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Targeted proteomic quantification on quadrupole‐orbitrap MS

Summary
There is an immediate need for improved methods to systematically and precisely
quantify large sets of peptides in complex biological samples. While to date protein
quantification in biological samples is routinely performed on triple quadrupole
instruments operated in selected reaction monitoring mode (SRM), two major
challenges remain. Firstly, the number of peptides to be included in one survey
experiment needs to be increased to routinely reach several hundreds, and secondly,
the degree of selectivity should be improved to reliably discriminate the targeted

analysis on the recently developed Q‐Exactive mass spectrometer can potentially
address these issues. This instrument presents a unique configuration: it is constituted
of the orbitrap mass analyzer equipped with a quadrupole mass filter as front‐end for
precursor ion mass selection. This configuration enables new quantitative methods
based on HR/AM measurements, including targeted analysis in MS mode (single ion
monitoring, SIM) and in MS/MS mode (parallel reaction monitoring, PRM). While the
ability of the quadrupole to select a restricted m/z range allows overcoming the
dynamic range limitations associated with trapping devices, the MS/MS mode provides
an additional stage of selectivity. When applied to targeted protein quantification in
urine samples and benchmarked with the reference SRM technique, the quadrupole‐
orbitrap instrument exhibits similar or better performances in terms of selectivity,
dynamic range, and sensitivity. These high performances are further enhanced by
leveraging the multiplexing capability of the instrument to design novel acquisition
methods and apply them to large targeted proteomic studies for the first time, as
demonstrated on 770 tryptic yeast peptides analyzed in one 60 minute experiment. The
increased quality of quadrupole‐orbitrap data has the potential to improve existing
protein quantification methods in complex samples and to cope with the pressing
demand of systems biology or biomarker evaluation studies.
2
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analytes from background interferences. High resolution and accurate mass (HR/AM)

Targeted proteomic quantification on quadrupole‐orbitrap MS

I) Introduction
Shotgun proteomics has emerged over the past decade as the most effective method
for the qualitative study of complex proteomes, i.e., the identification of the protein
content, as illustrated by a wealth of publication (1, 2). In this approach, after enzymatic
digestion of the proteins, the generated peptides are analyzed by liquid
chromatography coupled to tandem mass spectrometry (LC‐MS/MS) in a data
dependent mode. However, the complexity of the digested proteomes under
investigation and the wide range of protein abundances limit the reproducibility and the

quantification of the proteins. Thus, alternative mass spectrometry approaches have
emerged for the systematic quantitative study of complex proteome, the MS‐based
targeted proteomics (4). In this hypothesis‐driven approach, only specific subsets of
analytes (a few targeted peptides used as surrogates for the proteins of interest) are
selectively measured in predefined m/z ranges and retention time windows, which
overcome the bias towards most abundant compounds commonly observed with
shotgun proteomics. When applied to complex biological samples, such as bodily fluids
like urine or plasma, targeted proteomics requires high performance instruments
allowing measurements of a wide dynamic range (many orders of magnitude), with high
sensitivity in order to detect peptides in the low amol range, and sufficient selectivity to
cope with massive biochemical background (5). Selected reaction monitoring (SRM) on
triple quadrupole (6) or triple quadrupole‐linear ion trap mass spectrometers (7) has
emerged to conduct such analyses (8). Initially applied to mass spectrometry analysis of
small molecules (9, 10), SRM has gradually imposed as the reference quantitative
technique to analyze proteins (/peptides) in biological samples. When coupled to the
isotope dilution strategy (11, 12), this very effective technique allows the precise
quantification of proteins (13‐18). However, in spite of the increased selectivity
provided by the two‐stage mass filtering of SRM (at the precursor and at the fragment
3
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sensitivity of this stochastic approach (3), which is critical if one aims at the systematic
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ions level), the low resolution of mass selection does not allow the systematic removal
of interferences (19, 20). Moreover, in proteomics, the biochemical background has
similar composition as the analytes of interest, which remains a major hurdle limiting
the sensitivity of assays especially in bodily fluid matrix. High resolution/accurate mass
(HR/AM) analysis represents a promising alternative approach to more efficiently
distinguish the compounds of interest from interferences in targeted proteomics. Such
analyses can be conducted on orbitrap‐based mass spectrometer because of its high
sensitivity and high mass accuracy capabilities (21). The introduction of the benchtop
standalone orbitrap mass spectrometer (Exactive) (22) further strengthened the

However, as quantification using trapping devices intrinsically suffers from a limited
dynamic range due to the overall ion capacity, the complexity of biological samples
remains very challenging even with the HR/AM approach (25). Targeted protein analysis
with triple quadrupole mass spectrometers keeps on showing significant superiority for
such samples (unpublished results). The recently developed quadrupole‐orbitrap mass
spectrometer (Q‐Exactive) can potentially address this issue1. It is constituted of the
orbitrap mass analyzer equipped with a quadrupole mass filter as front‐end for
precursor ion mass selection (26, 27). This configuration combines advantages of triple
quadrupole instruments for mass filtering and orbitrap‐based mass spectrometers for
high resolution/accurate mass measurement. The ability of the instrument to select a
restricted m/z range, or sequentially a small number of precursor ions offers new
opportunities for quantification in complex samples by selectively enriching low
abundant components. The resulting data, acquired in the so‐called single ion
monitoring (SIM) mode, fully benefit from the trapping capability while keeping high
acquisition rate due to the fast switching time between targeted precursor ions of the
1
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attractiveness of the approach especially in the field of small molecule analysis (23, 24).
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quadrupole. Although this mode of data acquisition is possible with the configuration
combining a linear ion trap with the orbitrap (e.g., LTQ‐orbitrap), its effectiveness is far
more limited in this case. The quadrupole‐orbitrap configuration presents significant
benefits by selectively isolating narrow population of precursor ions. Other features of
the instrument include the multiplexed trapping capability (26) using either the C‐trap
or the HCD cell (28, 29), which opens new avenues in the design of innovative
acquisition methods for quantification studies. For the first time, a panel of acquisition
methods is designed and applied to targeted quantification at the MS an MS/MS levels.
In the latter case, the simultaneous monitoring of multiple MS/MS fragmentation

quantify large sets of peptides with increased selectivity.

