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Abstract

We report the implementation of front-end higher energy collision induced dissociation (fHCD) on
a bench-top dual pressure linear ion trap. Software and hardware modifications were employed,
described in detail vide-infra, to allow isolated ions to undergo collisions with ambient gas
molecules in an intermediate multipole (q00) of the instrument. Results comparing the
performance of fHCD and resonance excitation collision induced dissociation (RE-CID) in terms
of injection time, total number of scans, efficiency, mass measurement accuracy (MMA), unique
peptide identifications, and spectral quality of labile modified peptides are presented. fHCD is
approximately 23% as efficient as RE-CID and, depending on the search algorithm, it identifies
6.6% more or 15% less peptides (q<0.01) from a soluble whole-cell lysate (Caenorhabditis
elegans) than RE-CID using Mascot or Sequest search algorithms, respectively. fHCD offers a
clear advantage for the analysis of phosphorylated and glycosylated (O-GIcNACc) peptides as the
average cross-correlation score (XCorr) for spectra using fHCD was statistically greater (p<0.05)
than for spectra collected using RE-CID.

Introduction

Continued advancements in instrumentation, sample preparation methodologies and
bioinformatics~2 have increased the utility of mass spectrometry to address complex
biological questions in the last decade. On the instrumentation front, the field has witnessed
significant improvements including the development of hybrid FT-MS instruments®-4, the
introduction of the orbitrap mass analyzer®6, and improvements in time-of-flight (TOF)
technology’~8. These developments have led to unprecedented instrument performance in
terms of resolving power, mass measurement accuracy, dynamic range, and duty cycle. In
combination with these advancements, new dissociation techniques including electron
capture dissociation® (ECD) and electron transfer dissociationl9 (ETD) continue to drive the
field of proteomics forward. ECD and ETD offer complimentary sequence information to
collision induced dissociation (CID) and thus are becoming more widely used. In addition,
due to the nonergodic nature of ECD and ETD, they are often the preferred method for
pinpointing sites of labile modifications (e.g., phosphorylation, O-GIcNAc) along the
peptide backbone.
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The traditional method for peptide fragmentation, CID11, is a slow heating techniquel? that
uses multiple gas collisions to increase internal energy through vibrational pathways to an
ion specific threshold prior to uni-molecular dissociation. It is a common method to obtain
structural information, possibly owing to its relative simplicity and high efficiency, and is
employed on a range of mass spectrometry platforms in slightly different varieties.
Traditionally, CID has been accomplished using beam-type or tandem in space instruments
(e.g., Triple quadrupole, g-TOF) in which selected ions are accelerated into an elevated
pressure cell and subjected to collisions with inert gas molecules. For quadrupole ion trap
and FT-ICR instruments (i.e., tandem in time), CID is achieved through resonance excitation
collision induced dissociation (RE-CID) or sustained off resonance irradiation collision
induced dissociation (SORI-CID)13, respectively. SORI-CID has seen limited use in the
field of shotgun proteomics — largely due to the development of hybrid instruments and
lengthy pump down periods associated with the method which are not realistic on an LC-MS
timescale. A disadvantage of RE-CID for proteomic applications is the inherent low mass
cut off which is a consequence of the magnitude of the radio frequency voltage needed to
retain the resonantly excited precursor and resulting fragments. In beam-type CID the low
mass ions are retained for mass analysis and as a result this technique is directly amenable to
isobaric tagging strategies (iTRAQ) for multiplexed relative quantification. In addition,
due the tendency for multiple bond breakage in beam-type dissociation as opposed to single
bond breakage in RE-CID, immonium ions are often present and can be utilized to obtain
sequence information.1>

