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ABSTRACT

lon mobility-mass spectrometry (IM-MS) is a powerful technique that provides a
nested size-and-charge in mass-to-charge analysis in the gas-phase; however, current
instrumentation is limited in resolution, both in mobility and mass domains. Recent
developments in Orbitrap mass analyzers improve upon the utility of MS by providing
improved resolution over current quadrupole and time-of-flight mass analyzers. Orbitraps
have catapulted MS into a new field of native MS, the study of solution-phase structures
and noncovalent interactions in the gas-phase. Although the power of these new mass
analyzers has been realized, coupling of IMS to Orbitraps poses an analytical challenge
due to a duty cycle mismatch: Orbitraps detect on a slower timescale than IMS separation,
therefore using Orbitraps as a detector for IMS is difficult. Here, a high-resolution periodic
focusing drift tube IMS was coupled to an Orbitrap mass analyzer via a novel interface for
the biophysical analysis of large proteins and protein complexes. Fourier transform IMS
multiplexing was implemented to overcome the duty cycle mismatch between the two
platforms and allow for the analyses of native systems. Finally, the instrument was used
to study the structure of a variety of protein complexes and their interactions with small
molecules, metals, and posttranslational modifications, all of which have dramatic effects

on protein structure, stability, and function.
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NOMENCLATURE

ATD Arrival time distribution

CAD Computer Aided Design

CCS Collisional cross section

DC Direct Current

Duty cycle percentage of time in which an instrument is performing analysis
DT Drift tube

ESI Electrospray lonization

FT Fourier transform

FTICR Fourier Transform lon Cyclotron Resonance mass analyzer
FWHM Full Width Half Maximum

IMS lon Mobility Spectrometry

MS Mass spectrometry

m/z mass to charge ratio

P Pressure

PF Periodic focusing

T Temperature

t drift time

TOF Time of flight mass spectrometer

T™W Travelling Wave

UF Uniform field
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REIS
RF
Rim
Rz

RP

Reverse Entry lon Source
Radiofrequency

lon mobility resolution
Mass spectral resolution

Resolving power
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CHAPTER |
INTRODUCTION

Introduction

Over the past two decades lon mobility (IM)-mass spectrometry (MS) has spawned
new approaches for analytical separations of small molecules,® including challenging
separations problems in the areas of lipidomics,® ® metabolomics,* and proteomics.> ©
Recent improvements in sample preparation, native electrospray 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 interactions affect
structure-function relationships.” 8 IM-MS provides information that is complementary to
other biomolecule structural techniques, such as X-ray crystallography, nuclear magnetic
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).® Such measurements are especially
important for biophysical characterization of noncovalent protein-ligand interactions by
determination of equilibrium binding constants and thermodynamics of the individual
binding events.’%'2 These new biophysical capabilities mark an important step in
understanding the dynamical effects of protein-ligand 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



(Rim) and mass (Rmz) dimensions, of commercially available IM-MS instruments.!?
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 G1/2.2* % Moreover, calibrant libraries remain sparse for large proteins,
protein complexes and membrane protein complexes.’>*” 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.® However, in most cases
instrumentation developed for “omic” applications are not optimal for native IM-MS
studies.!® 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.2°
Thus, it is imperative that ESI conditions as well as IM-MS instrument operating
parameters be optimized for preserving both non-covalent interactions and solution-phase
conformations. The use of static spray, nanoflow ESI (nano-ESI) achieved by small bore
capillaries (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 pM) and mass spectra that contain fewer background ions.?": 2> Additionally, nano-
ESI accelerates droplet evaporation thereby allowing for more efficient desolvation of

protein complexes.?® 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.
Discussion
Limitations of lon 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 Figure 1. Rim and Ry, are defined (Figure
1A) in terms of peak width (full width at half maximum, FWHM), but a more important
consideration is resolving power (RPv), i.e., CCS/ACCS, where ACCS corresponds to the
difference in CCS of two closely spaced peaks of two separable conformers. For example,
a RPim of >10 is needed to resolve ACCS of 1000 A2 for an ion having a CCS of 10,000
A2, whereas a RPm 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 (Figure 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.?* 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 Rm; of G1 mass analyzer that impedes the ability to interrogate complex lipid

binding to membrane protein complexes.?*



Although the RPm; of high magnetic field Fourier transform ion cyclotron
resonance (FTICR) instruments exceeds that of the Orbitrap, the analysis of intact protein
complexes is limited 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.?® 2/
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.?® 2°
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Figure 1. Comparisons of Ryv and Ry, for the Synapt G1 and Exactive Plus EMR Orbitrap
for the analysis of large biomolecules. (A) Defines Rim in terms of CCS/ACCS with a 50%
valley between peaks and similarly for Rm; where m/z / Am/z. Panels B and C contain
plots of resolving power (RP) for both Rim and Rz, 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 Ry is ~500 at m/z 7,900 as compared to ~10,000 at m/z 7,900 for the
Orbitrap.



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 complexes, 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 detergents must be stripped
prior to IMS and MS analysis.*® Native IM-MS studies using a low Rym 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.!’
However, higher Riv instrumentation is needed to completely validate no impact on
protein structure.

(ii) Determination of accurate CCS for large biomolecules must be determined by

first-principles using the Mason-Schamp equation:3!

ze 21 \Y/2 (t4E,\ (7 T
0= (o)) () ) o

Where Q is CCS, z is the charge of the ion, e is the elementary charge, No is the

number density of the drift gas, p is the reduced mass of the ion and drift gas, kp is the
Boltzmann constant, T is temperature in Kelvin, tq is the drift time of the ion, E; is the

applied electric field, P is pressure, 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,® and
even fewer for membrane protein complexes.*> 17 Importantly, the majority of CCS
determined using first-principles used an ion mobility device with low Riv (~25).16

(iii) IMS must maintain excellent ion transmission of large biomolecules. Native
IM-MS often requires low sample concentrations and volumes generating lower signals
than smaller biomolecules necessitating more sensitive instrumentation. Traveling 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,%? to
provide radial confinement of ions thereby minimizing ion losses as they traverse the DT
(Figure 2B).2*%° Recent studies of SIMION trajectories also revealed that ion transmission
for the PF-DT increases with increasing ion charge as illustrated in Figure 2C revealing
that PF-DT is optimized for studies of large, multiply-charged ions.*® 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.*’

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 Figure 2A).3 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.

HCD‘CeII C-]rap Transfer IMuItipole

Gate 1 Gate 2 Pl s.Lens_i
=il O'ilrap
\ / Mass Analyzer

Figure 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. (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) lon 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.



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 acquisition 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 1970’s Karasek recognized limits associated with
operating IMS instruments in the “pulse-and-wait” mode. To circumvent this problem,
they developed the first dual-gate IMS techniques as a means to monitor analyte specific
ion arrival times.3**! In fact, the dual gate mode is analogous to selected-ion monitoring
MS analysis.*? Hill et al. later implement 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 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 modulation frequency,
yields a frequency domain spectrum that is then converted to ion mobility arrival-time

distributions (see Figure 3).
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Figure 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-1) 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.
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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, cytochrome C, and lysozyme) as well
as several relatively small protein complexes (streptavidin-biotin complex, GInK-ADP,
transthyretin-thyroxine, and transthyretin-Zn(l11)).>® 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.
Figure 4A illustrates the importance of Rny to distinguish the tetrameric complex from its
nucleotide bound forms. Importantly, Orbitraps possess the RP/; to resolve not only ADP
binding, but also individually bound sodium adducts, a phenomenon that is generally not
illuminated by instruments with lower RPm;. Notably, the resolution of these ADP and
sodiated species enables more accurate CCS determinations of defined chemical

compositions whereas lower Rny; instruments would report on the average (Figure 4B).
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Figure 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,% Bottom: PDB 1HWU)*® 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 T4 and Zn(I1). A resolving power (RPm;; 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)*” T, and TTR bound to Zn(ll)
(Bottom: PDB 3GRG)*.
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The data for transthyretin (TTR) in complex with thyroxine (T4) and Zn(ll) further
illustrates the importance of high-resolution IM-MS instrumentation (Figure 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
phenomenon that has not been reported by IM-MS measurements. Zn(ll) bound to the
protein was hidden by poor Rm/, and therefore had been completely ignored in previous
TTR studies using IM-MS.*® The TTR-Zn(11) 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 undoubtedly 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.
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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. This dissertation outlines the development and application
of this instrument beginning with developing a novel interface to Orbitrap mass analyzer,
developing the IM DT and implementing multiplexing, to using the newly developed
platform for applications that were previously masked by poor resolution. Continued
improvements in both instrumentation and biological sample preparation will only

continue to drive the technology forward.
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CHAPTER II
DEVELOPMENT AND EVALUATION OF A REVERSE-ENTRY ION SOURCE
ORBITRAP MASS SPECTROMETER?

