1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Proteome Res. Author manuscript; available in PMC 2020 July 03.

-, HHS Public Access
«

Published in final edited form as:
J Proteome Res. 2020 January 03; 19(1): 554-560. doi:10.1021/acs.jproteome.9b00759.

Optimized Workflow for Multiplexed Phosphorylation Analysis of
TMT-Labeled Peptides Using High-Field Asymmetric Waveform
lon Mobility Spectrometry

Devin K. Schweppe™# Scott F. Rusint#, Steven P. Gygi', Joao A. Paulo™’

TDepartment of Cell Biology, Harvard Medical School, Boston, Massachusetts 02115, United
States

Abstract

Phosphorylation is a post-translational modification with a vital role in cellular signaling. Isobaric
labeling-based strategies, such as tandem mass tags (TMT), can measure the relative
phosphorylation states of peptides in a multiplexed format. However, the low stoichiometry of
protein phosphorylation constrains the depth of phosphopeptide analysis by mass spectrometry. As
such, robust and sensitive workflows are required. Here we evaluate and optimize high-Field
Asymmetric waveform lon Mobility Spectrometry (FAIMS) coupled to Orbitrap Tribrid mass
spectrometers for the analysis of TMT-labeled phosphopeptides. We determined that using
FAIMS-MS3 with three compensation voltages (CV) in a single method (e.g., CV = —-40/-60/-80
V) maximizes phosphopeptide coverage while minimizing inter-CV overlap. Furthermore,
consecutive analyses using MSA-CID (multistage activation collision-induced dissociation) and
HCD (higherenergy collisional dissociation) fragmentation at the MS2 stage increases the depth of
phosphorylation analysis. The methodology and results outlined herein provide a template for
tailoring optimized FAIMS-based methods.
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INTRODUCTION

The comprehensive analysis of post-translational modifications (PTM) by mass
spectrometry-based proteomics is challenging. Protein phosphorylation is a PTM of central
importance in cellular signaling and is essential to numerous cellular functions.
Dysregulation of phosphorylation-associated signaling cascades has often been implicated in
diseases, most notably in cancer.! Moreover, kinases and phosphatases constitute about 2%
of the human genome.2 Three in every four proteins are estimated to be phosphorylated in
their life cycle; however, the overall phosphorylation stoichiometry at any given time is
typically low.3 Due to low stoichiometry, the abundance of phosphorylation is orders of
magnitude below that of the unphosphorylated peptide, and as such, improvements in
sample preparation, data collection, and analysis are needed to increase phosphopeptide
coverage. The adaptation of novel methods and technologies to enhance phosphopeptide
analysis is imperative to expand our understanding of phosphorylation-related cellular
signaling.

Isobaric tag-based proteome profiling is a leading technology for multiplexed proteomic and
phosphoproteomic analysis of complex peptide mixtures.® Sample multiplexing allows for
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improved statistical power by including replicates within a single experiment and limiting
missing values which often occur across experiments. The introduction of the SL-TMT
(streamlined tandem mass tag) protocol simplified isobaric tag-based proteome profiling.” A
“mini-phos” analysis is integrated in the SL-TMT workflow, which facilitates a single,
small-scale phosphopeptide enrichment as part of any TMT experiment.8 Such analysis
permits the survey of several thousand phosphorylation sites with nominal cost and minimal
effort. The adoption of “mini-phos” analyses is hampered by lack of depth due to the
relatively low amount of analyte compared to larger-scale studies that enrich from several
milligrams of protein lysate.>10 As such, a need exists for analytically deep, yet highly
efficient, phosphorylation analysis workflows. Here we aim to increase the depth of
phosphopeptide analysis at the data collection level when using ion mobility separation prior
to synchronous precursor selection (SPS)-MS3 analysis.

