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Abstract. Recent advances in ion mobility spec-
trometry (IMS) have illustrated its power in deter-
mining the structural characteristics of a mole-
cule, especially when coupled with other separa-
tions dimensions such as liquid chromatography
(LC) and mass spectrometry (MS). However,
these three separation techniques together great-
ly complicate data analyses, making better infor-
matics tools essential for assessing the resulting
data. In this manuscript, Skyline was adapted to

analyze LC-IMS-CID-MS data from numerous instrument vendor datasets and determine the effect of adding the
IMS dimension into the normal LC-MS molecular pipeline. For the initial evaluation, a tryptic digest of bovine
serum albumin (BSA) was spiked into a yeast protein digest at seven different concentrations, and Skyline was
able to rapidly analyze the MS and CID-MS data for 38 of the BSA peptides. Calibration curves for the precursor
and fragment ions were assessed with and without the IMS dimension. In all cases, addition of the IMS dimension
removed noise from co-eluting peptides with close m/z values, resulting in calibration curves with greater linearity
and lower detection limits. This study presents an important informatics development since to date LC-IMS-CID-
MS data from the different instrument vendors is often assessed manually and cannot be analyzed quickly.
Because these evaluations require days for the analysis of only a few target molecules in a limited number of
samples, it is unfeasible to evaluate hundreds of targets in numerous samples. Thus, this study showcases
Skyline’s ability to work with the multidimensional LC-IMS-CID-MS data and provide biological and environmental
insights rapidly.
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Introduction

ﬁ s the demand for faster and more informative sample
analyses continues to grow, so does the need for better
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informatics programs to assess the resulting data. lon mobility
spectrometry (IMS) provides a promising separation technique
capable of increasing the throughput, sensitivity and selectivity
of current liquid chromatography and mass spectrometry (LC-
MS) omic analyses [1-8]. However, evaluating the multidi-
mensional LC-IMS-MS data has proven to be extremely chal-
lenging as the extra IMS dimension adds complexity to bioin-
formatics analyses. Over the last decade, attempts have been
made to alter LC-MS tools to accommodate the multidimen-
sional LC-IMS-MS data [9—13]. This adaptation of tools has
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worked well for feature extractions and library matching of the
precursor ion spectra; however, automated analyses of the LC-
IMS-CID-MS fragmentation data from numerous instrument
vendors has proven to be more difficult, especially when all-
ions fragmentation is performed using a data independent
acquisition (DIA) approach [14, 15]. Since the IMS technique
can provide benefits for DIA analyses such as the precursors
having the same drift time as their fragments to enable group-
ings which are not possible with MS alone (Fig. 1) [16, 17],
there is a great desire to have informatics programs to process
these data. Unfortunately to date, a majority of LC-IMS-CID-
MS analyses from the different vendors are evaluated manually
and only focus on a small number of target molecules and
datasets as increasing this number would quickly increase the
analysis times beyond available resources. This limitation re-
stricts studies and has hindered a true understanding of the
benefits of using IMS in DIA analyses, even though several
studies have shown very promising results [18-22]. To address
this challenge, we adapted the Skyline software program [23]
to accept and process IMS data from Agilent, Waters, and
Bruker, in addition to also retaining all the other Skyline
capabilities. In this manuscript, LC-IMS-CID-MS data from
the Agilent instrument is showcased, but Skyline has also been
adapted to support chromatogram extraction with IMS filtering
for all of these vendors based on peptide search results from
Spectrum Mill, ProteinLynx Global Server, and Mascot. Ad-
ditionally, recent changes allow Skyline to support a compen-
sation voltage optimization workflow for precursor selection
by high field asymmetric IMS (FAIMS) on the SCIEX
SelexION device.

Skyline is an open source informatics tool, which has been
validated in data dependent (DDA) and DIA approaches using
both the LC and MS dimensions [24-27]. To enable analyses
of data having the IMS dimension, Skyline was modified to
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automatically extract peak areas using IMS drift times for a list
of target peptides, in addition to the corresponding LC elution
times and MS information. Furthermore, this modification
allowed peak area extraction for both the precursor and all-
ions fragmentation spectra, enabling an assessment of how the
IMS dimension effected the quantitation and limit of detection
for each peptide. This manuscript illustrates the changes to
Skyline to read the IMS data, provides a tutorial of how to
process LC-IMS-CID-MS data files with Skyline, and show-
cases the benefits afforded by adding the IMS dimension to
DIA analyses of complex samples.

