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Abstract

The advent of high resolution and frequency mass spectrometry has ushered in an era of data
independent acquisition (DIA). This approach affords enormous multiplexing capacity and is
particularly suitable for clinical biomarker studies. However, DIA-based quantification of clinical
plasma samples is a daunting task due to the high complexity of clinical plasma samples, the
diversity of peptides within the samples, and the high biologic dynamic range of plasma proteins.
Here, we applied DIA methodology, including a highly reproducible sample preparation and LC-
MS/MS analysis, and assessed its utility for clinical plasma biomarker detection. A pancreatic
cancer relevant plasma spectral library was constructed consisting of over 14000 confidently
identified peptides derived from over 2300 plasma proteins. Using a non-human protein as the
internal standard, various empirical parameters were explored to maximize the reliability and
reproducibility of the DIA quantification. The DIA parameters were optimized based on the
quantification cycle times and profile complexity. Higher analytical and biological reproducibility
was recorded for the tryptic peptides without labile residues and missed cleavages. Quantification
reliability was developed for the peptides identified within a consistent retention time and signal
intensity. Linear analytical dynamic range and the lower limit of quantification were assessed,
suggesting the critical role of sample complexity in optimizing DIA settings. Technical validation
of the assay using a cohort of clinical plasma indicated the robustness and unique advantage for
targeted analysis of clinical plasma samples in the context of biomarker development.
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Introduction

The emerging application of data independent acquisition (DIA) has enabled the possibility
of concomitant scanning of multiple co-eluted peptide fragments isolated within small
consecutive isolation windows!2. In DIA acquisition, MS/MS fragmentation is performed
with a predefined m/z range. Hence, each recorded MS/MS spectrum is a multiplexed
recording of the fragment ions derived from all peptides eluting in real time within the
predefined m/z range of the precursor window. In a way, DIA-based targeted proteomics
approach is equated with the selective reaction monitoring (SRM) of all peptides with any
transition to the fingerprint fragments3-8. Due to its global nature and high reproducibility,
this technique has a great potential for the large scale targeted quantification of key proteins
in translational studies:®. Different data independent acquisition methods have been
developed based on a plethora of available high-frequency mass spectrometers, such as triple
TOF based SWATH (sequential window acquisition of all theoretical spectra)®:8:10-12 Q-
TOF based MSE 13 and Orbitrap based multiplexing strategy (MSX)3. The DIA technique
thus should be assessed in the context of multiplexing biomarker detection from clinical
specimens, such as plasma or serum, which are important biospecimens in clinical
analysis415,

Plasma is a great source of clinical information underlying disease diagnosis, prognosis, and
monitoring the response for a treatment®. Cellular proteins from the infected cells or tissue
can potentially end up in blood and reveal the status of the infected cells or tissuel’:18,
Plasma, however, is a very complex fluid that almost every cell type contributes to its
complexity, and it has a wide dynamic range in protein concentration exceeding 12 orders of
magnitudel6:17:19:20, An approach for the quantification of plasma proteins, especially the
low abundant proteins, hence, requires a highly reproducible reduction of complexity and
measurement within a wide dynamic range.
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The present study aims at development of a DIA based assay and to study its utility in the
translational purposes for clinical plasma proteome quantification. Due to the global nature
of this technique, DIA acquisition contains the fragments from multiple co-eluted peptides
in the mixture, so that consistent and reliable peak-picking and quantification becomes a
daunting task. This challenge of analyzing clinical plasma samples is further complicated by
the significant heterogeneity of plasma proteins among patients2L. In this study, we
developed a pancreatic cancer relevant spectral library, and established empirical parameters
for the selection of quantifiable peptides for DIA analysis. The reproducibility of
quantification from analytical and biological replicates is examined and the extent of linear
dynamic range for the label-free quantification and the lower limit of quantification in crude
plasma were evaluated. The optimized conditions were utilized in the analysis of a set of
clinical plasma samples. The reliability and reproducibility of the technique were evaluated
in the context of clinical analysis.

Experimental procedure

Plasma Samples

This study was approved by the Institutional Review Board at the University of Washington
(Seattle, WA), University of Pittsburgh (Pittsburgh, PA), and Mayo Clinic (Rochester, MN).
Plasma samples were collected from healthy subjects (NL), and patients with chronic
pancreatitis (CP) and early stage pancreatic ductal adenocarcinoma (PDAC). The diagnosis
of disease was made histologically in the case of pancreatic cancer patients. CP was
diagnosed based on computed tomography (CT) scan showing calcifications, ductal dilation
and atrophy, or by the presence of structural and functional abnormalities detected by
combined endoscopic ultrasound (EUS) and/or secretin pancreatic function testing22. The
PDAC patients with early stage disease were operable, representing a mixture of localized
pancreatic cancer (stages 1 and 2). The cancer patients involved in this study did not receive
any treatment prior to blood draw. The blood samples were processed using similar
protocols within 4 hours after specimen collection. The plasma samples were collected into
purple top tubes (Becton Dickinson, Franklin Lakes, NJ, USA) with EDTA, the potassium
salt, as an anticoagulant. The blood was centrifuged at 330 x g for 20 minutes. The resultant
plasma samples were aliquoted and stored in =80 °C until used.

