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ABSTRACT

To assess the potential for high resolution ion mobility (HRIM) as an alternative means of precursor isolation for mass spectrometry

fragmentation analysis we performed a meta-analysis of predicted tryptic peptide features from the human proteome to measure

the rate of chimeric spectrum generation relative to traditional quadrupole-based isolation. Results indicate that for proteomic

mixtures, HRIM separation with a peak capacity of 100 produces chimeric spectra at a rate commensurate with a ~5 Th quadrupole

isolation window, while providing the additional benefit of generating non-chimeric spectra for many isobaric and isomeric

peptides unresolvable with a quadrupole filter. This behavior was verified experimentally using a HRIM-QTOF mass spectrometry

system. The ability to combine HRIM and MS isolation resulted in >10x increase in precursor isolation specificity as compared to

either of the techniques independently.

1 | Introduction

Tandem high resolution mass spectrometry (HRMS) has become
a cornerstone of proteomics research for uncovering the com-
plexities of biological systems [1-3]. Essential to bottom-up
proteomics is accurate identification of peptides from their
characteristic fragmentation patterns via tandem MS (MS/MS)
experiments. Liquid chromatography (LC) is usually employed to
separate peptides and reduce the number of peptides introduced
to the mass spectrometer at a given time. However, the millions
of unique peptides present in typical biological samples mean
that complete separation by LC is impossible, necessitating
ion fragmentation analysis to selectively identify and quantify
as many peptides and proteins as possible. Since virtually all
tandem MS systems today employ a quadrupole mass analyzer
to isolate peptide precursors, any co-eluting peptides that are
similar in m/z are co-isolated within the same m/z window,
resulting in MS/MS spectra that contain fragment ions from
all co-isolated peptides (termed chimeric spectra). The resulting

spectral convolution makes it challenging to differentiate which
fragment ions belong to which precursor, thereby diminishing
the efficiency and accuracy of peptide identifications based on
MS/MS [4, 5]. It is well known that the primary means of reducing
the rate of chimeric spectral generation is to reduce the size of
the m/z window used for precursor isolation, with the practical
limit for quadrupole analyzers being ~0.7 Th, corresponding to
the ability to isolate a single isotopic peak within a doubly charged
peptide isotope distribution. However, ultra narrow quadrupole
isolation windows limit ion transmission of the target species by
up to 90% [6], reducing the sensitivity of analysis. For this reason,
most researchers use more modest isolation windows of 1.5-4 Th,
but even for this level of selectivity, hundreds of isolation events
are required to cover the proteomics m/z range of interest (approx-
imately m/z 400-1000) in the oft preferred data independent
acquisition (DIA) mode of operation. This means that a reduced
precursor mass range must be used or extended MS1/MS2 cycle
times (MS1 = precursor ion scan, MS2 = fragment ion scan) result
in insufficient sampling across LC peaks. Additionally, cycling
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through hundreds of isolation windows means each window
can only be sampled for a short period of time, leading to ion
utilization rates as low as 0.5%, which limits MS2 sensitivity [7].
And still, as many as 39% of MS2 spectra are predicted to be
chimeric, even when acquired with a narrow 2 Th quadrupole
isolation window [8]. Researchers have expended significant
effort exploring various methods of optimizing quadrupole isola-
tion to minimize tradeoffs between selectivity, speed, sensitivity,
and mass range for specific proteomics workflows, and this
work has shown that when employing only m/z-based precursor
isolation, the speed of the quadrupole analyzer is a fundamental
metric which drives performance, enabling the sampling of more
windows with higher selectivity per scan cycle [9]. Most modern
instruments employing DIA with quadrupole-only precursor
selection employ mass selection windows in the range of 2-20
Th [9]. In cases where selectivity and identification confidence
are prioritized over the DIA benefits of unbiased analysis and
greater data completeness, data dependent acquisition (DDA) can
enable access to narrower quadrupole windows with extended
dwell times for higher quality fragmentation spectra, albeit for a
reduced number of target analytes.

This reality of imperfect precursor isolation has long been
recognized and researchers have therefore developed several
computational approaches to enable reliable identification of
co-fragmented precursors from chimeric spectra [5, 8, 10-12],
both for DDA data [5, 8, 10], and DIA data [10, 13]. In typical
use, these tools enable multiplexed peptide identification able to
routinely identify upwards of 2-6 peptides in a given spectrum
[5, 8, 12, 14], but this is highly dependent on factors such
as the relative abundances of the precursors, the number and
abundance of particular peptide fragmentation spectra, whether
the specific precursors are included in the search space, and the
mass resolution of the instrument employed. However, despite
advancements over the past couple decades, there is a limit to the
spectral complexity that any tool can manage and finding ways to
reduce chimerism without sacrificing speed, sensitivity, or range
of analysis is anticipated to benefit any downstream processing
approach employed.