Mann and coworkers described beam-type fragmentation on a hybrid ion trap orbitrap in the
c-trap or dedicated octopole and referred to the method as higher energy collision-induced
dissociation (HCD).18 The latter version of the instrument is now commercially available on
the orbitrap line of instruments (Thermo Fisher, San Jose, CA). To the authors’ knowledge
this was the first report of beam-type fragmentation on a trapping-type instrument; however,
implementation of HCD on a benchtop trapping instrument would also be beneficial for
similar reasons described vide supra — in addition to the lower cost associated with the
purchase and operation of these instruments. Recently, Coon and coworkers reported HCD
capabilities on a benchtop quadrupole linear ion trapl’ (LTQ XL, Thermo Fisher Scientific,
San Jose, CA). In this work the instrument software was modified to enable isolated ions to
be sent back through the high pressure regions of the ion trap to q0, colliding with
background ambient gas molecules, and then fragments were sent back to the ion trap for
mass spectral analysis. This study focused on optimizing instrument parameters for HCD
(e.g., offset voltages, ejection times and collision energies) and illustrated an increase in
quantifiable peptides using trap HCD compared to other dissociation techniques in an
iTRAQ experiment.

Herein, we describe the capability to perform front-end higher energy collision induced
dissociation (fHCD, commercially called “Trap HCD”) on a bench top dual pressure linear
ion trap (LTQ-Velos Pro, Thermo Fisher Scientific, San Jose, CA). It is important to
distinguish the setup described herein with the one reported by Coon and coworkers. A
design characteristic, inherent to the Velos ion trap instruments, prevents beam-type
fragmentation in the gO region of the instrument due to the inability to accelerate ions of
appreciable energy through a curved quadrupole (i.e., q0). In our setup, isolated ions are sent
back to g00 multipole downstream from the S-lens, for beam-type fragmentation and
fragments are then mass analyzed by the ion trap. A distinct advantage of this setup is the
small length of 00 (25 mm) versus g0 (85 mm) which affords approximately a 10-fold
decrease in extraction time. Ultimately, this decrease in extraction time yields an overall
increase in duty cycle. In addition, the instrument reported here is commercially available
from ThermoFisher (as the LTQ-Velos Pro).

Anal Chem. Author manuscript; available in PMC 2013 February 7.
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The manuscript is divided into three separate experiments: 1) Determination of the
efficiency of fHCD in relation to RE-CID; 2) A detailed comparison of the performance of
fHCD and RE-CID for shotgun proteomics in terms of unique peptide identifications, total
number of scans, and mass measurement accuracy; and 3) A comparison between fHCD and
RE-CID for the analysis of peptides with labile modifications.

Formic acid, ammonium bicarbonate, DTT, and iodoacetamide, were obtained from Sigma
Aldrich (St. Louis, MO). Proteomics grade trypsin was purchased from Promega (Madison,
WI). HPLC grade acetonitrile was from Burdick & Jackson (Muskegon, MI). A
Caenorhabditis elegans lysate (soluble fraction) was prepared as previously reported!8 and
used to evaluate the different dissociation methods. The phosphopeptide standard was
obtained from Protea Biosciences (Morgantown, WV) while the glycosylated (O-GIcNAc)
peptide standard was from Invitrogen (Carlsbad, CA).

Nano-flow LC-MS

Nano-flow liquid chromatography was performed using an Agilent 1100 binary pump
configured in a vented column design®. ESI columns were prepared as reported previously?
and then packed to a length of 25 cm with 4 um C12 reverse phase particles (Phenomenex,
Torrance, CA). A 90 min total LC-MS/MS analysis was performed using a gradient with the
following time profile: 1) sample was loaded at 91% buffer A for 14 minutes; 2) a linear
ramp from 9% to 38% buffer B over 55 minutes; 3) a linear ramp to 80% B over 1 minute;
4) held constant for 5 minutes (80% B) and 5) the column was re-equilibrated for 15 minutes
at initial conditions (91% A). Solvents A and B were 95/4.9/0.1 water/acetonitrile/formic
acid and 20/79.9/0.1 water/acetonitrile/formic acid, respectively. Mass spectral analysis was
performed using a modified commercial LTQ-Velos mass spectrometer as shown in Figure
1 (ThermoFisher Scientific, San Jose, CA). Electrospray ionization was achieved by
applying 2.5 kV distally via a liquid junction. For LC-MS analysis, ~1.5 ug of soluble lysate
or 1 pmol of peptide standard was loaded on column.