Sample preparation

Sample preparation for profiling analysis—Equal volumes of the plasma samples of
5 healthy subjects, 5 chronic pancreatitis patients, and 5 pancreatic cancer patients were
pooled to generate the pooled sample for profiling analysis for the development of a spectral
library (Supplemental Table S1). Denatured invertase 2, (Sigma Aldrich, St. Louis, MO,
USA) was added to the plasma samples as an internal standard at a final concentration of 25
ug/ml plasma. A total of 60 uL of the pooled sample (6 x 10 L) was then depleted using
Multiple Affinity Removal Column Human 6 (MARSG6) column (Agilent technologies,
Santa Clara, CA, USA) to remove the top 6 most abundant plasma proteins according to the
manufacturer’s instruction. Using a 5 kDa filter, VIVASPIN 500 (Sigma Aldrich), the
depletion buffer was exchanged to PBS by washing it 3 times with 500 pL PBS. The final
volume was adjusted to 200 uL with PBS. The samples were then de-glycosylated by adding
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0.5 pL of PNGase F (New England Biolabs, Ipswich, MA, USA), and incubated for 6 hours
at 37 °C. The samples were reduced by adding 10 mM TCEP and incubation at 50 °C for 1
hour, and alkylated by adding 25 mM iodoacetamide (IDA) and incubation for 30 minutes at
room temperature in the dark. After adjusting the pH to 7.5-8.5 with sodium hydroxide
solution, the depleted plasma was digested with MS grade trypsin (Thermo Fisher Scientific,
Waltham, MA, USA) at 1:30 enzyme to protein ratio, in a two-step fashion to improve
digestion efficiency. In the first step, half of the trypsin was added and the mixture was
incubated for 2 hours at 37 °C with vortexing every 30 minutes, then the remaining trypsin
was added and the mixture was incubated for additional 16 hours at 37 °C. The digestion
was terminated by adding 0.1% formic acid (V/V). Tryptic digested peptides were then
fractionated using weak anionic exchange (WAX) spin column (The Nest Group,
Southborough, MA, USA). After equilibration of the column, the dried sample was re-
suspended with 100% Buffer A (acetonitrile:H,0:90:10 with 0.1% formic acid and 10 mM
ammonium formate) and loaded onto the column, then eluted with Buffer B at 5, 7.5, 10,
12.5, 15, 17.5, 20, 30, 50, and 70% of buffer B (H,O with 0.1% formic acid). Fractionated
samples were dried completely and re-suspended in 0.1% formic acid. One g of each of the
fractions was loaded for LC MS/MS analysis using data dependent acquisition (DDA)
method.

Sample preparation for DIA analysis—Multiple depletion columns were used to
evaluate the depletion effects on DIA analysis, including a re-usable MARS6 spin column,
and two types of disposable spin columns with depletion of top 2 or top 12 most highly
abundant proteins. Invertase 2 standard was added to crude plasma upfront to an initial
plasma concentration of 25 pg/mL. Sample preparation using MARS6 was identical to the
procedure used in the profiling analysis for the spectral library construction, except 8 pL of
plasma was depleted every time to avoid the risk of column overloading. For top-12
depletion, a top 12 depletion spin columns (Thermo Fisher Scientific) was used. Six pL of
plasma sample was directly loaded onto the buffer at the top of slurry, and the column was
incubated with an end-over-end incubator for 1 hour at room temperature. The end of the
column was removed and the sample was eluted with a centrifuge at 100 xg for 2 minutes.
The depleted mixture was collected and buffer exchanged to 50 mM ammonium bicarbonate
using the 5 kDa spin filter, VIVASPIN 500 (Sigma Aldrich), and the final volume was
adjusted to 100 pL. The top-2 depletion was performed using a ProteoPrep Immunoaffinity
Albumin and 1gG depletion kit (Sigma-Aldrich). The column was first conditioned with 0.4
mL of equilibration buffer, then the plug was removed and the buffer spun down at 5000 xg
for 30 seconds. Then 0.4 mL of PBS was added to condition the column and spun down. 25
pL of plasma sample was diluted 4 times in PBS and added to the top of column and
incubated at room temperature for 10 minutes. The column was spun down at 8000 xg for
10 seconds. The eluate was re-applied to the depletion column and the elution process was
repeated once. After the depletion steps, the reduction, alkylation, and digestion procedures
were performed similarly as previously described for the profiling analysis. The disposable
12 depletion column was chosen for DIA analysis of individual plasma samples to avoid
inter-sample cross contaminations and achieve greater coverage of low abundant proteins.
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LC-MS/MS set-up for data-dependent and data-independent analyses

