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Abstract
Multiple reaction monitoring (MRM) is a highly sensitive method of targeted mass spectrometry
(MS) that can be used to selectively detect and quantify peptides based on the screening of specified
precursor peptide-to-fragment ion transitions. MRM-MS sensitivity depends critically on the tuning
of instrument parameters, such as collision energy and cone voltage, for the generation of maximal
product ion signal. Although generalized equations and values exist for such instrument parameters,
there is no clear indication that optimal signal can be reliably produced for all types of MRM
transitions using such an algorithmic approach. To address this issue, we have devised a workflow
functional on both Waters Quattro Premier and ABI 4000 QTRAP triple quadrupole instruments that
allows rapid determination of the optimal value of any programmable instrument parameter for each
MRM transition. Here, we demonstrate the strategy for the optimizations of collision energy and
cone voltage, but the method could be applied to other instrument parameters, such as declustering
potential, as well. The workflow makes use of the incremental adjustment of the precursor and
product m/z values at the hundredth decimal place to create a series of MRM targets at different
collision energies that can be cycled through in rapid succession within a single run, avoiding any
run-to-run variability in execution or comparison. Results are easily visualized and quantified using
the MRM software package Mr. M to determine the optimal instrument parameters for each transition.
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Introduction
Multiple reaction monitoring (MRM) is a targeted mass spectrometry (MS) technique that
allows the detection and quantification of specific molecules in a complex mixture. MRM-MS
has been cited as an alternative to antibody-based studies for biomarker verification due to its
throughput, selectivity, and sensitivity.1,2 MRM-MS has been used successfully to target small
molecules,3–5 drug metabolites,6,7 and phosphopeptides.8 Quantitative measurements have
also been performed in human serum with limits of detection reported in the nanogram per
milliliter (ng/mL) or subnanogram per milliliter (subng/mL) range.9,10

MRM-MS employs tandem quadrupoles to select for specified transitions from precursor
peptides to product ions. Individual peptides in the entering ion beam are selected based on
mass-to-charge ratio (m/z) by the first quadrupole mass filter and fragmented by collision-
induced dissociation (CID) in the second quadrupole. The resulting fragments are then
transferred to the third quadrupole, which selectively detects product ions at specified mass-
to-charge ratios. The high selectivity of the tandem filters and the long dwell time afforded by
the method permit considerable sensitivity and multiplexing.

MRM-MS sensitivity is dependent upon the appropriate tuning of instrument parameters such
as collision energy (CE), cone voltage (CV), and declustering potential in order to generate
optimal peptide fragmentation and maximal transmission of the desired product ions. The
determination of the optimal values for such parameters, however, is still quite empiric. The
typical approach for triple quadrupoles employs a data-derived function for collision energy
that is linearly proportional to precursor m/z and uses a constant, global value for cone voltage.
11,12 While useful as a general rule, this approach may fail to produce the maximum signal
under the wide variety of conditions encountered in MRM experiments. Because bond
formation depends on peptide residue content and proton mobility,13–16 particular residues or
residue combinations in tryptic peptides may not generate the maximum response when
fragmented under generalized conditions. In addition, b-type ions tend to undergo secondary
fragmentation during transit through the second quadrupole and may require collision energies
that are individually optimized.17,18 Peptides with added basicity and limited proton mobility,
such as those resulting from missed tryptic cleavage or use of a proteolytic enzyme other than
trypsin, may also require collision energies that are far from those employed for the typical
tryptic peptide. Finally, the instrument parameters for optimal signal response may not be stable
over time for a given ion; variations in gas pressure or drift in instrument voltages may alter
even an optimized equation, requiring periodic calibrations.

We have performed two MRM-MS experiments to demonstrate the ease of optimization of
any programmable instrument parameter for a given set of precursor–product pairs in a single
run. In both experiments, we used a set of 90 transitions from 22 triply charged peptides from
a standard protein mixture to investigate how well the peptides obeyed the generalized
instrument parameters. In the first experiment, we varied the collision energy by ±6 V relative
to the equation-derived value, and in the second experiment, we varied the cone voltage by ±6
V relative to a constant default value. Since multiple entries for a single precursor–product pair
are normally not allowed in an MRM experiment, this variation of parameter values was
accomplished by subtly adjusting the precursor and product m/z values enough to make a single
precursor–product target repeated at multiple collision energies or cone voltages appear to the
instrument as multiple targets. With this approach, we enabled the analysis of multiple values
for a given instrument parameter in a single run. Data analysis was performed using the MRM
software package Mr. M (Single Organism Software Inc., Portland, OR) to easily and quickly
determine the optimal operational parameters.
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Methods
Preparation of ISB Standard Protein Mixture

