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ABSTRACT. QTof CID and Orbitrap HCD are the most commonly used fragmentation techniques
in mass spectrometry based proteomics workflows. The information content of the MS/MS spectra
is first and foremost determined by the applied collision energy. How can we set up the two
instrument types to achieve maximum transferability? To answer this question, we compared

MS/MS spectra obtained on a Bruker QTof CID and a Thermo Q-Exactive Focus Orbitrap HCD
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instrument as a function of collision energy using the similarity index. Results show that with a
few eV lower collision energy setting on HCD (Orbitrap-specific CID) than on QTof CID, nearly
identical MS/MS spectra can be obtained for leucine enkephalin pentapeptide standard, for
selected +2 and +3 enolase tryptic peptides and for a large number of peptides in a HeLa protein
digest. The Bruker QTof was able to produce colder ions, which may be significant to study
inherently labile compounds. Further, we examined energy dependence of peptide identification
confidence, as characterized by Mascot scores, on the HeLa peptides. In line with earlier QTof
results, this dependence shows one or two maxima (unimodal or bimodal behavior) on Orbitrap.
The fraction of bimodal peptides is lower on Orbitrap. Optimal energies as a function of m/z show
a similar linear trend on both instruments, which suggests that with appropriate collision energy
adjustment, matching conditions for proteomics can be achieved. Data has been deposited in the

MassIVE repository (MSV000086434).

INTRODUCTION

Tandem mass spectrometry has become a widely used analytical tool in the investigation of small
molecules as well as in proteomics. The applied methods involve various fragmentation techniques
differing in the mode of activation, e.g., collision induced dissociation (CID) or electron transfer
dissociation (ETD).!™ In the case of the most frequently used CID, spectrum characteristics are
mainly influenced by energetics (like low and high energy CID), by the timescale and the number
of collisions (like quadrupoles or ion traps), but also depend on instrumentation (like triple
quadrupole — QQQ or quadrupole time-of-flight — QTof) and on experimental conditions. Collision
energy is the parameter most often varied in CID MS/MS; its choice materially affects spectrum

quality and usefulness. At low internal energy, the precursor ion is the most abundant peak in the
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spectrum, while at high internal energy it may be completely fragmented. The relative intensity of

various fragment ions also change significantly as a function of energy.

In bottom-up proteomics, proteins in a sample are identified via digesting them into a mixture of
peptides and analyzing the result via LC-MS/MS. The resulting MS/MS spectra are linked to
peptide sequences based on the characteristic peptide fragment ions, either using a sequence
database or “de novo”. Peptide fragmentation and its collision energy dependence have been
extensively studied and reviewed,*”’ but the efficiency of MS-based bottom-up proteomics

workflows received much less attention.

Recently, we have studied collision energy effects in a large scale proteomics study using a QTof
mass spectrometer, which is one of the most frequently used instrument in this field.> We have
characterized the quality of a CID spectrum by the identification score of the database search using
the widely accepted Mascot search engine. For some peptides, it has been found that the Mascot
score as a function of the collision energy showed an approximately Gaussian profile, with about
10 eV width at half-maximum (“unimodal behavior”). Surprisingly, for more than half of the
peptides, the Mascot score vs. collision energy curve does not show a single, well-defined
optimum; rather, it has two distinct maxima or at least a broad plateau implying the presence of
two peaks close to each other (“bimodal behavior”). This phenomenon is linked to the different
energy dependence of b and y fragment ions’. The b ions’ intensity shows maximum at the lower
energy optimum, while y ions are most abundant at the higher energy maximum, although the latter
are dominant in the whole energy range. These findings led us to develop novel proteomics
workflows via energy optimization, resulting in significantly better protein coverage, higher
sequence coverage®’ and more efficient sequence validation'” than typical protocols using generic

collision energy setup.
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QTof instruments have been the method of choice in many areas, but Orbitraps are becoming the
most widespread technique for a number of analytical purposes. Orbitraps/HCD cells and QTofs

11,12

show high degrees of similarity in terms of fragmentation, and they are usually handled as

equivalent methods even though the literature lacks detailed and systematic comparative studies,

t.13

and some differences have been pointed out.’” Orbitraps were found to be comparable or even

outperform QTof in the analytical characterization of small molecules in various contexts

(metabolomics, drugs, etc.),'*2°

as well as in the identification and quantification of proteins using
both bottom-up and intact methods.?!* Studies of peptide fragmentation in HCD cells, the
appropriate choice of experimental parameters used in proteomics, and studies on the

transferability of results and experimental setup between the two instruments are all of significant

importance.

