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Abstract

Comprehensive phosphoproteomic analysis of small populations of cells remains a daunting task
due primarily to the insufficient MS signal intensity from low concentrations of enriched
phosphopeptides. Isobaric labeling has a unique multiplexing feature where the “total” peptide
signal from all channels (or samples) triggers MS/MS fragmentation for peptide identification,
while the reporter ions provide quantitative information. In light of this feature, we tested the
concept of using a “boosting” sample (e.g., a biological sample mimicking the study samples but
available in a much larger quantity) in multiplexed analysis to enable sensitive and comprehensive
quantitative phosphoproteomic measurements with <100 000 cells. This simple boosting to
amplify signal with isobaric labeling (BASIL) strategy increased the overall number of
quantifiable phosphorylation sites more than 4-fold. Good reproducibility in quantification was
demonstrated with a median CV of 15.3% and Pearson correlation coefficient of 0.95 from
biological replicates. A proof-of-concept experiment demonstrated the ability of BASIL to
distinguish acute myeloid leukemia cells based on the phosphoproteome data. Moreover, in a pilot
application, this strategy enabled quantitative analysis of over 20 000 phosphorylation sites from
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human pancreatic islets treated with interleukin-18 and interferon- y. Together, this signal boosting
strategy provides an attractive solution for comprehensive and quantitative phosphoproteome
profiling of relatively small populations of cells where traditional phosphoproteomic workflows
lack sufficient sensitivity.

Graphical Abstract

Phosphorylation is one of the key post-translational modifications (PTMs) regulating
cellular processes, such as cell signaling, gene expression, cell survival, apoptosis, and
mitosis.12 However, the dynamic and substoichiometric nature of phosphorylation as well as
the relatively low ionization efficiency of phosphorylated peptides present significant
analytical challenges for mass spectrometry (MS)-based phosphoproteomics. Over the past
decade, the recovery and selectivity of the phosphopeptide enrichment have been greatly
improved using titanium dioxide (TiO,) or immobilized metal ion affinity chromatography
(IMAC) using Fe3*, Ga3*, or Ti**.3-8 Combining these efficient front-end enrichment
methods and state-of-the-art LC-MS instrumentation, current phosphoproteomic workflows
allow for identification of ~10 000 phosphorylation sites (phosphosites) in a single LC-
MS/MS analysis?10 and more than 30 000 phosphosites in deep phosphoproteome profiling
using 2D-LC-MS/MS approaches.11-13 Nevertheless, comprehensive phosphoproteomics
still requires a relatively large amount of starting material (e.g., 300 xgto 1 mg of extracted
proteins per sample), which hampers its application with small-sized samples, such as
clinical specimens often providing <10 g of extracted peptides (equivalent to 100 000 or
fewer cells).

Insufficient MS signal intensity from the lower abundance peptides (especially
phosphopeptides) is the main reason for low proteome coverage in LC-MS/MS analysis of
small-sized samples. This is due to the inability to produce MS/MS spectra with sufficient
quality for confident peptide identifications. Several data analysis and instrumental
acquisition strategies may help alleviate this issue. One strategy is to align /m/zand retention
time measurements of the unidentified low-abundant peptides to those in a library and/or
reference LC MS/MS run# (match between runs (MBR))1°:16 to yield additional peptide
identification.1>17 By combining MBR with a new MS acquisition method, termed BoxCar,
which boosts the MS1 signal and uses a comprehensive peptide library, more than 10 000
proteins can be identified in a 100 min LC-MS/MS analysis.1® In addition, isobaric labeling
has been increasingly used for multiplexed analysis of small-sized samples.19 In isobaric
labeling, the combined signal intensity from all multiplexed samples (i.e., differently labeled
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samples from all channels are combined) triggers MS/MS fragmentation, leading to peptide
identification instead of relying on signal intensities of an individual sample. Thus, the
MS/MS spectra quality is dependent on the combined peptide signal from all channels. This
feature inspired us to test the concept of using a “boosting” sample to enhance the detection
of phosphopeptides from small-sized samples. In this boosting to amplify signal with
isobaric labeling (BASIL) strategy (Figure 1A), the combined signal intensity of a given
peptide is significantly increased (e.g., by 30-fold) by including a large amount of boosting
sample (i.e., a related or nonrelated sample with similar phosphoproteome content to the
study samples) in one of the isobaric tandem mass tag (TMT) channels. This design
enhances the detectability of the MS1 signal and identifiability of MS/MS spectra of the
same peptide. Our rationale is that if a peptide can be confidently identified from the
MS/MS spectrum (enhanced by the boosting samples), then reporter ion intensities from
individual study sample channels will be sufficient for robust quantification. Several
advantages in the BASIL strategy should be noted for comprehensive phosphoproteomic
analysis of small-sized clinical samples. First, the large contribution from the boosting
sample would allow for the use of fractionation in order to mitigate sample loss to achieve
comprehensive phosphoproteome coverage. Second, convenient relevant cell-line samples
can be used as boosting samples to mimic the phosphorylation events in clinical samples.

