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Although single cell RNA-seq has had a tremendous impact on biological research, a corresponding

technology for unbiased mass spectrometric analysis of single cells has only recently become available.

Significant technological breakthroughs including miniaturized sample handling have enabled proteome

profiling of single cells. Furthermore, trapped ion mobility spectrometry (TIMS) in combination with

parallel accumulation-serial fragmentation operated in data-dependent acquisition mode (DDA-PASEF)

allowed improved proteome coverage from low-input samples. It has been demonstrated that modu-

lating the ion flux in TIMS affects the overall performance of proteome profiling. However, the effect

of TIMS settings on the analysis of low-input samples has been less investigated. Thus, we sought to

optimize the conditions of TIMS with regard to ion accumulation/ramp times and ion mobility range

for low-input samples. We observed that an ion accumulation time of 180 ms and monitoring a nar-

rower ion mobility range from 0.7 to 1.3 V s cm−2 resulted in a substantial gain in the depth of pro-

teome coverage and in detecting proteins with low abundance. We used these optimized conditions

for proteome profiling of sorted human primary T cells, which yielded an average of 365, 804, 1116,

and 1651 proteins from single, five, ten, and forty T cells, respectively. Notably, we demonstrated that

the depth of proteome coverage from a low number of cells was sufficient to delineate several essen-

tial metabolic pathways and the T cell receptor signaling pathway. Finally, we showed the feasibility of

detecting post-translational modifications including phosphorylation and acetylation from single cells.

We believe that such an approach could be applied to label-free analysis of single cells obtained from

clinically relevant samples.

Introduction

Single cell RNA-sequencing has become routine and is already
being applied to solve a variety of biomedical research pro-

blems. However, a corresponding technology for unbiased pro-
teome analysis of single cells has recently been introduced in the
field of proteomics.1,2 Recently, several technological break-
throughs have been achieved to overcome the current limitations
of analytical sensitivity and throughput of single cell
proteomics.3,4 There have been significant improvements in
sample preparation of low-input samples using miniaturized
devices and microfluidic approaches to minimize the loss of ana-
lytes. The nanoPOTS (Nanodroplet Processing in One pot for
Trace Samples) platform has enabled isolation, lysis and diges-
tion of cells in nanoliter volumes of liquids to minimize sample
losses and enable faster reaction kinetics.5 Microfluidic devices
have been developed for processing samples in confined spaces
such as oil,6,7 integrated proteomics chips (iProChip)8 and digital
microfluidic devices.9,10 At the same time, there have been efforts
to increase ion signals using carrier proteins in tandem mass tag
(TMT) labeling approaches such as SCoPE-MS11,12 and BASIL
strategies,13,14 which also provide increased throughput by multi-
plexing samples.
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In addition, a substantial improvement in analyzing single
cells has been achieved by coupling ion mobility spectrometry
which modulates the ion flux introduced into the mass analy-
zer. For example, high field asymmetric ion mobility spec-
trometry (FAIMS) coupled with an orbitrap-based mass
spectrometer improved signal-to-noise ratios of low-input
samples through the removal of singly charged ions.15,16

Trapped ion mobility spectrometry (TIMS) coupled with Q-TOF
mass spectroscopy showed improved sensitivity through syn-
chronizing mobility separation with quadrupole mass selec-
tion using a novel data acquisition scheme termed as parallel
accumulation-serial fragmentation (PASEF).17 More recently, a
timsTOF SCP mass spectrometer has been introduced for the
analysis of low-input samples detecting >550 proteins from ∼1
ng of HeLa lysate in data-dependent acquisition (DDA)
mode.18 The authors further demonstrated that data-indepen-
dent acquisition (DIA) mode on the timsTOF SCP instrument
combined with low flow rate chromatography resulted
in >3000 proteins from the same amount of sample. The
improved sensitivity of this mass spectrometer was
facilitated by a brighter ion source that could draw more ions
into the analyzer. However, the effect of TIMS settings on the
analysis of low-input samples has not been systematically
evaluated.

