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Abstract
Design of experiments (DOE) was used to determine improved settings for a LTQ-Orbitrap XL to
maximize proteome coverage of Saccharomyces cerevisiae. A total of nine instrument
parameters were evaluated with the best values affording an increase of approximately 60%
in proteome coverage. Utilizing JMP software, 2 DOE screening design tables were generated
and used to specify parameter values for instrument methods. DOE 1, a fractional factorial
design, required 32 methods fully resolving the investigation of six instrument parameters
involving only half the time necessary for a full factorial design of the same resolution. It was
advantageous to complete a full factorial design for the analysis of three additional instrument
parameters. Measured with a maximum of 1% false discovery rate, protein groups, unique
peptides, and spectral counts gauged instrument performance. Randomized triplicate nanoLC-
LTQ-Orbitrap XL MS/MS analysis of the S. cerevisiae digest demonstrated that the following five
parameters significantly influenced proteome coverage of the sample: (1) maximum ion trap
ionization time; (2) monoisotopic precursor selection; (3) number of MS/MS events; (4) capillary
temperature; and (5) tube lens voltage. Minimal influence on the proteome coverage was
observed for the remaining four parameters (dynamic exclusion duration, resolving power,
minimum count threshold to trigger a MS/MS event, and normalized collision energy). The DOE
approach represents a time- and cost-effective method for empirically optimizing MS-based
proteomics workflows including sample preparation, LC conditions, and multiple instrument
platforms.
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Introduction

Mass spectrometry is at the intersection of several
proteomics workflows and the diversity of its user

base continues to expand. A consequence of the rising
popularity and importance of mass spectrometry (MS) in

biological research has been increasing demands on instru-
ment time and performance. Because the time and cost of
MS-based proteomics experiments are significant, the
efficient optimization and set-up of instrument parameters
remain of paramount importance when pushing the qual-
itative and quantitative limits of proteome analysis.
Although data quality in a proteomics experiment can be
defined multiple ways (e.g., proteome depth, biological
relevance, quantitative accuracy), experimental outcomes
are often dictated to varying degrees by common factors that
include sample preparation, sample fractionation and sepa-
ration, instrument settings, and post-acquisition bioinfor-
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matic platforms. Many MS proteomics laboratories, includ-
ing our own, have a preferred method(s) for MS inter-
rogation, but lack systematic studies to justify the overall
optimization of the instrument method. Initiatives from the
Human Proteome Organization (HUPO) Proteomics Stand-
ards Initiative and Clinical Proteomic Technology Assess-
ment for Cancer (CPTAC) have focused on improving the
reproducibility of proteomics measurements within and
between laboratories by advocating the use of benchmark
proteome standards. Recent studies from researchers directly
involved with these initiatives have shown interesting results
for measuring the performance of liquid chromatography
(LC) and MS instrumentation [1], evaluating LC-MS
interlaboratory performance [2], and reproducibility in
generating protein identifications by LC-MS [3]. However,
thus far these initiatives have not focused on MS instrument
parameter optimization; rather, they have allowed each
laboratory to use a “favorite method” or a standard operating
protocol method. Limited investigations of high resolving
power MS instrument parameters exist in demonstrating
maximum instrument response [4–7] and, furthermore, a
large-scale investigation of MS instrument parameters for
increased proteome coverage is absent. Herein, we report
results from our efforts to systematically and efficiently
explore nine MS instrument parameters on a LTQ-Orbitrap
XL gauging instrument performance using several proteomic
metrics for the analysis of Saccharomyces cerevisiae.

An efficient method for investigating the effects of
several MS parameters is fractional-factorial design
(FracFD), which generates an experimental framework for
evaluating several variables (93) in less time than more
conventional approaches such as full-factorial design
(FullFD) [8, 9]. FullFD investigates one variable at a time
and usually at several different values/levels to accomplish
experimental objectives. A recent example of this approach
was reported by Raji et al. [10] for optimizing the response
of three synthetic peptides on two electrospray ionization
(ESI) MS instruments. However, as the number of exper-
imental variables increase, the process becomes more time
consuming and costly. For example, an experiment with n
variables/factors at two different levels requires 2n experi-
ments. As previously proposed by Riter et al. [9] as an
effective tool for mass spectrometrists, FracFD provides a
more efficient experimental approach or design of experi-
ments (DOE) in which a carefully chosen subset of experi-
ments is performed simultaneously evaluating variables at
two levels. These two levels, a maximum and minimum for
continuous variables or two categories for categorical
variables, are most beneficial to the DOE platform analysis
if they are selected based upon experimental or literature
reference. It is common to perform one-fourth to one-eighth
the number of full-factorial experiments in a FracFD
significantly reducing the time of analysis. Recently our
group successfully employed the FracFD DOE platform
reducing experimental time and cost for the development of
an air amplifier to increase MS-ion abundance [11] and for

