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ABSTRACT

Single-cell proteomics is a powerful approach to precisely profile protein landscapes within individual cells toward a
comprehensive understanding of proteomic functions and tissue and cellular states. The inherent challenges associated with
limited starting material in single-cell analyses demands heightened analytical sensitivity. Just as advances in sample
preparation maximize the amount of material that makes it from the cell to the mass spectrometer, we strive to maximize the
number of ions that make it from ion source to the detector. In isobaric tagging experiments, limited reporter ion generation
limits quantitative accuracy and precision. The combination of infrared photoactivation and ion parking circumvents the m/z
dependence inherent in HCD, maximizing reporter generation and avoiding unintended degradation of TMT reporter
molecules in a method we term activated ion-tandem mass tags (AI-TMT). The method was applied to single-cell human
proteomes using 18-plex TMTpro, resulting in a 4-5-fold increase in reporter ion signal on average compared to conventional
SPS-MS3 approaches. AI-TMT enables faster duty cycles, higher throughput, and increased peptide identification and
quantification. Comparative experiments showcase 4-5-fold lower injection times for AI-TMT, providing superior sensitivity
without compromising accuracy. In all, AI-TMT enhances the sensitivity and dynamic range of proteomic experiments and is
compatible with other techniques, including gas-phase fractionation and real-time searching, promising increased gains in
the study of cellular heterogeneity and disease mechanisms.

INTRODUCTION

Single-cell proteomics (SCP) has emerged as a powerful
approach to unravel the intricate proteomic landscapes of
individual cells, enabling insights into cellular
heterogeneity, developmental processes, and disease
mechanisms.!* The ability to interrogate the proteome at
the single-cell level holds tremendous potential for a more
granular deciphering of complex biological systems.
However, the inherent challenges associated with limited
sample material in single-cell analysis demand highly
sensitive analytical techniques.

While the prospect of SCP was once a distant goal,’
advances in instrumentation and data acquisition strategies
have made SCP a reality.346-10 Developments in sample
processing that minimize protein loss have been crucial to
maximize the amount of peptide ions entering the mass
spectrometer.5711-13 [sobaric labeling approaches with
tandem mass tags (TMTs) have become a centerpiece of SCP
through methods like SCoPE-MS, which wuse carrier
channels to boost MS!-level detection and reporter ions in
MS/MS scans to provide relative quantitation of labeled
proteins of individual cells.® TMT enables sample
multiplexing and quantification of proteomes across
experimental conditions.14-19
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Figure 1. Single-cell proteomics workflow with MS3-based AI-TMT quantification. A, Illustration of the single-cell
proteomics sample preparation and data acquisition workflow, from nanoPOTS and TMTpro labeling to AI-TMT quantification.
B, Identification of a low-abundance peptide ion and quantification with AI-TMT or HCD SPS MS3. C, Identification of a high-
abundance peptide ion and quantification with AI-TMT or HCD SPS MS3.

Despite this strong progress, co-isolation of multiple
precursor ions remains a major challenge of isobaric
labeling strategies. Co-isolation of background species with
target peptides results in reporter ion ratio distortion.?? To
improve reporter ion tag purity, Q-Orbitrap-quadrupole
linear ion trap (QLT) systems enable a synchronous
precursor selection (SPS)-MS? strategy, where peptides are
first fragmented in the QLT by ion trap collisionally
activated dissociation (CAD) and then multiple product ions
are simultaneously selected by a multi-notch waveform for
beam-type CAD (HCD) activation and Orbitrap MS3 mass
analysis.?! This reduces distortion arising from co-isolation,
significantly improving quantitative results.2122 Because the
optimal voltage for “beam-type” HCD increases linearly
with precursor m/z, simultaneous activation of
synchronously isolated products that span an m/z range
often generates suboptimal reporter intensities.?? We have
previously shown that a combination of photoactivation
and ion parking maximizes reporter generation from tagged
peptides by 1) eliminating the m/z dependence inherent in
HCD and 2) avoiding unintended degradation of TMT
reporter.22 We applied this method to a diluted yeast
proteome and to single-cell human proteomes to highlight
quantitative sensitivity improvements for limited sample
amounts.

