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Abstract
We recently reported an antibody-free targeted protein quantification strategy, termed high-
pressure, high-resolution separations with intelligent selection and multiplexing (PRISM) for
achieving significantly enhanced sensitivity using selected reaction monitoring (SRM) mass
spectrometry. Integrating PRISM with front-end IgY14 immunoaffinity depletion, sensitive
detection of targeted proteins at 50–100 pg/mL levels in human blood plasma/serum was
demonstrated. However, immunoaffinity depletion is often associated with undesired losses of
target proteins of interest. Herein we report further evaluation of PRISM-SRM quantification of
low-abundance serum proteins without immunoaffinity depletion. Limits of quantification (LOQ)
at low ng/mL levels with a median coefficient of variation (CV) of ~12% were achieved for
proteins spiked into human female serum. PRISM-SRM provided >100-fold improvement in the
LOQ when compared to conventional LC-SRM measurements. PRISM-SRM was then applied to
measure several low-abundance endogenous serum proteins, including prostate-specific antigen
(PSA), in clinical prostate cancer patient sera. PRISM-SRM enabled confident detection of all
target endogenous serum proteins except the low pg/mL-level cardiac troponin T. A correlation
coefficient >0.99 was observed for PSA between the results from PRISM-SRM and
immunoassays. Our results demonstrate that PRISM-SRM can successful quantify low ng/mL
proteins in human plasma or serum without depletion. We anticipate broad applications for
PRISM-SRM quantification of low-abundance proteins in candidate biomarker verification and
systems biology studies.
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Introduction
Highly sensitive, multiplexed quantitative assays hold a great promise for broad
quantification of low-abundance target proteins in biomarker verification and systems
biology studies.1–3 While immunoassays are still the commonly used approaches for
targeted protein quantification, the technique presently suffers from issues related to reagent
specificity or cross-reactivity,4, 5 as well as the lack of reagents for novel proteins. Selected
reaction monitoring (SRM, or multiple reaction monitoring, MRM) has recently emerged as
a promising alternative to immunoassays for targeted protein quantification given its
relatively good reproducibility, sensitivity, and superior multiplexing capability.1, 2, 6–21

SRM coupled with liquid chromatography (LC) and stable isotope dilution permits the
detection and quantification of hundreds of target proteins simultaneously in highly complex
biological samples.9, 13, 20 However, a main limitation of SRM-based targeted quantification
is the lack of sufficient sensitivity for quantification of low-abundance proteins or protein
modifications.19, 22 For example, LC-SRM can typically detect moderately abundant
proteins in human blood plasma/serum with concentrations at the low µg/mL or high ng/mL
levels without the application of front-end fractionation and/or enrichment.6, 10, 11, 19

Although the detection of selected plasma proteins below 100 ng/mL levels has been
reported in several recent multiplexed targeted quantification efforts in plasma without
depletion,23–25 the majority of plasma proteins in the low ng/mL range are still not
detectable in non-depleted plasma by direct LC-SRM.24 Many candidate protein biomarkers
of proven clinical importance are present at the pg/mL to low ng/mL levels in human
plasma/serum; thus, well below the limit of detection (LOD) for conventional LC-SRM.

Recent advances in sample prefractionation and/or enrichment strategies8, 26, 27 along with
MS instrumentation19, 28 have proven useful for enhancing SRM sensitivity for the detection
of low-abundance proteins. For example, following immunoaffinity depletion of high-
abundance proteins and peptide fractionation by strong cation exchange chromatography,
LC-SRM enabled quantification of plasma proteins at low ng/mL levels.8, 26 Peptide
enrichment by anti-peptide antibodies, termed stable isotope standards and capture by anti-
peptide antibodies (SISCAPA), coupled with SRM was demonstrated to be effective for
quantifying target proteins at the low ng/mL range using as little as 10 µL of human
plasma11, 29, 30 and even at the sub-ng/mL range if larger volumes (e.g., 1 mL) of human
plasma are used.11 SISCAPA assays share with immunoassays in that antibodies are
immobilized on various platforms to capture surrogate peptides or target proteins, but differ
in that SRM measurements serve as the “secondary antibodies” for detection and
quantification. However, specific antibody reagents for the target peptides are generally not
available, and development of such reagents is relatively expensive ($4,000/anti-peptide
antibody) and requires a long lead time (~6 months).17, 21 Furthermore, there are still
technical limitations in multiplexing SISCAPA assays for large numbers of target proteins;
studies published to date indicate that the highest multiplex level for SISCAPA assays is 50
peptides using a common set of reagents.31

