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Abstract

The measurement of collision cross sections (CCS, o) offers supplemental information about sizes and
conformations of ions beyond mass analysis alone. We have previously shown that CCSs can be
determined directly from the time-domain transient decay of ions in an Orbitrap mass analyzer as ions
oscillate around the central electrode and collide with neutral gas, thus removing them from the ion
packet. Herein, we develop the modified hard collision model, thus deviating from prior FT-MS hard
sphere model, to determine CCSs as a function of center-of-mass collision energy in the Orbitrap analyzer.
With this model, we aim to increase the upper mass limit of CCS measurement for native-like proteins,
characterized by low charge states and presumed to be in more compact conformations. We also combine
CCS measurements with collision induced unfolding and MS/MS experiments to monitor protein unfolding

and disassembly of protein complexes and measure CCSs of ejected monomers from protein complexes.



Introduction

Protein function is directly modulated by its structure, as defined by an array of secondary
structural motifs, such as alpha helices and beta sheets, that organize into dynamic three-dimensional
structures mediated by networks of intramolecular interactions. As such, understanding how variations
in the conformations of proteins influence their functions depends critically on the ability to determine
their shapes and sizes. Auxiliary to the important correlation between structure and function is the
interesting dichotomy between the tertiary structures of proteins in solution versus the gas phase. In the
gas phase, sizes of proteins are inferred by their collision cross sections (CCS). Measurement of CCSs of
gas-phase protein ions has become a valuable and increasingly routine aspect of a wide variety of
bioanalytical workflows.'™ Traditionally these measurements may be directly made using drift tube ion

mobility (IM)® analyzers, typically coupled to a mass spectrometer.”® More recently, protocols have been
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developed to perform CCS measurements using traveling wave and trapped ion mobility
instruments through calibration with ions of known CCS. On commercial platforms, these IM set-ups are
typically paired with time-of-flight (TOF) mass spectrometers, but the need for higher mass resolving
power and access to advanced tandem mass spectrometry (MS/MS) methods has led to the development
of gating and multiplexing techniques that enable fast IM separations to be compatible with the scan
times of slower mass analyzers such as ion trap and Fourier transform (FT)-based mass analyzers.>¢1°
These techniques have expanded the capabilities of IM-MS for the analysis of larger and more complex
biomolecules.? While some commercial IM systems, such as trapped ion mobility spectrometry, have CCS
limits of approximately 4,000 A2 corresponding to protein mass of around 25-60 kDa depending on the
charge state and whether the protein is native-like or denatured, many other home-built and commercial
systems, such as drift tube and traveling wave ion mobility spectrometers, have approached the upper
mass limit of the ionization sources used and the mass spectrometer itself.?! For example, protein
complexes up to 4 MDa and 800 kDa have been analyzed on drift tube?? and traveling wave IM
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instruments,” respectively. More recently a home-built trapped ion mobility spectrometer has also

approached an 800 kDa mass limit.2* The CCSs determined for these MDa complexes have ranged up to
914,000 A2 on drift tube systems.?
Using a distinctly different approach, CCS measurements have also been realized through analysis

of the decay rate of the time domain signal from FT mass analyzers.?>?® Using either the width of frequency
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domain peaks or direct analysis of the time domain transient signal,®* the CCS of small molecules,
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peptides, and intact proteins33? have been measured on Fourier transform ion cyclotron resonance

(FT-ICR) mass spectrometers. CCS measurements of small molecules and peptides have also been



performed in charge detection mass spectrometers® and electrostatic linear ion traps.3® Moreover,
building on previous work,*” our group demonstrated that direct measurement of the time domain signal
produced by an Orbitrap™ mass analyzer could be used to estimate CCSs of intact proteins up to the mass
of holo myoglobin (17.5 kDa).3® While these methods do not provide physical separation of isobaric or
isomeric species, they offer compelling alternative routes for determining sizes of increasingly large
proteins with little or no instrument modifications, expanding the accessibility and workflows of CCS
determinations. It should also be noted that for the methods used to estimate CCS on FT-MS platforms
(inclusive of both FT-ICR and Orbitrap analyzers), the ion kinetic energies are much higher (> 1 keV per
charge) compared to the collisions in conventional IM methods (typically less than 1 eV3°%), Owing to
these high kinetic energies, the long range interactions characteristic of the Langevin model, a model
relevant for many ion mobility methods in which ions experience multiple collisions and polarizability of
the gas may cause structural changes that influence CCS, are insignificant.**™* Instead, the hard sphere
collision cross-section model is more appropriate for Orbitrap CCS experiments. In the hard sphere
collision model, the cross-section is described by the effective radius of an ion and which may be averaged
over all possible orientations. Thus, CCS values measured in the keV range are not expected to duplicate
those in the eV range. While the hard sphere collision model in theory should yield lower CCS values than
the Langevin model,? in practice we have found that Orbitrap CCSs are generally within 10% of ion
mobility CCSs, likely owing to the need to calibrate the pressure of the Orbitrap chamber with a protein
ion of a single known conformer by ion mobility in order to obtain CCS.344