the optimization of sample preparation conditions to
improve the MS detection of glycans [12].

In an effort to empirically justify the settings for several
MS parameters in a standard shotgun LC-MS/MS experi-
ment, we examined the responses of a total protein digest of
S. cerevisiae as a function of nine LTQ-Orbitrap MS/MS
instrument parameters in two DOE experiments. The
proteomic metrics (i.e., responses) used to assess the
significance of each parameter were: (1) total number of
protein groups (one or more proteins identified with the
same peptides and unable to be distinguished as unique); (2)
unique peptides; and (3) spectral counts, and these offer
quantitative feedback for the analysis of a tryptic digest of S.
cerevisiae. The mass accuracy of the resultant peptides was
not employed as a metric due to the outcome of database
searching with different MS tolerances (±1–10 ppm). It was
demonstrated that as the MS tolerance was increased, there
was an initial gain in the number of proteins identified
followed by very little variation in the number as the
tolerance was opened (see Supplementary Figure 1). The
first two responses demonstrate the proteome and protein
coverage and consider database redundancy. Regarding
protein quantification, label-free spectral counting affords a
relative measurement of protein concentration by comparing
the number of resultant MS/MS spectra from peptides
associated with a specific protein [13–17]. The most
advantageous instrument method would afford the highest
number of total spectral counts with reproducibility main-
tained over S. cerevisiae replicate analyses. S. cerevisiae has
a sufficiently complex and highly characterized proteome,
and was the first organism with a complete annotated
database of the complete proteome [18]. It is one of the
most extensively analyzed organisms in proteomics research
spanning the analysis of MS instrument technologies [19–
26] to efforts evaluating global protein expression [24, 27–
31]. While this investigation utilizes the entire S. cerevisiae
proteome, we were only concerned with the relative changes
in proteome coverage and the sensitivity of the measure-
ments to detect change and reveal significant variables. The
DOE method described herein represents a viable strategy
for moving forward with establishing proteomics as a robust,
reproducible, and translatable technique for researchers
spanning multiple disciplines of biological research and
technology development.

Experimental
Saccharomyces cerevisiae Sample Preparation

S. cerevisiae strain Y15696 (BY4742; MaTα; his3D1; leu2D0;
lys2D0; ura3D0; YIR034c::kanMX4), an auxotroph for lysine
due to the lys1 gene deletion, was acquired from EuroScarf
(Frankfurt, Germany). The experimental design analyzing the
yeast sample is illustrated in Figure 1 and described here in
more detail. The yeast was grown for 24 h in yeast peptone
dextrose broth at 30 °C to exponential-phase. The culture was
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harvested by centrifugation at 5000 rpm for 10min at 4 °C. The
cell pellet was washed in 50 mL of 50 mM Tris-HCl (Sigma-
Aldrich, St. Louis, MO, USA) and again subjected to
centrifugation as described above. The yeast cell pellet was
flash-frozen prior to lysis with mortar and pestle. The resulting
powder was reconstituted in 50 mM Tris-HCl. Following
centrifugation, cellular debris was removed as the supernatant
was collected. A modified Bradford Assay (Coomassie Plus
Assay) and a bicinchoninic acid assay, both products of Pierce
(Thermo Scientific, Rockford, IL, USA), were used to
approximate the total protein concentration. An in-solution
tryptic digestion was completed on ~1 mg of protein and is
briefly described here. Urea (Sigma-Aldrich) was added to
the yeast protein solution such that the final concentration
was 8 M. The denatured proteins were reduced by adding
a 100 mM dithiothreitol (DTT) (BioRad, Hercules, CA,
USA) solution to a final concentration of 5 mM followed
by a 30 min incubation at 56 °C. The solution was then
allowed to cool to room temperature followed with
alkylation by adding a 200 mM iodoacetamide (Sigma-
Aldrich) solution to a final concentration of 20 mM and
incubated for 30 min at room temperature in the dark. The
reaction was quenched with 100 mM DTT for 30 min and
then diluted with 50 mM Tris-HCl, such that the urea
concentration was 2 M. Proteins were digestion with
trypsin (Sigma-Aldrich) at a 1:50 enzyme:substrate ratio
and allowed to proceed overnight at 37 °C. Formic acid
(Sigma-Aldrich) was added to the peptide solution present
as 1% of the volume. The sample was aliquoted into
multiple identical fractions (by volume) and dried under
reduced pressure prior to storage at –20 °C.