Materials and Methods
Dilution Series Acquisition

Bovine serum albumin (BSA) was purchased from Sigma-
Aldrich (St. Louis, MO) and a tryptically digested yeast protein
extract was purchased from Promega (Madison, WI). The BSA
was tryptically digested and diluted with water to a total protein
concentration of 0.5 pg/pL. The BSA was then spiked into the
tryptically digested yeast extract at seven different concentra-
tions (100 pM, 1, 5, 10, 50, 100, 500, and 1 pM), where a final
concentration of 0.1 pg/ulL was used for the yeast in all sam-
ples. A sample of BSA peptides in water was also prepared at
100 nM to develop the Skyline parameters for the target
peptides.

Datasets for each sample were acquired by LC-IMS-MS
using a Waters NanoAcquity HPLC system (Waters Corpora-
tion, Milford MA) and an Agilent 6560 IM-QTOF MS plat-
form (Agilent Technologies, Santa Clara) [28, 29]. The HPLC
system used reverse phase columns prepared in-house by slurry
packing 3 um Jupiter C;g (Phenomenex, Torrence, CA) into
40 cm x 360 um o.d. x 75 um 1i.d. fused silica (Polymicro
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Technologies Inc., Phoenix, AZ) having a 1-cm sol-gel frit for
media retention. Trapping columns were prepared similarly by
slurry packing 5-um Jupiter C;g into a 4-cm length of
150 pum i.d. fused silica and fritted on both ends. Sample
injections (5 pL) were trapped and washed on the trapping
columns at 3 pL/min for 20 min prior to alignment with
analytical columns. Mobile phases consisted of 0.1% formic
acid in water (A) and 0.1% formic acid acetonitrile (B) and
were operated at 300 nL/min with a 100-min gradient profile as
follows (min:%B); 0:5, 2:8, 20:12, 75:35, 97:60, 100:85. The
LC was connected directly to the Agilent nanoESI source.
Upon entering the source of the Agilent 6560 IM-QTOF MS
platform, ions were passed through the inlet glass capillary,
focused by a high-pressure ion funnel, and accumulated in an
ion funnel trap. Ions were then pulsed into the 78.24-cm long
IMS drift tube filled with ~3.95 Torr of nitrogen gas, where
they traveled under the influence of a weak electric field (10—
20 V/em). Tons exiting the drift tube were refocused by a rear
ion funnel, and the collision energy was alternated between 0
and 29 V for acquisition of MS and all ions fragmentation
spectra. The ions were then detected with the TOF MS and
their arrival time (z4) were recorded for the 100-3200 m/z
range.

Data Processing in Skyline

Forty-three peptides and 54 peptide precursors were placed in
the library Skyline document and used for targets to determine
the presence of BSA in the solutions. The 1 uM, 100 nM, and
10 nM BSA digest samples in water were imported into Sky-
line 3.7.0.11317 using 20,000 TOF resolving power over the
entire gradient for both MS1 and the CID-MS without any IMS
filtering. The target set was then further reduced to the best 34
peptides and 38 precursors by inspecting the chromatograms of
each precursor at the three different concentrations and elimi-
nating any with large interferences. Finally, the dataset for
100 nM BSA in water was imported into this refined method
document. This training set was used to determine expected
elution and drift time for each targeted ion as described in the
supplementary tutorial. After these characteristics were ac-
quired, the document was saved once with the resulting drift
times and once without them. The eight yeast datasets were
imported both with and without drift time filtering to evaluate
the effect of the IMS dimension. Manual adjustment of the
chromatogram peak integration took less than 1 h for each
document and was required at low concentrations because of
the lack of matching labeled reference standards. Finally, the
precursor and fragment area reports are included in the supple-
mentary Skyline documents on Panorama [27] (http://
panoramaweb.org/baker-ims.url) and resulted in four reports
(LC-MS precursor extraction, LC-IMS-MS precursor extrac-
tion, LC-MS fragment extraction, and LC-IMS-MS fragment
extraction). These reports contained peak area totals for three
isotopes in MS1 and the 6 to 8 most intense y and b transitions
in the fragmentation data—excluding y1, y2, b1, and b2—from
the library spectra (where 2 targets had 6 transitions, 3 had 7,
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and 33 had 8). These total peak areas were then analyzed to
assess the impact of IMS drift time filtering on the observed
linear dynamic range of the integrated peaks.