We apply and optimize high-field asymmetric waveform ion mobility spectrometry (FAIMS)
for the analysis of isobaric tag-labeled, phosphorylated peptide-enriched samples using the
recently introduced FAIMS-Pro interface.11-13 FAIMS separates on the basis of differences
in mobility in high and low electric fields, here generated from an asymmetric waveform as
they transit between an inner and outer electrode.14-18 This asymmetric waveform applies a
short high positive voltage— the peak which is termed “dispersion voltage” or “DV”—and a
longer low negative voltage. The drift of an ion toward electrodes can be stopped by the
application of a tunable small dc voltage (“compensation voltage” or “CV”) to either of the
plates to compensate for the ion drift. A peptidic ion travels through the plates at a specific
characteristic CV value, so alternating CVs can rapidly separate different types of ions.1’
lon mobility is dependent upon an ion’s mass, charge, size, and shape as it traverses the
electrode and collides with the buffer gas molecules. This segregation is orthogonal to that
of liquid chromatography-based separation.

Advantages of FAIMS include reduced chemical noise and enhanced detection.18 We
previously leveraged these benefits to measure interference for whole proteome analysis
using the TKO (triple knock out) standard.19-20 Those data showed lower interference for
FAIMS-MS3 compared to the traditional SPS-MS3 method.1! Here, we investigated (1) the
effect of different CVs and combinations thereof and (2) the advantages of using collision-
induced dissociation (CID) or higher-energy collisional dissociation (HCD) activation
energy in the MS2 stage for SPS-MS3 analyses. We optimized the FAIMS-based analysis of
phosphopeptides derivatized with both classic TMT and the recently released TMTpro
chemistry for single shot analyses. Our data demonstrate how FAIMS can be used to
improve the depth of multiplexed phosphorylation site analysis and provide a foundation for
other investigators studying phosphorylation or any other post-translational modification.

METHODS

Sample Preparation

The samples used were immobilized metal affinity-chromatography-enriched
phosphopeptides from human cell lines (HCT116) or mouse brain tissue,?! as processed
using the SL-TMT protocol.” Phosphopeptides were enriched using the High-Select Fe-NTA
Phosphopeptide Enrichment Kit® and desalted (C18 SepPak, Waters). Enriched
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phosphopeptides were labeled as described previously with TMT or TMTpro0.” For
TMT10, the labeled peptides were mixed 1:1 across all channels, and desalted (C18 SepPak,
Waters) prior to use. Further details are available in the Supporting Information.

Mass Spectrometric Data Acquisition and Data Analysis

Labeled peptides were resuspended in 5% ACN/5% formic acid at 1 mg/mL and loaded at 1
14, unless noted otherwise, on an in-house pulled C18 column (30-35 cm, 2.6 xm Accucore
(Thermo Fisher), 100 t/m ID), and eluted using a linear gradient from 100% buffer A (5%
ACN, 0.125% formic acid) to 30% buffer B (95% ACN, 0.125% formic acid) using an Easy-
nLC 1000 (Thermo Scientific). Eluted peptides were analyzed by an Orbitrap Fusion or
Fusion Lumos mass spectrometer over a 1-3 h gradient. Instrument parameter details,
corresponding to a given figure, are outlined in Table S1. In all cases, the dispersion voltage
is set at —5000 V. MS1 features were determined using RawFileReader (https://
planetorbitrap.com/rawfilereader).

Data Were Processed via a SEQUEST v 28 (rev. 12)-Based Pipeline Searches and Linear
Discriminant Analysis10.22

Tags on lysine residues and peptide N-termini (TMT10: +229.163 Da, TMTO: +224.152 Da,
or TMTpro0: +295.190 Da) and carbamidomethylation of cysteine residues (+57.021 Da)
were set as static modifications, while oxidation of methionine residues (+15.995 Da) and
phosphorylation (+79.966 Da) were set as variable modifications. Peptide-spectrum matches
(PSMs) were adjusted to a 1% false discovery rate (FDR).23:24 Further details are available
in the Supporting Information.

Data Access

RAW files will be made available upon request. In addition, the data have been deposited to
the ProteomeXchange Consortium via the PRIDE2° partner repository with the data set
identifier PXD014593. Table S2 includes tables of the data represented in the figures.

