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We evaluate the effect of ion-abundance threshold settings for data-dependent acquisition on
a hybrid LTQ-Orbitrap mass spectrometer, analyzing features such as the total number of
spectra collected, the signal to noise ratio of the full MS scans, the spectral quality of the
tandem mass spectra acquired, and the number of peptides and proteins identified from a
complex mixture. We find that increasing the threshold for data-dependent acquisition
generally decreases the quantity but increases the quality of the spectra acquired. This is
especially true when the threshold setting is set above the noise level of the full MS scan. We
compare two distinct experimental configurations: one where full MS scans are acquired in the
Orbitrap analyzer while tandem MS scans are acquired in the LTQ analyzer, and one where
both full MS and tandem MS scans are acquired in the LTQ analyzer. We examine the number
of spectra, peptides, and proteins identified under various threshold conditions, and we find
that the optimal threshold setting is at or below the respective noise level of the instrument
regardless of whether the full MS scan is performed in the Orbitrap or in the LTQ analyzer.
When comparing the high-throughput identification performance of the two analyzers, we
conclude that, used at optimal threshold levels, the LTQ and the Orbitrap identify similar
numbers of peptides and proteins. The higher scan speed of the LTQ, which results in more
spectra being collected, is roughly compensated by the higher mass accuracy of the Orbitrap,
which results in improved database searching and peptide validation software
performance. (J Am Soc Mass Spectrom 2009, 20, 1405–1414) © 2009 Published by Elsevier
Inc. on behalf of American Society for Mass Spectrometry
Proteomics has emerged as a large-scale approach
to study the functions and physiological roles of
proteins. This approach has been facilitated by

the creation of genome sequence resources for many
different organisms that serve as model systems for the
study of biological processes. Mass spectrometry-based
approaches have capitalized on the availability of se-
quence resources to speed the interpretation of data. By
using predefined sequences, mass spectrometry data is
matched to sequences in the database rather than inter-
preted de novo. One of the most common approaches
for proteomics makes use of tandem mass spectrome-
ters and collision-induced dissociation to create data
indicative of the amino acid sequence of a protein. In a
“bottom up” approach, a protein is first digested with
protease(s), and then subjected to analysis by liquid
chromatography in conjunction with tandem mass
spectrometry (LC/MS/MS). Peptide ions are subjected
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to tandem mass spectrometry, and the spectra are then
searched through sequence databases to identify the
amino acid sequence with the best fit. When a protein
mixture is subjected to proteolysis before analysis, this
approach is referred to as “shotgun proteomics” and
uses the tandem mass spectra obtained from each
peptide to assign the presence of proteins in the mixture
[1, 2].

The analysis of complex protein mixtures using
a “shotgun proteomic” approach is made possible
through computer control of an instrument’s operation
using “data-dependent-acquisition” (DDA) [3]. Shot-
gun proteomics is dependent on the efficient and rapid
acquisition of tandem mass spectra. Most commercial
mass spectrometry (MS) instruments have some form of
software to control tandem mass spectrometry experi-
ments of precursor ions selected from a previously
acquired full scan. By employing high scan speeds and
sampling rates, more peptide ions are acquired per unit
of time, resulting in the acquisition of a larger number
of tandem mass spectra. A common approach for a

“data-dependent” experiment is to trigger the acquisi-
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tion of product ion spectra based on the intensity of ions
detected in full scan data [3]. Thus, precursor ions
above a pre-set ion abundance threshold trigger the
instrument to automatically perform CID on those
precursor ions. Acquiring high quality tandem mass
spectra is essential for proper fragment ion assignment
and matching to sequences in database searches, as well
as de novo interpretation.

