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Abstract
Software advancements in the last several years have had a significant impact on proteomics from
method development to data analysis. Herein we detail a method, which uses our in-house
developed software tool termed Skyline, for empirical refinement of candidate peptides from
targeted proteins. The method consists of 4 main steps from generation of a testable hypothesis,
method development, peptide refinement, to peptide validation. The ultimate goal is to identify the
best performing peptide in terms of ionization efficiency, reproducibility, specificity, and
chromatographic characteristics to monitor as a proxy for protein abundance. It is important to
emphasize that this method allows the user to perform this refinement procedure in the sample
matrix and organism of interest with the instrumentation available. Finally, the method is
demonstrated in a case study to determine the best peptide to monitor the abundance of surfactant
protein B in lung aspirates.
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Introduction
Selected reaction monitoring (SRM), also referred to in the literature as multiple reaction
monitoring (the latter term has been deprecated by IUPAC nomenclature)[1], is increasingly
being used in the proteomics community as a method for sensitive and selective
quantification of targeted species of interest across a sample set. The emergence of SRM as
a powerful method in a scientist’s toolbox is largely due to advancements in
instrumentation, software developments[2–4], and the limitations associated with the
reproducible quantification of low abundant species with traditional data dependent analysis
(DDA) proteomic workflows.[5–6] The stochastic nature of fragmentation of precursor ions
in DDA leads to a bias towards the identification of more abundant species.[6] This bias is
problematic for systems biology and biomarker studies (e.g., validation) where the need
exists to reproducibly quantify a pre-determined set of peptides across a large sample set.

SRM has traditionally been used in the field of proteomics for absolute quantification of
proteins[7–9] by digesting the proteins to peptides and then developing a quantitative assay
for the measurement of the resulting peptide(s).[10],[11] More recently the technique is
being used for relative quantification of 100’s of peptides in a single multiplexed assay due
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to its high sensitivity[12], dynamic range[13], specificity[14], and reproducibility[15]. SRM
can be thought of as the mass spectrometric equivalent of a western blot[16] as it selectively
targets a peptide and respective transitions believed to be representative of a specific protein
from complex samples. Its principal advantages over western blots are three-fold: 1) it is
significantly cheaper to develop SRM assays than to make and screen antibodies for each
protein target; 2) it can be multiplexed to increase the throughput; and 3) when performed
correctly, a mass spectrometry based assay can provide absolute structural specificity.

The high molecular specificity of SRM is a result of a two-stage mass filter. The first filter
selects target ions for isolation in Q1 (i.e., precursor ion selection), isolated ions are then
subjected to collision induced dissociation in q2, and specific fragment ions are selected for
detection in Q3 (i.e., fragment ion selection). Figure 1A displays a schematic of a triple
quadrupole mass spectrometer operating in selected reaction monitoring mode. A typical
spectrum obtained for a given peptide is illustrated in Figure 1B in which the abundance
(counts/sec) of all y fragment ions from a particular peptide were monitored for a set period
(i.e., dwell time) as a function of retention time. It should be noted that other instrument
platforms (i.e., ion trap, q-tof) are capable of performing SRM-like experiments; however, in
these cases computer software will algorithmically extract the targeted signals from full or
partial product ion scans. Although these pseudo-SRM experiments will give adequate data,
the performance of these instruments (i.e., duty cycle and sensitivity) is currently less than
what is achieved on a contemporary triple quadrupole.

With the growing popularity of SRM assays to address complex biological problems, there
is a need to actively discuss the most robust methods for development of these assays.
Herein, we describe the method currently used in our laboratory for development of targeted
peptide assays via SRM-MS. The ultimate goal at the conclusion of this procedure is the
development of a highly specific and sensitive mass spectrometric assay to monitor the
abundance of 1 or more proteins across a sample cohort.

