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Abstract: Mass spectrometry-based proteomics has become an indispensable tool for system-wide protein
quantification in systems biology, biomedical research, and increasingly for clinical applications. In particular,
targeted mass spectrometry offers the most sensitive and reproducible quantitative detection of proteins, pep-
tides and post-translational modifications of any currently applied mass spectrometry technique and is therefore
ideally suited to generate high quality quantitative datasets. Despite these apparent advantages, targeted mass
spectrometry is only slowly gaining popularity in academia and pharmaceutical industries, mainly due to the
additional efforts in assay generation and manual data validation. However, with the increasing accumulation
of mass spectrometry data, advances in deep learning spectral prediction for automated assay development,
these obstacles can and will be considerably reduced in the near future. Here, we describe the latest technologi-
cal developments in this field and discuss the emerging importance of targeted mass spectrometry for systems
biology research and potential key roles in bridging biomedical discovery and clinical implementation.
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1. Introduction

Mass spectrometry (MS)-based proteomics has become the
preferred technique for proteome and proteoform profiling at
a system-wide scale.[!2] Tt is now routinely used in biomedical
research for novel biomarker discovery,>-3! and, in combination
with genomics approaches, improved patient classification as well
as better understanding of molecular disease mechanisms, in par-
ticular in cancer.[®7] Most of the proteome wide screens to date
rely on data-dependent acquisition approaches (DDA), in which
the most abundant precursor ions are selected for MS-sequencing.
Even though this technique is capable of providing a good sample
overview, the acquisition speed of current MS systems is not suf-
ficient to sequence all detected precursor ions. Consequently, the
acquired data is biased towards the most abundant peptide ions,
thereby dismissing low abundant proteoforms across large sample
cohorts. In addition, DDA suffers from poor quantification pre-
cision, a result of the stochastic selection of precursor ions for
MS-sequencing.[#2] Therefore, DDA LC-MS approaches do not
meet the requirements for confident quantification of, typically
low abundant, protein biomarkers across large clinical sample
cohorts.[10]

Conversely, more recently developed data-independent acqui-
sition (DIA) approaches, initially proposed by the Yates group in
20041111 and then further developed by the Aebersold group in
2012, triggered by the introduction of high-resolution/accurate
mass (HR/AM) MS instrumentation, hold great promise to over-
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come these limitations and to become reliable tools for routine
clinical proteome analyses. In contrast to DDA, MS/MS fragmen-
tation in DIA is not randomly focused on the most abundant pre-
cursor ions but on pre-defined mass-to-charge (m/z) windows.
This allows the generation of reproducible and consistent data sets
across samples. DIA approaches can be grouped in the following
three categories (Fig. 1): selected reaction monitoring (SRM),
also known as multiple reaction monitoring (MRM);!!12-14] parallel
reaction monitoring (PRM)[15.16] and standard DIA, also known as
SWATHP! or hyper reaction monitoring (HRM) MS,[!7] here re-
ferred to as SWATH. The methods differ in their pre-defined pre-
cursor and product ion m/z isolation window setting. The m/z
windows can either be set very narrowly (usually 0.4—1.4 m/z) for
the specific quantitative analysis of pre-selected peptide ions of
interest using SRM and PRM (Fig. 1), or wider (usually 8-25 m/z,
depending on the scan speed of the MS platform employed) to
generate overlapping, staggered mass windows that cover the en-
tire peptide ion m/z range (usually 400-1000 m/z) allowing discov-
ery-based proteome analysis using SWATH (Fig. 1).

More recently, HR/AM MS platforms, mostly Orbitrap and QqTOF
systems, are increasingly used for targeted MS. In contrast to SRM,
the HR/AM analyzer acquires a full MS/MS spectrum of all generat-
ed fragment ions of the selected precursor. Since all fragments/transi-
tions are acquired at the same time within one spectrum, this targeted
MS method is termed parallel reaction monitoring!!>-161 (PRM, Fig.
1). Compared to SRM, the generation of HR/AM transitions allows
the application of much smaller m/z isolation windows at the MS2
level, increased overall selectivity and identification confidence in
complex human cell lysates by almost two orders of magnitude.!!3]
Thus, PRM assays can reach detection limits directly from com-
plex samples that are currently only available with antibody-based
techniques, like ELISA.['8.19]1 For this sensitive quantification of low
abundant proteoforms within complex samples, however, PRM re-
quires maximal ion accumulation times and highest MS2 resolution
settings, allowing only a few peptide ions to be included per MS
run.[201 By contrast, QqQ instruments provide higher sensitivity and
speed over PRM, making it better suited for the analysis of less com-
plex samples and more targets.
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is acquired by a high-resolution
(usually time-of-flight (TOF)

or Orbitrap) mass analyser. In
SWATH, all peptide ions within

a defined mass-to-charge (m/z)
window are isolated in Q1, frag-
mented together in the collision
cell (g2), and the generated prod-
uct ions are monitored by a high-
resolution mass analyser. The
process is progressively iterated
across the entire peptide precur-
sor ion mass range.

