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ABSTRACT: Coupling drift tube ion mobility (IM) to Fourier transform mass
spectrometry (FT-MS) affords the opportunity for gas-phase separation of ions based
on size and conformation with high-resolution mass analysis. However, combining IM
and FT-MS is challenging because ions exit the drift tube on a much faster time scale
than the rate of mass analysis. Fourier transform (FT) and Hadamard transform
multiplexing methods have been implemented to overcome the duty-cycle mismatch,
offering new avenues for obtaining high-resolution, high-mass-accuracy analysis of
mobility-selected ions. The gating methods used to integrate the drift tube with the
FT mass analyzer discriminate against the transmission of large, low-mobility ions
owing to the well-known gate depletion effect. Tristate gating strategies have been
shown to increase ion transmission for drift tube IM-FT-MS systems through
implementation of dual ion gating, controlling the quantity and timing of ions through
the drift tube to reduce losses of slow-moving ions. Here we present an optimized set
of multiplexing parameters for tristate gating ion mobility of several proteins on an Orbitrap mass spectrometer and further report
parameters for increased ion transmission and mobility resolution as well as decreased experimental times from 15 min down to 30 s.
On average, peak intensities in the arrival time distributions (ATDs) for ubiquitin increased 2.1× on average, while those of
myoglobin increased by 1.5× with a resolving power increase on average of 11%.

■ INTRODUCTION
Understanding the structural heterogeneity of proteins and
protein complexes in the gas phase remains a challenge even
with the advancement of sophisticated tandem mass
spectrometry,1−4 ion mobility methods,5−11 and new computa-
tional programs such as Alpha-Fold.12,13 Changes imparted
through interaction of proteins with ligands or other proteins,
addition of post-translational modifications, or adoption of
different conformations increases the difficulty of discerning
structures.14−17 Drift tube ion mobility has gained popularity
as a way to provide gas-phase separation of heterogeneous ion
populations based on their size and shape while allowing the
determination of ion-neutral collision cross section (CCS).18,19

Drift tube ion mobility (DTIM) separates ions within a
uniform electric field, transmitting ions through a designated
drift region where the ion velocities are related to their
inherent mobility.18,20,21 The forward motion of the ions is
resisted by friction generated through interaction with an inert
buffer gas, allowing first-principles calculation of CCS.17,18

Typically, DTIM systems are interfaced with time-of-flight
(TOF) mass spectrometers owing to their fast scan rates and
ability to sample the ions in real time as they exit the drift
tube.20 Other IM platforms such as traveling wave
(TWIMS),22,23 trapped (TIMS),24 and field-asymmetric wave-
form (FAIMS)25 are routinely adapted for TOF instruments
and have been incorporated into a number of commercial
platforms. Although these systems are becoming increasingly

common, often their resolution and tandem MS (MS/MS)
capabilities limit their utility in the analysis of more complex
analytes such as intact proteins. Orbitrap mass spectrometers26

provide enhanced mass resolution and MS/MS functionality
but operate at significantly slower scan speeds (hundreds of
milliseconds) than ion mobility separations (tens of milli-
seconds), posing a challenge for integration of drift tubes with
high-performance mass analysis. Because of this duty-cycle
mismatch, DTIM-Orbitrap instruments typically employ two
electrostatic ion gates at the entrance and exit of the drift tube,
which can be operated in such a way as to allow only ions with
a specified drift time to be transmitted to the mass
spectrometer.5,7,9,11,17,27−29 Fourier transform (FT) multi-
plexing can be used to improve the duty cycle of standard
dual-gate drift tube IM-MS systems and generate full arrival
time distributions (ATDs) with improved sensitivity and
shorter acquisition times.10,27,30−32 Through systematic mod-
ulation of the front and back gates of the drift tube using a
swept frequency square waveform, the ion drift times are
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encoded as oscillations within ion current on the mass
spectrometer.29,32 Extracted ion chromatograms (XICs) can
be used to selectively map the ion current for each m/z of
interest prior to FT to generate m/z-specific ATDs.
Although FT-multiplexing has become a widely used

