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ABSTRACT 

Accurate structural determination of proteins is critical to understanding their biological 

functions and the impact of structural disruption on disease progression. Gas-phase cross-

linking mass spectrometry (XL-MS) via ion/ion reactions between multiply charged protein 

cations and singly charged cross-linker anions has previously been developed to obtain low-

resolution structural information of proteins. This method significantly shortens experimental 

time relative to conventional solution-phase XL-MS, but has several technical limitations, 

including (1) the singly deprotonated, N-hydroxysulfosuccinimide (sulfo-NHS)-based cross-

linker anions are restricted to attachment at neutral amine groups of basic amino acid residues 

and (2) analyzing terminal cross-linked fragment ions is insufficient to unambiguously localize 

sites of linker attachment. Herein, we demonstrate enhanced structural information for alcohol-

denatured A-state ubiquitin obtained from an alternative gas-phase XL-MS approach. Briefly, 

singly sodiated ethylene glycol bis(sulfosuccinimidyl succinate) (sulfo-EGS) cross-linker 

anions enable covalent cross-linking at both ammonium and amine groups. Additionally, 

covalently modified internal fragment ions, along with terminal b-/y-type counterparts, improve 

the determination of linker attachment sites. Molecular dynamics simulations validate 

experimentally obtained gas-phase conformations of denatured ubiquitin obtained herein. This 

method has identified four cross-linking sites across 8+ ubiquitin, including two new sites in 

the N-terminal region of the protein that were originally inaccessible in prior gas-phase XL 

approaches. The two N-terminal cross-linking sites suggest that the N-terminal half of ubiquitin 

is more compact in gas-phase conformations. By comparison, the two C-terminal linker sites 

indicate the signature transformation of this region of the protein from a native to a denatured 

conformation. Overall, the results suggest that the solution-phase secondary structures of A-
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state ubiquitin are conserved in the gas phase. This method also provides sufficient sensitivity 

to differentiate between two gas-phase conformers of the same charge state with subtle 

structural variations.  

 

INTRODUCTION 

Tertiary structures of proteins are associated with the biological functions determined 

by the physicochemical interactions between the proteins and other biomolecules.1 Significant 

structural disruption of a protein can lead to loss of functionalities and can be detrimental to 

human health. For instance, disrupting the normal tertiary structure of amyloid proteins in 

Alzheimer’s disease, a protein-misfolding disease, leads to loss of function, aggregation, and 

brain toxicity.2 Accurate determination of protein tertiary structures is therefore critical to 

understanding the biological mechanisms of disease progressions. 

Protein structures can be determined via various structural biology modalities,3 ranging 

from conventional, high-resolution tools such as CryoEM,4-6 NMR7, 8 and X-ray 

crystallography9, 10 to low-resolution mass spectrometry-based methods.11, 12 Various mass 

spectrometric approaches, such as chemical labeling, photoaffinity labeling, and hydrogen-

deuterium exchange (HDX)-MS,13-15 along with gas-phase dissociation methods including 

electron-capture dissociation (ECD) 16-19 and ultraviolet photodissociation (UVPD),20-22 afford 

lower structural resolution but superior sensitivity compared to the atomic-resolution NMR and 

X-ray crystallography.11, 12 For example, top-down protein cross-linking mass spectrometry 

(XL-MS) enables the deduction of local secondary structures as well as general topologies of 

proteins via the distance constraints imposed by cross-linkers.23-28 The protein cross-linking 

reaction is typically performed in solution, followed by gas-phase tandem mass spectrometry 
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(MSn, where n > 1) fragmentation of the modified protein to localize the linker attachments.23-

28 The cross-linking reaction, however, can alternatively be performed in the gas phase via 

ion/ion reactions between multiply charged protein cations and singly charged cross-linker 

anions.29-31 For example, the McLuckey group used ubiquitin cations and ethylene glycol 

bis(sulfosuccinimidyl succinate) (sulfo-EGS) cross-linker anions to first develop a gas-phase 

XL-MS workflow.29 The reactant ions with opposite charges were mutually confined in a radio 

frequency (RF) ion trap to effect a cross-linking reaction. Briefly, the oppositely charged ions 

form a long-lived, electrostatic complex that initiates a covalent cross-linking reaction.32 

Collision-induced dissociation (CID) then produces fragment ions, both covalently modified 

and unmodified, which can be used to locate cross-linking sites.29 The Coulombic attraction 

between the oppositely charged ions33-35 results in significantly reduced reaction times for the 

gas-phase ion/ion cross-linking reactions compared to in-solution analogues (i.e., milliseconds 

to seconds29-32, 36, 37 versus minutes to hours,23, 38-40 respectively). The gas-phase approach also 

provides a high degree of control over the reactant species and relative abundances and enables 

the investigation of gas-phase protein structures.   

