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ABSTRACT: A new instrument configuration for native ion mobility-mass
spectrometry (IM-MS) is described. Macromolecule ions are generated by 4
using a static ESI source coupled to an RF ion funnel, and these ions are then s
mobility and mass analyzed using a periodic focusing drift tube IM analyzer
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and an Orbitrap mass spectrometer. The instrument design retains the %7 m/z 4115
capabilities for first-principles determination of rotationally averaged ion- II>
neutral collision cross sections and high-resolution measurements in both

mobility and mass analysis modes for intact protein complexes. Operation in
the IM mode utilizes FT-IMS modes (originally described by Knorr (Knorr,
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E. J. et al. Anal. Chem. 1985, 57(2), 402—406)), which provides a means to

overcome the inherent duty cycle mismatch for drift tube (DT)-IM and Orbitrap mass analysis. The performance of the native
ESI-FT-DT-IM-Orbitrap MS instrument was evaluated using the protein complexes Gln K (MW 44 kDa) and streptavidin
(MW 53 kDa) bound to small molecules (ADP and biotin, respectively) and transthyretin (MW $6 kDa) bound to thyroxine

and zinc.

D 1apping the structural heterogeneity (folded and

misfolded states) of proteins and protein complexes'
and how post-translational modifications (PTMs)* and
interactions with ligands, i.e., metal ions,>° small molecules,” ™’
and osmolytes (chemical chaperones),'® influence protein
stability as well as the structure—function relationships
represents a major challenge to the field of structural biology.
Such challenges, previously described as “characterizing the
conformationome,”’ are increasingly studied using native
electrospray ionization (nESI)-ion mobility (IM)-mass spec-
trometry (MS). The term “nESI” denotes that the analyte is
sprayed from a nondenaturing solvent and conditions (i.e.,
solvent composition, pH, temperature, etc.) that yield low
charge state ions that retain solution-phase conformational
preferences and noncovalent interactions."' ™' IM-MS, which
provides information on the size of the gas-phase ion, has
rapidly gained popularity for structural (2, 3, and 4°)
characterization of gas-phase ions.'*”"” Combining IM with
native MS, which independently measures both size and m/z
of the ions, imposes additional constraints; ions formed by
“nESI” must not be perturbed during the transition from
solution to the gas phase as well as during subsequent analysis
of the gas-phase ions."®'? Although nESI-IM-MS does not
provide the same level of structural detail as does spectroscopic
techniques such as circular dichroism (CD), Forster resonance
energy transfer (FRET), X-ray crystallography, and NMR,
which measure the signals averaged in a populational manner,
IM-MS is the only biophysical structural characterization
technique capable of determining how protein structure(s)
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responds to specific changes in the local environment at the
populational level.”°~** Moreover, temperature-dependent MS
binding studies are the only method to elucidate thermochem-
istry of individual binding events, particularly for systems that
bind multiple ligands.”>** However, the resolution of current
IM-MS instrumentation is often inadequate for a number of
biophysical studies of protein—ligand interactions because of
poor resolving power. New instrumentation is needed to
address how ligand binding may alter conformational
preferences of the target protein and whether these binding
events alter binding of additional ligands. Addressing these
types of questions is essential for a better understanding of
allostery and cooperativity, fundamental properties of macro-
molecules. Great strides have been made in the development of
IM-MS instrumentation for structural characterization of
biomolecules, but the instruments were largely developed for
proteomics research. Moreover, these instruments are not
optimized for studies of large proteins and their complexes.
Realizing the full potential of nESI-IM-MS for studies of large
proteins and their complexes necessitates major advances in
instrumentation, most notably enhanced mobility (R;y) and
mass (R,,,) resolution, while retaining capabilities for
preserving noncovalent interactions and accurate determina-
tions of ion-neutral collision cross sections (CCS).
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Figure 1. (A) SolidWorks rendering of the home-built nESI-FT-DT-IM coupled to the HCD cell of an Orbitrap MS. (B) A detailed schematic
representation of the home-built platform. From left to right depicts a heated capillary for ion introduction via nESI (not pictured) and an RF ion
funnel to focus ions into the gating region. Ions are injected via gate 1 into a 58 cm PF DT and selectively transmitted through gate 2 into an RF-
only octupole ion guide. Mobility modulated ions are then loaded and trapped in the HCD cell of the Orbitrap, where they are subsequently
transferred to the C-Trap and then injected into the Orbitrap for mass analysis.

