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Hypothesis-driven MS-based targeted proteomics has gained great popularity in a relatively
short timespan. Next to the widely established selected reaction monitoring (SRM) workflow,
data-independent acquisition (DIA), also referred to as sequential window acquisition of all
theoretical spectra (SWATH) was introduced as a high-throughput targeted proteomics method.
DIA facilitates increased proteome coverage, however, does not yet reach the sensitivity obtained
with SRM. Therefore, a well-informed method selection is crucial for designing a successful
targeted proteomics experiment. This is especially the case when targeting less conventional
peptides such as those that contain PTMs, as these peptides do not always adhere to the optimal
fragmentation considerations for targeted assays. Here, we provide insight into the performance
of DIA, SRM, and MRM cubed (MRM?) in the analysis of phosphorylation dynamics throughout
the phosphoinositide 3-kinase mechanistic target of rapamycin (PI3K-mTOR) and mitogen-
activated protein kinase (MAPK) signaling network. We observe indeed that DIA is less sensitive
when compared to SRM, however demonstrates increased flexibility, by postanalysis selection
of alternative phosphopeptide precursors. Additionally, we demonstrate the added benefit of
MRM?, allowing the quantification of two poorly accessible phosphosites. In total, targeted
proteomics enabled the quantification of 42 PI3K-mTOR and MAPK phosphosites, gaining a
so far unachieved in-depth view mTOR signaling events linked to tyrosine kinase inhibitor
resistance in non-small cell lung cancer.
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Protein phosphorylation is closely linked to multiple cel-
lular processes such as enzyme activation or inhibition,
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Significance of the study

The three MS-based targeted proteomics methods SRM,
MRM?, and DIA differ in key parameters such as sensitiv-
ity, selectivity, and multiplexing capabilities. By investigating
48 phosphorylation events related to mTOR-PI3K/MAPK
signaling, using these three acquisition types, we pro-
vide insights into their performance characteristics. mTOR-
PI3K/MAPK signaling has been linked to numerous bio-

protein—protein interaction, cell-cell signaling events, and
protein degradation. MS has advanced to be the method of
choice to study temporal dynamics of protein phosphoryla-
tion events at a proteome wide scale [1,2].

The majority of MS-based phosphoproteomic research en-
tails a relatively unbiased approach by combing phosphopep-
tide enrichment protocols with shotgun proteomics as re-
viewed extensively [3—6]. This enables the identification and
quantification of phosphorylation events without any prior
knowledge and usually achieves a substantially broad phos-
phoproteome coverage [7-9], although it introduces a bias
toward high abundant phosphopeptides [10]. An alternative
is the use of MS-based targeted proteomics, which can cir-
cumvent this bias and allows for a more hypothesis-driven
approach [11]. Conventionally, MS-based targeted proteomics
is performed on triple quadrupole mass spectrometers oper-
ated in SRM mode [12]. More recently, analogous methods
were developed using high resolution instruments such as
the Q Exactive (parallel reaction monitoring, PRM) [13-15] or
the TripleTOF (HR-MRM, high resolution MRM) [16]. While
SRM applies filters for both, precursor and fragment ions,
PRM and HR-MRM rely solely on precursor ion isolation
in combination with acquisition of high resolution/accurate
mass MS/MS spectra. These full-scan fragment spectra are
then used to extract traces of specific fragment ions and their
chromatographic peak areas are used for quantification [17].

While SRM is generally regarded as the most sensitive and
quantitatively most accurate MS-based method [18], it has
drawbacks in terms of a comparably low resolution in both
precursor and fragment m/z filtering. This lower resolution
may cause interferences to occur, leading to potentially falsi-
fied quantitative readouts by integrating peak groups that do
notoriginate from the peptide of interest. PRM and HR-MRM
can reduce such effects by acquiring high resolution MS/MS.
Another way to overcome this issue is by using a technique
called MRM cubed (MRM?), implemented on QTRAP instru-
ments. Here, the third quadrupole is replaced by a linear ion-
trap, enabling an existing SRM assay to be further refined by
isolation and fragmentation of primary fragment ions. This
enables monitoring of chromatographic traces originating
from secondary fragment ions. While mainly used to increase
the specificity of SRM assays so far [19-21], it has also been
shown to increase the sensitivity of the assay [22-25].
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logical processes such as cancer, aging, and neuronal de-
velopment, making it one of the most investigated biolog-
ical pathways. With this study we provide crucial informa-
tion for well-informed method selection, facilitating success-
ful targeted proteomics analysis of the mTOR-PI3K/MAPK
signaling pathway as well as protein phosphorylation in
general.

