies) to establish
a Dynamic MRM scheduling method based on input parameters of
500ms cycle times and 1.2min retention time windows. Min/max
dwell times were established by the software and data was analyzed
using the Skyline software package (17). Data was inspected manually to identify any errors in the integration process and the total area
under the peak for each peptide (summed from the areas of all
transitions per peptide) was exported for analysis in Microsoft Excel
and Prism (Graphpad Software, La Jolla, CA). %CV of the biological
and technical replicates was used as a measure of variance and was
calculated using the standard calculation of %CV ⫽ (s.d./mean)*100.
SRM Method Development—Twelve replicate plasma samples
were immunodepleted and digested as previously described. Dried
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samples were then resuspended in 100 l acetonitrile 0.2% (v/v)
formic acid. These replicate sample preparations were used to determine the coefficient of variation of the SRM assay for each peptide;
the technical variability of peptide FTFTLHLETPKPSISSSNLNPR was
high and therefore this peptide was not included beyond this stage
(supplemental Fig. S1). A further three peptides FQQSGQNLFIPQITTK, SDPVTLNLLPK, and IYPSFTYYR were omitted from the final
assay because they were shared between many PSG isoforms and
offered no additional information above those that remained. Full
details of the final dynamic SRM transitions are provided in supplemental Tables S7 and S8. Minimum and maximum dwell times for the
final assay were 38.17 ms and 163.17 ms respectively for the PSG
peptides, 41.95 ms and 163.17 ms for the PBP peptides. In order to
assess the linearity of the SRM assays, volumes of 1, 5, 10, 20, and
40 l were injected in duplicate.
The pregnancy-specific nature of the PSG peptides was exploited
and used to assess the specificity and quantitative sensitivity of the
SRM assay. Relative quantification of several PSG peptides was
performed in serial dilutions of 15 week plasma with PSG negative
male plasma. Each of these samples were prepared in triplicate and
processed in a randomized order.
Clinical Sample Analysis—One-hundred clinical samples were processed across four batches along with eight full replicates of the
same plasma sample (two per batch), which allowed a true assessment of technical variability over the entire workflow/experiment to be
made. Following immunodepletion, reduction/alkylation, and protein
fractionation, the 108 samples were digested simultaneously. SRM
analyses for PSG and PBP peptides were performed, alongside 11
injections of a pooled sample from the same vial to assess technical
variation within the LC-MS and blank injections (loading buffer only),
which confirmed that no carryover was evident. Kruskal-Wallis test
(Dunns correction for multiple comparisons) was used to determine
differences between sample groups (significance p ⬍ 0.05). All transitions described in supplemental Tables S7 and S8 were used for
quantification; no minimum threshold for inclusion was set and no
outliers were removed during data analysis.
NAP-2 ELISA—As no commercial ELISA against PBP is available,
an ELISA that recognizes NAP-2 was used (RayBiotech, Norcross GA,
USA). This ELISA measures a proteolytic fragment of PBP containing
all peptides quantified in the iTRAQ discovery and SRM experiments.
Two microliters of EDTA plasma was diluted 1 in 8100 in a two-stage
dilution using the provided dilution buffer. The kit protocol was followed exactly with the primary sample incubation occurring overnight
at 4 °C with gentle shaking. Technical replicates were randomly
spread across the three plates used in the assay. All case/control
samples were diluted and assayed in duplicate.
Correlation Analysis—A visual correlation analysis was generated
using the Corrgram tool within an in-house R-based statistical toolbox. Implementation based on Sarkar (18).
Sample Size Calculations—iTRAQ discovery experiments were
performed on pooled samples containing 12 individuals, this is the
minimal number acceptable for a discovery experiment (19). Given the
fold changes observed in the iTRAQ studies for the proteins of interest ( ⱖ1.3), a minimum sample size of 16 per group was necessary for
the SRM assays to determine a significant difference between groups
(␣ ⫽ 0.05; ␤ ⫽ 0.80).
RESULTS

