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Sub-part-per-million Precursor and Product
Mass Accuracy for High-throughput
Proteomics on an Electron Transfer
Dissociation-enabled Orbitrap Mass

Spectrometer*
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We demonstrate a new approach for internal mass cali-
bration on an electron transfer dissociation-enabled lin-
ear ion trap-orbitrap hybrid mass spectrometer. Fluoran-
thene cations, a byproduct of the reaction used for
generation of electron transfer dissociation reagent an-
ions, are co-injected with the analyte cations in all orbi-
trap mass analysis events. The fluoranthene cations serve
as a robust internal calibrant with minimal impact on scan
time (<20 ms) or spectral quality. Following external mass
calibration, 60 replicate LC-MS/MS runs of a complex
peptide mixture were collected over the course of ~136 h
(almost 6 days). Using only standard external mass cali-
bration, the mass accuracy for a typical analysis was
—3.31 = 0.93 ppm (o) for precursors and —2.32 = 0.89
ppm for products. After application of internal recalibra-
tion, mass accuracy improved to +0.77 = 0.71 ppm for
precursors and +0.17 = 0.67 ppm for products. When all
60 replicate runs were analyzed together without internal
mass recalibration, the mass accuracy was —1.23 = 1.54
ppm for precursors and —0.18 = 1.42 ppm for products,
nearly a 2-fold drop in precision relative to an individual
run. After internal mass recalibration, this improved to
+0.80 = 0.70 ppm for precursors and +0.16 = 0.67 ppm
for products, roughly equivalent to that obtained in a sin-
gle run, demonstrating a near complete elimination of
mass calibration drift. Molecular & Cellular Proteomics
9:754-763, 2010.

Mass accuracy is one of the most fundamental parameters
of mass spectrometer performance (1). The debut of hybrid
linear ion trap-Fourier transform mass spectrometers (2, 3) in
2004 was a major advancement in this field as peptide pre-
cursor masses could routinely be measured with low part-per-
million accuracy. This introduction was non-coincidentally
paired with automatic gain control, the ability to roughly con-
trol the number of ionic charges in a mass analyzer, which
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minimizes space-charge effects (4-7) and allows Fourier
transform mass spectrometers to perform at their full potential
(2, 8, 9). Such measurement capability can greatly improve
the specificity of identification without significantly diminish-
ing throughput. Another such turning point for mass accuracy
in proteomics is likely approaching as the increasing speed,
sensitivity, and efficiency of newer FTMS instruments (10, 11)
make the acquisition of high-resolution tandem mass spectra
more practical (12-20).

Achievement of higher mass measurement accuracy (21,
22) is one of the most straightforward ways to add specificity
to database searching (1, 23, 24), allows more efficient de
novo sequencing (25-28), and could perhaps facilitate alter-
native data acquisition and analysis strategies such as those
that do not require collection of tandem mass spectra (29—
33). Additionally, mass calibration drift, due to variations in the
environment and electronics of the instrument, is always a
concern that must be accounted for, particularly in large scale
experiments.

Most of the approaches presented thus far for linear ion
trap-Fourier transform hybrid mass spectrometers have fo-
cused on the use of internal calibrants, which are co-detected
with analytes, as opposed to external calibration in which
separate spectra are acquired that contain the calibrants.
Internal mass calibration yields better accuracy (34, 35) but
tends to be more experimentally demanding. A compromise
between the two is external mass calibration paired with a
single internal calibrant, or “lock mass,” to provide minor
adjustments.

Several reports describing internal calibration under chro-
matographic conditions utilized a dual ESI source to simulta-
neously introduce calibrants and analytes to the mass spec-
trometer (36—-40), although at least one report utilized a flow
injection method where calibrants are combined with the
chromatographic effluent prior to ionization (41). These ap-
proaches produce a reliable flux of calibrant ions but require
a modified ion source or chromatographic setup. Depending
upon the arrangement, competition for ionization between
analytes and calibrants can be cause for concern. Other in-
ternal calibration techniques have been described that make
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use of information about analytes available under certain con-
ditions, rather than calibrants, such as the same species
present at different charge states (42, 43).