The LC separation set up consisted of a trapping column and an analytical column
connected back-to-back to increase the loading speed. The trapping column was a 360 um
and 100 pm outer and inner diameters self-packed integraFit column (Scientific Instrument
Services, Ringoes, NJ, USA). The trapping column was packed to a length of about 3 cm
with ProntoSIL 200A (pore size) 5 um (particle size)-C18 AQ (Mac-Mod, Chadds Ford, PA,
USA). The analytical column was 25 cm long with 360 pm and 75 um outer and inner
diameters fused silica packed with ProntoSIL 120 A -5um-C18 AQ (Mac-Mod). A column
tip was prepared by pulling the column with Laser Fiber Puller P-2000 (Sutter Instruments,
Novato, CA, USA). Separation was done with a nanoACQUITY UPLC system from Waters.
Buffer A and buffer B were water and acetonitrile with 0.1 % formic acid respectively. 1 pg
of sample was loaded on the trapping column with 2% B at 2 pL/min flow rate for 10
minutes. Peptides were then resolved with a 90-minute gradient of 5 to 30% B followed by
flushing at 80% B for 10 minutes and column equilibration with 2% B for 20 minutes. The
analytical flow rate was 0.3 uL/min and entire data acquisition lasted for 120 minutes. For
both DDA and DIA analysis, the same LC settings were used for retention time stability.
DDA was performed on a Fusion mass spectrometer (ThermoFisher Scientific). The survey
scan was done with 120K resolution at 400 /7/z from 400 to 1600 m/zwith AGC target of
4e® and max injection time of 50 msec. Monoisotopic masses were then selected for further
fragmentation for ions with 2 to 4 plus charge within a dynamic exclusion range of 30
seconds and a minimum intensity threshold of 5e3 ions. Fragmentation priority was given to
the most intense ions. Precursor ions were isolated using the quadrupole with an isolation
window of 1.6 m/z. Rapid scan speed in the ion trap was selected after HCD fragmentation
(NCE 28%) and the AGC target of 1e* and maximum injection time of 50 msec. The DDA
cycle was limited to 3 seconds. DIA quantification was performed on a QE+ mass
spectrometer (ThermoFisher Scientific) with the resolution of 17,500 at 200 m/z. AGC target
was set at 1e8 with 55 msec max injection time. Optimal isolation windows were 7 /7/z, and
NCE was 28, the acquisition window covered a mass range from 410 to 900 /m/z through 70
consecutive isolation windows.

Data analysis

DDA data for library construction was processed using Trans-Proteomic Pipeline (TPP)23:24,
The MS raw files were converted to mzML open format and searched against the UniProt
human protein database (2015-07-23) with the Comet algorithm?®. The search parameters
were set as follows: cysteine alkylation defined as static modification (+57.021464), and
methionine oxidation (+15.9949) and asparagine-deamidation (+0.9840) as dynamic
modifications. The search was limited to maximum five dynamic modifications and two
miss-cleavages with a mass tolerance of 20 ppm. The peptide identification was statistically
validated with PeptideProphet2% and only the peptides with a probability score = 0.95 were
retained for spectral library building.

The DIA data was analyzed using the Skyline software*. The Skyline library was devised by
importing the search results generated from the plasma DDA data. Additional peptides
belonging to the plasma protein categories were added from the tissue databases as well to
enrich the identification and quantification. The transitions were limited to the peptides with
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410 to 900 m/z, and only top 5 b or y ions with /m/z value greater than 200 were selected for
the data mining. The peptide profiles were explored through the highest library dot products
in the 10 minutes of retention time from the spectral library. The signals from the transitions
were summed to provide the quantification for the corresponding peptide. Similarly, the
signals from peptides for each protein were summed to give the quantification at protein
level.

