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Native ion mobility-mass spectrometry (IM-MS) is an emerging biophysical approach to probe the
intricate details of protein structure and function. The instrument design enables measurements of ac-
curate first-principle determinations of rotationally-averaged ion-neutral collision cross sections coupled
with high-mass, high-resolution mass measurement capabilities of Orbitrap MS. The inherent duty-cycle
mismatch between drift tube IM and Orbitrap MS is alleviated by operating the drift tube in a frequency
modulated mode while continuously acquiring mass spectra with the Orbitrap MS. Fourier transform of
the resulting time-domain signal, i.e., ion abundances as a function of the modulation frequency, yields a
frequency domain spectrum that is then converted (s to s) to IM drift time. This multiplexed approach
allows for a duty-cycle of 25% compared to <1% for traditional “pulse-and-wait” IM-ToF-MS. Improve-
ments in mobility and mass resolution of the IM-Orbitrap allows for accurate analysis of intact protein
complexes and the possibility of capturing protein dynamics.
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1. Introduction

Over the past two decades ion mobility (IM)-mass spectrometry
(MS) has spawned new approaches for analytical separations of
small molecules [1], including challenging separations problems in
the areas of lipidomics [2,3], metabolomics [4], and proteomics
[5,6]. Recent improvements in sample preparation, native electro-
spray ionization (ESI), and IM-MS technologies are expanding the
utility of gas-phase measurements for studies of solution-phase
structure(s) as well as how noncovalent protein-ligand in-
teractions affect structure-function relationships [7,8]. IM-MS
provides information that is complementary to other biomolecule
structural techniques, such as X-ray crystallography, nuclear mag-
netic resonance, and cryo-electron microscopy. Unlike traditional
techniques that report the population-averaged signal, IM-MS can
interrogate heterogeneous populations of conformers and probe
individual structure(s) [9]. Such measurements are especially
important for biophysical characterization of noncovalent protein-
ligand interactions by determination of equilibrium binding con-
stants and thermodynamics of the individual binding events
[10—12]. These new biophysical capabilities mark an important
step in understanding the dynamical effects of protein-ligand
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interactions, such as deciphering the role of protein conformation
and molecular interactions with target molecules.

The rapidly growing field of native IM-MS and structural
biology has been frustrated by the inadequate analytical figures-
of-merit, viz. resolution in both ion mobility (Rjv) and mass (Rpy
) dimensions, of commercially available IM-MS instruments [13].
Another, often overlooked, limitation of IM-MS studies of large
proteins is the requirement of calibrant protein complexes for the
determination of rotationally-averaged ion-neutral collision cross
sections (CCS) for commercially available IM-MS instruments,
such as the Synapt G1/2 [14,15]. Moreover, calibrant libraries
remain sparse for large proteins, protein complexes and mem-
brane protein complexes [15—17]. In addition, the poor mass
resolution has hindered the application of native IM-MS to probe
interactions of intact protein complexes with small molecules,
such as drugs.

An often underappreciated fact is that many commercial MS and
IM-MS platforms were developed for the “omics” era where the key
analytical figures-of-merit are high throughput, dynamic range,
and limits-of-detection [18]. However, in most cases instrumenta-
tion developed for “omic” applications are not optimal for native
IM-MS studies [19]. This includes the ability to retain solution-
phase conformations during the transition from solution to the
gas phase that represents a requisite of native IM-MS [20]. Thus, it
is imperative that ESI conditions as well as IM-MS instrument
operating parameters be optimized for preserving both non-
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covalent interactions and solution-phase conformations. The use of
static spray, nanoflow ESI (nano-ESI) achieved by small bore cap-
illaries (ranging from a few 100 nm to 10 um) provides significant
improvements in native MS by allowing for the analyses of proteins
at lower concentrations (high nM to low uM) and mass spectra that
contain fewer background ions [21,22]. Additionally, nano-ESI ac-
celerates droplet evaporation thereby allowing for more efficient
desolvation of protein complexes [23]. Taken together, the quality
of results from native IM-MS studies require careful attention to
sample preparation, optimized ESI conditions and proper tuning of
the IM-MS.

