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Stored waveform inverse Fourier transform (SWIFT) technology has been implemented on a
commercial Fourier transform ICR mass spectrometer. Complex ejection/isolation waveforms
can be generated on an arbitrary waveform generator (AWG) and applied to the instrument by
use of a high speed analog switch. High mass selectivity and subsequent electron capture
dissociation (ECD) of the SWIFT isolated ions has been demonstrated with analysis of intact
Bovine histone H4. A mass selectivity about 0.1 m/z unit for isolation of the 18� charge state
ions was achieved. Adaptation of SWIFT on the commercial instrument provides an enhanced
capability for characterizing intact proteins by top-down analysis. (J Am Soc Mass Spectrom
2010, 21, 455–459) © 2010 American Society for Mass Spectrometry

Tandem or multistage mass spectrometry has be-
come a key technology for proteomic studies and
for characterization of large biomolecules, espe-

cially proteins. Although traditional “bottom-up” ap-
proach to proteomics based on LCMSMS analysis of
enzymatically-digested peptides and database search
has become accepted methods, information on protein
level identification, quantification, relative stoichiome-
try, and co-occupancy of post-translational modifica-
tions are difficult to extract from such experiments. The
so-called “top-down” proteomics approach [1–4] based
on direct mass spectrometric analysis of intact proteins
provides a hope to fulfill the promise.
In a top-down analysis experiment, a protein sample

is prepared in a relatively pure form. It is, however,
often impractical to obtain highly concentrated and pure
proteins, especially for proteins containing complicated
transcriptional variations and/or post-translational mod-
ifications. In many tandem mass spectrometers, precur-
sor ions are isolated by quadrupole, ion trap devices, or
by time-of-flight effects before they are fragmented.
Those mass selection methods suffer from low mass
selectivity, typically �1000. The stored waveform in-
verse Fourier transform (SWIFT) [5] method allows for
ultrahigh mass selectivity, but can only be implemented
on an FTICRMS instrument.
The SWIFT technology was introduced into the field

of mass spectrometry by Marshall and coworkers in
1985 [6]. Since then, several improvements have been
introduced. Those include continuous but nonlinear
phase modulation for dynamic range reduction and
apodization of waveforms for elimination of Gibb’s
oscillations [7], optimal phase modulation [8–10], and

spectral edge smoothing algorithm [10, 11]. The theo-
retical basis for application of SWIFT is the linear
response theory for FTICRMS [12, 13], ion trap mass
spectrometry [14], and a two-level system such as NMR
[15]. Detailed algorithms for generating optimized
SWIFT excitation can be found in a comprehensive
review [5].
The correlated harmonic excitation fields (CHEF)

[16] is another ion ejection and isolation method imple-
mented on FTICRMS. Ultrahigh mass selectivity has
been demonstrated. The CHEF excitation fields are
produced by a frequency sweeping wave generator and
require no specialized hardware to implement. An
arbitrary waveform generator is needed for SWIFT.
However, SWIFT allows excitation/isolation wave-
forms of arbitrary complexity, while CHEF allows only
isolation of a single range of m/z values. CHEF tends to
move ions off-axis, and can lead to poor overlap of the
electron beam with the precursor ions for electron
capture dissociation (ECD) experiments.
Although FTICRMS has a long development history

[17], until recently its operations have usually been
complicated, and it requires an expert in the field to
operate and maintain the instrument. The introduction
of LTQ/FT instrument [18], based on the architecture of
a 9.4 Tesla FTICRMS [19], holds the promise to move
FTICRMS into the mainstream of analytical instrumen-
tation in which instruments are free from tedious oper-
ating and maintenance procedures. However, use of
LTQ/FT as a tool to carry out top-down protein anal-
ysis has limitations, including inadequate precursor ion
mass selectivity. The precursor ion selection is con-
ducted in a linear quadruple ion trap. The mass selec-
tivity is inherently limited by the ion motional charac-
teristics and by the space charge effect of stored ions. A
mass isolation window less than 1 m/z unit causes
severe loss in sensitivity, and wrong masses are selected
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if ion populations become large. Although the instru-
ment is equipped with an automated gain control
(AGC) capability, which provides an appropriate ion
population, it is less effective for isolating a minor ion
from a large population of other ions. The limited mass
selectivity can be tolerated to a certain degree in an
LCMSMS analysis of peptides in a conventional bot-
tom-up experiment in which mass isolation windows as
large as 2-3 m/z units can be used. However, in a
top-down experiment, a superior mass selectivity pro-
vided by SWIFT is useful for isolation of protein post-
translational modification variants. In this paper, we
describe an improvement of mass selectivity on
LTQ/FT by addition of SWIFT isolation capability.