2

The term of parallel reaction monitoring is introduced by analogy to selected reaction monitoring. While
in SRM a single selected reaction (transition) is monitored for a peptide at a given point in time, in PRM
virtually all reactions (fragments/ transitions) from a common precursor ion are monitored in parallel.
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channels, also called parallel reaction monitoring2 (PRM), is particularly promising to
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II) Experimental Procedures
Sample preparation
Yeast digest mixture. Yeast lysate was prepared as described earlier (30). The cell lysate
was solubilized in 0.1 M ammonium bicarbonate buffer containing 8 M urea (Sigma, St
Louis, MO, USA) at a final concentration of 6 mg/mL. The proteins were reduced with
dithiothreitol (Sigma) at a final concentration of 12 mM for 30 min at 37°C and alkylated
with iodoacetamide (Sigma) at a final concentration of 40 mM for 1 h at 25°C in the dark.
The sample was diluted with 0.1 M ammonium bicarbonate buffer to a final

USA) was added to a final enzyme:substrate ratio of 1:100 and incubated for 16 h at
37°C. The peptide mixture was cleaned by Sep‐Pak tC18 cartridges (Waters, Milford, MA,
USA) and eluted with 60 % acetonitrile (Sigma). The resulting peptide sample was
lyophilized on a vacuum centrifuge and then resolubilized in 0.1 % formic acid (Sigma) at
a final concentration of 1 μg/μL. For large scale parallel reaction monitoring analysis,
yeast digest samples were diluted at a final concentration of 0.2 μg/μL.
Isotopolog peptides. Eight synthetic stable isotope‐labeled peptides (AQUA peptides)
based on LVALVR sequence with different combinations of

15

N and

13

C‐labeled amino

acids were provided by Thermo Fisher Scientific (Ulm, Germany). For analysis in the
absence of chemical background, they were prepared at different concentrations (0.01,
0.03, 0.09, 0.27, 0.81, 2.4, 7.3, and 21.9 fmol/µL) into water (Table 1). For analysis in
presence of chemical background, the solution of the eight isotopolog peptides in water
was spiked in 1 µg/µL of yeast digest mixture at a ratio 1:1 (v/v). For absolute sensitivity
test, the peptide LVALVR was spiked at different concentrations (0.9, 0.3, 0.1, and 0.033
amol/µL) into aqueous solutions containing 20 fmol/µL of the peptide LVALVR.
Urine sample treatment. Urine pooled from de‐identified human specimens was
provided by Integrated Biobank of Luxembourg and treated as Not Human Subjects
Research for samples prepared in this study. Urine samples corresponding to 250 µg of
6

Downloaded from http://www.mcponline.org/ by guest on October 20, 2019

concentration of 1 M urea and sequencing grade porcin trypsin (Promega Madison, WI,
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protein, estimated by quantitative protein assays (pyrogallol assay, Sigma), were
precipitated with 100 % stock solutions of acetonitrile at a ratio 1:9 (v/v). Samples were
incubated at room temperature overnight. After precipitation, urine samples were
centrifuged at 14 000 g for 30 min at 4°C. The pellet was washed twice with acetonitrile,
air‐dried and resuspended with 250 µL of 8 M urea and 0.1 M ammonium bicarbonate.
The samples were reduced with 20 mM dithiothreitol in 50 mM ammonium bicarbonate
at 37°C and 800 rpm for 30 min and then, alkylated with 80 mM iodoacetamide in 50
mM ammonium bicarbonate at 37°C and 800 rpm for 30 min. Volume samples were
adjusted at 2 M urea with 100 mM ammonium bicarbonate. Then, urine samples were

using a ratio of 1:20 (w/w). The trypsin digestion was carried out at 37°C overnight. Sep‐
Pak tC18 cartridges were used to clean and desalt the samples after the protein
digestion. The peptides were eluted using 1 mL of 50 % acetonitrile and 0.1 % formic
acid and dried. The dried samples were stored at ‐20°C until next preparation steps.
Dilution series of stable isotope‐labeled peptides in urine samples. Urine samples were
resolubilized in 0.1 % formic acid at a final concentration of 1 µg/µL and supplemented
with three individual yeast proteins (Carboxypeptidase Y, Enolase 1 and Alcohol
deshydrogenase 1 purchased from Sigma) at a final concentration of 20 ng/µL. Synthetic
stable isotope‐labeled peptides (AQUA peptides), with C‐terminal

15

N and

13

C‐labeled

arginine and lysine residues were provided by Thermo Fisher Scientific (Ulm, Germany)
and were spiked at different concentrations (0.002, 0.006, 0.018, 0.054, 0.162, 0.486,
1.458, 4.374, 13.122, and 39.366 fmol/µL) into urine samples (list of the 28 peptides in
Supplementary data 1).

Liquid chromatography and mass spectrometry
LC separation. All peptide separations were carried out on a Ultimate 3000 RSLCnano
system (Dionex, now Thermo Fisher Scientific). For each analysis, the sample was loaded
into a trap column Acclaim PepMap 2 cm × 75 μm i.d., C18, 3 μm, 100 A (Dionex) at 5
7
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digested with trypsin, which cleaves at the C‐terminus of lysine and arginine residues,
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µL/min with aqueous solution containing 0.05 % (v/v) trifluoroacetic acid and 1 %
acetonitrile. After three minutes, the trap column was set on‐line with an analytical
column Acclaim PepMap RSLC 15 cm × 75 μm i.d., C18, 2 μm, 100 A (Dionex). Peptide
elution was performed by applying a mixture of solvent A/B. Solvent A was HPLC grade
water with 0.1 % (v/v) formic acid, and solvent B was HPLC grade acetonitrile with 0.1 %
(v/v) formic acid. Separations were performed by applying i) a linear gradient of 2‐35 %
solvent B at 300 nL/min over 48 min followed by a washing step (5 min at 90 % solvent
B) and an equilibration step (10 min at 2 % solvent B), or by applying ii) a stepwise
gradient of 17 % solvent B over 5 min followed by a washing step (4 min at 90 % solvent

was injected.
Analyses on quadrupole‐orbitrap instrument. Single ion monitoring and parallel reaction
monitoring analyses were performed using a Q‐Exactive mass spectrometer (Thermo
Scientific, Bremen, Germany). A dynamic nano‐electrospray source housing was utilized
with uncoated SilicaTips, 12 cm length, 360 μm outer diameter, 20 μm inner diameter,
10 μm tip inner diameter. For ionization, 1500 V of liquid junction voltage and 250°C
capillary temperature were used.
For the analysis of the eight isotopolog peptides, LC separation was performed by
applying the stepwise gradient (absence of chemical background) or the linear gradient
(presence of chemical background). The mixture of eight isotopolog peptides was
analyzed using an acquisition method combining two scan events corresponding to two
SIM methods. The first SIM method employed a m/z 300‐1000 mass selection, an
orbitrap resolution of 70 000 (at m/z 200), a target AGC values of 1e6, and maximum fill
times of 250 ms. This method will be referred as full scan method in following
experiments. The second SIM method employed a multiplexing degree of 8 (eight‐plex
method), an individual isolation of predefined target ions with a 2 Th window
(Supplementary data 1), a resolution of 70 000, target AGC values of 5e5, and maximum
individual fill times of 250 ms. For the absolute sensitivity test in SIM mode, only target
8
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B) and an equilibration step (10 min at 2 % solvent B). One microliter of each sample
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ions corresponding to peptides LVALVR and LVALVR were multiplexed using target AGC
values of 3e6 and maximum fill times of 3 s. For the absolute sensitivity test in PRM
mode, the acquisition method was modified by substituting the multiplexed SIM
method with a sequential PRM method. This PRM method employed an isolation of
target ions corresponding to peptides LVALVR and LVALVR with a 2 Th window, a
resolution of 70 000 (at m/z 200), target AGC values of 3e6, and maximum fill times of 3
s. Fragmentation was performed with a normalized collision energy of 25 and MS/MS
scans were acquired with a starting mass of m/z 100.
For the analysis of the dilution series of 28 stable isotope‐labeled peptides in urine

