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lon mobility mass spectrometry of peptide,
protein, and protein complex ions using a
radio-frequency confining drift cell}

Samuel J. Allen,? Kevin Giles,” Tony Gilbert® and Matthew F. Bush*?

lon mobility mass spectrometry experiments enable the characterization of mass, assembly, and shape of
biological molecules and assemblies. Here, a new radio-frequency confining drift cell is characterized and
used to measure the mobilities of peptide, protein, and protein complex ions. The new drift cell replaced
the traveling-wave ion mobility cell in a Waters Synapt G2 HDMS. Methods for operating the drift cell and
determining collision cross section values using this experimental set up are presented within the context
of the original instrument control software. Collision cross sections for 349 cations and anions are
reported, 155 of which are for ions that have not been characterized previously using ion mobility. The
values for the remaining ions are similar to those determined using a previous radio-frequency confining
drift cell and drift tubes without radial confinement. Using this device under 2 Torr of helium gas and an
optimized drift voltage, denatured and native-like ions exhibited average apparent resolving powers of
14.2 and 16.5, respectively. For ions with high mobility, which are also low in mass, the apparent resolving
power is limited by contributions from ion gating. In contrast, the arrival-time distributions of low-mobi-
lity, native-like ions are not well explained using only contributions from ion gating and diffusion. For
those species, the widths of arrival-time distributions are most consistent with the presence of multiple

Wwww.rsc.org/analyst structures in the gas phase.

Introduction

Ton mobility has grown in popularity as a powerful gas-phase
technique capable of rapid, efficient separation and structural
characterization.” Ton mobility has been used for the analysis
of explosives,” peptides,® proteins,* protein complexes,”'° and
other biomolecules."’ Many variations of this gas-phase tech-
nique exist (e.g., differential mobility analysis,"* trapped ion
mobility spectrometry,”® and traveling-wave ion mobility spec-
trometry'?) that use different gas compositions, pressures, and
electric fields, but are all ultimately designed to leverage differ-
ences in gas-phase ion transport that depend on shape and
charge. Traditional ion mobility experiments measure the drift
times of ions in a neutral background gas (typically helium,
nitrogen, or air) under a weak electric field. These ion mobility
experiments are usually operated in a low-field regime, in
which the mobility of the ion (K, cm* V' s7') is independent
of the applied drift field strength (V em™" Torr™).*
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Traditional “direct-current-only” (DC-only) ion mobility
drift tubes are composed of a series of ring electrodes with
an applied DC voltage that changes linearly along the
length of the drift tube.'®?® The diffusion-limited resolving
power depends on the thermal diffusion along the axis of

transmission:>"**

b 1 Vez
Atgise T4 kgT In 2

)m o)

where tp is the ion drift time, Atg;s is the full width at half
maximum (FWHM) of the arrival-time distribution, V is the
voltage change across the drift tube (drift voltage), e is the
elementary charge, z is the charge state of the ion, kg is the
Boltzmann constant, and T is the drift-gas temperature. Maxi-
mizing the resolving power of ion mobility devices is critical
for differentiating species with similar mobilities, and is thus
an important parameter in the optimization and design of new
ion mobility instrumentation. According to eqn (1), higher
resolving power mobility measurements can be achieved by
using higher drift voltages. Several implementations of linear,
low-pressure, DC-only drift tubes have achieved very high resol-
ving powers (73 to 150)."°° These instruments use pressures
ranging from 1 to 15 Torr and low-field conditions, which can
result in significant ion diffusion in the radial directions as
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ions traverse the drift tube. Often, ion funnels are placed at
the end of the drift region to refocus ions. Ion funnels contain
a constant DC potential gradient as well as alternating radio-
frequency (RF) potentials that refocus ions to a narrow beam,
to allow efficient transmission of ions for subsequent mass
analysis.>*2°

