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Abstract

lon mobility spectrometry (IMS) is a widespread separation technique used in various
research fields. It can be coupled to liquid chromatography-mass spectrometry (LC-
MS/MS) methods providing an additional separation dimension. During IMS, ions are
subjected to multiple collisions with buffer gas, which may cause significant ion heat-
ing. The present project addresses this phenomenon from the bottom-up proteomics
point of view. We performed LC-MS/MS measurements on a cyclic ion mobility
mass spectrometer with varied collision energy (CE) settings both with and without
IMS. We investigated the CE dependence of identification score, using Byonic search
engine, for more than 1000 tryptic peptides from Hela digest standard. We deter-
mined the optimal CE values—giving the highest identification score—for both setups
(i.e., with and without IMS). Results show that lower CE is advantageous when IMS
separation is applied, by 6.3 V on average. This value belongs to the one-cycle sepa-
ration configuration, and multiple cycles may supposedly have even larger impact.
The effect of IMS is also reflected in the trends of optimal CE values versus m/z func-
tions. The parameters suggested by the manufacturer were found to be almost opti-
mal for the setup without IMS; on the other hand, they are obviously too high with
IMS. Practical consideration on setting up a mass spectrometric platform hyphenated
to IMS is also presented. Furthermore, the two CID (collision induced dissociation)
fragmentation cells of the instrument—located before and after the IMS cell—were
also compared, and we found that CE adjustment is needed when the trap cell is used
for activation instead of the transfer cell. Data have been deposited in the MassIVE
repository (MSV000090944).

KEYWORDS
bottom-up proteomics, collision energy, cyclic ion mobility mass spectrometry, ion mobility
separation, peptide identification
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1 | INTRODUCTION

lon mobility spectrometry (IMS) has become a widespread separation
technique in analytical and physical chemistry, often hyphenated to
mass spectrometric (MS) analysis (“IM-MS”). IMS separation occurs in
the millisecond timescale; therefore, it can be easily incorporated into
the conventional liquid chromatography-mass spectrometry work-
flows (LC-MS/MS) and can further boost the performance by provid-
ing a dimension for separation that is complementary to the usual
chromatographic techniques.’? IM-MS has found applications in vari-
ous scientific areas from metabolomics® through characterization of
lipids* and nucleic acids® to the structural analysis of polymer mix-
tures® and artificial molecular machines.” It is also a useful tool in pro-
tein chemistry and proteomics, providing information on protein
conformations and unfolding processes,®® as well as increasing the
peak capacity and therefore the number of peptide identifications in
bottom-up studies.*1?

lon mobility is based on the transport of ions in buffer gas under
the influence of an electric field and separates species by charge state
and shape, and the latter is characterized by collision cross
section (CCS). IM-MS can provide the measurement of CCS either
directly or with the help of calibration to reference compounds of

21314 IMS methods are used in various ways in the

known CCS values.
field of proteomics, such as for separation of isomers having similar
structures, for signal filtering to reduce complexity of MS measure-
ments, for aiding identification via mobility related values (e.g., CCS) in
proteomics experiments, and for gaining insight into the conforma-
tional dynamics of a system.*>~*® During mobility separation, the pep-
tide ions are pushed through a buffer gas by electric field while
collisions with the buffer gas hamper their motion. The most conven-
tional drift tube IMS (DTIMS) operates in the condition of low-field
limit (low E/N, low electric field to gas number density ratio), where
the ion velocity in the direction of electric field is negligible compared
to the thermal velocity and the effective ion temperature is equal to
the temperature of the buffer gas.X” However, most commercial IMS
setups, such as traveling wave IMS (TWIMS), trapped ion mobility
spectrometry (TIMS), and field asymmetric waveform IMS (FAIMS),

20-22 \where the ion drift velocity is

work with much larger E/N ratio,
greater than its thermal velocity. This approach raises questions
regarding the temperature of ions under study and the possibility of
jon heating upon IMS experiments.'?

