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(7) ABSTRACT

A method for enhancing the dynamic range of a mass
spectrometer by first passing a sample of ions through the
mass spectrometer having a quadrupole ion filter, where-
upon the intensities of the mass spectrum of the sample are
measured. From the mass spectrum, ions within this sample
are then identified for subsequent ejection. As further sam-
pling introduces more ions into the mass spectrometer, the
appropriate rf voltages are applied to a quadrupole ion filter,
thereby selectively ejecting the undesired ions previously
identified. In this manner, the desired ions may be collected
for longer periods of time in an ion trap, thus allowing better
collection and subsequent analysis of the desired ions. The
ion trap used for accumulation may be the same ion trap
used for mass analysis, in which case the mass analysis is
performed directly, or it may be an intermediate trap. In the
case where collection is an intermediate trap, the desired
ions are accumulated in the intermediate trap, and then
transferred to a separate mass analyzer. The present inven-
tion finds particular utility where the mass analysis is
performed in an ion trap mass spectrometer or a Fourier
transform ion cyclotron resonance mass spectrometer.

11 Claims, 9 Drawing Sheets
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METHOD FOR INCREASING THE
DYNAMIC RANGE OF MASS
SPECTROMETERS

STATEMENT REGARDING GOVERNMENT
RIGHTS

This invention was made with Government support under
Contract DE-AC0676RLO1830 awarded by the U.S.
Department of Energy. The Government has certain rights in
the invention.

CROSS REFERENCE TO RELATED
APPLICATIONS

Not Applicable
FIELD OF THE INVENTION

The present invention relates to methods for increasing
the dynamic range of mass spectrometers. More specifically,
the present invention is a method of improving the perfor-
mance of mass spectrometers by first generating a mass
spectrum, and then trapping and selectively ejecting ions
using resonant rf excitation in a quadrupole ion filter based
upon information from the prior spectrum.

BACKGROUND OF THE INVENTION

Progress in a wide range of scientific inquiry requires the
qualitative and quantitative analysis of molecules, and
important classes of problems involve the analysis of com-
plex mixtures where the relative abundances of mixture
components vary over many orders of magnitude. For
example, a major goal of biological research in the field of
proteomics is the understanding of protein functions in a
cellular context. Unfortunately, many important protein
classes necessary for this understanding are present only at
low concentrations. As noted in Godovac-Zimmerman, J.;
Brown, L. Mass Spectrom. Rev., 2000, 20, 1-57, the range
of peptide (or protein) concentrations of interest in pro-
teomic measurements can vary more than six orders of
magnitude and can include >10° components. When ana-
lyzed in conjunction with capillary L.C separations, both the
total ion production rate from ESI and the complexity of the
mixture at any point can vary by more than two orders of
magnitude, and the relative abundances of specific compo-
nents of interest can vary by >10°. This variation in ion
production rate and spectral complexity constitutes a major
challenge for proteome analyses. For example, the elution of
highly abundant peptides can restrict the detection of lower-
level co-eluting peptides since the dynamic range presently
achieved in a single spectrum is ~10> for a Fourier transform
ion cyclotron resonance (FTICR) mass spectrometer and <
or ~10* for an ion trap mass spectrometer. If the ion
accumulation process (i.e., ion accumulation time) is opti-
mized for the most abundant peaks, the accumulation trap
will not be filled to capacity during the elution of lower
abundance components from a chromatographic or electro-
phoretic separation, and the overall experimental dynamic
range will be significantly constrained. If, however, longer
accumulation times are used, the conditions conventionally
used result in an “overfilling” of the analyzer trap in many
cases, which will be manifested by biased accumulation,
loss of measurement accuracy, or extensive activation and
dissociation of the analytes. Thus, there is a need for
methods aimed at avoiding the undesired artifacts associated
with overfilling the mass analyzer trap. There is a further
need for approaches which will also simultaneously expand
the dynamic range of measurements.
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Those having skill in the art have proposed a variety of
methods and techniques to expand this dynamic range. In
one such approach, a quadrupole ion filter is used as some
combination of high and low bandpass filters, i.c. a mass
filter to select a specific species or mass range for detailed
analysis. However, this approach is targeted at a specific m/z
peak or limited mass range and results in the loss of possible
information on other low abundance species, and this is not
generally useful in the characterization of complex mixtures.
Therefore, there exists a need for methods for enhancing the
dynamic range of mass spectrometers that can address
complex mixtures with components having abundances
spanning many orders of magnitude.

SUMMARY OF THE INVENTION

Accordingly, the present invention is a method for
increasing the dynamic range of mass spectrometers. More
particularly, the present invention finds particular utility in
increasing the dynamic range of mass spectrometers which
utilize ion trap type mass analyzers, such as quadrupole ion
trap mass spectrometers (ITMS) and Fourier transform ion
cyclotron resonance (FTICR) mass spectrometers. By way
of example, and not meant to be limiting, when analyzing
complex protein digests, the present invention can increase
the dynamic range of a mass spectrometer through the
simultaneous and selective suppression of higher abundance
peaks dispersed cross the mass spectrum. By eliminating
these ions, lower abundant species can be analyzed since
they can be accumulated to detectable levels, resulting in an
increase in the dynamic range of the instrument.

As practiced by the present invention, selective ejection
of the most abundant ion species from a quadrupole filter, is
performed with rf excitation. Such excitation can be dipolar,
quadrupolar, or parametric. If the frequency of the auxiliary
rf-field is equal to the secular frequency (i.e., resonant
excitation) or to the doubled secular frequency (i.e., para-
metric excitation) of a particular m/z ion species, the aux-
iliary rf-field causes these ions to oscillate with increased
amplitudes. By introducing a supplemental rf-field, ions
stored in a quadrupole ion filter can thus be efficiently
ejected using either parametric excitation or resonant eXci-
tation.