Here we characterize the performance of, and report
methods for, a new RF-confining drift cell that has been inte-
grated into a Waters Synapt G2 HDMS.>” An RF-confining drift
cell uses a constant DC potential gradient, similar to a DC-only
drift tube, but also applies RF potentials to all electrodes (alter-
nating phases applied to neighboring electrodes), similar to a
stacked-ring ion guide. The applied RF potentials radially
confine ions across the entire length of the drift cell. Collision
cross sections of 349 ions determined using this device are
reported. These values can be used to calibrate traveling-wave
ion mobility spectrometry experiments*®*>* and complement
existing reference values available in the literature.*?%3133738
Mobility measurements of peptide, protein, and protein
complex ions are compared to those from other devices, demon-
strating the accuracy of the values determined using this drift
cell. The measured arrival-time distributions enable a critical
evaluation of resolving power in these experiments. The appar-
ent resolving powers observed here for peptide ions are signifi-
cantly limited by contributions from ion gating. The broad
arrival-time distributions of native-like protein and protein
complex ions are attributed to additional contributions to peak
widths that are not accounted for by gating and diffusion alone.
Overall, the new RF-confining drift cell was efficiently integrated
into the commercial instrument and enables absolute mobility
measurements for a broad range of analytes.

Experimental methods
Ionization and sample preparation

Ions were formed by nanoelectrospray using borosilicate capil-
laries (0.78 mm inner diameter) with a tip at one end (1 to 3 pm
inner diameter) pulled using a micropipette puller (Sutter
Instruments model P-97, Novato, CA). A platinum wire placed in
the open end of the capillary and in contact with the solution
was used as the ionization electrode. ESI Table S17 describes
the sample preparation. Briefly, peptide and denatured protein
analytes were electrosprayed from aqueous or aqueous/organic
solutions containing either acid or base for positive or negative
ion mode experiments, respectively. Most native-like proteins
and protein complexes were electrosprayed from 200 mM
ammonium acetate buffer solutions at pH = 7.0.

Instrumentation

All measurements were performed using a Synapt G2 HDMS
(Waters Corporation, Wilmslow, UK) instrument in which the
traveling-wave ion mobility cell was replaced by a new RF-con-
fining drift cell. Voltages for most optics were minimized to
reduce ion activation and are reported in the ESI Example
Waters Synapt G2 HDMS Parameters File.T Ions are introduced
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directly from the Trap Cell into the RF-confining drift cell (ESI
Fig. S17). The new RF-confining drift cell is 25.2 cm long and
consists of 168 gold-coated ring electrodes that are 0.5 mm
thick, have center-to-center spacing of 1.5 mm, and an elec-
trode inner diameter of 7 mm. Entrance and exit plates
contain 2 mm apertures for ion transmission. The electrodes
are connected to printed circuit boards that contain voltage
divider networks consisting of 5 and 10 MQ resistors that estab-
lish a uniform voltage drop (or drift voltage) across the drift cell
(ESI Fig. S2t). The circuitry of the printed circuit boards was
designed such that the RF-confining drift cell uses the same
electrical inputs as the original traveling-wave mobility cell,
enabling the control of drift voltage from the original instru-
ment software. The drift voltage is applied using four software
parameters, as shown in ESI Fig. S2.1 The 25.05 cm drift region
spans from the first electrode to the exit plate of the RF-confin-
ing drift cell. The peak-to-peak RF amplitude in the RF-confin-
ing drift cell was set at 100 V with a frequency of 2.8 MHz.

Ion gating and injection was controlled using a mobility
trap height of 10 to 15 V and trapping release times ranging
from 100 to 200 ps; longer times were used for larger protein
and protein complex ions to improve sensitivity. Compared to
the analogous traveling-wave ion mobility cell*” the helium cell
entrance plate was removed (ESI Fig. S1t), which increases the
conductance limit to the helium cell. Buffer gas was intro-
duced using a new gas inlet system (ESI Fig. S31) that delivers
gas to the center of the RF-confining drift cell, rather than the
original mobility gas inlet located near the entrance of the
drift region. These changes were made to minimize the net
flow of gas along the longitudinal axis of the cell.

In this instrument, several factors contribute to obtaining
optimal ion transmission and Gaussian-like arrival-time distri-
butions. Ion transmission is improved for large (greater than
60 kDa) proteins and protein complexes when the source
backing pressure is raised to 4 to 6 mbar, the Trap Cell flow
rate is raised to 10 mL min~", and the transfer cell exit is set to
0 V. Additionally, the transfer cell wave height is set at 2 to 4 V
and the wave velocity is adjusted between 60 to 200 m s™* to
maximize transmission and retain the ion mobility separation.