One of the most extensive studies of mass accuracy in
shotgun proteomics performed to date was that of Haas et al.
(44), who utilized a linear ion trap-Fourier transform ICR mass
spectrometer in which internal mass calibration was per-
formed using five common polydimethylcyclosiloxane ions
present in ambient laboratory air that are often observed in
LC-MS data. Additionally, the standard ICR calibration equa-
tion was modified to include an extra term accounting for the
total ion current of the spectrum to adjust for space-charge
effects. The accuracy observed for precursor masses was low
part per million (—0.25 + 1.46 ppm), only a few times worse
than obtained by selected ion monitoring (SIM)' scans
(—0.41 = 0.44 ppm).

A similar study was performed by Olsen et al. (45) on a linear
ion trap-Fourier transform orbitrap mass spectrometer. In this
work, the c-trap, a radio frequency storage and injection
quadrupole, was used to store calibrant species after isolation
in the linear ion trap prior to the normal analyte scan se-
quence. The six-residue polydimethylcyclosiloxane ion was
used as the internal calibrant for MS' spectra, whereas its
methane neutral loss ion was used for MS2. To further im-
prove mass accuracy, MS" spectra were averaged over the
precursor chromatographic elution profile. Low to sub-part-
per-million mass accuracy was obtained in this study as well
for precursors as well as products.

Both of these methods suffer from the fact that the signal of
background ions fluctuates widely over the course of an anal-
ysis and from laboratory to laboratory. Additionally, in the
method of Olsen et al. (45), isolation and transfer of the
background ions adds significantly to the scan duration. Here
we describe a simple, fast, and robust alternative for achiev-
ing sub-part-per-million mass accuracy on an ETD-enabled
linear ion trap-orbitrap mass spectrometer. The method uti-
lizes a single internal calibrant that is generated with high flux
and steady signal over days and weeks in the ETD chemical
ionization source. Using simple post-acquisition mass recali-
bration, we achieved a precursor mass accuracy comparable
to the best reported for shotgun proteomics experiments with
substantially less data manipulation and impact on scan time.
Product mass accuracy was also sub-part per million.

EXPERIMENTAL PROCEDURES

Instrumentation—All data were collected using an ETD-enabled
LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San
Jose, CA). Fluoranthene cations are generated as a byproduct of the
chemical ionization (Cl) process that is used to produce radical fluo-

" The abbreviations used are: SIM, selected ion monitoring; ETD,
electron transfer dissociation; Cl, chemical ionization; ETnoD, elec-
tron transfer no dissociation; S/N, signal-to-noise ratio; FDR, false
discovery rate; OMSSA, Open Mass Spectrometry Search Algorithm;
Th, thomson.

ranthene anions, which are used in the ETD reaction. To enable the
co-injection of fluoranthene calibrant cations with the analyte cation
population, the instrument firmware was modified.

Whether the analysis took the form of an MS' or MS? scan, follow-
ing injection of the analyte ions into the c-trap from the linear ion trap,
all the ion optics between the Cl source and c-trap were set to
transmit positive ions. Then, using the second lens of the Cl source as
a gate, ions were transmitted from the Cl source into the c-trap. Both
the analyte ions and internal calibrant ions were stored simulta-
neously in the c-trap. Following injection of the fluoranthene cations,
all the ion optics were restored to their normal settings, and the scan
continued as normal with injection of the ion population from the
c-trap into the orbitrap for m/z analysis.

Various experiments were performed to optimize the fluoranthene
cation injection process. Typically, these involved ramping a particu-
lar voltage (e.g. the c-trap lens direct current offsets, the reagent
transfer multipole radio frequency amplitude, etc.) while tracking the
intensity of the fluoranthene cation. Additionally, other parameters
such as ion flight time were measured. Only the absolute minimum
necessary time was allotted to these processes. As a result, injection
of the fluoranthene cations never took longer than 20 ms (the actual
time varied slightly depending upon source performance) and was
often just a few milliseconds.

