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Biomedical research requires protein detection technol-
ogy that is not only sensitive and quantitative, but that can
reproducibly measure any set of proteins in a biological
system in a high throughput manner. Here we report the
development and application of a targeted proteomics
platform termed index-ion triggered MS2 ion quantifica-
tion (iMSTIQ) that allows reproducible and accurate pep-
tide quantification in complex mixtures. The key feature of
iMSTIQ is an approach called index-ion triggered analysis
(ITA) that permits the reproducible acquisition of full MS2
spectra of targeted peptides independent of their ion in-
tensities. Accurate quantification is achieved by compar-
ing the relative intensities of multiple pairs of fragment
ions derived from isobaric targeted peptides during MS2
analysis. Importantly, the method takes advantage of the
favorable performance characteristics of the LTQ-Or-
bitrap, which include high mass accuracy, resolution, and
throughput. As such it provides an attractive targeted
proteomics tool to meet the demands of systems biology
research and biomarker studies. Molecular & Cellular
Proteomics 10: 10.1074/mcp.M110.005611, 1–15, 2011.

The success of proteomics research depends on the ability
to reliably identify and quantify any protein or set of proteins
in a biological system. Currently “shotgun” mass spectrome-
try (MS), paired with stable isotope labeling of proteins or
peptides, is an attractive and widely applied approach for
quantitative proteomics measurements (for reviews, see (1–
6)). While such shotgun MS-based quantitative proteomics
platforms have been used with great success to quantify
significant fractions of proteomes, the sensitivity and repro-
ducibility of the approach does not meet the demands of

many proteomics studies. To address these issues, recent
efforts have focused on developing MS-based methods to
monitor specific sets of proteins. Such targeted proteomics
platforms are expected to play important roles in clinical
applications (7) as well as in basic science studies where sets
of proteins need to be consistently quantified under different
conditions. One particularly promising targeted approach in-
volves the use of selected reaction monitoring (SRM1, also
termed MRM for multiple reaction monitoring) MS of specific
sets of parent and fragment ions (transitions) for each tar-
geted peptide using triple quadrupole instruments (8-15).
Other targeted methods involve the use of inclusion lists with
high mass accuracy scanning mass spectrometers such as
the LTQ-Orbitrap to focus MS analysis on predetermined
precursor ions (16-17).

Although successful applications have been reported, a
number of features of current targeted proteomics ap-
proaches are not optimal. For instance, although inclusion list
methods can provide enhanced sensitivity and reproducibility,
the gains are limited by the need to detect the precursor ion in
question in an MS1 survey scan to trigger the generation of
fragment ion spectra (MS2 or MS/MS). This can be problem-
atic when the targeted peptides are of low abundance in
biological samples with high complexity and dynamic range.
SRM is a sensitive, reproducible, and quantitative targeted
approach (18). However, the throughput of SRM is limited by
a need to balance duty cycle with sensitivity. To improve
throughput, segmented methods are often applied in which
transitions for specific groups of peptides are measured in a
given time segment of a liquid chromatography (LC)-MS ex-
periment. While this increases throughput to �1,000 transi-
tions corresponding to �100 targeted peptides (assuming 3
transitions X 2 isotopic forms per peptide) in a typical LC-SRM
experiment, it imposes a requirement for highly reproducible
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chromatography. In comparison, during a standard LC-
MS/MS run on an LTQ-Orbitrap, 2000 features corresponding
to �1000 peptides can be targeted for MS2 analysis without
rigorous time segmentation (16). Furthermore, because de-
tection is typically based on a limited number of transitions
per peptide made on triple quadrupole instruments with mod-
est mass accuracy and resolution, the ability to confidently
identify and accurately quantify individual peptides in a com-
plex mixture may be compromised. Finally, until recently,
application of SRM has been limited by a prerequisite assay
optimization process that typically involves selecting the most
suitable transitions for each targeted peptide (18). Given these
issues with the current targeted proteomics approaches, the
development of a targeted quantitative proteomics platform
that permits reproducible and accurate measurements in a
high throughput manner, without the need for a priori selec-
tion of optimal transitions and rigorous retention time require-
ments, is highly desirable.

In this study, we report a novel targeted quantitative pro-
teomics platform termed Index-ion triggered MS2 ion quanti-
fication (iMSTIQ) that alleviates many of the issues associated
with current targeted methods. iMSTIQ involves the use of
isotopically heavy “index” peptides to reproducibly trigger the
acquisition of full MS2 spectra for the isotopically light target
peptides, independently of the target peptides’ ion intensities.
This results in enhanced sensitivity and reproducibility com-
pared with inclusion list-based approaches. In addition, it
does not require the highly reproducible chromatography re-
quired for segmented SRM-based studies nor the a priori
selection of optimal transitions. The acquisition of full MS2
spectra for targeted peptides permits confident peptide iden-
tification as well as accurate quantification based on the
relative intensities of multiple pairs of fragment ions derived
from isobaric peptides. Importantly, we demonstrate iMS-
TIQ’s ability to accurately quantify peptides in the low fmol
range on the LTQ-Orbitrap, an instrument capable of targeting
hundreds of peptides with high mass accuracy and resolving
power per analysis. Finally, we demonstrate the utility of the
method by applying it to measure the temporal release of
targeted inflammatory mediators from macrophages in re-
sponse to lipopolysaccharide (LPS) stimulation.

EXPERIMENTAL PROCEDURES

Synthetic Peptides—All heavy synthetic peptides used in this study
were purchased from Sigma custom AQUA peptides carrying C-term
Lys (13C6

15N2) with � 95% purity. The labeled amino acid contains
98% 13C and 98% 15N isotopic content. The light peptides used in the
ITA and iMSTIQ analyses were custom synthesized at crude purity
level by Peptide 2.0 Inc. (Chantilly, VA) or Genscript Co. (Scotch
Plains, NJ).

iMSTIQ Labeling Reagents—mTRAQ® reagents (�0, �4, and �8,
Applied Biosystems, Foster City, CA) were used as MSTIQ labeling
reagents (see Fig. 1 for schematic detail). In addition, we generated
heavy and light NHS ester variants of BOC-Ala and used them for
MSTIQ labeling for the experiment presented in Fig. 4 (structures
shown in supplemental Fig. S2): one equivalent each of L-Alanine-N-

T-BOC (13C3
15N1) (Cambridge Isotope Laboratories, Andover, MA),

N-Hydroxysuccinimide (NHS, from Sigma, St. Louis, MO), and N,N�-
diisopropylcarbodiimide (Sigma) in DMF (Sigma) were mixed and
incubated at room temperature over night. Following overnight incu-
bation, the diisopropylcarbodiimide adduct (O-acylisourea) precipi-
tated and the clear supernatant containing the BOC-Ala-O-NHS was
used. The isotopically light labeling reagent was directly purchased
for Sigma Aldrich (t-BOC-Ala-OSu).

Sample Preparation

ITA Assay—Yeast strain BY4741 grown in YPD media to log phase
was harvested and bead-beaten in lysis buffer (50 mM HEPES, pH8.0,
1% SDS, 150 mM NaCl) with protease inhibitor mixture (Roche, Mann-
heim, Germany). The protein extract was then acetone precipitated
and dissolved in 10 mM Tris-HCl, pH 8.0 containing 1M Urea. The
protein mixture was then treated with 5 mM dithiothreitol and alkylated
by 15 mM iodoacetamide and trypsin digested overnight. The trypsin
digested peptides were purified by C18 spin column (The Nest Group,
Southboro, MA) prior to use for mass spectrometry analyses.

