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Abstract
Structural analysis by native ion mobility-mass spectrometry provides a direct means to 
characterize protein interactions, stability, and other biophysical properties of disease-associated 
biomolecules. Such information is often extracted from collision-induced unfolding (CIU) 
experiments, performed by ramping a voltage used to accelerate ions entering a trap cell prior 
to an ion mobility separator. Traditionally to simplify data analysis and achieve confident 
ion identification, precursor ion selection with a quadrupole is performed prior to collisional 
activation. Only one charge state can be selected at one time, leading to an imbalance between the 
total time required to survey CIU data across all protein charge states and the resulting structural 
analysis efficiency. Furthermore, the arbitrary selection of a single charge state can inherently 
bias CIU analyses. We herein aim to compare two conformation sampling methods for protein 
gas-phase unfolding: 1) traditional quadrupole selection-based CIU, 2) non-targeted, charge 
selection-free and shotgun workflow, all ion unfolding (AIU). Additionally, we provide a new data 
interpretation method that integrates across all charge states to project collisional cross section 
(CCS) data acquired over a range of activation voltages to produce a single unfolding fingerprint, 
regardless of charge state distributions. We find that AIU in combination with CCS accumulation 
across all charges offers an opportunity to maximize protein conformational information with 
minimal time cost, where additional benefits include: 1) an improved signal to noise ratios for 
unfolding fingerprints, and 2) a higher tolerance to charge state shifts induced by either operating 
parameters or other factors that affect protein ionization efficiency.
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Accumulation of structural information gathered from several charge states allows for a more 
wholistic view on overall protein characterization.

INTRODUCTION
Ion mobility-mass spectrometry (IM-MS) techniques are continuously improving and 
being more widely recognized as useful tools for probing the structure and stability of 
biomolecules such as lipids, peptides, proteins, and large protein complexes1–6. The ability 
to couple ion mobility spectrometry (IMS) with various ionization techniques, such as 
electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI)7, 
makes it very versatile in its applications. IMS acts as a method of separation, enabling the 
differentiation of compounds with identical m/z values by exploiting the differences in gas-
phase conformation and charge state8. The resulting drift time measured can be translated 
to a collisional cross section (CCS) value that corresponds with the size or conformation 
of the analyte. Studying the changes in CCS values in response to unfolding by applying 
collision energy (CE) to the gas phase analytes provides increased structural details in a 
technique called collision induced unfolding (CIU). CIU is a gas-phase tool that induces 
the stepwise unfolding of proteins and provides information about the unfolding pathway, 
stability, domains, and binding dynamics of target proteins9–12. Commonly, a precursor 
ion is selected and energy is applied to gradually unfold a protein to eventually produce 
a fingerprint contour plot, although the precursor either must be carefully selected or be 
screened at the significant cost of time, as different unfolding transitions and pathway can be 
observed depending on the charge state of the selected precursor ion11.

ESI allows for the production of intact multiply charged ions in the gas phase resulting 
from varying degrees of protonation at each available basic site13–14. The presence of 
multiple charge states can be partially attributed to multiple conformations of gas phase 
ions, due to a difference in solvent/proton accessible surface area15–19, along with other 
factors including solvent pH, composition and gas phase interactions20–26. Such factors 
are often considered when selecting a charge state for CIU analysis; observing different 
protein conformations based on ion selection can lead to biased analyses. The correlation 
between observed gas phase conformation and bulk solution phase structure has been 
studied extensively14, 24, 27–35. It has been suggested that the CCS data extracted from lower 
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charge state conformations can be more easily linked to native-like protein conformations36. 
While there is some consensus that there may be a relationship between the charge state 
distribution of a compound in the gas phase and in solution, that distribution is likely not 
fully representative of the solution-phase charge states24, 29, 31, 37–39. However, through 
careful selection of solution conditions and instrument parameters, bulk solution protein 
structure can be well preserved into the gas phase and translated into the observed gas-phase 
charge states38.