NanoLC-LTQ-Orbitrap MS/MS Analysis

A nanoLC-1D (Eksigent Technologies, Dublin, CA, USA)
was coupled to a LTQ-Orbitrap XL (Thermo Scientific, San
Jose, CA, USA) via a continuous, vented column config-
uration described previously [32]. Both the trap and
analytical columns were self-packed with Magic C18AQ
stationary phase (5 μm particle, 200Å pore) (Michrom
Bioresources, Auburn, CA, USA) utilizing a pressurized
cell. Mobile phase A and B were composed of water/
acetonitrile/formic acid (98/2/0.2% and 2/98/0.2%, respec-
tively). The solvents (Burdick and Jackson, Muskegon, MI,
USA) were HPLC-grade and the formic acid (Sigma-
Aldrich, St Louis, MO, USA) was MS-grade. Two μL of
yeast digest (100 ng/μL in 50 mM Tris-HCl pH 8.0) was
loaded onto the trap column followed by washing with
approximately 10 column washes with 2% B from Channel
1 flowing at 1.5 μL/min. The following gradient was applied
at a flow-rate of 350 nL/min: 2% B (0–5 min), 2%–10% B
(5–7 min), 10%–40% B (7–67 min), 40%–90% B (67–
68 min), 90% B (68–78 min), 90%–2% B (78–80 min), 2%
B (80–85 min). A new reconstituted sample was loaded
every eight sample injections for analysis. Details of the
LTQ-Orbitrap XL instrument settings and pertinent compar-
isons will be provided in Results in Discussion (vide infra)
and Supplementary Tables 1 and 2.

Data Analysis

Shotgun proteomics data generated during this study was
searched against a concatenated target-reverse S. cerevisiae
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Figure 1. The experimental workflow investigating LTQ-Orbitrap MS/MS instrument parameters anticipating the increase of
proteome coverage. JMP software afforded the generation of experiments for nanoLC-LTQ-Orbitrap MS/MS investigation of
the tryptic digest of S. cerevisiae. Following data processing with the MASCOT and ProteoIQ platform, the results were
provided for DOE analysis with JMP demonstrating significant variables
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database (Uniprot ver. 4932) created with Bos taurus trypsin
sequence, and Homo sapiens keratin and keratin related
proteins using Mascot Daemon (ver. 2.2.2, Matrix Science,
Boston, MA, USA) to batch process files, Mascot Distiller
(ver. 2.2.1.0, Matrix Science, Boston, MA, USA) to generate
peak lists, and then Mascot (ver. 2.3.01, Matrix Science,
Boston, MA, USA) to perform the searches. Carbamido-
methyl (C) was set as a fixed modification and deamidation
(N and Q) and oxidation (M) were set as variable
modifications. Additional search settings included a max-
imum of 2 missed cleavages, peptide tolerance of ±5 ppm,
and MS/MS tolerance of ±0.6 Da. Protein grouping,
statistical filtering, and quantification (spectral counts) of
the Mascot DAT files were accomplished using ProteoIQ
(ver. 1.5.05, BioInquire, Athens, GA, USA) that utilizes a
combination of Peptide/Protein Prophet [33, 34] and
ProValT [35]. One ProteoIQ project was created for each
DOE FracFD or FullFD method (32 projects for DOE 1 and
11 projects for DOE 2) and the data was filtered based on a
maximum 1% protein false discovery rate (FDR).

