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Introduction

The importance of relative and absolute quantitation The LTQ Orbitrap XL features a collision cell in

in proteomics is increasingly appreciated! and various which fragmentation is performed using Higher Energy
recently developed quantitation technologies have gener- Collisional Dissociation (HCD) (Figure 1A). During HCD,
ated widespread interest. These include, but are not limited ~ ions are accelerated as they leave the C-trap and then frag-
to, isotope-coded affinity tags (ICAT®)? amine-reactive mented in the nitrogen-filled collision cell. The resulting
isobaric tags (iTRAQ™)3 absolute protein quantitation fragments are returned to the C-trap and detected in the
(AQUA™)4 and stable-isotope labeling by amino acid in Orbitrap mass analyzer. This fragmentation technique

cell culture (SILAC™)3¢ However, accurate relative quanti-  produces rich “triple-quadrupole” like fragmentation
tation of differentially expressed proteins and protein patterns including fragments in the low m/z range. Mann
isoforms based on the corresponding complex peptide and co-workers® demonstrated that peptide ions can be
mixtures continues to be an analytical challenge. The efficiently sequenced using the HCD technique. HCD also
iTRAQ technology based on low mass ‘reporter’ ion facilitates peptide de novo sequencing? Efficient fragmen-
abundances in MS/MS scans provides a means of per- tation with detection over a wide m/z range makes HCD
forming simultaneous peptide identification and relative a powerful tool for sequencing and quantitation of
quantitation for up to eight samples. LC-MS/MS using iTRAQ labeled peptides. In particular, the combination of
a linear ion trap is a well established strategy for highly high quality accurate mass MS/MS spectra with the high
sensitive and robust protein identification in bottom-up abundance and resolution of the iTRAQ reporter ions is
experiments, and can also be used for quantitation of the ~ well suited for the simultaneous peptide identification and
low mass iTRAQ reporter ions created using MS® or quantitation in complex protein digests.

Pulsed-Q Dissociation (PQD) methods”

APl lon Source LTQ XL Linear lon Trap C-Trap  HCD Collision Cell
2 g i a@g%}gu{%} — H H“HP
1 Dﬁ] H | [ —a| H

pr——
ﬁg [I
Orbitrap Mass Analyzer #}'

O
O

Figure 1A: Schematic diagram of the LTQ Orbitrap XL. The additional octapole collision cell is located behind the C-trap. For Higher Energy Collisional
Dissociation (HCD) ions are transferred into the collision cell and, after fragmentation, they re-enter the C-trap before being ejected into the Orbitrap.
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Figure 1B: Schematic diagram of the parallel acquisition experiment. The LTQ Orbitrap was operated in parallel mode, allowing accurate measurement of
precursor mass in the Orbitrap (with 60 000 FWHM resolution at m/z 400) concurrent with the acquisition of high sensitivity Data Dependent MS/MS scans
in the ion trap, followed by three Data Dependent HCD MS/MS scans (on the same precursors as for ion trap MS/MS scans, with 7 500 FWHM resolution at
m/z400). Excluding variable ion injection times, the length of the HCD scan is only slightly longer than that of the ion trap MS/MS scan with an average total
of more than three HCD scans per second. The depicted scan events are in chronological order.



Goal

The primary goal of this work was to systematically
optimize the experimental conditions for relative quanti-
tation of iTRAQ labeled peptides using HCD on the

LTQ Orbitrap XL. In a previous comprehensive study,

we compared the performance of LTQ Orbitrap XL

and QSTAR® Elite for peptide identifications in complex
mixtures.” In this study, peptides labeled with four iTRAQ
mass tags were analyzed using both the LTQ Orbitrap XL
(referred to in the text as LTQ Orbitrap) and QSTAR
Elite (Applied Biosystems, Foster City, CA) (referred to

in the text as QqTOF) to assess the performance of both
platforms in a quantitative proteomics experiment. We
deliberately chose a relatively simple peptide mixture with
high peptide concentrations and limited dynamic range for
these comparative experiments so not to disadvantage the
slower scanning, less sensitive instrument (QqTOF) when
assessing protein sequence coverage, quantitative precision
and accuracy.® The experiments run on the LTQ Orbitrap
were performed at the Thermo Fisher Scientific labs in San
Jose, CA. QqTOF analyses were performed by an inde-
pendent third party laboratory. The experiments were
conducted by a certified SCIEX®-trained operator to
ensure the highest possible quality results.

