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One of the major additions in MS technology has been the irruption of the Orbitrap mass
analyzer, which has boosted the proteomics analyses of biological complex samples since its
introduction. Here, we took advantage of the capabilities of the new Orbitrap Fusion Lumos
Tribrid mass spectrometer to assess the performance of different data-dependent acquisition
methods for the identification and quantitation of peptides and phosphopeptides in single-shot
analysis of human whole cell lysates. Our study explored the capabilities of tri-hibrid mass
spectrometers for (phospho-) peptide identification and quantitation using different gradient
lengths, sample amounts, and combinations of different peptide fragmentation types and mass
analyzers. Moreover, the acquisition of the same complex sample with different acquisition
methods resulted in the generation of a dataset to be used as a reference for further analyses,
and a starting point for future optimizations in particular applications.
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1 Introduction

MS has become a robust technology for the identification and
quantitation of a myriad of proteomes [1, 2]. In most high-
throughput proteomic experiments, proteins are digested by
site-specific proteases, and the resulting peptide mixes are
separated by LC and analyzed by MS [3]. Peptide ions elut-
ing from the chromatographic column are often detected in
a survey scan (MS1) and most intense peptide precursor ions
are then further selected for peptide fragmentation and mass
analysis (MS2). The comparison of the acquired MS2 spectra
to theoretical fragmentation spectra or to spectral libraries re-
trieves the corresponding identification of peptide sequences,
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Technology (BIST), Dr. Aiguader 88, 08003 Barcelona, Spain
E-mail: eduard.sabido@crg.cat

Abbreviations: AGC, auto gain control; IT, ion trap; PSM, peptide-
spectrum matches

and protein inference algorithms assign them to protein se-
quences [4]. This bottom-up acquisition strategy, known as
shotgun data-dependent proteomics, has become the method
of choice in biological studies that demand deep proteome
coverage [5, 6]. However, the complexity of proteomes due to
the large dynamic range of protein abundances, the existing
multiple protein variants, and the presence of a vast number
of dynamic posttranslational modifications, have made the
analysis of proteomes a challenge for the current proteomics
technology [7].

In the last decade, the field of MS-based proteomics has
benefited from the advances in instrument sensitivity, mass
resolution, and scanning speed, which have facilitated the
analysis of complete proteomes with minimal sample frac-
tionation and reduced chromatographic separation times
[8–13]. A recent major addition in MS technology has been
the introduction of a new type of tri-hybrid mass spectrome-
ters that combine a quadrupole mass filter with a high-field
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Significance of the study

In this work, we used a new generation tri-hybrid mass
spectrometer to systematically compare the performance of
different combinations of peptide fragmentation and mass

analyzers acquisition methods for single-shot analysis of
the proteome and phosphoproteome of human whole cell
lysates.

Orbitrap mass analyzer and a dual cell linear ion trap (IT)
[14], which resulted in exceptional capabilities in peptide and
protein identification [15]. These new mass spectrometers
enable several peptide fragmentation techniques including
collision-induced dissociation (CID), high-energy collisional
dissociation (HCD), electron-transfer dissociation (ETD), and
their combinations, as well as the possibility of routing ions
to the different types of mass analyzers depending on the de-
sired acquisition application. Although, previous works have
explored the use of different peptide fragmentations [15] or
acquisition methods [16] in the first generation of tri-hybrid
mass spectrometers, here we took advantage of the capabil-
ities of the new Orbitrap Fusion Lumos Tribrid mass spec-
trometer to perform an extensive evaluation of combining
different peptide fragmentations and mass analyzers in the
identification and MS1 label-free quantitation of peptides and
phosphopeptides using data-dependent methods.

2 Materials and methods

2.1 Sample preparation

HeLa cells were purchased at the America Type Culture
Collection (http://www.atcc.org). Cells were cultured in a
100 mm culture plate at 37�C in a 5% CO2 waterlogged at-
mosphere using DMEM (GIBCO, Invitrogen), supplemented
with 10% FBS (GIBCO, Invitrogen), 100 U/mL penicillin, and
100 �g/mL streptomycin (Invitrogen). Confluent cells were
harvested by scraping with 600 �L of 6 M Urea and 100 mM
ammonium bicarbonate. Cell lysates were centrifuged (4�C,
30 min, 13 000 × g), the supernatant was collected and its pro-
tein content was determined using the BCA Protein Quan-
tification Kit (Thermo Fisher Scientific).