Experiment 1 — Efficiency of fHCD vs. RE-CID

To evaluate the efficiency of fHCD, the manufacturer’s calibration solution was infused at a
rate of 3 puL/min using the heated electrospray (HESI) probe and the lonMax source. The
MRFA peptide was fragmented via fHCD and RE-CID. Five hundred scans were collected
for each method at two different automatic gain control (AGC) target values of 10,000 and
20,000 ions. After converting the raw files to binary files using MakeMS2, custom software
was written in-house to extract the ion injection times (11T) and total ion intensity (TIC)
values from each scan. The number of ions per scan was calculated by multiplying the IIT
(s) by TIC values.

Experiment 2 — Comparisons of fHCD vs. RE-CID for Shotgun proteomics

For comparisons between CID and fHCD for shotgun proteomic experiments, a typical scan
cycle was employed using 10 CID or fHCD events per precursor scan. Both rapid fHCD/
CID and normal scan fHCD/CID rates were evaluated and runs were randomized throughout
to minimize any measurement bias. In both experiments dynamic exclusion was used with a
list size of 50 and a time of 30s. For both fHCD and CID experiments, a normalized
collision energy of 35 was used. For fHCD, the optimal CE was empirically optimized to
give the highest number of peptide 1Ds (Supplemental Figure 1). The target ion population
for automatic gain control was set to 10,000 ions with a maximum ion injection time of 300

Anal Chem. Author manuscript; available in PMC 2013 February 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bereman et al. Page 4

ms. A commercial digest consisting of 6 bovine proteins (Bruker Michrom, Auburn, CA)
was ran after every 5 injections and was used to evaluate chromatographic peak shape,
retention time reproducibility, and peak intensity.

Database Searching via Sequest and Mascot

Peptide matches were assigned to spectra using an in-house developed pipeline and the
Sequest algorithm. Experimental spectra were searched against a sequence (target) and
reversed-sequence (decoy) database of all annotated proteins for C. elegans. Candidate
peptides for each spectrum were restricted to a +/—3 Daltons precursor mass tolerance, and
included peptides resulting from semi-tryptic digestion and/or a single missed cleavage
event. The target and decoy database search results were processed by Percolator?! to
increase peptide-spectrum matches and enforce a PSM-level q value threshold of <0.01.

Mascot searches were automated using Mascot Daemon with a precursor/peptide fragment
tolerance of 0.8 Daltons and searched against the same database as the Sequest results.
Peptide charge states 1+, 2+ and 3+ were considered and a single miscleavage was allowed.
Data were searched against a target and decoy database using the Mascot automatic decoy
search. Mascot Percolator?® was used as a post-processor to improve the sensitivity of the
search and enforce a PSM-level g value threshold of <0.01.

Mass Measurement Error Analysis

The mass measurement error characteristics of each fragmentation technique were compared
by analysis of confident PSMs identified using Sequest and Percolator. For each PSM, the
mass measurement error of every singly-charged b and y ion peak is determined by
subtracting the mass of the theoretical peak from the mass of the nearest peak in the MS/MS
spectrum.

Experiment 3 - Evaluation of spectral quality of labile modified peptides

The spectral quality of peptides modified with either a phosphate or a B-Nacetylglucosamine
(O-glcNAc) was compared between RE-CID and fHCD. In this experiment, 1 pmol of
peptide standard was injected on column. Alternating CID and fHCD scan events
interrogated the most abundant precursor from the precursor scan and dynamic exclusion
was turned off. This effectively led to several RE-CID and fHCD MS? scans across the
elution profile of each peptide standard. Spectral quality between RE-CID and fHCD was
evaluated by both qualitatively comparing the spectra and quantitatively comparing the
cross-correlation scores (XCorrs) between experimental and theoretical data.