Results and Discussion

Plasma peptide library building

The DIA based targeted proteomics analysis relies on the establishment of a comprehensive
spectral library. The pancreatic cancer relevant plasma spectral library was constructed from
the profiling analysis of plasma samples from healthy subjects and patients with resectable
pancreatic cancer and patients with chronic pancreatitis, a disease which shares many
physiological and molecular features with pancreatic cancer?’:28, These plasma samples
were pooled to represent the relevant proteomes that may present in various clinical samples.
As more clinical plasma samples are analyzed, newly identified data will be introduced to
this dynamic spectral library, expanding its capacity for a comprehensive analysis of DIA
data. The depleted plasma samples were fractionated into 10 fractions using weak anionic
exchange columns. Each of the fractions was then analyzed with LC-MS/MS using DDA
approach. Due to the stochastic nature of the DDA analysis29, each sample was analyzed
twice. The data were then combined together and only peptides with probability scores
higher than 0.95 were selected for constructing the spectral library, which stores the
identification information of each individual peptide, including retention time and
fragmentation pattern. In addition to the plasma profiling experiment (peptide and protein
identification results are provided in the Supplementary Information), additional peptides
derived from the plasma proteins identified from pancreatic tissues were also added to enrich
the library. The resulting library included 14320 unique peptides derived from 2317 proteins.
The inclusion of deglycosylated N-glycopeptides during construction of the spectral library
resulted in further improvement in identification of plasma proteins. 327 peptides with the
consensus sequence for N-glycosylation (Asn-X-Ser/Thr), derived from 180 annotated
glycoproteins, were identified from the fractionated human plasma samples. The identified
glycoproteins, by large, belong to extracellular regions, plasma membrane, and blood
microparticles according to gene-ontology annotations. Peptides derived from Invertase 2 - a
yeast protein, which was spiked to the crude plasma samples and used as the internal
standard for DIA analysis, were included in the spectral library. Tryptic digested peptides
from Invertase 2 were verified to be unique to yeast and do not interfere with the
quantification of human endogenous peptides based on the BLAST analysis®C and transition
selection. Due to the wide Q1 window in DIA, dilution experiments were performed to
optimize the spiking amount of Invertase 2 to subdue its impact on endogenous human
peptides. Supplemental Table S2 shows the 22 peptides from Invertase 2 that were identified
and included in the spectral library. The comparison of 2-depletion, 6-depletion, and 12-
depletion columns, as well as non-depleted plasma for identification of peptides and proteins
is provided in Supplemental Table S3. The depletion of abundant proteins appears to
significantly increase the number of peptides and proteins identified in the plasma samples,
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especially the low abundant proteins. The performances of 6-depletion column and 12-
depletion column appear to be similar and outperform the 2-depletion column. These
observations are consistent with reported studies in evaluation of different depletion
strategies and columns31-34. MS1 ion-current-based quantification was used to evaluate the
abundant proteins in the non-depleted plasma samples and depleted plasma samples. All
three depletion methods used showed an effective removal of more than 99% of plasma
albumin and 1gGs from the plasma samples. While similar performances were achieved for
6-depletion and 12-depletion, the disposable 12-depletion column was chosen for DIA
analysis of individual samples, to avoid the risk of cross contamination between clinical
samples (the 6-depeltion column is not disposable). Notably, while an optimal depletion
strategy can significantly reduce the protein concentration range in a complex plasma
sample, the combination of WAX fractionation aids in achieving a more comprehensive
identification of peptides and proteins for building the spectral library.

The reproducibility of the disposable 12-depletion column was evaluated in the replicate
experiments (see below). Only peptides identified with a PeptideProphet score = 0.95 are
included for library construction. A detailed analysis shows that 82% of the identified
peptides from plasma don’t contain a miss-cleavage. Majority of the peptides (>95%)
identified have a mass difference less than 5 ppm from the theoretical values, and this mass
difference is independent from the m/z value of the peptides (Supplemental Figure S1). The
quality of the fragmentation for the identified peptides was assessed based on the cumulative
frequency distribution of the peptide fragmentation Xcorr values. Majority of the double-
charged peptides shows Xcorr values greater than 2.45.

More than half of the quantifiable plasma proteins were quantified with either two or more
peptides (Figure 1A). 580 proteins included in the library have known blood concentrations
according to the plasma proteome database3°. These proteins cover a dynamic range of more
than 10 orders of magnitude. Most of these proteins are in the range of 1 to 108 ng/mL, and
around 10% of the proteins have known concentrations less than 10 ng/mL (Figure 1B). This
data shows the range of quantification can potentially reach the concentrations of invaluable
key plasma protein biomarkers. Gene Ontology-based analysis®6 of the identified proteins
showed that from the library proteins, 680 proteins are intrinsic to membrane (including 472
plasma membrane proteins), 481 belong to the extracellular region, 221 are from
cytoskeleton, and 186 are from various cellular fractions. The biological processes that they
represent include 372 cell surface receptor linked signal transduction, 258 cell adhesion
proteins, 187 immune response, 186 homeostasis process, and 162 regulations of apoptosis.
These results suggest that a large number of proteins identified in plasma originated from the
cellular fractions that are playing important roles in cell cycle, growth, immune response and
apoptosis (Supplemental Figure S2).