The present invention thus increases the dynamic range of
a mass spectrometer by utilizing a quadrupole ion filter as a
device to selectively remove one or more undesired ions
(peaks), thereby allowing the accumulation and subsequent
detection of desired ions in a mass analyzer, such as an ion
trap operated as a mass analyzer, adjunct to the ion filter.
Typically, but not meant to be limiting, the desired ions are
those that are present at relatively low concentrations, while
the undesired ions are those that are present at relatively high
concentrations. Accordingly, the present invention finds
particular utility in instruments where ion capacity is
constrained, such as mass spectrometers which utilize ion
trapping in their analysis and detection schemes.

The method of the present invention first passes a sample
of ions through the mass spectrometer having a quadrupole
ion filter, whereupon the intensities of the mass spectrum of
the sample are measured. From the mass spectrum, ions
within this sample are then identified for subsequent ejec-
tion. Typically, the ions identified for subsequent ejection
will be the most highly abundant species, as the ejection of
these species produces the most additional “room” for
further accumulation in the ion trap. However, it may not
always be the case that ions are selected for ejection based
purely on their abundance. In certain applications, ions are
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selected simply because they are not of interest to the desired
analysis, even though they are not the most abundant. The
present invention should thus be broadly construed to
include any application where ions are selectively ejected
using rf excitation to make room for further accumulation.

As further sampling introduces ions into the mass
spectrometer, the appropriate rf voltages are applied to a
quadrupole ion filter, thereby selectively ejecting the undes-
ired ions previously identified. In this manner, the desired
ions may be collected for longer periods of time in the mass
analyzer, thus allowing better collection and subsequent
analysis of the desired ions.

The mass analyzer used for accumulation may be the
same ion trap used for mass analysis in a FTICR or ITMS,
in which case the mass analysis is performed directly, or it
may be an intermediate trap. In the case where collection is
an intermediate trap, the desired ions are accumulated in the
intermediate trap, and then transferred to a separate ion trap
in a FTICR or ITMS, where the mass analysis is performed.

The method of the present invention may be further
enhanced as follows. Those skilled in the operation of ion
trapping mass spectrometers generally have an understand-
ing of the optimal level of charge, or ions, that can be
introduced into a given trap, without causing undesirable
effects on ion identification. Accordingly, when practicing
the method of the present invention with a given sample of
some unknown, a skilled artisan, utilizing a computer con-
trolled series of steps, would first determine the amount of
time necessary to fill the ion trap within the instrument to
some optimal level of ions. The proportion of the ions that
were then identified for selective ejection (the undesired
ions) would then be compared to the total mass spectrum. In
that manner, the skilled artisan could accurately gauge the
length of time necessary to fill the ion trap to its’ optimal
level with the desired ions, while ejecting undesired ions in
the ion filter in the manner described above. As further
introduction of ions proceeded, with the ejection of those
undesired ions identified in the initial evaluation, the ion trap
can be easily filled to the optimal level with only the desired
ions, including many that likely were not detectable before
this step.

If, by way of example, it were determined that 90% of the
ions in a given sample were undesirable ions to be ejected,
then ten times the initial amount of time needed to fill the ion
trap would be allowed to pass while ejecting those undesir-
able ions. In this manner, the ion trap is filled to the optimal
level with only desirable ions. Those having skill in the art
will recognize that the precise amount of time necessary to
fill the trap becomes a function of the optimal level to which
the trap is filled, and the proportion of a given sample that
is to be ejected according to the method of the present
invention. Suitable adjustments for any particular circum-
stance can thus be made to optimize the instruments
performance, and this type of control can readily be accom-
plished by the computer that acquires data during mass
spectrum analysis.

As will be apparent to those having skill in the art, the
method of the present invention can further be repeated as
many times as desired to achieve ever greater dynamic range
for the instrument. For example, several undesirable species
may be identified and eliminated as described above. As
noted above, those will typically be species that are highly
abundant. However, “abundance” is a relative term. Once
those ions that were highly abundant in the initial sampling
are removed, a different set of ions will predominate, and
new ions that were previously undetectable will appear. A
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4

portion of these ions may then further be identified as
undesirable. In addition to the highly abundant species
previously identified, a portion of these ions may also be
eliminated in subsequent trapping and analysis, using the
same technique of rf excitation at the appropriate level for
each identified ion. In this manner, the dynamic range of the
instrument can be expanded in a step-wise fashion to theo-
retically infinite levels.

The operation and use of the present invention is more
fully illustrated in the description of the preferred embodi-
ments and the experiments conducted to demonstrate the
efficacy of the present invention that follow. However, the
specific examples set forth in the description of the preferred
embodiments and the experiments should in no way be
construed as limiting the scope of the present invention in its
broader aspects, and the present invention should be under-
stood to encompass and include any and all variations and
combinations of any specific equipment that might be uti-
lized to accomplish the basic steps set forth in the summary
of the invention provided herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of the a series of ion traps utilized in
a preferred embodiment of the present invention.

FIG. 2 is a schematic diagram of the operation of a
quadrupole ion filter utilized in a preferred embodiment of
the present invention.

