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Abstract

Careful transfer of ions into the gas-phase permits the measurement of protein structures, with ion mobility-mass
spectrometry, which provides shape and stoichiometry information. Collision cross sections (CCS) can be obtained
from measurements made of the proteins mobility through a given gas, and such structural information once
obtained should also permit inter-lab comparisons. However, until recently there was not a recommended standard
form for the reporting of such measurements. In this study we explore the use of collision cross section distributions
to allow comparability of IM-MS data for proteins on different instruments. We present measurements on seven
standard proteins across three IM-MS configurations, namely an Agilent 6560 IM QToF, a Waters Synapt G2
possessing a TWIMS cell and a modified Synapt G2 possessing an RF confining linear field drift cell. Mobility
measurements were taken using both He and N, as the drift gases. To aid comparability across instruments and best
assess the corresponding gas-phase conformational landscapes of the protein ‘standards’ we present the data in the
form of averaged collision cross section distributions. For experiments carried out in N,, CCS values for the most
compact ion conformations have an inter-instrument variability of < 3%, and the total CCS distributions are similar
across platforms. For experiments carried out in He, we observe the total CCS distributions to follow the same trend
as observed in N, whilst CCS for the most compact ion conformations sampled on the 6560, are systematically
smaller by up to 10%, than those observed on the G2. From this study, we observe the applied protein calibration
procedure (for TWIMS) to yield "WCCS for native-like proteins which are largely similar to those obtained on DTIMS
instruments. However, when considering the ease by which unintentional protein structural activation in vacuo can
occur and the broad range of PTCCS within the literature from which to calibrate drift times against, we advise
caution when calibrating sample protein drift times against protein ‘standards’ in order to obtain CCS values and

recommend the use of CCS distributions.

1. Background & Motivation

lon mobility spectrometry (IMS) coupled with mass spectrometry (IM-MS) permits the characterisation of an ions
structure from its mobility in a gas (IM) as well providing its mass (MS).! IM-MS is now established as a method to
interrogate the structure of proteins, and under gentle ionisation conditions ESI can produce ions which retain
aspects of their solution-phase structure.?”” IM-MS approaches have been exploited to permit the structural and
functional characterisation of many types of biomolecules, including peptides;®® small monomeric proteins;>1°

cytosolic and membrane bound protein complexes;!'? protein-protein and protein-ligand interactions;*3-'® Nucleic



acids”'® and amyloidogenic proteins.'®?° Regardless of the molecular species to be analysed there are features or
constraints that are common to all IM-MS experiments. These have recently been well outlined for all the prevalent
forms of IM-MS.2! Protein measurements have in the main utilised a form of ion mobility which can be generally
described by a common process. In this, packets of ions are focussed to traverse a drift cell filled with an inert buffer
gas at a known temperature and pressure (1Imbar to atmospheric) whereby weak electric fields act to axially propel
them through a drift cell/region. As they traverse this gas filled cell, the “frictional” force of gas-ion collisional events
retards their motion, thus permitting the temporal separation of ions based upon their size, shape and charge.?>?3
IM-MS experiments record the arrival time (ta) of m/z selected ions and this data can be used to determine their
rotationally averaged collision cross sections (CCS).?* Leading a wide community effort Gabelica recently
recommended how to report IM-MS measurements to better facilitate inter-lab comparability and in this work we

take this as the basis by which we can compare the data obtained on well-studied proteins.?*

In so called, ‘native’ mass spectrometry experiments, a protein of interest is infused from an aqueous solution along
with volatile salts such as ammonium acetate buffered to appropriate physiological pHs (~¥6-8).2%> In order to retain
solvated structures in vacuo, careful optimisation of source parameters is necessary to minimise collisional heating
and subsequent structural rearrangement.?® Such effects can also occur on the injection of desolvated ions into the
ion mobility drift tube.?” Foundational studies from Clemmer and Jarrold demonstrated that minimising the energy
of ions prior to IM separation permits the retention of native-like conformations for the monomeric proteins
ubiquitin and cytochrome ¢.1%2 In addition, Williams and Russell, using a 2" generation Waters Synapt G2 ion
mobility-mass spectrometer, demonstrated how voltages and trapping conditions prior to the drift cell can
substantially affect the conformational landscapes of ubiquitin and metallothionein-2A.262° Furthermore, Gabelica et
al. defined tuning parameters on an Agilent 6560 IMQToF which allowed the preservation of a compact so called “N
state” of Ubiquitin as well as the ammonium-bound states of a fragile nucleic acid complex.3° Such efforts to
establish optimal gentle transfer of biomolecules via careful tuning of ion optics across homemade and commercially
available IM-MS instruments, have been used to support arguments about the preservation of solution-like

biomolecular structures in vacuo, although it is evident that the ESI process also plays a major role.

Despite the body of work that reports the conditions required to ‘least perturb’ the structure of proteins for IM-MS
measurements, there has been less focus on the reproducibility of CCS, with exceptions being studies on small
biomolecule CCS on single vendor platforms.3:733 To our knowledge, there have only been a handful of publications
in which protein CCS have been compared across different platforms.3*3> That being said, none of these studies have
employed the use of CCS distributions to probe the conformational landscape of the systems under analysis.
Visualising these ion conformational landscapes for malleable systems has great utility in defining optimal tuning

parameters for native IM-MS experiments and as such, is commonly employed within many labs including our own.