The accuracy of tertiary structures obtained from a gas-phase top-down XL-MS is 

dependent on the preservation of the solution structure during ionization, ion transfer between 

ion optics, and/or storage of oppositely charged reactant ions in an RF-confined ion trap. 

Obtaining sufficient structural resolution with gas-phase XL-MS to validate the conservation of 

solution protein structure, however, is challenging due to several technical limitations.29 First, 

using singly deprotonated sulfo-EGS cross-linker anions, [sulfo-EGS – H]-, limits target linker 

sites to neutral amine groups of basic amino acid residues and thus no cross-linking reactions 

occur at protonated residues.29  By introducing singly sodiated sulfo-EGS cross-linkers herein, 
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[sulfo-EGS – 2H + Na]-, gas-phase sodium-proton exchange can occur at those protonated 

residues, enhancing the reactivity towards sulfo-NHS chemistry.41 As a result, this approach 

explores three covalent modification sites, namely neutral primary amines, positively charged 

ammonium and guanidinium groups, increasing the number of available cross-linking sites to 

provide enhanced topology mapping abilities. The second technical limitation is the ambiguity 

in the localization of sites of linker attachment when analyzing only b-/y-type terminal MS2 

fragment ions.23, 29 Mass-selective MS3 of MS2 fragment ions of interest may alleviate the 

ambiguity, although this requires additional experimental time and further dilutes product ion 

signals.23, 29 Alternatively, internal (or secondary) fragment ions can be generated and analyzed 

at the MS2 level, which reduces experimental time.42-44 Several research groups have recently 

demonstrated that analyzing internal fragment ions, in addition to terminal counterparts, 

enhances the identification of naturally occurring disulfide cross-linking positions in proteins.45, 

46 This finding suggests that analyzing covalently modified internal fragment ions could 

improve localization of the sulfo-EGS cross-linking sites in gas-phase XL-MS.  

Herein, we present a modified gas-phase XL-MS approach that reveals improved 

structural information of alcohol-denatured, A-state ubiquitin.29 Singly sodiated sulfo-EGS 

cross-linker anions are used as ion/ion reaction reagents and both terminal and internal fragment 

ions produced via IRMPD are used for the assessment of covalent linkage sites. This modified 

workflow enables covalent cross-linking at N-terminus, lysine, and arginine residues, regardless 

of their protonation state, while allowing for a more unambiguous identification of cross-linking 

sites. Atomistic molecular dynamics (MD) simulations accelerated by the temperature replica 

exchange protocol47 are used to simulate the gas-phase conformation of the denatured ubiquitin. 

The combined experimental and simulated data suggest that the A-state conformation is 
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conserved from the solution phase to the gas phase, retaining its characteristic secondary motifs 

for over 1,500 ms during the ion/ion reaction time. 

 

EXPERIMENTAL 

I. Materials 

Ubiquitin from bovine erythrocytes and the matrix-assisted laser desorption/ionization 

(MALDI) matrix α-cyano-4-hydroxycinnamic acid (CHCA) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Cross-linking reagent sulfo-EGS was purchased from Thermo 

Scientific (Rockford, IL, USA). HPLC-grade methanol was purchased from Fisher Chemical 

(Waltham, MA, USA).  Zip Tips® with strong cation exchange resins (ZTSCX) were purchased 

from EMD Millipore Corporation (Billerica MA, USA).  Ubiquitin was used without further 

purification and an electrospray ionization (ESI) solution was prepared at a final concentration 

of 10 µM in 49.5/49.5/1 (v/v/v) methanol/water/acetic acid. ZTSCX was conditioned by 

aspirating and discarding 18 MΩ water 5 times. An aqueous solution of 10 mM sulfo-EGS in 

distilled water was then pipetted up and down 20 times to remove sodium ions. A sulfo-EGS 

solution that was either filtered or unfiltered was mixed with a saturated methanol solution of 

the CHCA matrix in a 1:1 ratio to generate [sulfo-EGS – H]- or [sulfo-EGS – 2H + Na]- ions, 

respectively, upon MALDI. Two layers of 1 µL of the mixture were manually spotted onto an 

MTP AnchorChip MALDI target plate (Bruker Daltonics, Billerica, MA, USA).  