Coupling DT-IM to high-performance MS, such as in hybrid
IM-q-ToF instruments, is relatively straightforward, because
IM separation is slow relative to the acquisition of the ToF
mass spectrum. However, when using ion trapping MS (e.g.,
Orbitraps), an inherent duty cycle mismatch exists as both the
DT IM separation and the mass scans occur on approximately
the same time scale. Consequently, the MS cannot efficiently
capture mobility information across the full arrival time
distribution (ATD); such limitations have severely hampered
the development of IM-Orbitrap instruments.”>*°

There exists little doubt that biomolecule IM-MS was greatly
accelerated by the introduction of traveling-wave (TW) IM-q-
ToF instruments,”” and remarkable progress has been realized,
in spite of the limitations of TWIMS-MS, viz. low-resolution
ion mobility (t;/At;) measurements, the requirement for
calibration methods for determining rotationally averaged ion-
neutral collision cross sections (CCS), and limited mass
resolving power (RP = M/AM, where AM = (M, — M,), the
difference in mass of two ions having different masses) of the
ToF instrument. Here, we describe a novel nESI-FT-DT-IM-
Orbitrap MS (Figure 1) specifically designed for structural
studies of large proteins, protein complexes, and their
interactions with small molecules and other groteins. Although
other IM-Orbitraps have been developed,”*° these instru-
ments were not designed for preserving noncovalent
interactions and are unable to be used for native MS because
of their configuration and design. Conversely, this new
instrument, which we denote as “next-generation”, incorpo-
rates all the essential components developed over the past
decade that define “native MS”. Specifically, (i) ion formation
conditions are optimized for retention of solution-phase
structure(s), viz. static-spray ESI emitters ranging in size
from micrometer to submicrometer that are compatible with
the use of “native-like” solvents for forming low charge states
that have low internal energy;'"'*** (ii) a periodic focusing
(PF) drift tube (DT) IM that operates under low electric field
strengths, which minimizes collisional heating of the ions,
allows for first-principles determinations of the ion’s rotation-
ally averaged CCS, and provides ion radial focusing for
increased ion transmission;”**° (iii) IM data acquisition is
performed using a Fourier transform (FT) IM-MS method first

described by Hill and more recently by Clowers;*"** and (iv)
mobility separated ions are then mass analyzed using the high-
R, Orbitrap MS.7

We have previously shown the importance of improved R, in
native MS using an Orbitrap over IM-ToF MS to characterize
heterogeneous lipid binding events to the trimeric ammonia
transport channel (AmtB), an integral membrane protein.*
More specifically, IM-ToF MS simply does not possess
sufficient R, to separate the individual lipids bound, whereas
the Orbitrap MS successfully separated 46 different combina-
tions of lipids bound to AmtB. Notably, R, of native mass
spectra are markedly lower than those of small molecules (viz.
metabolites, carbohydrates, lipids, and peptides) because of the
size and heterogeneity of large proteins and their complexes;
therefore, direct R,,, comparisons between native MS and
small molecule MS should not be made.

The major impetus for development of new IM-MS
technologies focused on structural biology is the need to
study protein complexes and their interactions with small
molecules (e.g,, drugs), metal ions, peptides/proteins, and
nucleic acids. As a first step, the instrument performance was
characterized using a number of well-studied model mono-
meric soluble proteins, ie., cytochrome C, ubiquitin, and
lysozyme. We then demonstrate the novel capabilities of an
nESI-FT-DT-IM-Orbitrap MS instrument by investigating
protein complexes (streptavidin, Gln K, and transthyretin
[TTR]) and their interactions with small molecule(s)
(streptavidin-biotin, Gln K-ADP, TTR-Zn(Il), and TTR-
thyroxine [T,]).

