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Abstract 

Antibody-based therapeutics continue to expand both in the number of products and their 

use in patients. These heterogeneous proteins challenge traditional drug characterization 

strategies, but ion mobility (IM) – mass spectrometry (MS) approaches have eased the challenge 

of higher-order structural characterization. Energy-dependent IM-MS, e.g., collision-induced 

unfolding (CIU), has been demonstrated to be sensitive to subtle differences in structure. In the 

present study, we combine a charge-reduction method, cation-to-anion proton-transfer reactions 

(CAPTR), with energy-dependent IM-MS and varied solution conditions to probe their combined 

effects on the gas-phase structures of IgG1κ and IgG4κ from human myeloma. CAPTR paired 

with MS-only analysis improves the confidence of charge-state assignments and the resolution of 

interfering protein species. Collision cross-section distributions were determined for each of the 

charge-reduced products. Similarity scoring was used to quantitively compare distributions 

determined from matched experiments analyzing samples of the two antibodies. Relative to 

workflows using energy-dependent IM-MS without charge-state manipulation, combining 

CAPTR and energy-dependent IM-MS enhanced the differentiation of these antibodies. 

Combined, these results indicate that CAPTR can benefit many aspects of antibody 

characterization and differentiation. 
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Introduction 

 Monoclonal antibodies (mAbs) constituted 4 out of 10 of the top drugs by sales in 20211 

and the list of approved mAbs therapeutics continues to expand.2 All currently approved mAb 

therapeutics are based on Immunoglobulin Gammas (IgGs).3,4 Relative to small-molecule 

therapeutics, mAbs have resisted general strategies for characterization and quality control. They 

are large, flexible molecules rich with post-translational modifications, making them 

heterogeneous.5,6 These properties challenge high-resolution structural techniques and only a few 

atomic-resolution structures for full-length, intact antibodies have been reported.7–9 These 

challenges have motivated the use of complementary techniques.10 Ion mobility (IM) mass 

spectrometry (MS) is fast, sensitive, and tolerant of heterogeneity and dynamics. In IM, ions are 

separated by size, shape, and charge by collisions with background gas molecules in the presence 

of an electric field; their mobilities can be used to determine what is commonly referred to as a 

collision cross-section (Ω). This can be used in conjunction with native MS, which provides 

information about the mass and noncovalent interactions of analytes. Protein ions generated by 

electrospray ionization (ESI) from native-like solution conditions can have similar Ω values to 

those predicted based on condensed-phase structures, consistent with the retention of aspects of 

native structure in the gas phase.11,12 Complementary methods have corroborated these 

conclusions, e.g., GroEL ions were soft-landed following MS, and the resulting electron-

microscopy images were consistent with the retention of solution-phase structures.13,14  

IM-MS has been used to characterize multispecific antibodies,15 differentiate disulfide 

variants,16,17 glycosylation variants,18 and IgG subclasses,16 measure the drug-to-antibody ratios 

of antibody-drug conjugates,19,20 and more. The subjects of the present study, IgG1 and IgG4, 

share more than 90% sequence identity, and they differ not in terms of number, but in 
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connectivity of their disulfide bonds.4 The apparent Ω distributions for IgG1 and IgG4 have been 

reported to be similar to each other,21,22 but centered at Ω values that are more than 30% smaller 

than those calculated for the few existing crystal structures of IgGs.21–24 Furthermore, the 

apparent Ω distributions are wider than those for other protein complexes of similar masses.21,22 

The small magnitude and large widths of the apparent Ω distributions have been attributed to the 

flexibility of IgGs in solution, specifically that of the hinge region,21 and the structural collapse 

upon entry into the gas phase.21–24 Collision-induced unfolding (CIU) has been demonstrated to 

be sensitive to subtle differences in gas-phase IgG structures. In CIU, ions are subjected to 

increasing collisional activation, their arrival times are monitored via IM, and the resulting 

unfolding patterns can be used to distinguish ion populations. Although IgG1 and IgG4 are 

difficult to differentiate based on IM-MS measurements alone, they do show distinct unfolding 

patterns with CIU.16,25  

The charge states of gas-phase protein ions depend on the size and structure of the 

protein, the properties of the solvent and other solutes, the ionization mechanism, and other 

factors.26–29 Charge-state manipulation of protein ions can help probe the effects of charge on the 

properties of those ions.30 Several charge-reduction methods have been implemented with MS,31–

34 and with IM, it is also possible to probe structural changes in relation to charge state. Building 

upon the pioneering contributions of McLuckey and coworkers,35 we introduced Cation-to-

