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Abstract

Mass spectrometry (MS) has played an increasingly important role in the identification and 

structural and functional characterization of proteins. In particular, the use of tandem mass 

spectrometry has afforded one of the most versatile methods to acquire structural information for 

proteins and protein complexes. The unique nature of electron capture dissociation (ECD) for 

cleaving protein backbone bonds while preserving non-covalent interactions has made it especially 

suitable for the study of native protein structures. However, the intra- and inter-molecular 

interactions stabilized by hydrogen bonds and salt bridges can hinder the separation of fragments 

even with pre-activation, which has become particularly problematic for the study of large 

macromolecular proteins and protein complexes. Here, we describe the capabilities of another 

activation method, 30 eV electron ionization dissociation (EID), for the top-down MS 

characterization of native protein-ligand and protein-protein complexes. Rich structural 

information that cannot be delivered by ECD can be generated by EID. EID allowed for the 

comparison of the gas-phase and the solution-phase structural stability and unfolding process of 

human carbonic anhydrase I (HCA-I). In addition, the EID fragmentation patterns reflect the 

structural similarities and differences among apo-, Zn-, and Cu,Zn-superoxide dismutase (SOD1) 

dimers. In particular, the structural changes due to Cu-binding and a point mutation (G41D) were 

revealed by EID-MS. The performance of EID was also compared to that of 193 nm ultraviolet 

photodissociation (UVPD), which allowed us to explore their qualitative similarities and 

differences as potential valuable tools for the MS study of native proteins and protein complexes.
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Introduction

Proteins are versatile biomolecules in living systems, and the structures of proteins and 

protein complexes determine their biological functions. How proteins function and how they 

assemble into functional macromolecular complexes remain as some of the most puzzling 

questions in molecular life sciences. Thus, the structural and functional characterization of 

proteins can contribute towards our understanding of their biological processes at the 

molecular level. As a complementary method to more conventional technologies used in 

structural biology, such as nuclear magnetic resonance spectroscopy, X-ray crystallography, 

and electron microscopy, native mass spectrometry (native MS) with electrospray ionization 

(ESI) has established its growing role in the characterization of noncovalently-bound protein 

complexes, revealing the composition, stoichiometry, dynamics, stability, and spatial 

arrangements of subunits in protein assemblies in a sensitive and rapid manner1-4.

The utility of tandem mass spectrometry (MS/MS) to derive structural information from 

large proteins and protein complexes has been demonstrated. Several categories of 

activation/dissociation techniques have been used for such analysis, including collisional-

based dissociation (collisionally activated dissociation (CAD)5, surface induced dissociation 

(SID)6, electron-based dissociation (electron capture dissociation (ECD)7, 8, electron 

transfer dissociation (ETD)9, and photon-based dissociation techniques (infrared 

multiphoton dissociation (IRMPD)10, 11 and ultraviolet photodissociation (UVPD))12, 13. 

ECD is especially powerful, cleaving protein backbone bonds while retaining non-covalent 

interactions for the subsequent measurement by MS, which therefore makes the study of 

proteins and protein-ligand interactions feasible under native solution conditions14-16.

Despite the fact that several groups have demonstrated that structurally relevant information 

can be obtained with a single top-down ECD or a similar technique ETD experiment for 

protein complexes8-10, 17, 18, there are several challenges associated with the nature of 

ECD/ETD when facing native protein complexes. First, the electron capture efficiency and 

fragmentation efficiency are charge dependent19. Ions from folded native proteins and 

protein complexes carry much fewer charges compared to their denatured counterparts. 

Thus, the ECD/ETD efficiency and the resulting information for a protein or a protein 

complex with lower charge states will suffer in comparison with that of the same protein 

under denaturing solution conditions. Second, the capture of low energy electrons during 
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ECD or the transfer of low electrons from anions to protein cations during ETD results in the 

formation of odd-electron radical species with little vibrational energy redistribution prior to 

the cleavage of N-Cα backbone bonds, thus preserving labile posttranslational modifications 

and noncovalent interactions7. But the intra- and inter-molecular interactions stabilized by 

hydrogen bonds or salt bridges can hinder the separation of fragments, which can be 

particularly problematic for the study of proteins or protein complexes under native 

condition20. The further development of newer activation/dissociation techniques is 

therefore needed, particularly for the efficient characterization of native protein complexes 

to derive information, not only on their primary sequences, but also modifications and higher 

order structures.