The number of protein groups, total spectral counts, and
unique peptides for each replicate as a function of the 9
LTQ-Orbitrap XL instrument parameters are shown in
Supplementary Tables 3 and 4. These measurements (i.e.,
responses) were used to generate the outcome for the DOE
screening data analysis in JMP 8.0.2 (SAS Institute, Inc.,
Cary, NC, USA) as illustrated in Figure 1. Half normal
quantile probability plots, the complementary bar graphs,
and statistical measurements afforded presentation of influ-
encing factors.

Results and Discussion
Previous S. cerevisiae LTQ-Orbitrap MS/MS
Analysis

S. cerevisiae has been used as a MS performance standard
evaluating the performance of several laboratories with
equivalent instrument platforms and bioinformatics [2].
Paulovich et al. [2] provides a reference S. cerevisiae dataset
to the MS community for opportunity to evaluate the
performance of LTQ and LTQ-Orbitrap MS/MS instruments
with the S. cerevisiae NIST performance standard. The
laboratories included in this study were requested to employ
a “favorite” instrument method as well as a standard
operating protocol with both applying a 2 h gradient for
instrument performance analysis. While the instrument
methods were not optimized, Paulovich et al. [2] describes
that this investigation allows for laboratories to compare
instrument performance and expand upon the development
of optimized methods for analysis. Resultant data was
processed with MyriMatch [36] as the bioinformatic plat-
form and the absolute number of proteins and peptides
identified were used as a measure of performance.

Although we requested but were unable to acquire the
NIST performance standard for use in our LTQ-Orbitrap

MS/MS instrument parameter investigation, their RAW data
files were attainable through ProteomeCommons.org for
data sharing. As a rough comparison of the analysis to our
own, a dataset was randomly selected in which 120 ng of the
yeast sample was loaded on the column (Orbi2_study8_-
W080923_yeast_120_ft8_pc in triplicate analysis). Process-
ing the RAW data with the more commonly employed
Mascot bioinformatic platform combined with ProteoIQ, as
described vide supra, resulted in 1088 protein groups, 7707
unique peptides identified, and 19,790 spectral counts.
While this output exceeded our best results by approx-
imately 2-fold, several differences are apparent between the
studies, and instrument method deviations are detailed in
Supplementary Table 2.

One of the more significant differences in experimental
conditions in comparison to Paulovich et al. [2] is analytical
separation. Paulovich et al. [2] employs a 2 h gradient
whereas our methods employ a 1 h gradient. The reason for
a reduced gradient length in our study was attributed to the
nature and size of the DOE studies and the fact that we were
primarily interested in relative changes in proteome cover-
age, not in setting new records in numbers of proteins
identified. This difference in gradient length is evidenced to
influence the peak capacity and consequently analyte
separation and detection [37, 38]. An extended gradient
decreases the probability of species overlapping, and there-
fore reduces complexity as the analyte assumes MS
detection supporting an increase in protein identifications.
Second, a direct comparison of methods would require
access to the NIST yeast standard.

DOE 1

Requiring only half the number of experiments and
consequentially half the time (32 in triplicate versus 64 in
triplicate), DOE 1 afforded the analysis of six factors (see
Table 1) demonstrating effective variables by a FracFD
platform. These six factors were of great interest to our
group attributable to the curiosity in MS data acquisition and
empirically demonstrating factors contributing to the data
quality and quantity. Half normal quantile probability plots
and the corresponding bar graphs were generated by JMP
affording a demonstration of influencing factors as a
function of 3 responses (see Figure 2). It is clearly evidenced
that the monoisotopic precursor selection (MIPS) function
and the ion trap (IT) maximum ionization time, also known
as maximum injection time, are significant variables; the
large absolute value of the contrast and the Lenth t-ratio, and
the almost zero p-Value exhibit the influence of these
parameters. The negative contrast values indicate that the
first item specified for the categorical factor (on for MIPS)
and the minimum value for the continuous factor (80 ms for
IT maximum ionization time) afford the greatest influence in
proteome coverage and spectral counts. MIPS affords the
selection of only the monoisotopic peak, while excluding all
other peaks in the same isotopic distribution, and as
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evidenced, significantly effects proteome coverage. As
expected, IT maximum ionization time greatly influences
the responses as the interplay between shorter maximum
ionization times and the automatic gain control target
(AGCTarget) allows for more MS/MS events to occur
between precursor ion scans, and accordingly a greater
number of available peptide sequences subjected for
identification. Longer maximum IT ionization times may
time out when little to no signal is present in the analysis
not reaching the AGCTarget and wasting time between the
precursor ion scans. Consequently with the shorter IT
maximum ionization time favored, the number of MS/MS
events, while considered not significant for number of
proteins identified, was most effective when set to 8
events. As a result of a personal communication, the
AGCTarget for both the ion trap and Orbitrap were not
evaluated in this DOE investigation, but maintained at 8×
103 and 1×106, respectively [39].

