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Abstract

Using a newly developed dual-cell quadrupole linear ion trap-orbitrap hybrid mass spectrometer
(dcQLT-orbitrap), we demonstrate the utility of collecting high-resolution tandem mass spectral data
for large-scale shotgun proteomics. Multiple nanoLC-MS/MS experiments on both an older
generation quadrupole linear ion trap-orbitrap hybrid (QLT-orbitrap) and the dcQLT-orbitrap, using
both resonant-excitation CAD and beam-type CAD (HCD) were performed. Resulting from various
technological advances (e.g., a stacked ring ion guide AP inlet, a dual cell QLT, etc.), the dcQLT-
orbitrap exhibited increased duty cycle (~1.5-2x) and sensitivity for both CAD (ion trap detection)
and HCD (orbitrap detection) methods. As compared to the older system, the dcQLT-orbitrap
produced significantly more unique peptide identification for both methods (~30% improvement for
CAD and ~115% improvement for HCD). The sizeable improvement of the HCD method on the
dcQLT-orbitrap system, outperforms the current standard method of CAD with ion trap detection
for large-scale analysis. Finally, we demonstrate that the increased HCD performance translates to
a direct and substantial improvement in protein quantitation precision using isobaric tags.

Introduction

lon trap mass spectrometers have undergone remarkable evolution over the past twenty years.
Today this technology is among the most widely used and most effective tools for large-scale
protein sequence analysis.1~2 Beginning with the coupling of three-dimensional quadrupole
ion traps (QIT) to atmospheric pressure (AP) inlets,378 the technology continued to progress
with the introduction of the linear quadrupole ion trap (QLT)9711, and most recently with the
hybridization to high-resolving power Fourier transform mass analyzers (FTMS); first, with
ion cyclotron resonance (ICR)12 and, more recently, the orbitrap13~14. Each of these
generations has likewise spurred research aimed at discovering how to best apply the
technology to analyze the highly complex mixtures of proteins present in biological systems.

The use of high-resolution and accuracy mass-to-charge (m/z) analysis of precursors (i.e.,
MS?) with subsequent isolation, activation, and detection in the QLT (i.e., MS2) is one such
transformative method.15-16 The pairing of the fast and sensitive product ion detection in the
QLT with high-resolution and accuracy FTMS? analysis facilitates reduction of the peptide
search space, yielding greatly improved specificity.17-18 The relatively long scanning time and
reduced sensitivity of FTMS analysis, in general, has left the utility of high resolution MS?
data up for debate.19-22
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Recently, a next-generation hybrid QLT-orbitrap mass spectrometer has been described and
made commercially available. This system has been updated in three main ways: (1) the AP
inlet was modified to utilize a stacked-ring ion guide (SRIG) for increased ion injection
efficiency (2-10x)23, (2) a dual-cell QLT (dcQLT) was installed that affords higher ion
trapping efficiency (~1.2x) and scanning rates (~2x), among other benefits24, and (3) ion
transmission elements between the c-trap and orbitrap were improved25. The system also
incorporates a collision cell that is integrated into the c-trap for high efficiency beam-type
collision-activated dissociation (HCD)26 prior to orbitrap m/z analysis. Given the significant
performance enhancements of this new system, we surmised that new opportunities to extract
more information from a proteomic analyses may accompany this device. Consequently, we
report here acomprehensive comparison of adcQLT-orbitrap to the conventional QL T-orbitrap
instrument for large-scale protein identification and quantitation.

Experimental

Mass spectrometry

Experiments were performed on two generations of hybrid QLT-orbitrap mass spectrometers
(Thermo Fisher Scientific, Bremen, Germany). The older system, an LTQ Orbitrap XL
(referred to herein as QL T-orbitrap), consists of a single QLT, which is interfaced to a heated
capillary/skimmer AP inlet and is coupled to an orbitrap mass analyzer. The second generation
instrument, an LTQ Orbitrap Velos (dcQLT-orbitrap), begins with a stacked-ring ion guide
(SRIG) AP inlet, has a dual-cell QLT, and an integrated c-trap/collision cell (as opposed to
two separate components as in the older generation).

