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Abstract
An understanding of the process of peptide fragmentation and what parameters are best to obtain
the most useful information is important. This is especially true for large-scale proteomics where
data collection and data analysis are most often automated and manual interpretation of spectra is
rare due to the vast amounts of data generated. We show herein that collisional cell peptide
fragmentation, in this case HCD in the Q Exactive, is significantly affected by the normalized
energy applied. Both peptide sequence and energy applied determine what ion fragments are
observed. However by applying a stepped normalized collisional energy scheme and combining
ions from low, medium and high collision energies we are able to increase the diversity of
fragmentation ions generated. Application of stepped collision energy to HEK293T lysate
demonstrated a minimal effect on peptide and protein identification in a large-scale proteomics
dataset, but improved phospho site localization through increased sequence coverage. Stepped
HCD is also beneficial for TMT experiments, increasing intensity of TMT reporters used for
quantitation without adversely effecting peptide identification.

Introduction
Peptide identification using sequence database centers around the predictability of peptide
fragmentation during the collisional dissociation process. These methods are now capable of
identifying peptides and proteins on a very large scale, often in a cell lysate where thousands
of proteins are identified in a single run. Not only are protein identities determined but
additional information can be gained, such as protein isoforms and post-translational
modifications (PTMs). Additionally, relative abundances of proteins within a single cell type
or between two or more cell types may be determined. Regardless of the application, it is
advantageous if a high percentage of the spectra generated in a proteomics experiment be
identified. The success of spectra identification can be affected by various parameters such
as the data analysis algorithms, databases used, prefractionation, separation conditions, and
peptide fragmentation methods. In this study we examine the effect of peptide fragmentation
on peptide and protein identification, including the fragmentation ions and abundances
generated during fragmentation reactions.

Due to the prevalence of tandem mass spectrometers using ion trap technology, many search
engines have been optimized for CID data produced in these devices.[1,2] Ion traps
fragment peptides in a helium bath gas environment by applying an auxiliary excitation
frequency to increase the motion of a precursor ion. This motion causes more energetic
collisions with the bath gas increasing the vibrational excitation of the precursor ion. Once
bonds break, the fragment ions are no longer excited by the auxiliary frequency. Ion
fragmentation in quadrupole or octopole collision cells is distinctly different in that the
precursor ion can undergo multiple fragmentations.[3,4,5]The Q-Exactive mass
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spectrometer features HCD (higher collisional dissociation) using an octopole collision cell
that operates at higher collisional energies than CID.[6,7] This contrasts with excited state
fragmentation which rarely produces ions that result from fragmentation at multiple points.
[8] As a result, the two different methods of ion activation produce diverse patterns of
fragmentations and in particular, collisional cell fragmentation can produce ion types that
result from multiple fragmentations.[9] The prevalence of ion types is dependent on both the
sequence of the peptide and on the collisional energy applied.[10,11,12] Some studies have
suggested that CID is superior to HCD for large scale proteomics. [13,14,15,16] Thus we
will explore the effects of differential collisional energies for the elucidation of protein
sequences and modifications.

In this study we explore the effects of collisional energy on a select set of peptides and
observe the ion types that are produced as a function of collisional energy. As the collisional
energy increases, the abundance of ions that are produced from multiple fragmentations
increases. Likewise, the amount of precursor that remains unfragmented is inversely
correlated to collision energy. Ideally, all of the precursor ions would be fragmented into
usable ion types (but not over-fragmented) to produce the highest possible signal of
fragment ions. For excited state collisional energy this process is straightforward; the ion is
fragmented a single time or not at all. In the case of collisional cell activation (HCD) the ion
could remain intact, fragmented at a single site (the ideal case), or fragmented at multiple
sites, producing either an informative ion type or producing an ion that is “unusable” in
terms of database searching. In order to optimize the percentage of “usable” ion types we
examined the use of stepped collisional energy on the proteomics scale. Stepped collisional
energy has been most often used for small molecules where identification of the species is
difficult and requires a variety of ions which are often not produced with a single collisional
energy.[17] During stepped collisional energy the precursor ion is fragmented at a low,
medium, and high collisional energy, the fragments from these three energies are combined
and are detected simultaneously. The concept of combining spectra from different
fragmentation events is not new; MSE (Water’s version of data independent acquisition)
utilizes a similar strategy of collecting a high and low energy spectrum, but in this case it is
used to deconvolute multiplex spectra.[18] Dayon et al, among others, has used CID (ion
trap) spectra for peptide identification combined with HCD for detection of reporter ions for
quantitation.[19]