Sample Preparation—Approximately 2 X 10”7 human embryonic
stem cells (H9 cell line) were harvested and washed with PBS buffer.
The cells were resuspended with 500 ul of lysis buffer (50 mm Tris, pH
7.8, 100 mm NaCl, and 8 m urea) and lysed by three steps of sonica-
tion (Misonix XL-2000, Farmingdale, NY) with a 90-s break on ice after
each step: level 5 for 30 s, level 7 for 30 s, and level 10 for 30 s. The
cell debris were removed by centrifugation at 14,000 X g for 3 min.
The cell lysate was then incubated with 10 mm DTT at room temperature
for 30 min followed by 20 mm iodoacetamide alkylation in the dark at
room temperature for 30 min. Endoproteinase Lys-C (Wako, Osaka,
Japan) was added at an enzyme:substrate ratio of 1:150. The digestion
proceeded for 8 h in the dark at 30 °C. The sample was desalted by
SepPak (Waters, Milford, MA) before LC-MS/MS analysis.

Liquid Chromatography-Tandem Mass Spectrometry—A Waters
nanoAcquity UPLC system (Framingham, MA) was connected to the
ETD-enabled LTQ Orbitrap XL. About 1.5 ug of the H9 total cell lysate
peptide mixture was loaded onto a precolumn (5-um C,g, 5 cm,
75-pum inner diameter) and separated on an analytical column (5-um
Cig 12 cm, 50-um inner diameter) using a 90-min gradient from 5 to
40% acetonitrile in 0.2% formic acid (46).

Before the start of data collection, the LTQ Orbitrap XL was cali-
brated externally twice using the standard calibration mixture (caf-
feine, peptide MRFA, and Ultramark 1621). The mass spectrometer
was operated in data-dependent double-play mode in which the six
most intense ions from the survey MS' scan (m/z 150-1500) were
chosen for ETD fragmentation at an activation time of 70 ms. Singly
and doubly charged precursors were excluded as well as precursors
with unassigned charge states. Dynamic exclusion was activated
after one fragmentation event for 40 s with a maximum peak list of
500. The automatic gain control target values for the orbitrap were set
to be 1 X 106 for FT MS' scans and 5 x 10° for FT MS"” scans. The
resolving power of the orbitrap was set at 60,000 for all scans. The
fluoranthene cation internal calibrant peak at m/z 202.07770 was
introduced throughout data collection.

Custom Software—Custom software was developed in C# with
Microsoft Visual Studio 2005 and/or 2008 using the Microsoft .NET
Framework 2.0 and/or 3.5. The XRawfile COM library (XRawfile2.dll)
provided with Xcalibur was used to access the proprietary Thermo
Scientific .raw data file format.

Data Reduction—Input files for database searching were generated
by the DTA Generator software described previously (47), modified to
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Fic. 1. Schematic depiction of fluoranthene cation internal calibrant scan event. First, analyte cations (blue) are injected through the
source region into the linear ion trap, isolated and fragmented (in the case of MS/MS), and then transferred to the c-trap. Next, calibrant
fluoranthene cations (red) from the Cl source are transferred through a multipole and the collision cell into the c-trap. Finally, all the ions are
transferred together to the orbitrap for high-resolution and high-mass accuracy analysis.

allow internal mass recalibration. ETD spectral pre-processing was
performed on all MS/MS spectra to remove interfering peaks from
unreacted precursor, charge-reduced precursors (ETnoD), and neu-
tral losses from ETnoD. Calibrant peaks were also removed. A signal-
to-noise ratio (S/N) threshold of 1.5 was applied to all MS/MS peaks.
S/N was calculated from the FT scan label data as follows.

S intensity — noise baseline

N~ noise level (Eq. 1)

Internal mass recalibration was performed post-acquisition in DTA
Generator for both MS" and MS? spectra based on the fluoranthene
radical cation internal calibrant at a theoretical m/z of 202.07770 using
either a linear or proportional m/z correction. The linear mass recali-
bration equation for one internal calibrant used was as follows.
= m/ZoriginaI -

m/ZrecaIibrated |:,'T7/Zoriginal(Cal I brant)

- m/ZrecaIibrated(Ca”brant)] (Eq 2)

The proportional mass recalibration equation for one internal calibrant
used was as follows.

m/zrecalibrated(cal | bl’ant)
M/Zgigna(Calibrant)

m/ZrecaIibrated = m/ZoriginaI Eq 3)

Database Searching—Peptides were identified by searching with
the Open Mass Spectrometry Search Algorithm (48) (OMSSA, version
2.1.4) with average precursor mass tolerance of 5.0 Da, monoiso-
topic product mass tolerance of +0.01 Da, carbamidomethylation of
cysteine (+57.02146 Da) as a fixed modification, and oxidization of
methionine (+15.99491 Da) as a variable modification. Spectra were
searched against the human International Protein Index (49) FASTA
database (version 3.57) concatenated with the reversed version of all
protein sequences for target-decoy searching (50).