FIG. 3 is a box diagram showing the steps used in a series
of experiments performed to demonstrate the present inven-
tion. As shown in the diagram, non-selective ion trapping in
the accumulation quadrupole occurs for a short period.
Signal acquisition is performed using both an Odyssey data
station and a 12-bit ADC coupled to a PC running ICR-2LS
software available at the Pacific Northwest National Labo-
ratory. Mass spectra acquired with the PC are converted to
secular frequency spectra of ion oscillation in the selection
quadrupole and a superposition of the sine auxiliary rf
waveforms is applied to the selection quadrupole rods.
Selective ion trapping in the accumulation quadrupole
occurs for a period longer than that used in the non-selective
accumulation. During the selective accumulation the most
abundant ion species determined from the previous spectrum
are ejected from the selection quadrupole prior to external
accumulation. The combined information from the two mass
spectra provides information over a much wider dynamic
range than would be afforded by either spectrum alone.
Following ion transfer to the FTICR cell ions are then again
non-selectively trapped in the accumulation quadrupole to
maintain higher duty cycle, to repeat the sequence.

FIG. 4 is a graph of the signal intensities of the singly
charged ions of gramicidin S ([GrS+H]") and angiotensin I
([AnI+H]*) as functions of the dipolar excitation frequency.
The ions were accumulated for 5 ms and then stored for
1000 ms in the selection quadrupole. The rf-potential on the
collisional quadrupole rods was switched off during the
storage period preventing ions from the ESI source from
entering the selection quadrupole. Dipolar excitation at a
peak-to-peak amplitude of 400 mV was continuously
applied to a pair of rods of the selection quadrupole. The
Mathieu parameter q was 0.45 for the singly charged brady-
kinin ions.

FIG. 5 is a graph of the signal intensity of the singly
charged ions of gramicidin S ((GrS+H]") as a function of the
duration of dipolar excitation. The 200 ms-long ion accu-
mulation was followed by a 1000 ms-long storage period in
the selection quadrupole. Dipolar excitation was applied at
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a resonant frequency of 80 kHz and a peak-to-peak ampli-
tude of 750 mV. The insets represent the mass spectra
acquired at the beginning and at the end of the storage
period. The Mathieu parameter q was 0.42.

FIG. 6 is a graph showing the dependence of the resonant
frequency for dipolar excitation of the singly charged brady-
kinin ions and the threshold rf-amplitude of the supplemen-
tary rf-field in the selection quadrupole on the duration of
ion accumulation in the ion guide quadrupole. The Mathieu
parameter qyp,, 7 =0.25.

FIG. 7 is the mass spectra obtained from a 10~° M mixture
of bradykinin (Br), gramicidin S (GrS), fibrinopeptide A
(Fibr), angiotensin I (Anl), neurotensin (Neuro), and
y-endorphin (yEnd) using both A) non-selective, and B-C)
data-dependent selective external ion accumulation with a
two-sequence script described in FIG. 3. A) The non-
selective ion accumulation mass spectrum acquired at an
axial potential well depth (i.e., a potential difference
between the conductance limits and the quadrupole rods) in
the accumulation quadrupole of 2 V. The accumulation time
was 500 ms followed by a 200-ms long storage period. B)
The non-selective ion accumulation mass spectrum acquired
in the first sequence at an axial potential well depth in the
accumulation quadrupole of 6 V. Accumulation time was
500 ms followed by 200-ms long storage period. Using
parallel data acquisition this mass spectrum was converted
to the secular frequency spectrum and a 500 mV,, ,, excita-
tion sine waveform corresponding to the secular frequency
of the most abundant ion species was automatically applied
to a pair of rods of the selection quadrupole in the second
sequence. C) The selective ion accumulation mass spectrum
acquired in the second sequence. Accumulation and storage
times are the same as in FIGS. 7A-B. The most abundant
species of the doubly charged y-endorphin were ejected on
the fly through the selection quadrupole. The Table shows
the mass measurement accuracies for the mass spectrum in
FIG. 7B.

FIG. 8 is a graph showing the dependence of the resonant
frequency for ion ejection from the selection quadrupole on
the ion’s reciprocal m/z obtained using a 10~° mixture of
bradykinin (Br), gramicidin S (GrS), fibrinopeptide A (Fibr),
angiotensin I (Anl), substance P (SubP), and neurotensin
(Neuro). The solid line represents a calibration function
derived as the least-squares-fit of the experimental data. The
Table shows the experimental and predicted resonant fre-
quencies as well as the maximum achievable mass resolu-
tion (i.e., the theoretical limit) for rf-only ion ejection from
the selection quadrupole during the data-dependent selective
ion ejection in the course of LC separation.

FIG. 9 is a typical mass spectra obtained from a 1 mg/mL
soluble yeast proteome extract acquired using the data-
dependent selective external ion accumulation. A) non-
selective ion accumulation, scan #253, B) selective ion
accumulation, scan #253, C) non-selective ion
accumulation, scan #254, D) selective ion accumulation,
scan #254, E) non-selective ion accumulation, scan #255, F)
selective ion accumulation, scan #255. The most abundant
ion peak from the previous non-selective accumulation (e.g.,
m/z 1098.75 in FIGS. 9A and 9C) was resonantly ejected on
the fly through selection quadrupole using data-dependent
rf-only dipolar excitation to yield the scans immediately
following each non-selective accumulation scan.

DESCRIPTION OF THE PREFERRED
EMBODIMENT(S)

A schematic representation of two preferred embodiments
of the present invention are shown in FIGS. 1 and 2
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respectively. As shown in FIG. 1, the present invention
consists essentially of an ion source 1 in which ions are
generated. The ion source may be any source conventionally
used in mass spectrometry, such as an electrospray (ESI) ion
source, and may be further interfaced with any of the
conventional separation schemes (not shown), such as elec-
trophoretic or chromatographic, commonly utilized in the
art. Ions generated in the ion source 1 are then transferred to
a quadrupole ion filter 2, and then to an ion trap 3. In this first
preferred embodiment, in addition to accumulating the
desired ions in the ion trap 3, the mass analysis is also
performed in ion trap 3.