Results and Discussion

Implementation of fHCD on Velos

Figure 1 displays a schematic of the instrument used in these studies. To implement fHCD
in the g0O region, a DC voltage of 100 V was placed on the exit lens downstream from the s-
lens, to block ions entering the device from the source and create a trapping well for ions
injected from the ion trap. The q00 device is normally a square quadrupole, but was replaced
with an octopole ion guide. The octopole has a higher ion storage capacity and better gas
conductance than the square quadrupole, which resulted in increased sensitivity for fHCD
analysis. As listed in the figure, fHCD analysis consists of 3 simple steps: 1) lons are
isolated in the ion trap; 2) Isolated ions are sent to q0O for activation/dissociation; and 3)
Fragment ions are sent back to the ion trap for mass analysis. To complete this series of
events requires approximately 2 ms.2! Because there is nominally no dc potential gradient
along the length of q00, its short length (25.4 mm) is fundamental to the speed of the
extraction process. The lens potentials do penetrate some distance into the device, but still
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ions must reach the exit volume by simple diffusion. Hence, the pressure in g00 is important
to the ion extraction time from g00, which is < 0.5 ms for normal conditions. To be
conservative the experiment employed an extraction time of 2ms, which is still 10-fold
faster than reported using q0 for HCD on a quadrupole linear ion trap.1’

A normalized collision energy method?2 was developed for fHCD to automatically
determine the optimum offset voltage for a given m/z. Optimum offsets were empirically
determined for several ions in the standard LTQ Calibration Mix (Sigma) to produce a m/z
to collision energy calibration. To standardize the fragmentation across different
instruments, the optimum offsets were normalized to an arbitrary reference value of 40%, as
described previously.?2 Thereafter, collision offsets were specified in the instrument method
in terms of a collision energy percent and not an absolute voltage offset. The collision
energies were also subsequently scaled as a function of charge state. The scaling factors
were determined by a large scale LC-MS study of optimum offsets for peptides of various
mass and charge.?!

Experiment 1 — Efficiency of RE-CID vs. fHCD

RE-CID is known to be extremely efficient in the conversion of precursor to fragment
ions.23 Therefore, it was necessary to quantitatively determine the efficiency of this novel
way to perform HCD on the front end of the Velos ion trap (fFHCD) and compare it with RE-
CID. Figure 2A displays a histogram of the total number of ions (TIC x IIT) from the
dissociation of peptide MRFA between RE-CID and fHCD at two different AGC target
values. On average fHCD and RE-CID returned 3,433 £ 416 and 7,495 + 866 ions at a target
AGC value of 10,000 respectively. At a target AGC of 20,000, similar differences were
observed between fHCD (6,505 * 744 ions) and RE-CID (14,790 + 1892 ions). Figure 2B
displays a histogram of the ion injection times from these same experiments between RE-
CID and fHCD. The 1ITs for fHCD events were calculated by first following the same
procedure as for calculating I1Ts for RE-CID events and then doubling the result. This was
done to partially compensate for the inefficiency of fHCD and is similar to what is done for
pulsed-Q dissociation (PQD) and electron transfer dissociation (ETD). Accounting for this
2-fold increase in 1T, fHCD is ~23% as efficient compared to RE-CID on this particular
instrument. Similar data describing fHCD efficiency in relation to RE-CID were obtained in
an LC-MS run (i.e., shotgun proteomics) and are noted in Supplemental Figure 2.

Experiment 2 — Comparisons of fHCD vs. RE-CID for Shotgun proteomics

Figure 3 displays the number of unique peptides identified from a soluble fraction of a C.
elegans lysate between RE-CID and fHCD. Data were searched with both Sequest
Percolator and Mascot Percolator. fHCD yielded approximately 6.5% more unique peptides
(p=0.04) than RE-CID when searched with Mascot. However, the opposite was observed
when conducting the searches with Sequest, as RE-CID afforded approximately a 15%
increase in unique peptide identifications (p=0.02) compared to fHCD. These discrepancies
emphasize the importance of the search algorithm when analyzing these data.

In addition, Figure 3 compares normal and rapid scan rate acquisitions. Rapid scan is a new
scan option available on the Velos Pro instrument — a slightly lower resolution is used to
double the scan out rate (33 kDa/s vs. 66 kDa/s) affording an increase in duty cycle
compared to the more commonly used normal scan. Doubling of the scan rates yields on
average a 12.9% and 11.7% increase in total number of scans for RE-CID and fHCD runs,
respectively (Supplemental Figure 3). This increase in scan rate acquisition leads to an 11%
increase in identifications by RE-CID; however, an insignificant difference in the number of
unique peptide identifications by fHCD was observed using Sequest. Mascot identified
approximately 4% more peptides when using the rapid scan rate option for the data set

Anal Chem. Author manuscript; available in PMC 2013 February 7.
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collected under fHCD conditions. Interestingly, for RE-CID no significant difference in
peptide identifications was observed between rapid and normal scan rates.