The use of stepped collisional energy is of particular benefit in the case of mass
spectrometers where detection is the time limiting factor of the experiment. For the data
shown here from a Q Exactive, only a single high resolution detector is available for ion
detection. Therefore there is no effective time loss for performing the stepped collisional
energy in the Q Exactive relative to fragmentation and detection at a single energy. We
show that while there is no significant difference in the number of peptides identified
through the use of stepped collisional energy over that of a single energy, stepped HCD is
beneficial for phosphorylation site analysis and TMT quantitation. The use of multiple
collisional energies increases sequence coverage, improving localization of phosphorylation
sites. TMT quantitation is dependent on observation of TMT reporter ions; intensity of
reporter ions can be enhanced by use of stepped HCD without sacrificing peptide
identification.

Experimental
HEK293T cells were grown in Dulbecco’s Modified Eagle’s Medium (D-MEM) with 10%
fetal bovine serum (FBS) supplemented with Penicillin Streptomycin. Cells were lysed in
PBS by sonication. Lysate samples were precipitated by a methanol/chloroform extraction.
Protein pellets were solubilized in 8M urea and 100mM Tris, reduced with 5mM TCEP for
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15min, and then alkylated with 10mM iodoacetamide for 20min at 37C. Samples were
diluted 1:4 with 100mM Tris buffer and digested with trypsin (1:100 ratio) overnight at 37C.

Phosphopeptide enrichment of HEK lysate was performed using TiO2-coated magnetic
beads (Pierce), according to the manufacturer’s protocol. Samples were desalted in a 250μm
ID undeactivated silica capillary blocked with a Kasil frit and packed with 3.5cm reverse
phase particles (5μm, ODS-AQ, YMC). Peptides were eluted with 250μL 80% ACN/2%
formic acid directly on 10μL TiO2 magnetic beads. Beads were placed on a magnetic plate
separator and unbound supernatant was removed. Beads were washed three times with
200μL Binding Buffer and once with 200μL Washing Buffer. Phosphopeptides were eluted
from magnetic beads by incubation for 10 minutes with 35μL Elution Buffer. Eluted
phosphopeptides were dried prior to LC/MS-MS analysis. The equivalent of 50μg of
enriched lysate was used per injection.

For quantitative analysis, CFBE (cystic fibrosis bronchial epithelial) cell lysates were
labeled with TMTsixplex (Thermo Scientific) according to manufacturer’s instructions.
Lysates were solubilized in 0.1M triethyl ammonium bicarbonate (TEAB) and 0.1%
Rapigest, reduced and alkylated as above, and digested with trypsin (1:100 ratio) overnight
at 37C. For each TMT channel, 100μg of lysate were labeled with 0.2mg of TMTsixplex
reagent in 41μL anhydrous ACN for 1h at room temperature. Reactions were quenched by
addition of 8μL hydroxylamine solution (5% w/v) and incubated for 15 minutes at room
temperature. Samples were mixed 1:1:1:1:1:1 and dried prior to LC/MS-MS analysis. The
equivalent of 5μg of lysate per channel was analyzed per replicate.