Targeted Peptide Assay Development
Figure 2 describes the targeted proteomics method development procedure currently used in
our laboratory which consists of 4 main steps: 1) generation of a hypothesis that can be
tested by quantitative protein measurements; 2) method development; 3) method refinement;
and 4) method validation. This procedure relies heavily on the Skyline[2] software tool
developed in the MacCoss laboratory explicitly for aiding in this targeted assay
development. Skyline provides a graphical user interface in which instrument specific
methods can be easily designed and exported for the instruments of the four major triple
quadrupole vendors: AB SCIEX, Agilent, Thermo-Scientific and Waters. Raw data acquired
with these instruments can then be imported directly into Skyline for analysis. The software
package is open source, as part of the ProteoWizard project[17] and freely available from
our website (http://proteome.gs.washington.edu/software/skyline).[18] Several instructional
videos and tutorials are also available on the above site, including Video 2: Results Analysis
and the Targeted Method Refinement tutorial, which contain complete instruction, with real
data, on how to use Skyline to perform the process described in detail below.

1. Generation of Hypothesis
This step is relatively undefined and only requires that the hypothesis be testable via
quantitative protein measurements. For some labs, hypotheses may be generated from
discovery proteomics data (e.g., semi-quantitative data-dependent shotgun experiments). In
these cases, the SRM assay is built around the observed peptides and their fragment ions.
The aim of the assay is to confirm a difference in abundance between groups of samples,
determine relative fold changes, or measure absolute quantities of a peptide.
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Hypotheses can also be generated from other data. For example, western blots, ELISAs,
genomic and transcriptomic data could be used to develop a hypothesis driven SRM
experiment.

2. Method Development
After a protein or set of proteins of interest are identified, the sequences are imported into
Skyline and an in-silico digestion is performed. Skyline supports various enzymes (Lys-C,
chymotrypsin); however, we begin development with the commonly used trypsin and will
look to other enzymes with varying specificities only if necessary. Although proteins can
yield 100’s of enzymatic peptides[19] only a fraction of these are often detected[20]. In the
development stage, each tryptic peptide will be monitored to determine the best species in
terms of ionization efficiency and specificity. First, enzymatic peptides (in-silico digested)
are pre-screened to only include protein-specific peptides – ones that are unique to a specific
protein from the organism of interest. Peptides are again filtered to include those between 8–
25 amino acids in length.[21–22] Skyline will exclude potential ragged end peptides (i.e.,
two enzymatic sites sequential to each other) as the digestion efficiency of these peptides is
often irreproducible. In theory, it also advisable to avoid peptides that have amino acids that
are frequently modified either in vivo (e.g., proteolysis, phosphorylation, or glycosylation)
or in vitro (e.g., deamidation, methionine oxidation, alkylation).[14] In addition, if stable
isotope labeled peptides are needed for the assay, then there may be additional sequence
limitations imposed by the peptide synthesis methodology. However, in reality it is often
impossible to abide by all of these rules. Y-type ions[9, 14, 22] are monitored due to the
tendency of b-type ions to undergo secondary fragmentation[23–24] which decreases the
overall signal of peptide specific transitions (transition m/z > precursor m/z). All y-ion
transitions (y3 - yn-1) are monitored to improve specificity which aides in the validation step.
While optimization of instrument parameters (i.e., collision energies) can lead to improved
b-type ion abundance in SRM experiments, on average, the effect is not great enough for
them to exceed y-type ion response.[25]