65 lysine-terminal AQUA peptides corresponding to mouse pro-
teins were alkylated with 6 mM methyl methanethiosulfonate and then
labeled with heavy (�4) or light (�0) mTRAQ reagents (Applied Bio-
systems) following the manufacturer’s protocol to generate the heavy
and light peptide pairs with 8 Da mass differences. Another 21 lysine-
terminal AQUA peptides (used as heavy forms) were also included
along with their synthetic light peptide variants. The total 86 pairs of
the heavy peptide forms (at 500 fmol each) and light peptide forms (at
0.75, 3.75, 7.5, and 15 fmols, respectively) were spiked into 1 �g
yeast peptide mixture.

MSTIQ Assay—RAW264.7 cells (ATCC, Manassas, VA) were grown
at 37 °C with 5% CO2 on stable isotope labeling with amino acids in
cell culture (SILAC)-specific RPMI 1640 media (Caisson Laboratories,
North Logan, UT) supplemented with 10% dialyzed fetal bovine se-
rum (Invitrogen, Carlsbad, CA), 1% Pen/Strep (Invitrogen), 2 mM

L-glutamine (Invitrogen), and with either light Lys (12C6
14N2) and Arg

(14N4) amino acids or heavy Lys (13C6
15N2) and Arg (15N4) amino acids.

Following 5 passages, cells were activated by 100 ng/ml LPS (Sigma)
for 4h prior to harvest. The collected cells were lysed in 25 mM

HEPES, 150 mM NaCl, 5 mM MgCl2, 1% TritonX-100, 0.05% SDS, 1
mM EDTA, and protease inhibitor mixture (Roche) on ice for 30 min.
Following centrifugation at 18,200 � g for 10 min at 4 °C, the super-
natant (cell lysate) was collected and stored at �80 °C until further
processed. Proteins in the cell lysate were denatured with 1 mg/ml
(w/v) RapiGest (Waters, Milford, MA) and 0.1% SDS (Mediatech,
Herndon, VA) at 95 °C for 10 min, reduced with 5 mM Tris(2-carboxy-
ethyl) phosphine (Thermo scientific, Waltham, MA) at 60 °C for 1 h,
and alkylated with 12.5 mM iodoacetamide (Sigma) at 37 °C in the
dark for 30 min. The sample was diluted 10-fold with 100 mM trieth-
ylammonium bicarbonate (Thermo Scientific) prior to digestion with
sequencing grade modified trypsin (Promega) at 1:50 (w/w) enzyme to
substrate ratio overnight at 37 °C. The digested heavy or light pep-
tides (labeled via SILAC at C termini) were then labeled with light (�0)
or the heavy (�4) mTRAQ reagents (Applied Biosystems) respectively
to generate isobaric peptides. The resulting two peptide samples
were mixed at ratios of 1:30, 1:10, 1:3, 1:1, 3:1, 10:1, and 30:1. The
peptide mixtures were purified on MCX �Elution plates (Waters, Den-
ver, CO) prior to LC-MS/MS analysis.

iMSTIQ Assay—Ten milligrams (137 �l) human serum (Bioclama-
tion, Hicksville, NY) was used for the hydrazide-based solid-phase
capture of the N-glycosylated peptides as previously described (19).
The resulting N-glycosylated peptide mixtures were dissolved in 137
�l 0.1% formic acid (�1 �g/�l). Eight tryptic peptides carrying either
the heavy (13C6

15N2) or light (12C6
14N2) C-terminal Lys were chemi-

cally synthesized. The heavy peptides were then labeled with either
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the heavy version (13C3
15N1) of the t-BOC-Ala-NHS reagent to gen-

erate the index peptides (HH), or the light version (12C3
14N1) of the

t-BOC-Ala-NHS reagent to generate the LH peptides. Similarly the
light synthetic peptides were labeled with the heavy t-BOC-Ala-NHS
reagent to generate the HL peptides. Specifically, 30 �l 0.15 M t-BOC-
Ala-NHS reagents in dimethylformamide were added to 30 �g pep-
tides dissolved in 20 �l 0.5 M HEPES, pH 8.0. Following 30 min, the
t-BOC was removed by adding 45 �l 37% HCl for 30 min. The labeled
peptides were purified on MCX �Elution plates before being com-
bined. The final peptide mixture used in a single LC-MS/MS run
consisted of the following: 100 fmol of the HH peptides (index), 3 fmol
of the LH peptides, 1 �g of the N-glycopeptides, and the HL peptides
at 0.1, 0.3, 1, 3, 10, or 30 fmols.

Macrophage Protein Release Assay—RAW264.7 cells were grown
on regular RPMI 1640 media (Invitrogen) containing 10% fetal bovine
serum (Invitrogen), 1% Pen/Strep (Invitrogen), and 2 mM L-Glutamine
(Invitrogen) at 37 °C with 5% CO2. To activate the cells, the culture
media were replaced by OptiMEM (Invitrogen) supplemented with 100
ng/ml LPS (Sigma). Conditioned media were collected at 1, 2, 4, 8,
and 18 h. As a control, cells were exposed to OptiMEM supplemented
with phosphate buffered saline (PBS) and media were collected after
18 h. The media were concentrated by centrifugation (3500 rpm for 30
min) using Appllo-20 ml concentrators (Orbital Biosciences) and the
buffer was exchanged by repeated resuspension in PBS and centri-
fugation. Equal amounts of protein (15 �g) from each sample were
denatured by addition of SDS to 0.2% followed by incubation at 95 °C
for 5 min. 2,2,2-trifluoroethanol (Fluka) was added to 50% followed by
incubation at 60 °C for 30 min. The denatured proteins were then
reduced with 5 mM Tris 2-carboxyethyl phosphine at 60 °C for 30 min
followed by alkylation with 12.5 mM iodoacetamide at 37 °C in the
dark for 30 min. The samples were diluted 1:10 with 50 mM triethyl-
ammonium bicarbonate and then digested with trypsin at 1:50 (w/w)
enzyme to substrate ratio overnight at 37 °C. The digested peptides
were desalted on a C18 cartridge (Waters), dried by SpeedVac, and
de-glycosylated by addition of 1 �l N-glycanase (Prozyme, San Le-
andro, CA) following the manufacturer’s protocol. The resulting pep-
tide mixtures were then labeled with the heavy (�4) mTRAQ reagents
(Applied Biosystems) to generate the HL peptides according to the
mnaufacturer’s protocol. To generate the LH and HH peptides, the 24
selected peptides (14 peptides corresponding to targeted proteins
known to be released during inflammation for validation, and 10
peptides corresponding to nonspecific proteins that were used in
unrelated studies in the lab) were synthesized via the AQUA platform
(Sigma) carrying heavy Lys (13C6

15N2) at their C termini and labeled
with light (�0) and heavy (�4) mTRAQ reagents (Applied Biosystems)
respectively. The labeled peptides were combined containing 500
fmol of the HH peptides, 33.3 fmol of the LH peptides, and the HL
peptides from �3 �g sample. The final peptide mixtures were purified
on MCX �Elution plates, dried, and resuspended in 0.1% formic acid
prior to LC-MS/MS analysis.

Reverse Phased LC-MS Analysis—Peptide samples were analyzed
by reversed phase high performance liquid chromatography (Agilent
1100 series) electro-spray ionization LC-MS using LTQ-Orbitrap
(Thermo scientific). The high performance liquid chromatography col-
umn (75 �m � 15 cm) was packed in house with C18 resin (Magic C18

AQ 5 �m, Michrom BioResources, Auburn, CA). Peptides were re-
solved by running a gradient of Buffer A (0.1% formic acid) to Buffer
B (0.1% formic acid, 99.9% acetonitrile) as follows: 8–25% Buffer B
over 34 min (for ITA analysis) or 53 min (for other experiments);
25–35% Buffer B over 6 min (for ITA) or 10 min (for others); 35–80%
Buffer B over 8 min (for ITA) or 10 min (for others). A fixed flow rate of
350 nl/min was applied.