To demonstrate the feasibility of this strategy, we evaluated the potential interference from
the boosting channel and the reproducibility of quantification in other study sample channels
using a study sample to boosting sample ratio of 1:30. As a proof of concept, BASIL was
initially applied to differentiate acute myeloid leukemia (AML) cell lines based on their
phosphoproteome profiles. We further demonstrated its application in a pilot study for
quantifying phosphorylation changes in human pancreatic islets from eight individual donors
treated with interleukin-1 (IL-18) and interferon-y (IFN-y). Our results demonstrated that
this strategy not only provided deep phosphoproteome coverage but also precisely
recapitulated the dynamic changes in protein phosphorylation in the different types of small-
sized samples; suggesting its potential broad applications in biological and biomedical
research.

EXPERIMENTAL SECTION

Reagents.

Urea, dithiothreitol (DTT), iodoacetamide, iron chloride, ammonium bicarbonate,
trifluoroacetic acid (TFA), ethylenediaminetetraacetic acid (EDTA), acetonitrile (ACN), and
formic acid (FA) were obtained from Sigma (St. Louis, MO). The Ni-NTA agarose beads
were obtained from Qiagen (Valencia, CA), and Empore C18 extraction disks were obtained
from 3 M (St. Paul, MN). The TMT-10 labeling kit was purchased from Thermo Fisher
Scientific, Inc. (Waltham, MA).

Cell Culture and Treatment.

The breast cancer cell line MCF-7 was obtained from the American Type Culture Collection
and was grown as previously described.20 For the AML cells, MOLM-14 and K562 cells
were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS);
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CMK cells were maintained in RPMI-1640 medium supplemented with 20% FBS. Human
islets from eight nondiabetic cadaveric donors were obtained from the Integrative Islet
Distribution Program (IIDP). About 150 islets per condition were cultured in 2 mL of
Standard Islet Medium (Prodo) supplemented with human AB serum (Prodo), ciprofloxacin
(Fisher), and glutamine and glutathione (Prodo) at 37 °C under 100% humidity and 5% CO,.
Islet cultures were allowed to acclimate overnight and then were either treated with
cytokines IL-18and IFN-y by adding fresh medium containing 50 and 1000 U/mL of IL-183
and IFN-y, respectively, or left untreated by adding fresh medium without cytokines for 24
h. EndoC-BH2 cells, a conditionally immortalized human g-cell line,2 were cultured in
Matrigelfibronectin-coated (100 and 2 ug/mL, respectively)?2 1 50 mm culture dishes in
Dulbecco’s modified Eagle’s medium. An indicated number of cells were washed with PBS,
pelleted, and stored at =80 °C for phosphoproteomic analyses. Further details of cell culture
are described in the SI Methods.

Protein Extraction and Digestion.