Experimental Conditions

Sample Preparation

A digest of a nine-protein mixture with protein con-
centrations ranging from 9 to 1040 fmol/pL (Chicken
Lysozyme at 1040 fmol, Bovine Cytochrome C at

400 fmol, Glyceraldehyde-3-Phosphate Dehydrogenase

at 240 fmol, Chicken Ovalbumin at 200 fmol, Bovine
Carbonic Anhydrase 180 fmol, Horse Heart Myoglobin
at 120 fmol, Bovine beta-Casein at 100 fmol, Bovine
Serum Albumin at 80 fmol and alpha-Lactalbumin at

9 fmol) was split into four identical fractions, which were
labeled with the four iTRAQ mass tags of 114, 115, 116
and 117 in the ratio of either 1:1.33:1.33:1 or 0.5:1:1:5
according to the manufacturer’s protocol. The labeled
samples were then combined and desalted with a RP C18
trap column, followed by LC-MS/MS analysis using the
LTQ Orbitrap. The LTQ Orbitrap was operated in parallel
mode, allowing accurate measurement of precursor mass
in the Orbitrap concurrent with the acquisition of high
sensitivity Data Dependent™ MS/MS scans in the ion trap,
followed by three Data Dependent HCD MS/MS scans (on
the same precursors as for ion trap MS/MS scans) (Figure
1B). The presented results are the average of three LC/MS
experiments, unless stated otherwise.

LC

Pump: Eksigent® 2D Nano LC

Column: C18 Packed tip, 75 pm x 75 mm, C18 Trap
Mobile phase A: 0.1% Formic Acid in Water

Mobile phase B: 0.1% Formic Acid in Acetonitrile
Flow rate: 200 nL/min

Gradient: 10% to 40% B in 30 min

Mass Spectrometry

LTQ Orbitrap XL (Thermo Fisher Scientific) with
nanospray ion source was operated as follows:

MS Resolution: 60 000 FWHM at m/z 400

FT MS AGC target: 5x10°

Top 3 HCD MS/MS: at 40% normalized collision energy
MS/MS resolution: 7500 FWHM at m/z 400, 1 microscan
FT MS/MS AGC target: 10% 2 amu isolation width
Monoisotopic precursor selection

Exclusion mass tolerance: 10 ppm

MS/MS threshold: 8000 (~S/N 2:1)

Max IT FT MS: 50 ms

Max IT FT MS/MS: 500 ms

Full MS mass range: 400-2000

MS/MS Mass range: 80-2000

The experiment was run as top three Data Dependent
HCD MS/MS scans in parallel with three Data Dependent
CID MS/MS scans in the LTQ (35% collision energy,
5000 AGC target).

QSTAR Elite (Applied Biosystems, Foster City, CA) with
nanospray ion source was operated according to Applied
Biosystems iTRAQ Reagents for Multiplexed Relative and
Absolute Protein Quantification Chemistry Reference
Guide with the following parameters:

Top 3 MS/MS

Charge state selection: 2+, 3+ and 4+

Max MS/MS Time: 250 ms

Full MS mass range: 400-1200

MS/MS Mass range: 100-1500

Quad Resolution: Low

iTRAQ Reagent ‘Enhance reporter region and adjust CE’
function was enabled.

Database Search and Quantitation

BioWorks™ 3.3.1 SP1 with SEQUEST® was used in all

LTQ Orbitrap optimization experiments. iTRAQ modifi-

cation of 144.10206 on lysine and the peptide N-terminal

amino acid was used for the database searching. The

following filters were used to yield high confidence peptide

identifications: protein probability 1e-03, peptide proba-

bility 1e-02, and 5 ppm mass accuracy for parent ions.