HeLa protein extracts were sequentially digested in-
solution with endoproteinase Lys-C and trypsin. Briefly, sam-
ples were initially reduced with DTT (10 mM, 37�C, 60 min),
alkylated with iodoacetamide (IAM, 20 mM, 25�C, 30 min),
and they were diluted to 2 M urea for overnight digestion
with Lys-C at 37�C. Samples were then diluted twofold again
and digested overnight with trypsin at 37�C. Tryptic peptides
were desalted using a C18 column, evaporated to dryness.

Two hundred fifty micrograms of dried HeLa protein di-
gest were dissolved with 10 �L of 3% ACN, 0.1% TFA), and
further diluted with 90 �L of TiO2 loading buffer (80% ACN,
6% TFA). Phosphopeptides were enriched with TiO2-beads as
previously described [17]. Briefly 10 mg of “Titansphere TiO2

5 �m” (GL Sciences Inc., Japan) were washed with 1 mL
of 80% ACN, 0.1% TFA, and resuspended in 1 mL of load-
ing buffer. Fifty microliters of the slurry were transferred
and immobilized in a pipette column and washed with 50
�L of loading buffer. The sample was loaded in the pipette
column and it was washed with 50 �L of washing buffer
(0.1% TFA, 80% ACN).Phosphopeptides were eluted from the
beads with 25 �L of 25% ACN v/v containing 25% NH4OH
m/v, acidified with 10 �L of 10% TFA and vacuum concen-
trated to dryness. Samples were finally diluted to 10 �L with
H2O + 0.1% formic acid prior and 4 �L was loaded into the
chromatographic column for mass spectrometric analysis.

2.2 MS acquisition

The mass spectrometer was operated in positive-ionization
mode with an EASY-Spray nanosource with spray voltage set
at 1.4 kV and source temperature at 275�C. The EASY-IC
mode was used to perform internal calibration (lock mass)
using the fluoranthene radical cation signal at m/z 202.0777
[18]. The instrument was operated in data-dependent acqui-
sition mode, with full MS scans over a mass range of m/z
350–1500 with detection in the Orbitrap (120 K resolution)
and with auto gain control (AGC) set to 100 000. In each cycle
of data-dependent acquisition analysis, following each survey
scan, the most intense ions above a threshold ion count of
30 000 were selected for fragmentation at normalized colli-
sion energy of 28% (HCD) or 35% (CID). The number of
selected precursor ions for fragmentation was determined
by the “Top Speed” acquisition algorithm and a dynamic ex-
clusion of 60 s. Fragment ion spectra were acquired in the
linear IT or the Orbitrap (OT, 30 K resolution) depending on
the method, with an AGC of 4000 and a maximum injection
time of 300 ms for IT MS2 detection, and an AGC of 30 000
and a maximum injection time of 80 ms for Orbitrap MS2 de-
tection. All data were acquired with Xcalibur software v3.0.63
(Tune v2.0 1258).

Different amounts of peptide mixtures derived from di-
gested HeLa cell extract were injected into a nano-UPLC sys-
tem (EASY-nanoLC 1000 liquid chromatograph) equipped
with a 50 cm C18 column (EASY-Spray; 75 �m id, PepMap
RSLC C18, 2 �m particles, 45�C) and hyphenated to an
Orbitrap Fusion LumosTribrid mass spectrometer. Differ-
ent chromatographic gradient lengths from 60 to 240 min
were tested for peptide separation. All gradient started at 5%
ACN (ACN:H2O (5:95), 0.1% FA) and went up to 32% ACN
(ACN:H2O (32:68), 0.1% FA).
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Table 1. Orbitrap Fusion Lumos MS1 and MS2 acquisition parameters

MS1

Detection type Orbitrap
Resolution 120 000
Scan range (m/z) 350–1500
RF lens (%) 30
AGC target 1.00 × 105

Maximum injection time (ms) 50
Change state 2–5
Exclusion duration (s) 60
Mass tolerance (ppm) ±5
Intensity threshold 3.00 × 104

Data-dependent mode Top speed
Precursor priority Most intense

MS2

HCD-IT HCD-FT CID-ITa) CID-FTa)

Isolation mode Quadrupole
Isolation window (m/z) 1.6
Activation type HCD HCD CID CID
Collision energy (%) 28 28 35 35
Detection type Ion trap Orbitrap Ion Trap Orbitrap
Orbitrap resolution NA 30 000 NA 30 000
AGC target 4.00 × 103 3.00 × 104 4.00 × 103 3.00 × 104

All available parallelizable time Yes No Yes No
Maximum injection time (ms) 300 80 300 80

a) In phosphoproteome methods CID with multistage activation (MSA) and a neutral loss of 98 Da were used.
Note that the paramenters used in the IT-based MS2 acquisition methods conform what has been called the “Universal Method,” which
allows using the same instrument settings regardless of the sample amount (PN-49014 from Thermo).