RESULTS AND DISCUSSION

The potential for analytically deeper data acquisition and improved quantitative accuracy in
isobaric tag-based workflows has greatly expanded by the use of FAIMS.11.13 In the current
work, we aimed to determine if FAIMS could be employed to improve multiplexed
phosphoproteome analysis. We have shown previously that optimizing method
compensation voltages (CV) within a single method can improve proteome coverage.1 We
note that the physical properties of phosphorylated peptides differ from their
nonphosphorylated counterparts; in addition, the chemical properties of multiplex labeled
peptides vary from metabolically labeled or label-free peptides. As such, here, we sought to
optimize FAIMS methods for multiplexed phosphopeptide analysis.

To generate a diverse phosphoproteome standard we employed two sample types in this
work. The first was a phospho-enriched (enrichment >95%) tryptic digest of HCT116 lysate
(human, Figure 1A), and the second was primary murine phosphopeptides derived from
whole brain lysates. We chose these samples as they represent two core areas of interest, the

J Proteome Res. Author manuscript; available in PMC 2020 July 03.


https://planetorbitrap.com/rawfilereader
https://planetorbitrap.com/rawfilereader

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schweppe et al.

Page 5

first being in vitro analysis of dynamic phosphoproteomic signaling and the second the
profiling of phosphoproteomic signatures in primary tissues.?1:26:27 |n both cases,
phosphopeptides were enriched prior to TMT labeling to more efficiently use the labeling
reagent on only the phosphopeptides rather than the whole proteome (Figure 1A).

Initially we tested the effect of derivatization on phosphopeptide distributions across an
array of CVs (=110 V to —10 V). The instrument (Orbitrap Lumos) acquired MS1 scans at
each of the 21 CV values in series for each duty cycle. We then measured and compared the
total MS1 features and their charge observed for each CV. We observed that for the three
chemistries tested (label-free, TMT10, and TMTpro), the distribution of MS1 features was
noticeably shifted depending on the labeling strategy, particularly for the z = +2 features
(Figures 1B and S1A). We concluded that specific FAIMS optimization would be necessary
depending on the chemistry used.

Previous work has reported the utility of FAIMS for phosphoproteomics as either better than
or worse than non-FAIMS methods (i.e., offline fractionation).1228 Thus, we were interested
in establishing whether FAIMS would benefit multiplexed phosphoproteomic workflows. To
optimize the identification of labeled phosphorylated peptides, we designed individual LC-
MS/MS methods with CVs ranging from =20 V to =120 V in 10 V increments (FAIMS-Pro,
Orbitrap Lumos). We compared the total identifications observed across this broad CV range
(no identifications were observed at CV = -110 V or =120 V), using HRMS2-based analysis
of replicate sample injections (Figure 1C). The maximal identification rate for unique
peptides was observed at CV = -80 V, which contrasts that of nonphosphorylated samples
from a previous study (CV = -50 V).11 This finding confirms our speculation that due to the
phosphorylation event, phosphopeptides were stable in the FAIMS device under different
electric fields compared to bulk peptide samples. We also note that by using FAIMS at a
single CV of —-80 V, the total unique peptide identification was similar to the replicate non-
FAIMS HRMS?2 analyses. We next examined the charge state distribution of the
phosphopeptides with respect to CV (Figure S1D). Precursors with a 3+ charge state
dominated the phosphopeptide population, as expected. Lower CVs, i.e. < —-80 V, exhibited a
predominance of 3+ ions, while higher CVs demonstrated a prominent increase in the
number of 2+ and change states greater than 3+.

