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A simple procedure is described that increases sensitivity and dynamic range for the analysis
of a proteome batch digest by FT-ICR mass spectrometry. Ions at the low and high mass ranges
are preferentially collected using two different sets of tuning conditions. By combing data
collected using tuning conditions that favor low mass (m/z � 2000) and high mass (m/z � 2000)
ions, 277 proteins are identified for a whole cell lysate of Methanococcus maripaludis in a single
HPLC-MALDI FT-ICR mass spectrometry experiment, a 70% improvement compared with
previous analyses using a wide mass range acquisition. This procedure improves the detection
of low abundance ions and thereby increases the range of proteins that are observed. Because
the observed mass range is effectively narrower for each spectrum, mass calibration is more
accurate than for the standard method that provides a wide range of masses. The trap plate
potential on the analyzer cell may be set to a higher value than used for wide mass range
measurements, increasing the ion capacity of the analyzer cell and extending the dynamic
range, while still maintaining mass accuracy. (J Am Soc Mass Spectrom 2006, 17, 205–212)
© 2006 American Society for Mass Spectrometry
Proteomics is the study of the entire protein com-
position of a cell, tissue, or organism. A primary
goal in proteomics is to monitor changes in

protein expression in response to perturbations such as
temporal evolution, environmental stress, or gene mu-
tation. Considerable research effort is directed at accu-
rately quantifying protein abundance changes in a
high-throughput manner. The conventional proteomics
methodology of combining two-dimensional polyacryl-
amide gel electrophoresis (2D-PAGE) separation with
subsequent mass spectrometry is very labor-intensive
and time-consuming, and has significant sensitivity and
dynamic range limitations [1–5]. An approach that has
generated considerable interest for higher throughput
consists of a whole proteome enzymatic digestion fol-
lowed by analysis that couples 1-D or 2-D liquid chroma-
tography with mass spectrometry. Peptide identification
is usually achieved by tandem mass spectrometry [4 – 6],
or more recently, by accurate mass measurement using
Fourier-transform ion cyclotron resonance (FT-ICR)
mass spectrometry [2, 3, 7–13]. In the accurate mass
measurement approach, proteins are identified by
matching the measured peptide mass values with those
predicted from an in silico digest of all proteins from
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the subject genome [2, 3, 7–10]. Since the identification
relies only on mass values, the throughput of this
approach is considerably higher because more than 100
peptide masses per mass spectrum can be measured
and identified, while tandem mass spectrometry ap-
proach requires a one-by-one analysis of each peptide.
In addition, the accurate mass measurement approach
is less biased toward more abundant peptides com-
pared with tandem mass spectrometry identification, in
which the most abundant peptides are generally se-
lected for analysis by the software that controls the
online HPLC MS/MS measurement. The accurate mass
measurement approach provides a high throughput
alternative, and reliable quantification can be made
with stable isotope labeling [3, 7, 8, 10]. The peptide
identification specificity is directly related to the mass
accuracy level that serves as the primary search con-
straint. The normalized liquid chromatography elution
time for a particular peptide can serve as an additional
constraint for greater identification specificity [11–13].
Alternatively, the number of nitrogen in a peptide has
also been suggested as a search constraint [7]. Identifi-
cation specificity by incorporating the nitrogen stoichi-
ometry improves by a factor of 2 to 3 times for an
organism with �2000 open reading frames (Parks, B. A.;
Amster, I. J., manuscript in preparation).

Another challenge in proteomics is the ability to
detect and monitor changes in the expression level of