2. Discussion
2.1. Limitations of ion mobility and mass resolution

As noted above, native IM-MS has challenged the analytical
figures-of-merit deemed suitable for traditional “omics” studies.
The characteristics for first-generation (Synapt G1) IM-MS and
next-generation drift tube (DT)-IM-MS instruments (IM-Exactive
Plus EMR Orbitrap) are compared in Fig. 1. Ry and Ry, are defined
(Fig. 1A) in terms of peak width (full width at half maximum,
FWHM), but a more important consideration is resolving power
(RPpwm), i.e., CCS/ACCS, where ACCS corresponds to the difference in
CCS of two closely spaced peaks of two separable conformers. For
example, a RPpy of >10 is needed to resolve ACCS of 1000 A? for an
ion having a CCS of 10,000 A2, whereas a RPyy of 100 can resolve
ACCS as small as 100 A2. Similar observations can be made for Am/z
by comparison of the mass resolution for the Synapt G1 travelling
wave (TW) IMS and the Orbitrap Exactive Plus EMR instruments
(Fig. 1C). For example, resolving individual lipid bound states of the
127 kDa trimeric ammonia transport channel (AmtB), an integral
membrane protein, mixed with three different lipids represents a

modern challenge [24]. Signals for different lipid bound states to
AmtB are not resolved by the G1 mass analyzer, whereas these
same signals are baseline resolved in the mass spectrum acquired
using the Orbitrap mass analyzer. The various bound states are
masked by poor Ry, of the G1 mass analyzer that impedes the
ability to interrogate complex lipid binding to membrane protein
complexes [24]. However, it is worth noting that the commercial
Orbitrap platform has obligatory data pre-processing that is
partially responsible for the increased m/z resolution [25].
Although the RPyy,, of high magnetic field Fourier transform ion
cyclotron resonance (FTICR) instruments exceeds that of the Orbi-
trap, the analysis of intact protein complexes is limited [26] and
coupling of DT-IMS to FTICR instruments is challenging owing to
the duty-cycle mismatch. In fact to our knowledge the only attempt
to develop DT-IM using FT-ICR utilized a design that is not
compatible with native MS studies [27,28]. Several groups have
made considerable progress in this area using trapped ion mobility
spectrometers (TIMS), and they have also made considerable
progress in determinations of CCS for soluble proteins [29,30].

2.2. IMS analyzers for large biomolecules

There are a number of IMS techniques capable of analyzing large
biomolecules, viz. DT-IMS, TWIMS, TIMS, differential ion mobility
spectrometry (DIMS). Of these techniques DT-IMS currently meets
the necessary criteria for native IM-MS studies of protein com-
plexes, especially for membrane proteins and their complexes. The
main requisites for native IM-MS are the following:

(i) ESI conditions that are optimized for retaining solution-
phase structure during the ion's transition from solution to
the gas phase. For the analysis of membrane proteins, they
are often encapsulated within detergent micelles and the
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Fig. 1. Comparisons of Ryy and Ry, for the Synapt G1 and Exactive Plus EMR Orbitrap for the analysis of large biomolecules. (A) Defines Ryy in terms of CCS/ACCS with a 50% valley
between peaks and similarly for Ry, where m/z/4mj/z. (B) and (C) contain plots of resolving power (RP) for both Ry and Ry, respectively. Improved resolution has much more
dramatic differences for larger CCS and higher m/z values clearly illustrating the need for increased resolution for large biomolecules. Any point one or above these trend lines
indicates combinations that will be resolved. (D) Experimental data of a 127 kDa trimeric membrane protein AmtB mixed with three heterolipids (POPG, POPC, and TMCDL). The ToF

Rz is ~500 at m/z 7900 as compared to ~10,000 at m/z 7900 for the Orbitrap [24].
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detergents must be stripped prior to IMS and MS analysis
[31]. Native IM-MS studies using a low Ryy instrument has
demonstrated that after detergent removal the membrane
protein retain “native-like” structure with measured CCS in
agreement with those calculated from atomic structures [17].
However, higher Ry instrumentation is needed to elucidate
subtle changes in protein structure, either as a result of
activation or by changes in the local environment.

(ii) Determination of accurate CCS for large biomolecules must
be determined by first-principles using the Mason-Schamp
equation [32]:

q_ (37 (2m \'? (t4Er) (760 T
~ \16Np ) \uk,T L )\ P J\273.15

Where Q is CCS, z is the charge of the ion, e is the elementary
charge, Ny is the number density of the drift gas, u is the reduced
mass of the ion and drift gas, kp is the Boltzmann constant, T is
temperature in Kelvin, t4 is the drift time of the ion, E; is the applied
electric field, P is pressure in Torr, and L is the length of the drift
tube.