Therefore, we carried out the optimization of TIMS para-
meters for DDA experiments. First, we varied the ramp time
from 50 to 200 ms while keeping the duty cycle at 100% to use
the same accumulation time. Primary T cells collected from
blood were lysed and digested to prepare serially diluted
peptide samples ranging from10 ng to 156 pg. We found that a
ramp time of 180 ms was optimal for most sample input
amounts, providing identification of low-abundance peptides.
Next, based on the observation that there are more ions in
certain regions of ion mobility space, we narrowed the ion
mobility range to 0.7 to 1.3 V s cm−2, which resulted in 20%
additional protein identification and an increase in protein
sequence coverage compared to the conventional setting.

We next performed unbiased proteome profiling of single
and a low number of primary T cells sorted using a picoliter
dispensing device equipped with a piezoelectric dispensing
capillary. One, five, ten and forty cells were collected in tripli-
cate and analyzed under an optimized TIMS setting, which
resulted in, on average, 365, 804, 1116, and 1651 proteins
identified from single, five, ten, and forty T cells, respectively.
Notably, the depth of proteome coverage in these experiments
was sufficient to explain the essential metabolic pathways such
as glycolysis. Additionally, several key molecules involved in
the TCR signaling pathway were detected from low numbers of
T cells. Importantly, identification of hundreds of phosphory-
lated, lysine acetylated and protein N-terminal acetylated pep-
tides confirmed the feasibility to study post-translational
modifications on single cells. To the best of our knowledge,
this study is the first to deploy single cell proteomics for pro-
teome profiling of primary T cells and shows the feasibility of
adopting such an approach to understand the biology of T
cells at single cell resolution.

Results and discussion
Optimization of ion ramp time in TIMS for low-input samples

A timsTOF instrument is a Q-TOF mass spectrometer equipped
with a dual TIMS analyzer, which allows for parallel processing
of ion accumulation and separation. Ions are collected in the
first TIMS regions over a specific time period (accumulation
time). In the second region, the ions are eluted by decreasing
the voltage gradient over a time (ramp time). Ions with low
mobility (larger collisional cross section, CCS) are eluted first
followed by more mobile ions (smaller CCS). Accumulation
and ramp times can be specified typically within 25 to 200 ms
when analyzing peptide ions. Because accumulation and
release of ions occur in spatially separated regions in parallel,
it enables operation at a duty cycle that is ∼100% if the same
accumulation and ramp times are used. It has been reported
in a previous study using the first generation timsTOF mass
spectrometer that times for accumulating and separating ions
in TIMS are related to the number of features that are selected
for fragmentation, which affects the sensitivity in peptide
identification.17 We hypothesized that modulating the ion flux
in TIMS largely affects the overall performance, especially for
analyzing low-input samples. Therefore, we first evaluated the
effect of ion accumulation and ramp time on identifying pep-
tides and proteins of low-input samples. To accomplish this,
we prepared peptide samples of primary T cells isolated from
blood, and peptides were serially diluted from 10 ng to 156 pg.
Each sample was analyzed through DDA-PASEF using different
ramp times of 50, 100, 150, 180, or 200 ms while keeping the
duty cycle as 100% by using the same accumulation times. As
we used the 10 PASEF scan method, one cycle includes one
MS1 scan and 10 PASEF MS2 scans. The cycle time is calcu-
lated based on the number of PASEF scans and ramp times. At
50, 100, 150, 180, and 200 ms ramp times, the cycle time is
0.62, 1.17, 1.72, 2.05 and 2.27 seconds, respectively (Fig. 1A).
The raw mass spectrometry data were analyzed using
MSFragger in the FragPipe suite for peptide and protein
identification.19

The number of identified peptides and proteins at 100 ms
was substantially lower than those under other conditions.
The longer accumulation and ramp times more than 150 ms
yielded similar numbers of peptides and proteins. The con-
dition of 180 ms from several samples of loading 312 pg, 2.5
ng and 10 ng of peptides showed a slightly higher number of
identifications than other conditions (Fig. 1B). When compar-
ing the intensities of the identified peptides, conditions of
150, 180, and 200 ms slightly shifted to a lower value, which
indicates that accumulating and separating for longer times
provide a chance to sequence peptides of low abundance
(Fig. 1C). One representative example is the peptide
LVVLGSGGVGK which was identified in every run from 625 pg
to 10 ng of loaded peptides. However, this peptide was
sequenced only at ramp times of 180 and 200 ms when inject-
ing 156 pg peptides. In the experiment where 312 pg of pep-
tides were injected, again a short ramp time of 50 ms was not
able to sequence this low abundance peptide. Although the
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intensity of the precursor ion of this peptide in 156 pg of
sample was >30 times lower than the intensity in 10 ng of
sample, the isotopic distribution was clearly interpretable.
Annotated MS/MS spectra from 10 ng and 156 pg samples
showing the same fragmentation pattern also strongly support
the identification of this peptide (Fig. 1D).