Another more recent approach in MS-based targeted pro-
teomics is referred to as data-independent acquisition (DIA)
or sequential window acquisition of all theoretical spectra [26)].
Compared to SRM the acquisition method itself is not tar-
geted per se, but repeatedly cycles through broad consecutive
isolation windows, thus fragmenting the whole MS1 range
within the chromatographic time scale [27]. Based on prior
information obtained from spectral libraries, peak groups for
each peptide of interest can be extracted from the highly mul-
tiplexed DIA data and quantified by using the sum of the
integrated chromatographic fragment peak areas, similar to
SRM. As data acquisition in DIA provides continuous frag-
ment ion intensity information across time, it outperforms
SRM in multiplexing capability, thus competing with shot-
gun proteomics in terms of proteome coverage. Moreover,
DIA outperforms SRM in ease of use, as no time consuming
method development for each peptide of interest is required
[28]. However, it does not achieve the sensitivity of an opti-
mized SRM assay yet [27].

So far MS-based targeted proteomics methods were mainly
used to obtain quantitative information on protein expression
level, with only limited studies focusing on quantifying
specific protein PTMs. However, large-scale phosphopro-
teomics studies often lack the ability to comprehensively
map known functional phosphosites throughout selected
signaling cascades of interest. Therefore, MS-based targeted
phosphoproteomics potentially presents a valuable alterna-
tive in the analysis of cellular signaling. An initial study
using SRM to quantify phosphopeptides was presented by
Unwin et al. in 2005 [29] followed by a handful of studies
adopting the phospho-SRM technology to measure different
target phosphopeptides (e.g. [30-33]). Approaches to quantify
phosphorylation sites by targeted data extraction from DIA
analyses are also starting to appear [34, 35]. MRM? has so far
not been used for phosphopeptide quantification, however,
MS3 has shown to be beneficial for targeted phosphopeptide
analysis in a pseudo-SRM approach, increasing the dynamic
quantification range [25].

Here, we evaluated in parallel SRM, DIA, and MRM?
for the analysis of phosphorylation dynamics across selected
nodes of the phosphoinositide 3-kinase mechanistic target of
rapamycin (PI3K-mTOR)/mitogen-activated protein kinase
(MAPK) signaling pathway. Involved in a variety of vital
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cellular processes such as cell proliferation, cell growth, and
survival [36], the deregulation of PI3K-mTOR and MAPK-
related signaling has been linked to several clinically relevant
disorders such as Alzheimer’s disease and cancer [37, 38].
Thus, a thorough understanding of disease-specific mTOR-
related signaling dynamics can provide valuable information
in terms of potential drug targets [36]. Previously we com-
bined highly selective phosphopeptide enrichment, based
on Ti*'-IMAC [39] with SRM to monitor and quantify cru-
cial phosphosites of the PI3K-mTOR/MAPK pathway upon
senescence [31]. The selection of these phosphosites of inter-
est was based on extensive data mining in publicly available
shotgun proteomics datasets, hence increasing the overall
success rate of phosphopeptide SRM assay development. In
the current study, we used these SRM assays, supplemented
with MRM?, to assess their performance compared to targeted
data extraction, as used in DIA experiments. As a model sys-
tem we chose nonsmall cell lung cancer cell lines (NSCLC),
that were shown to rely highly on mTOR signaling (reviewed
multiple times, most recently by Yip 2015 [40]). Especially
in epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitor (TKI) resistant cell lines, NSCLC were shown to
drastically differ in respect to their PI3K-mTOR/MAPK sig-
naling compared to sensitive cell lines [41]. For this study, we
chose to compare two NSCLC lines, PC9 that is sensitive to
TKI treatment and H1975, which has T790M-mediated resis-
tance to first-generation TKIs [42]. Combining highly selective
phosphopeptide enrichment with SRM, DIA, and MRM? en-
abled us to determine the specific performance characteristics
for these three MS acquisition modes as well as to gain insight
into the mTOR signaling dynamics of different NSCLC lines.

2 Materials and methods
2.1 Cell culture

PC9 and H1975 NSCLC cells were purchased from Sigma-
Aldrich and the American Type Culture Collection, respec-
tively. PC9 cells contain a deletion (DelE746A750), where
H1975 cells contain both the L858R and T780M mutations in
the EGFR. Both cell lines were cultured in triplicates in stan-
dard Roswell Park Memorial Institute medium 1640 medium
(Lonza), containing 10% FBS (Thermo), 2 mM L-glutamine
and 1% penicillin/streptomycin (Lonza), at 37°C in a humid-
ified atmosphere containing 5% CO,.

Cells were detached from the culture surface using trypsin
(Lonza), and washed three times with PBS before lysis. Drug
response of both cell lines was tested as described in the
Supporting Information.

