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Abstract

The structural stability of biomolecules in the gas phase remains an important topic in mass 

spectrometry (MS) applications for structural biology. Here, we evaluate the kinetic stability of 

native-like protein ions using time-dependent, tandem ion mobility (IM). In these tandem IM 

experiments, ions of interest are mobility-selected after a first dimension of IM and trapped for 

up to ~14 seconds. Time-dependent, collision cross section distributions are then determined from 

separations in a second dimension of IM. In these experiments, monomeric protein ions exhibited 

structural changes specific to both protein and charge state, whereas large protein complexes 

did not undergo resolvable structural changes on the timescales of these experiments. We also 

performed energy-dependent experiments, i.e., collision-induced unfolding, as a comparison 

for time-dependent experiments to understand the extent of unfolding. Collision cross section 

values observed in energy-dependent experiments using high collision energies were significantly 

larger than those observed in time-dependent experiments, indicating that the structures observed 

in time-dependent experiments remain kinetically trapped and retain some memory of their 

solution-phase structure. Although structural evolution should be considered for highly charged, 

monomeric protein ions, these experiments demonstrate that higher-mass protein ions can have 

remarkable kinetic stability in the gas phase.

Graphical Abstract

* mattbush@uw.edu . 

Supporting Information. Supporting Information associated with this article includes Additional Methods, Effective Temperatures, 
Representative IM and MS data, and Comparisons with Prior Study of 6+ Ubiquitin from Denaturing Conditions.

HHS Public Access
Author manuscript
Anal Chem. Author manuscript; available in PMC 2024 June 27.

Published in final edited form as:
Anal Chem. 2023 June 27; 95(25): 9589–9597. doi:10.1021/acs.analchem.3c01222.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Native mass spectrometry (MS) has emerged as a useful addition to the structural 

biology toolkit, both as a standalone technique as well as through recent integration 

with high-resolution imaging.1 For example, MS can reduce sample heterogeneity in 

electron microscopy by mass-selecting and depositing ions from a native electrospray ion 

beam, enabling electron microscopy imaging of protein complexes.2,3 Native electrospray 

beam deposition was also used to probe the flexibility of a monoclonal antibody 

with low-energy electron holography, a single-molecule imaging technique that requires 

ultrapure substrates.4 Additionally, free-electron lasers probe solvent-free biomolecules;5 

an electrospray ionization source reduced nonvolatile contaminants to enable the analysis 

of 35-nm biomolecules, three orders of magnitude smaller than previously possible.6 

Beyond imaging techniques, ion mobility (IM) is a gas-phase structural technique that has 

experienced increased adoption in recent years.7,8 In IM, charged ions undergo collisions 

with a neutral background gas as they traverse a drift region under the influence of an 

applied electric field. The amount of time spent in the drift region is inversely proportional 

to the ion’s mobility (K), from which a collision cross section (Ω) value can be determined.9 

Results from IM-MS studies have been used to inform structural modeling,10-12 characterize 

quaternary structure13,14 and ligand-induced conformational changes,15,16 and probe the 

transient species involved in protein-protein interactions and their folding intermediates.17-19

To increase the utility of IM-MS, next-generation IM measurements aim to differentiate 

previously unresolved structures by leveraging high-resolution and multidimensional 

separations. The resolving power of a single conformation in IM can increase with the 

square root of the path length or separation time. For example, the Waters Cyclic IMS 

system can subject ions to an arbitrary number of passes through an off-axis ring to increase 

the path length and thus the resolution of the separation.20 Using multiple passes through a 

serpentine path, Structures for Lossless Ion Manipulations (SLIM)21 has achieved resolving 

powers of ~400-600 over a 679.5 m pathlength separation.22 These instrument architectures 

can also enable IM-IM, or tandem IM, in which two IM separations are separated by 

a mobility-dependent selection to increase the selectivity of the measurement. Initially 

demonstrated on sequential, serial IM components,23-25 these new instrument geometries 
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provide flexible tandem IM operation modes.20,26 Furthermore, both the Waters Cyclic IMS 

and the SLIM architecture have the capability not only for IM-IM, but also for IMn, in which 

ions can be selected, activated, and analyzed by subsequent dimensions of IM.