Several acquisition parameters affect the collection
of tandem mass spectra using data-dependent acquisi-
tion. Wenner and Lynn examined the effect of signal-
averaging full and MS/MS scans on protein identifi-
cation to optimize duty cycle and ion injection time
with spectral quality [4]. Regardless of the type of
data-dependant procedure used, the signal-noise ratio
(S/N) of precursor ions ultimately impacts the detection
of ions for data-dependent acquisition. The detection limit
is not only determined by the limit of detection
(LOD) of the mass spectrometer, but also by the differ-
ent types of noise present in the system. Therefore, a
reduction of noise to improve the selection of peptide
ion signals can increase the acquisition of spectra,
which represent peptide ions. The minimum ion abun-
dance threshold set to trigger DDA differs between
researchers, and there has never been a systematic
analysis of different strategies to assess which approach
might lead to an increase in protein identifications or
potentially a greater number of false positive identifi-
cations. In general, post-acquisition data processing has
been used to minimize the number of false positives by
removing poor quality data rather than altering the data
acquisition strategy. One approach is to run data-
dependent experiments using a threshold set to the
level of chemical noise in an LC analysis to promote the
sampling of low abundant peptides, but this is done at
the expense of collecting “junk” MS/MS spectra. An
assumption is that chemical noise is typically higher in
the precursor ion scans of an ion trap mass spectrome-
ter and, thus, ions can be selected from amongst the
noise that may lead to correct identifications. This
approach is used to increase the limit of detection and
to improve the dynamic range of an analysis. Another
approach is to use higher thresholds, but also acquire
far fewer tandem MS spectra and risk missing low
abundant peptides [5]. In this study, we evaluate the
effects of using different ion abundance threshold val-
ues on peptide and protein identification using a linear
ion trap-Orbitrap (LTQ-Orbitrap) and a linear ion trap
(LTQ) mass spectrometer.

Experimental

Sample Preparation and Digestion

Yeast whole-cell lysate was grown using a previously
published protocol [6, 7]. Yeast cells were collected by
centrifugation at 1000 g, the soluble fraction was dena-
tured with 8 M urea in 100 mM Tris (pH 8.5), reduced

and alkylated with 5 mM Tris(2-carboxyethyl) phos-
phine hydrochloride (TCEP; Roche Applied Science,
Palo Alto, CA), and 10 mM iodoacetamide (IAM; Sigma,
St. Louis, MO) in 100 mM Tris (pH 8.5). Digestion was
performed in the presence of 5 mM calcium chloride
(Sigma, St. Louis, MO) using endoproteinase Lys-C
(Roche Diagnostics, Indianapolis, IN) followed by se-
quencing grade trypsin (Promega, Madison, WI) [8].
The resulting peptide mixtures were acidified with 5%
formic acid, and �5 �g aliquot was pressure-loaded
onto an equilibrated reversed-phase (RP) column. The
microcapillary column was constructed by slurry pack-
ing �10 cm of C18 material (5 um, 125 Å, Aqua;
Phenomenex, Torrance, CA) into a 100 �m fused silica
capillary, which had been previously pulled to a tip
diameter of �5 �m using a Sutter Instruments laser
puller (Sutter Manufacturing, Novato, CA). Separations
were performed on an Agilent 1100 quaternary HPLC
(Agilent, Palo Alto, CA). The buffer solutions used were
5% acetonitrile/0.1% formic acid (Buffer A) and 80%
acetonitrile/0.1% formic acid (Buffer B). A 120 min
gradient from 0% to 100% buffer B was used.

Mass Spectrometry Methods

Data-dependent tandem mass spectrometry (MS/MS)
analysis was performed using an LTQ-Orbitrap hybrid
mass spectrometer (ThermoFisher, San Jose, CA). Full
MS spectra were acquired in profile mode, with a mass
range of 600–2000 either in the Orbitrap analyzer with
resolution set at 15,000 (with disabled preview scan
mode), or in the LTQ using the normal scan rate,
followed by four MS/MS events in the linear ion trap.
To prevent repetitive analysis, dynamic exclusion was
enabled with a repeat count of 1, a repeat duration of
30 s, and an exclusion list size of 100. MS scan functions
and HPLC solvent gradients were controlled by the
Xcalibur data system (ThermoFisher, San Jose, CA). All
tandem mass spectra were collected using a normalized
collision energy of 35% and an isolation window of 3
Da. One micro scan was applied for all experiments in
Orbitrap or LTQ. Maximum ion injection times for full
scan in Orbitrap and LTQ were 500 ms and 50 ms,
respectively, and for MS/MS scan was 100 ms. AGC
targets for LTQ and Orbitrap are 3e4 and 5e5 (full scan),
1e4 and 2e5 (ms scan).

Software

Spectral quality determination. Spectral quality was
evaluated using a recently developed extension of a
previously published algorithm [9]. We define the mea-
sure of quality to be the fraction of b and y ions
observed among the peaks of high intensity. More
specifically, we define

Quality � (Nb � Ny) ⁄ (2*Length � 2),

where Nb and Ny are the number of b and y ion peaks,

respectively, whose intensity ranks are less than 100,
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and Length is the number of amino acids in the peptide.
This feature runs from 0.0 to 1.0, from no b and y ion
peaks present among the top 100 peaks of a spectrum to
all b and y ions present among the top 100 peaks. The
quality measure of spectra, as defined above, can be
determined a posteriori, after the database searching
algorithm has identified the matching peptide and the
corresponding b and y ions.