Recently, we have developed a methodology for the comparison of different instrument types by
adopting a measure of spectrum similarity. This allows finding the collision energy in one
instrument that produces the most similar spectrum to that obtained at a given collision energy on
another instrument.?® The results showed that at low collision energies (when the precursor was
the most abundant peak in the spectrum) it was possible to obtain very similar (similarity > 0.99)
spectra on QQQ, QTof, and ion trap instruments by appropriate collision energy settings. At
medium and at high collision energy (when the precursor ion was mostly or completely
fragmented), closely similar spectra could still be obtained on QQQ and QTof. On the ion trap
instrument, however, it was impossible to generate a similar spectrum, and differences increased
with increasing collision energy. Notably, Orbitrap/HCD was not included in this study of ours.
These results are in line with the generally accepted view on the difference on the ion excitation

mechanism. In particular, ion traps selectively energize parent ions, while in QQQ, QTof, and
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Orbitrap/HCD instruments, excitation of all species can open up more parallel and consecutive

reaction channels.?’ 3!

In the present work, we extend our investigations to the similarity of QTof and Orbitrap
instruments to understand how we can provide comparable and transferable methodologies on
these two key instruments. First, we compare collision energy effects on these two, widely used
instrument types, using the HCD cell on the Orbitrap. Detailed analysis is performed on leucine
enkephalin, which is a small, mass spectrometric reference peptide.>? Subsequently, we move on
to tryptic peptides by investigating two doubly and two triply charged species from enolase digest
standard as representative examples. Finally, we examine the transferability of the conclusions on
energy dependence of proteomics identification confidence and that of the collision energy
optimization strategy from QTof to Orbitrap equipment. To this end, we carry out systematic
energy dependent LC-MS/MS measurements on a large set of peptides from a complex proteomic
standard (HeLa tryptic digest) and use our in-house developed software to identify optimum
energies, trends, and spectral similarity. Our findings prove that QTof and Orbitrap instruments
deliver equivalent data quality for MS-based proteomics if a little extra care is taken to adjust

collision energies.

EXPERIMENTAL SECTION

Chemicals and Reagents

LC-MS grade solvents and leucine enkephalin (amino acid sequence is YGGFL) were purchased
from Sigma Aldrich (Sigma-Aldrich Kft., Budapest, Hungary), while HeLa tryptic digest standard
was obtained from Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, MA, USA).

MassPREP enolase digest standard was from Waters (Waters, Milford, MA, USA).



[Type here]

Mass Spectrometry Analysis

Experiments were carried out using a Bruker Maxis II ETD QTof (Bruker Daltonics, Bremen,
Germany) and a Q-Exactive Focus Orbitrap (Thermo Fisher Scientific, Waltham, MA, USA) mass

spectrometer.

Leucine enkephalin and tryptic peptides from enolase. The fragmentation of leucine enkephalin
(amino acid sequence: YGGFL) was investigated in positive electrospray ionization mode. The
protonated molecule was generated by spraying a 0.5 ng/ul solution in 1:1 water:acetonitrile +
0.1% formic acid (FA) with a flow rate of 10 pl/min. Tryptic enolase peptides were measured from
200 fm/pl solution in 1:1 water:acetonitrile + 0.1% FA with a flow rate of 5 pl/min. Two doubly
charged peptides (NVNDVIAPAFVK?*" and AVDDFLISLDGTANK?") and two triply charged
peptides (TAGIQIVADDLTVTNPK?** and SIVPSGASTGVHEALEMR?") were mass-selected
and examined. The ESI source conditions for Bruker Maxis II ETD were as follows: capillary
voltage 4500 V, temperature 180°C, end plate offset -500 V, dry gas 4.0 L/min and nebulizer 0.4
bar. For the Thermo Orbitrap mass spectrometer, the following ESI source parameters were
applied: the spray voltage was 4 kV, spray temperature was set to 320°C, while the sheath and

auxiliary gas flows were kept at 5 and 3 arbitrary units, respectively.

For leucine enkephalin, mass-selected singly protonated molecules were collided by nitrogen gas
using various collision energy values. For the Bruker equipment, CE range from 0 to 100 eV was
mapped in steps of 2 eV (0-10 eV and 30-40 eV range), in steps of 1 eV (10-30 eV range) and in
steps of 5 eV (40-100 eV range). In the case of Thermo Orbitrap instrument, collision energy was
varied from 10 eV to 80 eV in steps of 1 eV (10-20 eV range), in steps of 2 eV (20-30 eV range)

and in steps of 5eV (30-80 eV range).
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The MS/MS spectra of doubly and triply protonated enolase peptides were investigated at CE
values ranging from 5-50 eV in steps of 2-5 eV on the Bruker mass spectrometer. In the case of

the Thermo Orbitrap equipment, CE was varied between 11 and 50 eV, again in steps of 2-5 eV.