One benefit of the new FAIMS-Pro device was the ability to quickly switch between
different CVs within a single method (dwell time ~25 ms).2% We and others previously
showed that combining multiple CVs within a single run or between runs improved whole
proteome coverage.11-13 Therefore, we next tested if increasing the number of CVs within a
single method (multi-CV method) increased the unique peptide identifications for
nonderivatized (label-free) and derivatized (TMT and TMTpro) samples. We chose CVs for
multi-CV methods that either included the maxima observed in Figure 1B (CV =-80 V) or
CVs near this value. We note that the low resolution of the FAIMS-Pro device enabled
detection of the same precursors across nearby CVs.11 As the relative maxima of unique
peptide identifications were observed at CV = -70/- 80 V, we initially chose CVs near these
values for the two-CV method (Figures 1B and S2A,B). As expected, for all of the peptide
chemistries we tested, this two-CV method improved identification rates (Figure 1D).
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Expanding on this work to determine the optimal CVs for a triple-CV method, we tested a
combination of CVs over a 45 V range including the method previously observed to improve
multiplexed nonenriched proteome coverage and quantitation (CV = —40/-60/-80 V).11 We
examined the overlap among CVs using an upset plot.3% The CVs -80, -70, and —60 V/
generated the highest number of peptides; however, the overlap between these CVs was the
highest of the binary comparisons (Figure S2A). As such, we selected a lower CV (=40 V or
-45 V or -55 V), with a smaller intersection of unique peptide identifications. We further
designed an LC-MS/MS data acquisition strategy that cycled through 19 different CVs from
-10V to —100 V in 5 V increments in a single run (Figure S3A). We aimed to maximize the
peptide diversity and total unique peptide identifications of different CV combinations by
comparing the intersection of identified peptides between any two CVs, (e.g.,, CV = -65V
and all 18 other CVs). We noted that the parallelized FT (Fourier transform) cycle time plus
CV dwell time for all 19 CVs was less than the average peak width (Figure S3B). We
observed the maximum total peptides (with low peptide overlap between CVs) when the
ACV was 15-20 V for both low(Figure S3C) and high-resolution (Figure S3D) MS2
fragmentation spectra, in keeping with previous studies.1! Taking a CV in the middle of the
phosphopeptide distribution (CV = -65 V), we observed the maximum total peptides across
two CVs at CV = -40/-75 V and CV = -45/-80 V for low- and high-resolution MS2
spectra, respectively. Furthermore, we observed that beyond a 10 V difference in CV,
FAIMS peptide separation was commensurate with what we typically obtained with off-line
fractionation’31 (i.e., an intersection <10% unique peptides, Figure S3E). A direct
comparison thereof was not performed here, but merits future consideration. Based on these
data, we tested replicate triple-CV methods using (1) CV = -40/-60/-80, (2) CV =

-45/- 65/-85, and (3) CV = -55/-65/-85 (Figure 1D). Combining triple-CV methods
resulted in 30% more unique peptide identifications than HRMS2 analysis without FAIMS
for the three peptide label chemistries tested (Figure 1D). Interestingly, for both the classic
TMT and TMTpro chemistries, we observed no significant difference between the triple CV
methods tested (p-value <0.05), suggesting that the low resolution FAIMS device enables
these methods to capture a diverse population of phosphopeptides even with moderate shifts
in the CV.