method in SIM mode combined a full scan method with a time‐scheduled multiplexed
SIM method targeting the 28 pairs of isotopically labeled peptides/endogenous peptides
in +/‐ 2 min retention time windows. The doubly charged ions within each pair of
peptides (list of target ions in Supplementary data 1) were multiplexed using 2 Th
individual isolation windows, target AGC values of 1e6, and maximum individual fill
times of 100 ms. MS scans were acquired at a resolution of 70 000 (or 140 000 for
specific experiments). For analysis in PRM mode, the time‐scheduled multiplexed SIM
method was substituted with a time‐scheduled duplex PRM method using a resolution
of 35 000 (at m/z 200) and fixed fill times of 10, 50, and 100 ms for target doubly
charged ions (list of target ions in Supplementary data 1) . Fragmentation was
performed with normalized collision energy of 25 and MS/MS scans were acquired with
a starting mass of m/z 100.
Large‐scale PRM analyses of yeast digest samples were conducted using the linear
gradient. The acquisition method combined a full scan method with a time‐scheduled
multiplexed PRM method. The PRM method employed a multiplexing degree of 4 to
target in 1.5‐2.5 min retention time windows 770 tryptic yeast peptides (corresponding
to 436 proteins) grouped in subsets of 4 peptides according to their chromatographic
elution order. The selection of target precursor ions was performed based on the
9
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samples, LC separation was performed applying the linear gradient. The acquisition
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resources of peptide MS/MS data from SRM‐Atlas (31) (lists of target peptides, target
precursor ions, and selected fragment ions in Supplementary data 2). PRM acquisition
was performed using a resolution of 35 000, individual isolation windows of 2 Th, target
AGC values of 1e6, and equal individual fill times within each subset with maximum
values of 30 ms. Fragmentation was performed with a normalized collision energy of 25
and MS/MS scans were acquired with a starting mass of m/z 100.
The SIM experiments described in the study were performed with high target AGC value
setting (≥ 5e5) in order to increase fill times, which can induce overfilling effects (i.e.,
saturation, lower mass accuracy) if the target AGC value is actually reached. However,

observation of this drawback unless high abundance components are selected together
with target analytes within the m/z isolation window.
Analyses on triple quadrupole instrument. Selected reaction monitoring analyses of the
dilution series of 28 stable isotope‐labeled peptides in urine samples were performed
using a TSQ Vantage extended mass range triple quadrupole mass spectrometer
(Thermo Scientific, San Jose, CA, USA) with identical nano‐electrospray and
chromatographic settings. The selectivity for both Q1 and Q3 was set to 0.7 Da (FWHM).
The collision gas pressure of Q2 was set at 1.5 mTorr argon. For each peptide, the
selection of the two monitored transitions and the optimization of their collision energy
required preliminary experiments that were performed as described earlier (32). The
optimized time‐scheduled SRM method targeted the 28 pairs of isotopically labeled
peptides/endogenous peptides in +/‐ 2 min retention time windows by monitoring two
transitions for each peptide within a cycle time of 2.5 s.

Data processing
Data analysis was performed using Xcalibur (version 2.2 Thermo Fisher Scientific) and/or
Pinpoint (version 1.2 Thermo Fisher Scientific). Ion chromatograms were extracted with
a mass tolerance of 5‐10 ppm for SIM data and 10‐20 ppm for PRM data.
10
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most often, the maximum fill times are reached at lower AGC values, which prevent the
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Quantification based on isotope dilution strategy. The area under the curve (AUC) of
each target peptide ion (SIM analysis), target transition (SRM analysis), and selected
fragment ion (PRM analysis, list of selected transitions in Supplementary data 1) was
calculated for each sampling point based on the co‐elution profiles of differently labeled
peptides. The AUCs of each individual SRM or PRM transition were then summed to
obtain AUCs at peptide level.
For the analysis of the eight isotopolog peptides, the peptide AUCs were then directly
used to establish the corresponding dilution curves. For the analyses of the dilution
series of the 28 stable isotope‐labeled peptides in urine samples, the peptide AUCs were

then used to establish the dilution curves of each peptide after applying a correction
accounting for slight dilution factors induced by sample preparation. For each technique
(SRM, SIM, and PRM), a linear regression analysis was performed on the dilution curves
of peptides to evaluate their linearity range. Various approaches for determining the
linearity range (and limit of quantification, LOQ) can be used. In this study, the only
requirement was to use a common set of metrics to obtain a consistent comparison of
the performances of the different techniques. Here, the linearity range of measurement
of each peptide was defined as the range of spiked peptide amounts for which the
relative difference between deduced values of peptide area ratio from regression
analysis and experimentally determined ones was lower than 25 %. An additional
criterion was established for the lower limit of the linearity range, referred as LOQ. The
peptide area ratio at the LOQ should be at least three times the area ratio obtained for
matrix blank (no spiked peptide). The lowest sampling point of the dilution series
satisfying all the evaluation criteria for a given peptide was assigned as its LOQ without
further extrapolation. The regression analysis was also employed to estimate the
amount of endogenous peptides in urine samples. All dilution curves along with
corresponding regression analysis, linearity range evaluation, and determined amount
of endogenous peptide are included in Supplementary data 1.
11
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employed to calculate heavy/light peptide AUC ratios. These peptide area ratios were
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Quantification based on label‐ free strategy. All raw files obtained from large‐scale PRM
analyses of yeast digest samples were processed by Pinpoint (version 1.2 Thermo Fisher
Scientific). The AUC of all PRM transitions selected from resources of peptide MS/MS
data from SRM‐Atlas were computed by the software. The composite MS/MS spectrum
of each targeted peptide was reconstructed from the AUCs of the five to eight
transitions selected for the peptide. The identity of targeted peptides was verified by
the correlation between the composite MS/MS spectrum and the MS/MS spectral
library entry, assessed by the calculation of a Bonferonni corrected p‐value of
correlation (33, 34). The peptide that gave a p‐value less than 0.1 was considered to be

computed by the software for quantification and reproducibility assessment. The
computed AUCs and CVs for each targeted peptides/selected transitions along with
calculated p‐values are provided in Supplementary data 2. The full set of experimental
composite MS/MS spectra and reference composite MS/MS spectra is provided in
Supplementary data 3 and the raw data are available from the Tranche proteome
repository