The ions are subject to a series of collisions in the IMS cell, and a
fraction of their kinetic energy can be transferred to internal energy
via inelastic collisions. The obtained energy is then distributed among
rotational and vibrational degrees of freedom; hence, the activation of
the ions takes place similar to collision-induced dissociation (CID).2®
As internal energy increases because of the frequency of collisions,
conformational changes, structural rearrangements, and fragmenta-
tion processes can occur.'?2324
These phenomena can affect both the distributions of conforma-

24-26

tions and the CCS determination as well; therefore, the qualitative

and quantitative measure of ion heating during IMS separation is of sig-

nificant importance, and several studies addressed this issue.'?23-3°

There are several instrument platforms to carry out mobility separation,
and because of the differences, the magnitude of ion heating can be
also different; even different members of the same instrument series
may show variances.?4?830 The investigations revealed that the major
influencing experimental parameters are wave height, wave speed, and

19202431 yhile the

injection voltage to the IMS cell for TWIMS setups,
series of transfer DC potentials altering transmission and the RF ampli-
tude are critical for TIMS mass spectrometers.}82¢32-34 Greater ion
heating occurs at lower pressures, and the transfer efficiency of argon
is higher than for He, N5, or CO,; therefore, optimal parameters may
be dependent on the buffer gas.!?23-25313235 \Whijle the pressure
dependence seems contraintuitive, it has been observed consistently in

19.2432  Qualitatively,

multiple independent experimental setups.
decreasing the pressure, thereby the density, leads to fewer collisions,
but the drift velocity is increasing, which leads to an even faster
increase in the collision energy (CE) that can be transferred.!??432
Analysis timescale for TIMS equipment and prestore time for cyclic
TWIMS also count.?®?” Further, the process is also dependent on the
species under study: larger ions are less heated as the extent of colli-
sional activation per degree of freedom should decrease with ion size
and higher charged states are activated more than lower charged
ones.19:23:2527.29.32.3436 Fyen the solvent used for electrospray ioniza-
tion (ESI) and microsolvation of gas phase ions may have an effect.3>>”
The existence and magnitude of ion heating were determined applying
the survival yield method on thermometer ions (e.g., p-substituted-

19,24-26,29,32

benzylpyridinium ions and leucine enkephalin), investigat-

ing the dissociation of fragile compounds (e.g., leucine enkephalin

dimer and DNA G-quadruplex)?>3>-38

and studying the conformer dis-
tribution of proteins (e.g., bradykinin, ubiquitin, myoglobin, lysozyme,
and cytochrome c).18:28:25-27:32.3435 The yalues obtained for effective
temperature ranged from ~400 K to 800 K depending on the instru-
ment, on the experimental parameters, and on the investigated species.
It was also shown that the native structure of the proteins can be pre-
served by the careful tuning of measurement settings. 8262732333536
Despite the detailed investigation of ion heating process in IMS
cell, no one has yet studied the impact of ion mobility separation on
peptide ion energetics from the point of view of peptide identification
and thereby on the optimal CE choice of MS/MS experiments. In
bottom-up proteomics, peptides are typically subjected to tandem
mass spectrometric experiments and then are identified through
matching their MS/MS spectra against theoretical spectra formed
from a sequence database. One of the most widely used fragmenta-
tion technique is CID, where the applied CE has profound impact on
the information content of the obtained MS/MS spectra. In particular,
this phenomenon has been widely documented from practical proteo-

mics aspects for both unmodified peptides”’40

and peptides with
post-translational modifications.**™*” It was shown to be important to
use instrument specific optimal setting to achieve best proteomics
performance in terms of identification scores and number of success-
ful identifications.*0484?

The present study focuses on the influence of the application of
IMS on the optimum CE at the individual peptide level for a large num-

ber of peptides. Various commercial IMS instruments have been
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developed in the last few decades. The present project was carried out
on the state-of-the art Waters Select Series Cyclic IMS, which consists
of a 98 cm path length, closed-loop traveling wave (TW)-enabled IM
separator positioned orthogonally to the main ion optical axis. This
configuration enables multiple-pass experiments and provides a very
powerful platform when high-resolution separation is desired.’®>>* The
investigation of polycyclic aromatic hydrocarbons showed an almost
doubled resolving power by allowing three passes in the circular TW.>2
For intact protein complexes, increased mobility resolution by an aver-
age of 15% per pass was observed.>® Separation of oligosaccharides
resulted in a resolving power of approximately 120 using three
passes,”* while an estimated resolution of 920 could be achieved after
58 cycles.>® Because of its outstanding efficiency, cyclic IMS was