method to overcome the aforementioned duty-cycle mismatch,
two problems remain unresolved in the context of analysis of
proteins: (1) mobility discrimination resulting from gate
depletion and (2) the need for significant signal averaging
results in low throughput. For DTIM systems that operate
using electrostatic ion gates, the gate depletion effect
suppresses low-mobility ions as they traverse the gating region.
This effect causes rapid decay rates of the ion current
oscillations within the XICs and therefore results in significant
losses in sensitivity and increased background noise within the
ATDs.30,33,34 Various ion gate designs have been devised to
modulate both front and back gates of a drift tube to enhance
sensitivity of lower mobility ions, i.e., ions with larger collision
cross sections. Bradbury-Nielsen,35 Tyndall-Powell,36 trigrid,34

and other ion shutter architectures37,38 have previously
demonstrated large “cutting zones” within gating that result
in the loss of slow-moving ions. Further modifications to the
drift tube itself to perform overtone mobility experiments and
reduce ion losses have also been undertaken.39,40 As shown
schematically in Figure 1, the cutting zone is a mobility-
dependent region where lower mobility ions cannot effectively
traverse the physical plane of the ion gate used to modulate the
ion beam, resulting in discrimination in the observed mobility
spectra. When a shutter is opened, ions traverse through the

region until the shutter is closed, with the faster moving ions
making it through the gate while the slower moving ions are
cut off. The size of this “cutting zone” varies by gate design but
consistently has remained a problem for ion transmission for
lower mobility ions.30,33,34 Lengthy acquisition times and the
need for extensive signal averaging to compensate for these
difficulties further limit experimental throughput. These factors
contribute to a significant disadvantage for analysis of low-
mobility protein ions that often exist in low abundances owing
to dispersion among many charge states and conformations.
A method termed tristate gating was recently introduced34

to minimize the cutting region and minimize the bias against
slow-moving ions caused by the gate depletion effect.30,34 As
previously described, a three-grid shutter is used to generate
two distinct cutting zones that can be modulated by applying
either a positive or negative potential on the second grid
(Figure 1).30,34 By initially applying a negative potential, the
elimination zone is created between the second and third grids,
allowing ions to traverse from the ionization or desolvation
region through to the second grid. The supplemental voltage
on the second grid is removed to restore the voltage gradient
used to push ions through the region. As the ions move
through the gate region, a positive potential is then applied to
the second grid, generating an elimination zone between the
first and second grids. Ions that have traversed past the second
grid will be pushed into the drift region, while those in the
elimination zone will be lost. Because the packet of ions that is
injected into the drift region start at the second grid and are
further truncated at the same location through a shifting of the
elimination zone, the bias against the slower moving ions can
be reduced, and the ions will traverse a distance appropriate to
their inherent mobilities. Tristate gating has been shown to
increase the ion abundance as well as the resolving power
observed within the arrival time distribution.30,33,34,38,41,42

Direct comparison of the tristate gating method to two-state
gating methods was performed using a series of tetraalky-
lammonium salts and further demonstrated for higher
resolution separation of isomeric peptides.30,33,42 Other studies
have validated this approach as a reliable method for reducing
the effects of gating bias,34,38,41 but to date, these methods
have not been implemented for ion mobility applications of
large molecules, such as proteins.
Further optimization of the multiplexing technique offers the

potential for more effective ion mobility separation of protein
ions with much greater throughput.10,17 The end frequency of
an FT-IM sweep directly influences the density of data points
in the generated ATD and therefore has a substantial impact
on the maximum resolving power that can be attained. When
very high ending frequencies of the sweep are used in
comparison to the starting frequency, the spacing between data
points in the ATD becomes inversely proportional to the end
frequency itself. In general, a lower end frequency will lead to
lower resolving powers but must be balanced against overall
sweep rates as well as the ions drift time. While the greatest
theoretical resolving powers should be generated with high end
frequencies and slow sweep rates, new Orbitrap FT-MS
systems offering faster scan times through multiplexed analysis
allow the potential to maintain moderate end frequencies and
significantly increased sweep rates while preserving the high
resolving powers necessary to distinguish large biological
molecules. We report here the use of tristate gating with
optimized multiplexing parameters to probe the ability to

Figure 1. Gating schemes imparted on the two electrostatic trigrid
gates of the DTIM-FT-MS system. (A) Two-state gating (blue) and
tristate gating (green) waveforms imparted on the gates denoting the
corresponding “open” and “closed” states of the grid and (B) ion
populations representing low- and high-mobility ions traversing the
trigrid gate while in open and closed states. Tristate gating reduces the
low-mobility ion population that is lost in the closed gating states.
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analyze proteins with drift tube ion mobility coupled to a high-
performance Orbitrap mass spectrometer.