Although it is generally accepted that native-like ions can be generated from 

gentle ionization sources,27,28 there has been a concerted experimental effort devoted 

to understanding the structural evolution of ions in the absence of solvent. IM-

MS,28 time-dependent IM-MS,29-31 time-dependent IM-IM-MS,32-34 molecular dynamics 

simulations,35-38 electron capture dissociation,39,40 and hydrogen-deuterium exchange41 

have been used to analyze the structures and stabilities of gas-phase ions. Relative 

to traditional, single-dimension IM, next-generation IM measurements require longer 

timescales, e.g., hundreds of milliseconds and longer,42 which provide additional 

opportunity for the properties of ions to change during measurements. Based on a meta-

analysis, Breuker and McLafferty proposed a timeline for the gas-phase unfolding of protein 

ions where after initial desolvation events, side-chain collapse stabilizes the native-like 

structure before the loss of hydrophobic and electrostatic interactions result in structural 

rearrangements to lower-energy, gas-phase structures.43 That analysis suggests that the 

timescales associated with next-generation IM separations may result in significant to total 

loss of native structure.

The objective of this study is to characterize the retention of native-like structures over a 

wide range of timescales to provide context for the information content of next-generation 

IM measurements. Here, we survey the gas-phase structural stabilities of a wide range of 

native-like protein ions using time-dependent, tandem IM measurements. Analytes ranged 

from small monomeric proteins to high-mass protein complexes. Apparent Ω distributions 

of ions are monitored in time-dependent, tandem IM experiments to quantify how those 

distributions change with time. Complementary, energy-dependent experiments are used to 

understand potential unfolding pathways and the structural distributions of these ions at 

equilibrium.

Methods

Sample Preparation and Ionization

Proteins were purchased from Sigma-Aldrich. Native-like protein ions were generated using 

electrokinetic nanoelectrospray ionization44 from 10 to 20 μM protein in aqueous 200 mM 

ammonium acetate adjusted to pH 7.0. IgG3 samples were also buffer exchanged using 

Micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA) equilibrated with that same solution.

Time-dependent, Tandem IM

We have developed a flexible, modular instrument for IM-MS comprised of 12 modules,26 

as shown and described in Figure 1. The modules were constructed using the structures 

for lossless ion manipulations (SLIM) architecture; their use for native IM-MS has been 

described previously.26,32,45 Ion packets are prepared for time-dependent, tandem IM 

experiments by diverting 12.5 ms of the incident ion beam to a junction trap at the end 

of the first module (1M). A junction trap is a potential well that confines ions when the 
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input voltage of a board is biased relative to the output voltage of the preceding board.46 

The initial ion packet is released from the 1M and is separated in the first dimension of 

IM (1D), which consists of the 2M through the middle of the 7M. Voltage modulation at 

the intersecting paths of the 7M is used to divert ions of interest to the orthogonal path 

for further analysis, whereas other ions continue to a collection electrode at the end of the 

collinear path of the 7M. In these experiments, the timing of those voltages is used to isolate 

ions of a single charge state based on their mobility in the 1D. Selected ions are then trapped 

at the interface between the 7M and 8M for variable delay times, defined as the amount of 

time between ion selection and the beginning of the second dimension of IM (2D).32 After 

the delay time, ions are released from the junction trap by reducing the bias between the 7M 

and 8M. Ions are then separated along a path from the 8M to the 12M. In these experiments, 

the drift fields in the modules that comprise the 1D were 4 V cm−1. The drift field in the 

orthogonal region connecting the 7M and 8M was 3.75 V cm−1, and the drift field in the 
2D was 5 V cm−1. Drift fields were selected to optimize accuracy of Ω measurements while 

reducing voltages of components relative to ground. In these experiments, the pusher of the 

time-of-flight mass analyzer was used as the master clock; delay times are the result of the 

timing of selection of specific precursor ions and its relation to a preset timing scheme used 

to manage digitizer memory. Additional information on the 12-module array, ion packet 

generation, and junction trapping conditions is provided in the Supporting Information.

Collision-Induced Unfolding (CIU)

Energy-dependent experiments were conducted on a Waters Synapt G2 HDMS hybrid 

mass spectrometer (Waters Co., Wilmslow, UK) modified with an RF-confining drift cell 

containing nitrogen gas, as described previously.47 CIU was monitored as a function of the 

voltage drop used to accelerate ions into the collision cell prior to IM separation.