For protein extraction, cell pellets were resuspended in cell lysis buffer (100 MM NH4HCOs3,
pH 8.0, 8 M urea, 1% phosphatase inhibitor, pH 8.0) and sonicated in an ice-bath for 3 min.
Cell lysates were centrifuged, and the protein concentrations were measured with a Pierce
BCA protein assay (Thermo Fisher Scientific). For bulk digestion of MCF-7 and EndoC-
PH2 cell samples, proteins were reduced with 5 mM DTT for 1 h at 37 °C and alkylated
with 20 mM iodoacetamide in the dark for 1 h at room temperature. The resulting samples
were diluted 8-fold with 200 mM NH4HCOs3, pH 8.0, and digested by sequencing grade-
modified trypsin (Promega Corporation, Madison, WI) with a 1:50 trypsin: protein ratio
(w/w) overnight at 37 °C on an Eppendorf Thermomixer. Samples were acidified to ~pH 3
with 10% TFA. The supernatant of each sample was desalted by C18 SPE extraction and
concentrated for BCA assay. Then, 10 pg or 300 ug peptides were aliquoted and dried down
for further TMT labeling. For AML cell-line samples (MOLM14, K562, and CMK), 10 /g
cell-line protein, based on BCA assay, was added to a tube precoated with 10 1g of BSA
protein and then digested by trypsin with a 1:10 trypsin:protein ratio. No further BCA assay
was performed at the peptide level. For human islet samples, each sample tube was coated
with 10 g of BSA protein prior to protein extraction, and no BCA assay was performed to
minimize protein loss. Then, 4 g of trypsin was used to digest the protein in each islet-
containing tube. After digestion, 1/8 of each islet sample was combined in a new tube and
then aliquoted equally into 2 tubes for use as a reference channel in two sets of TMT
labeling experiments.

TMT Labeling.

The digested peptides were dissolved in 200 mM HEPES (pH = 8.5) and were mixed with
TMT-10 reagents which were dissolved in 100% ACN for the 1 h reaction. The labeling
reactions were stopped by adding 5% hydroxylamine for 15 min and then acidified with
TFA. All of the peptides labeled with different TMT tags were mixed into the same tube,
and the concentration of ACN was adjusted to below 5% (v/v), and the samples were
desalted by C18 SPE. For highly fractionated samples (a TMT set of MOLM14, K562, and
CMK cell-line samples and two TMT sets of human islet samples), 1.3 mg of digested BSA
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peptides was added as “carrier peptides” to mitigate sample loss in fractionation and IMAC
enrichment.

Peptide Fractionation by Basic Reversed-Phase Liquid Chromatography (bRPLC).

The peptides were fractionated using a reversed-phase Waters XBridge C18 column (250
mm % 4.6 mm column packed with 3.5-um particles) on Aan gilent 1200 HPLC System with
details described in the SI Methods.

IMAC Enrichment.

For IMAC, peptides were reconstituted at 1 g/ of 80% ACN/0.1%TFA prior to
enrichment. The Fe3*-NTA agarose beads were prepared by replacing the NiZ* ion on the
Ni-NTA beads with Fe3* through buffer exchange. Phosphopeptide enrichment was
performed as previously described.20 Details are described in the SI Methods.

LC-MS/MS Analysis.

Lyophilized phosphopeptides were reconstituted in 12 L of 0.1%FA with 2% ACN, and a 5
UL sample was injected directly into a nanoACQUITY UPLC system (Waters Corp.,
Milford, MA). Details of LC-MS/MS analysis are described in the SI Methods.

Data Analysis.