Results and Discussion

To evaluate the effect of utilizing the IMS dimension in mul-
tidimensional analyses and determine the performance of Sky-
line in analyzing the LC-IMS-CID-MS data, tryptically
digested BSA was spiked at seven concentrations (100 pM,
1,5, 10, 100, 500, and 1 pM) into a tryptic yeast digest with a
final peptide concentration of 0.1 pg/uL. Yeast was picked as
the matrix of interest since most of the peptide components
have a similar concentration range, providing more interfering
peaks than samples with a higher dynamic range (e.g., plasma).
MSI1 and IMS-CID-MS all-ion fragmentation spectra were
alternated every other second during each 100 min LC run.
Skyline was then utilized to extract the ion chromatograms and
calculate peak areas for 38 different tryptic BSA target peptides
in four ways including LC-MS precursor extraction, LC-IMS-
MS precursor extraction, LC-MS fragment extraction, and LC-
IMS-MS fragment extraction. These different extraction tech-
niques enable the evaluation of how the IMS dimension effects
the MS1 and fragment analyses. Using Skyline, a researcher
was able to assess the multiple datasets and different analysis
conditions in just a few hours, and a step-by-step tutorial
illustrating how to analyze the LC-IMS-CID-MS data with
Skyline is included in the Supplemental Information. These
analyses were then evaluated to determine the effect of the IMS
dimension on the peptide quantitation and the results are shown
below.

Effect of Using IMS Filtering on MS1 Spectral
Analyses

To assess the effect of the IMS dimension in complex proteo-
mic sample analyses, initially, we compared the MS1 peak
extraction results, where first the LC and MS dimensions were
used for peak area extraction (Fig. 2a) and then all three
dimensions (LC, IMS, and MS) were used (Fig. 2b). Only 10
BSA peptides are illustrated in Fig. 2 for clarity. In these
assessments, we found that the calibration curves for each
peptide were more linear and had lower limits of detection
when the IMS dimension was utilized. LODs of ~100 pM
were observed for most peptides when the IMS dimension
was applied in the analyses, and 1 nM when it was not. We
also noted saturation at the 1 uM concentration level with and
without IMS filtering; thus, a dynamic range of ~ 3.5 orders of
magnitude was noted with IMS filtering and 2.5 without. The
linear regions for a majority of the peptides are circled in Fig. 2.
This effect was further evaluated by analyzing the MS1 ex-
tracted ion chromatograms (XICs) for each of the peptides and
their monoisotopic m/z and the M + 1 isotope peak. We found
that at low concentration spiking levels when IMS filtering was
not utilized, interferences from other peptides or background
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Figure 2. Addition of the IMS dimension enables better quantitation of MS1 data. Calibration curves for 10 of the BSA target
peptides spiked into yeast and extracted in the MS1 spectra either (a) without or (b) with IMS filtering. IMS filtering illustrated a greater
dynamic range for all peptides due to the reduction of noise in the monoisotopic and subsequent isotopic peaks. A specific example
of interference is illustrated in the bottom XICs for the second isotope of MPCTEDYSLILNR3* in the 10 nM BSA/yeast sample, where
the red peak appears to have a shoulder at an earlier retention time when IMS filtering was not applied
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Figure 3. Noise and peptides interference in MS1 evaluations of LC-MS data can be reduced using the IMS dimension. MS1
spectra for MPCTEDYSLILNR®" and its isotopes are shown at (@) 10 nM and (b) 5 nM without IMS filtering. The [M + 2] isotope is
affected by a co-eluting peptide of a similar mass; however, the plots to the right of each set of XICs show that the two peptides are
separated by the IMS dimension, and IMS filtering would resolve the interference as shown in Fig. 2b. The peptide of interested is
shown at 24 MS, while the interfering peptide occurs at 26 MS, and its contribution affects the [M + 2] isotope peak, especially at
lower concentrations
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ions were noted in the XICs for either the precursors or their
isotopes. This can be clearly seen for the second isotope of
MPCTEDYSLILNR?" in the 10 nM BSA/yeast sample (Fig. 2,
bottom), where its red peak appears to have a shoulder at an
earlier retention time when IMS filtering was not applied. Since
this effect appeared to be magnified at lower concentrations,
both the 5 and 10 nM XICs of MPCTEDYSLILNR®" and its
isotopes were analyzed (Fig. 3). Again, the second isotopic
peak was greatly affected by an interfering ion from the yeast
extract that was not changing in intensity with dilution of the BSA
mixture. Fortunately, however, the BSA peptide of interest had an
IMS drift time of 24 ms, while the interfering peptide occurred at
26 ms. This IMS separation allowed the interfering peak to be
easily filtered out as shown by the plots to the right of each set of
XICs, resulting in better quantitation in the Skyline analyses.