The use of internal calibrations for determining CCS of proteins/
protein complexes is limited by the number of accurate protein CCS
determined using first-principles [16], and even fewer for mem-
brane protein complexes [15,17]. Importantly, the majority of CCS
determined using first-principles used an ion mobility device with
low Rpy (~25) []6].

(iii) IMS must maintain excellent ion transmission of large bio-
molecules. Native IM-MS often requires low sample con-
centrations and volumes generating lower signals than
smaller biomolecules necessitating more sensitive instru-
mentation. Travelling wave and periodic focusing (PF)
described below efficiently transmits large biomolecules for
such measurements.

The DT used for this instrument, a PF-DT, was first introduced in
2004 [33], to provide radial confinement of ions thereby
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Fig. 2. (A) Solidworks rendering of the IM-Orbitrap platform utilizing a nano-ESI
source, heated capillary vacuum interface, RF ion funnel, PF DT, octupole ion guide,
and an Orbitrap mass analyzer. Dual gates are required to overcome the inherent duty
cycle mismatch between DT IMS separation and Orbitrap mass analysis. A complete
instrument description is contained in Ref. [39]. (B) The equipotential lines derived
from a PF DT electrode design. As ions traverse electrodes, they experience a distant-
dependent effective potential giving rise to periodic focusing between each electrode.
(C) Ion trajectory simulations of groups of ubiquitin (8.7 kDa, 5+, blue) and AmtB
(126 kDa, 15+, red) in a PF DT. Note that the larger AmtB protein complex has narrower
radial distributions. This characteristic makes PF DT excellent for its use in analyzing
large biomolecules.

minimizing ion losses as they traverse the DT (Fig. 2B) [34—36].
Recent studies of SIMION trajectories also revealed that ion trans-
mission for the PF-DT increases with increasing ion charge as
illustrated in Fig. 2C revealing that PF-DT is optimized for studies of
large, multiply-charged ions [37]. Importantly, first-principles CCS
determination by the Mason-Schamp equation is maintained in PF-
DT by incorporating an a-factor to account for the increased path
length that arises because the ions trajectories are modulated by
the non-linear E-fields. It is important to note, however, that the
a—factor approaches unity as the charge on the ion increases [38].

Ultimately, a high-resolution IM-MS platform engineered for
studies of intact protein complexes was constructed by coupling a
homebuilt PF-DT-IM to an Orbitrap mass analyzer (see Fig. 2A) [39].
Briefly, ions generated by a static nano-ESI source pass through a
heated capillary where excess solvent can evaporate prior to
entering an RF ion funnel that focuses ions prior to entering the PF-
DT-IM analyzer. lons exiting the mobility PF-DT enter an octupole
ion guide en route to the HCD cell of the Orbitrap where they are
subsequently transferred to the C-Trap, then injected into the
Orbitrap for mass analysis.

2.3. Overcoming the duty-cycle mismatch for DT-IMS and Orbitrap
MS

Throughout the evolutionary development of IM-MS the “pulse-
and-wait” data acquisition scheme has been widely used, especially
for IM-TOF MS instruments. “Pulse-and-wait” describes an acqui-
sition method in which a small packet of ions is pulsed into the
DTIMS for temporal separation and the ions are detected by using
high-speed mass analyzers, i.e. a ToF. As early as the 1970s Karasek
recognized limits associated with operating IMS instruments in the
“pulse-and-wait” mode. To circumvent this problem, they devel-
oped the first dual-gate IMS techniques as a means to monitor
analyte specific ion arrival times [40—42]. In fact, the dual gate
mode is analogous to selected-ion monitoring MS analysis [43]. Hill
et al. later implemented a similar approach whereby the dual gate
is employed for achieving frequency modulated DT-IM operation,
i.e., the potential applied to IM entrance (Gate 1) and exit (Gate 2)
aperture plates are synchronously pulsed with a digital waveform
[44,45]. There are two major advantages for frequency modulated
DT-IMS: (i) the duty-cycle using frequency modulated dual gate
mode is 25% comparted to 1% for “pulse-and-wait” devices, and (ii)
Fourier transform of the frequency modulated signal, i.e., ion
abundances detected by the Orbitrap as a function of the modula-
tion frequency, yields a frequency domain spectrum that is then
converted to ion mobility arrival-time distributions (see Fig. 3).