 

II. Instrumentation 

All the experiments were performed on a 7T solariX XR Fourier transform ion cyclotron 

resonance (FT-ICR) mass spectrometer equipped with an Apollo II dual MALDI/ESI source 
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and a dynamically harmonized ParaCell (Bruker Daltonics, Billerica, MA, USA). The MALDI 

source employs a Smartbeam II Nd:YAG laser system (2 kHz, 355 nm). The sulfo-EGS cross-

linker anions were generated via MALDI (3,000 laser shots at 2 kHz) and the ubiquitin protein 

cations were generated via ESI (120 µL/h spray flow rate with a 4.0 kV spray voltage at 100 ℃ 

drying gas temperature). Data were collected from m/z 200 to m/z 5,000 using a 0.9787-second 

time-domain transient length, resulting in a mass resolving power of ~50,000 at m/z 1,000. Data 

were visualized using Compass DataAnalysis 5.0 (Bruker Daltonics, Billerica, MA, USA). 

Generating abundant internal fragment ions from covalently modified proteins when 

performing gas-phase XL-MS is not readily achieved using existing hardware on the FT-ICR 

mass spectrometer. Intact protein ions are first introduced into the hexapole through the funnel-

skimmer region, where they undergo ion/ion reactions with cross-linker reagents, before being 

fragmented downstream in the ICR cell.  However, infrared multiphoton dissociation (IRMPD) 

in the ICR cell is better suited to produce sufficient, modified internal fragment peptide ions 

relative to sustained off-resonance irradiation (SORI) CID due to higher fragmentation 

efficiency.48 To enable this, A Synrad Duo Lase 50 W continuous wave CO2 laser (J48-5W; 

Synrad, Mukilteo, WA, USA) was interfaced to the rear of the ICR magnet bore, as described 

previously.49 Briefly, the laser beam (10.6 µm wavelength) was introduced into the ICR cell 

through a barium fluoride (BaF2) window. The laser power was adjusted to 40 – 50 % via a UC-

1000 laser controller (Synrad, Mukilteo, WA, USA) and the irradiation time was modulated 

from 0.6 – 1.0 sec using the ftmsControl software (Bruker Daltonics, Billerica, MA, USA). 

IRMPD also achieves a high signal-to-noise ratio (SNR) by enabling averaging of multiple 

spectra without requiring a gas pulse between scans, resulting in improved speed compared to 
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SORI CID.49 Achieving a high SNR of informative fragment ions is critical for accurately 

identifying cross-linking sites. 

ECD was performed to determine the locations of protonation and salt bridges in 

ubiquitin, using the following parameters: 2.0 VDC ECD bias, 30 VDC ECD lens, and 0.020 

seconds electron beam irradiation time. A total of 40 spectra were averaged to improve the 

signal-to-noise ratio, and three replicates were collected. The ECD fragment ions were assigned 

based on ProteinProspector data base.50 

 

III. Ion/Ion Reactions 

Gas-phase cross-linking ion/ion reactions were performed via software modifications to 

the existing electron transfer dissociation (ETD) capability of the commercial FT-ICR MS 

(Figure 1).49, 51-55 Briefly, MALDI-generated sulfo-EGS cross-linker anions (1 second) and 

ESI-generated multiply charged ubiquitin cations ([M + 8H]8+) (500 milliseconds) were 

sequentially isolated via the quadrupole mass filter (QMF) and injected into the hexapole ion 

trap (Figure 1a and 1b). A mutual storage ion/ion reaction period (1,500 ms) of the oppositely 

charged reactant ions produced long-lived, charge-reduced, electrostatic complex cations with 

varying numbers of cross-linkers attached (Figure 1c). After the ion/ion reactions, the residual 

ubiquitin precursor ions and electrostatic complex ions were transferred to the ICR cell, where 

the target complex with a single cross-linker attached was subsequently isolated using a 

frequency sweep isolation method (Figure 1d). The electrostatic complex ions were then 

covalently cross-linked via IRMPD, signified by the consecutive losses of two sulfo-NHS 

moieties (Figure 1e). Excess energy from the IR laser also provided for subsequent 

fragmentation of covalently modified ubiquitin (Figure 1e). The total IR laser irradiation time 
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varied from 0.6 to 1.0 seconds per spectrum, and 60 spectra were averaged. The IRMPD 

fragment ions were then analyzed to determine the cross-linking sites on ubiquitin. Internal 

calibration was performed post-acquisition using abundant b-/y-type fragment ions (y12
2+ at m/z 