We investigated the reason for additional identifications
with longer accumulation and ramp times. The main contri-
bution was the increased number of precursors selected for
fragmentation per PASEF scan. A median of 20 precursor ions
were selected for fragmentation per PASEF scan when using a
ramp time of 180 ms (Fig. 1E). Although more precursor ions
were subjected to fragmentation with a ramp time of 200 ms, a

slightly lower number of proteins were identified compared to
the condition of 180 ms. This is likely because of a longer
cycle time (i.e., 2.3 s) when using 200 ms, which is not optimal
under current chromatography conditions. Based on this, we
decided to use 180 ms for subsequent studies described
below. We should note that additional investigations could be
performed by adjusting other parameters. For example, the
maximum ion counts in TIMS, which is set as 2 000 000 in the
current study, could be adjusted along with the changes in
accumulation time to collect more ions in the TIMS analyzer.
In addition, the maximum number of precursors that are frag-
mented per PASEF scan is locked at 25, which can also be
further modified to acquire more MS/MS scans.

Fig. 1 Optimization of the ramp time of TIMS for low-input samples. (A) Schematic of the experimental workflow using serially diluted peptides
(i.e., 156 pg, 312 pg, 625 pg, 1.25 ng, 2.5 ng, 5 ng and 10 ng) from primary T cells. Peptides were analyzed using a timsTOF SCP mass spectrometer
equipped with dual TIMS where ion accumulation and separation occur. Serially diluted peptides were injected at different ramp times (i.e., 50, 100,
150, 180, and 200 ms). Corresponding cycle times are depicted. (B) Bar charts of identified peptides and proteins at different ramp times. (C)
Distributions of peptide intensities under different conditions. (D) A representative example of a peptide (LVVLGSGGVGK) with low abundance that
was identified by applying a longer ramp time of 180 ms. The extracted ion chromatogram, MS1 spectrum and annotated MS/MS spectrum are
shown for 10 ng and 156 pg samples. (E) Percent of selected precursors for fragmentation per PASEF scan at different TIMS ramp times. Data of the
run injecting 2.5 ng peptides are shown.
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The effect of a narrower ion mobility range on the depth of
proteome coverage

In TIMS, ion mobility is recorded as the inverse of reduced
mobility (K0) which is the measured mobility at standard temp-
erature and pressure. The ion mobility range is generally
scanned from 0.6 to 1.6 V s cm−2 when analyzing peptide ions.
This is the default setting for the DDA-PASEF method in the
timsTOF mass spectrometer, and most experiments were per-
formed using similar settings with minor modifications.17,20,21

Intriguingly, we observed that ion mobility was not fully
exploited in a monitoring range of 0.6–1.6 V s cm−2. Most
identified peptides (98%) were separated between 0.7 and 1.3
V s cm−2 in the samples for analyzing 2.5 ng of peptides with a
ramp time of 180 ms (Fig. 2A). The same trends were observed
for the other samples with a ramp time of 180 ms (Fig. S1†).
This observation motivated us to adjust the ion mobility range

to a narrower region of 0.7–1.3 V s cm−2 to fully utilize TIMS
scanning of ion accumulation and separation on the populated
region. The modified ion mobility range resulted in 6860 pep-
tides corresponding to 1403 proteins from 2.5 ng of peptide
sample. When compared to the result of default setting, 2505
peptides and 318 proteins were additionally identified (Fig. 2B).
This included several proteins known to be elevated in T cells,
such as actin-binding LIM protein 1 (ABLIM1), T cell surface gly-
coprotein CD4, chemokine (C–C motif) receptor 7 (CCR7), CD27
antigen and T cell receptor beta constant 2 (TRBC2). However,
217 proteins among 318 proteins were identified with a single
peptide, and careful manual inspection of MS/MS spectra was
performed. For example, proteins CCR7, CD27 and SATB1 were
identified with one peptide whose annotated MS/MS spectra sup-
ported correct identification (Fig. S2†).