False Discovery Rate Optimization—The number of unique pep-
tides identified at approximately a 1% false discovery rate (FDR) was
optimized for each LC-MS/MS replicate run with custom software.
Expectation value (e-value) score threshold and maximum precursor
mass error were iteratively tested to determine the maximum number
of target hits satisfying the allowed FDR. After the optimal parameters
were found, only the spectrum with the best e-value score per unique
peptide sequence was used for the next stage of analysis to prevent
multiple spectra identifying the same peptide sequence from biasing
the results.

Mass Accuracy Analysis—Spectra were analyzed with a custom
application to evaluate mass accuracy. The software evaluated each
unique peptide sequence identified with OMSSA at 1% FDR for each
replicate LC-MS/MS run. First, the program retrieved data from the
corresponding MS' and MS? spectra. The peak selected for isolation

was located in the MS' spectrum and converted to neutral mass
using the known precursor charge state. This mass was then cor-
rected for isotopic shift by subtracting an integer multiple of 1.003355
Da ("®C — '2C) to yield the mass closest to the theoretical neutral
monoisotopic mass. The difference between this a posteriori experi-
mental monoisotopic mass and theoretical monoisotopic mass was
taken to be the precursor mass error.

For MS? spectra, each centroid peak was considered at the charge
state recorded in the FT scan label data. Peaks with a charge state of
zero, where the charge state could not be confidently assigned, were
skipped. A S/N of 1.5 or higher is required for each peak (as was
applied prior to database searching). Calibrant and isotopic peaks
were not considered as well as peaks removed by ETD spectral
pre-processing. Any peak within the very wide tolerance of =100 ppm
of a theoretical fragment peak was counted as a match.

Mass errors were histogrammed with a bin width of 0.25 ppm. A
Gaussian function was then fit to the histogram using the Levenberg-
Marquardt algorithm for nonlinear least-squares curve fitting, and the
mean and S.D. of the normal distribution is reported as the mass
accuracy. These parameters for the center and width of the distribu-
tion can be thought of as the accuracy and precision, respectively, of
the mass measurement.

RESULTS

Internal Calibrant Source—The internal calibrant scan se-
quence is depicted in Fig. 1. The CI reaction that produces
radical fluoranthene anions for ETD simultaneously produces
a robust flux of fluoranthene cations. These cations can be
rapidly transferred to the c-trap for storage, and the analyte
scan sequence proceeds normally. Transfer and detection in
the orbitrap also ensue as usual.

Internal Calibrant Robustness—To study the effects of in-
ternal mass recalibration over a long period of time, 60
replicate LC-MS/MS runs of an unfractionated complex
mixture of peptides, generated with Lys-C, were acquired.
Roughly 2000 unique peptides were identified following ETD
with FT MS" and MS? detection in each of the 60 analyses.
To evaluate the robustness of the fluoranthene cation sig-
nal, mass chromatograms were extracted for both analytes
and calibrant. Fig. 2a shows a typical MS" base peak chro-
matogram. Note that although the analyte signal fluctuates
as peptides elute throughout the LC gradient the calibrant
signal remains essentially constant. Fig. 2b displays an
example MS' spectrum with the internal calibrant peak
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Fic. 2. Mass chromatograms and single scan spectra from replicate LC-MS/MS run 30. Although the analyte signal varies greatly over
the chromatographic gradient for both MS* (a) and MS? (c) scan events, the internal calibrant signal remains consistent and robust in both MS’

(b) and MS? (d) spectra.

highlighted. At ~202 Th, the peak is at a sufficiently low
mass-to-charge ratio to avoid interfering with most analytes
of interest.