Sample preparation

Human embryonic stem cells were lysed via sonication in 8 M urea, 75 mM NaCl, 50 mM tris
(pH 8.0), 1 mM sodium orthovanadate, 10 mM sodium pyrophosphate, and a complete mini
ETDA-free protease inhibitor tablet (Roche Diagnostics, Indianapolis, IN). Samples were spun
at 18,000 x g for ten minutes and the supernatant was removed for further processing. The
resulting protein mixture was diluted in 50 mM tris to a urea concentration of 1.5 M, reduced
with dithiothreitol at 37 °C, and alkylated with iodoacetamide for 30 minutes in the dark at
room temperature. Samples were digested overnight with trypsin (Promega, Madison, WI) at
37 °C, desalted using SepPak cartridges (Waters, Milford, MA), and labeled with the iTRAQ
reagent as previously described.2’~28 Samples were then desalted using SepPak cartridges
prior to MS analysis.

Saccharomyces cerevisiae (strain BY4741) was grown in YPD (yeast extract, peptone, and
dextrose) media at 30 °C to mid-log phase. Cells were harvested by centrifugation at 4 °C for
five minutes at 8000 x g and washed twice with sterile water before storage of the cell pellets
at—80°C. Frozen pellets were thawed and washed three times prior to lysis with Y-PER (Pierce,
Rockford, IL), 0.1 M DTT, complete mini ETDA-free protease inhibitor (Roche Diagnostics,
Indianapolis, IN), and phosSTOP phosphatase inhibitor (Roche Diagnostics, Indianapolis, IN).
Samples were pelleted and supernatant was collected. Proteins were precipitated by addition
of chilled acetone and resuspended in 50 mM HEPES pH 7.5/4 M urea. To extract nuclear
proteins, 8 M urea/0.4 N H,SO,4 was added to the pellet. Extracted proteins from both fractions
were mixed and subsequently reduced and alkylated prior to overnight digestion with trypsin
(Promega, Madison, WI) at 37 °C. Following digestion, the sample was labeled with the iTRAQ
reagent as previously described, mixed in known ratios (1:1:1 and 6:2:1) and analyzed via LC-
MSMS using a dcQL T-orbitrap.2’~28 Separate LC-MS/MS analyses were performed using
either HCD or PQD.
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Liquid chromatography-tandem mass spectrometry

Liquid chromatography-tandem mass spectrometry was performed using a NanoAcquity
UPLC system (Waters, Milford, MA) coupled to either a QLT-orbitrap or a dcQLT-orbitrap.
Samples were loaded onto a precolumn (75 um 1D, packed with 5 cm C18 particles, Alltech,
Nicholasville, KY) for ten minutes at a flow rate of 1 um/min. Samples were then eluted over
an analytical column (50 um ID, packed with 15 cm C18 particles, Alltech, Nicholasville, KY)
using a 90-minute linear gradient from 1% to 35% acetonitrile with 0.2% formic acid and a
flow rate of 300 nL/min. The column-making procedure was previously described.2® An
additional 30 minutes were used for column washing and equilibration.

All mass spectrometery instrument methods consisted of an MS? analysis in the orbitrap,
followed by data-dependent MS? scans of the ten most intense precursors. Precursors were
subject to dynamic exclusion for 60 s using a window of —0.5 Th to 2.5 Th. Precursors with
unassigned charges states or charge states of one were also excluded. AGC target values were
1,000,000 for MS? analysis, 10,000 for QLT MS? analysis, and 100,000 for orbitrap MS?
analysis. Orbitrap resolution settings were 60,000 forMS!and 7500 for HCD MS 2.

Database searching and data analysis

Data reduction was performed by DTA Generator30 using a signal-to-noise ratio (S/N)
threshold of 1.5 on fragment ions. The Open Mass Spectrometry Search Algorithm31 (OMSSA;
version 2.1.4) was used to search spectra against the International Protein Index32 (IPI;
http://www.ebi.ac.uk/IP1/) human database version 3.53 with fully tryptic enzyme specificity.
An average mass tolerance of 4.5 Da was used for the precursor, while a monoisotopic mass
tolerance of +0.01 Da was used for fragments with orbitrap detection and £0.5 Da with QLT
detection. Carbamidomethylation of cysteine, iTRAQ 4-plex on the N-terminus, and iTRAQ
4-plex on lysine were set as fixed modifications, while oxidation of methionine and iTRAQ 4-
plex on tyrosine were set as variable modifications. False discovery rate (FDR) analysis was
performed with custom software that iteratively checked combinations of expectation value
(e-value) score and precursor mass error to find thresholds that maximize unique peptide
identifications while satisfying 1% FDR. Mass accuracy and protein quantitation was evaluated
with custom software.