The alternative to this empirical approach to assay development is to use the large amount of
public data to make informed decisions on which peptides are likely to be detected.[3, 26–
33] These data repositories have proven to be a great source of information as they provide a
fast way to choose or narrow a list of potential peptide targets based on previous studies.
However, the empirical refinement approach described herein does offer certain advantages.
First, a prerequisite for using these public repositories for assay development is that a
suitable number of peptides from the targeted protein of interest have been identified
previously. Next, when using shotgun proteomic data (i.e., spectral libraries) for choosing
peptides, it is possible for an abundant peptide to give poor MS/MS spectra limiting its
chances for identification by database search algorithms. For example, a peptide containing
a proline residue may not provide a high score in a DDA experiment due to its
fragmentation characteristics[34–35]; however, it could still be a desirable target for an
SRM assay. The final reason is the experimental and biological variability between the
conditions from which the available data was collected and which the current study is being
conducted. For example peptide ionization under ESI conditions is highly dependent on
several parameters[36] including solvent flow rates, sample complexity, and tip diameter,
among others. These experimental conditions are difficult to replicate or may not even be
known about the available data set. In addition, variations in digestion procedures,
chromatographic methods and instrument platforms could alter the overall sensitivity of a
particular peptide. As a result, a peptide that responds well in one laboratory potentially may
not perform as well in another laboratory given simply the experimental setup and sample
matrix. Also there is certain to be biological variability between the data used for choosing
peptides and the current study. This problem would be much more relevant in advanced
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organisms (e.g., human) where genetic variation (e.g., alternative splicing and single
nucleotide polymorphisms SNPs) and post translational modifications can significantly alter
the protein expressed and its peptide constituents. Ultimately this could affect the presence
and/or abundance of the peptide.

It should be noted that Skyline, can make use of available investigation-specific DDA data
on targeted peptides of interest, as it supports the construction of spectral libraries from most
major search engines. We find these spectral libraries are generally useful for choosing
transitions and for validation of SRM signal – but much less helpful for selecting the best
responding peptide.

Given adequate sample volume the downside to this empirical peptide evaluation approach
is the time needed for both instrument analysis and data interpretation. However, Skyline
streamlines method development – allowing prediction of optimal collision energies using
linear equations[37] and then the direct export of instrument specific methods. In addition,
the Skyline graphical interface streamlines human interpretation and validation of the data, a
bottleneck frequently underestimated in its impact on successful investigation. As a result,
the main rate limiting factor becomes the instrument time needed for evaluating hundreds of
candidate peptides. The length of time for these experiments is overall quite small in the
context of an entire study. For instance, with a reasonable dwell time of 10 ms, 250
transitions can be monitored (2.5 s duty cycle). Given an average tryptic peptide length of
~14 amino acids, 10 transitions monitored per peptide, one can monitor 25 peptides per LC-
MS run. Using a short LC-MS runtime for peptide evaluation (45 min), 800 peptides can be
evaluated in a 24-hour period. Depending on the size and number of proteins of interest, this
evaluation stage could take a few days to a week. However, for lengthy biomarker studies
where sample collection, method development, data acquisition and data analysis can take
several years, it is our opinion that the cost of this time is miniscule compared to the benefit
of knowing that each protein monitored has the most sensitive and specific peptide and
transitions possible.

3. Method Refinement
At the start of the empirical method refinement described here, many candidate peptides will
be excluded as producing a response too low to measure effectively given the experimental
sample preparation. After data collection, files are imported into Skyline for refinement. In
this step two main criteria are evaluated for each peptide: 1) signal intensity and 2)
specificity of each transition (interference). Skyline provides a visual interface to view the
intensity of each peptide from a particular protein and any interference from non-specific
transitions. Peptides with low intensity and large interferences are eliminated. This process
can be aided by comparing dot products between the observed intensities versus a spectral
library. We employ a cut-off of ≥0.8 to identify potential targets and try to keep at least three
peptides from each protein to undergo validation. Skyline provides a refinement interface
that can perform operations like this en masse.

It is worth noting that in targeted proteomics positive peak identification can often wait until
the peak has proven a valuable indicator. The cost of a false-positive at this phase can be
expressed in two cases: 1) a protein with fewer than 3 peptides suitable for targeted
measurement could be refined to continue forward with an extra misidentified peak or 2) a
protein with 3 or more measurable peptides might actually be refined to replace a peptide
having a correctly identified peak with a misidentified peak. This second case bears some
opportunity cost, but can be made extremely unlikely to displace all correctly identified
peptides for a protein. In subsequent multi-replicate analysis, consistent relative ion
intensities and retention times will ensure that the same peptide is measured in all cases.
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Any peak, correctly or incorrectly identified, that proves a valuable indicator will be worth
much greater expense in verifying its identity.