iTRAQ Based Discovery Phase—Pooled plasma samples
taken at 15 ⫾ 1 week from women who developed EO-PE
(n ⫽ 12) or had uncomplicated pregnancies (n ⫽ 24; 2 pools
of n ⫽ 12) were processed for analysis using iTRAQ labeling
to enable protein level comparison from tryptic fragment
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MSMS analyses. A total of 502 proteins were identified across
three iTRAQ discovery experiments (319 proteins in the IgY
14-SuperMix- QSTAR data set, 331 in the IgY 14-SuperMix5800 data set and 189 in the MARS 14 –5800 data set) (Fig.
2A). Within each data set, the standard deviation of the log2
iTRAQ ratios for the replicate samples was calculated as an
indication of the variability between technical replicates in
each data set. This gave values of 0.19, 0.27 and 0.13 for the
IgY 14-SuperMix-QSTAR, IgY 14-SuperMix-5800 and MARS
14 –5800 data sets respectively. To identify the candidate
biomarkers with the highest confidence, we initially only considered proteins identified and quantified in all three replicate
experiments. A total of 113 proteins were identified in all three
data sets and following application of stringent candidate
protein selection criteria, two proteins; platelet basic protein
(PBP, CXCL7) and pregnancy-specific beta-1-glycoprotein 9
(PSG9) were prioritized for further assessment in the SRMbased verification phase (Fig. 2B). In total, 113 proteins were
altered in abundance in any one of the iTRAQ data sets and
this list is provided in supplemental Table S5. The compete
iTRAQ data set is provided in supplemental Table S9, and all
discovery data and spectra are available at www.scalpl.org/
hank/ProteomeHexPage?me⫽Pre-eclampsia.
SRM Method Development—To assess whether these
changes could be observed in a significant proportion of
patients and hence have genuine value as putative biomarkers, we developed a novel, label-free SRM workflow. As
proof-of-principle, this was tested on two proteins from our
discovery experiment, PBP and PSG9. PSG9 is a member of
a large multigene family, which is expressed in a pregnancyspecific manner. Because we had also seen some evidence
for dysregulation of PSG2 and 5 from our discovery analysis,
15 peptides from other PSG family members were also included in the assay. As part of this workflow, we employed a
protein based fractionation step simultaneously with concentrating the MARS-14 flow through. This step theoretically
reduces background (and hence should increase sensitivity)
without requiring an additional sample preparation step. The
reversed-phase protein concentration and fractionation protocol was highly reproducible based on overlaying UV chromatograms from replicate injections (Fig. 3) with a CV of 2.3%
across 8 replicate plasma injections. A further advantage of a
protein versus a peptide-level separation is that all peptides
for a single protein are contained in the same fraction, such
that only one fraction has to be analyzed to quantify several
proteotypic peptides. MASCOT analysis of each fraction suggested that PBP eluted exclusively in the first fraction collected, whereas the PSG proteins were found exclusively in
fractions 2, 3, and 4, and these data were confirmed by our
optimized SRM method (data not shown). These fractions
were selected for further analysis by SRM.
To select optimal peptides for SRM analysis, it is critical
that these peptides are reproducibly produced and detected
following plasma tryptic digestion. To that end, we performed
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FIG. 2. Summary of iTRAQ-based
discovery phase. Across the three discovery experiments a total of 502 nonredundant plasma proteins were identified.
A, Venn diagram: the number of identified proteins and number of changed
proteins for each experimental data set
used. The proteins found to be different
between cases and controls for each
data set are shown. B, Scatter plot of
Log2iTRAQ ratios for the two replicate
pooled EO-PE samples and the two
pooled control samples in each of the
three iTRAQ experiments. All values are
expressed as the ratio of the index sample to the reference sample for each data
set. Numbers in brackets represent the
number of peptides identified for each
protein.