RESULTS

The raw MS/MS data were processed with MaxQuant.23:24 The type of LC-MS run was set
to “Reporter ion MS2” with “10plex TMT” as the isobaric label. A peptide search was
performed with full tryptic digestion and allowed a maximum of two missed cleavages
against a human UniProt database (version May 20, 2015). The acetylation (protein N-term),
oxidation (M), and phospho (STY) were set as variable modifications, and the
carbamidomethyl (C) was set as a fixed modification. The false discovery rate (FDR) was set
to 1% at the level of proteins, peptides, and modifications. The intensities of all ten TMT
reporter ions were extracted from MaxQuant outputs, evidence files for phosphopeptides,
and phospho (STY) site files for phosphorylation sites. For the data processing of human
islet samples, the pooled reference sample was labeled with TMT 130N reagent, allowing
for comparison of relative phosphopeptide abundances across different TMT-plexes. The
relative abundances from 2 TMT-plexes were log, transformed, and two data matrices from
two TMT-plexes were combined after row-and-column centering by median values
separately. For the data processing of AML cell lines, the abundances of TMT were log,
transformed and normalized by the median of the column. The normalized TMT signals
were further analyzed by Perseus,2° Instant Clue,26 and MeV (http://www.tm4.org/
mev.html)27 for statistical analyses. For pathway analysis, the significant phosphorylated
proteins upregulated in human islet samples after cytokine treatment were used for pathway
enrichment by Reactome.28 The identified phosphorylated peptides and sites are listed in
Table S1.

The BASIL strategy (Figure 1) utilizes all study-sample channels containing inherently
small amounts of tryptic peptides (e.g., from small populations of cells) used with a much
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larger amount (e.g., > 30-fold) of peptides in the boosting channel (TMT131) that are labeled
separately with different TMT tags and combined in the same TMT set for multiplexed
MS/MS analysis (Figure 1a). One of the major advantages of using isobaric tags for relative
quantification is that the differentially labeled phosphopeptides from both the study and
boosting samples appear as a single precursor ion at MS1 level. This leads to a significant
increase in total intensity, greater than the individual sample intensities, for triggering
MS/MS as well as enhancing MS/MS spectral quality and aiding phosphopeptide
identification (Figure 1b). The relative quantification of phosphopeptides across study-
sample channels is readily determined using reporter-ion intensities of the different TMT
tags (Figure 1c).

Evaluation of Potential Channel Interference Using the Boosting Strategy.

While the boosting strategy significantly increases the detectability of phosphopeptides, the
much greater amount of boosting sample may affect the robustness of quantification in the
other sample channels by overwhelming them through cross-channel isotopic impurity
contamination. To evaluate this, tryptic peptides from MCF-7 cells were labeled with
TMT-10-plex reagent, and the ratio of peptide loading in each channel was
1:1:1:0:0:0:0:0:0:30 (Figure 2a). TMT131 was selected as the boosting channel since the
reporter ion in this channel has minimal isotopic “leakage” to neighboring channels based on
the manufacture-provided reagent information. To mimic the small loading amount of
biological samples in targeting channels, 10 ug peptides were labeled in TMT126, TMT127N,
and TMT127C channels. The channels from TMT228N to TMT30C remained empty to
evaluate the potential interference from the boosting channel. Enriched phosphopeptides
from this TMT set were then analyzed using a single LC-MS/MS run. Figure 2b shows that
the majority (>90%) of the phosphopeptides had no detectable reporter ion signal intensities
in the five empty TMT channels (TMT128N TMT128C TMT129N T\MT129C and TMTL30C),
Moreover, fewer than 10% of the peptides with reporter-ion intensities had median
intensities in these channels significantly greater than 0, suggesting nearly no interference in
these channels. However, a number of phosphopeptides had reporter-ion intensities in the
TMT130N channel, and their intensities were much higher than the other empty channels.
The median signal was 34-fold higher in TMT23L than TMTL30N, which is closely matched
to the impurity information on the TMT131 reagent from the manufacturer-provided reagent
information. We can conclude that the signals in the TMT23N signals were due to “leakage”
from the isotopic impurity of the TMT13IN reagent used for the boosting channel. As a
result, the TMT230N channel was excluded from use as a study-sample channel in
subsequent experiments. However, the isotopic impurity is identical for the same lot of
regents. Therefore, this channel can still be reserved for use as a reference channel (e.g., for
normalizing across different TMT experimental sets when multiple sets are required for
comparing a large number of biological samples using the same lot of TMT reagents).