2.2 Sample preparation and phosphopeptide
enrichment

Frozen cell pellets were subjected to standard phosphopro-
teomic sample preparation as described before [31]. In brief
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the protocol combined cell lysis by sonication in urea-based
lysis buffer, protein reduction (DTT), and alkylation (iodoac-
etamide) followed by Lys-C/Trypsin double digestion and de-
salting. Prior to phosphopeptide enrichment samples sub-
jected to SRM measurements were split in two series and
complemented with heavy isotope-labeled standard peptides
(JPT) at concentrations of 150 fmol/mg lysate and 3 pmol/mg
lysate, respectively. For each mass spectrometric measure-
ment 300 pg lysate were enriched for phosphopeptides using
Ti*"-IMAC columns. For each biological replicate two phos-
phopeptide enrichment replicas per measurement methods
were prepared. Further details about sample preparation are
provided in the Supporting Information, including a detailed
scheme about biological and technical replicas prepared for
each acquisition method depicted in Supporting Information
Fig. 1.

2.3 SRM measurements

Unless otherwise stated, all SRM experiments were con-
ducted on a TSQ-Vantage (Thermo Fisher). Chromatographic
separation was performed using an EASY-spray system con-
taining an Easy-nLC 1000 coupled to a 25 cm, 75 pm ID
PepMap RLSC, C18, 100 A, 2 pm particle size column
(Thermo Scientific, Odense, DK). SRM assays were adapted
and extended from de Graaf et al. [31] including values for
optimized collision energy. Phosphopeptides were separated
on a gradient from 0 to 25% B in 170 minutes. The ex-
pected retention time of each peptide was determined from
heavy isotope-labeled standard peptides analyzed in multi-
ple unscheduled measurements. Endogenous phosphopep-
tides were measured in scheduled acquisition mode (10 min
RT window, 4 s cycle time, 971 transitions in total reach-
ing a maximum number of 173 concurrent transitions at RT
= 65.90-65.98 min). Resolution was set to 0.7 Da peak width
(fwhm) for both Q1 and Q3. Collision gas pressure was set
to a constant value of 1.5 mTorr. Further Details about LC-
MS/MS setup are provided in the Supporting Information.

2.4 MRM? measurements

All MRM? measurements were performed on an ekspert
nano-LC 425 (Eksigent) coupled to a QTRAP 6500 (SCIEX).
LC separation was carried out using a nanoAcquity (75 pm
x 25 cm, 1.8 mm, HSS T3) column with a nanoAcquity
(180 wm x 20 mm, Sum Symmetry C18) trap column (Wa-
ters) in trap-elute configuration. Detailed information about
instrument setup and acquisition methods are provided in
the Supporting Information.

2.5 High pH-fractionation

A total of 4 mg cell digest mixed from both cell lines was frac-
tionated on a high-pH (HpH) reversed-phase C18 column
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(Gemini 3u C18 110 A, 100 x 1.0 mm, Phenomenex) cou-
pled to an Agilent 1100 series (Agilent Technologies) on a
60 min gradient. 67 fractions of 1 min each were collected
and concatenated into five pools as previously described [43].
These were dried down in vacuo and subjected to phospho-
peptide enrichment as described above, loading 1/3 of each
fraction onto the Ti**-IMAC tip.

2.6 DIA library generation

Spectral libraries were acquired on a TripleTOF 5600 mass
spectrometer (SCIEX) operated in data-dependent acquisition
(DDA) mode. Upfront chromatographic separation was per-
formed using an Agilent 1290 Infinity System (Agilent Tech-
nologies), adapted to nanoflow conditions by using a split flow
setup as described in [44], coupled to in-house packed trap col-
umn (Dr. Maisch Reprosil C18, 3 pm, 2 cm x 100 pm) and
analytical column (Agilent Poroshell 120 EC-C18, 2.7 um, 50
cm x 75 pm) using a 155 min gradient. Further details about
LC-MS/MS setup and detailed DDA criteria are provided in
the Supporting Information.

2.7 DIA measurements

DIA measurements were acquired on a TripleTOF 5600 us-
ing the same instrument setup and gradients as described
above. We used 64 variable DIA windows, each with 1 amu
overlap (Supporting Information Fig. 2) spanning an m/z
range of 400-1250. The collision energy for each window was
determined based on the collision energy for a 2+ ion with
a collision energy spread of 0 eV. An accumulation time of
50 ms was used for each fragment ion scan which in combi-
nation with a 100 ms survey scan resulted in a total cycle time
of 3.4s.

2.8 Data analysis

All SRM experiments were analyzed using Skyline [45]. To
ensure reliable assessment of the SRM traces, signals were
validated using mProphet [46], as implemented in the ad-
vanced peak picking option of Skyline. Decoy sequences were
created by sequence shuffling and adding a precursor mass
shift of 10 Da and measured in the same retention time win-
dow as their respective target peptide. The mProphet scoring
model for SRM data was optimized according to an initial
training sample and used without further optimization on all
samples using a g-value cutoff of 0.01 (corresponding to a 1%
FDR).