Although charge-separated CCS distributions represent rich structural information in the 
gas phase, specific evidence that would allow for the prediction of those protein ion 
charge states that carry the most native-like structure information remains largely illusive. 
To facilitate surveying CIU data for the most differentiating charge state, an alternative 
would be to record unfolding data for all protein charge states achieved in a quadrupole 
selection-free, All Ion Unfolding (AIU), approach. When removing quadrupole ion filtering, 
protein activation mass spectra and corresponding unfolding trajectories are collected over 
a broad m/z range as a function of collision energy. By bypassing precursor ion selection 
during data acquisition, operator and instrument time required are decreased drastically. 
While less common in the broad field of protein investigation, we would like to mention that 
AIU has been routinely employed to study membrane proteins40–42, as well as in instances 
where quadrupole selection is not possible prior to collisional activation in the drift cell 
due to instrument configuration9, 43–44.While the use of AIU and All Ion Fragmentation 
(AIF) schemes are being increasingly applied to improve structural characterization, when 
appropriate, there remains a need to better incorporate the large amount of information 
gathered. AIU operation retains information from all ion structures, although the data 
is commonly analyzed in a charge-separated mode. A recent study by Polasky et al. 
addressed the need for a method to combine multi-charge state structural information, 
leading to the development of an algorithm to build multi-state protein classifiers and 
improving the accuracy of single-state classifiers45. While a plethora of information can 
be retained through traditional IM-MS analysis, data integration methods to visualize all 
protein structural information in a single unfolding fingerprint has not yet been evaluated as 
a tool for protein analysis.

Here, as shown in Figure 1, we first compare the effects of quadrupole selection on the 
performance of unfolding and its resultant data quality. Then we introduce an accumulative 
CCS accumulation approach for unfolding data interpretation with a novel CCS reporting 
parameter, accumulated CCS (CCSacc), which sums data across all observed charge states 
to better differentiate gas-phase protein structures and conformations. We find that the 
unfolding difference plots generated using this CCSacc approach are more robust, with a 
higher tolerance to shifts in the protein charge states produced during nESI. Additionally, 
we observe an increase in overall signal intensity captured for comparisons, also leading 
to improved unfolding fingerprint quality. Notably, this CCSacc approach retains charge-
separated CIU information, which can be extracted on demand as well.
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EXPERIMENTAL
Chemicals.

Protein samples (including albumin from chicken egg white (ovalbumin), transferrin, 
cytochrome c, bovine/human serum albumin, lactotransferrin, beta-lactoglobulin and 
concanavalin A) and necessary buffer salts were obtained from Sigma-Aldrich (St. Louis, 
MO). No further purification was performed for the reagents. All solvents used in this 
study were of HPLC grade supplied by Sigma-Aldrich (St. Louis, MO). Purified water 
(conductivity of 18.2 MΩ.cm) was obtained from a Milli-Q® Reference System (Millipore 
Corp., Bedford, MA, USA).

IM-MS Experiments.
A homemade nanoelectrospray ion source was used, consisting of a platinum wire of 
100 μm thickness inserted into a borosilicate glass needle pulled in house via a P-2000 
laser-based micropipette puller (Sutter Instruments, Novato, CA, USA). A volume of 6 
μL (~8 μM proteins in 100 mM ammonium acetate) was loaded and nanospray voltages 
ranging from 1.2 to 1.8 kV was applied with a sampling cone voltage of 30 V and MS cone 
temperature of 70 °C to preserve native conformation. Backing pressure in the source region 
was maintained at ~6 mbar, the traveling wave ion mobility separator at ~3.5 mbar, the DC 
voltage waves at 30 V and the traveling wave height at 400 m/s. The MS instrument was 
typically operated over the m/z 400 - m/z 8000. All data were acquired on a Waters Synapt 
G2 instrument (Waters Corporation, Milford, MA, USA) in positive ion mode for mobility 
acquisition and all unfolding experiments were carried out by altering the trap CE from 10 
V to 180 V with a step voltage of 10 V. The analysis of cytochrome c was carried out using 
a step size of 5 V. Origin (OriginLab Corporation, Northampton, MA, USA) was used to 
accumulate CCS profiles. The CIUSuite2 data analysis software package was extensively 
used to create CIU fingerprint heatmaps and calculate root-mean-square deviation (RMSD) 
values between these maps.

