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Effective methods to detect and quantify functionally
linked regulatory proteins in complex biological samples
are essential for investigating mammalian signaling path-
ways. Traditional immunoassays depend on proprietary
reagents that are difficult to generate and multiplex,
whereas global proteomic profiling can be tedious and
can miss low abundance proteins. Here, we report a tar-
get-driven liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) strategy for selectively examining
the levels of multiple low abundance components of sig-
naling pathways which are refractory to standard shotgun
screening procedures and hence appear limited in current
MS/MS repositories. Our stepwise approach consists of:
(i) synthesizing microscale peptide arrays, including
heavy isotope-labeled internal standards, for use as high
quality references to (ii) build empirically validated high
density LC-MS/MS detection assays with a retention time
scheduling system that can be used to (iii) identify and
quantify endogenous low abundance protein targets in
complex biological mixtures with high accuracy by corre-
lation to a spectral database using new software tools.
The method offers a flexible, rapid, and cost-effective
means for routine proteomic exploration of biological sys-
tems including “label-free” quantification, while minimiz-
ing spurious interferences. As proof-of-concept, we have
examined the abundance of transcription factors and pro-
tein kinases mediating pluripotency and self-renewal in
embryonic stem cell populations. Molecular & Cellular
Proteomics 9:2460–2473, 2010.

Biological processes are controlled by signaling pathways
and co-expression networks. Monitoring the expression levels
of critical, but often low abundance, regulatory factors is

therefore essential for mechanistic understanding of cellular
function (1–3). LC-MS/MS1 is an increasingly popular tech-
nique for characterizing biological samples. In a typical “shot-
gun” proteomics study, a protein mixture is proteolytically
digested and the resulting peptides separated by nanoflow
LC prior to ionization and fragmentation in the gas phase (4).
The recorded MS/MS spectra are subsequently matched to
known protein sequences using a protein sequence database
search algorithm (5, 6). Despite the capability of modern in-
strumentation to resolve thousands of peptides in a single
analysis, the extreme complexity and dynamic range imbal-
ance of mammalian proteomes pose unresolved challenges.
In particular, low abundance proteins are often missed due to
undersampling (4) and difficulties in interpreting noisy MS/MS
spectra (7). Innovative new methods are therefore needed to
detect and quantify the components of signaling systems
across different samples reliably and consistently.

Target-driven LC-MS/MS procedures in which only prese-
lected precursor ions corresponding to targets of interest are
subject to fragmentation can markedly enhance limits of de-
tection and quantitation (8–11). In proteomics, multiple reac-
tion monitoring (MRM; also called selected reaction monitor-
ing), which involves two consecutive stages of MS filtering on
continuous ion beam instruments, is increasingly popular as a
means of measuring the abundance of multiple targets (10).
Similarly, precursor ions can be continuously isolated and
fragmented using trap-type instruments (i.e. pseudo-MRM),
termed targeted peptide monitoring (TPM) (10) by us and
peptide ion monitoring (PIM) by others (8). Prior knowledge of
peptide detectability, chromatographic retention characteris-
tics, and MS/MS peak intensity patterns can be used to
confirm protein identities (12, 13).

Although in principle, targeted LC-MS/MS assays can po-
tentially be generated for any protein of interest (14, 15),
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significant practical hurdles must be overcome. First, a robust
assay development pipeline must be devised. Second, target
feature selection and experimental parameters must be
geared toward achieving the highest possible detection sen-
sitivity and specificity despite the underrepresentation of low
abundance (e.g. signaling) proteins in current proteomic re-
positories. Finally, rigorous quality controls are needed to
contend with the contextual complexity of biological speci-
mens that exhibit confounding “interferences” to confirm ten-
tative molecular identities and abundance estimates.

To this end, we report a versatile strategy for rapidly gen-
erating multiplexed LC-MS/MS assays that can be used to
detect and quantify reliably the expression of low abundance
components of signaling pathways in a single experiment,
including signaling proteins never detected by mass spec-
trometry before. The method combines microscale SPOT
membrane synthesis (16–20) of reference peptide arrays, em-
pirical assay optimization and scheduling using chromato-
graphic markers to select precisely the most informative and
sensitive product ion features combinations for these targets
in a given sample background, and application of spectral
scoring that can increase detection sensitivity by up to 2
orders of magnitude relative to traditional MS/MS scan inter-
pretation. We apply our method to develop customized as-
says for tracking low abundance, typically difficult to detect
regulatory components of core pluripotency transcriptional
network in nuclear extracts from JAK/STAT signaling acti-
vated mouse embryonic stem cells (mESCs) (21).

EXPERIMENTAL PROCEDURES

Target Selection and SPOT Membrane Peptide Synthesis—Fully
tryptic peptide sequences suitable for the SPOT synthesis were pre-
dicted by in silico digestion and basic selection criteria: candidates
were allowed for one missed tryptic cleavage site but excluding
reactive cysteine and methionine residues and histidine where pos-
sible to avoid, e.g. higher charge states during electrospray ionization.
Also, the length of peptides was limited to 9–15 amino acids to assure
reasonable yield in peptide synthesis. Moreover, an SVM algorithm
trained on precursor ion intensities from �1,000 identified peptide
sequences was used to predict which sequence is likely to be de-
tected in the mass spectrometer and was used to rank peptides
without applying any cutoff. In addition, identical human peptides
were listed, wherever possible. Then 2–15 top ranking peptides,
depending on availability and matching all of the above criteria, were
synthesized using microscale Fmoc chemistry on a derivatized cellu-
lose membrane using a fully automated commercial peptide synthe-
sizer (JPT Peptide Technologies, Berlin, Germany). To introduce sta-
ble isotope labels, heavy lysine (K) or arginine (R) containing 13C and
15N atoms (enriched to �97%; JPT Peptide Technologies) were in-
corporated at the C-terminal tryptic residue followed by a cleavable
3-amino acid long “universal” quantitation tag (supplemental Fig. 1B),
e.g. 20 ng of peptide was then treated with 2 ng of trypsin in 50 mM

ammonium bicarbonate, pH 7.8, for 3 h at 37 °C to cleave off the
peptide tag. After stopping the reaction with 1% formic acid (final
concentration) and 5� dilution, the peptide was injected into the
Orbitrap mass spectrometer using syringe pump with a flow rate of 1
�l/min. Relative abundance from the tag (m/z 276.1554) to the target
peptide precursor was calculated from Orbitrap precursor mass
spectrum with resolution R � 60,000 to obtain an abundance factor.