Introduction

Native lon Mobility-Mass Spectrometry (IM-MS) has rapidly cemented a crucial
role in the biophysical characterization of proteins over the last three decades;® 50->
however, the impact of this technique has been hindered by the lack of mobility (Riv) and
mass resolutions (Rmz). Coupling IM to MS facilitates the studies of protein
conformational preferences while also improving MS spectral quality and analytical
merits.3> 40 In the last 10 years, a surge of innovation in MS technology has been spurred
in large part by the development of orbitrap mass analyzers, a robust and affordable
benchtop MS.% % Orbitrap mass analyzers rely on electric field-based trapping to measure
the transients of trapped ions for mass determination. Coupling an achieved R/, = 240,000
with a mass range spanning 40,000 m/z, these instruments offer excellent performance for
the analysis of small molecules up to large proteins and protein complexes.®” Continuous
improvements in ion injection and trapping efficiencies leverages the capabilities of these
instruments to achieve performance similar to other trapping-based mass analyzers such
as Fourier Transform lon Cyclotron Resonance (FTICR) instruments at a greatly reduced

cost.58

'Reprinted by permission from Springer Nature: Journal of the American Society for Mass Spectrometry.
“Development and Evaluation of a Reverse-Entry lon Source Orbitrap Mass Spectrometer” by Poltash,
M.P.; McCabe, J.W.; Patrick, J.W.; Laganowsky, A.; Russell, D.H., Journal of the American Society for
Mass Spectrometry, 2019, 30(1), 192-198.
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Although Orbitrap instruments have dramatically improved performance with
regards to Rm/; over other benchtop MS, the option for a factory-designed high-resolution
IM cell coupled to an Orbitrap mass analyzer does not currently exist. Several groups have
modified Orbitrap platforms, however, the modifications generally eliminate the ability to
utilize the instrument in its intended configuration.®®%! Unlike other modifications to
Orbitraps reported to date, the completion of the instrument described here preserves the
commercial ion source during development. Ultimately, higher Rim and Rz will provide
the necessary detail to study larger, more complex protein assemblies and their
interactions. The development of novel instrumentation to achieve these advances remains
at the forefront of our developmental efforts.

Herein, we focus on the development and performance characteristics of a novel
interface through which IMS or other tandem MS strategies can be coupled to the orbitrap
mass analyzers without the need to significantly modify the commercial instrument. The
performance of this reverse-entry ion source (REIS) was characterized through the
analysis of ubiquitin, the trimeric transmembrane ammonia transport channel (AmtB)
complex as well as the products of lipid binding to AmtB. Mass spectra obtained on the
novel REIS were compared to spectra obtained using the commercial ion optics as well as
a Waters Synapt G1 IM-MS instrument. The data and instrumental developments
described herein set the stage for future work wherein IMS can be coupled to an orbitrap
mass analyzer. This coupling will enable more targeted structural studies to be performed
using an unprecedented combination of ion mobility and mass spectral resolution which

has yet to be realized by both commercial and “homebuilt” instrumentation.
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Experimental

Sample Preparation

Ubiquitin (bovine erythrocytes, >90% purity) was purchased from Sigma Aldrich
(St. Louis, MO). A 5.0 uM stock solution in deionized water (18 MQ) with 0.1% formic
acid was prepared and used without further purification. Ammonia transport channel
(AmtB) was expressed and purified as described previously.!® AmtB was diluted in 200
mM ammonium acetate and 0.5% CB8E4. Lipid samples of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphate  (POPA), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and 1',3'-bis
[1,2-dimyristoyl-sn-glycero-3-phospho]-sn-glycerol (TMCDL) were purchased from
Avanti Polar Lipids Inc. (Alabama, USA). Lipids stocks were prepared in 200 mM

ammonium acetate and 0.5% C8E4 and used without further purification.

Instrument Details

The homebuilt ion source used for these experiments utilized a radiofrequency
(RF) ion funnel consisting of 33 electrodes electrically coupled through a series of
capacitors and resistors.®? lons enter the funnel through a heated capillary set between 80-
95 °C. A differential pumping region separates a RF-only octupole ion guide built in-
house. A dual channel Ardara RF Generator was used to apply RF potentials to both the
ion funnel and octupole. This homebuilt source was coupled to the higher-energy C-trap
dissociation (HCD) cell of a Thermo Exactive Plus with Extended Mass Range where the

HCD endcap was removed and replaced with the octupole. Collision energy (CE) in the
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HCD cell was set between 10-156 V, maximum injection time was set to 200 ms, trapping
gas pressure was set between 1-4 au, Orbitrap resolution of 70,000 or 140,000 was
selected, and each spectrum was collected using 10 microscans and 100 averaging.
Samples were introduced to the MS using gold coated capillaries prepared in-house using
borosilicate glass capillaries.

Temperature control for the lipid binding studies was achieved using a similar
heated source device similar to what has been described recently.'° Briefly, a temperature-
controlled air circulator was used to heat an enclosed chamber around the ion source.
Samples were placed inside a glass capillary, allowed to equilibrate at a given temperature,

and subsequently analyzed. All experiments were carried out at 29 °C.

Deconvolution Processing

AmtB lipid binding deconvolution and peak picking were performed using Unidec
software with the following settings: m/z range of 6500 to 11500, 2.0 smoothing binned
every 0.25, charge range of 12 to 19, mass sampling every 2.0 Da, peak FWHM of 0.8,
peak detection range of 2.0 Da, and a peak detection threshold of 0.05.%% The resultant
zero-charge mass spectra were then assigned using Python scripts written in-house.
Charge state distribution values were calculated using Unidec software.
Results and Discussion
Reverse Entry lon Source

Native MS requires a great deal of care in sample preparation, ion creation, and
manipulation, specifically for biophysical studies.” 1 %67 In this work, a modified

“reverse entry” ion source (REIS) was designed to create a “cold” ion source interfaced to
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the higher-energy collisional dissociation (HCD) cell of the orbitrap. This design was
chosen to retain the full functionality of the orbitrap and its commercial source while
simultaneously being able to design and evaluate ion optics using the REIS.

Here, the novel REIS was constructed by coupling an ion source via an RF-only
octupole ion guide to the HCD cell of the instrument as depicted in Figure 5. lons were
introduced into a heated capillary using nanoflow ESI (n-ESI) where they are subsequently
focused using an RF ion funnel.®? lons exiting the funnel pass through a skimmer region
before being focused through a ring electrode and finally enter an RF-only octupole ion
guide.®® The ions entering via REIS are indiscriminately guided and trapped in the HCD
cell. The HCD cell retains its functionality: ions can be stored and transmitted to the C-
Trap as well as heated or fragmented before mass analysis. Although this configuration
retains most of the functionality of the orbitrap, the interface eliminated the ability to use
automatic gain control (AGC) to limit space charge effects in the orbitrap. AGC issues
can be addressed, however, with manual control of the “maximum injection time” which

allows for the tuning of the number of ions loaded into the orbitrap for mass analysis.

19



HCD Cell C-Trap Transfer Multipole

- S-Lens =

== O'bitrap
\ / Mass Analyzer
b Heated Capillary RF lon Funnel  Aperjure 1 Aperture 2 Octupole lon Guide §
80-95 °C ~200V,,, 600 kHzg .~ .- ~200 V., 1.8 MHz
: t el To HCD Cell ——
Chamber A 4 Chamber B B Chamber C
P, ~Atmosphere Pg~0.4-4.0 Torr P~ 10% Torr

Figure 5. (A) Solidworks rendering of the reverse entry ion source and configuration of
the instrument. (B) Starting from left to right, ions enter the instrument through an 11.4
cm, 800 um i.d. heated capillary and are radially focused by a 5.08 cm in length RF ion
funnel. The RF ion funnel consists of 33 electrodes electrically coupled through a series
of capacitors and resistors, wherein the first 15 electrodes have inner diameters of 2.54 cm
and the last 18 electrodes linearly taper to 2 mm. lons are then guided through an RF-only
octupole ion guide (rod diameter of 1.59 mm and 4.76 mm inscribed diameter) prior to
being loaded into the HCD Cell of the Exactive Plus EMR. Reprinted by permission from
Springer Nature: Journal of the American Society for Mass Spectrometry. “Development
and Evaluation of a Reverse-Entry Ion Source Orbitrap Mass Spectrometer” by Poltash,
M.P.; McCabe, J.W.; Patrick, J.W.; Laganowsky, A.; Russell, D.H., Journal of the
American Society for Mass Spectrometry, 2019, 30(1), 192-198.

Retention of Mass Performance
Retaining both the native-like structure of ions and the high mass resolution

afforded by orbitrap MS were the most important factors in the design of the REIS. Mass
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spectral resolution (Rm/) can be defined by the ratio of mass to charge (m/z) to its peak
width at half maximum (FWHM) as describe in Equation 2 below. Rm; is not only

instrument dependent but also analyte specific.