56-62

applied in various proteomics studies as well, both for peptide and

27:63-69 analysis. This technique was shown to provide more

protein
identified peptides resulting in increased sequence coverage.>® It was
used to map ligand binding sites,’® to differentiate isobaric synthetic
peptides derived from biopharmaceuticals,”” and to unambiguously
assign the disulfide bonds of therapeutic mAb peptides.®® Further,
cyclic IMS was found beneficial in the investigation of modified pep-
tides to determine site localization (e.g., phosphorylation®” or aspartic
acid isomerization®®) and to unravel linkages in glycosylation.®*2 Incor-
poration of cyclic IMS in the intact protein identification led to
improved number of proteins detected from tissue samples.®® Top-
down ECD approach combined with cyclic IMS could increase the
number of fragment ions and protein sequence coverage.®* It was dem-
onstrated that cyclic IMS efficiently separates protein conformers®>¢%
and is capable to monitor the extent of protein unfolding.®”%® Further,
protein conformational changes may occur upon (multipass) cyclic
experiments depending on the voltage settings applied.?”*’
Establishing that cyclic IMS is indeed a highly relevant platform for
our investigations, our aim with the present project is to formulate prac-
tical suggestions on choosing the best CE setting for proteomics if IMS
is used. In this article, we thus present the investigation of CE depen-
dence of peptide identification scores for a large number of individual
peptides both with and without the application of IMS and provide the
comparison of the obtained results. To this end, we performed
LC-MS/MS measurements on the commercially available Hela tryptic
digest standard with varied CE values using a Waters Select Series
Cyclic IMS mass spectrometer. The applied equipment has two consec-
utive CID cells: one before and one after the ion mobility cell. There-
fore, we could additionally compare the pre- and post-ion mobility
fragmentation modes. Our results contribute to fully exploiting the per-

formance boost of the IMS-MS coupling in the field of proteomics.

2 | EXPERIMENTAL SECTION

21 | Chemicals and reagents

LC-MS grade solvents and formic acid (FA) were from VWR Interna-
tional (Debrecen, Hungary), whereas Hela tryptic digest standard was
purchased from Thermo Fisher Scientific (Thermo Fisher Scientific,

e WILEY-222
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Waltham, MA, USA). Leucine enkephalin, MassPREP™ enolase
digestion standard, and [Glu1]-Fibrinopeptide B were obtained from
Waters (Waters Corporation, Milford, MA, USA).

2.2 | Mass spectrometry analysis

In each run, 200 ng Hela tryptic digest standard reconstituted in 2%
acetonitrile (ACN) + 0.1% formic acid (FA) (V/V) solution was injected
onto a Waters Acquity I-Class UPLC system connected to Waters
Select Series Cyclic IMS (Waters Corporation, Milford, MA) equipped
with a low flow ESI source. Peptides were separated on Waters
Acquity Premier CSH column (150 mm x 1 mm, 1.7 um) at 45°C
using multi-step gradient elution with a flow rate of 20 pL/min.
Solvent A was 0.1% FA in water, whereas solvent B was 0.1% FA in
ACN. The elution method was as follows: 5% B from O to 1 min,
followed by a 44 min gradient to 35% B, then the ratio of the solvent
B was elevated to 85% in 1 min and decreased to 5% in 5 min. The
capillary and cone voltages were set to 2.7 kV and 40 V, respectively,
whereas the source offset was 10 V. The source and desolvation tem-
peratures were kept at 120°C and 400°C, respectively. The flow rates
of the cone and the desolvation gases were 20 L/h and 800 L/h,
respectively. The nebulizer gas pressure was 6 bar.

MS/MS measurements were recorded on a Waters Select Series
Cyclic IMS QTof instrument. Data acquisition was performed in the
m/z range of 50-2000 in V-mode. Scan time was set to 0.5s, and
single lock mass correction was carried out using leucine enkephalin.
Collision energy was varied along the experimental series (see
section 2.2.1). Further parameters are presented in the supporting

information (see Table S1).

221 | Energy-dependence studies

We analyzed the CE dependent fragmentation behavior of tryptic
peptides and determined the peptide level optimal CE values. The
Waters Select Series Cyclic IMS mass spectrometer involves two CID
cells; there is one before the IMS cell called “trap cell” and another
one is located after the IMS cell called “transfer cell” (see Figure 1).
Four energy-dependent experimental series were recorded combining
the two fragmentation modes (i.e., trap or transfer) and the presence
of mobility separation (i.e., with or without IMS). The measurements
mapped the 10 to 60 V CE range in 2 V steps in 26 separate LC-MS/
MS runs. While the CE was varied systematically in one of the colli-
sion cells, the CE was kept at the default low-energy value in the
other collision cell. The default low-energy setting is 4 and 6 V for the
transfer cell and the trap cell, respectively. The manufacturer's original
suggestion for a default MSE and HDMSE ramp setting was 19-45 V;
the scanned range was chosen to broaden it in both directions. In the
case of scanning the trap CE, discrete CE values were set. In the case
of mapping transfer CE, it was not possible to set one value in the
software; therefore, small ramps of 2 V were used. These measure-

ments are marked with the average of the starting and ending settings
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quadrupole
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[ trap ]:>[ cyclic IMS ]:>[ transfer ]
ToF
FIGURE 1 The schematic block diagram of the Waters Select

