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Abstract

Liquid chromatography (LC) prefractionation is often implemented to increase proteomic
coverage; however, while effective, this approach is laborious, requires considerable sample
amount, and can be cumbersome. We describe how interfacing a recently described high-field
asymmetric waveform ion mobility spectrometry (FAIMS) device between a nanoelectrospray
ionization (nanoESI) emitter and an Orbitrap hybrid mass spectrometer (MS) enables the
collection of single-shot proteomic data with comparable depth to that of conventional two-
dimensional LC approaches. This next generation FAIMS device incorporates improved ion
sampling at the ESI-FAIMS interface, increased electric field strength, and a helium-free ion
transport gas. With fast internal compensation voltage (CV) stepping (25 ms/transition), multiple
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unique gas-phase fractions may be analyzed simultaneously over the course of an MS analysis. We

have comprehensively demonstrated how this device performs for bottom-up proteomics

experiments as well as characterized the effects of peptide charge state, mass loading, analysis

time, and additional variables. We also offer recommendations for the number of CVs and which

CVs to use for different lengths of experiments. Internal CV stepping experiments increase protein

identifications from a single-shot experiment to >8000, from over 100 000 peptide identifications

in as little as 5 h. In single-shot 4 h label-free quantitation (LFQ) experiments of a human cell line,

we quantified 7818 proteins with FAIMS using intra-analysis CV switching compared to 6809
without FAIMS. Single-shot FAIMS results also compare favorably with LC fractionation
experiments. A 6 h single-shot FAIMS experiment generates 8007 protein identifications, while

four fractions analyzed for 1.5 h each produce 7776 protein identifications.
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Modern mass spectrometers are capable of collecting tandem mass spectra at great speed
and sensitivity.!2 Recent advances in chromatography and precursor characterization have
increased the number of precursors available for sampling and, consequently, the achievable
proteomic depth.!-3 Still, a single-shot data-dependent acquisition (DDA) experiment is
limited to detection of only about half of the expressed proteome (i.e., ~6500 proteins of ~13
000 present). We believe that the central limitation in these analyses is separation peak
capacity.* This conclusion is evinced by the common use of two-dimensional liquid
chromatography (2DLC) for complex protein mixtures. In this practice each fraction is
analyzed separately by nano liquid chromatography—tandem mass spectrometry (nanoLC—
MS/MS), resulting in increased total peak capacity and increased proteomic depth.2> Such
2DLC approaches add considerable labor, increase sample amount requirements, and can
become very cumbersome, especially when tens or hundreds of samples are compared. Here
we describe the coupling of a high transmittance, low ion transit time cylindrical high-field
asymmetric ion mobility spectrometer (FAIMS) device with an Orbitrap hybrid mass
spectrometer.®~? This new FAIMS technology allows for rapid and effective gas-phase
separation of peptide ions as they depart the electrospray emitter and prior to their entrance
into the mass spectrometer. With this system we demonstrate an increased separation
capability and proteomic depth that allows deep proteome analyses without 2DLC.

FAIMS separations have been characterized at length in the literature.!%-13 In brief, FAIMS
sources transmit ions between inner and outer electrodes based on their difference in
mobility when in a high or low electric field, generated from an asymmetric waveform.
Since this field causes the ions to disperse, the maximum peak amplitude of the asymmetric
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waveform is referred to as the dispersion voltage (DV). Ions with a large enough difference
in mobility between the high and low field migrate toward the electrodes, while ions with no
or limited difference in mobility are transmitted. The trajectory of an ion may be altered by
the addition of a dc voltage. Termed as the compensation voltage (CV), the selection of an
appropriate dc level will compensate for the drift of a specific ion or group of ions, allowing
them to pass through the device. By changing the CV, alternate groups of ions will pass.
Thus, the CV provides a handle by which one can control which population of ions are
traversing the FAIMS device. The mobility, and thus the appropriate CV to use, cannot be
easily predicted and must be determined empirically.

