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Abstract

Analysis of protein complexes by ion mobility-mass spectrometry is a valuable method for the 

rapid assessment of complex composition, binding stoichiometries, and structures. However, 

capturing labile, unknown protein assemblies directly from cells remains a challenge for the 

technology. Furthermore, ion mobility-mass spectrometry measurements of complexes, 

subcomplexes, and subunits are necessary to build complete models of intact assemblies, and such 

data can be difficult to acquire in a comprehensive fashion. Here, we present the use of novel mass 

spectrometry cleavable crosslinkers and tags to stabilize intact protein complexes for ion mobility-

mass spectrometry. Our data reveal that tags and linkers bearing permanent charges are superior 

stabilizers relative to neutral crosslinkers, especially in the context of retaining compact forms of 

the assembly under a wide array of activating conditions. In addition, when cross-linked protein 

complexes are collisionally activated in the gas-phase, a larger proportion of the product ions 

produced are often more compact and reflect native protein sub-complexes when compared with 

unmodified complexes activated in the same fashion, greatly enabling applications in structural 

biology.
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Introduction

While many critical cellular functions are carried out by proteins, few act in isolation, 

instead forming large macromolecular complexes1,2. The modular nature of many protein 

complexes has been revealed by a host of analytical tools3–5, with many proteins transiently 

participating in multiple protein complexes. While the prevalence of transient protein 

complexes in cellular biology necessitates a systems biology perspective to understand 

functional outcomes, current knowledge bases lack many of the functional annotations 

necessary to accurately predict the roles of nodes and clusters within a given interaction 

network. This is often in part due to the absence of quantified temporal data, as well as 

limited information on the architecture of the complexes. Clear structural assignments of the 

functional protein complexes that exist within larger protein networks represent a key 

challenge for systems biology, and will undoubtedly require the integration of many 

information streams for continued progress6,7.

Mass spectrometry (MS) based techniques have been used for decades to identify proteins 

from complex mixtures8–10. Large scale studies have been completed to identify and 

quantify proteins in yeast11,12, globally map post-translational modifications13, and to 

generate very rough draft maps of the human proteome14,15. Numerous affinity purification 

experiments followed by mass spectrometric identification16,17 have led to the discovery of 

thousands of novel protein complexes,18,19 although these studies are very incomplete, 

include mixed complexes, cover a very limited number of physiological states, and weakly 

bound subunits are underrepresented or absent. In parallel with these efforts, MS combined 

with chemical crosslinking (CXL) has become an increasingly important method for 

constraining protein structures and detecting interactions20–23. Improved CXL reagents have 

been developed with features that overcome many of the limitations previously associated 

with these experiments. Several crosslinkers have incorporated affinity tags for enrichment 

of crosslinked peptides24,25, isotope encoding of crosslinkers allows recognition of modified 

peptides in the original MS scan26–28, and MS cleavable crosslinkers facilitate identification 

of the peptide sequence via tandem MS25,29–31. MS can also be used to directly analyze the 

mass and stoichiometry of intact protein complexes using native-state nano-electrospray 

(nESI) coupled directly to tandem mass analyzers having a broad mass range32,33. When 

selected for collision induced dissociation (CID), such protein complex ions typically 

produce product ions bearing charge states that are asymmetric with respect to their 
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respective masses, with relatively unfolded highly-charged monomers being ejected from the 

precursor assembly leaving behind relatively compact charge-stripped oligomers34,35. In 

addition, ion mobility-mass spectrometry (IM-MS) can be brought to bear to record the mass 

and the collision cross-section (CCS) of an intact complex in a single experiment36,37, along 

with the collision induced unfolding (CIU) of a protein complex ion that precedes CID38,39. 

Such IM-MS and MS/MS measurements are often integrated with other sources of structural 

information to build comprehensive models of intact multiprotein complexes that remain 

refractory to other, more narrow structural biology workflows40,41.

In this report, we describe a novel combination of IM-MS and CXL aimed at providing 

structural information for labile assemblies that are not easily accessed by native-state IM-

MS analysis alone. Bottom-up analysis of crosslinked proteins in conjunction with the IM-

MS analysis of intact protein complexes has previously been used to ascertain the quaternary 

structure of multiprotein assemblies42. In addition, the collision induced dissociation 

(CID)34,35, CCSs43, and gas-phase chemical modification44 of small model proteins and 

complexes has been studied using various MS and CXL technologies aimed at probing 

fundamental aspects of protein folding or the MS methods employed in their observation. 

