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Proteomics is gradually complementing large shotgun
qualitative studies with hypothesis-driven quantitative ex-
periments. Targeted analyses performed on triple quadru-
pole instruments in selected reaction monitoring mode are
characterized by a high degree of selectivity and low limit of
detection; however, the concurrent analysis of multiple ana-
lytes occurs at the expense of sensitivity because of re-
duced dwell time and/or selectivity due to limitation to a few
transitions. A new data acquisition paradigm is presented in
which selected reaction monitoring is performed in two
ways to simultaneously quantify and confirm the identity of
the targeted peptides. A first set of primary transitions is
continuously monitored during a predetermined elution
time window to precisely quantify each peptide. In addition,
a set of six to eight transitions is acquired in a data-depen-
dent event, triggered when all the primary transitions ex-
ceed a preset threshold. These additional transitions are
used to generate composite tandem mass spectra to for-
mally confirm the identity of the targeted peptides. This
technique was applied to analyze the tryptic digest of a
yeast lysate to demonstrate the performance of the tech-
nique. We showed a limit of detection down to tens of
attomoles injected and a throughput exceeding 6000 tran-
sitions in one 60-min experiment. The technique was in-
tegrated into a linear work flow, including experimental
design, data acquisition, and data evaluation, enabling
large scale proteomic studies. Molecular & Cellular
Proteomics 10: 10.1074/mcp.M110.002931, 1-11, 2011.

Proteomics is gradually complementing qualitative studies
focused on protein identification relying on shotgun strategies
(1, 2) with large scale quantitative experiments. This change was
prompted by the growing demand for qualification and verifica-
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tion of putative protein biomarkers through analysis of larger
cohorts of clinical samples on one hand and the need for
consistent quantitative data sets to facilitate modeling in sys-
tems biology studies on the other. In either case, the number of
proteins under target is quite large (tens to hundreds), and
traditional immunoassay approaches are not suited for use be-
cause of the cost, time, and difficulty of developing multiplexed
assays. In this context, the selected reaction monitoring (SRM)’
technique performed on a triple quadrupole mass spectrometer
is increasingly applied to quantitative proteomics because of its
sensitivity, selectivity, and wide dynamic range (3-6). Mass
spectrometry assays can be developed very rapidly via the use
of commodity synthetic reference peptides libraries (7), and
large resources of peptide MS/MS data (MRMAtlas) (8) are
available to design the initial assays. However, developing a
robust and precise SRM-based multiple assay remains de-
manding for proteomics experiments.

One of the main challenges is that most proteomics sam-
ples are highly complex, and several interfering signals are
detected within a given time window that require systematic
verification of the target peptide identity first to ensure its
accurate quantification. Using isotopically labeled counter-
parts of the targeted analytes is a common way to confirm the
target peptide identity (9, 10). As this may not always be
practical for large scale quantitative proteomics studies, an
alternative way to verify the peptide identity is to use SRM-
initiated full MS/MS scans (11). However, the disadvantage of
this method is a lower sensitivity and selectivity compared
with SRM as it uses a broader mass selection window, which
results in MS/MS spectra often containing signals from mul-
tiple components co-eluting in the case of biological samples
with a complex background. Furthermore, SRM-initiated
MS/MS scans require much longer duty cycle times that will
disrupt the predefined SRM sequence of events in the case of
complex multiplexed assays even when performed on a triple
quadrupole instrument equipped with a linear ion trap. Re-
cently, instead of using MS/MS spectra, a composite MS/MS
spectrum that is generated by measuring multiple fragments

" The abbreviations used are: SRM, selected reaction monitoring;
iSRM, intelligent selected reaction monitoring; t-SRM, time-based
SRM; CV, coefficient of variation.
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ions (8—10 ions) from one specific peptide has been proven to
provide sufficient information for peptide identification.? The
peptide is verified both by the overlay of the chromatographic
elution profiles of the fragment ions and by matching the
composite MS/MS spectrum that comprises multiple SRM
transitions to the MS/MS spectral library entry (12, 13). Be-
cause it is based on SRM acquisition, this method provides a
rapid, sensitive, and selective way to perform peptide verifi-
cation, which is desirable for large scale screening experi-
ments. The drawback of this approach is that only a limited
number of compounds can be practically analyzed in one
HPLC-MS run because the instrument is continuously moni-
toring 810 transitions for each peptide no matter whether the
peptide is detected from the sample or not, resulting in the
waste of a significant portion of the instrument time. To over-
come this issue and thus increase the throughput, we pro-
pose that the instrument constantly monitor only a small
subset of SRM transitions for each peptide for the actual
quantification and in addition confirm the peak identity using
the full set of fragment ions, which are acquired in a data-de-
pendent mode.

To provide this instrument capability, we developed an
innovative instrument control software, called intelligent se-
lected reaction monitoring (iISRM), that can use the specificity
of a small subset of SRM transitions to quantify and intelli-
gently trigger the full list for confirmation of target peptides,
thereby allowing the simultaneous qualitative and quantitative
analysis of up to 1000 peptides in a single LC-MS experiment.
Here we describe the concept of iISRM and the work flow
associated to it, and we demonstrate the increased through-
put facilitating the development of SRM assays and its ability
to perform large scale screens targeting a respectable num-
ber of proteins.

