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ABSTRACT

Native ion mobility-mass spectrometry (IM-MS) has evolved into a
multifunctional tool for the characterization and analysis of native intact protein
complexes. Structural information can be inferred by the rotationally-averaged collision
cross-section (CCS) measurements. Native IM-MS is complementary to nuclear magnetic
resonance (NMR) spectroscopy, X-Ray crystallography (XRD), cryogenic-electron
microscopy (CryoEM), as well as surface plasmon resonance (SPR) and isothermal
titration calorimetry (ITC). Commercial IM-MS platforms excel with proteomic
workflows but are limited in resolution, sensitivity, and mass range for large biomolecules.
Structural biology problems require developing and applying new instruments that excel
in the sensitivity, resolution, and resolving power of large biological systems (MW > 100
kDa), e.g., proteins, protein complexes, antibodies, chaperonins, and virus capsids. The
work described vide infra focuses on developing and implementing novel home-built
instrumentation for native IM-MS to expand the capabilities of the biophysical toolbox in

structural biology.
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CHAPTER |

INTRODUCTION

Native mass spectrometry (MS) sits at the epicenter of the biophysical toolbox for
protein characterization.Native MS tries to resemble the cellular environment in terms of
ionic strength, pH, concentration, and temperature to maintain proper folding throughout
the analysis; more specifically, by preserving non-covalent interactions (e.g., H-bonds,
salt bridges, hydrophobic patches) of the protein from solution to the gas phase.! 2 Native
IM-MS can also be coupled with sequencing®”, individual ligand binding analysis®*’, and
structural information studies®™ 26, Jon mobility-MS (IM-MS) is a multidimensional
analysis technique where ions are separated based on their respective size, shape, and
charge and thusly allowing the separation of isobaric species. IM-MS allows for the
determination of ion-neutral collision cross-sections (CCS) for comparison with available
protein structures?” 28, In the following subsections, the past ~20 years of instrument
development will be presented as a prelude to designing and constructing a high-resolution
ion mobility-mass spectrometer.

Native State of Biological Systems

Anfinsen’s hypothesis considers that the thermodynamic minimum corresponds to
the native state of the protein.This native state is system/environment dependent that
allows for tracking protein folding.?® However, due to the vast degrees of freedom that a
protein has, the total time to fold a single protein would take longer than the existence of

the universe. The paradox can be resolved if protein folding follows a given path and is



influenced by the local amino acid sequence. The intermediates along the folding pathway

can be detected and plotted in a folding funnel, where the deepest well illustrates the most

stable native conformation.
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Figure 1: Comparison of traditional biophysical techniques to Native IM-MS.
Reprinted with permission from Mass Spec. Rev. 40, 3, 280-305. Copyright 2020

Wiley Publishing.

Traditional tools in structural biology, such as NMR, XRD, CryoEM, and various

optical spectroscopy techniques, have various degrees of structural information as shown

in Figure 1, but measure sample-averaged populations. Figure 1 shows the current

biophysical toolbox for structural characterization plotted as “ease of ue ““ and “richness

of information”. MS is the only technique that can obtain structural information of

individual ion population. Coupling Native IM-MS to additional structural techniques

2



such as CIU%®, CID 3, UVPD *?, IRMPD % 3** unprecedented advantage in the
biophysical toolbox.

The “native” states of a biological system are defined by the primary (1°, amino
acid sequence), secondary (2°, hydrogen-bond network), tertiary (3, conformation/3D
structure), and quaternary (4°, topology and stoichiometry) structure of a protein or protein
complex in vivo. The protein structure defines the activity and function of the protein in
the native state, and non-native states or protein misfolding can be implicated in diseases
such as Alzheimer's®-%, cancer®® *°, and Parkinson’s® %',

Native MS aims to preserve the “native” protein structure following the transition
from solution-phase molecules to solvent-free, gas-phase ions, as illustrated in Figure 1.
Typically, proteins are ionized from a solution of near-neutral pH, low uM analyte
concentration, and using instrument conditions to preserve the non-covalent adducts and
subunit interfaces. Standard ionization methods for protein analysis electrospray
ionization (ESl)and desorption ESI (DESI). In order to retain native confirmations, a
“soft” ionization technique where little energy is added to the complex is required. In these

experiments, the ionization method employed is nano-electrospray ionization.



Solvent acks as o
Lot ccw\*t, \owert n% Laxriers

Figure 2: A schematic proposed by Russell, Williams, and Clemmer in 2012
illustrating the transition of a protein from the solution to the gas phase. Reprinted
with permission from Acc. Chem. Res. 2017, 50, 3, 556-560. Copyright 2017
American Chemical Society.

Previous studies have shown that states of protein folding can be observed by
monitoring the average charge state distribution (CSD) of the protein. Unfolded proteins
typically have a larger solvent-accessible surface area (SASA) with a greater number of
exposed charge-carrying sidechains. However, changes in CSD do not always indicate a
transition between native and unfolded states; more specifically, a system that has multiple
conformations at the same m/z cannot be detected by MS alone. Therefore, IMS serves as
a complimentary technique to separates ions based on the size, shape, and charge. Further

investigation on the Gibbs Energy Landscape will be explored in Chapter 4.Development

Timeline for Native Mass Spectrometry
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Figure 3: Summary of the significant developments in the field of native MS over the
past ~20 years according to Heck and coworkers (black text) with major instrument
development (right) and biological application (left). Reprinted with permission
from J. Am. Soc. Mass Spectrom. 2017, 28, 1, 5-13. Copyright 2016 American
Chemical Society.

Prior to developing soft-ionization techniques such as ESI, native protein complex
analysis was almost impossible. The development of ESI enabled access to the study of a
range of biomolecules by adding multiple charges during the ionization process. The
added charge reduces the analyte mass-to-charge ratio (m/z) to where standard instruments
can be used for native protein complex analysis. As the demands for biomolecule
characterization grow, the need for higher resolution and higher resolution power
instrumentation is also increased. Native mass spectrometry began on time-of-flight
(TOF) systems primarily due to their theoretical unlimited mass range and modest

resolving power. As the complexity of the studied system increases through the addition
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of ligands or metal co-factors, the required mass resolution to detect these species
increases as well. Time-of-flight instrument resolution can be increased by increasing the
flight length, reducing the pressure in the analyzer to increase the mean free path, and
adding reflectron(s) to reduce the kinetic energy spread of the ion packet, in addition to
pulsing the ions orthogonally into the TOF to reduce the initial kinetic energy distribution.
As instruments progressed, the introduction of the SYNAPT HDMS platform in 2006 by
Waters Corporation (Manchester, UK) brought the first commercial hyrbid-Q TOF IM-
MS instrument to market. In 2012 Thermo Fisher Scientific introduced the first high-mass
Orbitrap platform (Exactive Plus Series with Extended Mass Range (EMR) which is based
on a modified Kingdom trap. lons m/z is determined based on the axial oscillation
frequency between two electrodes around a spindle and the use of FT. The oscillation
frequency of ions is related to 1 divided by the square root of m/z; this implication is a
shallower decay in resolving power with m/z compared with ICR. High-resolution
Orbitrap analysis allows the study of ligand additions to a membrane protein complex of

interest, as shown in Figure 3.
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Figure 4: (A) Hlustrates the resolving power of the Synapt G1 versus the Exactive
Plus EMR as a function of m/z. (B) Apparent resolution for AmtB 127 kDa
membrane protein with three heterolipids bound. Reprinted with permission from
J. Am. Soc. Mass Spectrom. 2019, 30, 1, 192-198. Copyright 2018 American
Chemical Society.
Drift Tube lon Mobility Spectrometry (DT-IMS)

lons in drift tube ion mobility devices are subject to numerous low-energy, thermal
collisions with neutral background gas with a static applied electric potential drop across
the drift region. The field applied in drift tube ion mobility (Figure 4) is maintained such
that ion mobility is independent of the applied drift field (i.e., within the low-field limit
typically on the order of 15 Townsend (Td) or less). lons are pulsed into the drift region
and separate based on differences in the influence of the electric field and drag forces from
collisions with the background gas. The ion mobility is then determined by the time an ion
takes to traverse the drift region and the applied electric field. Drift tube ion mobility
allows for direct mobility measurement without the need for calibration, unlike the other

techniques discussed here. Drift tube ion mobility does suffer the drawback of having

lower resolution than traveling wave ion mobility or trapped ion mobility devices.
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Figure 5 Schematic of an UF-DT adapted from ref 4°. Reprinted with permission
from J. Am. Soc. Mass Spectrom. 2016, 27, 12, 2054-2063. Copyright 2016 American
Chemical Society.
First Principles Collision Cross Section Derivation

Of all the available IM seperation techniques, only drift-tube IM (DT-IM) can
calculate first-principles CCS values and is described in more detail in Chapter 3. Known
CCS values of analytes is needed to calibrate other techniques such as traveling wave ion
mobility, trapped ion mobiliy, differental ion mobility, and field-asymmetric ion mobility.
In DT-IM, the separation occurs based on the mobility of the ion, K, by applying a weak
electric field gradient that pulls ions down the drift tube while there is a drag force applied
via the buffer gas (typically He or N2), slowing ion motion. The low-field limit is when K
is independent of the field strength applied. The average drift velocity (varitt) of the ions
is determined by the DT length and the drift time defined as the following for uniform
field (UF) drift tubes:

Vprift = K E 1)

where E is the voltage gradient applied across the drift tube. Solving for vgriz can be

achieved by knowing the detection time of the ion and the initial inject time:



L

vDrift = tdrift - K E (2)

where L is the length of the drift tube (on-axis) and tqrif: is the time the ion takes to traverse
the length of the drift tube, L. The reduced mobility for a given analyte, normalized to

standard temperature and pressure of 1 atm at 273.15 K, is defined by:*!

% 7 16N,

ukpT

3ze ( 2 )1/2é (3)

where e is the elementary charge, z is the charge of the analyte ion, N, is the buffer gas
number density, W is the reduced mass of the buffer gas and ion, T is the temperature of
the buffer gas, ky is the Boltzmann constant, and Q is the rotationally averaged collision
cross-section.

The ion’s respective mobility can be related directly back to size based on the

rotationally averaged CCS (Q) via the Mason-Schamp equation:*?

/ ri [
0= (o) Gim) () E)

(C))

where e, z, No, W, T, kb, tarift, L, and Q have been previously defined. Equation 4 provides
a first-principles measurement of the CCS as all of the variables can be directly measured
ina UF-DT.

While DT-IMS allows for first principles CCS, the main challenge is poor
transmission while still operating under the low-field limit. Longer drift tube lengths are
needed for higher resolution 1M, but the additional separation time increases diffusional
broadening of an ion beam. The radial diffusion of ions as they transverse the DT leads to

decreased sensitivity, poor resolution / resolving power due to poor peak definition, and
9



signal loss at the conductance-limiting aperture. Several ways to circumvent the radial
diffusion have been developed some examples are as follows; the use of post-IM ion
funnels (IF) to refocus the ion beam prior to the conductance limit, RF-confinement and
magnetic confinement, which both limit radial diffusion of the ion beam, and periodic
focusing (PF) DT which continually refocuses the beam to the drift axis at each electrode
to limit the spread of the ion beam during the IMS experiment.
Combating Radial Diffusion of UF-DT
Implementation of Magnetic Fields

The Russell research group has developed several methods to circumvent radial
diffusion. In 2000, Bluhm et al., performed IM-MS inside of a 7T magnetic field.** 4 The
magnetic field confines ions inward to the central drift axis. This additional magnet field
increases the transmission and sensitivity of ions through the exit aperture needed to
differentially pump the ion cyclotron resonance cell to a minimum of 10 torr. While the
magnetic confinement was shown to increase ion transmission by reducing radial
diffusion, problems arise due to the need to generate a large magnetic field and a large
pressure differential for IM and subsequent MS analysis.
Periodic Focusing Drift Tube

The addition of a radio-frequency (RF) superimposed on top of ion optics was
introduced by Javahery et al. in 1997 for obtaining CCS values on a triple quadrupole
mass spectrometer.*® The applied RF field minimized losses to diffusion by radially
focusing and confining ions as they traversed the quadrupole. However, generating an RF

field on the top of a DC gradient is difficult and can induce ion heating which may create
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non-native states unintentionally. In 2004, an alternative design of DT, called periodic-
focusing drift tube (PF-DT), was developed by Gillig et al. This approach achieves ion
focusing as they traverse the DT without the need of additional voltages aside from the
applied DC. The focusing is achieved by creating a distance-dependent electric field
resulting in radial confinement of ions at every electrode. This distance-dependent electric
field is generated due to the inherent design of the electrodes (6.25 mm thickness x 6.25
mm spacing X 8.0 mm inner diameter) where the ID is substantially smaller than the
traditional UF lenses (>50 mm). Figure 6 illustrates the effective focusing of PF-DT (B)
as compared to the UF-DT (A) for Ceo" under the low-field limit, as well as the
intermediate-field limit. An experiment resolution of 120 was achieved using a 45 cm PF-
DT at 1 Torr He, whereas the max resolution obtained via simulations for a UF is 60.
Similarly, Verbeck et al. solved equations for estimating the resolution of IM at a high-

field limit and postulated that there are no consequences for operating at the high-field
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limit for a given set of analytes.*®

00
2

Figure 6 SIMION trajectories of Ceo* ion in 1 torr of He for (A) UF-DT and (B) PF-
DT.*" Reprinted with permission from Int. J. Mass. Spec. 2004, 239, 1, 43-49.
Copyright 2004 Elsevier.

During the initial development of the PF-DT, the reason for the increased
resolution and focusing relative to UF-DT was attributed to the different lens geometry.
The altered geometry of the ring electrodes induces a distance-dependent pseudo-RF
electric field ( operating in ~kHz) as the ions traverse the length of the drift tube. Blase
probed the effects of the inner diameter of the electrodes, length of the drift tube, and
electric field strength of ions in PF-DT to optimize sensitivity and transmission of ions.*®
The ions follow an oscillating path which confines them along the radial axis of the drift

12



tube during periods of focusing and defocusing, shown in Figure 7 regions A and C,
respectively. Previously, longer arrival times obtained via PF were corrected to uniform
field (UF) measurements with the inclusion of an alpha term (o) in the Mason-Schamp
equation.* This a factor helps correct for the rippling motion and displacement of the ions
from the center axis of the DT along its length; previous work using SIMION 8.1 to
simulate ion trajectories through the PF-DT demonstrated that the value of a is dependent
on the mass and charge of the ion, with more recent work suggesting that larger ions
exhibit less oscillatory motion. Further detail is provided in Chapter 2 to probe the effect

of o for large native protein complexes.*
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Electrode

Figure 7. SIMION trajectories show position-dependent displacement of ions and
demonstrate the periodic focusing nature of PF-DT. Reprinted with permission from
Int. J. Mass. Spec. 2010, 296, 1-3, 36-42. Copyright 2010 Elsevier.
Development of the Reverse Entry lon Source
Reverse Entry lon Source coupled to an Exactive Plus Orbitrap with Extended Mass
Range

In 2013, Jeon designed a novel ESI source that coupled a long heated capillary into
a short RF ion funnel to confine the ions®, based on the initial design by the Richard Smith
Lab®! and the Jarrold Group.®? This increases the efficiency, transmission, and sensitivity
of an ion source by orders of magnitude over a simple skimmer cone type design due to
reductions in ion loss through an aperture.

The initial ionization source designed by Jeon produces “cold” native-like ions

under similar instrument tune conditions for Substance P and AmtB, as reported by Poltash
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et al.? The ionization source is coupled to the HCD cell versus modifying the commercial
ionization source, thusly named “Reverse Entry Ionization Source”(REIS). The REIS
configuration was implemented via the HCD cell of the Orbitrap for two main reasons: 1)
as a building block for IM, careful tuning on the ion optics is critical to preserve native
conformations of analytes, and the tuning space of commercial ion optics is minimal; and
2) during and after the development process, the standard ESI source is unaffected to allow
use by other users and direct comparison of standard front- and homebuilt rear-entry ion
optics. A Solidworks rendering of the REIS-EMR Orbitrap is shown in Figure 8. The
performance of the REIS Orbitrap was comparable to the commercial ionization source
for ubiquitin and ammonia transport channel, AmtB, for both average charge state as well
as sensitivity.®

Membrane proteins are especially challenging to analyze via MS due to the need
to solubilize the protein in a detergent.® 10 11.53-% Thjs detergent solubilizes the protein in
solution and can be removed by sufficient collisional activation (via CID).%® Desired
native MS of membrane proteins will have bare proteins that transition from the solution-
phase to the gas phase without perturbing endogenous lipids and detergent such as DDM,
as shown previously.®2 Without enough energy added during the desolvation process,
membrane proteins will retain the non-specific adducts used to solubilize the protein (e.g.,
detergents). In addition, from a complex mixture of membrane protein AmtB and native,
endogenous lipids, 45 unique combinations of lipids were identified.® Further

investigation of membrane protein, AmtB, are discussed in Chapters 4 and 5.
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Figure 8. A reverse entry ionization source (REIS) mounted to the HCD cell of a
Thermo Fisher Scientific Exactive Plus Orbitrap with Extended Mass Range.
Briefly, ions are generated via a nano-ESI source (not shown) into the heated
capillary inlet. The ions are subsequently focused by the RF-IF designed by Jeon in
2013, prior to being guided by an RF-only multiple into the HCD cell of the EMR.
Reprinted with permission from J. Am. Soc. Mass Spectrom. 2019, 30, 1, 192-198.
Copyright 2018 American Chemical Society.

