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Abstract

Targeted mass spectrometry-based assays typically rely on previously acquired large data sets for
peptide target selection. Such repositories are widely available for unlabeled peptides. However,
they are less common for isobaric tagged peptides. Here we have assembled two series of six data
sets originating from a mouse embryonic fibroblast cell line (NIH/3T3). One series is of peptides
derived from a tryptic digest of a whole cell proteome and a second from enriched
phosphopeptides. These data sets encompass three labeling approaches (unlabeled, TMT11-
labeled, and TMTprol6-labeled) and two data acquisition strategies (ion trap MS2 with and
without FAIMS-based gas phase separation). We identified a total of 1 509 526 peptide-spectrum
matches which covered 11 482 proteins from the whole cell proteome tryptic digest, and 188 849
phosphopeptides from the phosphopeptide enrichment. The data sets were of similar depth, and
while overlap across data sets was modest, protein overlap was high, thus reinforcing the
comprehensiveness of these data sets. The data also supported FAIMS as a means to increase data
set depth. These data sets provide a rich resource of peptides that may be used as starting points
for targeted assays. Future data sets may be compiled for any genome-sequenced organism using
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the technologies and strategies highlighted herein. The data have been deposited in the
ProteomeXchange Consortium with data set identifier PXD024298.
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INTRODUCTION

Many targeted mass spectrometry-based assays are established using large previously
collected data sets;1 however, such collections are uncommon for isobaric tagged peptides,
particularly for studies using ion trap-based MS2 analysis. Here we aim to assemble several
peptide data sets from the NIH/3T3 mouse embryonic fibroblast cell line. This cell line was
generated from random-bred Swiss mouse embryos, and is commonly used in genetics and
molecular biology.2 NIH/3T3 cells are often used to study transforming viruses and cellular
oncogenes.3 Whereas HeL a cervical carcinoma cells and many other transformed cell lines
grow uncontrolled in culture, 3T3 cells were spontaneously immortalized but exhibit very
high sensitivity to contact inhibition.# Indeed, many of the viral ras oncogenes and their
cellular counterparts were discovered by means of the NIH/3T3 transformation assay, in
which transformed clones of growing cells can be easily distinguished from background,
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growth-arrested cells.>8 NIH/3T3 cells remain a powerful tool in many fields of biology, as
over 30 000 publications using this cell line have been made public to date, and as such, we
have selected this cell line as the basis for our data sets.

Sample multiplexing strategies in mass spectrometry-based quantitative analyses, such as
tandem mass tags (TMT) and isobaric tags for relative and absolute quantitation (iTRAQ)
exhibit many advantages for whole proteome profiling.”-8 Tandem mass tags (TMT) are
robust and versatile reagents for sample multiplexing.® Currently, two sets of commercial
amine-reactive TMT reagents are available: (1) the original TMT6/10/11 set (“TMT11”) and
(2) the more recently released TMTpro16/18.10:11 These two reagent sets are structurally
different, but the labeling chemistry is identical. The tags consist of a reporter ion group, a
mass normalization group, and an amine reactive group. The distribution of heavy isotopes
in the structure of TMT tags varies across the reporter and normalization groups but sum to
the same mass for labels in the multiplex set. These reagents label lysine residues and
peptide N-termini, with TMT11 adding 229.163 Da and TMTprol16 adding 304.207 Da per
tag. Here, we assemble and compare data sets comprised of unlabeled, TMT11-labeled, and
TMTpro16-labeled peptides, including data sets of Fe2*-NTA enriched phosphopeptides.

In addition to different labeling approaches, we also investigate two data acquisition
strategies, namely: standard ion trap-based MS2 with collision-induced dissociation (CID)-
fragmentation and the same method, but coupled with high-field asymmetric-waveform ion-
mobility spectrometry (FAIMS).12 lon trap MS2 analysis with CID-fragmentation was
selected due to its use in synchronous precursor selection (SPS)-MS3 and real-time database
searching (RTS)-MS3 workflows.13:14 FAIMS separates ionized molecules in the gas phase
by their mobility in a high or low electric field.1>-17 A given ion traverses the electrodes at a
specific characteristic value of a tunable DC voltage (the compensation voltage, or CV), and
alternating CVs can rapidly separate different types of ions.1® FAIMS adds an orthogonal
dimension of online gas phase-fractionation to a traditional LC-MS workflow. This
facilitates the separation of coeluting isobaric species, including typically non-tryptic singly
charged contaminant ions. As such, FAIMS can minimize instrument downtime preventing
contaminating ions and salts from entering the instrument as they deposit on the easily
accessible central electrode. It also reduces the coisolation and cofragmentation of peptides
and can significantly improve the depth and accuracy of multiplex proteomic analyses.19:20
We selected three commonly used CVs (-40, —60, and —80 V) for our FAIMS-based
analyses.21.22