Ion mobility (IM) represents a potential solution to mitigate
the chimeric overlap resulting from quadrupole-based precursor
isolation with added benefits of increased speed and sensitivity
for ion fragmentation [15, 16]. As a high-speed separations
technique which operates on a time scale faster than LC but
slower than time of flight (TOF) mass spectrometry, IM acts as
an additional online separation that further isolates precursors
from each other prior to fragmentation analysis, resulting in
cleaner fragmentation spectra than can be achieved by LC-
MS/MS alone. Additionally, since IM separates ions based on
size to charge ratios rather than m/z, many species that are
inseparable by quadrupole filtering (e.g., isomers and isobars)
can easily be resolved by ion mobility. IM has been applied to
ion fragmentation analysis of proteomic mixtures with varying
degrees of success over the years [13, 15-23]. Most recently,
the line of timsTOF mass spectrometers introduced by Bruker
Daltonics (Billerica, Massachusetts) has revolutionized the field
of proteomics by demonstrating the benefits of IM-enhanced
ion fragmentation analysis. By leveraging the trapped ion mobil-
ity spectrometry (TIMS) technology to supplement quadrupole
isolation, significant gains in the speed and sensitivity of MS2

spectra generation have been realized, especially considering the
capability to store up precursor ions while previous ions are being
analyzed (i.e., parallel accumulation) [13]. Further testing using
the TIMS separation for precursor isolation without additional
quadrupole filtering has been shown to generate chimeric spectra
at a rate equivalent to a 12.5 Th quadrupole isolation window,
meaning it is less selective than many quadrupole-based DIA
approaches [23]. For this reason, researchers have primarily
employed TIMS in conjunction with quadrupole isolation, where
it has the effect of reducing the effective Q1 isolation window by
a factor of 4 in terms of the chimeric spectral generation rate [23].
As a result, wider m/z isolation windows can be used to achieve
faster cycle times and greater ion utilization without sacrificing
selectivity in precursor isolation.

With the undeniable impact the TIMS parallel accumulation
serial fragmentation (PASEF) approach has had on proteomics
analysis, an obvious direction for further improvement is to
evaluate whether a higher resolution ion mobility separation
might further extend the performance profile in one or more
areas. Structures for Lossless Ion Manipulation (SLIM) represents
anext generation high-resolution ion mobility (HRIM) technique
that utilizes ultra long mobility separation path lengths and
traveling wave ion mobility spectrometry (TWIMS) to enhance
gas phase ion separation [24, 25]. A SLIM-QTOF instrument
therefore has potential to translate this greater separation capa-
bility into improved ion fragmentation analysis performance (7,
26, 27], but the rate of chimeric spectra generation by a SLIM-
QTOF has yet to be quantitatively assessed. Here, we examine
the number of chimeric precursors predicted to form during
simulated quadrupole- and HRIM-based isolation of unmodified
tryptic peptides predicted from the human proteome, along with
supporting examples from experimental data.

2 | Methods

2.1 | Creating a Database of Peptides and Their
Predicted Properties

Prediction of tryptic peptide sequences and their corresponding
precursor m/z, charge state (z), and normalized retention time
(RT) (Table S1) was performed using pre-trained models in the
publicly available AlphaPeptDeep (PeptDeep) [28] (Figure 1). In
the “Model” tab of the PeptDeep graphic user interface (GUI),
the pre-loaded default settings were utilized except “timsTOF”
was used as the instrument parameter. In the “Library” tab of the
PeptDeep GUI, pre-loaded default settings were utilized except
the input FASTA file contained the human proteome (Uniprot ID
UP000005640 including isoforms and reviewed sequences only,
downloaded on January 29, 2025) and the resulting predicted
library was written in a TSV file format that can be read by
the DIA-NN and Spectronaut software programs. The resulting
peptide library from the PeptDeep GUI contained predicted
precursor m/z, z, apex RT, and the expected m/z values for
predicted b and y peptide fragment ions. Predicted apex CCS
and z values for tryptic peptides from the human proteome
were obtained from a supplementary data table, which contained
616,948 unique peptide sequences predicted using the publicly
available pre-trained DeepCollisionalCrossSection (DeepCCS)
model (Figure 1), as previously described [29].
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Schematic workflow for in silico peptide database generation and downstream analysis in R. A human proteome FASTA file is digested

into tryptic peptide sequences, which are then processed using deep learning-based predictive models: AlphaPeptDeep estimates mass to charge (m/z),

charge state (z), and retention time (RT), while DeepCollisionalCrossSection predicts collisional cross section (CCS) and z values. The predicted peptide

properties are merged to generate a comprehensive peptide database containing m/z, z, RT, and CCS/z for each sequence. These data are used to simulate

proteomics experiments under various instrument acquisition modes: quadrupole-only, quadrupole + ion mobility (IM), and IM-only. Resulting peptide

distributions are visualized across the m/z, CCS/z, and RT dimensions.