Also, for the purpose of absolute quantification of the precursor ion
intensity, a high purity (�97%) copy of the SLG tag was synthesized
to establish an external standard curve. For all other (unlabeled or
labeled) peptides, individual spots were cut out after synthesis and
the peptides solubilized off the membrane using aqueous ammonia
solution and analyzed using an ion trap, Orbitrap, or triple quadrupole
instrument in a targeted MS/MS mode (i.e. TPM or MRM). About 50
nmol is synthesized per spot (22), typically with a purity of 80–90%,
although yield varies with the target sequence. This degree of purity
is enough to establish high quality MS/MS spectra for a reference
library, for assay design and optimization, and for use as internal
standards in spike-in assays.

Mouse and Yeast Sample Preparation—Parental mESCs (E14Tg2a
line) were cultured in 15% FBS (900-108; Gemini Biological Products,
West Sacramento, CA) supplemented with 500 pM LIF (mLIF;
ESG11-7; Chemicon, Temecula, CA) using gelatin-coated tissue cul-
ture flasks, as described previously(21). To initiate differentiation, LIF
was withheld for 48 h before harvesting. For all studies, 15% knock-
out serum (KnockoutTM 10828-028; Invitrogen, Carlsbad, CA) was
used. A total of 6 � 107 cells (�100-�l volume) were harvested,
washed twice with PBS, flash frozen, and stored at �80 °C. The cells
were thawed on ice by the addition of 500 �l of 1� lysis buffer (10�
LB � 100 mM Hepes, pH 7.9, 15 mM MgCl2, 100 mM KCl) with 5 �l
of 100 mM DTT and incubated for 15 min on ice. The plasma
membranes were lysed with 10 �l of 10% Nonidet P-40 detergent.
Supernatant was kept as cytoplasmic fraction (mESC CP). Insoluble
nuclei were pelleted by centrifugation at 4,000 rpm for 5 min,
washed briefly, and extracted by incubation with 1 ml of 1� nuclear
extraction buffer (10� NEB � 20 mM Hepes, 1.5 mM MgCl2, 420 mM

NaCl, 0.2 mM EDTA, pH 8.0, 25% glycerol (v/v)) with 2 �l of 100 mM

DTT for 30 min at 5 °C with rotation. After centrifugation at 4,000
rpm, the supernatant was collected as nuclear extract (mESC NE);
soluble protein was precipitated using ice-cold acetone overnight
at �20 °C. The pellet was dried and solubilized in 40 �l of 8 M urea,
100 mM Tris, pH 7.8, at room temperature for �20 min. Reduction
and alkylation were performed using 5 mM DTT for 30 min at 37 °C
and 10 mM iodoacetamide for 30 min in the dark at 25 °C. 120 �l of
100 mM Tris, pH 7.8, and 1 mM CaCl2 (final concentration) was
added before the addition of 2 �l of immobilized trypsin (Po-
roszyme; Applied Biosystems, Mississauga, Canada) for a 14-h
incubation at 37 °C. Digestion was stopped by addition of formic
acid to a 1% final concentration.

Yeast (strain S288C) soluble cell-free extract was generated by
glass bead beating as described previously (23). 5 mg (500 �l of 10
mg/ml protein) of soluble extract was precipitated overnight at
�20 °C by the addition of 5 volumes of ice-cold acetone. After
washing twice with ice-cold acetone, the pellet was reconstituted in
200 �l of 50 mM ammonium bicarbonate, pH 7.8, and the final protein
concentration was measured to be 5.94 �g/�l. 10 �g of trypsin
(Roche; Mississauga, Canada) was added, and digestion was per-
formed at 37 °C for 14 h. After addition of formic acid to 1%, the
sample was stored at 5 °C prior to use.

LC-MS/MS Assay Development—The goal was to generate LC-
MS/MS assays for both the ion trap and the triple quadrupole mass
spectrometer. To this end, individual solubilized synthetic peptides
were infused directly without further purification using either an
EASY-nLC or a QuickQuan (Thermo Fisher) autosampler HPLC pump
system to record optimal peptide fragmentation parameters on either
an LTQ ion trap or a TSQ triple quadrupole tandem mass spectrom-
eter (Thermo Fisher Scientific, San Jose, CA). MRM specific informa-
tion was captured partially through direct infusion mass spectrometry
and continuous isolation and fragmentation of the target precursor
m/z at unit resolution. Full MS/MS scans were collected with pre-
dicted collision energy using Pinpoint (Thermo Fisher Scientific). To
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obtain optimal collision energies for each product ion, we used a
QuickQuan autosampler which injected 200 �l of �100 ng/�l peptide
at a flow rate of 100 �l/min. QuickQuan software then automatically
selected the 10 most intense product ions to optimize collision energy
ranging from 10 to 50 eV. In both cases, 10 top scans were extracted
with in-house software and stored in a reference database. Selected
subsets of the synthetic peptides were then mixed and spiked at
various concentrations into digests of mESC nuclear extracts (5 �g)
or yeast (1 �g) to record individual retention time relative to proteolytic
background using nanoflow chromatography and, a column consist-
ing of 5-cm � 250-�m inner diameter fused silica directly connected
to a 15-cm � 75-�m inner diameter fused silica tubing packed with
Luna C18 (3 �m) material (Phenomenex; Torrence, CA) terminating
with a fine tip opening of �10 �m. A 45-min organic chromatography
gradient (unless otherwise noted) was used to elute peptides off the
column. Four “sentinel” internal retention time markers (spiked BSA
peptides FKDLGEEHFK, HLVDEPQNLIK, KVPQVSTPTLVEVSR, and
LVNELTEFAK) with limited sequence overlap to unrelated proteins
were used to calculate relative retention time windows for each target
peptide through the generation of a linear regression of recorded
retention time values and actual retention time values as observed
just prior to each analysis. An alignment using retention time mar-
ker peptides is shown in supplemental Fig. 2 and listed in
supplemental Table 2.

LC-MS/MS Analysis of Dilution Series of Synthetic Peptides Spiked
into Biological Samples—For the validation experiment, serial dilu-
tions were generated of an unlabeled and heavy isotope (13C15N)-
labeled synthetic peptide (FEALQLSLK) representing Pou5f1 (Oct4) at
a 1:1 ratio (wt/wt) were spiked to a final concentration of 1 ng/�l, 100,
10, 1 pg/�l and 100 fg/�l into 1 �g of yeast digest. Then each serial
dilution was analyzed in triplicate after loading onto a self-packed
microcolumn (described above) using a Proxeon EASY-nLC au-
tosampler and nanopump HPLC system (Proxeon, Odense, Den-
mark). Targeted LC-MS/MS in TPM mode (i.e. isolating and fragment-
ing target peptide precursors only (10) was performed using a
chromatographic gradient (see supplemental Methods) with select
target precursor ions (m/z 524.80, 528.80) continuously isolated and
fragmented in a hybrid LTQ Orbitrap Velos instrument (Thermo Fisher
Scientific) in addition to four sentinel precursor masses. Isolation
width was kept at 2 m/z and normalized collision energy at 35, while
allowing a maximum ion time of 100 ms to achieve ion trap targets of
1 � 105. A high resolution (R � 60,000) Orbitrap scan over the mass
range of m/z 300–2000 was included in each cycle, followed by 6
collision-induced dissociation spectra in the Velos ion trap. Together
with the Velos ion trap scans, typical cycle times of 1.2 s were achieved.