Determining Apparent Ω Distributions

Both experiments separate ions using electrostatic fields, not traveling waves, in nitrogen gas 

and data analysis is like that of drift tubes. For time-dependent measurements, we derived a 

relationship between the applied drift field (E), the length of each region comprising the 2D, 

the observed arrival times, and K as described in the Supporting Information. Distributions 

of K were converted to apparent Ω distributions using the Mason-Schamp equation.9 

For CIU experiments, we used field-dependent measurements to convert arrival-times to 

apparent Ω distributions as described previously.48 Median Ω values, Ω, were determined 

from the cumulative distribution function of the apparent Ω distributions.

Modeling of Observed Kinetics

To aid in the interpretation of time-dependent, tandem IM data, we developed a model that 

assumes that an initial population of structures (A) converts to a new population of structures 

(B) through first first-order kinetics. The model has three parameters, the Ω of A (ΩA), 

ΩB, and the rate constant. Based on those parameters, the model yields a weighted-average 

Ω as a function of time. Using the Levenberg–Marquardt algorithm, we optimized the 

values of three parameters to minimize the least-squares difference between the modeled, 

weighted-average Ω and the observed Ω as a function of time. The standard deviation of 
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each parameter was estimated from the diagonals of the covariance matrix generated during 

optimization. This modeling was implemented using Python with the numpy49 and astropy50 

libraries.

Results and Discussion

Current- and next-generation IM measurements access a wide range of timescales (e.g., 

10−3 to 101 s). Therefore, it is increasingly important to understand the extent to which 

the structures of native-like ions evolve over these time scales. To this end, we used 

time-dependent, tandem IM to survey the gas-phase stabilities of a range of native-like 

ions. These analytes were selected to encompass a broad range of masses and collision 

cross sections (Ω) as shown in Figure 2. We first present the results from time- and energy-

dependent experiments, and then compare those results. To provide additional context for 

the time-dependent results, we report results from a kinetic model, compare those results to 

other rates/timescales reported previously, and discuss their broader implications.

Time-Dependent Analysis of Native-Like, Monomeric Protein Ions

Native-like ions of 5+ and 6+ ubiquitin, 4+ insulin, 7+ cytochrome c, and 8+ β-lactoglobulin 

were subjected to time-dependent, tandem IM experiments. Those results are shown in the 

positive intensity traces in Figure 3; the corresponding negative intensity traces are for 

complementary energy-dependent experiments that will be the focus of the next section. In 

time-dependent experiments, ions are separated in the first dimension of IM (1D, Figure 1). 

Ions with the charge states of interest are selected at the seventh module (7M) and trapped 

at the interface between the 7M and 8M as a function of time prior to release into the 

second dimension of IM (2D). The effective temperatures of the trapped ions are estimated 

to be near, albeit somewhat above ambient temperature; the methodology51 and results 

of those estimates are discussed in the Supporting Information. The delay time describes 

the time between selection and 2D analysis.32 For monomeric proteins, the longest delay 

times ranged from ~9-14 s. Maximum delay times were limited both by charge-transfer 

reactions that depleted the precursor ions, as well as nonspecific adduction that increased 

the mass of the selected ions and degraded the signal-to-noise ratio. Median Ω values, Ω, 

were determined from the cumulative distribution function of the apparent Ω distributions. 

Relative to mean Ω values, we find that Ω values are less sensitive to outliers (e.g., low-

intensity noise in the arrival-time distribution that is distal to the predominant feature) and 

can be determined robustly with less analyst supervision. The Ω extracted from the ion 

populations with the shortest delay times agree with Ω values reported previously for native-

like ions,47,52 indicating that the initial populations in these experiments maintain compact, 

native-like structures (see Supporting Information). Technical replicates of time-dependent 

experiments taken across multiple days show that these results are highly reproducible 

(Figure S2).

Three of the five monomeric analytes exhibit evidence for structural changes in these time-

dependent experiments, i.e., the apparent Ω distributions depended on the delay time. Figure 

3A shows results for 6+ ubiquitin. At the shortest delay time, the initial ion population 

exhibits a compact population centered near 12.5 nm2, as well as the presence of a small 
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shoulder resulting from ions with larger Ω values. With increasing delay time, the compact 

population is depleted in favor of an extended population that exhibits a maximum Ω above 

14 nm2. After ~9 s of trapping, the extended population is predominant. The structural 

transition for 6+ ubiquitin appears to be a discrete transition between two structures that 

are well resolved in the 2D. The magnitude of this increase in Ω is consistent with 

experimental observations of a semi-folded state of 6+ ubiquitin, which has been attributed 

to a “solution-like conformer” based on results from long timescale (1 μs), mobile-proton, 

molecular dynamics simulations.38 Figure S3 shows representative mass spectra from these 

time-dependent experiments. These spectra exhibit evidence for both charge transfer to and 

complexation with molecules in the instrument, but no evidence for fragmentation.