In this study we establish “starting point” operational parameters which minimise the gas-phase activation of
proteins across three instrumental platforms. We report CCS distribution/CCS across three ion mobility-mass
spectrometers: the Synapt G2 (TWIMS & RF DTIMS configurations) and the Agilent 6560, in helium and nitrogen drift
gases, to ascertain the degree of differentiation between protein structures sampled across different IM-MS
platforms under “soft” tuning conditions. In addition, we provide interactive representations of CCS distributions to

augment traditionally numerical CCS datasets. Furthermore, we present global CCS histogram distributions for



compiled literature CCS values of our chosen systems, in order to facilitate a better understanding of where

individual “native IM-MS” CCS lie relative to previously published values.

2. Methods and Materials

2.1. Sample preparation and ionisation

Seven commercially available protein/protein complex standards were utilised for the experiments outlined in this
study. Sample identities, sources, suppliers, catalogue numbers and final solution conditions are detailed in SI Table

S1.

Ammonium acetate solutions were made by dissolving ammonium acetate (Sigma) in ultrapure water (Merck Milli-
Q) to yield ionic buffer concentrations of 50 or 200 mM (SI Table S1). All of these solutions were then adjusted to a

pH of 7.4 using ammonium hydroxide solution (Sigma).

All seven samples were purchased as lyophilised powders which were dissolved in either 50 or 200 mM ammonium
acetate solution, pH 7.4, to form protein stock solutions (typically 100 uM protein concentrations). These stocks
were then de-salted twice using Biospin-6 columns (BioRad, USA), aliquoted out, flash frozen and stored at -80 °C
until the day of analysis. On the day of analysis, aliquots were thawed at r.t and diluted to their final concentration

prior to experimentation (Sl Figure S1).

A mixture of commercially available phosphazine salts pre-dissolved in a acetonitrile/water solution (95:5, % v:v)
(G1969-85020) known as “tunemix” (Agilent technologies, Santa Clara, CA), as well as poly-DL-alanine (Sigma,
P9003) and myoglobin (Sigma, G7882) dissolved in water/methanol/formic acid (50:50:0.1, % v:v) were used to
optimise the helium IM-Trap differential on the modified Agilent 6560 IMQToF.

All experiments were performed using nano-electrospray ionisation (nESI) in positive ionisation mode. Samples were
infused into emitters prepared in-house from thin walled (O.D. 1.2 mm, I.D. 0.9 mm; WPI, UK) and thick walled (O.D.
1.2 mm, I.D. 0.69 mm; Sutter Instrument Company, USA) fire polished borosilicate glass capillaries using either a
Flaming/Brown P-97, Sutter P1000 or P2000/F micropipette puller (Sutter Instrument Company, USA). In order to
facilitate more facile spraying, all solution loaded emitters were centrifuged at 5000 rpm for 15 seconds prior to
loading into the instrument tip holder. Platinum wire (diamater 0.125 mm, Goodfellow Cambridge Ltd, UK), was
inserted into the capillaries to permit efficient ionisation. In order to compensate for the reduction in ion
transmission which typically accompanies native IM-MS instrument optimisation, all experiments were carried out in

sensitivity mode.

2.2 Instrumentation

2.2.1. Waters Synapt G2 (TWIMS)

Travelling wave derived CCS distributions/CCS were obtained on a Synapt G2 (Waters, UK) with nitrogen as the drift
gas (S| Figure S2). Within this instrumental configuration, ions can be mass selected in the quadrupole prior to IMS.
After navigating the quadrupole, ions enter the “Tri-wave” region which encompasses: 1) an argon filled trap cell,

where ions are periodically stored and gated into the helium cell, 2) a helium cell held at a comparatively high



pressure to the trap cell, where ions experience “collisional cooling” prior to IM separation, 3) an ~25 cm long
TWIMS cell filled with nitrogen, whereby propagating DC waves enable the mobility separation of ions based upon
their size, charge and conformation and 4) a transfer cell which acts to ferry ions toward the ToF analyser for m/z
quantitation. For all the TWIMS experiments within this study, IM wave velocities of 100-300 ms™* and wave heights
of 9.5-19.5 V were employed. General parameters employed for native TWIMS experiments are outlined in Table S2.

For a more detailed description of the Synapt G2 (TWIMS), see Giles et al.3*.

2.2.2. Waters Synapt G2 (DTIMS)

The Synapt G2 was modified via substitution of the travelling-wave IM cell (incorporating the helium cell) with an
~25 cm long RF-confining drift cell (Waters, UK) (SI Figure S3).37 Helium/nitrogen gas was introduced into the RF cell
using a gas inlet system positioned in the centre of the cell to promote pressure homogeneity (SI Figure S4).
Absolute IM cell pressure readouts were enabled by the installation of a baratron (model 626C, MKS, UK). Drift gases
could be switched by toggling the “He” (for helium) or “IMS” (for nitrogen) tabs, whilst the RF confining drift cell
could also be operated using the original instrument software (MassLynx V4.1) (SI Figure S4). The static potential
gradient required for IMS was applied across the RF cell using a combination of four DC voltages (S| Figure S3). For all
the experiments outlined in this study, six drift voltages separated by 25 V increments were employed to obtain ion
dead times (to) and subsequent CCS/CCS distributions. It is important to note that the RF cell pressure was left to
equilibrate for >30 minutes after gas initiation/switching prior to data acquisition. General parameters employed for
native DTIMS experiments performed on the modified G2 are outlined in Sl Table S3. For a more detailed description

of the modified Synapt G2 (DTIMS), see Allen et al.?".