While SWATH analysis is exclusively carried out on HR/AM
instruments, SRM/MRM can be performed on relatively cheap, low
resolution triple quadrupole instruments (QqQ, Fig. 1), aquantitative
MS strategy originally designed for the analysis of small molecules.
Here, the first quadrupole (Q1) is set to a very narrow m/z window of
typically 0.7 m/z to isolate a defined precursor ion of a peptide of in-
terest. After fragmentation in the collision cell (q2), the third quadru-
pole (Q3) is set to a narrow m/z window to isolate a specific product
ion of this particular peptide ion. This entire process is also termed
transition. Five different transitions are usually used for confident
peptide ion quantification. Due to the narrow windows of 0.7 m/z
employed for both precursor and fragment ion, the SRM approach
is highly selective and provides a high dynamic quantification range.

Notably, SRM and PRM analyses are typically combined with
stable isotope dilution (SID) techniques boosting target quantifica-
tion confidence and reproducibly?!l Here, heavy internal standard
(IS) peptides are spiked into the samples and analyzed together
with their endogenous derived counterparts, even allowing abso-
lute protein quantification??l SID-SRM provides superior sensi-
tivity and dynamic range over DDA MS for the analysis of low
abundant proteins/23] and, most importantly, a higher quantitative
reproducibility within large sample sets and across different labo-
ratories when sharing generated SRM assays,[24l demonstrating
the suitability of SRM for clinical applications. Being in nature
focused on selected targets, SRM or PRM cannot be employed for
discovery driven unbiased proteome analysis. This triggered the
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development of SWATH workflows allowing reproducible pro-
teome wide quantitative analysis. The SWATH approach was first
developed by the Yates laboratory in 2004 using low resolution
instrumentation,[!! followed by its application to HR/AM MS in
2012 by the Aebersold group.®! Since then, SWATH popularity
soared and the approach was continuously improved, particularly
on the data analysis side.[25>-27] Since SWATH data analysis re-
quires a spectral reference library to assign the eluting fragments
to peptide sequences, data analysis was not as straightforward
compared to sequence database searching in DDA. However, with
the introduction of high-quality tandem mass spectra prediction
machine learning algorithms and software, SWATH data can now
be also reliably and comprehensively searched directly from se-
quence database files.[28-30] This not only considerably facilitates
SWATH data analysis, but also improves the reproducibility and
evaluation of the results by other laboratories. It also enables the
straightforward quantification of rare proteoforms and protein
modifications lacking reference spectra.3!l As SRM, SWATH
has also shown to overcome many reproducibility and robustness
limitations of DDA and is now widely and increasingly used by
the proteomics community, in particular for clinical sample analy-
ses.[32-341 Nonetheless, owing to the larger m/z windows required
to scan the entire mass range within one MS cycle and the re-
sulting shorter dwell time for individual peptide ions, sensitivity,
selectivity and reproducibility lags behind targeted SRM/PRM
approaches.[]

There are exciting new developments in the SWATH based
discovery proteome analysis field, however, including those
would be beyond the scope of this review. We therefore only focus
on the latest developments in targeted MS. This mainly includes
(i) boosting the sensitivity of (mostly SRM) assays by enriching
target concentrations within samples before targeted MS analysis
and (ii) novel targeted MS concepts (mostly PRM) enabling more
intelligent MS2 acquisition and thereby considerably elevating
multiplexing capabilities. We assess and discuss the potential and
limitations of these next generation targeted MS approaches for

proteomics applications and its impact on biomedical, system
biology and basic life science research. However, it should be
noted that the corresponding publications utilizing these various
approaches largely differ in required MS instrumentation, sample
preparation workflows and applications making an unbiased com-
parison and general recommendations challenging. In this review,
we aim to provide a thorough overview of the general strengths
and weaknesses of the current and most promising next genera-
tion targeted MS concepts (Fig. 2). We hope this provides useful
information for planning and selecting the most suited targeted
MS approaches.