Quantitation of the iTRAQ reporter ions was accomplished

using PepQuan software within BioWorks 3.3 SP 1.
Mascot™ software (Matrix Sciences) was used to

process the data when comparing results from the LTQ

Orbitrap and the QqTOEF. The following search

parameters were used:

Fixed modifications: Carboxymethyl (C)

Variable modifications: Oxidation (M)

Mass values: Monoisotopic

Protein Mass: Unrestricted

Peptide Mass Tolerance: 5 ppm for LTQ Orbitrap,

0.4 Da for QqTOF

Fragment Mass Tolerance: 0.01 Da for HCD,

0.8 Da for Ion trap, 0.4 Da for QqTOF

Max Missed Cleavages: 3

Database: Swissprot/reverse Swissprot



Using P<0.001, a less than 1% false positive rate was
achieved for peptide identification from the data obtained
on both instruments. For iTRAQ analysis, the protein
ratio was set to median, normalization method was not
used, automatic outlier removal was chosen, and the
peptide threshold was set to a minimum score of 1.

Results and Discussion

Optimization of HCD Experimental Conditions

The LTQ Orbitrap was operated in parallel acquisition
mode, allowing accurate measurement of the precursor
mass in the Orbitrap concurrent with high sensitivity
Data Dependent MS/MS scans in the ion trap, followed
by three Data Dependent HCD MS/MS scans (Figure 1B).
Parallel acquisition is a unique feature of Thermo hybrid
instruments which provides a complimentary Data
Dependent ion trap MS/MS scan with every Data
Dependent HCD MS/MS scan without increasing cycle
time. Having two MS/MS spectra for each precursor ion
(CID detected in the linear ion trap and HCD detected

in the Orbitrap) further improves the protein sequence
coverage (ion trap MS/MS + HCD scans) (Figure 7B,
discussed later in the text) while providing accurate mass
fragments and quantitative information on the iTRAQ
reporter ion (HCD scans). Excluding variable ion injection

times (IT), the length of the HCD scan is only slightly
longer than that of the ion trap MS/MS scan with a total
of more than three HCD scans per second performed on
average. For routine sample analysis of iTRAQ labeled
peptide mixtures, a precursor ion isolation width of 2 amu
and a MS/MS target value of 10° were found to be optimal.
For more complex samples with wide concentration
dynamic range, a 2 x 105 MS/MS target value can be used
to ensure a high quality HCD spectra. In this case, it is rec-
ommended that the “C-trap multiple fill” option (enabled
in instrument configuration, the LTQ Developers Kit
license is required) is used with a 2 amu isolation window.

Effect of Collision Energy on the Quality of HCD MS/MS
Collision energy in the HCD experiments is automatically
adjusted (normalized) based on the parent ion m/z and
charge state. In order to determine the optimal HCD
fragmentation conditions, three different Normalized
Collision Energies (NCE), 30%, 35%, and 40% were
evaluated. Generally, when peptides were fragmented
with using NCE of 40%, the spectra displayed prominent
iTRAQ reporter ions while structurally related fragment
ions were of sufficient abundance to allow reliable peptide
identification (Figure 2). Protein sequence coverage (based
only on the peptides identified from HCD scans) and
protein quantitation at three collision energies are shown
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Figure 2: Effect of collision energy on the quality of HCD spectra. Star indicates iTRAQ modification.




in Figure 3 (A, B). All nine proteins were confidently
identified from HCD scans performed at all three collision
energies. We further increased the collision energy to 45%

70

at which point both protein sequence coverage and the
number of quantifiable peptides decreased (data not
shown). Since 40% NCE provided the highest protein
coverage and also produced the most intense iTRAQ
reporter ions it was used for all further experiments.

E30%
W 35%
[040%

Coverage, %

Quantitative Precision and Accuracy
Precision and accuracy are the most valuable metrics of
quantitative analysis. Quantitation of iTRAQ labeled

peptides is based on iTRAQ reporter ion intensities in 90
MS/MS spectra. When using FT mass analyzers, the
spectral signal-to-noise ratio is proportional to the square

root of the number of time transients (or “micro-scans”
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iTRAQ reporter ions, and therefore improves quantitative
precision and accuracy. However, the higher spectral Figure 3B: Effect of HCD collision energy on quantitation, n=3.

quality comes at the expense of increased cycle time.