Rm/z L L 2

m/ZpwHM

To evaluate the performance of the modified source, identical samples of ubiquitin
were analyzed using both the commercial ion source of the orbitrap and the REIS. As
shown in Figure 6, ubiquitin was isotopically resolved for each observed charge state using
both ion sources giving nearly identical maximum resolutions of 30.2k and 30.9k for the

commercial and REIS, respectively.
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Figure 6. Mass spectra of ubiquitin acquired on the (A) commercial ion source and (B)
REIS. Shown in the insets are the 5" charge state giving isotopic resolution from both ion
sources. Note the lower charge states observed using the REIS giving rise to the 3.
Reprinted by permission from Springer Nature: Journal of the American Society for Mass
Spectrometry. “Development and Evaluation of a Reverse-Entry lon Source Orbitrap
Mass Spectrometer” by Poltash, M.P.; McCabe, J.W.; Patrick, J.W.; Laganowsky, A.;
Russell, D.H., Journal of the American Society for Mass Spectrometry, 2019, 30(1), 192-
198.

Additionally, a more challenging membrane protein, AmtB (126 kDa), was
analyzed on both the commercial (Figure 7A and D) and REIS (Figure 7C and F) ion
sources. A maximum resolution of ~10.5k and 9.9 k was achieved for the commercial
source and REIS, respectively, on an identical sample of AmtB. We attribute the small
difference in resolution to the retention of small molecules non-covalently adducted to the
complex using the REIS leading to increased heterogeneity in the observed ion. The

commercial source and REIS on the Orbitrap yielded an Ry, that was over 12-fold higher
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than the Rm; = 800 achieved by the Waters Synapt G1 (Figure 7E). These results
demonstrate that the addition of the REIS did not adversely affect mass performance of
the orbitrap EMR instrument. This finding is a crucial step towards the addition of IMS to

the orbitrap platform.
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Figure 7. Mass spectra collected from the unmodified orbitrap (A, D), Waters Synapt G1
(B, E), and the REIS (C, F). The full mass spectra are shown on the left, and the 16" charge
state is expanded on the right. The asterisks denote the adducted C8E4 detergent molecule
bound to the AmtB in all three cases which was impossible to strip from the protein
complex without dissociation of the complex itself. Reprinted by permission from
Springer Nature: Journal of the American Society for Mass Spectrometry. “Development
and Evaluation of a Reverse-Entry Ion Source Orbitrap Mass Spectrometer” by Poltash,
M.P.; McCabe, J.W.; Patrick, J.W.; Laganowsky, A.; Russell, D.H., Journal of the
American Society for Mass Spectrometry, 2019, 30(1), 192-198.
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Retention of Native-like Charge States

Native MS refers to the analysis of solution phase protein structure in the gas phase
by using biologically relevant solution conditions and careful MS tuning parameters. It is
becoming increasingly important for the study of non-covalent interactions and structures
of proteins.t” % 70 Typically, native-like structures are confirmed using IMS by matching
experimentally measured collisional cross sections (CCS) to those determined from crystal
structures.>® Native structures have also been characterized in MS by their retention of low
charge states as the average charge state is related to the solvent accessible surface area.”*
2 Folded tertiary structures do not typically display all their basic residues to the surface
of the droplet in the ESI process and therefore cannot be protonated.”>"® Notably, native
MS can be performed by using biological pH buffers and salts amenable to MS
experiments.5” "% 76 77 Fyrthermore, recent studies have suggested the ability to retain
native structures using MS for the analyses of membrane proteins through the addition of
detergents and buffers.t”: ® 7 Detergent molecules surround membrane proteins in the
form of micelles, acting as a substitute for a lipid membrane, to maintain their solubility.°
During early stages of analysis in the gas phase, these detergent molecules can be removed
in collision cells; however, careful tuning is necessary to prevent unfolding or activation
of the protein upon removal of these detergents.

Although this instrument is not currently equipped with IMS, the charge state
distributions of ubiquitin and AmtB were compared to previously published standards for
native MS to evaluate whether native-like ions were preserved with REIS. The Clemmer

group reported the retention of native compact conformers for the same dominant charge
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states observed in our experiment.® & In the current configuration and solution
conditions, the 3" charge state was observed and is lower than reported by our group and
others, suggesting the REIS is a “cold” source.® 8283

Further evidence of native MS can be seen in Figure 7. Note that AmtB retains a
Gaussian charge state distribution centered at 16" using the REIS, which is similar to that
obtained on the Synapt G1, where IMS data have previously shown the retention of a
single, compact conformer for the low charge states centered at 16*.1° Average charge
states of AmtB were found to be 15.93 and 15.88 for the G1 and REIS, respectively. While
charge state distributions are not a direct reflection of protein structure, lower charge states
are indicative of native-like structures.® To further evaluate and tune the REIS, IMS

would provide an optimal platform to validate and tune for native-like conditions on the

orbitrap EMR instrument.

Importance and Illustration of Mass Resolution

Continual development in instrumentation over the past four decades has pushed
mass resolution and resolving powers to heights that were unimaginable when MS was
initially developed. The full potential of the REIS-orbitrap instrument could be realized
for investigating heterogeneous lipid binding events to membrane proteins, such as for
AmtB with Rm; = 10,000. It has recently been shown by Patrick et al. that the binding of
two different types of phospholipids to AmtB can be resolved using the Synapt G1.1! One
of the major instrumental limitations cited in this work was a lack of mass resolution that

limited the ability to distinguish between lipids of different type with similar molecular
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weights, which was overcome by using a non-natural lipid.

AmtB was mixed with three different natural phospholipids to demonstrate the
utility of the REIS-orbitrap platform and its ability to overcome the issues described
above. Figure 8A shows a mass spectrum of AmtB in the presence of a lipid mixture
containing POPA (697 Da), POPS (784 Da), and TMCDL (1285 Da) collected on the
REIS-orbitrap and the Waters Synapt G1 instruments (Figure 8B). With a R, of ~500
using the Synapt G1, the determination of lipid binding events for the three different lipids
was not resolved owing to the overlap of several peaks representing lipid bound species
with similar masses. In contrast, up to 26 individual lipid binding events were, for the most
part, baseline-resolved when the same analysis was performed on the REIS-orbitrap. In
Figure 8, each colored band represents a different combination of lipids bound; the number
of POPA, POPS, and TMCDL bound are shown above the respective peak. Binding of
lipids with identical headgroups that differ in lipid tail composition to a small membrane
protein using an orbitrap instrument has previously been shown by Gault et al.&> However,
the presented mass spectrum represents the first example of fully resolved heterogeneous
lipid binding events of three unique lipids. Here, we were able to baseline resolve and
observe up to five individual lipids bound in total to AmtB that are composed of mixtures
of all three lipids as highlighted in Figure 8. Clearly, at elevated m/z, lower resolution
instruments do not allow for the same level of detailed analyses as higher resolution
instruments. These limitations preclude such instruments from performing such complex

experiments on large complexes.
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Figure 8. (A) REIS-orbitrap fully resolves AmtB bound to different combinations of
POPA, POPS, and TMCDL. A total of twenty-six distinct lipid bound species were
observed with up to five total lipids bound to AmtB. (B) Notably, none of these individual
lipids species were resolved on the Waters Synapt G1 instrument. Reprinted by permission
from Springer Nature: Journal of the American Society for Mass Spectrometry.
“Development and Evaluation of a Reverse-Entry lon Source Orbitrap Mass
Spectrometer” by Poltash, M.P.; McCabe, J.W._; Patrick, J.W.; Laganowsky, A.; Russell,
D.H., Journal of the American Society for Mass Spectrometry, 2019, 30(1), 192-198.

To further demonstrate the possibilities of REIS-orbitrap instrument resolution, an
AmtB sample was prepared in the presence of four natural phospholipids: POPA (697 Da),
POPE (718 Da), POPS (784 Da), and TMCDL (1285 Da). Again, lipid binding events
were observed, and 45 AmtB-lipid species were assigned (Figure 9). However, it is clear
the limitations of this instrument’s resolution are becoming realized with this complex
mixture of lipids. Though the majority of species were fully resolved, several peaks were
seen as shoulders of adjacent peaks. Continual progress in instrument development,
protein purification, and lipid modifications will drive us towards these currently

“unanswerable” discoveries in the future.
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Figure 9. REIS-Orbitrap can resolve complex mixtures of AmtB bound to four different
lipid species: POPA, POPE, POPS, and TMCDL. Forty-five lipid species bound to AmtB
were observed. Reprinted by permission from Springer Nature: Journal of the American
Society for Mass Spectrometry. “Development and Evaluation of a Reverse-Entry lon
Source Orbitrap Mass Spectrometer” by Poltash, M.P.; McCabe, J.W.; Patrick, J.W_;

Laganowsky, A.; Russell, D.H., Journal of the American Society for Mass Spectrometry,
2019, 30(1), 192-198.

Conclusions

Here, proof-of-concept experiments were performed to illustrate the ability to
modify the orbitrap platforms with REIS. Mass spectra for ubiquitin and AmtB illustrate
the retention of functionality of the commercial orbitrap instrument. Furthermore, the
REIS was shown to be capable of the same mass spectral performance in terms of mass

resolution as the unmodified instrument. Comparisons of the modified source to a Waters
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Synapt G1 demonstrate that the modified instrument is capable of recording native
measurements. This development opens the door to future instrument modifications
wherein additional gas phase coupled techniques such as IMS can be adapted to the

existing Exactive platform architecture.
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CHAPTER Il
FOURIER TRANSFORM-ION MOBILITY-ORBITRAP MASS SPECTROMETER: A
NEXT-GENERATION INSTRUMENT FOR NATIVE MASS SPECTROMETRY!