2. Increasing Sensitivity of Targeted Assays

SRM has been demonstrated to provide excellent performance
and reproducibility in general paired with very high multiplexing
capabilities?*! (Fig. 2), however, its selectivity and sensitivity re-
mains limited and insufficient for full dynamic range analysis of
complex peptide samples, like eukaryotic proteomes.[5! Since the
selectivity in SRM is set by the (low) resolution of the QqQ instru-
ment employed, several sample preparation techniques have been
developed that increase the concentration of the SRM targets in
the sample and thus elevate the overall sensitivity of the SRM as-
says. While mostly applied for SRM assays, these front-end sam-
ple preparation techniques work equally well with other targeted
MS platforms and approaches. We will highlight two popular and
conceptionally different target enrichment strategies using either
affinity purification or extensive sample fractionation.

2.1 Affinity Enrichment

Enrichment of specific peptides by immunoaffinity purifica-
tion using antibodies prior to SRM analysis improves the sensi-
tivity and performance of the assay particularly in bodily fluids
such as serum and plasma that are predominantly analyzed in
clinical laboratories. The Stable Isotope Standards and Capture
by Anti-Peptide Antibodies (SISCAPA) workflow enables the en-
richment of target and spiked-in heavy reference peptides using
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anti-peptide antibodies.[351 SISCAPA-based target enrichment in
combination with SRM has been shown to be a powerful strategy
to quantitate low abundant proteins in complex mixtures with high
sensitivity and precision down to the low ng/mL level in human and
mouse plasmal3-391 (Table 1). More recently, this sensitive tech-
nology was also employed for the detection and quantification of
SARS-CoV-2 in clinical samples with low viral load.[*0! Lately, mul-
tiplexed SISCAPA enrichment preparations using a panel of peptide
antibodies to purify tens of peptides from the same sample were em-
ployed to match the multiplexing capabilities of SRM and increase
the number of quantified targets per LC-MS analysis.[*!l Further
developments include using low cost and easy to produce recom-
binant antibody fragments (Fabs) instead of monoclonal antibodies

post-translational modifications (PTMs), is a particular strength
of targeted MS and can be employed to improve the functional
readout of many existing immunoassays centered on the analysis
of total protein abundances. 4!

More recently, specific SRM/PRM panels focusing on phos-
pho-signaling pathways of interest have been developed and
applied to study kinase signaling pathway activities in tumor
cells and tissues.[*5] Here, phosphorylated peptides are affinity
purified in two steps using (i) phospho-tyrosine antibody enrich-
ment followed by (ii) immobilized metal affinity chromatog-
raphy (IMAC) enrichment. Both samples are then individually
analyzed and quantified by SID-SRM MS focusing on the key
phosphorylation sites for pathway activity determination. Using

Table 1. Overview of selected applications of the different SID targeted MS methods discussed in this review.

MS method Sensitivity Number of MS system? Sample Ref.
targets
0.3-3 ng/mL (LOD), .
SISCAPA-SRM 2210 pg/mL (LOQ) 3 proteins QqQ Plasma (human) [39]
PRISM-SRM 0.5-5 ng/mL (LOQ) 3 proteins QqQ Plasma (human) [52]
Cell lysate
SRM 30 attomole on column 20 peptides QqQ (23]
(LOD)
(human)
SRM 0.5-2 pg/mL (LOQ) 7-11 peptides Qqg-ion trap Plasma (human) [24]
Antibod .
enrichment-l};RM 2-10 pg/mL (LOQ) 3 peptides QqOT Plasma (human) [18]
PRM Low attomole range on 21 peptides QqOT Cell sz [20]
column (LOQ) pep q
(human)
Cell lysate
TOMAHAQ T Dttty @i 14 peptides Tribrid system® (75]
column (LOQ)
(human)
10 attomole on column Ll Ly
SureQuant 18 peptides Exploris QqOT® [68]
(LOD)
(human)

2QqgQ-Triple quadrupole mass spectrometer, QqOT — Quadrupole-Orbitrap; ®(For TOMAHAQ and SureQuant methods the model of the mass spectro-
meter is specified because the methods are exclusively implemented in these mass spectrometers distributed by Thermo Fisher Scientific. Notably.