2.3 Data analysis

Proteome Discoverer software suite (v2.0, Thermo Fisher Sci-
entific) and the Mascot search engine (v2.4, Matrix Science)
were used for peptide identification and quantitation. The
data were searched against the Swiss-Prot human database
(version Nov 2015). At the MS1 level, a precursor ion mass
tolerance of 7 ppm was used, and up to three missed cleav-
ages were allowed. The fragment ion mass tolerance was
set to 20 mmu for the Orbitrap MS2 detection methods and
to 0.5 Da for the linear IT MS2 detection methods. Oxida-
tion of methionine, and N-terminal protein acetylation were
defined as variable modifications whereas carbamidomethy-
lation on cysteines was set as a fixed modification. Phospho-
rylation in serine, threonine, and tyrosine was also set as
variable modification in the analysis of the phospho-enriched
samples. In all cases, FDR in peptide identification was
limited to a maximum of 0.01 by using a decoy database
and the Percolator algorithm [19]. Phosphorylation site lo-
calization was calculated using the phosphoRS algorithm
[20]. Quantitation data were retrieved from the “Precursor
ion area detector” node from Proteome Discoverer (v2.0)
using 2 ppm mass tolerance for the peptide extracted ion
current.

The raw proteomics data have been deposited to the PRIDE
repository with the dataset identifier PXD004940.

3 Results and discussion

3.1 Chromatographic gradients and cell lysate

amounts

Initially, we evaluated the performance of the LC–MS system
on single-shot analyses of 1 �g of digested human cell lysates
using a robust data-dependent acquisition method in differ-
ent chromatographic gradients (60, 90, 120, and 240 min) with
HCD peptide fragmentation and MS2 detection in the linear
IT (Table 1 and Supporting Information Table 1). Samples an-
alyzed with this acquisition method rendered a minimum of
4761 protein groups and 32 861 distinct peptides (FDR < 1%)
when merging three single-shot technical replicates with 1 �g
of HeLa digest loaded on column, and a maximum of 5979
protein groups and 50 476 distinct peptides with the longest
gradient (Fig. 1A–C, Table 2). To balance the sample analysis
throughput and the number of identifications, we evaluated
the gain in the number of identified protein groups, peptides,
and peptide-spectrum matches (PSM) with respect to the in-
crease in time considering the 60-min gradient as baseline
(Fig. 1D). This analysis showed that an increase of either 30 or
60 min (90- and 120-min gradients) resulted in a similar pro-
portional increase of identifications, whereas increasing the
analysis time to longer gradients (240 min) was much less ef-
ficient in terms of number of proteins and peptides identified
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Figure 1. Number of protein groups (A), peptides (B), PSM and
triggered MS2 spectra (C) identified from 1�g of total protein
HeLa extract with 60, 90, 120 and 240 min gradient. Samples
were injected in triplicate in an Orbitrap Fusion Lumos using HCD
peptide fragmentation, and fragment ion detection in the IT. All
reported identifications are filtered by a peptide FDR � 1%. Error
bars correspond to standard deviation and solid lines indicate the
number of proteins and peptides identified considering all three
technical replicates as merged files. (D) Additional number of
proteins, peptides and PSM identifications obtained per time unit
of gradient length increment compared to the 60-min gradient.

per additional time. The 90- and 120-min gradients were the
methods that best balanced the number of identified peptides
with the instrument time allocated per sample in the analysis
of complex proteomes, and therefore, the 90-min gradient for
further experiments.

Next, we evaluated the effect that decreasing amounts of
human cell digests had on the performance of the LC–MS
system in terms of PSMs, peptide and protein identifica-
tions. Thus, we analyzed different amounts of digested cell
extract ranging from 4 �g to 100 ng on column in a 90-min
chromatographic gradients with HCD peptide fragmentation
and MS2 detection in the linear IT (Table 1 and Supporting
Information Table 2). Our analyses resulted on average in
�38 500 PSMs per replicate, in �27 500 identified peptides,
and �4700 protein groups with 2 �g of HeLa digest, with
no improvement over 2 �g of digest (Fig. 2 and Table 2).
However, the reduction of cell extract amounts did not result
in drastic losses of identifications and, with the exception of

100 ng, the number of identified peptides and protein groups
was only smoothly decreasing with over 30 000 PSM, 23 000
identified peptides, and 4100 protein groups with only 250 ng
of HeLa digests on column. Within the range of 2 �g to 250 ng
of HeLa digest the MS2 spectra assignment rate was around
40% and an average of around five to six peptides per protein
were identified (Supporting Information Fig. 1).