■ METHODS
Chemicals and Materials. Ubiquitin from bovine

erythrocytes, myoglobin from equine skeletal muscle, cyto-
chrome C from equine heart, and tetraalkylammonium
bromide salts (TAA) were purchased from Sigma-Aldrich (St
Louis, MO), and angiotensin I was purchased from Genscript
(Piscataway, NJ). All samples were used without further
modification or purification. Each protein or peptide was
dissolved in a 50/50 mixture of methanol/water with 0.1%
formic acid to a final concentration of 10 μM. TAA salts with
alkyl chains ranging from 5 to 12 carbons were individually
dissolved in methanol prior to combination of the salts in 50/
50 methanol/water to a final concentration of 10 μM.
Instrumentation. An atmospheric pressure drift tube was

mounted to the front end of a Q-Exactive HF-X BioPharma
Orbitrap mass spectrometer (Thermo Fisher Scientific, San
Jose, CA), (Figure 2). The drift tube was constructed as
described in detail previously.8,43 A nanoelectrospray source
using gold palladium coated emitters pulled in-house and with
a spray voltage of 1.0−1.5 kV floated above the drift voltage
was used to generate ions. The drift tube consists of a ∼10 cm

desolvation region followed by a ∼10 cm drift region. A
voltage of 10 kV is applied to the ring electrodes connected
through a chain of resistors that span the length of the drift
tube, used to generate the uniform electric field throughout.
Three-grid ion gates are located at the front and back ends of
the drift region and operated independently using FET pulsers
designed and built by GAA Custom Engineering.44 Three-grid
gates have been reported previously and have not been shown
to contribute to ion losses compared to two-grid systems.42

Dependent on the gating mechanism, either one or two FET
pulsers were used per gate and controlled using a custom
program written in LabView and a National Instruments PXI
6289 module (National Instruments, Austin, TX). The
LabView program generates and outputs an increasing
frequency square waveform from user input values of start
and end frequency as well as sweep time with a selection of the
desired gating method. The waveform triggers high/low
outputs from the pulsers, which are configured individually
to output optimized gating potentials, described further in the
Results section. For tristate gating, each gate is modulated with
two FET pulsers wired in tandem to supply both positive and
negative potentials, while two-state gating methods require
only one pulser per gate.
In a typical experiment, the gating frequency is swept from 5

to 5000 Hz in a period ranging from 1 to 15 min.17,32

Simultaneously, mass spectra are acquired in the Orbitrap mass
spectrometer where the ion injection time was fixed to retain
consistent scan times across experiments. Extracted ion
chromatograms (XICs) are generated for each ion of interest,
showing a distinct ion current that oscillates with a frequency
unique to the ion’s drift time. XICs are extracted, triplicates are
averaged, and further processing is performed by Fourier
transformation using standard magnitude mode or absorption
mode with a custom written Matlab code.8 Thereafter, m/z-
dependent arrival time distributions are produced, and further
statistical analysis to extract drift times, signal-to-noise, and
resolving power is performed using a supplemental custom
Matlab program.

■ RESULTS AND DISCUSSION
Optimization of Multiplexing and Standard Gating

Parameters. Prior to implementing the tristate gating
strategy, the multiplexing and gating parameters for the
DTIM-FT-MS experiments were optimized. Benchmarking
and optimization experiments were undertaken with ubiquitin
(8.6 kDa protein) in 6+ to 13+ charge states. ATDs are then
processed to calculate S/N, resolving power (RP), and other
figures of merit.