In single-cell proteomics, the limited starting material
produces low ion counts and challenges in detecting low-
abundance peptides.'® Just as advances in sample
preparation maximize the amount of material that makes it

from the cell to the mass spectrometer, we strive to
maximize the number of peptide ions that make it from ion
source to the detector.1213 Herein, we report activated ion-
TMT (AI-TMT), an MS3-based quantitative proteomics
method employing infrared multiphoton photoactivation
and reporter ion parking to maximize sensitivity and
accuracy of isobaric tagging studies. As an extension of our
previous work, we applied IR photoactivation and an RF ion
parking waveform to TMTpro labeled peptides and applied
the method to single-cell proteomics to greatly boost the
generation of quantitative reporter ions. By optimizing TMT
reporter ion generation within SPS-MS3 workflows,
researchers can maximize the utilization of available ions
and significantly enhance sensitivity. We report 4-5-fold
higher reporterion signal, on average, with AI-TMT over the
conventional SPS-MS? approach employing HCD. This leads
to more than twice as many peptides quantified as HCD in
at least one channel and over ten times as many peptides
quantified as HCD across all 18 channels in single-cell
proteomics experiments of human cell lines using 18-plex
TMTpro.

This method provides several major advances for the
field of quantitative proteomics. Enhanced sensitivity
boosts the dynamic range of quantifiable peptides and
improves quantitative accuracy, reducing measurement
variability. Higher reporter ion intensity also enables
shorter ion injection times, improving duty cycle and
therefore the number of identified and quantitified
peptides. Further, AI-TMT is perfectly compatible with
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other SCP and isobaric labeling methods, including gas-
phase fractionation (e.g. FAIMS) which further reduces ion
co-isolation, real-time searching (RTS) which increases MS
efficiency, and increased multiplexing abilities as TMT
methods expand to 18-plex and 34-plex workflows.

EXPERIMENTAL SECTION

Materials. Pierce TMT-11plex yeast triple-knockout
standard (Thermo Fisher Scientific) was reconstituted in
0.2% formic acid to 1 pg/uL and was serial diluted for
injection of 1 ng to 500 ng peptide. Acetonitrile (HPLC
grade), H20 (HPLC grade), and formic acid were obtained
from Sigma-Aldrich (St. Louis, MO).

Single-cell sample preparation using nanoPOTS. A nested
nanoPOTS (N2) glass chip with 16 nanowells nested in per
well was fabricated using standard photolithography and
wet chemical etching as described previously.24-26 A regular
microscope glass slide was glued with a 1-mm-thick PMMA
frame to serve as the cover for long-term incubation.

HeLa and A549 cells (ATCC, Manassas, VA) were cultured
at 37 °C with 5% CO2 using Dulbecco's Modified Eagle
Medium (DMEM) cell culture medium with 10% fetal
bovine serum and 1% penicillin/streptomycin and were
harvested upon 70% confluency. Before collection, the cells
were rinsed 3 times with iced phosphate buffered saline
(PBS).

The TMTpro-126 labeled carrier samples and the
TMTpro-134N labeled reference samples were prepared
and labeled in bulk using S-trap as described elsewhere.z427
The final concentration was determined using the Pierce
quantitative peptide assay. The single cell channels were
prepared separately in each nanowell using the cellenONE
platform (Cellenion, Lyon, France). The temperature was
set to 1 °C below the dew point in the cellenONE software,
and the humidity was set to 40% before the glass chip was
mounted on the cellenONE stage. Within each nested well,
14 single cells and 1 PBS droplet were sorted into each
nanowell. Then, 10 nL of 5 mM TCEP (Thermo Fisher
Scientific, Waltham, MA) containing 0.05% n-dodecyl-$-d-
maltoside (DDM) in 100 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) at pH = 8.5 was
added followed by 5 nL of 45 mM chloroacetamide. The
glass chip was then clamped with its cover and incubated at
70 °C for 30 min and then at 95 °C for 15 min in a wet box to
minimize evaporation. The wet box was then placed at 4 °C
for 15 min. After cooling down, the chip was mounted back
in the cellenONE and 5 nL of mixed solution containing 0.25
ng of Lys-c and 0.5 ng of trypsin in 100 mM HEPES (pH =
8.5) was added into each nanowell followed by the 12 h
digestion at 37 °C. After incubation, the temperature of the
stage was set to 20 °C and 1 nL of dimethyl sulfoxide
(DMSO) was added into each nanowell followed by 5 nL of
10 g/L corresponding TMTpro reagents. The temperature
was then set to 25 °C for 1 h incubation. Later, 2 nL of 5%
hydroxylamine solution was dispensed into each nanowell
for 15 min quenching. The samples were acidified using 5

nL of 5% formic acid before 0.5 ng of 134N-labeled HeLa
and A549 digest (1:1) and 10 ng of 126-labeled HeLa and
A549 digest (1:1) were added to each nested-well. At last,
the samples in each nested-well were pooled and rinsed
with 2.5 pL of 0.1% formic acid respectively and collected
into the same well on a 384 PCR plate.