Introduction

Mapping 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,®" 8 small molecules,” 8% opsmolytes (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 (ESI)-ion mobility (IM)-mass spectrometry (MS). The term
“native-ESI” 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 non-covalent interactions.” 8 ¢
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.>*52 Combining
IM with native MS, which independently measures both size and m/z of the ions, imposes

additional constraints; ions formed by “native-ESI” must not be perturbed during the

! Reprinted with permission from Poltash, M.L.; McCabe, J.W.; Shirzadeh, M.; Laganowsky, A.; Russell,
D.H. “Fourier Transform-lon Mobility-Orbitrap Mass Spectrometer: A Next-Generation Instrument for
Native Mass Spectrometry” Analytical Chemistry, 2018, 90(17), 10472-14078. Copyright 2018 American
Chemical Society.
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transition from solution to the gas phase as well as during subsequent analysis of the gas-
phase ions.!® °* Although native-ESI-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
populationally-averaged signals, IM-MS is the only biophysical structural characterization
technique capable of determining how protein structure(s) responds to specific changes in
the local environment at the populational level.®% 8192 Moreover, temperature-dependent
MS binding studies is the only method to elucidate thermochemistry 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 due to 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 macromolecules. 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 native-ESI-IM-MS for studies of large proteins and their complexes
necessitates major advances in instrumentation, most notably enhanced mobility (Rim) and
mass (Rm;) resolution, while retaining capabilities for preserving non-covalent

interactions and accurate determinations of ion-neutral collision cross sections (CCS).
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Coupling DT-IM to high performance MS, such as hybrid IM-g-ToF instruments,
is relatively straightforward because 1M 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.>®: 6

There exists little doubt that biomolecule IM-MS was greatly accelerated by the
introduction of traveling-wave (TW) IM-g-ToF instruments,®® and remarkable progress
has been realized. in spite of the limitations of TWIMS-MS, viz. low-resolution ion
mobility (te/Atg) measurements, requirement for calibration methods for determining
rotationally-averaged ion-neutral collision cross sections (CCS), and limited mass
resolving power (RP = M / AM, where AM = (M2-M1), the difference in mass of two ions
having different masses) of the ToF instrument. Here, we describe a novel native-ESI-FT-
DT-IM-Orbitrap MS (Figure 10) specifically designed for structural studies of large
proteins, protein complexes, and their interactions with small molecules and other
proteins. Although other IM-Orbitraps have been developed, ® these instruments were
not designed for preserving non-covalent interactions and are unable to be used for native
MS due to their configuration and design. Conversely, this new instrument, which we
denote as “next-generation”, incorporates 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
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ranging in size from micron to sub-micron that are compatible with the use of “native-
like” solvents for forming low charge states that have low internal energy;” 8 % (ii)
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 rotationally-averaged CCS, and provides ion radial focusing for increased ion
transmission;*? 37 (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 RP Orbitrap MS.%* 5556

We have previously shown the importance of improved RP 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 RP to separate the individual
lipids bound, whereas the Orbitrap MS successfully separated 46 different combinations
of lipids bound to AmtB. Notably, R, of native mass spectra are markedly lower than
small molecules (viz. metabolites, carbohydrates, lipids, and peptides) due to the size and
heterogeneity of large proteins and their complexes; therefore, direct Rm; 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

monomeric soluble proteins, i.e. cytochrome C, ubiquitin, and lysozyme. We then
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demonstrate the novel capabilities of native-ESI-FT-DT-IM-Orbitrap MS instrument by
investigating protein complexes (streptavidin, GInK, and transthyretin [TTR]) and their
interactions with small molecule(s) (streptavidinebiotin, GInK*ADP and TTR+Zn(II) and

TTRethyroxine [T4]).
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Figure 10. (A) Solidworks rendering of the homebuilt native-ESI-FT-DT-IM coupled to
the HCD cell of an Orbitrap MS. (B) A detailed schematic representation of the homebuilt
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. lons 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 then injected into
the Orbitrap for mass analysis. Reprinted with permission from Poltash, M.L.; McCabe,
J.W.; Shirzadeh, M.; Laganowsky, A.; Russell, D.H. “Fourier Transform-lon Mobility-
Orbitrap Mass Spectrometer: A Next-Generation Instrument for Native Mass
Spectrometry” Analytical Chemistry, 2018, 90(17), 10472-14078. Copyright 2018
American Chemical Society.
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Experimental
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. lons 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 Vp.p, 600 kHz, Ardara Technologies,
Ardara, PA) maintained at a gas pressure between 2.0 and 2.5 Torr. lons 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 DTs rely on
ion optic geometries (8 mm I.D., 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.3% A voltage gradient of 10 V/cm at ~2.0 Torr was used for all experiments,
which corresponds to being expressed as 5 V/(cm-Torr) or Townsends (Tq). Mobility
separated ions exit the DT by modulating gate 2 and are subsequently introduced to an
RF-only octupole ion guide (200-250 Vp-p, 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 previously.?* 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 post mobility fragmentation, maximum injection time was set to 200 ms,
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trapping gas pressure was set between 4-7 au, and Orbitrap resolution of 17,500-35,000
was selected as it yielded higher quality mass spectra. IMS and Orbitrap electronics were
synchronized externally using an Arduino Leonardo to trigger FT-1MS pulsing and contact

closure, respectively.

Operation of a Dual Gate Fourier Transform IMS

Many conventional IM-MS instruments use single gate instrument 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 to select a specific ion arrival time that
is then transmitted for mass analysis.*% 4 9% 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

multiplexed acquisition modes have been developed for IM-MS, %% and very recently
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Clowers and co-workers have re-introduced Fourier-transform (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/tq filter) by synchronously modulating gates 1 and 2 with
square waves that are linearly swept from low (5 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 (tq) is correlated with the frequency (v =1
/ tq) of the gating; therefore, by sampling across a range of frequencies, a signal (S) will

be obtained with a frequency dependence of:

S(v)max =0.5 IO when: tg = 0,%'%,% (3)
1 3 5
S(v)min = 0 when: td = ;,;’5’_" (4)

Where lo 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 (ts = 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 11.
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Figure 11. (A) The dual gates at the entrance and exit of the DT are synchronously pulsed
with a square waveform with a linear chirp frequency from 5 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 m/z abundance over time. A TIC, MS, and EIC are shown
for the model protein cytochrome C. (C) EIC’s can be FT to determine the frequency of
transmission which is correlated to arrival time by a direct relationship. Exemplary ATD’s
were extracted from the cytochrome C data in panel B. Reprinted with permission from
Poltash, M.L.; McCabe, J.W.; Shirzadeh, M.; Laganowsky, A.; Russell, D.H. “Fourier
Transform-lon Mobility-Orbitrap Mass Spectrometer: A Next-Generation Instrument for
Native Mass Spectrometry” Analytical Chemistry, 2018, 90(17), 10472-14078. Copyright
2018 American Chemical Society.
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For this study, FT-IMS was implemented using custom linear sweep waveforms
(5 to 7000 Hz over 8 min) generated via a Python script and uploaded to a National
Instruments PXI1-5421 waveform generator used to trigger gating events. DEI PV X-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 11B
and C), ubiquitin (Figure 12 and Figure 13), and lysozyme (Figure 14). Figure 11 (B and
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.19%-19 The lower charge states of cytochrome C, [M + 5H*]*" 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 (Figure 13 and Figure 14),19: 100,103,104
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Figure 12. Mass spectra of ubiquitin in (A) water with 1% acetic acid and (B) water with
100 mM ammonium acetate. Ubiquitin charge states in water with 1% acetic acid are
centered at [M + 7H*]™, but in water with 100 mM ammonium acetate the charge state is
centered about [M + 5H*]®*. The Orbitrap mass analyzer is able to achieve a max Rm
greater than 35000 for ubiquitin allowing for isotopic resolution as shown in the inset of
panel A. Reprinted with permission from Poltash, M.L.; McCabe, J.W.; Shirzadeh, M.;
Laganowsky, A.; Russell, D.H. “Fourier Transform-lon Mobility-Orbitrap Mass
Spectrometer: A Next-Generation Instrument for Native Mass Spectrometry” Analytical
Chemistry, 2018, 90(17), 10472-14078. Copyright 2018 American Chemical Society.
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Figure 13. Extracted drift profiles of the [M + 4H*]** through [M + 8H']®* ions of
ubiquitin. The ATD for [M + 4H*]*" and [M + 5H']** were extracted from the mass
spectrum collected in water with 200mM ammonium acetate whereas the ATD for [M +
6H*1%" through [M + 8H*]®" ions were extracted from the mass spectrum collected in water
with 1% acetic acid. Low charge states of [M + 4H*]** and [M + 5H*]** exhibit compact,
native-like conformers (blue). Additional charges lead to a charge state dependent
unfolding where the [M + 6H*]®* ion populates the compact conformer and the slightly
unfolded intermediate conformer (red), and the [M + 7H*]"* and [M + 8H*]®* populate
only the intermediate conformers. These data match those reported by a number of
studies.'® 101104 Reprinted with permission from Poltash, M.L.; McCabe, J.W.; Shirzadeh,
M.; Laganowsky, A.; Russell, D.H. “Fourier Transform-lon Mobility-Orbitrap Mass
Spectrometer: A Next-Generation Instrument for Native Mass Spectrometry” Analytical
Chemistry, 2018, 90(17), 10472-14078. Copyright 2018 American Chemical Society.
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Figure 14. Extracted drift profiles of lysozyme in water and 1% acetic acid for [M + 8H*]®*
through [M + 10H*]*** ions. Compact conformers are observed for all three charge states,
and no charge state-dependent unfolding was observed. This is interpreted as evidence
that the ions are formed with low internal energies.'® 1% Reprinted with permission from
Poltash, M.L.; McCabe, J.W.; Shirzadeh, M.; Laganowsky, A.; Russell, D.H. “Fourier
Transform-lon Mobility-Orbitrap Mass Spectrometer: A Next-Generation Instrument for
Native Mass Spectrometry” Analytical Chemistry, 2018, 90(17), 10472-14078. Copyright
2018 American Chemical Society.