In general, MS1 scans were acquired by the Orbitrap with a reso-
lution of 30,000 at 400 m/z. MS2 scans were acquired by the LTQ

using normal scan mode except in the MSTIQ assay where MS2
scans were acquired by the Orbitrap with a resolution of 7500 at 400
m/z. For each Orbitrap MS1 scan, 5 � 105 ions were accumulated
over a maximum time of 500 ms. For each LTQ MS2 scan, 5 � 103

ions were accumulated over a maximum time of 250 ms. For each
Orbitrap MS2 scan, 2 � 105 ions were accumulated over a maximum
time of 1000 ms. The normalized collision energy for collision-induced
dissociation (CID) was set at 35%. In the ITA assay (see Fig. 2), up to
5 MS2 scans were acquired following each MS1 scan with dynamic
exclusion set for 10 s in an attempt to maximize MS2 data acquisition
for target peptides. The threshold for MS2 analysis was set at 2000
counts which was significantly below the background level. A CID
isolation window of 1.1 m/z was used. Charge-state screening was
applied with only �2 or �3 charged ions being analyzed per MS run.
For the inclusion list method, the m/z values of the light peptides were
put in the “parent mass list” to trigger CID on themselves upon
detection during MS1; For the ITA method, the m/z values of the
heavy peptides were put in the “parent mass list” to trigger CID on
potential co-eluting isotopically light peptides by enabling the “Add/
Subtract” feature. For the �2 charged ions, a mass of “-4.0000” was
set in the “Add/Subtract” feature; for the �3 charged ions, a mass of
“-2.6667” was applied.

In the MSTIQ assay (see Fig. 3), commonly used parameters for
data dependent acquisition were used: up to 4 MS2 scans were
acquired on the most abundant precursor ions detected in each MS1
scan; the selected precursor ions were dynamically excluded for 60 s;
MS1 signals exceeding 500 counts were chosen for CID; and an
isolation window of 1.0 m/z was used. In the iMSTIQ assay (see Fig.
4), because only eight peptides were targeted, up to three MS2
analyses were carried out following each MS1 scan without dynamic
exclusion, which allowed acquisition of multiple MS2 scans for each
target peptide. Precursor ion signals exceeding 100 counts triggered
CID, during which an isolation window of 3.0 m/z was used. Charge
state screening was used to limit ion selection to �2 charge states
only. A “parent mass list” containing the m/z values of the index
peptides was used to trigger CID on ions with m/z values equal to m/z
(index peptide) �3.6000 Da using the “Add/Subtract” feature. In the
macrophage protein release assay (see Fig. 5), up to five MS2 spectra
were acquired following each MS1 scan. Dynamic exclusion was
disabled. An intensity threshold of 1000 counts was required to
trigger CID. A CID isolation window of 1.0 m/z was used. Charge state
screening was used to limit MS2 analysis to �2 ions. The “Add/
Subtract” feature was set to trigger CID on ions with m/z values equal
to m/z (index peptide) �3.7500 Da. The parameters used for this
experiment are recommended for application of iMSTIQ to biological
samples, although adjustment of dynamic exclusion settings may
improve performance as the target list increases.

Peptide Identification and Quantification—RAW files from the
LTQ-Orbitrap were converted to mzXML by ReAdW (version 4.3.1)
with default parameters except whenever ITA was used the
“precursorFromFilterLine” option was applied.

For the ITA experiment, the acquired MS2 spectra were searched
against a yeast database (yeast.nci.20080206; 11,319 entries
searched) supplemented with the sequences of the targeted peptides
using X!Tandem 2 (2007.07.01.3). The following search parameters
were applied: full tryptic cleavage specificity; mass tolerance of � 20
ppm for precursor ions and �0.4 Da for fragment ions; no missed
cleavage allowed; fixed modification on Cys (�45.9877 Da) and vari-
able modifications on Met (�15.9949), Lys (�148.1092), and N ter-
mini (�140.095). Peptide identification was achieved by processing
the search results with the Trans-Proteomic Pipeline (TPP, http://
tools.proteomecenter.org/wiki/index.php?title 	 Software:TPP).

For the MSTIQ assay, the seven datasets were each searched
twice against the mouse International Protein Index database (v.3.56;
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56,294 entries searched) using X!Tandem2 as described above with
the following parameter changes: a fixed modification of �57.021464
on Cys was used; one search was conducted with fixed modifications
on N termini (�144.1021) and Lys (�144.1021) to account for HL
peptide modifications; the other search was conducted with fixed
modifications on N termini (�140.095), Lys (�148.1092), and Arg
(�3.98814) to account for LH peptide modifications. Each search was
repeated against the reversed database to estimate the false positive
rate. Peptide identification was achieved by processing the search
results with the TPP. Confidently identified peptides (fully-tryptic, 2�
and 3� ions with no missed cleavages, PeptideProphet probability �

0.9) in at least one of the seven titers were considered target peptides.
Each target peptide was quantified in all seven datasets using

ISBquant (available on request). ISBquant considered a scan for
quantification of a target peptide if 1) the theoretical and observed
parent m/z’s were within 20 ppm, and 2) at least 7 HL or 7 LH
fragment ions in the MS2 scan were observed above background
level (BG, defined as the 25th percentile of all non-zero intensities in
the scan) within 0.5 units of their predicted m/z’s. This enabled some
peptides to be quantified in titers in which they did not pass the
PeptideProphet threshold of 0.9. Scan selection was further restricted
by identifying the highest quality scan, and only scans with a retention
time � �1 min from the highest quality scan were used for quantifi-
cation. For this purpose, scan quality was judged by the number of
observed HL or LH MSTIQ ions (whichever was greater); ties were
broken by the median observed MSTIQ ion intensity in each scan. In
addition to automatic scan selection (applied in Fig. 3), ISBquant
allows for manual scan selection by the user.

To compute peptide abundance ratios, the intensities of each

fragment ion pair i were quantified as xi � ln�Intensity
HLi�

Intensity
LHi�
� and

outliers were detected with the “MAD-Median Rule” (see reference
(20), p.101): xi is an outlier if �xi � M� � 3.321�m; the choice of the
constant 3.321 corresponds to a 5% chance of rejecting a nonoutlier
from a normally distributed sample), where M 	 median{xi} and m 	
MAD(xi) 	 1.4826�median{�xi � M�} denotes a robust estimate of the
standard deviation based on the sample’s Median Absolute Deviation
(R mad() function). The final quantification for each identified peptide
is mean {xi} following rejection of outliers. This “trimmed” mean esti-

mate has known standard error s �
sW

.95�n
, where sW is the sample

Winsorized variance (see reference (20), p.63). Finally, peptides were
only considered “quantified” if at least two MSTIQ-labeled fragment
ion pairs contributed to the trimmed mean. A MSTIQ ion was consid-
ered “observed” if its intensity � SNR*BG; unless otherwise noted,
SNR 	 2. Some potential MSTIQ fragment pairs were excluded from
quantification for one of four reasons: (1) all b1� and y1� fragment
ion pairs were excluded, (2) any fragment ion pair containing a
MSTIQ ion with a predicted m/z within �1.5 Da of another predicted
MSTIQ ion, or a neutral loss from a predicted ion (b-ions, loss of NH3;
y-ions, loss of H2O), was excluded, (3) any fragment ion pair for which
the intensity of at least one MSTIQ ion was not “observed” was
excluded. A fragment ion pair was deemed quantifiable if the intensity
of one ion (HL- or LH-derived) was above background and the inten-
sity of the sibling ion was nonzero.