Regardless of whether the ion signal decay rate is measured in the frequency or time domain, the
theory underlying CCS measurements in FT mass analyzers is predicated on the assumption that a single
ion-neutral gas collision occurring inside the analyzer will always remove the ion from the orbiting ion
packet (either via ion fragmentation or scattering).?>*’ As each ion is no longer detected after such a
collision, secondary and tertiary structural changes caused by the collision will not be reflected in the CCS
measurement. This method contrasts with conventional ion mobility experiments in which ions are
detected after multiple collisions and therefore the resulting CCSs may reflect multiple structural changes.
As smaller sized protein ions are unable to survive collisions at such energies, the rate of collisions is
reflected adequately in the decay rate of the induced current signal. The number of survived ions of a
particular sort drops exponentially with time as

N(t) = Noe™** (1)



where N, is the number of injected ions, and t is the time in seconds. The coefficient ¢ may be determined

from the experimental data by fitting an exponential function to the transients. On the other hand, this

coefficient represents the reciprocal mean lifetime of an ion, and the CCS may be calculated as 373

c

CCS = ing
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Here, f; is the oscillation frequency of an ion in the Z (axial) dimension, L is the path length of a single
oscillation, and n is the number density of the neutral gas related to the pressure (p) and temperature
(T) along with the Boltzman constant (k») as ng = p/k,T. As previously discussed, the neutral gas density
must be calculated using the decay rate and ion mobility CCS of an ion with a single known conformer by
ion mobility. Since the pathlength of an ion is dependent only on the instrument, the calibrated collision

cross section can be calculated using equation 3 below.
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While this method afforded CCS values that agreed within 7% of CCS values from IM measurements

for proteins of small (8.5 kDa) to moderate (17.5 kDa) size in our previous study,® there are several factors
that shed doubt on the feasibility of the method and its underlying assumptions for even larger proteins,
particularly ones in low charge states with higher m/z. First, proteins containing a larger number of
residues have more degrees of freedom over which the internal energy transferred during a collision can
be distributed. If this energy is effectively distributed across many vibrational modes, there may be
insufficient energy to cause dissociation and the ion will survive the collision. Second, an ion’s kinetic
energy has been shown to affect CCS measurements in FT-ICR instruments,* an outcome reflecting that
an ion has a greater chance of surviving a collision (i.e., not dissociating) when the ion has lower kinetic
energy. In Orbitraps, single ion studies have shown that large complexes with molecular masses of
hundreds of kDa or even MDa can continue to be detected even after a large number of collisions in the
Orbitrap analyzer.? In light of these factors, the effect of ion kinetic energy should also be considered in
Orbitrap CCS measurements. In an Orbitrap analyzer, the kinetic energy that is imparted to an ion during
injection from the C-trap to the Orbitrap analyzer is equal to the acceleration voltage times the charge
state. Proteins in low charge states, such as ones sprayed from solutions of high ionic strength to retain
native-like conformations, may have a substantially smaller numbers of charges (e.g., less than half) and
therefore smaller kinetic energies compared to denatured proteins in high charge states. If one or both
factors (degrees of freedom and kinetic energy) cause a significant number of ions to survive collisions in
the trap, the model of the hard sphere cross-section will no longer apply as not every collision within the

geometrical size of an ion results in the ion’s removal from the bunch. Therefore, the decay rate of the



time domain signal will not accurately reflect the collision rate and therefore cannot be used to measure
ion CCS. Here, we developed an alternative model (termed the “modified hard sphere collision model”)
to describe these lower kinetic energy collisions through a systematic evaluation of ion dynamics related
to mass and kinetic energy in an Orbitrap mass spectrometer with the goal of extending the application

of CCS measurements to larger proteins and protein complexes.