The median log-transformed intensities were 4.3 and 4.1
for peptides identified in both experiments and peptides exclu-

Fig. 2 Effect of adjusting the ion mobility monitoring window on peptide identification to analyze low-input samples. (A) Ion mobility distributions
of identified peptides from the run injecting 2.5 ng peptides with a ramp time of 180 ms. Plots with a default wide ion mobility range (0.6–1.6 V s
cm−2) and a narrow ion mobility range (0.7–1.3 V s cm−2) are shown. (B) Venn diagrams showing comparison of the identified peptides and proteins
from each approach. Several proteins detected only in the setting of the narrow ion mobility window are shown in a box along with the number of
corresponding peptides in parentheses. (C) Box plots showing the intensities of peptides identified in both approaches (orange) and identified exclu-
sively in the narrow ion mobility range (blue). (D) A histogram showing changes in protein sequence coverage in percent by applying a narrow ion
mobility range. A representative example of protein ZAP-70 is described. Peptides shown in green, orange, and blue are peptides identified exclu-
sively in a wide window, for both approaches, and exclusively in a narrow window, respectively. (E) Identified peptides and proteins from triplicate
experiments by injecting 10 ng to 156 pg of peptides using an optimized ramp time and ion mobility range. Orange bars indicate the peptides or pro-
teins identified in all three replicates while yellow bars indicate peptides or proteins identified only in a single run. (F) Correlation matrix showing the
Pearson correlation coefficients of peptide intensities across triplicate experiments.
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sively identified in the narrower ion mobility range, respect-
ively (Fig. 2C). This indicated that the gain through adapting a
narrower ion mobility range specifically benefitted low-abun-
dance peptide identification. We further assessed the benefit
of using the narrower ion mobility range in improved protein
sequence coverage for 1085 proteins identified in both
approaches. Among them, 604 proteins had increased protein
sequence coverage (Fig. 2D). A representative example is
shown with protein zeta-chain-associated protein kinase-70
(ZAP-70), which is activated by engaging a T cell receptor with
the antigen presented in the context of MHC. Following
antigen engagement, ZAP-70 is phosphorylated by LCK, and
subsequent binding of ZAP-70 to the CD3 zeta chain is the
proximal event that initiates the TCR signalling cascade which
results in T cell proliferation, activation and cytokine
secretion.22 Because of these critical roles in T cell function,
obtaining higher protein sequence coverage is important not
only to increase the confidence of identification, but to cover
important modification sites. With narrower ion mobility
setting, 4 peptides were additionally identified, which
increased the protein sequence coverage of ZAP-70 from 6.9 to
13.6%. In conclusion, our data imply that modulating the ion
flux by changing the ion mobility range is beneficial in achiev-
ing increased sensitivity. Interestingly, a recent study using
timsTOF Pro concluded that using a narrower ion mobility
range outperformed a wide range,23 which is well correlated
with our observation on low-input samples.

We analyzed diluted peptide samples again using the opti-
mized settings of the ramp time and narrower ion mobility
range. A substantial increase was observed both in the
number of identified peptides and proteins with optimized
settings. On average, 235, 432, 709, 1112, 1553, 2173 and
2332 proteins were identified from 156 pg, 312 pg, 625 pg,
1.25 ng, 2.5 ng, 5 ng and 10 ng, respectively (Fig. 2E).
Among them, 87, 86, 82, 81, 78, 70, and 66% proteins were
identified in all triplicate experiments. In addition, we
observed robust quantification across triplicate experiments
based on the correlation of the intensities of peptides
(Fig. 2F). Compared to the initial results identifying only 140
proteins from 156 pg of sample (Fig. 1B), there was a signifi-
cant improvement with a 67% increase in the number of
protein identifications. To better understand the perform-
ance of the current mass spectrometry settings, we applied
the optimal settings for proteome profiling of the HeLa
protein digest standard which is widely used as a quality
control sample. Serially diluted peptide samples from the
HeLa protein digest standard (ranging from 10 ng to 156 pg)
were analyzed, which resulted in 502 protein identifications
from 156 pg HeLa lysate (Fig. S3†). We note that match-
between-runs (MBR) which transfers identifications from the
library generated using bulk samples or many cells was not
applied in our current analysis. A primary aim of this study
is to evaluate the benefit of optimal TIMS settings in
sequenced peptides with MS/MS evidence. Further studies
will be focused on deploying false discovery rate controlled
MBR to increase the number of quantified features.24