SureQuant can also be performed on Tribrid systems.

for peptide enrichment!*! and aptamers for protein enrichment.[42]
Besides the antibody enrichment at the peptide level, affin-
ity purification of proteins using specific monoclonal antibodies
shows less nonspecific binding and can handle a higher range
of sample volumes allowing the analysis of very low abundant
plasma proteins in combination with targeted MS down to the
pg/mL range.[1843] Furthermore, protein-based enrichment allows
to employ multiple targeted MS assays for protein quantification
and also enables the precise and sensitive quantitation of specific
proteoforms for which no antibodies exist.[!8] In the latter case,
full length and therefore active CXCL10 could be specifically
quantified down to the low pg/mL level in plasma and demon-
strated to be of greater clinical value than total CXCL10 levels
currently determined by ELISA. For ELISA measurements, the
inactivation of CXCL10 is triggered by a cleavage of the first two
n-terminal amino acids by DPP4, a small truncation for which,
so far, no specific antibodies could be generated. The precise and
specific analysis of highly similar proteoforms, including small

this ‘SigPath’ approach comprising SRM assays for 284 phos-
phosites in 200 phosphoproteins, around 80-120 phosphosites
could be precisely and robustly monitored within different cell
lines.[#31 It is also important to note that the success of this ap-
proach, like all affinity enrichment strategies, critically depends
on high sample starting amounts to reach the required SID-SRM
sensitivities.

2.2 PRISM

Antibody- or other affinity-based enrichment methods are
excellent tools to increase target concentrations and thus the
overall SRM assay sensitivity. However, especially for new pro-
teins or highly similar proteoforms, like small PTMs or single
amino acid variations, the availability of specific affinity binders
for enrichment are limited. Therefore, a couple of antibody-free,
sample pre-fraction techniques were developed to reduce sample
complexity and increase SRM sensitivity.[*¢] This includes SDS-
PAGE, 7! removal of high abundant proteins in plasma using
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acetonitrile precipitation/*8] as well as nanoparticle protein co-
ronas®! and chromatography-based fractionation.!50->11 The so-
called high-pressure, high-resolution separations with intelligent
selection and multiplexing (PRISM) approach!>2l employed the
high and complementary peptide separation power of high pH
reversed phase liquid chromatography33l to prepare and select
target enriched fractions for SRM analysis based on the elution
profiles of spiked in heavy reference peptides. This fully automat-
ed approach demonstrated, in combination with immunoaffinity
depletion of the 14 most abundant plasma proteins, accurate and
robust quantification of human plasma proteins down to the high
pg/mL rangel52541 (Table 1). This technology can work with rather
low input material (25 g of peptides) and can be applied to most
proteoforms. However, it requires sophisticated LC instrumenta-
tion, heavy labeled isotope reference peptides and fraction pool-
ing and might be suboptimal for highly multiplexed workflows.
Nonetheless, a direct comparison with established immunoassays
(ELISA and Western blotting) found PRISM to be the most sensi-
tive approach.l53! As a consequence, PRISM successfully extends
the application range of sensitive and reproducible quantification
by SRM to targets that cannot be affinity enriched.

While these target enrichment strategies, if available, increase
targeted MS sensitivity, the absence of suitable affinity enrich-
ment methods or limited starting amounts preclude their broad
application to all samples. Here, assay sensitivity can only be im-
proved during the MS analysis itself. A couple of intelligent data
acquisition methods and data analysis tools have been developed
recently that improved both, sensitivity and multiplexing capabili-
ties of targeted MS analysis.

3. Advanced Targeted MS for Highly Multiplexed
Quantitative Analysis

A main constraint of targeted MS results from the limited
number of targets that can be measured per run. While these are
still in the 100s for SRM, exploiting the high selectivity of PRM
requires long ion accumulation and scan times, dramatically re-
ducing the number of targets per LC-MS run to less than 10.[18-20]
A few strategies have been developed to overcome this drawback
following two main strategies: retention time adjustment and
spike-in triggering acquisition methods. The first approach in-
tends to shorten the targeting windows by adjusting the expected
retention time, thereby achieving a more accurate estimation of
the actual retention time. The second approach leverages synthetic
spike-in reference peptides to efficiently guide MS acquisition of
endogenous target peptides in real time.