Peptide mixtures were analyzed by nanoflow liquid chromatography mass spectrometry
using an Easy NanoLC II and Q Exactive mass spectrometer (Thermo Scientific, Bremen,
Germany). MudPIT columns were prepared by blocking one end of 250μm ID undeactivated
silica capillary with a Kasil frit and successively packing 1.5cm of reversed phase (5μm,
ODS-AQ C18, YMC) particles, 1.5cm of strong cation exchange resin (5μm Partisphere,
Phenomenex) and an additional 1.5cm of reversed phase particles. Samples were pressure
loaded onto the MudPIT trapping column using the autosampler of the Easy NanoLC and
subsequently washed with buffer A to remove any salts while venting to waste. The MudPIT
trapping column was connected via a zero dead volume union to an analytical reverse phase
capillary column. The 100μm ID analytical column was generated by pulling the tip to 5μm
ID and pressure packing the column (5μm ODS-AQ C18, YMC) until 20cm in length.
Electrospray was performed directly from the tip of the analytical column. Six step MudPIT
separations were performed with salt pulses of 5ul of 0%, 10%, 20%, 30%, 60%, and 100%
of 500mM ammonium acetate prior to the beginning of the reverse phase gradient. Peptides
were separated with a linear gradient from 1% to 5%B over the first 5 minutes followed by
an increase to 45%B over 120min and then an increase to 98%B over an additional 30 min.
The column was held at 98% B for 5 min, reduced to 1% B and re-equilibrated prior to the
next salt step. Buffer A was 5% acetonitrile and 0.1% formic acid and buffer B was 80%
acetonitrile and 0.1% formic acid. Flow rate was 400nl/min. TMT samples were separated
with a 13 step MudPIT method using salt pulses of 0%, 10%, 20%, 30%, 40%, 50%, 60%,
70%, 80%, 90% and 100% of 500mM ammonium acetate followed by two steps containing
90% ammonium acetate and 10%B. Reverse phase gradient from 5% to 45%B was
shortened to 90min and the increase to 80%B took place over an additional 20min.

Phosphopeptide enrichment samples were separated over a two hour reverse phase gradient.
Peptides were separated with a linear gradient from 1% to 5%B over the first 5 minutes
followed by an increase to 55%B over 100min. The column was returned to 1% B over 5
min and re-equilibrated for 10min.
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Pierce retention time calibration mixture containing 15 tryptic yeast peptides (including
ELGQAGVDTYLQTK, LTILEELR, and GILFVGSGVSGGEEGAR) was used as a
standard peptide mixture to test the effect of HCD energy on fragmentation. Phosphopeptide
TRDIYETDyYRK was purchased from AnaSpec. Peptide standards were analyzed by
reverse phase separation on a 20cm analytical column, as described above. 10fmol of
peptide mixture was injected through the autosampler and separated with a linear gradient
from 0% to 45%B over 25 minutes followed by an increase to 100%B over 10min. The
column was held at 98% B for 5 min, reduced to 0% B and re-equilibrated prior to the next
injection.

The Q Exactive was operated in the data dependent mode, collecting a full MS scan from
300–1650m/z at 70K resolution and an AGC target of 1e6. The 10 most abundant ions per
scan were selected for MS/MS at 17.5K resolution and AGC target of 1e5 and intensity
threshold of 1K. Maximum fill times were 10msec and 100msec for MS and MS/MS scans
respectively with a dynamic exclusion of 60sec. Normalized collision energy was varied
from 12–34 for the peptide standard experiments. HEK samples were analyzed at 20, 25,
30NCE (normalized collisional energy) and at 25 with 20% stepped energy which
effectively combines fragmentation at energies of 20, 25 and 30. Fragmentation of peptide
standards were manually identified and relative intensities were extracted by Fragmentor v.
2.4.1 (http://www.faculty.ucr.edu/~ryanj/fragmentor.html). HEK and CFBE spectra were
extracted using RawXtract [20] and protein identification was done with Integrated
Proteomics Pipeline (IP2, http://integratedproteomics.com) and ProLuCID by searching
against UniProt Human database. Half tryptic searches were performed with
carbamidomethylation on cysteine and oxidation on methione as static and variable
modifications, respectively. TMT data was searched with static modifications of 229.1629
on lysine side chain and on the N terminus. Data was searched with 6ppm precursor
tolerance and 20ppm tolerance for fragment ions. Proteins required a minimum of two
peptides present and were filtered to less than 1% FDR using DTASelect. [21]

Results and Discussion
Shown in Figure 1a is the peptide ELGQAGVDTYLQTK, which was fragmented by CID in
an LTQ-Orbitrap. The same peptide was fragmented at increasing collisional energy in the
HCD cell of the Q Exactive; spectra resulting from normalized energies of 18, 22, 26, 30,
and 34 are shown in Figure 1b–f. The CID spectrum displays a predominant series of y ions
with lower intensity b series, which is largely independent of the fragmentation energy
applied. At the lower HCD energies, 18 and below, the precursor ion dominates the
spectrum. As the collisional energy is ramped, the precursor ion is increasingly fragmented
into product ions; the abundance of a series of y ions is seen inversely correlated to
precursor intensity. As higher energies are applied, ions fragment multiple times causing a
shift to lower m/z. At an NCE of 34 the spectrum is largely dominated by ions below 400Da.
[22] Although many of the ion types are similar between HCD and CID, there is not a single
collisional energy in HCD that can duplicate the pattern and fragmentation by CID.