Methods

Equine heart myoglobin, carbonic anhydrase (bovine), and B-lactoglobulin A (bovine) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Streptavidin (Streptomyces avidinii) was purchased from
ProteoChem (Hurricane, UT, USA), and superoxide dismutase (Bovine) was purchased from MP
Biomedical (Irvine, CA, USA). Membrane scaffold proteins (AH5 and D1T0) were provided by the Marty
lab%, and LC-MS grade water and methanol was purchased from Merck Millipore (Billerica, MA, USA). For
experiments involving native-like charge states, proteins were diluted in a 100 mM ammonium acetate
buffer to a final concentration of 5 UM and desalted with Micro Bio-Spin™ P-6 Gel Columns (Bio-Rad
Laboratories Inc., Hercules, CA). For experiments with denaturing conditions, proteins were diluted in a
denaturing 1:1 water—methanol solution containing 0.1% formic acid to a final concentration of 5 uM
without further purification. For experiments requiring supercharging or charge reducing to generate a
broader range of charge states, 10-40 mM of m-nitrobenzyl alcohol or triethyl ammonium acetate,

respectively, were used.

Instrumentation

All experiments were performed on a Thermo Scientific™ Q Exactive™ HF-X quadrupole-Orbitrap mass
spectrometer (Bremen, Germany) with Biopharma option, which was modified to collect two-second-long
transients, corresponding to a resolution of 960,000 at m/z 200. This mass spectrometer was also
modified to perform ultraviolet photodissociation (UVPD) with a 500 Hz, 193 nm Coherent® ExciStar
excimer laser (Santa Cruz, CA) in the HCD cell as previously described.*** lons were generated by nano
electrospray ionization using Au/Pt-coated borosilicate emitters fabricated in-house and using a spray
voltage of 0.8-1.2 kV. During collision induced unfolding (CIU) experiments, ions were subjected to
increasing amounts of in-source dissociation. Multimeric proteins were subjected to HCD or UVPD in the
HCD cell in order to generate monomers for some of the experiments, as described later. For most
measurements of Orbitrap CCSs, selected charge states of each protein were isolated in the quadrupole

with an isolation width of 3-5 m/z, including the CIU experiments in which the precursor was isolated after



activation. In some cases, monomers were not isolated after disassembly of multimer proteins by HCD or
UVPD. For those experiments, a wide range selected ion monitoring (SIM) method was employed for
measurement of Orbitrap CCS.* The wide-SIM method involves Orbitrap CCS measurements of 2-4
abundant charge states at the same time. This method allows simultaneous analysis of multiple different
ions or charge states but may result in modest overestimation of CCS owing to space charge effects
between charge states, as previously described.* lon injection time was optimized for each charge state
by varying the ion injection time and finding the ion injection time that gave the lowest decay rate. As
previously described, having too few or too many ions injected at once may cause artificially inflated decay
rates which yield over-estimated CCS values.3®** The C-trap gas pressure was set low (0.1 to 1.0 values,
corresponding to 8E-11 to 1E-10 mBar measuring using the UHV gauge), which was optimized to provide
measurable signal decay for each peak. lon mobility CCSs were collected using a home-built atmospheric
pressure drift tube as previously described.**>152 This drift tube consists of a 10 cm drift region and 10 cm
desolvation region, the latter of which causes lower charge states than those produced by direct
electrospray ionization, thus requiring the need for supercharging (IM experiments) and charge reducing
(Orbitrap CCS experiments) additives to obtain comparable charge states. Specific charge states were not

isolated for the IM experiments.

Data Acquisition and Processing

A custom license provided by Thermo Fisher Scientific allowed the collection of transient data.
Transient data was processed as previously described for Orbitrap CCS measurements using the direct
decay profile fitting method.®®** Briefly, the time-domain transient was recorded, then Fourier
transformed to generate a frequency spectrum. The complex frequency domain data corresponding to
peaks of a single charge state in the resulting frequency spectrum were shifted to zero frequency, and
subjected to inverse Fourier transform to yield a filtered time domain transient signal which was fit to an
exponential decay function (Figure S1). All CCS data were calibrated to ubiquitin (9+ charge state)
collected using denaturing solution conditions or myoglobin (8+ charge state) acquired using native-like
solution conditions. All data were calibrated to data collected at the same pressure and on the same day,
and the CCS values of the calibrant proteins are given in Table S1. Orbitrap CCSs for ions above m/z 2,200
were corrected using the correction factor described in the supporting information.

Drift tube ion mobility data was processed as previously reported.* Extracted ion chromatograms
from the sweeps were produced for each charge state and imported in a custom Matlab script for Fourier

transformation. The complex FT data was processed in magnitude mode to generate arrival time



distributions. From the arrival time, pressure, and temperature of the drift tube, the IM CCS was directly

determined.>?