For DIA targeted data extraction, DDA measurements
were searched using MASCOT [47] and combined to a spec-
tral library in Skyline as described in more detail in the Sup-
porting Information. Subsequent to targeted data extraction
of both target and decoy sequences in Skyline, the DIA data

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Proteomics 2016, 16, 2193-2205

were validated using an mProphet scoring model directly
optimized on the data. Compared to the model used for SRM
it also contained DIA-specific scoring features such as mass
errors and precursor isotope dot products. Specific mProphet
feature scores and score distributions for both SRM and DIA
data can be found in Supporting Information Table 1 and
Supporting Information Fig. 3.

In both, SRM and DIA a few obvious wrongly assigned
peaks were integrated manually, as indicated in Supporting
Information Table 2.

Quantification was performed by integrating chromato-
graphic fragment ion peak areas in Skyline. Pearson corre-
lations were calculated and visualized with Perseus using
intensity values for all transitions individually. CVs were de-
termined by Skyline. Quantitative values were subsequently
submitted to significance analysis using MSStats [48]. For
SRM this included transforming ratios between analyte and
internal standard to a log,-scale, for DIA global intensity nor-
malization based on equalizing medians was performed, fol-
lowed by log,-transformation of the intensity values. Peak
groups not significantly annotated by mProphet were treated
as missing values. A linear-mixed effects model was succes-
sively used to test for abundance changes between different
cell lines. An FDR cutoff of < 5% was considered significant.
A list of the number of transitions used for each peptide for
quantification and significance analysis is provided in Sup-
porting Information Table 3.

3 Results and discussion

Here, we set out to assess and compare the performance
of SRM, MRM?, and DIA for MS-based targeted phospho-
proteomics (Fig. 1). As model system we chose two different
NSCLC lines, namely H1975 and PC9 that differ substantially
in sensitivity to EGFR tyrosine kinase inhibitors. In these
cells, we monitored phosphorylation events involved in PI3K-
mTOR/MAPK signaling. Both cell lines were grown in tripli-
cates and tested for their sensitivity to Gefitinib and Afatinib.
As expected, H1975 showed increased tolerance toward both
tyrosine kinase inhibitors (Supporting Information Fig. 4).
All cells were subjected to alike sample preparation protocols
(differing mainly in the amount of internal standards added
in SRM) including the workflows used for tryptic digestion
and subsequent phosphopeptide enrichment by Ti**-IMAC.
For each biological replicate, two enrichment replicates for
each MS method were prepared. A schematic of the sample
preparation is depicted in Supporting Information Fig. 1. In
Supporting Information Fig. 5 and 6 we show representa-
tive chromatographic elution profiles and information about
retention time reproducibility for SRM and DIA, respectively.
For SRM and DIA the maximal retention time shift is in the
range of a minute within a 3 h gradient. Peak width in the
SRM measurements range from 40 to 60 s and in DIA from
roughly 30-120 s. Pearson correlations as well as CVs for each
peptide are given in Supporting Information Fig. 7.
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Figure 1. Schematic overview of three different MS-based targeted proteomics acquisition types evaluated for their application in phos-
phoproteomics. (A) In a triple quadrupole mass spectrometer SRM combines specific sets of m/zfilters for Q1 and Q3, representing highly
specific precursor and fragment ions pairs, so called transitions. Chromatographic traces of these transitions are then recorded for a
predefined retention time window. (B) Compared to SRM, MRM?® adds an additional fragmentation and filtering event monitoring also
chromatographic traces of secondary fragment ions. (C) DIA combines wide isolation windows for precursor m/z selection with acquisition
of high-resolution fragmentation spectra. The resulting highly multiplexed fragmentation spectra are subsequently analyzed by targeted

data extraction based on prior established spectral libraries.

3.1 Signal transduction monitoring by SRM

One of the major strengths of MS-based targeted proteomics
is the capability to monitor specific molecular events of inter-
est. In the case of phosphoproteomics, many global studies
have been performed that give rise to large numbers of iden-
tified phosphosites [8,9, 49, 50]. These studies give a global
picture of phosphoproteome regulation, however, often lack
the ability to comprehensively map all important phospho-
sites with reported function in signaling cascades or biologi-
cal processes, caused by undersampling or lack of sensitivity.
Here, we selected specific phosphorylation sites known to
play important roles in the PI3K/mTOR and MAPK path-
ways as well as sites of so far unknown function, quanti-
fied in our earlier study [31] (Supporting Information Table
2). Sites of known function included activity inducing sites
for the kinases AMPK-B1 (serine 108 [51]), PDK1 (serine
241 [52]), ERK1/2 (tyrosine 204 and 187, respectively [53]),
Pp70S6K (serine 447 [54]), BRAF (serine 446 and serine 729
[55,56]) and mTOR (serine 1291 [57]) as well as kinase activity
inhibiting phosphorylation sites for CDK1 (threonine 14 [58]),
c-RAF (threonine 259 [59]), and IRS1 (serine 1101 [60]). Addi-
tionally several phosphosites were monitored, which are not
located on kinases but have established roles in signal trans-
mission. These sites included phosphorylation of serine 65 of

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4EBP1, triggering the release of EIF4B to an unbound state
and thus activating translation and protein synthesis [61], two
phosphorylation sites of Akt1S1 that promote its dissociation
from mTORC1 and consequently repress its inhibitory func-
tion on mTORC1 kinase activity [62-64], RAPTOR serine 863
which, upon phosphorylation induces mTORCI1 activity [65]
and PIK3C2A serine 259, where phosphorylation promotes
its own degradation [66].