(www.ProteomeCommons.org)
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confidently confirmed by the library match. The AUCs and CVs of peptides were
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III) Results and Discussion
The new quadrupole‐orbitrap mass spectrometer presents unique capabilities in terms
of sensitivity and speed, resulting from improvements of ion transmission interface and
orbitrap data processing, which facilitate qualitative experiments (26, 27).
In addition, these features can be exploited for quantitative proteomic studies as
illustrated in Figure 1A for targeted analysis workflows. In these hypothesis‐driven
workflows, only a predefined set of peptides, representing the proteins of interest in the
context of a specific biological question, is systematically analyzed. The systematic

shotgun proteomics, is based on the design of specific acquisition methods including
peptide attributes and instrument parameters. For SRM analysis on triple quadrupole
instrument, collecting all information required for method development can be a
tedious process.
For quadrupole‐orbitrap analysis, two main modes of operation, which will be
extensively discussed below, were designed for targeted quantification: the selected ion
monitoring (SIM) mode and the parallel reaction monitoring (PRM) mode relying on
single‐stage and tandem mass analysis, respectively. Both operation modes require
minimal set of instrument control parameters, i.e., limited to the precursor ion m/z
value and predicted chromatographic retention time window.
The actual quantification of endogenous peptides is performed on the peak areas of
corresponding precursor ions and selected fragment ions for SIM and PRM analyses,
respectively. When isotope dilution strategy is applied, the extraction of ion traces is
carried out on both endogenous and isotopically labeled peptides. This is the typical
workflow for targeted proteomic experiments that was used throughout this study.

1) Main modes of operation for targeted analysis (SIM and PRM modes). The
implementation of a quadrupole mass filter in the new configuration of the mass
13
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analysis of these peptides, in contrast to the data dependent analysis characterizing
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spectrometer enables designing various acquisition methods for targeted analysis based
on two main modes of operation, namely the selected ion monitoring (SIM) mode and
the parallel reaction monitoring (PRM) mode. The basic operating procedures of these
modes are described in Figure 1B & C. SIM mode consists in the isolation of a limited
m/z range including the precursor ions of interest by the quadrupole followed by the
accumulation of transmitted ions in the C‐trap and their eventual transfer and analysis
in the orbitrap mass analyzer (Figure 1B). In PRM mode, the isolation of the targeted
precursor ions is similarly performed but here they are transferred via the C‐trap to the
HCD cell where they undergo fragmentation as soon as they are introduced. The

back into the C‐trap, and eventually injected and analyzed in the orbitrap mass analyzer
(Figure 1C). In these acquisition modes, the ability of the quadrupole to select a
restricted m/z range offers new opportunities for quantification in complex samples by
selectively enriching low abundant components, i.e., increasing the ratio analytes of
interest/matrix. It also allows filling the C‐trap during longer times and thus increasing
signal to noise of targeted ions measured in the orbitrap. Over the acquisition, the fill
time for a given m/z range is calculated according to a previous MS scan, the desired
number of charges and a maximal preset value.

2) Design of acquisition methods for targeted quantification experiments. The aim of a
targeted analysis is to quantify many peptides during one LC separation. To monitor the
full set of targeted analytes, several acquisition methods were designed in SIM mode. In
all experiments, the LC retention time is used as a constraint to schedule monitoring the
peptides of interest during a time window corresponding to their expected retention
time, which is the equivalent to time‐scheduled SRM (35). However, in practice, several
peptides of the predefined set may co‐elute and thus be monitored within the same
elution time windows. In such a case, the SIM method was designed to perform the
sequential isolations of individual target ions using narrow windows (typically 2 Th),
14
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generated fragment ions are thus accumulated in the HCD cell before being transferred
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their accumulation in C‐trap, followed by their transfer and their final detection in the
orbitrap (Figure 2A, left panel). This method is applicable as long as the number of co‐
eluting peptides is relatively small. In the instance of many co‐eluting peptides, the
sequential acquisition process would significantly increase the cycle time and thus
compromise the precise quantification due to the limited number of data points
collected across the elution profiles. In this scheme, assuming fill times lower than MS
transient length, the cycle time is defined by the number of peptides and the orbitrap
transient length that can be as short as 64 ms. To overcome this issue, two additional
acquisition methods were explored, which rely on the simultaneous measurement of

the full acquisition process to different peptides simultaneously. In this case, all the
different precursor ions are isolated in one single window, accumulated in the C‐trap
and eventually transferred and detected in the orbitrap (Figure 2B, left panel).
Nevertheless, to keep the wide dynamic range provided by SIM mode, the isolation
window can not be dramatically wide, which occurs if the precursor ions cover a wide
m/z range. This method is thus particularly indicated, but limited, to the isotope dilution
strategy, which implies the analysis of pairs of isotopically labeled/non‐labeled peptides
with close m/z values. A more versatile and elegant approach to deal with the analysis
of high numbers of peptides exploits the multiplexing capabilities of this instrument,
and more specifically of the C‐trap in this instance. In such multiplexed experiments, the
targeted peptides are mass analyzed concomitantly by applying multiple isolation cycles
using narrow windows (typically 2 Th) to accumulate and stored the selected precursor
ions in the C‐trap. They are then transferred and detected in one single scan in the
orbitrap (Figure 2C, left panel). The current acquisition program allows conducting up to
10‐plex experiments (i.e., 10 isolation cycles/orbitrap scan) covering discontinuously the
full m/z range with a required time to switch from the isolation of one m/z range to the
following one being negligible (ms range). In contrast to the sequential and the
simultaneous methods that use fill times typically shorter than MS transient length, with
15
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several peptides of interest in a single orbitrap scan. A first option consists in applying
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the multiplexed method the summation of the fill times is prone to exceed the transient
length, especially if low abundant compounds are targeted. However, this method
remains very pertinent to provide shorter overall cycle time than the sequential method
while keeping advantages of SIM mode and will be preferred in the following
experiments described in this study. As described below (section 5), these methods can
also be used in conjunction with the PRM mode (Figure 2, right panel). Practical
examples of large scale PRM experiments along with appropriate time management
settings will be discussed in section 6.