It is evidenced that dynamic exclusion (DE) duration
influences the number of spectral counts [40], and can affect
the proteome coverage of investigation. More abundant
peptides eluting off the column over a broader chromato-
graphic peak will inherently have more opportunities for MS
interrogation depending on the exclusion time period. DE
duration, as displayed in Figure 2a and b, appears to be a
significant variable; however, both the minimum and
maximum values are favored depending on the response.
The maximum factor value for DE duration, 180 s, generates
an increased number of protein groups identified. The MS
selects ions for interrogation by abundance, excluding ions
for 180 s gives rise to MS interrogation of lesser abundant
ions over a 3 min period versus that of a shorter time period
and, consequently, a greater variety of species have the
opportunity for MS/MS analysis. Spectral counts as a
response (see Figure 2c), the minimum factor value, 30 s,
affords a greater output due to shorter exclusion periods of
highly abundant species and not as demanding of the
interrogation of lower abundant species. Normalization
efforts will facilitate direct comparisons in quantification,

but it is important to acknowledge these results when
investigating a sample with a large dynamic range.

Two factors with minimal if any contributions towards
the responses, minimum count threshold and resolving
power (RP) of the precursor survey scan, appear to fall
closely to the limit of significance in response towards the
number of unique peptides identified (Figure 2b). In the
instance of minimum count threshold, the absolute value of
the Lenth t-ratio is just outside the commonly significant
value of two. Also, the individual p-value falls close to the
0.05 significance limit. This factor, minimum count thresh-
old to trigger a MS/MS event, establishes the minimum
amount of signal required for an ion to be selected for a MS/
MS event. In principle, a larger value would instigate MS/
MS interrogation of more abundant ions potentially generat-
ing higher quality mass spectra. When deemed a significant
variable (see Figure 2b), a value of 500 counts is most
effective for the minimum count threshold, still the factor
does not greatly influence the proteome coverage or spectral
counts. Yates and coworkers extensively evaluated the
minimum count threshold and demonstrated similar results
generating no significant difference in the number of protein
identifications at comparable threshold values [41]. The last
factor, RP, did not significantly increase proteome coverage;
however, the bar graphs suggest that a resolving power of
30,000fwhm at m/z 400 may contribute to increased proteome
coverage as opposed to 60,000fwhm. The instrument method
from DOE 1 generating the best response data employed a
RP of 30,000fwhm at m/z 400 (see Table 2a). The maximum
RP, and as a consequence the potential for increased mass
accuracy, does not necessarily contribute to increased
protein identifications and Kim et al., who systematic
evaluated resolving power in shotgun proteomic experi-
ments, also demonstrated limited gain in protein identifica-
tions when comparing maximum RP [42].

The resolution of FracFD, or degree of confounding, is
specified prior to creation of the screening design table
influencing the number of experiments required for analysis
and the possible number of aliasing effects. For our purposes

Table 1. Six factors were included in DOE 1 for the analysis of improved proteome coverage by nanoLC-LTQ-Orbitrap MS/MS. The settings used for
previous MS analysis are included followed by the minimum (Min.) and maximum (Max.) factor values included in the DOE FracFD, and rationale behind the
selection of the instrument parameters

Factor Previous Settings Min. Max. Motivation

Ion Trap Ionization Time (ms) 400 80 400 More proteins identified with 80 ms and 8×103 AGCTarget than 100 ms
and 1×104 AGCTarget (unpublished data) [37].

Dynamic Exclusion Duration (s) 30-180 30 180 This duration effects spectral counting [38]. What length produces the best
data and least variation?