More recently, we developed an antibody-free strategy, termed as high-pressure, high-
resolution separations with intelligent selection and multiplexing (PRISM), that performs
target peptide enrichment through high resolution reversed phase LC separation/
fractionation and effective selection and multiplexing of targeted fractions for downstream
LC-SRM measurements.32 We demonstrated that the integration of IgY14 immunoaffinity
depletion (removing the 14 high-abundance plasma proteins) and PRISM-SRM can reliably
quantify low-abundance proteins at 50–100 pg/mL levels in human plasma/serum .32

However, it is recognized that immunoaffinity depletion of high-abundance proteins is often
associated with potential loss of target proteins of interest through either nonspecific binding
to the depletion column or forming complexes with the bound high-abundance
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proteins.8, 27, 33, 34 For example, prostate-specific antigen (PSA) is known to complex with
alpha-1-antichymotrysin and alpha-2-macroglobulin, and be partially removed by
depletion.33

In this study, we assessed the sensitivity and reproducibility of PRISM-SRM assay for
quantifying human serum proteins without immunoaffinity depletion. Accurate
quantification with limit of quantification (LOQ) at low ng/mL levels was achieved for all
standard proteins spiked into human female serum. The sensitivity of PRISM-SRM was also
demonstrated by the successful detection of several endogenous serum proteins reported to
be present at low ng/mL levels, including PSA, in clinical patient sera.

Experimental procedures
Reagents

All 3 target proteins (bovine carbonic anhydrase, bovine beta-lactoglobulin, and human
PSA) were purchased from Sigma-Aldrich (St. Louis, MO). Urea, dithiothreitol (DTT),
iodoacetamide, ammonium formate, trifluoroacetic acid (TFA) and formic acid were
obtained from Sigma (St. Louis, MO). Synthetic peptides labeled with 13C/15N on C-
terminal lysine and arginine for all targeted proteins were from Thermo Scientific (San Jose,
CA).

Human Specimens
A human female serum sample was from BioChemed Services (Winchester, VA). Clinical
serum samples from prostate cancer patients undergoing PSA screening were provided by
the Johns Hopkins Medical Institutions. The use of human serum samples was approved by
the Institutional Review Boards of the University of Washington, Pacific Northwest
National Laboratory, and Johns Hopkins University in accordance with federal regulations.