2.4. Preliminary studies of protein complexes and ligand binding

The performance of the native ESI-FT-IM-Orbitrap instrument
was initially evaluated using small soluble proteins (ubiquitin, cy-
tochrome C, and lysozyme) as well as several relatively small pro-
tein complexes (streptavidin-biotin = complex, GInK-ADP,
transthyretin-thyroxine, and transthyretin-Zn(Il)) [39]. Here, we
revisit the latter two examples in order to highlight two very
important features of the instrument: (i) acquisition of ion mobility
data for both apo and holo-forms of protein complexes, and (ii) the
importance of high resolving power for mass analysis for studies of
such complexes. Fig. 4A illustrates the importance of Ry, to
distinguish the tetrameric complex from its nucleotide bound
forms. Importantly, Orbitraps possess the RPy/, to resolve not only
ADP binding, but also individually bound sodium adducts, a phe-
nomenon that is generally not illuminated by instruments with
lower RPy/,. Notably, the resolution of these ADP and sodiated
species enables more accurate CCS determinations of defined
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Fig. 3. (A) A linear chirp digital wave form (radio frequency) signal applied to Gate 1
and Gate 2 is scanned across a range of frequencies that correspond to the frequencies
(ATD™) of the analyte ions of interest. The open/closed times of this signal are equal,
which provides a 50% duty-cycle at each gate, thus the overall duty-cycle is 25%. (B)
The resultant total ion chromatograms (TIC) are obtained by continuously acquiring
the mass spectrum from which the extracted ion chromatogram (EIC) can be extracted
over the m/z range scanned. (C) IM profiles can be obtained from a Fourier transform of
the EIC where the resultant frequency is converted to arrival time. An exemplative
spectrum of streptavidin (~53 kDa) is shown to illustrate FTIMS deconvolution.

chemical compositions whereas lower Ry, instruments would
report on the average (Fig. 4B).

The data for transthyretin (TTR) in complex with thyroxine (Ty)
and Zn(II) further illustrates the importance of high resolution IM-
MS instrumentation (Fig. 4D—G). The high-resolution IM-Orbitrap
MS was able to baseline resolve TTR-T4 interactions for the first
time and also provides structural insight into this molecular
interaction. That is, a reduction in peak width of the protein when

bound to T4, showing greater structural homogeneity is revealed by
the IMS data. Surprisingly, the improved Ry, revealed a phenom-
enon that has not been reported by IM-MS measurements. Zn(II)
bound to the protein was hidden by poor Ry, and therefore had
been completely ignored in previous TTR studies using IM-MS [50].
The TTR-Zn(II) complex, however, shows a notable increase in IMS
peak width, a phenomenon that is opposite of the structural effects
seen be TTR-T4 complexes. These high-resolution IM-Orbitrap MS
measurements illustrate the power of data with higher precision
and accuracy than ever before. Most importantly, high resolution
data as acquired on our native IM-orbitrap platform will un-
doubtedly have important biological implications by resolving the
unresolvable on low-resolution IM-MS instruments.

High-resolution IM-Orbitrap MS platforms can lend insight into
systems that have thus far been difficult or impossible to explore.
The newly afforded resolution is set to tease out structural changes
associated with post-translational modifications, ligand binding,
metal binding, and even drug binding, leading to greater insight
into protein structure-function relationship. The advancements in
resolution are now challenging the biological questions that can be
addressed, including those that remain intractable using other
biophysical techniques.