Other monomeric proteins underwent more subtle structural changes. Figure 3B shows that 

the time-dependent apparent Ω distributions of 5+ ubiquitin shift monotonically towards 

larger Ω with increasing delay time. The initial population exhibits a Ω of 12.0 nm2; after 

~14 seconds of trapping in the gas-phase, that value increases to 12.3 nm2. The apparent 

Ω distributions of 7+ cytochrome c also exhibit subtle changes with increasing delay times 

(Figure 3C). The Ω of the initial ion population is 15.7 nm2, and increases to 16.6 nm2 

after ~14 s of trapping. These results for 7+ cytochrome c are consistent with previous data 

acquired in analogous experiments performed using a 6-module array.32 Both 5+ ubiquitin 

and 7+ cytochrome c appear to evolve through a continuum of conformations or perhaps a 

small number of conformers that are not resolved in these IM experiments. Figure 3D shows 

that the initial ion population for 8+ β-lactoglobulin exhibits a Ω of 20.5 nm2 and that the 

apparent Ω distributions appear to be largely independent of the delay time, even after 4 s. 

4+ insulin (Figure S1) also did not undergo any significant changes in mobility as a function 

of delay time.

These time-dependent, tandem IM experiments show that the magnitude and timescales of 

the structural changes for these native-like, monomeric protein ions depend on the identity 

and charge state of the ion. To evaluate the magnitude of these changes, we will characterize 

these same ions using energy-dependent IM experiments and then compare the results from 

the time- and energy-dependent experiments.

Energy-Dependent Analysis of Native-Like, Monomeric Protein Ions

Collision-induced unfolding (CIU) probes the structures of ions as a function of the 

energy deposited through collisional activation prior to IM analysis.53,54 Activated ions can 

overcome isomerization barriers to form additional structures that appear to be kinetically 

stable for at least milliseconds.54 Here, we will use CIU to characterize the same protein 

ions that were analyzed using time-dependent experiments, which did not include intentional 

collisional activation.

The apparent Ω distributions generated from CIU experiments are shown in negative, 

normalized intensities in Figure 3. Figure 3A shows that at the lowest-energy, 6+ ubiquitin 

exhibits a bimodal distribution with a more-compact population near 12.5 nm2 and more-

extended population centered near 14 nm2. With increasing energy, the compact population 

is depleted in favor of more extended population centered near 15 nm2. Finally, as the 
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laboratory-frame energy is increased above 96 eV, the population centered near 15 nm2 

is depleted in favor of that centered near 18 nm2. That distribution centered near 18 

nm2 persists with increasing energy until fragmentation occurs. The persistence of that 

distribution suggests those ions populated the gas-phase equilibrium (or quasi-equilibrium)55 

distribution of structures.

For 5+ ubiquitin and 7+ cytochrome c, the apparent Ω distributions widen and shift towards 

higher Ω values with increasing energy. For 5+ ubiquitin, the initial ion population is 

centered near 12 nm2, whereas the most extended population is centered between 13 and 14 

nm2. For 7+ cytochrome c, the initial ion population observed near 16 nm2 is depleted in 

favor of a distribution centered near 22 nm2. For 8+ β-lactoglobulin, the initial population 

was centered near 21 nm2. The initial changes with increasing energy are small, but for 

laboratory-frame energies above 100 eV, much larger structures were observed. At the 

highest energies, a wide distribution was observed with a Ω near 26 nm2 and a maximum 

value near almost 28 nm2. Whereas all other monomeric ions underwent structural evolution 

in these energy-dependent experiments, the apparent Ω distributions of 4+ insulin appears to 

be independent of energy (Figure S1).

Native-Like, Monomeric Protein Ions Can Retain Memories of their Original Structures for 
Many Seconds in the Gas Phase

The apparent Ω distributions from time-dependent experiments can be compared to those 

from energy-dependent experiments to provide context for the structural transitions observed 

in absence of intentional collisional activation. The change in Ω is quantified by:

Relative Ω = Ωfinal

Ωinitial
(1)

where “initial” describes the ion population that experienced the shortest delay time or the 

lowest laboratory-frame energies and “final” describes the ion population that experienced 

the longest delay time or the highest laboratory-frame energies.