Surrogate peptide selection
Selection of highly responsive surrogate peptides was critical for successful quantification of
low abundance proteins in complex biosamples. For endogenous serum proteins, 10 tryptic
peptides without miscleavages (except those peptides containing inhibitory motifs for
trypsin)35 were initially chosen for representing each target protein based upon in silico
digestion data. Existing LC-MS/MS results from the Global Proteome Machine (GPM) and
data from our own laboratory, and then evaluated by ESP predictor36 and CONSeQuence
software.37 All peptides were further blasted for their uniqueness to target proteins. All
selected peptides were unique to the given proteins except that the peptide IVGGWECEK, a
commonly used surrogate peptide for PSA SRM assay8, 10, is shared by PSA and
kallikrein-2 (KLK2). Four peptides per protein with moderate hydrophobicity and high score
from the prediction tools were selected for peptide synthesis. The synthesized crude heavy
isotopic peptides were further evaluated for peptide response and fragmentation pattern.
Two final surrogate peptides were selected for the detection and quantification of the
corresponding target protein. For each peptide, 3 transitions were selected based on their
abundances and the best transition (i.e., the one with the most intense SRM signal and
without clear evidence of co-eluting interference) was used to generate calibration curves,
and to quantify the target protein. The potential interference for given transitions were
assessed based on the relative intensity ratios between the 3 transitions for both light and
heavy peptides using an approach similar as previously reported.38 Optimal collision energy
(CE) values were achieved by direct infusion of the individual peptides. For standard
proteins spiked into serum, their surrogate peptides were selected based on the results from a
previous study.32 High purity heavy peptides (>95%) were used for these standard proteins.
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Target protein spike-in and human serum protein digestion
Three target proteins (carbonic anhydrase, beta-lactoglobulin, and PSA) were spiked into
female serum at 0, 0.1, 0.3, 0.5, 1, 2.5, 5, 10, and 100 ng/mL levels to generate individual
samples. The concentrations of target protein stock solutions were determined by the BCA
protein assay (Pierce). Each 12.5 µL aliquot of the serum (~1 mg) was diluted 10-fold with
50 mM NH4HCO3 (pH 8.0). The diluted serum samples were denatured and reduced with 8
M urea and 10 mM DTT in 50 mM NH4HCO3 buffer for 1 h at 37° C. Protein cysteine
residues were alkylated with 40 mM iodoacetamide for 1 h at room temperature. The
resulting sample was diluted 6-fold with 50 mM NH4HCO3, and sequencing grade modified
porcine trypsin (Promega, Madison, WI) was added at a trypsin:protein ratio of 1:50 (w/w)
for digestion at 37° C for 3 h. The protein digest was then loaded onto a 1 mL SPE C18
column (Supelco, Bellefonte, PA) and washed with 4 mL of 0.1% TFA, 5% acetonitrile.
Peptides were eluted from the SPE column with 1 mL of 0.1% TFA, 80% acetonitrile and
lyophilized. The final peptide concentration was determined by the BCA assay (Pierce).
Peptide samples were stored at −80° C until time for use. The peptide stock was then diluted
to 1 µg/µL with 0.1% formic acid in water and isotope-labeled synthetic peptides were
spiked at 0.5 fmol/µL.

For clinical patient sera, serum sample containing ~1 mg proteins (8.65–11.65 µL) was
diluted 10-fold with 50 mM NH4HCO3 (pH 8.0). The diluted samples were processed as
described above. All stocks of peptide samples from patient sera were individually diluted to
1 µg/µL with 0.1% formic acid in water and heavy synthetic peptide standards were spiked
at 0.5 fmol/µL for PSA (high purity peptides) and 5 fmol/µL (crude peptides) for the other
endogenous proteins being monitored. The targeted endogenous serum proteins include
epidermal growth factor receptor (EGFR), kallikrein 6 (KLK6), matrix metalloproteinase 9
(MMP9), periostin (POSTN), and cardiac troponin T (cTnT).

High-pH reversed phase LC fractionation
The high-pH reversed phase LC fractionation is one of the main components of the PRISM
workflow (Fig. S1).32 A nanoACQUITY UPLC® system (Waters Corporation, Milford,
MA) equipped with a reversed phase capillary LC columns and an autosampler was used for
fractionation. Capillary reversed phase column, 200 Im inner diameter (i.d.) × 50 cm long,
were packed in-house with 3 µm Jupiter C18 bonded particles (Phenomenex, Torrence, CA).
Separations were performed at mobile phase flow rates of 3.3 µL/min on the binary pump
systems using 10 mM ammonium formate (pH 10) in water as mobile phase A and 10 mM
ammonium formate (pH 10) in 90% acetonitrile as mobile phase B. A 45 µL of sample with
a peptide concentration of 1 µg/µL was typically loaded onto the reversed phase capillary
column and separated using a binary gradient of 5–15% B in 15 min, 15–25% B in 25 min,
25%–45% B in 25 min, 45–90% B in 38 min. Following the LC separation, the eluent from
the capillary column was split into two flowing streams (1:10 split) via a Tee union. A small
fraction of the eluent at a flow rate of ~300 nL/min was directed to a TSQ Quantum Ultra
triple quadrupole mass spectrometer (Thermo Scientific, San Jose, CA) for on-line SRM
monitoring of heavy peptide standards. The TSQ Quantum Ultra instrument operating
parameters were optimized for all SRM transitions by infusion of each heavy peptide.
Typically, the TSQ Quantum Ultra mass spectrometer was operated with ion spray voltages
of 2,400 ± 100 V, a capillary offset voltage of 35 V, a skimmer offset voltage of −5 V and a
capillary inlet temperature of 220° C. The tube lens voltages were obtained from automatic
tuning and calibration without further optimization. A single scan event was used to monitor
a total of 24 SRM transitions, 4 SRM transitions per heavy peptide, using the following
parameters: Q1 and Q3 unit resolution of 0.7 FWHM, Q2 gas pressure of 1.5 mTorr, scan
width of 0.002 m/z and a scan time of 25 ms. The large fraction of the eluent, at a flow rate
of ~3 µL/min, was automatically dispensed every minute into a 96-well plate during ~100
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min LC run using the Triversa NanoMate® system (Advion BioSciences, Ithaca, NY). Prior
to peptide fraction collection, 17 µL of water was added to each well of the 96-well plate to
avoid the loss of peptides and dilute the peptide fraction (~1:7 dilution) for LC-SRM
analysis.