3.2 Combination of fragmentation techniques and

mass analyzers

The ion routing capabilities and flexibility on peptide frag-
mentation techniques of tri-hybrid mass spectrometers often
raise the question of which peptide fragmentation and mass
analyzer to use for fragment detection that balance analytical
speed and spectra quality and thus, maximize peptide identi-
fication while maintaining good MS1 quantitation properties.
A fair comparison of all combinations might be difficult due
to the multiple variables involved that by definition cannot
be equal in the compared methods. Similarly, given a set of
parameters there exists always the possibility to further opti-
mize them for a particular application and for a given sample
type. Being aware of these myriad of possibilities, we set up to
explore the performance of the different methods combining
HCD or CID peptide fragmentation with fragment ion detec-
tion in the Orbitrap (FT) or the IT mass analyzer using 1 �g of
HeLa digested proteome in a 90-min gradient (Table 1, Sup-
porting Information Figs. 2–5, and Supporting Information
Table 3). The method parameters were chosen to balance the
number of identifications with the generation of high-quality
data for MS1 label-free peptide quantitation, and the results
obtained are meant to be a reference dataset that serves as
starting point for further applications. Note that the parame-
ters used in the IT-based MS2 acquisition methods conform
what has been called the “Universal Method,” which allows
using the same instrument settings regardless of the sample
amount to achieve excellent instrument performance [21].

With the method parameters assessed in this study, we
showed a higher performance of IT-based MS2 methods in
terms of the number of protein groups and peptide identifi-
cations compared to the methods that use the Orbitrap mass
analyzer for fragment ion detection (Fig. 3, Table 2, and Sup-
porting Information Table 4). The observed differences in
performance between IT and Orbitrap-based MS2 methods
were larger when combined with HCD peptide fragmenta-
tion, and among all tested combinations, the method with
HCD peptide fragmentation and IT-based MS2 acquisition
(HCD-IT) was the method rendering the highest number of
protein groups, peptides and PSMs. Noteworthy, all evaluated
acquisition methods were highly reproducible within the ac-
quired technical replicates both in terms of protein and pep-
tide identification, and MS1-based peptide quantitation. For
instance, from the identified 5291 protein groups merging all
three replicates (90 min, MS2 HCD-IT), 3807 protein groups
were consistently identified in every technical replicate and
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Figure 2. Average number of protein groups and peptides (A)
and PSM and triggered MS2 spectra (B) identified per replicate
from different amounts of total protein HeLa extract ranging
from 100 ng to 4 �g. Samples were injected in triplicate with a
90-min gradient in an Orbitrap Fusion Lumos using HCD peptide
fragmentation, and fragment ion detection in the IT. All reported
identifications are filtered by a peptide FDR � 1%. Error bars cor-
respond to standard deviation, and the numbers between lines
represent the average number of peptides per protein group, and
the average number of triggered MS2 spectra per assigned spec-
tra. C) Heatmap representing the areas for all quantified peptides
after mass spectrometric acquisition of the different amounts of
total HeLa protein extract.

over 90% of the quantified distinct peptides exhibited a CV of
peptide MS1 log2-areas below 4% (three technical replicates).
Similar values of CV were obtained for the other methods
under consideration (Fig. 4).

3.3 Instrument performance on phospho-enriched

human samples

The performance of the new tri-hybrid mass analyzer
with the different combinations of peptide fragmentations
and mass analyzers was further assessed with single-shot
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Figure 3. Number of protein groups (A), peptides (B), PSM and
triggered MS2 spectra (C) identified from 1 �g of total protein
HeLa extract with 90-min gradient with different peptide fragmen-
tation and fragment ion detection methods. All reported identifi-
cations are filtered by a peptide FDR � 1%. Error bars correspond
to standard deviation and solid lines indicate the number of pro-
teins and peptides identified searching the three technical repli-
cates as merged files. D) Number of protein groups confidentially
identified in one, two or three out the three technical replicates.

analyses of phospho-enriched human samples using a data-
dependent acquisition method. We injected 25% of a TiO2-
phosphoenriched HeLa sample (250 �g of starting material)
in a 90-min gradient combining HCD or CID-MSA peptide
fragmentation with fragment ion detection in the Orbitrap
(FT) or the IT mass analyzer (Table 1, Supporting Informa-
tion Fig. 6–9, and Supporting Information Table 3).