Figure 4 shows the relative Ω values from time-dependent and energy-dependent 

experiments for each of the monomeric proteins analyzed. Energy-dependent experiments 

resulted in relative Ω values of 100%, 110%, 127%, 134%, and 136% for 4+ insulin, 

5+ ubiquitin, 8+ β-lactoglobulin, 7+ cytochrome c, and 6+ ubiquitin respectively. These 

same protein ions exhibited relative Ω values of 100%, 102%, 101%, 105%, and 114% 

in time-dependent experiments. 4+ insulin was the only monomeric protein that did not 

exhibit any change during these experiments (Figure S1). This ion may adopt a stable 

distribution of structures prior to analysis, or alternatively, the changes that do occur do not 

affect the mobility of the ions. As no changes in mobility are observed in energy-dependent 

experiments, 4+ insulin serves as a negative control for time-dependent experiments. For 

the other monomeric protein ions, energy-dependent experiments yield a greater increase 

in Ω than the corresponding time-dependent experiments. For example, 8+ β-lactoglobulin 

did not exhibit resolvable structural changes in time-dependent experiments but exhibited 

significant unfolding in energy-dependent experiments (Figure 3D). 6+ ubiquitin underwent 
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a single discrete transition in time-dependent experiments, and then exhibited evidence 

for the formation of an even larger, gas-phase annealed structure in energy-dependent 

experiments (Figure 3A).

The large increases in apparent Ω observed in these energy-dependent experiments are 

consistent with increases in drift time reported in CIU experiments in the literature.31 

Since the ions at the highest energies in the CIU experiments exhibited similar apparent Ω
distributions over a wide range of energies, that suggests that a gas-phase equilibrium (or 

quasi-equilibrium)55 distribution of structures was adopted in those experiments. Therefore, 

the Ωfinal values for the CIU experiments represent an upper limit; smaller Ωfinal values for the 

time-dependent experiments indicates that structures remain kinetically trapped and retain 

some memory of their original structures. From these results, it can be shown that native-like 

protein ions undergo time-dependent structural changes that are specific to both protein 

and charge state. However, the observable structural changes do not appear to correlate 

to a full rearrangement to the larger, gas-phase structures formed in energy-dependent 

experiments. Although the structural evolutions observed in our time-dependent experiments 

are significant and have implications for IM measurements of native-like ions, the small 

magnitude of those changes relative to the low-energy, gas-phase annealed structures points 

to a remarkably long memory of the native-like fold in the gas phase.

Native-Like Ions of Protein Complexes Appear to Have Mobilities that are Independent of 
Time for at Least a Second in the Gas Phase

Using time-dependent, tandem IM, we also characterized the gas-phase stabilities of 

16+ avidin, 21+ concanavalin A, and 25+ IgG3. Avidin and concanavalin A are 

noncovalently bound homotetramers. IgG3 is comprised of two heavy and two light 

chains that are connected through covalent and noncovalent interactions; the gas-phase 

structures and dynamics of antibodies like IgG3 are of particular interest because 

of the potential applications of IM-MS in the development and characterization of 

biopharmaceuticals.37,56,57 The apparent Ω distributions of these ions are shown in Figure 5 

for delay times up to ~2 s. Whereas the distributions for most monomeric proteins exhibited 

some degree of change as a function of time (Figure 3), the distributions for these larger 

native-like ions appear to be essentially independent of time. The apparent Ω distributions 

remain well overlaid and Ω vary by less than 1%, even after more than 1 s in the gas phase.

One possibility for the lack in change of Ω is that the ions probed in these experiments 

have already adopted gas-phase, equilibrium structures, rather than kinetically trapped, 

native-like structures. To determine whether the ions probed in this experiment are native-

like, observed Ωinitial values can be compared to previous Ω measurements of native-like 

ions. The Ωinitial values observed in these experiments are 41.9, 61.3, and 75.5 nm2 for 

16+ avidin, 21+ concanavalin A, and 25+ IgG3, respectively. For avidin and concanavalin 