For the iMSTIQ assay automated scan selection for quantifica-
tion is achieved using the same constraints described for MSTIQ. In
addition, the index ion elution profiles were used to assist in scan
selection. Ion intensities for the predicted monoisotopic index ion
peak (�20 ppm), as well as intensities for peaks at �1/z and �1/z
were extracted. The peak at �1/z is because of the slight impurity of
the heavy isotopes used in labeling (see Discussion). Elution of an
index ion was distinguished from other ions based on two criteria.
First, a scan was considered to contain an index ion if intensities of

0.05–0.35� (-1/z peak) and 0.5–1.5� (�1/z peak) the predicted index
ion’s monoisotopic peak intensity were present. Second, only MS2
scans triggered from MS1 scans with an index ion intensity of �10%
of the peak index ion elution intensity were considered. MS2 scans
without this evidence of an intense, co-eluting index ion were re-
jected. Other than these differences, scan selection and quantification
were the same as for MSTIQ. Scans were selected automatically for
the iMSTIQ study in Fig. 4 and entirely manually for the macrophage
study in Fig. 5.

RESULTS

Overview of the iMSTIQ Platform—For iMSTIQ analysis,
sample peptides are labeled with an isotopically heavy amine
labeling reagent such as the �4 Da form of the mTRAQ
reagent (ABI) (Fig. 1). For each target sample peptide, a quan-
titative reference peptide is synthesized with isotopically
heavy arginine (�4 Da) or lysine (�8 Da) at its C-terminus and
labeled with the isotopically light form of the amine labeling
reagent. Relative to the reference peptide, the sample peptide
is isotopically heavy at its N-terminus but isotopically light at
its C-terminus (HL). This labeling scheme generates isobaric
pairs of reference and target sample peptides that in turn
produce pairs of fragment ions separated by 4 Da/z units
during MS2 analysis; b ions derived from the sample HL
peptide appear in the spectrum at 4 Da/z units larger than the
corresponding b ions from the reference LH peptide, and y
ions derived from the reference LH peptide appear in the
spectrum at 4 Da/z units larger than the corresponding y ions
from the sample HL peptide. Furthermore, a corresponding
index peptide is also prepared by labeling the synthesized
reference peptide with the isotopically heavy form of the
amine labeling reagent, (isotopically heavy at both termini,
HH). Importantly, the sample, reference, and index forms of
the target peptide are virtually chemically identical and co-
elute during LC. Prior to LC-MS/MS analysis, the index and
reference peptide are spiked into the sample at appropriate
levels (see below). During LC-MS/MS analysis on the LTQ-
Orbitrap, detection of the index peptide triggers MS2 analysis
on the m/z of the targeted isobaric sample and reference
peptides regardless of whether these peptide ions are detect-
able in the survey scan (ITA).

Importantly, the index peptide is spiked in at a level suffi-
cient to ensure its detection during MS1, but only the sample
and reference forms of the target peptide are selected for CID.
The reference peptide is spiked in at a level expected to be
comparable to the target sample peptide to minimize the
dynamic range required during MS2 quantification. Quantifi-
cation by the MSTIQ method is achieved by measuring the
relative intensities of pairs of fragment ions derived from the
targeted sample and reference peptides, both of which are
present in the MS2 spectrum.

ITA Enhances Detection of Peptides to the Sub-fmol Level
in Complex Mixtures— ITA was specifically designed to im-
prove the reliability of MS2 data acquisition for targeted pep-
tides and thus enhance the sensitivity of their detection. We

iMSTIQ Targeted Quantitative Proteomics Platform

10.1074/mcp.M110.005611–4 Molecular & Cellular Proteomics 10.3



compared the capability of ITA to select predetermined pep-
tides for MS2 analysis and to identify them to an inclusion list
method. We spiked both heavy (�8 Da, index) and light (tar-
get) isotopic variants of 86 synthetic peptides corresponding
to mouse or human proteins into a tryptic digest of 1 �g of a
yeast whole cell extract. In four titration experiments, the
index peptides were each spiked in at 500 fmol, and the target
peptides were spiked in at a low fmol level (0.75, 3.75, 7.5, or
15 fmol, respectively). These samples were analyzed sepa-
rately by either ITA or the inclusion list method on the LTQ-
Orbitrap. For the inclusion list method, the parent mass list
contained the m/z of each target peptide ion, and detection of
an ion at a listed m/z triggered fragmentation at the listed m/z.
For ITA, the parent mass list contained the m/z of each index
peptide ion, and detection of an ion at a listed m/z triggered
fragmentation at the corresponding target peptide m/z (e.g.
for a �2 ion, � m/z 	 �4 m/z). Data from both triggering
methods were searched with X!Tandem (21, 22) against a

yeast database augmented with the target peptide se-
quences. Correctly identified peptides from each analysis are
shown in supplemental Table S1 (false discovery rate �5%).

ITA outperformed the inclusion list method in terms of cor-
rect selection of targeted peptides for MS2 analysis, as well
as their positive identification in all four titration experiments
(Fig. 2). ITA showed the most improvement at the lowest
amounts of target peptide: at 0.75 fmol of target peptide, ITA
correctly triggered MS2 analysis on nearly all targets (97%),
whereas the inclusion list method typically failed to trigger
(26%). Improved triggering led to improved rates of peptide
identification: at 0.75 fmol of targeted peptides, 48% of the
peptides were identified via ITA but only 19% of the peptides
were identified via inclusion list. Importantly, ITA showed con-
sistently high rates of correct MS2 triggering in all four exper-
iments (97%, 98%, 99%, and 99% respectively). These re-
sults demonstrate that ITA ensures reliable triggering of MS2
events on targeted peptides, and improves rates of peptide

FIG. 1. Schematic overview of the
iMSTIQ strategy. See text for details.
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identification. The performance enhancement is particularly
striking for MS2 analysis and identification of low abundance
peptides in complex mixtures.

The MS2 Ion Quantification (MSTIQ) Strategy for Peptide
Quantification—Quantification constitutes a critical compo-
nent of targeted proteomics platforms. While it is possible to
quantify ITA-targeted peptides using isotope dilution strate-
gies at the MS1 level (23), we sought to develop a strategy for
quantification of ITA targeted peptides that takes advantage
of the favorable signal to noise characteristics of MS2 spectra
compared with MS1 spectra, as well as the enhanced selec-
tivity of quantifying peptide-specific fragment ions (24–28).
Reporter ion-based isobaric tagging reagents (iTRAQ, TMT)
are used for MS2-based quantification (29, 30), but their use-
fulness is limited by (1) the need to detect reporter ions in the
low mass range, which limits the range of suitable instru-
ments; and, more importantly, (2) the potential for co-eluting,
tagged peptide ions to fall within the CID isolation window.
Since the same reporter ions are generated from any tagged
peptide present during CID, co-eluting peptides can alter the
quantification result.

The MSTIQ strategy uses peptide-specific fragment ions
instead of nonspecific reporter ions for quantification, allow-
ing the targeted peptide to be distinguished from co-eluting
peptides (Fig. 1). As described above, a synthetic LH refer-
ence peptide and the HL sample peptide are isotopically
distinct at both their N terminus and C terminus; b- and y-ion
fragments appear in the MS2 spectrum as pairs (separated by
4 Da/z), one from the reference peptide and one from the
sample peptide. Alternatively, the LH and HL peptides can be
prepared from tryptic digestion of proteins that are differen-
tially labeled by metabolic incorporation of isotopically heavy
or light lysine and arginine (SILAC) (23); this allows two sam-
ples to be directly compared. Quantification is achieved by
comparing the relative intensities of corresponding fragment

ion pairs; each ratio of intensities is an independent measure-
ment of the relative abundance of the HL and LH peptides.
Ratios from all observed fragment ion pairs (across multiple
scans, when available) are analyzed together to reject outliers,
then averaged to improve accuracy (see Experimental
procedures).