12 replicate digests of the same plasma sample and assessed
the reproducibility of the signal (expressed as %CV) for each
peptide (supplemental Fig. S1). The peptide FTFTLHLETPKPSISSSNLNPR showed poor reproducibility (CV ⬎20%) and
was discarded at this point. To check for potential interferences from other peptides in the sample, the relative levels of
the 6 – 8 initial transitions per peptide were monitored in a
plasma sample and their ratios compared with the relative
levels of product ions in an MS2 spectrum of the same peptide. Correlation using Skyline suggested that no other coeluting peptide significantly affected any given transition. The
relative ratio of the three final transitions (which, by definition,
we also ensured have identical RT) was also assessed to
ensure consistency in experimental runs.
Dilution curves were generated from 12 replicate digests for
the peptide assays to determine the linear range of the assay.
The dilution curves are shown in supplemental Fig. S2. The
peptide assays were linear up to 20 l. From this data it was
determined that 20 l of each plasma sample should be used
in the SRM assays.
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This method of confirming linearity does not necessarily
confirm the linear change of a specific signal in a constant
background (because by definition background and analyte
are changing at the same rate). To test this, we exploited the
fact that one of our targets was unique to the plasma of
pregnant females. We performed a dilution series of early
pregnancy plasma from pregnant donors with male plasma
at 100%, 90%, 80%, 50%, 10%, and 0% of total volume.
This analysis, performed in triplicate, demonstrated that all
PSG peptides showed good linearity when plotted as dilution curves. This confirmed that the SRM was selectively
measuring female specific proteins with linear responses
(supplemental Fig. S3). The majority of peptides reached
significance comparing 100% female plasma to 90% female
plasma with male plasma, all peptides reach high significance (p ⬍ 0.01 or p ⬍ 0.001) when comparing median
levels of the 100% to 80% groups. This demonstrates that
our complete workflow is sufficiently robust and sensitive to
detect relatively minor fold-changes in plasma protein
concentrations.
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FIG. 3. Visualization of SCOPE 100
sample preparation. Eight replicates of
the same plasma sample were interspersed among the 100 case and control
samples processed for LC-SRM analysis. UV chromatograms of the MARS-14
immunodepletion and mRP protein fractionation are recorded for each sample.
The traces for all eight technical replicates (A) and 20 consecutive case/control samples (B) are shown overlaid to
allow a visual assessment of technical
versus biological variability. The fractions collected from the mRP runs are
shown. By comparing the eight technical
replicates with twenty randomly selected
case/control samples it is evident that
the technical variability in both chromatographic steps is significantly lower
than the inherent biological variation.