We determined a predicted quality score (Q) based
on two features that have been shown [9] to be good
predictors of spectral quality: Qdiffs, the likelihood that
two peaks in the spectrum differ by the mass of an
amino acid, and Qcomplements, the likelihood that a pair
of peaks in the spectrum have complementary m/z-
values summing to the mass of the parent ion. Both
features are weighed by the intensities of the respective
peaks, as described in the supplementary information,
which can be found in the electronic version of this
article.

Quality scores were calculated for the tandem mass
spectra collected. All spectra, including those with very
low scores, were then analyzed by the database search-
ing algorithm, as described in the next section.

Database searching and analysis of tandem mass spectra.
Full MS and tandem mass spectra were extracted from
raw files [10], and the tandem mass spectra were
searched against a Saccharomyces cerevisiae protein data-
base containing 5873 protein sequences, containing the
translations of all systematically named ORFs, down-
loaded as FASTA-formatted sequences from the Saccharo-
myces Genome Database (database released on December
16, 2005), and 123 common contaminant proteins, for a
total of 5996 target database sequences. To calculate con-
fidence levels and false discovery rates, a decoy database
containing the reverse sequences of the 5996 proteins was
appended to the target database [11], and the SEQUEST
[2] algorithm was used to find the best matching se-
quences from the combined database.

SEQUEST searches were done on an Intel Xeon
80-processor cluster running under the Linux operating
system. The peptide mass search tolerance was set to 3
Da for spectra acquired on the LTQ instrument, and 50
ppm for spectra acquired on the hybrid LTQ-Orbitrap
instrument. Since the peak selected for MS/MS analysis
by the instrument control software is often not a mo-
noisotopic ion, the search algorithm considers multiple
isotopes, with a 50 ppm mass tolerance for each possi-
ble theoretical isotope peak. For comparison, we also
performed a “mock” analysis of the LTQ-Orbitrap data,
ignoring the accurate precursor mass information, and
using a peptide mass search tolerance of 3 Da (in
essence, treating the Orbitrap-LTQ data the same as
LTQ data). The mass of the amino acid cysteine was
statically modified by �57.02146 Da, to take into ac-
count the carboxyamidomethylation of the sample, and
we considered a variable modification of �15.99491
(oxidation) on the amino acid Methionine. No enzy-

matic cleavage conditions were imposed on the data-
base search, so the search space included all candi-
date peptides whose theoretical mass fell within the
mass tolerance window, regardless of their tryptic
status.

The validity of peptide/spectrum matches was as-
sessed in DTASelect [12, 13] using two SEQUEST-
defined parameters, the crosscorrelation score (XCorr),
and normalized difference in crosscorrelation scores
(DeltaCN). For Orbitrap samples using the accurate
precursor mass information, a third scoring parameter
was included: DeltaMass, the absolute difference be-
tween the experimental precursor ion mass and the
nearest theoretical isotope peak. The search results were
grouped by charge state (�1, �2, �3, and �4), tryptic
status (fully tryptic, half-tryptic, and non-tryptic), and
modification status (modified and unmodified pep-
tides), resulting in 24 distinct subgroups. In each one of
these subgroups, the distribution of Xcorr, DeltaCN,
and DeltaMass values for (1) direct and (2) decoy
database hits was obtained, then the direct and decoy
subsets were separated by discriminant analysis. Out-
lier points in the two distributions (for example,
matches with very low Xcorr but very high DeltCN)
were discarded. Full separation of the direct and decoy
subsets is not generally possible; therefore, the discrimi-
nant score was set such that a false discovery rate of 5%
was determined based on the number of accepted decoy
database peptides. This procedure was independently
performed on each data subset, resulting in a false
discovery rate independent of tryptic status, modifica-
tion status, or charge state.

In addition, a minimum sequence length of seven
amino acid residues was required, and each protein on
the list was supported by at least two peptide identifi-
cations, with a minimum sequence coverage of 5%.
These additional requirements resulted in the elimina-
tion of most decoy database and false positive hits, as
these tended to be overwhelmingly present as proteins
identified by single peptide matches, or with very low
sequence coverage. After this last filtering step, both the
protein and peptide false discovery rates were reduced
to below 0.5%.