HeLa tryptic digest standard. Collision energy dependent nano-LC-MS/MS measurements of
HelLa tryptic digest on the Bruker Maxis II ETD QTof instrument were recorded earlier as part of
a previous work on the Mascot score — collision energy relationship.® The detailed description of
the experiments can be found in the previous publication, therefore only a brief summary is
presented here. In each run, 50 ng HeLa was subjected to nano-LC-MS/MS analysis using a
Dionex Ultimate 3000 RSLC nano-LC coupled to the mass spectrometer. Sample was injected
onto an Acclaim PepMap100 C18 trap column (5 um, 100 A, 100 um x 20 mm, Thermo Fisher
Scientific, Waltham, MA, USA) and peptides were separated on an Acclaim PepMap RSCL C-18
analytical column (2 um, 100 A, 75um x 500mm, Thermo Fisher Scientific, Waltham, MA, USA)
at 48°C using a flow rate of 270 nL/min. The gradient was as follows: 4% B from 0 to 11 min,
followed by a 90 min gradient to 50% B, then the concentration of the solvent B was elevated to
90% in 1 min and kept there for 5 min; solvent A was 0.1% FA in water, while solvent B was 0.1%
FA in acetonitrile. Sample ionization was achieved in the positive electrospray ionization mode
via a CaptiveSpray nanoBooster ion source. The capillary voltage was set to 1300 V, the
nanoBooster pressure was 0.2 bar, the drying gas was heated to 150 °C, and the flow rate was 3
I/min. Spectra were collected using a fixed cycle time of 2.5 s and the following scan speeds: MS
spectra at 3 Hz, MS/MS at 16 Hz. In order to limit run-to-run variability of DDA measurements,
an increased intensity threshold of 100 000 was used. An active exclusion of 2 min after one
spectrum was used, except if the intensity of the precursor was elevated 3-fold. In this data set,

collision energies applied to fragment the peptides were chosen to be the sum of an m/z-dependent



[Type here]

pre-optimized collision energy and a collision energy shift mapping the —20 eV to +20 eV range
in 2 eV steps in 21 separate runs. Hence, 21 different collision energy values for each peptide were

measured, centered at a peptide specific default value, given by the following equation:

collision energy (eV) =0.0368 x (precursor m/z) + 4.2786

As part of the present work, collision energy dependent measurements of tryptic peptides were
recorded on a Thermo Q-Exactive Focus Orbitrap mass spectrometer bearing an ESI source.
UHPLC separation was performed on a Dionex 3000 UHPLC system. The experimental conditions
were similar: in each run, 1 pg of HeLa digest was injected onto an Acquity BEH C-18 UPLC
column (1.7 um, 130 A Imm x100 mm, Waters, Milford, MA, USA). Peptides were separated at
45°C using a flow rate of 100 pL/min. Solvent A consisted of water + 0.1% FA, while solvent
B was acetonitrile + 0.1% FA. The gradient was as follows: 8% B from 0 to 1 min, followed
by a 70 min gradient to 40% B, then the concentration of the solvent B was elevated to 80% in 1
min and kept there for 4 min. The ions were generated in positive ionization mode with the
following source parameters: spray voltage was 3.5 kV, spray temperature was set to 320°C, sheath
and auxiliary gas flows were kept 5 and 3 arbitrary units, respectively. The Q-Exactive Focus
Orbitrap was operated as follows: full-scan MS spectra were acquired with a mass resolution of
35 000 using an ion target value of 3x10° (with maximum ion accumulation time of 100 ms) from
m/z 350 to m/z 2000, followed by three sequential MS/MS scans using an ion target value of 1x10°
(with ion accumulation time of 50 ms). Precursor selection was performed with a +3.0 m/z isolation
width. The minimum intensity threshold was set at 2x10*. The normalized collision energy (NCE)

of the MS/MS experiments was changed from 11 to 57% in steps of 2%, therefore 24 different
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settings were measured in 24 separate LC-MS/MS runs. Note, the factory default NCE value is

27%. Conversion between NCE% and eV can be carried out with the equation:>*-*

collision energy (eV) = NCE (%) X (precursor m/z) / 500 x (charge factor).

The charge factor equals to 0.9 and 0.85 in the case of doubly and triply charged peptides,
respectively. In order to overcome the run-to-run variability of the DDA measurements, three
experimental series were taken, consisting of 69 LC-MS/MS runs altogether, and the collected

data were merged.

The significantly different amount of HeLa digest (50 ng vs. 1 pug) injected in the case of the Bruker
QTof and Thermo Orbitrap instruments is justified by the different sensitivity of the two LC-
MS/MS systems. The major influencing factor is the difference between the variants of
electrospray ionization source, being a nano-ESI source in the case of former and normal ESI
source in the case of latter. Since the ionization efficiency of nano-ESI source outperforms that of

3537 much smaller sample is required for the comparable analysis. The

the normal ESI source,
signal-to-noise ratios are similar in the two cases (see Figure 5), and the average of maximum

Mascot scores differs only slightly (ca. 75 for QTof results and ca. 60 for Orbitrap results, see SI

Table S1), confirming the appropriate choice of the sample amount.

Data Analysis

Similarity of leucine enkephalin and peptides from enolase spectra. The comparison of CID
features on QTof and Orbitrap instruments, investigated on the leucine enkephalin peptide and
enolase tryptic peptides, was performed using our previously published methodology.?® Briefly,

spectral comparison of tandem mass spectra was carried out in a pairwise manner and only peaks
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with over 10% relative abundance at least for one collision energy on any of the instruments were
included. The similarity was measured using the similarity index (SI), for which we adopted the
frequently used definition as the dot product of the square root of the ion intensities in the

spectra:3840

Yiy/xi X [y
\/(Zixi) X (Xiyi)

similarity index =

where xi and y; are intensities of the matching peaks in the two spectra under consideration (with

x; or y; equal to zero if there is no match), and the sums go over all peaks in the spectra.