Development of FT-IM-PF-DT Orbitrap
Limitations of Commercial Instrumentation

Commercial developments of MS and IM-MS instrument platforms over the past
30 years have focused primarily on “omics” applications, where the need for high
throughput and sensitivity drives the instrument development. As instrument development

improves, the complexity of biological systems that can be studied is increased by new

methods to probe previously hidden interactions. Orbitrap platforms are perfect matches
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for structural biology applications due to their footprint, resolution, and sensitivity.>” The
apparent resolution is much higher than what is achievable with traditional “omics”-era
ToF-MS platforms. This increase in apparent resolution of the Orbitrap compared to TOF
instruments is partial because of Increased analyzer resolution and sensitivity, but also the
enhanced desolvation of the ionization source that is required for large complexes.
However, in the last few years, commercial vendors have begun to develop a new era of
“native” instruments that excel in the detection and analysis of large biomolecules, e.g.,
Waters SELECT Series Cyclic IMS, Agilent 6560 and 6545XT, and Thermo Fisher Q
Exactive UHMR Hybrid Quadrupole-Orbitrap.
Overcoming the Duty-Cycle Mismatch

While the performance metrics of commerical intstumentation are evolving, the
current generation still falls short of the need mass spectrometers capible of analysis kDa
to Mda sized molecules. In 2012, the Russell Reasearch Group initiated the effort to
combine DT-IM with an Orbitrap platform. allows for both the high-resolution needed in
the MS and IM domain to resolve solvent effects, protein-protein interactions, and protein-
ligand interactions. However, the inherent coupling of these two techniques introduces a
duty-cycle mismatch between the IM separation (tens of ms) and mass analysis (hundreds
to thousands of ms), where a second IM gate is needed to select an individual arrival time
for mass analysis and then is repeated over the entire drift-time window. Typically, IMS

is coupled to mass analyzer with fast (microsecond acquisition) analysis, such as time -
of - flight (TOF) MS, where as the IM separation is slow (tens to hundreds of

miliseconds). This arrangement of the MS being after the IM results in nested MS analysis
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of ions as they exit the DT.

Typically, in a pulse and wait experiment, “signal-averaged” IM experiment, the
IM gate is pulsed at ~1% duty cycle (defined as the time the pulse is “on”), where the gate
width influences the resolution. Because of the low duty cycle, 99% of the ion signal is
terminated by the IM gate leading to long acquisition times. When this “signal-averaged”
approach is implemented on a system with two gates, the resulting ion transmission is
reduced even further to 0.01% of relative transmission with an abysmal signal-to-noise
ratio (S/N) and acquisition times of hours.

Alternatives to a low relative ion transmission are to trap and accumulate an ion
population prior to injection to bolster the sensitivity or multiplex the gate by pulsing
multiple packets of ions into the DT for mobility analysis instead of just a single packet.
While there are numerous multiplexing methods (e.g., Hadamard and correlation), Fourier
Transform IM (FT-IMS) was implemented due to the ease of use, the high relative
transmission of 25%, and fast acquisition times. Briefly, FT-IMS converts the DT-IM
from separation in the time domain into the frequency domain by linearly sweeping both

gates (e.g., 5-5005 Hz) with acquisition times ranging from 2 to 32 minutes.
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Figure 9 (A) The frequency sweep applied to the drift tube gives rise to local
maximum and minimum in the signal as shown in the total ion chromatograph (TIC).
A selected m/z of interest is isolated from the mass spectrum to give the resulting
extracted ion chromatograph (EIC) of each individual ion. (B) This EIC can be FT
into the frequency domain and can subsequently converted to arrival time by
dividing by the sweep rate (A frequency/acquisition time). The pulse pattern sweep
applied to the DT over an 8 minute acquisition to create a frequency dependent drift
tube.

Figure 9 illustrates an example workflow of a protein analyzed by the FT-IM-PF-
DT Orbitrap. The frequency of modulation the ions experience via the FT-IM mode is
encoded into the respective m/z information (extracted ion chromatogram, Figure 9A) and
thusly deconvoluted into an arrival-time distribution (ATD, Figure 9B).

A schematic of the instrumentation with the PF-DT added between the REIS-IF
and the skimmer cone is shown in Figure 10, as described by Poltash et al.'>. The high-
resolution afforded by the FT-IM-PF-DT in both the IM and MS domains has probed
biological details that were previously hidden. For example, the FT-IM-PF-DT was able

to probe native transthyretin (TTR) conformation with a distribution of 0, 1, and 2

thyroxine bound. The increased number of thyroxines bound to TTR increases the ATD
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of the complex, indicating a conformational change upon binding. However, the high-
resolution and thusly resolving power provided by the Orbitrap revealed Zn(Il) ions bound
to TTR that caused a destabilization in conformation that had not been reported before via
native MS.™® Further TTR investigation revealed that metal-induced oxidation rapidly
occurs on Cysio that causes fragmentation and cleavage of a peptide bond.*2 This platform

was used as a starting point for additional development described vide infra.
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Figure 10 Solidworks schematic of 1%t generation Fourier-transform (FT) ion-mobility(IM)
periodic-focusing (PF) drift-tube (DT) (FT-IM-PF-DT) coupled to a Thermo Scientific
Exactive Plus Orbitrap MS with Extended Mass Range (EMR) that was used for the
following section of experimentation Briefly, ion are generated via static-spray nano-ESI
into a heated capillary at ~100 °C. lons are then transmitted into a RF lon funnel at
(250Vpp). lon beam is modulated at both the Gate 1 and Gate 2 by a linear frequency chip
of 5 to 5005 Hz over 8 min to overcome the duty-cycle mismatch of IM separation and MS
analysis. Reprinted with permission from Anal. Chem. 2018, 90, 17, 10472-10478.
Copyright 2018 American Chemical Society.

Digital Waveform Technology

Quadrupoles are routinely used as low-cost LC-MS instruments or triple
quadrupole (QqQ) mass spectrometers in the MS community®® ° using the first quadruple

for mass isolation (denoted Q), the second quadrupole for activation/fragmentation (q),
20



and the final quadruple for mass analysis (Q). In addition, quadrupoles have been used
extensively in the past as a means to clean up samples, which can be used to add energy

to remove detergent on membrane proteins.% 6t
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Figure 11 Mathieu stability diagram modified for digital waveforms illustrating the
effect of the duty cycle (8) on the excitation for digital waveforms. Reprinted with
permission from Int. J. Mass. Spec. 1973, 12, 4, 317-339. Copyright 1973 Elsevier.
Typically, quadrupoles operate using a superimposed DC and an RF potential to
either stabilize or destabilize ion trajectories through the quadrupole (denoted now as RF-
Quad). Because of these RF and DC potentials, mass filter stability diagrams can be
obtained by solving the Mathieu equation using Paul and Steinwedel’s scalar potential.®
However, the RF frequency on the RF-Quad can be replaced with a simpler digital
waveform that uses two square wave pulses of various duty cycles (3) to solve the Mathieu
equation.®® By modulating & of each wave, the constructive and destructive properties of

waves allow for ion trapping (q), isolation (Q), and activation in a single quadrupole.®®
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Figure 11 illustrates a Mathieu stability diagram based on the & of the digital wave
compared to the dashed line of sinusoidal excitation, showing similar results. When 9 is
low, ions are axially trapped inside of the quadrupole, whereas when 6 is high, ions are
axially ejected from the quadrupole.®® It is apparent that as § decreases, ions are
destabilized in the quadrupole allowing for isolation of individual ions based solely on
square waves.®

Pulsing of square waves with precision and accuracy for quadrupoles, when
eventually coupled to the FT-IM-PF-DT Orbitrap, is possible without the egregious cost
and safety concerns of floating RF-Quad drivers to high DC potentials. In addition, the
pulsing of similar square waves is already being implemented on the current
instrumentation to drive the FT-IM gates. Professor Peter Reilly’s research group at
Washington State University has been leading the development of digital waveform
technology for the past decade.®*"* Recently, they have shown that digital waveform
technology (DWT) can be used to collisionally trap and then subsequently activate ions to
remove non-covalent adducts and oligomeric states.”” The implementation of DWT to
mass selection quadrupoles will be discussed in more detail in Chapter 5, as well as the

next generation of IM-MS instrumentation.
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CHAPTER II
FIRST-PRINCIPLES COLLISION CROSS SECTION MEASUREMENTS OF LARGE
PROTEINS AND PROTEIN COMPLEXES"

Introduction

The arsenal of techniques currently used for studies of biomolecular structure, viz.
circular dichroism (CD) spectroscopy,’> nuclear magnetic resonance (NMR)
spectroscopy,’ ™ X-ray crystallography (XRD),” 7® and cryogenic-electron microscopy
(CryoEM) 7" 7® have undergone major advancements over the past few decades. These
advances are complemented by parallel advances in mass spectrometry (MS) based
methods, including hydrogen/deuterium exchange (HDX),?> 2 hydroxyl radical
footprinting (FPOP),” & and increased numbers of covalent-labeling strategies.®! Rapid
progress has also been realized in the development of top-down protein sequencing
strategies,* 8 and similar approaches incorporating surface-induced dissociation (SID)
make possible complex-down approaches for determination of the stoichiometry and
topology of protein complexes. 2°-22 These latter MS-based approaches have occurred in
parallel with the increased adoption of native MS, which aims to preserve the non-covalent

interactions in the gas phase.® 2

“Reprinted with permission from McCabe, J.W.; Mallis, C.S.; Kocurek, K.1.; et al.
First-Principles Collision Cross Section Measurements of Large Proteins and Protein
Complexes. Analytical Chemistry 2020 92 (16), 11155-11163. Copyright 2020
American Chemical Society.
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Native MS,' 2 a rapid and exquisitely sensitive technique, is now capable of
providing information on protein complex subunit stoichiometry,?* 88 topology,-8
assembly pathways,®® ®° and individual ligand binding events.®! Possibly of even greater
significance for native MS is the ability to assess protein purity over traditional gel-based
approaches.®? Native ion mobility-mass spectrometry (IM-MS) makes possible studies of
protein structure®® % as well as how interactions with metal ions,*> ** small molecules,**
18 protein tags,®® proteins,®* and nucleic acids®® alter protein structure(s). An important
feature of IM-MS is the ability to directly measure individual conformers that may
comprise a population of gas-phase structures and the rotationally-averaged collision cross
sections (CCS) that can be related to conformation and structural dynamics.®”*° Software
deconvolution of IM-MS data can allow for previously unresolved isomeric mixtures to
be exposed using automated ion mobility deconvolution (AIMD).% 1% 191 \When combined
with collision-induced unfolding (CIU)!}% and variable-temperature electrospray
ionization (VT-ESI),1%% 1% jt is possible to accurately determine gas- and solution-phase
stabilities of the ions, respectively, along with conformational changes that occur upon
ligand binding and/or changes of the local environment, 10 103-106

Although IM-MS instrumentation developed during the proteomics era represent
major technological advances, these instruments impose significant limitations on studies
of large (i.e. >100 kDa), intact biological assemblies.® > ¥ To circumvent these

limitations, new IM-MS technologies with increased ion mobility and mass resolution are

being developed, specifically, the Waters SELECT SERIES Cyclic IMS'%” and the native
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ESI-Fourier transform (FT) IM-Orbitrap MS possess the unique potential for high-
resolution structural characterization of large biomolecules.® 9 15 18, 95, 108-110

Because the operation of the PF-DT-FT-IM Orbitrap instrument differs from
typical commercial IM-MS instruments, a brief description of the instrument operation is
included here. The instrument employs a dual-gate configuration to overcome the inherent
duty-cycle mismatch for the PF-DT (tens of milliseconds) and the Orbitrap (hundreds of
milliseconds). 19111 |on gates positioned at the entrance and exits of the DT are used to
synchronously modulate the ion beam, which allows for operation of the DT as a
frequency dispersive device. lon drift frequencies of 5 Hz to 5 kHz correspond to ion drift
times of 200 ms to 200 us, respectively. In the FT-IMS mode, it is possible to acquire
arrival time distributions (ATDs) and CCS for every ion present in a given mass spectrum
in a single eight-minute linear frequency sweep.

Here, the capabilities of a homebuilt PF-DT-FT-IM coupled to an Orbitrap mass
spectrometer are critically evaluated with respect to the determination of CCS of soluble
proteins and protein complexes ranging in size from 8.6 to 810 kDa. The reported CCS
values are determined from first-principles using the modified Mason-Schamp equation,*2
and these values are compared with those previously reported and calculated from X-ray
and CryoEM structures using lon Mobility Projection Approximation Calculation Tool
(IMPACT),*2 projected superposition approximation (PSA),'3116 and Collidoscope.t’
Experimental

Chemicals and Materials
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Soluble protein samples were purchased from Sigma-Aldrich or Fisher Scientific
in lyophilized form and diluted to 1 mg/mL in 18.2 MQ-cm water (Supplemental Table
S1). TTR and GroEL were expressed and purified as previously described.'® 18 The
proteins were buffer exchanged using Micro Bio-Spin P-6 Gel Columns (Bio-Rad) into
200 mM ammonium acetate and working concentrations adjusted to 1 to 5 uM. Several
microliters of protein solution were backloaded into pulled borosilicate tips prepared in-
house from borosilicate capillaries (Sutter Instruments, BF150-86-10) using a
micropipette puller (Sutter Instruments, P1000).

Instrumentation

Here, we describe modifications to the previously developed PF-DT-FT-IM 15 18
Orbitrap that increase our capabilities for native IM-MS, especially for studies of large
protein complexes. Specifically, the 58 cm PF-DT has been extended to 1.5 m thereby
increasing the IM resolution. Increasing the DT length requires floating the ESI source an
additional 1 kV higher and to minimize the effects of Paschen breakdown, all source
housing components were fabricated from Delrin® acetal polymer. In addition, a second
calibrated manometer was added to the end of the 1.5 m PF-DT to ensure carrier gas
pressure (He, 99.999% purity) is constant throughout the length of the PF-DT.

Data Processing

Data files were processed as previously described.*® *8 In brief, custom in-house
Python scripts utilized multiplierz!®® to extract from Thermo RAW files mass spectral data
from each scan over the entire acquisition. lon mobility data were obtained by extracting

intensity information for m/z values over acquisition time followed by Fourier transform
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120 121

to convert from frequency to drift time domains using Scipy-" and Numpy*-* packages.
The resulting data can then be imported into UniDec!??> or PULSAR® for additional
processing.
lon Trajectory Simulations

SIMION (v8.1) ion trajectory simulations for ubiquitin (Ubq), transthyretin (TTR),
and pyruvate kinase (PK) were performed under the low field limit, where the energy
gained between collisions is less than the thermal energy of the collision gas for Ubg.*®
The simulations were limited to the specific design of the current PF-DT, where the lens
thickness, spacing, and diameter are 6.35, 6.35, and 8.00 mm, respectively.*® 123124 These
dimensions give rise to fringing E-fields that radially confines ions as they traverse the
PF-DT. The details and potential deleterious effects of collisional heating of the ions by
the radial focusing have been described previously.!?: 1%
Calculation of Collision Cross Section
First-principles CCS (Q) were calculated using the Mason-Schamp equation*? (Eq. 1)

along with ion mobility dampening term, o, proposed previously*® and described further

in the main text;

1
0= a () () " (49) ()
[1]
q is the charge of the ion, No is the standard particle density of the buffer gas, W is the
reduced mass of the ion and the buffer gas, ks is Boltzmann’s constant, T is the temperature
in the drift tube, tq is the drift time of the ion, E is the electric field strength, L is the length

of the drift tube set herein as the distance between the two ion gates, and Po/T, are the
27



standard pressure and temperature, respectively. lons with equivalent CCS will have
longer drift times in PF-DT than those in UF-DT due to the distance-dependent
oscillations and focusing throughout the 1M separation. Therefore, without accounting for
the mobility dampening term (o), the CCS for PF-DT would be systematically larger than
those acquired using a UF-DT.

lon ATDs obtained by the dual-gate setup used in Eq 1 are an exact measure of
the drift time of the ions between the two gates, thus eliminating the need for a multi-
electric field calibration (1/V plots)*?*2 to correct the measured ATD that ions spend
outside of the drift tube. In addition, as long as the ions sampled by the second gate do not
undergo dissociation or fragmentation, any post-mobility changes in conformation will
not impact the measured ATDs.

Uncertainties in CCS measurements obtained using the PF-DT were calculated
based on the standard deviation of 6 replicates for each protein or protein complex as
recommended by Gabelica et al.'?® Day-to-day reproducibility of CCS was tested using
transthyretin and was found to differ by less than 3% (data not shown). The temperature
of the laboratory where these measurements were performed is maintained at ~21 °C (70
+/- 2°F).

Collision-Cross Section Determination from PDB Files

Atomic coordinates were downloaded from the PDB (www.rcsb.org) and
visualized using PyMOL.*% 13! Bjological assemblies were generated, if necessary, using
crystallographic symmetry operators in PyMOL. Reference PDB codes for each protein

and protein complex can be found in Table 1. PDB files were prepared for CCS
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calculations using PyMOL by removing water molecules and other co-solutes with
explicit hydrogens added before exporting the structures for CCS determination. Heme
cofactors were not removed from the structures.