This procedure was applied to each dataset, to en-
sure a uniform identification standard. For this study,
setting the same standard across the pool of experi-
ments is more important than the particular choice of
peptide and protein false discovery rates. We repeated
the analysis, allowing for higher (5%) or lower (0.1%)
false discovery rates (data not shown) and, although the
number of identifications changed depending on the
choice of filtering criteria, we found that the overall
trends and conclusions stayed the same.

Signal-noise ratio (S/N) evaluation in the full MS scans. A
method to evaluate the signal-noise ratio (S/N) of
precursor ions in MS scans that immediately precede
identified tandem mass spectra was developed in-
house. For each MS spectrum, the peaks were ranked by

intensity, and the bottom 10% of peaks were considered
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chemical noise. The 10% value can be user modified,
and we tested several values, with similar results. The
background noise level was then defined as the average
intensity of these peaks, and the S/N of a precursor ion
was defined as the ratio of that peak’s intensity to the
background noise level.

The S/N was calculated for all acquired precursors
of tandem mass spectra, in both the LTQ and Orbitrap
analyzers, for different ion abundance threshold values.

Results and Discussion

The main goal of this study was to determine the effects
of the ion abundance trigger threshold value on peptide
and protein identification in shotgun proteomics. Intu-
itively, increasing the level of the ion abundance thresh-
old should have a negative effect on the number of
tandem mass spectra collected, as well as a positive
effect on the overall quality of tandem mass spectra.
Since both of these factors affect peptide identification
in database searches, it is of significant interest to
determine the threshold level(s), which result in opti-
mal peptide and protein identification. It has been
noted in the past that large numbers of tandem mass
spectra remain unmatched in database searches (some-
times as many as 70%–80%). An explanation of the low
identification rate is typically attributed to missed
matches in database searches, suggesting that un-
matched spectra may represent peptides with unantic-
ipated modifications or sequence variations. It is also
possible that the low success rate could simply be a
result of setting threshold parameters low enough so
that the mass spectrometer is collecting tandem mass
spectra predominantly from chemical noise. This study
was designed to evaluate various ion abundance acqui-
sition levels, to determine the appropriate level that
minimizes acquisition of spectra from noise, and max-
imize matches to real peptide sequences.

Number of Tandem Mass Spectra Collected as a
Function of Threshold Trigger Value

A typical choice for the ion abundance threshold value
is at the level of chemical noise in the LC/MS/MS
system for a given instrument. In this study, we deter-
mined this value by a solvent blank analysis before
acquisition of data from the sample. Data were collected
using either the LTQ or the Orbitrap for MS scan
acquisition, followed by tandem mass spectra acquired
in the LTQ analyzer. Figure 1 shows the base peak
chromatogram of solvent blank acquired in the LTQ
analyzer: the upper part (a) of the figure shows the
entire run, while the lower part (b) depicts the ampli-
fied baseline of the chromatogram between t � 22 min
and t � 32 min. From Figure 1b, one can estimate the
noise level in the LTQ full MS scan at 1e4 intensity
units. Using this method, the level of noise in the

LC/MS analyses of this study was determined to be
�1e4 and 1e5 intensity units for MS scans acquired in
the LTQ and Orbitrap, respectively.

Starting from these levels, we collected data on the
same sample at threshold values from 1e1 to 1e8
intensity units (only 1e1 to 1e7 results are presented in
this paper, as the instruments were not able to acquire
any MS2 spectra at the 1e8 threshold condition). Each
measurement was made using a 5 �g aliquot of a
trypsin digested soluble yeast cell lysate, and three
replicate measurements were made at each threshold
value, using each analyzer for MS scans. Table 1a and b
show the average and standard deviation for the num-
ber of spectra acquired and identified as a function of
threshold level, for the LTQ and Orbitrap analyzers (the
number of spectra acquired and identified in each
individual replicate experiment is presented in Supple-
mentary Tables 1a and b). Figure 2 displays a compar-
ison of the average number of spectra, over the three
replicates, as a function of threshold value, for the LTQ
and Orbitrap analyzers. We find that the number of
tandem mass spectra acquired generally decreases with
increasing threshold value. An ANOVA analysis of the
number of spectra acquired as a function of the thresh-
old value shows that, in general, the threshold value has
a statistically significant effect on data acquisition
(P value �� 0.05). However, when the analysis is limited
to those thresholds well below the noise level (1e1–1e3),
there is no statistically significant change in the number
of acquired spectra. For low threshold values, either an
ANOVA test or pair-wise t-tests of the number of
spectra acquired as a function of the threshold value,
fails to reject the null hypothesis. This is an indication
that the instrument can always find candidate precur-
sors within the chemical noise, and reflects its inability
to differentiate peptide precursor ions from chemical
noise. In contrast, above the 1e4 threshold for LTQ and
1e5 for Orbitrap, a sharp drop in the number of tandem
mass spectra collected is observed with each 10-fold
increase in the threshold levels. Going from a 1e4 to a
1e5 threshold on the LTQ results in a very significant
change in the number of acquired spectra (t-test with
P � 0.00052 �� 0.05). Likewise, going from a 1e5 to a
1e6 threshold on the Orbitrap results in a very signifi-
cant change (t-test with P � 0.000017 �� 0.05). Finally,
at threshold levels of 1e6 and 1e7, for LTQ and Orbitrap
respectively, very few tandem mass spectra are col-
lected at all.