To investigate the differences in data quality between spectra collected using rapid scan rate
vs. normal scan rate acquisitions, the mass measurement accuracy of fragment ions was
examined. Figure 4A-D displays a heat map of the mass error of each identified fragment
ion as a function of m/z for normal scan RE-CID, normal scan fHCD, rapid scan RE-CID
and rapid scan fHCD, respectively. The heat describes the summed intensity of the peaks at
their respective coordinate (mass error vs. m/z). Although similar accuracies were observed,
the precision of the measurements were worse for rapid scan rates for both RE-CID and
fHCD. Interestingly, it was also observed that fHCD data were routinely less precise than
RE-CID data when comparing either normal or rapid scan rates. Figure 4E displays a box
plot of each data set.

It was hypothesized that the lower number of ions per fragment channel, due to the lower
efficiency and the more distributed nature of product ion intensities characteristic of fHCD,
was responsible for the imprecise results of fHCD compared to RE-CID. Figure 5A-B
displays a heat map of the mass error as a function of number of ions for RE-CID (normal
scan) and fHCD (normal scan), respectively. The plot shows that there are many fragment
ion peaks with a low number of ions in the fHCD data. As a result, the precision is lower in
these data when compared to RE-CID data. It is believed that the relationship between low
number of total fragment ions and imprecise results is simply due to the fact that there are
lower number of events (ions) that define each peak. As a consequence the deviation in the
centroid of the peak is larger — ultimately leading to a larger mass error distribution.

Experiment 3 — Evaluation of labile modified peptides

Due to the tendency for facile loss of labile groups in RE-CID which leads to limited
sequence information, phosphorylated and glycosylated (i.e., O-GIcNAc) peptides are often
analyzed via ECD?4, ETD?, or a combination of techniques.26 Phosphorylation is involved
in an array of cellular processes and its de-regulation has been implicated in the onset of
several diseases.2’ Methods for phosphoproteomics via tandem mass spectrometry have had
a long productive history and have been thoroughly reviewed recently.28 Although
significantly less studied, O-GIcNAc modified peptides are receiving more interest due to
two main reasons: 1) technological/instrumentation developments allowing interrogation of
these extremely labile peptides; and 2) mounting evidence of their critical role in the
regulation of proteins involved in numerous biological processes including transcription,
signal transduction, and metabolism.2%-31 The continued development of robust
fragmentation techniques, available on an array of MS platforms, to interrogate these
modified peptides is essential. In this experiment, the capabilities of fHCD were evaluated
for the analysis of either phosphorylated or glycosylated (O-gIlcNAc) peptides and compared
to results from RE-CID experiments.

Figure 6A compares a representative mass spectrum from the analysis of a phosphorylated
peptide by RE-CID and by fHCD (mirror axis). Although qualitatively the spectra seem
rather similar, one can notice that several y and b-type ions are significantly more prevalent
in the fHCD spectrum relative to the base peak. As expected, due to both techniques being
slow heating dissociation methods'2, one of the more abundant peaks is the neutral loss of
the phosphate group (H3PO,4) from the peptide backbone. In addition, it should be noted that
the low MW cutoff is apparent in the RE-CID spectrum where in the fHCD spectrum the y;
and immonium ions are easily detected. Taking a more quantitative approach, Figure 6B
compares the distributions of the cross correlation scores between the theoretical
fragmentation pattern and those generated from RE-CID and fHCD. As shown, fHCD
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consistently returns higher quality spectra with an average cross correlation that is
significantly higher (p<0.05) than the spectra obtained from the RE-CID experiments.