A, observed Ωinitial values are within 1% of reported native-like Ω values measured on 

an RF-confining drift cell,52 whereas the observed Ωinitial value for 25+ IgG3 agrees well 

with previous measurements that used traveling-wave IM.58 Furthermore, these proteins 

have been characterized previously using CIU experiments and those studies reported 

significant increases in Ω with increasing energy.53,57,59 For example, 16+ avidin exhibited 
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a ~42% increase in Ω with increasing energy.48 With increasing energy, four distinct gas-

phase populations with significantly different drift times were observed for 15+ avidin 

and 19+ concanavalin A.53 CIU of antibodies also results in the appearance of multiple 

extended populations, with IgG3 exhibiting a ~45% increase in arrival time for its most 

extended population.57,59 If the ions probed in these experiments had already adopted 

their global-minimum structures, observed Ωinitial values would differ greatly from previous 

measurements.

Although it is possible that these protein complexes undergo small rearrangements on 

these timescales that do not affect the measured mobility, the well-overlaid apparent Ω
distributions observed in these time-dependent experiments are evidence that these large, 

native-like protein ions do not undergo significant structural changes in the gas-phase at 

near ambient temperatures for >1 s. It follows that kinetic stability in the gas phase likely 

increases with mass or m/z, consistent with enhanced charge solvation in the structures 

of larger multimeric protein ions (as well as the largest monomeric protein ion studied, 

β-lactoglobulin) than their smaller, monomeric counterparts. Note that the rates for both 

charge transfer to and complexation with other molecules appear to be greater for larger 

protein ions than for smaller protein ions (Figure S3). This is tentatively attributed to the 

larger Ω values (Figure 2) and collision frequency of the former, but further characterization 

of these processes will be the subject of further investigation.

Kinetics of Structural Transitions and Comparison with Previous Experiments

Relative Ω values are shown as a function of delay time in Figure 6 and reveal the stark 

contrast between the ions characterized in this study. Monomeric protein ions exhibit varied 

gas-phase stabilities, and analytes that undergo structural evolution exhibit the greatest 

change in apparent Ω at the shortest delay times (Figure 6A). Conversely, the native-like 

structures of each of the multimeric protein ions, which also have significantly higher 

masses, are kinetically stable for seconds in the gas phase (Figure 6B). To quantify these 

time-dependent changes in structure, we modeled the experimental data assuming that an 

initial population of structures (A) converts to a new population of structures (B) through 

first first-order kinetics. We parameterized this model, which depends on the Ω of A (ΩA), 

ΩB, and the rate constant, to reproduce the experimental Ω determined as a function of delay 

time.

The results from this modeling are shown in Figure 6A and Table 1. This process yielded a 

rate constant of 0.28±0.07 s−1 (interval spans ± one standard deviation) for 7+ cytochrome 

c, which is similar to the initial depletion rate (0.31±0.06 s−1, 90% confidence interval) 

determined using analogous experiments performed using a 6-module array.32 Note that 

the latter rate is based on a single-parameter model (the rate constant) of the depletion of 

the population of ions with apparent Ω values between 14.14 and 16.32 nm2 and for delay 

times ranging from 16 to 911 ms. Results for delay times ranging from 2031 to 33 231 

ms were analyzed separately and suggested a slower rate constant of (0.042±0.006 s−1, 

90% confidence interval).32 There was no clear evidence for slower kinetics at longer delay 

times in the present study, which may be attributable to differences in kinetic modelling 

or the range of delay times (up to 14 342 ms). Although no rate constant was reported, 
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7+ cytochrome c ions trapped in a cyclic IMS system underwent structural changes of 

a similar magnitude over several hundred milliseconds.31 In earlier investigations, the 

compact population of 7+ cytochrome c ions stored in a Paul trap exhibited a depletion 

rate of 40 s−1,29 which is significantly faster than the recent studies. This was attributed to 

possible differences in effective temperatures of ions between the experiments, 32 as well as 

differences in the solutions from which ions were generated.32 Despite differences in rate 

constants, all studies observed time-dependent structural changes for 7+ cytochrome c.

This analysis yields rate constants for 5+ and 6+ ubiquitin of 0.91±0.20 and 0.84 ± 0.05 s−1, 

respectively, which are similar to each other and much faster than that for 7+ cytochrome 

c. Over the full range of delay times, 6+ ubiquitin exhibits a relative Ω of 114%, whereas 

5+ ubiquitin and 7+ cytochrome c exhibit much smaller relative Ω of 102% and 105%, 

respectively (Figure 4). An intriguing, albeit speculative, possibility is that the unfolding of 

the initial 5+ and 6+ ubiquitin ions proceeds through similar transition states, but after those 

transition states, 6+ ubiquitin adopts a population of structures that has a much larger Ω than 

5+ ubiquitin. These results suggest that the rates of change and the magnitude of change 

in Ω that occurs with increasing time are not necessarily correlated and highlight the need 

for future time-dependent experiments that more generally characterize the effects of charge 

state.