Comparing the two instruments, the LTQ has the
upper hand at low threshold levels, due to its faster
scan speed. It acquires �20% more spectra than the
Orbitrap when the threshold is set at or below 1e4
intensity units. However, the LTQ’s acquisition perfor-
mance drops faster at higher threshold levels, where it
collects significantly fewer spectra. Table 2 shows a
statistical comparison summary (t-test P values) of the
two analyzers. The number of spectra collected by the
two analyzers is significantly different (P � 0.05) for
all threshold values except 1e5. For values lower than 1e5,

the LTQ collects more spectra, for values higher than
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1e5 the Orbitrap collects more spectra, with a crossover
region (statistically insignificant difference) around 1e5.

So far, the data suggest that setting the threshold
level at approximately the noise level may be the
optimal choice. Going too far above the noise level
results in a sharp drop in the number of acquired
spectra, while going too far below brings no apparent
benefits. The following sections further analyze this
problem, by examining the quality of the collected
spectra and the resulting peptide identifications.

Quality of Tandem Mass Spectra Collected as a
Function of Threshold Trigger Value

One possible effect of a low threshold value is the
acquisition of lower quality tandem mass spectra. On
one hand, such spectra could include spectra derived
from chemical noise, which would hinder the acquisi-
tion of real peptide spectra as well as burden the
computational system. In addition, this approach may
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Figure 1. (a) Base peak chromatogram of solve
(the intensity of solvent impurity at about 3e5). (b
points t � 21 min and t � 32 min. The average
baseline peak, or �1e4 intensity units.
also acquire low quality peptide spectra derived from
low abundance precursor ions. These real but poor
quality peptide tandem mass spectra could be difficult
to identify because they typically have fewer sequence
ions present, as well as poor signal to noise.

On the other hand, the acquisition of low abundant
peptide spectra could potentially lead to increased peptide
and protein identifications, if the identification software is
capable of handling the lower overall spectral quality. For
example, using the accurate precursor mass information
derived from an Orbitrap full MS scan may result in a
confident peptide identification, even though the tandem
mass spectrum itself is of low quality.

To better understand the give and take associated
with MS acquisition thresholds, we scored all tandem
mass spectra collected at different threshold values with
the quality score Q, as defined earlier in the paper.
Quality scores were averaged for each of the three
analyses at each threshold value. Figure 3a and b show
the normalized quality score distributions for LTQ and
Orbitrap analyzers, respectively. Regardless of which
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scores is observed as the threshold is increased, with a
general trend of higher threshold values resulting in
higher quality scores. An ANOVA analysis of the data
confirms that the average quality score is significantly
influenced by the threshold value (P value �� 0.05 for
either the LTQ or Orbitrap data). It is important to note
that the quality scores are similar for the LTQ and
Orbitrap analyzers. This is a reflection of the fact that
the quality scores only measure the features of the
tandem mass spectra, which are acquired in the LTQ

Table 1. Total number of acquired spectra, and the number of i
trigger values on the LTQ analyzer (a) and Orbitrap analyzer (b)
values and standard deviations over the three replicate experime

(a)

Threshold value
Number of acquired

spectra (std dev)
Number of

spectra (s

1e1 19346 (413) 8108 (
1e2 19499 (268) 8098 (
1e3 19154 (395) 8277 (
1e4 18285 (482) 8404 (
1e5 13666 (621) 7328 (
1e6 1056 (225) 763 (
1e7 24 (12) 18 (

(b)

Threshold value
Number of acquired

spectra (std dev)
Number of

spectra (s

1e1 16314 (179) 8150 (
1e2 16369 (235) 8013 (
1e3 16395 (307) 8099 (
1e4 15436 (127) 8236 (
1e5 14604 (473) 8289 (
1e6 6475 (330) 3760 (
1e7 646 (194) 423 (
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Figure 2. Comparison of number of spectra acquired by the LTQ
(red) and Orbitrap (blue) analyzers as a function of threshold
trigger level. Each data point was obtained by averaging over

three replicate experiments.
analyzer in both methods, and not the features of the
full MS scans.