Anion Proton-Transfer Reactions (CAPTR) to generate a series of charge-reduced protein ions 

that can be analyzed in parallel.33 For example, we used CAPTR to investigate the effects of 

charge state, solution conditions, and internal disulfide bonding on Ω for a large, multidomain 

protein, bovine serum albumin (BSA).28 Ions generated from denaturing conditions exhibited Ω 

values that depended strongly on z, whereas ions from native-like conditions depended weakly 
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on z. The CAPTR products of single domain proteins from denaturing conditions and native-like 

ions of the same charge states can exhibit similar Ω values,36,37 but the lowest-z CAPTR products 

of BSA from denaturing conditions exhibited Ω values that were significantly larger those for the 

corresponding native-like ions.28 CAPTR results for BSA28 and lysozyme37 from denaturing, 

disulfide-reducing conditions indicate that those ions compact more per CAPTR event than the 

corresponding ions from disulfide-intact conditions. These results suggest that disulfide bonds 

limit expansion to larger Ω at high z, but also limit compaction at low z. Collisional activation in 

combination with CAPTR, i.e., pre- or post-CAPTR activation, has aided in differentiating ions 

with similar apparent Ω distributions. For example, Ω distributions of 8+ ubiquitin appeared to 

be independent of applied activation voltage, but Ω distributions of 6+ ions generated by CAPTR 

of the activated 8+ precursors depended on the extent of activation; these differences provided 

indirect evidence for unresolved, energy-dependent structural changes in the precursor.38 

Additional results from CAPTR-based experiments and comparisons with results from other 

charge-reduction methods have been reviewed recently.30 Overall, these results support the ideas 

that solution conditions and disulfide bonding impact gas-phase protein ion structure and suggest 

that charge should be considered when using IM-MS to study biomolecular structure. 

Based on CIU of IgGs,16,25 CAPTR of BSA,28 and pre-CAPTR activation of ubiquitin,38 

we hypothesized that combining charge-state manipulation and energy-dependent IM may enable 

better differentiation of antibodies than either technique alone. Here, we tested that hypothesis 

using a combination of experiments and quantitative comparisons of results for IgG1 and IgG4 

using similarity scoring39 implemented with the Jensen-Shannon distance metric.40–42 
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Methods 

Samples. Samples of IgG1κ and IgG4κ (product/lot numbers: I5154/SLCB8124 and 

I4639/SLBR4231V, respectively) from human myeloma plasma were purchased from Sigma-

Aldrich (St. Louis, MO). For native-like conditions, 20 μL samples with a concentration of 1 mg 

mL‒1 (~7 μM) antibody were exchanged into aqueous 200 mM ammonium acetate at pH 7.0 

using Micro Bio-Spin 6 columns (Bio-Rad, Hercules, CA). For denaturing conditions, the same 

procedure was used, but the samples were instead exchanged into aqueous 0.1% acetic acid.  

Experiments. All experiments were conducted on a Waters Synapt G2 HDMS modified 

with a glow-discharge ionization source43 and a radio-frequency confining drift cell (Figure 

1a).44 Cations were generated using electrokinetic electrospray ionization, as described 

previously.45 The sample capillary was inserted into a copper block that was maintained at 25 °C 

using a Peltier device. The atmospheric-pressure interface was maintained at 120 °C for the 

duration of CAPTR experiments to reduce fouling of the source and ion optics; the temperature 

of the sample capillary and atmospheric-pressure interface are independent in these 

experiments.36 To perform CAPTR, perfluoro-1,3-dimethylcyclohexane (PDCH, Sigma-Aldrich, 

St. Louis, MO) was introduced as a vapor in nitrogen gas. After glow-discharge ionization, the 

fragments, the monoanion [PDCH–F]– at m/z 381, were quadrupole selected and accumulated in 

the trap for 100 ms. The instrument polarity was then switched to positive mode to allow 

selected cations of IgG1 or IgG4 to be transmitted through the trap cell of accumulated anions 

for 1 to 5 s.33 Product ions and residual precursor ions were then pulsed into the mobility cell for 

200 μs every 36.4 ms. The sampling cone voltage was varied between 25 and 125 V to probe the 

effects of pre-CAPTR activation, and the trap bias was varied between 5 and 100 V to probe the 

effects of post-CAPTR activation (Figure 1b). For collision-induced unfolding (CIU) 
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experiments without CAPTR, cations of a single charge state were selected, and the trap collision 

voltage was ramped from 5 to 200 V (Figure 1b). For most experiments, IM arrival-time 

distributions were measured using an RF-confining drift cell44 filled with approximately 1.5 Torr 

helium for most experiments. For post-CAPTR activation experiments, 0.9 Torr nitrogen drift 

gas was used instead. Additional details of the IM experiments and calculating collision cross 

sections (Ω) are described in the Supporting Information.  