A typical MS? total ion current chromatogram is presented
in Fig. 2c. Both analyte and calibrant chromatograms show
more variation than their MS" counterparts; but again, the
calibrant signal remains quite strong and fairly independent of
the analyte signal. The primary reason for the added fluctua-
tion in the calibrant signal was the varying m/z scan range,
which is dependent upon precursor charge state. Source
performance and the stability of the electronics played a
minor role. Fig. 2d presents a typical MS? spectrum. This
spectrum was confidently matched (e-value score of 6.2 X
107 '%) to the peptide with sequence AQLRELNITAAK.
Again, the calibrant signal at 202 Th minimally interferes
with product ion peaks as it is a lower m/z value than most
fragments containing two amino acid residues, i.e. ¢, and z,
fragments. This particular example also shows a benefit of
high resolution MS? analysis as two pairs of fragment ions in
this spectrum, c,/z; and c,/zg, have isotopic peaks sepa-
rated by only 0.018 Th that could only be differentiated at
=27,000 and =47,000 resolving power (assuming equal
peak intensities), respectively, substantially clarifying the
peptide identification.

Mass Accuracy Analyses—Mass error distributions for a
single run with external mass calibration and internal mass
recalibration using either a linear or proportional correction
are shown for precursors in Fig. 3a and for products in Fig. 3b.
This example comes from the 60th and final replicate LC-
MS/MS analysis, which started ~134 h (~5.5 days) following
external mass calibration.

Relying solely on external mass calibration, 1934 precur-
sors had a mean mass accuracy of —3.31 ppm and S.D. of
0.93 ppm. Linear mass recalibration with the ETD internal
calibrant yielded a distribution centered closer to zero with a
mean of —1.68 ppm; however, the S.D. increased slightly to
0.98 ppm. Proportional mass recalibration yielded the best
results with a mean of +0.77 ppm and S.D. of 0.71 ppm, both
an improvement over external mass calibration and linear
internal mass recalibration.

In comparing the mass accuracy obtained here with previ-
ous work, it is instructive to determine a mass tolerance that
will include at least three standard deviations of mass error.
Assuming a normal distribution, this criterion will encompass
~99.7% of true positive precursor and fragment masses. This
is likely close to the optimal mass tolerance used in peptide
identification algorithms that ultimately determines the utility
of higher mass accuracy.
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Fic. 3. Mass error distributions for
1934 precursors (a) and ~24,000 prod-
ucts (b) detected in orbitrap during
replicate LC-MS/MS run 60. The data
were analyzed with standard external
mass calibration (dark gray), linear inter-
nal mass recalibration (light gray), and
proportional internal mass recalibration
(medium gray). This run started about
134 h (~5.5 days) after external mass

(a)

Counts

(b)

Precursor Mass Accuracy (Replicate 60)

No mass recalibration Linear mass recalibration
250 1 mean =-3.31 ppm mean =-1.68 ppm
standard deviation = 0.93 ppm standard deviation = 0.98 ppm
200 A
Proportional mass recalibration
mean =+0.77 ppm
150 1 standard deviation = 0.71 ppm
100
501
0 = L] L]
-10 -5 0 +5 +10

Precursor Mass Error (ppm)

Product Mass Accuracy (Replicate 60)

calibration. Both internal mass recalibra- No mass recalibration Linear mass recalibration
tion strategies show improvement in the mean =-2.32 ppm mean =-1.62 ppm
center and width of the distribution, al- 3000 4 \ standard deviation = 0.89 ppm standard deviation = 0.81 ppm
though proportional internal mass reca-
libration is superior. 2500 -
wv
£ 2000
S Proportional mass recalibration
8 mean =+0.17 ppm
1500 standard deviation = 0.67 ppm
1000
500 -+
0

-10

Previous work by Haas et al. (44) demonstrated that a
precursor mass accuracy of —0.41 = 0.44 ppm could be
obtained with SIM precursor scans detected in the ICR
cell of a hybrid linear ion trap-ICR MS (LTQ FT) using
external calibration. A precursor tolerance of *2.0 ppm
would be sufficient to capture =3¢ of mass deviations,
whereas *£3.0 ppm would be necessary with the approach
presented here.