Experimental

Unfractionated calf thymus histone was purchased from
Worthington Biochemical Corporation, Lakewood, NJ,
USA. The bovine histones were fractionated by a RPLC
system and core histone fraction was collected. Each of
the fractionated histone samples was further desalted
by an additional RPLC separation. Five uL of bovine
histone H4 sample in about 1 pmol/uL in RPLC eluent
(�0.1% formic acid in 50% acetonitrile) was loaded on a
static nanospray tip (Proxeon, Odense, Denmark). The
sample allowed for 1–2 h analysis on an LTQ/FT
instrument (San Jose, CA, USA).
Hardware for SWIFT setup was based on an arbi-

trary waveform generator (AWG) board (PN:NI PCI-
5411; National Instruments, Austin, TX, USA). The
AWG is capable of generating waveforms with 4 mega-
words of definition, 12 bit resolution, and 40 M sam-
ple/s rate. SWIFT signals were switched into the LTQ/
FT’s excitation amplifier input through an analog
switch (PN:MAX301; Maxim Integrated Circuits Inc.,
Sunnyvale, CA, USA). The analog switch has an ON
resistance of 20� for a power supply voltage of 12 V. To
synchronize the SWIFT isolation signal with the exper-
imental sequence of the LTQ/FT instrument, the exci-
tation gating and auxiliary digital signals were decoded
and reconfigured to allow the insertion of the SWIFT
isolation signal. The signal configuration is illustrated
in Figure 1.
SWIFT waveform synthesis was carried out on the

SWIFT generation utility of the MIDAS software [20].
Current mass calibration coefficients on LTQ/FT were
used to convert desired mass isolation window bound-
aries into the corresponding frequencies. A utility code
was written to convert the MIDAS SWIFT format into a
binary file for downloading into the hardware. Typi-
cally, waveforms of 128 k data points and a sampling
rate of 1 M sample/s offered sufficient mass selectivity
to isolate ions in 1 m/z window (see results section).
Electron capture dissociation (ECD) can be carried

out immediately after SWIFT isolation. 30 nA electron
emission current, 5 eV injection energy, 5 ms duration
were typically used for fragmentation of proteins. A

total of 1668 transients were co-added, corresponding to
an accumulation time of 31 min.

Results and Discussion

Selective Ion Ejection

Under our operating conditions, nanospray ionization
of bovine histone H4 generates a distribution of charge
states from 11� to 21�. Since electron capture efficiency
is proportional to the square of the charge state [21], we
selected 18� charge state in the linear ion trap with an
isolation window of 30 m/z units. An isolation window
in the linear ion trap less than 10 m/z units severely
reduce the intensity and sometimes results in isolation
of undesired highly charged protein ions. However, the
30 m/z window of isolation in LTQ is essential for the
success of subsequent SWIFT experiments since it sig-
nificantly reduces the space charge effect in the ICR
trap. The 18� charge state of H4 shows twomajor peaks
(Figure 2a) separated by a 42 Da mass difference,
corresponding to an acetyl group between them. The
coarsely selected ions were transferred to the ICR trap
and a SWIFT ejection pulse was applied before the final
excite/detect event. The SWIFT ejection pulse was
designed to remove all ions in an m/z range of 629.5–
630.5 from the ICR trap. Shown in Figure 2b, ions in the
ejection range were successfully removed without sig-
nificant change ion population outside of the range.
Such high-resolution ejection can be used to change
isotopic patterns and to reduce space charge effect.

Selective Ion Isolation

The most useful feature of the SWIFT technology is
perhaps its capability to isolate ions with ultrahigh
mass selectivity for additional stages of MS/MS. As

Figure 1. Block diagram of LTQ/FT with SWIFT hardware
configuration. The analog signals are shown in thick lines, and
digital signals are in thin lines. The original waveform signal line
(dashed line) was rerouted through an analog switch to allow
insertion of SWIFT signals.
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demonstrated in Figure 2c, the isotopic distribution of
a particular post-translational modification variant of
bovine histone H4 can be cleanly isolated. Electron
capture dissociation of the SWIFT isolated ions gener-