From this single LC-MS/MS analysis, 7585 phosphorylation sites from 7623
phosphopeptides were identified (Figure 2c); among which 6020 phosphorylation sites were
quantified without any missing values in the channels of TMT126, TMT12/N and TMT127C,
The quantification of these phosphorylation sites was evaluated. As shown in the scatter plot
of the measured TMT signals in the three replicate measurements (Figure S1), the
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correlation coefficient between any two of the three sample channels (TMT126, TMT127N,
and TMT127C) was 0.95 (Figure S1), and the median coefficient of variation (CV) was
15.3% (Figure 2d), indicating excellent reproducibility. Taken together, these results
demonstrated that quantification in the different study-sample channels (other than
TMT230NY were not impacted by the signals from the boosting channel and achieved high
reproducibility.

Assessment of Performance of the Boosting Strategy.

As a proof of concept, BASIL was used to test if it can effectively differentiate three AML
cell lines (MOLM14, K562, and CMK) at the phosphoproteome level and at the same time
achieve significantly enhanced coverage. The input amount in each channel is shown in
Figure S2. Then, 300 /g of tryptic peptides pooled evenly from all three cell-line samples
was used as the boosting sample in the TMT13! channel. To mimic the typical experimental
setup of multiple TMT sets, TMT130N was used as a reference channel due to the presence
of interference from the boosting channel, and 10 wg of the pooled tryptic peptide mixture
was labeled for this channel. All the study-sample channels used 10 (g of proteins extracted
from each cell-line sample. To further minimize the potential sample loss from handling the
very small amount of protein input (10 £g) during sample processing, we applied the
“carrier” concept?® by adding 10 1g of bovine serum albumin (BSA) to each sample tube
before digestion and SPE cleanup, since the carrier content will be effectively removed
during IMAC enrichment. To further increase the coverage of phosphoproteome, bRPLC
was used to fractionate the TMT-10-labeled peptide mixture and was subsequently
concatenated into 6 fractions before IMAC enrichment and LC-MS/MS analysis. Again,
~1.0 mg of digested BSA peptides was added as a carrier before fractionation to minimize
peptide loss during fractionation and downstream IMAC enrichment for each fraction.

With this workflow, we were able to identify a total of 18 868 phosphorylation sites (~80%
were class 1 phosphorylation sites,?4 as defined by a localization probability of 0.75). This
was a more than 4-fold increase compared to that from direct phosphoproteomic analysis of
the same cell-line samples without using BASIL and fractionation (Figure S2). Even without
fractionation, the use of the boosting sample led to approximately 1.9-fold more
phosphopeptides being identified than by the conventional strategy without boosting (Figure
S2). Note, that it is impractical to perform fractionation without the boost sample due to the
limited sample amounts. However, we did notice that there was a higher percentage of the
peptide spectral matches (PSMs) having one or more missing reporter-ion intensity value(s)
in the sample channels with BASIL (30.4%), compared to 0.4% in the direct analysis
without BASIL (Figure S3); presumably because many more identified low-abundance
phosphopeptides did not provide sufficient reporter-ion signal. Nevertheless, there were still
a total of 15 999 phosphopeptides that were quantifiable (no missing TMT reporter-ion
signals in all study-sample channels) using BASIL. Pearson correlation showed much higher
coefficients within the same cell type than that between different cell types (Figure S4).
Principal component analysis (PCA) of the BASIL phosphoproteomic data also clearly
classified the different AML cell lines (Figure S4). Moreover, we compared the
quantification results from the BASIL strategy to those from a standard TMT-based
phosphoproteomics workflow. Figure S5a shows the unsupervised clustering of phosphosites
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with significant differences between two AML lines using the standard workflow (~150 ug
peptides for each TMT channel) and the BASIL approach. Replicates of the same AML cell-
type were clustered, as expected, using both approaches. More importantly, the fold changes
of significantly changing phosphosites using the two different approaches showed good
correlation (Figure S5b). Taken together, these results support that comprehensive
quantitative phosphoproteomics is readily achievable using BASIL.