The peptide libraries resulting from the PeptDeep and DeepCCS
deep learning models contained different numbers of peptides
due to the parameters assumed for trypsin digestion of the human
proteome (Table S1). The two peptide libraries were combined in
R (Figure 1) by matching values for the peptide sequence and the
associated precursor charge state (z). The final library (Table S2)
contained 404,935 unmodified peptides and their predicted m/z,
Z, RT, and CCS/z values (Figure 1).

2.2 | Informatics Analysis of Chimeric Precursor
Groups Predicted Under Various Experimental
Parameters

The number of co-isolated precursor groups resulting from
HRIM-based precursor isolation was compared to the more
traditional quadrupole-based approach by performing a meta-
analysis of the human proteome. Simulated experiments were
defined by several parameters, including throughput, instrument
operation mode, and target m/z and/or CCS/z values. Target
values were selected to sample the peptide population across the
full range of each dimension (Figure 1). The chimeric precursor
groups were then extracted by creating a subset of the peptide
library containing precursors satisfying the boundary conditions
for each pertinent dimension (Figure S1). The bioinformatics
analysis and data visualization for the trends in the sizes of
chimeric precursor groups were performed in R and Excel.

Throughput conditions were defined by the gradient length and
the average full width at half max (FWHM) of the peptide RT
peaks as reported in the corresponding application notes by
Evosep (Odense, Denmark) [30-35]. The RT boundaries around
each target RT were calculated for each throughput condition
by dividing the FWHM (in minutes) by the gradient length (in
minutes) and then applying the resulting offset symmetrically
above and below the target RT. Target RT included the sequence
of numbers from 0 to 1 spaced at intervals of 0.05. Peptides
with predicted apex RTs that fell within the RT boundaries were
considered co-eluting and passed this filtering step.

Target m/z values covering the full range of predicted precursors
included the sequence of numbers from 300 to 1800 Th spaced at
intervals of 50 Th. Isolation windows of 2 and 20 Th were selected
to simulate the isolation during DDA and DIA experiments,
respectively. The boundary m/z values for each target m/z and
quadrupole isolation window were calculated by dividing the full
window width by 2 and applying the offset symmetrically above
and below the target m/z.

Target CCS/z values covering the full range of predicted pre-
cursors included the sequence of numbers from 100 to 200
A?/z spaced at intervals of 10 A%/z. The boundary CCS/z values
were calculated as similarly described above (see also Figure
S1) except with isolation widths of 1% (HRIM) and 5% (low-
resolution ion mobility, LRIM) of the separation axis for the
SLIM-QTOF and timsTOF systems, respectively. It is important
to note that while resolving powers over 1800 for SLIM [36,
37] and up to 300 for TIMS [38, 39] have been demonstrated,
these measurements correspond to only narrow regions of the
mobility range and much longer acquisition times per mobil-
ity separation than what is optimal for LC-based bottom-up
proteomics [16, 40]. To best represent the performance and
method parameters employed in typical proteomics operation,
isolation widths (i.e., peak capacities) and mobility separation
time frames were derived directly from empirical data. During
proteomics analysis, the typical peak width (FWHM) for a TIMS
peak analyzed using a 100 ms TIMS ramp was experimentally
measured by Skowronek et al. [41] to be ~5 ms, indicating that
each feature corresponds to roughly 5% of the separation axis
and the ramp can achieve a peak capacity of 20. The typical
FWHM for a SLIM HRIM peak analyzed using a 240 ms SLIM
separation time period is ~2 ms, as determined using an auto-
mated peak finding algorithm built into Agilent’s IM-MS Browser
software, indicating that each feature corresponds to roughly 1%
of the separation axis corresponding to a peak capacity of 100
[24] (for the mobility range corresponding to doubly charged
peptides). Comparative distributions of experimentally measured
mobility peak widths for TIMS and SLIM are provided in
Figure S2.
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2.3 | LC-MS/MS Analysis of HeLa Digest

HeLa digest samples were introduced using an Evosep One
system equipped with an EV1107 column at a throughput of 200
samples per day (SPD). A total of 100 ng of HeLa digest was
injected per run, and ionization was achieved using an Evosep
EV1086 emitter. All data were collected using a modified MOBIE
HRIM system (MOBILion Systems, Chadds Ford, PA) coupled
to an Agilent 6546 QTOF. For the “Quad only” experiments,
the MOBIE system was operated in passthrough mode [26],
while the QTOF was run either in targeted MS/MS mode using
isolation windows of 1.3 Th or 4 Th, or in data-independent
acquisition (DIA) mode with isolation windows of 10 Th or 20
Th. For “IM-only” experiments, the MOBIE system was operated
in HRIM mode with the QTOF set to all-ion passthrough (no
precursor isolation), and collision energy (CE) was applied to
induce fragmentation for fragmentation analysis. For “Quad +
IM” experiments, MOBIE was operated in HRIM mode while
the quadrupole was configured to isolate precursor ions using
predefined isolation windows (1.3 Th, 4 Th, 10 Th, or 20 Th) and
apply appropriate CE values.