Series Cyclic IMS QTof instrument. Activation can be initiated in the
“trap cell” before the IMS cell and in the “transfer cell” after the IMS
cell. Therefore, both pre- and post-ion mobility fragmentation can be
carried out and a comparison between the two options can be made.
IMS, ion mobility spectrometry.

for the sake of simplicity (e.g., 11 indicates the ramp of 10-12 V). For
ion mobility separation, the default parameters of the one-cycle sepa-
ration were applied. Experimental parameters are summarized as a

form of screenshots in Figures S1-59).

2.3 | Data analysis

The raw experimental data of Waters Select Series Cyclic IMS QTof
mass spectrometer were converted to the mzML file format using
Waters ProteinLynx Global Server 3.0.3 (PLGS) software. Then, MS/MS
spectra were searched against the human SwissProt (February 2022)
database using PLGS and Byonic search engines. The common parame-
ters were as follows: trypsin as the enzyme, cysteine carbamidomethy-

lation as fixed modification, and one missed cleavage allowed.

2.31 | PLGS search

Database search was performed using the 3.0.3 version of PLGS
search engine (Waters). Parent and fragment ion tolerance was set to
20 and 30 ppm, respectively. Methionine oxidation was selected as
variable modification. The false discovery rate was set to 1%. The
processing parameters were set as follows: low energy threshold
value: 200 counts, high energy threshold value: 20 counts, minimum
fragment ion matches per peptide: 3, minimum fragment ion matches
per protein: 7, and minimum peptide matches per protein: 1. We only
accepted peptide identifications that exceeded a minimum score

requirement of 5.”°

2.3.2 | Byonicsearch

We employed Byonic v4.2.10 (Protein Metrics, Cupertino, CA) for our
analysis. Byonic cannot handle the ion mobility data provided by the

Waters instrument; therefore, the mzML files generated by PLGS
were used. Regarding mass tolerance values, the same settings were
applied as for the PLGS search. Byonic allows the handling of more
variable modifications compared to conventional database searches
because of its hybrid characteristic. Therefore, Preview module was
used to set the list of variable modifications which were as follows:
oxidation (M) as common and ammonia loss (N-term C), acetyl (protein
N-term) and pyro-glutamination (protein N-term Q and protein
N-term E) as rare modifications. Since, during MSE experiments, all
coeluting precursor ions are fragmented together, we increased the
maximum number of precursors per MS? parameter to 10. The
Excel reports were the input files for data aggregation carried out
by Serac.”*

233 |
Serac

Determination of optimal CE setting using

Energy dependence of peptides was investigated with the Byonic
search engine. Byonic Excel reports were used as the input files for
data aggregation carried out by our in-house developed program
called Serac. Briefly, the program collected the identification scores
(Byonic scores) as a function of CE from the energy-dependent mass
spectrometric data series and determined the optimal CE. First, the
Byonic scores were extracted from the Byonic Excel reports. Then,
the score versus CE setting functions were normalized by dividing all
values with the maximum score for the given identified peptide ion.
To ensure that we draw conclusions on the basis of confident peptide
identification, only peptide ions meeting certain minimum require-
ments were selected. First, we only considered a peptide identified at
a given CE setting if its Byonic score exceeded 100. Furthermore, a
peptide was included in the energy-dependent analysis if it was iden-
tified at least at six consecutive CE settings and for at least one CE it
was found to have a Byonic score value above 300. For each peptide,
the optimum CE was determined from the normalized score versus
CE setting data sets by fitting Gaussian functions. For generating the
nonlinear fits and the corresponding plots, the levmar’? and
PGPLOT”? libraries were used through their Perl Data Language inter-

face (see Material S1 for more details).