B EXPERIMENTAL SECTION

Instrumentation. For these experiments, the nano-ESI
source previously described was mounted onto a PF DT.*
The nano-ESI uses pulled borosilicate glass capillaries,
prepared in-house, that are either gold coated or contain a
platinum wire (300 um) inserted into the capillary. ESI
potentials of 1.50—2.00 kV were used for all studies. Ions
formed by nano-ESI enter a heated metal capillary, where the
final stages of ion dehydration occur, and then focused using a
radiofrequency (RF) ion funnel (200—250 Vo 600 kHz,
Ardara Technologies, Ardara, PA) maintained at a gas pressure
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Figure 2. (A) Dual gates at the entrance and exit of the DT are synchronously pulsed with a square waveform with a linear chirp frequency from S
to 7000 Hz. Applying this waveform turns the DT into a frequency-dependent filter with transmission characteristics aligning with the stated
equations. (B) Mass spectral data is acquired with an associated total ion chromatogram (TIC), from which an extracted ion chromatogram (EIC)
can be determined by isolating a single 1/z abundance over time. A TIC, MS, and EIC are shown for the model protein cytochrome C. (C) EICs
can be Fourier transformed to determine the frequency of transmission, which is correlated to arrival time by a direct relationship. Exemplary ATDs

were extracted from the cytochrome C data in panel B.

between 2.0 and 2.5 Torr. Ions exiting the RF ion funnel are
focused through gate 1 to introduce a packet of ions into the
DT. A 58 cm PF DT, maintained at a constant helium flow, is
used for IM separation. PF DT’ rely on ion optic geometries
(8 mm LD., 6.35 mm width, 6.35 mm spacing) to produce a
distant-dependent effective potential mimicking RF focusing as
ions traverse each electrode of the DT.**™** A voltage gradient
of 10 V/cm at ~2.0 Torr was used for all experiments, which
corresponds to being expressed as S V/(cm-Torr) or
Townsends (T,). Mobility separated ions exit the DT by
modulating gate 2 and are subsequently introduced to an RF-
only octupole ion guide (200-250 V., 2.5 MHz), which is
used to focus the ions into the HCD cell of an Exactive Plus
with extended mass range Orbitrap MS (Thermo Fisher
Scientific, San Jose, CA). This interface region and Orbitrap
operating parameters have been described in detail previ-
ously.” Briefly, the Orbitrap mass spectrometer was tuned
using typical operating parameters: collision energy (CE) in
the HCD cell was set to 10 V to minimize postmobility
fragmentation, the maximum injection time was set to 200 ms,
the trapping gas pressure was set between 4 and 7 au, and an
Orbitrap resolution of 17 500—35000 was selected, as it
yielded higher quality mass spectra. IMS and Orbitrap
electronics were synchronized externally using an Arduino
Leonardo to trigger FT-IMS pulsing and contact closure,
respectively.

Operation of a Dual-Gate Fourier Transform IMS.
Many conventional IM-MS instruments use single-gate instru-
ment configurations to introduce discrete ion packets into a
drift cell followed by detection using comparatively fast mass
analyzers to acquire nested IM-MS spectra. This so-called
“pulse-and-wait” sampling mode has a duty cycle of less than
1%, i.e., greater than 99% of the total ion population is not
sampled. Using a dual-gate platform, ion entry into the DT is
controlled by gate 1. Gate 2 is positioned at the rear of the DT
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to select a specific ion arrival time that is then transmitted for
mass analysis.””~** The time delay between pulsing gates 1 and
2 defines the drift time of the detected ions; the experiment is
repeated with different time delays to acquire an entire ATD.
An added benefit to the dual-gate platform is the potential to
eliminate the need for multifield calibrations to determine the
time ions spend outside of the DT by placing gates directly
before and after the DT. While this approach is effective, only
0.01% of ions are analyzed, reducing instrument sensitivity and
significantly slowing data acquisition, and results are entirely
dependent upon highly stable ionization sources.