EXPERIMENTAL PROCEDURES
Sample Preparation

A whole yeast cell lysate was solvated in 0.1 M ammonium bicar-
bonate buffer containing 8 m urea at a final concentration of 1 mg/ml.
The proteins were reduced with 12 mm dithiothreitol for 30 min at
35 °C and alkylated with 40 mm iodoacetamide for 45 min at 25 °C in
the dark. Samples were diluted with 0.1 m NH,HCO, to a final con-
centration of 1.5 M urea, and sequencing grade porcine trypsin (Pro-
mega) was added to a final enzyme:substrate ratio of 1:100 and
incubated for 8 h at 37 °C. Peptide mixtures were cleaned by Sep-Pak
tC,g cartridges (Waters, Milford, MA) and eluted with 60% acetoni-
trile. The resulting peptide samples were evaporated on a vacuum
centrifuge to dryness and resolubilized in 0.1% formic acid to 1 ug/ul
concentration. The same yeast digest was used through out all ex-
periments described in this study and was prepared as described
earlier (14).

2 Prakash, A., Kiyonami, R., Schoen, A., Nguyen, H. Q., Peterman,
S. M., Huhmer, A., Lopez, M. F., Domon, B., and Aebersold, R. (2009)
Integrated workflow to design methods and analyze data in large
scale SRM experiments, Poster TH695 presented at the 57th Amer-
ican Society for Mass Spectrometry annual conference, Philadelphia
(May 31-June 4, 2009).

HPLC

A nano-LC pump from Eksigent was used. HPLC separations were
performed on a Picofrit column (C,g, 75 pm X 100 mm, 15-um tip;
New Obijective) using a gradient starting at 5% B and increasing to
45% B in 40 min at a flow rate of 300 nl/min. The gradient was
generated by mixing water containing 0.1% formic acid (A) and ace-
tonitrile containing 0.1% formic acid (B). One microliter of each sam-
ple was injected.

Mass Spectrometry

LC-MS experiments were performed on a triple quadrupole mass
spectrometer (TSQ Vantage, Thermo Scientific) operated in the nano-
electrospray mode. For ionization, a 1800-V spray voltage and 200 °C
capillary temperature were used. The selectivity for both Q1 and Q3
were set to 0.7 Da (full-width half-maximum). The collision gas pres-
sure of Q2 was set at 1.2 millitorrs of argon. The collision energy (CE)
was calculated using the following formula: CE = 0.034 X m/z of
precursor ion + 2.

Analysis in SRM Mode (iSRM)

For the selected reaction monitoring experiments using the iISRM
instrument control software (part of the TSQ driver 2.2.0), two primary
and an additional six secondary fragment ions were used for each
targeted peptide. The instrument acquisition parameters, including
elution time window, collision energy, and intensity threshold for
triggering the data-dependent SRM scan, were generated by using
Pinpoint 1.0 software (Thermo Scientific). To predict retention times,
first we trained Pinpoint on the liquid chromatographic settings. A
mixture of 10 isotopically labeled peptides (ELASGLSFPVGFK*, GAI-
AAAHYIR*, GILFVGSGVSGGEEGAR*, ELGQSGVDTYLQTK*, LTIL-
EELR*, AIPGEYITYALSGYVR*, TTFINTLFQTVLK*, LVEDPQVIAPFLG-
K*, GISNEGQNASIK*, and LGNDDEVILFR* with the asterisk indicating
3C isotopically labeled amino acids) was run on the TSQ Vantage
where we monitored all y-ions for those peptides. Using these tran-
sitions, we identified the elution time for each peptide. In addition, for
each peptide, we also calculated its hydrophobicity using the SSR-
Calc algorithm presented in Krokhin et al. (15). Then a least square
linear curve was generated between the observed retention time and
the hydrophobicity factor for these 10 peptides, and the goodness of
fit was evaluated using the r? value. Using this linear curve, we also
established our prediction error (=2 min). Next for any novel peptide
sequence, we first calculated its hydrophobicity using the SSRCalc
algorithm, and then using the linear curve, we predicted its elution
time. Then using =2-min error around the predicted elution time, we
established a 4-min window for the transitions of this peptide. The
generated iSRM method with the above acquisition parameters was
transferred directly to the TSQ Vantage instrument method setup
program directly. Additional instrument parameters used for the iISRM
experiments include cycle time, scan time, and dynamic exclusion set
up for triggering the data-dependent SRM scan. The overall cycle
time of 2 s was used as default. The scan times used for the data-
dependent SRM scans were 0.1 s. Dynamic exclusion was enabled
with 300 counts of intensity threshold. The dynamic exclusion was set
up to trigger the dependent SRM scan events only when the intensi-
ties of all primary SRM transitions exceeded 300 counts for five
successive cycles. The dynamic exclusion time was 20 s. Three iISRM
experiments were performed based on the resources of peptide
MS/MS data from MRMAtlas. For each targeted peptide, the two
most intense fragment ions were selected as primary ions, and an
additional six fragments were selected as secondary ions.

Experiment 1—A total of 128 transitions (32 primary and 96 sec-
ondary) were used for targeting eight endogenous/heavy peptide
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Fic. 1. Principle of iSRM. A illustrates the iSRM logic in which two transitions of a given peptide are monitored continuously and trigger a
data-dependent event if both signals exceed a preset threshold. B and C show the primary and data-dependent (secondary) SRM events. D
and E show the channels (and the corresponding ion intensities) of a primary and a secondary iISRM event, respectively.

pairs. The isotopically labeled peptides were spiked into the yeast
digest mixture at different concentrations (0.01, 0.1, 1, 10, and 100
fmol/ul). The analyses were performed by injecting 1 ul of sample.
The completed transition list can be found in supplemental Table 1.

Experiment 2— A total of 6056 transitions (1514 primary and 4542
secondary) were used for large scale screening, targeting 757 litera-
ture peptides from MRMAtlas. The completed transition list can be
found in supplemental Table 2.