Correction factors proposed by Hall et al. were originally implemented to correct
for underestimation of projection approximation (PA) CCS values obtained from
MOBCAL, by scaling the PA CCS output values to the ratio of experimental and PDB
molecular weights.**> Each of the CCS calculation tools utilized herein provides CCSs
that are closely correlated to experimental CCSs and do not suggest scaling factors for
missing atom coordinated in the published methods.

For IMPACT %2 and Collidoscope!'’, atomic coordinates were exported from
PyMOL as .PDB files. For PSA 3116 structures were exported as .xyz files. Default
parameters were used for IMPACT, and the TIM* results of six trials were averaged.
Default parameters were used for Collidoscope using 10 energy states and a temperature
of 298 K. The input charge states for Collidoscope were the lowest observed charge states
from the MS experiments. Default parameters were used for PSA with an input
temperature of 298 K. PSA calculations were performed on the PSA WebServer (v0.5.1,
psa.chem.fsu.edu).

Results and Discussion

The Fourier transform IM-MS instrument used for this study incorporates several
novel features, viz. a periodic-focusing IM drift tube (PF-DT) coupled to an extended mass
range (EMR) Orbitrap mass spectrometer. The instrument and its operation as an FT-IM-

MS platform have been described previously.'®® Originally developed by Gillig et al. in
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2004, the PF-DT has increased ion transmission owing to radial focusing of the ions during
the IM separation, and this has proved especially impactful for studies of large, multiply-
charged ions (> 100kDa).*’ That is, as the ions drift through the PF-DT they experience a
position-dependent E-field with an effective time-dependent field that is determined by
the velocity and charge of the ion.1? 133134 The radial focusing characteristics of the PF-
DT are similar to both TWIMS!® and RF-confining uniform-field DT (RF-UF).4" 134
Gamage et al. were able to explicitly derive an effective potential model for the PF-DT
that describes changes in the electric fields as a function of distance, which were then used
to determine deviations from the uniform field (UF) trajectories owing to the oscillatory
(non-linear) trajectories of ions in the PF drift field.**® Silveira et al. derived an ion drift
time damping term (o) that accounts for deviations in the drift times for ions in PF-DT as
compared to UF-DT, which can be directly applied to the Mason-Schamp equation to
calculate first-principles CCS.42 49125133

The mobility damping term (o) applies to all classes of analytes, as shown
previously with Ceo®, peptides, and denatured proteins,*® ** Poltash et al. previously
showed the utility of PF-DT for analysis of protein complexes, i.e., TTR (MW 55.75
kDa).1> 18 CCSs were not reported in that study because the effects of a on the ATDs of
native proteins or protein complexes ions had not been completed.’®® SIMION 8.1
simulations were performed to probe the relationship between a and reduced electric fields
(E/N), denoted as ogn, allowing for the calculation of first-principles CCS of native
proteins and protein complexes. Trajectories for ubiquitin, transthyretin, and pyruvate

kinase were simulated using collision_hs1.lua'®’ (Figure S1) to probe native protein and
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protein complexes over a range of molecular weights, charge states, and pressures (1.00

to 2.30 Torr) to obtain the ATDs for both PF-DT and UF-DT.*® The simulated CCS/ATDs

can be used to determine a as shown in Equation 2:1%3

. CCSpr-pr __ ATDyr-prT
CCS yrF-pT ATDpF-pT

[2]

Where CCS is the CCS obtained via Eq. 1 for both PF-DT and UF-DT, and ATD
is the arrival time distribution (s) of the ion packet in both the PF-DT and UF-DT.
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Figure 12 Calculated o values obtained for ubiquitin (red square, ~8kDa),
transthyretin (blue triangles, ~56 kDa tetramer), and pyruvate kinase (green circles,
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~257 kDa tetramer) versus the reduced electric field (E/N). These plots illustrate the
dependence of a on the pressure and electric field. Note that larger proteins exhibit
less radial motion than low molecular weight proteins at higher He pressure, leading
to increasing o values with increasing molecular weight. By correlating a as a
function of pressure, o can now be estimated over a range of electric fields and
pressures.

Figure 12 contains plots of a versus reduced electric field (E/N) for simulated ion
trajectories for proteins varying in molecular weight and charge. Generally, all three ions
exhibit less radial motion (o approaches 1) with increasing E/N; however, as E/N
decreases, the ions experience a linear decrease in o owing to the change in pressure.
Deviations from linearity at lower E/N is attributed to ions spending more time between
the electrodes, leading to increased numbers of collisions.!?® 133134 Error bars, shown in
Figure 12, represent the propagated error (+1c) in the simulated ion arrival time
distribution from both PF-DT and UF-DT.

The magnitude of the error bars of ogn for ubiquitin increases as E/N decreases
(Figure 12) and is directly correlated to the amplitude of the oscillatory motion (X-Y
plane, where Z is the direction of the applied E-field) of the ions in the PF-DT, which can
lead to broadening of the ATD (see Figure S1). Simulations of both TTR and PK show a
linear decrease that approaches an a value of approximately 0.89 and 0.91, respectively,
at E/N of 15 Td. Proteins having similar size generally have similar charge state
distributions, thus resulting in similar a values;>®> however, ion shapes, i.e., prolate,
spherical, and oblate (vide infra), are also a contributor to ion ATDs.**¥142 Sjlveria et al.
described the effect that charge has on the expected a, where higher charge ions have less

radial motion and increased focusing of ions.*® However, SIMION simulations show that
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when the charge state of a protein approaches 15, (e.g. TTR and heavier), o approaches
unity and increasing the charge of the protein does not significantly impact a. For example,
the effects of the distance-dependent pseudo-RF E-field on heavy, multiply-charged ions,
viz. pyruvate kinase (MW 233.4kDa), is diminished shown by the ion trajectories having
less radial motion and increased ion focusing. This effect is similar to the stabilities of ion
trajectories in an RF quadrupole where heavier complexes are more strongly influenced
by the DC bias than by the applied RF potential, and the inverse is true for lower mass
ions.'?> 133 Jon trajectory simulations clearly demonstrate: (1) efficient radial focusing
between each electrode, consistent with previous results for peptides and denatured
proteins,18 49 125,133,134 (9) increased ion transmission for PF compared to UF (data not
shown), and (3) amplified radial focusing and increased transmission for large protein

systems carrying large numbers of charges.
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First-Principles Determination of CCS
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Figure 13 Native mass spectra and CCS profiles for p-lactoglobulin (PDB: 1BEB)
(A, B), bovine serum albumin (PDB: 4F5S) (C, D), and pyruvate kinase (PDB:
1F3W) (E, F).1*3-1% The peaks in the mass spectrum of BLG denoted by *
correspond to a bound disaccharide (+325.2 Da). The widths of the peaks in the
mass spectrum of BSA are broadened owing to some unknown impurities.
Similarly, the peaks in the CCS profiles are also broadened either owing to sample
impurities and/or conformational heterogeneity. Peaks denoted by 1 in the
pyruvate kinase sample is an impurity in the sample with an average mass of 154
kDa.

Experimental ATDs were used to calculate CCS values using Eq. 1 and the agn
values derived from SIMION 8.1 (Figure 13). The ag/n is applied as a function of MW of
the protein, by categorizing proteins as small (<20 kDa), medium (<70 kDa), and large

(>100 kDa) in a similar fashion to the o(z) previously reported by Silveria et al.*°
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Figure 13 contains structures, mass spectra, and CCS profiles for B-lactoglobulin
A monomer (BLG, 18.35 kDa), bovine serum albumin (BSA, 68.81 kDa), and pyruvate
kinase (PK, 233.4 kDa). BLG, BSA, and PK are used as examples of small (<20 kDa),
medium (<70 kDa), and large (>100 kDa) molecular weight proteins, respectively, that
have been used as model proteins in previous studies and are listed in various reference
CCS databases.'*® The mass resolving power of the Orbitrap allows for baseline separation
of intact BLG as well as BLG bound to an endogenous ligand*#” with a mass of 325.2 Da
(Figure 13A). Notably, using low resolving power instruments previously employed, the
ligated form of BLG may not be sufficiently resolved to obtain a clean CCS profile(s).**
Note also that signals for BLG®* and 2BLG*?* ions are isobaric, and orthogonal separations
using IM, are needed to confidently assign these signals. Based on the calculated CCS for
the 2BLG?" ions (Figure 13B), this signal is assigned to the dimer. The CCS for BLG
monomer is 17.8 nm? as compared to 29.5 nm? for 2BLG*?*, and both are in excellent
agreement (1.9%) with previously reported RF-UF values.'*°

The importance of mass resolving power is further illustrated by the analysis of
BSA. Close inspection of MS signals of BSA suggests that they are significantly
broadened compared to the expected isotope distribution (Figure 13C), possibly owing to
unresolved protein-adduct ions. Note also that the CCS profiles for BSA 14" and 16"
charge states are quite broad (Figure 13D). Possible sources for peak broadening are: (i)
in the m/z domain unresolved adduct ions as observed for BLG and/or (ii) heterogeneity

of the structure of the ion that is further complicated by these observed adducts in the mass
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domain. To address this issue, several BSA samples were analyzed using a UHMR
Orbitrap instrument.'*® The high-resolution mass spectra contained abundant signals for
Cu-adducted BSA ions, whereas many as 10 Cu were observed (see Figure S2-S4).

The mass spectrum of PK (Figure 13E) contains abundant signals for the intact
tetramer (with charge states of 30-34"). Low abundance, partially resolved signals from
contaminates are also observed on the EMR platform. While the resolving power of the
EMR Orbitrap is not sufficient to resolve these ions, they are fully resolved on the UHMR
Orbitrap (see Figure S5). The deconvolution of the UHMR data shows contamination in
the sample with a mass of ~154 kDa. CCS values obtained for the three most abundant
tetrameric ions (PK3'* to PK33) were 109.7 + 1.7 nm?, 109.9 + 0.1 nm?, 110.0 + 0.6 nm?,
respectively (Figure 13F). These CCS were obtained by extracting the ATDs for the
regions of the m/z peak that do not overlap with the partially resolved signals.

Collectively, the data contained in Figure 13 demonstrate the capabilities of the
FT-IMS-Orbitrap instrument for studies of small to large biomolecular ions. Figure 13
also demonstrates similar sensitivity for a 1.5 m PF-DT when compared to the shorter, 58
cm PF-DT.% In addition to being able to analyze higher MW complexes, an ion mobility
resolution (centroid divided by CCS FWHM) of ~60 for PK was obtained due to this
increased length of the DT, which to our knowledge is the highest DT-IM resolution
reported for a large, intact native protein complex.

Benchmarking CCS to Other Methods
Figure 14 contains the comparison of ag/n corrected CCS values obtained by using

the PF-DT to previously published CCS first-principles and CCS values computationally
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calculated from atomic coordinates obtained from XRD using PSA, IMPACT, and
Collidoscope.}43-146. 150-160 The positive/negative percent differences correspond to a
larger/smaller percent difference in the CCS of the respective methods from the PF-DT
calculated CCS. As an example, the CCS of BSA calculated via IMPACT is 5.7% larger
than the PF-DT CCS value. A complete listing of CCS values and PDB codes reported in
Figure 14 are listed in Table 1, and CCS for all the detected charge states of these proteins
can be found in the supplemental information (Table S2). In general, the ag/n corrected
PF-DT CCS values are on average 5.5% larger than experimental CCS values obtained
using RF-confining uniform-field (RF-UF), with increased deviation as the MW of the
proteins increases. On average, PF-DT and calculated CCS differed by +8.3%, -2.3%, and

+8.0% than those calculated using IMPACT, PSA, and Collidoscope, respectively.
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Figure 14 Percent difference of aen corrected PF-DT CCS values vs literature

experimental values and calculated CCS values from IMPACT, PSA, and

Collidoscope for soluble proteins that span a range of molecular weights from 8.6 —
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810 kDa. The CCS obtained using ag/n corrected from Figure 2, using the lowest
charge state of each protein in 200 MM ammonium acetate to be able to benchmark
to previous literature values'04 146,148,161, 162

Table 1 Summary of CCS values for replicate measurements (n = 6) as compared to
other methods using the ag/n mobility dampening term vide supra.l04 146, 161-163
Experimental CCS values are highlighted in red font for easier comparison between.
Masses listed are experimentally determined values. A more complete list of

references for sources of experimental CCS values is noted in Table S1.
PF-DT

Protein Name Mass 2+) CE:S u(Ccs) Ko Kz CCSs Iz_it IMPAZCT PS? Collidoszcope PDB
(kDa) () (%) (cmiV-s) (m)  (m)  (m) (nm?) Code

Ubiquitin 8.558 4 10.8 3.04 1.73 4.32E-01] 10.0 10.9 10.7 11.2 1UBQ
Lysozyme 14.30 6 14.2 1.94 197 3.28E-01] 13.6 14.6 13.2 13.6 1AKI
Myoglobin 17.56 7 17.7 2.57 1.83 2.61E-01] 17.2 17.1 16.3 17.9 IWLA
B-Lactoglobulin 18.35 7 17.8 1.90 1.83 2.62E-01] 16.6 17.4 17.8 18.2 1BEB
2 B-Lactoglobulin ~ 36.71 12 29.5 1.20 1.83 3.06E-01] 29.0 31.2 27.9 31.8 2Q2M
Strep 51.88 13 34.9 1.03 178 1.37E-01] 334 37.0 34.3 38.1 4Y5D

TTR 55.75 14 36.3 0.53 1.83 1.30E-01] 34.1 36.9 34.6 37.8 1F41
Hemoglobin 64.48 16 40.3 1.04 191 1.19E-01] 43.2 42.0 40.6 43.5 2QSS
BSA 68.81 14 45.7 1.88 149 1.06E-01] 40.9 51.2 44.2 51.8 3V03
Concanvalin A 102.9 18 57.7 0.20 150 8.35E-02] 0.0 61.1 56.3 62.9 3QLQ
ADH 148.2 23 73.6 0.52 151 6.29E-02] 69.4 82.9 74.9 83.9 AW6Z
Aldolase 157.1 23 79.8 0.80 1.39 6.04E-02] 76.1 88.6 79.1 89.1 6ALD
Pyruvate Kinase 233.4 31 109.7 1.70 1.38 4.46E-02| 103.0 115.3 - 116.2 1F3W
GroEL 810.1 63 239.8 2.01 141  2.24E-02| 209.0 305.3 - 292.7 1SS8

GroEL, an homotetradecameric protein complex (n=14), was used to critically
evaluate the performance of the IM-Orbitrap for the analysis of larger protein complexes.
The charge states of GroEL vary depending on the solution/buffer conditions, and it is
unclear as to whether these changes altered the structure of the GroEL complex.1#® 162 The
MS data collected of GroEL via the PF-DT show a higher experimental mass than the
theoretical mass (802.1 kDa, UniProt: POAG6F5)*%* that may be attributed to water, salts,
or other adducts trapped inside the GroEL cavity. Zero-charge MS data was compiled for
various instrument configurations and activating conditions in supplemental Table S3.
Previously reported CCS for GroEL were obtained from ammonium acetate solutions and
the CCSs (210 to 270 nm?), are significantly smaller than the calculated CCS (~300

nm?).1¢ Figure 15 contains native MS and IM-MS data for GroEL showing: (A) mass
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spectra (charge states centered at 65), (B) ATD vs. m/z plot, and (C) a plot of experimental
PF-DT CCS values (n = 6 replicate measurements) for the most abundant charge states
versus previous reported experimental (TWIMS and RF-UF). Also shown in this figure
are the calculated CCS values (Collidoscope and IMPACT) for GroEL structures obtained

from cryo-EM (PDB: 5W0S) and XRD (PDB: 1SS8) structures.'* >
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Figure 15 (A) mass spectra, (B) ATD vs mass plots, and (C) CCS vs CSD (n=6
replicate measurements) of native GroEL 14-mer complex with comparisons to PF-
DT, TWIMS, RF-UF, Collidoscope, and IMPACT using both CryoEM (PDB: 5W0S)
and XRD (PDB: 1SS8) structures.t®0 151 CCS of each charge state for 14 mer GroEL
as compared to IMPACT, Collidoscope (for both XRD and CryoEM), as well as
TWIMS (Heck and coworkers 2009) and RF-UF (Bush and coworkers. 2010).146.148

The CCS obtained using PF-DT of 240 + 5 nm? for the 63" charge state of GroEL
is 24% and 20% smaller than that calculated by IMPACT using structures obtained by
XRD and cryo-EM, respectively. These differences are also smaller (20% and 19%,

respectively) than the Collidoscope calculated CCS. In both cases, the calculated values

are considerably larger than the CCS obtained using PF-DT. There appears to be a small
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increase in the CCS obtained by using PF-DT as the charge state increases; however, the

CCS obtained by TWIMS decreases as the charge state increases.*

It is generally
observed that CCS increases with increasing charge, but to our knowledge, neither trend
for CCS vs. charge state has been broadly applicable for protein complexes.