In all, we assemble two series (whole cell proteome tryptic digest and Fe2*-NTA enriched
phosphopeptides) of six data sets originating from the NIH/3T3 cell line, encompassing
three labeling approaches, each with two different data acquisition strategies, as described
above. We also compare peptide and protein identifications across data sets as well as their
overlap. In addition, we investigate several peptide properties in efforts to characterize those
phosphopeptides that are identified solely in a single data set. These data sets provide the
community with a rich resource of peptides that may be used as starting points for further
datamining and the development of targeted assays.
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Tandem mass tag (TMT11 and TMTprol6) isobaric reagents, trypsin, and the High-Select
FeZ*-NTA Phosphopeptide Enrichment Kit were from ThermoFisher Scientific (Rockford,
IL). Water and organic solvents were from J.T. Baker (Center Valley, PA). Gibco TrypLE
Express (Cat# 12-604-021), Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) was from LifeTechnologies (Waltham, MA).
Antimycotic solution (Cat# A5955) was from Sigma-Aldrich (St. Louis, MO). Trypsin was
purchased from Pierce Biotechnology (Rockford, IL) and Lys-C from Wako Chemicals
(Richmond, VA). Calyculin A (Cat# 9902S) was purchased from Cell Signaling Technology
(Danvers, MA). Orthovanadate (Cat# P0758) was from New England BioLabs (Ipswich,
MA). tC18 solid-phase extraction (SPE) Sep-Pak columns and Oasis HLB gElution plate
(Cat # 186001828BA) were from Waters (Milford, MA). Unless otherwise noted, all other
chemicals were from Pierce Biotechnology (Rockford, IL).

Cell Growth and Harvesting

Methods of cell growth and propagation followed techniques utilized previously.23:24 In
brief, NIH/3T3 mouse embryonic fibroblast cells were propagated in DMEM supplemented
with 10% FBS and 1x antibiotic antimycotic solution. For total protein, cells were seeded in
three 175 cm? cell culture flasks. Upon achieving ~90% confluency, the growth media was
aspirated, and the cells were washed once with phosphate-buffered saline (PBS). The cells
were dislodged with Gibco TrypLE Express Enzyme without phenol red, harvested by
trituration following the addition of PBS, and pelleted by centrifugation at 1000g for 5 min
at 4 °C. The supernatant was removed, and the cells were washed twice with PBS. Two
milliliters of 200 MM EPPS, 8 M urea, pH 8.5 and 2% sodium dodecyl sulfate (SDS)
supplemented with 1x Pierce Protease Inhibitors, Mini was added to the cell pellet. For
phosphoproteome analysis, cells were seeded in 15 cm cell culture plates. When cells
reached ~90% confluency, the growth media was aspirated, and each plate was washed once
with 10 mL 20 mM HEPES pH 7.0-7.6, 120 mM NaCl. Cells were then incubated with 1
mM pervanadate and 25 nM calyculin A in 20 MM HEPES pH 7.0-7.6, 120 mM NacCl for 1
h in a cell culture incubator at 37 °C. Pervanadate was prepared fresh from sodium
orthovanadate as described previously.2> Cells were harvested by scraping and trituration
and collected in 50 mL conical tubes. Cells were pelleted by centrifugation at 1000g for 5
min at 4 °C, the supernatant was removed, and the cells were washed once with PBS. Cell
pellets were frozen in liquid nitrogen and stored at —80 °C until further processing. The
seeding and treatment were repeated twice for a total of forty-five 15 cm cell culture plates.
A 3.3 mL aliquot of 200 mM EPPS, 8 M urea, pH 8.5 supplemented with 1x Pierce
Protease, Mini was added to each cell pellet.

Cell Lysis and Protein Digestion

Cells were homogenized by 12 passes through a 22-gauge (1.25 in. long) needle. The
homogenate was sedimented by centrifugation at 21 000g for 20 min and the supernatant
was transferred to a new tube. Protein concentrations were determined using the
bicinchoninic acid (BCA) assay. Approximately 3 mg protein were processed for total
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proteomics analysis and 60 mg protein for phosphoproteomics analysis. Proteins were
subjected to disulfide bond reduction with 5 mM tris (2-carboxyethyl) phosphine (room
temperature, 15 min) and alkylation with 10 mM iodoacetamide (room temperature, 30 min
in the dark). Excess iodoacetamide was quenched with 10 mM dithiotreitol (room
temperature, 15 min in the dark). Methanol-chloroform precipitation was performed prior to
protease digestion. In brief, 4-parts neat methanol were added to each sample and vortexed,
1-part chloroform was added to the sample and vortexed, and 3-parts water was added to the
sample and vortexed. The sample was centrifuged at 14 000 rpm for 2 min at room
temperature and subsequently washed once with 100% methanol. Samples were resuspended
in 200 mM EPPS, pH 8.5 and digested at room temperature for 14 h with Lys-C protease at
a 50:1 protein-to-protease ratio. Trypsin was then added at a 100:1 protein-to-protease ratio
and the reaction was incubated for 6 h at 37 °C.