To explore further, we examined the proportions of peptides with a given charge state across
CVs (Figure S2C). The charge state distributions remained relatively constant for SPS-MS3
(no FAIMS), HRMS2 (no FAIMS), as well as methods with 2 or 3 CVs. We observed
differences in the charge state distribution in the single CV analyses, where the proportion of
2+ and 3+ ions increases with higher (less negative) CVs, as a result of FAIMS separation.
Strikingly, we noted that the optimized FAIMS CVs (e.g., —80/-60/-40 V) for
phosphoproteomic analysis were like those observed previously for TMT-tagged, but
nonphosphorylated, peptides.1! These data (coupled to those highlighted in Figure S1)
suggest that the TMT tag (whether classic TMT or TMTpro) may exert an equal or greater
effect on the FAIMS stability of the observed peptides than the phosphorylation event.
Furthermore, we observed that the stability of TMT-labeled phosphopeptides diverged from
nonderivatized phosphopeptides reinforcing the need to optimize and validate methods
specifically for labeled phosphopeptides.
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Next, we examined peptide spectral match metrics to determine if FAIMS introduced any
inherent biases in the phosphoproteomic analyses. The SEQUEST XCorr value was higher
in the SPS-MS3 method which used CID-activation at the MS2 stage, as well as low
resolution mass analysis (Figure S2D). However, the remaining methods which all used
HCDactivation at the MS2 stage and high-resolution (Orbitrap) fragment analysis generated
lower, but acceptable, XCorr values. We concluded that using FAIMS and different CVs (or
combinations of CVs) did not influence the quality of the MS2 spectra. Our data also
showed relatively constant observed mass-to-charge ratios for SPS-MS3 (no FAIMS),
HRMS2 (no FAIMS), as well as methods with 2 or 3 CVs (Figure S2E). However, when
scanning CVs from —-10 V to —100 V, we observed a downward trend in peptide //zas the
CVs decreased (i.e., become more negative). Likewise, an identical pattern was observed for
peptide length, as expected (Figure S2F). These data illustrated that CV-specific differences
exist which may be used to identify specific sets of phosphopeptides. Similarly, we noted
that deviations from HRMS?2 regarding the distribution of 7777z and peptide length were
rectified by using multiple CVs in a single method. Specifically, methods with multiple CVs
allowed for diverse populations of ions to be interrogated while increasing depth of
phosphopeptide analysis.

We also tested if FAIMS biased phosphoproteomics for either of the most common methods
of SPS-MS3-based phosphorylation analysis that use multistage activation-enhanced CID
(MSA-CID, hereafter “MSA”)32 or lower energy HCD (NCE = 30-32) activation.” We
compared the number of unique peptides identified with these activation modalities in
quadruplicate analyses using CV = -80/-60/- 40 V on an Orbitrap Fusion Lumos mass
spectrometer (Figure 2A). We also tested the utility of phosphorylation-specific (PS) neutral
loss ion fragments for improving peptide identification, which is an option available in the
SEQUEST search engine (Figure S4A).33 CID activation without MSA resulted in the
lowest number of phosphopeptide identifications while CID-MSA consistently generated the
highest number of identifications. We observed an increase in the number of identified
phosphopeptides when using phosphorylation-specific search with HCD or MSA data, as
these methods are more likely to produce such fragments compared to standard CID.33 No
effect was observed for fragmentation or search strategies for the nonphosphorylated
peptides in the same runs (Figure S4A).

To analyze these data further, we compared the overlap among methods with different
activation types and replicates there of (Figure 2A,B). Our findings show that the overlap
was lower, and a modest increase in unique peptides was observed when MSA
fragmentation is complemented with a second, separate analysis using HCD fragmentation
as opposed to two back-to-back analyses with MSA (3—-4% improvement, ANOVA, Tukey
HSD). Moreover, for the murine phosphoproteome sample we observed an increase in the
number of unique peptides and phosphopeptides when FAIMS-MS3 was used versus non-
FAIMS-MS3 for both fragmentation strategies (Figure S4B). Therefore, as with the cell line
study, FAIMS-MS3 improved the number of singly, doubly, and triply phosphorylated
peptides compared to standard SPS-MS3.

We, and others, have shown the advantages of SPS-MS3 over HRMS?2 for reducing ion
interference-related ratio compression.19:20.34-37 Here, we used TMT-labeled
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phosphopeptides from a tryptic digest of mouse whole brain lysate to optimize FAIMS for
SPS-MS3 data acquisition. Such samples are not as readily available as those from cell
culture, but developing methods for effective isolation, enrichment, and analysis of primary
tissue phosphoproteomes continues to be one of the most challenging for quantitative
proteomic methods.21:26.27 \We compared MSA and HCD as the MS2 collision type, with no
FAIMS voltage and three different triple CVs methods on both the Orbitrap Fusion and
Fusion Lumos mass spectrometers (Figure 2C). Marked improvement in the humber of
phosphopeptides was observed when the FAIMS electric field was applied, compared to
without, for both instruments. As with the cell line data, we observed more quantifiable
phosphopeptides when we employed FAIMS compared to the same analyses without
applying FAIMS voltages (Figures 2D and S4C).