The smaller experimental CCS suggests that the gas-phase ions have significantly
different shapes from GroEL molecules that are trapped in virtuous ice or a rigid crystal
lattice. Previous studies have shown that apical domain of GroEL is highly flexible, and
this flexibility is what allows ATP-dependent binding of the GroES to GroEL (group 1
chaperonins) resulting the transition from a “barrel” to a prolated “football” like
structure 141 142, 165167 gSimjlar flexibility of apical domain is found for Group 2
chaperonins that do not require GroES for function or formation of prolate “football”
shapes.!'* Thus, we attribute the differences between experimental and calculated CCS to
differences in shapes of these ions. Ewing et al. explained these differences by invoking
formation of collapsed conformers during the transition from solution to the gas phase;*'’
however, we estimate that a “closed” (prolate) conformation formed by changes in the
orientation of the apical domain would have a smaller CCS than would an “open”
conformation.**! 142 |n fact, the GroEL ions sampled here are not fully dehydrated. For
example, the mass of the GroEL ions we observed differs from the theoretical molecular
weight by ~8,000 Da, viz. 810.1 kDa vs. 802.1 kDa., a mass difference that Heck and
coworkers attributed to “...trapping water molecules, buffer molecules and salt within the

protein complex”.% Preliminary results suggest that the water, buffer molecules, and salts

present do not have a structural role. For example, mild collisional heating of the GroEL
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65 ions can be used to remove these adducted species from the 810.1 kDa GroEL ions,
and the resulting 802.1 kDa GroEL ions also have a CCS of ~240 nm?. Thus, the disparity
between the experimental and calculated CCS for gas-phase ions and structures of
condensed phase structures (cryo-EM and XRD)“® warrant more extensive
experimental and computational investigations.

Conclusion

The PF-DT-FT-IMS-Orbitrap instrument takes advantage of radial focusing by the
PF-DT, which increases the transmission of high charge state ions, and multiplexed data
acquisition to overcome the duty-cycle mismatch of DT-IM and Orbitrap MS. Multiplexed
acquisition also yields increased sensitivity owing to the inherent gains afforded by the
Fellgett’s or multiplexed advantage, Vviz. “more signal more of the time.”®® While
traditional commercial IM time-of-flight (IM-ToF) instruments have made possible rapid
developments in omics-related research, these instruments, unfortunately, fall short of the
needs for the growing field of structural biology, viz. first-principles determinations of
CCS combined with high-resolution MS measurements of native, intact proteins and
protein complexes.

First-principles determinations of CCS of varying MW proteins and protein
complexes (8.6 — 810 kDa) have been determined on a high-resolution PF-DT FT-IM-
Orbitrap MS. The CCS values corrected for the mobility damping term, a, fall within 6%
of previously published RF-UF values, and within 2-8% of CCS values calculated from
crystal structures using different methods. Transmission for large biomolecules is

increased by using the PF-DT, in agreement with trajectory simulations obtained by using
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SIMON 8.1, thereby increasing the sensitivity of the PF-DT FT-IM-Orbitrap instrument.
With smaller systems, sample complexity is not the limiting factor and the mass resolution
of IM-ToF instruments is more than adequate for identification of charge states, low MW
adducts, and/or truncations, which has been extensively demonstrated.® *> ¥ The
increased resolution offered on the PF-DT FT-IM-Orbitrap MS over traditional IM-ToF
provides modern means to ascertain the purity of proteins (vis-a-vis fewer PTMs,
noncovalent adducts, truncations, metalation, etc.) that can impact the conformational
dynamics of the proteins. With the technological advancements achieved with the PF-DT
FT-IM-Orbitrap platform, the rigor for pure samples for IM standards to be used as
calibrants is brought to the fore.

Supporting Information
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Figure S1: a factor determination via SIMION 8.1. 30 ions of different mass and CCS are

simulated in a 10 cm uniform field (UF) and periodic focusing (DT). The average and
standard deviation of the arrival time for the ions are fitted to a Gaussian peak. The ratio
of the arrival times of UF vs PF gives rise to the calculated a value. The respective

siimulations were performed at multiple pressures to determine ogn.

Table S1: Proteins and sources with abbreviations.
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Molecular

. . Product
Protein Abbrev n Weight Source Manufacture
Number
(kDa)
bovine
Ubiquitin Ubq 1 8.558 Sigma U6253
erythrocytes
Lysozyme Lyso 1 14.30 Chicken Egg White Fisher BP535
. equine skeletal .
Myoglobin Myo 1 17.56 Sigma M0630
muscle
. 18.35, . . .
B-Lactoglobulin A BLG 1,2 3671 bovine milk Sigma L7880
Streptavidin Strept 4 51.88 S. avidinii ThermoFisher | 434301
Transthyretin TTR 4 55.75 Recombinant Ref 19 -
Hemoglobin Hemo 4 64.48 Horse Heart Sigma H4632
Bovine Serum . .
. BSA 1 68.81 Bovine Sigma 05470
Albumin
) Canavalia )
Concanavalin A ConA 4 102.9 . ] Sigma C2010
ensiformis
Alcohol .. .
ADH 4 148.2 S. cerevisiae Sigma A7011
Dehydrogenase
Aldolase Aldo 4 157.1 rabbit muscle Sigma A2714
Pyruvate Kinase PK 4 2334 rabbit muscle Sigma P9136
GroEL GroEL 14 810.1 Recombinant Ref 118 -
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Table S2: CCS and K, values calculated via PF-DT in helium (99.999%) for all

experimental charge states. * denotes partially unfolded conformation.

Vace PE-DT
Protein (kDa) Pressure | z(+) [ aemn | CCS  u(CCS) Ko

(nm?) (%)  (cm?/V/-s) Kolz

4 108 3.04 173 4.32E-01

Ubg 8558 | 1725 | 5 |087| 114 317 206  411E-01

6 163 255 173 2.88E-01

6 142 1.94 197  3.28E-01

Lyso 1430 | 1725 | 7 |os7| 151 256 216  3.09E-01

g 192 437 194  2.43E-01

7 _

Myo 756 | 1708 ey | 177 25 183 261E-01

8 207 2.07 189  2.37E-01

7 ]

oL a5 | 1708 (g7 | 178 190 183 2.62E-01

8 182 272 206  2.57E-01

2BLG 3671 | 1725 | 12 |087] 205 120 183  3.06E-01

13 349 103 178 137E-01

14 i

Strent c18 | 208 ogo| 369 138 181  1.30E-01

15 375 082 191  1.27E-01

16 371 2.02 206  1.29E-01

14 363 053 183 1.30E-01

TTR 5575 | 2085 | 15 |089| 362  0.50 196 1.31E-01

16 363 050 208  1.30E-01

16 -

oo 115 | 2068 1go| 403 104 191 1.19E-01

17 406 063 201  1.18E-01

14 457 188 149  1.06E-01

BSA 6881 | 1786 | 15 |090| 458 076 160  1.06E-01

16 459  1.25 170  1.06E-01

18 57.7 050 150  8.35E-02

19 57.9 050 158  8.32E-02

ConA 1029 1 2085 | 55 (090 o578 om 167  8.33E-02

21 57.9 039 175  8.31E-02

23 736 052 151 6.29E-02

24 730 054 157  6.29E-02

ADH 1482 1 2085 | 50 1090 56 (5 163 6.27E-02

26 737 050 169  6.26E-02
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Table S2 (continued)

23 79.8 0.80 1.39 6.04E-02

Aldo 157 1 2 085 24 0.90 80.1 0.41 1.44 6.02E-02
25 80.1 0.54 1.50 6.01E-02

26 81.3 1.97 1.54 5.93E-02

31 109.7 1.70 1.38 4.46E-02

PK 933.4 1558 32 0.91 109.9 0.50 1.42 4.45E-02
33 110.0 0.60 1.47 4.45E-02

34 110.1 0.85 1.52 4.46E-02

61 231.1 2.10 1.42 2.33E-02

62 237.6 2.04 1.40 2.26E-02

63 239.8 2.01 1.41 2.24E-02

64 239.2 0.95 1.44 2.25E-02

GroEL 810.1 1,645 65 1.00 240.4 0.96 1.45 2.24E-02
66 240.8 1.49 1.47 2.23E-02

67 241.8 0.50 1.49 2.22E-02

68 242.5 0.58 151 2.22E-02

69 243.8 0.50 1.52 2.20E-02

70 246.7 1.16 1.53 2.18E-02
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Figure S2. A) Resulting high-resolution MS spectra of native BSA results in charge state
distributions centered on 15*. B) Expansion of the 15" mass distributions reveal a host of
adducts with an average molecular weight of ca. 60 Da, identified as possible Cu adducts
(inset). C) Addition of a known Cu chelator (DTPA, diethylenetriamine pentaacetic acid),
results in a slight shift towards lower average charge and a host of adducts. D) Expansion

of the BSA>* distribution reveals up to 6 DTPA adducts.
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Figure S3. A) Resulting high-resolution MS spectra of native BSA in 200 mM ammonium
acetate (AmA) results in charge state distributions centered on 15*. B) Decreasing the
AmA concentration to 10 mM results in a slight shift towards higher average charge state.
Expansion of the BSA™" ion distributions from (C) 200 mM and (D) 10 mM AmA show
gualitatively similar relative abundances of Cu adduction.
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Figure S4. A) Resulting high resolution MS spectra of native BSA in 200 mM ammonium

acetate (AmA) results in charge state distributions centered on 15+. B) Expansion of the

BSA>* spectra reveals several ca. 60 Da adducts. C) Increasing the HCD collision energy
to 50 V does not significantly affect the observed charge state distribution. D)
Expansion of the collisionally activated BSA'* signal reveals fewer adducts.
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Figure S5. A) Resulting high resolution MS spectra of native pyruvate kinase in 200 mM
ammonium acetate (AmA) results in charge state distributions centered on 32+. B)
Deconvoluted MS of PK with the resulting masses: 154.1, 229.9, 232.2 kDa showing dirty
samples that can be resolved by higher MS resolution.
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Table S3: MS data for 1 uM GroEL in 200 mM ammonium acetate (AmA) obtained on

different instruments.

GroEL Observed Mass
Charge State

UHMR* UHMR REISt IM EMR% EMR REISt
75 801993.0
74 802046.8
73 800917.3 802001.4
72 800904.2 802005.8 804825.4
71 800917.6 802060.7 804930.6
70 800926.7 802068.1 810649.7 805072.8
69 800921.0 802133.3 809940.6 805538.4
68 800933.2 802193.3 809914.7 805577.6
67 800940.1 802272.1 810259.1 805502.1
66 800950.9 802567.3 810454.3 805729.3
65 800953.4 802595.3 810432.4 805684.8
64 800955.5 810046.7 806036.5
63 809965.2 806665.9
62 810059.1 806290.8
61 810315.5
60 810570.6

Average Mass (Da) 800932.0 802176.1 810237.1 805623.1
Std.Dev 16.7 207.8 253.5 536.1
%RSD 0.0021 0.0259 0.0313 0.0665

* UHMR MS data were collected under the default GroEL tune file via the commercial

ionization source.

t Both the UHMR and the EMR were modified in a similar fashion as previously

described to optimize tuning and sensitivity while having gentle tune conditions.®

¥ IM-EMR data is collected via the optimized conditions with minimal heating to

preserve native-like conformations.
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CHAPTER 111
DISCOVERY OF POTENT CHARGE=REDUCTION MOLECULES FOR NATIVE
ION MOBILITY MASS SPECTROMETRY STUDIES”

Introduction

Native mass spectrometry (MS) is an emerging biophysical approach for characterizing
the structure and function of biomolecular assemblies, especially for membrane protein
complexes.'®°172 Under tuned conditions that minimize perturbation to protein structure,
native MS can maintain non-covalent interactions in the gas phase that enables
quantitative studies of ligand binding,'® 1™ 174 subunits stoichiometry!™ ¢ and lipid-
protein interactions.t” 7"17° Jon-mobility (IM) spectrometry in conjunction with MS
provides means for the separation of ions by their size and charge along with determination
of the rotationally-averaged collision cross section (CCS). IM-MS approaches have also
been developed to characterize the resistance of membrane proteins and their complexes
with ligands to unfolding in the gas-phase.’* 178 180 Of |ate, native MS has uncovered that
specific protein-lipid interactions can allosterically modulate other interactions with

protein,t” 7 [ipid,*”” and drug®-8 molecules.

“Reprinted with permission from Lyu, J; Liu, Y.; McCabe, J.W.; et al. Discovery of
Potent Charge-Reducing Molecules for Native lon Mobility Mass Spectrometry
Studies. Analytical Chemistry. 2020 92 (16), 11242-11249. Copyright 2020
American Chemical Society.
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Membrane proteins are typically encapsulated in detergent micelles for native MS studies.
The detergent solubilized complexes are ionized using nano-electrospray ionization
followed by application of minimal collisional activation to release the protein complex
from the detergent micelle.'® 18 |n general, the mass spectrometer is tuned to preserve
the structure and non-covalent interactions of protein complexes.'8 However, even under
carefully tuned instrument conditions, protein structure and function can inadvertently be
disrupted, resulting in measurements that deviate from those obtained by other biophysical
techniques. An attractive approach to preserve the non-covalent interactions is reducing
the charges carried by protein molecules to reduce their internal energy and minimize
coulombic repulsion thereby lowering the propensity for unfolding or activation.*®-1& |t
has been well-established that detergents play an important role in the number of charge
states acquired by membrane proteins.t’® 184 N-Dodecyl-p-D-Maltopyranoside (DDM), a
commonly used detergent for purifying and solubilizing membrane proteins, results in
charges states that are difficult to minimize activation energy resulting in partial unfolding
of membrane proteins.t’® 18 18 The discovery of charge-reducing detergents, such as
tetraethylene glycol monooctyl ether (CsEs) and n-dodecyl-N,N-dimethylamine-N-oxide
(LDAO), has revolutionized the native MS field by enabling IM measurements of
compact, native-like complexes with collision cross section (CCS) values that are in direct
agreement with those calculated from atomic coordinates.!”® In addition to aiding the
preservation of native-like states of protein complexes and increased spacing between
bound adducts, which has been shown to be beneficial for observing more lipid bound

states of membrane proteins.®
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Numerous studies have reported methods to achieve lower charge states of proteins for
MS measurements.*® 190-19 Adding charge reducing chemicals to protein samples, such
as the abundant naturally occurring osmolyte!®>%" trimethylamine N-oxide (TMAO), has
been shown to significantly lower the average charge state (Zavg) of protein complexes.t%
198, 19 Imidazole and derivatives thereof have shown marginal charge reduction for
membrane protein complexes (by about ~2-3 charge states), especially in cases when non-
charge-reducing detergents are used.'® 2% Besides the addition of small molecules,
synthetic oligoglycerol detergents have been developed for membrane protein complexes
that exhibit varying charge-reducing properties.!® Despite recent advances in
manipulation of charge, these charge reducing modalities have a number of limitations.
Some charge-reducing molecules require high concentration to be effective and/or an
undesirable tendency to adduct to protein complexes leading to broadened mass spectral

peaks. There is a need to further investigate charge-reducing approaches that are not only

effective, but also applicable to a wide range of proteins.

Experimental Section

Protein expression and purification. AmtB was expressed and purified as previously
described'”® with the exception of a modified expression plasmid was used. The AmtB
gene from Escherichia coli with N-terminal TEV protease cleavable Hisio and MBP
(described in previous study'’®) was amplified by polymerase chain reaction (PCR) and

cloned into pCOLA backbone which also co-expresses GInK with Y51F mutation
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(removes possible heterogeneity arising from uridylation®°) as a TEV protease cleavable
N-terminal fusion to Strep-tag Il as described before'®. The AmtB used in this study
contains the C312T mutation that retains the ability to couple to GInK (manuscript in
preparation). For soluble proteins, streptavidin was purchased from Sigma, and egg white
lysozyme was purchased from Amresco. GInK was expressed and purified as previously

described.1®

Preparation of charge reducing reagents. Trimethylamine N-oxide was purchased from
Cayman Chemical. Spermidine was purchased from Beantown Chemical. Spermine was
purchased from Alfa Aesar. Histamine, bis(2-aminoethyl)amine,  bis(3-
aminopropyl)amine, tris(2-aminoethyl)amine, 3,3’-Diamino-N-methyldipropylamine,
tris(3-aminopropyl)amine,  piperazine,  1-(2-Aminoethyl)piperazine,  1,4-Bis(3-
aminopropyl)piperazine were purchased from Sigma-Aldrich. Protein was buffer
exchanged to 200mM ammonium acetate (supplemented with 0.5% CgE4 for membrane
protein). Charge reducing reagents stocks were made by dissolved into the same buffer as
the protein, and were mixed with protein to obtain desired final concentrations of charge

reducing reagent.

Native mass spectrometry (MS) analysis of AmtB Native MS was performed on a Q
Exactive Ultra-High Mass Range (UHMR) from ThermoFisher Scientific, modified with
a custom reverse entry ion source (REIS) and 1.5 m drift tube. A Synapt G1 HDMS

instrument with a 32-k RF generator from Waters Corporation was also used for
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membrane and soluble protein measurements. Nono-electrospray ionization was
performed as previously described®®. UHMR parameters applied for AmtB included 250
°C capillary temperature, 1.40kV spray voltage, 200 maximum inject time, resolution set
to 6250 with 1 no averaging, 50eV in-source CID, 40 CE, trapping gas pressure of 5. lon

transfer is set to High m/z mode, with in-source desolvation voltage set to -180V.