LC-SRM analysis
Following the intelligent selection (ISelection) of target peptide fractions, the peptide
fraction of interest was subjected to LC-SRM measurement (Fig. S1). All peptide fractions
were analyzed by using nanoACQUITY UPLC® system coupled on-line to a TSQ Vantage
triple quadrupole mass spectrometer (Thermo Scientific, San Jose, CA). Solvents used were
0.1% formic acid in water (mobile phase A) and 0.1% formic acid in 90% acetonitrile
(mobile phase B). Peptide fraction samples were loaded onto an ACQUITY UPLC 5 µm
C18 trap column (180 µm i.d. × 20 mm) for 5 min at 10 µL/min with 3% B. Peptide
separations were performed at a flow rate of 400 nL/min using an ACQUITY UPLC BEH
1.7 µm C18 column (75 µm i.d. × 25 cm), which was connected to a chemically etched 20
µm i.d. fused-silica emitter via a Valco stainless steel union. Either 1 µL of unfractionated
serum digests or 4 µL of individual peptide fractions (total volume 20 µL; ~0.11 µg was
loaded onto the analytical column for LC-SRM analysis) following PRISM was injected for
LC separations using a binary gradient of 10–20% B in 7 min, 20–25% B in 17 min, 25–
40% B in 1.5 min, 40–95% B in 2.5 min and at 95% B for 6 min for a total of ~35 min and
the analytical column was re-equilibrated at 98% A for 15 min. The TSQ Vantage was
operated in the same manner as the TSQ Quantum Ultra. A dwell time of 40 ms was used
for all SRM transitions.

Data analysis
SRM data acquired on the TSQ Vantage were analyzed using Xcalibur 2.0.7 (Thermo
Scientific). The relative light to heavy peptide (L/H) SRM signal ratios of the four
transitions selected and optimized for the SRM assay were predefined by internal standard
heavy peptides in buffer. Matrix inferences from co-eluting peptides with a transition that
falls within the mass width of Q1 and Q3 were detected by deviation from the expected L/H
SRM signal ratios. The best transition for each peptide was used for quantification. Peak
detection and integration were determined based on two criteria: 1) same retention time; 2)
approximately same relative SRM peak intensity ratios across multiple transitions between
light peptides and heavy peptide standards. All data were manually inspected to ensure
correct peak detection and accurate integration. Signal-to-noise ratio (S/N) was calculated
by peak intensity at the apex over the highest background noise in a retention time window
of ± 15 s for the target peptides. The background noise levels were conservatively estimated
by visual inspection of the chromatographic peak regions.32 The LOD and LOQ were
defined as the lowest concentration point of each target protein at which the S/N of surrogate
peptides was at least 3 and 10, respectively. For conservatively determining the LOQ values,
in addition to the requirements of the S/N to equal or be above 10, two other criteria were
applied: the coefficient of variation (CV) at the concentration point be less than 20%;
surrogate peptide response over the protein concentration be within the linear dynamic
range. The L/H SRM peak area ratio was used to generate calibration curves and evaluate
reproducibility. All calibration and correlation curves were plotted using Microsoft Excel
2007. The RAW data from TSQ Vantage were loaded into Skyline software39 to display
graphs of extracted ion chromatograms (XICs) of multiple transitions of target proteins
monitored.
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Results
PRISM-SRM Protein Quantification in Non-depleted Serum