Optimization of Sweep Rate. For FT-MS systems, mass
resolution depends on scan speed. To acquire a high-resolution
mass spectrum in an Orbitrap analyzer, transients extending
hundreds of milliseconds are acquired. Although FT-multi-
plexing overcomes the mismatch in duty cycles between ion
mobility sweep time and mass analysis, the slower speeds of
the mass scan require the use of larger frequency ranges and
sweep times in order to adequately sample the ion current
modulation in the time domain. To optimize MS conditions
for the highest IM resolving power and signal-to-noise (S/N),
standard FT-IMS sweeps were collected using various mass
resolutions with corresponding transient times of 512, 256,
128, 64, and 32 ms for ubiquitin. Ion injection times were kept
shorter than the transient time for each particular mass
resolution to prevent further increases of the duty cycle. The

Figure 2. (A) Instrument schematic. Ions are generated through a
nanoESI emitter at the front end of the atmospheric pressure drift
tube. The two gates of the drift tube are controlled using waveforms
generated through National Instruments software and FET Pulsers.
The drift tube is interfaced to the front end of a Q-Exactive HF-X
Orbitrap mass spectrometer. (B) Typical experimental workflow
entails acquisition of mass spectra, generation of extracted ion
chromatograms (XICs) for each ion of interest using two-state and
tristate gating methods, and Fourier transformation of the XICs to
generate arrival time distributions (ATDs).
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S/N and IM resolving power were calculated based on the 5+
through 11+ charge states of ubiquitin in Figure S1 and Table
S1. While little difference in S/N and resolving power was
noted for previous analysis of the TAA ions across the various
MS resolutions, several charge states of ubiquitin displayed a
significant increase in S/N at higher mass resolutions (i.e.,
acquisition of longer transients). While low mass resolutions
with fast transient scan times (i.e., 32 ms) are most beneficial
in tandem with drift tube analysis for small ions, for many
charge states of larger protein ions, the greatest increases in ion
mobility figures of merit are achieved through moderate mass
resolution with longer transient times (i.e., 256 ms).
The sweep rate determines how many frequencies are

encoded within each data point of the resulting XIC; a faster
sweep rate will encode more frequencies into each data point
and lower the resulting IM resolving power.45 The end
frequency of a sweep determines the number of data points
sampled for a peak of interest within the ATD as well as the
subsequent resolving power, which can be further augmented
through the use of apodization and zero padding of the XIC
prior to Fourier transformation.8 The fastest sweep rate that
can be achieved is governed by the Nyquist theorem, which
states that the encoding frequency of the drift time being
measured ( fen) is proportional to the sweep rate ( fen = sweep
rate/drift time).8 The sweep rate then must be kept at or
below half the scan rate of the mass spectrometer, which for
the Orbitrap mass spectrometer used in the present study that
employs multiplexing is equivalent to the transient time. In
short, the longest drift time within the experiment will have an
encoding frequency, which will govern the sweep rate
depending on the mass resolution being used. In typical
experiments, the Nyquist limit is not approached owing to long
transient times, complex samples, or poor ion transmission that
impedes the practical use of the faster sweep rates.
To assess the experimental throughput (i.e., duration of data

acquisition and sweep times needed) and the ability to
approach the Nyquist limit, standard FT-IM sweeps of 5 to
5000 Hz in 15 to 0.5 min were conducted to represent sweep
rates of 5.55 to 166.50 Hz/s. In each case, S/N and resolving
power were determined from the ATDs of the 10+ to 12+
charge states of ubiquitin. Figure 3 shows the resulting S/N
and resolving powers as a function of sweep rate with error
bars generated through triplicate experiments, collected on the
same day. The greatest variation in the standard deviations of
S/N was observed for the longest sweep times of 10 and 15
min, while little variation in resolving power was seen. Owing
to the large abundance of protein ions, minor fluctuations in
temperature and pressure should not substantially change the
fwhm of the peak or drift time within the ATD and therefore
not affect RP; however, background ions of low abundance are
more likely to vary and contribute to variations in S/N. The
RP and S/N observed across protein charge states varied little
with decreased sweep times from 15 min down to 30 s,
demonstrating that respectable results in significantly shorter
experimental times can be achieved. The impact of using
extremely fast sweep rates on the analysis of larger proteins was
not investigated further. A baseline sweep rate of 16.6 Hz/s
was chosen for additional optimization and assessment of
gating performance because it provided the most consistent
balance between attaining high-quality mass spectra and
reasonable experimental throughput. It is worth noting,
however, that there is a maximum sweep rate that can be
applied during the FT-IM experiment, above which aliasing

may occur.46 Overall, increasing the sweep rate to 16.6 Hz/s
resulted in no significant decrease in IM S/N or resolving
power, demonstrating the ability to approach the Nyquist limit
while maintaining data quality.
The impact of the terminal sweep frequency on the S/N and