Proteome profiling of small numbers of primary T cells

We sought to assess the depth of proteome coverage that we
could achieve from single or low numbers of primary T cells
using the optimized TIMS settings for low-input samples. To this
end, primary T cells were isolated from human blood using
density gradient separation followed by enrichment. T cells were
suspended in PBS at a concentration of ∼200 cells per µl and
subjected to the cellenONE platform which can isolate single
cells and dispense picoliter liquids using a piezoelectric dispen-
ser. Single cells were isolated based on the size and elongation
filter to collect one, five, ten and forty cells in triplicate into indi-
vidual wells of a 384-well plate (Fig. 3A). Lysis was performed
using DDM (n-dodecyl-β-D-maltoside), which was demonstrated
to benefit protein extraction for single cell proteomics.25 Peptides
obtained from different numbers of cells after trypsin digestion
were analyzed in triplicate under optimized mass spectrometry
settings. An average of 2198, 4958, 6736, and 10 768 peptides
corresponding to 365, 804, 1116, and 1651 proteins were identi-
fied from one, five, ten, and forty cells, respectively (Fig. 3B).
Proteins identified from all three runs were 228, 503, 831, and
1308, respectively. As expected, most proteins detected from one,
five and ten cells were covered from the identifications of forty
cells (Fig. 3C). Overall, these results indicated reproducibility in
the preparation of single cell samples and measurements using
mass spectrometry, which will require further evaluation of many
single cell samples.

The proteins identified in all three runs were used for
further analysis of subcellular localization through Ingenuity
Pathway Analysis (IPA).26 A large proportion of proteins (60%)
was from cytoplasm in every cell sample (Fig. 3D). When com-
pared to the analysis using the whole proteins in the UniProt
human database, it was found that a smaller portion of
plasma membrane proteins were identified. Further investi-
gations on protein lysis and digestion steps are required to
improve the coverage of membrane proteins. In addition, func-
tional annotation revealed that proteins identified from a low
number of cells belonged to various classes of molecules such
as enzymes, transporters, transcription/translation regulators,
and kinase/phosphatase (Fig. 3E). Four kinases were identified
(NAGK, PGK1, PKM, and NME2) in every three run of a single
cell sample. In forty cells, 43 kinases were detected including
important molecules related to the T cell receptor (TCR) signal-
ing pathway such as LCK and ZAP-70. We further evaluated
whether single or a low number of cells could achieve sufficient
depth to describe the TCR signaling pathway (Fig. 3F). In
addition, pathway enrichment analysis performed using
WebGestalt27 on enzymes which were most frequently detected
molecules in every sample revealed several metabolic pathways of
glycolysis/gluconeogenesis, carbon metabolism and pyruvate
metabolism (Fig. S4†). Notably, the depth of proteome coverage
from a single cell was sufficient to explain the critical metabolic
pathways including glycolysis/gluconeogenesis (Fig. 3G).
However, we note that the study was performed on primary T
cells with a size of ∼10 µm, which yielded ∼20 pg of proteins in
the resting state.28 This could result in a lower number of identi-
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fied proteins as compared to other studies using cultured cells.
Further investigations will be required to increase the depth of
proteome coverage even in primary cells. One promising strategy
is to deploy narrow-bore packed columns operating at an ultralow
flow rate of ∼20 nl min−1.29 The DIA approach using a timsTOF
SCP mass spectrometer is another promising alternative strategy,
which is expected to provide robust quantification across many
single cell samples.