Fe2*-NTA Phosphopeptide Enrichment

Phosphopeptides were enriched with the High-Select Fe2*-NTA Phosphopeptide Enrichment
Kit according to the manufacturer’s specifications using approximately 2.5 mg protein digest
per enrichment column. We have shown previously the efficiency of the High-Select Fe-
NTA Phosphopeptide Enrichment Kit for phosphopeptide analysis.28 We began with a total
of 60 mg of LysC/trypsin-digested peptides, which we divided into 30 individual spin
columns (2 mg of protein per spin column). We followed the manufacturer’s instructions
with the exception that we eluted the phosphopeptides into a tube containing 100 L 10%
formic acid (FA) (for a final FA concentration of 1%) to neutralize the pH of the elution
buffer. Our yield was ~900 g phosphopeptides (with ~98% enrichment), which we divided
into three aliquots for the unlabeled, TMT-labeled, and TMTpro-labeled analysis.

Tandem Mass Tag Labeling

The classic TMT reagents (0.8 mg) were dissolved in anhydrous acetonitrile (40 L) of
which 20 g1 was added to the peptides (200 pg) with 60 gL of acetonitrile to achieve a final
acetonitrile concentration of approximately 30% (v/v). The TMT11 reagent has the identical
structure and labeling properties as TMT10, but has a mass difference of 0.06 Da. Peptides
labeled with the TMT11 reagent are indistinguishable at the MS1 stage from those labeled
with TMT10 during routine TMT analysis. TMTpro reagents (0.8 mg) were dissolved in
anhydrous acetonitrile (40 L) of which 28 yL was added to the peptides (200 /g) with 52
AL of acetonitrile to achieve a final acetonitrile concentration of approximately 30% (v/v). A
greater amount of labeling reagent were used in TMTprol6 compared to TMT11 reactions
due to the increased size of the TMTprol6 molecule and the need to ensure >95% labeling
efficiency.1! Following incubation at room temperature for 1 h, the reaction was quenched
with hydroxylamine to a final concentration of 0.3% (v/v). The sample was vacuum
centrifuged to near dryness and subjected to C18 solid-phase extraction (SPE, Sep-Pak).

Off-Line Basic pH Reversed-Phase (BPRP) Fractionation

We fractionated the peptide samples using BPRP HPLC.2” We used an Agilent 1200 pump
equipped with a degasser and a UV detector. Peptides were subjected to a 50 min linear
gradient from 5% to 35% acetonitrile in 10 mM ammonium bicarbonate pH 8 at a flow rate
of 0.6 mL/min over an Agilent 300 Extend C18 column (3.5 gm particles, 4.6 mm ID and

J Proteome Res. Author manuscript; available in PMC 2022 July 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Popow et al.

Page 6

250 mm in length). The peptide mixture was fractionated into a total of 96 fractions, which
were consolidated into 24 superfractions (in a checkerboard-like pattern) for the whole
proteome digest?8 and into 12 fractions (eluted across rows, but collected down the each
column) for the phosphopeptide-enriched fractions. Samples were subsequently acidified
with 1% formic acid and vacuum centrifuged to near dryness. Each consolidated fraction
was desalted using an Oasis HLB zElution plate,2? dried again via vacuum centrifugation,
and reconstituted in 5% acetonitrile, 5% formic acid for LC-MS/MS processing.

Liquid Chromatography and Tandem Mass Spectrometry

Mass spectrometric data were collected on an Orbitrap Eclipse mass spectrometer coupled to
a Proxeon NanoLC-1200 UHPLC. The 100 xm capillary column was packed with 35 cm of
Accucore 150 resin (2.6 zm, 150 A; ThermoFisher Scientific). Data were acquired for 75
min per fraction for the whole proteome samples and 90 min for the phosphopeptide
fractions. The scan sequence began with an MS1 spectrum: Orbitrap analysis, resolution 120
000, 350-1400 Th, automatic gain control (AGC) target 5 x 10°, maximum injection time
100 ms. MS2 analysis consisted of CID with multistage activation (MSA), quadrupole ion
trap analysis, AGC 1 x 104, NCE (normalized collision energy) 35, g-value 0.25, isolation
window 0.4 Th, maximum injection time set to “auto” and TopSpeed set at 3 s. Advanced
peak detection (APD) was turned on. For data acquisition that included FAIMS, the
dispersion voltage (DV) was held constant at 5000 V, the compensation voltages (CVs) were
set at =40, —60, and —80 V, and TopSpeed parameter was set to 1 s. No MS3 scans were
acquired for these data sets.

Data Analysis

Spectra were converted to mzXML via MSconvert.30 Database searching included all entries
from the mouse UniProt Database (downloaded: November 2019). The database was
concatenated with one composed of all protein sequences for that database in the reversed
order. Searches were performed using a 50-ppm precursor ion tolerance and the product ion
tolerance was set to 0.9 Da. These wide mass tolerance windows were chosen to maximize
sensitivity in conjunction with Comet searches and linear discriminant analysis.31:32 TMT
tags on lysine residues and peptide N-termini (+229.16 Da for TMT11 and +304.207 Da for
TMTprol6 where appropriate), as well as carbamidomethylation of cysteine residues
(+57.021 Da) were set as static modifications. Oxidation of methionine residues (+15.995
Da) and phosphorylation (i.e., for the Fe2*-NTA enriched samples) on serine, threonine, and
tyrosine (+79.966 Da) were set as a variable modification. Peptide-spectrum matches
(PSMs) were adjusted to a 1% false discovery rate (FDR).33:34 PSM filtering was performed
using a linear discriminant analysis, as described previously32 and then assembled further to
a final protein-level FDR of 1%.34 Data analysis and visualization was performed in
Microsoft Excel or R Bioconductor3® with the “peptides”, “dplyr”, “DT”, and “shiny”
packages.