FAIMS holds the promise of delivering gas-phase fractionation for proteomics analyses by
stepping through multiple CVs, deconvolving overlapping peptide signals, and removing
contaminants.!4~1® Gas-phase fractionation has become standard for many time-of-flight
proteomics methods using either traveling wave ion mobility mass spectrometry or trapped
ion mobility spectrometry.!®-20 Previous implementations of both types of FAIMS
electrodes, planar and cylindrical, have typically imparted reduced sensitivity to mass
spectrometry experiments because of low ion maximum transmission (transmission at the
optimal CV for an analyte). The more commonly used planar electrodes offer greater
resolution yet suffer from diffusion causing a portion of the ion population to crash into the
electrodes.2! The gas dynamics of cylindrical electrodes cause the vast majority of ions to
collide with the center electrode upon entrance into the device.-2223 Recently, a new
FAIMS device with improved gas dynamics, resulting in high maximal transmission
(>70%), has been described.®7 In addition to reducing losses due to collisions with the inner
electrode the flow rate of the carrier gas has also been increased. Part of this redesign
resulted in the gap between the inner and outer electrode being reduced, allowing for an
increased electric field strength from existing drive electronics. The result is a reduced ion
transit time (~20 ms). This reduction in ion transit time, combined with ultrafast MS/MS
sampling (60 Hz), makes internal CV stepping (intra-analysis CV switching) practical,
allowing for rapid, sequential CV cycling to produce and analyze multiple gas-phase
fractions during a single analysis.2*

Here we characterize how peptide ions behave in the improved FAIMS device interfaced
with nanoLC and a fastscanning Orbitrap hybrid mass spectrometer.!- With these data we
recommend strategies for analysis of tryptic peptides and benchmark our results against
fractionated and unfractionated analyses without FAIMS. We conclude that the addition of
this FAIMS device nearly doubles the number precursors presented to the mass spectrometer
(815 196 vs 444 965 4 h experiments) and can boost peptide identifications by up to 2-fold
and protein identifications up to 55% from single-shot analyses of human cell line tryptic
peptides, depending on experimental duration. In many scenarios, adding FAIMS
separations to an analysis provides a benefit to proteomic depth. Finally, we present
evidence that FAIMS could replace liquid chromatography fractionation for many
applications.
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MATERIALS AND METHODS

Mass Spectrometry.

Digestion, fractionation, and nanoL.C conditions are described in the Supporting
Information. For experiments without FAIMS, eluted peptides were analyzed on an Orbitrap
Fusion Lumos Tribrid platform with Instrument Control Software version 3.1. These
analyses utilized a 240 000 resolving power survey scan with AGC = 1 000 000, followed by
MS/MS of the most intense precursors for 1 s. The MS/MS analyses were performed by 0.7
my/zisolation with the quadrupole, normalized HCD (higher-energy collisional dissociation)
collision energy of 30%, and analysis of fragment ions in the ion trap using the “Turbo”
speed scanning from 200 to 1200 m/z. Dynamic exclusion was set to 10 s but was increased
to up to 60 s for longer analyses. Monoisotopic precursor selection (MIPS) was set to
Peptide, maximum injection time was set to 11 ms (or up to 20 ms for 5-6 h analyses), AGC
target was set to 30 000, and charge states unknown, +1, or >+5 were excluded and the
advanced peak determination was toggled on.

For FAIMS-enabled experiments the settings were identical except the FAIMS device was
placed between the nanoelectrospray source and the mass spectrometer. FAIMS separations
were performed with the following settings: inner electrode temperature = 100 °C (except
where noted), outer electrode temperature = 100 °C, FAIMS carrier gas flow = 4.7 L/min,
asymmetric waveform with DV = —5000 V, entrance plate voltage = 250 V, and CV settling
time = 25 ms. The FAIMS carrier gas is N, only, and the ion separation gap is 1.5 mm. The
noted CVs were applied to the FAIMS electrodes. For external stepping or single CV
experiments the selected CV was applied to all scans throughout the analysis. For internal
CV stepping experiments, each of the selected CVs was applied to sequential survey scans
and MS/MS cycles (1 s); the MS/MS CV was always paired with the appropriate CV from
the corresponding survey scan. For the 4 h quantitative FAIMS experiments the survey scan
MS resolving power was reduced to 120 000 to permit a cycle time of 0.6 s.