661.407, y18
2+ at m/z 1049.100,  y12

+ at m/z 1321.806, b18
+ at m/z 2033.135) from acquired 

IRMPD spectra of unmodified and modified ubiquitin (acceptable mass accuracy thresholds 

less than 5.0 ppm). IRMPD fragment ions were assigned based on ProteinProspector data 

base.50 
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Figure 1. Workflow for gas-phase cross-linking of protein via ion/ion reactions starts with (a) 

injection and isolation of MALDI-generated singly charged cross-linker anions ( ) followed 

by (b) ESI-generated multiply charged protein cations ( ). (c) Mutual storage of the oppositely 

charged reactant ions in the hexapole ion trap forms electrostatic complex cations containing 

either a single cross-linker ( ) or multiple cross-linkers ( ). The complex and residual 

precursor cations are transferred to the ICR cell for (d) isolation of the electrostatic complex 

with a single cross-linker attached ( ) and (e) IRMPD of this electrostatic complex to produce 

a covalently modified protein ( ) as well as sequence-informative fragments.  

 

V. Computational Modeling 

 A-state ubiquitin56-58 was generated from the primary amino acid sequence by using the 

gbNeck2 implicit solvent model59, 60 and ff14SBside protein force field61-63 within the Bayesian 

inference-based modeling employing limited data (MELD)64, 65 replica exchange molecular 

dynamics (REMD) framework.47 To encourage the alcohol-denatured conformations,56-58 

certain restrictions were placed on three primary secondary structures: the N-terminal β-hairpin, 

the first α-helix at residues 23 through 34, and the second α-helix at residues 40 through 74. 

The α carbons across the second α-helix were kept at a minimum distance of 45 Å from each 

other. This initial MELD ✕ MD simulation was run for 0.5 microseconds. Then, CPPTRAJ66 

was used to cluster the ensemble by structural similarity using hierarchical clustering. The 

starting conformation for downstream MD simulations was selected as the centroid of the most 

populated cluster.  

A total of eight positive charges were evenly distributed across the starting conformation 

of A-state ubiquitin in its neutral, non-zwitterionic state, taking into consideration the multiple 

charging of biopolymer ions during the ESI process.67 The scaling factor between 0 to +1 for 

residue charges was derived using the AMBER package68 for each atom that makes up the 

potential charge-bearing amino acid residues; arginine (4x), lysine (7x), histidine (1x), and N-

terminal methionine. Atomic charges were then adjusted using the derived scaling factor. The 
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final charge of 8+ ubiquitin was then divided by the total 13+ charge, giving the initial A-state 

conformational model. 

The ff14SBside protein force field was used to simulate the initial 8+ A-state 

conformation for 2.5 microseconds in a vacuum.61-63 REMD47 was incorporated into MD 

simulation with 16 replicas spreading across the temperatures between 300 K and 400 K to 

improve phase space sampling. Hierarchical clustering was then applied to the ensemble 

structures at 300 K to select representative cluster centroids. Collidoscope, a recently developed 

open-source tool, was used to calculate the collision cross sections (CCSs) of the final 

structures.69 Native and denatured ubiquitin structures obtained from the protein data bank 

(PDB) or MD simulation were visualized using PyMOL software (The PyMOL Molecular 

Graphics System, Version 1.2r3pre, Schrödinger, LLC.).   

 

RESULTS  

The 8+ charge state of ubiquitin was selected here to demonstrate a proof-of-concept for 

this method (Scheme 1) for several reasons. The conformational stability of a protein is critical 

for confirming that the structure remains consistent during ion/ion reactions that last for 

hundreds of milliseconds in the gas phase. The gas-phase conformation of alcohol-denatured 

8+ ubiquitin has previously been shown to be stable over 1 second of storage time in an ion 

trap.70 This charge state of ubiquitin has shown two major conformations, which simplifies XL-

MS data analysis compared to searching a large number of protein conformations.70 By 

comparison, 7+ ubiquitin may contain up to five conformations.70 Although 6+ ubiquitin 

remains stable in two main conformers over 1 second of storage time in an ion trap,70 it was not 

selected due to less efficient IRMPD fragmentation compared to 8+ ubiquitin.71  
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Scheme 1. Gas-phase ion/ion cross-linking between (a) a cross-linker [sulfo-EGS – H]– anion 

and (b) a ubiquitin [M + 8H]8+ cation forms (c) electrostatic complex cations (n=1, 2, 3…). (d, 

e) IRMPD on the isolated [M + 8H + (sulfo-EGS – H)]7+ complex cation drives a covalent 

modification reaction, which is signified by the loss of two neutral sulfo-NHSH moieties. (f) 

Further IR laser irradiation fragments the covalently cross-linked ubiquitin. 