   

Results and Discussion 

The goal of this study was to probe the relationship between solution conditions, charge 

state, and Ω for highly flexible macromolecules and to determine whether their responses to 

activation could be used to rapidly differentiate similar proteins. To achieve this goal, we 

characterized the gas-phase structures of IgG1κ and IgG4 κ from human myeloma, which will be 

referred to as IgG1 and IgG4, using CAPTR and IM-MS as a function of solution conditions and 

energy. Ions originating from electrospray of two different solution conditions were analyzed by 

MS and IM-MS experiments. Selected ions were subjected to CAPTR to probe the relationship 

between charge and Ω. And finally, results from collisional activation in combination with 

CAPTR were used to compare IgG1 and IgG4 ion stabilities and structures.  

Differentiation of IgGs by Charge State Assignment and Mass Determination. Figures 2a-

d show the mass spectra of IgG1 and IgG4 from native-like conditions of samples held at 25 °C; 

similar mass spectra were also obtained without temperature control of the sample (Figure S1). 

Ions generated from native-like conditions will be denoted with a superscript "N", e.g., NIgG1. 

Like other large proteins, the mass spectra of NIgG1 and NIgG4 display a narrow charge-state 

distribution with high m/z values. The degree of similarity between these spectra should also be 
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noted; it is challenging to distinguish IgG1 and IgG4 from these results alone. Simulated mass 

spectra are overlayed on top of the experimental native mass spectra based on the charge-state 

assignment of the peaks at 6195 m/z (NIgG1) and 6227 m/z (NIgG4) as either 24+ or 25+; the 

simulated native mass spectra agree reasonably well with the experimental native mass spectra 

for both sets of charge-state assignments.  

The ions near 6200 m/z were also quadrupole-isolated and subjected to CAPTR; the 

experimental CAPTR spectra are shown in Figure 2e-h. CAPTR mass spectra were also 

simulated based on the masses determined from the 24+ and 25+ models of the native mass 

spectra. The experimental and simulated CAPTR spectra agree only when the peaks near 6200 

m/z are assigned to 24+ for NIgG1 and 25+ for NIgG4. Some mass spectra of NIgG1 and NIgG4 

from the same source have been assigned so that peaks with similar m/z for both proteins have 

the same charge state.16,21 For the IgG samples used in this investigation, the additional peaks 

generated by CAPTR reveal that these two analytes have different charge-state distributions and 

different masses. Figures S2 and S3 show the standard deviations associated with propagating 

mass through various charge-state assignments of the precursor and charge-reduced ion peaks. 

The analysis resulted in average masses of 148,714 ± 58 Da and 155,826 ± 61 Da (95% 

confidence interval) for IgG1 and IgG4, respectively, under these minimally activating 

conditions. This analysis suggests that previously reported charge-state assignments for this 

NIgG4κ sample may be incorrect.16 Different post-translational modifications on IgG1 and IgG4 

may contribute to the observed mass difference between these two samples. IgG glycosylation 

can represent 2% to 3% of the total antibody molecular weight.3,46 With minimal applied 

activation, incomplete desolvation could contribute to the overall masses as well, but this likely 

affected both analytes similarly. With increased collisional activation in the source (up to 125 V 
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sampling cone voltage), the mass difference decreased to 6.7 kDa from 7.1 kDa. Regardless, this 

analysis highlights the potential ambiguity in interpreting native mass spectra of high mass ions 

and showcases the application of CAPTR to increase the confidence in native MS charge-state 

and mass assignments.33 In this case, despite exhibiting similar native mass spectra, CAPTR also 

enabled the rapid differentiation of NIgG1 and NIgG4 ions by mass alone.  

IgG1 and IgG4 ions generated from aqueous 0.1% acetic acid display a much wider 

charge-state distribution and higher charge states overall than those from native-like conditions. 