2.2.3. Agilent 6560 IMQToF

The setup employed for helium and nitrogen experiments carried out on the 6560 is described in Sl Figure S5. For
experiments undertaken on the 6560, an orthogonally configured nESI source (G1988-60000 Nanospray, Agilent)
was utilised. The source drying gas flow (nitrogen), which was observed to have a large impact upon the observed
analyte charge state distributions (CSDs) (SI Figure S6), was adjusted to below 2 L min? by a manual flow controller
(Porter instrument company, USA) fitted to the drying gas outlet and source inlet. Post source, ions were transferred
through a heated capillary into a two-stage ion funnel, the first of which focuses ions via the use of elevated
pressures, whilst the latter operates as an ion funnel trap which enables the release of discrete ion pulses into the
IM cell. The IM region comprises an ~78 cm long static field drift tube with an absolute pressure capacitance gauge
(CDG 500, Agilent) positioned at the far end of the cell and a thermocouple (Type K, Omega engineering) positioned
above the middle of the cell. The instrument configuration employed for measurements taken with nitrogen and
helium drift gases is depicted in S| Figure S5. For measurements taken in nitrogen, a positive IM cell pressure
differential of 0.15 Torr relative to the preceding trapping funnel was utilised, as described previously.3® The
pressure differential was maintained within 0.01 Torr via the inclusion of a drift gas kit (G2582A, Agilent) fitted with
a precision flow controller (640B 10 Torr range, MKS) which regulated drift tube pressure by responding to the
absolute pressure capacitance gauge (CDG 500, Agilent). However, we found the precision flow controller to be
unable to maintain pressure differentials when the instrument was operated with helium as the drift gas. As such,
we modified the gas inlets into the trap and IM cell so as to bypass the flow controller and permit manual control of

the gas pressures using needle valves (Swagelok) (See S| Figure S5). After carrying out pressure differential
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optimisation experiments in helium using tunemix (SI Table S4), polyalanine (SI Table S5) and myoglobin (SI Table
S6), we settled on an optimum helium IM-Trap differential of ~0.13 Torr. This differential prevented nitrogen
contamination in the IM cell, resulting in °TCCSy. values closest to those previously published. It is important to note
that all gases pass through a gas purifier trap (nitrogen and helium; RMSN and RMSH, Agilent) prior to entering the
instrument in both of the instrumental configurations employed. Data was recorded using the MassHunter Data
Acquisition software (Agilent) using the stepped-field method, whereby incremental variation of the electric field
(five 100 V steps) across the drift cell permitted enumeration of the CCS distributions for a given ion. General
parameters employed for native experiments performed on the 6560 IMQToF are outlined in Sl Table S7. For a more

detailed description of the 6560 IMQToF, see May et al.*.
2.3. Data Analysis and CCS distribution production

All experimental data obtained from the Synapt G2 (with TWIMS/DTIMS configurations) was analysed using
MassLynx V4.1 software (Waters, UK). Arrival time distributions (ATDs) encompassing a drift time axis (x-axis) and an
associated ion intensity axis (y-axis) were extracted for the desired m/z region (Figure 1 a. ii). The drift time axis was
transformed to a CCS axis by employing suitable calibrant ions (SI Table S8) following an approach described
previously for TWIMS,*14041 or DTIMS data (Figure 1 a & b iii & iv).2>*? Data acquired on the 6560 IM-QToF was
analysed using MassHunter IM-MS Browser software (Agilent). Drift times and their corresponding ion intensities
were extracted for the desired m/z regions (Figure 1 b. ii), as for data acquired on the Synapt G2. However, unlike
MassLynx software, the MassHunter IM-MS browser records all IMS parameters, these can then be extracted as
tabulated data and applied to the Mason-Schamp equation to convert the x-axis from drift time to CCS units (Figure

1 b. i &iv).

Each replicate yielded a single CCS distribution plot with slightly different x-axis CCS binning increments (due to
different A and X values from TWIMS experiments and different dead times in DTIMS experimental replicates)
(Figure 1 b. iv. Top). In order to produce averaged CCS distribution plots from individual CCS distribution replicates,
Gaussian fits were made to the experimental data using a consistent number of data points (e.g. 1000) across a fixed
CCS range (e.g. 2500-4500 A2). After fitting all CCS distribution replicates for a single ion across the same CCS range
and number of data points, the average CCS distribution plot was constructed as follows: 1) The range employed for
the CCS distribution replicate was extracted and used to form the x-axis of the averaged CCS distribution plot. 2) The
ion intensity across the CCS range of each replicate was averaged whereby standard deviations denote the variation
between replicates. 3) The constructed x-axis, y-axis and y-axis standard deviation were combined to obtain
averaged CCS distributions (Figure 1 b. iv. Bottom). lon CCS were obtained via averaging apex values from Gaussian
fitted CCS distribution replicates. Associated CCS errors () came from the standard deviation of these values. Total
CCS distribution plots for protein/protein complexes were obtained by combining averaged ion CCS distribution
plots (normalised for mass spectral peak intensity and CCS distribution area). All CCS distributions produced within

this study were constructed using OriginPro 2015/2017 software.