Results and Discussion

Inherent mass and size limitations of Orbitrap CCS measurements

When examining the upper mass limit of ions for which CCS values can be determined in an
Orbitrap analyzer, fundamental limitations in signal measurements must be considered. Even in low
charge states, proteins in the mass range examined here have elaborate isotope profiles. As these isotopic
ions are too close in m/z space to be isolated separately, the transient signal will have regions of
constructive and destructive interference. The higher intensity, constructive interference regions are
known as beats,?” and it is the maxima of each beat that is measured for signal decay. The time between

the subsequent beats (Tyeqts) is equal to the inverse frequency difference of two isotopic states:

Teats = {f () - £ (Z2)}

where f (?) = i is the oscillation frequency of an ion with a given m/z ratio and C is a constant
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defined by the electric field strength in the analyzer.3” As signal decay is fit to an exponential function to
determine the decay rate, the raw transient must have at least three full beats because the first beat of
the transient is distorted at the very beginning of the acquisition by saturation of the preamplifier
following the high-voltage pulse on the central electrode. Therefore, the acquisition time T must be longer
than 2 X Ty.qts- Larger and less charged proteins require longer times of acquisition (Scheme 1). The
maximum amount of time that transients can be acquired is limited by hardware and varies from one to
four seconds on modified Orbitrap platforms.

Another consideration when acquiring transients of larger proteins is that their decay rates will
be greater than decay rates of smaller ions at the same pressure due to the larger CCS when assuming
that the hard sphere model is valid. If at least three beats are not observed in the transient (Figure S2),
then a decay constant cannot be determined. Thus, the pressure must be modulated so that it is low
enough to allow detection of at least three beats but sufficiently high so that decay in beat signal is
confidently observed over the time of the transient. In essence, this means that the resolution must be at
least twice better than the minimum required to resolve the isotopic structure, whether the resolution is
limited by the acquisition time, ion mass, or the pressure (collisional decay). This relationship between

pressure and ability to measure a decay constant is further complicated by differences in beat period, i.e.,



an ion with a short beat period and large CCS may be measurable while an ion with a long beat period and

the same CCS is not measurable.
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Scheme 1. Impact of pressure in an Orbitrap analyzer on transient decay and beat pattern as a function
of protein mass and charge. (a, b) Small proteins have a high number of closely spaced beats in a given
time period as well as a slower decay rate so more than three beats may be obtained even at high
pressure. (c, d) Generally, large proteins will have fewer and less frequent beats as compared to smaller
proteins. Moreover, when analyzing higher-charge states of a large protein (c), these highly charged ions
will decay at a greater rate compared to lower-charged ions of the same molecular weight (d).
Collectively, these characteristics make the need for low pressure in the UHV critical to obtaining three
beats for such large molecular weight species.
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Extending the mass range of Orbitrap CCS measurements

To extend Orbitrap CCS measurements to larger proteins, first we examined three proteins from
19 kDa to 29 kDa under denaturing conditions, resulting in highly charged monomeric ions of low m/z.
These ions fall in the same m/z region as our prior study® that explored proteins ranging from 7 to 17 kDa
in charge states from 5+ to 22+ and which exhibited CCS values from 1,271 to 4,920 A?. The CCS values
for the three new proteins in a large variety of charge states are shown in Figure S3a-c. Some of the
proteins in the present study, namely D1T10 (10+ to 21+) and carbonic anhydrase (15+ to 33+), displayed
significantly larger CCSs (5,432 to 8,142 A?) than those measured in our previous studies.3844

The differences in CCS values measured by ion mobility and Orbitrap transient decay are plotted
as percent differences (ACCS%) in Figure 1. As seen by the trends in Figure $S3a-c and Figure 1, the CCSs
of the denatured proteins (high charge states, m/z values below 2,200) generally show good agreement

with ion mobility CCSs (ACCS% values ranging from 15-1%, Tables S2-S8, and averaging 5% + 3%). The



CCS values of these protein ions span a large range, 3,500 to 8,000 A? These ions exhibited at least three
beats distinguishable from the baseline despite their fast signal decay rates, even at low trapping gas
pressure. When we attempted to extend the mass range up to 66 kDa (BSA, bovine serum albumin), we
found that while these ions had similar m/z values to those just described (m/z 2,000 to 3,000 for charge
states 23+ to 33+), the more massive and highly charged BSA ions had a much longer beat period. This
meant that the signal decayed to the baseline prior to observation of three beats (Figure S2), preventing
the determination of CCS values. Given these results, we estimate the Orbitrap CCS limit for denatured
protein ions to be about 40 kDa. However, this limit could change for different Orbitrap systems based on

the lower pressure limit and collision gas used.
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Figure 1. Difference in CCS values (ACCS%) obtained by Orbitrap and ion mobility measurements for seven
proteins: AH5 (19 kDa monomer), D1TO (22 kDa monomer), carbonic anhydrase (CA, 29 kDa monomer),
superoxide dismutase (SOD, 32 kDa dimer), insulin (Ins, 34 kDa hexamer), beta lactoglobulin (B-LG, 36 kDa
dimer), and streptavidin (SA, 52 kDa tetramer).