Data Analysis.
As ions of differing charge states experience differing internal ion energy, CE values are 
converted to lab-frame CE for more appropriate comparisons46. CCS calibration curves 
were generated using a previously described protocol, and using literature CCS values with 
nitrogen (N2) derived for use with the Synapt instrument platform8, 47. As CCS values rely 
on the ion mass, this must be performed separately for each ion. For CCS accumulation, 
CCSacc is accomplished first by interpolating acquired unfolding datasets (Step 1–2). 
Following CCS interpolation, all unfolding datasets are then normalized separately (Step 3), 
and then integrated together based on their relative abundance as shown in the starting native 
MS1 spectrum (Step 4). We developed a software package, AIUCat, in order to calculate the 
relative intensity for each charge state at each lab-frame CE and automatically accumulate 
all CCS datasets (Step 5–6). See Supplementary Information for a more detailed procedure. 
The subsequent data is then used for further CIUSuite software visualization.
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Comparative AIU and CIU Experiments.
Parallel CIU and AIU workflows are shown in Figure 1. In CIU workflows, data acquisition 
typically begins with a preliminary MS1 scan to observe the protein signals of interest, 
followed by quadrupole ion filtering to select the desired charge state. CIU is then performed 
through increasing the applied activation energy in a stepwise format. If more than one 
charge state unfolding profile is desired, this process can be repeated for each subsequent 
charge state. For the AIU workflow, precursor ion selection is omitted and all ions in 
a wide mass range are subjected for collisional unfolding, in a non-targeted activation 
mode. This workflow critically relies on the integration of structural information from all 
observed charge states in one parameter, CCSacc. This accumulated data is then ready for 
further visualization and quantitative analysis. This, in combination with the acceleration 
voltage required to convert 50% of a protein conformer into its adjacent, CCS-resolved 
conformational state observed within charge state-integrated data (CIU50acc) can be used to 
perform quantitative comparisons among fingerprints under various conditions48–49.

RESULTS AND DISCUSSION
AIU and CIU Comparison.

Many prior results in IM-MS community have indicated that CIU data acquired from 
different protein charge states carry varying information of conformational stability, 
unfolding fingerprint transition numbers and characteristic unfolding features. Figure S1a 
illustrates the comparative native IM-MS spectra of bovine serum albumin (BSA), as 
acquired for four separate days. It was observed with considerable variations of charge state 
distributions across different days, where the center charge state unintentionally varied from 
17+ to 15+. Additionally, we also compared the unfolding fingerprints for BSA obtained 
through CIU and AIU. We firstly observed similar trends for charge state-dependent 
unfolding pathways (Figures S1b–c) for both AIU and CIU datasets. Significant changes 
were observed in the underlying conformational information as extracted from the shifts 
in charge states. Likewise, the difference plots (Figure S1d) for AIU and CIU fingerprints 
with relatively undiscriminating RMSD values ranging from ~8% to ~10% for charges from 
16+ to 18+, respectively. The differences observed between CIU data collected for each 
charge state indicate a need to retain structural/conformational information from all ions 
across differing charge states. Additionally, this observation indicates an emerging need to 
integrate the data and treat CIU data collected across all charge states as a different class of 
information when compared to single charge state CIU.

CCSacc Proof-of-Concept Application on Serum Albumin.
The integration of native-like CCS data provides a rich set of information from which to 
compare proteins. This is performed by integrating all charge (or at least major charge 
states) structural information into a single parameter that counts the abundance information 
through CCS accumulation with the provided AIUCat package. It is beneficial for AIUCat 
to include the space of relative intensity of individual charge states, as different charge 
states not only carry distinct structural information, but also contribute in different ratios to 
the overall protein populations. For the example of HSA, the detailed CCS accumulation 
function is illustrated in Figure 2a, using the relative abundance of the charge states in the 
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acquired spectra of HSA (Figure 2b). Upon executing this accumulation function to all lab-
frame CEs and all interpolated CCS data points, the accumulated CCS distributions shown 
in Figure 2a, with select representative collision voltages, are visualized. The individual 
CCSacc profiles displayed exemplifies differences in CCS values for each charge state and 
the accumulated profile across the increasing energies. This demonstrates the structure 
dependence due to observed charge state and the ability to consider structural contribution 
from each ion through CCSacc profiles. CCSacc, the all-encompassing gas phase ion profile, 
is seen in red. Considering the relative contributions from each charge state species allows 
for an overall view of the existing HSA structure heterogeneity.

A new unfolding fingerprint can be created from the calculated CCSacc data of HSA and 
is compared with the two dominant charge state configurations of HSA, 16+ and 15+ 
(Figure 2c). Overall, this CCSacc fingerprint shows a 9.80% RMSD difference from the most 
abundant 16+ fingerprint and a 21.01% difference from the second most abundant charge 
state of 15+. As 16+ has the highest relative abundance, it had the largest contribution 
to the CCSacc fingerprint, accounting for the larger discrepancy between the fingerprint 
of 15+. However, with a RMSD value of 9.80%, the contribution of 15+ and 14+ charge 
states show a change in the fingerprint characterizing HSA as a whole. This demonstrates 
the loss of information and that would have occurred if only single charge state data 
was analyzed and not incorporated with all information gathered. Additionally, when 
comparing the two abundant species 16+ and 15+, the CCSacc fingerprint holds even more 
striking domain-informative, three-transition unfolding feature (Figure 3a). The resultant 
conformational stability information as revealed by CIU50 values also shows differences 
between accumulated fingerprints and single charge state fingerprint, further highlighting 
the necessity of considering all charge state structural information, as a complementary 
data reporting method to conventional unfolding-based native IM-MS structural probing 
approaches.