The above studies have all highlighted the challenges surrounding the use of intact mass 

measurements for the assignment of protein complex stoichiometry, including the ability of 

the technique to detect transient complexes and the dominance of asymmetric protein 

unfolding and monomer ejection during CID34,45.

Here, we report the IM-MS analysis of intact protein complexes following treatment with 

standard and custom CXL and tagging reagents in an effort to increase the information 

content of typical intact native protein analysis. We utilize bissulfosuccinimidyl suberate 

(BS3), 1,4-bis(4-((2,5-dioxopyrrolidin-1-yl)oxy)-4-oxobutyl)-1,4-

diazabicyclo[2.2.2]octane-1,4-diium bromide (DC4)29 and a DABCO tagging reagent that 

comprises half of the DC4 CXL agent (MTag). Both of the latter reagents bear two 

permanent charges through the incorporation of the DABCO ring, and we determine the 

influence of all three reagents on complex CCS, as well as CIU and CID pathways. In 

general, the addition of tagging or CXL reagents results in an increase in protein complex 

CCS of 5–10%, which we attribute directly to the addition of the modifiers to the protein 

complex surface through molecular modeling. Protein complexes modified with either 

charged crosslinkers or tags, but not those treated with neutral crosslinkers, exhibit enhanced 

stability in the gas phase relative to CIU, indicating the importance of charge mobility in the 

context of gas-phase protein unfolding. Conversely, the stability of modified complexes with 

respect to CID favored BS3 treated samples, as DC4 is an MS cleavable linker and MTag 

does not crosslink the assembly. Finally, we note that the crosslinked protein complexes 

exhibit altered CID product ions that more strongly favor sub-complex formation when 

compared with control samples. Overall, we discuss these results in the context of their 

potential impact on both IM-MS analyses of intact protein complexes as well as high-

throughput structural biology efforts more broadly.
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Materials and Methods

Materials

Triose phosphate isomerase (rabbit, TPI), avidin (chicken egg white, AVD), alcohol 

dehydrogenase (yeast, ADH), pyruvate kinase (rabbit muscle, PK), aldolase (rabbit muscle, 

ALD), transthyretin (human, TTR), Concanavalin A (jack bean, ConA), glutamate 

dehydrogenase (bovine liver, GDH) were purchased from Sigma Aldrich. A subset of these 

(TPI, AVD, ALD, TTR) were chosen for detailed IM-MS and CIU analysis, as they 

represent a broad cross-section of protein structures and stabilities. GDH was subjected to 

CXL treatment, but was not observed to undergo sufficient gas-phase unfolding following 

cross-linking, and thus not included in our CIU/CID analysis here. All other proteins listed 

were used for CCS calibration. Micro bio-spin columns with bio-gel P6 or P30 in a sodium 

chloride/citrate (SSC) buffer were purchased from Biorad.

Crosslinking, Tagging Reagents, and Sample Clean-up

BS3 was purchased from Fisher Scientific, and DC4 was synthesized as described 

previously29. A tagging reagent related to DC4 (MTag, structure shown in Figure 1A) was 

synthesized using a similar methodology (see Supplemental Information for details). 

Proteins were dissolved in 100 mM triethylammonium bicarbonate (TEAB) pH 7.0 to make 

5 µg/µl (AVD – 64kDa, TTR – 56kDa, TPI – 53kDa), 10 µg/µl (ALD – 156kDa) or 15 µg/µl 

(GDH – 336kDa) solutions for chemical modification. Freshly prepared solutions of 100mM 

BS3, DC4, and M Tag in 100 mM TEAB, pH 7.0 were added in a 50–100 molar excess to 

the protein monomer and allowed to react for 30 minutes. Following modification, the 

proteins were desalted and buffer exchanged into 200mM ammonium acetate with a Biorad 

P30 microspin column according to manufacturer instructions. Prior to analysis, the 

crosslinked and tagged proteins were diluted to a final concentration of 20 µM with 200mM 

ammonium acetate.

Ion Mobility-Mass Spectrometry

A quadrupole ion mobility time-of-flight mass spectrometer (Synapt G2 HDMS, Waters, 

Milford, MA, USA) was used for all ion mobility experiments (see Supporting Information 

for instrument settings and conditions). To investigate the gas-phase stability of crosslinked 

protein complexes, ions were selected for CIU. For each protein, the ions selected for 

collisional activation were found at m/z values corresponding to the same charge state (14+ 

TTR, 15+ TPI, 17+ AVD, 26+ ALD) in the unmodified, crosslinked, and tagged samples. 