Similarity of QTof and HCD investigated on tryptic peptides from HeL.a digest standard.
The raw QTof data were first recalibrated using Bruker Compass DataAnalysis software 4.3
(Bruker Daltonik GmbH, Bremen, Germany) for the internal calibrant and MS/MS peak list
generation was performed using ProteinScape software 3.1 (Bruker Daltonik GmbH, Bremen,
Germany). The RawConverter software was applied to convert Orbitrap raw experimental files to
mgf files.*! MS/MS spectra taken on both instruments were searched against the human SwissProt
database using the Mascot search engine version v2.5 (Matrix Science, London, U.K.). The
common parameters were set as follows: trypsin as the enzyme, maximum two missed cleavages
allowed, carbamidomethylation of cysteines as fixed modification, deamidation (N, Q), and
oxidation (M) as variable modifications. The precursor mass tolerance was 7 ppm and 5 ppm,
while fragment peak tolerance was 0.05 Da and 0.03 Da for QTof and Orbitrap measurements,
respectively.*? The resulting Mascot output files (.dat) were subject to further analysis by our

recently developed program called Serac.!”
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In order to compare the fragmentation characteristics and energy dependence in QTof and Orbitrap
mass spectrometers for large number of peptides, we tested the similarity between the MS/MS
spectra acquired on the two instruments for a large set of tryptic peptides identified from the HeLa
protein digest sample. Only fragment peaks which were annotated by the Mascot search engine
were considered. This process served as a noise filter and helped us to grab the peaks relevant from
proteomics point of view. Furthermore, since the precursor peak intensity was omitted in the
experimental mgf files, only fragment intensities were involved in the analysis. Note that under
typical proteomics experimental conditions, the parent peak intensity in the tandem mass spectra
is low anyhow. These ‘“annotated-fragment-based” similarity indices were calculated
automatically from the Mascot output files using the Serac program and are referred to as Slfag to

highlight the difference from SI values discussed above.

Energy dependence of the identification (Mascot) score in the case of QTof experiments was
already investigated in our earlier work.® The score vs. collision energy curves from the Orbitrap
measurements were obtained and analyzed analogously and were compared for the two
instruments at the peptide level (more details can be found in SI). Briefly, we first extracted the
identification scores as a function of collision energy from the Mascot dat files. The score versus
energy shift functions were then normalized by dividing all values with the maximum score for
the given peptide ion. To ensure that we draw conclusions on the basis of confident peptide
identifications, only those with a Mascot score over 15 were accepted. Furthermore, only those
peptides were included in the energy dependent analysis that were found at least at three
consecutive collision energies and that had a score over 25 in at least one case. For each peptide
ion, the optimum energy was determined from the normalized score versus collision energy shift

data sets by fitting one or two Gaussian functions. Two additional data points were added with

11
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zero score outside the studied range, at £35 eV collision energy shift and —8 NCE% and 62 NCE%
for the QTof and Orbitrap experiments, respectively, to avoid erroneously wide peaks to be fitted.
Where there were less than 12 data points in the original data, we only attempted to fit one
Gaussian. Data for peptide ions with at least 12 points were fitted using both one and two Gaussian
function and the two-peak fit was accepted if it provided a significantly better fit. The nonlinear

4 and

fits were carried out, and the corresponding plots were generated using the levmar
PGPLOT* libraries through their Perl Data Language interfaces. The positions of the center of the
Gaussian peaks were considered as optimal values: a single energy value for one-peak fits

(unimodal peptides) and two energy values for each two-peak fit (lower and higher energy

optimum of the bimodal peptides).

RESULTS AND DISCUSSION

Comparison of QTof and Orbitrap HCD Using Leucine Enkephalin

Energy dependence of peptide fragmentation was studied both on the Thermo Orbitrap and on the
Bruker Maxis QTof instruments. Like in our previous paper,?® we used leucine enkephalin as the
starting test compound, and the protonated molecule (MH", m/z = 556.2771) was studied. Its
fragmentation is well understood;** formation of the major fragments occurs over a wide internal
energy range. Therefore it seemed us a good choice to compare ion excitation in the different
instruments. Example spectra at 20, 30 and 60 eV taken on the Bruker QTof instrument are shown
on the left-hand side of Figure 1. The low energy fragments (like b4 and a4 ions) are formed at
lower energy than that used for standard proteomics workflows (e.g., see the 20 eV spectrum),
while high energy fragments (like F and Y ions) become dominant at higher energy than that used

for proteomics (e.g., see the 60 eV spectrum). The right-hand side of Figure 1 depicts MS/MS

12
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spectra acquired on the Thermo Orbitrap equipment at a collision energy setting providing the best

similarity, i.e., giving the largest SI value, with the shown QTof MS/MS spectrum.
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Figure 1. Selected examples of MS/MS spectra of leucine enkephalin recorded on the Bruker
QTof instrument (left) and on the Thermo Orbitrap mass spectrometer (right). Spectra were taken
at three different collision energies, namely at 20 eV, 30 eV and 60 eV in the case of QTof, and
18 eV, 28 eV and 55 eV in the case of Orbitrap-HCD. Collision energies of the Orbitrap MS/MS
spectra for this Figure were chosen to provide the largest similarity index with the corresponding

QTof MS/MS spectrum.