A mixture of 18 proteins (Supplemental Table 1) was prepared as described.19 Briefly, 1 nmol
of each protein was dissolved in 20 mM, pH 8.0, ammonium bicarbonate with 0.05% SDS
added to a final concentration of 1 μM, reduced with 2.5 mM TCEP at 50 °C for 30 min, and
alkylated for 1 h with 10 mM iodoacetimide. The proteins were then digested by overnight
incubation at 37 °C with sequencing-grade trypsin (Promega, Madison, WI) at a 1:40 (w/w)
ratio. Samples were dried in a Speed Vac and cleaned up using a Waters (Milford, MA) Oasis
MCX cartridge per the manufacturer’s instruction. The final eluate was evaporated and
resuspended in 1 mL of 0.1% formic acid and 1% acetonitrile (ACN), in HPLC-grade water
(VWR, West Chester, PA).

Selection of MRM-MS Targets
A published MS/MS data set for the ISB standard protein mixture19 was searched using
SEQUEST (version 27) against a database containing the 18 standard proteins of interest and
known contaminating proteins appended to a Haemophilus influenzae decoy database
(parameters file and database available upon request). The resulting peptide identifications
were assigned probabilities using PeptideProphet,20 and all spectra for peptides with
probability ≥0.9 were included in the creation of a consensus spectral library using SpectraST.
21,22 From this spectral library, SpectraST was used to generate a list of potential MRM
targets, which was then filtered to contain only singly charged y-ion fragments greater than 3
amino acids in length generated from triply charged precursor peptides with no methionine
residues, no N-terminal glutamine residues, and no modified residues except for
carbamiodomethyl cysteine. It was also ensured that at least three transitions per peptide were
included in the list to facilitate confident peptide identification. From this list, the top 22
performing peptides were selected for the final analyses, corresponding to 12 different proteins
and a total of 90 transitions. This full MRM transition list is provided in Supplemental Table
2.

Reprogramming the Precursor and Product m/z Values
The initial list of 90 transitions was modified to incorporate seven versions of each transition
—corresponding to seven different collision energies or cone voltages—for a total of 630 MRM
targets. This was done using a simple Perl script (available upon request) that rounds each
precursor and product m/z to the nearest tenth, allowing the second decimal place of each value
to code for transition and collision energy (or cone voltage), respectively. The script then
programs the appropriate collision energy (or cone voltage) for each MRM target based on
user-specified values. In this case, the collision energies varied from 6 V less to 6 V more than
the equation-derived collision energy in steps of 2 V. The generalized CE equation, which was
provided by Waters and developed for doubly charged peptides, is given as:

The cone voltage variation run included voltages varied from 6 V less to 6 V more than the
previously determined optimal value of 36 V in steps of 2 V. To illustrate these modification
steps, an excerpt from the tab-delimited output of this script is provided and described in Table
1; the full transition list used for both the CE and CV optimization runs is given in Supplemental
Table 3.

Sherwood et al. Page 3

J Proteome Res. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mass Spectrometry
Data were acquired on a Waters Quattro Premier triple quadrupole coupled with a Waters
nanoAcquity UltraPerformance LC (UPLC) pump fitted with a Waters Symmetry 5 μm particle
diameter C18 180 μm × 20 mm trap column and a 1.7 μm particle BEH130 C18 100 μm × 100
mm analytical column. After loading and washing for 5 min with 0.1% formic acid in water
(buffer A), peptides were eluted using a linear gradient of 1–35% 0.1% formic acid in ACN
(buffer B) over 30 min at a flow rate of 300 nL/minute. Both the collision energy variation and
cone voltage variation lists were split into two runs each to ensure high-quality, quantifiable
elution curves would be acquired, resulting in a total of four MS runs. For all runs, the MS
instrument was operated in the positive mode. MS source conditions for all experiments were
evaluated for best response under positive mode nanoESI conditions by infusing a standard
solution on a regular basis. MS source parameters were as follows: capillary voltage, 2.9 kV;
cone voltage, 36 V (unless otherwise specified); source temperature, 90 °C; and cone gas flow
rate, 40 L/h at 4 psi. Nitrogen (99.998% purity, Airgas, Seattle, WA) and argon (99.999%
purity, Airgas) were used as the cone and collision gases, respectively. The dwell time for each
transition was 20 ms with a 5-ms interscan delay, a 5-ms interchannel delay, and a scan width
of 0 Da. Each run was scheduled using 32 segments and previously determined retention times
±1 min. Data acquisition for all experiments was carried out by Masslynx V4.1 software.
Acquired data files are available upon request.