Ions are introduced through the ion source 1, the quadru-
pole ion filter 2, and the ion trap 3 whereupon a mass
spectrum is performed. Undesired ions are then detected,
and as further ions are introduced into the system, the
appropriate rf fields are applied to the quadrupole ion filter
2 such that the undesired ions are ejected. Preferably,
ejection is caused by resonant rf-only excitation. This reso-
nant rf-only excitation may be dipolar, quadrupolar, or
parametric. Once the undesired ions have been ejected, the
desired ions are then accumulated in the ion trap 3 for
subsequent analysis. The ion trap 3 is preferably an ion trap
mass spectrometer or a Fourier transform ion cyclotron mass
spectrometer.

In the second preferred embodiment of the present
invention, ion source 1, the quadrupole ion filter 2, and the
ion trap 3 are same as in the first preferred embodiment,
except that the ion trap 3 is used merely for accumulation of
the desired ions. Accordingly, an ion trap 4 is further
provided for mass analysis. In both of the preferred
embodiments, the ejection of undesired ions occurs in the
quadrupole ion filter 2. The trap analyzer 4 is again, pref-
erably an ion trap mass spectrometer or a Fourier transform
ion cyclotron mass spectrometer.

A series of experiments utilizing this preferred embodi-
ment of the present invention were conducted to demon-
strate the enhanced dynamic range of an Fourier transform
ion cyclotron (FTICR) mass spectrometer enabled by the
present invention. As with the description of the preferred
embodiments provided above, these experiments are merely
illustrative and should in no way be interpreted as limiting
the scope of the present invention. Accordingly, any and all
modifications of the experiments such as the analysis of
samples differing from those described herein, or the use
equipment differing from the precise equipment described in
this illustrative example, falling within spirit and scope of
the claims at the concluding portion of this specification
should be considered as falling within the scope of the
present invention.

The FTICR mass spectrometer used in these studies was
a 3.5 tesla unshielded solenoid magnet (Oxford Instruments,
UK) utilizing a vacuum system design described in Belov,
M. E.; Nikolaev, E. N.; Anderson, G. A.; Udseth, H. R;
Conrads, T. P.; Veenstra, T. D.; Masselon, C. D.; Gorshkov,
M. V; Smith, R. D. Anal. Chem., 2001, 73, 253-261. The
mass spectrometer incorporated an ESI ion source with an
electrodynamic ion funnel described in Belov, M. E;
Gorshkov, M. V,; Anderson, G. A.; Udseth, H. R.; Smith, R.
D. Anal. Chem., 2000, 72, 22712279, a quadrupole for
collisional focusing, an external accumulation interface
described in Belov, M. E.; Nikolaev, E. N.; Anderson, G. A.;
Udseth, H. R.; Conrads, T. P.; Veenstra, T. D.; Masselon, C.
D.; Gorshkov, M. V,; Smith, R. D. Anal. Chem., 2001, 73,
253-261 and Belov, M. E.; Nikolaev, E. N.; Anderson, G. A.;
Auberry, K. J.; Harkewicz, R.; Smith R. D. J. Am. Soc. Mass
Spectrom., 2001, 12, 38—48, an electrostatic ion guide and an
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FTICR cylindrical dual cell combination. An Odyssey data
station (Finnigan Corp., Madison, Wis.) controlled the tim-
ing and potential distribution during the experiments. To
implement data-dependent selective external ion ejection, a
12-bit ADC (National Instruments, Austin, Tex.) coupled to
a Pentium PC running ICR-2LS software, available from the
Pacific Northwest National Laboratory, owned by the United
States Department of Energy and managed by the Battelle
Memorial Institute, was utilized for parallel data acquisition.

FIG. 3 shows the experimental steps used for data-
dependent selective external ion ejection followed by
FTICR detection. Two alternating sequences were employed
for data acquisition. Ions generated by the ESI source were
non-selectively trapped in the accumulation quadrupole.
Following a short storage period the externally accumulated
ions were ejected to the FTICR cell and captured using gated
trapping, as described in Kofel, P; Allemann, M; Kellerhals,
H; Wanczek, K. P. Int. J. Mass Spectrom., 1986, 72, 53-61.
During the storage period used for collisional damping the
ion’s kinetic energy in the accumulation quadrupole, the
rf-potential on the collisional quadrupole rods was switched
off so that no ions from the ESI could enter the accumulation
region. During ion excitation in the FTICR cell, a trigger
pulse was applied to the 12 bit ADC making it ready for data
acquisition. Acquired mass spectra were converted to secu-
lar frequency spectra of ion oscillation in the selection
quadrupole and a superposition of excitation sine waveforms
at the frequencies corresponding to the secular frequencies
of the most abundant ion species in the selection quadrupole
was synthesized with the ICR-2LS software available at the
Pacific Northwest National Laboratory. These excitation
waveforms were generated by a 32K plug-in PC DAC board
(National Instruments, Austin, Tex.) and then applied to the
selection quadrupole rods as an auxiliary rf-field. Using this
approach, one or several of the most abundant ion species
were ejected from the selection quadrupole resulting in
external ion accumulation of lower abundant species for
extended periods. To maintain higher duty cycle, the auxil-
iary rf-field was switched off immediately following the ion
transfer to the FTICR cell, thus allowing for the non-
selective external ion trapping in the accumulation quadru-
pole while analyzing the lower abundant ion species in the
FTICR cell.