For the mESC sample analysis, serial dilution experiments (1,000,
100, 10, and 1 of fmol peptide targets) were performed for selected
peptide mixtures both alone and after spiking into 5 �g of mESC
soluble nuclear extract. In each case, an LTQ linear ion trap was
operated with similar values as for the Velos (above) only that ion trap
targets were kept at 3 � 104 but was also programmed to continu-
ously fragment and monitor target peptide precursors to collect full
MS/MS spectra (TPM mode).

For MRM, 1 pmol of peptides (maximal 6) from one target protein
were first analyzed alone and then spiked into 5 �g of digested mESC
cytoplasmic fraction applying an LC-MRM-MS, monitoring all b- and
y-ions using 40-ms dwell time at unit resolution for Q1 and Q3 and a
scan window of 1 m/z. Retention time was recorded for each target
peptide. TCorr was applied to identify the target peptides (as de-
scribed below). In addition, a “transition rank list” (supplemen-
tal Table 1) was created with the intensity of each product ion when
spiked in target background. Also, a blank run was collected to
capture background interferences.

In a second round, and using a new chromatographic column, only
the two top ranking and unique transitions above the precursor m/z
were selected for MRM in a multiplexed assay scheduled to monitor
target transitions in a 4-min window around the expected retention
time. Expected retention times were calculated using an initial run
with sample and spiked retention time marker peptides (100 fmol of
BSA in �5 �g of digested mESC CP) and alignment of those markers
to previous runs carrying recorded retention time information of each
peptide (here from LTQ-TPM runs). The retention time schedule of 87
peptides (174 transitions) is shown in supplemental Fig. 3. Then
scheduled LC-MRM-MS for 5 �g of mESC CP and NE was performed
using a 45-min organic gradient driven by the EASY-nLC system (as
described above for LC-TPM-MS). Finally, injections were repeated
with spiking all target peptides in a mixture of �5 �g of mESC NE or
CP (where noted) as control. Also blank injections were performed
with same assays to define background noise. All yeast- and mESC-
related experiments were run starting from no (zero) spike-in control
to the highest spike-in sample concentrations.

Spectral Processing, TCorr Library Searching and Quantification—
For data processing, the RAW files were extracted into dat-files and
then converted into dta-file format to perform TCorr library search
(described below). Most abundant or most specific product ions
generated by the respective TPM scan were filtered in Xcalibur v2.0.6
or Xcalibur v2.1 using m/z window of �0.5 around the target ions for
data from LTQ or LTQ-Velos Orbitrap, respectively. For quantification,
extracted ion chromatograms were evaluated in Xcalibur v2.1. Gaus-
sian smoothing over 7 points was applied and peak picking automat-
ically applied using standard settings (i.e. baseline window � 40, area
noise factor � 5 and peak noise factor � 10). When a peak was
detected, the area under curve (AUC), peak height, and retention time
of chromatographic apex were exported to an Excel spreadsheet for
further processing. We previously showed (10) that quantification
using peak height after applying peak smoothing allows quantification
for equal linear dynamic range as when AUC is used. For precursor
ion scan quantification, the same filter criteria were applied with the
exception of a �5 parts/million selection window to extract ion chro-
matograms (i.e. m/z 524.79–525.81 (light) and m/z 528.80–528.82
(heavy)) before exporting quantitative information to Excel for regres-
sion analysis to calculate standard curves.

A library of MS/MS spectra from 371 synthetic peptides of mouse
stem cell regulatory proteins was established through selecting top
scoring spectra using database search algorithm (such as SEQUEST).
The 10 most consistent and best scoring spectra were stored to
obtain a final number of 3,710 spectra. Experimental data interpreta-
tion was done using a specialized algorithm (12) that interprets inten-
sity patterns of selected spectral features (i.e. b- and y-ions) of
experimental spectra (within a 1-Da mass tolerance) compared with
each of the annotated reference spectra in the library. A high corre-
lation score (i.e. TCorr value of �0.95) was used for a given spectral
pattern of preselected features to identify targets. The presence of 10
spectral copies in the library allowed the algorithm to perform more
robustly for subtle differences in relative product ion abundance. A
correlogram was created to plot all individual and consecutive spec-
tral correlations along the chromatographic elution, wherein the x-axis
indicates retention time and the y-axis reports the TCorr correlation
value of an individual match. This visualization allowed high contrast
of background noise (typically TCorr below 0.8) from known targets
(TCorr �0.95).

For quantification we used either AUC or peak height, as for the
benchmarking experiment in yeast. However, for multiplexed assays
we preferred using peak height as indicated, due to potentially longer
cycle times and fewer data points across chromatographic peak.
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RESULTS

Building effective multiplexed LC-MS/MS assays requires
meaningful information about the experimental behavior of the
targets, including: (i) selection of unique peptide sequences that
map unambiguously to a single protein (or isoform) of interest;
(ii) knowledge of specific, intense “transitions” produced upon
peptide fragmentation that are least likely to suffer interference
from irrelevant biomolecules; (iii) tuned instrument settings (e.g.
collision energy) to achieve optimal signal-to-noise; and (iv) well
defined data acquisition criteria to enhance assay performance.
Although suitable “proteotypic” peptides (24, 25), chromato-
graphic properties (26, 27), and instrument settings can either
be predicted (28, 29), deduced from proteomic datasets (30), or
obtained from public proteomic databases (e.g. the GPM (31) or
PeptideAtlas (32)), optimal experimental assay parameters must
be determined empirically for individual instrument platforms
and different samples.