Notes that this isomerization rate for 6+ ubiquitin generated from native-like conditions 

(0.84 ± 0.05) is greater than that reported for 6+ ubiquitin generated from a solution 

of 49:49:2 by volume water:methanol:acetic acid (0.2 s−1).30 Due to differences in the 

experiments, it is challenging to directly compare these results (see Figure S4 and associated 

discussion in the Supporting Information) and we were unable to identify a single, 

compelling origin for the difference in rate constants. This comparison highlights the 

need for future time-dependent experiments that directly characterize the effects of original 

solution conditions.

Because none of the larger protein ions appeared to convert to populations with larger 

Ω values, we instead estimated the upper limit of the depletion rate constant for the 

initial population in time-dependent experiments. We estimated the Ω for the equilibrium 

conformation of 16+ avidin (50 nm2) based on previous energy-dependent experiments.48 

Assuming first-order kinetics, we estimated the relative Ω that would be expected for 

selected rate constants (transparent lines, Figure 6B). This analysis shows that 0.05 s−1 

represents a conservative upper limit for the depletion rate of the initial population of 

16+ avidin (Figure 6). This approach provides quantitative evidence that the multimeric 

protein ions probed in this study can retain elements of native-like structure at ambient 

temperature even over the longest timescales envisioned for next-generation IM and other 

native MS-enabled structural biology techniques.

Conclusions

We surveyed the gas-phase structural stabilities of a wide range of native-like protein 

ions using time-dependent, tandem IM measurements on a modular instrument (Figure 1). 

Monomeric proteins exhibited a range of gas-phase stabilities, with three of the five analytes 
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undergoing expansion to larger Ω on the millisecond to second timescale (Figure 3, positive 

intensity traces). The monomeric protein ions exhibited structural changes in time-dependent 

experiments at long times that were smaller than those observed in energy-dependent 

experiments at high energies (Figure 4), which indicates that these ions retain significant 

memory of their solution-phase structure even after up to ~14 s in the gas phase. Whereas 

smaller, monomeric proteins exhibited varied gas-phase stabilities, the Ω distributions of 

higher-mass, higher-m/z protein ions appeared to be independent of the delay times used in 

these experiments (Figure 5). We modeled the kinetics of the observed structural transitions 

(Figure 6) and compared rates of conversion with those reported in the literature.

These results provide context for future multidimensional IM experiments. For example, 

the apparent Ω distributions of 6+ ubiquitin exhibit features for two populations, whose 

relative abundance would change on the timescale of many experiments. The apparent Ω
distributions of 5+ ubiquitin and 7+ cytochrome c exhibit comparatively subtle changes with 

increasing time, but the nature of the changes would be extremely challenging to identify 

and characterize using single-dimension IM experiments with long timescales. Although 

traditional IM-MS measurements have failed to differentiate closely related mAbs,57 our 

findings suggest that those structures are kinetically stable in the gas phase and may be 

amenable to high-resolution and multidimensional IM experiments that typically manipulate 

gas-phase ions for many tens to hundreds of milliseconds before detection.42

Based on a meta-analysis of results from a variety of experimental and computational 

studies, Breuker and McLafferty proposed that most noncovalent interactions present in 

native biomolecules would be lost in subsecond timescales and that new gas-phase structures 

would be predominate in the second to minute timescales.43 Although those predictions 

may be true for the highly-charged, monomeric protein ions that formed the basis of that 

meta-analysis, the present studies show that protein ions with larger m/z values and sizes 