Collisional activation was achieved by increasing the trap collision voltage in 5V steps from 

0–200V.

Data Analysis and Molecular Modeling

All mass spectra were analyzed using MassLynx 4.1 software and calibrated externally using 

a 100 mg/mL solution of cesium iodide. Spectra were smoothed using the mean of 100 

channels twice, and no background correction steps were taken. For CCS measurements, 

PK, ADH, GDH, AVD, and TTR were used as calibrants via a previously published method, 

and carry an experimental error of 3%37. Analysis of ion intensities, fragmentation 
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pathways, and protein unfolding were accomplished as described previously (see Supporting 

Information for details)46. For purposes of comparison only, all trap collision voltages were 

converted to collision energy (eV) based on center of mass calculations described 

previously47,48. DC4 crosslinker models were manually constructed and docked onto the 

crystal structure of intact AVD tetramer (1AVE) using HEX 8.0.049. Thirty identical DC4 

molecules were randomly distributed on the outer surface of AVD tetramer with a nearest 

docking distance ranging from 2–4 Å, to mimic the crosslinking of lysine residues. The 

resultant models, together with the intact AVD structure, were further subjected to 

MOBCAL50,51 and IMoS52 theoretical CCS calculations (see Supporting Information for 

details).

Bottom-up Analysis of Chemical Cross Linking

A 5µg/µl solution of AVD in 100mM triethyl ammonium bicarbonate, pH 7.5 (TEAB) was 

combined with 10 mM DC4 prepared immediately before use in 100mM TEAB, pH 7.5 in a 

50:1 molar ratio of crosslinker to AVD monomer. The mixture was allowed to react for 30 

minutes at room temperature. Following this step, all samples were digested with cyanogen 

bromide in trifluoroacetic acid, followed by trypsin in ammonium bicarbonate, separated 

using an Agilent 1100 high performance liquid chromatography system, and mass analyzed 

using a 4800 MALDI TOF/TOF mass spectrometry platform (Applied Biosystems/Sciex). 

See the Supporting Information documentation for more information.

Results

Model homo-oligomers were crosslinked individually with BS3 and DC4 and then analyzed 

by MS (AVD in Figure 1A and all complexes in Figure S-1). A cursory examination of the 

data revealed that BS3-crosslinked proteins appeared to display similar average charge states 

to unmodified proteins, however the charge states for DC4-crosslinked and M-Tagged 

proteins shift to higher values. In all cases, MS peaks were resolved sufficiently to 

distinguish charge states; however, for all complexes studied MS/MS data were collected to 

ensure accurate mass measurements and assignments of charge states (Figure 1B). Similarly, 

shifts to higher masses were observed for all modified proteins – for each BS3 crosslink 

180Da are added, BS3 dead-ends add 192Da, DC4 crosslinks add 250Da, DC4 dead-ends 

add 268Da and M-tags add 197Da each. Overall, BS3-crosslinked proteins exhibited a 6–8% 

increase in mass, DC4-crosslinked proteins 7–11%, and M Tagged proteins 8–12%. For the 

protein TPI, this would result in 20–32 molecules of crosslinker or tag added, TTR 21–31, 

AVD 27–34, ALD 55–67, and GDH 90–144. In all cases, these values are in good agreement 

with both the number of primary amines (lysine residues and the N-termini) within the 

complete sequences of our target protein complexes (TPI – 44, TTR – 36, AVD – 40, ALD – 

108, GDH-198) and their solvent exposed lysine residues (TPI-42, TTR-28, AVD-36, 

ALD-100, GDH-156) based on available X-ray structures53–57. The addition of CXL 

molecules in excess of the number of available primary amines within the target sequence 

can be interpreted as evidence of reactions between the CXL agent NHS esters and other 

protein functional groups58. The CCSs of multiple crosslinked and tagged proteins were also 

measured (Figure 1C) and an increase of 5–10% in CCS was observed, regardless of 
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crosslinker or tag used, in a manner consistent with the observed mass increases discussed 

above.