resolving power was also examined. Using 5 and 1 min sweep
times, the terminal frequency was varied between 10 000 and
1000 Hz. Figure 4 shows the calculated S/N and RP overlaid
on the ATD acquired for the 10+ charge state of ubiquitin.
Although the S/N is greatest using the 1000 Hz terminal
sweep frequency, the RP is also significantly decreased. For a 5
min sweep, a terminal sweep frequency of 3000 or 5000 Hz
was optimal, whereas reducing the sweep time to 1 min
afforded better S/N and RP for a terminal sweep frequency of
3000 Hz. This trend is consistent with the space charge
broadening effect; as the terminal frequency of the sweep is
decreased and therefore the resulting sweep rate is decreased,
we observe band broadening in the ATD that is likely due to
the increase in the ion population within the drift region.47 For
the remainder of experiments, a 5 min sweep with a terminal
frequency of 5000 Hz resulting in a 16.65 Hz/s sweep was
used unless otherwise noted.

Optimization of Gate Voltages. In addition to influencing
the transmission of all ions though the drift region and into the
mass spectrometer, the voltages applied to the gates may also
bias the transmission of the slow-moving ions. The impact of
the front and back gate voltages on transmission of ions was
evaluated for angiotensin, ubiquitin, and myoglobin. For this
evaluation, the voltage applied to one gate was serially

Figure 3. (A) S/N and (B) resolving power as a function of sweep
rate for three charge states of ubiquitin (10+ in pink, 11+ in green,
12+ in purple) based on triplicate measurements collected on the
same day.
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increased from 10 to 100 V, while the other gate was
electrically connected to the drift tube voltage gradient to
disconnect its gating function. Ion current in the Orbitrap
analyzer was used to estimate transmission as a function of the
front and back gate voltages, as illustrated in Figure S2. The
transmission data collected at each gate voltage were fit with a
standard polynomial curve, and the lowest gate voltage that
prevented transmission of ions was determined. These voltages
were 65 and 80 V for the front and back gates, respectively, and
these gating potentials were used for the remainder of the
experiments.
Gating: Tristate vs Two-State. With multiplexing and

FTIMS parameters fully optimized for maximum IM resolving
power and S/N, the drift tube gating methods were tested and
compared for overall performance of protein analysis. The
same gating voltages and sweep parameters were applied for
both two-state and tristate gating methods, and all spectra were
collected the same day with the same nanoelectrospray emitter.
The gating frequency was swept from 5 to 5000 Hz, and mass
spectra were collected in the Orbitrap analyzer at 120 00
resolution. The data processing workflow is shown in Figure
2B. The mass spectra collected were compared for each gating
method, and identical charge state distributions were observed.
Moreover, given that the experiments were conducted at low
electric field strengths and atmospheric pressure, there is no
expectation that field contributions to the ion velocity
contributed to any differences between the ion gating methods.
XICs were generated in triplicate and averaged for each charge
state of interest from the mass spectra and then subjected to
Fourier transformation to produce an ATD. The ATD for each
gating method was then statistically processed to determine IM
resolving power and S/N and overlaid to allow direct
comparison of peak shapes and relative intensities.
The ATDs generated for several charge states of ubiquitin

are shown in Figure 5. The relative peak intensity increases
approximately 2-fold for the tristate gating method relative to

the two-state method, but there is little change in the resolving
power between the two methods. The increase in peak
intensity appears to be more significant for the charge states of
lower abundance. For example, the 6+ charge state produces a
two-state gating ATD with a S/N value of 18 and resolving
power of 13 increasing to S/N 26 and resolving power of 13.
The S/N of the 12+ charge state increases from 46 to 68 for
the tristate gating method with a 2.9× increase in peak
intensity. The average peak intensity increase across all charge
states with one conformer present was 109%. The ATDs for all
charge states of ubiquitin are compared in Figure S3, and all
calculated figures of merit are summarized in Table S2.
Statistical analysis was performed utilizing t tests to generate p-
values as well as standard deviations based on replicate gating
experiments, summarized in Table S4. While a majority of
charge states displayed statistically significant increases in the
S/N with tristate gating (four out of five charge states), the
increases in resolving power were not significant (only one out
of five charge states showed an increase in resolving power).
The similarities in resolving power between the two gating
methods indicate that the full width half max values of the
peaks and the drift times remained consistent without
distortion in peak shape or drift times.