Building Targeted LC-MS/MS Assays around Synthetic
Peptide Arrays

The presented method, illustrated schematically in sup-
plemental Fig. 4, addresses these requirements listed above
in three main steps:

First, candidate peptides mapping uniquely to each of pro-
teins of interest are synthesized on high density SPOT mem-
branes using miniaturized solid phase Fmoc chemistry (see
“Experimental Procedures”). In selected cases, stable iso-
tope-labeled peptides are generated with heavy lysine (K*;
13C15N), or arginine (R*; 13C15N) C termini to validate and
benchmark retention time windows and putative identifica-
tions using the TCorr library spectral matching measure of
unlabeled peptides (light) as described below. The peptides
are then analyzed extensively by MS/MS, both individually by
direct infusion and after pooling individual peptides by LC
separation, to generate a high quality spectral reference li-
brary with unique information about peptide fragmentation
patterns and retention times. The arrays are applicable to both
triple quadrupole and trap design mass spectrometers that
have unique benefits, although screening is particularly
straightforward using ion trap instruments.

Second, experimental LC-MS/MS procedures are designed
to detect these same targets reliably in complex biological
samples. Instrument methods are optimized based on the
most intense and unambiguous product ions produced upon
peptide fragmentation to produce standard curves with well
defined limits of detection and quantitation. This includes
TPM assays on ion traps (i.e. isolating and fragmenting target
peptide precursors only) or highly paralleled MRM assays on
triple quadrupole mass spectrometers (i.e. tracking the two
most intense precursor-product ion transitions using empiri-
cally optimal collision energy settings).

Finally, the multiplexed screening assays are implemented
on biological samples to detect and quantify endogenous

proteins. We use a new peptide identification algorithm, termed
TCorr (12), to identify target peptides from the recorded MS/MS
spectra based on selected product ion intensity patterns corre-
sponding to the corresponding reference library.

Proof-of-concept: Peptide Dilution Series Spiked into a
Yeast Whole Cell Digest

A major aspect of our method is the generation and sys-
tematic experimental evaluation of a panel of synthetic refer-
ence peptides for assay development. We benchmarked the
entire procedure by synthesizing mammalian peptide targets
both in unlabeled (light) and stable isotope labeled (heavy)
form. We spiked a 10-fold serial dilution of a 1:1 mixture of the
heavy/light peptides into a yeast-soluble protein digest over a
broad dynamic range of 1 pmol down to 100 amol (corre-
sponding to �1 ng down to �100 fg of synthetic peptide) per
1 �g of yeast digest. The samples were then analyzed in
triplicate by TPM (ion trap) and by high resolution precursor
scanning (Orbitrap) concomitantly using an LTQ Orbitrap
Velos hybrid tandem mass spectrometer followed by spectral
interpretation with TCorr algorithm. A stringent TCorr cutoff
score of �0.95 was used to identify the targets whereas
abundance was defined by measuring the AUC and peak
height of the monoisotopic (and most abundant) precursor ion
peak extracted using a �5 parts/million m/z window (see
“Experimental Procedures”).

Plots (correlograms) of the TCorr values returned for the
heavy isotope form of one representative target, FEALQLSLK,
are shown in Fig. 1A, panel I. Whereas no significant TCorr
signal was detected within a 4-min expected retention time
window for the no spike-in control sample, matches were
readily detected in the spike-in experiments (Fig. 1A, panels II
and III). To define assay sensitivity formally, regression curve
analysis was performed. Linearity (R2 � 0.99) was observed
between 1 pmol and 1 fmol target spike-in levels, with a limit
of detection (LOD; Fig. 1B) defined as significant deviation
from “blank” (i.e.“zero-spike”) (38), of �13.1 fmol (�13 pg)
and limit of quantification (LOQ; Fig. 1B), defined as 3� LOD
(38), of 39.3 fmol (�40 pg), comparable with or even exceed-
ing the corresponding precursor ion peak measurements
(AUC) in high resolution full (MS1) scans (Fig. 1B and
supplemental Figs. 5 and 6). Despite the presence of an
abundant co-eluting and “co-fragmenting” isobaric interfer-
ence (with accurate mass of m/z 524.7492) (Fig. 1C), the
calculated coefficient of variation recorded for the target
product ion intensity m/z 772.5 of the light target peptide (m/z
524.8055) abundance across three replicate measurements
ranged from 0.014 up to 0.68 (or 1–68% without zero spike)
over a broad dynamic range of 105, and from 0.010 to 0.46 (or
1 to 46%) for the heavy isotope reference, respectively
(supplemental Table 3a). In addition, when calculating abun-
dance ratios between the light/heavy forms, average coeffi-
cients of variation of 0.053 and 0.039 (or 5.3 and 3.9%) were
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FIG. 1. Proof-of-concept: LC-MS/MS analysis of a dilution series of light/heavy (1:1 ratio) synthetic Pou5f1 reference peptide
FEALQLSLK spiked into digested yeast extract. A, panel I, correlograms showing TCorr values obtained for the isotope-labeled (heavy)
target peptide at different spike levels at the expected target retention time window of �2 min (estimated based on the sentinel marker peptides
as described in supplemental methods). The arrowheads (and solid lines) indicate the center of the estimated retention time, whereas the
arrows (and dashed lines) show the observed retention time (apex of chromatographic peak recorded for the heavy peptide) if different from
estimated time. A, panel II, extracted ion chromatograms of the major product ions (m/z 772.50 and 780.50) generated by the light (unlabeled)
and heavy target peptides (precursor m/z 524.8055 and 528.8089, respectively). A, panel III, extracted ion chromatograms of the target
precursor ions (m/z 524.8055 and 528.8089), respectively, of high resolution spectra (R � 60,000) obtained in Orbitrap. The star (*) indicates
an isobaric interference (precursor m/z 524.7492 or 524.75, rounded). B, calibration curve showing AUC values calculated for extracted ion
chromatograms of the product ion m/z 772.5 (target peptide precursor m/z 524.8055) obtained on an LTQ-Velos ion trap (squares) and the
corresponding precursor ion (m/z 524.8055) signal acquired in high resolution spectrum on an Orbitrap (filled triangles). Inset, zoom-in. Arrows
mark the LOD of 13.1 fmol and LOQ of 39.3 fmol, respectively. C, zoom-in (m/z 524.30–530.30) of a high resolution full scan spectrum obtained
on an Orbitrap of a 100 fmol spike-in experiment showing the isotope envelopes of both the light (L) and heavy (H) precursor ion target and
a dominant isobaric (m/z 524.7492) interference (I). Inset, distinct monoisotopic peaks of the light target and the interference. All shown
retention time windows were estimated using linear regression of four retention time marker peptides (here called sentinels), which were
monitored throughout the experiment. The expected retention time is the linear extrapolation of retention times from the sentinel position in
each LC/MS/MS run (for linear regression see supplemental Fig. 2 and supplemental Table 2).
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observed for the light and heavy peptide forms (sup-
plemental Table 3b). However, the actual fold change value
was sometimes not predicted precisely and fold changes of
about 2.0 and 0.5 were calculated instead of 1.0. When cal-
culating the median across averaged spike-levels a 1.05-fold
change was obtained for the light/heavy peptide abundance
(supplemental Table 3b). Collectively, these results show that
low abundance targets (1 fmol) can be confidently detected,
and label-free relative quantification can be achieved based
on quantification of product ion intensity once suitable assays
have been built using synthetic reference peptides.