Spectra taken at various energies on the QTof and Orbitrap mass spectrometers were compared
using the similarity index (see Experimental Section for more details); Figure 2a depicts a heat
map of the similarity index as a function of the collision energies on the two instruments. At
appropriate collision energies, excellent spectral similarities, in the range of 0.995-0.999, were

obtained. This is a comparable degree of similarity to what was found between various QQQ and
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QTof instruments, and only slightly worse than that of the reproducibility (0.999).2¢ Collision
energies giving similarity form a “ridge” in Figure 2a (dark red). To characterize the energy values
on this ridge, for each energy setting on the QTof, we identified the energy setting yielding the
highest similarity on the Orbitrap. For example, 38 eV on the QTof requires 35 eV on the Orbitrap

for best match; these collision energy pairs are plotted in Figure 2b.

a) Similarity index
60 1.0
0.75
%’ 40
a 0.50
O
T
0.25
20
00
0 20 40 60
QTof / eV
b)
60 -
50 .
y = 0.9235x - 0.6217
R?=0.9979 ._.-.
> 40 4 3 ]
[0]
5 @
£
30 4 s
e
&
.
e
20 - .J'...
’..
10 T . . - .
0 10 20 30 40 50 60
QTof / eV

Figure 2. Similarity of tandem mass spectra of leucine enkephalin measured on Bruker QTof and

Thermo Orbitrap mass spectrometers. (a) Heat map of similarity indices for all combinations of
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collision energies and (b) collision energy pairs providing the best achievable similarity index,

with a background of colored bricks to help recall the heat map of similarity indices.

Data in Figure 2b illustrate a strong linear relationship between the collision energy pairs
corresponding to the ridge of the heat map. The linear fit is excellent (R?>=0.997), while the slope
(0.92) is close, but clearly not equal to 1.0. This means that 1 eV increase in collision energy on
the Thermo Orbitrap increases the internal energy of the precursor ion slightly more, than 1 eV
increase on the Bruker QTof. The collision gas in both instruments is nitrogen, so this is not a
center of mass effect. The difference might be due to a larger number of collisions in the Orbitrap
(either due to higher collision gas pressure or longer collision cell), but we did not study this

difference in detail.

The collision energy pairs presented in Figure 2b and the CE settings of matching MS/MS spectra
presented on Figure 1 both demonstrate that the best similarity between the two instruments

requires a few eV lower CE setting on the Orbitrap-HCD than on the QTof CID.

While spectral similarities between the spectra taken on the QTof and Orbitrap instruments are
excellent, it might be important to highlight a major difference at low energy. In the case of the
Orbitrap mass spectrometer, the lowest collision energy value that could be set is 10 eV. Spectra
obtained at this energy is very similar to that obtained at 12 eV on the Bruker QTof (the survival
yield is 84 and 85%, respectively). However, in the case of the Bruker QTof instrument it is
possible to go down to as low as 0 eV, with a corresponding decrease in excitation. This is
illustrated by the survival yield, which increase to 98% at 6 eV, ant to 99.4% at 0 eV. This
difference may favor the Bruker QTof for the study of low stability compounds, like clusters,

molecular complexes or phosphopeptides.
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Comparison of QTof and Orbitrap HCD Using Tryptic Peptides from Enolase Standard

As a next step, we repeated the above experiments on representative examples of tryptic peptides.
Two doubly charged and two triply charged peptides were chosen and mass-selected from the
commercially available enolase tryptic digest standard. Investigations were performed on
NVNDVIAPAFVK?*" (m/z = 643.8546), AVDDFLISLDGTANK?*" (m/z = 789.9048),
TAGIQIVADDLTVTNPK?*" (m/z = 585.9884) and SIVPSGASTGVHEALEMR®*" (m/z =
614.3129) peptides. Their MS/MS spectra show fragments typical for tryptic peptide CID, namely,
y-, b- and a-type ions, and their H,O loss and NH3 loss variants. The analysis of the acquired
spectra was carried out analogously to that of leucine enkephalin. The resulting heat maps, as well
as the linear fits of the CE settings providing best SI (see SI Figure S1-Figure S8) are fully in line
with the above conclusions drawn from the study of leucine enkephalin peptide. High similarity
between the QTof CID and Orbitrap-HCD spectra (SI 0.98-0.998 and 0.94-0.97 in the case of 2+
and 3+ peptides, respectively) could be achieved through the whole CE range, with a slightly lower

CE setting on the Orbitrap-HCD than on the QTof CID.