Data Analysis for Qualitative Assessment of Identifications.

For qualitative assessment of peptide and protein identifications from different methods, the
OMSSA algorithm and COMPASS software suite were used for searching and processing
data, respectively.2> Raw files were first converted to text files and scored against theoretical
spectra from a target—decoy species-specific reference proteome database, downloaded from
Uniprot, using the OMSSA search engine. Tryptic peptides (allowing for cleavage before
proline) were searched with one missed cleavage. Cysteine carbamidomethylation and
methionine oxidation were set to fixed and variable modifications, respectively. Peptides
were searched with 75 ppm tolerance around the monoisotopic precursor mass and 0.3 Da
tolerance on fragment ion masses; wide precursor tolerances are used so that systematic
mass error can be corrected and because parts-per-million mass error is used for FDR (false
discovery rate) filtering. The COMPASS software suite was used to filter search results to a
1% unique peptide FDR (based on E-value and ppm mass error). Identifications with mass
errors above 5 ppm were typically filtered out at this step. For protein identification,
characterization proteins were grouped based on the rules of parsimony and filtered to 1%
FDR.26 Data generated from the LysC digestion was searched similarly. GluC and
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chymotrypsin data were searched with three missed cleavages, and chymotrypsin data was
also searched semispecifically. Technical comparisons of peptide and protein identifications
was performed with COMPASS, which provides a flexible framework for rapid searching
and application of FDR filtering, easily allowing for both batch and single-file peptide or
protein FDR. Additional characterization was performed for single CV files and label-free
quantitation (LFQ) quantitation (described below) with MaxQuant searching. In these cases
the default parameters were used except ion trap MS/MS tolerance was set to 0.3 Da. The
“allPeptides” file was used to characterize charge state and 111/z of observed MS1 peptide
features. Due to the extended amount of time required to search data, MaxQuant analysis
was limited to peptide feature characterization and LFQ. Note that these programs provide
similar protein identification rates.

MzXML Splitting.

Raw files from FAIMS internal CV stepping experiments cannot be directly processed in
MaxQuant due to the disruption of peptide elution profiles. To overcome this limitation we
converted each raw file into a set of MzXML files, where each of these contains only scans
collected with a single CV.27 Available data conversion software such as MSConvert or
ReAdW are capable of generating MaxQuant-compatible MzXML files for routine mass
spectrometry experiments, but they do not correctly convert FAIMS raw files into MzXML
files due to slight changes to raw file structure, nor do they separate scans by different

correction voltages.

MaxQuant compatible MzXML files were created directly from raw files using custom C#
software developed in-house (https://github.com/coongroup/FAIMS-MzXML-Generator).
These files produce MzXML files similar to those generated by ReAdW, which itself
generally conforms to the official MzXML schema. This software utilizes functionality
provided via the C# Mass Spectrometry Library (https://github.com/dbaileychess/CSMSL)
to rapidly access spectral data. Briefly, the locations of the raw files to be processed and
desired output path is specified using an intuitive user interface. Each scan is accessed to
determine the number of unique CVs applied throughout the experiment. The software then
partitions all scans into distinct collections via the CV located in scan filter, initially without
regard to scan level. These collections are then iterated through to associate MS/MS scans
with parent survey scans. As the scans are linked, the relevant instrumental and spectral
information is formatted and written out to an MzXML file. This process is repeated for
every unique CV detected in the experiment, e.g., an input raw file containing three unique
CVs will result in three output MzXML files.

Label-Free Quantitation.