Data Access

RAW files will be made available upon request. The data have been deposited in the
ProteomeXchange Consortium via the PRIDE3® partner repository with the data set
identifier PXD024298.
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RESULTS AND DISCUSSION

Six Data Sets Were Collected Encompassing Three Labeling and Two Data Acquisition
Strategies to Investigate Proteolytically Digested Peptides from a Whole Cell Proteome

NIH/3T3 cells were processed using the SL-TMT protocol37 (Figure 1). Following
proteolytic digestion, the peptide pool was divided equally into three aliquots. One aliquot
remained unlabeled, the second aliquot was labeled with a mix of TMT11 reagents, and the
third aliquot was labeled with a mix of isobaric labels of the TMTpro16 reagent. We noted
that as only collision-induced dissociation (CID)—not higher energy-collisional dissociation
(HCD)—uwas used for peptide fragmentation, peptide fragment ions generally retained the
isobaric tag on lysine residues and peptide N termini. These three sets of peptides were each
separated into 96 fractions using basic-pH reversed-phase (BPRP) chromatography and
concatenated down to 24 superfractions.28 Each superfraction was analyzed over a 75 min
gradient on an Orbitrap Eclipse mass spectrometer. We estimated 1 g of peptide was loaded
on-column for non-FAIMS analysis, and 2 (g of peptide were loaded for FAIMS-based
analysis to compensate for sample loss as ions traverse the FAIMS interface.?! In total, we
analyzed 144 samples, that together comprised six separate data sets of unlabeled, TMT11-
labeled, and TMTprol6-labeled samples, each of which were analyzed with and without
FAIMS.

Similar Numbers of Unique Peptides and Proteins Were Identified among the Six Whole
Proteome Tryptic Digest Data Sets Regardless of Tag or Data Acquisition Strategy

A total of 1 509 526 peptides were matched to a mouse tryptic database at a global peptide
false discovery rate (FDR) of less than 1%. Of these peptides, 247 630 were unique in
sequence. These peptides corresponded to 11 482 proteins in total across the six data sets at
a 1% protein FDR (Figure 2A). We sought to determine if the analytical depths of the six
data sets were comparable. We noted that the average number of unique peptides per fraction
was approximately 122 000 with a slight increase (~5%) in the number of peptides in data
sets acquired with FAIMS. However, overall, no single data set matched substantially more
peptides. We observed a similar trend when proteins were inferred from the peptide matches.
The number of proteins was slightly higher for all three peptide populations (i.e., unlabeled,
TMT11-labeled, and TMTprol6-labeled) when samples were analyzed with FAIMS,
although this value was again less than 10%. It follows that the average number of peptides
per protein ranges from 11.5 to 12.5 for all six data sets. Together, these data sets comprise a
large resource comparing mouse peptides using multiple labeling chemistries (unlabeled,
TMT11, and TMTprol6) and data acquisition strategies (i.e., with and without FAIMS).
Overall, we conclude that the depths of these data sets are similar considering the number of
identified peptides and proteins.

Peptide Overlap Was Minimal, but Most Identified Proteins Were Common among the Six
Data Sets Regardless of Label or Data Acquisition Strategy

Once we established that no difference was apparent in the number of peptides or proteins
identified across the six data sets, we compared the overlap across the data sets. We first
illustrated the overlap among data sets at the peptide level using an upset plot (Figure S1A).
This plot showed that 29 346 peptides were matched in all six data sets, which is
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approximately 12% of the total number of peptides across data sets (i.e., of the 247 630 total
unique peptides). However, this plot also depicted a total of 68 807 peptides identified in
only one data set, specifically, 10 183 from the unlabeled data, 16 010 from the unlabeled
with FAIMS data set, 7319 from the TMT11 data set, 14 635 from the TMT11 with FAIMS
data set, 6700 from the TMTprol6 data set, and 13 960 from the TMTprol6 with FAIMS
data set. These data supported further that the highest number of data set-unique peptides
were obtained from the FAIMS data sets. Instrument methods with FAIMS were designed to
alternate across three compensation voltage (CVs), specifically —40, —60, and —80 V, for
sequential scans in efforts to select a diverse population of ions. Liquid chromatography-
based fractionation combined with the advantages of gas-phase separation allowed us to
substantially increase the depth of peptide identification for each labeling approach as
FAIMS reduced the chemical noise and enhanced the dynamic range of quantification,32:33
These findings were also illustrated in a series of Venn diagrams. Comparing the three
labeling approaches with data acquired without FAIMS revealed that 56 239 peptides (30%)
were common among all three data sets, while 39-44% were common between any two data
sets (Figure 2B). However, we observed slightly less overlap in the data sets analyzed with
FAIMS among the differentially labeled data sets. Specifically, 50 155 peptides (23%) were
common in all three data sets, while 30-37% were common between any two data sets
(Figure 2C). The discrepancy between the number of overlapping peptides acquired with and
without FAIMS supported again our previous observations that greater peptide depth and
diversity was obtained when using FAIMS regardless of labeling strategy.