LC-MS/MS. Experiments were performed on a
quadrupole-Orbitrap-ion trap mass spectrometer modified
to include a 40 W continuous-wave laser which allowed for
photoactivation of ions within the ion trap.2829 Adjustments
to the instrument control code allowed for broadband ion
parking at reporter ion m/z 126-131 during IRMPD
experiments to avoid IR-induced degradation of reporter.23
Data-dependent MS? scans were followed by standard HCD
or IRMPD MS3 scans of SPS isolated MS? product ions.
MS/MS activation was performed with either HCD or CAD
with scans analyzed in the Orbitrap or linear ion trap,
respectively, as denoted in the text. For HCD MS/MS
experiments, Orbitrap MS! scans were performed at 60,000
resolving power (at m/z 200), MS? scans were performed at
30,000 resolving power, and MS3 scans were performed at
60,000 resolving power. For CAD MS/MS experiments,
Orbitrap MS! scans were performed at 60,000 resolving
power, ion trap MS? scans were performed using the rapid
scan rate, and Orbitrap MS3 scans were performed at 60,000
resolving power. lon injection times were set to default
values unless otherwise noted in the text. Columns with 50
um [.D. were packed at 30,000 psi.3? A flow rate of 140
nL/min was used during liquid chromatography (LC)
separations. Figure 1 summarizes the single-cell
proteomics preparation and AI-TMT workflow and benefits
for abundant or non-abundant peptides.

Data Analysis. Mass spectra and chromatogram
information were accessed in the vendor’s post-acquisition
software (Xcalibur Qual Browser, version 4.0). No
microscans were performed. Peak lists and intensities from
XTRACT were input into the Interactive Peptide Spectral
Annotator (IPSA) for sequencing and fragmentation
efficiency metrics.3! All fragment matches were made
within a 10 ppm tolerance. A Python script was written
using RawQuant3? to directly extract precursor, fragment,
and reporter ions and their corresponding intensities (in
terms of signal-to-noise). Additionally, a code was written
in R to plot parameter optimization and its corresponding
statistics. The OMSSA algorithm and COMPASS software
suite were used for searching and processing data.3334
Peptides were searched with a 10 ppm tolerance around the
monoisotopic precursor and a 10 ppm tolerance on
fragment ion masses. Search results were filtered to a 1%
unique peptide FDR based on expectation value (E-value)
and ppm error using COMPASS.3335 For peptide
quantification, we required a TMT reporter ion S/N above
zero in at least one channel. Rather than filter based on
reporter ion S/N, we report the S/N values and number of
channels quantified (S/N > 0) across all channels for each
experiment.
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Figure 2. Increasing the quantitative reporter ion intensities for low-loading peptide injections. A, For a range of TMT-
labeled peptide loading amounts, from 1,200 ng down to 10 ng, the ratio of reporter ion intensities with AI-TMT vs. HCD is
shown. B, For the 10 ng peptide loading amount experiment, the distribution of AI-TMT vs. HCD reporter ion intensities is shown.
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RESULTS AND DISCUSSION

AI-TMT atlow peptide loading amounts. As reporter ions
are susceptible to unintended fragmentation and scattering
by high-energy collisions, we photoactivated ten b- or y-
type ions and prevented successive dissociation of
generated reporter ions with ion parking, which we
anticipated would aid in the sensitivity of TMT-based
quantitation. Reporter ion yield increased by 200%, on
average, for 1.2 ug peptide loading. However, when only 10
ng yeast peptide were injected, photoactivation produced a
398% average boost for the cumulative TMT reporter
intensity across all eleven channels (Figure 2). This
illustrates the inefficiency of HCD when activating multiple
peptide fragments at once??, a phenomenon made evident
for low-abundance precursors. We suspect that this boost
in AI-TMT performance relative to HCD for low abundance
samples comes at the limit of detection. In the Orbitrap, we
can’t detect peaks with less than ~5-10 ions, so the low
intensity values of HCD are seemingly rounded down to
zero and the average boost in signal with AI-TMT vs. HCD
increases. For this back-to-back experiment,
photoactivation quantified 38% more peptides across all 11
channels (11,280 vs. 8,151) and there were no peptides that
HCD fully quantified that photoactivation didn’t already
fully quantify (Figure 3). The criteria for peptide
quantification were reporter ion S/N values above zero
across all channels. The 3,129 peptides fully quantified by
only IR photoactivation are all among the lowest abundant
peptides (Figure 3d). Our method allows researchers to
quantify progressively low abundance peptides by boosting
TMT reporter intensity.