For LFQ comparisons, MaxQuant was used.?8-29 Either MzXML (FAIMS) or raw data
(without FAIMS) files were searched against a human proteome reference database
(Uniprot) with the Andromeda algorithm using the default parameters except the following:
LFQ was toggled on with min ratio count set to 1 for both LFQ and protein quantitation, ion
trap MS/MS tolerance was set to 0.3 Da, and match between runs was enabled. Additionally,
each MzXML file was denoted and analyzed as a fraction. MS1 peptide features were
determined from the isotope pattern category from the “summary” file.
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RESULTS AND DISCUSSION

To describe the relationship between applied CV and peptide characteristics we analyzed
tryptic peptides derived from the human cell line K562 with CVs ranging from —10 to —120
V (60 min per analysis). The total number of features at charge states +1, +2, +3, or >4
reveals a somewhat unpredictable distribution, but one that is similar to those previously
reported (Figure 1a, Figure S1a).3? Interestingly, features with z >+4 have a distribution
between that of +2 and 43, suggesting their transmission adheres to a different mechanism
that those of lower charge states. We also found that there is a strong correlation between
my/z and CV between —20 and —60 V and markedly less correlation from —60 to —120 V
(Figure S1 b-—d). A perhaps useful observation from these data is that the vast majority of
multiply charged features lie in the CV range of —40 to —120 V, while the charge state +1
features are almost entirely constrained to CVs between —10 and —45 V. As expected, this
separation suggests that the less desirable +1 features can be excluded from the majority of
proteomic analyses with the FAIMS device. From these data we estimated peptide peak
widths (full width at half-maximum peak height) from the FAIMS separation to be ~10 CV
(Figure Sle) and maximal peptide transmission to be >75% for 90% of peptides.

To define the useful CV range for proteomic analyses we next surveyed each CV bin for
total number of peptide (Figure 1b) and protein (Figure 1c) identifications and display this in
context of results from a standard analysis (without FAIMS). Analyses without FAIMS
always yield more peptide identifications than any analysis with a single CV. Yet, there is a
broad range of CVs (—40 to —105 V) that can produce more protein identifications ( <0%)
than the same analysis without FAIMS. This seemingly counterintuitive relationship
between peptide and protein identifications exists for two reasons. Single CV analyses have
reduced sampling of highly abundant proteins; there are 3 times more proteins with >30
unique proteins in the experiment without FAIMS (Figure S2, parts a and b). Similarly,
proteins must be represented by fewer peptide sequences, on average, since only a portion of
peptides are present in a given sample. This observation is consistent with the analysis of a
subset of LC fractions (Figure S2, parts ¢ and d).

Amino acid frequency can vary between organisms.3! If the characteristics of tryptic
peptides derived from organisms change enough, then it is possible each organism would
require CV characterization and optimization prior to the analysis. To test this possibility we
analyzed tryptic peptides from a broad spectrum of organisms (bacteria, fungus, mammalian
tissue, and a human cell line) across a wide CV range (Figure 1d). We report that peptides
from all of these organisms behave similarly in the FAIMS device, and thus, it is likely the
same CV settings can be used for the analysis of tryptic peptides irrespective of organism.
The same evaluation was performed for different proteases (Figure 1e). Peptides created
with LysC, chymotrypsin, or GluC appear to transmit in the same general CV space. Note
that each may benefit by being optimized individually.

FAIMS resolution can be affected by differences between inner and outer electrode
temperatures.3233 To evaluate this phenomena, tryptic peptides were analyzed over a broad
CV range for two inner electrode temperatures, 70 or 100 °C, while the outer electrode was
maintained at 100 °C (Figure 1f). The peak widths of analytes, in units of CV, decrease at
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the reduced inner electrode temperature; however, this decrease in CV peak width is also
accompanied by a decrease in the useful CV range, and thus, we do not observe a
relationship between inner electrode temperature and CV peak capacity (Figure S3).