Peptides purchased from Sigma (Sigma Chemicals, St.
Louis, Mo.) and used without further purification were
dissolved in a water:methanol:acetic acid solution (49:49:2
v %) at different concentrations ranging from 0.1 mg/mL to
2 pg/mL. The solutions were infused into the ESI source at
a flow rate of 300 nl/min using a syringe pump (Harvard,
South Natick, Mass.). HPLC/FTICR MS data sets were
obtained using a Gilson model 321 pump and 235P auto
injector both controlled via Unipoint System software
(Gilson Inc., Middleton, Wis.). A reversed-phase capillary
HPLC column was constructed by acetone slurry packing at
10,000 psi 3 pum Jupiter C, 4 stationary phase (Phenomenex,
Torrence, Calif.), 0.1 g/ml suspended in acetone, into a 85
cm, 360 um o0.d.x150 um id., fused silica capillary
(Polymicro Technologies Inc., Phoenix, Ariz.) incorporating
a2 pum retaining mesh in an HPLC union (Valco Instruments
Co., Houston, Tex.). The mobile phase consisted of 0.1%
formic acid in water (A) and 0.1% formic acid in 90%
acetonitrile/10% water (B) and was degassed online using a
vacuum degasser (Jones Chromatography Inc., Lakewood,
Colo.). The HPLC pump flow, 300 ul/min, was split through
a capillary micro tee assembly (Upchurch Scientific, Oak
Harbor, Wash.) before the auto injector to establish a mea-
sured flow through the column of 1.5 ul/min. After a tryptic
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peptide volume of 10 ul, 1 ug/ul concentration was injected
onto the reversed-phase capillary column, the mobile phase
was held at 100% A for 10 minutes. Then the following
linear gradients were applied; 20% B over 100 minutes, 30%
B to 100% B over 60 minutes and then held at 100% B for
60 minutes. The column was then re-equilibrated with 100%
A prior to the next injection.

A key component of the present invention is ion ejection
based on resonant dipolar, quadrupolar or parametric exci-
tation. However, this technique can be affected by the space
charge due to ions trapped in, or passing through, the
selection quadrupole. A 10™° M solution of a mixture of
bradykinin, gramicidin S, and angiotensin I was used to
evaluate the space charge effects in the selection quadrupole.
FIG. 4. shows the dependence of the signal intensities of the
singly charged ions of gramicidin S ((GrS+H]") and angio-
tensin I ([Anl+H]") on the dipolar excitation frequency. The
ions were accumulated in the selection quadrupole for 5 ms.
Ion accumulation was followed by a 1000 ms-long storage
period (the rf-potential on the collision quadrupole rods was
switched off) and a 600 us-long ion ejection step to transfer
ions to the FTICR cell. A 400 mV,, , supplementary rf-field
was continuously applied to a pair of rods of the selection
quadrupole for dipolar excitation and ejection of the trapped
ion species. The singly charged ions of gramicidin S were
resonantly ejected at a frequency of 95 kHz.

FIG. 5 shows the signal intensity of the singly charged
ions of gramicidin S as a function of the duration of the
resonant dipolar excitation. The ion accumulation time was
increased to 200 ms followed by a 1000-ms long storage
period. Dipolar rf-only excitation was applied to the selec-
tion quadrupole rods throughout the accumulation and stor-
age periods. The mass spectra acquired at the beginning and
at the end of the storage period are shown in the insets. Three
important observations can be made related to the increased
accumulation time. First, to eliminate the [GrS+H]" peak in
a mass spectrum, the amplitude of dipolar excitation had to
be increased to 750 mV,, , for the same storage period as in
FIG. 4. Second, compared to FIG. 4, the resonance fre-
quency for dipolar excitation of [GrS+H]" ions decreased to
80 kHz. Third, resonant excitation of [GrS+H]" species was
found to be accompanied by their pronounced fragmenta-
tion.

The space charge effects in the selection quadrupoles were
further studied in the experiments with a dual external trap.
Singly charged bradykinin ions were trapped in the ion guide
quadrupole for different accumulation times, transferred to
and trapped in the accumulation quadrupole, and then
ejected to the FTICR cell. The ions were excited by dipolar
irradiation when passing through the selection quadrupole.
FIG. 6 shows the dependences of the frequency and thresh-
old amplitude (i.e., the minimum amplitude required to
completely eject particular ion species from the selection
quadrupole) on the ion accumulation time in the ion guide
quadrupole. Notably, the threshold amplitude increases and
the resonant frequency for dipolar excitation decreases with
an increase in the ion accumulation time.

Several parameters influence the efficiency of selective
ion ejection from a linear rf-only quadrupole ion trap when
using rf-only dipolar excitation. The motion of ions in the
linear rf-only quadrupole is described by the solutions of the
Mathieu equation. As described in Dawson, P. H. (Ed.),
Quadrupole Mass Spectrometry and Its Applications,
Elsevier Scientific: New York, 1976, the stability diagram,
which represents a graphical illustration of the solution of
the Mathieu equation, defines Mathieu’s parameter q as
follows:



US 6,787,760 B2

_ 4zeVis (L)

g=—==
mw%r%

where V,, is the peak-to-ground rf-amplitude, z is the ion
charge state, e is the elementary charge, m is the ion mass,
g 18 the rf-field angular frequency, and r, is the quadrupole
inscribed radius.