Figure 4. Impact of terminal sweep frequency on resolving power and
S/N of the ATDs of ubiquitin (10+) acquired for (A) 5 min sweep or
(B) 1 min sweep with a starting frequency of 5 Hz.

Figure 5. (A) Mass spectrum of ubiquitin and (B) corresponding
ATDs collected with two-state gating (blue) and tristate gating
(green) for various charge states. The calculated resolving power and
resulting S/ N for each gating method as well as the increase in
relative intensity are listed for each ATD.
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Comparisons of the two gating methods were also
undertaken for myoglobin (17 kDa, 9+ to 22+ charge states).
Figure S4 shows the representative MS1 spectrum and
corresponding ATD for selected charge states. For the higher
charge states (18+ to 22+) that exhibit a single mobility peak,
significant increases in both peak intensity (averaging 49%)
and resolving power (averaging 11%) are observed. The ATDs
for all charge states of myoglobin are compared in Figure S5,
and all calculated figures of merit are summarized in Table S3.
The statistical analysis is summarized in Table S4. The greatest
improvements in resolution for the tristate gating method
occur for the 15+ and 16+ charge states, each appearing to
have two mobility features that may represent different
conformers. Conformation distributions of the charge states
matched well with a previous report.48 To calculate the
resolution between the two putative conformers of the 16+
charge state, the raw data were baseline-corrected in MATLAB
and fit with the sum of two Gaussians to extract fwhm values.
To minimize any error between fits, constraining factors to the
Gaussian fits were held constant between different data sets.
Figure 6 shows the Gaussian fits overlaid on the baseline-

corrected ATDs. Two-state gating yielded a resolution of 0.7,
whereas tristate gating afforded an approximate resolution of
0.9 for the 16+ charge state, a ∼33% increase in resolution.
The increase in resolution was ∼25% for the 15+ charge state
of myoglobin using the tristate gating method (Figure S7).
Due to the ability of tristate gating to reduce bias against larger,
slow-moving ions, it is expected that greater ion transmission
of the multiple myoglobin conformations contributed to this
higher resolution of both 16+ and 15+ charge states.
Cytochrome c (12 kDa, 6+ to 17+ charge states) proved to

be an outlier. Figure S6 shows the MS1 spectrum as well as the
ATDs for the 13+ and 15+ charge states. The ATDs for all

charge states of cytochrome c are further compared in Figure
S6c. In contrast to the other proteins analyzed, tristate gating
did not produce improvements in S/N or resolving power.
Signal abundances between both tristate and two-state gating
methods were comparable across most charge states, with
several showing higher signal from the standard two-state
gating. We attribute this result to the greater conformational
heterogeneity of cytochrome c, as reported in several prior ion
mobility studies.48−50 The improved tristate gating method
does not offer sufficiently high resolving power to overcome
this heterogeneity.

■ CONCLUSIONS
Drift tube IM-FT-MS methods were optimized for the analysis
of intact proteins through detailed analysis of sweep
parameters with respect to MS scan rates. The resolving
power and S/N observed across protein charge states varied
little with sweep times decreased from 15 min down to 30 s.
These results suggest that multiplexed FT-IMS experiments
could approach the rapid time scale of DTIM-TOF or TIMS-
TOF instruments, significantly increasing the throughput of
typical DTIM-FTMS experiments. Optimization of sweep end
frequency, MS resolution, and sweep rate maximized the signal
abundance and yielded minimal improvements in S/N and
resolving power for the analysis of proteins. Tristate gating was
employed to reduce the gating bias against slow-moving ions,
which impacts the analysis of proteins. For ubiquitin and
myoglobin, overall signal intensity increased 2 to 3× for most
charge states, and modest improvements in resolving power
and S/N were noted in some cases. In the case of partially
resolved peaks, tristate gating improved the resolution between
peaks by up to 36%. While the size of the cutting regions has
been reduced with tristate gating, apparent through increased
signal intensity as well as S/N, RP, or resolution improve-
ments, further optimization of these methods to eliminate the
cutting region should allow reduced experimental times and
enhanced characterization of native proteins and their complex
conformations. Overall, through the use of tristate gating and
the extensive optimization of multiplexing parameters, the
throughput and analysis of proteins were enhanced for
atmospheric pressure drift tube IM-FT-MS experiments.
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