3 | RESULTS AND DISCUSSION

Our goal was to investigate the impact of the ion mobility separation
on the optimal choice of CE setting on a Waters Select Series Cyclic
IMS ion mobility mass spectrometer (see Figure 1) from the point of
view of peptide identification. Further, we wanted to compare the
pre- and post-ion mobility fragmentation possibilities. It is well known
that CE markedly influences the list of fragment ions and their intensi-
ties in the MS/MS spectra, which form the basis of peptide identifica-
tion in bottom-up proteomics. This is well illustrated by example
spectra for LAQANGWGVMVSHR®™ peptide taken on our instrument
at three different CE activation in the transfer cell, which are depicted
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in Figure 2. At low CE, namely at 15V, the most intense peak is the
parent ion, although some b- and y-type fragments are visible. Increas-
ing the CE to 23V results in nice b and y ion series allowing the
sequence identification of the peptide. Finally, at the high 33 V CE,
the more labile b ions disappear from the MS/MS spectrum, and some
of the y ions are also subjected to further fragmentation processes.
Because ion heating occurs during IMS, the optimal CE providing
the highest identification score may be different when IMS is applied.
To address qualitatively and quantitatively this issue, four LC-MS/MS
measurement series were carried out with systematically varied CE
values: in two cases, the fragmentation was performed in the transfer
cell either with IMS (HDMSE) or without IMS (MSE). In the other two

MASS.
SPECTROMETRY

cases, the trap cell was used for activation, again either with or with-
out IMS. Tryptic peptides of Hela standard were investigated, and
26 LC-MS/MS runs were acquired during each series of measure-
ments. These belonged to 26 different CE values, providing score-CE
curves, mapping the considered energy range in 2V steps. When a
given peptide was identified more than once in the same LC-MS/MS
experiment, the best scoring match was accepted. Overall, we identi-
fied 6008, 6843 and 6587 peptides using the Byonic search engine in
the case of transfer CID, transfer CID with IMS, and trap CID, respec-
tively (see Table 1). Among these, 1175, 2063, and 1134, respectively,
were considered sufficiently reliable to include in the energy-
dependence analysis (see Data Analysis). In all cases, approximately

(A) |
1.500e+04 - [M+3H]> 110887615 432,1
] LAQANGWGVMVSHR
12345l Peichd
> |
‘s 1.000e+04 - 15V, score: 320.1
o
S
5.000e+03 ]
0.0006+00 b ot et P —
200 400 600 mZgoo 1000 1200 1400
(B) ]
1.500e+03
1 ”_|109876i_34321
Ys LAQANGWGVMVSHR
| 12'3'4 sie' Pe'ond
2 1.000e+03
iz ] 23V, score: 504.8
)
<
- 1 %
5.000e+02 A bz
_imm? Vo, T3
| il
0.000e+00 - | Il J| Iﬁh / ikl aluans 01w i
200 400 600™Z 800 1000 1200 1400
(C) ]
6.000e+02
] y
5.000e+02 i -109 87 s-rs 4321
Y, LA%?R%W%‘;MVSHR
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£ : [M+3HT*
2 3000e+02 _3 oy | 33V, score: 247.0
FIGURE 2 Selected MS/MS spectra % ’ ] y4
of LAQANGWGVMVSHR3" peptide = 2+
recorded on the Waters Cyclic IMS QTof 2.000e+02 _|mm_Q
instrument using transfer cell for ] b, b,-18 Yo
fragmentation. Spectra were taken at 1.000e+02 _ ' h M
h diffi Ilisi ies, |
three different collision energles, namely || |||| “" |I|||“I||i||||‘||||| II|| JIIIII'I

at (A) 15, (B) 23 V, and (C) 33 V. IMS, ion 0.000e+00 -

mobility spectrometry.
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TABLE 1 Number of peptides with various properties for the different fragmentation modes.
Transfer TransferIMS Trap
Identified from all runs (>100 score) 6008 6843 6587
Considered for energy dependence study 1175 2063 1134
From this, 2+ 890 1650 820
From this, 3+ 268 391 292
Transfer and transferIMS Transfer and trap
Peptides considered for energy dependence study 1038 925
and common between different series
From this, 2+ 835 706
From this, 3+ 193 207

three quarters of these peptides were doubly charged, and most of
the rest were triply charged.

From the number of identifications, it is obvious that the applica-
tion of IMS is beneficial: there are almost twice as many hits in trans-
fer CID with IMS compared to transfer CID. Data obtained from the
measurements of trap cell with IMS were not interpretable, because
there are less than a hundred peptide hits. The reason for this is when
the CID in trap precedes the separation with ion mobility, fragment
ions belonging to various peptides are mixed in the mobility region,
after which the peptide identification by the database search becomes
impossible. Therefore, we examined the influence of IMS with transfer
CID, and we also compared the CE dependence of trap and transfer

cells without ion mobility.