Deciding which CVs to use for optimal proteomic performance depends on both the total
number of possible peptides in each CV and the overlap in peptide identifications between
those CVs. Additionally, the CVs chosen will depend on the total number of CVs used,
which is ultimately dictated by how much time is available for an experiment. To
systematically determine which two CVs should be used in conjunction for a two-CV
analysis, we analyzed tryptic peptide derived from K562 cells with CVs ranging from —30 to
—90 V with 5 V resolution, in duplicate (Figure 2a). From these data we conclude that
combining data from —50 and —70 V or-55 and —75 V provides the greatest proteomic
depth. Next we examined which three CVs to combine to optimize a three-CV analysis.
Peptide identifications from a first experiment at —55, —60, or —65 V (the three highest
points in the peptide/CV distribution) were each combined with the identifications from a
second experiment where the CV ranged from —30 to —120 V. Local identification maxima
are observed on CVs to both sides of the initial CV used. Combining the initial CV with the
local maxima on both sides provides the best estimate for which three CV values to
combine. The results for the —65 V starting point are displayed in Figure 2b; the —55 and
—60 V results are plotted in Figure S4a—c. We found that combining —50, —65, and -85 V
worked best. We conclude that combined CVs should be 15-20 V apart and centered near
the identification distribution max (-55 to —65 V). If the CVs are too similar, then high
overlap limits results. On the other hand, if the CVs are too far apart, the identification-rich
center of the distribution will be missed. We applied these rules to determine when
combining four CVs within a single experiment —45, —60, —75, and —90 V should be used,
and determined this to be a reasonable setting empirically (Figure S4d).

The FAIMS device used here has ion transit times of ~20 ms. This rapid transit time enables
the instrument to scan multiple CVs within an analysis (Figure S5, parts a and b). Internal
CV stepping enables the thorough analysis of multiple gas-phase fractions within a single
injection. We evaluated three analysis lengths (1, 2, 3 h) and titrated the number of CVs used
during each run, up to four CVs (Figure 2c). The CVs used are in accordance with the
recommend CVs in Table 1. We found that the number of CVs to use during an analysis
depends on the run time. More CVs typically lead to more peptide identifications. However,
once the MS becomes overly saturated with peptide features, the number of protein
identifications drops (e.g., analyzing two CVs yields fewer protein identifications than one
CV for 1 h analyses). For this reason, and to limit cycle time, especially for quantitative
experiments, we recommend analysis of one CV per hour of the run, with four CVs
maximum per analysis (Table 1). Note that combining multiple runs with a single CV
(external CV stepping) each is never as productive as longer experiments with internal CV
stepping (Figure S5, parts ¢ and d).

Historically, poor ion transmission has challenged the practical utility of FAIMS. We aimed
to determine how a FAIMS device with high maximal transmission affects the relationship
between sample loading and proteomic depth. We tested loads of 0.1-6 ug of tryptic
peptides derived from K562 cells with and without FAIMS across 1, 2, or 3 h analyses. The
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settings from Table 1 were applied to the FAIMS analyses in these experiments. We find that
FAIMS-enabled experiments tend to be more sensitive to lower sample amounts, and as
expected, longer runs in both modes are more sensitive to sample loading. Peptide
identifications with FAIMS is always lower for the 1 h analysis (Figure 3a) compared to the
same analysis without FAIMS, as is shown above. As loading increases to 0.5 g and above,
FAIMS analysis provides more peptide identifications in the 2 h experiments (Figure 3b).
Additionally, enabling FAIMS is advantageous at all sample loads for the 3 h experiments
(Figure 3c). Despite the nuanced relationship just described for peptide identifications,
protein identifications are improved with FAIMS for all sample loads and all experimental
lengths (Figure 3d—f). We also note that longer FAIMS-enabled experiments can still benefit
from seemingly very high sample loading amounts (6 4g). The columns used in this study
were packed with fully porous C18 particles having high loading capacity, and the
effectiveness of higher sample loading may change with different chromatography columns.
These data also predict how FAIMS will work during future post-translational modification
(PTM) experiments, where identification of peptide sequences is the primary goal.