2.4. Interactive figures

A number of main text and Sl figures presented in this article were recreated in an interactive format to enable in-
depth interrogation of the presented results. These are deposited online at https://france-ccs-2019.netlify.com/.


https://france-ccs-2019.netlify.com/

The interactive figures were created using ORIGAMIANAYSE and require the use of a modern internet browser and
access to the internet.®
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Figure 1. Schematic showing how TWIMS (LHS) & DTIMS (RHS) data yields averaged ion CCS and CCS distributions. a)
i) Schema for the trajectories of ions in each type of IM experiment. ii) Example ATDs required to determine CCS
distributions. For DTIMS data (RHS) the ATD corresponding to the lowest DV is marked by (*). iii) LHS: Drift times
from calibrant ions with previously measured PTCCS which bracket the mass of the ion of interest are corrected for
their charge, time spent outside the drift cell post IM and reduced mass, yielding a plot that converts experimental
corrected drift times (t'p) to CCS (Qc). From the plot of In(Qc) vs In(t'p), the exponential factor (X) and fit-determined
constant (A) can be obtained for conversion of ATDs into CCS distributions. RHS: The arrival time apex of ions
obtained from each DV are plotted against a reciprocal of the DVs (1/V), where the y-intercept of this plot yields the
ion ‘dead time’ (to), which is the time spent outside of the drift cell. Additionally, the slope of the plot represents the
ions mobility. iv) CCS axes are not the same across CCS distribution replicates, so interpolation of the data yields an

averaged CCS distribution wherein error bars (blue) represent the deviation between replicates.

3. Results and Discussion

3.1 Tuning ion transmission to preserve structure

Native IM-MS workflows are dependent upon the solvation of biomolecules within non-denaturing, MS compatible

solutions which adequately reflect the electrolytic milieu of the cell.>#44> Accordingly, aqueous ammonium acetate



adjusted to pH (~7) is the most commonly employed solution for native IM-MS experiments.?>#4> In order to sample
macromolecular structures which most closely resemble those found in physiological solutions, IM-MS
instrumentation has to be carefully tuned so as to reduce lab frame energies and in turn, ion internal energies (Eint)
which promote gas-phase restructuring.?® Perturbations in protein conformation, via ion heating, often have
minimal effects upon the observed CSD (Figure 2a insets);?® as a result, structural conclusions derived solely from

protein charge state signatures (i.e CSDs) observed via native MS should be addressed with caution.*4”

To ascertain the degree to which a set of instrument parameters promote ion activation, we use the observed ATD
of selected proteins as a measure of transmission ‘softness’, analogous to the use of fragments from thermometer
ions.2>#49 Given this approach, suitable ions are those with a well-documented “native” globular state and defined
unfolding pathway previously observed with IM-MS. Accordingly, we recommend the [Ubiquitin+6H]®* and

[Cytochrome c+7H]"* ions as suitable (Figure 2a).

Post ionisation, optimisation for ‘soft’ ion transmission is dependent upon: 1) the reduction of accelerating voltages
and 2) the modulation of gas pressures, both of which act in synergy to minimise the energy of ion-neutral collisions.
In the instance where desirable ‘soft’ tuning has been achieved, the ATD of the thermometer ion (cytochrome c in
this instance) should present with a comparatively narrow, Gaussian-like peak (indicative of a single conformational
population) observed at low arrival times (Figure 2a, Top). These observations would likely point to the retention of
a folded form of the protein which effectively is a dehydrated solution-phase structure; this hypothesis can be
confirmed via CCS determination.>® The associated mass spectrum (Figure 2a, Top, inset) presents with a dominant
7+ peak and a small amount of the 6+ ion. This mass spectrum is typical for cytochrome c sprayed from non-
denaturing solutions.5? Critical to our workflow is the observation that when certain ions undergo collisional heating,
they first anneal into highly collapsed structures prior to unfolding. These collapsed structures will present in much
the same manner as the native-like dehydrated ion, except with lower CCS values. Subsequently, in situations where
gas-phase annealing to collapsed structures is suspected, it is instructive to compare the associated CCS with those

found within the literature.>?

For many commercial mass spectrometers the default settings employ greater accelerating voltages in tandem with
gas pressures which permit increased gains in ion transmission (~5 fold) and detection efficiency. Often these gains
in signal intensity are concomitant with a reduction in salt adducts (observed via MS). Under default settings a
protein will undergo a degree of gas-phase restructuring, typically yielding more complicated ATDs (Figure 2a,
Middle). Interestingly, within the corresponding MS (Figure 2a, Middle, Inset), under such conditions we observe an
slight increase in the relative abundance of lower charge states (6 & 5+) when compared to the soft tune, perhaps
attributed to the loss of counterions. If accelerating potentials within the instrument are increased further still, then
the intermediary conformations largely re-organise to an extended gas-phase form which tends to have one
conformer.1%>3 This capability to manipulate the structure of a given ion in vacuo is exploited in activated ion
mobility (alM)/ collision induced unfolding (CIU) experiments, which describe the gas-phase restructuring of an ion,
often induced by high energy gas-ion collisions, monitored via IM-MS.*® alM/CIU has played a pivotal role in the
interrogation of protein unfolding mechanisms as well as the effect of ligand/co-factor binding upon protein