# Tandem MS Events 3-8 3 8 How many events can occur at the specified resolving power? Does
resolving power or # MS/MS events control the sequence of events?

Min. Count Threshold 500 500 2500 At a higher value, will the ion be selected for MS/MS when it is eluding
closer to the apex of the chromatographic peak? At a lower value will
less abundant species be selected?

Resolving Power in FT 60,000 30,000 60,000 Does a lower resolving power (i.e., faster duty cycle) provide equivalent
protein identifications?

Monoisotopic Precursor Selection Off On Off Is this an important factor; will this parameter increase or reduce the
number of proteins identified?
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we selected a resolution of five, which afforded no
confounding effects, equivalent to the resolution of a
FullFD, though requiring only half the number of experi-
ments and, hence, half the time. This type of resolution

affords the realization of significance of each variable on the
data whether or not the variables interact with each other [9].
As displayed in Figure 2, confounding factors are specified
in the analysis and recognized as significant variables.
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Figure 2. Half normal quantile probability plots and corresponding bar graphs for each response for the determination of
significant variables for DOE 1 FracFD. The half normal quantile curves (blue line) in each plot represent the normal distribution,
and data points greatly deviating from the curves and with the appropriate statistical measurements indicate a significant
variable. Those factors in the red hashed circle are significant variables. The contrast, Lenth t-ratio, and individual p-Value are
different statistical measurements concluding the significance of each factor. The Lenth t-ratio is calculated by dividing the
contrast value by the Lenth pseudo-standard error which is an estimate of error based on the inactive effects and generated
with each half normal plot [43]. The vertical blue lines on the bar graphs represent the default cutoff p-Value (0.05) for indication
of the degree of significance of each parameter. The plots and bar graphs are organized by response as follows: (a) # protein
groups; (b) # unique peptides; and (c) # spectral counts
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However, due to the resolution specified for DOE 1,
confounding factors can be confirmed as significant or
insignificant based on the results of the individual factors.
This confounding provides a glimpse of possible signifi-
cance of interacting factors of DOE 1 analysis had a
resolution of five not been performed. Most half normal
plots in Figure 2 contain IT maximum ionization time

confounded with MIPS, but it is clear that each individual
factor and not just the confounding nature cause the
variables to be significant towards the response.

While six instrument parameters were included in DOE 1,
the setting for a seventh instrument parameter was also
suggested from the investigation. ProteoIQ affords output of
peptide discriminant value distributions gauging probability
[33] as illustrated in Figure 3. Figure 3 represents discrim-
inant value plots for the DOE 1 instrument method
producing the most protein identifications (see Tables 2a
and b for factor and response data), and Supplementary
Figure 2 represents discriminant value plots for the DOE 1
instrument method producing the least protein identifications
(see Tables 3a and b for factor and response data). Both
figures conclude that peptides in the 2+ charge-state yield
more positive peptide identifications versus 3+ or 4+ charge-
state peptides. As mentioned in Supplementary Table 1, 1+
and unassigned charge-states are rejected from MS/MS
analysis. Attributable to discriminant value distribution
plots, peptides with charge-states 93+ appear to be consum-
ing available MS/MS interrogation without giving rise to
peptide identification, and accordingly charge-state 4+ may
also be rejected. Although Figure 3 and Supplementary
Figure 2 suggest that 2+ charge-state peptides are predom-
inately observed and identified, further investigations are

Table 2. Factor and response values for DOE 1 method generating the most
protein identifications with ProteoIQ. (a) As demonstrated through the half
normal plots and bar graphs for DOE 1 (Figure 2), this instrument method
contains the appropriate settings for the significant variables and was set to
the maximum factor value for the insignificant variables. (b) The response
data for each replicate that was entered into the JMP screening design table