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 Multiplierz.51
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.
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Chemicals and Materials

GInK and TTR were expressed and purified in-house as described previously.®
105 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 T4 were
purchased from Sigma Aldrich. Biotin and T4 were first diluted in DMSO before diluting
to 15 uM in 200 MM ammonium acetate. ADP was dissolved and diluted to 15 puM in 200
mM ammonium acetate.
Results and Discussion
Periodic Focusing Drift Tube

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.?> % PF-
DT IM improves radial focusing through the unique geometry of electrodes utilizing
thicker electrodes and a smaller I.D. to generate effective RF (~kHz frequency) potentials
between each electrode to periodically focus ions radially, thereby improving ion
transmission.3* 3 Although previous descriptions of PF-IM were limited to studies of

peptides and small proteins, more recent SIMION 8.1 trajectory simulations clearly show
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that the increased numbers of charges and masses of larger proteins provide even higher

radial focusing.*®

Protein Complexes: Streptavidin, GInK, and Transthyretin

Improvements over traditional IM-ToF instruments, where RP 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 streptavidinebiotin, GInK*ADP, TTR*T4
and, TTRZn(II) complexes. Monitoring such ligand binding events are difficult or nearly
impossible to resolve using ToF mass analyzers.?* 4988 These observations lend insight
into the effects of small molecule and ligand binding on the protein structure-function
relationships at unprecedented detail.

Streptavidin, a homo-tetrameric 53 kDa protein complex, was analyzed using the
native-ESI-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 streptavidin-biotin interaction, one of the most
stable in nature (K, of ~2.5 x 10 M1),1%7 has been well-characterized using a variety of
techniques.'® The streptavidin-biotin interaction has been 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.% Here, we analyzed the streptavidin-biotin complex
using natural biotin. Mass spectra of the apo-streptavidin and holo-streptavidin complexes

are shown in Figure 15A where a shift in m/z denotes the addition of four biotin molecules
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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 15B 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. Interestingly, the
ATD for holo-streptavidin is narrower than that of the apo-streptavidin. This compaction
is associated with an increased structural stability and homogeneity, an observation
aligned with previous findings.1% 1% To our knowledge, this represents the first example

of IM-MS resolving the streptavidin and natural biotin interaction.
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Figure 15. (A) The mass spectrum and (B) extracted ATD of [M + 14 H*]**" 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. Reprinted with permission from Poltash, M.L.; McCabe, J.W.;
Shirzadeh, M.; Laganowsky, A.; Russell, D.H. “Fourier Transform-lon Mobility-Orbitrap
Mass Spectrometer: A Next-Generation Instrument for Native Mass Spectrometry”
Analytical Chemistry, 2018, 90(17), 10472-14078. Copyright 2018 American Chemical
Society.
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The PII transduction protein GInK (MW 44 kDa) is a homo-trimeric protein
complex that negatively regulates the ammonium 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 two conformations of GInK exist where the T-loop of a
monomer can form an a-helix (CCStv = 2746 A?) or extended B-hairpin (CCStim = 3427
A?):112 the two conformers are potentially important in regulating its interactions with
AmtB.13 Additionally, each monomer of GInK is able to bind a single ADP; however, the
effects of individual ADP-binding on protein structure and function is not fully
understood.'** GInK was analyzed via the native-ESI-FT-DT-IM-Orbitrap MS to explore
its structure in complex with ADP as seen in Figure 16. Mass spectral data for GInK after
expression and purification showed the presence of the apo-GInK complex and up to two
ADPs bound (Figure 16A). A three-fold addition of ADP shifts the equilibrium to the
holo-GInK complex (three ADP molecules bound), and additional, non-specific ADP
binding is observed with four and five ADP bound (Figure 16B).

Extracted ATD of apo-GInK (Figure 16C) confirms the presence of two distinct
protein conformers with the appearance of two peaks potentially representing the T-loop
adopting an a-helix or B-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 B-hairpin T-loop “open-state”. The stepwise addition of ADP to GInK promotes the
open-state, where GInK*ADP1 shows a slightly more abundant open-state, GInK*ADP>
populates both the open- and closed-states with a slightly higher abundance of open-state,

and holo-GInK shows the open-state with little closed-state present. Sakai et al. previously
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suggested holo-GInK exhibits the disordered T-loop; however, it remains unclear if one
or two ADP molecules bound to GInK is sufficient to promote a regulatory interaction

with AmtB.113

Normalized Intensity

apo
3400 3450 3500 3550 3600 6 7 8 9 10
m/z Arrival Time (ms)

Figure 16. Mass spectra of GInK (A) and GInK with a three-fold addition of ADP (B). The
observed adducts on the GInK were sodium adducts and were not included in the ATD
extractions. (C) The extracted ATDs of the [M + 11 H*]** GInK-ADP complexes. PDB
ID: (top) IHWU and (bottom) 1QY7.*® Reprinted with permission from Poltash, M.L.;
McCabe, J.W.; Shirzadeh, M.; Laganowsky, A.; Russell, D.H. “Fourier Transform-lon
Mobility-Orbitrap Mass Spectrometer: A Next-Generation Instrument for Native Mass
Spectrometry” Analytical Chemistry, 2018, 90(17), 10472-14078. Copyright 2018
American Chemical Society.
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TTR is a 56 kDa, homo-tetrameric 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 T4 and the association of TTR and T4 is effective in inhibiting amyloid
fibril formation.*'® Here, TTR was studied in the presence of its transport partner T4 to
explore the effect of binding on protein structure. Figure 17A shows the mass spectrum
obtained of TTR in the presence of T4 and up to 2 T4 molecules bound to TTR. In addition
to T4 binding, each protein-ligand complex surprisingly exhibits additional binding to
Zn(11) discussed in greater detail below. ATDs in Figure 17B exhibit slightly longer drift
times of TTR with successive T4 bound. The peak width of the holo-TTRTj 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 reported to be a metallopeptidase when
complexed with Zn(11).1*” While Zn(ll) binding is important for proteolytic activity,
Palmieri et al. reported Zn(11) binding noticeably increased the rate of TTR aggregation.*®
The high-RP mass analysis fully resolves TTReZn(Il) complexes, and the overall
sensitivity of the instrument is sufficient for IM-MS analysis as shown in Figure 17C. The
addition of Zn(l1) 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 RP
of IM-ToF, previous IM-MS studies for the TTR*T4 complex may have contained signals

relating to TTReZn(II) complexes masked by poor resolving power. It should be noted
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that the abundances of Zn(Il) and T4 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 streptavidinebiotin,
GInK+ADP, TTR*Zn(II), and TTR*T4 highlight the importance of high-resolution IM-MS
measurements for biophysical studies. Lower RP often mask 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.
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Figure 17. (A) A representative mass spectrum of the [M + 14 H*]*** TTR complex with
binding of up to two T4 and Zn(l1). A mass resolving power of 840 is required to separate
the apo-Zn(Il) containing ions with the orbitrap. (B) The extracted ATDs of TTR binding
to one and two T4’s. (C) The extracted ATDs of TTR bound to Zn(II). Reprinted with
permission from Poltash, M.L.; McCabe, J.W.; Shirzadeh, M.; Laganowsky, A.; Russell,
D.H. “Fourier Transform-lon Mobility-Orbitrap Mass Spectrometer: A Next-Generation
Instrument for Native Mass Spectrometry” Analytical Chemistry, 2018, 90(17), 10472-
14078. Copyright 2018 American Chemical Society.
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Conclusions

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 Rim of ~40
was achieved for intact protein complexes and, to 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 native-ESI-FT-DT-IM-Orbitrap MS
instrument the full IM and MS spectrum can be acquired in eight minutes 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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CHAPTER IV
NEW INSIGHTS INTO THE METAL-INDUCED OXIDATIVE DEGRADATION
PATHWAYS OF TRANSTHYRETIN!