Clinical Samples Analysis—SRM analyses for 19 PSG peptides and 5 PBP peptides were performed on 108 plasma
samples (16 EO-PE, 42 LO-PE, 42 controls, eight full technical
replicates of a pooled sample). The semi-automated HPLCbased approach for immunodepletion and protein fractionation required little manual handling and the UV chromatograms generated act as critical quality control points allowing
assessment of the technical variability associated with replicate injections (n ⫽ 8, interspersed across the 108 injections)
compared with the biological variability observed (Fig. 3).
Over the course of the experiment, the mRP column (protein
fractionation) backpressure increased by only four bars. In
addition, blank injections of MARS buffer A gave no deflection
on the chromatogram traces, confirming that little, if any,
sample carryover was present (data not shown). Blanks were
subjected to standard IDA analysis by LC-MS/MS, using the
protocols described in the methods section, and no peptides
could be identified. The use of urea injections as part of the
mRP column cleaning between sample injections was critical
for carry-over prevention and maintenance of column
performance.
Five percent of all 108 processed samples was taken and
pooled post-digestion to provide a standard that was injected
regularly throughout the analysis, allowing assessment of the
variation due to the LC-SRM versus the variation observed
across the entire sample preparation workflow. For each peptide analyzed, replicate LC-SRM injections (n ⫽ 11) were
always associated with lower variation (CVs 4.1–9.9%) than
the technical replicates (n ⫽ 8) spanning the whole workflow
(CVs 12.8 –24.5%). This confirms that the majority of the
technical variation within this workflow was attributable to the
sample preparation rather than the LC-SRM assay (Fig. 4).
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For three of the four PSG-9 specific peptides, there was a
significant difference in the median levels between EO-PE
(n ⫽ 16) and controls (n ⫽ 42) (p ⬍ 0.05), whereas the
difference was not statistically significant for LO-PE (n ⫽ 42)
(Table II, Fig. 4). The fourth PSG-9 peptide, SNPVILNVLYGPDLPR was also different between EO-PE and controls, although this difference was marginal (p ⫽ 0.051). Area under
receiver-operator characteristics curves (AUROC) were calculated for each peptide to provide an additional metric of their
ability to differentiate EO-PE versus control groups (Table II).
The levels of peptides unique to PSG-1 and PSG-6, and
peptides common to PSG-2, 3, 11 (e.g. TLFLFGVTK) were not
different between cases and controls (Table II, Fig. 4). The
median levels of the specific PSG-5 peptide (SMTVEVSAPSGIGR) were almost doubled in the EO-PE samples compared
with the controls (p ⫽ 0.01), with a %CV for this peptide of
16% (Table II, Fig. 4). The AUROC value for this PSG-5
specific peptide SMTVEVSAPSGIGR peptide was 0.75.
Five peptides unique to PBP were selected based on our
QToF MS/MS spectral library data and subsequent analysis to
test reproducibility of generation from a plasma digest. Interestingly, two of these peptides contained missed cleavages
(internal lysines) and one contained a cysteine. These would
have been omitted using many of the conventional proteotypic peptide selection rules. However, these peptides appeared to be reproducibly generated and measured in replicate samples; KICLDPDAPR was the most reproducible PBP
peptide, with %CV for full technical replicates of the same
sample of 23.5%. Fully cleaved versions of these peptides
were not observed in the discovery phase of the experiment.
The median difference between EO-PE and controls reached
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FIG. 4. Pregnancy specific glycoprotein (PSG) label-free SRM assay. Seven of the 19 PSG peptides measured in the PSG SRM assay
are shown as scatter plots. The y axis represents total integrated area of three transitions per peptide. The “Rep SRM” group represents
replicate injections of the same pooled digest, the “Tech Reps” group represents eight replicates of the same plasma sample processed in
parallel through the whole workflow. The data points in the case and control samples each represent a unique plasma sample.

TABLE II
Summary of all peptide SRM data. Data for each peptide is shown as the median fold change. Comparison using Kruskal-Wallis (with Dunns
correction for multiple comparisons). Rep SRM: Coefficient of variation (CV) for replicate LC-SRM injections (n ⫽ 11) Tech Rep: CV for technical
replicates spanning the whole workflow (n ⫽ 8). EO: Early onset PE (n ⫽ 16); Con: Control (n ⫽ 42); LO: Late onset PE (n ⫽ 42). AUC: Area under
receiver operator curve

PSG peptides
FQLPGQK
YTAGPYECEIR
EDAGSYTLHIIK
ILILPSVTR
LPKPYITINNLNPR
TLFLLGVTK
SDPVTLNLLHGPDLPR
TLFLFGVTK
FQLSGQK
LFIPQITTK
LSIPQITTK
SMTVEVSAPSGIGR
EVMEAVR
SNPVTLNVLYGPDLPR
YGPAYSGR
LFIPQITR
SNPVILNVLYGPDLPR
IIIYGPAYSGR
LPIPYITINNLNPR
PBP peptides
EESLDSDLYAELR
NIQSLEVIGK
GTHCNQVEVIATLK
GKEESLDSDLYAELR
KICLDPDAPR