Comparison of QTof and Orbitrap HCD Using Tryptic Peptides from HeLa Digest Standard

Similarity index

After investigating the leucine enkephalin reference compound, we compared QTof CID and
Orbitrap HCD fragmentation from a proteomics point of view. First, we studied the CID and HCD
MS/MS spectra of a large set of peptides identified from a HeLa tryptic digest sample. Spectra
were recorded at various collision energies on both mass spectrometers. On the Bruker QTof
equipment, 21 different collision energies were examined, mapping a 40 eV energy range. In total,

2152 peptides were identified in these runs, though not necessarily every peptide in every run (see
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Table 1).® On the Thermo Orbitrap instrument, 24 different energy settings were investigated,
covering a 46 NCE% range, and yielding 4277 identified peptides. When a given peptide was
identified more than once at the same collision energy, i.e., it was measured several times either
in the same LC—MS/MS run or in separate runs having the same collision energy setting, the best
scoring match was accepted. To ensure a meaningful study, only peptide ions identified at least at
three consecutive collision energy settings and having a minimum score of 25 at least at one of the
energies on both mass spectrometers were considered for the MS/MS comparison study. These
requirements left us with 1449 peptides; four-fifths of them were doubly charged, and most of the
rest were triply charged, with a few examples for quadruply charged peptides (see Table 1). These
species span the full hydrophobicity range typical for tryptic peptides (see retention time data in

SI Table S1).

Table 1. Number of peptides with various properties identified from the Bruker QTof and Thermo

Orbitrap experiments. QTof energy dependence results were taken from our earlier work.

QTof-  Orbitrap-

CID HCD

Identified from all runs 2152 4277
Considered for energy dependence study 1721 3130
From this, 2+ 1405 2014

From this, 3+ 284 994

From this, unimodal fit 733 2573

From this, bimodal fit 988 557
Considered for comparison study 1449 1449
From this, 2+ 1174 1174

From this, 3+ 252 252

From this, unimodal fit 546 1057
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From this, bimodal fit 903 392

The similarity of the MS/MS spectra recorded on the QTof and Orbitrap mass spectrometers was
characterized by the similarity indices calculated from the annotated fragment ions (Slfag, see Data
Analysis). The indices were determined from the Mascot output files by our Serac program. Figure
3 depicts two examples, heat maps of the similarity index as a function of the collision energy for
the TITLEVEPSDTIENVK?" and ACANPAAGSVILLENLR?" peptides. For various reasons
(e.g., larger step size in collision energy, complex sample, parent ion is not included, automatized
data analysis) the results are not as smooth as in the case of leucine enkephalin (see above). Still
the findings are qualitatively in line with those for the pure reference peptide. First, it can be seen
that in order to achieve the highest similarity between the two fragmentation methods, the collision
energy on the Thermo Orbitrap instrument has to be set to a lower value than on the Bruker QTof
mass spectrometer by a few eV. For example, from the heat map of TITLEVEPSDTIENVK?", it
is apparent that highest similarity to the setting of 50 eV on the QTof can be achieved by ~42 eV
on the Orbitrap. Further, these Slfag heat maps also corroborate that 1 eV higher setting on the
Orbitrap mass spectrometer increases the energy of the parent ion by slightly more than a 1 eV

higher setting on the QTof equipment does.
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Figure 3. Similarity index heat maps from fragment ions (Slf.g) between QTof and HCD MS/MS
spectra of peptides from proteomics measurements for (a) TITLEVEPSDTIENVK?*" and (b)

ACANPAAGSVILLENLR?* peptides as examples.
Mascot score vs. collision energy curves

Next, the collision energy dependence of Mascot score for tryptic peptides was examined.
Analogously to our previous work focusing on the Bruker QTof experiments,® we created
normalized Mascot score vs. collision energy curves for the Orbitrap HCD data. We processed

3130 peptides, ca. two-thirds of which were doubly charged and most of the rest were triply
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charged (see Table 1). Similarly to the QTof CID results, three qualitatively different curve shapes
were found; namely, a single, well-defined maximum; a broad plateau; or two well-defined peaks.
We therefore modeled the data using one or two Gaussian functions, based on fit quality, and we
refer to the cases as showing unimodal or bimodal behavior. The peak positions of the fits were
considered to be the optimal collision energies (see below). In contrast to the QTof results, on the
Orbitrap only a minority (ca. 20%) of the peptides showed bimodal behavior, i.e., showing either
two maxima or a very broad peak due to the overlap of two Gaussians. Most peptides showed a

simple, unimodal behavior.