Introduction

Transthyretin (TTR) is a homotetrameric protein complex responsible for the
transport of thyroxine (T4) and retinol through plasma and cerebrospinal fluid.''®11° TTR
is also reported to be a metallopeptidase when complexed with Zn(1l) with three distinct
Zn(1l) binding sites identified; however, excess Zn(ll) binding is associated with
decreased retinol transport functionality and increased rates of TTR fibril formation.°
Aggregation of TTR is involved in degenerative diseases, viz. amyloidosis, and it is
believed that partially unfolded monomers from tetramer dissociation are implicated in
amyloid fibril formation.’®® TTR fibril formation underlies both hereditary and
nonhereditary amyloidosis, the former is caused due to protein mutation i.e. familial
amyloid polyneuropathy (FAP) and familial amyloid cardiomyopathy (FAC).'?* Wild-
type TTR (WT-TTR) is associated with nonhereditary amyloidosis i.e. senile systemic
amyloidosis (SSA) resulting in heart failure of 20% of elderly people (>70 years).?
Furthermore, the role of TTR oxidation on protein stability and fibril formation is still
debated. Maleknia et al. reports TTR oxidation occurs at Met-13 which may promote
intramolecular tertiary contacts thus stabilizing the protein.'?® In contrast, Gales et al.

observed that TTR fibrils contain significant oxidation of both Cys-10 and Met-13;

! This chapter was co-authored with Mehdi Shirzadeh.
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however, were unable to identify whether oxidation occurred before or after fibril
formation.*?* In neither case were the underlying causes or structural perturbation studied.

Native mass spectrometry (MS) has led to increasingly complex studies of proteins
and protein complexes by revealing individual species which are often masked by
ensemble- averaged measurements using classic structural techniques.® Coupling of ion
mobility (IM) to native MS further enhances the applications of the technique by providing
a second dimension of analysis, a structural collision cross section (CCS) measurement,
describing the analyte size and shape nested with mass to charge (m/z). Native IM-MS
analyses has enabled more detailed structural studies of protein complexes providing more
precise and accurate measurements by revealing small perturbations in protein
composition while also providing the time-resolved structural evolution of these proteins.®
67 We recently developed a novel high resolution (both in mass and mobility domains)
IM-Orbitrap MS platform capable of maintaining native-like structures and non-covalent
interactions.®® IM-MS has been used previously to study TTR degradation;*®: 125 however,
the detailed chemical interactions between the protein and its environment were masked
by poor mass resolution. Here, we describe studies carried out using a specially designed
high-resolution IM-Orbitrap MS instrument and a Waters Synapt G2 equipped with a
custom surface induced dissociation (SID) cell to better understand the mechanism of

metal-induced oxidation of TTR subunits, the first structural IM-MS study of its kind.
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Experimental
lon Mobility and Mass Spectrometry Instrumental Methods

The homebuilt IM-Orbitrap instrument has been described in detail previously.
Briefly, ions are generated via static nano-ESI using glass capillaries pulled in-house.
Voltages between 2.0 and 3.0 kV are applied to the solution using a platinum wire inserted
into the solution. Generated ions are introduced to the instrument through a heated
capillary and can be accelerated by a ring electrode before being focused by an RF ion
funnel. lons exiting the ion funnel are modulated using gate 1, thus approximately 50% of
the ions enter the 1.45 m PF DT maintained at a helium pressure of ~1.5 Torr for mobility
separation. A second gate (gate 2) is positioned at the exit of the DT, thus approximately
50% of the ions are transmitted to an RF-only octuople ion guide. These ions are then
collected and trapped in the higher energy collisional dissociation (HCD) cell of the
Orbitrap. lons trapped in the HCD cell are relaxed and transferred to the C-trap which
injects ions into the Orbitrap for mass analysis. Orbitrap settings of 100 ms maximum
inject times and resolution of 17 500 were used for all experiments. A schematic of the
instrument and the details of operation of the instrument with its implementation as a
Fourier transform-IM-MS instrument has been described elsewhere.

Surface induced dissociation (SID) experiments were performed on a modified
Waters Synapt G2. Samples were also introduced by static nano-ESI with a capillary
voltage between ~1.2 and 1.5 kV using the same emitters as described above. Other

parameters include: source pressure (5-6 mBar), sampling voltage (20 V), trap flow (2
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L/min) and He flow (120 ml/min).

Size-Exclusion Chromatography
Superdex HiLoad 16/600 75 pg column (AKTA Explorer, GE Healthcare) was
used for size exclusion chromatography. The column was equilibrated and eluted with

HEPES (50mM), NaCl (50mM), EDTA (10mM) and DTT (1mM), pH=7.4 at 4 °C.

Data Treatment

Raw MS data was acquired using Exactive software and converted using Python
scripts making use of Multiplierz. Extracted ion chromatograms were subsequently
obtained and processed using custom Python scripts. IMS peak fitting was accomplished

using Origin with R? thresholds > 0.95.

Transthyretin Preparation

TTR was expressed and purified in-house as described previously.'® Samples were
buffer exchange using centrifugal buffer exchange devices (Micro Bio-Spin 6, Bio-Rad)
into 200 mM ammonium acetate before analysis. Copper acetate, zinc acetate, N-
ethylmaleimide (NEM), and Chromium(VI) ICP standard were purchased from Sigma
Aldrich and diluted in 200 mM ammonium acetate prior to addition.

Sequence of TTR

GSGPT GTGES KCPLM VKVLD AVRGS PAINV AVHVF RKAAD DTWEP FASGK
TSESG ELHGL TTEEE FVEGI YKVEI DTKSY WKALG ISPFH EHAEV VFTAN

DSGPR RYTIA ALLSP YSYST TAVVT NPKE
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Results and Discussion

The time-resolved mass spectra of TTR with endogenous Zn(I1) bound is shown
in Figure 18. The presence of Zn(Il) was confirmed by ICP-MS which also revealed low
levels of Cr, Cu, and Ni in descending concentrations (Table 1). Initially, apo-TTR is most
abundant with less abundant signals for singly- (64 Da shift) and doubly- (128 Da shift)
bound Zn(I1) to TTR. After a short time (~32 minutes), a noticeable shift in m/z is observed
corresponding to the dominant peak of TTR + 128 Da (2x 64 Da), i.e., 2x Zn(ll), the
average mass of the Zn isotope cluster. This trend continues towards 64 minutes, upon
which the most abundant peak has shifted to TTR + 256 Da (4x 64 Da). On the surface,
TTR appears to bind greater numbers of Zn(Il) over time; however, the concentration of

Zn(11) in solution is too low for this to be a viable explanation.
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Figure 18. Time evolution of TTR under ambient nano-ESI conditions showing the
sequential addition of 64 Da corresponding to either one zinc or four oxidations. Att=0
min, the peaks to the right of the apo peak correspond to Zn(ll) binding; however, at later
times, the mass shifts are attributed to Cys-10 oxidation. The red peaks correspond to the
backbone fragmentation of TTR between Cys-10 and Pro-11 which occurs simultaneously

with TTR oxidation.
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Table 1. The elemental analysis of the sample by ICP-MS for the buffered TTR sample.

Analyte A Conc. (ng/mL) +u(1s)
4 51 ND

Cr 52 251 9

Mn 55 ND

Fe 57 ND

Co 59 ND

Ni 60 64 8

Cu 63 153 4

Zn 66 433 24

Ga 69 ND

Interestingly, structural analysis by IM-Orbitrap MS revealed the growth of two additional
conformers over time as shown in Figure 19 where arrival time distributions (ATD) of
TTR + n*64 Da, where n = 0-4, were collected over time. Degradation was slowed
significantly through the analysis of TTR by a dual channel static nano-ESI emitter that
separates the two channels by a thin borosilicate wall, called a theta-emitter. Theta-
emitters can be used for nano-ESI whereupon the spray potential can be applied to one
channel while still ionizing the sample that is present in the other channel. This ionization
is possible because droplets form and mix from both channels near the end of the
emitter.*?® Thus, theta emitters can isolate one channel from the ESI potential until the

analyte is ionized. In the case of TTR, the mass shifts slowed dramatically and allowed
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for the capture of intermediate structures by IM-Orbitrap MS. After 20 hours, TTR +
n*64Da (where n = 1-4) had shifted from a single conformation denoted by a single
Gaussian distribution to three distinct conformations. These new conformations can
possibly be ascribed to dynamics of the protein main chain in the edge region His56 to
Thr60.12* Importantly, the formation of these new conformers appeared simultaneously
with the Cys-10 and Pro-11 backbone fragmentation in one subunit shown in Figure 1.
Formation of such extended conformations occur through a destabilized tetramer resulting
in fragmentation in the region of Cys-10/Pro-11. Previous XRD characterization of TTR
were unable to capture the N-terminal tail, and often conclude that these portions of the
TTR tetramer are unstructured.