low abundance proteins. The detection limit for low
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abundance proteins is restricted by both sensitivity and
dynamic range, which are coupled to one another.
Therefore, the number of proteins that can be efficiently
detected (observable sample size) is less than the actual
number of proteins in the sample. Various detection
improvements have been proposed for FT-ICR mass
spectrometry. By temporarily reducing the trapping
potential on an analyzer cell to zero, Hogan and Laude
showed that signals for the low abundance ions in
complex organic mixtures are amplified while the sig-
nals for the high abundance ions remain constant [14].
This increases the effective dynamic range for detection.
McLafferty and coworkers demonstrated a 100-fold
sensitivity improvement by remeasuring heavy ions
(m/z � 2000) via collisional relaxation [15]. Amster and
coworkers were the first to apply quadrupolar excita-
tion and axialization in a FT-ICR cell for ion remeasur-
ment [16, 17]. Signal-to-noise improved more than a
factor of 10 by remeasuring the same ion packet 200
times. Marshall and coworkers increased sensitivity by
applying quadrupolar excitation to the analyzer cell to
relax the trapped ion motion [18], and to remeasure the
same ion population to achieve attomole biomolecule
detection [19]. Smith and coworkers expanded dynamic
range by two orders of magnitude through accumulat-
ing low abundance ions in an analyzer cell via applica-
tion of quadrupolar excitation in the form of band-
limited noise waveforms [20]. Applying a similar
scheme to the external ion accumulation region, Smith
and coworkers developed a technique called dynamic
range enhancement applied to mass spectrometry
(DREAMS), where a RF potential is applied to the
external quadrupole to eject the most abundant species
[10, 21–24]. A number of researchers have demon-
strated signal-to-noise improvement via FT-ICR in-cell
accumulation for MALDI generated ions [25–27]. Kelle-
her and coworkers demonstrated external ion accumu-
lation with electrospray ionization using a quadrupole
mass filter with a window of m/z 40 which provided a
1.5-fold improvement in signal-to-noise for the 11�
charge state of single protein bovine ubiquitin, but a
24-fold improvement for a complex Methanococcus jan-
naschii proteome sample compared to a broadband
measurement [28]. The sensitivity improvement results
from reserving the ion capacity of the analyzer cell for
the ions of interest (within the mass filtering window),
thus the improvement is greatest for complex mixtures.
Zientek and Eyler used an external octopole ion guide
with low RF frequency to discriminate against low
mass, high abundance ions from a glow discharge
source for elemental analysis [29].

Here, we describe a procedure which relies on mass
discrimination from the ion flight time between an
external hexapole and a FT-ICR analyzer cell to enhance
the dynamic range for measuring peptides in a complex
mixture. Ions in the low (m/z � 900–2500) and high (m/z
� 1500–4000) mass ranges are preferentially collected
in the analyzer cell using two different sets of ion

transfer and trapping parameters. This mass selective
ion trapping method is used to analyze a proteome
from Methanococcus maripaludis, and shown to improve
ion detection and protein coverage.

Experimental

Mass Spectrometry

Mass spectra were collected on a 7 tesla BioApex
Fourier-transform ion cyclotron resonance (FT-ICR)
mass spectrometer (Bruker Daltonics, Billerica, MA)
equipped with an intermediate pressure Scout100
MALDI source. Argon gas was pulsed into the source
region during matrix-assisted laser desorption/ioniza-
tion (MALDI) events to enhance ion accumulation in
the hexapole region and to reduce the kinetic and
internal energy of the ions. After accumulation, ions
were released from the hexapole region by reducing the
voltage applied to the hexapole exit electrode, then
directed to the analyzer cell by using electrostatic ion
optics, and trapped in the analyzer cell using Sidekick
[30]. Mass spectra were collected by accumulating ions
from 12 MALDI laser shots per scan and 12 scans were
co-added for each recorded spectrum. Spectra were
collected using high mass and low mass enhancing
conditions (vide infra) on alternate acquisitions for each
sample spot.

High Performance Liquid Chromatography (HPLC)

Reversed-phase liquid chromatography separations of
peptide mixtures were carried out on an UltiMate Plus
system (Dionex LC Packings, Sunnyvale, CA), using a
75 �m i.d. � 10 cm C18 nanocolumn with 3 �m particles
and 300 Å pore size (Dionex LC Packings, Sunnyvale,
CA). Mobile phase A was 95/5/0.1% water/acetoni-
trile/trifluoroacetic acid (by volume), and mobile phase
B was 100% acetonitrile. The proteome sample was
concentrated in a C18 precolumn, injected onto the C18
nanocolumn, and separated using a 100 min gradient at
a flow rate of 300 nL/min. Mobile phase B started at 0%
in the beginning of the experiment and was ramped to
5% at 10 min, 15% at 40 min, 35% at 60 min, 75% at 90
min, and 100% at 100 min. Eluate was applied to
sequential positions on a MALDI stainless steel target
with a spotting robot (Probot, Dionex LC Packings,
Sunnyvale, CA) at a 30 s interval for the first 86 fractions
and at every 60 s for fractions 87–111.