 

I. XL-MS Using [sulfo-EGS – H]- 

Singly deprotonated sulfo-EGS cross-linker anions, [sulfo-EGS – H]-, can be used to 

covalently modify 8+ ubiquitin at neutral amine groups of basic amino acid residues such as 

lysine and arginine, leading to restricted modification sites. Briefly, singly deprotonated sulfo-

EGS anions (Figure 2a) were stored with 8+ ubiquitin cations (Figure 2b), forming the long-

lived, electrostatic complexes with varying numbers of cross-linkers attached (Figure 2c). The 

sequential addition of nominal mass 615 Da to the precursor ubiquitin cations indicates the 
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attachment of each [suflo-EGS – H]- anion. Numerous fragment ions with and without covalent 

modifications were produced by IRMPD of the electrostatic complex with a single cross-linker 

attachment (Figure 2d). Covalent cross-linking, signified by the consecutive loss of two sulfo-

NHSH moieties from [M + 8H + Δ]7+, is enabled via IRMPD (Figure 2e). Analysis of the XL 

ubiquitin fragment ion spectrum produced via IRMPD enables identification of the cross-linked 

amino acid residues, which can be used to infer protein structure. For example, modified b18, 

b32, and b39 fragment ions are not detected (Figure 2f), indicating no cross-linking is present on 

the N-terminal portion of the protein (e.g., between M1, K6, K11, K27, K29, and K33). The 

absence of a modified b52 fragment ion, along with the presence of a modified b58 fragment ion 

and the presence of a modified internal fragment ion 

[33KEGIPPDQQ42RLIFAG48KQLEDG54RTLSD]2+ (Figures 2f), suggests cross-linking 

between K33–R54, R42–R54, or K48–R54. However, cross-linking with K33 or R42 is unlikely 

because the distances from R54 in the A-state structure exceeds the 16.1 Å length of the cross-

linker (Figure 3). It is then likely that K48–R54 is cross-linked, which suggests that the K48 

and R54 residues are not protonated in the gas phase.41 A comparison of fragment ion masses, 

corresponding mass accuracies, and measured isotopic distributions between unmodified  [M + 

7H]7+ ubiquitin and modified [M + 8H + Δ]7+ ubiquitin is used to facilitate accurate fragment 

ion assignments (Supplemental Figures S1-S3). 

Though only a single cross-link is present in the singly modified protein, it is likely that 

an ensemble of multiple cross-linked positions is present in the modified protein ion population. 

Additional cross-linking is indicated at K63–R72 or K63–R74 by the presence of a modified 

y18 fragment ion and the absence of a modified y12 (Figures 2f). The presence of c75
7+ and z3

+ 

and absence of z1
+ and z2

+ fragment ions in the ECD analysis of alcohol-denatured 8+ ubiquitin 
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suggests R74 is a site of protonation (Supplemental Figure S4), indicating K63–R72 is the 

correct cross-linking assignment. Additionally, gas-phase compaction of the basic residues and 

potential salt bridge formation with neighboring acidic residues bring K63 and R72 close to one 

another and enable cross-linking (vide infra). In either case, the intra-protein distance between 

K63 and either R72 or R74 in the native conformation is much greater than the length of the 

cross-linker. However, a significant decrease in the inter-residue distance for ubiquitin is 

possible via a structural transition to the A-state56-58 (Figure 3). Therefore, the K63–R72 or 

K63–R74 covalent modification reflects a transformation of the C-terminal beta-sheets in native 

ubiquitin to the C-terminal alpha-helix in A-state ubiquitin.   
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Figure 2. (a) MALDI-generated, singly charged sulfo-EGS cross-linker anions and (b) ESI-

generated multiply charged ubiquitin cations are used in (c) a gas-phase ion/ion reaction 

between [sulfo-EGS – H]– and [M + 8H]8+ that forms electrostatic complex cations with varying 

numbers of [sulfo-EGS – H]- attachment (denoted by Δ). (d) IRMPD (1 s and 50 % power) of 

isolated [M + 8H + Δ]7+ drives covalent modifications and subsequently fragments the 

covalently cross-linked ubiquitin. (e) Magnification of the relevant mass range shows 

consecutive losses of two sulfo-NHSH moieties from [M + 8H + Δ]7+ upon IRMPD (where ▲ 

= Δ – 2(sulfo-NHSH)), signifying covalent modifications. (f) Significant b-/y-type fragment ions 

are observed. The bolded, underlined, and italicized residues indicate cross-linking sites. Note: 

Squares indicate positive ion mode analysis, filled squares represent ion isolation events, and 

hollow squares represent full scan acquisition. The thunderbolt indicates IRMPD.  