To accurately quantify the selected phosphosites, heavy
isotope-labeled standard peptides were added after cell
lysis and tryptic digestion in two different concentrations
(150 fmol/mg proteins and 3 pmol/mg proteins), following a
workflow presented earlier by de Graaf et al. [31], after which
cell lysates were subjected to Ti*"-IMAC enrichment in du-
plicate for each of the two heavy isotope-labeled standard
peptide concentrations. In total 48 phosphopeptides of the
PI3K-mTOR/MAPK pathways were targeted by SRM. Based
on mProphet scoring and manual data assessment, 40 of
these targeted peptides could be significantly (mProphet g-
value < 0.01) detected in at least three out of six injections
per cell line (Fig. 2).

An exceptional case is the phosphorylation of serine 415
of RSK2, which according to mProphet, has been confi-
dently identified in all three biological replicas (including
both enrichment replicas for each) of H1975 but only in one
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enrichment replicate of PC9. Manual assessment of the data
revealed consistent presence of the heavy isotope-labeled
standard peptides across all samples. Peak groups for the
endogenous peptide were detected in all replicas of H1975,
whereas they hardly exceeded the noise threshold in PC9,
thus suggesting a potential on/off situation for this particular
phosphosite (Supporting Information Fig. 8).

3.2 MRM cubed

To increase our signaling pathway coverage we explored the
use of MRM? for targeted quantification of phosphosites. In
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Figure 2. Overview of the de-
tectability of phosphosites in
the PI3BK-mTOR/MAPK pathway
in non-small cell lung cancer
cell lines. Thirty-four phospho-
sites (orange) were significantly
detected with SRM as well as
DIA. For two phosphosites (Sin1
S510 and RRAS2 S186 (1)) only
an alternative peptide contain-
ing a missed cleavage was de-
tectable in DIA. Six additional
phosphosites (light green) could
be confidently detected by SRM
but not by DIA. In case of phos-
phorylation site S415 in RSK2
detection was only successful in
the H1975 cells.
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a previous study, Bauer et al. [25] showed increased sen-
sitivity by performing MS3 on the neutral loss ion of low
abundant phosphopeptides in a pseudo SRM approach, in
the linear iontrap of an LTQ-Orbitrap. As a first proof of
principle we selected two phosphopeptides from an exist-
ing dataset that performed poorly under “normal” optimized
SRM conditions and developed MRM? assays. One phospho-
peptide (IS-(pho)S-PTETER) was selected based on an occur-
ring interference and one (ALVHQL-(pho)S-NESR) based on
its low S/N level. As can be seen in Supporting Information
Fig. 9, for both these phosphopeptides MRM? was able to
drastically reduce interferences and improve the S/N levels.
Based on these promising results we selected three specific
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phosphosites from the mTOR/PI3K pathway, with again ei-
ther high interference or very low S/N ratio, to be targeted by
MRM?, specifically PIK3R4 (S813), FOXO3 (S280), and TSC2
(S1387), with the latter two not accessible in our SRM experi-
ments. The MRM? experiments require MS instrumentation
with trapping capabilities and were performed on a QTRAP
6500. Existing SRM assays were copied and reoptimized on
the QTRAP, where the different LC-MS setup caused slightly
different results, already in SRM mode. Still the selected
sites performed poorly, as can be seen from TSC2 (S1387)
in Fig. 3A. Likewise the other two sites showed very low S/N
(Supporting Information Fig. 10). Next, these selected pep-
tides were analyzed in MRM? mode, optimizing crucial in-
strument parameters such as secondary ion selection, linear
ion-trap fill time and excitation energy (Supporting Informa-
tion Table 4). With this approach we were able to substantially
increase the assay quality for those three phosphopeptides in
terms of interference and sensitivity (Fig. 3B), expanding the
coverage of nodes in the signal transduction cascade to 42 out
of 48 targeted phosphopeptides. These results demonstrate
the great potential of MRM? analysis of (low abundant) phos-
phosites. However, due to the increased measurement time
required (acquisition times of up to 1 s for MRM?), and the (so
far) limited software support for scheduled MRM? methods,
comprehensive pathway analysis by MRM? is not yet feasi-
ble. Yet, for most of the phosphosites investigated here this
is not required as they perform well under SRM conditions.
Thus we concluded that MRM? is best used as a comple-
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Figure 3. lllustrative chromatographic
traces obtained for the phosphopeptide
SS-(pho)S-SPELQTLQDILGDPGDK  mea-
sured in a complex cell lysate using two
different measurement methods: (A) SRM
and (B) MRM?® were acquired using the
same instrument setup (QTRAP 6500).
Compared to conventional SRM, MRM3
is capable of reducing unspecific ion
signals, as seen by the disappearance
of the peak groups at retention times
107.1,111.9, 112.3, and 113.1 in the MRM?
workflow. For MRM? longer accumulation
times in the trap also enable a drastic
increase in sensitivity, improving the S/N
by a factor of more than 40.