PSG isoform

Rep SRM

Tech reps

EO:Con

LO:Con

P

1
1,2,3,4,8
1,2,5,11
1,3,5,6,7,8,9
1,3,7
1,8
2
2,3
3,4,6,7,8,11
3,8
4,5,7
5
6
6
7
9
9
9
9

6.65%
5.18%
6.33%
6.49%
4.31%
5.48%
9.88%
5.25%
5.02%
8.69%
6.42%
5.54%
8.82%
8.17%
6.78%
8.69%
7.89%
7.25%
4.14%

14.29%
13.82%
17.84%
13.76%
23.44%
13.09%
16.27%
12.79%
20.01%
15.64%
19.48%
15.74%
18.91%
24.56%
19.65%
15.64%
18.85%
24.08%
19.45%

1.13
1.40
1.37
1.39
1.35
1.08
1.39
1.55
0.77
1.26
1.08
1.82
1.05
1.28
0.43
1.58
1.43
1.43
1.43

0.94
1.18
1.15
0.99
1.03
0.95
1.22
1.31
0.70
1.04
0.93
1.34
1.03
1.05
0.41
1.24
1.19
1.37
1.31

NS
0.09
NS
NS
NS
0.02
0.01
NS
0.07
NS
0.01
NS
NS
NS
0.02
0.05
0.04
0.03

6.83%
7.74%
8.72%
6.28%
6.26%

105.97%
32.25%
58.69%
43.55%
23.46%

1.16
1.44
1.54
1.62
1.48

1.06
1.13
0.93
0.88
1.08

NS
NS
NS
NS
NS
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AUC

95% CI

0.72
0.74

(0.56–0.88)
(0.60–0.89)

0.75

(0.59–0.90)

0.74
0.67
0.71
0.72

(0.61–0.87)
(0.50–0.83)
(0.57–0.86)
(0.57–0.86)
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FIG. 5. Measurement of Platelet Basic Protein by SRM and ELISA. A, ELISA measurement of NAP-2 (a proteolytic fragment of PBP
encompassing all measured peptides) in the same 100 sample cohort. “Well Replicates” incorporates only ELISA variability (n ⫽ 14) whereas
“Tech Replicates” incorporate both the dilution and ELISA variability (n ⫽ 10). Case and control groups are as SRM analysis, here each data
point is the mean of each sample run in duplicate. B, Correlation analysis of NIQSLEVIGK peptide SRM versus NAP-2 ELISA for the 100
samples.

significance (p ⫽ 0.048) for only one of the five PBP peptides
measured (Table II).
ELISA-based Quantification of PBP/NAP-2—To verify the
relative quantitation of PBP/NAP-2 across our sample cohort,
we also measured levels of the naturally occurring processing
product of PBP, NAP2 using a commercially available ELISA
kit. All peptides monitored in the SRM are present in the
NAP-2 fragment. SRM quantification data were compared
with measurements obtained using a commercial ELISA for
NAP-2 in the same samples. The medians for the two data
sets are comparable and the differences between PE and
controls were not significant (Fig. 5A). There was a good
correlation between the ELISA and SRM data, for example the
integrated area of the NIQSLEVIGK peptide versus absolute
NAP-2 levels in the ELISA showed a linear correlation with an
R2 value of 0.863 (Fig. 5B). This demonstrates that our SRMbased assay has provided a reliable measurement of relative
protein levels, across 100 plasma samples.
Correlation Analysis—A Corrgram was generated to visualize the correlation between all biochemical features measured
in the study (supplemental Fig. S4). The MARS-14 peak area
and height measure the amount of protein in each 40 l
plasma sample but do not correlate with any peptide features.
The lack of individual PSG-specific peptides representing
all of the PSG family members makes it difficult to fully dissect
the inter-relations between all of the members of this protein
family, but it is clear that some PSG proteins behaved independently of each other. The four PSG-9 specific peptides
correlated with each other almost perfectly (r ⫽ 0.95– 0.99).
Good correlation was observed between the ELISA and all
PBP peptides, although this was not as strong as any of the
correlations among the peptide SRM measurements. Of the
five PBP peptides, the correlation between peptide (EESLDSDLYAELR) and the other four PBP peptides was the least
good, despite the fact that this would have been the peptide
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most likely to have been selected according to common proteotypic peptide selection rules, whereas KICLDPDAPR, for
example correlated very well with the ELISA data.
DISCUSSION