Experiment 3—A total of 544 transitions (136 primary and 408
secondary for 68 peptides) were used for targeting 34 pairs of en-
dogenous and '®N-labeled peptides in the TCA cycle of Saccharo-
myces cerevisiae. The completed transition list can be found in
supplemental Table 3.

Data Processing Using Pinpoint

All raw files were processed by Pinpoint 1.0. The targeted pep-
tides were verified by both overlaid chromatographic profiles of
multiple fragment ions and the correlation between the composite
MS/MS spectrum that comprises multiple SRM transitions with the
MS/MS spectral library entry. The MS/MS spectral library was built
by reading in fragment ion intensity data from the database of
MRMAtlas directly. To compare the targeted SRM data generated
from a triple quadrupole mass spectrometer with MS/MS data of a
peptide stored in a spectrum library, a novel spectrum library
searching method was used (12). The peak area intensities for all
SRM transitions (primary and secondary) that belonged to the same
precursor ion m/z were ranked in decreasing order of intensity.

Then the same product ions from the MS/MS library spectrum were
also ranked in decreasing order of intensity. A Costa-Soares rank
correlation (16) was computed as a metric of similarity between the
SRM data and the MS/MS spectrum stored in the library for the
target peptide,

BE(P;' -

Qi +1—p+n+1
(n* +n)(n* — 1)

- Q)

p=1- (Eq. 1)
where p is the correlation coefficient (expected range of values are
1 >= p>= —1), pi is the rank of the product ion i in the library
spectrum and qi is the rank of the product ion i in the signal intensities
from the SRM data, and n is the total number of product ions under
consideration. To provide an estimate of the null distribution, the
correlation coefficient was compared with library spectra whose rank
intensities were shuffled and then rescored. The null distribution was
used to compute a p value (probability of random spectral matching)
using standard statistical methods. The smaller p value means a
better match between the SRM data and spectral library. The peptide
that gave a p value less than 0.05 was considered to be confidently
confirmed by the library match. We used a cutoff of 0.05 to designate
confident identifications; i.e. only composite-MS/MS spectra that had
p values lower than 0.05 were listed as identified confidently using the
library spectra. This cutoff value was chosen based on empirical
evidence where p values between large sets of composite spectra
and CID spectra were compared (12). For each targeted peptide that
fulfilled the verification criteria, the software computed the integrated
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FiGc. 2. Work flow used to perform iSRM experiment. A set of predefined proteins defines the experiment; the proteotypic peptides
associated with these proteins are the subjects of the actual SRM experiment. The parameters necessary to perform the analysis are extracted
from exiting proteomics resources (e.g. MRMAtlas); the method includes primary and secondary transitions (for details, see the text). The
results of the LC-MS analysis are subsequently processed in two ways: the quantification is performed using the primary SRM traces, and the
confirmation of the identity relies on the fragmentation patterns represented in the composite spectra. Pep, peptide; QQQ, triple quadrupole;

1.S., internal standard; Lib, library.

peak areas of all primary ions for quantification and calculated coef-
ficients of variation (CVs) (in percent) for the repeated experiments.

RESULTS

Principle of iISRM—The systematic and reliable targeted
analysis of proteomics samples has to overcome two main
hurdles. First, sufficient selectivity has to be ensured to con-
fidently quantify the analyte of interest in complex biological
samples, which are characterized by numerous background
interferences, through the concomitant monitoring of multiple
transitions. Second, the number of peptides to be analyzed in a
given time window has to match the cycle time constraints
required for reliable quantification. Two parameters have to be
considered: the dwell time of each measurement that may need
to be increased for low abundance ions and the number of
transitions measured for each analyte. A trade-off between se-
lectivity and sensitivity is generally required if a larger set of
peptides, typically exceeding a dozen, is analyzed under such
conditions.

The iISRM work flow exploits the specificity of selected
reaction monitoring to simultaneously quantify and confirm
the identity of the targeted peptides in two ways. The principle
of the iISRM acquisition method is illustrated in Fig. 1. A few
transitions, typically two or three, corresponding to the most
intense fragments in the MS/MS spectra of targeted peptides,

referred to here as primary transitions, are monitored contin-
uously during a (predicted or observed) elution time window
of usually 2-4 min. For each transition, an intensity threshold
is defined by the user that can optionally take into account the
expected intensity of the signal. When all the primary transi-
tions satisfy all pretrigger conditions (i.e. following AND logic),
a secondary event is initiated (Fig. 1B). It aims to punctually
measure additional transitions referred to as secondary tran-
sitions that are used to generate a composite MS/MS spec-
trum (Fig. 1C) to confirm that the signals observed for the
primary transitions are indeed corresponding to the authentic
targeted peptide as opposed to interfering species. In fact,
the acquisition of these transitions is performed when the
HPLC profile, usually 25-30 s wide, is reaching its apex. Thus,
a delay of 8-10 s, corresponding to a few of cycles, is set
before the actual triggering of the data-dependent measure-
ments. This design of the dynamic exclusion allows each
secondary SRM acquisition to be triggered only once (or twice
if desired) for each eluting LC trace, which yields sufficient
structural information to unambiguously confirm the identity
of the compound without significantly perturbing the quanti-
fication obtained with the primary SRM transition list.
Generation of iISRM Methods—The design of an SRM ex-
periment encompasses several steps, including the selection