We utilized NoDupe software to provide a quantitative measure of the similarity between
the spectra; results shown in Table 1. NoDupe was designed to analyze spectral similarity by
generating a spectral contrast angle for two given spectra. [23] If the spectra are identical the
reported angle is zero; completely dissimilar spectra will produce a right angle (π/2 rad).
Spectral pairs returning a value above the set threshold of 1.1 rad are considered to be non-
significant by the software and consequently no value is reported. Not surprisingly the
largest degree of spectral similarity is seen between neighboring HCD energies. As the gap
between HCD energies increase, the degree of dissimilarity increases. The CID spectrum
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does not show a high degree of similarity to any of the HCD spectra, qualitatively above, or
quantitatively as shown here.

To further analyze the source of the dissimilarity between spectra, we examined the
fragment ions present. The HCD spectra shown in Figure 1, along with additional collisional
energies shown in Table 1 were manually identified and the relative ion abundance of each
fragment is plotted as a function of collisional energy in Figure 2. Only a, b, and y ions are
plotted for simplicity sake. Other ion types specific to HCD, such as internal ions, are
present at higher energies. Plotted in this form, it is easy to see how the fragmentation of the
peptide is controlled by the amount of energy applied. As the collisional energy is increased
some of the ion types (such as y7 and y9) grow and peak around 20 NCE. With further
increases in collisional energy these ions start to undergo additional fragmentation and give
way to smaller peptide fragments. This can be seen as y6, y5, y4, y3, and y2 grow at higher
collisional energies and the intensities of the larger y ions start to diminish. Thus it can be
theorized that the larger ion fragments give way to smaller ion types as the energy is
increased.[24] Interestingly there is an initial maximum of fragment ion’s intensities at NCE
of 20 which is inversely correlated with the depletion of precursor. A second maximum of
the smaller fragment ions is seen around 30, which is inversely correlated with the larger y
and b ions. There are a few ions, such as a2 and b2, which are likely produced by
degradation of multiple ions as they grow at higher energy and eventually plateau and
maintain high ion abundance at higher energies. This could either be due to stability of these
ions or due to production from multiple pathways. [25]

Shown in Figure 2c and d is the same type of plot for the peptide LTILEELR. This peptide,
although lower in mass and number of amino acids, and thus number of potential fragment
ions, still demonstrates similar trends in fragmentation. Larger y ions reach a maximum
around 16 to 18 NCE as the precursor abundance decreases. As higher energies are applied
y4, y5, and y6 decrease in intensity and y1 and y2 increase. The larger b ions are only
observed at NCE of 20 and lower as they further fragment to yield smaller a and b ions,
particularly a2 and b2 in this case. At higher energies the immonium ion for leucine and
isoleucine ion quickly dominates the spectrum. In this case the a1 ion and the immonium ion
are indistinguishable. Immonium ions are often observed in HCD spectra and provide
additional sequence information that is not available with standard ion trap data. [26] Use of
immonium ions has been shown to improve database searching by reducing the database
search space. [27] By comparing Figures a through d it can be seen that the maximum of
informative ions occurs at slightly lower collisional energy for this peptide than for the
peptide ELGQAGVDTYLQTK shown in Figure 2a and b. Thus choosing a single
collisional energy for an entire experiment could potentially bias the identifiable species.