In the first region of ion stability at q<0.4, the ion motion
can be presented as a superposition of rapid oscillations and
a smooth drift in a harmonic well of the effective potential.
As described by Dehmelt, H. G. Adv. Atom. Mol. Phys.,
1967, 3, 53-72, in the approximation of a single ion the
effective potential for the quadrupole field is governed by:
2222V§r2 2

Vi) =
mw%rg

The parabolic distribution of the effective potential
implies that, if trapped inside of the linear rf-only
quadrupole, a single ion would experience an oscillatory
motion in the plane perpendicular to the quadrupole axis
with the secular frequency, €2, governed by:

0=, ®

V8

For increasing ion populations, the space charge increas-
ingly perturbs the effective potential distribution by intro-
ducing inharmonic terms in Eq. (2). This means that if, in the
presence of higher space charge, particular m/z ion species
are being excited by an auxiliary resonant rf-field, the
excitation becomes off resonant at a particular radius less
than the quadrupole inscribed radius. Therefore, the excited
m/z ion species are not effectively ejected from the linear
quadrupole ion trap, but rather oscillate with increased
amplitude and, thereby, also have a higher likelihood of
fragmentation in collisions with a background gas.

Another perturbation of ion motion inside of the linear
quadrupole ion trap is caused by the fringing rf-fields. If ions
are axially trapped between two plates supplied only with
dc-potentials, the m/z-dependent axial component of the
fringing rf-field results in spatial separation of different m/z
species decelerating in the fringing field. In order to mini-
mize fringing field-induced m/z discrimination, the
de-potentials applied to the trapping plates need to be
increased. This increase in the trapping dc-potentials is
accompanied by an increase in the radial component of the
dec-field, causing ion deflection to larger radii, where they
can gain additional kinetic energy from the rf-field, again
resulting in undesired fragmentation due to collisions with
neutral molecules.

Therefore, both space charge in the linear rf-only qua-
drupole trap and the axial component of the rf-field may
decrease the mass resolution of selective ion ejection based
on rf-only dipolar excitation. One approach for minimizing
space charge and fringing field effects is to conduct selective
rf-only ion ejection in the “fly-through” mode using the
selection quadrupole. Varying the entry currents to the
selection quadrupole over 2 orders of magnitude (10 pA to
1 nA) results in ~20% variation in the resonant dipolar
excitation frequency. Further, boundary-effect activated dis-
sociation can be either enhanced or suppressed at shorter
accumulation times (i.e., lower space charge in the
quadrupole) depending on the axial well depth in the accu-
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mulation quadrupole (i.e., a potential difference between the
conductance limit and the quadrupole rods). The increase in
the fragmentation efficiency with increasing axial potential
well depth has been attributed to the increased radial com-
ponent of the de-electric field in the turnaround point of ion
trajectories, resulting in ion deflection to larger radii where
ions gain additional kinetic energy from the rf-field. Varying
the axial potential well depth during an L.C separation and,
therefore, controlling the fragmentation efficiency may be
useful for elucidation of detected peptide sequences.

FIG. 7A shows a mass spectrum of a 10~° M solution of
bradykinin, gramicidin S, fibrinopeptide A, angiotensin I,
neurotensin, and y-endorphin obtained with the non-
selective external ion accumulation at an axial potential well
of 2 V. FIGS. 7B—C shows the data-dependent external ion
accumulation mass spectra of the same peptide mixture
acquired at an axial potential well depth of 6 V using a
two-sequence script described in FIG. 3. The mass spectrum
in FIG. 7B was acquired during the non-selective ion
accumulation using in the first sequence. Compared to FIG.
7A, this mass spectrum reveals a significant degree of ion
fragmentation in the accumulation quadrupole. The mea-
sured and calculated m/z of the parent and several fragment
ions, as well as the mass measurement accuracy are sum-
marized in the attached Table. Using parallel data acquisi-
tion the mass spectrum was rapidly converted to the corre-
sponding secular frequency spectrum (i.e., the frequency
spectrum of ion oscillations in the selection quadrupole) and
the most abundant ion species (i.e., the doubly charged ions
of y-endorphin) were automatically ejected during the fly
through the selection quadrupole using the second sequence
(FIG. 7C). The decrease in the intensity of
[YEnd+NH,+2H]** ion species is due to the mass resolution
of ~30, obtained in this example. This is insufficient to
selectively eject [yEnd+2H]** peak at m/z 929.9652 (-1.85
ppm) without affecting [YEnd+NH,+2H]** at m/z 937.9851
(-3.8 ppm). Importantly, in contrast with the mass spectrum
shown in Inset 2 of FIG. 5, no additional fragmentation was
observed when selectively ejecting the most abundant spe-
cies from the selection quadrupole. It should be noted that in
the fly-through mode the ion’s residence time in the selec-
tion quadrupole is about 100-200 us, which is insufficient to
cause detectable collisionally activated dissociation at a
pressure of 107 torr. The ion species subject to resonant
ejection in the fly-though mode need to be excited to radii
larger than the exit aperture radius so as to impact the
conductance limit and be lost. In contrast, the trapped ion
species should be radially ejected from the selection qua-
drupole. Otherwise, after being excited to larger radii, they
would gain additional kinetic energy from the primary
rf-field and potentially dissociate in collisions with the
background gas. As mentioned earlier, the trapping of exces-
sive space charge in the selection quadrupole distorts the
effective potential distribution and results in off-resonance
excitation to some radius less than the quadrupole inscribed
radius. Therefore, an excitation frequency sweep for effi-
cient ejection of the trapped ion species could potentially
reduce their fragmentation.