Data Analysis with Mr. M
Data collected from the four MRM-MS runs were visualized, manually inspected, and
quantified using the Mr. M software package provided by Single Organism Software Inc.,
Portland, OR (see Supplemental Figure 1 for program layout). The MRM transition lists from
the aforementioned Perl script and the Masslynx raw files from the four MRM-MS runs were
loaded into Mr. M, and each transition was manually reviewed to ensure correct start and end
times of peak elution for accurate area under the curve (AUC) calculation. If after manual
review a transition was deemed unobservable, the AUC for the transition was reported as zero.
AUC was calculated in units of intensity · seconds using each point sampled within the elution
period of each measured transition to perform the quantification. Tab-delimited files reporting
the observed AUC for each transition were automatically generated and used to determine the
optimal CE and CV values.

Results and Discussion
We demonstrate the implementation of a method for collision energy or cone voltage
optimization on the Waters Quattro Premier triple quadrupole mass spectrometer with possible
application to instruments from other manufacturers. We sought to create an MRM-MS run
that successively collected data from the same transition while varying a voltage parameter
such as collision energy or cone voltage. Ideally, we would have liked to program the
instrument to successfully ramp the collision energy or cone voltage for the same precursor–
product pair; however, during a standard analysis, the CE and CV cannot vary for a single
pairing. To defeat this restriction, we used an in-house Perl script that alters the m/z value of
each precursor peptide and product ion by 0.01 to represent each change in transition and each
change in voltage, respectively. This effort yields a “family” of product ion scans from each
precursor–product pair that differ in product ion m/z by less than 1 m/z (see Table 1). For each
of these entries, the desired CE or CV value can be entered, enabling an effective CE or CV
ramp. Because the mass selection window of the triple quadrupole is ~1 m/z, the subtle
differences in the precursor and product ion masses have little impact on the quantity of product
ion reaching the detector. The end result of this programming strategy is to generate an MS
run in which the same precursor–product pair is sequentially dwelled upon with an increasing
CE or CV value. Because the switching time of the mass spectrometer (~10 ms) is much faster
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than the time scale of chromatographic peak elution (~15 s), the sequential scans produce
superimposable elution peaks that can easily be compared with one another graphically or in
a tabular format using the analysis portion of the MRM software package Mr. M. An example
of such an elution peak plot from Mr. M is given in Figure 1.

Using this technique, we have programmed CE and CV optimizations of 22 triply charged
peptides from a standard mixture of commercial proteins. Triply charged peptides were chosen
for this demonstration because default CE values were known to work poorly for this class of
targets, but this optimization method could be applied to any set of transitions. In the first
optimization, the collision energy was varied across a precursor m/z-dependent range of 12 V,
and in the second optimization, the cone voltage was varied across a constant range of 12 V.
Each analysis took 1 h to perform and produced optimal CE and CV values for each transition.
Excerpts from the tabular data from these analyses are provided in Tables 2 and 3, respectively,
and the full data sets are reported in Supplemental Tables 4 and 6, respectively. This
information is also reported in terms of the percent gain (or loss) in sensitivity for each CE or
CV value in Supplemental Tables 5 and 7. These tables show that the variation of CE produced
more substantial gains in signal than the variation in CV, with 59% of transitions experiencing
an increase in AUC greater than 30% for the best-performing CE relative to the default CE,
while only 35% of transitions experienced this level of increase for CV. A graphical summary
of the data is also provided in Figure 2. Most importantly, this tabular data clearly identifies
the optimal CE value and the optimal CV value to use for each individual transition, allowing
all of these transitions to be targeted in subsequent analyses with maximal sensitivity.