mentary method in combination with SRM, in which MRM?
is used specifically for a limited number of individual tar-
gets poorly detectable in SRM. A prerequisite for successful
MRMS3, however, is a sufficiently efficient secondary peptide
fragmentation event (MS3). The fragment ion usually giving
rise to the most informative MS3 spectra is the neutral loss of
phosphoric acid. However, we found the SRM trace resulting
from neutral loss of phosphoric acid to be nonspecific. Ac-
cordingly, the gain in specificity associated with the second
fragmentation step in MRM? was greatly reduced when tar-
geting the neutral loss fragment, providing little increase in
sensitivity or specificity over the best performing SRM traces
(Supporting Information Fig. 11).

3.3 Signal transduction monitoring by
data-independent acquisition

Next, we assessed the performance of DIA for the targeted
analysis of the same 48 phosphopeptides, targeted by combin-
ing SRM and MRM?. The acquisition of a reference spectral
library is an essential step for the targeted data extraction in
DIA measurements. Here, we compared two different ways
of acquiring this spectral library (Fig. 4A). So far the most
promising approaches described in literature include pooling
all samples of interest followed by extensive fractionation [67,
68]. In view of these results, we performed high-pH reversed-
phase (HpH) fractionation with subsequent phosphopeptide
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Figure 4. (A) Build-up of spectral libraries for the DIA analysis using two different strategies: Either pooled peptide digest of PC9 and H1975
cell lines were fractionated using high-pH reversed-phase chromatography and concatenated to five fractions followed by phosphopeptide
enrichment (left side) or the digest of both cell lines were directly enriched (right side) after which samples were analyzed by DDA. (B)
Venn diagram comparing the number of unique phosphopeptides identified in the two spectral libraries. (C) The reduced sensitivity of
DIA compared to SRM exemplified by the phosphopeptide GGFD-(pho)S-PFYR. Samples for both measurements contained equal amounts
of heavy isotope-labeled standard peptides for this example. Panels show chromatographic traces for SRM (left panels) and DIA (right
panels), endogenous peptides (upper panels) and stable isotope standard (lower panels).

enrichment on a mixed PC9 and H1975 cell lysate. Using a
concatenation strategy as demonstrated by Batth et al. [43]
we identified 12 770 phosphopeptides from 5 HpH fractions.
To investigate if the increased proteomic depth of the library
benefits the targeted data extraction we decided to acquire
a second spectral library combining one single (unfraction-
ated) DDA analysis of each cell line only, giving rise to a com-
bined library containing 9569 phosphopeptides. Figure 4B
shows the overlap between these two spectral libraries, with,
as expected, the highest number of unique phosphosites in
the HpH-generated library. Subsequently, similar as in the
above-described SRM experiments, two Ti*"-IMAC enrich-
ments per biological replicate were prepared and analyzed
in DIA mode. Based on the acquired spectral libraries,
mProphet scoring and visual assessment of the DIA data,
we were able to extract peak groups for 34 of the 48 phos-
phosites targeted by SRM (Fig. 2). Thirty-three out of the 34
peptides detected by DIA could be observed in the smaller
spectral library already.

3.4 Comparison between SRM and DIA in terms of
sensitivity
The initial DIA study by Gillet et al. reported an approximately

tenfold lower sensitivity of DIA compared to SRM, based on
classical dilution curve experiments [27]. In this study, we