FIG. 8 shows the calibration function used for data-
dependent selective ejection of the most abundant ion spe-
cies during an LC/MS run to convert the acquired m/z
spectra to secular frequency spectra of ion oscillations in the
selection quadrupole. The calibration function was obtained
by selectively ejecting ion species from a 107° M solution of
bradykinin, gramicidin S, fibrinopeptide A, angiotensin I,
substance P, and neurotensin “on the fly” through the selec-
tion quadrupole. The data points in FIG. 8 represent the to
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experimental resonant frequencies (i.e., the frequencies cor-
responding to complete ejection of the rf-only excited ion
species) as functions of the reciprocal m/z, while the solid
line shows the calibration function derived from the experi-
mental data by least-squares fitting. The calibration function
determines the predicted resonant frequency for rf-only ion
ejection from the selection quadrupole and is governed by:

Foredicl BZJEA(@m)>+B(zim)*+Czlm)+D ©)
A=7.009470x10%%; B=2.299154x10"; C=3.614403x10°;
D=100777.2 5)

Compared to the dependence of the resonant secular
frequency on the ion’s m/z in the single ion approximation
(negligible space charge, see Eq. (3)), the function governed
by Egs. (4-5) corrects for space-charge effects incorporating
both the non-linear and zero-order terms in the calibration
equation. FIG. 8 gives the experimental and predicted reso-
nant frequencies for ion ejection as well as the maximum
achievable resolution due to the deviation of the predicted
resonant frequency from the experimental. The maximum
resolution for data-dependent resonant ion ejection indicates
the theoretical limit when applying a superposition of aux-
iliary excitation sine waveforms at the frequencies governed
by Egs. (4-5); i.e., since resonant frequencies for ion ejec-
tion in the course of L.C separation will be chosen by the PC
(FIG. 3) based on Egs. (4-5), the deviation of these fre-
quencies from the experimental (FIG. 8) can limit the
effective mass resolution for data-dependent ion ejection
from the selection quadrupole.

Having evaluated the data-dependent selective external
ion ejection with a mixture of peptides, this approach was
then applied to the characterization of a global yeast pro-
teome tryptic digest. LC/FTICR MS data sets from analysis
of a 1 mg/mL yeast soluble proteome digest were obtained
using the present invention and data-dependent selective
external ion ejection. As shown in FIG. 3, two alternating
sequences were employed. The non-selective accumulation
mass spectra were obtained using a 0.5 s trapping in the
accumulation quadrupole, while the data-dependent selec-
tive ejection of the most abundant ion species in the fly-
through mode in the selection quadrupole was followed by
a longer 1 s external accumulation period. FIGS. 9A-F
shows typical mass spectra acquired with these two alter-
nating sequences. Both the non-selective and selective ion
accumulation were performed at an axial potential well
depth of 2 V in the accumulation quadrupole, characterized
by the minimum degree of ion fragmentation (FIG. 7A). The
most abundant species detected in a non-selective accumu-
lation script (see FIG. 9A) were selectively to ejected on the
fly in the selection quadrupole prior to trapping the lower
abundance species in the accumulation quadrupole (FIG.
9B). Removing the most abundant ion species in the selec-
tion quadrupole thus allowed accumulation of lower abun-
dance species (not evident in the mass spectrum in FIG. 9A).
Following the selective ejection of the most abundant
species, a non-selective accumulation mass spectrum was
again acquired (see FIG. 9C) primarily showing the same
species as in FIG. 9A. This indicates that in this case the
peptide with a monoisotopic mass of 1098.75 continued
eluting from the LC column and was still the primary
contributor to space charge effects in the accumulation
quadrupole. Examination of the mass spectra acquired using
the present invention with automated data-dependent selec-
tive external ion accumulation showed that the experimental
mass resolution during actual LC separation for rf-only ion
ejection from the selection quadrupole was in the range of 30
to 50, depending on m/z.
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In the initial demonstration of the present invention two
256K data sets comprising the detected isotopic distributions
from the non-selective and selective accumulation runs were
obtained. In order to evaluate the approach, these data sets
were processed and compared with a data set acquired in a
separate L.C run using the non-selective external ion accu-
mulation. It was established in the experiments with stan-
dard mixture of a 10~° M solution of bradykinin, gramicidin
S, fibrinopeptide A, angiotensin I, neurotensin, and
y-endorphin that increasing the FTICR signal intensity (i.e.,
ion population in the FTICR cell) by about two orders of
magnitude decreased the detected cyclotron frequency as
much as 50 ppm (due to space charge effect). Throughout the
LC runs the intensity of the most abundant ion species was
found to vary by approximately two orders of magnitude
(consistent with variation in a chromatogram obtained using
UV detection). Therefore, the data processing for this dem-
onstration was performed assuming that the detected cyclo-
tron frequency of a particular putative peptide would vary
within 50 ppm. Note that when corrected for the global
space charge, the mass measurement accuracy for a particu-
lar mass spectrum remains within 10 ppm using our 3.5 tesla
magnet in this work (and less than 1 ppm when using our
11.5 tesla magnet in other studies). The detected isotopic
distributions were then combined into “unique mass
classes”, in which a set of peaks in a series of sequential
spectra that arise from the same species and corresponding
to the peak for elution of this single species is defined. Thus,
to a good approximation the number of unique mass classes
is expected to correspond to the number of peptide species
detected. The unique mass classes comprised isotopic dis-
tributions within 50 ppm that were eluting continuously. If
no isotopic distributions were detected within 50 ppm from
the particular putative peptide in the next two scans, all other
detected m/z species were assigned to different unique mass
classes in the present data analysis (though their cyclotron
frequencies could deviate by less than 50 ppm from the
cyclotron frequency of the identified putative peptide). For
example, if two peaks were detected with a cyclotron
frequency difference of less than 50 ppm from two separate
LC peaks, these peptides were ascribed to two different
unique mass classes. Though these peptides have close
cyclotron frequencies (i.e., close m/z), they elute at different
times and, therefore, will generally correspond to peptides
having different sequences (or modifications). Using soft-
ware available at the Pacific Northwest National Laboratory,
all detected isotopic distributions were converted to sets of
such unique mass classes. The two data sets of these unique
mass classes acquired using alternating sequences in one
LC/FTICR run (i.e., the non-selective and selective external
ion trapping) were then compared against each other using
a Visual Basic macro developed in Microsoft Access. An
overlap based on the mass measurement accuracy and
elution time criteria was transposed to a separate data set.
The maximum variation in the elution time for putative
peptides belonging to the same unique mass class (i.e., the
widest LC peaks) was about 25 s, corresponding to 10 scans.
The number of entries in this overlap database was sub-
tracted from the sum of the entries in the original unique
mass class databases and the result was compared with the
number of putative peptides identified in a separate L.C run
using the non-selective external ion accumulation (where the
unique mass class treatment was also applied). It was found
that the number of peptides detected with the alternating
sequences (30,771 unique mass classes were identified with
the overlap subtracted) was greater by about 35% than that
acquired using the non-selective ion accumulation (where
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22,664 unique mass classes were identified). The same
methodology was subsequently applied with data-dependent
selective ion ejection of the two and three most abundant ion
species. A 40% increase in the number of unique mass
classes was achieved when combining the non-selective ion
accumulation with data-dependent selective ion ejection of
the three most abundant ion species.