DIA isolation windows

For the quantification purposes, DIA windows, with 5, 7, 10, and 20 m/z sizes were
evaluated for depleted plasma detection. With a mass range from 410 to 900 /m/z, it resulted
in 100, 70, 50, and 25 consecutive DIA isolation windows, respectively. At a theoretical max
scan speed of 13 Hz for the QEplus, this would result in cycle times of 7.7, 5.4, 3.8, and 1.9
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sec. Using SENDLSYYK++ peptide from Invertase 2 as an example, the complexity factors
associated with the width of DIA window were assessed. Five top b and y ions from the
fragmentation pattern were selected for the quantification. Given the fact that the scan time
(transient time) of the Orbitrap mass analyzer of QEplus at resolution of 17,500 at 200 /2
is 64 msec, a maximum fill time of 55 msec was chosen to assure that the fastest scan speed
of about 13 Hz could be achieved. The actual cycle times estimated from the experiments
and the number of quantification points as a criterion for the quality of quantification is
presented in the Figure 2A. A wider DIA window corresponds to higher number of
quantification points, providing a more precise monitoring on the elution profile of a
peptide, thus, yields a better quantification. On the other hand, however, an increase of the
DIA window size could compromise the identification (library matching) and quantification
of a peptide by generating more complex MS/MS spectra due to inclusion of more peptides
for fragmentation. This is particularly the case in a complex sample, such as plasma. As
shown in Figures 2B to 2E, as the isolation window size increased, the DIA MS/MS spectra
and the elution profiles became more complicated. Based on those initial experiments, the 7
my/zisolation window size was determined to be the optimal condition for peptide
identification and quantification in our plasma analysis. This set up provided a cycle time of
5.7 seconds, with a justified tradeoff between isolation window size and cycle time due to
the constant mass spectrometer acquisition frequency (13 Hz with 17,500 resolutions at 200
m/2). Narrower isolation windows though were necessary to obtain a less complex
fragmentation patterns benefiting library matching, it comes with a cost on increasing cycle
time. Using the peptides derived from Invertase 2 as examples, among the 4 different
isolation windows sizes, the 7 m/z isolation window showed reasonable profile quality as
represented by the library dot products value (Supplemental Figure S3). With a scan range of
410 to 900 m/z, our approach included 70 consecutive 7 m/z DIA isolation windows that
resulted in 5.7 seconds of cycle time, balancing both factors for plasma analysis. The
number of peptides that relies in this interval is c.a. 76% (Supplemental Figure S4),
representing nearly 82% of proteins included in the library. Hence, confinement of
quantification to the peptides with m/z between 410 and 900 results in augmented quality of
quantification for a large set of peptides and proteins.

During the quantitative analysis of DIA data, the elution profiles of the peptides were
extracted using a 10 minutes window of their corresponding identification retention time in
the spectral library. This is justified based on the evaluation of Invertase 2 peptides and their
retention time deviations between library and their DIA elution profiles. The library
retention time of these peptides were compared with their retention times measured from
DIA replicates. For these peptides, the average difference between the library retention time
and the DIA measurements is 1.34 minute with a 3.11 minute standard deviation
(Supplemental Table S4). Using the following formula, we approximate the 10 minute
retention time window for library matching, assuming the retention time can be drifted in
either direction: 2 x (average retention time + standard deviation + typical peak width (0.5
min)). While a shorter retention time window may affect the library matching, longer
retention time windows may increase the risk of false discoveries. As shown in
Supplemental Figure S5, while the retention time of a peptide may drift throughout the
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analysis of a large queue of clinical samples, the setting of 10 minute window appeared to be
reasonable to contain the retention drift in the sequential analysis.

Technical and biological replicates

Absence of isotope-labeled internal standard necessitates a high level of reproducibility
during sample preparation, LC-MS/MS analysis, and data mining3’. The reproducibility and
consistency of the DIA method was evaluated with the aid of a spiked-in standard protein,
which was added to the crude plasma as an internal reference. The reproducibility
assessment included 1) biological replicates, which evaluate the overall variations caused
throughout sample preparation, LC-MS/MS analysis, and data mining; and 2) analytical
replicates, which evaluated the variation that occurred during LC-MS/MS acquisition and
data mining of the same tryptic plasma mixture. While biological replicates also cover the
variations from analytical replicates, the analytical replicates provide insightful information
regarding how intrinsic physicochemical properties of a peptide influence its MS sensitivity
and quantification.

Four biological replicates were prepared under identical condition with the spike-in of 25
ug/mL of Invertase 2 standard protein and depletion of the top 12 abundant proteins. One
biological replicate sample was analyzed by four analytical replicates. The correlations for
the analytical replicates and the biological replicates were presented in Figure 3A & B,
respectively. The regression curves for the 22 peptides (red dots) from Invertase 2 show a
high linearity and reproducibility for both analytical and biological replicates, indicating the
reliability of the quantification. Supplemental Figure S6 sorts the variation of Invertase 2
peptides based on their amino acid sequence characteristics. Evidently, peptides containing
labile residues, in particular methionine and those containing miss-cleavages show higher
variation. In addition, peptide IEI'YSSDDLK++, which has flanking residues due to the
close arginine and lysine residues at both N and C terminals, is also subjected to high
variation. Therefore, six peptides from Invertase 2 that do not contain methionine or miss-
cleavages were selected for Invertase 2 quantification to ensure the least variations.
Supplemental Table S5 summarizes the analytical and biological variations for these 6
quantifiable peptides along with their mass spectrometry visibility, retention time variation,
and library dot product values. Generally, biological variation feasibly is higher than
analytical variations. Peptides that are difficult to digest or prone to degradation may show
higher variations during sample preparation. The peptides were identified in consistent,
narrow retention time windows, typically indicating the high reproducibility of LC
separations regardless of their hydrophobicity. Using the intensity sum of these 6
quantifiable peptides to represent Invertase 2 quantification, the analytical and biological
variation of Invertase 2 measurement was 4% and 14%, respectively. Quantifiable peptides
with higher mass spectrometry visibility have a larger impact on the protein quantification as
exemplified in Supplemental Table S5.