a Factors
Instrument Parameter Setting
IT Ionization Time (ms) 80
DE Duration (s) 180
# MS/MS Events 8
Min. Count Threshold 500
RP in FT 30,000
MIPS On
b Responses
Result Rep 1 Rep 2 Rep 3 Total
# Protein Groups 364 414 396 490
# Spectral Counts 3259 3934 3726 10919
# Unique Peptides 1165 1457 1352 3974
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Figure 3. ProteoIQ output of peptide discriminant value distributions for the instrument method that generated the most
protein identifications. The number of peptides is plotted versus the discriminant value or the measurement of peptide
assignment accuracy. The observed values, predicted positive, and predicted negative data are included in each plot. (a) All
peptides, (b) 2+ charge-state peptides, (c) 3+ charge-state peptides, and (d) 4+ charge-state peptides are included for
comparison as a function of confident peptide identification. It is desirable to have the greatest area overlap of the observed
and predicted positive values
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necessary to evidence if only 2+ charge-state peptides
should be selected opposed to 2+ and 3+ peptides. Overall,
the instrument method resulting in the most protein
identifications for DOE 1 (Table 2a) resulted in 490
confident (maximum 1% FDR) protein groups and 3187
unique peptides from triplicate analysis (see Table 2b), while
the method resulting in the least protein identifications for
DOE 1 (Table 3a) resulted in 238 protein groups and 1694
unique peptides (see Table 3b). Evaluating LTQ-Orbitrap
MS/MS instrument parameters afforded the improvement in
instrument response by roughly 2-fold.

DOE 2

An additional DOE investigation (DOE 2) was initiated
following DOE 1 data processing in order to further the
investigation of instrument parameters. DOE 2 evaluated
normalized collision energy (NCE), tube lens voltage, and
capillary temperature (see Table 4) for increased proteome
coverage using the S. cerevisiae tryptic digest. Vide infra,
our curiosity in the interplay of these factors with the
resultant number of proteins identified, lead to the selection
of parameters. NCE provides a level of energy for peptide
fragmentation in the LTQ, and it is crucial to select a value
in which the species is sufficiently fragmented; too little

NCE will result in no fragmentation, while too much NCE
may over-fragment the peptide limiting sequence informa-
tion and complicating the MS/MS spectra through gener-
ation of wn and dn side chain fragment ions and internal
fragment ions. Within the Xcalibur software, the default
setting for NCE is 35, however Paulovich et al. [2]
employed a NCE of 28 and limited to no empirical evidence
in this selection contribute to our curiosity in altering the
NCE. The tube lens voltage directs ions into the ion guide
which is offset from the orifice of the detector. The redirection
of ions prevents neutral species from accumulating in the MS.
This voltage may be a function of the molecular weight and
charge as our group has assessed a tube lens value of 120 V for
N-linked glycans (unpublished data) and variation of tube lens
voltage for intact proteins influenced by the molecular mass
(unpublished data). The capillary temperature influences the
desolvation and other associated properties of the electrospray
droplets as they travel from the ESI emitter towards the orifice
of the MS and form gas-phase ions.

The equivalent motivation and experimental workflow
was followed as illustrated in Figure 1, and the parameters
producing the greatest number of protein identifications
from DOE 1 were used (see Table 2 and Supplementary
Table 1). Whereas a resolution of five for DOE 1 was
accomplished in half the number of experiments as a
FullFD, DOE 2 required a FullFD to accomplish the same
resolution. To make for a more complete experimental
design, three additional experiments were included in DOE 2
reflecting the instrument parameter settings employed for the
best responses from DOE 1, as well as midpoints for tube
lens (120 V) and capillary temperature (187 °C) such that
time permitted (see Table 4).

Eleven experiments in triplicate were completed resulting
in half normal probability plots and bar graphs produced by
JMP. Figure 4 exhibits that the tube lens voltage is a
significant variable for all responses (Figure 4a, b, and c)
and capillary temperature is a significant variable for two
responses (Figure 4a and b). The bar graphs reveal that the
minimum value for tube lens voltage (100 V) and capillary
temperature (150 °C) are preferred for increased response.
Tube lens voltage contributes to the identity of the species
allowed to be directed towards the MS detector and this
analysis reveals a lower voltage than previously employed is
favored. Capillary temperature alters the droplet desolvation

Table 3. Factor and response values for DOE 1 method generating the
least protein identifications with ProteoIQ. (a) Comparing to the
instrument method that generated the most protein identifications, the
opposite parameter settings yielded the least response. Of the total
proteins identified in DOE 1, less than half were identified using this set
of parameters. (b) The response output for the replicate data which was
used for DOE 1 analysis

a Factors
Instrument Parameter Setting
IT Ionization Time (ms) 400
DE Duration (s) 30
# MS/MS Events 3
Min. Count Threshold 2,500
RP in FT 60,000
MIPS Off
b Responses
Result Rep 1 Rep 2 Rep 3 Total
# Protein Groups 170 190 180 238
# Spectral Counts 1547 1958 1720 5225
# Unique Peptides 458 564 514 1536