We wanted to ensure that peptide quantification between
reporter channels, one primary benefit of multiplexing with
TMTs, is accurate and precise when using our AI-TMT
platform. To interrogate this, we performed back-to-back
experiments on precursors within the TMT 11-plex yeast
triple knockout (TKO) sample. In back-to-back scans, we
sampled the same precursor ion for collisional activation
and isolated the same ten fragment ions for SPS-MS3
quantification, subjecting the ions to either HCD or AI-TMT
activation. AI-TMT enables quantification of more peptide
precursors regardless of what S/N threshold is applied
(Figure 4A). Plotting the deviation between a peptide’s
TMT channel ratios (i.e. 127c/126) from the mean ratio
between those channels illustrates how AI-TMT enables
more precise quantitation of peptides. The steepness of the
curves in Figure 4B in combination with the number of MS3
scans above a given S/N cut-off help illustrate the precision
of AI-TMT relative to HCD SPS-MS3.

Figure 4C reveals the ratios of several TMT channels’
signal-to-noise to the TMT-126 channel. As all peptides are
expected to carry equal abundance across channels
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Figure 4. Quantitative accuracy and signal-to-noise
distributions for peptides with AI-TMT and HCD SPS
MSS3. A, The distribution of the number of MS3 scans across
the total TMT reporter ion signal-to-noise, summed across
all channels. B, The distribution of the number of MS3 scans
across the percent deviation from the mean TMT ratio. C,
The number of quantifiable MS3 scans in both the intended
channel and the TMT-126 channel and the associated TMT
ratio between channels. Each line represents a different
TMT channel, or ratio of TMT channels as with panel 4C.

(excluding the knockouts), we expect a ratio of 1, portrayed
as 10° in Figure 4C on a logio scale. AI-TMT matches the
quantitative accuracy as HCD while quantifying many more
peptides (Figure 4C). As this experiment features back-to-
back MS3 scans of the same precursor and the same 10
product ions activated with either HCD or AI-TMT, the
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increase in peptides quantified via AI-TMT must stem from quantitation. Since our criteria for quantification of a TMT
zero values or peptides with values below the threshold of channel is S/N above zero, HCD is not resulting in Orbitrap
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MS3 detection of sufficient TMT reporter ions (~5-10 ions)
to yield a non-zero, quantitative value. This explains some
of the non-linear benefits between peptide loading amount
and relative boost of AI-TMT signal vs. HCD. Expanding
these back-to-back yeast triple knockout experiments to
single-cell levels of peptide injected (~250 pg), we see
comparable results. AI-TMT enables us to use 4- to 5-fold
lower injection times than the conventional HCD approach
while giving comparable TMT ion quantitative distributions
across all peptides (Figure 5 and Figure S1).

AI-TMT for single-cell proteomics. To further illustrate
benefits of improved reporter ion yield, experiments of
TMTpro 18-plex tagged Hela and A549 single cells,
prepared via nanoPOTS, were quantified at the MS3-level
with HCD or IR photoactivation. Typically, single-cell
proteomics researchers use exceptionally long MS3
injection times, often up to 750 ms or even longer, to ensure
as much reporter ion signal as possible is detected. We
notice that at only 118 ms injection time, AI-TMT can
quantify a majority of the detected proteome; additional
injection time does not help quantitation appreciably.
Conversely, limiting MS?® injection time prevents
quantification across most channels when performing
activation by HCD (Figure 6). This inefficiency of HCD
activation can be overcome by extending ion injection times
to 750 ms. However, we note that similar performance is
obtained with AI-TMT at 118 ms, roughly 4- to 5-fold less

injection time. By using very long MS? ion injection times,
HCD can perform well, but it comes at a high cost to
instrument duty cycle.