Quantifiable peptides

In DIA targeted quantitative analysis, it is critically important to identify robust
“guantitative” peptides, which are not only “proteotypic” peptides38 that can be repeatedly
identified in a complex sample, but also possess desired chromatographic and mass
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spectrometric characteristics allowing consistent DIA quantification. The analysis of the
reproducibility of over 14,000 endogenous peptides identified in the analytical replicates
indicated that the nature of a peptide (sequence, length and other physicochemical
properties, etc.) plays a pivotal role in peptide quantification in addition to matrix associated
factors such as protein abundance and sample complexity. Figure 4 A to D illustrate the CV
distribution of the selected peptides based on their retention time deviation among the
analytical replicate runs. Using small retention time variations (o), we observed a symmetric
frequency histograms distribution with a median peak at ~10% of variation for the
endogenous peptides (Figure 4A & B). However, peptides with retention time variations
more than 1 minute gradually pour into a second distribution curve as retention time
variation increases, forming a bimodal peptide CV distribution (Figure 4C & D). This
bimodal distribution may imply a general difference in peptide characteristics which
influences peptide quantification robustness. For those peptides derived from the proteins
with known plasma concentration, Figure 4E & F shows the correlation of peptide intensity
and their corresponding protein concentration. For peptides with a retention time o < 0.2
minute, which mostly have a lower CV and distributed in the first modal, a large number of
them were from extracellular proteins with higher concentration (Figure 4E). The peptides
with a retention time o > 0.2 minute appeared to include more intracellular proteins with a
lower concentration (Figure 4F). Notably, 40% of the total proteins identified have peptides
distributed in both modal, suggesting the role of peptide physicochemical properties in
determining their quantification robustness. Further systematic investigations are needed to
better address the correlation of such an observation with peptide physicochemical
properties. In some cases, the higher retention time variations may indicate the incorrect and
inconsistent identification of these peptides. They also have average lower library dot
product scores that may have resulted from their inconsistent peak picking and discovery.
These peptides may include peptides with reactive or variant amino acid residues or PTMs,
peptides with low abundance, or peptides with poor chromatographic characteristics or low
mass spectrometric sensitivity. Hence, we introduced the parameters derived from analytical
replicates as empirical indicators for the reliable and consistent detection of peptides
throughout multiple runs, namely the retention time sigma and peptide intensity CV. Using a
sigma of 0.25 minute and a 20% CV, we were able to retain more than 4000 peptides derived
from nearly 900 proteins for plasma detection. While determination of the stringency of
such parameters depends on specific study design, in general, a small sigma and CV based
on the replicate analysis warranted the selection of more consistent peptides for a more
robust DIA quantification in multiple sample analysis.

Comparison of DIA-based quantification with DDA-based quantification in pooled plasma
sample and HelLa cell line digest

DIA-based analysis is compared with the DDA-based analysis in profiling the same pooled
plasma sample. DDA-based analysis doesn’t have the confinement of peptide m/z values and
can be applied to the entire identified peptides in the library. The DDA-based analysis also
can be performed with a high frequency as a single survey scan is needed to extract the MS1
profiles. In addition, the DDA-based quantification relies on the isotope distribution of MS1
ions rather than their fragmentation patterns. Considering that the fragmentation pattern
depends on the instrument type and data acquisition condition, DDA can provide a global

J Proteome Res. Author manuscript; available in PMC 2018 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nigjeh et al.

Page 11

quantification. However, the main challenge for the conventional DDA-based quantification
is the dynamic range of quantification, as a single survey of entire co-eluting ions is being
used for the quantification. Supplemental Figure S7 compares the DDA and DIA profiles
from two peptides with different visibility from the same standard protein.

DIA-based analysis can be applied to biological matrices other than clinical plasma samples.
As a comparison, DIA-based method was performed to analyze HelLa cell line digest. A
spectral library was constructed for HeLa cell digest, including information of 3525 proteins
and 14204 peptides. Evidently, spectral library can be constructed easier for cell lines due to
the lower dynamic range of proteins in a cell digest. In addition, the DIA-based profiling
quality was compared for the plasma and cell line digests based on the library dot product
values to represent the quality of peak picking using Skyline software (Supplemental Figure
S8). While there are 11573 peptides from cell lysates have a library dot product value more
than 0.8, there are only 1489 peptides with the same quality in plasma samples. Although
cell lysates may present a more complex proteome than plasma, the enormous protein
concentration difference inherent in plasma creates a significant technical hurdle preventing
reliable identification and quantification of low-abundant peptides, underscoring the
challenges in plasma analysis.