AIU and CCSacc-based Comprehensive Conformational Comparison of Structurally Similar 
Serum Albumins.

AIU fingerprints in combination with CCSacc data processing can be employed to more 
comprehensively elucidate conformational differences between protein species variants. To 
demonstrate this, we acquired AIU data for both BSA and HSA, and then extracted CCSacc 
dataset followed by quantitative analysis with CIUSuite software. Eschweiler et al. similarly 
interrogated the unfolding differences between serum albumin originating from various 
species, however their comparisons and observations were made at the single charge state 
level50. For both proteins, nESI-MS under native conditions produces several charge states 
(Figure 2b), which we interrogated using AIU (Figure 3). We detect significant differences 
between HSA (Figures 3a–e) and BSA (Figures 3f–j) unfolding data across all charge states 
quantified in the RMSD values recorded for fingerprint comparisons conducted for each 
charge state observed, ranging from 10.71–12.81%, as shown in the difference plots of 
Figures 3k–o. Figure 3p shows similar feature CCS distributions observed between BSA and 
HSA at each charge state, however between charge states, observed features differ.
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In Figure 3q, unambiguous CIU50 values for BSA and HSA are shown when accumulated, 
although single charge state values will lead to different conclusions being drawn through 
the comparison of the two species depending on the selected charge state. CIU50 values 
describe the point at which enough energy is applied to activate 50% of a protein to its 
next transition state. However, without considering the different gas-phase ions present, that 
value for 50% cannot be applied wholistically to describe a protein. By considering the all 
ions of each protein, a CIU50 value can be determined to describe the point where 50% of 
observed gas-phase ions reach the next transition state. This enables an overall increase in 
protein distinguishing CIU50 values. While no significant difference in CIU50 values were 
observed with the most biologically relevant (due to agreement between protein domains 
and observed number of features51) charge state of 16+ (delta CIU501, ~2 eV; delta CIU502, 
~24 eV), the CCS accumulation enables the differentiation between HSA and BSA by 85 
eV and 108 eV, for delta CIU501 and delta CIU502, respectively. Thus, CCS accumulation 
empowers the unfolding fingerprint-based structural differentiation of structurally similar 
proteins with improved structure differing information by elevation of around ~6%−9% 
CIU50 values (HSA: CIU501/CIU502, 857 eV/1360 eV).

Depending on the selected charge state to characterize the differences between BSA and 
HSA unfolding fingerprints, the RMSD values differ (Figure 3r), with an average RMSD 
of 11.8% and variations of ~9% between values. These RMSD values not only represent 
conformational differences between HSA and BSA, but also suggest the presence of charge 
state bias for conformational comparisons, given the fact that RMSD deviations are higher 
than commonly observed baseline RMSDs (e.g. for BSA 16+ triplicates being of 6.7%, data 
not shown). There is uncertainty of using a single charge state to represent whole protein 
conformations. After integrating the charge-resolved data, the CCSacc profiles of HSA and 
BSA were compared, and we observe an RMSD of 13.60%. This is an approximately 6% 
increase in RMSD values of the differences associated between HSA and BSA, and thus 
comparison capabilities, than if the most distinguishing charge state of 17+ was interrogated 
alone (RMSD 12.81%).

Collectively, data from both CIU50-based conformational stability comparisons and RMSD-
based overall unfolding fingerprint comparisons clearly demonstrated that, AIU and 
CCS accumulation enables more structurally informative conformational comparisons and 
comprehensive characterization for subtle structural differences of biologically similar 
proteins.

AIU and CCSacc-based Comprehensive Conformational Analysis of Sialylated Transferrin 
and Other Proteins.