Quad-only data were analyzed using Agilent MassHunter Quali-
tative Analysis while IM-only and Quad + IM data were analyzed
using Agilent’s IM-MS Browser. For IM-only and Quad + IM data,
fragmentation spectra were extracted with either a 1% isolation
width or a 5% isolation width (Figure S3). Each chromatogram
was integrated over the same retention time window before
extracting and exporting centroided mass spectra for downstream
analysis. Fragmentation spectra for all modes were annotated
using the Interactive Peptide Spectral Annotator (IPSA) [42] with
consistent settings across acquisition modes. Percent total ion
current (% TIC) values were obtained from the summary files
exported from each IPSA annotation. Fragmentation spectra were
also input into the NIST pep search software to obtain the match
probability for peptide sequence identification.

3 | Results

3.1 | Formation of the Peptide Library and
Chimeric Precursor Groups

Two pre-trained deep learning models were utilized to create the
library of properties for human tryptic peptides. AlphaPeptDeep
performed in silico trypsin digestion on the human proteome in
addition to prediction of precursor m/z, charge, and RT on the
resulting tryptic peptides (Figure 1). DeepCollisionalCrossSection
took a list of peptide sequences and their charge states as inputs
to predict precursor CCS values (Figure 1). These two libraries of
predicted properties were then combined by matching the peptide
sequence and precursor z in each library to create a final, fully
defined peptide library containing m/z, z, RT, and CCS/z for each
sequence.

Chimeric spectra result from precursors that co-elute in the LC
dimension and are co-isolated by IM and/or quadrupole filtering
during analysis. To simulate the isolation of groups of chimeric
precursors, target values in each dimension (i.e., m/z, CCS/z, or
RT) that spanned the full range of values in the library served as
reference points for each filtering step (Figure 1). In this way, the

number of precursors that would be co-isolated (m/z or CCS/z)
and co-eluted (RT) was determined by filtering for precursors that
had values within a specified window size centered around the
target values (Figure S1). For example, in a simulated quadrupole
isolation experiment, the peptide library was filtered in the m/z
dimension to include only precursors whose m/z values fell
within the specified isolation window centered on each target
m/z value (e.g., £10 Th for a 20 Th window) to represent the
precursors that would be co-isolated with each theoretical target
precursor (Figure 1). This new subset of the peptide library
was then filtered in a similar way for the LC dimension, with
the co-elution window defined by the FWHM normalized to
the corresponding gradient length, as empirically observed with
the Evosep LC system [30-35]. Ion mobility experiments were
simulated by filtering in the CCS/z and LC dimensions. Finally,
the combination of quadrupole and ion mobility isolation was
evaluated by filtering in all three dimensions.

Prior to performing the filtering operations, the properties in
the peptide library were visualized to assess the accuracy of
the deep learning model predictions and better understand the
distributions of the peptides across each of the three separation
dimensions. The retention times for many of the library peptides
were observed to be concentrated at the beginning and end of
the gradient, indicating behavior inconsistent with experiments
where early and late RT spikes in the total ion chromatogram
are not typically observed (Figure 2A). Since most peptide
identifications come from the middle of the gradient, the target
retention times less than 0.1 and greater than 0.8 were not
utilized in the filtering steps so as not to artificially inflate the
number of co-isolated precursors. For the percentage of peptide
library calculations, the number of co-isolated precursors was
divided by 275,298 total precursors, representing the subset of
the library containing precursors with RT greater than 0.075
and less than 0.825. The mass and mobility dimensions showed
similar asymmetric distributions, with most precursors having
m/z values near 450 Th (Figure 2B) and CCS/z near 160 A%/z
(Figure 2C), accurately reflecting typical experimentally observed
distributions. When considering both the mass and mobility
dimensions together, two target value combinations with sub-
stantially higher density were observed at the lower left corner of
the plot, indicating that approximately 9% of the peptide library
(i.e., roughly 36,000 precursors) has m/z values between 400
and 450 Th and CCS/z values between 150 and 160 A2/z, while
approximately 8.5% of the library has m/z values between 450 and
500 Th and CCS/z between 160 and 170 A%/z. In addition, the
predicted precursors formed charge-dependent trendlines that
are very similar to those observed in experimental ion mobility-
mass spectrometry data (Figure 2E). Plotting the precursor m/z
and CCS/z values also revealed that precursors with low m/z
and CCS/z values tend to have very short retention times, while
precursors with higher values tend to have longer retention
times (Figure 2F). This trend seems to indicate a relationship
between the vertical position of ions within a given charge state
trend line and the polarity of the molecular structure, with
more polar peptides having more compact gas phase structures
and more nonpolar peptides having more extended gas phase
structures. For each precursor charge state, there was also a
positive correlation between precursor CCS/z and retention time,
further highlighting the relation between peptide polarity and gas
phase structure (compare Figure 2E,F).
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3.2 | Analysis of Chimeric Precursor Groups