ates sequence-informative c and z ions as shown in
Figure 3, permitting unambiguous assignment of acet-
ylation and methylation sites in the N-terminal region
[Ac-SGRGKGGKGLGKGGAKRHRK(Me2) . . .]. Of the
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Figure 2. SWIFT ejection and isolation. (a) Local spectrum of bovine histone H4, charge state 18�.
(b) SWIFT ejection of m/z range 629.5–630.5. (c) SWIFT isolated H4 PTM variant, m/z 628.70–629.65.
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Figure 3. Region of an ECD spectrum of SWIFT isolated ions from bovine histone H4 charge state
18�. Over 90% of signals whose signal to noise ratio greater than 3 can be assigned as c or z ions of
protein sequence with predicted modifications. Upper left trace: a portion of spectrum m/z 573–600
shows pure c-ions. Upper right trace: a section of spectrum (m/z 803–813) shows only z-ions.
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111 ions (isotope distributions) observed, 56 can be
assigned as 50 c-fragments and 55 can be assigned as 45
z-fragments. Similar experiments have been carried out
on homebuilt instruments [22, 23]. It is interesting to
note thatm/z values of nearly all c-ions are less than that
of the precursor ions (m/z � 629), while m/z values of all
z-ions are greater than precursor m/z (see the upper
traces of Figure 3). This observation may be specific for
histones since many basic residues are located near the
n-terminus of the histone molecules.
In order for ECD to occur it is necessary for ions to

come into contact with thermal electrons in an ICR trap
located at the highest region of magnetic field. Both ion
beam and electron beam are focused according to the
magnetic field lines during injection. Sufficient overlap
of the ion cloud and the electron beam requires (1) that
the diameter of the electron beam is equal or larger than
that of the ion cloud, and (2) the central axes of both are
collinear on the symmetry axis of the magnetic field. It
is also important that SWIFT isolation does not cause
cyclotron and magnetron excitation of the ions being
isolated. It is well known that both ion motions can be
resonantly excited if an excitation pulse contains fre-
quency components at those frequencies. To minimize
cyclotron excitation, the SWIFT waveform should have
minimal magnitude components in the isolation m/z
range. This can be realized by extensive smoothing of
spectral edges in the magnitude spectrum [10, 11]. In
the example of Figure 2c, the excitation magnitude
spectrum was smoothed three times with a 4-frequency
point moving window average filter of [11] to give a
mass selectivity of 0.082 m/z unit, according to the 10 to
90% transition definition. Excitation magnitude within
the isolation window was virtually eliminated judged
by magnitude Fourier transform of the SWIFT wave-
form after zero-padding [7].
Although a large number of ECD fragment ions were

observed for the SWIFT isolated precursor ions (56
c-ions with SWIFT versus 60 c-ions without SWIFT), the
ECD efficiency was somewhat lower than that without
SWIFT isolation (1.2 � 107 aggregated c-ion intensity
with SWIFT versus 1.9 � 107 without SWIFT). The ECD
efficiency was lower when exposure of the ions to
electrons was delayed for the same time period without
SWIFT isolation. Therefore, the lower efficiency of ECD
for SWIFT isolated ions was caused not by application
of SWIFT isolation, but by the time delay (130 ms) of the
isolation event. Possibly, the ion cloud expands to a
large radius during the delay after the ion transfer into
ICR trap and before electron beam event. Both decrease
in ion density and increase in ion cloud radius caused
by the expansion can reduce ECD efficiency. The known
method to reverse the expansion process is called “ion
axialization” [24].
However, a high gas pressure in the ICR trap is

needed for cooling the cyclotron motion in an ion
axialization event. The scan throughput will be re-
duced.

As mentioned in the Experimental section, the ana-
log switch has an ON resistance of 20 �; it reduces the
normal excitation radius. However, if the instrument is
calibrated with the switch installed, the excitation volt-
age supplied to the ICR trap will be restored to the
normal operating level. It is important to perform the
calibration so that the sensitivity is not affected. Ejection
by SWIFT also causes changes in ion population in the
ICR trap before detection, and the mass accuracy will be
affected. In our example, the detected ions have �4.7
ppm mass error on average without SWIFT compared
to �6.9 ppm with SWIFT. The shift to a lower m/z value
or more negative ppm value is expected since ions
exhibit higher cyclotron frequencies when experienced
with a less space charge effect.
Although SWIFT isolation for top-down experiments

has been conducted on several homebuilt FTICR instru-
ments [20, 25], our SWIFT implementation on a com-
mercial instrument has several advantages. First, the
LTQ/FT allows fast scan rate. In our experiments, one
scan per second was typical for resolving power of
100,000. In a given time duration, many transients of
those scans can be co-added to achieve desired signal-
to-noise ratio. Second, the commercial instruments typ-
ically provide auto-tuning capabilities, simplifying
optimization of experimental conditions. Finally, only
minimal hardware modification is required to imple-
ment the capability. The difficulty for such implemen-
tation is of course integration of the capability into the
system, such as data dependent SWIFT synthesis and
insertion of SWIFT isolation into LCMSMS scripts.
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