Determining collision cross section values

Methods for determining ion mobilities in an RF-confining
drift cell are analogous to those for a DC-only drift tube. Ion
velocities (v) are proportional to the mobility of an ion (K) and
the applied electric field (E), which depends on the drift
voltage (V) and the length (L) of the drift region:

14
V=KE=K-— (2)

L
Measured drift times in these experiments depend on the
residence time in the drift cell (¢p) and the transport time of
ions from the exit of the drift cell to the time-of-flight mass

analyzer (t,):

th=—=+1 (3)
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In this system, the drift voltage can be varied up to 354 V
(ESI Fig. S27). The centroid of each arrival-time distribution is
estimated by fitting the distribution to a Gaussian function
using in-house software.”® For most mobility experiments,
drift times were measured at 10 drift voltages ranging from
104 to 354 V. Plotting drift time versus reciprocal drift voltage
enables the determination of K from the slopes of the best-fit
lines (eqn (3)). Structural information can be obtained from
ion mobility experiments by converting measured K into a col-
lision cross section (£2), which, to a first approximation,
describes the orientationally-averaged projection of the ion-
neutral interaction area.>**° Q values were determined using
the Mason-Schamp equation:*®

on \ V%1
0— 3ez b 1 (4)
16N \uksT) K

where e is the elementary charge, z is the ion charge state, N is
the drift-gas number density, y is the reduced mass of the ion
and drift gas, kg is the Boltzmann constant, and 7 is the drift-
gas temperature.

Results & discussion
RF-confining drift cells

Our objective was to develop a new ion mobility device that
would enable absolute 2 measurements, while leveraging the
broad range of ion selection, activation, and analysis capabili-
ties of the Waters Synapt G2 HDMS. Modifying commercial
instrumentation with ion mobility capabilities has been
reported previously.’”*'™** The first RF-confining drift cell*
was implemented into a Waters Synapt G1 HDMS and has
been used to measure mobilities for a broad range of bio-
molecules.’**"*7?%% An RF-confining drift cell contains RF
potentials that radially confine ions in addition to a DC
voltage drop that is uniform across all electrodes. Other ion
mobility devices that use RF-confinement include segmented
quadrupole instruments®"** and a stacked-ring ion guide con-
taining an axial DC field established by groups of four electro-
des.*> Compared to those devices that contain a “staircase-
like” DC voltage drop, ions in an RF-confining drift cell experi-
ence a uniform voltage drop along the axis of transmission
(ESI Fig. S47). The new RF-confining drift cell described here
contains the same physical dimensions and electrical inputs
as a Waters Synapt G2 HDMS traveling-wave ion mobility cell,
but printed circuits boards now contain a voltage divider
network that establishes a uniform voltage drop across the
cell, in addition to a capacitor network to couple RF to all
electrodes.

The main advantage of this device is that it enables direct
and absolute £ measurements with high sensitivity and
without using external calibration, which is required for travel-
ing-wave”® and trapped’® ion mobility spectrometry.
Implementation using a Synapt G2 HDMS instrument, relative
to a Synapt G1 HDMS instrument, takes advantage of access to
higher drift voltages and an improved mass analyzer that has
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higher mass resolving power and dynamic range. Ion mobility
measurements using this device can also be used in tandem
with other manipulations that are possible on this platform,
including  collision-induced  dissociation,””  ion/ion
chemistry,*®° and surface-induced dissociation.>"

Collision cross sections

Representative ion mobility data acquired using the new RF-
confining drift cell are shown in Fig. 1A. This plot shows sep-
aration in drift time and m/z of different charge states (z) and
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Fig. 1 (A) Drift time versus m/z plot of poly-pL-alanine electrosprayed
in negative ion mode. The two-dimensional plot shows the separation of
different charge states and chain lengths (n); dashed lines represent the
singly and doubly charged series ((Ala,, — H)*~ and (Ala,, — 2H)?", respect-
ively). (B) Drift time versus reciprocal drift voltage plot of (Ala, — 2H)?~
for n = 11 to 29. (C) Collision cross sections with helium gas (2ye) of
singly and doubly charged cations (red squares) and anions (black
circles) of poly-pL-alanine.
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chain lengths (1) of poly-pr-alanine anions, (Ala, — zH)*", in
2 Torr helium gas using a drift voltage of 104 V. Fig. 1B shows
drift times acquired for the n = 11 to 29 oligomers of (Ala, —
2H)*>” measured at 10 drift voltages ranging from 104 to
354 V. This extremely linear response (R*> = 0.9998) enables the
determination of K from the slopes of the lines, which are
then converted to 2 values. @ values of singly and doubly
charged poly-pr-alanine cations and anions measured in
helium gas are shown in Fig. 1C. Cations have 2 values that
are up to 5% larger than anions at lower n values, but at
higher n values, Q values between cations and anions are
similar. (Ala, — H)'~ and (Ala, — 2H)*~ @ values measured in
helium and in nitrogen gas as well as (Ala, + H)'" measured in
helium gas are reported in ESI Table S2; a subset of these
values have been reported previously.>*>?