In these comparative experiments, precursor peptides
and their product ions are sampled multiple times per
elution peak, activated by either HCD or AI-TMT in back-to-
back MS3 scans. IR photoactivation identifies the same
number of peptides and proteins as HCD, indicating no
significant differences in scan speed exist between
methods. Notably, AI-TMT quantifies about twice as many
peptides overall as HCD and quantifies nearly 10-fold as
many peptides across all 17 channels as HCD (Figure 6).

Given that AI-TMT can quantify 57% of peptides across
all 17 TMT channels when given only 118 ms maximum ion
injection times, and HCD MS® quantifies less than 5% of
peptides across all channels in a similar timeframe, we
explored related MS3 data collection strategies. In duplicate
LC-MS/MS  experiments, we performed SPS-MS3
quantitation when MS2-level activation was performed with
beam-type HCD and fragment ions were detected in the
Orbitrap as well as when MS2?-level activation was
performed with resonant-type CAD and fragment ions were
detected in the linear ion trap. For both experimental
matrices, AI-TMT and HCD MS3? quantification were
performed (Figure 7). Notably, AI-TMT quantifies 55% of
peptides across all TMT channels in either scenario,
whereas HCD quantifies only 25% of peptides across all
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TMT channels in either scenario. The MS2-level action and
mass analyzer used in peptide identification do not seem to
hold significant value for these single-cell proteomics
results. Some researchers have posited that resonant-type
CAD activation should be used for the MS? activation stage
in SPS-MS3 experiments as it induces peptide dissociation
along fewer channels relative to HCD, yielding fewer but
more abundant fragment ions.

CONCLUSION

This advance not only improves the accuracy of single-
cell protein quantification, but also enables the detection
and quantification of proteins present at lower abundance,
ultimately enriching the depth and precision of single-cell
proteomic analyses.

Moving forward, there are several recent advances in MS
instrumentation that AI-TMT complements and should lead
to greater biological outcomes. In the past two years, real-
time searching (RTS) has featured prominently in pushing
the throughput of TMT-based proteomics.1%3¢ The scan
acquisition regime of SPS-MS3 methods is inherently slow
relative to MS/MS-only strategies, and Schweppe et al.
addressed this slower duty cycle with Orbiter RTS-MS.36:37
A real-time database search is performed on every MS/MS
scan and a quantitative MS3 is only triggered upon confident
peptide identification, yielding methods with twice as
efficlent data acquisition. Real-time searching is only
available on Orbitrap Eclipse and Orbitrap Ascend Tribrid
platforms and our goal is to extend AI-TMT to these
platforms.38-40 One extension of RTS is targeted pathway
proteomics with GoDig, which allows up to 2000 ms ion
injection times for SPS-MS? quantitation of low abundance
peptides.!® Incorporation of AI-TMT into the GoDig
workflow may enable sampling of even more peptides for
targeted, multiplexed quantitation.!®41 Schoof et al. also
recently described a new method, RETICLE, which boasts
benefits over MS2-based quantitation for single-cell
proteomics applications.3® Precursors are sampled for a
rapid, data-dependent ion-trap MS? scan and a high-
resolution Orbitrap MS? scan is triggered upon RTS peptide
identification. RETICLE outperforms MS? quantitation
through deeper proteome coverage.3® It will be interesting
to see how AI-TMT performs for peptide quantitation at the
MS?2-level. We have shown previously that the benefits of Al-
TMT over HCD hold at the MS2-level and this improvement
should be magnified at the single-cell proteome level.?3

Researchers have been poignant to comment that care
must be taken in how much material is used in carrier
channels as to not distort reporter ion statistics.242-4> By
using AI-TMT, researchers can limit the amount of material
in each channel and avoid carrier channel effects, as
sensitivity is boosted 4- to 5-fold with AI-TMT. We intend to
extend this platform toward biologically-relevant
applications, for example within the heterogenous nature of
single cancer cells, where extending the dynamic range of
quantification to low-abundance proteins will prove useful.

This approach should also improve iTRAQ, DiLeu, and other
labeling strategies that seek to increase the multiplexing
capacity of single-cell proteomics and post-translational
modification analysis.?*¢7° As TMT workflows advance to
higher plex configurations, the initial precursor ion
population will be split into many more channels and
detection of reporter ions above the limit of quantitation for
every channel will be even more challenging; AI-TMT is well
poised to address this challenge.
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