10.1074/mcp.M110.002931-4
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Fic. 3. The use of several traces increases the selectivity of the detection of the analyte of interest (A). The coincidence of two signals is
required to trigger the acquisition of secondary transitions that are used to generate a composite MS/MS spectrum (shown in B). The detection
of peptides in a complex background occurs over a wide dynamic range (10 amol to 100 fmol injected on the column; see C). Quality composite
spectra obtained at low concentration are shown in D and E. Int, intensity, *: primary transitions.

of the peptides corresponding to the proteins that are tar-
geted in the study. These tryptic peptides need to be uniquely
associated with the proteins of interest (proteotypic). In addi-
tion, they need to fulfill some specific criteria, ensuring their
detection in the mass spectrometer, such as good ionization
efficiency and an appropriate mass-to-charge ratio. For prac-
tical reasons, peptides containing amino acids that undergo
facile chemical modification (e.g. oxidation or deamidation)
are normally excluded. For each selected peptide, specific
attributes, including retention time, precursor ion mass-to-
charge ratio, fragment ion masses, and collision energy, are
required to establish an SRM method. From a practical point
of view, existing MS/MS data dramatically facilitate the design
of the method and increase the success rate of SRM exper-
iments, particularly if the spectra were acquired on an instru-
ment with similar fragmentation characteristics compared
with a triple quadrupole. There is already a wealth of exist-
ing information available in publicly accessible proteomics
MS/MS repositories, for instance PeptideAtlas (17) or Glo-

bal Proteome Machine (18). More recently, repositories spe-
cifically containing SRM transitions have been established
(MRMAtlas) (8) that represent a tremendous primary re-
source to design such experiments.

Such information is pertinent to establish an iISRM method,
more specifically the selection of primary and secondary frag-
ment ions in the context of experiments targeting hundreds of
peptides in an automated fashion for keeping the analytical
throughput. By using Pinpoint 1.0, we were able to design the
iISRM assay based on the data of a spectral library (Fig. 2). In
this study, using a yeast cell lysate to demonstrate proof of
principle, we automatically extracted the relative fragment ion
intensity information of each targeted peptide based on the
database of MRMAtlas by using the Pinpoint 1.0 software.
First, the software read in the information of fragment ion
intensities from the database to build a “local” MS/MS spec-
tral library. Then the information of this spectral library was
used to define the primary and secondary ions of each iSRM
experiment. The two most intense fragment ions were defined

Molecular & Cellular Proteomics 10.2
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TABLE |
Peptide analyzed to illustrate protein expression range covered in yeast proteome using iSRM

Group no. Literature value® Protein Peptide Integrated area® CV (n =3)  p value
copies/cell %

1 524,000-1,256,000 YLR249W SNFATIADPEAR 4.01e+06 6 2.48e—-05
LVEDPQVIAPFLGK 1.78e+06 3 3.47e—-04
2 262,000-524,000 YER091C NVSGQDVAAALEANAK 1.42e+06 12 1.20e—-04
AYTYFGEQSNLPK 1.49e+06 3 1.48e—-03
3 131,000-262,000 YNL178W ALPDAVTIIEPK 9.16e+05 8 7.19e-04
ALPDAVTIIEPKEEEPILAPSVK 1.18e+05 1 2.11e—-02
4 65,000-131,000 YKL182W ALDTVTNVLNFIK 3.91e+05 4 4.34¢-03
ALIENWAADSVSSR 4.88+e5 12 1.74e-04
5 32,000-65,000 YLR058C VLVAGTSAYCR 1.34+e6 7 3.67e—03
AVEFAQQVQQSLPK 2.62e+05 9 2.48e—-05
6 16,000-32,000 YBR249C ELASGLSFPVGFK 6.89e+05 5 8.23¢e—-04
GLINDPDVNNTFNINK 1.10e+05 9 2.73e—-04
7 8,000-16,000 YJL130C ELVAPGAIQNLIR 6.69e+05 15 1.32e—-02
TADLASVLLLTSLQNR 7.60e+04 8 1.74e-04
8 4,000-8,000 YKR001C ELSSQELSGGAR 2.50e+05 5 1.14e—-03
LAALESPPPVLK 3.78e+05 12 1.74e—-04
9 2,000-4,000 YFLO14W GVFQGVHDSAEK 1.28e+06 5 1.36e—-02
LNDAVEYVSGR 8.26e+05 3 7.19e-04

10 1,000-2,000 YGL202W SLANTFLSLDTEGR 4.05e+05 3 3.46e——-02
ALQYGFSAGQPELLNFIR 9.74e+04 13 3.99e-03
11 512-1,024 YCLO30C LQDAPEESYTR 4.48e+05 2 2.21e—-083
12 128-256 YBR117C LFDFTADGVASR 2.19e+05 7 1.24e—-04
13 <128 YNLO14W WVPMMSVDNAWLPR 6.78e+04 9 2.12e—-02
14 Not expressed YJRO77C QLGFFGSFAGLPTR 9.44e+04 3 1.74e—-04
15 Not quantifiable by Western blot YGR284C IEGLTDNAVVYK 7.80e+04 10 1.14e-02

2 See Ghaemmaghami et al. (19).
b Sum of two primary ions.

as primary ions, and an additional six fragment ions were
defined as secondary ions based on rank of ion intensity per
peptide.

Proof-of-concept Experiment—To evaluate the perform-
ance of the iISRM technique in terms of sensitivity, selectivity,
and dynamic range in a biological sample, eight isotopically
labeled, synthetic yeast peptides were spiked into the yeast
digest in a dilution series ranging from 10 amol to 100 fmol
injected on the column. The eight endogenous peptides and
their corresponding internal standards were targeted using
the iISRM method, and each sample was analyzed in triplicate.