To better understand these structural perturbations SID was used to interrogate
TTR subunits as shown in Figure 21. The 2D IM-MS plot of TTR collected using the
Waters Synapt G2. [TTR + 14H+]** and [TTR + 15H+]%** both populate the compact,
native conformer of the protein which retains both Zn(lI1) and oxidation.. Analysis of the
monomer subunit by SID revealed a surprising phenomenon. Initially, the monomer is
dominantly in the apo- form with small amounts bound to Zn(ll) and 2-Mercaptoethanol
(ME) used for purification.*?” However, as TTR tetramer begins its stepwise shift of 64
Da over time, oxidation of the TTR monomers is observed, not additional Zn(Il) binding.
The monomer appears to oxidize twice early (32 Da shift) and eventually a third oxidation
(48 Da shift) is observed. Similar experiments using CID also showed oxidation (Figure

22), although Zn(I1) was dissociated due to gas-phase activation of the monomer. These

61



data show that the initial 64 Da shifts are due to Zn(ll) binding, but the subsequent n*64

Da shifts over time are related to oxidation.

A B [— 0 hours — 20 hours ]
[M + 14H*)14*
+64 Da +64 Da
+128 Da +128 Da
+192 Da 1920
256 0: +256 Da

16 18 19 20 16 18 19 20
Arrival Time (ms) Arrival Time (ms)

Figure 19. (A) ATDs for the [TTR + 14H* + n*64 Da]*** ions (where n = 0-4) directly
after loading (black) and after 20 hours of continuous analysis by a theta emitter (red).
ATDs are the average of 8 IM-MS runs. (B) Deconvoluted ATDs of the incubated sample
showing two additional conformations populated by TTR after 20 hours.
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Figure 20. (A) Mass spectra of TTR tetramer as a function of time collected on a Waters
Synapt G2 equipped with a custom SID cell. (B) The SID products of the [TTR +
15H*]%" tetramer. Monomers, dimers, and b12/y117 fragments are observed. The b12
fragment is doubly oxidized. (C) A magnified look at the [M + 4H*]** monomer of TTR
reveals a time dependent oxidation of TTR monomer as well as Zn(ll) and 2-
mercaptoethanol (ME) binding. [TTR + 15H*]*** retains the native conformation (Figure
21) and is used for SID to retain higher ion abundances.
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Figure 21. The 2D IM-MS plot of TTR collected using the Waters Synapt G2. [TTR +
14H*1* and [TTR + 15H*]** both populate the compact, native conformer of the protein

which retains both Zn(Il) and oxidation.
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Figure 22. [TTR + 8H*]®* monomer fragment using CID showing the time-dependent
oxidation of TTR. CID, however, unfolds the monomer in the gas-phase dissociating the
noncovalent Zn(l1l) interactions observed in SID.
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Covalently labelling TTR can be used to further understand the oxidation pathway
as two surface accessible oxidation sites exist on each monomer: Cys-10 and Met-13.
NEM was used to alkylate the thiol of Cys-10 to prevent both oxidation and Zn(I1) binding.
MS data reveals that the addition of a 4-fold equivalence of NEM to TTR can successfully
label most cysteine residues as denoted by a mass shift in the spectrum (Figure 23).
Removing Cys-10 as an oxidation site slows the backbone fragmentation of TTR by
approximately 6-fold. These data suggest that Cys-10 is the driving force behind backbone
fragmentation that occurs between Cys-10 and Pro-11, which could be destabilized by an
oxidation-induced structural change. Notably, the b10 fragment containing Cys-10 is
doubly oxidized, corresponding to the oxidative conversion of the thiol to sulfinic acid.?®
This cleavage is similar to the mechano-enzymatic cleavage reported for the S52P TTR
mutant18 that has been reported to induce aggregation; the same phenomenon was
observed in these experiments where TTR octamers were formed following backbone
fragmentation (Figure 24). Interestingly, three oxidations were observed on the intact
monomer; however, only two oxidations are observed on the Cys-10 containing b10

fragment. Met-13 remains the only surface accessible oxidation site for the third oxidation.
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Figure 23. The mass spectra of [TTR + 14 H+ + 4 NEM]14+ at 0 and 360 minutes.
Equivalent backbone fragmentation occurs at360 minutes compared to 64 minutes for
TTR with Zn(I1) and no NEM (Figure 1). The dotted line represents the m/z for apo-TTR.
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Figure 24. The mass spectrum of TTR after 64 minutes of continuous ESI. Octamer
formation occurs simultaneously with Cys-12/Pro-13 backbone fragmentation. Octamer

region of the MS is magnified 10x.
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Dissociation of Zn(l1) is also observed as oxidation proceeds, which is consistent
with the crystallographic data that the Cys-10 oxidation site is involved in Zn(11) binding.*®
Coordination of Zn(I1) by Cys-10 can inhibit/delay oxidation of the thiol group which was
confirmed by adding zinc acetate (5:1 (Zn:TTR)) to apo TTR. This gave rise to a decrease
in the oxidation rate by a factor of ~3 (data not shown). Cys-10 oxidation can also increase
the accessible surface of Met-13 thereby favoring formation of more extended conformers.

Oxidation reactions during ESI have been observed previously using easily
oxidizable metal emitters (i.e. stainless steel, copper, tungsten, etc.);*?* % however, the
static nano-ESI used in these experiments applies a DC potential through an inert Pt
(99.9%) wire, a metal that seldom acts as an oxidizer. Removing the ESI potential from
the analyte solution using either a theta emitter (Figure 19) or a gold coated emitter (Figure
25) slows oxidation, and similarly, metal removal by EDTA also slows oxidation (Figure
26). Alternatively, addition of Cr (Figure 27) or Cu (Figure 28) can dramatically accelerate
oxidation. Collectively, these data reveal a metal-induced oxidation of Cys-10 that is
accelerated in the presence of an applied electrical potential. Bateman et al. proposed that
metal catalysed electrolysis of water drives the oxidation of peptides and proteins.*®! Here,
Cr and Cu drive Cys-10 oxidation ultimately leading to structural destabilization of TTR
tetramer by inducing backbone fragmentation and promoting oligomer formation.

The results presented here contrast with those reported by Maleknia et al.*?® but
compliment those reported by Gales et al.}?* Maleknia reported that Met-13 is the most

oxidizable native residue and that a non-native N-terminal methionine also oxidizes;
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however, there were no evidences of Cys-10 oxidation. Gales reported oxidation of both
Cys-10 and Met-13 in mature TTR fibrils, both of which were observed here. Collectively,
the results reported by Maleknia, Gales and our study suggest that metal-induced oxidation
of TTR may underlie fibril formation by destabilizing TTR structure. The IM-MS and SID
data reported here also offer definitive evidence of metal-induced Cys-10 and Met-13

oxidation, including structural rearrangement and backbone fragmentation.
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Figure 25. [TTR + 14H*]*** tetramer after 60 minutes of analysis using a gold-coated
nano-ESI emitter. Oxidation occurs much more slowly; however, peak broadening is
observed attributed to Na* adduction over time.
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Figure 26. [TTR + 14H*]*** tetramer after 60 minutes of analysis after size exclusion
chromatography in the presence of EDTA to strip metals from solution before analysis.
Metal removal resulted slowed oxidation and fragmentation approximately 2-fold.
Importantly, EDTA chelates metals most readily at pH > 9 at which point TTR denatures,
therefore, optimal conditions for chelation were not attainable without perturbing the
structure of TTR.
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Figure 27. [TTR + 8H+]8+ monomer fragment obtained directly after the addition of
equimolar Cr. This addition of Cr in solution immediately induces oxidation without the
need for an applied potential.

72



10 O 0O T w
o~ o = =
~
0.8 g =
z o
Py @]
-E q
c
206
=
-
S
=
50.4
Q
=
0.2
[ 0] ST ARV 1

1730 1735 17'?0 1745 1750
m/z

Figure 28. [TTR + 8H*]®" monomer fragment obtained directly after the addition of
equimolar CuCH3OOH. Addition of Cu(ll) in solution immediately induces oxidation
without the need for an applied potential.