 

 

Figure 3. Through-space distances between C-terminal basic residues on (a) the crystal 

structure of native ubiquitin (PDB ID: 1UBQ) and (b) the solution structure of A-state ubiquitin 

based on NMR structures (built from (a) using PyMOL). 

 

II. XL-MS Using [sulfo-EGS – 2H + Na]- 

The use of the [sulfo-EGS – H]- reagent limits cross-linking to non-protonated, neutral 

lysine and arginine residues, as demonstrated above. Alternatively, singly sodiated sulfo-EGS 

cross-linkers, [sulfo-EGS – 2H + Na]- can be used to react at any basic residue regardless of 
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protonation.41 IRMPD spectra are analyzed in a similar manner to gas-phase XL-MS with 

[sulfo-EGS – H]- (Figure 4 and Supplemental Figures S5-S7). For example, the absence of a 

modified b18 fragment ion and the presence of a modified b32 fragment ion may suggest cross-

linking at K27–K29 (Figures 4c).29 However, more conservatively, cross-linking between any 

combination of M1, K6, K11, K27, and K29 (but not M1, K6, and K11) is possible. The 

presence of a modified b39 fragment ion expands these combinations to also involve K33 

(Figure 4c). Relying only on the terminal b-type fragment ions is thus insufficient to determine 

the exact site of linker attachment. Conversely, cross-linking at K27–K29 (inter-residue 

distance < 12 Å) is definitively assigned by identification of a modified internal fragment ion 

[TIENV27KA29KIQD]+ (Supplemental Figure S7). Detection of interpeptide cross-links (e.g., 

by disulfide bonds45, 46 or by sulfo-NHS-based cross-linking reagents26, 72) also enhances 

localization of covalent modifications on residues that are distant from each other along the 

backbone. Four additional cross-linking sites, M1–K29, M1–K33, K6–K29, and K6–K33, are 

assigned by identification of the modified internal fragment ion [1MQIFV6KTLTG /==/ 

A29KIQD33KEGI]2+, where /==/ indicating interpeptide cross-linking (Supplemental Figure 

S7). Non-canonical cleavage C-terminal to G residues42, 43 and C-terminal to K residues42 in 

CID-induced internal fragment ions has been observed previously, supporting the identification 

of this interpeptide cross-link based on the accurate mass (Supplemental Figure S7). These 

four potential cross-linking sites suggest high spatial proximity between the N-terminal beta-

hairpin and alpha-helix spanning from I23 through E33. The two C-terminal cross-linking sites, 

K48–R54 and K63–R72, are determined in the same manner as for the ion/ion reactions using 

[sulfo-EGS – H]- (Figure 4c and Supplemental Figures S5-S7).  
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The use of [sulfo-EGS – 2H + Na]- introduces cross-linking in the N-terminal half of A-

state ubiquitin that is not observed when using [sulfo-EGS – H]- as the reagent ion type (Table 

1). This is likely due to the fact that protonation of a target amine group results in a lack of 

nucleophilic  reactivity towards sulfo-NHS chemistry with the [sulfo-EGS – H]- reagent.41 

Additionally, the potential presence of a strong, gas-phase salt bridge network with neighboring 

carboxylic amino acid residues in the N-terminal region can sterically shield the target amine 

groups. However, sodium cations introduced by [sulfo-EGS – 2H + Na]- alter gas-phase cross-

linking reactivities via gas-phase exchange with protonated basic residues41 or via strong salt 

bridge network participants. Relatively low affinity of the basic residues towards sodium 

compared to a proton enhances the nucleophilicity of the ammonium and guanidinium groups, 

enabling nucleophilic attack on the ester-carbon of sulfo-EGS cross-linker and thus covalent 

modification.41 The retention of sodium during covalent modification and fragmentation 

induced by IRMPD confirms gas-phase metal transfer from the cross-linker anion to the 

protonated ubiquitin cation (Figure 4a and Supplemental Figure S5). Interestingly, b32, b39, 

b52, b58, and y58 fragment ions retain sodium, while y24, y37, and y44 fragment ions do not. We 

also note a roughly 9-fold higher intensity of the modified y18 fragment ion that does not retain 

sodium compared to the modified y18 that retains sodium (Supplemental Figure S6). This 

observation suggests that sodium plays a critical role in the covalent cross-linking of the N-

terminal half of A-state ubiquitin.  
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Figure 4. Gas-phase ion/ion reaction between [sulfo-EGS – 2H + Na]– and [M + 8H]8+ forms 

electrostatic complex cations with varying numbers of [sulfo-EGS – 2H + Na]- attachment (◊). 