We next investigated if the lack of overlap persisted in a similar analysis of the proteins
identified in each data set. We again illustrated the protein level overlap using an upset plot
(Figure S1B). This plot showed that 8410 proteins (of 11 482 total) were represented in all
six data sets, which is over 72% of the total proteins across the six data sets. In fact, the
highest number of proteins identified in only a single data set was 34. These data suggested
that although the peptide overlap was modest, those findings did not translate to the protein
level as we identified many of the same proteins in all six data sets. We also illustrated these
findings in a series of Venn diagrams. Comparing the three labeling approaches without
FAIMS revealed that 9081 proteins (82%) were common in all three differentially labeled
data sets, while that value approached 85% considering overlap in at least two data sets
(Figure 2D). Likewise, with data acquired using FAIMS, 9837 proteins (89%) were common
in all differentially labeled data sets, while only slightly more (~93%) were common when
including those between any two labeling approaches (Figure 2E). The high overlap at the
protein level reinforced further the comprehensiveness of these data sets.

To emphasize further the advantage of FAIMS, we performed pairwise comparisons of the
number of peptides and proteins for each labeling approach between data acquired with and
without FAIMS using a series of Venn diagrams. The peptide overlap ranged between 44%
and 51% for unlabeled (Figure S2A), TMT11-labeled (Figure S2B), and TMTprol16-labeled
(Figure S2C) peptides, supporting the data presented in the corresponding upset plot (Figure
S1A). As expected, the protein level data again demonstrated high overlap. Specifically, the
protein overlap ranged between 87% and 90% for unlabeled (Figure S2D), TMT11-labeled
(Figure S2E), and TMTprol6-labeled (Figure S2F) data sets. We noted that for all
comparisons between FAIMS and non-FAIMS data sets, two to three times more data set-
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unique peptides were identified in the FAIMS data sets. Coincidently, the number of data

set-unique proteins in the FAIMS data sets were also two to three times higher than in the
non-FAIMS data sets. These data support further the use of FAIMS for increasing data set
depth.

Differences in Characteristics and Physicochemical Properties of Peptides That Were
Unique to Each of the Six Data Sets Were Minimal

As we noted only modest overlap in peptides matched across the six data sets, we next
examined several characteristics and physicochemical properties of peptides unique to a
given data set. We first examined the XCorr value, which assesses the cross-correlation
between the theoretical and acquired mass spectra (Figure S3A). We noted that the median
and mean of the distributions of XCorr values were similar across all data sets. We observed
that the distribution of peptide lengths was slightly lower and the distribution itself tighter
for data sets collected with FAIMS versus those collected without FAIMS for the same
labeling approach (Figure S3B). Such a result may be expected as the constraints of the three
compensation voltages adds some selectivity with regard to the ions entering the mass
spectrometer. WWhen comparing across labeling approaches, we observed a decrease in
peptide length in the data sets in this order: unlabeled, TMT11, and TMTprol6. To pursue
this finding further, we next examined the distribution of peptide mass (with tag, if
applicable) (Figure S3C). The differences in distributions between the data sets acquired
with FAIMS were smaller than those acquired without FAIMS. In addition, the overall mass
distributions, as well as their means and medians were similar across the three FAIMS data
sets. A slight decrease in peptide mass was observed only in the non-FAIMS data sets. The
order of the data sets by descending mean peptide length was: unlabeled, TMT11 and
TMTprol6. We then calculated the masses of peptides stripped of isobaric labels (if
applicable) and plotted the distribution of the data set-unique peptides (Figure S3D).
Overall, similar trends were observed, as we again noted a tighter distribution when using
FAIMS than not. However, now we also observed a decrease in peptide mass (stripped of
modifications) across labeling approaches in both the FAIMS and non-FAIMS-fractionated
data set, closely mimicking the distribution of peptide length (Figure S3B). As such, we
postulate that certain peptides with additional mass due to the tags fell outside the optimal
mass range for the current data acquisition settings. We noted that isobaric tags added mass
to peptides, such that many peptides now had the mass equivalent of two to six more amino
acids. More specifically, if we estimate the average mass of an amino acid residue to be 110
Da, a single TMT11 tag on an arginine-terminating peptide will have added ~229 Da (the
mass equivalent of ~2 amino acid residues), while in the extreme case, two TMTprol6 tags
on a lysine-terminating peptide will have added ~608 Da (the mass equivalent of ~6
residues). These data revealed that further optimization of data acquisition parameters and
investigation thereof may be needed to improve the identification of longer peptides labeled
with TMT or TMTpro reagents.