Development and Application of Synthetic Arrays for
Endogenous Protein Sequencing

To illustrate the process of using synthetic peptide arrays
to monitor the endogenous components of biological path-
ways, below we describe the development and implemen-
tation of LC-MS/MS assays designed to investigate a reg-
ulatory network of 12 mouse proteins linked to mammalian
stem cell renewal and pluripotency in nuclear extracts pre-
pared from mESCs. Targets included components of the
upstream JAK/STAT3 signaling cascade (21) (Table 1a) that
interact directly or indirectly with transcription factors
Pou5f1/Oct4, Sox2, c-Myc, and Klf4 (33) and related factors
such as Nanog and Sall4 (34) (Table 1b) that modulate self-
renewal and pluripotency.

Step 1: Target Selection, Microscale Synthesis, and Feature
Extraction—An initial challenge was to define suitable peptides
for synthesis given that only a subset of the targets chosen has
been previously detected in stem cells by LC-MS/MS. For ex-
ample, public repositories, e.g. GPM (www.thegpm.org), Pep-
tideAtlas (www.peptideatlas.org), and Peptidome (www.ncbi.
nlm.nih.gov/projects/peptidedome), curated only a single pep-
tide for both Sox2 and Pou5f1 (supplemental Fig. 7A). To in-

crease the odds of detection, we opted to synthesize multiple
unique (5–10 peptides, where possible) tryptic sequences per
protein (supplemental Table 1) using generic selection criteria
(see “Experimental Procedures” and supplemental Methods for
details). A total of 384 distinct peptides (some in duplicate) were
programmed for synthesis on a single SPOT membrane result-
ing in 371 unique peptide sequences.

Target synthesis and purity were first verified in batch mode
by direct infusion nanoelectrospray MS/MS analysis using a
linear ion trap tandem mass spectrometer (see supple-
mental Methods). The resulting product ion patterns (Fig. 2, A
and B) were validated by using SEQUEST algorithm against a
database corresponding to the intended target sequences
(371 peptides) and, as a more stringent test, against all an-
notated mouse proteins (see “Experimental Procedures”).
More than 90% of the peptides were positively identified,
most with a predominant �2 charge state. Ten representative
highest scoring (by XCorr) doubly charged MS/MS spectra
were then extracted to create a reference spectral library (Fig.
2, B and C). In total, only 4 of the 371 candidates attempted
did not result in an interpretable fragmentation pattern,
whereas another 24 produced low ion current and so were
flagged not to be selected for further assays. Hence, despite
the simplicity of the peptide selection rules, the SPOT pep-
tides were almost uniformly of good quality with estimated
80–90% purity. Moreover, estimates by LC/MS (JPT Peptide
Technologies) and quantification using external standard
curve of the high purity SLG tag by us (see supple-
mental Fig. 1B and supplemental Methods) suggest an aver-
age yield of �50 nmol (�5–10 �g), far exceeding the amount
needed to optimize experimental conditions for LC-MS/MS
assay development.

As MRM is an increasingly popular platform for multiplexed
assays monitoring target peptides, we defined triple quadru-

TABLE I
Selected proteins, accession numbers, protein class, and number of optimized peptides detected by LC-MRM-MS (a) and LC-TPM-MS (b)

Protein
Swiss-Prot

accession no.
Protein
classa

Peptides
predicted

Assay
optimization

Successfully detected
as endogenous

a. LC-MRM
Jak1 P52332 K 22 22 3
Stat1 P42225 TF 6 6 1
Stat3 P42227 TF 13 13 1
Lifr P42703 R 3 3 3
Akt1 P31750 K 15 13 5
P85A P26450 K 31 30 3
Total peptides 90 87 16

b. LC-TPM
Pou5f1 P20263 TF 6 6 1
Sox2 P48432 TF 6 5 1
Klf4 Q60793 TF 1 1 0
c-Myc P01108 TF 3 3 0
Nanog Q80Z64 TF 1 1 0
Sall4 Q8BX22 TF 7 6 1
Total peptides 24 22 3

a TF, transcription factor; R, receptor; K, kinase.
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pole instrument parameters that produce high responding
product ions suitable for target quantification by recording the
signal intensities of all predicted b- and y-ions while incre-
mentally ramping collision energy but not tube lens voltages
(see supplemental Methods and supplemental Table 1). A
heat map of the summed product ion intensity patterns pro-
duced by each of the synthetic peptides is shown Fig. 2C,
whereas Fig. 2D shows the results of individual transitions
obtained for two representative targets (FEALQLSLK, from
Pou5f1 as before; and AFSTKGNLK, from Sall4). The optimal
instrument settings (i.e. collision energies) and corresponding
target intensity profiles were also stored in the spectral
database.

Step 2: Constructing Multiplexed LC-MS/MS Assays—An-
alytical nanoflow LC is prone to column-to-column retention
time fluctuations that can affect long term assay robustness
(35). We therefore devised a scheduling strategy exploiting
the characteristic recorded chromatographic retention times
of the synthetic peptides relative to those of a common set of
chromatographic markers, termed sentinels, that can be sen-
sitively and reproducibly detected when spiked into diverse
biological samples to build robust nanoflow assays with high
target density and detection efficacy (see “Experimental Pro-
cedures”). Narrow predefined data acquisition windows were

then defined based on normalization of target retention times
relative to the sentinels (gray highlights in Fig. 3A). Once
relative retention time to sentinels was recorded, alignment
was performed using linear regression analysis of stored sen-
tinel retention times to “actual retention time” in current LC-
MS/MS runs to find expected retention times for each target
peptide (supplemental Fig. 2 and supplemental Table 2).