(a) IRMPD (0.6 s and 40 % power) of isolated [M + 8H + ◊]7+ drives covalent modifications 

and subsequently fragments the covalently cross-linked ubiquitin. (b) Magnification of the 

relevant mass range shows the consecutive losses of two sulfo-NHSH moieties from [M + 8H + 

◊]7+ via IRMPD (where ▲ = ◊ – 2(sulfo-NHSH – Na)), signifying the covalent modifications. 

(c) Significant b-/y-type fragment ions are observed. The bolded, underlined, and italicized 

residues indicate cross-linking sites. Note: The thunderbolt indicates IRMPD, squares indicate 

positive ion mode analysis, filled squares represent ion isolation events, and hollow squares 

represent full scan acquisition. 
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Table 1.  Modified terminal and internal fragment ions associated with assigned cross-linking 

sites are summarized with respect to [sulfo-EGS – H]– versus [sulfo-EGS – 2H + Na]–. Red Xs 

denote the absence of a detected fragment ion and blue checks denote the presence of a detected 

fragment ion. 

 

III. Molecular Dynamics Modeling 

When simulating gas-phase protein ions generated via ESI, the charge or protonation 

sites on the starting structure are crucial factors. This is because the presence of zwitterionic 

salt bridges and Coulombic repulsion on the protein ion can directly impact the outcome of the 

structural prediction.31, 73 In this study, the charges are computationally evenly distributed 

throughout the protein because unambiguous determination of the charge sites is difficult both 

experimentally and theoretically.74 Non-ergodic fragmentation methods such as ECD30 and 

UVPD75 produce complex fragmentation profiles from charge isomers, which can complicate 

identifying charge sites. Therefore, we utilized ECD analysis here only for identifying partial 

charge locations and validating salt bridges indicated by the simulated structures 

(Supplemental Figure S4). 

An ensemble of conformations is generated via the MD simulation (Figure 5a), and 

conformers presenting good agreement with XL-MS data are selected for visualization (Figure 

5 and Figure 6). The simulated conformers show conservation of three major secondary 

structures in solution-phase A-state ubiquitin, namely an N-terminal beta-hairpin as well as two 

alpha-helices spanning from I23 through E33 and from Q40 through R74. A well conserved N-

terminal beta-hairpin motif would allow cross-linking at K6–K11 given the shorter distance 
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between the two residues in the native structure (~14 Å). However, the lack of observed cross-

linking in this region can be attributed to steric hindrance around K11, which is partially caused 

by the salt bridge formation between K11 and E34 residues (Figures 5c, 6b). ECD fragment 

ion z66
6+ with partial fractional abundance also suggests participation of K11 in a salt bridge 

(Supplemental Figure S4). 

The experimental gas-phase XL-MS data above are insufficient to narrow down the 

amino acid residues paired at the cross-linking site M1/K6–K29/K33. While it is unclear 

whether M1, K6, or K33 are protonated based on the ECD experiments, a small portion of 

conformers appears to be protonated at K29 (Supplemental Figure S4). A simulated conformer 

shows the burial of K29 residue by neighboring residues E16 and D21, forming a compact local 

structure via a salt bridge network that blocks access to K29 by [sulfo-EGS – H]- (Figure 5d). 

Sodium cations likely disrupt these non-covalent interactions, enabling covalent cross-linking 

at M1/K6–K29 via [sulfo-EGS – 2H + Na]-. It is possible that certain compact conformers may 

alleviate the structural constraints in the N-terminal half, leading to the exposure of the 

protonated K29 (Figure 6c). This again results in no cross-linking at K27–K29 via [sulfo-EGS 

– H]- (Table 1) due to the ammonium group's lack of reactivity towards NHS chemistry.41 

Sodium cations from the singly sodiated sulfo-EGS anions, again, enable K27–K29 cross-

linking by altering the gas-phase chemistry.41 Therefore, the cross-linking at K27–K29  and 

M1/K6–K29 indicate the presence of two conformers with CCS values of 1772.86 Å2 and 

1834.89 Å2, respectively.  