Phosphorylation Changes in Human Islets following Cytokine Treatment.

To further demonstrate an initial application using this strategy, we applied it to identify
cytokine-induced phosphorylation changes in human pancreatic islets obtained from
individual nondiabetic donors. Human islets typically present a significant analytical
challenge for phosphoproteomics due to very limited sample/material amounts available per
cadaveric donor (~2000 cells per islet and ~150 islets per condition). Moreover, the level of
phosphorylated proteins from such cadaveric human islet tissue is typically much lower than
that from cell lines. Here, we applied this strategy to compare a set of islet samples obtained
from eight donors either with or without treatment of cytokines (IL-18and IFN-y) for 24 h
to mimic the inflamed conditions found in islets of patients with type-1 diabetes. As shown
in Figure 3a, the tryptic peptides from the islets were labeled with TMT tags in the two
different TMT-10 sets (set A and set B). A pooled mixture of a small portion from all the
islet samples was used in the reference channels (TMT230N) and 300 ug of tryptic peptides
prepared from EndoC-H2 cells were used in the boosting channels (TMT31). In order to
achieve deep phosphoproteome coverage of the islets, the TMT-labeled peptides were
further fractionated using bRPLC followed by IMAC enrichment for phosphopeptides. A
total of 24 836 phosphopeptides mapped to 5162 proteins were identified from the two sets
of TMT analyses. The overlap of identified phosphopeptides between TMT-10 set A and B
was 50.7% (Figure 3b). About 78% of the 20 043 identified phosphorylation sites were
localized with high confidence (class 1), with a median localization probability greater than
0.99. The islet phosphorylation sites (class 1) were composed of 87.3% pSer sites, 11.7%
pThr sites, and 1% pTyr sites (Figure 3c). The percentages were similar to those reported
from previous studies of the phosphoproteome.30

To identify phosphorylation changes in response to cytokines, the TMT-intensity data from
each human islet sample channel were normalized to a reference sample in each TMT-10 set
to facilitate comparison across the entire cohort. Despite the anticipated donor-to-donor
variability, PCA analysis of the abundance data of all quantifiable phosphorylation sites
clearly classified these samples into two groups; those with and those without cytokine
treatment (Figure 4a), regardless of the TMT set in which the sample was analyzed. The
overall results demonstrate the robust quantification that is achievable with BASIL even
when multiple experimental TMT sets are required. However, unlike the relatively good
reproducibility observed between the biological replicates of AML cell lines (Figure S4), a
higher degree of donor-to-donor variability was observed, as shown in Figure 4b. To identify
significant changes in phosphorylation, we applied a paired #test analysis with a relatively
relaxed FDR control (<0.2) to partially address the large donor-to-donor variability
observed. Overall, 429 sites displayed increased phosphorylation and 213 sites with
decreased phosphorylation in response to cytokine treatment. Figure 4c shows the top 15
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enriched pathways for the proteins with increased phosphorylation. Among them, several
immune or inflammation-related pathways, such as antigen presentation and interferon
signaling, were identified. All 8 donors demonstrated increased phosphorylation of S727 of
STAT1 (Figure 4d) (a site known to be phosphorylated downstream after stimulation by
interleukins and interferons), an interesting example that illustrates the data quality and the
potential significance of the data set. Activation of STAT1 through cytokine induction has
been previously reported as being related to the induction of apoptosis and diabetes
progression in murine models of T1D;31:32 STAT1 has also been discovered as a main
regulator of pancreatic B-cell apoptosis and islet inflammation.33