For the data discussed above, the protein complexes analyzed were observed as compact 

structures, indicated by narrow IM drift time and charge state distributions similar to those 

observed under control conditions. To measure the stability of these structures, one charge 

state of each oligomer was isolated (14+ TTR, 15+ TPI, 17+ AVD, 26+ ALD), and 

collisionally activated by increasing an acceleration voltage that injects ions into the ion trap 

situated prior to the IM separator. As the collision energy was increased, a wider distribution 

of IM drift times was observed, indicating protein CIU34,38. In Figure 2A, the percentage of 

the compact, native-like structural family observed is shown as a function of collision energy 

for TTR, TPI, AVD, and ALD complexes. Compared to unmodified protein complexes 

(grey), BS3-crosslinked proteins (red) required similar collision energies to undergo CIU. 

However, proteins crosslinked (blue) or tagged (orange) with reagents containing charged 

quaternary amines exhibited increased resistance to CIU, with altered unfolding threshold 

energies that increased by ~23% on average.

In order to track the unfolding pathways adopted by modified and crosslinked protein 

complex ions, we created CIU fingerprints for selected charge states of the assemblies 

studied here. The CIU fingerprints of unmodified, BS3-crosslinked, DC4-crosslinked, and 

MTagged TTR (14+), TPI (15+), and AVD (17+) are shown in Figure 2B. The BS3-

crosslinked proteins have CIU fingerprints that possess many features in common with those 

recorded for unmodified control samples. For example, all three protein complexes shown in 

Figure 2B ultimately achieve unfolded structures that exhibit between 1.6 and 1.8 times 

larger CCS values at the largest collision energies probed when compared to those observed 

at lower energies in both BS3-treated and control samples. In addition, the collision energies 

required to initiate CIU remains unchanged for all three assemblies shown upon the addition 

of BS3. Specifically, the BS3-crosslinked AVD tetramer first undergoes CIU at a collision 

energy of ~0.35eV, a value that is nearly identical to that observed for the unmodified AVD 

tetramer. Similar trends are observed for TTR and TPI. Clear differences are also recorded 

between the CIU patterns adopted by BS3-modified complexes when compared to control 

samples. In general, BS3-treated assemblies adopt fewer defined intermediate structures 

during gas-phase unfolding when compared to complexes that have not undergone CXL 

treatment.

In contrast to BS3-linked protein complex ions, assemblies treated with either DC4 or MTag 

bear little resemblance to the CIU patterns recorded for control samples. In general, such 

assemblies require significantly higher collision energies to initiate unfolding, and have even 

fewer defined intermediates than those treated with BS3. For example, the CIU threshold 

energy for TTR increases by ~38% (from 0.32 to 0.44 eV) upon the addition of DC4 

crosslinkers. Similar increases in stability are observed upon the addition of MTag, and 

across all three protein complexes upon the addition of any covalent modification that bears 

permanent charge. In further contrast to BS3-treated protein complexes, those having 

undergone reactions with DC4 and MTag reagents produce protein complexes that exhibit 

substantially decreased ultimate CCS values at high energies. On average, the largest CCSs 

achieved for DC4 linked protein complexes are decreased 9% relative to control, and those 
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treated with MTag are decreased by 6%. Differences between these most-unfolded structures 

achieved upon activating DC4 and MTag treated assemblies can, however, be detected in 

some cases. For example, the ultimate CCS achieved at high energies for MTagged TTR is 

59 nm2, which is a value nearly identical to control and significantly different from those 

recorded for DC4-crosslinked samples under similar conditions (60 nm2). Overall, this effect 

results in a dramatically-decreased slope in the CIU data for complexes treated with charged 

CXL agents when compared with control data, further indicative of their increased CIU 

stabilities achieved in these cases when compared to BS3-treated samples.

In order to probe the CID of CXL-modified and tagged protein complexes, we monitored the 

m/z of product ions generated at energies beyond the CIU thresholds discussed above 

(Figure 3A, B). In general, the addition of CXL agents increased the collision energies 

required to initiate CID of modified intact complexes. In contrast, those assemblies having 

undergone labeling reactions with the MTag reagent required only modestly increased 

collision energies to undergo CID. BS3-treated samples exhibited the greatest amount of 

CID stability, followed by those treated with DC4 in general. For example, at maximized 

collision energies, only 70% of BS3-crosslinked AVD undergoes CID, whereas unmodified 

AVD exhibits complete dissociation at 33% of this energy. DC4 addition, overall, confers 

less stability to protein complex ions relative to dissociation than BS3 in all cases save TPI, 

an observation that agrees with the MS-cleavability of DC4 observed in bottom-up 

sequencing experiments29.