Ions generated from these denaturing conditions will be denoted with a superscript "D", e.g., 

DIgG1. Figures S5 and S6 show mass spectra of DIgG1 and DIgG4 from ESI. The highest 

resolved charge states observed for DIgG1 and DIgG4 were 50+ and 58+, respectively. The 

lowest charge state observed for both DIgG1 and DIgG4 was 27+. Bimodal charge-state 

distributions were observed for each sample: one at lower m/z and one at higher m/z. The 

presence of higher m/z distributions, like those observed for NIgG1 and NIgG4, suggest that these 

conditions were only partially denaturing, but will be referred to as denaturing for simplicity. 

Precursor ions (P) of DIgG1 and DIgG4 were also subjected to CAPTR prior to mass 

analysis. When CAPTR was performed on either all ions (no precursor selection), P = 47 or 49 

for DIgG1, or P = 49 for DIgG4, a single series of products were generated (Figures S5 to S10). 

The masses of these products are consistent with the analysis of native-like ions discussed above. 

Interestingly, when CAPTR was performed on P = 47 for DIgG4, two series of product ions were 

generated that have masses 155.6 kDa and 158.9 kDa (Figure S5). These species were 

unresolved in the spectra of both the full population of ESI-generated ions and the CAPTR 

products of that full population (S8). The 155.6 kDa species is predominant in this spectrum, 

consistent with the other spectra of this sample (Figures S5 to S10) and that form being 
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predominant in solution. No evidence for a 3.3 kDa fragment ion was observed, consistent with 

the presence of the 155.6 kDa species in solution and the absence of fragmentation in CAPTR 

experiments.30 These two species represent different antibody proteoforms in the original 

sample, and may differ in sequence, glycosylation, and other properties. Resolving interfering 

populations is another benefit of CAPTR that could aid in the analysis of challenging 

biopharmaceutical samples. 

Collision Cross-Section (Ω) Values and Solution Conditions. Ω with helium (DTΩHe) were 

determined from field-dependent measurements of drift time as a function of reciprocal drift 

voltage. Arrival-time distributions were found to be unimodal for electrospray-generated NIgG 

ions. The centroid of each distribution was estimated from that of the best-fit normal distribution, 

as described previously.47 Figure S4 shows CCS values calculated based on different charge-

state assignments. When the charge states are assigned based on the CAPTR mass spectra, the 

DTΩHe values of the NIgG1 and NIgG4 ions differ by less than 2%. The 24+ and 23+ populations 

are most similar in size with a <0.6% difference. With such small differences in Ω, IgG1 and 

IgG4 cannot be differentiated by Ω alone. Within samples, the Ω values ranged from 67.6 to 69.6 

nm2 (3% difference) for 22+ to 27+ IgG1 and 67.9 to 72.1 nm2 (6% difference) for 23+ to 28+ 

IgG4. For comparison, 24+ to 27+ alcohol dehydrogenase (mass of 147 kDa) exhibited DTΩHe 

that differed by up to 3.5%.48 If IgG1 and IgG4 are assumed to have more similar masses, i.e., 

peaks at similar m/z in both spectra are both incorrectly assigned the same charge state (Figure 

2), the apparent maximum difference in Ω grows to 3.9% for the 22+ or 23+ populations, 

depending on the misassignment (Figure S4). These results illustrate how charge-state 

assignment can impact the interpretation of ion mobility results.  
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The DTΩHe values for ions from denaturing conditions ranged from 69.2 to 112.2 nm2 

(47% difference) for DIgG1 and 72.6 to 132.0 nm2 (58% difference) for DIgG4. For comparison 

to DIgG1, 50+ ions of DIgG4 had a Ω value of 114.0 nm2. Ions of charge states also observed 

under native-like conditions exhibited similar centroid Ω values to their native-like counterparts 

(Figure S10). Relative to NIgG1 and NIgG4 ions, Ω values depended more strongly on charge 

state, which is consistent with results for other protein ions generated from denaturing 

conditions.28,36,37 For most charge states, larger differences in Ω values were observed between 

DIgG1 and DIgG4 ions than for NIgG1 and NIgG4. The largest difference was observed for the 

31+ charge state (7.8%).  