(Figure 2) can have remarkable stabilities that kinetically trap elements of their original 

structures for seconds in the gas phase. These trends suggest that higher-m/z ions provide 

better solvation for excess charges and have higher isomerization barriers. With these 

considerations in mind, the structural evolution of higher-mass protein ions likely occurs on 

the longer end of the timescales proposed by Breuker and McLafferty.43 We note that these 

conclusions are based on results from experiments that were performed using devices that 

have been optimized to minimize ion activation;26,45,32 e.g., we estimate that the trapped 

ions in these experiments have effective temperatures that are near ambient (Table S1). Ions 

in other experiments may experience higher effective temperatures,60-62 and with increasing 

effective temperature, we would predict more rapid depletion of the initial, most-native-like 

conformations. More generally, these results support the expanded use of next-generation IM 

experiments in structural MS by providing a framework for designing and interpreting the 

results of experiments with longer timescales.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of the 12-module array used for these experiments.26 Ions generated at 

atmospheric pressure pass through a stainless-steel capillary heated to 80 °C (far left), a 

hourglass ion funnel, and a rectangular ion funnel prior to the array of 12 modules. Ions 

are transported through these modules using electrostatic fields, not traveling waves, and 

data analysis is like that of drift tubes. The first module (1M), 7M, and 8M are tee modules, 

whereas the remaining modules are linear modules. Finally, ions pass through a circular 

ion funnel that interfaces with the mass analyzer. Ion packets are prepared on the 1M, then 

separated in the first dimension of IM (1D) prior to selection at the 7M. Ions are then trapped 

at the interface between the 7M and 8M for varying periods of time before separation in a 

second dimension of IM (2D) prior to mass analysis.
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Figure 2. 
The properties of the native-like ions analyzed in these time-dependent, tandem IM 

experiments. (Top) Reported collision cross sections in nitrogen (Ω) of the selected charge 

states versus their m/z values; n represents the oligomeric state of the protein. Avidin and 

concanavalin A are homotetramers, whereas IgG3 is composed of two heavy and two light 

peptide chains that are connected through covalent and noncovalent interactions. (Bottom) 

The proteins analyzed in this study plotted by their mass.
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Figure 3. 
Apparent Ω distributions determined from time-dependent (positive intensity, cool color 

scheme) and energy-dependent (negative intensity, hot color scheme) experiments for (A) 

6+ ubiquitin, (B) 5+ ubiquitin, (C) 7+ cytochrome c, and (D) 8+ β-lactoglobulin. In the 

panels for the time-dependent experiments (top row), the delay time describes the time 

between ion selection and ion mobility analysis in the 2D. Selected traces are plotted using 

dotted lines (as indicated in the key) to aid in visualization. In the panels for the energy-

dependent experiments (bottom row), results are plotted in terms of the laboratory-frame 

energy (LFE) for each experiment. 4+ insulin was characterized in both time-dependent and 

energy-dependent experiments; apparent Ω distributions were independent of both time and 

energy (Figure S1).
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Figure 4. 
Relative Ω values from time-dependent (TD) experiments as a function of those values from 

energy-dependent (ED) experiments for each monomeric protein ion studied. A relative Ω
value is the ratio of the median Ω (Ω) for the ion populations that experienced the longest 

delay time or the highest laboratory-frame energies (“final”) relative to that for those that 

experienced shortest delay time or the lowest laboratory-frame energies (“initial”). From 

left to right, the markers correspond to 4+ insulin, 5+ ubiquitin, 8+ β-lactoglobulin, 7+ 

cytochrome c, and 6+ ubiquitin. The line has a slope of 1.
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Figure 5. 
Apparent Ω distributions as a function of delay time for 16+ avidin (A), 21+ concanavalin A 

(B), 25+ IgG3 (C). Each distribution is the average of three replicate measurements and is 

normalized by area.
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Figure 6. 
Relative Ω values as a function of the delay time for monomeric (A) and multimeric 

(B) proteins. Transparent lines are from kinetic modeling of the data; the methodology is 

described in the Supporting Information. For monomeric proteins, kinetic models were fit 

to experimental data to determine rate constants (Table S3), whereas the models in Panel 

B describe transitions from the observed Ωinitial of 16+ avidin to a final extended state48 at 

selected rate constant.
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Table 1.

Results from Kinetic Modelinga

Ion ΩA ∕ nm2 ΩB ∕ nm2 Rate Constant / s−1

7+ cytochrome c 15.78 ± 0.03 16.56 ± 0.07 0.28 ± 0.07

5+ ubiquitin 11.97 ± 0.02 12.31 ± 0.02 0.91 ± 0.20

6+ ubiquitin 12.54 ± 0.03 14.28 ± 0.03 0.84 ± 0.05

a
These parameters and the associated methodology are described in the Methods section. The intervals span ±1 standard deviation.
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