stability.26-°45>
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Figure 2. a) IM conformational landscapes of [cytochrome c +7H]’* obtained from the Synapt G2 (TWIMS) under
different tuning conditions. Top) 7+ ATD observed under ‘soft’ settings. Middle) 7+ ATD observed under ‘Default’
settings. Bottom) 7+ ATD observed under ‘Harsh’ settings. Insets) Mass spectra corresponding to each set of tuning
conditions. b) Schematic of the three IM-MS configurations employed within this study illustrating the differences in
the trapping regions prior to injection to the drift cells. Top) G2-TWIMS configuration - lons are gated from the trap
region (1) into the He cell (2) where they are ‘collisionally cooled’ prior to reaching the IM cell. Upon entering the IM
cell, ions are separated by propagating DC waves (blue line) which propel ions through the stacked ring ion guide
(SRIG) filled with an inert drift gas. lons then reach the transfer DC entrance (3) after which they enter the transfer
cell (4) prior to entering the ToF-MS for m/z quantitation. Middle) G2-DTIMS configuration - In this setup, the helium
cell entrance plate & TWIMS cell have been replaced by a linear drift cell.3” RF-confinement of the ion beam within
this configuration is established by a dual series of 330 pF capacitors. lons traverse a uniform DC voltage gradient
established via a network of resistors (‘R’ Boxes). Bottom) 6560 IMQToF — The trapping funnel (5) permits the
temporal release of ions into the drift cell where they drift under the influence of a shallow DC potential (without RF
confinement). After which the ion beam is axially refocused by the rear funnel (6) at the exit of the drift cell prior to

entering the post-IM optics.

To least perturb the ions structure, its kinetic energies must be kept at or near the minimum threshold required for
successful transmission. On the Synapt G2, parameters such as the trap cell gas flow, trap bias DC (which acts as an
injection voltage) and Trap CE, are critical determinants of transmission ‘softness’ (Figure 2b, Top & Middle). The
trap cell gas flow, when tuned with voltages within the trap cell, permits effective trapping of ions prior to gating
into the IM region. In addition, this gas collisionally focuses ions by dampening their axial and radial velocities, which
in turn increases overall ion transmission. That being said, if the trap cell flow is too high, then structural
perturbation can occur due to the increased ion-gas collision frequency. In the G2 TWIMS configuration, the addition
of a gas cell before the drift region (2) which acts to permit higher IM resolution, offers another parameter to alter,

that of the helium gas within it.3¢

Raising the trap bias DC increases the potential difference between the trap and IM region of the G2 instrument

which effectively imbues ions with greater kinetic energies as they enter the IM cell (Sl Figure S2 b). Raising the Trap




CE, as with alM experiments, acts in much the same way. Even for stable protein complexes, for example the
tetrameric alcohol dehydrogenase, large potential differences applied between the trap and IM regions result in
individual subunit unfolding (Figure 3a) prior to the ejection of highly charged monomers.>®>” When modulating the
trap bias DC it is crucial that a compromise between transmission ‘softness’ and signal intensity/MS resolution is
struck, as this parameter significantly effects MS resolution and ion transmission. Surprisingly for the Synapt G2
(DTIMS configuration), we also found the trap wave height (WH) has an observable impact upon the conformational
landscape sampled for monomeric protein ions. We believe this affect to be due to the increased kinetic energy
imparted upon ions within the trap when higher trap WHs are employed. Interestingly, we did not observe this
effect on the Synapt G2 (TWIMS configuration). In agreement with Williams et al.?°, we did not observe TWIMS wave
velocity or wave height to have any observable effect upon the conformational landscape sampled for any of the
ions analysed. Voltages at the beginning of the IM cell, namely the IMS entrance voltage and the He cell DC (Figure
3a), were also observed to have a ‘fine tuning’ effect on the observed ion ATD (for monomeric proteins), with the

latter only impacting the ATD when the G2 was configured for TWIMS.

In contrast to the aforementioned pre-IM DC voltages, variation of RF voltages within both instrument
configurations were not observed to have any significant effects upon ion ATDs, although they did have a notable
impact upon ion transmission.>® To offset reductions in ion transmission which occur under native IM-MS settings,
the IM bias DC, transfer CE and transfer wave velocity can be raised. Increasing the IM bias DC and/or the transfer
CE, raises the potential energy difference between the IM and transfer region and thus raises ion kinetic energies
post-IMS (S| Figure S2b). Optimisation of these three parameters permit favourable gains in ion transmission

concomitant with the dissociation of non-volatile salt adducts.

Tuning for ‘soft’ ion transmission on the Agilent 6560 IMQToF, like the Synapt G2, is largely dependent upon the
application of voltages within the trapping region (Figure 2b, Bottom). Most importantly the trap entrance grid delta,
which is the potential difference between the trap during filling (low) and during storage and release (high), had a
significant effect upon ion activation. This effect was most notable for small monomeric proteins such as cytochrome
c (Figure 3b) and was in corroboration with findings from Gabelica et al.3°. Unlike the Synapt G2, we observed tuning
of the RF voltages within the 6560 to have a noticeable effect upon ion activation (Figure 2b). The most significant of
these was the trapping funnel RF which acts to radially confine ions within the trapping funnel prior to gating into
the IM cell. In contrast to Gabelica et al.*° and Mclean et al.>!, we found that maintaining the trap DC voltages
employed across both N, and He drift gases (SI Table S7) did not yield any observable differences in protein
conformation (See Sl Figures S7-20, LHS column). Within the source region of the instrument we observed minor
effects on the conformation of monomeric proteins when the fragmentor voltage, was altered within the 300-400 V
range. Lower fragmentor voltages led to losses in signal transmission without gains in transmission ‘softness’, whilst

higher fragmentor voltages did not permit gains in signal intensity yet began to promote ion activation.3°
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Figure 3. The use of alcohol dehydrogenase and cytochrome ¢ (200 mM and 50 mM AmAc solutions respectively) to
illustrate the effect of altering instrument parameters a) [Alcohol dehydrogenase + 24H]?**, Synapt G2, Top) soft
tuning, whereby no trap collision energy is applied. Bottom) activating tuning: trap collision energy has been raised
to 80 V. b) [Cytochrome ¢ + 7H]”* 6560 IM-QToF, Top) soft tuning parameters: gating height of the trap entrance is
+1V. Bottom) using activating tuning parameters: whereby the gating height of the trap entrance is +3.6V. The table
describes the parameters which we have found to have substantial (grey & bold) and lesser (just grey) affects upon
ion activation on the Synapt G2 (LHS) and 6560 IMQToF (RHS). (*) G2-TWIMS configuration only. SC = source cone

potential for the G2.