Results and Discussion

Our experiments were aimed at evaluating how effective these two generations of hybrid QL T-
orbitrap mass spectrometers were at interrogating a highly complex mixture of peptides. To
accomplish this, we obtained and lysed human ES cells, harvested protein, and digested the
sample with trypsin. The resulting mixture was separated by nano-HPLC over a 90-minute
gradient and analyzed using the QL T-orbitrap and dcQLT-orbitrap systems. On each system
we interrogated the sample multiple times using separate methods that employed either ion
trap CAD33735 with QLT m/z analysis or HCD (beam-type CAD)36~38 with orbitrap m/z
analysis. In total, the sample was interrogated twelve times: triplicate analyses using HCD and
CAD on both systems. Example CAD and HCD tandem mass spectra, collected using the
dcQLT-orbitrap system, are shown in Figure 1. The two methods produce similar, but not
identical, fragmentation patterns. In both cases a complete series of b- and y-type fragments is
observed. They differ slightly in that the b-type fragment ions are more intense than the y-type
in the HCD spectrum. Note there is no low-mass cutoff in the HCD spectrum; the intense
iTRAQ reporter ions are easily detected.

Table 1 summarizes the comparison. These data reveal several surprising outcomes: first, the
dcQLT-orbitrap system outperformed the older instrument in all experiments. Second, running
the HCD method on the dcQLT-orbitrap produced more peptide identifications than the CAD
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method on the same device. The roughly equivalent performance of these two methods on the
newer instrument is due to the striking gain in HCD performance between the two instruments
(115%), far greater than the gain in CAD performance between the two (30%, vide infra).Using
a 30-minute interval from the central portion of the gradient we calculated average values for
various scan parameters, including ion injection time, MS2 scan time, number of MS2 scans
acquired, and precursor peak depth. Some of the trends in this data are easily explained. For
example, due to the gains in ion injection efficiency on the dcQLT-orbitrap system, ion
injection times are markedly shorter (127.4 ms versus 15.1 ms for the HCD analyses). Also,
as a result of employing larger AGC targets for HCD than CAD (100k and 10k, respectively),
the HCD injection times are appreciably longer than the CAD times on both systems (127.4
ms versus 12.4 ms for the QLT-orbitrap, and 15.1 ms versus 10.0 ms for dcQLT-orbitrap).
Scan times fit closely with what is expected based on theory and reports from the manufacturer.
24 HCD analysis on the new dcQLT-orbitrap is ~150 ms faster than on the older system (265
ms versus 416 ms). This is primarily a result of the shorter ion injection times, but other
improvements, such as abbreviated precursor ion isolation, contributed. The CAD scan is also
faster on the newer system (191 ms versus 293 ms). This is a result of multiple factors: shorter
isolation and activation times, as well as a higher scan rate in the low-pressure cell of the
dcQLT.

For the HCD data, the number of scans acquired per analysis is easily rationalized using the
associated duty cycles of that scan type on the two instruments. As noted, HCD scan times on
the newer system are ~40% faster than on the older generation, and this higher duty cycle
matches exactly with the increase in the number of scans acquired by the newer system.
Interestingly, the average number of scans and average peak depth for the HCD experiment
analysis on the newer system match very closely to the CAD values from the older system —
the main difference is that the HCD experiment resulted in 50% more high-confidence
identifications (vide infra).