Native MS analysis of soluble proteins. Measurements for soluble proteins were collected
on a Synapt G1 HDMS from Waters. For GInK, source temperature was lowered to 80 °C,
and trap and transfer collision energy was set to 40 and 25, respectively. Trap wave
velocity and height set to 300 m/s and 1V, respectively. IMS wave velocity and height set
to 300 m/s and 18V, respectively. For streptavidin, source temperature was set to 80 °C,
and trap and transfer collision energy was set to 20 and 10, respectively. Trap wave and
velocity and height set to 300 m/s and 1V, respectively. IMS wave velocity and height set
to 300 m/s and 18V, respectively. For lysozyme, capillary voltage was set to 1.5kV.
Source temperature was set to 50 °C, with 50V and 2V on sampling and extraction cone,
respectively. Trap and transfer CE were set to 30 and 15, respectively. Trap gas flow rate
was set to bmL/min. Trap wave and velocity and height set to 100 m/s and 0.4V,
respectively. IMS wave velocity and height set to 100 m/s and 4V, respectively. Soluble
protein spectra were collected from 1000 to 10000 m/z. All mass spectra were

deconvoluted using Unidec?®?,
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lon-Mobility Mass spectrometry. lon-Mobility Mass Spectrometry (IM-MS) was
performed on a homebuilt periodic focusing drift-tube (PF-DT) Fourier-transform IM (FT-
IM) orbitrap platform, as described previously.® 13 18 203 Briefly, ions are generated via a
nano-ESI source before entering a heated capillary transfer tube at 155 °C, which are then
focused into a RF-ion funnel (~3 Torr) before being differentially pumped into a DC only
periodic focusing funnel with a field strength of 50V/cm. lons are then gated using a
modified Bradbury-Nelson gate that pulses ions into the 1.5 m PF-DT for mobility
separation, with a second gate post-IM to allow for implementation of FT-IM. Two MKS
calibrated manometers where placed on both ends of the PF-DT to ensure steady-state of
He (99.999% purity). lons are then transferred via a multipole into the HCD cell of the
Thermo Scientific Exactive Series platform. FT-IM-PF-DT data is processed into ATDs
and subsequently to CCS using custom Python 3.7 codes utilizing Scipy'?® and

multiplierz*®,

Determination of half maximal effective concentration (EC50). Native mass spectra of
AmtB solubilized in 2x CMC CsE4 were processed with UniDec?®? to determine the
weighted average charge state (Zavg). The half maximal effective concentration (ECso) or
potency of charge-reducing compounds was calculated using a modified form of the Hill

equation:2%

b

e

Y =
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where ny is the Hill coefficient, b is the value of the upper asymptote, and X is the
concentration of charge-reducing molecule. Za, data was essentially inverted to enable

the equation above to be fitted to the experimental data as follows:

Z,_<100> ( 100 )
Zavg Zavg,max

where Zavgmax IS the maximum average charge state measured without any charge reducing

molecule added. Equation 1 was fitted to the inverted data using Python (version 3.7)
scripts making use of NumPy and SciPy modules.'?* 2% The resulting fits had an R? value
of 0.98 or better. Z’ and b were converted back to units of charge:

100

Zavg =7 nn0
4100

Z avg,max

Plots were generated using Python and the Matplotlib module.?%

Results and discussion

Inspired by recent reports of TMAO and imidazole derivatives’ effectiveness for charge-
reducing protein complexes,'8: 190. 198 19 e explored the potential of other small
molecules found in biology and characterized their impact on the trimeric ammonia
channel (AmtB), a model integral membrane protein (Fig. 16). The first molecule we
investigated was histamine, an amine-functionalized imidazole involved in the immune
response and plays important roles in the nervous system?®’. The addition of 100 mM
histamine, which the charge-reducing properties have not been studied before, to AmtB

solubilized in CgE4 resulted in a reduction of the Zayg by four compared to the mass
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spectrum acquired in the absence of histamine (Zavg of 16.2) (Fig. 16B and Fig. S1). For
reference, the addition of 100 mM TMAO results in a broad charge state distribution with
a Zavg 0f 10.9 (Fig. 16A). We next explored spermidine and spermine, natural polyamines
found in cells and involved in many cellular functions, such as promoting cellular
proliferation and required for replication of many viruses.?%?** Compared to histamine,
spermidine and spermine at 100mM displayed pronounced charge-reducing properties
with Zayg of 10.9 and 10.0, respectively (Fig. 16C). Unlike TMAO, histamine, spermidine
and spermine resulted in narrow charge state distributions (Fig. 16D). More specifically,
the total number of charge states (Zwt) for 10 and 250 mM TMAO was 13 and 6,
respectively. The Zt: for histamine, spermidine and spermine at the highest concentration
investigated are 3, 4, and 3, respectively (Fig. 16D). Moreover, the quality of the mass
spectra for these molecules did not diminish, unlike previous reports showing the various

degree of adduction to soluble proteins.?'?
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Figure 16 Natural compounds are potent charge-reducing molecules. A-C)
Representative mass spectra of AmtB in CsE4 doped with 100 mM of (A) TMAO, (B)
histamine, or (C) spermidine. Data was acquired on an ultra-high mass range
(UHMR) Orbitrap mass spectrometer under gentle instrument conditions.
Structures of molecules are shown in the inset. D) Total number of charge states for
AmtB in the presence of compounds at different concentrations. E) Plot of average
charge states (Zavg, dots) as function of concentration of charge-reducing molecules.
A modified form of Hill equation was fit to the data (solid lines) to determine the half
maximal effective concentration (ECso). F) Mass spectra of AmtB doped with
different concentrations of spermine ranging from 0 to 250 mM.

We next titrated AmtB with different charge-reducing molecules to better understand the
potency of these compounds. For example, AmtB in the presence of increasing
concentrations of spermine progressively reduced charge on the protein complex (Fig.

16F). At low concentrations of spermine the charge state distribution was broad and

asymmetric. Interestingly, at higher spermine concentrations the charge-reducing effect
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was diminished and Zayg reached a plateau around 10 (Fig. 16E). In a similar fashion to
spermine, histamine and spermidine displayed a rapid decrease in Zag at lower
concentrations and reached a plateau at higher concentrations, over 100 mM (Fig. 16E).
The trend for TMAQ differed from other compounds where Zayg gradually decrease with
increasing concentrations (Fig. 16E). To quantify the potency of these compounds, a
modified form of the Hill equation was fit to the Zag data to determine the half maximal
effective concentration (EC50) and the minimum Zayg value (or upper asymptote). With
the exception of TMAO, the charge-reducing molecules had an ECso ~10 mM whereas the
value for minimum Zavg (Zavgmin) Was the lowest for spermine (Table S1). In contrast,
TMAO with an ECso of 87 mM for the range of concentrations screened is nearly nine-
fold greater than the other molecules. Lastly, it is worth noting that 10mM spermine
achieved the same degree of charge reduction for AmtB as 250 mM histamine,

underscoring the potency of this class of compounds.

Given the results for amine-functionalized linear molecules, cyclic amines such as
piperazine and piperazine derivatives were investigated for their ability to charge-reduce
AmtB in CgEs (Fig. 17 and Table S1, S2). Titration of piperazine revealed a shallow
change in Zayg with increasing concentration and reaching Zavgmin 0f 14. Piperazine
derivatives with one aminoethyl (AEP, 1-(2-Aminoethyl)piperazine) or two aminopropyl
(APP, 1,4-Bis(3-aminopropyl)piperazine) substituents increased the amount charge-
reduction with Zavgmin 0f 13 and 10, respectively (Fig. 17B-C). Piperazine and derivatives

have a range of ECso values (7-12 mM) and, like other amine containing molecules, the
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charge-reducing effect reached a plateau at higher concentrations. Interestingly,
substitution of piperazine with amine containing substituents not only increased the ability
to charge-reduce but also resulted in narrowing of the charge state distribution where Ziot
decreased from 7 to 5 at the highest concentration studied (Table S3). However, APP, the
best piperazine derivative, was not as potent in regards to charge-reduction compared to
spermine. Taken together, these results suggest that aliphatic polyamines represent

promising candidates as charge-reducing agents.

62



& B &

& AmtB 100,

% fas) ( j % - /'I 2+
el

Piperazine AEP
ik ik
| L.
T T T T T T O T T T T 5] T
8000 12000 16000 8000 12000 16000
m/z m/z
C D
100, & a—
9] [ Piperazine —APP J
(\/”“2 AEP — Spermine
10+ . .
1M+ _n
& [ j 114 o
(@)}
% & . > 121 .
KA N 134
APP -
N T 15-
T iy T T T T 16 T T T T 1
8000 12000 16000 0 100 200
m/z Concentration (mM)

Figure 17 Charge reduction of AmtB by piperazine and amine derivatives thereof.
A-C) Representative mass spectra of AmtB in C8E4 doped with 100 mM of (A)
piperazine, (B) AEP, and (C) APP. Structures of molecules are shown in the inset. D)
Plot of Zavg (dots) as function of concentration of charge-reducing molecules and
regression of a modified Hill equation (solid lines).
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The results for spermine and other natural polyamines prompted us to investigate
analogues of polyamines. Bis(2-aminoethyl)amine (B2A) and bis(3-aminopropyl)amine
(B3A) are symmetric variants of spermidine (contains aminopropyl and aminobutyl
groups) and addition of these compounds resulted in charge-reduction of AmtB (Fig. 18A-
B). However, B2A and B3A were not as potent compared to spermine with a Zayg of 11.
A marginal increase in charge-reducing properties (Zavg decrease by ~1) was observed for
3,3-Diamino-N-methyldipropylamine (DMP), which differs from B3A by a methyl group
(Fig. 18C). Tris(2-aminoethyl)amine (T2A) and Tris(3-aminopropyl)amine (T3A) are
molecules with four amines and showed increase charge-reducing properties compared to
their counterparts B2A and B3A, respectively. T3A at the highest concentration reduced
charge at comparable levels to that of spermine and spermidine. Notably, the addition of
amine resulted in a reduction of both Zt and Zavgmin. No correlation is observed for ECso

and Zavgmin Of these molecules.
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Figure 18 Charge-reduction of AmtB by synthetic polyamines. A-E) Representative
mass spectra of AmtB in CsE4 doped with 100 mM of (A) B2A (B) B3A (C) DMP (D)
T2A (E) T3A. Structures of molecules are shown in the inset. F) Plot of Zavg (dots) as
function of concentration of charge-reducing molecules and regression of a modified
Hill equation (solid lines).

We next evaluated the performance of charge-reducing molecules for native ion mobility
mass spectrometry (IM-MS) studies. Native IM-MS data was collected for a subset of
molecules at 50mM concentration on a high-resolution Fourier-transform ion-mobility
(FT-IM) PF-DT Orbitrap platform?® (Fig. 19). The mass spectrum of AmtB in CgEq4
acquired on the FT-IM-PF-DT Orbitrap is comparable to that obtained using the
commercial ionization source (Fig. 19 and S1). However, lower charge states for AmtB in

the presence of spermine was observed on the FT-IM-PF-DT, consistent with previous

results.?%* 213 The collision cross section (CCS) profiles for the lowest (CsE4) and most
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charge reducing (addition of Spermine) show a 0.4% difference with a slightly decreased

in the Rym of spermine (Fig. 19C). Here, CCS values for AmtB in the absence and presence

of different charge-reducing molecules show, at most, a 3% difference (Fig. 19D).
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Figure 19 Native IM-MS of trimeric AmtB on a FT-IM-PF-DT Orbitrap platform.
A-B) lon mobility mass spectra of AmtB in (A) CsE4 and in the presence of (B) 50
mM Spermine. (C) Collision cross section (CCS) profiles for the most abundant
charge states. A Gaussian function was fitted (solid lines) to the data (dashed lines)
to determine the centroid CCS. (D) Plot of CCS for different charge states from
AmtB in the presence of different charge reducing molecules.
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We also explored the charge-reducing effect of these reagents on AmtB solubilized in the
non-charge-reducing detergent DDM. Mixtures of AmtB in DDM with different charge-
reducing molecules and at various concentrations could not generate interpretable mass
spectra (Fig. S2). This finding is consistent with a recent study that reports charge-
reduction of membrane proteins with alkali metal acetate is dependent on detergent.®
However, the mechanism behind this phenomenon is not clear but a plausible explanation
is that DDM may directly compete with these molecules interacting with the membrane
protein. Alternatively, the larger micelle size of DDM may prevent meaningful contacts
between these molecules and the protein. Nevertheless, CsE4 exhibits charge-reducing
properties that are amplified (mutually or inclusive) with charge-reducing molecules, such
polyamines. These results highlight the fact that there is an urgent need for detergents
engineered for native MS applications that have desirable attributes, such as charge-
reducing properties, ease of release from the protein complex, and the ability to stabilize

membrane proteins.

The ability of these molecules to charge-reduce soluble proteins was also investigated.
The monomeric lysozyme, trimeric GInK, and tetrameric streptavidin were mixed with a
charge-reducing reagent at equimolar ratios (Fig. S3). Some of the charge-reducing
molecules adducted to the protein giving rise to an uninterpretable mass spectrum. This
adduction behavior indicates that they interact strongly with proteins. Charged-reduced

mass spectra for the three soluble proteins were observed for T3A, while the others were
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largely protein-dependent. For example, lysozyme in the presence of B2A was poorly
resolved whereas spermine, APP and B3A resulted in resolved mass spectra. Data quality
and charge reduction patterns differed for GInK and Streptavidin. It is interesting to note
that TMAQ’s ability to charge-reduce does not prevent the gas-phase dissociation of
oligomeric proteins tested. Recently, charge reduction of soluble proteins by TMAO has
been reported to be dependent on collisional activation.!® We next investigated the
impact of increasing collision energy and cone voltage for soluble proteins. Activation of
lysozyme in the presence of 50 mM spermine using either collision energy or cone voltage
did not result enhanced charge reduction (Fig. S6-7). In summary, polyamines can charge-

reduce soluble proteins but their efficacy appears to be protein-dependent.

To better understand the mechanism of charge reduction for membrane proteins, we
conducted studies of AmtB in CgE4 with either 100mM spermine or TMAO at different
solution or capillary temperatures. Native mass spectra of AmtB in the presence of
spermine or TMAO acquired under different solution temperatures (32.0 to 37.0°C)
showed similar results (Fig. S8). AmtB with either charge reducing additive was
introduced into the mass spectrometer with the capillary temperature ranging from 100 to
430°C. For spermine, a capillary temperature below 200°C resulted in severe adduction,
presumably spermine molecules, and a resolved mass spectrum was not obtained. For both
additives, increasing the capillary temperature resulted in reduction of Zayg (Fig. 20). The
Zavg of AmtB with spermine marginally decreased from 9.8 to 9.5 at 430°C (Fig. 20A).

For TMAO, Zayg significantly decreased from 12.0 to 9.3 at the highest capillary
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temperature (Fig. 20B). We also noticed that application of backing pressure to nanoESI
emitter for AmtB with TMAO resulted in significant reduction in charge (Fig. 20C-D).
This observation can be rationalized the production of larger droplets results in a higher
concentration of TMAO in the final droplets formed in the electrospray process. Taken
together, our findings are in good agreement with previous reports?*? 214 and indicate that

charge reduction occurs in the final stages of the desolvation process.
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Figure 20 Effects of Capillary temperature and backing pressure on charge-
reduction of AmtB . A-B) Zavyg of AmtB in the presence of 100mM (A) spermine or
(B) TMAO acquired at different capillary temperatures. C-D) Mass spectra of AmtB
charge reduced by 100 mM TMAO (C) without and (D) with application of backing
pressure to the nanoESI emitter.

Figure 5.

69



By comparison of the chemical structures and their potency of charge reduction, a
plausible explanation is that potency is correlated with their gas-phase basicity. Heck and
co-workers have shown using soluble proteins a linear relationship between the additive
gas-phase basicity (or proton affinity) and average charge state.?** For polyamines, it has
been reported that increasing either the number of nitrogen or carbon atoms results in
higher gas-phase basicity.?'® Following on this generalization, the installation of a methy!l
group at the secondary amine of B3A makes DMP more basic that in turn improves its
charge-reduction potency. Moreover, increasing the number of amino groups within the
molecule, which increase gas-phase basicity, also leads to better charge-reducing molecule
as seen for piperazine and derivatives thereof. Our observation of the potency of these
charge reduction chemicals reveals there is a correlation with ECso and empirically
measured gas-phase basicity, which agrees with the previous reports.?'? 214-216 Another
contributing feature of the charge-reducing molecule is the number of carbons, which
would increase gas-phase basicity.?*>?!8 Polyamines with more carbons generally show
greater degree of charge reduction.?®> Among these charge reduction chemicals, TMAO
appears to be outlier due to the significant difference in the Hill plot compared to other
polyamines, which could be explained by the difference of charge reduction mechanism
of TMAO. It has been proposed that TMAO reduces charge of proteins by proton transfer
from gas-phase collision.'®® However, it remains difficult to discern if this process is result
of (i) additive ligand dissociating from the protein either taking a proton with it or leaves
the proton on the protein,?? 21 (ii) gas-phase collision of the additive with protein

resulting in proton transfer to the additive,' or (iii) a combination of both processes.
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The results of this study also point to an additional feature that implicates the direct
interaction of charge-reducing molecules and protein. For example, there are marked
differences when comparing spermidine and B3A, which differ by Zaygtt by one charge.
In addition, longer alkyl chains may interact more strongly with membrane proteins and/or
detergent micelles. Different detergent environments may have different degrees of
accessible protein surface area due to potential changes in droplet size and/or detergent
micelle size. Taken together, the varied effects of polyamines on soluble proteins may be
due to the hydrophobicity of the molecules in combination with their basicity. In short, the
system composed of detergent encapsulated membrane proteins with charge reducing
molecules is complex and further studies are warranted to better understand the

dependence of detergent on charge reduction.