3.2 Assessing inter-instrument variation in the CCS distributions for proteins and protein complexes

After ‘soft’ and comparable ion transmission parameters were defined across the three instrumental platforms, we
focused upon the IM-MS analysis of a range of protein analytes that are readily available and have been much
studied before (Table S1). We sought to compare analyte gas-phase CCS distributions with both He and N, as drift
gases (Sl Figure S7-20). In Figure 4 we compare the data obtained for tetrameric concanavalin a with cytochrome c.
Concanavalin a presents with a CSD centring on the 20+ species and a Az of 5 (although the charge states at either
end of the CSD are often barely visible). Across all three instruments, the CCS distributions for the tetrameric species
of concanavalin a largely present as unimodal Gaussian-like peaks which yield CCSye values (replicable to within
~0.5%) that differ by ~0.1-0.9% across charge states and <2% across instruments (when comparing like charge

states).

10



a) Concanavalin a b) Cytochromec
i) 6560 -2 i} 6560 8+
2 .7+
6+
[ 20+
I 19+
4000 5000 6000 7000 750 1250 1750 2250
PTCCSye (AZ) oTcCsy. (A2)
i) G2-DTIMS 22+ ii) G2-DTIMS 8+
21 . 7+
b+
[ 20+
I 19+
4000 5000 6000 7000 750 1250 1750 2250
PTeCsy, (A2) PTeCsy, (A7)
ili) G2-TWIMS B 21+ iii) G2-TWIMS 8+
[ 20+ .7+
6+
I 19+
18+
4000 5000 6000 7000 750 1250 1750 2250
TWCCSMI—)HE (A% TWCCSMI—)HE (A%

Helium €C5 values (A2) across all platforms

Concanavalin a Cytochromec
Z¥) 6560 G2-DTIMS G2-TWIMS Z(# 6560 G2-DTIMS G2-TWIMS
18 - - 541216 6 118214 123415 123816
19 5340%15 5399+2 5409+8 7 1196%1 1286 +12 1304+6
20 5384+20 5397+1 5412*14 1258+19 1373+34 1399+6
8 129712 1540+17 1625+11
21 5345129 54011 5434118 176816
1918%12
533523 54051
22 6285124

Figure 4. Total CCS distribution for a flexible protein and rigid protein complex obtained across all instrumental
platforms utilised within this study with helium as the drift gas. a) Total CCS distributions obtained when analysing
monomeric cytochrome c using parameters tuned for native IM-MS on the i) Agilent 6560 IMQTOoF, ii) Synapt G2
(TWIMS) and iii) Synapt G2 (DTIMS). b) Total CCS distributions obtained when analysing tetrameric concanavalin a
using parameters tuned for native IM-MS on the i) Agilent 6560 IMQToF, ii) Synapt G2 (TWIMS) and iii) Synapt G2
(DTIMS). The total CCS distribution trace encompassing the averaged CCS distributions for each analyte charge state
are represented by the thick black lines. The colours of the CCS distributions for each charge state observed
correspond to the key at the RHS of each total CCS distribution. The table underneath the total CCS distributions
describes the average CCSue values obtained for the observed conformations of concanavalin a (LHS) and
cytochrome c (RHS) across the three instrumental configurations employed. The () values represent the standard
deviations across replicates. For all of these experiments concanavalin a and cytochrome ¢ were sprayed from 200

mM and 50 mM AmAc solution (pH 7.4) respectively.

Our findings suggest that we are probably sampling a single conformational population which is retained across the

charge states analysed, as might be expected for a well-structured protein complex. The only exception to this is the
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[M+22H]%* species which presents as a bimodal CCS distribution with a larger conformer observed at ~6300 A2 (Sl
Figure S17). Previous alM experiments on concanavalin a, showed a larger species with a drift time which was ~25%
higher than the structure sampled prior to activation.*>*® Regarding the CCS distribution for concanavalin a analysed
in He, the charge states sampled on a given instrument possess almost identical widths (with the exception of the
19+ species sampled on the 6560 which is notably narrower) (SI Figure S17). However, across instruments there are
observable differences in CCS distribution width. Most notably the CCS distributions obtained from the G2 (TWIMS),
both for N;>He (SI Figure S17) and N, (SI Figure S18) are ~50% narrower than the corresponding CCS distributions
obtained from the 6560 and G2 (DTIMS) respectively, which themselves are very similar to one another (Figure 4a).
With nitrogen as the drift gas, we observe predominantly unimodal Gaussian-like CCS distributions (as in He) but
with CCS (replicable to within ~0.5%) that differ more significantly across charge states (~0.9-4.3%) but not
instruments (<2%) (Sl Figure S18). For clarity we have provided representative raw ATDs to show the unprocessed
gas-phase conformational landscapes we observe by IM in both He (Sl Figure $21) and N (S| Figure S22), within this

study. The most notable variation across CCSh, values is observed on the G2-TWIMS, where the highest charge state

(21+4) is ~4.3% bigger than the lowest charge state (18+). This difference is most likely due to the Qi values

employed for the T""CCSN2 calibration procedure. In accordance with this hypothesis, a significantly smaller CCS
variation across charge states is observed (~0.5%) for the same raw data set calibrated to yield TWCCSNZ_)He values. In
contrast, the range of CCS, values obtained for concanavalin a on the G2 (DTIMS) and 6560 do not vary to the same

degree, at ~1.7 and 0.9% respectively.