Unlike the HCD method, the increase in the number of MS? spectra acquired is not proportional
to the improved duty cycle of the dcQLT-orbitrap CAD method (i.e., resonant-excitation CAD
with QLT m/z analysis). Whereas the predicted number of HCD scans matched within 0.2%
of the number actually acquired (based on the increase in duty cycle and the number of scans
acquired using the older generation instrument), the CAD experiment acquired 6% fewer
spectra than one would have expected (i.e,. one would expect the CAD method to collect ~500
more spectra). Irrespective of this disproportionate increase in the number of precursors
interrogated, the average peak depth for those precursors increased twofold. To explain this
we examined the average number of MS? events that followed the MS? survey scans (Figure
2). Following the MS? survey scan, the instrument generates a list of viable precursors — taking
into account dynamic exclusion, charge state exclusion, etc. If, however, the instrument is
unable to generate a sufficiently long list of precursor targets to satisfy the number of data -
dependent scans requested, it will default back to acquiring another MS scan. During the HCD
analysis using the dcQLT-orbitrap system (Figure 2A), nearly every MS? scan is followed by
ten data-dependent MS? scans. There were always enough precursors detected by the
instrument to fulfill the requested number of data-dependent scans. However, during the CAD
analysis on this system, quite often, fewer than ten data-dependent scans were acquired (Figure
2B). There were simply not enough precursors available to satisfy the fast duty cycle of the
CAD experiment on the dcQLT-orbitrap. The insufficient number of precursors propagated
the low peak depth for CAD experiment on the dcQLT-orbitrap — whenever a viable precursor
was detected in an MS? scan it was immediately selected and activated (i.e., every peak was
activated very early on in its elution such that they were always of low relative abundance).
From these data we conclude there are two primary reasons that the extremely fast duty cycle
of the CAD scan on the dcQLT-orbitrap instrument did not result in the expected increase in
peptide identifications: first, the instrument interrogated precursors too early in their elution
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profile, which consequently lowered the probability a of successful identification. Second,
there were too few available precursors, based on our relatively standard exclusion settings, to
consistently satisfy the instrument. Doubtless a reevaluation of optimal dynamic exclusion
settings would improve the number of spectral identifications resulting from this method.
Improved peak-picking algorithms could also help this situation. Furthermore, the speed of
this method on the dcQLT-orbitrap might permit routine data-independent sampling.3%—42

The role of MS? spectral mass accuracy in these experiments is quite significant. As noted
above, the sampling statistics of the CAD experiment performed on the QL T-orbitrap system
and the HCD experiment performed on the dcQLT-orbitrap system were similar (i.e., duty
cycle, number of scans acquired, and peak depth). With that said, the HCD experiment yielded
~50% more high-confidence unique identifications. Even at a resolving power of 7500, orbitrap
mass accuracy is high (Figure 3B), which enabled use of a tight fragment mass tolerance (+0.01
Da) when performing database searching. This improved mass accuracy led to greatly
improved search specificity (Figure 4B). By using such narrow fragment ion tolerances, the
expectation value scores of true positives tended to be high,*3 resulting in a distinctly bimodal
distribution with well-separated target and decoy populations. By comparison, QLT mass
accuracy is decidedly lower, forcing an expanded search tolerance of £0.5 Da (Figure 3A). As
a result of these search parameters and data quality, the target and decoy distributions largely
overlap making it difficult to distinguish between the two populations without the utilization
of additional factor(s) such as precursor mass accuracy (Figure 4A). Note that the bimodal
distribution of the HCD data is a result of both the high accuracy of the orbitrap analyzer and
the HCD dissociation process — if the orbitrap HCD data is searched with a mass accuracy of
0.5 Da the resulting distribution is still bimodal, although the separation between target and
decoy populations is less pronounced (Figure 4C). As an additional control, the same sample
was interrogated on our dcQLT-orbitrap using a method where every precursor is activated by
HCD and CAD, and, every scan utilizes orbitrap analysis. In this experiment, HCD still
outperformed CAD, identifying 4,831 unique peptides as compared to 4,108 (1% FDR).