We benchmarked protein depth across analysis times ranging from 30 min to 6 h (Figure 4a).
At all time points FAIMS provides added protein identifications. The increase in
identifications is greatest for the shortest runs (30 min and 1 h), drops to ~10% at 2 h, and
then increases for longer runs. Of particular note is that >8000 proteins can be identified in a
5 h analysis using internal CV stepping across four CVs (Table 1). A similar trend is
observed for tryptic peptides from other organisms (Figure 4b), where the shortest analyses
show the greatest advantage from enabling FAIMS. In general, the more complex the
sample, the greater the benefit.

For every experiment there is an evaluation of the proteomic depth desired, at the cost of
analyst effort and instrument time. For experiments where proteomic coverage is ultimately
more critical, LC fractionation is exploited. This typically adds at least a day to sample
preparation time, requires an additional LC, substantial sample amounts, and can be quite
cumbersome. Here we show that FAIMS can change this equation by providing similar
depth, for tryptic peptides derived from K562 cells, compared to the analysis of LC
fractions, holding instrument time constant (Figure 4c). In 6 h of instrument time, two
injections with FAIMS, each with two CV internal stepping (=45 VI-75 V and —60 VI-90
V), generate 8151 protein identifications, compared to 7767 from LC fractions (no FAIMS)
and 6682 unfractionated without FAIMS. Limiting instrument time to 4 h, a similar trend is
observed, 7814, 6914, and 6612 protein identifications, respectively. FAIMS analyses with
internal CV stepping offer similar or higher throughput compared to LC fractionation with a
much more streamlined approach and require only low-microgram amounts of sample. Note
that >100 000 peptides are identified in as little as 4 h with FAIMS. Also note that analyzing
more than four CVs in the current system has limited returns, and we would not expect
single-shot FAIMS experiments to compete with high fraction numbers (e.g., 8-30
fractions).

Finally, we evaluated protein label-free quantitation reproducibility with FAIMS 2829

Tryptic peptides derived from K562 cells were analyzed in injection duplicates, each a 4 h
analysis, with FAIMS (four CVs internal stepping) and without FAIMS. FAIMS raw files

Anal Chem. Author manuscript; available in PMC 2018 September 19.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Hebert et al.

Page 9

were each converted to MzXML files and separated by CV, one MzXML file per CV. Each
of these was analyzed in MaxQuant as fractions. Correlation plots of LFQ measurements
between replicates are displayed without FAIMS (Figure 5a) and with FAIMS (Figure 5b).
Similar high-quality correlations are observed, r2 = 0.994 and 0.992, respectively, while
FAIMS experiments quantify 1009 additional proteins. Base peak chromatograms
demonstrate that similar signal is achieved for both methods (Figure 5c). The total cycle
time impacts quantitation; the FAIMS cycle time for these analyses is 0.6 s per CV
translating to a total cycle time of 2.4 s between MS survey scans with the same CV. As
expected, the cycle time has an inverse correlation with quantitative reproducibility (Figure
S6). Regardless, the protein measurement reproducibility is similar with and without FAIMS
(Figure 5d), and FAIMS-enabled quantitation produces nearly 1200 more protein
measurements with <20% RSD (Figure 5e). FAIMS-enabled experiments access quantitative
values from more peptides per protein (3.7 more unique peptides on average), balancing out
any negative effects from the 2.4 s cycle time (Figure 5f). In general, longer FAIMS analyses
with more CVs provide more peptides per protein than the same experiment without FAIMS
(Figure S7a). Nearly twice as many isotope patterns are observed in the FAIMS runs (Figure
S7b); fewer protein measurements rely on the matching between runs function (Figure S7c),
and reduced chimeric spectra (Figure S7d) point to higher quality data overall.