Chimeric precursor groups defined by their respective target
values were evaluated for their size at various isolation widths
for the three isolation approaches. Scatter plots of the precursor
CCS/z against the precursor m/z revealed the expected patterns
for precursors (Figure 3A-C, white dots) included in each type
of chimeric group. For instance, the 10 Th quadrupole isola-
tion window (Figure 3A) formed vertical strips of precursors
centered around each target precursor m/z value. Combining
ion mobility isolation with quadrupole isolation formed rect-
angular groupings due to filtering in both the m/z and CCS/z
dimensions (Figure 3B). In contrast to quadrupole isolation, the
1% ion mobility isolation windows formed horizontal strips of
precursors centered around the target CCS/z values. The size of
the quadrupole-induced chimeric precursor groups peaked at m/z
450 for the 10 Th window, which reflects the densest region of
the m/z dimension (Figure 2B). Even with a wider quadrupole
isolation width of 25 Th, adding additional isolation with the
1% ion mobility isolation width decreased the maximum size
of the chimeric precursor groups by ~4x (Figure 3B). The size
of the ion mobility-induced chimeric precursor groups peaked
at CCS/z 170 A%/z, reflecting the densest region of the CCS/z
dimension (Figure 2C). For each of the instrument modes, the
sizes of the chimeric precursor groups were also analyzed by
target retention time. There tended to be larger chimeric groups
in the first half of the gradient, especially near the peak m/z
(Figure 3D,E) and CCS/z values (Figure 3F). In addition, the
largest chimeric precursor group formed by HRIM 1% isolation
(Figure 3F) was smaller than that formed by quadrupole isolation
with a 10 Th window (Figure 3D). Overall, combining quadrupole

(25 Th) and HRIM (1%) isolation (Figure 3E) produced smaller
chimeric precursor groups than either isolation mode alone.
The isolation in both m/z and CCS/z dimensions attained by
combining quadrupole and HRIM isolation modes is evident in
the corresponding contour plot (Figure 3E) compared to that of
quadrupole isolation (Figure 3D) or mobility isolation (Figure 3F)
alone. In addition, the size of chimeric precursor groups resulting
from representative DDA or DIA conditions with quadrupole
isolation were examined as a function of the target m/z values
(Figure 3G,H) and with ion mobility isolation as a function
of the target CCS/z values (Figure 3I). As expected, the size
of the chimeric precursor group reaches a maximum at the
densest region of the respective mass and mobility dimensions
(Figures 3G-1 and S4). Interestingly, the HRIM method (1% isola-
tion width) (Figure 3I), which is inherently data-independent on
SLIM-based instruments (since ions over the full mobility range
are isolated in each scan), produces smaller chimeric precursor
groups than the 20 Th window often used for DIA experiments on
quadrupole-based instruments (Figure 3G). Notably, performing
a DDA-like quadrupole + HRIM experiment with a 2 Th window
at 1% HRIM isolation width (Figure 3H, green circles) greatly
decreases the chimeric precursor group size relative to a QTOF-
based DDA experiment (Figure 3G, circles), whereas performing
a similar experiment at the 5% isolation width (Figure 3H,
blue circles) representative of a TIMS-based instrument only
moderately decreases the chimeric group size. Relative to a 2 amu
quadrupole isolation window alone, adding 1% HRIM isolation
width to quadrupole isolation resulted in a 13x decrease in
chimeric precursor group size whereas adding 5% LRIM isolation
width only resulted in a 2Xx decrease on average across all target
m/7’s investigated.
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width. The color scale represents the total number of precursors per isolation bin. Panels D-F are heatmaps depicting the percentage of the peptide
library transmitted at each target m/z (D, E) or CCS/z (E, F) and RT for the same modes as in A-C, respectively. Panels G-I are line plots summarizing
the percentage of the peptide library detected as a function of target m/z (G, H) or CCS/z (H, I), for the same modes as in A-C, respectively. Panel G shows
quadrupole-only isolation using 2, 10, and 20 Th isolation windows. Panel H presents results for quadrupole + IM isolation, using isolation windows of
2 Th + 1% CCS/z, 2 Th + 5% CCS/z, 25 Th + 1% CCS/z, and 25 Th + 5% CCS/z, respectively. Panel I displays the results for IM-only isolation using 1%

and 5% CCS/z isolation windows.