Feasibility of identifying post-translational modified peptides
from single cell

Post-translational modifications expand the functional diver-
sity of the proteome and orchestrate complex biological pro-
cesses such as enzymatic activity, subcellular localization and
interaction.30 Although materials from low numbers of cells
are not sufficient to achieve in-depth coverage of PTMs, we
assessed the feasibility of identifying PTMs from these low-
input samples, focusing on phosphorylation and acetylation.
To this end, phosphorylation on Ser/Thr/Tyr and acetylation

on Lys and protein N-termini were considered during protein
database search. In line with the results of unmodified pep-
tides, a higher number of modified peptides were identified in
a higher number of cells (Fig. 4A). In total, 27, 56, 82, and 105
phosphorylated peptides were identified from single, five, ten,
and forty cells, respectively. Among them, 3, 8, 19, and 23
phosphorylated peptides (2, 7, 15, and 18 proteins) were
detected in all triplicate experiments. Similarly, 16, 39, 48, and
66 lysine acetylated peptides were identified with 3, 8, 10, and
19 peptides detected in all three runs. We also detected 57,
330, 281, and 385 protein N-terminal acetylated peptides.
Among them, 17, 62, 129, and 202 peptides were identified in
every triplicate corresponding to 15, 45, 99, and 166 proteins.

The chance of identifying PTMs is related to the natural
abundance of proteins. Therefore, we estimated the abun-
dance of proteins in cells by calculating intensity-based absol-
ute quantification (iBAQ) values, which were obtained by divid-
ing the measured protein intensities by the number of theor-
etically observable peptides for each protein (Fig. 4B).31 The

Fig. 3 Proteome profiling of a low number of primary T cells. (A) Experimental workflow for cell isolation, lysis and digestion using the cellenONE
platform. Peptide samples from 1, 5, 10, and 40 cells were analyzed in DDA-PASEF mode using a timsTOF SCP mass spectrometer. (B) The number
of identified proteins from three runs of 1, 5, 10 and 40 cells. (C) A Venn diagram comparing proteins across different numbers of cells. Proteins
identified in all three runs were used for comparison. (D) Bar charts displaying subcellular localization of proteins in each experiment. Data of
UniProt denote the whole proteins in the UniProt protein database. (E) Bar charts showing the types of molecules. Coverage of proteins related to (F)
the TCR signaling pathway and (G) glycolysis from different numbers of cells.
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iBAQ values spanned ∼4 orders of magnitude. As expected,
phosphorylation and lysine acetylation were identified from
the proteins of high abundance such as keratin and actin.
Protein N-terminal acetylation was readily detected for the
protein with lower abundance. This again indicated that the
depth is not sufficient to cover PTMs with lower stoichiometry,
especially phosphorylation in a single cell. Still, we could
identify several interesting phosphorylation sites. A representa-
tive example is the phosphorylated peptide of phosphatidyl-
inositol 4,5-biphosphate 3-kinase catalytic subunit gamma
(PI3K-gamma), which is a leukocyte-specific lipid kinase.32

The annotated MS/MS spectrum of the phosphorylated pep-
tides from one cell and from forty cells showed the same frag-
mentation pattern with the same ion mobility value, which
indicates confident identification of this phosphorylated
peptide from the single cell sample (Fig. 4C). The representa-
tive example of lysine acetylation from the single cell is K23 of
histone H3 which is a previously reported site associated with
disease such as cancer and memory impairment33 (Fig. 4D).
One of the representative examples for protein N-terminal
acetylation is protein TGM5 with peptide AQGLEVALTDLQSSR
(Fig. 4E). Notably, most N-terminally acetylated peptides have
been previously reported by our group.34

Overall, the results indicated that several PTMs of phos-
phorylation and acetylation from abundant proteins can be
identified from single cells. However, phosphorylation of pro-
teins other than cytoskeleton proteins became detectable
when collecting 40 cells. Therefore, further studies are
required to enhance the sensitivity to detect PTMs that exist
with low stoichiometry. We anticipate that the chance of
detecting modified peptides, especially phosphorylated pep-
tides, will increase using the targeted approach of prm-PASEF
mode.35 In addition, further studies are required to employ
miniaturized PTM enrichment strategies on low-input
samples.36 Finally, we envision that the chance of detecting
abundant PTMs such as proline hydroxylation, arginine citrul-
lination, lysine ubiquitylation and N-glycosylation should be
evaluated on these data sets by using sophisticated search
engines for analyzing PTMs.37,38

Conclusions

It is evident that injecting or accumulating more ions in a
mass spectrometer increases the signal-to-noise ratio and
detection sensitivity especially for low-input samples. Ion