We then applied CCSacc to a sialylated glycoprotein, bovine transferrin (bTF), to testify 
its potential utility to rapidly probe the glycosylation effects on protein structures. A 
representative native mass spectrum for bTF is shown in Figure 4a along with corresponding 
drift time heatmap, where four major charge states (more than 5% each) can be assigned 
from 20+ to 17+. Notably, as a glycoprotein with at least two N-glycosylation residues as 
evidenced by previous glycan studies52, transferrin is a heterogenous protein with multiple 
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glycoforms and our native MS data in Figure 4a clearly support the presence of multiple 
glycoforms.

Next, we tracked the stepwise unfolding behavior of bTF (Figures 4b–e) with the AIU 
operation mode. The first conformer for differing charge states display a variety of CCS 
values ranging from 57.23 nm2 to 59.75 nm2. Generally, ions of four charge states carry 
two major conformational transitions but with some noticeable differences in unfolding 
pathway. For example, ion of 17+ has one short-lived conformational intermediate with 
median CCS of 67.79 nm2 and ion of 18+ seems to simultaneously adopt two conformers 
(median CCSs: 82.21 nm2 and 88.82 nm2) at the late unfolding stage. Figure 4f shows the 
typical accumulated unfolding fingerprints as derived through CCSacc. It is clearly observed 
that four distinct conformers dominate the bTF unfolding process, with median CCSs of 
~58 nm2, ~71 nm2, ~73 nm2 and ~89 nm2, respectively. Compared to the most abundant 
single charge state (19+), the major unfolding conformers bear almost the same median 
CCS values (Figure 4f vs Figure 4d), except that new conformational feature (#2, ~71 nm2) 
observed in CCSacc fingerprint. Furthermore, the overall difference between accumulated 
CCS-based unfolding and most abundant charge (19+) unfolding had a RMSD value of 
13.35% (Figure 4g). CCSacc bridges the structural discrepancies observed from different 
ion species, as shown in Figures 4h–i. Moreover, conformational feature CCS analysis 
and corresponding CIU50-based stability analysis reveal that, CCSacc-derived datasets 
surprisingly do not match best to that of most abundant charge state, which is frequently and 
arbitrarily used in traditional CIU analysis. These differences should be primarily originated 
from the contribution of ion species other than the most abundant one, and the observations 
highlight the potential bias and/or structural loss by using single charge as a structural 
signature of the whole protein species in solution. Thus, we conclude CCS accumulation 
during data presentation may enable improved structural probing on glycoproteins, with 
bTF as a proof-of-concept demonstration, featuring the unbiased structural sampling while 
maintaining nativelike structural information at a minimal cost of instrument time.

The CCSacc-based data analysis method was further employed to assess its broad utility and 
versatility using a variety of glycoproteins up to 150 kDa with charge state distributions 
ranging from two to more than four major charges (Figures S2–S5). The proteins evaluated 
include α-chymotrypsin (Figure S2, 25 kDa), lactotransferrin (LTF, Figure S3, 83 kDa), 
albumin from chicken egg white (OVA, Figure S4, 43 kDa), and immunoglobulin G 
(IgG, Figure S5, 150 kDa). Data indicates that CCSacc-derived unfolding fingerprints do 
not generate significantly different conformational information compared to individual 
charge states for low domain number/unfolding transition proteins with only two major 
charge states, such as α-chymotrypsin (Figure S2) and LTF (Figure S3). Notably, the 
CCSacc-derived fingerprints of the protein LTF allude to the presence of two coexisting 
conformations at high activation energy. Conflicting distinct fingerprints are observed from 
individual charge state-derived fingerprints of the protein OVA (Figure S4) with three 
observed major charge states, while CCSacc operation summarizes and bridges this type 
of variation. We also tested the use of AIU and CCSacc with a more complicated protein 
system, IgG, with more than four major charge states observed (Figure S5). Surprisingly, 
the CCSacc-derived IgG datasets show some extent of differences to the most abundant 
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charge state-based datasets, in terms of both feature CCS distributions (Figure S5g) and 
conformational stability-linked CIU50 distributions (Figure S5h).

During AIU analysis, however, interference peaks can arise that are attributed to the charge 
stripping of the native ions to a lower charge state. The charge stripping phenomenon 
observed during IMS-MS analysis was evaluated using antibodies by Vallejo et al. where 
they noted that charge stripping occurs predictably based on charge state, with lesser charged 
ions experiencing reduced charge stripping44. In addition, our recent application of AIU 
to sialylated glycoproteins independently support the limited influence of charge stripping 
on certain systems53. Based on these observations, we expect the interference of charge 
stripped products to be limited to below 5% of the intensity of the precursor ion, which 
might not be the contributing factors preventing the further application of CCSacc and AIU 
strategy, although this basically requires many more practices and validations adding to the 
proof-of-concept demonstration of the current study. To this end, we recommend performing 
a pre-test for potential charge stripping effects would be a practical solution for broader 
application of AIU and CCSacc algorithm.