The aim of this study was to develop and validate a robust
and reproducible plasma depletion/fractionation workflow
with subsequent label-free SRM analysis to identify which
candidate biomarkers from a discovery proteomics experiment should be further pursued in large scale verification and
clinical validation studies. To meet this aim we developed an
optimized sample preparation and analysis workflow that was
successfully applied to the relative quantification of candidate
biomarkers for the prediction of PE in a cohort of 100 women.
Identification of candidate biomarkers was achieved
through the application of iTRAQ to pooled plasma collected
from women in early pregnancy and who subsequently developed PE or had an event-free pregnancy. As this technique
has modest proteome penetrance, pooled samples were used
in this study. This strategy was selected as, although the pool
can be skewed by very high (or low) expression in a small
proportion of samples, it does allow increased fractionation
(and therefore penetration) and analysis in a reasonable timeframe. Minor changes, which occur in a small proportion of
patients, are averaged out, whereas strong biomarker candidates (relatively large fold changes in a high proportion of
cases) are maintained. This allowed us to use three distinct
workflows for iTRAQ analysis, increasing our coverage of the
plasma proteome, and allowing us to combine the three
iTRAQ experiments to improve confidence in the iTRAQ quantification. Quantification data for more than 500 proteins was
obtained, with 113 proteins quantified in all three data sets.
For this proof of principle verification experiment, we chose to
focus on the two proteins that were consistently changed in
abundance in PE in all three iTRAQ experiments according to
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stringent selection criteria. Additional candidate proteins were
identified in two of the three discovery experiments and merit
further investigation (supplemental Table S5), but as our eventual goal in this study was to develop robust workflow methodology, these were not investigated at this stage.
A common approach for the verification of plasma protein
biomarkers is to select proteotypic peptides as analytical
surrogates of the proteins of interest. This peptide selection is
frequently performed using rules based on peptide features
and in silico tools. Once selected, stable isotope labeled
synthetic peptides are made, purified and accurately quantified prior to SID-SRM experiments (20). Although this approach may lead to the identification of peptides with the
“best ionization potential” for a given protein, it does not
necessarily select the peptides that are likely to translate to a
robust assay for protein abundance. Such an assay requires
peptides that are reproducibly generated during sample preparation, give a linear response in protein (not peptide) titration
experiments, and provide strong correlation with other peptide measurements of the same protein. These features can
only be determined experimentally and may differ according
to each experimental workflow. Hence, for an experiment
studying, say ten candidate proteins, where you may want to
initially assess six peptide per protein in order to find those
which give the most robust and reproducible responses, you
would require 60 stable isotope labeled and purified and
quantified peptides—a significant outlay, especially when
most will be used for only one or two experiments. A recent
approach, where crude synthetic peptides have been used to
optimize the MS settings for specific peptides, provides a
cheaper option (21). Our approach was to use stringent peptide selection criteria (e.g. we allowed Cys/Met containing and
missed cleavage peptides) but to experimentally screen a
larger number of peptides per protein. Peptides were selected
based on their observation in standard LC-MS analyses of
plasma. Additional peptides were identified from in silico digestion and crude synthetic sequences were obtained to aid
in MS optimization. Replicate plasma samples were processed in order to filter peptides based on their reproducibility; interestingly peptides with Cys and Met residues and
missed cleavage sites did not have noticeably higher CV
values than those without. Indeed for the five peptides assayed from PBP, the one which correlates the least with the
other four and a commercial ELISA is a “model” peptide,
whereas peptides with missed cleavages and cysteine residues appear to be more precise surrogates for this protein in
this case.
In comparison to conventional SID-SRM, the absence of
isotopically labeled standards in our SRM workflow means