SIM mode. To evaluate the performances of the instrument and more specifically its
new quantification capabilities based on HR/AM measurements, an evaluation of the
sensitivity and the dynamic range was conducted using two SIM methods. The first one
uses a broad band mass selection (m/z 300‐1000, 700 Th) and is very similar to a full
scan MS analysis whereas the second is a multiplexed method using narrow windows (8
x 2 Th). Both methods operated in high resolution mode (70 000 at m/z 200, which
corresponds to transient lengths of 256 ms), using a target AGC value of 1e6 for broad
band mass selection and 5e5 for narrow band mass selection, and with maximum fill
times of 250 ms. These methods were combined in a unique acquisition as two scan
events and were applied to the analysis of a mixture of eight synthetic isotopolog
peptides. These peptides contain the same amino acid sequence (LVALVR) and different
isotope labeling on individual amino acids based on

15

N and

13

C incorporation. They

were prepared in various amounts, between 10 amol and 21.9 fmol, with 3 fold dilution
factor for each point (Table 1). With this mixture, an eight‐points dilution series can be
measured in one single LC‐MS analysis, which constitutes a new effective method to
assess the performance of a mass spectrometer. The neat mixture was submitted to
triplicate nanoLC‐MS analyses using the previously described method. The areas under
the curve (AUC) were calculated based on the ion chromatograms of the corresponding
16
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3) Analytical performances of the quadrupole‐orbitrap mass spectrometer operated in
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doubly charged precursor ions and were used to establish the dilution curve. The two
acquisition methods exhibited similar results. The full set of synthetic peptides was
unambiguously detected and the corresponding dilution curves clearly demonstrate that
all the amounts lie in the linearity range of measurement (Supplementary Figure 1). An
intra‐scan linearity range exceeding 3.5 orders of magnitude can thus be expected as
the instrument limits were not reached.
Although the range of abundance measured in these experiments corresponds to the
expected amount of potential biomarkers in clinical samples, the analyses were here
performed in absence of the massive chemical background characterizing this type of

in 500 ng of yeast digest. In this case, the benefits of using narrow isolation windows
clearly arose. Compared with the wide mass selection (or full scan MS), the multiplexed
SIM method provided a 10 fold increase in sensitivity illustrated by a decrease in the
LOQ from 405 amol to 45 amol (Figure 3, Supplementary data 1). As expected, for the
narrow isolation windows of the multiplexed SIM method, the drastic background
cleaning (Figure 3A, bottom panel) induced a dramatic increase in fill times, up to 250
ms for the ions of lowest abundance against 0.3 ms for full scan at the apex of the
elution profile. The high background isolated along with the targeted peptides in full
scan MS method (Figure 3B, bottom panel) resulted in a lower ion capacity available for
the compounds of interest and thus in a linearity range shrinking.
To push the limits of the instrument and to determine its absolute sensitivity and
dynamic range, an additional experiment was performed. Here, a series of samples
were prepared by spiking the peptide LVALVR (m/z 343.745, [M+2H]2+) in tiny
concentrations (0.9 amol/µL; 0.3 amol/µL; 0.1 amol/µL; 0.033 amol/µL) into aqueous
solutions containing 20 fmol/µL of the peptide LVALVR (m/z 355.773, [M+2H]2+). The
two peptides were targeted in multiplexed SIM analyses of the mixtures with a very high
fill time for the low abundance peptide (up to 3 s). It turned out that this peptide could
be detected down to 0.035 amol injected. The intensity at the apex of the ion
17
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sample. To better mimic this real situation, analysis was repeated on the mixture spiked
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chromatograms of the two peptides displayed in Supplementary Figure 2 were 29.4 and
21 500 000 (arbitrary units) for an injected amount of 0.035 amol and 20 fmol,
respectively. An intra‐scan dynamic range exceeding five orders of magnitude can thus
be estimated. It is noteworthy that the ratio of the precursor ion intensities (730 000) is
relatively similar to the ratio of the corresponding peptide amounts (600 000). These
exceptional results are not representative of the performances routinely achieved with
complex biological samples, but demonstrate the exceptional intrinsic sensitivity and
dynamic range performances of the instrument. They clearly result here from the low
chemical background, which is reflected by a significant increase in the signal to noise of

abundance ion. Such high fill times are not achievable in full scan MS analysis, even with
this type of sample, without overfilling trapping devices.

4) Application of SIM analysis to protein quantification in urine samples. To provide a
relevant estimation of the performances of the quadrupole‐orbitrap mass spectrometer
with biological samples, a study aiming at the targeted quantification of proteins in
urine sample was designed. In this study, quantification was performed using as internal
standards 28 highly purified isotopically labeled peptides representing seven
endogenous proteins and three exogenous yeast proteins spiked in the matrix. Dilution
series of internal standards were prepared to obtain isotopically labeled peptides at a
concentration ranging between 2 amol/µL and 40 fmol/µL in 1 µg/µL of proteins from
urine digest (nine sampling points and one matrix blank point).
The samples were analyzed in triplicates on the quadrupole‐orbitrap instrument
operated in time‐scheduled multiplexed SIM method targeting the 28 pairs of heavy and
light peptides. More precisely, the doubly charged precursor ions of each pair of
heavy/light peptides were targeted in the multiplexed SIM method at a resolution of 70
000 (at m/z 200), and a full scan event was also included in order to monitor the full
profile as a quality control. A preset target AGC value of 1e6 and maximum fill time of
18
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targeted ions, but also from the 3 s fill time applied to the accumulation of the low
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100 ms for each target ion were used in order to detect the compounds of very low
abundance. In the course of the analysis, up to ten pairs of heavy/light peptides were
monitored in overlapping retention time windows. The heavy/light AUC ratios were
calculated based on the ion chromatograms of each pair of doubly charged precursor
ions and were used to establish the dilution curves.
For benchmarking the SIM method with the reference proteomic quantitative technique,
the analyses were also performed in triplicates on triple quadrupole mass spectrometer
operated in time‐scheduled selected reaction monitoring mode. In the latter case, for
each peptide, two transitions (pairs of precursor/fragment ions) were selected on the

their optimal collision energy, which required preliminary experiments and thus made
the method development less straightforward. The dilution curves were established for
each pair of targeted peptides from the heavy/light AUC ratios of the traces recorded
for the two transitions.
From the dilution curves obtained on both instruments, the LOQ and the linearity range
of measurements of each isotopically labeled peptide were determined (Supplementary
data 1). A typical example is illustrated with the quantification of endogenous human
transferrin in urine (Figure 4). The dilution curves of the three isotopically labeled
peptides surrogates for this protein are reported in Figure 4A (SIM analysis) and 4B
(SRM analysis). They indicate better sensitivity with SIM analysis, illustrated by lower
LOQs, for two peptides of three (DGAGDVAFVK and EGYYGYTGAFR), whereas the last
one is analyzed with more sensitivity with SRM technique (SASDLTWDNLK). It is
noteworthy that the amounts of endogenous peptides were determined from the
dilution curves with high consistency, less than 10 % difference between the techniques
(Figure 4C). Comparable results were obtained on both instruments and this was also
the overall trend observed at the level of the study. Within linearity range of
measurements, quantification results were obtained with low CVs (≤ 15 %) for 94 % and
97 % of sampling points analyzed by SIM and SRM, respectively (Supplementary data 1).
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basis of their intensity and their purity in the matrix, and monitored continuously at
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Figure 5A presents the number of peptides that could be quantified at the different
sampling points of the dilution series. It attests of an overall similar distribution of the
LOQs with both instruments. However, with SIM analysis on quadrupole‐orbitrap
instrument, a higher number of peptides can be quantified at the lowest spiked‐in
amounts. The correlation plot presenting the comparison of determined amounts of
endogenous peptides with SIM and SRM analyses (Figure 5B) indicates an excellent
consistency of quantification results (slope ≈ 0.94, r2 ≈ 0.96). A high LOQ was
determined for some peptides, which can be explained by poor ionization and/or
fragmentation efficiencies or by the presence of interferences.

to address the issue and increase the selectivity of measurements. This evaluation was
conducted on the peptide SDLAVPSELALLK that presents a relatively high LOQ (more
than 4 fmol) both in SIM and SRM analysis. The SIM mass spectrum of the
corresponding doubly charged precursor ion (m/z 682.40, [M+2H]2+) acquired at the
determined LOQ definitely validates the presence of an interfering ion of similar mass
(m/z 682.37, [M+3H]3+) (Figure 6A). Doubling the resolution to 140 000 allowed
separating the targeted ion from interfering signal (Figure 6B) and extended the
linearity by 2.5 orders of magnitude resulting in a LOQ of 20 amol (Figure 6C,
Supplementary data 1). However, as doubling resolution requires doubling transient
length, this very high resolution mode should not be systematically used when large sets
of peptides are targeted in order to avoid the disruption of cycle time.