Standard 10-fold serial dilution experiments were then per-
formed with the synthetic peptides alone and after spiking into
the mESC nuclear extract (see “Experimental Procedures”).
Fig. 3B shows measured chromatographic peak heights of the
most intense product ions of seven representative peptide
targets of three pluripotency markers. Although several pep-
tides were only detectable at the highest concentration, most
showed good linearity (average R2 of �0.94 in log-log plots)
across a range of 3 orders of magnitude, as exemplified by
peptides LGAEWKLLSETEK (Sox2), AFSTKGNLK (Sall4), and
RSSIEYSQR (Pou5f1) (Fig. 3B and supplemental Fig. 8). Nev-
ertheless, since high abundance components of biological
matrices can potentially confound assay accuracy (36), spec-
tral features have to be evaluated rigorously to ensure spec-
ificity when detecting low abundance targets (37–40). Al-
though often only a few (3–8) transitions are commonly used
in the literature to track multiple targets to achieve sufficient

FIG. 2. Generation of a high quality reference MS/MS-spectral library. A, solubilized synthetic peptides are analyzed by electrospray
ionization, with targeted isolation and fragmentation using an ion trap or triple quadrupole mass spectrometer and the product ions recorded
continuously over 5 min. B, collected MS/MS spectra sequence-verified by database searching using SEQUEST. C, characteristic experimental
intensity patterns of distinguishing b- and y-ion features stored in a relational database. D, MRM assay development using empirically
optimized collision energy settings, shown here based on the breakdown curves obtained for the 10 most intense transitions (see “Experi-
mental Procedures” and supplemental Methods” for details).

Synthetic Peptide Arrays for Pathway-level Proteomics

2466 Molecular & Cellular Proteomics 9.11

http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1


assay sampling efficiency (1, 39, 41), it is currently unclear
how many product ions are minimally needed to define en-
dogenous target identity unambiguously (38, 41). Hence, we
first opted to collect full MS/MS scans using a fast scanning
linear ion trap followed by pseudo-MRM-like extraction of b-
and y-product ions that uniquely identify a target using a
dedicated scoring function, TCorr (“Transition-Correlation”)
(12). TCorr calculates the dot-product (or optionally the Pear-
son correlation) between the experimental b- and y-ion signal
intensity patterns compared with the spectra reference library
(Step 1). Precursor-product ion transitions with matching cor-
relation values of 0.95 or greater to an annotated reference at
the expected chromatographic retention time are deemed
significant (12).

Fig. 4A (top) shows the TCorr values obtained across the
chromatographic gradient (i.e.“correlogram”) for a represen-
tative Pou5f1 peptide, FEALQLSLK, for 1 pmol spike-in level
and for the endogenous factor. Correlation values near 1.0
precisely define a single relevant peak at the expected target
retention time window. The extracted ion current (XIC; Fig. 4A,
bottom) of the most intense product ion (m/z 772.5) consis-
tently gave the highest signal response (i.e. target could be
measured at the lowest concentrations within the sample
matrix) compared with either the precursor (m/z 524.8) or

other product ions (supplemental Fig. 9). However, the con-
ditional coexistence of other product ions with varied intensity
generated the most significant correlation values such that
TCorr outperformed detection of low abundance targets in
terms of specificity and signal/noise compared with the XIC of
the precursor or the most intense product ion alone (Fig. 4, B
and C). Moreover, despite spurious peaks, the identity of the
endogenous target could be unambiguously confirmed using
TCorr based on the excellent match of the relevant product
ion features to the curated spectra reference library (TCorr
score � 0.963; Fig. 4C). Moreover, removal of potentially
interfering product ion features improved TCorr score (TCorr
score � 0.987; Fig. 4D).

Likewise, as for the LC-TMP-MS, we constructed LC-
MRM-MS assays based on synthetic peptides. First, individ-
ual peptides were injected by direct infusion into the TSQ
Access mass spectrometer by EASY-nLC system (used with-
out the LC-column) and QuickQuan platform to record all b-
and y-product ion intensities and the 10 most abundant ions,
respectively. For the latter, optimization of parameters is au-
tomated, such as finding optimal collision energies (and tube
lens parameters, here disabled) and product ions are already
ranked upon acquisition and stored in a reference library
(Excel file). For almost all cases, the top 10 ion intensities

FIG. 3. Multiplex assay development. A, representative scheduled LC-MS/MS assay monitoring multiple reporter peptides corresponding
to transcription factors regulating embryonic stem cell fate. Four exogenous sentinel marker peptides are jointly monitored in parallel to
calculate relative retention time (stored in relational database) to control target data acquisition windows (gray highlights). The XIC of the most
intense product ions of each peptide is indicated. B, heat map showing ion abundances for peptide standard curves generated using synthetic
peptides alone or after spiking of the reference standards into a digested mESC NE. The zoom-ins show selectively linear signal response over
3 orders of magnitude (10-fold dilutions from 1 pmol to 1 fmol) using log-log (base 10) plots.

Synthetic Peptide Arrays for Pathway-level Proteomics

Molecular & Cellular Proteomics 9.11 2467

http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900456-MCP200/DC1


matched the ranking obtained from MS/MS spectra in the
LTQ. However, as the next step we used EASY-nLC coupled
to a microcolumn (same as for LC-TPM-MS) to inject mixtures
of six synthetic peptides (�5 pmol each) while monitoring all
b- and y-ion transitions during a 45-min gradient and used
predicted collision energies for entire peptides using Pinpoint
1.0. Peptide mixtures were run alone and spiked into �5-�g
mESC cytoplasmic fraction. About 15 LC-MRM-MS runs

monitoring all b- and y-ions were performed twice for a total
of 87 synthetic peptides.

Step 3: Assay Implementation (Target Detection and Quan-
tification)—We used multiplexed MRM for top two ranking
transitions of at least two peptides/protein (where possible) to
examine the components of the JAK/STAT pathway activated
by the LIF ligand (87 target peptides mapping to the transcrip-
tion factors STAT1 and STAT3, the LIF receptor LIFR, and the

FIG. 4. Peptide identification and quantification using TCorr. A, representative correlograms showing the chromatographic profile of
TCorr scores (0. 95 and higher) calculated for experimental MS/MS spectra recorded for spiked synthetic (left) or endogenous (right) Pou5f1
peptide FEALQLSLK in mESC NE matched against the corresponding reference spectral library over a specified retention time window 66- 86
min. Significant similarity in the observed b- and y-product ion intensity patterns occurs regardless of background interferences, allowing the
XIC of the most intense target precursor-to-product ion transition to be reliably quantified. The gray highlights correspond to high confidence
matches represented by the highest consecutive TCorr correlation scores. B, comparison of exemplar MS/MS spectra obtained for spiked and
endogenous peptide (top) versus the corresponding library reference (bottom). XCorr correlation scores of a SEQUEST database search are
indicated and obtained for the correct sequence FEALQLSLK. C, representative relative peak intensities of all b/y-ion transitions (TCorr-FULL)
and TCorr-correlation score of 0.963 are shown. D, improved TCorr score 0.987 for endogenous peptide based on selected transitions freed
from potential interferences (TCorr-TRANSITION).
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protein kinases JAK1, Akt1, and P85a) in a nuclear extract
prepared from �500,000 mESCs treated with LIF to maintain
pluripotency. Sentinel-based scheduling, with and without
spiking of the synthetic references, allowed target time win-
dow of minimally 4 min over a 45-min chromatographic gra-
dient. Background noise was assessed and subtracted by
monitoring an off-target signal recorded 5 min prior to the
predicted target retention times. Fig. 5A shows an abundance
heat map for representative target peptides (in Table 1a). The
typical sampling routine for these assays was implemented
such to inject (i) water (“blank,” to find background), (ii) mESC
nuclear extract or cytoplasmic fraction (“sample”), and (iii)
mESC cytoplasmic fraction spiked with �100 fmol of syn-
thetic peptides each (“spike”). For data interpretation peak
height was used at expected retention times within a toler-
ance of �1 min.