Conclusion

In summary, this study reports a set of potent charge-reducing molecules for native
IM-MS studies. The reported molecules do not adduct nor impede the analysis membrane
proteins for native MS studies. We also demonstrate improved charge-reduction potency;
spermidine requires nearly 10-fold less in concentration compared to TMAO to achieve
the same degree of charge reduction. Moreover, the polyamines are advantageous over
TMAO as a narrower charge state distribution is observed improving the signal-to-noise
ratio. Polyamines provide new approaches to manipulate charge in efforts to preserve non-

covalent interactions and minimize perturbation and over-activation.
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Supporting Information

Table S1. ECs and other fitting parameters for different charge-reducing molecules.

Trimethylamine N-oxide
Histamine

Spermidine

Spermine

Piperazine
1-(2-Aminoethyl)piperazine
1,4-Bis(3-aminopropyl)piperazine
Bis(2-aminoethyl)amine
Bis(3-aminopropyl)amine
3,3-Diamino-N-methyldipropylamine
Tris(2-aminoethyl)amine

Tris(3-aminopropyl)amine

NH

11

11

1.7

15

13

11

0.6

15

1.2

0.9

0.8

0.9

72

ECso (MM)
87.3

8

12.9

10.2

8.2

6.8

11.6

14.2

10.5

104

18.6

b

6.5

2.1

3.1

3.9

1

15

3.4

1.7

2.4

2.9

2.5

4.4

Zavg,min

7.9
12
10.8
9.9
13.9
13
10.4
12.6
11.6
11
11.5

9.5



Table S2. Name abbreviation of charge reducing chemicals.

Chemicals Abbreviation

Trimethylamine N-oxide TMAO
1-(2-Aminoethyl)piperazine AEP
1,4-Bis(3-aminopropyl)piperazine APP
Bis(2-aminoethyl)amine B2A
Bis(3-aminopropyl)amine B3A
3,3-Diamino-N-methyldipropylamine DMP
Tris(2-aminoethyl)amine T2A
Tris(3-aminopropyl)amine T3A

73




Table S3. Total number of charge states (Z«:) of AmtB mixed with charge reducing

agents at various concentrations.

0mMm 1I0mM | 25mM | 50 mM | 100 mM 250 mM
TMAO 10 13 12 9 9 6
Histamine 10 9 8 5 5 3
Spermidine 10 10 5 5 5 4
Spermine 10 11 8 5 3 3
Piperazine 10 9 8 7 7 7
AEP 10 7 7 7 7 8
APP 10 7 7 6 6 5
B2A 10 9 7 6 5 5
B3A 10 9 6 5 4 4
DMP 10 9 6 6 5 5
T2A 10 9 6 5 4 4
T3A 10 11 7 5 4 4
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Supplementary Figures
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Figure S1. Native mass spectrum of AmtB in 200 mM AA with 0.5% (v/v) CgE4 collected

on the UHMR, no additional charge reducing reagent added.
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Figure S2. Native mass spectrum of AmtB solubilized by DDM with added charge
reducing agents. Shown are the mixtures that generated interpretable mass spectra.
Other agents used in this study causes poorly resolved peaks when mixed with AmtB in
DDM and are not shown. Note that AmtB trimers readily falls apart with insufficient

charge reduction.
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Figure S3. Native mass spectra showing variable charge reduction effects on soluble
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show representative spectra with decipherable mass species. Top row show

representative spectra for respective soluble proteins in 200 mM ammonium acetate,
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Figure S4: MS, 2D ATD(s) vs m/z, and ATD plots for all molecules analyzed via the FT-

IM-PF-DT Orbitrap Platform.
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Figure S8: A-C) Mass spectra of AmtB charge reduced by 100mM spermine with
solution temperature at (A) 32.0°C (B) 34.5°C (C) 37.0°C. D-F) Mass spectra of AmtB
charge reduced by 100mM TMAO with solution temperature at (D) 32.0°C (E) 34.5°C

(F) 37.0°C.
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CHAPTER IV
VARIABLE-TEMPERATURE-ELECTROSPRAY IONIZATION FOR
TEMPERATURE-DEPENDENT FOLDING/REFOLDING REACTIONS OF
PROTEINS AND LIGAND BINDING”

Introduction
Since Hopkin’s 1930 report on the temperature-dependent denaturation of
ovalbumin,?'® the influence of temperature on protein stability, structure, and self-

220 and Ben-Naim,??* emphasize in

assembly has captivated scientists' interest. Privalov
their reviews the importance of the local environment (Gibbs free energy landscape
(GEL)) on the stabilities, structures, and folding/denaturation of proteins. While
Anfinsen’s hypothesis considers the native state as being a thermodynamic minimum,?
the native state is, in fact, unique to the local environment as defined by temperature,
pressure, and concentration of the protein, viz. GEL. While solvent effects are known as
determinants for charge state distributions observed by ESI MS, very little is known about
how they affect the structure/conformations of gas-phase ions.??22% Despite the

importance of temperature on peptide and protein structure, careful studies aimed at

understanding these effects have only been implemented recently. 89 106, 163, 226-233

“Reprinted with permission from McCabe, J.W.; Shirzadeh, M.; Walker, T.E.; et al.
Variable-Temperature Electrospray lonization for Temperature-Dependent
Folding/Refolding Reactions of Proteins and Ligand Binding. Anal. Chem. 2021, 93
(18), 6924-6931. Copyright 2021 American Chemical Society.
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Here, we describe a variable-temperature electrospray ionization (vT-ESI) source
that can be used to study both cold- and heat-induced solution-phase reactions of peptides
and proteins at temperatures of ~5 —98 °C. vT-ESI-MS is not new; Cong et al. developed
avT-ESI-MS source to study lipid binding of membrane protein complexes, 4% El-Baba
et al. developed a vT-ESI to study heat-induced protein denaturation (ambient to > 90
°C),2%" Kohler et al. developed a vT-ESI source that operates between 15- 85 °C,%® and
Marchand et al. developed a dual-block vT-ESI capable of temperature-jump mass
spectrometry.?®® These VT-ESI-MS devices afford an exquisite approach for studies of
solution-phase thermochemistry. For example, using this approach, it is possible to
directly measure temperature dependence of the formation of specific products by
monitoring the masses of the products.® 103 104 237, 240-245 ging vT-ESI-IM-MS, which
reports the masses and sizes/shapes (rotationally-averaged collision cross-sections) of
products, folding/unfolding and self-assembly reactions can be investigated.'® 24 All of
the above-mentioned studies illustrate the unique capabilities of vT-ESI MS and vT-ESI
IM-MS to directly measure individual peptide/protein conformers that comprise a
conformationally heterogeneous population,'® while simultaneously measuring the
thermodynamics, viz. AG, AH, and TAS, of the chemical reactions.

While different strategies for implementing vT-ESI have been reported, 42 the
present work aims to develop a vT-ESI device compatible with static ESI and capabilities
for investigating both cold- and heat-induced folding and self-assembly reactions using
mass spectrometry and ion mobility-mass spectrometry. Most importantly, the device

needs to be compatible with static nanospray ESI, allowing for small volumes (< 10pL)
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of protein solutions and measurement of temperature-dependent product profiles between

5-98 °C.
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Experimental

Design of VT ESI Source
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Figure 21 (A) Solidworks rendering of the vT-ESI assembly with labels to identify
the significant components. The fan mounted to the top of the device prevents
overheating and reduces atmospheric moisture condensation for experiments
performed below ~15 °C. The top stage of the thermoelectric chip (TEC) makes
direct contact with a 40 mm x 40 mm x 13 mm heatsink (CTS Electronic Components
APF40-40-13CB); a 40 mm x 15 mm 24 VDC fan with 14.83 CFM rated airflow
(Delta Electronics AFB0424SHB) is used to dissipate the heat off of the heatsink. The
vT-ESI assembly uses custom machined PEEK components that mount directly to a
commercial Thermo Nanospray Flex source. Additional details about the electronics
control system are contained in the Supporting Information. (B) Temperature
calibration of the vT-ESI emitter solution is performed using thermocouples inserted
into the static spray capillary and the SS heat exchanger (as shown in inset). The
temperature variation ranged from ~ +/- 5 °C at the highest and lowest temperature
and ~ +/- 2 in the range of 5-98 °C.

Figure 21A contains a Solidworks rendering of the TEC vT-ESI assembly using
static nano ESI emitters. The ESI emitter is positioned inside a ceramic sleeve (Kimball
Physics (AL203-TU-C-500) and cut to length in-house) that serves as an electrical
insulator from an aluminum heat exchanger. The heat exchanger makes direct contact with
a 3-stage TEC (Peltier chip) (Laird Thermal Systems 9360001-301 3-tier). The TEC is
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used to maintain the temperature of the heat exchanger and the solution contained in the
ESI emitter at the desired temperature, ranging from ~5 — 98 °C. The vT-ESI capillary
temperature was calibrated across the range of temperatures by simultaneously monitoring
the static-spray (SS) heat exchanger temperature and the solution contained in the ESI
emitter (Figure 21B). The solution temperature was measured using a calibrated T-Type
thermocouple (Physitemp Clifton, NJ) paired to a thermocouple (National Instruments
USB-TCO01) positioned inside the borosilicate pulled glass capillary filled with a 200 mM
ammonium acetate solution. The ESI SS capillary was placed inside an alumina silicate
ceramic isolator that covered the entire length of the block to ensure the TEC is isolated
from ESI voltage (typically between 1.2-1.6 kV) applied via a Pt wire (Alfa Aesar, >99.9%
0.3048 mm diameter). The block temperature was set to the desired temperature using a
temperature controller that utilizes pulse width modulation (TE Technology TC-720); the
temperature was monitored for ~ 2 min to ensure the system had reached equilibrium. The
custom power supply developed for the operation of the vT-ESI device is described in the
Supporting Information.

It is important to note that airflow around the vT-ESI heat exchanger/emitter is
essential for reducing condensation at cold temperatures, especially at temperatures below
15 °C, while minimizing air turbulence with deleterious effects for the stability of
ionization. We have found that the fan assembly employed here, with controlled fan speed,
is essential for both cold and heated operations. The 3-tier Peltier TEC provides much-
improved performance over a single-tier design. The temperature ramps obtained using

the 3-tier design are steeper and allow for reliable operation at much lower temperatures.
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Sample Preparation

Ubiquitin (U6253, Sigma Aldrich) samples were prepared from a stock solution to
have a final concentration of 1 uM in 1% acetic acid, pH of 2.8, which is similar to those
used previously by El-Baba et al.?®” The A state ubiquitin solutions were prepared by
dilution of a 1 mg/mL ubiquitin stock solution to a working concentration of 1 uM in
49:49:2 methanol:water:glacial acetic acid (pH 2).247?4° GroEL® were expressed in-
house as described previously. Frataxin (FXN) was expressed and prepared in-house; a
detailed protocol is given in Supporting Information. Before MS analysis, the sample was
bio-spun in 200 MM ammonium acetate and diluted to a working concentration of 5 uM
for FXN and 1 uM for GroEL.
Mass Spectrometry and lon Mobility Mass Spectrometry

The vT-ESI-MS measurements were performed on an Exactive Plus-Extended
Mass Range (Thermo Fisher, Bremen, Germany) mass spectrometer. Approximately 7.5
pL of protein solution was loaded into the borosilicate glass capillary (Sutter Instruments,
B150-86-10, and P-1000). ESI voltage (~1 kV) was applied by a platinum wire inserted
into the solution. The protein solution was equilibrated for 3 min at each temperature prior
to each MS acquisition. Data were converted to .txt files using custom python code and
imported into UniDec'?? and ProteinMetrics.?® Melting temperatures (Twm) were estimated
from the inflection point of a 4-parameter sigmoidal fit using SigmaPlot version 10.0 from
Systat Software, Inc., (San Jose, California). Additional information on the data

processing can be found in the Supporting Information. The IM-MS data were collected
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using a 1.5 m drift-tube Fourier-transform ion mobility-UHMR Orbitrap, as described
previously.® 1 251-254 A_state ubiquitin IM-MS data were collected on a Waters SYNAPT
G2 modified with the newly designed vT-ESI source. CCS calibration was performed
using the method described by Ruotolo et al.?%®
Results and Discussion

Here, we describe vT-ESI-MS and IM-MS studies using cold- and heat-induced
folding reactions for single-domain proteins, viz. ubiquitin and frataxin, and temperature-
dependent ligand binding for the chaperonin GroEL. For purposes of this study, we are
interested in comparing and contrasting cold- and heat-induced folding for proteins
containing similar 2° structure motifs (helices and B-sheets) similar to ubiquitin.

Ubiquitin has been extensively used in variable temperature studies using both MS
and IMMS. Thus, it was selected for the initial testing of our vT-ESI device.?*" 242 The
initial experiments employed conditions that preserve native-like, low-charge state
ubiquitin.?" Figure 22A contains mass spectra of ubiquitin acquired at different solution
temperatures (8 °C, 69 °C, and 98 °C). As expected at these temperatures, changes in the
charge state distributions are consistent with temperature-dependent unfolding transitions
reported by El-Baba et al.?®” However, when the ubiquitin solution conditions were altered
to a native buffer system of 200 mM ammonium acetate, no thermal unfolding was
observed, indicating the buffer system plays a crucial role in the GEL (data not shown).
Figure 22B contains a plot of the average charge state (Zavg) as a function of temperature

from 8 °C to 98 °C; within this range, Zavg changes from 7.25 to 10.07. It is interesting to
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note that changes in Zavg Obtained by reversing the temperature profile (T scans from high-
to low-temperature) yield very similar melting profiles.

While the general appearance of the melting curve is in good agreement (within
+0.25 Zavg) With that reported by El-Baba et al.,?*" the Tw value of 65.2 + 0.8 °C is lower
than their reported value of 71 °C. These differences in T are attributed to the differences
in pH of the solutions. Previous studies reported that the Tw of ubiquitin are pH-dependent;
a change in pH from 3.0 to 2.75 shifts Tm from 74.1 °C to 66.3 °C.2%® It is also possible
that Tm values may depend on the size of the ESI emitter owing formation of different
droplet sizes. Effects of droplet size on the melting of ubiquitin were noted in experiments
using 10.6 um IR heating of the nanodroplets.?*?

Prior vT-ESI IMMS studies revealed a complex distribution of intermediate states
of ubiquitin using heat-induced melting, including the well-characterized A-state, a
partially unfolded conformation consisting of mostly a-helices (structure shown in Figure
22D).23". 242, 25T Figure 22D contains a plot of Zayg charge state versus temperature plots
obtained using acidic water/methanol solutions (49:49:2 MeOH:H,0O:Acetic Acid (pH
2.3); solutions conditions that have been shown to promote the formation of A-state
ubiquitin. Note that Zayg for temperatures greater than ~ 20 °C are higher than that for the
“native-like” ubiquitin (see Figure 22A). Note the marked increase in the abundance of
7" ions that is characteristic of native-like ubiquitin ions; however, the CCS profiles for
these 7* ions (shown in Figure S2) reveal that only a small fraction of the ion population

are native-like in terms of the measured CCS 1028 A2. The CCS profiles obtained under
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these conditions are very similar to those reported by El Baba et al. at elevated, denaturing

conditions, viz. CCS values of 1264 A2, 1327 A2 and 1517 A2.23

10.5

A
98 °C 10.0
l l J E 95
- ' U g
o
2 8.5
69°CS °
. g, oo
It g
| il g 75 1
< 7.0
7°C o
6.5 ‘ . ‘ : .
& 0 20 40 60 80 100 120
400 600 800 \ubqulzuLubLo 1660 1850 SOIUtiOﬂ Tempe ratU re (OC)
11.4
‘ T .
+ - . ®
10 311,0- [} . s
© .
il J ' = .
. W) 108 | . .
(]
D05 &
-
13°C @ 8
6 10.4 &
- y
‘ 10 py b
J _ Qp10.2 y
| I . [0} [ ] Q]
g S
7 OC CI>J 10.0 . & %
< . P,
9.8 . r\z ;
10* 9.6 T
0 10 20 30 40 50
\ J L | i e
T Solution Temperature (°C)

miz

Figure 22 (A) Mass spectra of ubiquitin collected at 8 °C, 69 °C, and 98 °C; (B) Plot
of average charge state (Zave) of ubiquitin (PDB: 1UBQ?%®) versus temperature of the
solution contained in the ESI capillary. Melting temperature (Twm) is defined as the
midpoint of the sigmoidal curve. (C and D) Plots of the temperature-dependent
average charge states (Zave) of the partially-unfolded A-state ubiquitin observed in
acidic water/methanol solutions (49:49:2 MeOH:H20:Acetic Acid (pH 2.3)). At
temperatures above ~50 °C, the signal is attenuated due to the rapid evaporation of
the solution. Inset shows the proposed A-state structure from Vajpai, N. et al.?>®
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Additional vT-ESI studies were performed using human frataxin (FXN), a 14.237
kDa protein (Uniprot Q16595) allosteric activator of the Fe-S cluster biosynthesis in
mitochondria®®-?%4  that has been linked to the neurodegenerative disease Friedreich’s
ataxia.?®® The vT-ESI data for mature, FXN (residues 81-210) over the temperature range
of 5—98 °C. Figure 23B contains a T-dependent Zayg plot for FXN. At 3 °C, the Zayg iS
6.57, decreases to a minimum of 6.4 at 39 °C, then increases to 6.57 at 81°C. The parabolic
fit is similar to T-dependent stability reported for yeast frataxin (Yfhl) using CD or NMR
spectroscopy.?®®: 267 The changes in the relative abundances of the 7*, 6%, and 5* FXN
charge states (Figure 23C) are consistent with changes in the solvent-accessible surface
area (SASA) of the protein. While the collision cross sections (CCS) (Figure 23D and
23E) for cold- (5 °C) and heat-induced (80 °C) unfolding are similar to that obtained at
physiological temperature (37 °C) (see Supporting Information Table S1), the T-
dependent CCS differences for the 6* charge state of FXN are statistically significant (p >
0.05) using an unpaired t-test. However, the changes in CCS for 7* charge state are not
statistically significant.?®® More importantly, the peak widths (FWHM) for the CCS
profiles are larger for the 6* ions than for the 7%, which may reflect differences
(conformational or dynamics) for the lower charge state ions. For example, the observed
differences for cold-unfolding may be attributed to differences in the 3° structure, e.g.
differences in the alignment of the helices and or sheet motifs; prior CD studies suggests
that the 2° is retained at cold-induced conditions.”? Conversely, the CD spectra suggests
that heat-induced unfolding CD promote changes of the 2° structure.”? The CD studies

were performed using very different buffers and ionic strengths than those used for vt-ESI
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(20 mM HEPES vs. 200 mM ammonium acetate) where solution parameters are known to
strongly affect structure and stability.?®® Owing to the expected effects of buffers and ionic
strengths on cold- and heat-induced folding,??° further investigations of these effects are
warranted.