Quantification sensitivity

The detection sensitivity, lower limit of quantification, and analytical dynamic range were
assessed with the spiked-in Invertase 2 standard protein using different concentrations in the
crude plasma, including: 50, 25, 10, 1, 0.5, and 0.1 pug/mL. Figure 5A-F shows the extracted
profiles for the top 5 b and y fragments from Invertase 2 peptide GLEDPEEYLR++ at
different concentrations from 0.1 to 50 pg/mL. Evidently, the signal for this peptide (at
retention time ~70 min) is detectable at 0.1 pg/mL concentrations. The dilution curves
constructed for this peptide and the Invertase 2 protein based on the total of six quantifiable
peptides are shown in Figure 5G & H, respectively. While the linear range for peptide
GLEDPEEYLR++ is obvious from 0.1 to 50 pg/mL, the lower limit of the linear range for
Invertase 2 protein appears to be higher than 0.1 ug/mL. This is because other quantifiable
peptides, which also contribute to the Invertase 2 protein level quantification, have lower
detection sensitivity, highlighting the implication of signature peptide selection in protein
quantification. The library dot product score and retention times for the peptide
GLEDPEEYLR++ from different concentrations is shown in Supplemental Figure S9. The
data indicates a consistent detection of this peptide even at low concentrations, which is
relevant to many quantifiable peptides in our analysis. In addition, the confinement of data-
mining to the top five b and y ions (generally the most dominant fragments) with m/z values
more than 200 aided in the exclusion of non-targeted fragments. However, the quality of
profiles can be compromised at lower concentrations due to the loss of fragments — affecting
peptide quantification. In addition, ion suppression effects and incorrect peak picking could
be an issue for peptides with lower concentration in a complexed spectrum. For a
quantifiable peptide within a given concentration, critical parameters that may influence the
quantification sensitivity may include physicochemical properties of the peptide, as well as
the interference from the complex nature of plasma. The complexity of a DIA spectrum
should be minimized through selection of smaller size isolation windows, without
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compromising the quantification of the elution profile. In addition, retention time can be
applied as a complementary parameter to optimize peak picking of the targeted peptide as
adapted in mProphet39,

Technical validation on clinical samples

Clinical analysis of human samples introduces another dimension of complexity due to the
innate differences among individual clinical samples. To test the robustness of the DIA
assay, we evaluated the assay across 38 clinical plasma samples from diseased and non-
diseased subjects, including 19 healthy subjects and 19 PDAC patients with stage 1 or 2
diseases. The samples were individually spiked with the Invertase 2 internal standard and
were prepared in random order. Samples were analyzed in a blind fashion in a single queue
with a 1 hour washing gradient between each analysis to avoid cross contamination or carry
over from one sample to another. All 6 quantifiable peptides from the Invertase 2 were
quantified in the 38 clinical samples resulted in a technical variation of 14.5% for Invertase 2
protein across the cohort (Figure 6). As shown in Supplemental Figure S10, the Invertase 2
quantifiable peptides were located within the volcano graphs of the total peptide variations.
The sum of Invertase 2 quantifiable peptides showed a fold change of 0.99 and a p-value
(based on t-test) of 0.88 when comparing Invertase 2 levels from cancer samples to healthy
subjects. This high reproducibility in the ability to measure the internal standard will insure
that the DIA assay is robust and that proteins of interest can be reliably measured across a
variety of biosamples. Invertase 2 level can be further used for as an internal standard for
normalization among inter-laboratory analysis results.

Conclusions

A DIA based targeted proteomics assay was devised and assessed from sample preparation
to MS analysis for protein quantification in plasma, in the context of blood biomarker
development. A pancreatic cancer relevant plasma spectral library was established by the
extensive profiling of clinical samples from patients with PDAC, chronic pancreatitis and
healthy controls. A reproducible sample preparation method was developed and verified in
separate analytical and biological replicates. A set of criteria based on the characteristics of
the peptides were introduced for the minimal variations. Empirical parameters, including
retention time deviation and intensity CV based on replicate analysis, provided reasonable
guidance in selecting quantifiable peptide for DIA analysis. The sensitivity of quantification
was evaluated with different levels of spiked-in standard, suggesting that sample complexity
is a significant factor in determining the limits of quantification, justifying the optimal
selection of DIA isolation windows. The use of defined retention time windows can help in
correct pin-pointing of the target profiles, and the advent of faster mass spectrometers with
smaller isolation windows would minimize the complexity issue. The technical validation of
the assay using clinical plasma samples confirmed its robustness for study of large scale
clinical samples. The empirical data presented in this study also suggests an intrinsic link
between peptide physicochemical characteristics and their robustness in DIA quantification,
which warrants further investigation.
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A) Percent distribution of the quantified proteins (2317) based on the number of quantified
peptides used for protein quantification. More than half of the quantified plasma proteins
were quantified with two or more peptides. B) Distribution of the 580 quantified proteins
with known concentrations in plasma proteome database. Most of the quantified plasma

proteins have a concentration in the range from 1 to 10% ng/mL. Around 10% of the plasma
proteins have known blood concentrations less than 10 ng/mL.
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Figure 2.