The fragmentation of the peptide TRDIYETDyYRK (with y as phosphotyrosine) is shown
in Figure 3. Y ions are plotted in panel a, b ions in panel b and a ions in panel c. It can be
seen that the a ions increase in intensity at higher collisional energy than the b and y ions,
likely because they are produced from further fragmentation of the b ions. [28] This is a
trend that we have observed for the peptides that we have examined. The peptide shown is
of particular interest because it contains a phosphotyrosine. Phosphotyrosine is not highly
abundant in cell populations, but it has been shown to be important in regulation of signaling
pathways. [29] Furthermore, it has been shown that phosphotyrosine containing peptides can
easily be identified by the presence of the phosphotyrosine immonium ion at 216.043 m/z.
[30,31] The abundance of the immonium ion (noted pY*) is depicted in Figure 3c as a
function of collisional energy. While the phosphotyrosine immonium ion is useful in
identification of the phosphopeptide, this informative ion is only present once higher
collisional energies are used. If the single collisional energy of 25 is used (which seems to
be the best single collisional energy for tryptic peptides based on experimental data not
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shown) the immonium ion will never be observed for this peptide. However a combination
of fragmentations at a high energy and a low energy is much more likely to capture points
that are highly informative across a greater species of peptides, and would allow the capture
of sequence information as well as immonium ion information. From these few randomly
chosen peptides it can easily be seen that selecting low and high energy fragmentations
increases the informative fragments in the spectra.

To further extend this idea, fragmentation of a peptide of the sequence
GILFVGSGVSGGEEGAR is shown in Figure 4. Fragmentation is shown with NCE of 20,
25, 30, and with a stepped collisional energy combining 20, 25 and 30. Although the peptide
was identified through database searching in each of these instances, it can be seen that there
are subtle but useful differences. The lower collision energy (20) has not fully fragmented
the precursor ion, as the parent ion is observed in fairly high abundance. It is advantageous
to have the entire parent ion fragmented in order to produce higher signal, and thus a
potentially more sensitive method. At 20 NCE a full y ion series is observed as well as a
nearly complete b series. Many of the b ions are in low abundance, particularly the larger b
ions. Only a few a ions are observed at this collisional energy, as the energy is not sufficient
to fragment the precursor multiple times. At higher collisional energy (30) the parent ion has
been completely fragmented. A nearly complete y series is still observed but abundances of
the ions change slightly in comparison with the lower energy; doubly charged ions are no
longer observed and the y1 ion is much more apparent in the spectrum. Very few b ions are
observed at this energy, and only the smaller ions are seen (b4, b3, b2) and they occur at
higher abundance than with lower energy, suggesting that the smaller b ions are products of
fragmentation of the larger, and now absent, larger b ions. A few a ions are also observed,
but just like the b ions, the abundance has shifted to the smaller a ions. The b2 and a2 ions
are commonly seen as two of the more abundant ions at higher collisional energy in these
experiments.

Data from a stepped collisional energy experiment is also shown, with low, medium and
high energies of 20, 25 and 30. In most cases the abundance of ions from the stepped
experiment is approximately the average between the ion abundance seen at 20, 25 and 30.
A complete y series is observed, and a partial b series is seen, the larger b ions are absent in
this case, but this is not surprising due to their low abundance at the lower collisional
energy. There are also several a and d ions present, providing additional useful information.
In this instance the d2 ion is observed, allowing identifiaction of the second amino acid as I.
[32,33] Fragmentation at 25NCE is also shown, and has been shown previously to be the
overall “best” single collision energy for tryptic peptides. It is interesting to see that the
stepped experimental data is distinct from data at 25. Thus, utilizing stepped collisional
energy we are able to produce a wider variety and coverage of ions than what is achieved
through a single collisional energy.

To extend this concept to a larger scale, HEK lysate was compared at low (20), medium (25)
and high (30) energies, and with the stepped energy combining 20, 25 and 30. The results of
protein and peptide IDs generated by this comparison of HEK lysate are shown in Table 2.
Triplicate experiments were performed at each collisional energy and the resulting data is
shown in Table 2 along with the combined and searched data.

Utilizing stepped collisional energy has little to no effect on the number of spectra that are
collected per experiment and the additional time to fragment the same precursor at three
energies is negligible. Fill times are similar for each of the experiments shown; during the
stepped experiment one-third of the fill time is allocated to each of the three energies
resulting in a minimal effect on the duty cycle length. One possible disadvantage of the
stepped energy method is the dilution of ion signal into more fragmentation pathways, as the
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total ion capacity remains similar to an experiment performed at a single energy. Shown in
Figure 5 is the overlap of the peptides and proteins that are identified by each of the
collisional energies. The stepped collisional energy overlaps well with both the single
energy experiments but also identifies a distinct group of peptides not identified by the
single energy experiments. Although peptide fragmentation is dependent on the HCD energy
applied, within this small range of energies the search engine is able to capture relatively the
same number of peptides for each experiment. While peptide identification itself does not
seem to be adversely or positively affected through the use of stepped collisional energies
we next examined a few cases where the use of stepped collisional energy is beneficial.