3.1 | Impact on individual peptides
First, we investigated how the score versus CE curves look like with
and without ion mobility separation. We analyzed approximately
1000 peptides in the case of transfer CID and approximately 2000
peptides using transfer CID with IMS, and 1038 hits were common
between the two sets of experiments. To illustrate the differences at
the level of individual peptides, the energy dependence of Byonic
scores for doubly protonated YSLEPVAVELK and triply protonated
LAQANGWGVMVSHR peptides are depicted in Figure 3. Blue and
red curves show the experimental points, whereas solid lines repre-
sent the results of Gaussian fitting. The CEs belonging to the
maximum of the fitted curves were accepted as CE optimum values;
they are denoted by crosses on the horizontal axes. As it can be seen,
the optimum is at lower energy with the ion mobility separation in
both cases by approximately 5 V. The optima are 19.2 and 24.8 V for
the YSLEPVAVELK?™ peptide and 17.9 and 226V for the
LAQANGWGVMVSHR®* peptide with and without IMS, respectively.
In average, across all common peptide hits, the CE optimum is
6.3 V lower for the case with IMS, and the effect does not differ sig-
nificantly for the different charge states (see Figures S10 and S11).
The histogram of the difference upon the use of IMS is shown in
Figure 4. It can be seen that optimum CE decreases by 3-9 V for the
majority of the peptides, and almost all (~90%) of the peptides have a

downward shift in their CE optimum between 0 and 12 V upon the
use of IMS. This clearly points out the existence of ion heating in the
ion mobility cell and its relevance in bottom-up proteomics identifica-
tions. On the other hand, the manufacturer did not suggest taking this
effect into account, implying the same recommended CE values
regardless of the application of IMS. Our results indicate that the CE
settings should be fine-tuned if we also perform ion mobility,
because different—somewhat lower—settings may provide better
performance.

As a next step, we compared the CE dependence of trap and
transfer cells without ion mobility. The number of common peptides
between the two sets of experiments was 925, and selected curves
for two peptides are shown in Figure 3 as examples. The determined
optimal CEs of the YSLEPVAVELK?* peptide are 24.8 and 30.4 V for
the transfer CID and trap CID, respectively. Similar difference was
found for the LAQANGWGVMVSHR®* peptide; the obtained optima
are 22.6 and 30.4 V, respectively. On average, fragmentation in the
trap cell was found to have an optimal setting greater by 7.2 V com-
pared to the optimal voltage in the transfer cell. The distribution of
the difference (see Figure S12) between optimal CEs in the trap and
transfer cell shows that the maximum of the optimal CE increase is at
6-9 V, and ~90% of the peptides have a shift upward in the optimum
CE between 3 and 12 V in the case of trap cell fragmentation com-
pared to transfer cell activation. This indicates that the two collision
cells do not have the same optimal CE setting, even though they are
within the same device. This is in line with the literature where differ-
ences in optimal CE were found between similar instruments, and
adjustments were necessary to obtain closely matching spectra.*®”#
Collision cells located at different parts of the same mass spectrome-
ter may require different CE because ions enter them in somewhat

different energetic conditions.

3.2 | Impacton trends

The previous section concluded that the optimal CE setting is lower
for transfer CID with ion mobility than transfer CID without ion
mobility. To investigate and compare the m/z dependent trends, as a

next step, we plotted the optimum collision energies as a function of
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FIGURE 3 Result of fitting Gaussians to the energy-dependence
data points (score as percent of the maximum value vs collision
energy in V) of example peptides (A) YSLEPVAVELK?* and

(B) LAQANGWGVMVSHR®™. Circles denote measured data, whereas
solid lines depict the Gaussian model functions. The optimal CE is
marked by crosses on the horizontal axis. Blue and red colors belong
to fragmentation in the transfer cell with and without ion mobility,
respectively. Green color shows results with fragmentation in the trap
cell without IMS. IMS, ion mobility spectrometry; CE, collision energy.

the peptide ion m/z value (see Figure 5). The determined optimal CE
values are represented by burgundy and blue circles belonging to the
transfer CID and transfer CID with mobility, respectively. Apparently,
the points follow the expected linear trends with respect to m/z for

both cases with large variance. Inclusion of mobility separation shifts

the trendline by ~4-10V lower setting. Analysis on the subset of
common peptides provided the same conclusion. Further, the above
comparison was also carried out on the different charge states sepa-
rately: although the trendlines are somewhat different, the obtained
effect of the IMS was found similar (see Figures S13-S15). A closer
examination of our data reveals that this shift is markedly higher for
larger m/z. This suggests that peptides with larger collision cross
section are energized more significantly.

Similar comparison was performed between the two CID cells of
the QTof mass spectrometer (see Figure 6). As we concluded before,
lower CE is optimal when fragmentation occurs in the transfer cell,
but the trendlines have practically the same slope, meaning that the
activation in the trap cell requires larger CE by ~7-10 V through the
whole investigated m/z range. Again, data analysis on doubly and
triply charged peptides separately and on peptides identified in both
experimental series were carried out showing similar trends (see
Figures S16-518).