In addition, we interrogated several other characteristics for data set-unique peptides, but
these differences were less significant among labeling approaches. Although the distribution
of isoelectric points (pl) did not differ by labeling chemistry, we observed a minor increase
in pl values for FAIMS-fractionated data sets (Figure S3E). This finding has not been
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reported previously but may merit further investigation. We similarly noticed a slight
decrease in charge state (2) distribution for the samples acquired using FAIMS compared to
without, yet no difference was observed across labeling approaches (Figure S3F). Moreover,
we noted no significant difference in peak width distribution for any subset of the peptides
queried (Figure S3G). Likewise, the distribution of other physicochemical properties, such
as the GRAVY index38 (Figure S3H), which is a measure of hydrophobicity, the aliphatic
index3? (Figure S31), which is based on the number of aliphatic residues on a peptide, and
the instability index4° (Figure S3J) were similar for the data set-unique peptides across all
data sets. Overall, we conclude that the starkest differences in the characteristics tested for
data set-unique peptides were mass and length across labeling approaches. Moreover, the
data sets acquired using FAIMS demonstrated tighter distributions that may be reflective of
the selectivity attained by limiting the CV values chosen for gas phase separation.

Six Additional Data Sets Were Collected to Interrogate the Phosphoproteome of NIH/3T3
Cells Also Using Three Labeling and Two Data Acquisition Strategies

As performed for the whole cell proteome analysis, NIH/3T3 cells were processed using an
SL-TMT-based protocol which included an additional Fe2*-NTA phosphopeptide
enrichment step following proteolytic digestion and prior to labeling (if applicable)3’
(Figure S4). To enhance the breadth of the phosphopeptide data sets, the cells were treated
with pervanadate (which inhibits tyrosine phosphatases) and calyculin A (which inhibits
serine and threonine phosphatases). Aside from phosphopeptide enrichment with Fe2*-NTA,
sample processing was identical to the whole cell proteome except for the concatenation
strategy for the BPRP fractions. Here, every twelfth sample was combined, resulting in only
12 superfractions. Each superfraction was analyzed over a 90 min gradient on an Orbitrap
Eclipse mass spectrometer. Again, we loaded 1 /g of peptide on-column for non-FAIMS
analysis, and 2 g of peptide for FAIMS-based analysis. 2! In total, we analyzed 72 samples,
that together comprised six data sets of unlabeled, TMT11-labeled, and TMTprol16-labeled
phosphopeptides, which were again analyzed with and without FAIMS.

The analysis for each data set revealed similar numbers of identified unique
phosphopeptides and phosphoproteins regardless of tag or data acquisition strategy. A total
of 828 228 phosphopeptides were matched to a mouse tryptic database at a peptide FDR of
less than 1%. Of these phosphopeptides, 188 849 were unique in sequence and
phosphorylation pattern. These phosphopeptides originated from 8318 proteins in total
across the six data sets at a 1% protein FDR (Figure 3A). As in the whole proteome data
sets, the use of FAIMS increased phosphopeptide and proteome depth for a given labeling
strategy. However, the upset plots for the Fe2*-NTA-enriched samples showed more
exclusivity of phosphopeptides to a given tag or data acquisition strategy (Figure S5A).
More specifically, only 11 123 phosphopeptides were common in all six data sets, while
over 25 000, over 20 000, and nearly 16 000 phosphopeptides were unique to the unlabeled
+ FAIMS, TMTprol6 + FAIMS, and TMT11 + FAIMS data sets, respectively. Venn
diagrams showed that only 18 880 phosphopeptides (16.5%) (Figure 3B) were shared among
the three data sets when not using FAIMS, while a similar number 21 805 (13.6%) (Figure
3C) were shared among the three data sets using FAIMS. These results contrasted with the
~30% and ~23% overlap in the three whole cell proteome data sets with and without
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FAIMS, respectively (Figure 2B and 2C). However, collapsing phosphopeptide
identifications down to the phosphoprotein level (Figure 3D and 3E) showed overlap among
acquisition methods consistent with that of the whole proteome analysis (Figure 2D and 2E).

Distinct phosphopeptides may be identical in sequence but differ in the number of phosphate
groups on the actual molecule. We limited our searches to singly, doubly, and triply
phosphorylated peptides (Figure 4A). In all six data sets, we observed that ~79-83% of
phosphopeptides identified were singly phosphorylated, while ~15-20% were doubly
phosphorylated, and 1.4-3.7% were triply phosphorylated. We noted a higher percentage of
triply phosphorylated peptides in the data sets analyzed with FAIMS than those without.
Moreover, we detected an increasing trend for a higher percentage of triply phosphorylated
peptides in the order: unlabeled, TMT11, and TMTprol6 irrespective of whether or not
FAIMS was used. We also investigated the distribution of phosphate groups on serine,
threonine, and tyrosine residues (Figure 4B). These pervanadate and calyculin-A treated
cells showed a consistent ratio of ~70:20:10 with respect to pSer:pThr:pTyr peptides across
all data sets. In addition, we assembled the entire data set (<0.05% peptide FDR, <1%
protein FDR), tallied the phosphorylation sites of singly phosphorylated peptides, and
assessed their localization (Figure 4C). In total, we identified 95 674 phosphorylation sites
(including 9429 pTyr sites), of which 76 935 were localized to a single residue with >95%
confidence using the AScore algorithm.3 Like the phosphopeptides (Figure 4B), the
phosphorylation sites were also at a 70:20:10 ratio with respect to pSer:pThr:pTyr sites. This
ratio was skewed from the more commonly accepted 86.5:11.8:1.841 or 83:15:232 ratios
likely due to the effect of the pervanadate and calyculin-A treatments.