Over the past few years, one activation technique in particular, UVPD using 193 nm 

radiation (in the vacuum UV region) developed by the Brodbelt group has attracted much 

attention, as it can cope with many of the challenges faced by other methods and has been 

shown to be a valuable technique for deriving structural information of native proteins and 

protein complexes21-26. A single 193 nm photon deposits 6.4 eV of energy, which is 

sufficient to cause dissociation by directly accessing excited electronic states, leading to a 

diversity of fragmentation pathways (e.g., a/b/c- and x/y/z-product ions)12. Extensive 

sequence information with retention of labile modifications and non-covalent ligand-bound 

fragment ions has been observed22, 24, 26. Sequence coverage for native and denatured 

proteins by UVPD was found to be independent of the charge state of the precursor ions12. 

Non-covalently bound protein-protein product ions have also been detected, which is useful 

tertiary and quaternary structure information22. Even for native proteins with compact gas-

phase structures, such as ubiquitin, myoglobin, cytochrome C, etc., sequence information 

and ligand-binding sites have been revealed22, 24.

Based on criteria such as the form in which energy is deposited (electronic or vibrational), 

the time over which activation occurs, the amount of energy that can be deposited into the 

ion, etc., activation methods can be divided into two categories, slow activation methods and 

fast activation methods27. Slow activation methods such as CAD and IRMPD deposit energy 

to the vibrational states through multiple collisions or multiple photon absorption, and the 

times between activation events can be long relative to time frames for unimolecular 

chemistry, on the order of microseconds or longer. Activation events such as UVPD take 

place faster than the time frame of a vibrational period and directly deposit energy to an 

excited electronic state and can lead to different fragmentation behavior. Electron ionization 

dissociation (EID), introduced by Zubarev in 2009, is also a fast activation method28 that 

appears to exhibit similar features to UVPD. In EID, the interaction of cation protein or 

peptide ions with > 20 eV electrons causes simultaneous ionization and electronic excitation 

of protein species to form electronically excited oxidized radical species, and subsequent 

fragmentation of the radical ions can yield the full complement of a/b/c- and x/y/z-product 

ions28. There are several attractive features associated with EID in comparison to ECD. 

Cations are oxidized rather than reduced during EID, which introduces different 

fragmentation channels to improve sequence yield. Another attractive feature is its capability 

to dissociate folded gas-phase proteins that are difficult to dissociate by ECD, suggesting 

that EID can separate fragment ions stabilized by noncovalent interactions from native 

proteins or protein complexes. To date, the capability of EID for native top-down MS has not 

Li et al. Page 3

Anal Chem. Author manuscript; available in PMC 2018 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



yet been fully explored. Here, by choosing a well characterized protein with a compact 

structure, carbonic anhydrase, and the superoxide dismutase protein dimer, we describe the 

capability of EID for the structural characterization of native proteins and protein-protein 

complexes. In addition, we compare the qualitative similarities and differences between EID 

and UVPD for native top-down MS.

Experimental Methods

Materials and Proteins

Carbonic anhydrase I from human (HCA-I) was purchased from Sigma (St. Louis, MO). The 

expression and purification of human superoxide dismutase-1 (SOD1), including the wild 

type (WT) in their apo-, Zn-bound, and Cu,Zn-bound forms and a mutant (G41D), were 

performed as described previously29.

Sample Preparation

All proteins were dissolved in MilliQ water to a concentration of 100 μM, and then buffer 

exchanged three times with 200 mM ammonium acetate solution (300 μL each time) using 

Amicon centrifugal filters (Millipore Inc., Billerica, MA) with a molecular weight cut-off 

(MWCO) of 10 K. The buffer exchanged protein samples were then diluted with 200 mM 

ammonium acetate solution to a protein concentration of 3 μM for native nano-ESI-MS 

analysis.

Mass Spectrometry

FT-ICR MS—Protein solutions were loaded into metal-coated borosilicate capillaries 

(Au/Pd-coated, 1 μm I.D.; Thermo Fisher Scientific, West Palm Beach, FL) and 

electrosprayed at a flow rate of 10 - 40 nL/min through a nanospray ion source. The 

experiments were performed using a 15-T Bruker SolariX FTICR MS with an infinity cell. 