The composite MS/MS spectra of the peptides ELASG-
LSFPVGFK*, LVEDPQVIAPFLGK*, LTILEELR*, GISNEGQNA-
SIK*, ELGQSGVDTYLQDK?*, and GAIAAAHYIR* allowed con-
fident confirmation of the identity at the 10-amol level with p
values less than 0.05. The identities of the two peptides
LGNDDEVILFR* and GILFVGSGVSGGEEGAR* were asser-
tively confirmed by the composite MS/MS spectra at the
100-amol level with p values less than 0.05.

For each positively identified peptide, the integrated peak
areas of two primary ions were used for quantification to
determine the limit of sensitivity of the method. One of the
most significant expected benefits of using iISRM is to in-
crease the instrument throughput and selectivity by triggering
the data-dependent SRM scan only for a real eluted peak. As

shown in Fig. 3A, although multiple peaks were observed from
each primary transition, the data-dependent scan was trig-
gered only for the actual peptide peak when both primary
transitions were detected simultaneously. Additionally, the
dynamic exclusion design of iISRM assured that the data-de-
pendent scan was triggered only once. With effective instru-
ment time usage, most of the instrument time is devoted to
the actual quantification. With a fixed cycle time of 2 s, the
acquisition instrument time is essentially used for a longer
dwell time of the primary transitions and therefore results in
increased sensitivity and signal-to-noise ratio. Response
curves for all eight spiked isotopically labeled peptides cover
a wide dynamic range using the iSRM method. Fig. 3C shows
the calibration curves acquired for the peptides LTILEELR?,
GISNEGQNASIK*, and LVEDPQVIAPFLGK* with a dynamic
range covering 4 orders of magnitude, ranging from 10 amol
to 100 fmol injected on the column. These results demon-
strate that the technique preserves all the characteristics of a
conventional SRM experiment in terms of selectivity and sen-
sitivity while optimally utilizing the acquisition time to gain
additional information, thereby increasing the confidence of
the analyses.

Large scale iSRM Experiment—To test the performance of
the approach when applied in the context of a large scale
screening experiment, 757 tryptic peptides from the yeast

10.1074/mcp.M110.002931-6
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TaBLE Il
Compatrison of iISRM and t-SRM acquisition methods

Shown are the parameters used for the acquisition and the summary results obtained for 352 yeast peptides, thus illustrating the increased

analytical precision. n/a, not applicable.

Value t-SRM iISRM
Parameters
Time window (s) 240 240 240
No. peptides in window (example) 20
Cycle time? (s) 2.0 2.0
No. transitions monitored 8b n/a
No. primary transitions n/a 2
Dwell time (ms) 12 50
Actual quantification time (ms) 480 2000
Additional transitions n/a 6
Additional acquisition time (ms) n/a 100
Acquisition time® (s) n/a 1.2
Time devoted to quantification® (%) 25 98
Results®
CV > 5% 143 (41%) 268 (76%)
CV > 10% 289 (82%) 340 (96%)
CV > 15% 335 (95%) 352 (100%)
CV > 20% 352 (100%)

2 Acquisition was performed using a constant cycle time.
® The two most intense transitions were used for the quantification.

¢ Calculation took into account the acquisition of secondary transitions twice for each peptide in the time window.

9 Fraction of time used for quantification in the 240-s time window.
¢ Quantification was performed on 352 peptides.

digest mixture (see supplemental Table 2) were targeted using
the iISRM method. The peptide sequences and the associated
MS/MS information were downloaded from the MRMAtlas
database and intended to cover a wide expression range of
the yeast proteome. This large scale iISRM experiment was
repeated five times for testing the reproducibility and the
robustness of the method. The raw data of the five experi-
ments were processed postacquisition (using the Pinpoint
software; see “Experimental Procedures”). Among the 757
monitored yeast peptides initially selected across a wide ex-
pression range, 673 peptides were actually detected and
properly identified from 1 ug of yeast digest injected using the
default acquisition parameters typical of an initial experiment
(i.e. without adjustment of the dwell times to detect low abun-
dance species). Regardless of the complexity of the experi-
ment, most of the detected peptides (86%) were verified by
the composite MS/MS spectra with a p value <0.05. The
increased instrument throughput yields enough data points
for each primary transition to perform precise quantification
for this large scale data set. Very consistent results were
obtained with over 80% of the peptides detected exhibiting
coefficients of variation below 10%. As shown in Table I, the
peptides detected cover a wide range of concentrations with
yeast proteins expressed in the range from less than 120 to
one million copies per cell as reported previously by Ghaem-
maghami et al. (19).

These results were compared with a complementary exper-
iment performed on a subset of 352 peptides that were ana-
lyzed using the conventional time-based SRM (t-SRM)

method in which all eight transitions were monitored during
the specified time window for simultaneous peptide verifica-
tion and quantification. The number of peptides targeted in
this second experiment was determined by the upper practi-
cal limit for simultaneously monitoring multiple transitions us-
ing t-SRM and maintaining an acceptable dwell time (i.e. over
2000 transitions for a single HPLC run). The results comparing
the two methods clearly demonstrate the advantage of iISRM
(see Table Il) where the acquisition time is more effectively
partitioned between true quantification traces and identity
confirmatory measurements, thus yielding more data points
for more accurate quantification. With the same 40-min-gra-
dient HPLC separation and 4-min time window per peptide,
the analytical precision using iISRM to target the same 352
yeast peptides was much improved compared with that of
t-SRM as shown in Table II.