Evaluation of MSTIQ as a Tool for Quantitative Proteo-
mics—We examined MSTIQ’s effectiveness by preparing two
differentially labeled protein mixtures from mouse macro-
phage lysates, mixing the samples at known relative amounts,
and measuring the relative levels of all peptides in each mix-
ture. To avoid possible bias due to evaluating a preselected
set of targeted peptides, SILAC-labeled mouse macrophages
were used to prepare a large number of MSTIQ peptides for
LC-MS/MS analysis. Isotopically heavy or light arginine ([15N4]
or [14N4]) and lysine ([13C6

15N2] or [12C6
14N2]) were metabol-

ically incorporated into the proteome during cell culture. After
digesting the SILAC-labeled proteins with trypsin, the result-
ing peptides were labeled with either light or heavy mTRAQ
reagents to create isobaric peptides. The labeled peptides
were combined in seven different ratios from 1:30 to 30:1
(HL:LH), and analyzed by LC-MS/MS using intensity-based
data-dependent acquisition (DDA) followed by database
searching to identify a set of target peptides for quantification.
Next, our in house software ISBquant (Isobaric quantification),
identified MS2 scans corresponding to these target peptides
in each titer based on accurate mass measurements and the
presence of at least 7 HL or 7 LH fragment ions above
background level, and computed an abundance ratio (HL/LH)
for each peptide using the intensities of the quantifiable pep-
tide-specific fragment ion pairs (see Experimental Proce-
dures). We note that both in this experiment and in the iMSTIQ
approach identification of scans corresponding to target pep-
tides is not based on sequence database search algorithms.
This is important because we noticed that some peptide
spectra received lower X!Tandem scores in the 1:1 titer than
the corresponding spectra in the 1:30 or 30:1 titers, indicating
that the presence of doublet fragment ions can negatively
impact X!Tandem scores.

Fig. 3 shows the MS2 spectra from the 1:1 mixture for one
representative peptide, “LWTLVSEQTR”. A series of b- and
y- ions appearing as isotopic pairs is seen in the spectrum
(Fig. 3A). The spectra for three representative fragment ion
pairs (b4�, y7�, and y9�) are shown in expanded views
(insets). Two peaks separated by 4 m/z units are observed
for each fragment ion pair and their relative peak intensities
are �1:1, as expected.

We then evaluated relative abundances of the HL and the
LH peptides in each titration experiment by examining a total
of 1080 peptides that were positively identified (Peptide-
Prophet p � 0.9, false discovery rate � 1.5%) in at least one
titration. The ratios for all peptides quantified in each titer by
ISBquant are summarized in Fig. 3B. Excellent linearity be-
tween the MSTIQ-measured and expected ratios is observed

FIG. 2. ITA (index-ion triggered analysis) improves peptide se-
lection for CID (collision induced dissociation) and identification
compared with an inclusion list method. Eighty-six peptides were
spiked into a tryptic digest derived from 1 �g of a whole cell yeast
protein extract at the indicated amounts and targeted for identifica-
tion using either ITA (squares) or an inclusion list method (triangles).
The percentage of peptides selected for CID (dashed lines) or iden-
tified (solid lines) by each method are plotted as a function of the
quantity of peptides that were spiked into the sample.
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over relative abundances of 1:30 to 30:1 (R2 	 0.9992). The
accuracy of the method is indicated by the histograms of
individual peptide quantifications within 2 standard deviations
of the calculated median; 50% of the quantifications have a

relative error �13% (Suppl. Tables S2, S3). These results
demonstrate that MSTIQ is an effective method for accurate
quantification of peptides in complex mixtures over a wide
dynamic range.

FIG. 3. Peptide quantification by MSTIQ. Tryptic peptides derived from mouse macrophage lysates were labeled by MSTIQ, combined in
seven titers (1:30, 1:10, 1:3, 1:1, 3:1, 10:1, and 30:1), and analyzed by LC-MS/MS. A, Full scan Orbitrap MS2 spectrum (175–1390 m/z) of the
precursor peptide “LWTLVSEQTR” ([M�2H]2�, m/z 688.88). Multiple b- and y-ion pairs are shown. Insets: expanded view of representative
pairs of 1� fragment ions, 4 Da apart; as expected relative peak intensities are �1:1. B, Expected versus measured abundance ratio (ln(HL/LH))
for all seven titers. Peptides were quantified with ISBquant software. Medians (M, dots) and range (M � 2s, see Experimental procedures; bars)
are shown for each titer. Histograms show values in the range; counts above, below, or beside each histogram represent peptides with ratios
higher, lower, or within the range, respectively.
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The iMSTIQ Platform Permits Quantification of Low Abun-
dance Peptides in Complex Mixtures—A combination of the
enhanced sensitivity and reproducibility of ITA and the accu-
rate quantification of MSTIQ generates a powerful new pro-
teomics platform for quantification of targeted proteins (Fig.
1). In this platform, index peptides containing isotopically
heavy moieties at both their N and C termini (“HH” peptides)
are used to trigger MS2 analysis of the co-eluting pair of
MSTIQ-labeled target peptides (HL sample and LH reference
peptides). Multiple MS2 scans are acquired in the ion trap for
each targeted m/z (every 1–2 s across the entire elution
peak). Due to a decrease in sensitivity when the Orbitrap is
used for MS2 analysis, MS2 scans were acquired in the ion
trap. It is possible that the use of higher-energy C-trap
dissociation (HCD) (42) or future instrument improvements
will allow acquisition of high resolution MS2 spectra in the
Orbitrap with sensitivity similar to that of the ion trap. MS2
scans containing the target HL and reference LH peptides
are selected for MSTIQ quantification based on co-elution
of the index ion, accurate index ion m/z, and the presence of
peptide-specific fragment ions in MS2 spectra (see Exper-
imental Procedures). The iMSTIQ platform is particularly
useful for targeted proteomics analyses in which reproduc-
ible and accurate quantification of a specific set of proteins
is desired in complex samples, such as in time course or
biomarker studies in which a set of proteins is repeatedly
measured in multiple samples.

To evaluate iMSTIQ’s ability to quantify low abundance
peptides in complex samples, we generated a pair of MSTIQ
peptides [“FAISYQEK”, HL (95% purity) and LH (crude)] and
spiked �3 fmol of each into 1 �l N-glycopeptide mixture (�1
�g) isolated from 1 �l human plasma (�70 �g/�l) (19). This
N-glycopeptide mixture is similar to that used in studies which
investigate the sensitivity of peptide detection in complex
mixtures by other MS approaches (9, 31). One hundred fmol
of the HH peptide was also spiked into the same sample to
serve as the index peptide. Fig. 4A shows a representative full
MS1 scan at the time when the HL, LH, and HH peptides
eluted; an expanded view of 566 to 575 m/z is shown in the

inset. Detection of the peak at 572.3028 m/z (corresponding
to the index peptide ion) triggered CID on ions within a win-
dow of 567.2–570.2 m/z according to the preset ITA program.
As shown in the inset, the targeted peptide ion (568.2973 m/z)
is either not detectable or overlaps with an isotopic peak
(568.2954 m/z) of a co-eluting, off-target ion (567.2920 m/z)
and could be missed for CID if the inclusion list method was
applied. Nonetheless, ITA correctly triggered CID as shown by
the presence of a series of fragment ion pairs specific to the
targeted peptide in the MS2 spectrum (Fig. 4B). As a result,
the targeted peptide was positively identified and quantified.
Consistent with the observed complexity of the MS1 spec-
trum, in the MS2 spectrum the intensities of the target peptide
fragment ion pairs (identified doublets; insets) are much lower
than the intensities of the fragment ions derived from the
co-eluting ion (observed as singlets). Strikingly, iMSTIQ per-
mits identification and quantification of target peptides in
complex mixtures even if they co-elute with other ions. If a
reporter ion strategy such as iTRAQ or TMT was used, it
would not be possible to distinguish the reporter ions derived
from the target versus the co-eluting, off-target peptides, and
this could compromise the accuracy of quantification. The
abundance ratio of this peptide was determined using the
ISBquant software, which was specifically developed for
the iMSTIQ platform. ISBquant used multiple peptide-specific
pairs of fragment ions observed in multiple MS2 scans across
the elution peak of the index peptide to quantify the peptide
(Fig. 4C).