Relationship Between Charge and Ω. Three NIgG1 and NIgG4 precursors, 26+, 25+, and 

24+, and two DIgG1 and DIgG4 precursors, 49+ and 47+, were selected for analysis based on 

their intensities and subjected to CAPTR. The CAPTR products originating from each of the 

precursors were characterized by IM-MS. Arrival-time distributions were converted to median 

collision-cross sections (DT𝛺෨ு௘) with helium as described in the Supporting Information. Ions are 

identified by “ConditionP→C” where “P” is the charge state of the precursor ion, “C” is the charge 

state of the CAPTR product, and “Condition” is the solution conditions (“N” or “D”). For the 

NP→C ions, the Ω෩ values depended weakly on both P and C (Figure 3). Although there were 

small, systematic differences between the Ω෩ values of IgG1 and IgG4, but those differences were 

comparable in magnitude to those for the precursor ions that were not subjected to CAPTR. The 

Supporting Information includes a more detailed discussion of these values. Compared to other 

native-like proteins of similar mass, NIgG1 and NIgG4 undergo slightly less compaction with 

charge reduction, which may be the result of the compaction these molecules have undergone 

upon entrance into the gas phase, consistent with previous work.23–26 The small magnitude of 
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these differences in Ω are consistent with those for the CAPTR products of other large, native-

like protein ions,28,48 as shown for NBSA in Figure 3. Overall, the results of these experiments 

suggest that the excess positive charges on these native-like antibody ions have a small effect on 

their structures as monitored by CAPTR and IM, which is consistent with our observations for 

large, well-folded proteins.28,48  

For the DP→C ions, the Ω෩ values depended weakly on P and strongly on C (Figure 3). 

For a given P and C, the Ω values for the IgG4 ion was between 0.5 and 5.9% larger than the 

corresponding IgG1 ion. The Supporting Information includes a more detailed discussion of 

these values. Although the Ω decreased significantly after each CAPTR event, the Ω value for 

each DP→C ions was considerably larger that for all NP→C ions. For each C, the Ω values for 

the CAPTR products of DIgG1 and DIgG4 were larger than those for DBSA. However, relative to 

DBSA ions, the DIgG ions compacted less per CAPTR event. Linear regression of the results in 

Figure 3 suggests that DBSA ions exhibited a maximum change of 1.97 nm2ꞏz–1, whereas DIgG 

ions exhibited a maximum of 0.92 and 0.88 nm2ꞏz–1 for DIgG1 and DIgG4, respectively. This 

finding may be a consequence of the denaturing conditions. The condition used for the IgGs 

were less disruptive than that used for DBSA; the Ω and charge states and Ω observed for the 

DIgGs may have been limited by decreased extents of structural disruption in solution and 

charging during ionization. 

Pre-CAPTR Activation of Ions from Native-Like Conditions. To investigate the 

relationship between the structures of the precursors and their CAPTR products, NIgG ions were 

analyzed as a function of sampling cone voltage (Figure 1b). Increasing this voltage increases the 

extent of collisional activation in the atmospheric-pressure interface, which occurs prior to 

quadrupole selection and CAPTR. Note that collision activation can also result in the loss of 
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charge,49 which may also contribute to these results. An asterisk is used to indicate the activated 

species, i.e., “NP*→C.” The 26+ and 25+ precursor ions of IgG1 and IgG4 were selected for 

these experiments and were probed at sampling cone voltages of 25, 50, 75, 100, and 125 V.  

Generally, with increasing sampling cone voltage, the apparent DTΩHe distributions for all 

observed NP*→C ions tended to shift to larger values, increase in width, and exhibit more 

multimodal character. Figure 4 illustrates these trends for the N25*→C ions of IgG1 and IgG4. 

With decreasing C, the apparent Ω distributions tended to shift to smaller values, decrease in 

width, and exhibit more unimodal character. These trends are generally consistent with results 

from pre-CAPTR activation of other native-like ions of proteins.48 For a given C and sampling 

cone voltage, the apparent Ω distributions for IgG1 and IgG4 exhibited varying extents of 

overlap. The extent of that overlap was greatest for the two highest sampling cone voltages. For 

example, with a sampling cone voltage of 100 V, the distributions for IgG1 and IgG4 exhibited 

significant overlap and the extent of overlap depended weakly on C. By comparison, with a 

sampling cone voltage of 75 V, there were greater differences between the distributions for IgG1 

and IgG4, and those differences increased with the number of CAPTR events. These results all 

indicate that the apparent Ω distributions of these antibody ions can depend on the pre-CAPTR 

activation voltage, C, and the identity of the antibody. 

Next, we quantified these differences using similarity scoring. We previously introduced 

the use of similarity scores to quantify the differences between arrival-time distributions and 

evaluate the significance of those differences relative to the variance of the underlying 

measurements.39 Here, we calculated the Jensen-Shannon distance metric, which scores the 

difference between two probability distributions40–42 and has been applied across many fields, 

including bioinformatics, machine learning, and linguistics.50–52 We define the similarity as 1 
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minus the Jensen-Shannon distance, which is the square root of the Jensen-Shannon divergence. 