From another perspective, the impact of ion mobility separation
can also be seen on the number of identified peptides at fixed colli-
sion energies. As shown in Figure 7, the maximum number of hits
with transfer CID is increased to ~2500 from ~1400 upon turning
on IMS. There was no significant difference between transfer and
trap cell fragmentation (~1400 vs 1500 identifications at maxi-
mum). The results clearly show that the mobility separation boosts
the performance of proteomics analysis. Further, the maximum
number of identifications appear at ~27, 21, and 35V in the case
of transfer CID, transfer CID with mobility, and trap CID, respec-
tively, which is again in line with the different optimal CE settings
obtained above.

The number of identified peptides as a function of applied CE
was also determined using PLGS search engine. Although the number
of hits is somewhat different, the obtained trends are fully consistent
with the Byonic results; even the CE values providing the highest
number of peptides agree very well for the two search engines (see
Figure S19).

85U8017 SUOWILIOD 8AITE.1D) 9{cfedt|dde U Aq peusenob ke s VO ‘8sn J0 so|nJ o} Akeiq 18Ul UO A8|IA O (SUONIPUOD-PUE-SWBILIOD™ A8 | 1M Afe.ql Ul |UO//Stny) SUONIPUOD pue swis | 8y 88s *[9202/T0/2z] Uo Akeiqiauljuo A8|im ‘Ueseiged JO AisieAlun Ad 2G60'SWI/Z00T 0T/10p/L0d A8 | ARiq1puljuo S eUIN0oUs 1S 20 A feue//scy Wol) pepeoumoq '6 ‘€202 ‘98886960T



NAGY ET AL

8of 12 Journal of
—I— —MASS
WILEY SPECTROMETRY

FIGURE 5 OptimalCEinVasa

60 -
g ¥;22§Z£|MS y = 0.0389x + 3.2892 function of peptide m/z with activation in
Transfer fit @) the transfer cell. Blue and burgundy
50 - TransferlMS fit circles indicate the optimum when IMS is
Q 0 applied and not applied, respectively.
z Solid lines represent linear fits to the
> 40 A O (®) experimental points. IMS, ion mobility
% spectrometry; CE, collision energy.
[
o 30 -
c
Re)
2 20
o)
@)
10 A
O L] T 1 ] 1
200 400 600 800 1000 1200
mlz
70 1 8 HggSfer 7 3000 4 @ TransferlMS
60 Transfer fit y =0.0399x + 9.6567 o © ©Trap
2500 @ Transfer ....
> 50 o ©
> £ 2000 -
) 40 A o
) S
S 30 A $ 1500
) o
3 i ©
S 20 g 1000 A
10 1 §
500 -
0 T T T T )
200 400 600 800 1000 1200
mlz 0 "
0 70

FIGURE 6 Optimal CEinV as a function of peptide m/z with
activation in the transfer cell (burgundy) and trap cell (green). Circles
depict measured optimum CE of peptides, while solid lines represent
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3.3 | Practical considerations

On our instrument, the manufacturer's recommended CE setting for
proteomics is a ramp of 19-45 V in all ion fragmentation modes, both
with and without IMS. How does this compare with the determined
optimum CE values and m/z dependent trends? For transfer CID with-
out IMS, we found that this range covers the optimum CE of most
(~86%) of peptides, while 13% and 1% have lower and higher opti-
mum, respectively. In contrast, when IMS is also applied, only 56% of
peptides have optimum in the 19-45 V range, and as much as 44% of
peptides can be identified with maximum score at a CE lower than
19 V. We would therefore expect improvement from adjusting the

range when ion mobility separation is used; for example, with the use

Collision energy / V

FIGURE 7 Number of peptide hits as a function of applied CE in
V using 3 different experimental methods. Burgundy, blue, and green
symbols belong to the transfer CID, transfer CID with IMS, and trap
CID, respectively. IMS, ion mobility spectrometry; CE, collision
energy; CID, collision-induced dissociation.