To overcome the low duty cycle of a basic dual-gate pulsing
platform, a variety of multisplexed acquisition modes have been
developed for IM-MS,*~* and very recently, Clowers and co-
workers have reintroduced FT-IMS originally introduced by
Hill.*"** Here, we implemented FT-IMS, which was first
described to improve the duty cycle of time dispersive IMS
platforms by modulating the dual gates of the DT. This
provides 25% ion transmission with improved spectral quality
and dramatically improved acquisition times. Operating in FT-
IM, the DT is used as a frequency-dependent filter (or 1/f,
filter) by synchronously modulating gates 1 and 2 with square
waves that are linearly swept from low (S Hz) to high (7 kHz)
frequencies over multiple minutes. The frequency encoding of
ion mobility information is possible, because ions are
transmitted only when their drift time (¢;) is correlated with
the frequency (v = 1/t,) of the gating; therefore, by sampling
across a range of frequencies, a signal (S) will be obtained with
a frequency dependence of
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Figure 3. (A) Mass spectrum and (B) extracted ATD of [M + 14H*]'*" apo-streptavidin and the holo-streptavidin complexes. A small shift in drift
time was observed upon binding four biotin molecules as well as a compaction of peak width. *Denotes additional N-terminal methionine residues

on streptavidin and were not included in the extracted ATDs.

Where I is the ion intensity without any pulsing. The resultant
oscillating signal, for an isolated ion, can be Fourier
transformed to determine the frequency of transmission.
This frequency is directly related to ATD (f; = v™') and can
therefore be correlated by dividing the frequency axis by the
sweep rate, resulting in the ATD of an ion. The FT-IMS
workflow is summarized in Figure 2.

For this study, FT-IMS was implemented using custom
linear sweep waveforms (S to 7000 Hz over 8 min) generated
via a Python script and uploaded to a National Instruments
PXI-5421 waveform generator used to trigger gating events.
DEI PVX-4140 pulse generators were used to apply square
waves to gates 1 and 2.

Benchmarking the Instrument. To benchmark the new
instrument, we first analyzed cytochrome C (Figure 2B,C),
ubiquitin (Figure S2), and lysozyme (Figure S3). Figure 2B,C
shows the MS and extracted ATDs of the five observed charge
states of cytochrome C analyzed in water with 1% acetic acid
and align well with ATDs reported by a number of
studies.”*™* The lower charge states of cytochrome C, [M +
SH*], and [M + 6H']®, exhibit compact, native-like
conformers. A charge-dependent unfolding is then observed
where [M + 7H*]”* populates the partially unfolded
intermediate conformer, [M + 8H']®" populates both the
intermediate and fully unfolded extended conformer, and [M +
9H']’* populates only the extended conformer. Moreover,
ATDs for both ubiquitin and lysozyme are also in agreement
with previous studies (Figures S2 and §3).'%#49%0

Data Processing. Mass spectral data were acquired using
the Exactive software to generate RAW format data. RAW data
was converted using a Python script making use of Multi-
plierz>" Extracted ion chromatograms were obtained from
RAW MS data using custom Python scripts written in-house,
and the extracted data were processed and subjected to Fourier
transformation using custom Python scripts.

Chemicals and Materials. Gln K and TTR were expressed
and purified in-house as described previously.”>* Streptavidin,
cytochrome C, bovine ubiquitin, and lysozyme were purchased
from Sigma-Aldrich and used without further purification. All
complexes were buffer exchanged using a centrifugal buffer
exchange device (Micro Bio-Spin 6, Bio-Rad) into 200 mM
ammonium acetate before analysis. ADP (ammonium salt),

biotin, and T, were purchased from Sigma-Aldrich. Biotin and
T, were first diluted in DMSO before diluting to 15 #M in 200
mM ammonium acetate. ADP was dissolved and diluted to 15
#M in 200 mM ammonium acetate.

B RESULTS AND DISCUSSION

A major challenge of uniform field IM for the analysis of
protein complexes is poor transmission of these ions due to
radial diffusion as they traverse the DT. To overcome this
issue, the IM-Orbitrap MS takes advantage of a PF DT, which
exhibits high ion transmission by minimizing radial diffusion.
The PF DT device also removes the necessity for an ion funnel
at the end of the DT as employed in other IM devices.”>® PE-
DT IM improves radial focusing through the unique geometry
of electrodes utilizing thicker electrodes and a smaller ID. to
generate effective RF (~kHz frequency) potentials between
each electrode to periodically focus ions radially, thereby
improving ion transmission.”””® Although previous descrip-
tions of PF-IM were limited to studies of peptides and small
proteins, more recent SIMION 8.1 trajectory simulations
clearly show that the increased numbers of charges and masses
of larger proteins provide even higher radial focusing.>”

Protein Complexes: Streptavidin, GIn K, and Trans-
thyretin. Improvements over traditional IM-ToF instruments,
where R, is most often a limitation, are illustrated by analyzing
the 3° and 4° structures of protein complexes and their
interactions with ligands. Here, we explored streptavidin-
biotin, Gln K-ADP, TTR-T,, and TTR-Zn(II) complexes.
Monitoring such ligand binding events are difficult or nearly
impossible to resolve using ToF mass analyzers.”*>>*>> These
observations lend insight into the effects of small molecule and
ligand binding on the protein structure—function relationships
at unprecedented detail.