Defining good quality spectra as those whose quality
score Q is larger than 0.2 (an empirical cut-off we
typically use to filter out low quality spectra before
database searching), we then display in Supplementary
Figure 1 the percentage of good quality spectra ac-
quired as a function of the threshold value. This shows
that at threshold values higher than the noise level, most
of the spectra acquired are of good quality, and therefore
should be assigned confident identifications by the data-
base searching and post-validation algorithms.

Signal-Noise Ratio as a Function of Threshold
Trigger Value

In data-dependent acquisition, precursor ions are typi-
cally selected for MS/MS analysis based on their inten-
sities from MS scans. Because the chemical noise level
changes throughout an LC analysis, we chose to inves-
tigate the distribution of signal-noise ratio (S/N) of
precursor ions for each of the different threshold values
we analyzed. To accomplish this, we used a simple
method to determine the S/N of every precursor ion
selected for MSMS analysis (see the Experimental sec-
tion for explanation of software).

Figure 4a and b show plots representing the signal to
noise distributions of the precursor ions collected for
each of the thresholds employed, for the LTQ and
Orbitrap analyzers, respectively. The S/N distributions
show an increasing trend with respect to the threshold
value regardless of whether LTQ or Orbitrap MS scans

fied spectra, peptides, and proteins, as a function of threshold
experiment was performed in triplicate, and the average

re listed in the table

tified
ev)

Number of identified
peptides (std dev)

Number of identified
proteins (std dev)

2143 (49) 358 (6)
2189 (12) 365 (6)
2312 (139) 364 (6)
2436 (49) 376 (7)
1796 (70) 339 (11)
710 (27) 131 (11)
16 (7) 0 (0)

tified
ev)

Number of identified
peptides (std dev)

Number of identified
proteins (std dev)

2204 (170) 363 (12)
2251 (155) 371 (17)
2219 (108) 362 (13)
2366 (47) 376 (11)
2352 (58) 366 (4)
1992 (65) 337 (10)
379 (125) 93 (25)
denti
. Each
nts a

iden
td d

106)
89)
94)
120)
220)
83)
8)

iden
td d

328)
181)
74)
169)
252)
193)
were employed. The lower threshold trigger values
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(1e2–1e4) show similar S/N distributions; this illus-
trates the fact that the threshold has little effect on the
average signal to noise ratio when it is set lower than
the noise level. As the threshold is increased to 1e5 and
1e6, both datasets show a shift towards significantly
higher S/N.

One noticeable difference between the two datasets is
that the measured S/N levels for the largest thresholds
tended to be more accurate on the Orbitrap than on the

LTQ Quality Score Distributions
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Figure 3. Distribution of normalized quality scores for tandem
mass spectra, as a function of threshold trigger level. (a) Precursor
scan in the LTQ analyzer. (b) Precursor scan in the Orbitrap

Table 2. Statistical comparison of the LTQ and Orbitrap analyze
identified spectra, peptides, and proteins. Each P value listed in t
experiments for each analyzer. Values listed in boldface show sta
0.05). The number of acquired spectra is significantly different be
identification performance (spectra, peptides, proteins) of the two
The Orbitrap significantly outperforms (P �� 0.05) at threshold le

Threshold value
Number of acquired

spectra
Number of

spec

1e1 0.00031 0.84
1e2 0.00011 0.51
1e3 0.00067 0.061
1e4 0.00058 0.23
1e5 0.11 0.007

1e6 0.000019 0.000

1e7 0.0052 0.006
analyzer.
LTQ. For example, when using the 1e7 threshold, which is
�100 times above the Orbitrap noise level, most of the
S/N measurements were near or above 100. In contrast,
the LTQ data obtained from the 1e6 threshold (also �100
times higher than the noise level) shows most of the S/N
measurements to be in the 20–30 range, with only a very
few measurements approaching 100. It should be noted
that changes in the noise level throughout the LC run
would be expected to contribute to error in these types of
comparisons, although we do not feel it is the major
source of the differences between the two datasets. In-
stead, we feel the difference can most likely be attributed
to the much larger ion capacity of the Orbitrap and the
subsequent increase in intra-spectral dynamic range,
which has been shown to be in excess of 5000 [14].