We observed a slight difference in the number of phosphopeptides between HCD and MSA-
CID. Thus, we recommend that samples, such as those prepared using the “mini-phos”
protocol,” should be analyzed once by each method to ensure robust identification of unique
phosphopeptides, if the sample amount permits.

CONCLUSIONS

We have presented FAIMS as a strategy to increase the depth of TMT-labeled
phosphopeptide analysis. We present an optimized workflow using the recently released
FAIMS-Pro coupled with a Tribrid mass spectrometer!! that provided consistent
improvement in identified phosphopeptides for both cell line- and primary tissue-derived
samples. Inclusion of two separate sample injections with different collision energy types
(HCD and MSA-CID) further improved the diversity of phosphopeptide identifications.
Concerning the choice of CVs, we obtained similar identification rates (within 10%) with
different CV combinations so long as three CVs were used for multiplexed analyses. Thus,
the potential exists that specific CV combinations, as well as our comparison of HCD versus
CID-MSA activation, may vary on a given instrument and sample type, as displayed herein
by differences in Fusion versus Lumos instruments and cell lysate versus brain tissue
samples, respectively. Nonetheless, we have presented a template as a starting point that may
be followed to best optimize a given system for multiplexed phosphoproteome analysis.
Furthermore, different combinatorial CV methods across replicate injections may further
increase phosphoproteome depth, as demonstrated by Pfammatter et al.13 Finally, to
maximize the utility of both HCD- and MSA-based analyses, we recommend the inclusion
of phosphorylation-specific ion searching to improve scoring and downstream site
localization.33 In summary, we have introduced, assessed, and optimized FAIMS for TMT-
labeled phosphoproteome analysis and have highlighted the advantages of FAIMS for
increasing the analytical depth of multiplexed phosphoproteomics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Optimizing the FAIMS compensation voltage (CV) for phosphopeptide analysis. A. General
FAIMS workflow for phosphopeptide analysis. Samples were processed using a modified
SL-TMT protocol in which phosphopeptides were enriched prior to TMT labeling. The
resulting peptides were analyzed by a FAIMS-Pro-equipped Orbitrap Fusion or Fusion
Lumos mass spectrometer. B. MS1 features (z= +2) detected at varying compensation
voltages (=110 V to -10 V). C. Unique peptides (divided by degree of phosphorylation)
identified by various data acquisition methods. All data were collected with high-resolution
MS2 (HRMS2) without FAIMS (in triplicates) or with CVs ranging from —100 to =30 V (no
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peptides were identified at =110 V or =20 V). Dotted line represents the proportion of non-
phosphorylated peptides.1! D. Comparison of unique peptides identified as label-free (left),
and derivatized with TMT reagent, (i.e., TMT, middle or TMTpro, right). Analyses were
performed in triplicate. Error bars are standard deviations.
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Benchmarking the selection of optimal FAIMS compensation voltages (CV) for
phosphoproteome analysis. A. Enriched-phosphopeptides from human cell lysate are TMTO-
labeled, fragmented with different fragmentation schemes. B. Matrix of binary comparisons
of the unions of phosphopeptides (total phosphopeptides identified from combining two
runs) found in A. C. Intersection of unique phosphopeptides identified using either HCD or
MSA fragmentation. Error bars: standard deviation. ANOVA, Tukey HSD: * p-value <0.05;
** p-value <0.01. D. Proteins extracted from mouse brain tissue, digested, enriched for
phosphopeptides, and labeled with TMT. The data were collected with different methods
(MSA or HCD, various CV combinations). Bar graphs illustrating the unique quantifiable
phosphopeptides (unique, with summed TMT reporter ion signal-to-noise >200) with

varying acquisition energy and compensation voltages (CV).
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