4. Method Validation
Peptide validation, however, remains a critical part of any SRM assay development. As the
proteomics community continues to embrace targeted technologies for addressing biological
problems there comes a need to quantitatively determine the specificity of the assay and ask
the question “Is the assay measuring what it is supposed to be?”[38] Traditionally peptide
validation has been performed, concurrent with absolute quantification of a single protein[7–
10], by spiking an stable isotope labeled (SIL) internal standard petpide (e.g., 13C, 15N) into
samples of interest. Then the similarity between retention time (i.e., co-elution) and
fragmentation characteristics between the two peptides (i.e., target vs. standard) are
evaluated. This method is undoubtedly the most reliable to ensure peptide identity.
However, recent advances have raised the need to reproducibly measure 100’s of peptides
making the cost of validating each peptide via a heavy stable isotope labeled (SIL) internal
standard unreasonable. Others have used crude unlabeled peptide standards and SRM-
triggered MS/MS[39] to validate peptide targets using retention time and fragmentation
patterns. This method can be performed in a relatively high throughput manner and is
inexpensive compared to SIL standards, although peptide synthesis for each potential target
is still required.

In the case of large experiments, where 10s to 100s of peptides are monitored, we typically
use a combination of spectral libraries (dot products), retention time prediction and manual
inspection of elution profiles for peptide validation. In regards to manual inspection of
transitions, the elution profile of each transition (y3 – yn-1) is evaluated for coelution to
confirm identification. Skyline expedites this process and provides dot products from
spectral libraries and correlation between predicted and observed retention time for each
peptide, making it possible to review 100 peptides in minutes. The Skyline refinement
interface also allows initial bulk removal of many poor matches. Following peptide
validation, the final step is to keep the 3 or 4 most abundant transitions and remove the
lower responding ones. Here again the Skyline refinement interface makes this a single
operation. In the next section, this protocol for SRM assay development using Skyline is
described in a case study.

Case Study – SP-B Detection in Neonates Diagnosed with RDS
Neonatal respiratory distress syndrome (RDS) is the most frequent respiratory cause of
death in the United States during the first year of life. In 2001, RDS contributed to
approximately 20% of the 28,000 neonatal deaths (i.e., 5600 deaths due to RDS).[40–42] Its
etiology is directly related to the developmental deficiency of pulmonary surfactant – a
phospholipids-protein film manufactured by type 2 pneumocytes that line the alveoli and
maintain alveolar patency at end expiration and is essential to proper fetal-neonatal
pulmonary transition.[43] Mature SP-B is involved in the distribution of phospholipids in
the alveolus, affects the biological processing of other surfactant proteins (e.g., SP-C)[43–
45] and; thus, is an essential component in maintaining surfactant homeostasis.[46–47] In
this study, we wanted to develop an SRM assay to monitor the abundance of SP-B secreted
into the lungs in infants diagnosed with RDS. First it was necessary to find protein-specific
peptides from which to develop the SRM assay.

Figure 3 describes the steps taken from method development to peptide validation in order
to develop a sensitive and specific bioassay. First, the FASTA sequence of SP-B was pasted
into Skyline where an in-silico trypsin digestion was performed. Skyline automatically
filtered the peptides to include species between 8–25 amino acids in length (user defined)
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and all of their y-transitions (y3 – yn-1). A background proteome database was built in
Skyline from the NCBI human FASTA file to check for peptide uniqueness (i.e., peptide
that is specific to only 1 protein). In this example, each tryptic peptide was found to be
specific to SP-B. The method was then exported directly into a vendor-specific method file
for instrument data acquisition. Figure 3B displays the abundances of the various peptides
monitored. In this example there were several abundant peptides. Peptides that did not
respond well were deleted and at least three peptides were retained to undergo validation
using spectral libraries, retention time, and elution profiles. Figure 3C plots retention time as
a function of SSRCalc[48] hydrophobicity score for the various peptides. As displayed the
higher abundant species give a good linear correlation (r2>0.92) between measured retention
time and hydrophobicity score. The red squares lie off the linear relationship and indicate a
less confident match for the lower responding peptides (Figure 3B). In version 1.2, Skyline
supports a more accurate retention time predictor where scores are based on previous
measurement of individual peptides[49], making this correlation a stronger validation tool.
The elution profile of all the transitions are evaluated for coelution as shown for a peptide
(FLEQECNVLPLK) in the inset of Figure 3D. All transitions for this particular peptide
coelute which confirms peptide identification. Finally, using the Skyline refinement
interface, all but the 4 most abundant transitions were discarded. At the conclusion of these
simple steps an SRM assay has been developed that is both sensitive and specific to the
protein of interest. For more complex experiments where 100’s of peptides are monitored,
these steps are just repeated for each one.