Materials and Sample Preparation

2,5-dihydroxybenzoic acid (DHB) and dithiothreitol
(DTT) were purchased from Lancaster (Pelham, NH)
and Sigma (St. Louis, MO), respectively. Trypsin was
purchased from Promega (Madison, WI). Chicken egg
white albumin (ovalbumin) was purchased from Sigma.
The analyzed proteome was a whole cell lysate from
Methanococcus maripaludis, which was grown on mini-

mal media with ammonium sulfate as the sole source of
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nitrogen. Wild type M. maripaludis was grown to mid-
logarithmic and stationary stages in ammonium sulfate
with naturally occurring isotopic composition and with
98% 15N-enriched composition, respectively. The cells
were concentrated by centrifugation at 10,000 � g for 30
min and the compacted cells were lysed using a French
pressure cell. DNA was digested and removed from the
extract by adding DNAase (10 �M final concentration)
to the sample followed by centrifugation. Protein con-
centrations were determined via photometrically mea-
suring at 562 nm using a bicinchoninic acid protein
assay kit (Pierce, Rockford, IL) [31]. Equal amounts of
protein extracts from the two growth stages were mixed
together before batch trypsinolysis.

Small molecules were removed from protein samples
using gel-filtration with Sephadex G-25 (Aldrich, St.
Louis, MO) in a 3 mL spin column. The samples were
prepared at �1 mg/mL concentration and heat dena-
tured at 90 °C for 5–10 min. Disulfide bonds were
reduced using 5 mM DTT at 70 °C for 1 h. Denatured
samples were digested overnight at 37 °C using trypsin
at a 1:50 protease:protein ratio (by mass). 400 nL of the
digested ovalbumin solution was spotted onto stainless
steel MALDI plates, for use as a mass calibrant. The
digested proteome sample was separated using re-
versed-phase HPLC before spotting. Samples were al-
lowed to dry before adding 400 nL of MALDI matrix
solution to each spot. The matrix solution was prepared
using 10 mg of DHB dissolved in 60 �L of 50:50:0.1%
water:acetonitrile:trifluoroacetic acid solution (by
volume).

Protein Identification for Methanococcus
maripaludis

The accurate masses of the tryptic peptides were mea-
sured using MALDI FT-ICR mass spectrometry. The
number of nitrogen atoms in each peptide was deter-
mined from the mass separation between the monoiso-
topic peaks of the peptide and its 15N-enriched coun-
terpart. The identification of the peptides was
automated using software that was written in-house.
The routines for data analysis are written in Java, and
are available upon request. Predicted tryptic fragments
were calculated for the 1722 possible proteins of M.
maripaludis, allowing up to one possible missed-cleav-
age or two missed-cleavages if two basic residues
(lysine or arginine) are next to each other. A measured
mass peak is considered to be identified when only one
predicted tryptic peptide has both a mass within 10
ppm of the measured value and has the observed
nitrogen stoichiometry. The 10 ppm mass confidence
window is chosen because the standard deviation for
using external calibration on our instrument is �3.5
ppm. Therefore, a 10 ppm confidence window is three
times the standard deviation, corresponding to a 99%

confidence limit for the measured mass. The details of
this method will be described elsewhere (Parks, B. A.;
Amster, I. J., manuscript in preparation).

Procedures for Mass Selective Enhancement

The mass spectrometer is tuned to preferentially detect
the low and the high mass ions for each MALDI spot.
Lighter and heavier ions are preferentially collected in
the analyzer cell using slightly different RF voltages on
the source hexapole, 200 V versus 250 V, and by using
different ion extraction times, 3600 �s versus 4600 �s,
respectively. The ion extraction time is the period
between the reduction of the trapping potential applied
to the hexapole exit lens and the termination of the
Sidekick potential at the analyzer cell entrance. The ion
extraction time is significantly longer than the actual ion
flight time between the hexapole region and the ana-
lyzer cell. Ions do not leave the hexapole region as a
tight packet; instead, they diffuse slowly via ion-ion
repulsion, producing a lengthy exit time profile [32]. As
the ions drift out of the hexapole region, they are
separated by their mass-dependent velocities during
the transfer to the analyzer cell, as shown in Figure 1.
The convolution of their exit time distribution with
their flight time profile to the analyzer reduces the mass
discrimination that might otherwise occur by sampling
different extraction times. Nevertheless, a mass discrim-
ination is observed. In addition, a 0.60 V trap plate
potential is used for trapping low mass ions and a 0.32
V for high mass ions. A higher trap plate potential
increases the ion capacity of the analyzer cell [28,
33–35], allowing more ions to be detected. On the other
hand, some non-ideal effects in FT-ICR, such as radial
ion lost [34, 35], space-charge frequency shift [36 –38],
and ion coalescence [39, 40] become more apparent
when using a higher trapping potential, making mass
calibration less accurate, especially at higher mass-to-
charge. Because the mass collection in these experi-
ments here is enhanced for the low and high mass
ranges, a lower trapping potential is used for the high
mass enhancing conditions to ensure high mass mea-
surement confidence for the high mass ions, while a
higher trapping potential is utilized for the low mass
enhancing conditions to increase the number of ions
that can be trapped, and thereby increasing the dy-
namic range for low mass ions. The capability to
analyze more ions is important at low masses because
significantly more tryptic peptides are produced in the
lower mass range, and because the lower mass peptide
ions have lower identification specificity (that is, a
smaller fraction of peptides can be identified by accu-
rate mass measurement at lower masses).