The effect of throughput on the size of chimeric precursor
groups was also examined for each instrument mode. Regardless
of the instrument mode, higher throughputs resulted in larger
chimeric groups (Figures 4 and S4). The higher chromato-
graphic resolution attained at lower throughputs and longer
LC gradients thus decreases the number of co-eluted and co-
isolated precursors because there is sufficient separation between
precursor retention times in the LC dimension. In addition,
chimeric precursor groups at the most concentrated regions were
larger across all throughputs than those at less concentrated
regions for quadrupole-only isolation (Figure 4A vs. D), HRIM-
only isolation with 1% width (Figure 4B vs. E), and LRIM-only

isolation with 5% width (Figure 4C vs. F). At the densest region,
defined by m/z 450 for quadrupole isolation and CCS/z 170 A?/z
for ion mobility, isolating precursors with a 1% ion mobility
isolation width is comparable to a 10 Th quadrupole window
(Figure 4A vs. B). At a sparser region, defined by m/z 1000
for quadrupole isolation and CCS/z 250 A2/z for ion mobility,
isolating precursors with a 1% ion mobility isolation width is
equivalent to a 5 Th quadrupole window (Figure 4D vs. E).
The 5% ion mobility isolation width attained with TIMS-based
instruments generates chimeric precursor groups larger than
those of a 20 Th quadrupole window (Figure 4A vs. C and
4D vs. F).
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FIGURE 4 | Effect of throughput on the rate of chimeric spectra across different instrument modes at various target m/z and CCS/z values. The
percentage of the peptide library captured is plotted as a function of throughput for various instrument modes representing dense and sparse target
values. Throughputs of 15, 30, 60, 100, 200, and 500 SPD correspond to chromatographic gradients of 88, 44, 21, 11.5, 5.6, and 2.2 min, respectively. (A, D)
Quadrupole-only results are shown for target m/z values of 450 Th (A) and 1000 Th (D), using isolation window widths of 0.7, 2, 5, 10, and 20 Th. (B, E)
HRIM-only and quadrupole + HRIM results are shown for target CCS/z values of 170 A2 (B) and 250 A2 (E). For quadrupole + HRIM, the corresponding
target m/z values are 450 Th (B) and 1000 Th (E), with quadrupole window widths of 2 or 25 Th combined with HRIM windows of 1% or 3% relative
width in CCS/z space. (C, F) LRIM-only and quadrupole + LRIM co-isolation results are shown at CCS/z targets of 170 A2 (C) and 250 A2 (F), using
LRIM windows of 5% or 10% relative width in CCS/z space. For quadrupole + LRIM in panels (C) and (F), quadrupole window widths of 2 or 25 Th were
combined with LRIM windows of 5% or 10% relative width, at target m/z values of 450 Th (C) and 1000 Th (F). Across all panels, the y-axis is plotted on

a logarithmic scale to illustrate the dynamic range of precursor coverage.

3.3 | Effect of Instrument Mode on Chimeric
Overlap of Experimental Spectra

To empirically assess the selectivity of precursor isolation across
various quadrupole and IM settings, 100 ng of HeLa digest was
analyzed in three different instrument modes (quadrupole-only,
quadrupole and IM, or IM-only isolation) on the same system
using the same LC method. For each instrument mode, respective
MSI1 spectra (Figure S5), MS/MS spectra, ion chromatograms, and
ion mobilograms were extracted for a low abundance peptide
with the sequence “DFMIQGGDFTR” (precursor m/z 643.7953),
representative of the dense region of the precursor m/z range.
To estimate the specificity of the fragmentation spectra across
instrument modes, we compared the percent total ion current
explained (% TIC Explained), defined as the percentage of the
total ion current of the fragmentation spectrum that can be
explained by matched fragment ions. As expected, there was a
lower percentage of the total ion current associated with the target
peptide sequence when spectra were acquired with a wide 20 Th
quadrupole isolation window (Figure 5A) typically used for DIA
experiments, compared to that when spectra were acquired with

the narrow 1.3 Th isolation window (Figure 5B) typically used
for DDA experiments. Quadrupole-only isolation with the 20 Th
window resulted in very low relative abundance peptide fragment
ions (Figure 5C), demonstrating a high degree of chimeric content
within the MS/MS spectrum and lack of selectivity in precursor
isolation, which was also observed at the MSI level (Figure S5).
Manual annotation of the characteristic peptide fragment ions
confirms the target peptide’s presence, but the low quality of the
signals within the abundant chimeric background is anticipated
to preclude automated detection using typical search programs.
However, combining the 20 Th quadrupole isolation window
with IM significantly reduces the complexity of the spectra
(Figures 5A and S5), which is reflected in the lower number of
background peaks when the spectra were extracted with a 5%
LRIM isolation width, simulating the resolution attained with
a timsTOF instrument (Figure 5E), or a 1% HRIM isolation
width, representing the resolution attained with a SLIM-QTOF
instrument (Figure 5G). In fact, operating the SLIM-QTOF
(HRIM 1%) with a 20 Th window showed comparable specificity
to utilizing quadrupole only isolation with a 1.3 Th window for
this target peptide (Figure 5A vs. B). Operating the SLIM-QTOF
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Example spectra demonstrating various levels of chimeric overlap observed with different instrument modes for precursor isolation.