A more detailed description of this similarity score metric and how it was calculated is available 

in the Supporting Information. 

Figure 4 helps identify the most dissimilar Ω distributions for NIgG1 and NIgG4 ions 

formed from 25+* precursors. The apparent Ω distributions at 75 V and 100 V pre-CAPTR 

activation are shown as examples, and similarity scores comparing Ω distributions at all pre-

CAPTR activation voltages are plotted. At most levels of pre-CAPTR activation, the Ω 

distributions of charge-reduced products exhibit less similarity than the corresponding 

precursors. For example, using 75 V, the Ω distributions of the 25+* precursor of NIgG1 and 

NIgG4 yield a similarity score of 0.81, whereas that for the N25*→12 ions is 0.53. For reference, 

scores comparing replicates of N25→C at 25 V are all 0.87 or higher (Ω distributions of 

replicates shown in Figures S11 and S12). Therefore, the low similarity determined for the 

N25*→12 ions from the two samples provides unambiguous evidence that the samples are 

different, at a higher level of confidence than possible for the 25+* ions from those samples. 

NIgG1 and NIgG4 activated precursors display similar Ω distributions, but their 12+ products are 

extremely sensitive to their differences. Similar trends in similarity scores are seen for N26*→C 

Ω, as shown in Figures S13 and S14. These results provide further evidence that ions with 

similar Ω values don’t necessarily have similar structures.  

Collisional activation without charge-state manipulation, i.e., CIU, has been used applied 

previously to differentiate NIgG1 and NIgG4 from the same source.16 To directly compare CIU 

with pre-CAPTR activation, 25+ and 26+ ions of both antibodies were probed as a function of 

collision energy using methods as indicated in Figure 1b. Figures S16 and S17 show 

representative Ω distributions. Figure 5 shows the similarity score between the distributions 
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obtained for each charge state as a function of the collision voltages. The lowest similarity score 

calculated for NIgG1 and NIgG4 Ω distributions is 0.66, which was for the 26+ ions that were 

analyzed using a 70 V trap injection voltage with a value of 0.66. This aligns well with the low 

collision voltage range in which large CIU differences were observed previously for 23+ ions of 

IgG1κ and IgG4κ.16 For comparison, the similarity scores for N25*→C and N26*→C ions at 50 

V pre-CAPTR activation are plotted as a function of C. The lowest score achieved from pre-

CAPTR activation experiments is 0.41, which was for the 25*→13 ions. The apparent Ω 

distributions resulting from pre-CAPTR activation of the two samples are less similar, i.e., the 

two samples are better differentiated by pre-CAPTR activation than CIU.  

Note that we previously compared Ω distributions using a similarity score that depended 

on dot products.39 Analyzing the current results using either that similarity score or the Jensen-

Shannon similarity score results in similar trends and identical conclusions (Figure S15). 

However, in other ongoing projects involving different types of distributions, we identified edge 

cases for which the dot-product-based similarity score yields values greater than the expected 

bounds from zero to one. These edge cases were associated with pairs of distributions containing 

high probabilities for the same values, but for which the dot product of each distribution with 

itself yields very different values. Based on that finding, we now recommend using the Jensen-

Shannon similarity score for comparing distributions from IM experiments. 

Post-CAPTR Activation of Ions from Native-Like Conditions. To further probe the gas-

phase structures of NIgG ions and their CAPTR products, those ions were analyzed as a function 

of the injection voltage into a nitrogen-filled mobility cell (Figure 1b). This will be referred to as 

post-CAPTR activation and the activated species are noted with an asterisk, i.e., “NP→C*.” Only 

the 26+ precursor ions of IgG1 and IgG4 were selected for these experiments. Note, the 
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temperature of the sample capillary was not controlled independently of the atmospheric-

pressure interface for the post-CAPTR activation experiments.  