The low phosphopeptide overlap suggested that the identification of certain phosphopeptides
may be influenced by the tag, data acquisition strategy, and/or site localization issues. Yet,
like the proteins in the whole cell proteome data sets (Figure S1B), most phosphoproteins
identified (7= 4985) were found in all six Fe2*-NTA-enriched data sets (Figure S5B). As
such, the identification of phosphopeptides may be method-specific, but phosphoproteins
can be more universally identified. At the phosphoprotein level, comparing the three labeling
approaches without FAIMS revealed that 5586 phosphoproteins (71%) were common in all
three differentially labeled data sets, while this value was approximately 85% considering
overlap in at least two data sets (Figure 3D). Likewise, with data acquired using FAIMS,
6494 proteins (79%) were common in all differentially labeled data sets, while this value
was over 90% considering overlap in at least two data sets (Figure 3E). The high overlap at
the phosphoprotein level reinforced the comprehensiveness of these data sets.

We again emphasized the advantage of FAIMS for the Fe2*-NTA enriched data sets by
performing pairwise comparisons of the number of phosphopeptides and phosphoproteins
for each labeling approach between data acquired with and without FAIMS using a series of
Venn diagrams. The peptide overlap ranged between 35% and 45% for unlabeled (Figure
S6A), TMT11-labeled (Figure S6B), and TMTprol6-labeled (Figure S6C) peptides, which
is approximately 10% less than that for the whole cell proteome peptide data sets (Figure
S2A-C). As expected, the phosphoprotein level data again demonstrated high overlap.
Specifically, the protein overlap ranged between 81% and 87% for unlabeled (Figure S6D),
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TMT11-labeled (Figure S6E), and TMTprol6-labeled (Figure S6F) peptides. These data
supported further the advantage of FAIMS for increasing data set depth.

We noted that FAIMS separation increased the number of peptides identified in the whole
cell proteome analysis, as well as in the Fe2*-NTA enriched data sets. The resolution of
FAIMS CVs had been estimated to be 15-20 V,*2 and we used CV = —40, —60, and —80 V.
Recently, instrument software (Thermo Tune 3.4) has allowed for dynamic exclusion across
CVs so as not to acquire MS2 data on the same precursor mass multiple times across
different CVs. As such, we explored the overlapping peptides in all six of our FAIMS data
sets across CVs (Figure S7TA-G). We noted for both the whole cell proteome (Figure S7A-C)
and the Fe2*-NTA enriched data sets (Figure S7D,E) that over 90% of peptides were unique
to a single CV regardless of labeling strategy. These data exemplified the high level of
peptide diversity achieved with FAIMS using CVs of —40, —60, and —80 V.

CONCLUSIONS

We assembled a total of 12 data sets originating from an NIH/3T3 mouse embryonic
fibroblast cell line that encompassed three labeling approaches (unlabeled, TMT11-labeled,
and TMTprol6-labeled) and two data acquisition strategies (ion trap MS2 with and without
FAIMS-based gas-phase separation). Six data sets were of a whole cell proteome tryptic
digest, while the other six were of enriched phosphopeptides. For the whole cell proteome
tryptic digest data sets, we identified a total of 1 509 526 peptide-spectrum matches, of
which 247 630 were unique in sequence, covering 11 482 proteins. In addition, we acquired
828 228 peptide-spectrum matches that corresponded to 188 849 nonredundant
phosphopeptides from 8318 phosphoproteins. Moreover, we designed an interactive R Shiny
application “NIH/3T3 Peptide and Phosphopeptide Viewer,” which can be viewed at https://
wren.hms.harvard.edu/OPapp/ for querying peptides and proteins in our data sets (Figure 5).
Although peptide overlap across data sets was minimal, most identified proteins were
common among the data sets regardless of labeling or data acquisition strategy, which was a
testament to the comprehensiveness of the data sets. We also noted some differences in the
mass and length distribution of peptides that were unique to each of the six data sets. We
postulate that this observation may be a consequence of the addition of the isobaric tags,
which can add a mass equivalent to that of several amino acid residues. Overall, these data
sets provide a rich resource of peptides and phosphopeptides which may be used as starting
points for targeted assays, such as parallel reaction monitoring (PRM),*3 TOMAHAQ,* or
TOMAHTO.% Although the peptides that we analyzed here were of murine origin, 98 684
of these peptides are also found in the human proteome, and these can be used to target
proteins of human origin. We anticipate future data sets to be compiled for other cell types
or organisms using the technologies and strategies highlighted herein.
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Figurel.