 The simulated structures also indicate gas-phase compaction of K48, R54, and K63 

residues, forming salt bridges with D52, E51, and E64, respectively. ECD fragment ions c51
5+, 

z25
3+, and z23

3+ with partial fractional abundances also suggest participation of E51, D52, and 
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R54 in salt bridges (Supplemental Figure S4), supporting the simulated data. These non-

covalent interactions bring the sidechains of K48 and R54 to within 10 Å and bring the 

sidechains of K63 and R72 to within 16 Å, which is within reach of the cross-linker (Figures 

5e and 5f). This further supports experimentally determined cross-linking sites at K48–R54 and 

K63–R72. 

 Both MD simulations and experimental XL-MS data indicate that the solution-phase 

secondary structures of A-state ubiquitin are conserved in the gas phase, while the N-terminal 

half of the protein is in a more compact conformation in the gas phase (Figure 5b and Figure 

6a). We note that the three major secondary structures rotate freely with respect to the loops 

that separate them in the solution (Figure 3).56-58 This small difference between the solution-

phase and gas-phase structures is likely due to the formation of a salt bridge network in the gas 

phase (Figures 5c, 5d and Figures 6b, 6c), which is replaced by water solvation in the solution 

phase. The two conformers that are simulated and discussed above show good agreement with 

the experimental XL-MS data. The sum intensities of all the isotopes of the two internal 

fragment ions associated with cross-linking sites K27–K29 and M1/K6–K29 (Supplemental 

Figure 7) show that the conformer with a CCS value of 1834.89 Å2 is approximately 12-fold  

more abundant compared to the other conformer with a CCS value of 1772.86 

Å2(Supplemental Figure S8). The absolute CCS values calculated here are not intended to be 

highly accurate and we note that different values may be obtained using other CCS prediction 

tools. However, the relative differences in CCS values between the two conformers are reliable 

and previous ion mobility mass spectrometry (IM-MS) reports also support these findings, 

showing a major conformer present at higher CCS and a minor conformer at lower CCS.70 
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Figure 5. (a) The number of MD-simulated 8+ ubiquitin ensemble structures are plotted against 

collision cross-sections predicted via Collidoscope. (b) A selected conformer from at CCS = 

1834.89 Å2 (turquoise vertical line in panel 5a) highlights the basic residues of interest. Local 

regions of the conformer show (c) burial of K11 and potential salt bridge formation between 

K11 and E34, (d) burial of K29 and salt bridge formation between E16, D21, and K29, (e) salt 

bridge formation between K48 and D52 as well as between E51 and R54, and (f) salt bridge 

formation between K63 and E64. Dashed circles indicate salt bridge formations. The distances 

between carboxylic oxygen and amine hydrogen atoms are less than 4 Å. 

 

Figure 6. (a) A selected conformer from Figure 5a at CCS = 1772.86 Å2 shows local regions 

highlighting (b) burial of K11 and (c) exposure of K29 due to disruption of the salt bridge with 

E16. Dashed circles indicate salt bridge formations. The distances between carboxylic oxygen 

and amine hydrogen atoms are less than 4 Å. 
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CONCLUSIONS 

We have leveraged enhanced reagent reactivity and more extensive protein 

fragmentation to expand the exploration of gas-phase protein crosslinking. Compared to prior 

methods that use a singly deprotonated sulfo-EGS cross-linker (i.e. without a sodium ion present 

in the reagent), using a [sulfo-EGS – 2H + Na]- reagent provides enhanced reactivity at 

additional protonated amino acid residues that is not accessible with [sulfo-EGS – H]-. Future 

work investigating the effect of sodium transfer on gas-phase sulfo-NHS chemistry will enable 

more detailed mechanistic insight. Additionally, the use of IRMPD here to effect more extensive 

consecutive protein fragmentation allowed for the facile generation of covalently modified 

internal fragment ions, which aided in covalent linkage site identification. These results indicate 

that 8+ A-state ubiquitin in the gas phase mostly preserves the solution-phase structure, 

exhibiting two gas-phase conformers with compact conformations in the N-terminal half of the 

protein. This subtle change in the local secondary and tertiary structures in the gas phase protein 

could not be detected without the improved sensitivity of this method. Overall, this gas-phase 

XL-MS method represents a useful tool to complement conventional high-resolution 

approaches in structural biology, providing for rapid structural evaluation with high sensitivity 

to differentiate gas-phase conformers.  
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