DISCUSSION

It is appealing to take advantage of the multiplexing nature of isobaric labeling approaches
(e.g., TMT) to achieve higher sensitivity and proteome coverage with limited individual
sample amounts. An advantageous utilization of this concept is to use samples, with similar
proteome contents to the other study samples, in a much larger quantity as a “boosting” of
the sample in one of the TMT-10 channels; so that the proteins contributing to the other
lower-input study samples will have a better chance of being identified and thus quantified
based on reporter-ion intensities. For example, Budnik et al. used a carrier TMT channel
with much higher protein input than the single-cell samples in the other channels to increase
the number of detectable proteins from the single-cell samples.1® Tan et al. proposed a
similar concept which used a combination of fractionation and a carrier/reference method in
order to detect single-amino-acid-variant peptides in 9 PANC-1 cells.3* Russell et al.
reported a TMT workflow which analyzed the tissue or cell-line-derived peptides and the
bodyfluid (cerebrospinal fluid, CSF)-derived peptides in different TMT channels to increase
the chance of identifying low-abundance proteins that were otherwise hard to detect from the
body fluid alone due to the masking effects of high-abundance proteins in the body fluids.3°
Several studies similar to these can also be carried out using highly effective “nanoscale”
sample handling techniques, such as the recently developed nanodroplet processing in one
pot for trace samples (nanoPOTS) platform; where ~3000 proteins can be identified from as
few as 10 cells.2” However, such nanoscale sample handling techniques are largely
incompatible with PTM analyses due to the additional enrichment steps that are required
(e.g., IMAC). In this study, we applied the much-needed concept of BASIL for the first time
to analyze the comprehensive quantitative phosphoproteome of small populations of cells
and demonstrated its effectiveness and robustness in quantitative analysis of cytokine-
induced phosphorylation changes in human islet samples from individual donors.

An important basis of the boosting concept is that there are zero interferences for all the
sample channels from the boosting sample, except one channel (130N in this case), as
defined by the isotopic purity of TMT reagents. Compared to a typical low-input TMT
analysis (10 pg of protein or 100 000 cells per sample) without using the boosting sample,
our BASIL strategy provides an effective protection against sample loss during processing,
thereby allowing for sample fractionation. This demonstrated a >4-fold increase in
phosphoproteome coverage while achieving a CV of ~15% in quantitative analysis.
However, the boosting channel can only increase the MS1 signal so as to improve peptide
identification but does not boost the reporter-ion signals. For some low-abundance
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phosphopeptides, the reporter-ion intensities in some study-sample channels may be below
the detection limit (this results in missing data), even though the peptide is confidently
identified from the boosting channel signals. Another caveat of BASIL analysis using TMT
labeling is that the phosphopeptide identifications from TMT-labeled samples are typically
lower than comparative label-free phosphopeptide samples generated from the same amount
of starting material.13:3¢ This issue may be caused by a change in peptide fragmentation
properties due to the TMT tag(s). The potential ratio compression for TMT labeling due to
multiple coeluting peptides within the MS1 isolation window can still be an issue; however,
the BASIL strategy is fully compatible with approaches such as the synchronous precursor
selection (SPS)-based MS3 analysis3’ to minimize such an effect. Nevertheless, the BASIL
strategy enables broader quantification of phosphopeptides compared to typical TMT
analysis for such small-sized samples. This represents a much-needed advancement in
phosphoproteomics for deep phosphoproteome profiling of small-starting-amount protein
samples, such as those found in clinical specimens.

There are also several areas where the current workflow could be further optimized. First,
given the large difference in signal intensities between the low-input sample channels and
the empty channels, we anticipate further that lowering the input down to 1 g of peptide per
study sample is possible. Second, the ratio between the study samples and boosting sample
may be further optimized to achieve the best coverage and, at the same time, not sacrifice
significantly on the quality of quantification. Finally, although the sample loss after the TMT
labeling procedure can be minimized by the presence of a large amount of sample from the
boosting sample, the experimental procedures before TMT labeling, such as cell lysis and
enzymatic digestion, still need to be carried out with the least possible sample loss. In this
study, we used BSA as a carrier protein for that purpose, but there is still room for
optimization for small-scale sample handling.