Panels (A) and (B) quantify for spectra in panels (C-H) how much intensity the target peptide’s fragment ions contribute to the total ion current and
the NIST % Match Probability for the fragment spectrum to a library spectrum for the DFMIQGGDFTR peptide. Panels (C) and (D) show annotated
spectra acquired with quadrupole isolation with a 20 Th window (C) and a 1.3 Th window (D). Panels (E) and (F) show annotated spectra extracted with
a 5% LRIM isolation width combined with quadrupole isolation with a 20 Th window (E) and a 1.3 Th window (F). Panels (G) and (H) show annotated
spectra extracted with a 1% HRIM isolation width combined with quadrupole isolation using a 20 Th window (G) and a 1.3 Th window (H).

with HRIM isolation alone produced specificity greater than the
4 Th window and less than the 1.3 Th window for this target
peptide (Figure S6), which is better than the predicted speci-
ficity (Figure 4). In both cases, the ability to achieve improved
specificity while leveraging wider or no quad isolation can be
translated experimentally into greater sensitivity, analysis range,
and/or LC acquisition rate since the need for narrow quadrupole
filtering typically limits performance in each of these aspects.
Combining quadrupole isolation with a 1.3 Th window and 1%
HRIM isolation further increased the purity of the spectrum
(Figure 5B). Spectra acquired with a combination of quadrupole
and IM isolation contain significantly less background signal
(Figure 5F,H). Ultimately, the highest specificity was obtained
when employing a combination of narrow quadrupole and HRIM

precursor isolation (Figure 5H), which could facilitate peptide
identification, PTM site localization, and de novo sequencing in
cases of high chimeric overlap.

4 | Discussion

The goal of proteomics is to identify and quantify proteins
in biological samples. This process is facilitated by finding
precursors that are fragmented to provide information about
their peptide sequences, leading to association with their pro-
tein identities. Ideally, one precursor would be fragmented
per MS2 spectrum to ensure successful identification of the
corresponding peptide sequence. However, due to the large
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number of proteins in more complex samples, such as cell
lysates or tissues, hundreds of precursors can have the same
retention time and very similar m/z values. Co-isolation of
these peptides with similar properties results in chimeric spectra
that contain fragment ions from all the present peptides, thus
complicating peptide sequence identification. In tandem with
computational methods to help identify the additional peptides
present in chimeric spectra, increasing the selectivity of analysis
using different modes of instrument operation, such as HRIM,
decreases the likelihood of generating chimeric spectra in the first
place.

To better understand the likelihood of precursor co-isolation dur-
ing different modes of instrument operation, a library of peptides
and their properties was leveraged as a model for theoretical
analysis. To simplify our model, all peptides in the library were
assumed to be equally abundant and no modifications, including
standard ones like oxidation or carbamidomethylation, were
considered. This library of precursors provides a representative
population that approximates the typical level of experimental
complexity encountered enabling relative comparisons between
the various precursor isolation techniques explored. Co-isolation
of precursors was simulated by filtering precursor values using
thresholds defined by each mode of instrument operation.
Comparing the corresponding sizes of the groups of co-isolated
precursors provides a relative quantification of specificity for each
operation mode and these trends can then enable a mapping of
SLIM-QTOF operation modes to specific proteomics workflows
based on where current methods with equivalent specificity have
demonstrated success, as summarized in Table 1. For example,
timsTOF systems generate data equivalent to the combined
operating modes of ion mobility with 5% LRIM isolation widths
and quadrupole-isolation, most often with 20-25 Th windows or
2-3 Th windows depending on the desired level of specificity.
The SLIM-QTOF instrument is equivalent to the ion mobility
operating mode with 1% HRIM isolation widths.

Quadrupole-based isolation provides separation in the mass
dimension, with wider isolation windows (10-20 Th) often used
for data-independent acquisition. While the wider windows
devote more instrument time to a larger range of precursors, the
limited specificity of the resulting MS2 spectra can complicate
peptide sequence identification. Narrow isolation windows (<2
Th) are utilized for DDA. Limiting the number of precursors
in each MS2 spectrum increases the specificity of analysis, but
narrow quadrupole windows come at the cost of ion utilization
since less time can be spent analyzing each window while
maintaining a certain LC acquisition rate (MS1/MS2 cycle time).
Ultimately, quadrupole-based isolation for DIA mode with wider
isolation windows works best for high throughput assays [43,
44], quantifying differential expression [45, 46], deep proteome
coverage [44], and single cell proteomics [47] because it maxi-
mizes sensitivity, LC acquisition rate, and mass analysis range.
Quadrupole-based isolation for DDA mode with narrow isolation
windows is often applied to analysis of PTMs [48-50], peptide
cross-linking [51, 52], immunopeptidomics [53], and biofluids [49,
54, 55] where clean MS2 spectra for confident identification is
prioritized over other metrics.