As we discussed in our previous paper,® the bimodal behavior can be explained by the different
energy dependence of the most important fragments, y and b ions. The y ions only show a slight
dependence, with a weak tendency for a higher-energy optimum, while the b ions have clear
preference for lower energies. Identification confidence is supported by both types of ions, leading
to a broader range of favorable energies, or even two distinct peaks in the score vs. energy curve.
The lower tendency for bimodal behavior in the case of Orbitrap measurements (see Table 1) might
be explained by the smaller contribution of b-ion series in HCD spectra compared to CID spectra.
We determined the maximum number of b-type ions through the covered collision energy range
for the 1449 investigated peptides and on average CID spectra contained 60% more b ions (in
terms of number of identified distinct peaks). Though the distinction between unimodal and
bimodal curves is not clear-cut, we also tried to assess correlation of peptide properties with the
unimodal/bimodal nature. We found that long peptides have a clear tendency to fall into the
bimodal category, as demonstrated by the histograms of m/z values of unimodal and bimodal ions
(see SI, Figure S11). Further, peptide ions containing mobile protons are bimodal significantly

more often (80% bimodal) than peptides with only partially mobile ones (45% bimodal). This
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finding is in line with the observation that the lower optimum energy for a mobile-proton
containing bimodal peptide tends to be a few eV lower than that for the partially mobile ones,
while the higher optimum energy of the two classes do not differ significantly.® We also
investigated peptide properties like overall charge, presence of basic amino acids in the middle of
the sequence, presence of K or R on the C-terminus, but these factors did not show any correlation

with the bimodal behavior.

For the 1449 common peptides fulfilling the requirements of the energy dependence analysis on
both instruments (see Table 1), we compared the score vs. collision energy curves for the
individual peptides between the two fragmentation techniques. The curves are rather similar on
the two instruments; Figure 4 depicts characteristic examples. The VLLPEYGGTK?" peptide
shows clear unimodal behavior on both instruments; the score maximum is at slightly lower
collision energy (by 2.6 eV) in the case of the Orbitrap HCD experiments (Figure 4a). The curves
of SLADELALVDVLEDK?" peptide (Figure 4b) are practically identical at low energies, with
optimum collision energy values also being close. At higher collision energies, a shoulder is
observable in the QTof data, resulting in bimodal behavior, whereas unimodal behavior was found
in the case of HCD fragmentation. This type of relationship is frequent and leads to the larger ratio
of unimodal curves in the case of HCD method compared to CID technique (~20% vs. ~60%, see
Table 1). Finally, the normalized score vs. collision energy curves of TITLEVEPSDTIENVK?
peptide show bimodal behavior for both QTof and Orbitrap experiments (Figure 4c). Both maxima
are at somewhat lower collision energies for the Orbitrap (7 and 8 eV in the case of lower and
higher energy optimum, respectively); otherwise the curves are almost identical. In general, the

energy dependence of normalized score values shows a high degree of similarity between the two
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instruments, with lower optimum for HCD, which is in line with our findings from the analysis of

similarity indices for leucine enkephalin and HeLa peptides.
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Figure 4. Result of fitting Gaussians to the energy dependence data points (score as % of the
maximum value vs. collision energy in eV) of example peptides a) VLLPEYGGTK?", b)
SLADELALVDVLEDK?" and ¢) TITLEVEPSDTIENVK?". Symbols denote measured data,
while solid lines depict the one/two-Gaussian model functions. Blue/triangles and orange/squares
depict Orbitrap HCD and QTof CID results, respectively. Grey arrows in subfigure c) indicate

energies for which MS/MS spectra are presented (see later).

Figure 5 depicts the MS/MS spectra of TITLEVEPSDTIENVK?*" peptide (having a bimodal
behavior, Figure 4c) taken on the QTof and Orbitrap mass spectrometers at the collision energy
setting closest to the Mascot score maxima (i.e., 27.2 eV and 49.2 eV for QTof, while 20.9 eV and
43.4 eV for Orbitrap measurements). The Slf,g values between CID and HCD spectra are 0.86 and
0.95 for the lower and higher energy maximum, respectively. Although these are smaller than that
observed in the case of leucine enkephalin, the spectra recorded on the two different mass
spectrometers are qualitatively very similar (Figure 5). The identity of most fragment ions and
their abundance ratios agree quite well; the differences relate mostly to the presence or absence of
some minor fragment ions. At the lower energy, y ions dominate the spectra, y9, y10 and y11 being
the most intense ones. Several b ions (bs, bs and b7) can be also found in the MS/MS spectra with
relatively high intensity (Figure 5a-b). At the higher energy setting, the spectra are dominated by
the y9 ion in both cases, y10 and y1; are less prominent. As expected, b ions almost disappear,’ b3
and b3—H>O having the highest abundance (Figure 5c-d). This direct comparison of the spectra
again confirms that the same information content can be achieved using QTof CID and Orbitrap

HCD fragmentation technique if a proper CE adjustment is performed.
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Figure 5. MS/MS spectra of the bimodal TITLEVEPSDTIENVK?" peptide at the collision energy
settings closest to the Mascot score maxima. a) and b), lower energy maximum on QTof and HCD;
¢) and d), higher energy maximum on QTof and HCD. The * superscript denotes NH3 loss, while

the ° superscript denotes H>O loss.