Figure 6a shows apparent DTΩேଶ distributions of N26→26*, N26→21*, and N26→12* 

ions of IgG1 at selected mobility cell injection voltages; corresponding distributions for IgG4 are 

shown in Figure S18. Ω෩ேଶ values of IgG1 and IgG4 N26→C* ions are shown in Figure 6b at all 

post-CAPTR activation voltages tested. IgG1 and IgG4 N26→C* ions exhibited very similar 

trends. Notably, ions of lower C exhibited a collapse in Ω with increasing injection voltage, 

whereas ions of intermediate C exhibited an initial collapse, and then expanded in Ω at higher 

injection voltages. Ions of highest C did not exhibit any evidence for collapse prior to expanding 

in Ω with increasing injection voltage. As discussed in the Introduction, IgGs are hypothesized to 

undergo significant collapse upon transition to the gas phase.21–24 The lowest-C ions in these 

experiments exhibited evidence for collapse following activation, consistent with annealing to 

even more compact structures. For comparison, previous work investigating charge-state 

dependent activation of protein complexes with and without internal cavities showed that ions of 

lower charge with internal cavities accessed compact conformations at low activation voltages 

prior to undergoing unfolding at higher voltages.53 We hypothesize that lower-C ions anneal to 

form more compact structures that have stronger noncovalent interactions than those present 

prior to annealing. In contrast, we hypothesize that higher-C ions anneal to form more extended 

structures that have less Coulombic repulsion, likely at the expense of other noncovalent 

interactions. The post-CAPTR activation results for native-like IgGs ions remain flexible and 

exhibit behavior that qualitatively resembles charge-reduced complexes with internal cavities.  

Figure 7 shows similarity scores calculated for apparent Ω distributions of the N26→C* 

ions of IgG1 and IgG4 at selected post-CAPTR activation voltages. These results show that 
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many combinations of C and activation voltage yielded similar apparent Ω distributions for IgG1 

and IgG4, notably when the values of C and the activation voltage were both large. However, 

other combinations yield very different apparent Ω distributions. For example, data for the 

N26→C* ions, where C = 13 to 18, acquired using a post-CAPTR activation of 35 V yielded 

similarity scores near 0.4. Those scores are amongst the lowest found in this study (Figures 4, 5, 

and 7) and demonstrate that post-CAPTR activation can also provide compelling evidence that 

these two samples are different.  

 

Conclusions 

This study used CAPTR, pre- and post-CAPTR activation, and IM-MS (Figure 1) to 

characterize and compare samples of IgG1 and IgG4 from human myeloma. Consistent with 

previous studies,16,21 it was challenging to distinguish between IgG1 and IgG4 using native MS 

or native IM-MS alone (Figures 2a-d and Figure S4). Combining CAPTR and native MS enabled 

more confident charge state and mass assignments, which revealed a significant mass difference 

between the two antibodies (Figure 2e-h). Combining CAPTR and denaturing MS, revealed 

intrasample heterogeneity that would have otherwise gone undetected (Figure S5D). Combining 

CAPTR and IM-MS reveals that for ions from native-like conditions (Figure 3), the initial ions 

and their charge-reduced products all have similar Ω values. For ions from denaturing 

conditions, each consecutive CAPTR event results in a charge-reduced product that has a smaller 

Ω value, but values for all products were significantly larger than those for all CAPTR products 

of ions from native-like conditions. In general, these trends suggest that native-like IgGs ions 

share many properties with other less flexible, native-like protein ions of high mass, e.g. charge 

density has a similar influence on gas-phase structure.28,30,48 



18 

These samples were also analyzed using pre-CAPTR or post-CAPTR activation. With 

increasing pre-CAPTR activation, the Ω distributions for all ions tended to shift to larger values, 

increase in width, and exhibit more multimodal character. With decreasing C, the apparent Ω 

distributions tended to shift to smaller values, decrease in width, and exhibit more unimodal 

character. These trends are generally consistent with results from pre-CAPTR activation of other 

native-like ions of proteins.28,48 With increasing post-CAPTR activation, the changes in the Ω 

distributions depended on the number of CAPTR events. Products with the lowest charge state 

exhibited a collapse in Ω with increasing injection voltage, products with the intermediate charge 

state exhibited an initial collapse, and then expanded in Ω at higher injection voltages, and 

products with the highest charge state only expanded in Ω with increasing injection voltage. This 

relationship between charge state and the effect of activation qualitatively resembles that 

reported based on CIU of charge-reduced complexes with internal cavities.53 This suggests the 

IgGs ions did not fully collapse during transfer to the gas-phase. Similarity scoring was used to 

quantitively compare Ω distributions determined from matched experiments analyzing samples 

of the two antibodies, which aided in identifying experiments that maximized sample 

differentiation. Relative to workflows using energy-dependent IM without charge-state 

manipulation (Figure 5), pre-CAPTR activation (Figure 4) and post-CAPTR activation (Figure 7) 

both enhanced the differentiation of these antibodies by IM. In sum, CAPTR enhanced many 

aspects of our ability to characterize and differentiate these antibody samples. We suggest that 

researchers consider incorporating CAPTR into their workflows for characterizing 

biotherapeutics.  