A more direct comparison, however, is with precursors
detected by non-SIM scans in the ICR cell presented in the
same study. This experiment has a higher throughput so as
not to negatively affect the number of peptide identifications
in contrast to SIM precursor scans. The mass accuracy real-
ized with this approach, which used internal mass calibration
with space-charge correction, was considerably worse at
—0.25 = 1.46 ppm. A mass tolerance of =5.0 ppm would be
required to capture =3¢ of mass deviations.

+10
Product Mass Error (ppm)

Note that the data manipulation required for the approach
presented here is relatively straightforward in contrast to the
work of Haas et al. (44) because of the relative simplicity of
correction for a single internal calibrant. Mass calibration with
multiple ions requires repeating the step of nonlinear curve
fitting of the calibration equation, which is computationally more
intensive than a simple adjustment. Another significant consid-
eration is that this step requires frequency data instead of m/z
values, which are not typically stored in the raw data and there-
fore must be back-calculated from the calibration coefficients.

The approach presented here does add an additional 4-20
ms to each scan for internal calibrant injection that is not
incurred by the strategy of Haas et al. (44) because back-
ground ions already present are used. However, in exchange
for the minor penalty in throughput, the Cl source provides a
much more reliable supply of internal calibrant ions not sub-
ject to ambient laboratory conditions.
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Another similar approach for optimizing mass accuracy was
shown by Olsen et al. (45) that, like this study, utilized the
c-trap of a hybrid linear ion trap-orbitrap MS (LTQ Orbitrap)
for ion storage. Analysis of the supplementary data (45) pro-
vided with the same methods described here (mass mea-
surement errors were provided for slightly over 200 unique
peptides) yielded a precursor mass accuracy of —0.26 = 1.06
ppm, which improved to —0.24 + 0.57 ppm after averaging
over the elution of the peptide. Although this mass accuracy is
slightly superior to what is presented here (requiring a precur-
sor tolerance of =2.0 ppm to capture *3o¢ of mass devia-
tions), throughput is an important consideration. For fluoran-
thene cation internal recalibration, the time penalty is minimal
because a sufficient population of calibrant ions can be trans-
ferred to the c-trap very rapidly. With the on-the-fly lock mass
recalibration approach, which is implemented as an option in
the LTQ Orbitrap firmware, the calibrant ions are trapped and
isolated in the LTQ prior to injection into the c-trap. These
isolation and transfer steps result in an additional ~50 ms
added to each scan relative to the fluoranthene internal
calibrant.

The mass error distribution of products is shown in Fig. 3b.
Without internal mass recalibration, ~24,000 products had a

20 40 60 80 100 120
Time after External Mass Calibration (hr)

mean error of —2.32 ppm and S.D. of 0.89 ppm. With linear
internal mass recalibration, both improved slightly to a mean
of —1.62 ppm and S.D. of 0.81 ppm. Once again, proportional
internal mass recalibration gave the best performance with a
mean of +0.17 ppm and S.D. of 0.67 ppm.

The same analysis was performed on all 60 replicate LC-
MS/MS runs. The mean with error bars of =1 S.D. was plotted
as a function of time after external mass calibration for pre-
cursors in Fig. 4a and for products in Fig. 4b. Without correc-
tion, drift leads to mass accuracy distributions that are cen-
tered several parts per million away from the ideal of zero and
fluctuate by more than a part per million per day. Similar plots
have been shown by Olsen et al. (45) and Young et al. (40).
Linear internal mass recalibration helps to moderate these
fluctuations but does not eliminate them. Proportional internal
mass recalibration, on the other hand, shows a virtual com-
plete elimination of mass calibration drift.

These analyses demonstrate that a proportional correction
is preferable to a linear correction for internal mass recalibra-
tion because the former eliminates drift, whereas the latter
only reduces it. Furthermore, the proportional adjustment can
significantly reduce the width of the mass error distributions
(typically about 25%), whereas the linear adjustment usually
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does not and sometimes actually worsens it. This is not sur-
prising considering that only a single internal calibrant is used,
which can primarily correct the effects of systematic but not
random error. The main reason for seeing this modest im-
provement is likely the reduction of mass calibration drift
within a single run.

An interesting phenomenon displayed in Fig. 4 is that even
for LC-MS/MS analyses performed directly after two external
mass calibrations there is significant systematic error. For
precursors, this initial mass error is about —2.6 ppm com-
pared with —1.3 ppm for products. This demonstrates an-
other important reason for the use of internal calibration, not
only the removal of drift but also to correct for errors in the
external calibration. Internal mass calibration appears to be
impervious to these initial inaccuracies.