Cytochrome c also presents as a narrow CSD, with a Az = 2-3, centring on the [M+7H]’* species (Figure 2 and SI
Figure S9). Across all three instruments, the ATDs for the [M+6H]¢* are bimodal, but here the earlier arriving species
corresponds to a concentration specific coincident dimer whilst the [M+7H]”* ATD is unimodal. Slight tailing toward
higher CCS is observed for the [M+6H]® on the G2 (TWIMS) and the 7+ ion analysed on the 6560 and G2. The CCS
distribution of the 7+ ion, analysed on the G2 is comparatively broad (Figure 4 & SI Figure S9). This tailing and
broader CCS distribution (7+, G2) may be indicative of a lowly populated, partially unfolded conformer which we
were unable to resolve. In contrast to the highest charge states of concanavalin a, the 8+ species of cytochrome ¢
when sampled on the G2 presents as a broad unresolved peak with one dominant, partially resolved apex with a
notable tail. This tail likely constitutes numerous unresolved, closely related intermediate conformations resulting
from differing degrees of structural activation. On the other hand, the 8+ ion sampled on the 6560 presents as a far
narrower, albeit partially resolved peak with minimal tailing. Across the three instruments, the CCSy. values for the
most compact ion conformations observed vary by ~0.3-9%, with the variation increasing with increasing charge
(Figure 4 & Figure 5). However, most of this variation is due to the CCSy. values obtained on the 6560 which are ~4-
9% smaller than those obtained on the G2 platform. When comparing CCSy. values obtained on the 6560 and G2 we
observe the same trend (to differing degrees) for all analytes within this study, except for concanavalin a (Figure 5).
Interestingly, the systematic reduction in measured CCS on the 6560 relative to the G2 is not observed with nitrogen
as the drift gas (SI Figures S7-S20 & S23). Comparing the total CCS distribution plots for cytochrome c across the
three instruments employed, we see that the CCS distribution widths, particularly for the 7+ and 8+ ion, are
considerably wider on the G2 platform (~50%) than on the 6560. This finding is inconsistent with the total CCS

distributions of concanavalin a, where the opposite is observed.
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Figure 5. Scatter plots showing the range of CCSy. values obtained for the protein/protein complexes analysed
within this study across the instrumental platforms utilised. In all cases the CCS for the single most abundant
conformation for each charge state was compared across the three instruments. The black, red, blue and green
squares represent the average CCSy. values obtained for single conformations as an average across all the
instruments, on the 6560, the G2 (DTIMS) and the G2 (TWIMS) respectively. The associated coloured bars show the

standard deviation across the experimental replicates.
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3.4 Comparisons with literature

In order to visualise the general spread of conformations for proteins/protein complexes across the literature, as
well as this study (as discussed above), we have plotted all of the CCS values we could find, for all the analytes and
their charge states observed in this study, as global CCS frequency histogram plots (see Figure 6 for cytochrome ¢
[He & N,] and SI Figures S24-5S35 and Tables S9 & S10 for all of the analytes). These plots, along with their associated
tabulated CCS should act as a rough guide for future native IM-MS analyses of the analytes discussed within this

study.

The CCSke values obtained for the 6+ and 7+ ions of cytochrome ¢ within our study are ~6% smaller to 5% larger than
the most compact conformations sampled by Clemmer and co-workers on their 50.6 cm and 7.6 cm long drift tube
instruments (Figure 6a & Table 59).106061 Additionally, our CCSke values are ~ 8 % smaller to 2 % larger than those
measured by Bush et al. on a modified Synapt G2 with an RF confining linear cell (Figure 6a & Table $9).374
Regarding the most compact conformations of the 8+ ion sampled on the G2 our CCSy. values are ~9-12% larger
than those reported by Clemmer, whilst the values obtained from the 6560 are <1% larger than the most compact
conformation sampled by Clemmer (Figure 6a & Table $9).10696 Furthermore, our measurements for the most
compact conformations of the 6+, 7+ and 8+ ions range from 5-21% smaller than the most compact conformations
sampled by Mclean et al. on a 6560 IMQToF (Figure 6a & Table $9).>! Importantly, our measurements on the 6560 in
He, are seen to provide the largest source of variation when comparing our CCSy. values with those found in the

literature.

The CCSye values measured for concanavalin a within this study are in good agreement (~0.5-3% smaller) with those
obtained on a modified Synapt G2 (RF confining linear cell) by Bush et al.3’*!, and those measured on a home built
VT-IM-MS instrument by Barran et al. (S Figure 32 & Table S9).62 That being said, Barran et al. also recorded CCS, on
a home-built IMQToF, which were ~8-18% smaller than those observed in our study (SI Figure S32 & Table $9).5%63