3.1 Elution Time Scheduling Approaches

Elution time scheduling approaches assess the retention time
(RT) of target peptides and adjust monitoring windows accord-
ingly. A more accurate assessment of a peptide RT translates into
shorter monitoring windows, thereby optimizing the measurement
time of the instrument and allowing for a higher number of tar-
gets to be measured per run.[256] However, RTs are not constant
and are affected by chromatographic setups (e.g. buffer composi-
tion, flow rate, column condition, sample load, etc.). Therefore,
in a scheduled targeted MS analysis, peptide RTs need to be ei-
ther experimentally determined from previous runs or predicted.
Such predictions are based on intrinsic physicochemical proper-
ties of the peptides,l>’! or on machine learning approaches.[28:38
Software tools such as Skyline have integrated prediction tools
(e.g. PROSIT, SSRCal) that enable the design of scheduled ap-
proaches.[2859601 Nonetheless, these prediction tools are often
inexact, as they are incapable of recapitulating chromatographic
setups. Alternatively, RTs can be empirically determined, which
is costly, time-consuming, and still susceptible to batch-to-batch
variation. These variations can be minimized by the use of reten-
tion time standardsl6!.62] that allow the determination of relative

peptide elution times that can be easily transferred across LC-
MS platforms with different LC setups. Based on one prelimi-
nary run containing these retention time standards, actual target
peptide elution times can be calculated and scheduled.[%3] Picky
is a useful online tool that provides RT estimations of the target
peptides prior to acquisition, based on experimentally determined
peptide RTs and fragmentation spectra from the ProteomeTools
database.[%4.65] Picky comprises a very straightforward method for
RT adjustment, however, it is only suitable for human or mouse
targets and chromatographic variability during LC-MS analysis
cannot be controlled.

By contrast, real-time RT adjustment methods are capable of
adjusting scheduled elution time windows during LC-MS analysis
and can compensate elution time drifts. Currently, two methods
exist that either monitor the elution times of background pep-
tides!%! or specific spike-in standards!®?! on the fly and to correct
LC deviations in real time. Using these approaches, time windows
can be set smaller, in particular when analyzing larger sample
batches, increasing overall multiplexing capabilities and minimiz-
ing risk of data loss.

3.2 Spike-in Triggering Acquisition Methods

Even though elution-time scheduling approaches already con-
siderably increase multiplexing capabilities over traditional SRM/
PRM methods, time windows are still in the low minute range and
considerably exceed the actual elution time of the peptide peaks.
Conversely, spike-in triggering acquisition methods only start MS
acquisition once an abundant and co-eluting reference peptide is
detected. Thereby, MS acquisition can be precisely focused and
limited to the actual elution time of the target peptide, maximizing
multiplexing capabilities. Furthermore, no preliminary LC-MS
runs are required to calibrate scheduled elution times and elution
time variations during LC-MS analysis do not impact targeted
MS analysis. Nonetheless, the implementation of these methods
is cumbersome and remains costly, as heavy labelled IS peptides
have to be produced and validated.

3.2.1 SureQuant

SureQuant is a method adapted from traditional SID-PRMI¢7]
further developed by Thermo and recently implemented on Orbitrap
Exploris and Tribrid systems.[%8691 This method eliminates the need
for RT scheduling by using spiked-in heavy IS peptides to efficiently
guide MS acquisition to the targets of interest (Fig. 3). A SureQuant
run toggles between two modes: survey and quantification mode.
During the survey mode, a high resolution MS1 scan is acquired to
monitor the predefined precursor ion masses of the IS peptides, based
on the list of associated m/z values and intensity thresholds. If any
targeted m/z from the inclusion mass list is detected and meets the
minimum intensity threshold specified, a fast, low resolution MS2
scan of the IS peptide is performed in the subsequent MS cycle. If the
presence of trigger peptides is confirmed by pseudo-spectral match-
ing against pre-selected product ions, quantification mode is trig-
gered, and a high resolution MS2 scan of the endogenous peptide at
the defined mass offset is performed with longer fill times to improve
measurement sensitivity. A recent study described the targeted analy-
sis of 340 tyrosine-phosphorylated peptides across 31 colorectal can-
cer tumors using the SureQuant method, and successfully quantified
approximately 256 of the targeted endogenous peptides.[®]

As this method does not rely on RT scheduling, it can ex-
ploit precious MS time very efficiently, thereby being capable of
measuring hundreds of targets in parallel (Fig. 2). However, set-
ting up the method is time consuming, as the heavy peptide ion
signals must be determined and optimized. Since the analysis of
the endogenous peptide fully relies on the triggering by its heavy
IS peptide, the detection of the IS needs to be easy and robust in
the samples analyzed. In addition, heavy IS peptides might also
suffer from light channel contamination, thereby leading to false