The ESI capillary voltage was set to 0.9-1.2 kV. The temperature of the drying gas was 80°C 

and the gas flow rate was 2.5 L/min. The RF amplitude of the ion-funnels was 300 Vpp, and 

the applied voltages were 200 V and 6 V for funnels 1 and 2, respectively. Skimmer 1 was 

varied up to 200 V to pre-heat ions but without inducing fragmentation and the skimmer 2 

voltage was kept at 20 V. The lowest values of RF frequencies were used in all ion-

transmission regions: multipole 1 (2 MHz), quadrupole (1.4 MHz), and transfer hexpole (2 

MHz). Ions were accumulated for 500 ms in the hexapole collision cell before being 

transmitted to the infinity ICR cell. A time-of-flight of 1.5 ms was used. For the MS/MS 

experiments, the overall charge envelopes, 9+∼11+ for HCA-I (Fig. S-1) and 10∼12+ for 

SOD1 (Fig. S-2) were fragmented to avoid the significant ion-intensity-loss due to isolation. 

ECD experiments were performed with an ECD pulse length of 0.02 s, ECD bias of 1.5 V, 

and ECD lens of 15 V. EID experiments were performed with an ECD bias of 30V and all 

other parameters were kept the same. The ECD hollow-cathode current was 1.6 A. Two 

hundred scans were averaged for each spectrum and each experiment was performed in 

triplicate (n=3). Experiments were also repeated over time and mass spectra of equivalent 

quality were obtained with minimal tuning. All spectra were externally calibrated with 

cesium iodide.
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Orbitrap MS—UVPD experiments were performed on a modified Thermo Scientific 

Orbitrap Elite mass spectrometer (Bremen, Germany) to accommodate an ArF 193 nm 

excimer laser (Coherent Existar XS) as described previously.21 One or two pulses at 2.5 mJ 

per pulse was used for the UVPD experiments. All spectra were acquired at a resolving 

power of 240,000 with an average of 100 scans.

Data Processing

FTICR MS Data was processed in DataAnalysis (Bruker) and interpreted manually, 

fragment ion types including a- (a, a+2H), b-, c-, x-, y (y, y-2H)-, and z- were observed. 

Orbitrap spectra were interpreted using ProSight Lite and ions were matched against all 

available types of ions including a- (a, a+1), b-, c-, x- (x, x+1), y- (y, y-1), and z- ions. In 

addition, the presence of a+2H and y-2H ions was checked manually as they were not 

considered in ProSight Lite. The “sequence coverage” represents the percentage of the 

protein's sequence represented by the residues identified in the MS/MS. The backbone 

cleavages were calculated based on the total number of observed non-redundant backbone 

cleavages in the protein. Both of these parameters were taken into account when comparing 

EID and UVPD.

Results and Discussion

Carbonic Anhydrase

Carbonic anhydrase (CA) catalyzes the rapid inter-conversion of carbon dioxide and water to 

bicarbonate and protons. The active site of human carbonic anhydrase I (HCA-I) contains a 

zinc ion, located in the center of the structure and coordinating three histidine residues 

(His94, His96, and His119) (Fig. S-1A). HCA-I polypeptide predominantly forms a compact 

structure dominated by β-sheets and shows up at m/z 2,600 ∼ 3,400 (11+∼ 9+) under native 

ESI condition (Fig. S-1B). ECD of HCA-I (11+∼9+) yielded no detectable c-/z-type ions; 

using more energetic in-source dissociation (ISD, 160V) yielded only a few z-ions of low 

intensity (data not shown). In contrast, higher energy EID of HCA-I provides sequence 

information without the need to pre-activate protein ions (Fig. 1A); however, more structure 

information was obtained by pre-activation of the ions using ISD. The EID backbone 

cleavage sites under different pre-activation conditions are plotted in Fig. S-1C. Overall the 

sequence coverage from EID was improved from 8% with 16 backbone cleavages to 50% 

with 47 backbone cleavages by increasing the ISD energy from 0 to 160 V (Fig. 1B), with 

all fragments originating from the C-terminal region.

CAs are a class of well-characterized proteins whose structural stabilities and folding/

unfolding processes have been extensively studied30-34. Although HCA-I, HCA-II, and 

bovine CA-II share similar 3-D structures, their stabilities differ, with HCA-I having the 

most stable structure35, 36. Detailed studies using different approaches have demonstrated 

that the folding/unfolding process of HCA-II is reversible and proceeds in two 

stages32, 33, 39. The initiation of folding is indicated by a rapid collapse of a large 

hydrophobic cluster comprising the apolar residues on β-strands 2-6 and on the helix-

containing segment between residues 220-242, followed by the folding of the C-terminal 

region, and then the N-terminal region30, 31, 37. The hydrophobic region encompassing β-
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strands 3-5 appears to be remarkably stable and cannot be totally ruptured until extremely 

strong denaturing conditions are applied38. Hydrogen/deuterium (H/D) exchange results 

indicated that the N- and C-termini are flexible and truncation experiments demonstrated 

that the N-terminal residues interact favorably with the rest of the structure30.