that no correction or compensation for technical variation can
be performed during data analysis. Although spiking labeled
peptides into samples post-digestion allows the technical
variation of the LC-SRM assay to be determined (and indeed
corrected), other major sources of technical variation in sam-
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ple preparation (e.g. proteolysis) may not be taken into account when interpreting results. Absolute concentrations of
tryptic peptides are commonly determined using SID-SRM,
but there is an inherent assumption that peptide levels perfectly correlate to protein levels, i.e. 100% digestion efficiency
and 100% recovery throughout all processing steps. The use
of isotope-labeled protein standards, e.g. PSAQ (22), is an
elegant solution to address these issues but currently the
effort required to generate multiple isotopically enriched, natively folded and purified proteins makes it impractical for an
initial biomarker verification study. An alternative approach is
QconCAT (23), although again this requires design, expression and purification of a synthetic protein, and quantitation is
dependent on obtaining similar digestion efficiency in both the
QconCAT and endogenous protein, despite differences in
protein structure. An additional advantage of our label free
approach therefore is that protein recovery throughout the
workflow has to be reproducible but does not necessarily
have to be 100%, as is the case for methods which attempt to
determine absolute protein concentration in the sample. However, without the “safety net” of a spiked isotope-labeled
internal standard, we must be aware of several factors crucial
to the success of a label-free strategy: (1) minimize technical
variability through optimization of every step, and (2) apply
appropriate metrics to quantify true technical variation such
that it can be observed in the context of the biological variation. We addressed these issues by using carefully optimized
plasma immunodepletion and fractionation steps, employing
a wide bore, higher flow rate liquid chromatography with more
stable electrospray performance than nanoflow ESI and by
incorporating appropriate technical replicates into the experimental design. Analysis of eight technical replicates spaced
throughout our 100 sample analysis showed convincingly that
this protocol can generate robust and reproducible measures
of relative protein level and that differences in protein recovery, peptide digestion etc. were acceptable based on the
replicate sample CV values. All steps were validated, including an assessment of the linear response and maximum loading capacity of the assays using stepped injections. In addition, the pregnancy-specific properties of the PSG proteins
allowed us to confirm the linearity of response of the SRM
assay by performing a series of dilutions of 15 week plasma
from pregnant donors with a PSG negative male plasma matrix. This experiment is ideal because the male plasma affords
us an analyte-free background for these spiking experiments,
which cannot be guaranteed when spiking into nonpregnant
female plasma; a 10 –20% change in protein abundance was
detected for each surrogate peptide. The absence of signal in
the 100% male plasma sample also shows that these transitions were not subject to interference from endogenous
plasma proteins.
The throughput of this assay is ⬃100 samples/week (in the
absence of liquid handling robotics); although this is not a
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high-throughput assay it is reasonable throughput for an initial
biomarker verification study.
A main aim of this work was to demonstrate that this
approach can help prioritize candidate biomarkers for more
time consuming and expensive future studies, in other words
providing a relatively tractable way of confirming which “candidate biomarkers” from a discovery experiment are worthy of
the name. For example, measurement of PBP indicated there
was no change in this protein in a verification sample set,
despite its apparent differential expression in the discovery
experiment. A third of women (4 from 12) from the EO-PE
sample set used for the iTRAQ analysis showed very high
levels of PBP in both the SRM and the ELISA experiments.
This observation provides technical verification of the iTRAQ
findings (which quantified the mean change in PBP between
sample groups), but also demonstrated the need to verify
discovery findings in modestly sized sample sets before proceeding to large-scale clinical validation studies. Elevated
PBP levels in a subgroup of women also highlights the heterogeneity of clinical syndromes such as PE and suggests
that candidate markers are likely to convey different predictive