CONCLUSION

We describe how a high transmittance, low ion transit time FAIMS device interfaced with
nanochromatography and an Orbitrap Fusion Lumos improves proteomic depth. The device
essentially allows the simultaneous analysis of multiple gas-phase fractions, and can
generate >8000 protein identifications from a single-shot analysis of tryptic peptides derived
from a human cell line, and provides LFQ quantitation with similar reproducibility to that of
single-shot experiments without FAIMS. Adding FAIMS to the system expands the possible
options for the proteomic experimental design. The decision between acquiring a single shot
quickly and spending the effort to collect fractions is altered by the addition of FAIMS. With
FAIMS we can acquire data with commensurate or higher depth than LC fractionation with
substantially less effort and sample requirements.

The current FAIMS instrument enables the collection of up to four CVs during a run,
presenting more than 800 000 precursors to the instrument over a 4 h analysis. In the current
design, analyzing more than four CVs either requires using CVs that allow few peptides to
transmit or requires more closely spaced CVs, increasing overlap. Thus, we see limited
returns in analyzing more than four CVs. However, a higher resolution FAIMS devices could
enable the analysis of more CV fractions and lead to greater proteomic depth or throughput.
Being able to analyze 3 times more mostly unique CV fractions could make prefractionation
essentially obsolete. It is also possible that the expansion in the number of precursors
presented to the instrument has shifted the limiting variables back to MS/MS speed and
instrument sensitivity. Efforts to reduce cycle time would also improve quantitation.
Additional characterization of CV settling time, and understanding the parallelization of this
step with other MS processes, will likely increase the number of MS/MS scans collected
over the course of an analysis. Although beyond the scope the work presented here, we
believe the FAIMS device used in this study would be useful for PTM discovery, targeted
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parallel reaction monitoring (PRM), data-independent acquisition (DIA), and top-down and
potentially other experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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c) Proteins
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Characterization of FAIMS CV settings. All results are from 60 min analyses of K562-
derived tryptic peptides, except where noted. (+)FAIMS and (-)FAIMS data were collected
from analyses with and without the FAIMS device attached, respectively. Distributions of (a)

precursor charge states, (b) unique peptide identifications, and (c) protein groups across CV
settings from —10 to —120 V. (d) Effect of CV on tryptic peptide identifications from
multiple organisms. (e) Effect of CV on K562 human cell peptide identifications generated
from listed proteases. (f) Effect of reducing the inner electrode (I.E.) temperature on the CV
distribution of peptide identifications; the outer electrode was held constant at 100 °C.
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Figure2.
Combining data from multiple CVs. All data are from tryptic peptides derived from K562

human cells. (a) Heat map of unique peptides combined from two CVs (orange), and the
percent overlap of those identifications (blue). (b) Heart plot to determine the best three CVs
to combine. This plot shows the total unique peptide identifications from combining one run
with CV = —-65 V and a second run with the CV noted on the x-axis. Those only found in the
first —65 V CV or the x-axis CV are shown in gray and blue, respectively. The overlap
between the two CVs is shown in orange. The * notes local maxima for total identification
yield from the combination of two CVs, suggesting that combining data from CVs —50, —65,
and -85 V will maximize identifications. (c) Internal CV stepping titration for 1, 2, and 3 h
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analyses. For these analyses: one CV = -60 V, two CVs = =50 V|-70 V, three CVs = 50
V|-65 V|-85 V, and four CVs = -45 V|-60 V|-75 V|-90 V.

Anal Chem. Author manuscript; available in PMC 2018 September 19.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Hebert et al.