To assess the effectiveness of PRISM-SRM quantification in non-depleted serum in terms of
sensitivity and reproducibility, we utilized a workflow as illustrated in Fig. 1. Bovine
carbonic anhydrase, bovine beta-lactoglobulin, and PSA were spiked into female serum at
different levels for this assessment. Following sample processing and protein digestion, the
peptide samples were spiked with heavy peptide internal standards prior to PRISM
fractionation.32 After sample processing including SPE clean-up, the heavy peptides were
spiked into peptide mixtures prior to PRISM to ensure the identical levels of heavy peptides
present in different samples so that a robust on-line SRM monitoring for PRISM can be
achieved.32 The 3 proteins and their surrogate peptides are shown in Table 1, where 2
surrogate peptides per protein were selected. For each target peptide, 4 transitions were
monitored to achieve maximum selectivity and sensitivity in the SRM assays, and the best
SRM transition for each peptide was used to generate the calibration curve and estimate the
reproducibility of PRISM-SRM assay (Table 1). In female serum, it was reported that both
the free and total PSA were below the detection limits of the immunoassays (≤0.01 ng/mL);8

thus, the contribution of endogenous PSA concentration was deemed negligible.

PRISM incorporated a first dimensional high resolution reversed-phase capillary LC (cLC)
separation and fractionation as a core component for effective enrichment of target peptides
using pH 10 mobile phases.32 This approach addressed the general drawback of
fractionation strategies on throughput (i.e., the need to analyze many fractions per sample
limiting overall throughput) by introducing the concept of iSelection of target fractions, and
only the selected target fractions were analyzed by the second dimensional LC-SRM. A
limited number of target fractions could also be multiplexed prior to nanoLC-SRM to
enhance throughput by taking advantage of the partial orthogonality between high and low
pH reversed-phase separations. To assess the reproducibility, 3 injection replicates for LC-
SRM were performed for each individual target peptide fraction, and 3 process replicates of
PRISM (i.e., three aliquots of the same biological sample being processed independently by
PRISM fractionation) followed by 3 injection replicates were performed only at the
concentration level of 2.5 ng/mL.

The linear dynamic range, LOD, LOQ, and reproducibility for each surrogate peptide were
assessed with target protein concentrations ranging from 100 pg/mL to 100 ng/mL. A side-
by-side comparison of the SRM signals of surrogate peptides with and without the
application of PRISM were also performed to assess the improvement on the SRM
sensitivity based on the LOD and LOQ values. Fig. 2A and 2B shows XICs of transitions
monitored for peptide DFPIANGER derived from bovine carbonic anhydrase at 5
concentration points using conventional LC-SRM and PRISM-SRM, respectively. The
lower-abundance transitions were observed with heavy matrix interferences at low
concentration points and they are not presented here. Without PRISM, the signals for light
peptide transitions were dominated by co-eluting interferences, and little changes in overall
signal levels were observed from 0 to 5 ng/mL (Fig. 2A). PRISM significantly reduced
background interference levels and enhanced S/N when compared to LC-SRM
measurements (Fig. 2B, Fig. S2.1–S7.1 and Tables S1–S2), which lowered the LOD and
LOQ to 300 pg/mL and 1 ng/mL, respectively. The LOQ values obtained from the best
transition for each surrogate peptide were in the range of 500 pg/mL to 5 ng/mL (Table 2).
The PRISM strategy improved the overall SRM sensitivity by more than 100-fold, and up to
1,000-fold depending on the targeted peptide, when compared to LC-SRM analyses without
PRSIM (Table 2). Two peptides, VLVLDTDYKK and DGPLTGTYR, showed only 50- and
100-fold improvements in LOQ, respectively, primarily due to co-eluting interferences. In
our previous study, with prior IgY14 immunoaffinity depletion the PRISM-SRM assay was
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able to quantify proteins in human plasma/serum at a concentration range of 50–100 pg/
mL.32 This suggested that the IgY14 depletion contributed to the improvement of SRM
sensitivity by a nearly 10-fold, which was consistent with ~90% removal of the protein mass
by IgY14 depletion.40 Without depletion, PRISM-SRM allowed quantification of all 3 target
proteins at low ng/mL levels in human serum with at least 1 surrogate peptide (Table 2).