Streptavidin, a homotetrameric 53 kDa protein complex, was
analyzed using the nESI-FT-DT-IM-Orbitrap MS. Each
streptavidin monomer can individually bind one biotin
molecule, wherein each of the four binding sites of the
tetramer are thermodynamically equivalent.*® The streptavi-
din—Dbiotin interaction, one of the most stable in nature (K, of
~2.5 x 10" M™"),*” has been well-characterized using a variety
of techniques.”® The streptavidin—biotin interaction has been
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observed in previous IM-MS studies; however, these studies
utilized non-natural fluorescein tagged derivatives (biotin-4-
fluorescein) to increase mass separation between the unbound
and ligated streptavidin complexes to overcome limited RP.7
Here, we analyzed the streptavidin—biotin complex using
natural biotin. Mass spectra of the apo-streptavidin and holo-
streptavidin complexes are shown in Figure 3A, where a shift in
m/z denotes the addition of four biotin molecules to the
complex. The additional peaks (*) observed represent
streptavidin with additional methionine residues on the N-
terminus, a result of the protein expression process. While
these modified proteins were observed mass spectrally,
extracted ATDs did not include these modifications. Figure
3B shows the extracted ATDs of apo-streptavidin and holo-
streptavidin. Apo-streptavidin exhibits a slightly lower drift
time compared with holo-streptavidin, an expected shift with
the addition of four small molecules. The ATD for holo-
streptavidin is narrower than that of the apo-streptavidin. This
compaction is associated with an increased structural stability
and homo%eneity, an observation aligned with previous
findings.”®>” To our knowledge, this represents the first
example of IM-MS resolving the streptavidin and natural biotin
interaction.

The P;; transduction protein Gln K (MW 44 kDa) is a
homotrimeric protein complex that negatively regulates the
ammonijum ion transport of AmtB by plugging the channel of
AmtB,*° and this process plays a key role in nitrogen regulation
of cells.”" Crystallography data suggest that two conformations
of Gln K exist where the T-loop of a monomer can form an a-
helix (CCSyyy = 2746 A®) or extended f-hairpin (CCSyy =
3427 A?);%*"the two conformers are potentially important in
regulating its interactions with AmtB.% Additionally, each
monomer of Gln K is able to bind a single ADP; however, the
effects of individual ADP binding on protein structure and
function is not fully understood.** Gln K was analyzed via the
nESI-FT-DT-IM-Orbitrap MS to explore its structure in
complex with ADP as seen in Figure 4. Mass spectral data
for Gln K after expression and purification showed the
presence of the apo-Gln K complex and up to two ADPs
bound (Figure 4A). A 3-fold addition of ADP shifts the
equilibrium to the holo-Gln K complex (three ADP molecules
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Figure 4. Mass spectra of (A) Gln K and (B) Gln K with a 3-fold
addition of ADP. The observed adducts on the Gln K were sodium
adducts and were not included in the ATD extractions. (C) The
extracted ATDs of the [M + 11H*]'"* Gln K-ADP complexes. PDB
ID: (top) 1HWU and (bottom) 1QY7.%

bound), and additional, nonspecific ADP binding is observed
with four and five ADP bound (Figure 4B).