Prior to the incorporation of the HCD cell into the hybrid QL T-orbitrap, relative quantitation
by isobaric tagging (e.g., iTRAQ and TMT)**4> was not straight forward to perform on ion
trap-based instrumentation. Both PQD and ETD are compatible with isobaric tags; however,
limitations in robustness and reporter ion intensity have limited their mainstream adoption.
212846 The introduction of beam-type CAD (HCD), which eliminates the low mass cutoff
imposed by resonant-excitation CAD, on the QL T-orbitrap hybrid has been a boon for the use
of isobaric tag -based quantitation strategies.2%:47 Still, the method had experienced a sluggish
uptake as HCD requires orbitrap m/z analysis —a method that on previous instruments was less
sensitive as compared to resonant-excitation CAD. We reasoned, however, that the new
dcQLT-orbitrap system, with its excellent HCD performance, would allow routine use of
isobaric tagging methods. To test this hypothesis we analyzed peptide mixtures from yeast that
were labeled with isobaric tags using PQD and HCD fragmentation on the dcQLT-orbitrap.
Here the HCD method identified 36% more peptides than PQD (7,607 versus 5,584) and
produced much more reliable quantitative information (Figure 5). Although the average
(logy) ratios produced by both methods were close to the expected values (ideal 1:6 = —2.58,
1:1=0,3:1=158; PQD 1.6 =-2.38, 1:1 =-0.01, 3:1 = 1.59; HCD 1:6 = -2.39, 1:1 = 0.05,
3:1 = 1.75) the standard deviations were much smaller for HCD (PQD = 0.30, HCD = 0.07).
The respective AGC targets of the two methods (100k for HCD versus 10k for PQD) likely
influenced the quality of the quantitation results produced by each technique; however,
independent of the AGC target values used, the contribution of the iTRAQ reporter ions to the
overall product ion intensity was substantially higher in HCD spectra than in PQD.
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Conclusion

The dcQLT-orbitrap mass spectrometer incorporates several hardware modifications that
enhance scan speed and sensitivity. In particular, improvements in ion injection efficiency (AP
inlet) and orbitrap injection efficiency make rapid and sensitive tandem mass spectra collection
in the FT analyzer possible. These improvements, combined with beam-type CAD (HCD)
allow for the widespread use of isobaric tags for large-scale quantification of QLT hybrid mass
spectrometers. Here we demonstrate that the achieved mass accuracy of the orbitrap-analyzed
MS/MS spectra results in a distinctly bimodal distribution with well-separated target and decoy
populations and, ultimately, greatly improved database search specificity. We predict that such
capabilities may stimulate a paradigm shift in mass spectrometry-based proteomics — i.e., the
routine acquisition of high-resolution tandem mass spectra for large -scale protein sequencing
and quantitation.

Using conventional dynamic exclusion settings the very fast scanning dcQLT instrument did
secure genuine gains (CAD method) over the older generation single QLT device (6161 versus
4751 unique 1Ds); however, the HCD experiment (with orbitrap detection) bested both with
6830. We conclude a thorough evaluation of data-dependent selection parameters may indeed
propel the CAD method to the top. Nevertheless, the remarkably strong performance of the
HCD method, as compared to previous generations, and its compatibility with isobaric tagging,
provides a viable method that will doubtless offer new opportunities. One such opportunity,
which is beyond the scope of the current study, is the acquisition of high-resolution ETD
tandem mass spectra.*8=50 Recent work by our laboratory demonstrated that c- and z -type
fragment ions can be readily distinguished from one another on the basis of mass alone with
sufficient mass measurement accuracy.>! The dcQLT-orbitrap instrument will likewise allow
for fast and sensitive acquisition of ETD tandem mass spectra, data that can be directly
annotated for fragment ion type. Finally, for ETD and CAD, high-resolution tandem mass
spectra will be of obvious benefit for those wishing to directly interpret tandem mass spectra
(de novo).52758
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Two example single-scan tandem mass spectra collected using a dcQLT-orbitrap mass
spectrometer. The same precursor was interrogated in both spectra. The top spectrum was
produced using resonant-excitation CAD with QLT m/z analysis of fragment ions. The bottom
spectrum was collected using beam-type CAD (HCD) with orbitrap m/z analysis of fragment

ions.
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The mass accuracy of all the fragment ions detected using the dcQLT -orbitrap during the three
(A) CAD-QLT and (B) the three HCD-orbitrap analyses.
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Figure 4.

Plots of identifications from the target database (blue), decoy database (red) and the difference
between the two (black) as a function of identification expectation value. Plots are broken down
into the (A) CAD -QLT experiment, (B) HCD-orbitrap experiment, and (C) the HCD-orbitrap
experiment searched with a product tolerance of £0.5Th.
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The measured iTRAQ product ion ratios of samples that were mixed in known amounts. The

samples were analyzed using PQD and HCD.
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