Previously reported studies suggest different mechanisms for cold- and heat-
induced folding for Yfh1, which is directly amendable to vT-IM-MS.266:267.270 The FXN
(PDB:1EKG)?™* and Yfh1 share a high degree of sequence overlap but differ in terms of
the flexibility of the N-terminal residues. The N-terminal of FXN is highly dynamic with
little to no 2° structure,?’ 2® whereas Yfh1 has a defined 2° structure.?’* The C-terminus
length of frataxin orthologues also influences their thermodynamic stability, where FXN
has a longer sequence compared to Yth1.2”> Owing to these differences, CD results have
shown Yfhl has unstable 2° structures under cold conditions while FXN is relatively
stable. The observation of FXN cold-denaturation by vT-IM-MS in this study highlights
the capability of the new device to resolve subtle structural changes that were previously

hidden via traditional biophysical techniques.?>*
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Figure 23 (A) Structure of human frataxin (PDB:1EKG)?* and (B) plot of the
average charge state (Zavg) of frataxin as a function of solution temperature in the
ESI emitter. The ESI signal is unstable at T > 82 °C, presumably owing to
decomposition and/or aggregation at higher temperatures. A parabolic fit
(Sigmaplot 10.0, solid line) was added to the data. vT-IM-Orbitrap CCS profiles and
(C) Extract MS of the (D) 7* charge state, (E) 6* charge state of FXN at 5 °C, 37 °C,
and 80 °C. The red line is a Gaussian function fitted to the raw CCS experimental
data (grey). CCS values for the 5* monomer are not shown due to the overlap with

the 10* dimer.

95



The activities of ion channels and chaperones are highly regulated by
conformational (“open” and “closed”) changes that are induced or stabilized by ligand
binding that are subject to both enthalpic and entropic barriers.?** GroEL (HSP60, 800
kDa), a 14-mer complex of the HSP10 monomers that are arranged as two stacked
heptamers (see Figure 24), forms a large central cavity in which non-native proteins bind
via hydrophobic interactions.?’® 27 The mechanical action GroEL/GroES complex, is an
example of ATP-dependent movement of the apical domain regulating substrate binding
and release.?’® Here, vT-ESlI is used to investigate the T-dependent ATP binding to GroEL.
Figure 24 contains a plot of Zayg for GroEL between 8 — 38 °C and the products formed
upon binding ATP (GroEL(ATP),); mass spectra are shown in Supporting Information
(Figure S3). Zayg for apo GroEL (solid black data points) decreases from 65 to ~ 64.5 at
temperatures between 8 °C and 24 °C and then increases to > 66 at temperatures above 24
°C. It is interesting to note that significant changes in ATP binding are observed over this
same range of temperatures. While the Zayg obtained for GroEL binding to 1 - 4 ATPs are
mostly similar, a sharp decrease in Zayg is observed for binding the fifth ATP, and there
are no detectable signals for binding 6 - 9 ATPs at T greater than 24 °C. The T-dependent
changes in Zayg and ATP binding are interpreted as evidence of changes in the
conformation of the architecture of the GroEL complex, as well as altering the entropic
barrier. These data were acquired using ammonium acetate (AmA) buffer, and it is
interesting to note that such behavior is not observed when using ethylene diammonium
diacetate (EDDA) buffer, which produces lower Zag charge states of GroEL. However,

the change in ATP binding occurs in the same range of temperatures for both buffers
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(manuscript in preparation). For example, at temperatures below 24 °C for GroEL in
AmA, bindings of up to 9 ATPs are observed, but at temperatures greater than 24 °C, the

maximum number of ATPs bound is 5.
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Figure 24 Temperature dependence of 1uM GroEL in 200 mM ammonium acetate
containing 125 uM ATP. (PDB: 1SS8).
Conclusions

The TEC (Peltier) vT-ESI source was designed for easy implementation on
different MS platforms. These include a number of mass spectrometers — the
ThermoFisher Orbitraps, including those equipped with REIS and FT-IMS capabilities,®
15,236, 251-254 the Agilent 6560 IM-QTOF and 6545 XT, and the Waters SYNAPT

instruments equipped with TWIMS. The performance metrics of the 3-stage TEC vT-ESI
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device make it possible to rapidly acquire reproducible melting curves for static spray
capillaries over the temperature range of 5 — 98 °C. The cold- and heat-folding studies on
ubiquitin and frataxin clearly illustrate new applications for vT-ESI-MS. While both
ubiquitin and frataxin are monomeric proteins, their respective thermal unfolding curves
are significantly different, a sigmodal vs. a parabolic curve, respectively. Changes in the
Gibbs energy landscape owing to changes in pH, buffers, and/or ligand binding gives rise
to drastic differences in thermal unfolding curves and may impact the future definition of
“native-MS”. The results reported on temperature-dependence of ATP binding to GroEL
bodes well for future studies on the stabilities and dynamics of protein complexes
extending into the mega-dalton molecular weight range. Combining vT-ESI with recent
developments in next-generation high-performance IM-MS instrumentation opens new
opportunities for studies of intact soluble and membrane protein complexes and other non-

denaturing studies. 7. 251 254,278

Supporting Information

Expression and preparation of fraxatin

A Hiss-GST-TEV-FXN construct was generated by subcloning the FXN (A1-81) gene into
a pET-28a(+) vector containing Hiss-GST-TEV-CyaY 27 using the MEGAWHOP 28
protocol, and was transformed into the E. coli strain BL21(DE3) for expression. After
growing at 37 °C to an ODego of 0.5, 0.1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) was added into the cell culture to induce protein expression at 18 °C. Cells were

harvested by centrifugation the following morning, and stored in a -80 °C freezer until
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use. The cell pellet from a 3 L culture was thawed and resuspended in GST buffer A (50
mM Hepes, 150 mM NacCl, pH = 7.8). The cells were lysed by 2 cycles of French press at
18,500 psi, followed by centrifugation at 16,420 RCF for 30 min. The clarified lysate was
loaded onto a manually packed GST-column (Prometheus) at 4 °C and bound proteins
were eluted with GST buffer B (50 mM Hepes, 150 mM NaCl, 10 mM glutathione, pH =
7.8). The GST tag was cut by an overnight TEV digestion at 4 °C, and the products were
loaded onto a Ni-NTA column (5 mL; GE Healthcare) to remove the TEV protease. The
flow-through from the Ni-NTA column was concentrated to 20 mL, diluted to 150 mL
with size exclusion buffer (50 mM Hepes, 250 mM NaCl, pH = 7.5), and loaded onto a
HiPrep 26/60 Sephacryl S100 HR column. Fractions containing FXN were pooled,
concentrated, frozen in liquid nitrogen, and stored at -80 °C until use. Concentration was
determined using an extinction coefficient of 26,930 M cm™ at 280 nm as estimated by

ExXPASYy ProtParam.

Analysis of experimental data
MS data were collected at a determined heat exchanger temperature based on a solution
temperature determined from prior calibration. The average charge state (Zavg) was

calculated following the method of El-Baba et al.?%,

;X5
avg = N ;
Zj Lj

where Zayg IS the average charge state, j is a single temperature, i is the normalized intensity

of the ion signal. To determine the melting temp (Tmeit), the inflection point was calculated
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by fitting the experimental data with a sigmoidal curve generated in SigmaPlot 10 using a

sigmoid, 4 parameter fit,

a

T_Tmelt)

Zavg(T) =
1+ e_( b

where Zayg is the average charge state and Tmert is the temperature of melting, and a and b
are fitting parameters.
Custom Power Supply Fabrication

The TEC controller and additional electronics are housed in a small aluminum
enclosure (22.86 cm L x 17.78 cm W x 5.08 cm H). An AC/DC power supply (Meanwell
LRS-100 24) provides 24 VDC to the TEC controller, 24 VDC fans, and the DC/DC
converter (Texas Instruments PTN78020WAH). The DC/DC converter is mounted on a
custom PCB, designed using EAGLE 9.6.2 (Autodesk), and fabricated by OSHPark
(www.oshpark.com). The DC/DC converter steps down the 24V DC from the power
supply to the max voltage of the TEC of 5.3V at 6A. The DC/DC converter allows for the
TEC to operate at the optimal voltage and current to quickly and efficiently change the
temperature. In addition, the voltage output of the DC/DC converter can be changed by
changing the resistance value if a different TEC is ever selected. The small footprint and
preset output voltage allow users who are not familiar with the system to operate the VT-
ESI device using included software safely and quickly with the TC-720 (TE Technology).

A wiring schematic of the power supply can be found in Figure S1.
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Figure S1. Wiring schematic of the Peltier TEC.
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acid solution. Data acquired using the Waters SYNAPT G2 TWIMS and vT-ESl at 5 °C
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Figure S3. Temperature-dependent MS of 1uM GroEL with ATP (125 uM) in 200 mM

ammonium acetate.

Average CCS

Z (+) (Az)

Temperature

Standard
Deviation of
CCS

FWHM| Ry

5°C 1540

8 257 | 6.0

2160

5 176 | 12.3

37°C 1520

3 220 | 6.9

2150

4 142 | 15.1

80 °C 1540

10 275 | 5.6

NO|IN[O|N|[O

2160

180 | 12.0

Table S1: Calculated CCS values for acquisitions of FXN at 5 °C, 37 °C, and 80 °C

with the peak fitting parameters (n=3). Where Rim is the CCS/ACCSrwHm

103



CHAPTER V
IMPLEMENTING DIGITAL WAVEFORM TECHNOLOGY FOR EXTENDED M/Z
RANGE OPERATION ON NATIVE DUAL-QUADRUPOLE FT-IM-ORBITRAP

MASS SPECTROMETER

Introduction

Studies of proteins, protein complexes and non-covalent protein-ligand
interactions using native mass spectrometry have expanded the structural biology toolbox.
Often quoted attributes ascribed to native MS are sensitivity and dynamic range, which
makes possible studies of reaction products, including intermediates on pathway from
initial reactant to final products.'%:2%2 s highly complementary to the traditional structural
biology techniques, i.e., cryogenic electron microscopy " "8, X-ray crystallography’ ™,
and NMR spectroscopy’ ™. While the working mass range, mass resolution and mass
measurement accuracy for large 100 kDa and even MDa protein complexes have increased
greatly over the past decade, there remain significant challenges to development of
advanced technologies for structure-based MS studies. lon mobility-mass spectrometry
analysis allows for the calculation of an ions mobility which can be related to collision
cross-section (CCS) which is representative of structure and size. We previously described
a “next generation” IM-MS instrument consisting of a periodic focusing drift tube (PF-
DT) IM and Orbitrap mass analyzer specifically designed for studies of large proteins and
protein complexes.t® 1% 236 251 254 The PF-DT [M system affords 1% principles

determinations of rotationally-averaged ion-neutral CCS*®: %!, and the Orbitrap ultra-high
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mass range (UHMR) mass analyzer affords high mass resolution detection of ions having
m/z up to 80,000. The addition of a variable-temperature (vT)-ESI (T variable from ~5 -
95 °C) source to the IM-UHMR, allowed for detailed studies of the thermodynamics (AG,
AH and AS) of protein/protein complex, folding/unfolding, as well as ligand-protein and
ligand-protein complex interactions.?®* Here, we describe an additional modification to the
PF-DT-FT-IMS-Orbitrap, that further enhances our capabilities for structural
characterization of large proteins and protein complexes viz, incorporation of a dual
quadrupole (qQ) mass analyzer that is positioned between the vT-ESI source and the IM
drift tube. The first quadrupole is operated in an RF-only mode and can also be used for
mild collisional activation of the ions to remove unwanted adducted species (H20, salts,
detergents and charge reducing reagents). The second quadrupole (denoted Q) is used for
mass selection and is operated using digital-waveform technology (DWT) developed in
the Reilly laboratory 6467 69-71. 282289 Although not yet implemented, the modular design
of the instrument allows for the installation of a surface-induced dissociation (SID) region,
the method of choice for determinations of stoichiometry and topology of protein
complexes.’®?2 20 Collectively, the (VT)-nESI-qQ-PF-DT-FT-IM-Orbitrap marks a
significant advance in our research capabilities for native mass spectrometry-guided
structural biology. Below we describe the advantages of this (vT)-nESI-qQ-PF-DT-FT-
IM-Orbitrap and its ability to analyze difficult samples such as membrane proteins by
activating ions in quadrupole 1 (ql), removing non-specific adducts such as lipids and
salts.” Also, we demonstrate the capability of the DWT in Q2 to select individual charge

states of protein complexes up to 12500 m/z.54 6% 287 |_astly, we show IM data and the
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ability to perform complex-down sequencing and analysis of proteins. The capabilities of
this instrument demonstrate its ability to analyze complex systems with its plethora of

analysis methods stemming from the modularity of the design.
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Experimental Section
Methods

Human recombinat C-Reactive Protein (CRP, Product number 236608) was
purchased from Milpore Sigma lyophilized solution ata 1 mg/mL in 240mM NaCl, 20mM
Tris-HCI, 2mM CacCl,, 0.05% NaNs at a pH of 7.5. Ammonium transport channel, AmtB,
and GroEL were expressed and purified as previously described. 053 %6.118.23¢ The proteins
were buffer exchanged using Micro Bio-Spin P-6 Gel Columns (Bio-Rad) into 200 mM
ammonium acetate and working concentrations adjusted to 1 to 5 uM. Several microliters
of protein solution were backloaded into pulled borosilicate tips prepared in-house from
borosilicate capillaries (Sutter Instruments, BF150-86-10) using a micropipette puller
(Sutter Instruments, P1000).
Instrumentation

The PF-DT-FT-IM Orbitrap has been described previously,> 236:251.254.281 gnd the
latest version of the instrument, including the gQ module, is shown in Figure 25. The qQ-
PF-DT-FT-IM-Orbitrap configuration consists of a reverse-entry ion source (REIS) that
has been previously described.® The REIS source is mounted onto an aluminum vacuum
chamber (designed and fabricated in-house). The vacuum chamber is divided in two
differentially pumped regions and pumped by a two-stage, split flow turbomolecular
vacuum pump (Pfeiffer TMH 261-250-010 P3P). The first vacuum chamber (maintained
at ~ 102 torr) houses a 250 mm hyperbolic quadrupole (q) that is operated in a
transmission/focusing mode and can also be tuned for collisional activation (CA).

Collisional activation is achieved by raising the potentials on all optics up to and including
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the conductance limit into the q1 chamber, activation voltage is defined as the potential
difference between the previous aperture and the quadrupole 1 DC bias. The ions exiting
g are guided to the second chamber by an octupole ion guide constructed from 3.175 mm
rods with 4.75 mm ro measuring 47 mm in length and enter a 250 mm hyperbolic
quadrupole (Q2) that is maintained at 10-10 torr). Q2 is used for mass selection of the
ions by digital waveform technologies (DWT) as described and developed by the Reilly
laboratory.84-67. 69-71. 282289 Bothy quadrupoles are identical Thermo Fisher 4 mm ro
hyperbolic rods with pre and post filters (Part Number 80100-60109) quadrupole pre and
post filters were wired directly to the main rods prior to use. All the experiments described
below employ DWT operation of the Q MS. lons exiting Q2 enter an octupole ion guide
(47mm) and are then transferred to a 55 cm PF-DT analyzer that is maintained at pressures
of 1-2 torr of He. The DT-IMS is operated in the FT-IMS mode as described previously.™
108,109, 291-294 The jons exiting the DT enter a final octupole ion guide (xx mm) and are

transferred the HCD cell of the Orbitrap mass spectrometer.
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Figure 25 SolidWorks rendering of the nano-ESI dual-quadrupole FT-IM-PF-DT
coupled to the HCD cell of a Thermo Exactive Plus Orbitrap with Extended Mass
Range (qQ-FT-IM-PF-DT-HCD Orbitrap) with the major components labeled and
the applied DC potential gradient across the instrument. The length of DT is not to
scale in the rendering, i.e., the vacuum box and qQ are enlarged to better illustrate
this device; the DT, 8-pole etc. have been described previously.