Comparing the capabilities of fHCD and RE-CID for the analysis of O-GIcNAc peptide
standard, several fragment ions were observed in the fHCD spectra; while, only two
predominant peaks were observed in the RE-CID spectra (Supplemental Figure 4). These
two peaks corresponded to the charge loss of the GICNAc moiety from the precursor leaving
the singly charged non-glycosylated peptide. While fHCD seemed to afford better sequence
coverage, the XCorrs were similar between fHCD and RE-CID. This is because most of the
peaks observed in the fHCD also correspond to the loss of the GICNAc group. Ultimately,
this is not surprising and is the result of the O-GIcNAc group being highly labile and both
RE-CID and fHCD being slow heating dissociation methods.32-33 Nevertheless, fHCD on
average, afforded a statistically greater XCorr (p<0.05). In addition, several low m/z
fragment masses (m/z 186, m/z 168, m/z 144, m/z 138, m/z 126) were identified by fHCD
that were not observed in the RE-CID spectra and are indicative of an O-GIcNAc modified
peptide.28 Potentially with this information, mass of the precursor, and other fragment
information, a de novo type sequencing scheme could be developed.

Conclusions

Software and hardware modifications were employed on a benchtop dual pressure linear ion
trap to implement beam-type fragmentation. This process is referred to here as fHCD.
Several characteristics of fHCD were evaluated including efficiency, mass measurement
accuracy of fragment ions, unique peptide identifications, and spectral quality of labile
modified peptides. fHCD was found to be ~23% as efficient as RE-CID. Although beam-
type fragmentation is not necessarily less efficient than RE-CID, in this setup a large
percentage of losses are incurred from the ions undergoing multiple passes through a series
of conductance limits. A recent report determines the ion loss for this combined transfer to
be ~40%.21 Regardless, fHCD identified ~6% more peptide identifications than RE-CID
when using the Mascot search algorithm. However, RE-CID returned more peptide
identifications using Sequest — indicating that the choice of database search algorithm is an
important parameter when searching these data. It was found that the mass measurement
accuracy (MMA) of fragment ions were considerably less precise in both rapid scan and
fHCD data which was attributed to the lower number of ions defining each peak. fHCD
yielded a significant advantage when interrogating both phosphorylated and glycosylated
peptides (O-GIcNAc). Future work will entail using the low mass immonium ions as a
feature in Percolator to increase sensitivity of fHCD and to evaluate the use of fHCD
shotgun data in our discovery to targeted pipeline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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S-lens 00

Figure 1.
A schematic of the LTQ Velos Pro (ThermoFisher, San Jose, CA). To implement fHCD,

g00 was replaced with an octopole and a DC voltage was placed on the exit lens
downstream from the s-lens. lons are isolated in the ion trap sent back to q00 (70 mtorr) for
dissociation and then fragment ions are sent back to the ion trap for subsequent mass
analysis.
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A) A comparison of the number of ions from the dissociation of MRFA by RE-CID and
fHCD. 500 scans were taken at each AGC target value. B) A histogram of the ion injection
times from these same experiments. For a given AGC target the 11T were doubled for fHCD
to partially account the lower efficiency of fHCD.
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Figure 3.

The number of unique peptides identified between fHCD and RE-CID from a soluble lysate
of C. elegans using Mascot and Sequest. Both searches were post processed with Percolator
to enforce a q value of <0.01 at the PSM level. Normal and rapid scan rates were also
evaluated (see text for further details).
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ath) - ©

Figure 4.

A heat map and box plot comparing the MMA distribution of fragment ions between A) RE-
CID normal scan rate; B) fHCD normal scan rate; C) RE-CID rapid scan rate; D) fHCD
rapid scan rate. The heat is the log of the summed fragment ion intensity for each bin. E) A
box plot comparing the mass errors of each data set. The line through the box represents the
median (50™ percentile) while the box represents the lower (25t percentile) and upper (75%
percentile) quartiles. Whiskers extend to farthest points that are still 1.5 interquartile ranges
within the upper and lower quartiles.
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Figure 5.
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Mass error as a function of number of ions for A) Normal scan RE-CID and B) Normal scan
fHCD. The heat is the log of the summed fragment ion intensity for each bin.
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Figure 6.

A) A comparison between spectra of RE-CID and fHCD (mirrored axis) for the analysis of a
phosphorylated peptide. B) fHCD afforded significantly higher spectral quality for this
modified peptide as evidenced by the distribution of XCorrs.
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