Next, to increase specificity through monitoring all product
ions, we applied multiplex TPM mode assays to monitor

changes in the levels of six core pluripotency factors (Pou5f1/
Oct4, Sox2, cMyc, Nanog, Klf4, and Sall4; Table 1b) in nuclear
extracts prepared from mESC grown with LIF (self-renewing)
or after growth factor removal to initiate differentiation (see
supplemental Methods). Again, soluble protein from about
500,000 cells was digested and quantified by three repeat
measurements of the peak height of chromatographic peaks
corresponding to the XIC of the most intense product ion
above the precursor m/z across all experiments (Fig. 5B).
Protein abundance decreases significantly (p value �0.01 by
two-tailed t test) in Sall4, Sox2, and Pou5f1 upon differentia-
tion (Fig. 5C; see supplemental Table 4 for details, with con-
firmation spectra shown in supplemental Figs. 10 and 11).
Although these results are consistent with biological expec-
tation, this analysis represents the first joint quantification of
key nodes in a conserved regulatory pathway simultaneously
during mESC fate changes by targeted LC-MS/MS. Although
we anticipated detection of all proteins listed in Table 1b, Klf4

FIG. 5. Multiplexed quantitative assays of pluripotency pathway components. A, heat map showing estimated protein abundance of
Jak1, STAT3, STAT1, Akt1, and LIFR in cytoplasmic extracts from pluripotent mESC populations based on two endogenous or spiked peptides
(1 and 2) measured by MRM. Inset, representative (untransformed) relative intensity (y axis). B, pathway schematic showing experimental XIC
values (I, intensity) obtained for peptides corresponding to endogenous Sall4, Pou5f1, and Sox2 levels in nuclear and cytoplasmic extracts from
�LIF (self-renewal; red) and �LIF (differentiation; green) treated mESCs. C, actual protein abundance measurements of pluripotency factors
in �LIF and �LIF mESC NEs as obtained by targeted LC-MS/MS experiments (TPM) on an LTQ-ion trap.
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and Nanog were represented in our spectral library by only
one tryptic peptide and hence might have been remained
undetected in both samples. For example Klf4 and c-Myc
were detected by data-dependent sampling using extensive
prefractionation techniques by different peptides than se-
lected here (data not shown).

DISCUSSION

We have presented a targeted proteomics approach that
enables the routine development and implementation of sen-
sitive LC-MS/MS assays to monitor and quantify multiple
components of critical biological pathways in a single exper-
iment. Our approach is based on the systematic generation
and empirical evaluation of synthetic peptide arrays to gen-
erate high confidence reference information to fine tune ex-
perimental parameters providing the most informative and
intense fragment ions by which to detect specific protein
targets. Our method builds on targeted LC-MS/MS proce-
dures (i.e. TPM/MRM) that allow for more sensitive, consis-
tent, and quantitative detection of low abundance proteins
than global proteome profiling (10, 37). Although the use of
synthetic peptides is not new (42, 43), we have established
that microscale SPOT membrane synthesis offers a particu-
larly rapid and cost-effective means of creating many peptide
standards, both in native and heavy isotope-labeled form,
good enough to generate high quality MS/MS reference spec-
tra and to use for multiplex assay design and as internal
standards for data interpretation (47). Through automation of
each step, multiplexed assays can be established in 1–2
weeks at moderate cost for virtually any pathway, including
proteins never detected previously by MS/MS. Using this
approach, we showed that the expression of known pluripo-
tency factors in mESC show down-regulation in a time frame
of at least 48 h withholding LIF, in congruency with previous
studies. The ability to track pathway component levels in a
single assay should pave the way for novel insight into the
mechanisms of emergent cell behaviors such as reprogram-
ming and self-renewal. Similar assays could be used to inves-
tigate the dynamics of cellular signaling cascades, to confirm
gene silencing knock-down (i.e. RNAi) experiments at the
protein level, or to evaluate multiple candidate disease bi-
omarkers comparatively for personalized medicine.

Suitable reporter peptides for assay development can be
selected either by prior knowledge (e.g. using proteotypic
peptides documented in public databases such as GPM or
PeptideAtlas) or by prediction. The former represent species
that are proven to be detectable but are restricted to previ-
ously characterized proteins and certain biological contexts.
Since many signaling factors have yet to be documented
experimentally, computational algorithms (24, 25, 58) offer a
promising alternate approach to select high responding can-
didates for targeted proteomic screens of pathways. Although
we opted to apply simple generic filters to select reporter
peptides, our systematic empirical optimization strategy al-

lows for the evaluation of peptide ionizability, chromato-
graphic separability, and identifyability in complex biological
mixtures to narrow a final set of suitable assay candidates.
Although models of peptide retention time have been reported
(26, 27), we demonstrated that the use of a chromatographic
sentinel markers greatly facilitates the building of efficient
multiplexed assays that can be transferred between platforms
or interday analyses (with a priori prediction). Although chro-
matographic peaks occasionally fluctuate by up to 2 min, we
commonly achieved a prediction precision of �6 s (�0.11 min
with post hoc prediction) across more than 20 runs using 2
different columns over multiple days of analysis (supplemen-
tal Table 2). We also tested the accuracy of retention time
prediction based on the predicted hydrophobicity of peptides
and compared these with the observed retention times of �118
synthetic peptides used in our experiments through linear re-
gression analysis. Although an overall correlation was observed
(supplemental Fig. 12), individual peptide retention times often
deviated considerably (i.e. several minutes) from the predicted
values. However, one drawback is that adjustment of larger
retention time fluctuations (�3 min) has to be done manually by
correcting predicted retention time windows. Hence, assay de-
sign would gain further robustness if the prediction of estimated
retention time windows could be done in real time during the
LC-MS/MS run, by triggering target analysis based on detection
of a sentinel or another high abundant marker peptide in a
precursor scan, similar to a method reported by Jaffe et al. (44).