Through a detailed analysis of CID product ion populations, we have detected evidence of 

altered fragmentation pathways when precursor ions having undergone CXL or chemical 

tagging are selected for activation in comparison with control samples (Figures 3C, D). As 

expected, precursor ions treated with CXL agents exhibited enhanced populations of protein 

subcomplexes reflective of inter-chain covalent links that survive the CID process. For 

example, while no dimer product ions are observed upon CID of unmodified AVD (Figure 

3C and S2), both DC4 and BS3-treated samples generate ion populations where ~25% of the 

total integrated product ion intensity is dimeric. While we observe that CID of unmodified 

TTR produces some dimer ion signal (~6% of recorded signal intensity) as observed 

previously38, these signals are significantly enhanced upon both BS3 and DC4 modification, 

resulting in dimer signal increases of ~16 and 6% relative to control respectively. 

Substantially smaller increases in dimer ion intensities are observed for MTagged ions 

following CID, resulting in increases of dimeric product ion signal of~2 and 4% for AVD 

and TTR respectively.

Further evidence of altered CID pathways for chemically modified protein complexes can be 

observed in Figure 3D, which tracks the relative charge states of the precursor ions 

produced, and is thus a sensitive probe for the level of CIU undergone by the assembly prior 

to product ion formation59,60. For example, the average charge states of the monomer ions 

produced upon the collisional activation of tetrameric AVD and TTR were examined in 

order to evaluate the charge asymmetry for CID products generated from chemically linked 

and labeled precursor ions. In the case of AVD, 16+ precursor ions generated by nESI under 

control conditions produce both trimer and monomer product ion populations upon CID, 

each having an average charge state of approximately 8+. However, following CXL with 
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BS3 or DC4, we observe that modified 16+ AVD precursor ions generate trimer ions having 

an increased average charge state of 10+, and a decreased average monomer charge state of 

6+, thus resulting in a 62% and 38% share of the precursor ion charge respectively (Figure 

3D). These values are considerably closer to the charge partitioning expected based on the 

masses of the product ions alone (75% and 25%), as well as the relative proportions 

expected based on their folded relative surface areas (70–75% and 25–30%, depending upon 

the coordinate files used, see Supplemental Information). A similar effect is observed for 

CXL-modified 14+ TTR precursor ions, for which trimer product ions retain 60% of the 

precursor charge and the monomers 40%. TTR and AVD samples treated with MTagged 

produced less-consistent alterations in charge partitioning when compared with CXL treated 

assemblies. AVD tetramers produced product ion populations similar to control, while the 

CID products of MTagged TTR exhibited similar charge partitioning to CXL treated 

complexes.

In order to extract additional data supporting the relative compactness of product ions 

produced from CID of CXL-treated protein complexes, we analyzed CCS values recorded 

for the CID product ions generated in the experiments described above (Figures 3E, F). In 

the case of AVD, BS3-crosslinked dissociated subunits (red) are similar in size when 

compared to unmodified monomers (grey) and are within error of the calculated CCS values 

(dashed line) expected for both the AVD monomer and trimer. In contrast, DC4-crosslinked 

and MTagged AVD monomers and trimers appear significantly larger than the unmodified 

and BS3-crosslinked product ions. Multiple CCS populations are observed for unmodified 

TTR monomers as a function of charge state, however no such differences in CCS are 

observed in CXL-treated or MTagged TTR monomers. Furthermore, TTR treated with DC4 

produces trimer product ions having significantly larger CCS values than those observed for 

the unmodified complex, BS3-crosslinked, or MTagged trimers which are all observed to 

have approximately identical CCS values. In general, we observe strong CCS and MS data 

supporting significant and differential influences of CXL and tagging agents on product ion 

conformations.