After successful measurements of CCS values for the larger denatured proteins in high charge
states (m/z < 2,200), we focused on extending the method to lower charge states of the same proteins
sprayed from aqueous solutions of high ionic strength to preserve native-like structures (i.e., compact,
folded, m/z > 2,200). In addition, several multimeric protein complexes were added to the data set. Upon
examining these proteins in lower charge states, the CCS values measured by the Orbitrap method
diverged notably form ones determined by IM (Figure S3, Tables S2-S8). The Orbitrap CCSs were routinely
lower than the IM CCS values, and the discrepancy increased as the charge state decreased. The trend
between the difference in CCS values measured by the two methods (i.e., ACCS%) and charge states is

notably apparent in Figure 1, particularly evident as the m/z value exceeds 2,200. A second trend emerges



when evaluating the divergence in CCS values as a function of protein mass; the disparity is greater for
more massive proteins at higher m/z values as more massive proteins have higher ACCS% values than less
massive proteins in the same charge state. To probe the factors that contribute to these trends, we

launched an investigation into the ion dynamics of the Orbitrap as detailed below.

Kinetic Energy and Center-of-Mass Collision Energy

As noted in the introduction, CCS values measured at high kinetic energy in an Orbitrap mass
analyzer are not expected to exactly match the CCS values determined by ion mobility owing to the
different collision regime models. However, what is particularly interesting is the increasing divergence in
the correlation as the m/z increases. The increasing divergence may be related to the core assumption of
the Orbitrap CCS method. The primary assumption is that a single collision between an ion and a neutral
gas molecule (i.e., N2) in the Orbitrap analyzer results in the removal of the ion from the ion packet owing
to either scattering or fragmentation. Because the difference in CCS between IM and Orbitrap methods
increases with protein mass and decreases with charge state, it suggests that some of the larger proteins
are surviving some collisions, thus impeding their removal from the ion packet and yielding CCS values
lower than expected. Based on the results shown in Figure 1 and Tables $2-8, ion charge influences the
CCS measurements too. The kinetic energy imparted to an ion before injection to the Orbitrap analyzer
from the C-trap is the product of the potential difference (U,) between the C-trap and the Orbitrap outer
electrode and the ion’s charge (z).3” When an ion is oscillating inside the analyzer, the ion’s kinetic energy
changes with time depending on the oscillation phase. It reaches the maximum when an ion approaches
the central electrode and the minimum in the vicinity of the outer electrode as illustrated in Figure S4.
The kinetic energy (K) is, generally, a quasi-periodic function of time (t) determined by the potential
distribution @ (Z, R) and the axial and radial oscillations in the Orbitrap analyzer (equation 5).

K(t) = ez x {Uy — p(Z(),R(1))} (5)
The kinetic energy remains proportional to the charge state (z). When the ion collides with a molecule of
buffer gas with mass m, (whose thermal velocity is substantially below the ion’s velocity), the energy in
the center-of-mass reference frame (Ecm) is inversely proportional to the m/z ratio, which accounts for the

lower probability of dissociation for ions with higher m/z as described by equation 6.

m

Bem = o K = e{Uo = 9(Z,R)} X =4 (6)

m+m
The collision events are random, as are also the coordinates Z and R of the point where the

collision occurs. If a collision happens close to the outer electrode where the kinetic energy is minimal,
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the ion has a greater chance of surviving the collision without dissociation, while a collision close to the
central electrode is more likely to cause dissociation or scattering, thus removing the ion from the packet.
This mixed ion dissociation and survival leads to some signal decay, but not as much as expected, thus
producing underestimation in CCS.

As shown in the theoretical ion path in Figure S4, the ion’s kinetic energy oscillates in the range
3-6 keV per unit charge, and the mean center-of-mass collision energy (E;;,.qn,averaged for all positions
around the Orbitrap) is about 4.5 keV per unit charge. For lower m/z ions around m/z ~1,000 in the 10+

charge state (a typical charge state of a native protein), the mean center-of-mass collision energy is
z
therefore approximately% X Emean = 125 eV (for experiments using nitrogen buffer gas). Based

upon previous collision induced dissociation (CID) studies, protein ions subjected to > 100 eV center-of-
mass collision energies are likely to dissociate.>* For higher m/z ions around m/z ~4000 in the 10+ charge
state, the estimated E,,0qn = 30 eV is substantially lower, and as previously described, ions at these
lower center-of-mass collision energies (< 50 eV) begin to deviate from the assumption of inevitable
dissociation upon a collision.?’