In addition to using the optimized CE and CV values for each transition directly, one can also
use these results to determine generalized equations or values for certain classes of peptides
or transitions to allow the extrapolation of optimal parameter values for transitions not
explicitly optimized in the analysis. In this case, we can use the optimization results to try to
determine CE and CV equations or values for triply charged peptides. The data from our
optimization runs suggest that cone voltage is fairly generalizable for this class of peptides, as
the large majority of transitions were optimized at the default CV (36 V) or 2 V less than the
default (34 V). The collision energy, however, is more difficult to generalize, as all seven of
the relative collision energies tested were optimal for approximately the same number of
transitions. This is not unexpected, since the default CE equation is linearly dependent upon
precursor peptide m/z. The optimal CE values determined by our analysis for each transition
were therefore plotted against precursor (Q1) m/z (Figure 3), and the data was fit with a linear
curve, yielding the equation

with an R2 value of 0.5238. Three major conclusions can be drawn from this CE generalization:
(1) the newly derived equation for collision energy exhibits a linear dependence upon precursor
m/z, as expected; (2) this equation is substantially different than the default CE equation,
suggesting that triply charged peptides indeed require optimization for CE that is different from
that used for the more typical doubly charged peptides; and (3) there is considerable variance
in the optimal collision energies, suggesting that further studies are required to identify the
peptide-specific parameters that determine which transitions follow the equation and which
require individual optimization. Further optimization experiments can then be performed—
using the same method described here—to elucidate more precise CE equations for any
identified subsets of transitions.
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Our strategy streamlines the determination of optimal instrument parameters for individual
MRM transitions. Although a simplistic, well-defined protein mixture was used for the
demonstration of this method, it works just as well for peptides within a complex background,
provided the concentration of the given peptide is within the detection limits of the mass
spectrometer. We have illustrated this functionality in a supplementary analysis in which we
performed a collision energy optimization of 40 transitions from 10 yeast peptides in a yeast
lysate (see the Supplemental Optimization in the Supporting Information). Using the
optimization technique described herein, we determined an optimal CE value for each of the
40 transitions, proving that the method is applicable to biologically relevant samples.
Additionally, although this optimization method was developed for the Waters Quattro
Premier, we have also successfully performed this same technique using the ABI 4000 QTRAP
(methods and data available in the Supplemental Analysis included in the Supporting
Information), and it can potentially be applied to other platforms as well. Finally, a commercial
MRM reviewing application (Mr. M) was used for all data analysis; however, our recently
published MRMer software12 will also allow evaluation and output of the results, as will the
software provided by the instrument vendors.

The primary advantages offered by this optimization method are threefold. First, this technique
allows the investigator to perform a CE or CV ramp for one or many precursor–product
transitions in a single run, thereby eliminating run-to-run variability. Second, the method
permits such an optimization using a protein mixture or complex sample, rather than requiring
the infusion of a purified or synthesized peptide. Lastly, the ease of data interpretation and
analysis afforded by programs such as Mr. M makes this optimization fast and efficient.

Conclusions
We have defined a method for performing effective collision energy and cone voltage ramps
for many precursor-product pairs within a single MRM run and without the need for a pure
peptide. With this strategy, one can easily determine the optimal instrument parameters for
experimental conditions and transitions of interest. This method may speed the development
of targeted analysis for both basic and translational proteomic workflows.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Elution peaks (plotted as intensity vs elution time) for the transition 418.2 → 860.4 acquired
at seven different collision energies. The second decimal place of the product m/z values listed
in the figure codes for the collision energy used, with 860.41 corresponding to the lowest CE
tested (default CE −6 V) and 860.47 corresponding to the highest CE tested (CE +6 V). For
this particular transition, the plot clearly shows that the signal is maximal at 2 V higher than
the default CE (magenta line) and decreases monotonically for both higher and lower CEs.
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Figure 2.
Histograms illustrating the number of times each CE (top) and CV (bottom) was the best-
performing CE or CV for a targeted transition. The best-performing CE or CV for each
transition was defined as the value that produced the maximum AUC for the given transition.
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Figure 3.
Plot of the experimentally determined optimal CE for each transition versus the corresponding
precursor peptide m/z value. The dashed line (y = 0.0241x + 7.2239) represents a linear fit to
the data (R2 = 0.5238).
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