Increases in both protein complex intact mass and CCS were observed upon treatment with 

CXL and tagging agents. In order to verify that these increases are associated primarily with 

covalent chemical modification and cross-linking, we undertook both a bottom-up analysis 

of tryptic peptides produced from CXL-treated complexes, as well as molecular modeling 

experiments aimed at assessing the impact of CXL agents alone on protein complex CCS 

values. For example, Figure 4A shows a color coded X-ray analysis of the 36 available 

lysine residues on the surface of the AVD tetramer (PDB code AVD1). When we subjected 

DC4-treated AVD tetramers to bottom-up MS analysis, we observed 6 lysine modifications 

(Figure 4B), representative of both inter- and intra-chain cross-links, having distances 

ranging from 8.9Å to 34.1Å (Table S-1), in line with previous reports.29 Furthermore, these 

data are in strong agreement with denaturing gels acquired across the multiple protein 

complexes studied in this report (Figure S3). In order to investigate the origin of the CCS 

increases observed in our IM-MS data upon treatment with CXL and tagging agents, we 

created a series of AVD tetramer models having DC4 molecules (our largest CXL agent) 

docked to its surface. For example, when 30 molecules of DC4 are docked to the surface of 

the AVD tetramer, a value consistent with the increases observed in intact protein complex 

Samulak et al. Page 8

Anal Chem. Author manuscript; available in PMC 2016 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mass upon CXL treatment (Figure 1A), we compute an 8.5% increase in CCS when CXL-

modified AVD models are compared with unmodified AVD models. This value is similar to 

our experimentally-determined CCS differences observed in Figure 1C (5–10% CCS 

increase), thus providing a plausible mechanism for our IM-MS results shown in Figure 1B.

Discussion

General Features of Chemically-modified Protein Complex Ions

All protein complexes treated with tags or CXL agents exhibited monomodal yet broadened 

MS distributions, as well as monomodal CCS distributions (Figure 1 and S-1), the 

magnitudes of which appear to be relatively independent of the agent utilized and are similar 

to those observed upon the adduction of non-volatile counter-ions in nESI solutions.46,48 In 

addition, we observe that the charge state distributions for chemically modified protein 

complexes are, in general, altered in a manner dependent upon the modification agent used. 

For example, BS3-crosslinked proteins maintain a similar charge state distribution to protein 

complex ions created under control nESI conditions, despite the reduction in the number of 

available primary amines on the protein surface following the BS3 crosslinking reaction. In 

contrast, both DC4 and MTag modified proteins shifted to higher average charge states, 

apparently due to replacement of the primary amine by a charged quaternary amine. These 

observations are congruent with our current understanding of protein complex ion formation 

mechanisms in nESI, where charging is largely dictated by available protein ion surface area 

and charge-bearing tags result in pre-formed ions that result in a mild supercharging effect.61

Fixed Charges Stabilize Protein Structure in vacuo

CIU and CID data shown in Figures 2 and 3 illustrate clear differences between the gas-

phase stabilities of BS3-treated complexes, and those having undergone reactions with either 

MTag or DC4. In general, complexes treated with BS3 exhibit similar CIU properties to 

unmodified complexes, but enhanced CID stabilities. In contrast, DC4 treated and MTagged 

assemblies exhibit enhanced CIU stabilities and CID stabilities similar to control complexes. 

A comparison of BS3 and DC4 structures reveals three key differences between these 

agents: length, CID cleavability, and charge. BS3 is an 11.4 Å crosslinker with a neutral 

alkane chain spacer region, whereas DC4 is both longer (18 Å) and doubly charged. The 

MTag results shown in Figures 2 and 3 where no lysine-lysine links are possible, strongly 

indicates that the addition of permanent charge is the key driver for the CIU and CID 

stabilities observed in our IM-MS dataset, rather than the length of the compounds used. 

This conclusion is supported by our current mechanistic understanding of the collisional 

activation process for protein complex ions, which requires mobile charges to create 

collisionally-unfolded intermediate forms of the protein prior to CID.34,35 The addition of 

DC4, MTag or similar linkers to the protein complex creates a large population of non-

mobile charges on the protein surface, likely frustrating this CIU mechanism. Similarly, 

since DC4 is CID cleavable,29 it provides a lesser increase in CID stability in most cases 

than BS3, which forms covalent bonds with strengths similar to the peptide backbone. Data 

for TPI shows a CID stability trend opposite to the general case described above, and we 

interpret such results as evidence of incomplete TPI BS3 crosslinking for the samples and 

conditions used in this study. Similarly, minor amounts of unmodified protein within DC4 
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and BS3 ion pools is a likely causal factor in some of the detailed trends observed in Figure 

3a, where clear evidence of multimodal CID trends are evident.