It should be noted that lower-resolution ion pre-selection
step prior to external ion accumulation in the linear rf-only
quadrupole filter gives rise to the appearance of small
“notches” in a mass spectrum, centering on the high abun-
dant ion species to be ejected. Lower abundance peptide
species dispersed in the mass spectrum within these
“notches” would be irrevocably ejected from the linear
rf-only quadrupole filter. Therefore, increasing the mass
resolution of the present invention in ion pre-selection is
important for increasing the number of identified putative
peptides in the course of a capillary L.C separation and for
increasing the overall dynamic range of proteomic measure-
ments. The increase in resolution is closely related to the
increase in the ion’s residence time and limited by the space
charge and fringing rf-field.

CLOSURE

While a preferred embodiment of the present invention
has been shown and described, it will be apparent to those
skilled in the art that many changes and modifications may
be made without departing from the invention in its broader
aspects. The appended claims are therefore intended to cover
all such changes and modifications as fall within the true
spirit and scope of the invention.

We claim:

1. A method for increasing the dynamic range of a mass
spectrometer having at least one quadrupole ion filter and
one mass analyzer, comprising the steps of:

a. passing a first sample of ions through the quadrupole
ion filter and the mass analyzer;

b. measuring the intensities of the mass spectrum of said
first sample;

c. identifying undesired ions within said first sample from
said measurement for ejection;

d. introducing a subsequent sample of ions into the mass
spectrometer;

e. superimposing the appropriate resonant if frequencies
to the quadrupole ion filter to eject the undesired ions
from the from the sequent sample and passing desired
ions to the mass analyzer; and

f. detecting the mass spectrum of the desired ions in the
mass analyzer.

2. The method of claim 1 comprising the further step of
accumulating the desired ions in a ion trap interposed
between the quadrupole ion filter and the mass analyzer.

3. The method of claim 2 wherein detecting the mass
spectrum of the desired ions is performed in a mass analyzer
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selected from the group consisting of an ion trap mass
spectrometer and a Fourier transform ion cyclotron reso-
nance mass spectrometer.

4. The method of claim 2 wherein the ejection of the
undesired ions is accomplished by applying resonant if-only
voltages to the quadrupole ion filter from the group consist-
ing of dipolar excitation, quadrupolar excitation, and para-
metric excitation.

5. The method of claim 1 wherein detecting the mass
spectrum of the desired ions is performed in a mass analyzer
selected from the group consisting of an ion trap mass
spectrometer and a Fourier transform ion cyclotron reso-
nance mass spectrometer.

6. The method of claim 1 wherein the ejection of the
undesired ions is accomplished by applying resonant rf-only
voltages to the quadrupole ion filter selected from the group
consisting of dipolar excitation, quadrupolar excitation, and
parametric excitation.

7. The method of claim 1 wherein steps a—f are repeated
to detect further undesired ions for ejection.

8. A method for increasing the dynamic range of a mass
spectrometer having at least one quadrupole ion filter, an ion
trap and a mass analyzer, comprising the steps of:

a. passing a first sample of ions through the quadrupole

ion filter and the mass analyzer;

b. measuring the intensities of the mass spectrum of said
first sample;

c. identifying undesired ions within said first sample from
said measurement for ejection;

d. introducing a subsequent sample of ions into the mass
spectrometer;

e. superimposing the appropriate resonant if frequencies
to the quadrupole ion filter to eject the undesired ions
from the subsequent sample;

f. accumulating desired ions from the subsequent sample
in the ion trap,

g. transferring the desired ions from the ion trap to the
mass analyzer, and

h. detecting the mass spectrum of the desired ions in the
mass analyzer.

9. The method of claim 8 wherein detecting the mass
spectrum of the desired ions is performed in a mass analyzer
selected from the group consisting of an ion trap mass
spectrometer and a Fourier transform ion cyclotron reso-
nance mass spectrometer.

10. The method of claim 8 wherein the ejection of the
undesired ions is accomplished by applying resonant rf-only
voltages to the quadrupole ion filter selected from the group
consisting of dipolar excitation, quadrupolar excitation, and
parametric excitation.

11. The method of claim 8 wherein steps a—h are repeated
to detect further undesired ions for ejection.

#* #* #* #* #*
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