Results and Discussion

For these experiments, the mass bias effect is pro-
nounced for MALDI samples which have strong signals
across a wide mass range, as seen in Figure 2. The upper

panel shows a HPLC fraction of the tryptic digest of M.
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maripaludis acquired with the low mass enhancing con-
ditions (ion extraction time � 3600 �s, hexapole RF
voltage � 200 V, trap plate potential � 0.60 V), while
the lower panel shows the same sample acquired with
the high mass enhancing conditions (ion extraction time
� 4600 �s, hexapole RF voltage � 250 V, trap plate
potential � 0.32 V). A group of ions above m/z 2500 is
more efficiently detected by using the high mass en-
hancing conditions. For MALDI samples which pro-
duce intense peaks in only the middle of the mass
range, the mass enhancing effect is less apparent unless
the region of interest is expanded, as demonstrated in
Figure 3a and b. However, peaks between m/z 3260 to
3305, which are undetectable using the low mass en-
hancing conditions, are easily identified using the high
mass enhancing conditions as seen in Figure 3c and d.
Mass calibration is significantly affected by the change
in trapping potential, and so two different calibration
functions are used. Although the mass bias produced
by the two tuning conditions is apparent, this proce-
dure does not produce a sharp cut-off in the detected
mass range for the reasons explained above. As seen in
Figure 2, low mass ions that show up with high
intensity under the low mass enhancing conditions
appear as weak intensity peaks under the high mass
enhancing conditions, and vice versa. However, less
abundant ions at the two ends of the mass range are
expected to only appear in the corresponding enhanced
mass spectra, as seen in Figure 3.

Categorization of Low Mass and High Mass
Enhancements

Using the combined low and high mass enhancing
acquisition on a batch digest of a whole cell lysate of M.
maripaludis, 3842 peak pairs are detected from 111
HPLC fractions. This sample utilizes 15N metabolic
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labeling, and so each peptide appears as a pair of peaks.
The number of peak pairs that can be assigned to one or
more predicted peptides is 3111, and 1362 of these can
be each assigned to a single peptide. However, many
peak pairs are redundant, as they appear in multiple
MALDI spots. Moreover, some peptides appear in both
the low and high mass enhanced spectra. Consequently,
the numbers of identified peptides and identified pro-
teins are 394 and 277, respectively. This is a vast
improvement compared with our previous measure-
ments, where the numbers of identified peptides and
proteins in a single reverse-phase HPLC/MALDI-MS
analysis of the whole cell lysate are �220 and �160,
respectively (Parks, B. A.; Amster, I. J., manuscript in
preparation). The number of identified peptides is usu-
ally greater than that of the identified proteins because
some proteins are identified by more than one peptide.
The ratio between the numbers of identified proteins
and peptides is maintained at �71% for data collected
using the previous and the mass selective enhancing
conditions. The significance of this ratio will be dis-
cussed below.

To better understand the impact of using the two sets
of tuning conditions to acquire data, we have separately
analyzed the low mass and high mass enhanced data.
231 proteins are identified using peak pairs found with
the low mass enhancing conditions, whereas 210 pro-
teins are identified using data collected with the high
mass conditions. Approximately 60% of the total iden-
tified proteins are found in both sets of peak lists, while
40% of the identified proteins are from peptides found
in only one of the two peak lists. The strong protein
identification overlap between the two peak lists is
largely due to ions in the middle mass range which
are detected efficiently by either set of the tuning
conditions.