Ion mobility-based isolation provides separation in the mobility
dimension, which is dependent on the size, shape, and charge of

precursors rather than m/z. High resolution ion mobility with 1%
isolation widths was theoretically predicted to fall between the
specificities of a 5 Th and 10 Th quadrupole window (Figures 3
and 4) and experimentally observed to fall between a 1.3 Th and 4
Th quadrupole window (Figure S6). In addition, HRIM at 1% iso-
lation offers the advantages of (1) significantly higher (near 100%)
ion utilization since ions are temporally separated and all trans-
mitted rather than sequentially filtered, allowing for enhanced
sensitivity, (2) higher rates of MS2 spectral generation (>500 Hz)
owing to the narrow mobility peaks (~2 ms), (3) full range of
analysis so that peptides across the full m/z range are detectable,
and 4) generation of separate MS2 spectra for isomeric and
isobaric peptides that are mobility resolved. HRIM-only isolation
is anticipated to offer particular advantages in performance for
single cell and sample limited analyses based on the substantial
increase in ion sampling achieved relative to Quad-only isolation
(~100% vs. 0.5%—2%) [7, 56].

The combination of quadrupole and ion mobility isolation pro-
vides unparalleled specificity due to separation occurring in
both the mass and mobility dimensions. The decrease in ion
utilization for combined quadrupole and ion mobility isolation
is compensated by the increased coverage of diverse precursors
and specificity of the MS2 spectra. Applying a wide or narrow
quadrupole isolation window to HRIM at 1% isolation width
can approximately triple the specificity compared to ion mobility
isolation alone (Figure 5). Experimentally, we showed that adding
HRIM isolation at 1% widths to a 25 Th quadrupole isolation
window has spectral specificity between a 1.3 Th and a 4 Th
quadrupole window, indicating a possibly 10-fold reduction in
complexity of the m/z dimension. This almost 10-fold reduction is
more than double the 4-fold reduction observed using a timsTOF
instrument [23].

Increasing spectral specificity while maintaining sufficient ion
utilization is powerful for facilitating peptide sequence identi-
fication in complex samples. The combination of IM and quad
isolation with wide windows in DIA mode works well for high
throughput assays [57-59], quantifying differential expression
[60], deep proteome coverage [61], single cell proteomics [60,
62], PTM analysis [63, 64], and peptide cross-linking [65, 66].
IM and quad isolation with narrow windows in DDA mode
works well for PTM analysis [67-69], peptide cross-linking [70],
immunopeptidomics [71-73], and analyzing biofluids [73, 74].

5 | Concluding Remarks

The theoretical and experimental analysis performed for the
various isolation approaches provides a foundation for comparing
their specificity of analysis and projecting application areas where
each mode would be best leveraged. HRIM isolation alone on
a SLIM-QTOF instrument was found to be comparable to a
~5 Th quadrupole isolation window and to produce smaller
chimeric precursor groups than those predicted from a timsTOF
instrument. Increasing ion mobility resolution was verified to
increase specificity in precursor isolation and is anticipated to
enhance the speed, depth, and coverage achievable in proteomics
workflows when coupled with a high performance QTOF plat-
form. The utility of ion mobility to increase the efficiency of ion
sampling as well as speed and specificity for MS2 generation as
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TABLE 1 |

Summary of characteristics for quadrupole isolation, HRIM isolation, and the combination of quadrupole and IM isolation.

Instrument mode Isolation width Specificity

Ion

utilization Suitable proteomic workflows

Quadrupole only DIA (2-20 Th)

* High throughput
* Differential expression
* Deep proteome coverage

* Single cell proteomics

DDA (0.7-4 Th)

* PTMs
* Peptide cross-linking
* Immuno-peptidomics

* Biofluids

HRIM 1%

High throughput
Differential expression

* Single cell proteomics

IM + Quad DIA (5-40 Th)

@@ 6 (6

* High throughput

©0 O 6

* Differential expression
* Deep proteome coverage
* Single cell proteomics

e PTMs

* Peptide cross-linking

DDA (0.7-4 Th)

PTMs

Peptide cross-linking

-

* Immuno-peptidomics

* Biofluids

demonstrated on timsTOF instruments can be further extended
by leveraging higher resolution ion mobility technologies like
SLIM. We therefore predict that high resolution ion mobility
will play a growing role in maximizing performance for future
generations of proteomics instrumentation.
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