General trends on the optimal collision energy on Orbitrap-HCD

As a final step of our work, we moved the focus from the individual peptides to the general trends
describing the full set of them. We determined the optimal CE values for the HCD experiments as
the peak positions of the fitted Gaussian functions; one CE value for unimodal peptides and two
CE value for bimodal ones. We plotted these optimum collision energies as a function of peptide

ion m/z value. Results for doubly charged peptides are shown on Figure 6a. In this figure, optimum
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energies from the unimodal fits are represented by blue circles, while grey and orange circles
belong to the lower energy and higher energy optimum of bimodal peptides. Apparently, peak
positions in each group follow linear trends with respect to m/z with relatively large R? values (see
dashed lines). On Figure 6b, we present the same trend lines once again, together with those
obtained for the QTof data from our earlier work.® It can be seen that the optimal CE as a function
of m/z of the peptide is rather similar on the two instruments. The slopes are almost identical for
the unimodal and lower bimodal part, and marginally different for the higher bimodal case. The
major difference is that optimal settings are a few eV lower on the Orbitrap compared to the QTof
instrument. We carried out a separate analysis for the triply charged peptides (see SI Figure S9 and
Figure S10), which shows a broadly similar overall picture, with optimum energies being slightly
lower as expected because of the higher charge, and the QTof - Orbitrap difference being

somewhat smaller.

The above results on similarity and score-energy dependence are in line with the generally
accepted view that fragmentation mechanisms are very similar in these two instruments.* While
they do not perform identically per se, only minor differences in the ion internal energy distribution
seem to be the reason, as collision energy tuning can bring them very close. Some differences in
the energy distribution could stem from the ion source, ESI vs. nano-ESI in our case. Effects of
(nano)ESI source design and settings on the energy have been extensively studied.*** Most
prominently, cone/skimmer voltages, but also capillary temperature and gas pressures may have
an effect, just like droplet size and evaporation time, which are characteristically different for ESI

and nano-ESIL.*

Still, it has been confirmed that under typical conditions, none of these effects is
material. Concerning the ion transfer, the major difference between QTof-CID and Orbitrap-HCD

is the presence of a C-trap, collecting precursor ions before activation in the latter case.* Further,
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the time frame differs between QTof and Orbitrap instruments. The latter employs longer
accumulation and trapping times, providing more time for the labile 4 ions to dissociate into
smaller fragments (e.g., internal ions). This could be the reason for the somewhat lower number
of b type ions in HCD spectra as compared to CID MS/MS. The ion activation also happens in
somewhat different geometric arrangement. Still, our findings on spectrum similarity and peptide
identification score-energy dependence confirm that the appropriate collision energy settings can
ensure comparable proteomics performance of collision-induced dissociation methods, “be (it a)

tof or be (it a) trap”.!®
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Figure 6. a) Peak positions in eV as a function of m/z for doubly charged peptides on the Orbitrap
HCD. Blue circles indicate the position of the sole peak for peptides having unimodal behavior,
while orange and grey circles are the higher and the lower collision energies, respectively, for
bimodal peptides. Dashed lines represent linear fits. b) Linear fits to the optimal collision energy
vs. m/z for doubly charged peptides on Orbitrap HCD (dashed lines; same as in the other subfigure)
and QTof CID (solid lines). Blue, single optimum for unimodal peptides; orange, higher energy

optimum for bimodal peptides; grey, lower energy optimum for bimodal peptides.
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CONCLUSIONS

The CID on a QTof and the HCD on an Orbitrap are commonly considered equivalent in terms of
MS/MS fragmentation characteristics, but to our knowledge, ours is the first study addressing this
question in a systematic fashion by investigating a standard peptide (leucine enkephaline), a few
tryptic peptides from a simple sample (enolase digest) and a complex peptide mixture (HeLa
protein digest). We found that a proper adjustment of the collision energy is necessary, but that
being ensured, very similar MS/MS spectra can indeed be obtained on the two instruments.
Further, the energy dependence of peptide identification confidence (“score’) shows comparable

trends. Our results allowed us to the draw the following major conclusions:

1) The same collision energy setting produces somewhat more excitation in the Orbitrap HCD than

in the QTof CID.

2) A slight (few eV) adjustment of the collision energy results in MS/MS spectra nearly identical

using CID or HCD in a wide energy range.

3) In the configuration available to us, the Bruker QTof instrument is capable of generating ‘colder’
ions, than possible to obtain on the Orbitrap. This may be important for MS/MS analysis of very

labile compounds.

4) Analysis of several thousand peptides shows that energy dependence of Mascot scores may
have a narrow Gaussian, a wide Gaussian, or bimodal (two superposed Gaussian) shape.
Occurrence of wide-Gaussian or bimodal distributions are more common in the case of the QTof,

than on the Orbitrap.
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5) Energy optimization for proteomics workflows shows that the two instruments behave very
similarly in this respect. The optimum collision energy relates linearly to the m/z value of the

precursor ion on both instruments.

Supporting Information. Single PDF file, containing details of the determination of the optimal
collision energy, results on enolase peptides, a table of all investigated HeLa peptides, and

results on triply charged peptides
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