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

show potential implications of this loss in sensitivity when
aiming for comprehensive pathway analysis. Six phospho-
sites within the mTOR signaling network that were well ac-
cessible by optimized SRM assays remained inaccessible for
DIA analysis, hence limiting information about pathway dy-
namics. To illustrate this loss in sensitivity, chromatographic
traces of TSC1 (S505) measured in SRM and DIA are dis-
played in Fig. 4C. To ensure an unbiased evaluation, SRM
and DIA measurements were both performed on PC9 sam-
ples containing 50 fmol of the heavy isotope-labeled stan-
dard phosphopeptides. The synthetic peptide clearly shows
the difference in sensitivity (in S/N) between SRM and DIA
for this specific phosphopeptide. For the endogenous phos-
phopeptide this difference in sensitivity between the two
methods leads to a situation in which a clear signal can
be obtained with SRM whereas it remains below detection
limit for DIA. In two other cases, specific phosphopeptides
successfully targeted by SRM were not detectable by DIA,
however, the phosphosites could be quantified by extract-
ing peak groups for their corresponding phosphopeptides
containing missed cleavages. This again highlights the dif-
ference in sensitivity between the two methods, but also
demonstrates the benefit of DIA when it comes to target
peptide selection. Whereas in DIA it is straightforward to re-
fine the target peptide selection postacquisition this would
require de novo assay development and data acquisition in
SRM.
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Figure 5. (A) Statistical analysis of the differential abundances of the detected phosphopeptides between H1975 cells and PC9 cells as
detected by SRM displayed in a volcano plot. p values (-logo of adjusted p-value) are plotted as a function of the differential abundance
observed using p < 0.05 as significance threshold. Significant changes in abundance are color coded (orange = higher abundance in H1975,
light green = higher abundance in PC9). Labeled dots represent phosphosites not accessible by DIA. (B) Correlation between phosphopep-
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significant fold changes exclusively determined by SRM and DIA, respectively. (C) Phosphosite localization within the PI3K/mTOR/MAPK
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3.5 Quantification of PI3BK/mTOR and MAPK
phosphosites

Both the SRM dataset and the DIA dataset were separately
tested to determine significant changes in abundance be-
tween the two cell lines (numeric results are provided in
Supporting Information Table 5). Figure SA depicts the re-
sults obtained from the SRM experiments. The volcano plot
shows several phosphosites exhibiting significant differen-
tial abundances between the two investigated cell lines, with
those annotated with their protein name uniquely quantified
by SRM. Comparison of the quantification results obtained
with SRM and DIA shows a reasonably good correlation
(R* = 0.82, Fig. 5B), although lower than reported by Gillet
etal. (R* = 0.95). This is mainly caused by two phosphosites
(BRAF) exclusively regulated in the SRM experiment, and

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

four regulated phosphosites exclusive to the DIA experiment.
This discrepancy between the previously obtained correlation
and the one reported here likely originates from the fact that
(1) the previously reported SRM and DIA correlation was
obtained at protein level analysis, generally involving more
than one peptide per protein, thus strengthening the relia-
bility of the quantification. (2) The quantitative fold changes
reported here are relatively small, up to fourfold maximum,
whereas Gillet et al. reported fold changes of up to 300. Over-
all the observed differences are small and both SRM and DIA
largely agree quantitatively.

Of note, in some cases multiple potential peak groups
show up in both SRM and DIA data (Supporting Informa-
tion Fig. 12). This might be caused by potential different
phosphorylation sites on the same peptide, which do share
most of the transitions but differ slightly in retention time.
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For an automated peak picking and scoring program such
as mProphet or Spectronaut distinction of such features is
highly challenging, demonstrating the importance of manual
data assessment in both SRM and DIA, in particular when
analyzing phosphopeptides.

Quantification by MRM? could confirm the significantly
higher abundance of PIK3R4 (S813) in PC9, as previously
determined by both SRM and DIA. For the remaining two
phosphopeptides targeted by MRM? no significant difference
in abundance across the two cell lines was observed (Support-
ing Information Table 6).

3.6 Implications of TKI resistance on mTOR
signaling

We quantified 42 phosphopeptides across two different non-
small cell lung cancer cell lines using three different MS-
based targeted proteomics approaches. Of these monitored
phosphosites, 25 showed significant differential regulation
between the two cell lines, 12 displaying an increased and 13
a decreased abundance in H1975 compared to PC9 (Fig. 5C).
Overall the differences in phosphosite abundances observed
here suggest a more complex change in mTOR signaling be-
tween the two cell lines than a mere up- or downregulation of
the whole pathway. It is striking that many phosphosites in
the downstream region of the signaling pathway clearly sug-
gest an elevated rate of protein synthesis in H1975 compared
to PC9. This begins with phosphorylation of S65 of 4EBP1 re-
leasing EIF4E to activate translation, followed by an increase
in phosphorylation of S445 and S459 on EIF4B. Moreover, the
phosphorylation of PDCD4 at serine 94 showed a decreased
abundance in H1975 compared to PC9. PDCD4 has been
shown to inhibit protein translation but gets rapidly degraded
in proliferating cells [69], hence the decrease in abundance
of its phosphorylation, caused by protein degradation, cor-
roborating a potential increase in protein synthesis. In line
with these observations, we find the abundance of ERK2 S187
and the two phosphosites of RSK2 to be more abundant upon
TKI resistance (with RSK S415 exclusively present in H1975),
which again is consistent with an increase in protein synthe-
sis. It is however interesting that the entire BRAF/MAPK
pathway upstream of ERK2 does not show any difference in
abundance between the two cell lines, except for a slight up-
regulation of BRAF detected in SRM but not confirmed by
DIA.