Chemical Modification Alters the Dissociation Pathways of Protein Complex Ions

The differences described above, surrounding the CIU and CID stabilities of chemically 

modified protein complexes when compared with unmodified assemblies, links clearly to the 

product ion populations created for each of these classes of complex ions upon collisional 

activation. Figure 3 clearly illustrates that complexes treated with CXL agents and MTag 

produce a significantly greater amount of product ions related to sub-complexes, rather than 

the unfolded monomers and charge reduced, stripped oligomers typically observed in such 

experiments, indicating a shift in the operative CID mechanism for chemically-modified 

protein complexes. This mechanistic shift likely results from both additional covalent links 

generated both within and between subunits in the complexes treated with CXL agents, as 

well as the non-mobile charges installed through MTag and DC4 treatment, although not to 

equal extents. The addition of covalent bonds within the structures of AVD and TTR, for 

example, appear to more strongly influence their CID thresholds, as well as increase the 

dimer ion intensities observed following CID, when compared to those complexes with 

addition of non-mobile charges solely through MTag treatment. Inter-molecular crosslinking 

can readily be used to rationalize the observation of strong dimer CID product ion signals 

from intact tetramer ions, particularly as, upon increased dissociation, marker ions indicative 

of crosslinker cleavage are observed (Figure S4). In addition, increased intra-molecular 

crosslinks likely increase the rigidity of individual subunits, thus limiting their unfolding. 

Such altered product ions can be observed in charge-enhanced protein complex ions, where 

general trends in subcomplex product ion production are often linked to enhanced subunit 

stability values62, and are also commonly observed in surface induced dissociation (SID) 

data where high-energy single collision events allow complex ions to access dissociative 

transitions that do not necessarily rely upon the unfolding of individual subunits.63,64 We 

also observe increased CCS values for both monomers and trimers produced from the CID 

of both CXL-treated and MTagged complexes, indicating that both charge mobility and the 

addition of covalent links have some influence on product ion structure. Although the 

differences observed for MTagged complexes, where charge mobility effects on the data are 

isolated, are clearly smaller than those cases where CXL agents are used, and the shorter, 

more stable links created by BS3 appear to produce the largest product ions on average, all 

three classes of the modified complexes studied here produce significant changes in product 

ion CCS across all charge states. Charge reduced protein complexes, when selected as 

precursor ions for CID, have been observed to produce product ions of similarly altered size, 

and it is likely that chemical modification of protein complexes extends these general 

benefits to higher charge state protein complexes.65,66 Overall, chemical modification 

appears to be a promising route to the alteration of the typical protein complex CID 

mechanism, resulting in increased signals for subcomplex product ions and larger CCS 

values for both monomers and trimers reflective of lessened gas-phase collapse, both of 

which mirror SID and charge-altered CID datasets that have proven useful for structural 

biology.67,68
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Conclusions

Stabilization of protein complexes for gas phase analysis is necessary for effective analysis 

of structures by native IM-MS. Fragile complexes are often unfolded or dissociated during 

ionization and transfer into the mass spectrometer resulting in loss of key structural 

information. Developing conditions that stabilize structures allows IM-MS to be applied to 

the analysis of fragile complexes, as well as measurements of more accurate CCSs and intact 

masses, both of which are critical for the development of multiprotein models. Subsequent 

dissociation is also a key component in determining the identity and connectivity of proteins 

in a complex. MS cleavable crosslinkers, such as DC4, which act to both stabilize protein 

complex structures in the gas phase and dissociate with the addition of higher collision 

energies, appears to be a promising route toward the facile identification of the complex 

subunits and subcomplexes. Although BS3-crosslinked complexes can also maintain such 

interactions in the gas phase, those complexes require much higher energy to dissociate and 

do not provide the same level of stability enhancement to the protein structure in the gas-

phase. While we interpret our IM and MS data based primarily upon the identity of the CXL 

agent employed for chemical modification, it should be noted that the extent of the chemical 

modification generated by the linkers used will also require future optimization. In addition, 

we observe size increases of 5–10%, on average, for chemically-modified complexes. Such 

size changes, if they were completely unknown, could significantly influence using CCS 

data to build protein models. The data shown in this work, as well as future data collected 

for a larger number of model systems, will allow for estimates of such size increases to be 

normalized during structural modeling.