Number of Peptide and Protein Identifications as a
Function of Threshold Trigger Values

The overall goal of this study was to evaluate the effect
of threshold trigger values on the efficacy of peptide
and protein identification. Table 1a and b and Supple-
mentary Table 1a and b show the total number of
spectra collected, the number of spectra identified, and
the number of peptides and proteins identified by the
analyzers using different threshold values. Table 2
presents a summary comparison of the LTQ and Orbi-
trap analyzers, expressed as P values derived from
statistical t-tests for all the quantities calculated in Table
1, while Supplementary Table 2a and b present the
output of a series of t-tests comparing results for
different pairs of threshold values. A graphical compar-
ison of the number of peptides identified by the two
analyzers is displayed in Figure 5. The data were
analyzed using SEQUEST and DTASelect, as described
in the Experimental section. Filtering parameters were
dynamically and uniformly set such that both the
protein and peptide false identification rates were be-
low 0.5% for each dataset. The results presented in these
tables and figures are further discussed below.

Several conclusions stand out from these tables and

tests for the number of acquired spectra and number of
ble is derived from a corresponding t-test using three replicate
ally significant differences between the two analyzers (P �
n the two analyzers, except for the threshold value of 1e5. The
lyzers is not different (P � 0.05) below the 1e4 threshold level.
of 1e5 and above

tified Number of identified
peptides

Number of identified
proteins

0.58 0.56
0.52 0.58
0.41 0.88
0.15 0.97
0.00044 0.016

0.0000060 0.000016

0.0073 0.0027
rs: t-
he ta
tistic
twee
ana

vels

iden
tra

6

016
figures: first, it is essential that the threshold trigger
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value not be set higher than the noise level of each
respective analyzer. Increasing the threshold value sig-
nificantly above the noise level results in a sharp drop
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Figure 4. Distributions of signal to noise ratios (
in (a) the LTQ analyzer and (b) the Orbitrap analyze
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Figure 5. Comparison of the total number of peptides confi-
dently identified in the LTQ experiments (red) and the Orbitrap
experiments (blue), as a function of threshold trigger level. Each data

point was obtained by averaging over three replicate experiments.
in the number of spectra acquired. Although the spectra
collected at high threshold values are of mostly high
quality, and their identification rate is very high, their
quality does not make up for the lost quantity of spectra
not acquired. On the other hand, the number of spectra,
peptides, and proteins identified does not significantly
change as long as the threshold is set at or below the
noise level. Table 3a and b display t-test results for the
LTQ and Orbitrap analyzers, respectively, showing that
no significant changes in peptide or protein identifica-
tion (P � 0.05) occur below 1e4 for the LTQ and below
1e5 for the Orbitrap. One-way ANOVA and Tukey tests
confirm these findings (data not shown). In conclusion,
while a single optimal value of the threshold may not
exist, it is apparent that the entire range of threshold
values below the noise level produces statistically sim-
ilar outcomes in peptide and protein identification.

To find the “optimal” setting, other factors may be
considered. For example, a user may avoid setting the
threshold value extremely low (well below the noise

100 1000

1.00E+02
1.00E+03
1.00E+04
1.00E+05
1.00E+06

100 1000

1.00E+02
1.00E+03
1.00E+04
1.00E+05
1.00E+06
1.00E+07

of the precursor ions for three replicate experiments
a function of threshold trigger values.
S/N)
level). This would only result, according to the data in
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Tables 1 and 3, in a marginal increase in the number of
spectra acquired, without a corresponding increase in
the number of identifications. Since there are no benefits
in acquiring low-quality, unidentifiable spectra, and
there are potential drawbacks (additional storage and
perhaps additional data filtering required, depending
on the bioinformatics pipeline), we conclude that a
threshold value set at or very close below the noise level
should be optimal.