One concern that arises from Fig. 4 is a significant, consis-
tent systematic error evident even after proportional internal
mass recalibration. For precursors, shown in Fig. 4a, the shift

+10
Product Mass Error (ppm)

is about +0.8 ppm, whereas for products, shown in Fig. 4b, it
is about +0.2 ppm. Significant effort was made to determine
the source of these systematic errors without success. We
note, however, that because the deviation is quite reproduc-
ible, it could easily be corrected for by simply subtracting the
constant from any observed mass errors to yield a distribution
centered on zero.

The cumulative effects of mass accuracy drift were then
examined by constructing mass error distributions for the
combined analysis of precursors and products from all 60
replicate runs simultaneously. The distribution for ~120,000
precursor masses is shown in Fig. 5a and for ~1.6 million
product masses is shown in Fig. 5b.

Although the mass error distributions for individual analyses
have roughly the same widths, drift leads to dispersion of
these distributions over time. These distributions sum to-
gether to yield a substantially widened overall distribution.
The net result is an approximate doubling of the width of the
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TABLE |
Summary of mass accuracy analyses of a typical single LC-MS/MS run (replicate 60) and combined analysis of all 60 replicate runs for
precursors and products using no mass recalibration, linear mass recalibration, and proportional mass recalibration

Analysis Precursors/products Mass recalibration type Count Mean S.D.
ppm ppm

Replicate 60 Precursors None 1,934 -3.31 0.93
Replicate 60 Precursors Linear 1,934 —1.68 0.98
Replicate 60 Precursors Proportional 1,934 +0.77 0.71
Replicate 60 Products None 23,988 -2.32 0.89
Replicate 60 Products Linear 23,988 -1.62 0.81
Replicate 60 Products Proportional 23,990 +0.17 0.67
Combined Precursors None 119,184 -1.23 1.54
Combined Precursors Linear 119,184 -0.35 1.09
Combined Precursors Proportional 119,184 +0.80 0.70
Combined Products None 1,622,070 -0.18 1.42
Combined Products Linear 1,621,500 -0.10 1.10
Combined Products Proportional 1,621,440 +0.16 0.67

mass error distribution without recalibration as compared with
proportional internal mass recalibration where drift is mini-
mized. By contrast, after proportional internal mass recalibra-
tion, the cumulative mass accuracy distributions do not widen
relative to a single analysis. For precursor mass errors, a
single replicate showed a width of 0.71 versus 0.70 ppm for
the cumulative analysis; for product mass errors, both had a
width of 0.67 ppm. The results of all mass accuracy analyses
are summarized in Table I.

DISCUSSION

Mass accuracy was something of an afterthought through-
out the early days of shotgun proteomics. Because of new
hybrid instruments and more advanced data analysis soft-
ware, this viewpoint has been steadily changing over the past
few years to the point where accurate precursor mass is a
critical component of contemporary shotgun proteomics ex-
periments. Preliminary reports are beginning to demonstrate
that accurate product masses are also extremely beneficial,
and acquisition of high resolution tandem mass spectra will
likely be the default strategy in the near future.

With this increasing importance of mass accuracy of MS'
and MS? spectra in proteomics, it is critical to have a mass
calibration strategy that is robust, easy to implement, mini-
mally interferes with spectral quality and throughput, and
consistently provides sub-part-per-million mass accuracy. In-
ternal mass recalibration with fluoranthene cations, using a
proportional adjustment, meets all these criteria. Fluoranthene
cations are already produced by the Cl source in very high
numbers, so an adequate population can be rapidly accumu-
lated for co-detection with analyte cations. Because the ions
are produced by separate sources in different parts of the
instrument, there is no competition for ionization. Post-acqui-
sition recalibration can be accomplished with simple software
that detects the internal calibrant peak in each spectrum and
adjusts every other peak accordingly. For these reasons, we
believe this approach is the ideal choice for obtaining optimal

mass accuracy in shotgun proteomics on an ETD-enabled
linear ion trap-orbitrap hybrid mass spectrometer.
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