It is important to emphasize that SRM mass spectrometry measures the abundance of
peptides. Often in the literature (our lab is guilty as well) peptide abundance is directly
correlated to protein abundance; however, several problems exist with this naïve assumption
as well described by Duncan et al.[50] Furthermore one study demonstrated a strong
correlation (r2>0.97) between C-reactive protein measured by a commercial certified ELISA
and PC-IDMS – albeit the absolute values were greater than an order of magnitude different.
[9] This discrepancy is possibly a result of one measurement performed on the protein level
while the other is on the peptide level. Our lab has observed different absolute abundances
depending on the peptide chosen for the SRM assay indicating different isoforms of the
protein – a result confirmed by western blot analysis.[51]

In summary, SRM is a powerful tool to reproducibly monitor the abundance of 100s of
peptides across a large sample set. Several steps exist in development of an SRM assay,
though always of primary interest is which peptides to monitor as a proxy for the targeted
protein. The method described here details an empirical approach to monitor all protein-
specific to determine the peptides with the best response. This empirical approach is favored
because the factors that contribute to strong peptide response are complicated and not well
understood. Therefore prediction algorithms,[52–54] although potentially useful in
narrowing the list of starting candidates, are not nearly as robust as empirical measurement.
While several years ago empirical refinement would have been extremely cumbersome, the
development of Skyline has helped make it a reasonable procedure on all common triple-
quadrupole instruments. Currently, validation of peptide targets in SRM-MS is not
standardized in the literature. The most accurate method to ensure peptide identity is
synthesis of a standard; however, this method can become unreasonable when trying to
validate 100s of peptide targets. For method development, we monitor all y-ions of a
particular peptide and use a combination of spectral libraries (i.e., dot products), retention
time prediction, and manual inspection of the elution profiles for validation. In the
foreseeable future the need to measure 100–1000s peptides will warrant implementation of
an automated statistical strategy to estimate false discovery rates.[55]
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Figure 1.
A) A schematic of a triple quadrupole operating in selected reaction monitoring mode. B) A
typical spectrum created by monitoring a single peptide and all of its y-transitions
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Figure 2.
The workflow used for the development of peptide SRM assays. Four mains steps are
outlined including development of a hypothesis, method development, validation and
refinement.
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Figure 3.
A case study involving the development of an SRM assay to measure the abundance of SP-B
in aspirate derived from neonates with respiratory distress syndrome. A) Fasta sequence of
SP-B is pasted into Skyline and an in-silico digestion is performed using trypsin (user
defined). All y-transitions are monitored and the transitions are exported directly into an
instrument method (user defined). B) Data is imported into skyline and the abundances of
the various peptides are evaluated. High responding peptides are kept while low ones are
deleted. Validation is performed using dot products C) RT prediction and D) manual
inspection of elution profiles. For peptide QPE no spectrum was found in the library and
therefore no dot product is listed for this peptide. The dot product for DPL is significantly
low. Both of these peptides also lie off the regression line shown in C (blue squares).
Combined with elution profiles (data not shown) these data indicate a low probability of a
positive match. For this example, these peptides would be immediately discarded due to
their low response - but this is a nice example of how the combination of RT prediction, dot
products, and elution profiles can be used to validate peptides.
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