Fig. 4 Identification of peptides with post-translational modifications. (A) Bar charts showing the number of peptides with PTMs (i.e., serine/threo-
nine/tyrosine phosphorylation, lysine acetylation, and protein N-terminal acetylation) from experiments of different numbers of cells. (B) Water fall
plots of protein iBAQ intensities. Proteins with phosphorylation, lysine acetylation and protein N-terminal acetylation are marked as red, blue and
green dots, respectively. The representative examples of (C) phosphorylated, (D) lysine acetylated and (E) protein N-terminal acetylated peptides.
Annotated MS/MS spectra are shown from one cell and forty cells. IM denotes the ion mobility value.
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accumulation is mainly controlled by a parameter of ion injec-
tion time and automatic gain control (AGC) value in orbitrap-
based instruments, which demonstrated that longer injection
time for fragmentation improved the depth of proteome cover-
age for low-input samples.39,40 Similar to the optimization that
has been performed on orbitrap-based mass spectrometers, we
found optimal ion ramp times and ion mobility ranges to
analyze low-input samples on a timsTOF SCP mass spectro-
meter. Although the primary goal of this study was to optimize
TIMS settings for DDA experiments, the presented settings can
also be beneficial for DIA-based studies by generating more
comprehensive DDA-based spectral libraries. To our knowl-
edge, this is the first study providing unbiased proteome pro-
filing of single T cells. Future studies will be performed to
understand the biology of T cells at a single cell level. Within a
population of T cells, as many as ∼1% are specific for any
given antigen, and only antigen specific T cells will respond,
proliferate, activate and secrete cytokines in response to the
antigen. Therefore, the ability to study changes in individual T
cells that are present in low abundance is important for the
study of natural or vaccine-induced immunity to a variety of
pathogens such as SARS-CoV2, influenza and others.41 It is
increasingly recognized that T cells are central mediators of
protection against a variety of infectious diseases, immune
surveillance against cancer, and as mediators of autoimmu-
nity. We expect that single cell proteomics will allow the study
of rare antigen specific T cells or rare populations of T cells at
different stages of differentiation (e.g., Treg, Th17, Th1 and
Th2) to understand their individual proteomes at single cell
resolution.

Methods
Preparation of primary T cells from blood

Whole blood samples from healthy volunteers were collected
under Mayo Clinic’s Institutional Review Board approved pro-
tocol (IRB protocol #1039-03). Informed consent was obtained
from all participants. Primary T cells were isolated from a
human blood cone using antibody cocktail negative selection
and density gradient separation. The blood cone was sprayed
with 70% ethanol, the bottom pipe was cut, and the cone was
placed on a 50 ml Falcon tube. After the top pipe was cut, the
blood flowed from the cone. The blood was around 7 ml and
then diluted with 1× complete PBS (1× PBS, 2% heat inacti-
vated FBS, and 1 mM EDTA) to 25 ml. The RosetteSep™
Human T Cell Enrichment Cocktail (STEMCELL, 15061) was
added to the diluted blood sample (25 µl cocktail per ml diluted
blood sample) for isolating T cells by negative selection.
Unwanted cells were targeted for removal with tetrameric anti-
body complexes recognizing non-T cells and glycophorin A on
red blood cells. The blood–cocktail mixture was incubated at
room temperature for 20 minutes and then layered gently onto
13 ml Ficoll (a density gradient reagent) in a 50 ml Falcon tube.
The mixture was centrifuged at room temperature and 600g for
20 minutes using the lowest acceleration and deceleration rate

without any interruption. The purified T cells are present as a
highly enriched population at the interface between the plasma
and the dense medium. The T-cell layer was carefully transferred
to a new 50 ml tube and diluted to 25 ml using PBS with gentle
mixing followed by centrifugation at 600g for 10 minutes. The
cell pellet was resuspended in 25 ml of ACK lysis buffer and incu-
bated for 5 minutes. Cells were pelleted down and washed with
PBS two times and resuspended in RPMI media at a density of 1
× 10 6 cells per ml. IL2 was added to the cells at a concentration
of 10 ng ml−1 which were then transferred to a new flask and
incubated at 37 °C overnight. Purified T cells were counted and
taken for the following experiments.