Figure 4. Correlation plot (A) and CV distribution (B) of the peptide log2-areas corresponding to three technical replicates of 1 �g of total
protein HeLa extract analysed in a 90-min gradient with different combinations of peptide fragmentations and mass analyzers.
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Figure 5. (A) Number of phosphorylated peptides identified from the phospho-enrichment protocol 90-min gradient with different peptide
fragmentation and mass analyzers. All reported identifications are filtered by a peptide FDR � 1%. Error bars correspond to standard
deviation and solid lines indicate the number of proteins and peptides identified searching the three technical replicates as merged files.
(B) CV distribution of peptide log2-areas of three technical replicates of 1 �g of total protein HeLa extract analysed with 90-min gradient
with different combinations of peptide fragmentations and mass analyzers.
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Figure 6. Percentage of identified peptides with one, two, or more
phosphorylation sites with the HCD-FT (A), HCD-IT (B), CIDMSA-
FT (C) and CIDMSA-IT methods.

The phosphoproteome analysis from three technical repli-
cates provided an average identification of ca. 5300 distinct
phosphopeptides per replicate with a 90-min gradient (MS2
HCD-IT), with more than 95% of the peptide log2 areas ex-
hibiting a CV below 15% (Fig. 5, Table 2, and Supporting In-
formation Table 5). Moreover, we observed that the linear IT
MS2 detection methods rendered higher number of identified
phosphorylated peptides compared to Orbitrap-based MS2
methods. Similarly to what we had observed in the proteome
analyses, here the HCD peptide fragmentation methods also
outperformed CID-MSA fragmentation methods in terms
of number of phosphopeptide identifications. Over 90% of
the identified phosphorylated peptides were monophospho-
rylated regardless the acquisition method used (Fig. 6), and
among them, most of the phosphorylation sites were iden-
tified on serine residues (Fig. 7A). The Orbitrap-based MS2
detection method resulted in the highest percentages of con-
fidently assigned phosphorylated sites, probably due to the

high accuracy in the MS2 measurements, with around 90%
of the identified phosphosites exhibiting a phosphoRS score
>90%. Detection of phosphopeptide fragments in the linear
IT resulted in lower percentages of high-confident phosphory-
lation sites, but at the same time rendered a higher absolute
number of identified phosphopeptides with high-confident
site localization (Fig. 7B).

4 Concluding remarks

In this study, we used the fragmentation and ion routing
capabilities of the new tri-hibrid mass spectrometers to eval-
uate the performance of different data-dependent acquisition
methods in the identification and MS1 label-free quantita-
tion of peptides and phosphopeptides in complex biological
samples. Several gradients, sample quantities, peptide frag-
mentation methods, and mass analyzers were tested. Our
results show that among the assessed methods, the HCD
peptide fragmentation and IT-based MS2 acquisition (HCD-
IT) was the acquisition method rendering the highest num-
ber of identified (phospho-)peptides in both the proteome
and phosphoproteome data-dependent analyses, with good
quantitative features and high-confident site localization of
phosphorylated sites.

Moreover, our results reveal the capability of the new Or-
bitrap Fusion Lumos Tribrid mass spectrometer to identify
and quantify thousands of peptides and phosphopeptides in
single-shot analyses of human whole cell lysates with mini-
mal sample fractionation and reduced chromatographic sepa-
ration times. Indeed, the new Orbitrap Fusion Lumos Tribrid
mass spectrometer includes a segmented quadrupole, and
incorporates a new high-capacity transfer tube and an ion
funnel that improve ion transmission and selectivity, thus
reducing accumulation times and increasing scanning rates.
These features, that improve ion transmission, facilitate the
in-depth analysis of human proteome and phosphoproteome
from whole cell lysates, which is of high relevance for the
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Figure 7. Distribution of phosphorylated residues (A) and Phos-
phoRS localization score confidence (B) among the identified
mono-phosphorylated peptides with the different peptide frag-
mentation methods (HCD and CIDMSA) in combination with the
different MS2 mass analyzers (FT and IT).

high-throughput analysis of in vivo samples such as primary
cells and biopsies, as well as, for systems biology applica-
tions that require protein and phosphopeptide quantitation
in multiple samples and experimental conditions.

Finally, with the acquisition of the same complex sample
with different methods assessed in this study, we provide a
complete dataset to be used as a reference dataset for further
analyses, and as starting point for future optimizations in
particular applications.
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