86 cHimA 2022, 76, No. 1/2

Mass SPECTROMETRY AT Swiss ACADEMIC AND INDUSTRIAL INSTITUTIONS

LC-MS

Internad standasds sample

Fig. 3. Schematic representation
of the SureQuant methodology.
Heavy IS peptides are spiked into
the peptide sample before LC-
MS analysis. The instrument is
continuously performing ‘survey
scans’ to search for the presence
of IS peptides, combining both
MS1 and MS2 analysis. A high-

resolution MS1 scan is performed
to assess the presence of the tar-
get peptide using a mass accu-

Trgger IS peptides Psewdo spectral matching

Target peptides

o

L lll L lll._a.ll_l..l__.‘

racy and intensity filter. If passed,
a fast, low resolution MS2 scan of
the targeted peptide is triggered
and a real-time ‘spectrum check’
of the fragment ion against refer-
ence fragment ions corroborates
the identity of the IS peptide. As

‘Watch mode Trigger ISMSZ
.Mstmwmm!orﬁnmaf rskmm;mmmwzw
the trigger peptides ‘matches it to IS peptide library

the standard peptide is co-eluting
with its endogenous counterpart,

positive identification of the endogenous peptides. Hence, a pure
heavy IS peptide mix should always be included in a SureQuant
experiment to control for light impurities.

3.2.2 TOMAHAQ

Another spike-in triggering acquisition method is the so-
called TOMAHAQ (triggered-by-offset, multiplexed, accurate-
mass, high-resolution, and absolute quantification) approach.[70]
It combines the multiplexing capabilities of the popular tandem
mass tag (TMT) protein quantification technology7!l with the
high sensitivity of targeted MS.

Here, the trigger peptide does not need to contain heavy stable
isotopes since it is labelled with a heavier form of TMT (TMTsh).
Like SureQuant, the TMTsh-labelled trigger peptide co-elutes
with the corresponding endogenous (TMT-labelled) peptide at an
offset mass. Once detected, the TMTsh peptides triggers several
scans to first validate the identity of the trigger and target pep-
tide followed by an optimized and sensitive (dwell time up to
several seconds) MS3 scan for reporter ion-based quantification.
MS3-based quantification offers the advantage of reduced co-
isolation interference, which is known to hamper TMT reporter
ion-based quantification.[’2l A recent study has reported the de-
tection of 520 peptides representative of four major pathways
involved in metabolism and inflammation related processes in
mice with good correlation to DDA data from fractionated sam-
ples.[731

Combining the high (assay) multiplexing capabilities of
spike-in triggered targeted MS with the (sample) multiplexing
capabilities of TMT, TOMAHAQ provides the highest sample
and assay throughput of all targeted MS approaches presented
(Fig. 2). In addition, the implemented on-the-fly data analysis
to confirm peptide identities before acquiring time-consuming
quantification MS scans greatly increases overall confidence
and sensitivity of the method.[7+751 Major drawbacks include
its restriction to very expensive Tribrid MS systems and
its more complex implementation, when compared to SureQuant
(Fig. 2), due to the need of TMT labelling and MS3 acquisi-
tion. It is important to note that assay setup has been consider-
ably improved by recent software developments.[75! By pooling
all peptide fragments for MS3 fragmentation and applying ex-
tremely long ion accumulation and scan times, TOMAHAQ

the presence of the IS peptide
triggers the MS to switch to a
‘quantification mode’, thereby
enabling high-resolution and sen-
sitive PRM MS analysis for the
endogenous peptide.

also enables very sensitive target analysis down to the
low attomole level, however, with an increasing level of
signal interferences that are associated with the TMT meth-
odology.[7]

4. Bioinformatics Data Analysis

Like all quantitative LC-MS technologies, targeted MS heav-
ily relies on easy to use and reliable software tools for automated
data analysis. Compared to discovery LC-MS, targeted MS ad-
ditionally requires the generation of experiment specific methods
using preliminary parameters for the targets of interest that need
to be acquired and generated before MS analysis. This is in stark
contrast to discovery driven proteome LC-MS analysis that em-
ploy the same LC-MS method for certain sample types. These
additional assay generation efforts and the necessity to purchase
costly heavy IS peptides currently limit the popularity of targeted
MS, despite its demonstrated higher quantitative performance and
sensitivity over discovery LC-MS workflows.