Workflow for whole proteome tryptic digest data sets. A mouse embryonic cell line (NIH/
3T3) was harvested, lysed, and processed further using the SL-TMT protocol.37 The tryptic
peptide pool was divided into three aliquots: (1) unlabeled, (2) labeled with TMT11
reagents, and (3) labeled with TMTprol6 reagents. Each aliquot of peptides was fractionated
into 96 fractions using basic-pH reversed-phase (BPRP) chromatography and concatenated
into 24 superfractions. Each superfraction was analyzed on an Orbitrap Eclipse mass

spectrometer with and without FAIMS.
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peptides’

A) dataset label FAIMS 4 ) proteins'
otal unique
1 unlabeled - 317,959 119,313 10,385
2 unlabeled + 284,445 125,528 10,723
3 TMT11 - 244,932 121,468 9,921
4 TMT11 + 238,005 133,831 10,738
5 TMTpro16 = 216,647 118,264 9,943
6 TMTpro16 + 207,538 123,670 10,647
Dataset Total: 1,509,526 247,630 11,482

1 Peptide false discovery rate (FDR) <1% across the six datasets. tProtein FDR <1%.
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Overview of the whole proteome tryptic digest data sets. (A) Table of total and unique
peptides, as well as proteins for all six whole proteome tryptic digest data sets. Proteins
identified with single peptides are included in the tally. Venn diagrams illustrating the
overlap of the unlabeled, TMT11, and TMTprol6 data sets at the peptide level (B) without
using FAIMS and (C) with FAIMS, and at the protein level (D) without FAIMS and (E) with

FAIMS.
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A) dataset label FAIMS phosphopeptldgs* phosphoproteinst
total unique

7 unlabeled - 146,891 70,433 7,130

8 unlabeled + 169,154 83,472 7,497

9 TMT11 - 110,354 56,196 6,635

10 TMT11 + 138,132 77,894 7,430

1 TMTpro16 - 107,014 53,574 6,521

12 TMTpro16 + 156,683 84,034 7,545

Dataset Total: 828,228 188,849 8,318

T Peptide false discovery rate (FDR) <1% across the six datasets. TtProtein FDR <‘1%.
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Figure 3.
Overview of the Fe2*-NTA-enriched phosphopeptide data sets. (A) Table of total and unique

phosphopeptides, as well as phosphoproteins quantified for all six Fe2*-NTA-enriched data
sets. Proteins identified with single peptides are included in the tally. \enn diagrams
illustrating the overlap of the unlabeled, TMT11, and TMTprol6 data sets at the peptide
level (B) without using FAIMS and (C) with FAIMS, and at the protein level (D) without
using FAIMS and (E) with FAIMS.
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Singly, doubly, and triply phosphorylated peptides
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Characteristics of Fe2*-NTA-enriched phosphopeptide data sets. (A) Bar graphs illustrating
the number of singly, doubly, and triply phosphorylated peptides across the six
phosphopeptide data sets. (B) Bar graphs summarizing the number of phosphopeptides with
at least one phosphorylated serine (pSer), threonine (pThr), and tyrosine (pTyr) residue
across the six data sets. (C) Bar graph depicting the number of identified and localized
phosphorylation sites for all six data sets. We tally the numbers of serine (pSer), threonine
(pThr), and tyrosine (pTyr)-centered motifs for phosphorylation sites with a single
phosphorylation site per peptide.
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NIH/3T3 Mouse Cell Line Tryptic Peptide Viewer

Gene Symbol: Aak1

UniProt Accession No.: Q3UHJ0

AP; 1(EQ27.11.9) 1)

113 peptides were detected in total, including 74 phosphorylated peptides.
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The NIH/3T3 Mouse Cell Line Tryptic Peptide Viewer. (A) Proteins may be selected from a
drop-down list by typing in key letters.. Gene symbols and UniProt accession numbers are
listed in pairs. (B) Tab panels with overall information in one tab, and PSM information in
the other tab. In the “Overall Info” tab, total peptide numbers are summarized. A link to the
UniProt entry of the selected protein is provided. In the “PSM Percentile Rank” tab, a

histogram showing the logyo(PSM) distribution is presented. PS

Ms of the proteins with

selected gene symbol and the percentile ranks of the logi9(PSM) are labeled on the plot. (C)
Nonphosphorylated peptides are listed in one tab, and phosphorylated peptides listed in
another. The data table outputs all the peptides assigned to the selected protein and the
peptide spectrum match (PSM) numbers under different analytical conditions. The search
box on the right corner allows character searches, such as amino acid residues. After

clicking on a row, the peptide sequence will be copied into (D),

a peptide search box.

Clicking the search button submits the search, and a blast hyperlink will appear below. (E)
The peptide detail table displays the peptides with modifications (if any), peptide
characteristics, and the phosphorylation site localization score (if applicable). The

application is available at https://wren.hms.harvard.edu/OPapp/.
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