5) MS/MS capabilities and performances of parallel reaction monitoring mode. The
MS/MS capabilities of the quadrupole‐orbitrap instrument using the HCD cell can be
exploited not only to fragment peptides in data dependent acquisition of shotgun
proteomic experiments or to confirm the identity of targeted peptides in SIM analysis
(through data dependent triggering) but also to systematically fragment targeted
peptides for quantification purposes (Figure 1). In the parallel reaction monitoring mode,
20
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In the latter case, the very high resolution capabilities of the Q‐Exactive were evaluated
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the quantification process is similar to SRM, i.e., relies on measuring peak areas of
transitions (pairs of precursor/fragment ions) traces. However, in contrast to SRM
experiments, here all transitions from a common precursor ion are monitored in parallel
and their selection is performed post‐acquisition. A priori knowledge of MS/MS
fragmentation patterns is not required to design the acquisition method, thus making
the method development more straightforward. In addition, the high resolution of
fragment ion measurement combined with the MS1 stage narrow filter provides
additional selectivity. The different acquisition methods extensively described for the
SIM mode can also be used with the PRM mode (Figure 2).

sensitivity test measuring tiny amounts of the isotopically labeled peptide LVALVR
(section 3) was adapted. Here the peptides LVALVR (m/z 343.745, [M+2H]2+) and
LVALVR (m/z 355.773, [M+2H]2+) were targeted in a sequential analysis of the mixture
with a very high fill time for the low abundant peptide (up to 3 s) and the ion
chromatograms of the fragment y4+ (most intense fragment ion) were extracted for both
peptides. Although slightly higher than the LOD determined with SIM mode (3‐fold
increase), which can be explained by dilution of precursor ion signal into several
fragment ions, a minimal amount of peptide as low as 0.1 amol could be detected with
the MS/MS mode (Supplementary Figure 3). A very satisfying correlation was also
observed between the ratio of the fragment ion intensities and the ratio of the
corresponding peptide amounts (195 000 versus 200 000).
The hypothesized improved selectivity of the PRM mode was verified on a subset of
pairs of heavy/light peptides targeted in the urine study (section 4) by analyzing the
same samples on the quadrupole‐orbitrap instrument operated in time‐scheduled
duplex PRM mode using a resolution of 35 000 (at m/z 200). In this acquisition method,
for each targeted pair of analytes, firstly the endogenous peptide (“light”) was isolated
in a 2 Th window and transferred to the HCD cell to undergo dissociation followed by
the accumulation and storage of its fragment ions, and then the process was repeated
21
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To assess the sensivity of the PRM mode compared with the SIM mode, the absolute
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on the isotopically labeled counterpart (“heavy”). Finally, fragment ions of both peptides,
which had been intermediately stored together in HCD cell, were injected and analyzed
in one single scan in the orbitrap mass analyzer (Figure 2C). Within each pair of targeted
peptides, fragment ion chromatograms were extracted from the same MS/MS spectra
(Supplementary Figure 4) and used to establish the dilution curves. Although
quantification could be done on many fragment ions, only the traces of the two
transitions monitored in SRM analysis were extracted in the PRM quantification process
for a direct comparison between both techniques. The pairs of targeted peptides in the
experiment were selected on the basis of the analytical performances of their

quantification with high resolution PRM in various situations. The most interesting case
corresponded to the peptide SDLAVPSELALLK interfered in SIM analysis at the resolution
of 70 000 in the urine study and for which a high LOQ (more than 4 fmol) was
determined both in SIM and SRM analysis. Similarly to the impact of doubling the
resolution of SIM measurement form 70 000 to 140 000, the PRM mode provided
increased selectivity and allowed determining a LOQ of 20 amol for the isotopically
labeled peptide as illustrated by the dilution curve displayed in Figure 6C. In addition,
compared with SIM analysis at the resolution of 140 000, the increase in selectivity
resulting from the PRM mode does not compromise the cycle time as the HCD
fragmentation time is negligible in the overall acquisition process. Other examples were
the peptides LLLTSAPSLATSPAFR, EGYYGYTGAFR, VSTLPAITLK, and NVNDVIAPAVFK that
previously exhibited a LOQ of 50, 20, 50, 490 and 160, 490, 160, 160 amol for SIM and
SRM analyses, respectively. Quantification using PRM analysis provided a constant LOQ
of 20 amol for all four peptides as illustrated by the dilution curves shown in
Supplementary Figure 5 and Supplementary Data 1, which matched or outperformed
the most effective technique included in the comparison (i.e., SIM or SRM). Although
evaluated on a limited set of peptides, parallel reaction monitoring turned out to be a
very promising quantification approach on the quadrupole‐orbitrap instrument to
22
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monitoring with SIM and SRM techniques in order to evaluate the benefits of targeted
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significantly increase the selectivity of measurement without noticeably compromising
sensitivity performances. In addition, this method has the advantage of monitoring in
parallel multiple transitions without a priori knowledge, which is critical to assess the
presence of interferences.