performance in different subgroups, or that panels of biomarkers may more powerful than single measurements of
single compounds. The availability of an ELISA for PBP provided a useful opportunity to validate the SRM quantification
performed in this study. In this sample set there was good
correlation between the two platforms (r ⫽ 0.863), which is
comparable to other studies (7) and provides further confirmation that the SRM technique described is fit-for-purpose.
The use of SRM assays to quantify members of the PSG
family of proteins is an excellent example of the potential of
mass spectrometry based assays to profile proteins with high
sequence homology, i.e. those which pose the biggest challenge to antibody-based methods. Although PSG9 was the
only PSG family member to be identified in all three iTRAQ
experiments, we had some evidence of a change in PSG 2
and 5 (supplemental Table S5 and S9). This is the first time
that these PSG family members have been implicated in
pre-eclampsia disease development. Therefore, we took the
opportunity to screen several PSG family members in our
clinical sample set. PSG- 2, 5 and 9 levels differed between
EO-PE and healthy controls whereas other PSG family members appeared unchanged. To our knowledge this study is the
first to demonstrate that there may be some specificity in the
regulation and/or activity of pregnancy specific glycoproteins
in the context of pregnancy complications (24). Although further studies are required to assess the value of PSG peptides
in the prediction of PE, these data define PSG-5 and PSG9 as
potential biomarkers for future screening experiments, and
allow us to perform appropriate power analyses such that we
can determine the size of cohort which should be used for
their future assessment.
A limitation of this label-free SRM approach is that it does
not readily allow comparison of data sets from samples run at
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different times or locations, as can be achieved with absolute
quantification against synthetic standards (25). However, we
see this workflow as a rapid, affordable, and scalable intermediate stage in biomarker development to prioritize candidates from discovery experiments rather than a formal clinical
validation (of the assay and the biomarker) that may be performed in several centers. This study has demonstrated that
adequate reproducibility in LC-SRM analysis can be achieved
using a 2.1 mm column with a standard uHPLC, but performance using a nanospray ESI has not been formally assessed.
Pilot studies in our laboratory suggest that the using a combination of higher flow rate system with a 250 ⫻ 2.1 mm
column packed with 2.7 m Poroshell 120 causes a two- to
fivefold reduction in sensitivity (the increased dilution of the
sample at the source is largely offset by higher resolution
chromatography and increased loading capacity) over our
standard nanoflow system, but the gain is a much more
reproducible separation and more robust ionization over a
long period of time versus nanoflow chromatography/ESI.
Given that the sample quantity is not limiting in the case of
human plasma, this trade-off is one worth making. These
observations are supported by a recent comparison where
the use of an Agilent 1290 uHPLC operated at over a 150 ⫻
2.1 mm column containing Zorbax Eclipse Plus C18 Rapid
Resolution HD 1.8 m particles was shown to be a better
choice for plasma SRM than the nanochipcube interface with
a 150 ⫻75 m column packed with Zorbax 300SB-C18, 5 m
particles on the same instrument (26). In our study, only a
small number of high ng/ml proteins were measured which
has limited the assessment of the multiplexing potential of this
SRM assay. Having established these principles for method
development, however, the inclusion of additional SRM transitions is unlikely to be problematic.
In summary, we have demonstrated that with careful attention to experimental design, a label-free SRM approach to
biomarker verification can determine the potential clinical
value of candidate proteins across 100⫹ plasma samples. Of
particular importance was the full assessment of technical
variation and development of an assay that measured variation in peptide levels throughout the entire workflow, rather
than the variation in levels of a peptide spiked into the sample
at some point during the workflow. This study has demonstrated the capability of a label-free SRM assay in filling the
gap between biomarker discovery and clinical validation studies and highlights specific PSG proteins as potential candidate biomarkers for the prediction of PE.
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