To gain insight into the reliability of MS2 data acquisition
and the range of quantification that iMSTIQ can provide in a
complex mixture, we further examined quantification of the
“FAISYQEK” peptide at various amounts of the spiked-in LH
peptide, as well as seven other synthetic peptides. In these
titration experiments, the LH peptides (synthesized via the
AQUA platform (32) with 95% purity) were spiked in to �1
�g of an N-glycopeptide mixture at quantities ranging from
0.1 to 30 fmol, whereas the HH (AQUA) and HL (crude)
peptides were spiked in at fixed amounts (100 fmol and �3
fmol, respectively), to generate expected relative abun-

FIG. 4. iMSTIQ peptide quantification in a complex sample. Eight synthetic peptides were labeled by MSTIQ and combined in six titers
containing HH peptides (100 fmol), HL peptides (crude, �3 fmol), LH peptides (0.1, 0.3, 1, 3, 10, or 30 fmol, respectively), and a human N-glyco
plasma peptide mixture (�1 �g). A, Full MS1 spectrum (350–1800 m/z) at 41.41 min. Inset: expanded view (566–575 m/z) showing the index
ion for a representative peptide “FAISYQEK” ([M�2H]2�, 572.3028 m/z). Targeted peptides ([M�2H]2�, 568.2973 m/z) and a co-eluting
off-target peptide ([M�2H]2�, 567.2920 m/z) are within the CID isolation window (567.2–570.2 m/z, bar). B, Full LTQ MS2 spectrum (145–1150
m/z) triggered by the index peptide in (A). Positively identified peptide-specific fragment ion pairs are marked. The targeted MSTIQ fragment
ion pairs have lower intensities than the fragment ions corresponding to the off-target peptide (singlet fragment ion pattern). Insets: expanded
views of MS2 spectra for representative fragment ion pairs (4 Da apart) each with a relative abundance close to 1:1. C, Screenshots of ISBquant
output for quantification of the peptide “FAISYQEK” in the 3 fmol (LH) sample. MS1 scans during elution of the index ion (upper panel) that
triggered MS2 scans and met ISBquant scan selection criteria (see Experimental procedures) were selected for quantification (gold). The
measured intensity of the index ion for each scan is indicated in the column labeled, “572.3044 eluting.” Individual fragment ion intensities
(middle panel) at all selected scans meeting strict quality criteria (white; see Experimental procedures) are averaged to compute the peptide
abundance ratio. Quantification of all eight peptides is summarized in the lower panel including the final log-ratio (gold). Links to individual MS2
spectra (active in the web interface) are shown in blue. D, Plots of log (LH/HL) versus the known amount of each LH peptide (log scale). A
consistent linear regression is observed for 1 � LH � 30 fmol.
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dances (LH:HL) of 1:30 to 10:1. The ratios measured via
ISBquant for all eight peptides are plotted against the
spiked amount of the LH peptides (Fig. 4D, data for each
peptide is presented separately in supplemental Fig. S1 and
supplemental Table S4). Consistent with the results presented
in Fig. 2, ITA triggered MS2 data acquisition for all eight target
peptides in every titer. In samples containing 1 to 30 fmol of
the LH peptides, there is good agreement between measured
and expected ratios for all eight peptides. For LH peptides
spiked in at less than 1 fmol the measured ratio is indepen-
dent of LH, suggesting that the limit of quantification has been
reached. The average coefficient of variation for these 8 pep-
tides is 26%; this is likely an upper estimate of iMSTIQ’s
coefficient of variation in typical use since the experiments
were performed close to the limit of quantification of the
technique. We then quantified the actual amount of each HL
peptide (crude) in the sample based on the linear relationships
observed for LH peptide (accurately quantified AQUA peptide)
amounts of �3 fmol (see supplemental Fig. S1). The esti-
mated amount of each HL peptide was between 1 and 3 fmol,
which is consistent with the expected amounts of these crude
peptides based on the information provided by the supplier.
These experiments show that the iMSTIQ platform reliably
triggers MS2 data acquisition and accurately quantifies low
fmol amounts of target peptides in complex samples over a

�30-fold range of abundances. In addition, they demonstrate
that iMSTIQ can be used to determine absolute quantities of
target peptides in a complex mixture.

iMSTIQ Abundance Profiling of Targeted Inflammatory Pro-
teins During LPS Activation of Macrophages—Next we ap-
plied iMSTIQ to analyze temporal patterns of protein release
from mouse macrophages treated with the inflammatory stim-
ulus, LPS. Release of inflammatory mediators such as cyto-
kines and chemokines by macrophages is a key component
of the inflammatory response (33). Previously, using shotgun
proteomics combined with iTRAQ (29) and N-glycopeptide
enrichment (19), we detected a set of proteins that were
inducibly released (secreted or proteolytically shed) from
macrophages upon treatment with LPS for 4 h (unpublished
data). We investigated whether iMSTIQ could be used to
directly profile the abundance of these inflammatory proteins
in conditioned media during a comprehensive time course
experiment. Samples of conditioned media were collected at
various times following treatment of macrophages with LPS.
As a control, macrophages were treated with PBS and con-
ditioned media were harvested at 18 h. Proteins from the
concentrated conditioned media were digested with trypsin,
deglycosylated with N-Glycanase, and then labeled with the
heavy mTRAQ reagents to generate HL peptides. We specif-
ically targeted 14 peptides corresponding to proteins that

TABLE I

Gene symbol Protein Peptide
Proteins

of interest
Detection

of HL
Group

Cadm1 Cell adhesion molecule 1 FQLLN*FSSSELK targeted Yes 1
Fcgr1 Fc receptor, IgG, high affinity I EVVN*ATK targeted Yes
Fcgr2b Fc receptor, IgG, low affinity IIb SQVQASYTFK targeted Yes
Gm885 Predicted gene 885 VN*VSNLMK targeted Yes
H2-k1 histocompatibility 2, K1, K region WASVVVPLGK targeted Yes
Itgam Integrin alpha M YLN*FTASEMTSK targeted Yes
Itgb2 Integrin beta 2 LTDNSNQFQTEVGK targeted Yes
Raet1 Retinoic acid early Transcript 1, A-E CN*LTIK targeted Yes
Sema4d Semaphorin 4D AAN*YTSSLNLPDK targeted Yes
Sorl1 Sortilin-related receptor, LDLR class A repeats-containing GIGN*WSDSK targeted Yes
Tnf Tumor necrosis factor VNLLSAVK targeted Yes

Gm11787 Predicted gene 11787 GSLLDFLK nonspecific Yes 2
Islr Immunoglobulin superfamily containing Leucine-rich

repeat
FQAFAN*GSLLIPDFGK nonspecific Yes

P2rx4 Purinergic receptor P2X, ligand-gated ion channel 4 AAEN*FTLLVK nonspecific Yes

Alcam Activated leukocyte cell adhesion molecule N*ATGDYK targeted No 3
Anpep Alanyl (membrane) aminopeptidase N*ATLVNEADK targeted No
Havcr2 Hepatitis A virus cellular receptor 2 N*VTYQK targeted No

Bst1 Bone marrow stromal cell antigen 1 N*CTAIWEAFK nonspecific No 4
Chmp2a Chromatin modifying protein 2A SN*NSMAQAMK nonspecific No
Dclk1 Doublecortin-like kinase 1 NVNPN*WSVNVK nonspecific No
Serpinf1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 SSFVAPLEK nonspecific No
Smc3 Structural maintenace of chromosomes 3 ALDQFVN*FSEQK nonspecific No
Vcam1 Vascular cell adhesion molecule 1 SLEVTFTPVIEDIGK nonspecific No
Ythdf2 YTH domain family 2 VQN*GSVHQK nonspecific No

N*: N-linked glycosylation site replaced by D in synthetic peptides.
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were found to be inducibly released from macrophages upon
LPS treatment in our previous screen (Table I). We also tar-
geted 10 peptides corresponding to proteins that are not
known as macrophage-released proteins (referred to as non-
specific peptides). These 24 peptides were synthesized with
isotopically heavy lysine at their C terminus, and then mod-
ified with either light or heavy mTRAQ to generate quantifi-
cation reference (LH) or index peptides (HH), respectively.
The sample peptide mixtures containing the HL peptides
were then spiked with the LH peptides (33.3 fmol each) and
the HH peptides (500 fmol each) and analyzed on the LTQ-
Orbitrap using ITA.