Second, the overall high-throughput shotgun pro-
teomics performance of the LTQ analyzer is comparable
to that of the more sophisticated Orbitrap analyzer. The
main advantage of the LTQ is its higher scan speed,
which allows it to acquire �20% more spectra. All other
things being equal, the LTQ would identify more pep-
tides compared with the Orbitrap. Supplementary Ta-
ble 1 shows the results of the mock analysis of the
Orbitrap-LTQ dataset, in which the high mass accuracy
of the Orbitrap was ignored, and the data were ana-
lyzed using the same parameters and conditions as
those for LTQ data. The number of spectra, peptides,
and proteins identified was indeed significantly lower
than those for the LTQ analysis.

However, the high mass accuracy of the Orbitrap
allows it to confidently identify peptides with very low
correlation scores. Figure 6 shows the distribution of
crosscorrelation-based Z-scores [15] and mass deviation
values for peptide matches to spectra whose precursors
were isolated in the Orbitrap analyzer. The Orbitrap
confidently identifies many peptides whose database
searching scores are poor, but whose theoretical masses
are within a few ppm of the experimental values (the
bottom end of the high-confidence region). Since the
discriminant analysis on the Orbitrap data uses an extra

Table 3. Statistical analysis of the effect of threshold values for
spectra and number of identified spectra, peptides, and proteins.
between threshold levels (P � 0.05). The identification performan
threshold level for the LTQ, and the 1e5 threshold level for the O

(a)

Threshold value
Number of

acquired spectra
Numb

identified

1e1versus1e2 0.62 0.90
1e2versus1e3 0.28 0.074
1e3versus1e4 0.073 0.22
1e4versus1e5 0.00052 0.001

1e5versus1e6 0.0000050 0.000

1e6versus1e7 0.0014 0.000

(b)

Threshold value
Number of

acquired spectra
Numb

identified

1e1versus1e2 0.76 0.56
1e2versus1e3 0.91 0.49
1e3versus1e4 0.0075 0.27
1e4versus1e5 0.042 0.78
1e5versus1e6 0.000017 0.00

1e6versus1e7 0.000012 0.00
dimension (mass deviation), a lower database searching
score is needed to achieve a false discovery rate of less
than 0.5%. This advantage of the Orbitrap analyzer
allows it to close the gap with the LTQ analyzer. Table
2 and Figure 5 illustrate this comparison, showing that
the two instruments offer similar performance in high-
throughput peptide identification.

Conclusion

An evaluation of the effect of threshold setting to
trigger data-dependent acquisition has been performed
on a complex peptide mixture, using single dimension
liquid chromatography on an LTQ-Orbitrap mass spec-
trometer. In this study, we kept the experimental con-
ditions under a fixed standard protocol to focus on the
variation of a single parameter (the acquisition thresh-
old). However, it is important to note that other factors,
such as protein loading amount or concentration may
also affect the optimal instrument threshold, since the
signal-to-noise ratio (S/N) would depend on the sam-
ple concentration.

We analyzed the data by determining the number of
tandem mass spectra acquired, the quality of the spectra
obtained, the signal-to-noise ratio distribution, and the
number of peptides and proteins identified. We find
that the number of tandem mass spectra obtained is
relatively constant at threshold values set at or below
the noise level. This may reflect the fact that data-
dependent acquisition is attempting to acquire a tan-
dem mass spectrum at every opportunity. By examin-
ing the spectra in terms of both spectral quality
measures and signal-to-noise ratios, we observe that the
quality of tandem mass spectra is poorer at lower
threshold values. We find that the optimal threshold

e LTQ and (b) the Orbitrap: t-tests for the number of acquired
es listed in boldface show statistically significant differences
pectra, peptides, proteins) significantly changes above the 1e4
ap

f
ctra

Number of
identified peptides

Number of
identified proteins

0.19 0.21
0.20 0.79
0.22 0.067
0.00020 0.0072

0.000015 0.000018

0.0000017 0.000028

f
ctra

Number of
identified peptides

Number of
identified proteins

0.74 0.53
0.78 0.51
0.096 0.25
0.75 0.22
0.0020 0.0091

0.000038 0.000089
(a) th
Valu
ce (s
rbitr

er o
spe

7

0011

10

er o
spe

0016
setting for the best balance between the quantity and
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quality of spectra collected is at the respective noise
levels of the LTQ and Orbitrap analyzers. Finally, we
conclude that, for high-throughput protein identifica-
tion, the two analyzers perform similarly well: the
higher scan speed of the LTQ allows it to acquire more
spectra, while the higher mass accuracy of the Orbitrap
allows a higher proportion of the acquired spectra to be
correctly identified.
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