The calibration curves of PRISM-SRM measurements (from the best transition for each
protein) showed excellent linearity for all 3 target proteins for concentrations ranging from 1
ng/mL to 100 ng/mL with a median CV of ~10% for triplicates (Fig. 2C and Table S2).
However, at concentrations lower than 1 ng/mL non-linearity was observed, which could be
attributed to signal contribution from matrix interferences. The background signal
presumably originated from co-eluting peptides with similar transition m/z values as the
target peptides. The reproducibility of PRISM-SRM was further evaluated by 3 process
replicates for each target protein at 2.5 ng/mL concentration. An average CV across the 3
process replicates for the 3 target proteins was ~10%, illustrating the quantification precision
for low ng/mL levels of proteins in human plasma/serum (Table S2).

Quantification of Endogenous Proteins in Prostate Cancer Patient Sera
PRISM-SRM was next applied to detect 6 endogenous proteins in 2 prostate cancer patient
serum samples without depletion. The 6 proteins were PSA, epidermal growth factor
receptor (EGFR), kallikrein 6 (KLK6), matrix metalloproteinase 9 (MMP9), periostin
(POSTN), and cardiac troponin T (cTnT), all of which were reported with plasma
concentrations ranging from low pg/mL to ng/mL levels.41–46 The XICs in Fig. 3
demonstrated that PRISM-SRM was able to confidently detect and quantify 5/6 endogenous
proteins (PSA, EGFR, KLK6, MMP9, and POSTN) in the 2 clinical serum samples (also see
Fig. S8 and Table S3). The cTnT was detected by only one surrogate peptide with lower
confidence due to the relatively low signal-to-noise ratios (Fig. S8), which is anticipated
given the low pg/mL level reported in human serum/plasma (50–100 pg/mL),42 which was
lower than the LOD of the PRISM-SRM assay for non-depleted serum. The concentrations
of KLK6, EGFR, MMP9, and POSTN in human serum were reported to be at 2.9–6.8 ng/
mL,41 43.2–114.2 ng/mL,43 261.6–305.2 ng/mL,44 and 120–513 ng/mL,45 respectively.
These results further illustrated that PRISM-SRM provided sufficient sensitivity for
quantifying endogenous proteins at low ng/mL levels in human plasma/serum without
immunoaffinity depletion. We also compared the PRISM-SRM measurement results of PSA
with immunoassay data for the same set of prostate cancer patient sera (Table S4). An
excellent correlation, R2 > 0.99, was observed (Fig. S9–S10).

Discussion
As demonstrated in our previous study, the sensitivity of PRISM-SRM assay can be
extended to detect and quantify 50–100 pg/mL level of proteins in human plasma/serum
when IgY14 immunoaffinity depletion is applied.32 However, using depletion columns to
remove high-abundance proteins from human plasma is often associated with significant
losses of proteins of interest. For example, PSA recovery following depletion of albumin
and IgG was around 40% to 65%.27 When IgY12/IgY14 depletion column was used, the
recovery was only ~25%8, 32 due to PSA binding to other abundant proteins such as α-2-
macroglobulin and α-1-antichymotrypsin. Moreover, there may not be prior knowledge
about how target proteins might be lost in the depletion process. Thus, it is highly desirable
to develop SRM assays that avoid immunoaffinity depletion for plasma protein
quantification. In this work, we demonstrated that the application of PRISM-SRM enabled
detection and quantification of target proteins including a number of endogenous proteins at
low ng/mL levels in non-depleted human serum using ~10 µL serum as the starting material.
We note that all 5 PRISM-quantified endogenous proteins except POSTN were reported to
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be undetectable by coupling MARS Hu-14 immunoaffinity depletion with conventional LC-
SRM in a recently reported large-scale quantification of human plasma proteins,46 further
illustrating the superior sensitivity of PRISM-SRM.