6) Exploiting multiplexing capabilities for directed discovery experiments. While
initially focused on the absolute quantification of a relative small number of peptides,
the objective of targeted proteomics extended over the past few years towards the
quantification of very large sets of peptides (i.e., detection of relative changes between

instance establishes the detection of biomarker candidates in bodily fluids. In SRM
analyses, in spite of latest developments in acquisition techniques (33, 36), scaling up
the number of targeted analytes often implies decreasing the number of transitions
monitored for each peptide to maintain acceptable cycle times (8), which can limit the
overall specificity of measurements. In this context, PRM analysis on the quadrupole‐
orbitrap instrument was evaluated because of its ability to record the signal of the full
set of transitions without direct impact on cycle times. The critical parameters driving
such a large‐scale time‐scheduled PRM experiment are the number of peptides
monitored at a given retention time, the fill time for each peptide, and the transient
length used for orbitrap acquisition, as briefly mentioned in section 1.
Assuming that in directed discovery experiments, scale comes first to the detriment of
sensitivity, the maximum fill times are set to be lower than transient length. Using a
sequential acquisition method, the cycle time at a given point of time is thus expressed
as Cycle _ time  Number _ peptides  Transient _ length
In practice, a maximal cycle time is adjusted to allow collecting enough data points to
describe properly the elution profile of targeted peptides. As a consequence, the
number of peptides that can be monitored is directly dependent on the transient length.
Relaxing resolution, which decreases transient length, is thus an effective way to
23
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increase the number of peptides to be analyzed but can affect the selectivity of
measurements. Typical sets of parameters used in large‐scale PRM analysis using a
sequential acquisition method are displayed in Table 2 under the designation
“multiplexing degree 1”. Relaxing the resolution from 35 000 to 17 500 (at m/z 200)
together with a maximum fill time of 60 instead of 120 ms results in a two‐fold increase
in the number of peptides analyzed (15 to 30) within the cycle time (2 s). As
aforementioned, the use of multiplexed acquisition method can overcome this practical
limit of the sequential acquisition method by analyzing several peptides in the same
orbitrap scan. In this case the maximal number of peptides that can be analyzed within
Number _ peptides  Cycle _ time  Multiplexi ng _ degree

Transient _ length

assuming the adjustment Max _ fill _ time  Transient _ length
Multiplexi ng _ degree
Several combinations in the values of the multiplexing degree and the orbitrap
resolution (transient length) can thus be done to increase the scale of the experiment
(Table 2) but in any case the maximal fill time is now the limiting factor. Among sets of
parameters shown in Table 2, a eight‐plex acquisition method using an orbitrap
resolution of 35 000 (at m/z 200) was suggested to monitor 184 peptides within the
cycle time (3 s) but implied applying fill times lower than 15 ms, which can prevent
proper analysis of low abundance peptides. The combinations have also impact on
selectivity of PRM measurements depending on one hand on the overall m/z isolation
window resulting from multiplexing degree, and on the other hand on the resolution of
orbitrap.
Only an experimental study fully dedicated to the evaluation of the impact of different
combinations of these instrumental parameters on sensitivity/selectivity/scale could
really allow making recommendations on the most effective parameters for a given type
of experiment. Here, to establish the baseline expectations, a basic multiplexed PRM
acquisition method was prepared for the targeted analysis of 770 tryptic peptides from
24
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the cycle time is expressed as

Targeted proteomic quantification on quadrupole‐orbitrap MS
a yeast digest in one 60 minute LC separation. This method used middle‐range values of
orbitrap resolution (35 000), m/z isolation window (4 [multiplexing degree] x 2 Th
[individual isolation window]), and maximum fill time of 30 ms. A time‐scheduled
experiment was designed from previously reported studies (33, 36). In the present
experiment, a set of 770 tryptic peptides from yeast digest (representing 436 proteins)
were analyzed using 1.5‐2.5 min retention time windows. As a result, up to 60 peptides
were monitored in overlapping retention time windows, which allowed maintaining
cycle time lower than 2 s in the course of the analysis (Supplementary Figure 6). The
yeast digest sample (0.2 µg injected) was analyzed in duplicates and quantification was

peptides (lists of target peptides, target precursor ions, and selected fragment ions in
Supplementary data 2). To confirm that fragment ion chromatograms used for
quantification corresponded to targeted peptides, a composite MS/MS spectrum was
reconstructed from the signal of individual transitions and compared with the reference
composite MS/MS spectrum stored in SRM‐Atlas for similarity assessment (33, 34). The
processing process is illustrated in Supplementary Figure 7 on four multiplexed yeast
peptides for which fragment ions were thus measured in the same MS/MS spectra. For
the four peptides, a high correlation was obtained between experimental and reference
composite MS/MS spectra (p‐value ≤ 0.1 and dot‐product > 0.9) attesting the
correspondence between signal and targeted peptide. At the level of the whole study,
605 peptides (≈ 80%) from yeast proteins expressed in a wide range of concentrations,
as previously reported (37), were verified by the composite MS/MS spectra with p‐value
≤ 0.1 (Supplementary data 2). The full set of experimental and reference composite
MS/MS spectra is provided in Supplementary data 3. Among these peptides, very
consistent quantification results were obtained with over 95 % of the peptides
exhibiting coefficients of variation below 10 % (Supplementary data 2). Large‐scale
parallel reaction monitoring analysis on quadrupole‐orbitrap instrument thus turned out
to be an effective approach to conduct directed discovery experiments. The systematic
25
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performed on AUCs of the 5‐8 reference transitions reported in SRM‐Atlas (31) for these
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quantitative analysis of more than one thousand peptides while maintaining high
specificity resulting from the monitoring of the full sets of transitions can hence
realistically be considered with optimized instrumental parameters.

Downloaded from http://www.mcponline.org/ by guest on October 20, 2019

26

Targeted proteomic quantification on quadrupole‐orbitrap MS

IV) Conclusion and Outlook
A new quadrupole‐orbitrap instrument was employed to conduct targeted proteomic
quantification experiments. In order to carry out such experiments, new quantitative
methods were explored to leverage the unique configuration of the instrument,
exhibiting unique HR/AM capabilities. Two main modes were employed, including
targeted analysis in SIM and PRM modes.
The SIM mode, benefiting from the ability of the quadrupole to isolate specific m/z
ranges, can operate with significantly increased fill times. The resulting sensitivity/

analysis of simple as well as complex samples. When benchmarked with the reference
proteomic quantitative technique, i.e., SRM on triple quadrupole instrument, the SIM
technique happens to be a realistic quantification alternative for peptides in complex
biological samples. It compares favorably with SRM by exhibiting LOQs in the low amol
range.
The PRM mode provides an additional stage of selectivity without significantly
compromising sensitivity of measurement. It has the potential to improve the LOQs of
peptides that suffer from interferences when measured in SIM and/or SRM modes as
illustrated on several examples in this study. The PRM mode offers additional
performances for the precise quantification of peptides in complex samples such as
bodily fluids. The effectiveness of PRM analysis is further enhanced by the multiplexing
capabilities of the instrument, which allow increasing the number of targeted analytes
as demonstrated by the directed discovery experiment applied to about 800 yeast
peptides performed in one 60 minute LC‐MS experiment.
Quantitative experiments conducted on the quadrupole‐orbitrap instrument generate
data of increased quality that directly enhance analytical performances especially when
applied to complex biological samples. The experiments reported here on limited sets of
peptides aimed to demonstrate proof‐of‐principle and to establish the baseline defining
27
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dynamic range performances dramatically exceed those of full scan MS mode for the