The change in the kinetic energy throughout the ion’s path in the Orbitrap analyzer means that
an ion may, in theory, survive the lower energy collisions encountered near the terminal ends of the
Orbitrap analyzer but may decay if the collision occurs near the center of the Orbitrap analyzer. The fact
that the dissociation probability is lower at least for a fraction of the ion path (Figure S4) will suppress
signal decay and yield a lower-than-expected decay constant and hence lower apparent CCS. To evaluate
the trend in CCS relative to an ion’s kinetic energy and mass, the center-of-mass collision energy and
minimum kinetic energy were plotted as a function of the difference between the IM CCS and Orbitrap
CCS values in Figures 2 and S5. The center-of-mass collision energy accounts for an ion’s kinetic energy
relative to the mass of the ion and neutral (equation 5), and this parameter is useful to estimate whether
an ion will survive a collision in experiments involving different proteins and collision gases. The ion’s
minimum kinetic energy was selected rather than the mean or maximum kinetic energy because the
minimum kinetic energy is most likely to lead to collisions that do not remove the ion from the ion packet

and cause the deviations in the measured decay constants and CCS values.
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Figure 2. Difference in CCS values obtained by ion mobility versus Orbitrap measurements for proteins in
low charge states as a function of the center-of-mass collision energy (Ecm). The data points for each of
seven proteins in two to four charge states are indicated by colored-coded squares, including AH5 (19 kDa
monomer), D1TO (22 kDa monomer), carbonic anhydrase (CA, 29 kDa monomer), superoxide dismutase
(SOD, 32 kDa dimer), insulin (Ins, 34 kDa hexamer), beta lactoglobulin (B-LG, 36 kDa dimer), and
streptavidin (SA, 52 kDa tetramer).

As expected, the lower charge states of each protein show a dependence between minimum
kinetic energy and ACCS% (Figure S5) owing to the increased chance of ion survival at lower kinetic
energies. We found that this relationship was generally linear. Another trend emerges when considering
ACCS% relative to the mass of the protein: for different proteins in the same charge state—the more
massive protein displays the greater ACCS%. The kinetic energy of an ion in an Orbitrap analyzer is only
dependent on its charge (approximately 4 keV per charge), so the ion’s mass also must affect the ACCS%
of the low charge states. To investigate the role of protein mass in ACCS%, the minimum kinetic energies
were also used to calculate the corresponding center-of-mass collision energies shown in Figure 2, a
parameter that considers both mass and charge (equation 5). When viewing ACCS% as a function of the
center-of-mass collision energy, a near-linear trend is evident among all proteins in low charge states.
ACCS% decreases as minimum E.n, increases (Figure 2). Above a threshold E. value (about 50 eV for the
proteins considered here), ACCS% is always 15% or lower and typically less than 7% at higher values of
Ecm, thus agreeing with ACCS% found for smaller protein ions in our previous studies (Figure $6).34* For
proteins in these higher charge states, each collision results in ion decay, leading to low ACCS%.

As seen in Figure S5, linear correlations between charge states of each protein show a negative

slope and therefore the amount of kinetic energy needed to attain ACCS% equal to zero can be
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determined by finding the x-intercept for each protein in Figure S5. This kinetic energy threshold can be
used to ensure that each collision results inion loss, i.e. if the hard or modified hard sphere collision model
should be followed. To find the threshold kinetic energy for each protein, we performed linear regression
for each protein in Figure S5. The x-intercept of this linear regression was used to estimate the threshold
kinetic energy to obtain ACCS% equal to zero as a function of protein mass (Figure S7). The same work-
up is shown as threshold center-of-mass collision energy relative to protein mass in Figure 3. All points in
Figure 3 cluster around a center-of-mass collision energy of approximately 50 eV. Collisions with energies
below 50 eV are not expected to follow the hard sphere model, where every ion neutral collision results
in loss of ion signal, and instead CCSs of ions in this collision energy regime should be determined using

the modified hard sphere collision model as described below.
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Figure 3. The center-of-mass collision energy (Ecu) threshold for transition to modified hard sphere
collision model relative to the protein mass for seven proteins, AH5 (19 kDa monomer), D1TO (22 kDa
monomer), carbonic anhydrase (CA, 29 kDa monomer), superoxide dismutase (SOD, 32 kDa dimer), insulin
(Ins, 34 kDa hexamer), beta lactoglobulin (B-LG, 36 kDa dimer), and streptavidin (SA, 52 kDa tetramer).
Each point represents an x-intercept value from linear regression of each protein trend in in Figure 2. The
values in these graphs correspond to conditions for which a single collision results in removal an ion from
the ion packet.