It should be noted that the number of proteins
identified from either set of the enhancing conditions is
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from previous wide mass range detection, which sug-
gests that the narrower mass range acquisition provides
better sensitivity for low abundance ions. The mass
distributions of peak pairs found using the low and
high mass enhancing conditions are shown in Figure 4a.
The low mass enhancing conditions have a significant
sensitivity advantage for ions of m/z � 1600, and the
high mass enhancing conditions have an advantage for
m/z � 2600. In addition, spectra collected using the low
mass enhancing conditions have greater overall signals,
which, in part, is because there are more tryptic frag-
ments at lower mass, and partly because the trap plate
potential is higher than that used for the high mass
enhancing conditions (0.60 V versus 0.32 V), which
increases the ion capacity of the analyzer cell. The mass
distributions of peptides identified from data collected
using the two enhancing conditions are shown in Fig-
ure 4b.

Benefits of the Additional Mass Peaks

To better understand the manner in which this ap-
proach increases protein identification, it is useful to
categorize the measured mass values as exclusive peak
pairs, those which are found only using one of the
enhancing conditions versus mutual peak pairs, those
found in both sets of data. The number of proteins
identified based on searching with the mutual peak
pairs list is 187, while 124 proteins are found using only
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Figure 2. Mass spectra at HPLC elution time 53.5 min collected
using (a) low mass enhancing conditions, and (b) high mass
enhancing conditions. Spectra are signal-averaged 12 times.
the exclusive peak pairs list. Since the total number of
identified proteins remains 277, fewer identified pro-
teins are shared between the mutual and exclusive peak
lists than between the low and high mass peak lists.
Only 12% of the total identified proteins are overlapped
between the mutual and exclusive peak pair results,
which demonstrates that proteins are more effectively
categorized. In short, a majority of the additional pep-
tide peaks detected in only the low or the high mass
enhancing condition (exclusive) belong to a different
group of proteins than those found using peaks that are
found in both sets of conditions (mutual).

The benefit of collecting data using the two experi-
mental conditions can be seen by categorizing peak
pairs which are found mutually in the low and high
mass enhanced spectra versus those that are found
exclusively using one of the tuning conditions, Figure
5a. As expected, exclusive peak pairs outnumber the
mutual peak pairs at the extremes of mass-to-charge.
Although the exclusive peak pairs list is only one-third
the size of the mutual peak pairs list, the total number
of peptides identified by the exclusive peak pairs is
one-half that of the mutual peak pairs, as shown in
Figure 5b. Hence, the mutual peak pairs must have a
higher redundancy rate than the exclusive list does (by
definition, mutual peak pairs are those found using
both enhancing conditions. To avoid double-counting
these peptides, only the peak pairs from the high mass
enhanced list are recorded for the mutual peak list. The
redundancy rate in Figure 5 only represents that be-
tween different HPLC elution times). The reason for the
higher redundancy rate for mutual peak pairs is that
mutual peak pairs have a larger representation of high
abundance peptide ions, whereas the exclusive peak
pairs have a much higher representation of the low
abundance peptide ions. Because of their stronger ion
signals, the mutual peak pairs have a greater tendency
to appear in multiple MALDI spots, producing redun-
dant peak pairs. Although mass spectrometric abun-
dance does not strictly translate to solution-phase pop-
ulation because the ionization efficiency is different for
each peptide, a correlation does exist between the
gas-phase and solution-phase abundances over such a
large sample size. These data suggest exclusive peak
pairs, in general, are more representative of peptides
from lower abundance proteins compared with those
from mutual peak pairs. For example, Asp-tRNAAsn/
Glu-tRNAGln amidotransferase subunit B (MMP0946
in the M. maripaludis sequence database) is found via
identification of two peptides at m/z � 1581.7338 and
2756.3686, which are exclusively detected using the low
and high mass enhancing conditions, respectively. No
peptide from the mutual peak pairs list was identified
for this protein. On the other hand, S-layer protein
(MMP0383), a known high abundance protein, is iden-
tified via five peptide ions, four of which are found
mutually in the low and high mass enhancing spectra,
and only one is exclusively found.