The DC voltages used in this work are provided by a Modular Intelligent Power
Sources (MIPS) system (GAA Custom Engineering Kennewick, WA) and Ortec 710 Quad
1 kV power supply. Confining RF voltages for the ion funnel, octupoles in the dual-quad
system, and transfer octupole are driven using MIPS RF High Q Heads at 200 Vpp 440
kHz, 200, Vpp 650 kHz, 250 Vpp 700 kHz, respectively. The transmission quadrupole
“ql” in the activation region is driven by a MIPS Ultra RF head ~1.15 MHz 150-350 Vpp
tuned for each system. The mass-selection quadrupole (denoted “Q2”) utilizes an custom
built comparison-based control system capable of a high-resolution duty cycle control
designed by the Reilly Group, " fabricated by PCBPrime (Aurora, CO), and assembled at
Texas A&M University. Briefly, Digital waveform technology (DWT) utilizes two
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rectangular waves with a varying duty cycle (defined as the percent in a given period that
the wave spends in the “High” versus “Low” state) to manipulate ions on the Mathieu
stability diagram. Isolation is obtained by tuning the duty cycle to vary the resolution and
access higher stability zones and then sweeping the frequency of the waveforms by
making an ion of interest stable in both the X and Y plane. This mode of mass selection
has been demonstrated by Opaci¢ et al. for lysozyme (14.3 kDa monomeric protein) by
applying a 75% duty cycle to the X-waveform and a 25% duty cycle to the Y-waveform
(i.e. a 75/25 duty cycle).” This waveform allows mass analysis in stability zone B.%’
DWT was implemented due the high-electric fields pre-1IM where there DC bias of Q2 is
elevated ~500V above ground, without the added cost or complexity of using a traditional
high mass sinusoidal quadrupole driver.?® The DC voltage is applied to the quadrupole
using a set of DC-RF coupling circuits designed and fabricated by Gordon Anderson

(GAA Custom Electronics).

Data Processing

IM data files were processed as previously described.'® ¥ 8 In brief, custom in-house
Python scripts utilized multiplierz''® to extract from Thermo RAW files mass spectral data
from each scan over the entire acquisition. lon mobility data were obtained by extracting
intensity information for m/z values over acquisition time followed by Fourier transform
to convert from frequency to drift time domains using Scipy'?® and Numpy*?' packages.
The resulting data can then be imported into UniDec'?? or PULSAR® for additional

processing.
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Results and Discussion

Previously, mass selection with DWT has only been experimentally achieved for
small, non-native proteins’®, but has been simulated for complexes aproaching MDa
masses.®* 6% 71 285,286 |y this work, the mass selection of individual charge states for large
protein complexes (>100 kDa) has been effectuated. The overall performance of DWT for
isolation of single charge states of C-reactive protein (CRP), membrane protein
ammonium transport channel (AmtB), and type 1 chaperonin GroEL is illustrated by data
shown in Figure 26. This data was collected using a highly asymmetric duty cycle of
85/15 to generate the waveform in Q2. Transmission for all ions is generally achieved at
a 50/50 duty cycle; more asymmetric duty cycles (such as 60/40, 75/25, 85/15) produce a
narrowing window of stability in the m/z dimension. The positioning of this selection
window in the m/z dimension is controlled by the DWT frequency that is applied to Q2,
as reported previously.®® Thus, scanning the frequency of a requisitely narrow stability
window should give rise to individual charge states as a function DWT frequency. Figure
26A exhibits this frequency scanning procedure for a sample of CRP scanned from 75kHz
to 125kHz. Note the low abundance of the TIC at low frequencies (~75kHz), which
indicates the low-mass cut-off (LMCO) is above the lowest charge state of the 10mer
resulting in no ion transmission. As the frequency increases, stability zones are reached to
allow for the transmission of the CRP 10-mer charge state distribution. These signals then
dissipate as the frequency increases, signifying that the frequencies in the middle of the
plot do not stabilize any of the observed species. Around 100kHz in Q2, the first signals

for the CRP 5mer begin to arise; each of the subsequent peaks in Figure 28A are a result
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of stabilizing individual charge states for the CRP 5-mer (m/z 5008 (23%), m/z 4779 (24%),
m/z 4609 (25%) respectively). The TIC peaks are extracted and displayed as mass spectral
plots in Figures 26B demonstrating the selection of individual charge states in Q2.
Isolation of other model protein complexes is executed by repeating the frequency
sweep for selecting a single CRP charge state. Figure 26C, 26D, and 26E demonstrate the
selection capabilities of Q2 using model protein systems for CRP, AmtB, and GroEL,
respectively, at a fixed frequency and duty cycle. CRP 115 kDa full MS and isolated 24*
charge state at m/z 4800 shown in panels C. AmtB 127 kDa with 155 V desolvation applied
in g1 full MS and isolation of the 16 charge state at m/z 7935 shown in panel D. GroEL
801 kDa full MS and isolated 64" charge state at 12514 m/z with some contamination of
the 63" charge state in panel E. Collectively, the data shown in Figure 26 illustrates
isolation a single charge state of native protein complexes with molecular weights ranging
from ~100 kDa to approaching 1 MDa, thereby making it possible to perform more
detailed experiments, IMS, CID, both top-down and complex-down, on specific charge

states of proteins and protein complex.
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Figure 26 (A) Total ion current (TIC) detected as the frequency of Q2 (85/15 duty
cycle with a 10V DC bias applied on rod pairs at 300Vpp) is increased from ~75 kHz
to 125 kHz. Frequency stepped in 1 kHz steps at the rate of ~ 1 kHz per second in
panel A to produce an m/z selection chromatogram of quadrupole 2 (Q2). (B)
extracted MS for the given frequency range shown in panel 29A. Full-ion
transmission and isolation of a single charge state for CRP (Panel C), AmtB (Panel
D), and GroEL (Panel E).
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The performance of the qQ-FT-IMS-Orbitrap mass spectrometer was evaluated using
protein complexes that illustrate specific requirements for a variety of native MS research
projects. The following experiments were carried out: (i) MS analysis of C-reactive
protein complex using a range of collisional activation (CA) conditions, (ii) mild CA to
remove adducted species (salts, solvent, detergents) from a membrane protein complex
(AmtB), (iii) demonstrate capabilities of the instrument for the analysis of a very large

protein complex (801 kDa. complex of GroEL).

(A) 14+ C (B) 64+
- } 15V
[ “_ R =497
T ‘“I T T 'A‘llI T T
i L 75V
55\ L R =479
8 R =40 N Py . T T
L H,M IR | 125V
) i R = 705
'_ 105V L L B 2 — T T T T 1
B L R=137 4 150V
T T - — T T T 1 - | R=1102
L 155 V " 200 V
i { R=1199 [ Rz 1125
| { — L T TR N A ﬂl 1

T T T T 1 T T T T T T T T 1
2500 5000 7500 10000 12500 15000 17500 20000 2500 5000 7500 10000 12500 15000 17500 20000
m/z m/z

Figure 27 Illustrates how mild collisional activation in the g of the gQ-FT-IM-PF-
DT Orbitrap can be used to remove adducted species (salts, endogeneous lipids and
other small molecules) from (A) trimeric ammonia transport channel (AmtB,
127kDa) and (B) GroEL (802 kDa, 14mer). The collision voltages indicated refer to
the potential applied from the entrence lense of gl to the DC offset bias on the gl
rods. It is possible that CA in g1 may produce non-native state ions; whether this
occurs or not can be assessed by using ion mobility as shown in panels B and C of
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Figure 28. Resolution (centroid / Am/z @ FWHM) of the primary charge state is
listed in each panel.

Native mass spectra of membrane protein complexes contain abundant signals that
arise from non-specific adducts, i.e., detergents, and/or salts on the protein that are carried
over during the ESI process. The qQ quadruple system was specifically designed in order
to implement mild-collisional activation of complexes to remove these adducted species.
AmtB is a membrane protein that requires solubilization in detergent micelles for MS
compatibility;10 11.53.54.180. 190,235 the detergent micelle containing the membrane protein
is transferred into the gas phase and subsequently disrupted by collisional activation to
yield a native protein complex. Figure 27A shows the activation of AmtB as a function
of the DC potential between aperture 1 and DC bias of ql. At 15 V potential drop, AmtB
has CsE4 detergent adducted that needs to be removed via mild-activation or by elevating
the source pressure to expose the bare protein.?®® As the collision energy of AmtB is
elevated to 155 V, the detergent is collisionally removed as observed by the increase in
the resolution (defined as the m/z centroid / Am/z at full width) half maximum (FWHM)),
consistent with previously reported results. Similar effects of mild activation are observed
for GroEL (Figure 27B), where initially endogenous adducts are bound to GroEL at low
activation voltages (15V).?5! As the activation voltage is increased to 125 V for GroEL,
the non-specific adducts are collisionally removed. The activation in g1 results in baseline
resolved charge states shown by the resolution increase from 497 to 705 at 15V to 125 V,
respectively. However, as activation energy increases beyond 125 V, the GroEL 14-mer

dissociates into monomer and 13-mer at low abundance.
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Complex-down characterization of a protein complex (C-reactive protein (CRP)
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Figure 28 Illustrates complex-down characterization of the CRP. (A) The native MS
spectrum of CPR is shown in the top panel, and each of the panels below contain
mass spectra resulting from collisional activation (at the indicated voltage) of the ion
populations in the panel above. Panel (B) contains the same mass spectrum shown in
(A) and the 2-D plots for arrival-time vs m/z for the 5-mer and 10-mer CRP ions.
Panel (C) contains the mass spectrum acquired following mass-selection of the CRP
5-mer ions using DWT as described above. Panel (D) contain the mass spectrum
obtained by using DWT to mass select the CRP monomer (24+ 5 mer ion), and panel
(E) contains the top-down mass spectrum of the mass selected ion shown in panel
(D). The amino acid sequence of CRP is shown and the sequence informative
fragment ion are label accordingly.

Activation in gl, in addition to enhanced desolvation for adducted protein
complexes, can dissociate protein complexes to produce monomer and complementary n-
1 mer for accurate mass analysis. Figure 28A illustrates the CID products obtained at

different activation voltages in gl. Using mild activation energies (~15 V), the mass
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spectrum of CRP contains abundant ions corresponding to the native, intact 5-mer of CRP
(115 kDa) and low abundance signals for the non-specific 10-mer. Increasing the collision
potential to 105 V promote dissociation of CRP 10-mer to form the 5-mer and also
increases the formation of 1-mer, 4-mer, and 9-mer, possibly mixed fragment ions formed
by dissociation of the 5-mer and 10-mer. Further increases in “energy” ql results in more
substantial precursor depletion and CID product formation.

lon-mobility measurements were achieved using a qQ-FT-IM-PF-DT with a DT
length of 55 cm. The overall theory and operation of the PF-FT technology are described
in previous publications.:47:49. 125,133,134 The data shown in Figure 28B was collected at
a field strength of 6.2 V/cm™torr. Figure 28B shows the 2-D plots of CRP arrival time
vs. m/z for the 5-mer and 10-mer, where Figure 28 only the 5-mer is selected using Q2 by
destabilizing the 10-mer before IM-MS. Selection of the 5-mer, as illustrated in Figure
28C, was achieved by tuning the frequency of the digital waves in an 85/15 duty cycle.
Note that the observed shift in the centroid of the CSD between 31B and 31C results from
the selection window and not indicative of ion heating prior to mobility. By selecting an
oligomeric state vs. full-ion transmission, the number of ions entering the DT decreases,
diminishing the space charging that ions undergo. Additionally, the individual charge
states are separated in the mobility domain, increasing the S/N ratio without the loss of
ion signal. The selection of an entire oligomeric state vs. a single charge state allows for
other forms of pre-IM activation to be used at higher throughput.

The qQ-FT-IM-PF-DT Orbitrap described allows for structural characterization of

analytes of interest by selection and then activation prior to mass analysis via native
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complex-down MS. Native ions (Figure 28A) are initially activated in q1 (Figure 29A @
105V), where the resulting monomers produced by CID are isolated in DWT-driven Q2
using an 85/15 duty cycle (Figure 28D). Mass-selected 10* monomer ions were
subsequently activated in the HCD cell prior to high-resolution mass analysis (Figure
28E). The resulting pseudo-MS® fragments were deconvoluted via UniDec'??,
ProteinMetrics®, and ProSite Lite?®” to get top-down sequencing of the protein, resulting
in ~21% sequence coverage for the 10* monomer where 80% of the detected fragments
are assignable. The sequence coverage increased to 31%, with 85% assigned fragments,
when the 12" monomer ion was selected in Q2 and fragmented in the HCD cell (data not
shown). The mass resolution of the Orbitrap platform increases the number of assignable

high-charge fragments due to isotopic resolution.%

Conclusions:

A novel dual-quadrupole FT-IM orbitrap has been developed, creating the next
generation of high-resolution IM-MS platforms. This platform allows for activation, mass
selection, and IM-MS analysis, and complex down analysis of protein complexes.
Additional activation techniques (e.g., CID , and SID) can be added to this platform to
expand the biophysical toolbox in structural biology. A collisional activation region has
been designed prior to mass filtering to clean up intrinsically dirty proteins, as shown with
AmtB and GroEL, and allow for dissociation of complexes. Most notably, without digital
waveform technology, floating a selection quadrupole is near-impossible with safety

concerns and the high cost of RF drivers. For the first time, DWT has been shown to
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transmit, isolate, and filter large protein complexes (approaching the mega-Dalton size)

that support the previously described theory.
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CHAPTER VI

CONCLUSIONS

The technology of IM-MS is constantly improving to facilitate new techniques,
applications, designs, and analyte types. Each new development in technology loops
through a “Tick — Tock” cycle between the development of instrumentation and increasing
sample complexity, where previously hidden details are revealed. New commercial
developments in native MS or IM-MS have come from the adaptation/commercialization
of academic research projects.

CCS determinations of native proteins and protein complexes using Fourier-
transform periodic-focusing ion mobility (PF-DT-FT-1M) Orbitrap was shown in Chapter
2. SIMION 8.1 was used to calculate the mobility dampening term, a, for native proteins
and protein complexes. The calculated a value was used for the determination of first-
principles CCS of 13 proteins and protein complexes spanning a molecular weight range
of 8 to 800 kDa.

Technology transfer of novel instrumentation from the Thermo Scientific Exactive
Plus Orbitrap with Extended Mass Range to the Thermo Scientific Q Exactive UHMR
Hybrid Quadrupole-Orbitrap was performed. A PF-DT-FT-IM was coupled to a state-of-
the-art Orbitrap MS capable of sampling up to 80,000 m/z. Native IM-MS-Orbitrap data
was collected on soluble protein complexes ranging from ~50 to 800 kDa, as well as a
trimeric membrane protein complex, the ammonia transport channel (AmtB, ~127 kDa)

with novel charge reduction agents was shown in Chapter 3.
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A home-built vT-nESI source was developed to control the solution temperature
of samples contained within static nESI capillaries in Chapter 4. The new vT-nESI
consists of an aluminum heat exchanger interfaced to a three-stage thermoelectric chip
(TEC) with a DC-fan coupled to a heatsink to dissipate heat generated by the device. The
TEC maintains the temperature of the heat exchanger and the solution contained in the
static-nESI capillaries at the desired temperatures ranging from 5 to 98°C. The vT-nESI
source showed, for the first time by mass spectrometry analysis, both cold- and heat-
induced folding changes of model proteins, detection of low-temperature endotherms, and
ligand binding of the protein folding chaperonin GroEL.

While the instrumentation developed for the IM-UHMR acquires high-resolution
IM-MS data, there are limitations to the number of pre-IM activation methods to probe
primary, secondary, tertiary, and quaternary structures of proteins. Furthermore, by not
activating ions, the achievable maximum resolution is diminished in both the mass and IM
domains. The development described in Chapter 5 shows a modular platform allowing
for activation using the first quadrupole region and a quadrupole mass filter utilizing
digital waveform technology. These additional capabilities allow for studying a broader
range of protein complex systems, which require desolvation energy previously
unavailable on the IM-UHMR platform. Ultimately, the (vT)-nESI-qQ-PF-DT-FT-IM-
Orbitrap platform described in Chapter 5 allows for numerous pre-mobility activation
techniques and high-resolution IM-MS to be implemented after ion clean-up and mass

selection.
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APPENDIX A

SOLIDWORKS DRAWINGS OF QQ-PF-DT-FT-IM ORBITRAP
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APPENDIX B

VARIABLE TEMPERATURE ELECTROSPRAY IONIZATION SOLIDWORKS

DRAWINGS
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