We have investigated the effect of increasing the number

of micro-scans used in HCD events on protein coverage ;
and on the precision and accuracy of peptide quantitation. s
The results showed that overall there are no significant 4
benefits to using more than one micro-scan per HCD 23] o
. . .. . . . 2+ 116/114
MS/MS in terms of maintaining both high quantitative N I:| Qe
accuracy and precision in iTRAQ based experiments. o MW | ol W W W BN N e
. . . s s & & & & N ©
At the same time, more micro-scans resulted in somewhat L & & {&ef“’&
lower protein sequence coverage due to the longer cycle & ‘
time. Therefore, in general, a single microscan is sufficient . _ — - ] ]
for generating a high quality HCD spectrum. Figure 4: Quantitative precision at the protein level using HCD, n=3.
Quantitative accuracy :
and precision on the protein A LTQ (.)rhltrap i 115/1-14 116/1.14 117/1_14
Protein Name Peptides, n Ratio % Error Ratio % Error Ratio % Error
fevel for the sample labeled BSA 219 1.29 3.01 1.26 5.26 1.03 3.00
with 1:1.33:1.33:1 iTRAQ G3P 109 132 075 128 -376 103 300
ratios are shown in Table Ovalbumin % 13 22 13 226 103 300
1A and Figure 4. All nine Lysozyme 95 129 -3.01 128 376 103 300
proteins were quantified Carbonic Anhydrase 48 1.27 -451 1.26 -5.26 1.06 6.00
with relative errors and Myoglobin 80 129 301 13 2% 107 700
standard deviations of less Cytochrome C 125 1.3 -2.26 1.26 -5.26 1.02 2.00
o . Beta-casein precursor 75 1.33 0.00 1.24 -6.77 1 0.00
than 7%. More importantly, Alpha-lactalbumin 1 131 150 127 451 103 300
both protein quantitative Average 1.30 127 1.03
accuracy and precision were Expected 1.33 1.33 1
not affected by individual
Fotein concentrations B QqTOF 115/114 116/114 17114
P dicati hat both h" h Protein Name Peptides, n Ratio % Error Ratio % Error Ratio % Error
indicating that both hugh BSA % 145 9w 131 150 11 1000
and low abundance peptides G3P 29 147 10.53 138 376 112 12,00
can be efficiently identified Ovalbumin 28 145 9.02 134 075 112 1200
and quantified using HCD. Lysozyme 22 1.36 2.26 1.3 -2.26 11 1000
Similar results were Carbonic Anhydrase 15 1.36 2.26 1.39 451 1.1 11.00
obtained for the sample Myoglobin 22 1.38 3.76 1.33 0.00 1.16 16.00
. . p, Cytochrome C 31 1.47 10.53 1.3 -2.26 1.15 15.00
with larger iTRAQ ratlo‘s Beta-casein precursor " 1.42 6.77 1.35 1.50 1.18 18.00
of 0.5:1:1:5, where all nine Alpha-lactalbumin 8 147 1053 129 -301 124 2400
proteins could be identified Average 143 133 114
Expected 1.33 1.33 1

Table 1: Quantitation accuracy at the protein level (combined three replicate runs). A: LTQ Orbitrap. B: QqTOF




and quantified with single digit precision and accuracy. at 115.086 and 116.070 require resolving powers of

The spectrum shown in Figure 5 shows an example in 11 000 FWHM and 6000 FWHM respectively in order
which the iTRAQ reporter ions were the most intense to separate them from the corresponding iTRAQ reporter
fragment peaks and the experimental ratios were in ions at m/z 115.108 and 116.111 at 10% valley (calcu-
excellent agreement with the theoretical ratios (0.5:1:1:5).  lated for Gaussian peaks). The routinely achievable high

The high resolution and low chemical noise of the resolving power of the Orbitrap mass analyzer (~16 500
Orbitrap mass analyzer dramatically benefited quantitative =~ FWHM at m/z 110 in this experiment) easily separates
analysis. Significant isobaric interferences in the MS/MS these interferences, which significantly improves

low mass region are common and can detrimentally affect ~ quantitative precision.
the precision of quantitation (Figure 6). The interferences
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Figure 5: Example HCD spectrum of iTRAQ sample labeled in the ratio of 0.5:1:1:5. Star indicates iTRAQ modification.
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Figure 6: Resolving iTRAQ isobaric interferences with the Orbitrap. The interferences at m/z values 115.086 and 116.070 require
resolving powers of 11 000 and 6000 FWHM respectively in order to separate them from the corresponding iTRAQ reporter ions
at m/z115.108 and 116.111 at 10% valley (calculated for Gaussian peaks). This sample was labeled in the ratio of 1:2:2:1.5.