A key, but often underappreciated, aspect for targeted pro-
teomic analysis is the selection of spectral features to confirm
target identity rigorously. In the past, the criteria for target iden-
tification have ranged from the co-elution of three to eight
distinct transitions (41) up to the collection of full mass range
MS/MS spectra triggered by a single transition (45). Since the
MS/MS spectra of low abundant peptides are often confounded
by product ions from irrelevant higher abundant isobaric pep-
tides (46), we calculated the correlation between preselected
b- and y-ions using relative product ion intensity patterns to
minimize the effects of spurious interferences. We found that
TCorr-based feature comparisons of spectra acquired at the
appropriate target retention windows can result in more high
confidence detection of low abundance protein in stem cell
extracts compared with more conventional identification criteria
(47, 48). Abatiello et al. recently presented the AuDIT algorithm
(49) to critically select most concise MRM transitions as a mea-
sure for reliable detection and identification, and Prakash et al.
recently showed that scoring based on extracted transition ion
intensities can enhance performance (13), but we are unaware
of other library search algorithms which implement chromato-
graphically aligned intensity pattern correlation to confirm target
identity based on few product ion features in a complex sample
and not based on whole MS/MS spectrum interpretation.

With the increasing usage of target-driven (i.e. MRM-type)
experiments, target identification in extremely complex sam-
ple matrices, such as mammalian cell extracts, based on only
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a few spectral features is prone to errors, especially when an
even smaller subset of features is used to rank known product
ion intensities. To this end, we have previously examined the
influence of database size on the identification of target pep-
tides based on selected product ion intensities by Monte-
Carlo simulation (12). The results showed that when a set of
more than eight transitions is used, the influence of database
size on matching performance is mitigated. High resolution
MS/MS spectra might help in selected cases to remove prod-
uct ion interference or increase the specificity of pattern
matching algorithms. We found that peptide fragments gen-
erated in an ion trap and Orbitrap higher energy collisional
dissociation cell are usually very similar (supplemental Fig. 13).
Nevertheless, monitoring only a few transitions is already ben-
eficial for minimizing interferences, making MRM-type experi-
ments (on both triple quadrupoles and traps) powerful tools for
detecting low abundance species. Accordingly, we observed a
slightly improved TCorr score (from 0.963 to 0.987) when re-
moving three potential interfering product ions from consider-
ation (Fig. 4D). Similarly, in our proof-of-concept benchmarking
experiment using heavy labeled internal standards spiked into a
yeast digest as a complex proteolytic background, we observed
�10� lower LOD with filtering one selected subset of interfering
product ions (supplemental Figs. 5 and 6).

Furthermore, calibrated assays using serial dilutions of
spiked peptides into proteolytic background can be used to
calculate the amount of molecules per cell. In our case for the
analysis of target peptides in �500,000 cells (Fig. 5B) we can
calculate the detection of at least �1,248 molecules/cell using
the proximal amount of 1 fmol (�1 pg) peptide spiked (e.g.
AFSTKGNLK, 965 g/mol) in the cell lysate (see supple-
mental Methods for calculation).

To move from global proteomic discovery profiling to hypoth-
esis-driven quantitative assessments, high density assays must
be built using optimal empirical parameters and instrument
settings with adequate sampling rates to ensure accurate target
quantification. Although MRM on triple quadrupole instruments
is more quantitative (10) in this respect, implementation of TPM
(PIM) style LC-MS/MS screening on trap-type instruments is
potentially more straightforward as only two experimental pa-
rameters need to be generated (i.e. reference MS/MS spectra
and knowledge of peptide retention time). For example, Sullivan
et al. (50) showed previously that target glycopeptides could be
detected at low abundance levels using ion traps. Another ben-
efit of TPM is that it can generate MS/MS spectra quickly
(typically �100 ms) with comparable sensitivity as for only few
selected transitions by MRM. Table 1a showed data acquired
by MRM, and Table 1b for TPM for different datasets confirmed
the suitability of both platforms. Moreover, product ion
spectra for extracted b- and y-ions have similar abundance
patterns (supplemental Fig. 7, B and C) with the tendency of
ion trap spectra being more reproducible in their relative
product ion intensities. However, a detailed comparison of
instrument performance for targeted analysis showing com-

parable sensitivity for both the ion trap and triple quadru-
pole mass spectrometers can be found in previous publica-
tion by Sandhu et al. (10).

Although stable isotope-labeled reference peptide arrays
could be exploited to increase the accuracy of protein quan-
tification (e.g. AQUA (43)), we show that comparable results
can be achieved by careful implementation of a “label-free”
quantification strategy based on measuring the intensities of
dominant product ions normalized to individual peptide
standard curves. Indeed, we have shown that our TPM assays
provide a linear dynamic range over at least 3 orders of
magnitude (1 ng down to 1 pg target/�g of yeast digest; Fig.
1B) for carefully chosen product ions. The relatively small
coefficient of variation reported here for the proof-of-concept
experiment (supplemental Table 3b) gives reason to use only
one most unique (and most abundant) product ion to quantify
a peptide. However, statistical error can be calculated by
using replicate injections instead to find statistical evidence
for a differential expression between samples. We note that
the use of heavy isotope-labeled peptides is also helpful in
finding the pairing unlabeled peptide species and confirming
relative quantification levels (43, 51, 52). Software for aligning
and integrating multiple LC-MS/MS datasets (53–56) could be
used to increase quantification accuracy and detection sen-
sitivity further, whereas modest sample prefractionation can
be used to enhance detection limits (57).

We would like to point out that with our demonstrated
method it should be possible to obtain sequence information
of multiple peptides of interest in real time, during sample
acquisition. TCorr could be tied directly into mass spectrom-
eter instrument software to obtain sequence interpretation on
the fly. However, the limitation is that synthetic peptides have
to be sequenced a priori to generate an “absolute” reference
spectrum. Nevertheless, given the fact that high throughput
peptide synthesis can build high quality reference libraries
quickly, this limitation might not be as significant any more. An
important consideration is sampling speed when larger pep-
tide sets are monitored. The spectral density within short
cycle times is crucial for capturing reliable quantitative infor-
mation for proteome scale experiments with, e.g. ultra-HPLC.
Hence, faster mass spectrometers using novel geometries are
needed for ultrafast sampling by maintaining good ion statis-
tics. Nevertheless, these developments will benefit the anal-
yses of large numbers of clinical samples with limited avail-
ability where one wants to access large scale quantitative
proteome sequence information in real time.
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