Ion mobility is also used to investigate the structures and
assemblies of native-like proteins and protein complexes.’™°
An example of a mobility separation of the 145 kDa protein
complex glyceraldehyde-3-phosphate dehydrogenase using this
RF-confining drift cell is shown in Fig. 2A. Here we measured
Q values for cations and anions of 13 native-like proteins and
protein complexes (ESI Table S37), which complement values
for 14 proteins and protein complexes that were measured
using this drift cell and reported previously.>® Consistent with
earlier findings,” cations and anions had similar 2 values,
but anions exhibited lower average charge states than cations.
The 2 values for all protein and protein complex cations and
anions measured using this cell are shown in Fig. 2B. Values
are the averages of £ values of each observed charge state for a
given sample. The data in Fig. 2B show that native-like protein
and protein complex mass and £ values are correlated,
suggesting that most of the proteins and protein complexes
investigated here are relatively globular.

RF-confining drift cells enable the determination of absol-
ute £ values for a broad range of biomolecules. ESI Tables S2
and S37 report 349 £ values measured using this new RF-con-
fining drift cell. Most values are the average of three technical
replicate measurements made on separate days, which in all
cases differed by less than 1%. These values include small
molecules, peptides, denatured proteins, and native-like pro-
teins and protein complexes. ESI Fig. S51 shows all Q2 values
measured using this device; the data include results for ions
that span a wide range of m/z and £2 values. This data adds to
a growing body of evidence of the correlations between charge
and protein mass®™> and provide a source of absolute
values that can be used for traveling-wave ion mobility
calibration.

Comparisons to other ion mobility devices

Q values for a wide mass range of peptide, protein, and
protein complex cations measured using this new RF-confin-
ing drift cell (ESI Tables S2 and S37) were compared to those
measured using the previous RF-confining drift cell that was
implemented in a Waters Synapt G1 HDMS***'?® (Fig. 3A).
The relative differences between the two sets of data are shown
in Fig. 3B. For the 102 ions measured using both cells, 61%
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Fig. 2 (A) Drift time versus m/z plot of native-like glyceraldehyde-3-
phosphate dehydrogenase (145 kDa) electrosprayed in positive ion
mode from a 200 mM ammonium acetate buffer solution. The projected
mass spectrum is shown above and labeled with the assigned charge
states. (B) Average collision cross sections with helium gas ((2u.)) of
native-like protein and protein complex cations (red squares) and anions
(black circles) ranging in mass from 5.8 to 468 kDa either reported here
(open symbols) or previously (closed symbols).>® Values are plotted on
log axes and are averages of all charge states for a given polarity of a
protein or protein complex (ESI Table S3+).

have @ values that are within +1% of one another and 93% are
within +2% of one another. For comparison, the absolute error
in £ values determined using RF-confining drift cells has been
estimated to be <3%, based on propagation of errors in drift
times, pressure, and temperature.>® On average, the £ values
measured here are slightly smaller (0.3%) than those
measured previously, but this systematic difference is small
relative to the standard deviation of the relative £ values
(1.1%). This comparison shows that similar £ values can be
measured using both generations of RF-confining drift cells.
To further validate the £ values determined using this RF-
confining drift cell, experimental Q2 values of peptides and
denatured proteins are compared to those measurements
made using DC-only drift tubes (ESI Table S47).%'%**7*¢ Note,