Targeted MS assay generation largely benefits from ever
larger public MS data repositories,/7¢-80! improved tandem mass
predictions(28:811 as well as the increasing generation and availabil-
ity of validated targeted MS assays.[#21 Once set up for a specific
protein, the corresponding targeted peptide assays and heavy IS
can be used across LC-MS platforms, samples and laboratories for
all future quantitative analyses of this particular protein.[24l Being
only a one-time effort, targeted MS assays should eventually be
available for all proteins expressed in the most relevant organ-
isms. Along these lines, thorough efforts have been undertaken
recently to generate targeted MS assays on an organism wide scale
for yeast(®3] and human proteins.[84 Albeit highly useful, a full
and standardized validation of most of these assays to efficiently
detect and accurately quantify their endogenous target proteins is
still missing, considerably limiting their general application.

Furthermore, there is still a lot of work to be done to facili-
tate the entire targeted MS workflow and make it usable for the
masses. This mainly relates to improvements on the informatics
side. Tools such as Picky!®! greatly simplify assay generation and
should be extended by additional organisms and validated tar-
geted MS assays including heavy IS peptide availabilities. Also,
most data acquisition software controlling high-resolution MS
instruments that are capable of advanced PRM workflows, like
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SureQuant, do not support these. This should be improved to make
these technologies available to most proteomics laboratories. For
quantitative data analysis an excellent free tool, Skyline,85] ex-
ists that supports the entire SRM, PRM and SWATH workflow
including the final data analysis. However, for many PRM and
SRM assays, automatic peak integration remains challenging and
time-consuming manual validation is often required for proper
quantification. Probabilistic peak scoring algorithms have already
been developed!®-87] and should be further improved and imple-
mented into this popular software suite to minimize hands-on data
analysis time. To conclude, further software adjustments and de-
velopments are required to streamline and automatize the entire
targeted MS workflow. As long as this is not available, targeted
MS will remain a tool for specific laboratories only.

5. Conclusions

With its possibility to measure proteoforms, proteomics pro-
vides more functionally and clinically relevant data compared to
genomics, and can considerably contribute to a better understand-
ing of molecular disease mechanisms and biomedical research.
Compared to transcriptomics, the main obstacle of LC-MS based
proteomics for clinical applications results from its relatively low
sample throughput and low proteome coverage. A lot of progress
has been made in this regard over the last years combining ion mo-
bility or intelligent workflows with SWATH, greatly reducing anal-
ysis time with unchanged proteome coverage.[8839 Despite these
efforts, LC-MS analysis cannot be parallelized and thus will never
reach the throughput of currently employed parallelizable screen-
ing technologies. This is also the reason for the continued interest
in developing totally different array based quantitative proteomics
technologies, ! some of them are already capable to analyzing a
few thousand (mostly human) proteins. Numbers will certainly fur-
ther increase in the near future, however, since most of these tech-
nologies rely on specifically developed assays, it will be a nearly
impossible task, also commercially, to expand the analysis to the
entire kingdom of life and to all proteoforms. Conversely, LC-MS
analysis can be applied to any protein and capture any modifica-
tion that alters peptide or protein masses. It can even be applied to
determine changes in protein structure that are closely related to
protein function.®-921 Therefore, LC-MS based proteomics is well
suited, also for the future, to provide essential information to bet-
ter understand life. SRM assays have already been demonstrated
to be of sufficient dynamic range, reproducibility and sensitivity,
also across laboratories, to be suited for many clinical screens.[24]
Recent trigger based targeted MS approaches, like SureQuant and
TOMAHAQ, reach similar or even higher assay throughput while
having superior selectivity and dynamic quantification ranges with-
in complex human cell samples over SRM assays (Fig. 2, Table 1).
Even though more efforts are required for method setup, the gener-
ated assays can be employed for all future targeted MS analysis
without any adjustments. Several assays have been combined to
screen entire signaling pathways or plasma biomarkers with high
sensitivities and confidence.[#3:68-70 We are therefore convinced that
these advanced and easy to apply targeted MS approaches can pro-
vide the required sample throughput and dynamic range to cover
targets inaccessible or below the detection limit of currently em-
ployed quantitative assays, greatly enlarging application possibili-
ties in biological, clinical and biomedical research.
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