Regarding the small body of published CCSn, measurements, the values we have obtained within this study are

systematically smaller (~0.5-4%) than those measured by Bush and coworkers on a 15t and 2" gen RF confining drift

cell and on a SLIM system (S| Figure S33 & Table $10).4%64

When comparing our CCSh, values with those obtained in the literature, our values for the 6+ and 7+ ions of

cytochrome c are systematically smaller than the most compact conformers obtained in a series of studies by Bush
et al. by anywhere from ~1 up to 25% (Figure 6b & Table $10).4+%* In comparison to measurements by Mclean et al.
on a 6560 IMQToF, our measurements range from 5-13% smaller for the 8+, 4 % smaller to 2% larger for the 7+ and
7-8% larger for the 6+ ion (Figure 6b & Table S10).°! We reason that the most compact conformation measured for
the 6+ ion by Mclean et al. corresponds to a trace amount of coincident dimer, which, if we were to measure as a

compact conformer of the 6+ ion (as an average across the three instruments utilised), does yield a CCSw, of 1326
48 A? which is in close agreement with their published CCSy, value of 1360 + 13 A2.51 Accordingly, our measurements

for the 6+ ion are <1-2% smaller than the measurement given for the most abundant conformer they observe,
making it more likely that this species is indeed the most compact conformation of the 6+ ion which they sampled.
The above information, together with prior EHSS and PSA models (in He) for the native fold of cytochrome c, suggest

that for the 6+, 7+ (on all instruments) and 8+ ion (measured on the 6560), we are sampling dehydrated, partially
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collapsed, native-like structures of cytochrome c.1%°1%> Regarding the 8+ ion, the conformations sampled on the G2
likely represent different intermediates along the gas-phase unfolding pathway toward more extended structures, as
seen previously.1%% In contrast, concanavalin a does not show the same degree of charge/instrument dependent

CCS distribution variation and CCS increase, likely due to its more rigid structure.
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Figure 6. Global histogram plots of cytochrome c. a) Global CCSye histogram plots, b) Global CCS, histogram plots,

for all the experimentally observed charge states of cytochrome c. Literature as well as our own experimentally
obtained CCS values were grouped into 20 A? bins, whereby the frequency of CCS values to the nearest 20 A?
increment were summed and represented as solid bars within the histogram plots. Within these stacked histogram
plots, blue, yellow and red bars represent the frequency and size of CCS values for the 6+, 7+ and 8+ ions of
cytochrome c respectively. Grey, orange, green and purple arrows represent the smallest CCS values measured from

this study, and the literature values of Clemmer et al., Bush et al. and McLean et al. respectively.1041,51,60,6164

Across all of the protein/protein complexes analysed, we present CCSn, values which are reproducible to within <3 %

across the 6560 and G2 (TWIMS and DTIMS) configurations. Similarly, this degree of variation was observed when
comparing CCSy. values obtained across both configurations of the G2. However, CCSy. values derived from the
Agilent 6560 proved significantly different to those obtained on the Synapt G2 platform, with the (notable)
exception of concanavalin a. If this difference in CCS was a result of applying an incorrect IM-Trap pressure A, then
we would expect 1) The CCSy. values obtained for the monomorphic test systems utilised to be significantly different
from their published values and 2) all of the CCSy. values to be systematically larger on the 6560 relative to the G2,
as the drift cell would be contaminated with nitrogen gas (if the IM-Trap pressure A was too low), which would

retard ion motion more than helium, leading to comparatively longer drift times and thus larger CCS.>! Instead, at a
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A of ~0.13 Torr, we observe the CCSy. values for the monomorphic systems to be in close agreement with the
average helium CCS derived from previously published data (<0.5%).27:37:5367-70 |n addition, the CCSye values for the
analytes under test were systematically smaller than those observed on the G2, by an average of 4.3% and a
maximum of ~ 10 %. As we employed the same trapping DC voltages across both N, and He gas experiments we
thought it possible that analyte ions injected into the IM cell filled with helium might be introduced with such force
(due to the relative differences in mass between He and N,) that they do not immediately begin to ‘drift’ within the
IM cell, thus shortening their effective drift length, which would lead to a systematic reduction in CCSy. values.
However, this effect was not observed for the monomorphic test systems and concanavalin a, which were analysed

using identical pre-IM DC voltages to those employed for the other analytes studied.

4. Conclusion and Outlook

Native IM-MS is used to measure a host of protein/protein complexes across many instrumental platforms. Within
this study we have shown that, when parameters are tuned to minimise gas-phase activation via the employment of
suitable thermometer ions, compact conformations and highly similar structural landscapes can be sampled across
three common platforms. These findings in tandem with the body of literature for CCSye values suggests things: 1)
that the instrument parameters employed on the 6560 (when operating in He) permit access to native-like
dehydrated solution-phase like structures that are notably smaller than those obtained on the G2, or 2) that the
instrument parameters employed on the 6560 (when operating in He) promote gas-phase annealing of all but the
most rigid structural conformations. When comparing our 6560 CCSy. values with the smallest values from the
literature (SI Table S9), we observe that our measurements are not systematically smaller, and actually range from
~16% larger to 11% smaller than the smallest P"CCSy. values published. As such, we conclude that the smallest CCSye
values we observe on the 6560 are most probably dehydrated, native-like solution-phase structures sampled in
vacuo. Our findings in combination with the broad range of accessed CCS observed within our global CCS frequency
histogram plots (and their associated tables) show that proteins/protein complexes are often conformationally
flexible, dynamic structures which can easily undergo unintentional gas-phase restructuring to yield non-native
conformations. As such, regarding the future of CCS calibration procedures (as utilised to obtain "WCCS) we propose
that the ideal set of calibrants would be monomorphic (and therefore impervious to gas-phase ion activation), unlike
proteins. But similar to the array of protein ‘standards’, these calibrants would span a wide range of masses,
mobilities, Az’s and effective densities (thus mimicking the breadth of potential protein samples) whilst being readily

available, highly stable and easily sprayed. This version of a calibration approach will be the focus of future studies.
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