Phosphorylation site localization is highly dependent on peptide sequence and on sequence
coverage. Shown in Figure 6 is the comparison of the number of phosphopeptides identified
through the use of a single collisional energy (25) and with the stepped experiment with
energies at 20, 25, and 30. Peptides are grouped according to Ascore with higher scores
indicating better site localization. Use of multiple collisional energies increases the number
of identified phosphorylation sites by ~30%. The use of stepped collisional energy increases
not only the number of phosphorylation sites overall but also the confidence of the sites.
Percentage of the phosphorylation sites is shown in figure 6b. Stepped collisional energy
shows an increase in the Ascore of the peptides, indicating an increased localization of the
sites. This increased confidence in site localization is likely due to an increase in sequence
coverage which is seen with use of multiple collisional energies. Even in the case of
phosphorylated peptides which are often in low abundance the use of stepped collisional
energy did not adversely affect the number of peptides identified.

The effect of stepped HCD on tandem mass tagged (TMT) peptides was also investigated.
TMT peptides are labeled with isobaric amine reactive labels which impart quantitative
information upon collisional activation. TMT reporter ions are formed through cleavage of
the amide bond by collisional energy to create a cluster of ions between 126 and 131m/z.
The abundance of reporter ions is proportional to the collisional energy used with higher
energy producing an increase in abundance of the reporter ions. Accurate quantitation of
channels is dependent on the intensity of the reporter ions, but generation of TMT reporters
needs to be balanced with adequate production of peptide sequence ions. Cell lysate labeled
with TMT were analyzed with MudPIT LCMS on the Q Exactive either using a single
collisional energy at 25 or with the use of stepped collisional energy centered at 30 with +
20% (effectively 24, 30, and 36NCE). The energies used for the stepped experiments were
higher than the other experiments previously described to demonstrate the use of the higher
collisional energy in the context of the stepped experiment. Use of the stepped HCD not
only shows an increase in the TMT reporter ion intensities by approximately an order of
magnitude, but also an increase in the number of peptides identified.

Conclusion
Due to the diversity of peptide sequence, “one size fits all” is not always the case when it
comes to generating useful spectra. By taking advantage of stepped normalized collision
energy we are able to increase the diversity of useful fragment ions. We show applications
of stepped HCD for phosphorylation site localization and TMT quantitation. Increased
sequence coverage by the use of multiple collisional energies yields an increase in the
number of phospho peptides identified as well as increased Ascores, a measurement of the
confidence in site localization. Stepped HCD is beneficial for TMT experiments as the
reporter ion intensity is increased through the use of a higher HCD energy without
sacrificing detection of peptide fragmentation needed for peptide identification.
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Figure 1.
Spectra of the peptide ELGQAGVDTYLQTK by a) CID and at b–f) HCD normalized
energies of 18, 22, 26, 30 and 34.
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Figure 2.
Fragment ions plotted as a function of HCD energy for the peptides a) and b)
ELGQAGVDTYLQTK c) and d) LTILEELR
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Figure 3.
Fragment ion of the peptide TRDIYETDyYRK plotted as a function of HCD energy
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Figure 4.
Fragment ion abundances observed from the peptide GILFVGSGVSGGEEGAR upon HCD
activation at 20, 25, 30 and stepped HCD at 20, 25, 30.
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Figure 5.
Overlap of a) peptides and b) proteins identified from Mudpit proteomic analysis of HEK
lysate with HCD energies of 20, 25, 30 and stepped HCD at 20,25 and 30.
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Figure 6.
a) Phosphorylation sites identified by 25NCE and stepped HCD at 20,25 and 30NCE
grouped by Ascore. b) Percentage of phosphorylation sites identified by single energy and
stepped HCD, stepped HCD provides an increase in Ascores and site localization. c)TMT
reporter intensity of identified peptides with 25NCE and with stepped NCE of 30±20%
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