Analyst, 2016, 141, 884-891 | 887
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Fig. 3 (A) Collision cross sections with helium gas measured using the
2"d generation RF-confining drift cell described here (252) are compared
to those measured using the 1% generation device (252).3%*138 values
are plotted on log axes along with the line 252 = Q5L. (B) The ratios of
052 to Q8L (red squares) are plotted versus 2% on a log scale (top axis).
An overlayed histogram (blue, number of measurements) shows that the
Q52 and Q&L are within +2% of each other for 93% of the analyte ions.

only ions that have a single reported 2 value from each
measurement are compared. 2 values of these analytes
measured in helium gas using the new RF-confining drift cell
are on average slightly smaller (—0.6% + 1.5%) than those
measured on other devices. In general, comparing 2 values
measured here to those measured on the previous RF-confin-
ing drift cell and other DC-only drift tubes indicate that £
values determined using these approaches are statistically
similar.

Peak widths and resolving powers

The peptide GRGDS, which has been used previously to
characterize the resolving power of several other mobility
instruments,'®?”>® was used to characterize the performance
of this device. The highest apparent resolving power measured
for GRGDS'" in 2 Torr helium gas was 16.0. This value was cal-
culated by correcting ¢y, for ¢, and dividing by the full width at
half maximum (Atp) determined from fitting a Gaussian
function to the experimental arrival-time distribution. Interest-
ingly, the highest apparent resolving power was measured for
the lowest drift voltage of 104 V, whereas resolving power
increases with drift voltage in eqn (1). To isolate only the con-
tributions of peak widths to resolving power in these experi-
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ments, the subsequent analysis focuses on peak width as a
function of reciprocal drift voltage. Experimentally measured
Atexp values for GRGDS'" ranged from 126 to 237 ps for drift
voltages from 354 to 104 V, respectively (Fig. 4A). These values
are larger than those predicted using diffusion-limited theory
(Atgier, eqn (1)). This suggests that there are additional contri-
butions to the observed peak width, for example the temporal
width of the initial ion population prior to the ion mobility

separation (Afge). The combined peak width (Afcompinea):”

Atcombinedz = Atdiffz + Atgatez (5)

therefore more completely describes the total peak width.

Fig. 4A shows a least-squares minimization of the difference
between At and Afcombined, Which indicates that Aty is
124 ps. This value is similar to the trapping release time of
150 ps used for GRGDS experiments. Differences between the
two values may be attributable to the assumption in eqn (5)

500 T T T T
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Fig. 4 Analysis of full width at half maximum (peak width, At) as a
function of reciprocal drift voltage. (A) Experimental peak widths (Ateyp,
black circles) of GRGDS' are greater than those expected using
diffusion-limited theory from eqn (1) (Atgi, solid line). Instead, the com-
bined peak width (Atcombines: dashed line) accurately models Atey, with
a Atgate Of 124 ps. (B) Similar to results for GRGDS'™, experimental peak
widths (Atep, black circles) of the 25+ charge state of glyceraldehyde-3-
phosphate dehydrogenase are greater than those expected using
diffusion-limited theory from eqn (1) (Atgis, solid line). Using a Atgate Of
200 ps to model Atcompined (dashed line) in these experiments results in
good agreement for the highest drift voltage. Significant deviations are
exhibited for lower drift voltages, suggesting additional contributions to
Ateyp that are not accounted for in egn (5).
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that the initial pulse of ions gated into the drift cell has a
Gaussian shape, whereas contributions due to space-charge
effects or distortions while gating are also possible. More gen-
erally, Aty is similar to Atf,, in these experiments,
suggesting that the resolving power is significantly limited by
contributions from ion gating, but at longer drift times, ie.,
low drift voltages, contributions from Afg,¢. are proportionally
less significant. A recent study found that resolving powers
that account for gating contributions to peak width compare
well to experimental results of the peptide SDGRG (the inverse
peptide of GRGDS) using a DC-only drift tube.””