The alternative fragmentation pathways observed with crosslinked complexes have 

significant implications for IM-MS and for native MS applications. Additional CID data can 

potentially be collected on complexes that have to date been inaccessible due to the 

asymmetric distribution of charge after fragmentation. Clearly, there are challenges 

associated with the continued development of the IM-MS strategies outlined here. The 

broadened distribution of molecular masses created upon CXL treatment clearly degrades 

the ability of IM-MS to detect protein isoforms and ligand bound states within the targeted 

complexes, and may also obscure the protein composition captured in discovery-mode 

experiments. In the future, similar CXL or tagging agents, optimize to minimize the 

resultant mass distributions and combined with bottom-up proteomics data, will likely form 

the foundation of a comprehensive method that enables the acquisition of accurate CCSs and 

masses of fragile complexes, identities of interacting proteins, and sites of interactions which 

are each crucial components for building accurate models of protein complexes across the 

entirety of the proteome.
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Figure 1. IM-MS of Intact Crosslinked Proteins
(A) Mass spectra of AVD unmodified (grey), BS3-crosslinked (red), DC4-crosslinked (blue), 

and MTagged (orange) are shown below the color-coded chemical structures of each 

chemical agent used in this study. (B) After crosslinking or tagging, the CCS of the intact 

protein complexes increases by 5–10%, as shown in the histogram shown, which plots ion 

CCS against the four forms of each complex studied. (C) A histogram plotting the average 

charge state recorded versus the chemically modified forms of each of the complex studied 

here reveals no differences in average charge state for BS3-crosslinked proteins, and 
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modestly-increased charge states for those proteins modified with a quaternary bearing 

chemical tags and CXL agents.
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Figure 2. Collision Induced Unfolding of Crosslinked and Tagged Proteins
(A) Plots of the fractions of the observed compact forms of the protein complexes indicated 

against the collision energy used to activate the protein complexes (14+ TTR, 15+ TPI, 17+ 

AVD, 26+ ALD) show that clear differences in CIU transition energies are only observed for 

complexes having undergone reactions with chemical agents bearing permanent charge. (B) 

Complete CIU fingerprint data, plotting the CCSs of the isolated protein complexes against 

the collision energy used to activate the complex for each indicated protein complex form. 

Ion intensity is represented by color from blue (no signal) to red (most intense). The white 

dashed line is added to guide the eye, and reveals marked differences between the DC4 and 

MTag modified complexes when compared with both BS3 and unmodified proteins.
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Figure 3. Collision Induced Dissociation of Modified Complexes
(A) Three plots of the fractional amount of intact protein oligomer observed by MS versus 

collision energy used for ion activation for the indicated protein complexes. As the collision 

energy is increased, the oligomeric proteins dissociate, however, once the proteins are 

crosslinked or tagged, higher energy is required for dissociation. (B) A histogram showing 

the energy value required to deplete the indicated intact protein complexes studied here by 

50% of the original intensity. (C) A histogram plotting the percent of the total recorded ion 

signal corresponding to dimer product ion formation following CID for both AVD and TTR 

chemically modified forms as indicated. After crosslinking or tagging, the amount of dimer 

dissociated from the tetrameric complexes is higher than the unmodified tetramer, indicating 

dissociation through an alternate CID pathway. (D) Histograms showing the fractional 

percentage of the indicated tetrameric precursor ion charge carried away by either 

monomeric or trimeric product ions. After crosslinking, a more symmetric distribution of 

charge is observed between the trimer and monomer fragments. (E) Two plots showing 

monomer CCSs produced upon dissociation against their charge states for both AVD and 

TTR. A dashed line is used to indicate the theoretical CCS values expected for these ions 

based on X-ray data. Unmodified proteins are shown in grey, BS3-crosslinked proteins in 

red, DC4-crosslinked proteins in blue, and MTagged proteins are in orange throughout the 

figure. (F) A histogram showing trimer CCS values against the various modified forms of 

the tetramer precursor ions isolated for CID experiments. A dashed line is used to indicate 

the theoretical CCS values expected for these ions based on X-ray data.
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Figure 4. Molecular Modeling and Bottom-up Proteomics of CXL-treated AVD
(A) A surface fill projection of the AVD X-ray structure (PDBID: AVD1), with all surface-

accessible lysine residues colored green. (B) The same surface projection, with overlaid red-

colored lysine residues indicated all those observed to be modified and/or cross-linked 

during bottom-up proteomics experiments. (C) A surface projection of an example 

molecular model built to mimic CXL AVD samples. These models exhibit an increase in 
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CCS of 8.5% on average, in agreement with our experimental measurements (5–10% CCS 

increase).
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