CONCLUSION
In this study, we compared the difference between two different unfolding data sampling 
strategies, namely CIU with quadrupole selection and AIU without quadrupole selection. 
This is followed by a new CCS data presentation means, CCSacc, which summarizes all 
structural information across all observed charge states. This data integration method can be 
used with proteins over a wide mass range, although it is less informative for proteins with 
only single domain.

To show the potential benefits of CCSacc, especially in terms of structural information, 
across a wide range of protein systems, we made a series of bar charts (Figures 3p–r, Figures 
4h–i, Figures S2f–g, S3h–i, S4h–i, S5g–h), listing the feature CCS values and CIU50 
values derived from individual charge states versus CCSacc datasets. Our data indicates 
that, while CCSacc fingerprints carries comparable structural information with individual 
charge states in simple protein systems with two main charge states (Figure S2 and S4), 
CCSacc fingerprint surprisingly delivers varied structural information compared with most 
abundant charge state in protein systems with three or more major charge states (Figures 2/3, 
Figures S3/S5). Traditional CIU-based conformational analysis frequently and arbitrarily 
involves choosing the most abundant charge state to infer any potential structural and 
conformational information. Therefore, our data and observations support the utility of 
CCSacc-based dataset in providing more structurally informative evidence compared with 
individual charge state-derived dataset, especially for relatively larger protein systems with 
wider charge state distributions. The enhanced capability enabled by CCSacc fingerprint has 
been further validated when comparing two structurally similar proteins BSA and HSA, e.g. 
CCSacc-based datasets enables the elevation of both delta CIU50 values (Figure 3q) and 
RMSD values (Figure 3r) by around ~6% compared to single charge state-derived datasets.

Our comparative datasets reveal that simultaneously operating, monitoring, and reporting 
all ions generated from a single protein can be generally beneficial for the continuous 
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development of time cost-effective, unfolding-based structural MS strategy, which is 
capable of sampling most of protein conformational species derived from solution phase. 
Consequently, a more sensitive analysis is achieved by accounting all ion species’ 
conformational information. We envision that the CCSacc strategy can find many more 
applications with improved signal-to-noise ratio of unfolding fingerprints and enriched 
information of topological structures as it can additionally better preserve nativelike 
conformers and tolerate more charge state fluctuations due to either instrumental conditions 
or protein charge state alteration in solution.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparative overview of AIU and CIU workflows with the incorporation of CCS 
accumulation. Starting with the same native IM-MS datasets, while traditional CIU 
workflow involves the isolation of each individual charge state over a range of collision 
voltages, AIU workflow requires only one iteration of collision voltage ramping. For data 
analysis, a new CCS interpolation and integration method is introduced for both AIU and 
CIU datasets.
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Figure 2. 
CCSacc–enabled comprehensive structural analysis. (a) Representative CCSacc distribution 
profiles of HSA at several unfolding voltages (lab-frame CE: 186 eV (top), 1023 eV 
(middle), 1705 eV (bottom)) generated through relative intensity-determined contributions. 
(b) Representative mass spectra for HSA and BSA used for intensity pickup. (c) Difference 
plots between HSA 16+ and 15+ (two most abundant) and CCSacc unfolding fingerprints.
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Figure 3. 
CCSacc as a tool for comprehensive structural comparison between HSA and BSA. 
Unfolding fingerprints for individual charge states and for accumulated CCS datasets 
generated of (a-e) HSA and (f-j) BSA as well as (k-o) difference plots between the two 
species with RMSD values: 12.81%, 11.02%, 12.49%, 10.71% and 13.60%. Feature CCS, 
CIU50 values, and corresponding RMSD values were also shown in p, q and r, respectively.
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Figure 4. 
Improved structural probing on sialylated glycoprotein via CCSacc. (a) Representative mass 
spectra and corresponding IM heatmap showing charge states from 20+ to 17+ of bTF under 
gentle condition (10 V). Stepwise unfolding fingerprints of bTF of (b-e) individual charge 
states and (f) accumulated CCS are shown along with (g) the difference plot between the 
most abundant charge state and CCSacc. (h) Feature CCS and (i) CIU50 values are shown for 
each data set.
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