Optimization of the isolation windows size based on the profile quality and complexity for
SENDLSYYK++ peptide from Invertase 2 standard protein. A) The observed cycle times for
the different isolation windows of 5, 7, 10, and 20 m/z corresponding with the theoretical
acquisition frequency of 13 Hz. B) to E) The MS/MS spectrum and extracted profile for the
target peptide with different isolation windows of 5, 7, 10, and 20 m/z. The complexity of
the MS/MS spectra and elution profile for the target peptides increase with the size of
isolation windows. Blue arrow indicates the target peaks from SENDLSY'YK++ peptide.
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Figure 3.

A). Analytical replicate measurements for the plasma peptides. Coefficient of variation for
the analytical replicates is 0.9962. B) Biological replicate measurements for the plasma
peptides. Coefficient of variation for the biological replicates is 0.9864. Red: peptides
derived from Invertase 2 standard protein, Blue: endogenous plasma peptides with a CV less
than 20%, Black: endogenous plasma peptides with a CV greater than 20%.
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Figure 4.
A) to D) Frequency distribution histogram for the variation of plasma peptides quantified

within 4 analytical replicates with different retention time variations (sigma value): A) less
than 0.1 minute, B) less than 0.2 minute, C) less than 1 minute, and D) less than 10 minutes.
A singular distribution was observed for quantification of peptides with small retention time
variations. A bimodal distribution started to emerge when retention time variations were
increased to greater than 1 minute. N indicates the number of quantified peptides with the
corresponding criterion. For the proteins with known plasma concentration, E) and F)
illustrate the correlation of the peptide intensity and protein concentration: E) peptides with
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o <0.2 min, F) peptides with o > 0.2 min. Red dots represent the peptides from
extracellular proteins with known concentrations. Blue dots represent the rest of the
peptides.

J Proteome Res. Author manuscript; available in PMC 2018 April 06.

Page 20



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Nigjeh et al.

Intensity

Intensity (10*3)

lon count

Intensity (1046)
L%

A. 50 ng/mL

—— yB - 10504738+ —— y7-921.4312+ — - B06.4043+

—— yd4 - 5803088+ —— y3-451.2663+
4000 3 ¥ ;
3000 i d4 ot 051 |
2000 1 > !
=Ll

VAN A o
65 70 75 80

Retention Time

C. 500 ng/mL

— y&- 10504738+

Y7 -921.4312+ == yi - 064043+

—— y4-5803089+ —— y3-4512663+

200
653

150 , ¥ _

100 A 69.8° [dotp 0.65)

50
0 o V[\.I — " iy

65 70 75 80

Retention Time

E. 25000 ng/mL

— 6 - B06.4043+

— yB- 10504738+ —— y7-0214312+
—— y4-580.3080+ —— y3- 4512663+

£

L=}

65 70 75
Retention Time

@
(=1

G. Peptide GLEDPEEYLR++

1.0,40° -
1.0,10°8 0.9981
1.0,410°7 1
1.0,40°¢ 4 [
.
1.0,40°% 4 é
1.Dx10°4 T T L) !
10 100 1000 10000 100000
INV2 concentration / ng/mL
Figure5.

Page 21

B. 250 ng/mL

—— yB- 10504738+ —— y7-5214312+ — - B06.4043+
—— y4-580.3089+ —— y3-4512663+
e
sei |
g \ -
= 40 1
T0.3 (daotp 0.63)
£ 20} .
£ 65 70 75 80
Retention Time
D. 5000 ng/mL
— yB - 10504738+ —— y7-921.4312+ == yG-806.4043+
—— y4-580.3089+ —— y3-451.2663+
__ 800 -
)
:Q_ G600
< 400
2z
'g 200 652
2 0 T - i
£ 65 75 80
Retention Time
F. 50000 ng/mL
— yB - 10504738+ —— y7-921.4312+ = yE . B05.4043+
—— y4-560.3089+ y3 - 4512663+
& 18 >
< 1
2 1 \ .
z .
g5
g 0 . | )
= 65 75 80
Retention Time
H. Invertase 2
10,40 -
0.9987
£ 1.0,10%
-
o
(5]
| —
2 1.0,40%7 .
[ ]
L) L T L]
10 100 1000 10000 100000

INV2 concentration / ng/mL

The profiles of the top 5 fragments (b and y ions with m/z more than 200) from peptide
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Invertase 2 quantification. The variation of total Invertase 2 level within the set of clinical

samples is approximately 14.5%.
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