Consistent with previous results, MS2 data acquisition was
reproducibly triggered by ITA for all 24 target peptides at each
time point (Fig. 5 and data not shown) which permitted iden-
tification of all LH peptides used as quantitative reference
peptides by ISBquant. 10 sample peptides (HL peptides),
including three from the targeted group and seven from the
nonspecific group (Table I, group 3 and 4 respectively), were
not consistently detected in all six samples and thus were not
further analyzed. The other 14 peptides, including 11 targeted
peptides (Table I, group 1) and three nonspecific peptides
(Table I, group 2), were successfully detected in all of the
samples and the abundance ratio between the peptides in the
sample and the spiked reference peptides (HL/LH) was de-
termined for each peptide at all monitored time points
(supplemental Table S5).

Fig. 5 shows absolute quantification (fmol) of each peptide (y
axis) at each monitored time point (x axis). Evaluation of the 3
nonspecific peptides (group 2) indicates that they are present in
similar amounts at all measured time points following LPS or
PBS treatment (Fig. 5A). In contrast, 8 of the 11 targeted pep-
tides (group 1) showed the expected overall pattern of inducible
release by macrophages over the time course of LPS treatment
(Fig. 5B). Proteins corresponding to these peptides include
TNF�, Itgb2 (CD18) and Itgam (Mac-1, CD11b). TNF� is a type
1 pro-inflammatory cytokine known to be released by macro-
phages in response to inflammatory stimuli (34, 35). Itgb2 and
Itgam are components of a heterodimeric complex found on the
surface of leukocytes that plays important roles in inflammation
(36), and was previously reported as being shed during an
inflammatory response (37, 38). Unexpectedly, the amounts of
the 3 other targeted peptides, corresponding to Gm885, Raet1,
and Cadm1, showed no significant increase after LPS treatment
(Fig. 5C), suggesting that they are not specifically released in
response to LPS. These studies highlight the importance of
systematically validating potential proteins of interest identified

in snapshot discovery screens. Overall, these results demon-
strate the utility of iMSTIQ as a powerful approach to repro-
ducibly quantify specific sets of proteins in complex mix-
tures, a capability that is an essential component of systems
biology research and biomarker studies.

DISCUSSION

Comprehensive investigation of biological systems requires
the ability to measure any protein or set of proteins in an
unbiased, sensitive, reproducible, and quantitative manner.
To address these requirements, we have developed iMSTIQ,
a novel proteomics platform that permits reproducible detec-
tion (via ITA) and accurate quantification (via MSTIQ) of tar-
geted peptides in complex mixtures.

Application of ITA significantly increased the frequency at
which targeted peptides were selected for CID compared to
an inclusion list approach (16–17) and thus resulted in im-
proved sensitivity and reproducibility of peptide identification
(Fig. 2). The ability of ITA to reliably trigger MS2 data acqui-
sition was further demonstrated in our time course experiment
in which we measured the release of targeted proteins from
macrophages after LPS stimulation (Table I and Fig. 5) and the
N-glycoplasma spike-in experiment (Fig. 4C).

Another benefit of the ITA strategy is that the use of index
peptides enhances the confidence of identification of the
targeted peptides. The index peptides themselves are readily
identified by accurate mass measurement, retention time, and
the presence of a minor peak �1/z units from the index
peptide’s monoisotopic m/z. This minor peak results from the
use of isotopically heavy labeling reagents that contain a small
fraction of 12C and 14N atoms in them to produce the index
peptides. Considering the isotopic impurity of the reagents
(�1–2%) and the fact that index peptides (the HH form) con-
tain at least two modifications per peptide, the intensity of this
“-1” peak is estimated to be �10–20% of the monoisotopic
peptide peak, depending on the precise purity of the re-
agents, natural isotopic variation, and composition of the
peptide. We do indeed observe such unique index peptide
features in our data (Fig. 4A, see peak at 571.8019 m/z), and
we have incorporated this special feature into the ISBquant
software to assist in identifying index peptides. Because the
index and target peptides co-elute during LC, positive iden-
tification of the index peptides provides a parameter, in addi-
tion to full MS2 spectra, that can be used to confidently
identify target peptides. This is particularly useful when ana-
lyzing peptides of very low abundance in samples of high
complexity and dynamic range such as human plasma. Further

FIG. 5. Quantification of inflammatory proteins by iMSTIQ. Peptides derived from conditioned media harvested at 1, 2, 4, 8, and 18 h
post-treatment of mouse macrophages with LPS were analyzed using iMSTIQ. As a control, peptides were prepared from media harvested
from macrophages 18 h following treatment with PBS. Absolute abundance (y axis) of 14 detected peptides in all six samples is plotted
as a function of time points (x axis). Data from the control sample (collected at 18-h time point) are shown at the 19-h time point for clarity.
A, Plots for the three nonspecific peptides (group 2 in Table I). B, Plots for the eight targeted peptides that display LPS-dependent release.
C, Plots for three targeted peptides that do not display LPS-dependent release.
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improvements in target peptide identification are expected
upon modification of the LTQ-Orbitrap operating software to
permit acquisition of MS2 spectra for both the index peptide
and the targeted peptides during iMSTIQ analysis.

MSTIQ is a quantitative method with improved selectivity
compared with many other quantitative proteomics platforms.
Similar to other isobaric, MS2-based quantitative approaches
such as iTRAQ (29) and TMT (30), MSTIQ takes advantage of
the mass filtering effect of MS1. An important and distinguish-
ing feature of MSTIQ is its use of peptide-specific fragment
ions for quantification. Compared with isobaric approaches
that use common reporter ions for quantification, the use of
peptide-specific fragment ions permits quantification even in
the presence of a more intense contaminating peptide present
during CID (Fig. 4B). Quantification using multiple peptide-
specific fragments ions, together with statistical analysis,
should also improve the accuracy of quantification. These
improvements are particularly important when quantifying
peptides in samples with high complexity and large dynamic
range. We note however that should the user prefer to use a
reporter ion approach for quantification, ITA analysis is also
compatible with these approaches.

Other MS2-based quantitative proteomics approach have
been described that use peptide-specific fragment ions for
quantification (27, 28, 39). However, in these approaches an
enlarged precursor isolation window (e.g. 10 m/z units) is used
to include both light and heavy isotopically labeled precursor
peptides for simultaneous CID and subsequent quantification
based on the intensities of a subset of fragment ions (y-ions).
While the accuracy of this strategy likely benefits from the use of
multiple fragment ions for quantification, the wide isolation win-
dow that is required for this approach is a concern due to the
potential for inclusion of unrelated peptide ions and chemical
noise in the collision cell that may interfere with quantification.
MSTIQ alleviates these limitations by using isobaric precursors,
compatible with a standard CID isolation window (2–3 m/z
units). In addition, MSTIQ uses both b- and y- ions for quanti-
fication instead of the y-ions alone. The potential for more
measurements per peptide should improve quantitative accu-
racy. Another benefit specific to MSTIQ is the ability to detect
potential errors introduced during the isotopic labeling step:
systematic inconsistency between quantifications of b-ions ver-
sus y-ions may point to a problem that was introduced during
the labeling.