The workflow of PRISM-SRM is mainly built upon LC separations for analyte enrichment/
focusing and the robustness of this process in terms of reproducibility and accuracy has been
demonstrated. PRISM-SRM is also relatively easy to implement with commercially
available instruments and reagents, and offers a good multiplexing capability for
simultaneous quantification of many proteins. Since the assay development process does not
require affinity reagents, this approach offers the advantages of fast assay developments
with low costs. For establishing PRISM-SRM assays for large-scale clinical studies, external
calibration may be necessary to reduce day-to-day variations from trypsin digestion and
sample processing.47

The main limitation of PRISM-SRM is its reduced analytical throughput as a result of
reversed-phase cLC fractionation. Nevertheless, the two dimensional separations in PRISM-
SRM workflow is only partially orthogonal, which provides an advantage for fraction
concatenation to alleviate the throughput inadequacy.48 In our previous study,32 we have
preliminarily illustrated that 96 fractions can be concatenated into 12 fractions based on
peptide elution times to achieve a moderate throughput (~50 sample analyses/week)
depending upon experimental details without loss of sensitivity. Ideally, the post-
concatenation should be performed based on informed pooling based on the use of target
fractions only and the retention time of target fractions. Further optimization of fraction
multiplexing process is necessary to evaluate sensitivity and reproducibility for large-scale
multiplexed quantification using the PRISM workflow. Alternatively, fast nanoLC-SRM
analyses using short LC gradients (e.g., 5 min) can be employed to enhance the overall
throughput since PRISM fractionation significantly reduces the complexity of individual
target peptide fractions.

In summary, our results demonstrate that PRISM-SRM produces reliable quantification of
target proteins at low ng/mL levels in non-depleted human plasma/serum. The ability to use
fraction multiplexing or concatenation provides a moderate analytical throughput of
PRISMSRM. The antibody-free, high sensitivity, and high reproducibility features of
PRISM-SRM make it useful for quantification of low-abundance proteins (and protein
modifications) in any type of biological samples including biofluids, cells, or tissues in
biomarker pre-verification and systems biology studies.2, 21
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Refer to Web version on PubMed Central for supplementary material.
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XIC extracted ion chromatogram
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LOD limit of detection

LOQ limit of quantification

L/H light to heavy

PRISM high-pressure, high-resolution separations with intelligent selection and
multiplexing

PSA prostate-specific antigen

SRM selected reaction monitoring

SISCAPA stable isotope standards and capture by anti-peptide antibodies

TFA trifluoroacetic acid
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Figure 1.
Workflow for PRISM-SRM detection and quantification of target proteins in non-depleted
serum.
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Figure 2.
Sensitivity, reproducibility, and accuracy of PRISM-SRM assay. XICs of transitions
monitored for DFPIANGER derived from bovine carbonic anhydrase at various
concentrations: (A) without PRISM fractionation; (B) with PRISM fractionation.
DFPIANGER: 509.8/378.7 (red), 509.8/756.5 (blue), 509.8/546.3 (purple). Internal
standards were spiked in at 0.5 fmol/µL. The blue arrows indicate the locations of expected
SRM peak of light peptides based on the retention time of heavy internal standards. (C)
Calibration curves for quantifying bovine carbonic anhydrase and PSA.

Shi et al. Page 15

J Proteome Res. Author manuscript; available in PMC 2014 July 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
XICs of transitions for 5 endogenous proteins in a prostate cancer patient serum from
PRISM-SRM measurements. For PSA protein pure internal standards were spiked in at 0.5
fmol/µL; while for the other proteins, crude internal standards were used with the spiking
level at 5 fmol/µL. LSELIQPLPLER: 704.4/724.4 (red), 704.4/965.6 (blue);
IVGGWECcamEK: 539.2/865.4 (red), 539.2/964.4 (blue); LTQLGTFEDHFLSLQR:
635.7/725.4 (red), 635.7/781.9 (purple), 635.7/845.9 (blue); AVIDDAFAR: 489.3/807.4
(red), 489.3/694.3 (purple), 489.3/579.3 (chestnut); AAAITSDILEALGR: 700.9/1074.6
(red), 700.9/973.5 (purple); 700.9/771.5 (chestnut).
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