Application: TCA Cycle in Yeast—To illustrate the practical
use of iISRM method in a biology context, the analysis was
focused on the peptides associated with proteins involved in
the yeast TCA cycle, also known as the citric acid cycle. The
series of enzymes involved in the catalyzed chemical reac-
tions is of central importance in S. cerevisiae and in general all
living cells that use oxygen as part of cellular respiration. In
yeast and other eukaryotes, the TCA cycle occurs in the
matrix of the mitochondrion and is involved in the chemical
conversion of carbohydrates, fatty acids, and proteins into
carbon dioxide and water to generate energy in the form of
ATP. In addition, the TCA cycle provides precursors for the
synthesis of amino acids, nucleotides, and lipids and is af-
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TasLE Il
Quantitative results for the subset of yeast metabolic enzymes analyzed by iSRM

Integrated peak area

Peptide Ratio "*N/'*N pair CV  pvalue
=1 n=2 n=3 n=4 n=25 Average
%

Pyruvate kinase 1

EPVSDWTDDVEAR ('“N) 2.30 1.97e+05 1.87e+05 1.86e+05 1.89e+05 1.88e+05 1.89e+05 2.0 1.24e-04

EPVSDWTDDVEAR ('°N) 8.80e+04 8.25e+04 8.77e+04 8.42e+04 7.79e+04 8.41e+04 4.0 7.19e-04

IENQQGVNNFDEILK (4N) 2.20 2.48e+06 2.52e+06 2.37e+06 2.39e+06 2.33e+06 2.42e+06 3.0 6.03e—03

IENQQGVNNFDEILK ('°N) 1.14e+06 1.12e+06 1.11e+06 1.07e+06 1.11e+06 1.11e+06 2.0 1.49e-03
Phosphoglucose isomerase

LATELPAWSK ('*N) 2.40 6.83e+06 6.68e+06 6.64e+06 6.91e+06 6.64e+06 6.74e+06 2.0 7.61e—03

LATELPAWSK ("°N) 2.85e+06 2.77e+06 2.73e+06 2.84e+06 2.72e+06 2.78e+06 2.0 1.39e—03

VVDPETTLFLIASK ("*N) 2.70 6.10e+05 6.09e+05 5.88e+05 6.04e+05 5.90e+05 6.00e+05 2.0 8.75e—02

VVDPETTLFLIASK (°N) 2.34e+05 2.23e+05 2.07e+05 2.24e+05 2.14e+05 2.20e+05 4.0 7.94e—04
Glucokinase

GVLLAADLGGTNFR ('“N) 0.39 3.13e+05 2.95e+05 2.86e+05 2.94e+05 2.71e+05 2.92e+05 5.0 2.70e—03

GVLLAADLGGTNFR ('°N) 7.69e+05 7.76e+05 7.47e+05 7.39e+05 7.29e+05 7.52e+05 2.0 2.70e—03

HALALSPLGAEGER ('N) 0.37 6.75e+04 6.67e+04 6.22e+04 6.24e+04 6.03¢e+04 6.38e+04 4.0 5.36e—02

HALALSPLGAEGER ('°N) 1.86e+05 1.75e+05 1.65e+05 1.79e+05 1.51e+05 1.71e+05 7.0 2.78¢e-03
3-Phosphoglycerate kinase

ASAPGSVILLENLR ("“N) 3.64 2.26e+07 2.12e+07 2.11e+07 2.06e+07 2.09e+07 2.13e+07 3.0 1.32e—02

ASAPGSVILLENLR (*°N) 5.85e+06 5.99e+06 5.79e+06 6.08e+06 5.54¢+06 5.85e+06 3.0 3.97e—03

TIVWNGPPGVFEFEK ('“N) 3.81 1.50e+07 1.49e+07 1.43e+07 1.44e+07 1.39e+07 1.45e+07 3.0 3.47¢e-04

TIVWNGPPGVFEFEK ('°N) 3.94e+06 3.88e+06 3.76e+06 3.79e+06 3.65e+06 3.80e+06 3.0 2.78e—03
Aconitase

GYDAGENTYQAPPADR '*N) 0.32 1.80e+05 1.77e+05 1.74e+05 1.60e+05 1.72e+05 1.73e+05 4.0 1.49e-03

GYDAGENTYQAPPADR (°N) 5.85e+05 5.77e+05 5.79e+05 5.66e+05 5.32e+05 5.68e+05 3.0 7.50e—02

TIFTVTPGSEQIR ('“N) 0.33 1.15e+06 1.15e+06 1.09e+06 1.15e+06 1.08e+06 1.12e+06 3.0 5.95¢—-04

TIFTVTPGSEQIR (*°N) 3.53e+06 3.52e+06 3.41e+06 3.48¢+06 3.27e+06 3.44e+06 3.0 7.68e—02
Citrate synthase

LVSTIYEVAPGVLTK ("“N) 0.12 2.95e+05 2.83e+05 2.64e+05 2.66e+05 2.37e+05 2.69e+05 7.0 2.48e—05

LVSTIYEVAPGVLTK (*°N) 2.35e+06 2.19e+06 2.21e+06 2.12e+06 1.98e+06 2.17e+06 6.0 2.78e—03

YLWDTLNAGR ('“N) 0.12 1.69e+05 1.62e+05 1.63e+05 1.59e+05 1.47e+05 1.60e+05 5.0 3.13¢—03

YLWDTLNAGR (*®N) 1.34e+06 1.21e+06 1.29e+06 1.23e+06 1.27e+06 1.27e+06 4.0 4.17e—-03
Alcohol dehydrogenase isoenzyme

type 1

ANELLINVK (*“N) 2.40 1.68e+07 1.70e+07 1.67e+07 1.71e+07 1.76e+07 1.70e+07 2.0 3.83e-02