Sample preparation for diluted peptides

Urea lysis buffer (8 M urea, 50 mM triethylammonium bicar-
bonate buffer, pH 8.5 (TEAB), protease and phosphatase
inhibitor cocktail) was added to the cells followed by soni-
cation on ice for 2 minutes. The sample was centrifuged at
10 000g for 5 minutes and the supernatant containing proteins
was transferred to another 1.5 ml tube. Proteins were reduced
with 10 mM dithiothreitol for 30 minutes and then alkylated
with 20 mM IAA for 20 minutes at room temperature in the
dark. The concentration of urea was diluted to <1 M using
50 mM TEAB for efficient digestion. Trypsin (Thermo Fisher
Scientific, 90057) in a ratio of 1 : 20 (enzyme : protein) was
used to digest proteins overnight at 37 °C. The digested pep-
tides were acidified with formic acid to quench the reaction
and then dried under vacuum. Peptide samples were resus-
pended in 50 mM TEAB and peptide estimation was per-
formed using Pierce quantitative colorimetric peptide assay
(Thermo Fisher Scientific, 23275). Serially diluted peptides
were prepared ranging from 10 ng to 156 pg. In addition, a lyo-
philized HeLa protein digest standard (Thermo Scientific,
88328) was used to prepare serially diluted peptide samples
ranging from 10 ng to 156 pg.

Sample preparation of single primary T cells

A suspension of primary T cells in PBS was prepared with a
concentration of ∼200 000 cells per ml. Cell sorting was per-
formed using a cellenONE system (Cellenion, France) with a
picoliter dispensing ability for single cell isolation. Primary T
cells were isolated in each well of a 384-well plate using the iso-
lation parameters where the cell diameter was set as 8–14 µm
and the maximum cell elongation was set to 1.8. To lyse the
cells, 350 nl of lysis buffer with protease (2% n-dodecyl-β-D-
maltoside, 100 mM TEAB and 2 ng µl−1 trypsin) was dispensed
into each well using the cellenONE system. The cells were incu-
bated at 37 °C for 1 hour at a humidity of 75% inside the
cellenONE platform. Peptide samples from each well were
resuspended in 5 µl of 0.1% formic acid and transferred into
sample vials for mass spectrometry analysis.

Mass spectrometry data acquisition

Peptide samples were directly injected and separated on an
analytical column (25 cm × 50 µm, C18, 1.9 µm, Bruker
Daltonics) using a nanoElute liquid chromatography system
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(Bruker Daltonics, Bremen, Germany). Solvent A (0.1% formic
acid in water) and solvent B (0.1% formic acid in acetonitrile)
were used to generate a linear gradient over 75 min; 2–27% sol
B in 55 min, 27–40% sol B in 5 min, 40–80% sol B in 5 min,
maintaining at 80% sol B for 5 min, and 2% sol B for 5 min.
The flow rate was set as 200 nl min−1. The separated peptides
were ionized using a captive spray source with a spray voltage
of 1300 V and introduced into the timsTOF SCP mass spectro-
meter (Bruker Daltonics, Bremen, Germany). The mass range
was set as 100–1700 m/z with DDA-PASEF mode. The ramp
time was varied from 50 to 200 ms using a 100% duty cycle.
Precursor repetitions were set at a 20 000 target intensity with
500 intensity thresholds. The collision energy was linearly
increased from 20 (0.6 V s cm−2) to 59 eV (1.6 V s cm−2). All
mass spectrometry data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner reposi-
tory with the data set identifier PXD 039066.42

Data analysis

The raw mass spectrometry data were searched against the
UniProt human protein database (20 430 entries) using
MSFragger (version 3.4) embedded in the FragPipe suite
(version 17.0). Two missed cleavages were allowed with a fully
tryptic option. When analyzing samples of diluted peptides,
carbamidomethylation of cysteine was considered as a fixed
modification and oxidation of methionine and acetylation of
the protein N-terminal were set as variable modifications. For
sorted cells, oxidation of methionine, acetylation of protein
N-terminal/lysine and phosphorylation of serine/threonine/
tyrosine were considered as variable modifications. PSM and
protein validation were performed using PeptideProphet and
ProteinProphet, respectively, at a 1% false discovery rate (FDR).

Ethics approval and consent from
participants

This study was approved by the Mayo Clinic’s Institutional
Review Board (IRB protocol #1039-03). Informed consent was
obtained from all participants of the study.
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