Examination of Figures 1 and S3 indicates that the ACCS values increase significantly above m/z
2,200, with the Orbitrap CCS values consistently lower than those determined by IM, indicating that the
hard sphere collision model is not followed for ions with these high m/z values. In essence, Orbitrap CCS
values for ions below m/z 2,200 mirror IM CCS values within ~10% or less, and CCSs for ions above m/z
2,200 are underestimated. This trend enables a clear, practical delineation of the m/z regions where
Orbitrap CCSs are (or are not) accurate as shown by the dashed lines separating the two regions in Figure
S3a-c. To measure CCS values of ions above m/z 2,200 that more closely match IM CCS values,

experimental and/or hardware modifications are required, such as using a heavier collision gas (to
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increase the center-of-mass collision energy) or increasing the accelerating voltage employed to transfer
ions from the C-trap to the Orbitrap analyzer. These two modifications would better ensure that ions will
not survive any collisions and thus will exhibit predicable decay rates that correlate with CCS. We also
note that while ions that survive collisions do not dissociate, changes in their tertiary structure and
therefore CCS may still occur, but these possible conformational changes cannot be measured using our
ensemble ion method that produces a single CCS for the entire population of ions.

The CCS values for the ions that do not follow the hard sphere collision model (i.e. those above
m/z 2,200) can be corrected after acquisition of the transients. To account for the large ACCS seen for
those ions in the modified hard sphere collision regime, a linear fit was applied to all data points in Figure
2, and this fit was used to correct the CCSs of lower charge states as described in more detail in Supporting
Information. With this correction factor, the ACCS% values are reduced to 7.5% or less for all lower charge
states of the six proteins, and the trend between CCS values measured by the two methods shows good

agreement in Figure 4.
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Figure 4. Fitted Orbitrap CCSs versus IM CCSs for low charge states of all six proteins. Orbitrap CCSs were
fit based on linear regression in Figure 2 to account for the difference between hard sphere vs modified

hard sphere collision models. The fitting method and correction factor are described in Supporting
Information.

Applications of Orbitrap CCS measurements for native proteins

After development of the fitted Orbitrap CCS method, we extended the method to probe
structural changes of proteins in various native MS experiments. One example entails measuring
variations in the conformations of proteins subjected to collisional induced unfolding (CIU),** in which

collisional activation is used to thermally heat the protein prior to estimation of CCS values. CIU is typically
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undertaken on an ion mobility platform, but the increasing popularity of Orbitrap systems for native MS
studies®™7 suggests that CIU would be a useful auxiliary method. We applied Orbitrap CCS measurements
to monitor structural changes in carbonic anhydrase (9+) while performing in-source collisional activation,
allowing isolation of the precursor ion after CIU and prior to transient decay analysis. Orbitrap CCSs were
corrected to account for the deviation in hard sphere collision model (i.e. this ion was in the modified hard
sphere regime) as described in the supplemental information. The resulting CIU curve is shown in Figure
5, and the CCS increases by 25% during the unfolding process prior to reaching a plateau around 2858 A2.
The CIU curve is similar to ones measured by ion mobility, in which the increase in CCS during CIU

862

frequently ranges from 30-50%.°
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Figure 5. Orbitrap CCS of native-like carbonic anhydrase (9+, 29 kDa monomer, m/z 3233) relative to the
collision energy used for in-source collisional activation to cause collisional heating. CCS was corrected
for modified hard sphere regime collisions using the correction factor method described in the
supplementary information. The error bars represent the standard deviations from three replicate
measurements.

We also investigated CCSs of sub-units ejected from protein complexes. Various tandem mass
spectrometry methods, including CID, ultraviolet photodissociation (UVPD), and surface induced
dissociation (SID) have been used to monitor the disassembly of multimeric protein complexes as a means
to infer the architecture and characterize the constituents of the macromolecular assemblies.®**° In
addition to producing sequence ions from backbone cleavages of the proteins, these activation methods
often eject monomers or other subunits (e.g., dimers, trimers) from the complexes. The monomers in

particular may be released as highly charged, elongated structures (a particularly prevalent process for