Table 4. Three factors were included in DOE 2 for a more complete nanoLC-LTQ-Orbitrap MS/MS parameter analysis. Similar to Table 1, the previous
instrument setting, minimum and maximum factor values, and motivation driving the investigation are included. Also, there is indication of a midpoint value if
one was used

Factor Previous Settings Min. Max. Motivation

Normalized Collision Energy (%) 35 28 35 The instrument default value was set to 35%. The SOP for the interlaboratory
yeast study set NCE to 28%. It is possible that the species were too
fragmented resulting in reduced identifications.

Capillary Temperature (°C) 150-250 150 225 Does this parameter significantly alter the number of confident protein
identifications? Midpoint=175 °C

Tube Lens (V) 80-150 100 140 What is the “sweet spot” value for the LTQ Orbitrap with this yeast sample?
Midpoint=120 V
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rate, and the minimum temperature favored suggests a rate
limiting thermal degradation and charge stripping which
would be exist if the temperature was too high. As with
DOE 1, confounding factors are represented as significant
factors; however, attributable to the resolution, any aliasing
can be evaluated based on the individual factors. The
instrument method investigated in DOE 2 providing the
most protein identifications is presented in Table 5a while
the response data from the triplicate analysis is presented in
Table 5b. As demonstrated in the systematic characterization
of LTQ-Orbitrap MS/MS instrument parameters in DOE 1,
DOE 2 resulted in increased responses. A total of 570
protein groups were confidently identified in DOE 2, which
is an increase of 80 protein groups over the best results from
DOE 1 affording roughly 20% more proteome coverage.

(a) Response: # Protein Groups (b) Response: # Unique Peptides
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Figure 4. Half normal quantile probability plots and corresponding bar graphs for each response demonstrating the
significance of each factor in DOE 2 FullFD organized equivalent to Figure 2. Those factors that deviate from the half normal
quantile curve (blue line) and within the red hashed circle are significant variables

Table 5. Factor and response values for DOE 2 instrument method
generating the greatest number of protein identifications. (a) Based on the
half normal plots and bar graphs for DOE 2 (Figure 4), the capillary
temperature and tube lens in this method reflect the largest protein
identification response as described by the triplicate analysis (b)

a Factors
Instrument Parameter Setting
Normalized Collision Energy (%) 35
Tube Lens (V) 120
Capillary Temperature (°C) 175
b Responses
Result Rep 1 Rep 2 Rep 3 Total
# Protein Groups 436 424 436 570
# Spectral Counts 3430 3180 3313 9923
# Unique Peptides 1358 1242 1332 3932
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Conclusions
The DOE platform afforded a systematic approach
investigating large experimental space for the analysis
of 9 LTQ-Orbitrap MS/MS instrument parameters. Var-
iables and their settings of significant influence to most
instrument responses in DOE 1 included 80 ms IT
maximum ionization, MIPS on, and 8 MS/MS events. In
DOE 2, a capillary temperature of 175 °C and a tube
lens value of 120 V afforded the best instrument
response. Overall improvement to the instrument method
afforded 570 protein groups with the best DOE 2 method
employed versus 238 protein groups with the worst DOE
1 method. The proteome coverage increased approxi-
mately 60%, performing approximately 75% of the total
experiments required for a FullFD.

Here it is evidenced that LTQ-Orbitrap MS/MS
parameters influence the resultant data (see Supplemen-
tary Table 1 for full detailed parameter settings).
Significant improvement was realized from this evalua-
tion, and optimization for individual instruments and
conditions may be required. The objective of these initial
DOE studies was to demonstrate the significance of each
variable for improved proteome analysis. Whereas the
minimum or maximum value was determined as an
improvement, depending on the condition or type of
high resolution MS, each MS instrument is unique, and
this investigation will provide a proven foundation with
which to begin optimization for increased proteome
coverage. Modifications to the nanoLC and bioinformatic
platforms also merit investigation and may contribute to
increased proteome coverage.
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