The results obtained here contrast those reported previously by Maleknia et al.;
however, several differences in experimental design, can account for the differences
observed.'®? Importantly, the TTR used in the aforementioned work possesses a slightly
different sequence (see supplementary information for complete sequence), specifically,
an additional N-terminal methionine that may affect the structure of the protein before and
after oxidation. Moreover, IM-MS used here offer greater structural fidelity than the
techniques used previously and offers definitive evidence of metal binding, oxidation,

structural rearrangement, and backbone fragmentation.
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Conclusions

Here, we describe metal-induced oxidation of Cys-10 of TTR that causes a
structural elongation and subsequent backbone fragmentation between Cys-10 and Pro-
11. The truncated protein then leads to eventual oligomer formation. Furthermore, NEM,
metal stripping, and isolation from the ESI emitter voltage slow TTR oxidation and
subsequent degradation. Future studies using amyloidogenic mutants i.e. V30M and L55P
will reveal the correlation between fibril formation and oxidation and how metal-induced
oxidation can affect TTR aggregation. Moreover, continued studies of the degradation
mechanism for amyloidogenic proteins is critical for understanding the underlying
physiological causes and potential therapeutics of related diseases. Small perturbations in
the protein environment, specifically the presence of trace metals, can have a significant,
deleterious impact on protein structure, function, and stability. The identification of metal-
induced oxidation observed here using high-resolution IM-MS instrumentation
underscore the importance of rigorous analytical measurements to understand protein

behavior.
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CHAPTER V
CONCLUSIONS AND FUTURE DIRECTIONS

IM-MS technology continues to evolve incorporating new concepts, methods, and
developments. Each iteration of these instruments continues to push forward the
understanding of both instrumentation as well as our understanding of applied chemical
principles. Here, native-FT-PFDT IM-Orbitrap MS was implemented to overcome the
limited availability of native, high-resolution IM-MS instruments for applications in
biophysical analyses of large proteins and protein complexes.

A novel reverse entry ion source was developed for this platform to enable the
coupling of IMS to Orbitrap MS. While the implementation of IMS to Orbitraps was the
goal of this research, the interface could easily be couple to any gas-phase technique that
has can be couple to MS. This setup retains the original ion optics and ion source that
allows for the continued use of the Orbitrap throughout the instrument development and
beyond, in essence, removing the opportunity cost of the instrument development timeline.
Importantly, the reverse entry ion source does not hinder the performance of Orbitraps as
it retains the same duty cycle and Rm.. This was illustrated by the first example of three
heterolipids being bound to a membrane protein and resolved using MS. Even more, four
individual lipids were also resolved on AmtB with up to five total lipids bound resulting
in 45 individually resolved protein-lipid species in a single mass spectrum. These spectra
exemplify the importance and utility of improved Rm;; and illustrate the need for high-
resolution MS in IM-MS platforms while retaining noncovalent interactions and protein

structure.
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The IM-MS instrument described herein was ultimately a coalescence of new
developments that were incorporated into a single platform. For example, pairing careful
sample preparation with nano-ESI promotes the ability of this instrument to generate
native ions. Careful design of the ion transfer optics continues to preserve the structure of
ions throughout the IM separation and mass analysis. PFDT allows for high Rim
measurements while simultaneously providing high ion transmission, both of which are
critical for the analysis of native proteins. Orbitrap MS enable high R/, and allows for the
detection of small perturbations in protein composition. Lastly, the FT acquisition mode
overcomes the duty cycle mismatch between temporal DT separation and Orbitrap mass
analysis. The exclusion of just one of these principles can prevent the high-resolution
native biophysical studies portrayed in this dissertation. The IM-Orbitrap platform
culminated in the first measurements of chemical phenomena observed by IM-MS, and a
Rim of ~60 for a native protein complex, about double that of which has been reported by
any other IM-MS platform.

Several biological systems were shown here where rich chemical information can
be had from a quick IM-MS experiment, just an eight-minute acquisition period.
Importantly, the instrument preserves native structures and non-covalent interactions
while offering the required resolution to study subtle differences upon protein-ligand
bindings. For example, GInK functional activation was illustrated through the stepwise
addition of ADP, where holo-GInK locks into an open conformation preference allowing
the protein to bind to AmtB to negatively regulate nitrogen uptake. Furthermore, biotin

was shown to significantly stabilize streptavidin upon binding to the complex. Thyroxine
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was shown to stabilize TTR, whereas Zn(l1) binding was shown to slightly destabilize the
TTR tetramer.

TTR destabilization was further explored to understand the amyloidogenic
pathway of the tetrameric protein complex. High-resolution IM-MS data showed the
promotion of two additional extended conformation upon the successive oxidation of Cys-
12. Surface induced dissociation data further confirmed the observed mass shift of 64 Da
was a result of oxidation. NEM was used to chemically modify Cys-12 and reveal that
Cys-12 was the oxidation site which ultimately led to a backbone fragmentation between
Cys-12 and Pro-13. This fragmentation, upon tetramer dissociation, can lead to a oligomer
formation. ICP-MS provided insight into the solution composition and aided in the
revelation of chromium and copper coupled with a spray current induced the oxidation
and eventual degradation of TTR.

The utility of IM-MS for the analyses of protein complexes is quickly being
realized, and the data ascertained from the platform described here can help promote the
advances of IM-MS as a biophysical tool.

Rim and R, despite the improvements described herein, continue to limit the
biophysical applications of IM-MS and necessitate future instrument development. Since
the inception of the instrument two new components were installed to further improve
upon the functionality and versatility of the IM-Orbitrap MS: (i) a 1.45 m PF DT replaced
the 0.58 m PF DT used previously and (ii) a method for collision induced dissociation

(CID) was added to the heated capillary vacuum interface.

77



Moving towards a DT nearly three times the length of the “alpha-version” of the
instrument achieved a maximum Ryv of ~60 for a native protein complex, nearly double
the highest previously reported value. Increased DT lengths lead to improved Rim with a
square-root relationship and remains the simplest method for improving Rim. Limitations
in Paschen breakdown, however, limit the length of DT by inducing electrical breakdown
at high potentials at intermediate pressures (~1-10 Torr). Careful instrument design,
especially at the heated capillary, ion funnel, and IMS gating regions can help mitigate
Paschen breakdown by altering pressure regimes and ion optic design.

Importantly, the Rm; remains high with Orbitrap MS; however, Orbitrap MS
technology has continued to progress and new instrumentation continues to push the
boundaries of MS performance metrics. For example, the newest Thermo Scientific Q
Exactive UHMR now touts a mass range of up to m/z 80,000 and a resolution of 200,000
at m/z 400 compared with m/z 20,000 and Rm, of 140,000 at m/z 400. Moreover, the scan
rates have doubled in speed compared to the MS platform described herein. Recently, a
Rm/, of 1,000,000 was reported using an Orbitrap for the first time. Nevertheless, the IMS
technology and interface described herein remain a viable solution for integrating high-
resolution Orbitrap MS measurements with DT-IMS.

Native IM-MS has become an incredibly versatile tool and recently has been used
to analyze the structure and behavior of membrane proteins. To maintain native solution
conditions for insoluble protein complexes, membrane proteins are encapsulated by
detergent micelles to maintain solubility for ESI. After ionization, the proteins retain the

micelles which must be stripped in the gas-phase by CID prior to IMS or MS analysis.
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Precise control of CID energy must be maintained to strip the detergent micelles without
stripping important noncovalent interactions or unfolding the protein complex. Here, a
combination of an accelerating electrode and elevated heated capillary temperature was
added directly proceeding the heated capillary to destabilize the micelles and generate a
greater potential drop to accelerate ions and induce CID. The combination allowed for the
analysis of the membrane protein complex, the large conductance mechanosensitive ion
channel (MscL), an osmotic release valve in the lipid bilayer. Detergents surrounding
MscL were successfully removed with the added energy owed to the accelerating voltage
and added thermal energy as shown in Figure 29. MscL successfully binds nine POPI

lipids, a lipid which was reported to regulate the opening and closing of the pore.
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Figure 29. (A) IM-MS spectrum of the MscL membrane protein binding up to 9 POPI
lipids. (B) The extracted mass spectrum of MscL with colored bands representing
individual POPI binding events.
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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
perturbations 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 R, afforded by these platforms can be used to gain insight into unknown chemical
species that are present in biological samples. Such information can then lead to improved
purification and protein 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 Figure 4, TTR was observed in the presence of Zn(ll) for
the first time. With this new information, we can better understand the role that Zn(ll)
plays in altering protein structure, but we can also develop efficient purification methods
for metal removal, such as treating the sample with metal chelators. Improved protein
purity lends itself to more accurate and reproducible results with fewer independent

variables but substantial raises the bar for protein standards.

81



Moreover, improved Rim 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,
Figure 30 illustrates three membrane protein channels, LeuT '3 3% GItPH,!3> 1% and
Kir2.2.1¥" 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,'% is not
correlated with RMSD. Disappointingly, commercial IM-MS instruments are currently
unable to resolve such differences. These examples highlight the necessity for high-

resolution IM measurement capabilities.
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Figure 30. 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,*® 134 outward- and inward- facing states of GItPH,*> 1%¢ and closed and
open states of Kir2.2,137.138

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,’*® ultraviolet photodissociation,’*® and electron transfer dissociation.*
Moreover, the addition of mass filters and the ability to mobility select ions could provide

even greater biophysical analyses.
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However, IM-MS is not simply a biophysical tool, it is also a separation technique
that is generally amenable to LC-MS, but FT-IMS acquisition prevents the use of this
instrument for LC-IM-MS due to a duty cycle mismatch. Therefore, FT-IMS acquisition
times must be reduced in order to gain widespread adoption for LC-IM-MS experiments.
Coupling LC to high-resolution IM-MS could improve qualitative and quantitative
measurements and elucidate countless phenomena that are hidden by the measurements

our current instruments are able to make.
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