A similar analysis was performed for the 25+ charge state of
native-like glyceraldehyde-3-phosphate dehydrogenase, which
is a 145 kDa homotetramer. At., values measured under
2 Torr of helium gas are shown in Fig. 4B. Least-squares fitting
of Atcombined tO Alexp results in a Atgae of 269 ps that does not
fit the data appropriately (Fig. S6T). Instead, an upper limit of
200 ps (the trapping release time used in these experiments)
was used as Afgyee to calculate Afcompined- AS shown in Fig. 4B,
plotting At.ombinea by accounting for At,,.. does not accurately
model experimental results. This result suggests that
additional contributions, such as an ensemble of conformers
with different £ values, may contribute to the broad peak
widths measured in these experiments. This interpretation is
consistent with reports that the peak widths for small mono-
meric protein ions are broader than expected based on
diffusion-broadening alone.***®° For example, the arrival-
time distributions for ubiquitin have been reported to be
greater than that expected for a single conformer®® and using
tandem ion mobility methods, these arrival-time distributions
have been shown to contain an ensemble of stable confor-
mers.”® Therefore, the peak widths in these current experi-
ments may be better explained using a set of discrete
conformers or using semi-empirical peak width theory.®'

To characterize the peak widths of biomolecular ions more
generally, the apparent resolving power was calculated for the
cations listed in ESI Tables S2 and S3.7 These results were
divided into two classes (1) peptides and denatured proteins
and (2) native-like proteins and protein complexes. Fig. 5A
shows histograms of apparent resolving powers at each drift
voltage for peptide and denatured protein ions. Similar to the
observation for GRGDS, the lowest drift voltage of 104 V
results in the highest average apparent resolving power of 14.2.
Measured peak widths at high drift voltages for these ions,
which are highly mobile, are attributed predominated to con-
tributions from ion gating, rather than contributions from
diffusion. The histograms of apparent resolving powers for
native-like protein and protein complex ions are shown in
Fig. 5B. In contrast to Fig. 5A, native-like protein and protein
complex ions exhibit the highest apparent resolving powers
(on average 16.5) at intermediate drift voltages. This is attribu-
table to a balance between contributions from diffusion,
gating, and coexisting structural isomers. Note, the apparent
resolving power for cations and anions measured using this
device are similar. Apparent resolving powers at higher drift
voltages could likely be improved by changing ion gating con-
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Fig. 5 Apparent resolving power measured in 2 Torr helium gas at 10
drift voltages ranging from 104 to 354 V for (A) peptide and denatured
protein ions and (B) native-like protein and protein complex ions. Each
column, or drift voltage, represents a histogram consisting of the
number of analytes that exhibited an apparent resolving power within a
given bin. For example, for the highest drift voltage in panel (A), one
analyte exhibits an apparent resolving power between 10 and 12, 11 ana-
lytes between 8 and 10, 18 analytes between 6 and 8, 17 analytes
between 4 and 6, and six analytes between 2 and 4. Under these con-
ditions, peptide and denatured protein ions exhibit the highest apparent
resolving power at the lowest drift voltage (104 V), whereas protein and
protein complex ions, on average, have the highest apparent resolving
power at an intermediate drift voltage of 142 V. The average apparent
resolving power of each drift voltage is provided at the top of (A) and (B).

ditions to reduce Atgq, increasing the drift cell pressure, or
using heavier buffer gas molecules in order to decrease the
relative contribution of Atgaie t0 Afeyp.

Conclusions

A new RF-confining drift cell was developed and implemented
in a Waters Synapt G2 HDMS. This device has been shown to
yield precise and accurate 2 values for a broad mass range of
peptide, protein, and protein complex ions. On average, this
device yields £ values that are very similar to those measured
using a previous RF-confining drift cell (0.3% average differ-
ence) or DC-only drift tubes (0.6% average difference). The
apparent resolving power in these experiments is the result of
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contributions from ion gating, diffusion, and additional
factors. For most high-mobility ions, the highest apparent
resolving power is observed at the lowest drift voltages for
which the relative contributions from ion gating are less preva-
lent. In contrast, low-mobility proteins and protein complexes
yield the highest apparent resolving powers at intermediate
drift voltages as a result of more significant contributions to
peak widths from relatively broad structural distributions of
native-like ions in the gas phase.

This broadscale evaluation of apparent resolving powers for
native-like protein and protein complex ions provides new
insights into the structural diversity of gas-phase ions. In par-
ticular, these results provide benchmarks for evaluating the
peak widths of analytes of unknown structure. Although
improvements in ion mobility instrumentation that increase
resolving power (e.g. increased drift voltage and decreased
trapping release times) may yield narrower peaks for some
ions, this data suggests that the apparent resolving power of
native-like ions may be a result of inherent structural diversity
that will be difficult to overcome by incremental improvements
in instrumentation.
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