The improvement of the observable protein sample

size is also demonstrated by the ratio between the



210 WONG AND AMSTER J Am Soc Mass Spectrom 2006, 17, 205–212
numbers of identified proteins and identified peptides.
Although almost twice as many peptides are identified
using the combined low and high mass enhancing
procedure compared with the wide mass scan mode
(394 versus 220), the ratio of identified proteins versus
identified peptides is unchanged. If the observable
protein sample size is unchanged, this ratio must de-
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Figure 4. Histograms for (a) peak pair occurrence, (b) number of
identified peptides, versus measured mass for spectra collected
using low mass enhancing conditions (solid line), and high mass

enhancing conditions (dashed line).
crease as the number of identified peptides increases.
The fact that the ratio is unchanged here strongly
suggests that the observable protein sample size in-
creases when the mass selective enhancing method is
applied by increasing the sensitivity for the lower
abundance proteins. Therefore, more proteins can be
identified from a narrower mass spectrum with higher
sensitivity than by using a full range low sensitivity
mass scan.

It is not unusual to increase protein identification by
acquiring data from the same sample multiple times in
multidimensional protein identification technology
(MudPIT) experiments [41– 43]. In our case, due to the
smaller populations of the low abundance ions the
relative signal fluctuation for these species is substantial
for each measurement, which means the relative ion
signal observed for these species can be much larger or
smaller than the relative abundance in the sample.
Thus, performing multiple measurements at even the
same conditions is expected to increase the observable
sample size. However, we believe that the observed
increase in the number of identified proteins is from the
expansion of the detection dynamic range at the low
and high ends of mass-to-charge. The relative protein
identification improvement from the exclusive peaks is
demonstrated by examining the ratio between the num-
ber of peptides identified from the combined peak pairs
and that from the mutual peak pairs as a function of the
measured mass, as shown in Figure 6a. The high ratio
observed at the extremes of the mass range shows that
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spectra, and those found exclusively (dashed line) in one of the
enhanced spectra.
the exclusive peak pairs contribute the most to protein
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identification at the two ends of the mass-to-charge
range. By partitioning the identified peptides from the
exclusive peak pairs into those collected using the low
and high mass enhancing conditions, as shown in
Figure 6b, one can see that the “additional” peptides
collected using the two mass enhancing conditions
strongly depend on the peptide mass. If the increase in
protein identification is solely due to random sampling
from two independent measurements, then the two
peptide identification distributions in Figure 6b would
resemble the distributions in Figure 4. Instead, the
additional low mass peptides are mostly collected using
the low mass enhancing conditions, and vice versa for
high mass peptides. This indicates the increase in pro-
tein identification benefit from the higher detection
sensitivity at the two ends of the mass spectra.

Conclusions

Protein identification of a whole cell lysate is shown to
improve by using a procedure that can be implemented
with most FT-ICR mass spectrometers. 277 proteins are
identified by combing data collected at the low and
high mass enhancing conditions, which is a significant
improvement compared with the 160 proteins identi-
fied without using this method. The improvement for
protein identification is attributable to the ability to
accumulate a narrower distribution of ions in the ana-
lyzer cell, therefore allowing more ions at a particular
mass range to be detected. This effectively improves
both the sensitivity and the dynamic range of FT-ICR
mass spectrometry. This mass selective enhancing tech-
nique has certain advantages over the DREAMS tech-
nique. In contrast to DREAMS, small peaks that are
near the most abundant peaks are not ejected, and ions
do not undergo translational excitation and therefore
avoid the possibility of fragmentation [44]. Under usual
situations, mass accuracy deteriorates as trap plate
voltage increases. In this case, because the mass range of
interest is made narrower, the trap plate potential can
be increased to expand the capacity of the analyzer cell
without sacrificing mass accuracy.

Although ion time-of-flight effect is used to select the
mass range in this work, quadrupole mass filtering
[44 – 46] or stored waveform inverse Fourier transform
(SWIFT) isolation [47] should be able to achieve similar
results. Gated trapping method may substitute Sidekick
trapping for better resolution of the time-of-flight sep-
aration of ions as they are injected into the analyzer cell.
The mass selective enhancement may be applied to
more than two mass ranges for higher sensitivity im-
provement. This can be achieved using an external
quadrupole mass filter, as demonstrated by Kelleher
and coworkers [28]. On the other hand, the time needed
for spectra collection, the amount of sample consump-
tion, and the amount of data to be processed increases
with the number of mass windows. The advantage of
this technique is not limited to proteomic studies.

Generally speaking, this approach should benefit any
experiment requiring higher sensitivity or greater dy-
namic range for complex mixture analysis.
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