of a ramp between 12 and 34V, 98% of the peptides would have
their optima within the range, while the interval is still narrower than
with the manufacturer's suggested setting. We highlight at this point
that the optimal choice of experimental parameters is equipment
dependent, because of the different extent of ion heating in various
instruments. Specific optimization would be worth doing. Having the
desired configuration for mobility separation in place is probably also
important, because in the present project, we worked with one-cycle
separation, and multiple cycles may supposedly have even larger
impact. Further, if an instrument with data-dependent acquisition

mode is used, it is even possible to apply an m/z dependent CE setting

85U8017 SUOWILIOD 8AITE.1D) 9{cfedt|dde U Aq peusenob ke s VO ‘8sn J0 so|nJ o} Akeiq 18Ul UO A8|IA O (SUONIPUOD-PUE-SWBILIOD™ A8 | 1M Afe.ql Ul |UO//Stny) SUONIPUOD pue swis | 8y 88s *[9202/T0/2z] Uo Akeiqiauljuo A8|im ‘Ueseiged JO AisieAlun Ad 2G60'SWI/Z00T 0T/10p/L0d A8 | ARiq1puljuo S eUIN0oUs 1S 20 A feue//scy Wol) pepeoumoq '6 ‘€202 ‘98886960T



NAGY ET AL.

or adjustment, which appears relevant because we saw that the influ-
ence of IMS on the trendlines is m/z dependent in an absolute sense.
In that case, our determined linear fits can form the starting point to

optimize a measurement protocol.

3.4 | Investigation of cyclic IMS settings
influencing the observed ion heating

In the literature, it has already been highlighted that voltage settings
of the cyclic IMS instrument may significantly influence ion transmis-
sion and activation for large biomolecular systems.®” Correspondingly,
we aimed to highlight cyclic IMS parameters that may have an impact
on the observed peptide ion heating. To this end, we investigated the
effect of several IMS settings on peptide fragmentation. Experimental
series were performed on two diagnostic peptides by systematically
changing various IMS parameters (see Material S2) while the other
parameters were kept at the default values presented in Figures S1-
S9). Analogous results were obtained for both investigated peptides:
the increase of the TW static height, that of the separate array offset/
racetrack bias or that of the post array bias voltages indeed have sig-
nificant effect by activating ions resulting in increased fragment ion
and decreased parent ion relative intensities (see Figure S20). The
post array gradient and bias were tested together, and the influence
of the post array bias voltage was observed at all of the investigated
values of post array gradient. The other investigated parameters
(namely the pre array gradient and bias, the inject array offset, and the
separate time) had no or only slight influence on the relative intensi-
ties in the MS/MS spectra. Our data pinpoint how sensitively the
magnitude of ion heating may change in response to adjusting some
of the multitude of parameters of the intricate cyclic IMS device,
making it essential to consider IMS parameter and CE optimization

jointly in further applications.

4 | CONCLUSIONS

The phenomenon of ion heating because of the collisions with the
buffer gas in the IMS cell is well-documented in the literature. Its
effect on conformational changes of large molecules (e.g., proteins)
and on the fragmentation processed of thermometer molecules was
investigated by various research groups. But to our knowledge, this is
the first study addressing this issue from the proteomics identification
point of view. We performed systematic MS/MS measurements with
varied CE settings on a large number of tryptic peptides from Hela
protein digest standard using a Waters Select Series Cyclic IMS QTof
mass spectrometer. The experiments were carried out with and with-
out IMS separation to obtain data in what extent IMS influences the
optimal CE choice of bottom-up proteomics investigations. Further,
the two CID fragmentation cell of the instrument, called trap cell and
transfer cell, located ahead and behind the IMS cell, respectively, were
compared. We found that IMS energizes the peptides significantly;
therefore, the use of lower CE is advised when IMS is applied. The CE

MASS Wl LEYJL”Z
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setting suggested by the manufacturer seemed optimal without IMS
but proved to be quite off when IMS was on. Based on the results for
more than 1000 peptides, we could formulate practical guidance for
the optimal CE set. Further, CE adjustment is necessary when CID is
performed in the trap cell instead of the transfer cell. Our results
allowed us to the draw the following major conclusions:

1. Mobility has a notable impact on the CE for the highest score,
which is also reflected in the optimum CE versus m/z trends. On
average, peptides have an optimal CE at 6.3 V lower values upon
IMS when one-cycle separation is applied.

2. Larger peptides are energized more resulting in larger difference in
optima between with and without IMS for peptides having larger
m/z.

3. Trap and transfer cells show some difference; fragmentation in the
trap cell requires a few V higher CE value (7.2 V on average). The
slope of CE versus m/z trendlines are practically identical. This
observation is in line with the trends observed earlier for similar
but not identical MS instruments.

4. Collision energy optimization is best carried out in the actual IM-
MS configuration. CE adjustment is needed not only between the
different CID fragmentation cells of the instrument but also some
IMS parameters have significant effect on the activation and trans-
mission, highlighting the importance of optimizing them jointly.
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