Performance of the LTQ Orbitrap and the QqTOF
for quantitation of iTRAQ labeled peptides

Protein level quantitation

We have compared the performance of the QqTOF and
the LTQ Orbitrap instruments for identification and quan-
titation of iTRAQ labeled peptides mixtures. For these
experiments we deliberately used a relatively simple mixture
with high peptide concentrations and low dynamic range
so not to disadvantage the slower scanning, less sensitive
QqTOF instrument when assessing quantitative precision
and accuracy.’

The same amount of sample (labeled 1:1.33:1.33:1
with iTRAQ) was analyzed in triplicate on both platforms
using a nanospray ion source. An iTRAQ specific method
was created using the QqTOF instrument control software
according to vendor recommendations. Both the LTQ
Orbitrap and the QqTOF data were then analyzed using
Mascot software. This validated software platform was
chosen to ensure minimal bias in the experimental

outcome resulting from vendor-specific software. Using
score filtering that gave less than a 1% false positive rate,
all nine proteins were identified by both instruments. The
LTQ Orbitrap precursor and HCD scans both provided
an average 3 ppm RMS mass accuracy (an example of
fragment mass accuracy is in Figure 7A) and resulted in
higher protein coverage than the QqTOF This qualitative
performance difference increased further when simultane-
ously acquired CID scans were added to HCD experi-
ments (Figure 7B). This is likely due to the fact that the
LTQ Orbitrap scanned almost 50% faster than the
QqTOFEF, acquiring 1936 scans vs. 1284 scans in 10
minutes (measured in the middle of peptide elution profile).
Thus, parallel acquisition, a unique feature of Thermo
hybrid instruments, proves to be highly beneficial for
providing additional sequence information in iTRAQ
based qual/quan experiments. A similar difference between
the two platforms was reported previously for qualitative
analysis of a significantly more complex E. Coli digest!°
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Figure 7A: Representative mass accuracy of HCD fragments (Orbitrap) and CID fragments (QqTOF). *Indicates iTRAQ modification.
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Figure 7B: Comparison of the sequence coverage between Orbitrap (HCD and CID + HCD) and QqTOF.



The protein iTRAQ ratios were used to estimate the
quantitative accuracy of both platforms using three
combined replicate runs (Table 1B). The LTQ Orbitrap
yielded significantly more quantifiable peptides (i.e.
peptides identified and quantified based on HCD scans)
and overall more consistently accurate results with the
relative error below 7%. The QqTOF data showed relative
errors of up to 24%. Although all quantifiable peptides
were considered for these known proteins, only the unique
unmodified peptides should be considered for real samples!

Peptide level quantitation

As the majority of quantitative experiments are designed
to investigate changes in the abundance of individual
peptides rather than their corresponding proteins, we
have compared the quantitative accuracy and precision
of peptides within a single protein between the platforms

using three combined replicate runs. The unmodified
peptides from two representative proteins, Bovine
Ovalbumin (present at 200 fmol) and alpha-Lactoalbumin
(present at 9 fmol) were used to compare quantitative
accuracy and precision of both platforms (Tables 2 and 3).
The average relative error (per peptide, the peptides from
both proteins were combined) for the LTQ Orbitrap was
9% compared to 21% for the QqTOF. The relative
standard deviation for the LTQ Orbitrap analysis was
10% compared with 26% for the QqTOFE. These results
clearly indicated that HCD scans provided greater
precision and accuracy at the peptide level and are uniform
for both the high level Ovalbumin and low level alpha-
Lactoalbumin determinations. These results are consistent
with a recent report from a third-party lab indicating that
HCD using an LTQ Orbitrap provided an analytical
precision at the peptide level of better than 4% RSD.2