Targeted proteomic quantification on quadrupole‐orbitrap MS
the expectations of targeted quantification using a trapping instrument. Additional
refinements of the methods, including better control of some acquisition parameters
are likely to further expand the performances. The quality of data obtained on HR/AM
mass analyzer together with a simplified experimental design requiring a very limited set
of a priori parameters open new avenues to quantitative analysis in biological samples,
for which increased selectivity is required.
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Figure Legends
Figure 1. Targeted proteomic workflow employing the quadrupole‐orbitrap mass
spectrometer. A) From the proteins of interest defined in the context of a biological
question, a set of peptides used as surrogates is selected and specifically analyzed. The
targeted analysis of the peptides requires minimal set of instrument control parameters
(precursor ion m/z value and chromatographic retention time window) and can be
conducted using two main operation modes of the quadrupole‐orbitrap instrument: the
selected ion monitoring (SIM) mode relying on single‐stage mass spectrometry and the

SIM mode, a limited m/z range including the precursor ions of interest is isolated by the
quadrupole (1), transmitted and accumulated in the C‐trap (2) and finally transferred
and analyzed in the orbitrap mass analyzer (3). The actual quantification of endogenous
peptides is performed on the peak areas of corresponding precursor ions. B) In PRM
mode, a limited m/z range including the precursor ions of interest is isolated by the
quadrupole (1), transmitted via the C‐trap to the HCD cell where corresponding fragment
ions are generated and accumulated (2). Fragment ions are then transferred back into
the C‐trap (3), and eventually injected and analyzed in the orbitrap mass analyzer (4).
The actual quantification of endogenous peptides is performed on the peak areas of
corresponding selected fragment ions.

Figure 2. Acquisition methods for targeted quantification experiments. A) Sequential
SIM method (left panel). Target ions are individually and sequentially isolated by the
quadrupole in narrow windows, accumulated in the C‐trap and eventually transferred in
the orbitrap to be detected. B) Simultaneous SIM method (left panel). All target ions are
isolated by the quadrupole in one single window and are then accumulated in the C‐trap
and detected in the orbitrap simultaneously. C) Multiplexed SIM method (left panel).
Target ions are sequentially isolated in multiple windows by the quadrupole and
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parallel reaction monitoring (PRM) mode relying on tandem mass spectrometry. A) In
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accumulutated in the C‐trap where they are stored together before being finally
detected in the orbitrap in one single scan. All these methods can be used in conjunction
with the PRM modes (right panel). In this case, the HCD cell is used as the temporary
accumulation/storage device for fragment ions.

Figure 3. Comparison of analytical performances of multiplexed SIM (A) and full scan MS
(B) analyses. The dilution curves were obtained from one single LC‐MS analysis with both
acquisition methods on the set of isotopolog peptides (Table 1) prepared in various
amounts (between 5 amol and 10.9 fmol, with 3 fold dilution factor for each point) in

panel, i.e., 45 amol‐10.9 fmol for SIM analysis and 405 amol‐10.9 fmol for full scan
analysis (Supplementary data 1). The corresponding mass spectra at the apex of the
elution profile are shown in the bottom panel along with corresponding zoom in.
Detected precursor ions of isotopologs are indicated with dark blue circles and light blue
circles if measurements lie in or out of the lineary range, respectively.

Figure 4. Quantification of endogenous human transferrin in urine samples using SIM
and SRM analysis. Three isolotopically labeled peptides representing the protein were
spiked in various amounts in urine samples to obtain their dilution series. The dilution
curves were established for each pair of endogenous/isotopically labeled peptides from
the AUC ratios calculated on predefined precursor ions (SIM) or transitions (SRM). A)
Linearity range of the dilution curves obtained from SIM analysis. B) Linearity range of
the dilution curves obtained from SRM analysis. (C) A lower LOQ was determined for two
peptides with SIM analysis (DGAGDVAFVK and EGYYGYTGAFR) while SRM analysis
provided a lower LOQ for the third one (SASDLTWDNLK). The amounts of endogenous
peptides were determined with less than 10 % difference between the techniques.
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500 ng of yeast digest. The linearity range of the dilution curves is displayed in the upper
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Figure 5. Comparison of quantification results obtained with SIM and SRM analysis. (A)
Numbers of peptides that could be quantified with each technique at the different
amounts of the dilution series. (B) Correlation between the amounts of endogenous
peptides determined with SIM analysis (y‐axis) and SRM analysis (x‐axis). Only
determined amounts higher than corresponding LOQs are displayed and used to
calculate the linear regression.

Figure 6. Selectivity of measurements in SIM and PRM modes. The peptide
SDLAVPSELALLK was spiked at a concentration of 4 fmol/µL in 1 µg/µL of urine digest. A)
(at m/z 200). The doubly charged ion (m/z 682.40, [M+2H]2+) of the peptide
SDLAVPSELALLK

(orange circle) is interfered by ion of similar m/z (m/z 682.37,

[M+3H]3+). B) SIM mass spectrum acquired at the resolution of 140 000 (at m/z 200).
Doubling the resolution allowed distinguishing the ion of interest (orange circle) from
interferences. C) Linearity range of the dilution curves established by SIM (resolutions 70
000 and 140 000) and PRM analyses from the dilution series of SDLAVPSELALLK (2
amol/µL‐ 40 fmol/µL) prepared in 1 µg/µL of urine digest. The LOQ of 20 amol observed
with SIM analysis at the resolution 140 000 and PRM analysis is significantly improved
compared with the LOQ observed with SIM analysis at the resolution of 70 000.
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SIM mass spectrum acquired in the m/z range 681.40‐683.40 at the resolution of 70 000
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Tables
Table 1. List of isotopolog peptides prepared in various amounts. Isotopically labeled
amino acid(s) are underlined.
m/z [M+2H]2+

Peptide

Amount (fmol)

LVALVR

0.01

337.74

LVALVR

0.03

340.74

LVALVR

0.09

343.74

LVALVR

0.27

347.25

LVALVR

0.81

349.26

LVALVR

2.4

352.26

LVALVR

7.3

355.77

LVALVR

21.9
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335.73
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Table 2. Typical sets of parameters used in large scale parallel reaction monitoring
analysis
Parameters
1
2

8
2

8
1

1‐60

1‐120

1‐30

1‐30

1‐30

1‐30

1‐15

64

128

64

128

128

256

128

17.5k
2
2
31

35k
2
2
15

17.5k
4
2
62

35k
8
2
62

35k
8
3
92

70k
16
3
92

35k
8
3
184
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Multiplexing degree
Isolation window/peptide
(Th)
Max injection time/peptide
(ms)
Transient length (ms)
@ m/z = 200 Th
Resolution
Overall isolation window (Th)
Preset cycle time
Nb peptides analyzed / cycle
time

Multiplexed MS/MS analysis
(parallel reaction monitoring)
1
2
4
4
2
2
2
2
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Figures
Figure 1
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Figure 2

Single ion monitoring (SIM) mode

Parallel reaction monitoring (PRM) mode
A) Sequential method

(a)
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Pep2

Pep3

(a)

(b)

Pep1

Pep2

Pep3

(d)

(c)

(c)

t

t

B) Simultaneous method
Isolation (Q)

(a)
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Storage in C‐trap
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Detection (OT)
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C) Multiplexed method
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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