Effect of Using IMS Filtering on Fragmentation
Analyses

To evaluate the effect of the IMS dimension on the all-ions
fragmentation data, again the peak area extraction data for the
LC and MS dimensions (Fig. 4a) was compared to that using
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all three dimensions (LC, IMS, and MS) (Fig. 4b). Ten BSA
peptides are illustrated in Fig. 4 for clarity. In these assess-
ments, the 6-8 most intense y and b transition ions from the
library spectra were analyzed for each peptide of interest. The
calibration curves are shown for the extracted fragment peaks
with the regions of linearity for a majority of the peptides
circled. Interestingly, there was a much greater fall off in
linearity for the fragmentation data than the MS1 data when
IMS filtering was not employed. This caused the LOD to be
approximately 1 nM for most peptides when the IMS dimen-
sion was utilized in the analyses, but 10 to 100 nM when it was
not. Further, the dynamic range was reduced from 3 to 2 orders
of magnitude when IMS filtering was not utilized. To further
investigate why the IMS dimension had such an impact on the
all-ions fragmentation data, the XICs for different transition
ions were evaluated. Due to the data being acquired with a DIA
approach, numerous fragment ions occurred in each spectrum
causing more interferences than when only MS1 conditions
were used. This can be seen in the high baseline level of the
XICs for the transition ions of YIC[+57]DNQDTISSK " in the
10 nM BSA/yeast sample (bottom of Fig. 4). Similar to the
MSI1 data, these interferences influenced the data more at the
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Figure 4. Addition of the IMS dimension enables better quantitation in fragmentation data. Calibration curves for 10 BSA target
peptides spiked into yeast and extracted in the (a) LC-CID-MS and (b) LC-IMS-CID-MS all-ions fragmentation spectra. Like the MS1
spectra, IMS filtering illustrated a greater dynamic range for all peptides due to the reduction of noise. A specific example of
interference is illustrated in the bottom XICs for the baseline area around the transitions of YIC[+57]DNQDTISSK" in the 10 nM BSA/
yeast sample
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Figure 5. Interferences increase at lower concentrations in the all-ions fragmentation spectra when IMS filtering is not utilized. LC-
CID-MS spectra for the transition ions of SLHTLFGDELC[+57]K?* are shown at 100 pM (a) without and (b) with IMS filtering. The
plots on the right of each set of XICs show two ions co-eluting in the LC dimension, but being separated by IMS. The transition of
interest occurs at 29 ms, while the interfering ion is at 33 ms, causing noise around the transitions if IMS filtering is not utilized

lower concentration levels making the calibration curves level
off at much higher intensity levels than the peptides were
spiked at. However, utilizing IMS filtering greatly reduced
these interferences and cleaned up the background as shown
in the XICs in the bottom of Fig. 4b. To further illustrate this
point, another example of the high amount of interference at
low concentration levels is shown for the transition ions of
SLHTLFGDELC[+57]K*" in the 100 pM BSA/yeast sample
(Fig. 5). In this example, two ions co-elute in the LC
dimension (Fig. 5a), but are separated by IMS (Fig. 5b). Since
the transition ion of interest occurs at 29 ms and the interfering
peak is at 33 ms, IMS filtering removes the interference and
allows the Skyline software to acquire the transition ion signal
without the background ion interference signal added. This
enables more linearity in the calibration curves and lower limits
of detection for all peak areas when IMS filtering is utilized.

Conclusion

Due to the need to better characterize complex samples, we
utilized multidimensional LC-IMS-CID-MS analyses to as-
sess samples where BSA was spiked into a yeast extract at
varying levels. To evaluate this multidimensional data, we
also adapted the Skyline software to rapidly read and process
these files. For the study, each sample was analyzed by
alternating between MS1 and all-ions fragmentation using a
DIA approach. Skyline was then used to extract the peak
areas for 38 different tryptic BSA target peptides in four ways
(LC-MS precursor extraction, LC-IMS-MS precursor extrac-
tion, LC-MS fragment extraction, and LC-IMS-MS fragment
extraction). These different extraction techniques allowed
insight into how the IMS separation effected the quantitation
and limits of detection for each peptide and transition ion in
the MS1 and all-ions fragmentation spectra. In all cases, the
addition of the IMS dimension removed noise from interfer-
ing peptides and fragments, resulting in better calibration

curves and lower limits of detection for the peptides and
transitions of interest. This data illustrates the power of
adding the IMS dimension into LC-MS analyses when the
DIA approach is used for complex sample analyses. Howev-
er, without the newly added capabilities of Skyline to auto-
matically and quickly process the LC-IMS-CID-MS, instead
of taking hours, these different peak area extractions would
have taken much longer or been impractical for the Agilent
datasets. Therefore, this study presents an important informat-
ics development enabling the use of multidimensional sepa-
rations to characterize complex samples and provide rapid
biological and environmental insights into various studies
performed by the scientific community. Furthermore, a tuto-
rial and all the data illustrated in this manuscript are provided
in the Supplemental Information, so evaluation of the Skyline
program with this data type can be assessed.
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