Page 15

——(-) FAIMS
o (+) FAIMS (-50V|-65V]-85V)

0 1 2 3 4 5 6
Hg on column

3 hour

——(-) FAIMS
o (+) FAIMS (-50V]-65V|-85V)

a) b) c)
38,0007 1 hour 80,0001 2 hours 100,000+
o 0 T 0 ]
$ 34,0001 8 $ 80,000
3 i % 60,0007 ?r ]
& 30,000 2 | 260,000
s s .
% 26,0001 g" 40,0001 g 40,000}
™ g 000: ——(-) FAIMS 1 ——(-) FAIMS 1
! 20,000
1 ~=(+) FAIMS (-60V) 20,000 —+=(+) FAIMS (-50V|-70V) L
0 2 3 4 5 6 0 1 2 3 4 5 6
{g on column (g on column
d) e)
8,000 1 hour 8,000 2 hours 8,000
7,000 » 7,000 e i TiODD
2 g g
5 6,000 g 6,000 8 6,000
(=] o
2 5,000 //——o-——*—" £ 5,000 £ 5,000
3 £ 2
S 4,000 & 4000 & 4,000
o i’
3,000 ——(-) FAIMS 3,000 ——(-) FAIMS 3,000
——(+) FAIMS (-60V) ——(+) FAIMS (-50V|-70V)
2,00 04—y 2,000y 2,000
0 1 2 3 4 5 6 0 1 2 3 4 5 &
pg on column pg on column
Figure 3.

0 1 2 3 4 5 &
pg on column

Loading-response comparison with and without FAIMS for multiple analyses durations. All

data are from tryptic peptides derived from K562 human cells. FAIMS experiments use
internal CV stepping with the noted CVs. Loading amounts tested are 0.1, 0.25, 0.5, 1, 2, 4,
and 6 g on column. Peptide (a—c) and protein (d—f) identification results are compared for 1
h (aand d), 2 h (b and e), and 3 h (c and f) analyses. Intra-analysis CV switching was
performed for FAIMS-enabled runs using the number of CVs and voltages outlined in Table

1.
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Comparing proteomic depth with and without FAIMS. All FAIMS experiments use internal

CV stepping, unless noted. (a) Protein identifications from single-shot analyses, ranging in

run length from 30 min to 6 h, from K562 tryptic peptides with FAIMS (orange) and without

FAIMS (dark gray). The blue bar chart displays the proteomic depth gained from using the

FAIMS device. (b) Protein depth gained for tryptic peptides of the listed organisms with

varying analyses times. The number of CVs and the voltages from Table 1 were applied to

this analysis. (c) Comparison of proteomic depth achieved with FAIMS (orange), without
FAIMS (dark gray), or from LC fractions without FAIMS (blue), in 4 h (@) or 6 h (¢) of
instrument time. The top point consists of 2 x 3 h runs, each with two CV internal stepping
(—45 V|-75 V and —60 V|-90 V). The top protein result for each method type is annotated.
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Figureb5.

Comparison of injection replicate LFQ with and without FAIMS. All data are from 4 h
analyses of 6 ug of K562 tryptic peptides injected back-to-back. Data points have 70%
transparency to show data density. For the FAIMS analyses four CVs (=45 V|-60 V|-75 V|-
90 V) were rastered across during the analysis (internal CV stepping). MS/MS were
collected for 0.6 s at each CV for a total cycle time of 2.4 s. Correlations of log2 LFQ
protein intensity values for injection replicates without FAIMS (a) and with FAIMS (b). (c)
Base peak chromatograms for 4 h analyses with and without FAIMS. (d) Box plots of
protein LFQ fold change measurements between injection replicates. Box = inner 50%,
whiskers = 5% and 95%, x’s = 1% and 99%. (e) Histogram of RSD values for protein
measurements between injection replicates in both modes. (f) Histogram of difference in
peptides per protein identified with FAIMS compared to without FAIMS.
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Table 1.

Recommended CV Settings for Various Analysis Times”

analysistime (h) no. of CVs CVs
< 10 -60 V
2 2 -50 VI-70 V
3 3 =50 VI-65 VI-85 V
R 4 —45 VI-60 VI-75 VI-90V

aNote that CV setting may vary for different sites or instruments. CVs used should be spaced 15-20 V apart and should be centered in the

identification/CV distribution as shown in Figure 1b.

Two CVs may be used for simpler samples like E. coli digests without causing loss of protein identifications.
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