Supporting Information. Additional description of data analysis procedures and 

similarity score calculations, as well as figures of additional experimental results.  
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Figure 1. (a) Diagram of the modified Waters Synapt G2 HDMS with radio-frequency confining 

drift cell. Anions (green) are generated by glow-discharge ionization and accumulated in the trap 

cell. Cations (purple) are generated by nanoelectrospray ionization and transmitted through the 

anion population in the trap cell for CAPTR. Residual precursor and CAPTR product ions are 

separated by IM prior to mass analysis. (b) Representative potential-energy diagrams for cation 

transmission during minimal activation, pre-CAPTR activation, collision-induced unfolding 

(CIU), and post-CAPTR activation experiments. Figure adapted with permission from J. Am. 

Chem. Soc. 2016, 138, 9581−9588.38 Copyright 2016 American Chemical Society. 
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Figure 2. (a-d) The IgG1 (a, b) and IgG4 (c, d) experimental mass spectra of ions from native-

like conditions (black) are overlayed with simulated mass spectra based on the charge 

assignment of the peaks centered near 6195 m/z (IgG1) and 6227 m/z (IgG4). Assignment of the 

indicated IgG1 peak as 24+ (a, green) or 25+ (b, blue) results in mass determinations of 148.8 

and 154.9 kDa, respectively. Assignment of the indicated IgG4 peak as 24+ (c, purple) or 25+ (d, 

orange) results in mass determinations of 148.7 and 155.7 kDa, respectively. (e)-(h) show the 

experimental mass spectra (black) of the CAPTR products generated after quadrupole of the 

indicated ions; corresponding CAPTR mass spectra were simulated using the masses determined 

from the models of the native mass spectra. 
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Figure 3. DTΩ෩He values of IgG1, IgG4, and BSA ions produced from electrospray from native-

like and denaturing solution conditions and subjected to CAPTR. Denaturing conditions used for 

BSA experiments were comprised of 70:30 water/methanol with 0.2% formic acid; native-like 

conditions were the same as those used for IgGs. Precursors 26+, 25+, and 24+ were selected for 

CAPTR of NIgGs, and precursors 47+ and 49+ were selected for CAPTR of DIgGs. Note that 

CAPTR of DIgG4 47+ ions revealed the presence of two species within the sample (Figure S4); 

these IM results are not shown. The 45+ and 17+ precursors were selected for CAPTR of DBSA 

and NBSA, respectively.  
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Figure 4. (Top) The apparent DTΩHe distributions of CAPTR products and residual precursor 

ions generated after activation (75 V and 100 V, pre-CAPTR activation) of 25+ precursors. 

Similarity scores are provided for representative distribution comparisons. (Bottom) The 

similarity scores for comparison of the apparent DTΩHe distributions of replicates of IgG1 and 

IgG4 N25→C versus charge state (triangles) and the similarity scores for the comparison of the 

apparent DTΩHe distributions of IgG1 and IgG4 at different pre-CAPTR activation voltages 

versus charge state (circles). For most pre-CAPTR activation voltages, the DTΩHe distributions of 

the lower charged ions are more distinguishable (lower similarity scores) than those of their 

activated precursors.   
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Figure 5. The similarity scores of the apparent DTΩHe distributions of NIgG1 and NIgG4 CAPTR 

products and residual precursor (25+ and 26+) ions at 50 V pre-CAPTR activation versus charge 

state (cool colors, bottom axis), and the similarity scores of apparent DTΩHe distributions of 

NIgG1 and NIgG4 precursor ions (25+ and 26+) subjected to collision-induced unfolding versus 

trap collision energy (warm colors, top axis). The distributions of charge-reduced products are 

more distinguishable (lower similarity scores) than those of the precursor ions subjected to CIU.  
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Figure 6. Post-CAPTR activation of NIgG1 and NIgG4. (a) Apparent Ωேଶ distributions of 

N26→26*, N26→21*, and N26→12* ions of IgG1 at selected mobility cell injection voltages. (b) 

Ω෩ேଶ values of each IgG1 N26→C* ion population as a function of mobility cell injection voltage. 

(c) Ω෩ேଶ values of each IgG4 N26→C* ion population as a function of mobility cell injection 

voltage.  
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Figure 7. Similarity scores comparing the apparent Ωேଶ distributions of N26→C* ions of IgG1 

and IgG4 at different post-CAPTR activation voltages.  
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