During the preparation of our manuscript, an independent
study was reported by Koehler et al. using a similar approach
for quantifying isobaric peptides during MS2 (40). In that
study, isobaric peptides were generated by chemical labeling
of LysC digested peptides with both succinic anhydride (d0 or
d4) at the N termini and 2-methoxy-4,5-dihydro-1H-imidazole
(d4 or d0) at the C-terminal lysine residues, respectively.
Consistent with our results, their study provides independent
evidence for the utility of isobaric peptides labeled at both
ends for quantification. However, the approach described by

Koehler et al. is restricted to peptides ending with lysine, and
requires two amine-based labeling steps. In addition, in
their method protein abundance is only semiquantitatively
estimated from Mascot scores (41) rather than from direct
measurement of fragment ion intensities. Most importantly,
this approach lacks a mechanism to ensure reliable MS2
data acquisition of target peptides. We note that although
both MSTIQ and the approach described by Koehler et al.
are not useful for quantification of peptides containing in-
ternal lysine or arginine residues (�11% of tryptic peptides
derived from the murine proteome that can be reliably iden-
tified by MS2 analysis are predicted to contain internal
lysine or arginine due to the presence of KP/RP), this is not
a significant limitation for targeted analyses as most pro-
teins will produce many peptides upon enzymatic digestion
that can be measured.

Integration of ITA and MSTIQ generates the iMSTIQ tar-
geted proteomics methodology, which takes advantage of the
sensitivity, reproducibility, and accurate quantification pro-
vided by the two approaches. A powerful example of the
effectiveness of iMSTIQ is presented in Fig. 4, in which accu-
rate peptide quantification was achieved despite the inability
to clearly detect the target peptide in the MS1 spectrum. If an
inclusion list method had been used under these circum-
stances, it is likely that CID would not have been triggered
for the target ion due to low abundance and/or inability of the
instrument software to distinguish the targeted ion from the
co-eluting off-target ion. Another example of the utility of
iMSTIQ is presented in Fig. 5 in which we were able to identify
and quantify several peptides (Sorl1, Sema4d, Fcgr1, Fcgr2b,
Itgam, Itgb2, Raet1, Cadm1, and Gm885) in unfractionated
samples that previously required either glycopeptide enrich-
ment or fractionation by isoelectric focusing to be detected
using shotgun proteomics. In addition, all of these targeted
peptides were successfully quantified at all six time points.
Therefore, iMSTIQ provides a powerful targeted quantitative
proteomics platform that allows for systematic analysis of
protein levels or validation of proteins of interest discovered
from shotgun analyses.

Several features of the iMSTIQ targeted proteomics plat-
form are noteworthy. First, iMSTIQ has been developed and
primarily implemented on LTQ-Orbitrap instruments. As such,
it takes advantage of the high mass accuracy, resolution and
throughput offered by this instrument, allowing at least two
hundred peptides to be accurately targeted per MS run with-
out stringent retention time requirements (16). The upper limit
for targeting is primarily determined by column capacity which
is typically �1 microgram. Assuming the use of �250 fmol
of each index peptide to target peptides in 1 microgram of
sample, 200 index peptides would only account for �10% of
the total sample quantity. This compares favorably to stable
isotope dilution (SID) SRM studies on a triple quadrupole
instrument in which segmented methods that demand highly
reproducible chromatography are required to target �100
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peptides (assuming 3 transitions � 2 isotopic forms per pep-
tide) with high sensitivity. Second, with iMSTIQ confident
peptide identification is achieved by acquisition of full MS2
spectra and observation of a co-eluting index peptide ion. In
contrast, high throughput SID-SRM studies typically rely on
observation of a limited number of co-eluting transitions from
isotopic peptide pairs, along with retention time coordinates,
for peptide identification. Third, selection of peptides for tar-
geted analysis benefits from the fact that iMSTIQ can be
performed on ion trap instruments, the same instruments that
have been used to acquire most of the profiling data by the
proteomics community. Fourth, unlike high throughput SRM,
iMSTIQ does not require predetermination of transitions for
optimal measurements, relying instead on consistency of
quantification to identify all reliable transitions available under
the specific experimental conditions. Finally, iMSTIQ provides
opportunities to target proteins that have never been detected
by mass spectrometry, independent of any existing MS data.
Currently, we are developing the second stage of the iMSTIQ
platform in which isotopically heavy synthetic proteins of in-
terest are directly spiked into samples as internal standards
for quantification. All possible tryptic peptides of each tar-
geted protein within the scanning range will be analyzed in a
single MS run. In this way we will be able to directly analyze
the targeted proteins without the constraints of preselecting a
limited number of peptides and/or transitions.

Similar to SID SRM-MS, implementation of iMSTIQ requires
peptides that contain isotopically heavy lysine or arginine at
their C termini. While these peptides are currently costly, they
can be readily obtained by chemical synthesis that is ex-
pected to become much more affordable in the near future. In
addition, iMSTIQ currently requires a chemical labeling step in
which both sample peptides and synthetic heavy peptides are
modified with labeling reagents (Fig. 1). Labeling with mTRAQ
reagents to generate both the index (HH) and reference (LH)
peptide (100 �g each) costs �$50 USD, but once they are
prepared, they serve as a resource for hundreds of analyses.
Thus, once the index and reference peptides are prepared,
the main sample preparation expense for an iMSTIQ analysis
is the cost of mTRAQ reagents for labeling the sample pep-
tides (�$4 USD per 10 �g).

We note that it is possible to perform inclusion list-based
targeted quantitative proteomics analysis with either MSTIQ
or isobaric reporter ion-based approaches such as iTRAQ by
using an appropriately labeled synthetic peptide that serves
as both the MS2 triggering index peptide and the quantitative
reference peptide. While this approach is expected to be
effective for targeted analysis of abundant peptides, it is not
optimal for less abundant peptides since, in many cases, the
high levels of synthetic peptide necessary to ensure efficient
MS2 triggering will not be ideal for quantification due to dy-
namic range limitations of the mass spectrometer. In addition,
as discussed above, potential quantification errors due to con-
tributions from co-eluting, tagged peptides that fall within the

CID isolation window are possible with reporter ion-based ap-
proaches. With iMSTIQ, both of these issues are alleviated.

In conclusion, we have developed a novel targeted quanti-
tative proteomics technology that has enhanced reproducibil-
ity and sensitivity compared with “shotgun” MS and inclusion
list-based MS methods. The method alleviates potential
quantification errors caused by co-eluting peptides and
chemical noise to which other methods are susceptible. The
technology has been developed for use with a high mass
accuracy mass spectrometer capable of analyzing hundreds
of peptides per run without the stringent retention time re-
quirements of high throughput SID SRM-MS studies, but can
be adapted to any MS platform that permits targeted, full MS2
analysis. We have demonstrated here that iMSTIQ accurately
quantifies peptides in complex biological samples such as
samples derived from cell extracts, cell culture media and
plasma. By targeting all of the potentially observable peptides
of a protein of interest, iMSTIQ provides a way to measure
any protein with high sensitivity and reproducibility without
pre-existing proteomics data. As such, iMSTIQ holds great
promise as a robust method for facilitating efforts to sys-
tematically profile specific sets of proteins and even com-
plete proteomes.
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Schäfer, J., Rameseder, J., Wong, C. H., Deutsch, E. W., Brusniak, M. Y.,
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