2.5. Future challenges: sample preparation, greater instrument
versatility

Here, we have described an instrument that utilizes a number of
cutting-edge technologies to improve the measurements made
using IM-MS. However, the instrument performance for intact
protein complexes is largely set by the quality of the biological
samples. For example, small adducts can easily complicate ion
mobility and mass spectra owing to overlapping peaks, peak
broadening, and overall chemical heterogeneity. This in turn would
result in mass spectra that are below the analytical-figures-of-
merit of the instrument. While such phenomena are often hard to
decipher with poor RP, these issues in sample preparation are now
amplified by high RP instruments. Alarmingly, these small pertur-
bations can have impactful, deleterious effects when exploring
protein structure or significant biological consequences. Methods
for improving sample purity and homogeneity are critical when it
comes to utilizing the technology available today. In fact, high Ry,
afforded by these platforms can be used to gain insight into un-
known chemical species that are present in biological samples.
Such information can then lead to improved purification and pro-
tein expression workflows. It is clear that IM-MS can significantly
improve not only final biophysical analyses, but also improve the
means by which proteins are produced. For example, in Fig. 4, TTR
was observed in the presence of Zn for the first time. With this new
information, we can better understand the role that Zn(II) plays in
altering protein structure, but we can also develop efficient puri-
fication methods for metal removal, such as treating the sample
with metal chelators [51]. Improved protein purity lends itself to
more accurate and reproducible results with fewer independent
variables but substantially raises the bar for protein standards.

Moreover, improved Ryy and Ry, can facilitate analysis of new
proteins and the observation of new phenomena that have not yet
been revealed by IM-MS. For example, Fig. 5 illustrates three
membrane protein channels, LeuT [52,53], Gltpy [54,55], and Kir2.2
[56]. For these structures, two crystallographic conformations are
overlaid along with their root mean square deviation (RMSD).
Interestingly, the minimum required resolution to observe these
structural changes, for example upon channel gating for Kir2.2 [57],
is not correlated with RMSD. Disappointingly, commercial IM-MS
instruments are currently unable to resolve such differences.
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Fig. 4. (A) Mass spectrum showing the region of the [M + 12H*]'>* trimeric GInK complex and the product ions formed upon binding of ADP. (Inset) Magnified mass spectrum of
the “apo” peak showing up to ten Na* adducts on GInK. (B) The extracted ATDs of GInK-ADP complexes excluding any sodiated ions. (C) XRD structures of GInK (Top: PDB 1QY7 [46],
Bottom: PDB THWU [47]) showing the two conformers observed by IMS denoting an open (top) and closed (bottom) “T-loop” upon the binding of ADP. (D) Partial mass spectrum
showing the region of the [M + 14H*]'** TTR complex and the product ions formed upon binding two T, and Zn(II). A resolving power (RPpz; FWHM) of 840 is required to separate
the apo and Zn-containing ions. (E) The extracted ATDs of TTR containing one and two T4's. (F) The extracted ATDs of TTR bound to Zn(II). (G) XRD structures of TTR bound to (Top:

PDB 2ROX [48]) T4 and TTR bound to (Bottom: PDB 3GRG [49]) Zn(II).

These examples highlight the necessity for high-resolution IM
measurement capabilities.

Several challenges still limit the capabilities of native IM-MS,
and many new methods were not incorporated into the platform
described herein. Many tools can further improve the utility of this
instrument such as the inclusion of novel dissociation techniques,
especially surface-induced dissociation for studies of the topology
of protein complexes [58,59], ultraviolet photodissociation [60],
and electron transfer dissociation [61]. Moreover, the addition of
mass filters and the ability to mobility select ions could provide
even greater biophysical analyses.

3. Conclusions

The development of a native-IM-Orbitrap MS has been made
possible by the coalescence of many different methods developed
over the last few decades coming together into a single platform.
Improved ionization techniques through static spray nano-ESI has
enabled the analyses of large biomolecules with retention of native
structure and noncovalent interactions. Periodic focusing DT afford
high Ry needed for the analysis of protein complexes while providing
excellent ion transmission. Orbitrap MS provides the necessary im-
provements in Ry, and m/z detection range to open the door for
complex IM-MS measurements. Multiplexing techniques, specifically
FT-IM, enable the technique to remain highly sensitive with reason-
able acquisition times for biophysical analyses. Lastly, improvements
in sample preparation and purification lend insights into structural
biology that have never been possible before. Continued
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Fig. 5. Plot of the minimum ACCS from the smaller peak yielding resolved peaks given
a defined mobility resolving power. Shown are inward-outward and open-to-out states
of LeuT [52,53], outward- and inward-facing states of Gltpy [54,55], and closed and
open states of Kir2.2 [56,57].
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improvements in both instrumentation and biological sample prep-
aration will only continue to drive the technology forward.
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