ANELLINVK ("°N) 7.17e+06 7.04e+06 7.06e+06 7.12e+06 7.32e+06 7.14e+06 1.0 4.17e—-02

VVGLSTLPEIYEK (**N) 2.50 2.04e+07 2.11e+07 2.00e+07 2.05e+07 2.01e+07 2.04e+07 2.0 1.49e-03

VVGLSTLPEIYEK ("°N) 8.96e+06 8.14e+06 8.12e+06 8.07e+06 8.19e+06 8.30e+06 4.0 5.95e—04
Cytoplasmic malate dehydrogenase

EINIESGLTPR (“N) 0.04 7.33¢+04 7.60e+04 7.54e+04 6.48e+04 6.72e+04 7.13¢e+04 6.0 9.30e—02

EINIESGLTPR ("°N) 1.89e+06 1.88e+06 1.83¢+06 1.88e+06 1.75e+06 1.85e+06 3.0 2.78¢—03

GVSYVDYDIVNR ('“N) 0.03 2.73e+04 2.86e+04 2.54e+04 2.10e+04 2.44e+04 2.53e+04 10.0 1.24e—04

GVSYVDYDIVNR ('®N) 9.52e+05 9.27e+05 8.97e+05 9.29e+05 8.74e+05 9.16e+05 3.0 2.78e—03
« subunit succinyl-CoA ligase

SGTLTYEAVQQTTK ("“N) 0.64 8.24e+04 8.23e+04 8.10e+04 7.85e+04 7.97e+04 8.08e+04 2.0 1.74e—03

SGTLTYEAVQQTTK ("°N) 1.28e+05 1.29e+05 1.29e+05 1.23e+05 1.23e+05 1.26e+05 2.0 3.97e—-03

VIFQGFTGK ('*N) 0.58 2.33e+05 2.29e+05 2.19e+05 2.35e+05 2.28¢+05 2.29e+05 2.0 2.63e—02

VIFQGFTGK ('®N) 3.99e+05 3.92e+05 3.79e+05 4.04e+05 3.91e+05 3.93e+05 2.0 1.01e—-02
Aldehyde dehydrogenase

ANFQGAITNR ("“N) 2.00 3.77e+06 4.14e+06 3.89e+06 3.72¢+06 3.56e+06 3.82e+06 5.0 2.21e—03

ANFQGAITNR ('°N) 1.76e+06 1.81e+06 1.76e+06 1.77e+06 1.64e+06 1.75e+06 3.0 9.72e-03

VGIPAGVVNIVPGPGR ('*N) 2.10 1.83e+06 1.76e+06 1.76e+06 1.82e+06 1.74e+06 1.78¢+06 2.0 2.02e—03

VGIPAGVVNIVPGPGR ('°N) 8.87e+05 8.68e+05 8.36e+05 8.68¢+05 8.00e+05 8.52e+05 4.0 3.06e—02

fected by the growing conditions of the cells. Thus, it is
important to establish a reliable and sensitive screening
method to rapidly detect and quantify these metabolic en-
zymes from different cells in the context of systematic, large
systems biology experiments (14).

The qualitative and qualitative results for these specific
enzymes are summarized in Table Il (for details, see supple-
mental Table 3). To demonstrate the ability of the method to
systematically quantify all the peptides present using stable
isotope dilution, the experiment was performed by mixing two
different yeast digests: the first one was grown under standard

conditions, whereas the second was grown in '®N-containing
medium to produce uniformly '*N-labeled peptides as a global
internal standard. Thus, all peptides will be present in two forms
(light and heavy) at approximately equal ratios. The two yeast
lysates were mixed in equal amount prior to trypsinization. The
final concentration of the digested peptide mixture used for the
LC-MS analysis was estimated around 1 ug/ul.

The results for a subset of 34 pairs of peptides (both "#N-
and "®N-labeled) associated with 18 proteins involved in the
TCA cycle (see supplemental Table 3) demonstrate the ability
of the iSRM screening method to rapidly detect and quantify
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A Q7 Q3
YLR304C 1 000C 1290000 1290000 1250000 1220000 2
TIFTVTPGSEQIR 25.3 1070000 1100000 1100000 1060001 1040000 2
724.9 1070000 1100000 1100000 1060000 1040000 2
7& P~ 1 567000 573000 593000 547000 535000 4
887 .5 1 504000 525000 511000 518000 501000 2
986.£ o 7310 3340 7180 6090 3780 3(_
1087 .€ 3590 2820 810 4520 1590 31
689.4 O 3070 3360 G700 6540 2300 38
544. O 388 260 286 927 30 70
545 Z O 656 520 1020 1030 241 44
416 O 2430 2150 4260 3200 1600 34
GYDAGENTYQAPPADR e i & ] 182000 189000 186000 189000 185000
862. 182000 189000 186000 189000 185000
555 .3 1 122000 127000 128000 132000 128000 2
626.3 1 59600 61200 58400 56800 57000 <
817.4 608 6180 5740 4860 8710 20
458.2 5300 1870 2630 3510 2670 37
754.4 7490 3580 2370 6450 720 38
1132.6 1410 2920 2650 1890 30 26
1018.5 O 3050 3130 1830 3900 278 23
1318.6 [¢] 296 540 192 453 1760 88
B TIFTVIPGSEQIR 563 GYDAGENTYQAPPADR D
—724.8/786 635
765 929
—724.8/887
465 1147
—733.3/797 | | | | | 1336
: \
—733.3/899 | | |
1018
754 917
555
24.5 25.5 26.5 600 800 1000 1200 m/z
C GYDAGENTYQAPPADR TIFTVTPGSEQIR 786 887 E
—862.9/555.3
—862.9/6263 987
416 545 689 [ 1088
— 873.31563.3 T T T | T
—873.3/635.3 423 553 699 1102
999
797 899
16 17 18 [min] 400 600 800 1000 m/z