CID) or may retain more compact native-like structures (more common for SID or UVPD) depending on
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the activation method used. We first measured the CCS of monomers ejected from insulin, a hexameric
assembly (MS1 spectrum in Figure S8a), which primarily releases individual monomers (3+) upon UVPD
or HCD of the hexamer (10+). The resulting CCS values were similar for the monomers (3+) released upon
UVPD or HCD (823 + 2 A% or 820 + 3 A? respectively, Figure S8b,c) and for the monomer observed in the
MS1 spectrum of the native solution (837 + 5 A?) (Figure S8d). This agreement is expected as insulin has
3 disulfide bonds that provide structural stability and prevent extensive unfolding of each monomer. All
CCSs for the insulin monomer in the present study also agree well (within ~10%) with a previously reported
IM value of 743 A% (3+ monomer).®® The CCS of the hexameric insulin assembly (10+ charge state) was

2542 + 14 A% and thus the CCS of one individual monomer is approximately 32% of the size of the hexamer.

CCS values were also measured to evaluate the disassembly of tetrameric streptavidin, a complex
without any disulfide bonds. The native MS* spectrum is dominated by the 14+ charge state (Figure 6a),
and the resulting CCS found with the correction factor as described for ions in the modified hard sphere
collision regime in the supplementary information is 3443 + 117 A? (Table S8), in comparison to the
previously reported CCS value of 3420 + 40 A2 measured by ion mobility.®’” CID and UVPD of the 14+
tetramer primarily causes release of monomers in the 5+ and 6+ charge states (Figure 6b,c). The resulting
CCS values of the monomer (5+ charge state) measured by the Orbitrap transient decay method are 1468
+6 A2(HCD) and 1478 + 3 A2 (UVPD), both showing reasonable agreement with the CCS calculated for the
crystal structure of the monomer (1527 A2)% as well as the CCS of the monomer ejected by collisional
activation and measured by IM (1325 A2, Escherichia coli).®® The 6+ monomer released upon UVPD or HCD
showed a significantly more extended conformation than the 5+ monomer, yielding CCS values of 1921 +
11 A2(UVPD) or 1934 + 19 A2 (HCD). These results are consistent with a prior study that reported a CCS of
1710 A? for the 6+ monomer ejected by collisional activation and measured by IM.®8 Because the species
of streptavidin was different for the present study (Streptomyces avidinii) versus the prior study
(Escherichia coli),®® the CCS values are not expected to be identical. In-source collisional dissociation was
also used to disassemble the streptavidin tetramers, and the CCS values of the released monomers were
1426 + 9 A? for the 5+ monomer (Figure 6d) and 1840 + 7 A2 for the 6+ monomer (Figure 6e), both values
slightly lower (3-4%) than the CCSs obtained for the corresponding monomers released upon HCD or

UVPD.
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Figure 6. Mass spectra obtained for tetrameric streptavidin and resulting CCS values. a) MS? spectrum,
b) UVPD (1 pulse, 1 mJ) of 14+ charge state, c) HCD (50 CE) of 14+ charge state, and in-source CID (80 eV)

and isolation of d) 5+ monomer or e€) 6+ monomer.

Conclusion:

When extending Orbitrap CCS measurements to larger proteins, we first showed that these
measurements are reasonably accurate for denatured protein ions below m/z 2,200. However, when
analyzing the same proteins in lower charge states, we found that Orbitrap measurements systematically
underestimated the CCS values. The energy of collision of the ion and neutral in the Orbitrap analyzer was
found to be the cause of underestimation, with insufficient collision energy allowing ion survival instead
of decay. The underestimation in CCS increases as the center-of-mass collision energy decreases.
Guidelines were established for the m/z regions where CCSs are accurate, and a correction factor was
established for the m/z regions in which the CCS values diverge. We demonstrated the utility of this
method by monitoring protein unfolding, and we measured the CCS of monomers ejected from protein
complexes using collisional dissociation and ultraviolet photodissociation. The methods explored in this
study may be considered as a strategy to evaluate the retention of folded protein structures under
different solution conditions or after activation. Additionally, the discovery of the collision energy at which
ion survival occurs is key in understanding ion dynamics within the Orbitrap analyzer, information that
may help develop more robust future generations of Orbitraps and inform those exploring new frontiers

of the Orbitrap including single ion studies. Adoption of a modified hard collision model opens intriguing
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possibilities of probing secondary and tertiary structures of molecules which are not accessible to

traditional IMS.

Supporting Information

A description of the correction factor used for underestimated CCSs, additional graphs showing the
relationships between ion energy, position in the Orbitrap, Orbitrap CCS deviation, and ion m/z, as well

as tables of CCS values obtained by IM and Orbitrap CCS measurements are provided.
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