Ovalbumin, 200 fmol, |QqTOF Orbitrap| QqTOF Orbitrap QqTOF Orbitrap QqTOF Orbitrap
Peptides n n Ratio  %Error %RSD Average %Error %RSD| Ratio %Error %RSD Average %Error %RSD | Ratio  %Error %RSD Ratio %Error %RSD
115/114 116/114 117/114
TQINK 0 3 131 -230 1.68 138 483 1041 1.15 1483 973
GLWEK 0 2 125 -800 543 1.03 -2995 597 0.83 -17.35 4.02
LYAEER 3 11 134 050 1028 130 -260 390 110 -2325 921 136 265 741 | 093 -690 972 103 333 797
ADHPFLFCIK 3 8 133 030 2896 146 1341 2046| 144 1057 3115 134 089 3667 | 099 -077 962 102 215 3344
YPILPEYLQCVK 3 9 1.09 -2380 4255 126 -749 1760 1.21 -1217 5536 1.24 -910 1066 | 076 -24.27 2743 087 -12.60 44.29
VASMASEK 3 0 142 913 1437 157 2410 19.33 127 2730 6.28
DEDTQAMPFR 4 0 138 530 14.51 131 -153 20.04 120 2020 11.36
ISOAVHAAHAEINEAGR | 4 0 178 4480 4543 143 953 39.76 155 5467 42.35
Average 139 2155 2601 132 790 981 | 134 1567 2914 1.27 1421 1422 | 112 2822 17.79 0.98 11.79 19.89
Expected 1.33 1.33 1.33 1.33 1.00 1.00
Table 2: Quantitative precision and accuracy at the peptide level for Ovalbumin (200 fmol). Only unmodified quantifiable peptides from two proteins were used
to compare quantitative accuracy and precision of both platforms.
alpha-Lactoalbumin, |QqTOF Orbitrap| QqTOF Orbitrap QqTOF Orbitrap QqTOF Orbitrap
9 fmol, n n Ratio  %Error %RSD Average %Eror %RSD| Ratio %Error %RSD Average %Error %RSD | Ratio  %Error %RSD Ratio %Error %RSD
Peptides 115/114 116/114 117/114
ALCSEK 0 14 129 -519 7.08 125 -10.70 7.66 101 107 761
CEVFR 0 17 130 -376 5.29 131 -213 586 100 0.12 586
LDQWLCEK 3 3 134 080 3194 126 -975 427 | 116 -2234 2637 122 -1454 335 | 112 1237 3437 102 170 262
DDANPHSSNICNISCDK| 3 0 1.61 37.11 45.04 123 -12.81 863 122 2243 22.11
Average 147 2625 3849 128 674 555 | 120 1821 1750 126 1050 562 | 117 1811 2824 1.01 116 536
Expected 1.33 1.33 1.33 1.33 1.00 1.00

Table 3: Quantitation precision and accuracy on peptide level for alpha-Lactoalbumin (9 fmol).



Conclusions

1. HCD with normalized collision energy can successfully
generate high quality accurate mass (3 ppm RMS)
MS/MS spectra that contain abundant iTRAQ reporter
ions. This allows HCD spectra of iTRAQ labeled
peptides to be used for simultaneous protein identifi-
cation and quantitation.

2. The parallel acquisition in which Data Dependent
MS/MS events are performed in the ion trap at the same
time as accurate mass measurements of the precursor
ions (3 ppm RMS) in the Orbitrap further increase the
protein sequence coverage in HCD-based experiments.

3. The high resolution and low chemical noise of the
Orbitrap spectra are indispensible when quantifying
iTRAQ reporter ions. Isobaric interferences are
common in the low mass region and require resolving
power in excess of 11 000 FWHM to separate them
from the iTRAQ reporter ions. This in turn significantly
improves the accuracy and precision of quantitation.
The benefits of using a resolving power of 16 000 were
clearly observed (Figure 6) when analyzing relatively
non-complex mixture. It can be inferred that the
benefits would be considerable, and indeed essential for
the quantitative analysis of low level peptides present
within a complex peptide mixture (e.g. mudpit).

4. The accuracy of the iTRAQ ratios averaged 4% relative
error at the protein level and 9% at the peptide level.

5. The relative variability (measure of precision) of
iTRAQ ratios averaged 2.4% RSD at the protein level
and 10% at the peptide level.

6. The LTQ Orbitrap outperforms the QqTOF for both
qualitative and iTRAQ based quantitative protein
analysis, as indicated by better protein sequence
coverage and significantly greater quantitative accuracy
on protein level and precision and accuracy on peptide
level. In particular the low precision for quantitation at
the peptide level is likely attributed to the lack of
routinely obtainable high resolving power and the high
chemical noise of QqTOF mass analyzers making it
difficult to separate iTRAQ reporters from their
isobaric interferences.

Legal Notices
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