As an application area, the in-depth phosphoproteome profiling of either human or murine
pancreatic islets has been largely hindered by the limited protein amounts available from
primary islet samples. For example, Li et al. used the optimized in-tip and best-ratio
phosphopeptides enrichment strategy and the stable isotope labeling with amino acids in cell
culture (SILAC)-based workflow for processing rat islet samples and identified 8539
phosphorylation sites mapping to 2487 proteins from each rat, which provided 20-47 (g
islet proteins from each rat.38 In this study, we used cultured EndoC-gH2 cells as the
boosting sample to significantly improve the detection sensitivity of phosphopeptides in
human islets. Taking advantage of the boosting channel, we were able to achieve a
comprehensive coverage of 24 836 phosphopeptides mapped to 5162 proteins from the
human islet samples. Known pathways such as interferon signaling and cytokine signaling
were enriched after cytokine treatment. Interestingly, we also found that the C-terminal
phosphorylation sites of the HLA family, such as S357 and S360 of HLA-C, S353 of HLA-
E, and S352 of HLA-A (Figure S6), were up-regulated.

The data obtained in this study not only illustrate the effectiveness of the BASIL strategy for
comprehensive quantitative phosphoproteome analysis, they also provided valuable
information on the phosphorylation sites that may be useful to discover the aberrant
pathways and networks to better understand islet inflammation.
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CONCLUSIONS

The BASIL strategy provides a simple yet highly effective quantitative phosphoproteomic
workflow suitable for multiplexed analysis of relatively small biological or clinical samples,
including cells or tissues. The enabling aspect of this strategy is demonstrated well by the
comprehensive quantitative profiling of the human pancreatic islet phosphoproteome
obtained from individual donors, a sample type particularly challenging for
phosphoproteomic analysis. While the current tested sample input level is about 10 /g of
proteins or ~100 000 cells, the sample input level may be reduced further, and the ratio
between the study samples and boost sample may be optimized. Overall, we anticipate this
strategy should enable broad biomedical applications involving limited amounts of starting
cells or tissues and should also be readily adopted for studies of different PTMs.
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Figurel.
BASIL quantitative strategy. (a) The small amount of study samples and the much larger

amount of boosting sample were individually labeled with different TMT tags. (b) The
differentially labeled peptides appear as a single peak (identical m/zat MS1 level), which
represents the sum of intensities from both the study and boosting samples. (c) Sequence
information can be obtained after MS/MS fragmentation of the peptide backbone and
quantification information on the study samples can be obtained from the intensities of the
individual TMT reporter ions.
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Figure 2.
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Evaluation of the performance of the BASIL strategy. (a) TMT-10 channel assignment. (b)
Signal distribution of all TMT-10 channels. (¢) Summary of identified phosphopeptides and
phosphorylation sites (class 1 phosphorylation sites indicate the site localization probability
is higher than 0.75). (d) CV for the TMT channels 126, 127N, and 127C.
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Page 16

Set A Set B
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Phosphopeptides 24836
Phosphorylation sites 20043
Phosphorylation sites (Class 1) 15670
S 13684

T 1826

Y 160

Summary of quantitative phosphoproteome analysis of human islet samples. (a) The
TMT-10 channel assignment for experimental sets A and B (Pn indicates the different
patient; + and — signs indicate the human islets with and without cytokine treatment,
respectively; Reference is the mix of all human islet samples; Boost is the EndoC-£H2
cells). (b) The overlap of identified phosphopeptides between TMT set A and B. (c) The
summary of identified phosphopeptides and phosphorylation sites.
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Figure 4.

anntitative phosphoproteome analysis of human islet samples. (2) PCA readily separates
human islet samples by cytokine treatment but not by the respective TMT set. (b)
Unsupervised hierarchical cluster analysis of phosphoproteome of the human islet samples.
(c) The enriched Reactome signaling pathways (top 15) for up-regulated phosphorylation
sites after cytokine treatment. (d) Distribution of the abundance of phosphorylation sites of
STAT1 (S727) in human islet samples before and after cytokine treatment.
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