Fic. 4. Application of iSRM to quantify protein of TCA cycle in yeast. A summary of the results obtained for the protein Aco1p is shown
in A; the columns indicate five replicated analyses. B and C show the chromatographic traces of two peptides, TIFTVTPGSEQIR and
GYDAGENTYQAPPADR. The composite MS/MS spectra of the peptide GYDAGENTYQAPPADR (for both light (top spectra) and heavy (lower

spectra) forms are shown in D and E.

a specific subset of proteins. In a previous account, using a
conventional SRM method to target these peptides, the three
most intense fragment ions from the MRMAtlas database
were used for quantification of each peptide (14). In addition,
SRM-triggered MS/MS acquisitions were performed sepa-
rately to verify the identity of targeted peptides and their
retention times. By contrast, the iSRM method presented here
simultaneously confirmed the peptide identities by composite
MS/MS spectra and precisely quantified the verified peptides
by integrating the LC-MS peak area of primary fragment ions.
The same iSRM analysis was replicated five times to demon-
strate reproducibility and assess the analytical precision. As a
typical example, the results for protein Aco1p are presented in
Fig. 4. The chromatographic traces of the two peptides,

TIFTVTPGSEQIR and GYDAGENTYQAPPADR, derived from
the protein Aco1p are shown in Fig. 4, B and C. The traces of
both the '¥N- and 'N-labeled peptides are perfectly co-
eluting, and the ion intensity ratios are retained. The identity
confirmation of the heavy and light forms relies on their com-
posite MS/MS spectra displayed, and the consistency of the
fragmentation patterns is illustrated in Fig. 4, D and E.

The quantitative results presented in Table Ill illustrate the
degree of analytical precision that can be achieved with this
method: over 85% of the analytes measured exhibit a CV
below 10% in replicated experiments. The relative quantita-
tive results indicate very consistent ratios for the different
peptides associated with a given protein; variations between
the ratios of different proteins reflect the biological variability
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in the cell growth conditions. This study demonstrates the
capacity of iISRM to comprehensively and reproducibly mea-
sure sets of biologically related proteins in one LC-MS anal-
ysis with increased precision while improving the confidence
in the measurements.

DISCUSSION

A novel data acquisition paradigm was developed and ap-
plied to increase the performance of targeted proteomics
analyses using triple quadrupole instruments in the selected
reaction monitoring mode. The results from the different pro-
teomics experiments performed in this study clearly demon-
strate the potential of this approach and its benefits. First, the
iISRM technique offers clear advantages over the conventional
targeted proteomics analyses by using a dual acquisition
mode of SRM. The continuous monitoring of selected transi-
tions within a defined time window yields quality chromato-
graphic traces and hence reliable quantitative results with
increased precision. The generation of composite tandem
mass spectra acquired in a data-dependent manner allows
the definitive confirmation of the analyte identity. The consis-
tent quantitative and qualitative analyses are performed with-
out compromising the performance of SRM in terms of sen-
sitivity and selectivity, thus quantifying peptides in complex
biological samples over a wide dynamic range with a limit of
detection demonstrated down to the tens of attomole range
while maintaining good analytical precision.

Second, the iISRM data acquisition scheme manages the
concomitant analysis of a large number of peptides while
retaining a degree of selectivity. It dramatically increases the
throughput of the SRM assay, allowing a large targeted
screen in a single HPLC-MS experiment. The largest assay we
used in our experiments consisted of 6050 transitions for
targeting 757 peptides. The iSRM instrument control software
has the capability to support over 10,000 transitions, which is
sufficient to target 1000 peptides in a single experiment.

To exploit fully the capability of the technique and to apply
it routinely to the concurrent qualitative and quantitative analysis
of large sets of peptides, an integrated work flow was devel-
oped. As illustrated in Fig. 2, there are three distinct steps: (j) the
design of the analytical method exploiting pre-existing informa-
tion, (i) the actual data collection encompassing primary and
secondary transitions, and (jii) the subsequent processing of the
data and analysis of the results. The combination of the iISRM
with the Pinpoint software package allows rapid design of large
scale SRM screening experiments.

The design of the experimental method leverages existing
peptide MS/MS information that is captured in public data-
bases. The data are automatically downloaded and used to
generate the acquisition method. If some peptides are not yet
captured in the database, the necessary parameters (reten-
tion time and fragment ions) are theoretically predicted. The
resulting instrument method is downloaded to perform the
actual iSRM experiment that can include the analysis of mul-

tiple samples. The raw data collected are subsequently pro-
cessed automatically in two streams. First, to confirm the
identity of the analytes, the composite mass spectrum of each
peptide is compared and scored using a local library created
during the method design. Second, the quantification is per-
formed using the sets of chromatographic traces of the dif-
ferent primary transitions corresponding to each peptide.

In conclusion, the linear work flow described and used
throughout this study is likely to expedite large scale hypoth-
esis-driven proteomics studies, generating reliable quantita-
tive data sets, which are required by systems biology studies,
or clinical biomarker validation. This improved technique that
exploits specificity through a controlled (narrow) mass selec-
tion window, the versatility of the dual acquisition mode, the
scheduling capabilities, and the capability of programming as
1000 peptides (i.e. >10,000 transitions) in a single LC-MS
experiment open new avenues in targeted proteomics.
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