Remarkably, many other phosphosites localized in up-
stream regions of the PI3K-mTOR pathway show oppos-
ing trends, namely higher abundance in the TKI sensitive
PCY cells. These sites include several phosphosites in the
mTORC1 pathways as well as the phosphoinositide 3-kinase
(PI3K) complex. It has been shown in previous studies per-
formed on tumor biopsies of patients treated with mTORC1
inhibitors, that there is a negative feedback loop between
activation of PI3K/mTORC1 and the MAPK pathway [70]
suggesting a certain negative cross-control between the two

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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prosurvival pathways. An opposing trend in the two pathways
as observed in our data is therefore plausible and might be
part of two different prosurvival mechanisms.

In many cases, we observed that multiple phosphosites
on the same protein, or in case of mTORC1 and PI3K the
same protein complex, show very similar quantitative behav-
ior (summarized in Supporting Information Table 7). This
suggests that molecular changes rather happen at the pro-
tein expression than protein phosphorylation level. In a study
on the effects of TKI resistance on mTOR signaling, Fei
et al. detected substantial difference in kinase activity be-
tween mTORC1 and mTORC2 in different NSCLC lines [41].
Using a combination of pull downs and in vitro kinase as-
says they observed an increased kinase activity of mTORC2
in TKI resistant cells as well as an increased kinase activity of
mTORCI1 in TKI sensitive cells, which nicely is in accordance
with our present study.

4 Concluding remarks

MS-based targeted proteomics has become a valuable pro-
teomics tool including its current variants SRM, MRM?, and
DIA. In this study, we evaluated the performance of these
three popular methods for the targeted analysis of phos-
phorylation events in specific signaling networks. By mon-
itoring the PI3K-mTOR/MAPK pathway dynamics in dif-
ferent NSCLC cell lines we could pinpoint advantages and
disadvantages of all three methods. SRM outperforms DIA
in terms of sensitivity resulting in increased pathway cov-
erage by approximately 15%. DIA, however, exceeds SRM
in terms of flexibility, as shown here by quantifying alter-
native tryptic cleavage products, a strategy that would in-
volve tedious de novo assay development in SRM. By quan-
tifying three phosphosites using MRM? we show the addi-
tional benefit of this feature over a conventional SRM as-
say in terms of sensitivity and selectivity, increasing the
phosphopeptide coverage in our selected pathway even fur-
ther.

These considerations can be of great value for successful
experiment planning, as all three methods can prove opti-
mal depending on the specific question asked and the re-
sources available. In a purely hypothesis-driven approach,
SRM (likely in combination with MRM?) is likely still the
most promising approach, although it comes at the cost of
time-consuming assay development and the requirement of
heavy isotope-labeled standard peptides for each analyte of
interest. In exchange all parameters such as collision energy
or dwell time can be iteratively optimized for each transi-
tion individually, resulting in highly sensitive assays. In DIA
internal standards are mostly omitted, mainly because the
measurement of a survey scan enables very robust normal-
ization based on total ion signal as implemented in many
label-free shotgun quantification approaches. This renders
DIA the cheaper method in terms of both cost and time. How-
ever, the unspecific isolation windows and the acquisition of
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full-scan MS/MS spectra result in way more restrictions in
terms of parameter optimization for DIA compared to SRM,
which is one of the reasons for the lower sensitivity compared
to SRM.

Next to the reduced sensitivity one of the biggest disadvan-
tages of DIA is the requirement of a spectral library, which
is time consuming to build. However, the increasing avail-
ability of proteomics sequencing data in online repositories
might rapidly overcome this disadvantage in the near future.
Hence, our observations suggest a great potential for DIA to
grow to an “easy to use” alternative to SRM, if the cost of re-
duced sensitivity does not conflict with the question at hand.
Moreover, it remains to be seen whether DIA approaches
can outperform “single shot” label-free quantification in
terms of quantitative depth and throughput [71].

Using M S-based targeted proteomics on phosphopeptides
does pose additional challenges, especially in terms of peak
picking, which requires a thorough manual data assessment
in addition to automatized data analysis pipelines such as
mProphet or Spectronaut. Nonetheless, the three methods
described here all exhibit great potential for accurate quantifi-
cation, showing sufficient reproducibility between different
measurement strategies. Thus, altogether our data shows that
MS-based targeted proteomics methods have matured, allow-
ing the measurement of even subtle differences in protein
phosphorylation.
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Associated Contend

Raw data can be found in http://www.peptideatlas.org/
PASS/PASS00770 including:

Raw files (SRM), wiff files (DIA, MRM3).
Skyline daily files for SRM (two different concentrations of
heavy isotope-labeled standard peptides) and DIA includ-
ing mProphet scores.

® Transition lists for SRM and DIA.
Raw quantitative values as exported from Skyline and sub-
jected to M SStats analysis.
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