Extracted ATD of apo-Gln K (Figure 4C) confirms the
presence of two distinct protein conformers with the
appearance of two peaks potentially representing the T-loop
adopting an a-helix or f-hairpin. The more compact, a-helical
T-loop conformer “closed state” appears as the dominant peak,
and the right shoulder shows the presence of the larger f-
hairpin T-loop “open state”. The stepwise addition of ADP to
Gln K promotes the open state, where Gln K-ADP, shows a
slightly more abundant open state, Gln K-ADP, populates both
the open and closed states with a slightly higher abundance of
open state, and holo-Gln K shows the open state with little
closed state present. Sakai et al. previously suggested that holo-
Gln K exhibits the disordered T-loop; however, it remains
unclear if one or two ADP molecules bound to Gln K is
sufficient to promote a regulatory interaction with AmtB.%

TTR is a 56 kDa, homotetrameric protein complex involved
in degenerative diseases such as amyloidosis, where partially
unfolded monomers from tetramer dissociation can result in
amyloid fibril formation.”> TTR participates in the transport of
the natural hormone T, and the association of TTR and T, is
effective in inhibiting amyloid fibril formation.°® Here, TTR
was studied in the presence of its transport partner T, to
explore the effect of binding on protein structure. Figure SA
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Figure 5. (A) Representative mass spectrum of the [M + 14H*]"**

TTR complex with binding of up to two T, and Zn(II). A mass
resolving power of 840 is required to separate the apo-Zn containing
ions with the Orbitrap. (B) The extracted ATDs of TTR binding to
one and two T,’s. (C) The extracted ATDs of TTR bound to Zn(II).

shows the mass spectrum obtained of TTR in the presence of
T, and up to two T, molecules bound to TTR. In addition to
T, binding, each protein—ligand complex surprisingly exhibits
additional binding to Zn(Il) as discussed in greater detail
below. ATDs in Figure 5B exhibit slightly longer drift times of
TTR with each successive T, bound. The peak width of the
holo-TTR T, structure was reduced with respect to apo-TTR,
indicative of greater homogeneity in protein structure as well
as greater protein stability.

In addition to its transport activity, TTR is re7ported to be a
metallopeptidase when complexed with Zn(II).*” While Zn(II)
binding is important for proteolytic activity, Palmieri et al.
reported Zn(II) binding noticeably increased the rate of TTR
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aggregation.”® The high-R, mass analysis fully resolves TTR-
Zn(II) complexes, and the overall sensitivity of the instrument
is sufficient for IM-MS analysis as shown in Figure SC. The
addition of Zn(II) extends the drift time of TTR, which is
consistent with the formation of an extended conformation
with partial unfolding of the complex. Owing to the limited R,
of IM-ToF, previous IM-MS studies for the TTR-T, complex
may have contained signals relating to TTR-Zn(II) complexes
masked by poor resolving power. It should be noted that the
abundances of Zn(II) and T, are independent of one another,
indicating that there is no cooperative or competitive binding
between the two.

Observations of protein—ligand complexes such as the
streptavidin-biotin, Gln K-ADP, TTR-Zn(Il), and TTR-T,
highlight the importance of high-resolution IM-MS measure-
ments for biophysical studies. Lower R, often masks the
intricate details that underlie protein—ligand interactions, as it
simply cannot adequately resolve such species. Moreover,
protein heterogeneity can lead to inaccurate structural
measurements of protein complexes, rendering protein—ligand
species unresolvable. The presented data show the possibility
that these ligand-bound species have distinct structures and
play a role in the functionality of the protein.

B CONCLUSION

For the first time, IMS was coupled to the HCD cell of an
Orbitrap MS for high-resolving power IM-MS measurements,
and these results clearly illustrate increased performance of ion
mobility-mass spectrometry necessary for the next generation
of biophysical studies of intact protein complexes. In its
current configuration, a Ry, of ~40 was achieved for intact
protein complexes and, to the best of our knowledge,
represents the highest resolution IM measurements made on
such systems. The union of PF-DT and FT-IMS provides not
only improved ion transmission that aids data acquisition but
also allows for higher throughput sample processing over that
obtained using duty cycle mismatched instruments. For
example, using the nESI-FT-DT-IM-Orbitrap MS instrument,
the full IM and MS spectrum can be acquired in 8 min or less.
The range of protein complexes analyzed illustrates the
importance of understanding the role that metal ions and
small molecules play in protein conformational preferences,
which would otherwise not be observed. The results reported
herein make more detailed studies on other protein complexes
possible, including exploring the effects of PTMs, protein—
ligand interactions, and protein misfolding using high-
resolution IM-MS.
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