In view of the unfolding process of HCA-I, the gas phase molecule, especially the C-

terminal region, appears to share similar features to the unfolding process of HCA-II in 

solution (Fig. 1B&C). EID of HCA-I readily yielded fragments from the C-terminal region 

(residues 242-260, as shown in yellow in Fig. 1C) without pre-activation; increasing ISD 

pre-activation from 0 to 60 V made no improvement in unfolding HCA-I, as indicated by the 

backbone cleavage yields. Further increasing ISD pre-activation to 80 V improved the 

sequence coverage, and even more so when increasing ISD pre-activation further to 120 V 

(Fig. 1B), which gradually unfolded the C-terminal regions from the residues 220-242 (in 

cyan) through residues 174-194 (in orange) and up to β-strand 6 (in green) as shown in Fig. 

1C. Increasing ISD above 120 V made little difference in the fragmentation yield, which is 

consistent with the extreme stability of the hydrophobic core (β-strands 2-5) as observed in 

the unfolding process of CA in solution. In contrast, no fragments from the N-terminal 

region were observed. The lack of positive charge-carrying sites at the N-terminus might 

contribute to the absence of N-terminal fragments; there are only two potential charge-

carrying sites for the first 20 amino acid residues from the N-terminus (K10 and K18) in 

comparison to five out of 20 residues at the C-terminal end. Another possible reason could 

be due to the interaction between the N-terminal amino acid residues with the rest of the 

structure30, which forms strong hydrogen-bond and salt-bridge networks and causes 

difficulty for separating N-terminal fragments from the rest of the structure.

Superoxide Dismutase

Cu-Zn superoxide dismutase (SOD1) is a highly conserved enzyme that is the primary 

cytoplasmic scavenger of superoxide radicals. Human SOD1 is a 32 kDa homodimer protein 

in which each monomer consists primarily of an eight-stranded β-barrel with two large 

loops, the electrostatic loop (residue 122-143) and the metal binding loop (residue 49-84). 

Each SOD1 monomer also contains two metal ions, one copper and one zinc. The catalytic 

copper is bound by four histidine residues (His 46, 48, 63 and 120), and the zinc ion is 

bound by three histidine residues (His 63, 71, 80) and Asp 83 (Fig. S-3). A conserved 

disulfide bond between residues 57 and 146 greatly increases SOD1 stability.

The SOD1 homodimer protein is very sensitive to a variety of slow heating methods (e.g., 

ISD, CAD, IRMPD) and can be easily broken into monomers. To keep the dimer in its intact 

form, the parameters of the instrument were tuned to maintain a gentle ionization and 

transmission conditions and no pre-activation was applied for both ECD and EID 

experiments. The ECD and EID fragmentation behaviors of the apo-WT SOD1 dimer were 

compared (Fig. 2). ECD of apo-SOD1 dimer (10+ ∼ 12+) yields only charge-reduced 

species without typical c-/z-type fragment ions, likely due to the involvement of both N- and 

C-termini with the interaction interfaces (residues 5-9, 17, 19, 49-54 from the N-terminus 

and residues 111-115, 148-153 from the C-terminus), according to calculations using PISA 

(Fig. 2A) (http://www.ebi.ac.uk/pdbe/prot_int/pistart.html). In contrast, EID yields fragment 
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ions from both termini with 50% sequence coverage (Fig. 2B). The charge-reduced/oxidized 

dimers found in the higher m/z region (rather than monomers) suggest that the fragment ions 

originate directly from these dimer species rather than from the monomers. In addition, the 

EID fragments are from the N- and C-terminal regions that directly participate in the subunit 

interaction interface, which suggests that the excessive energy deposited during EID goes 

into vibrational channels and leads to the separation of fragment ions bounded by 

noncovalent interactions. It is also consistent with the fact that EID backbone cleavages take 

place much faster than the time frame of a vibrational period. Monomers (7+) from the 

dissociation of SOD1 dimers were only observed as a minor process with a signal-to-noise 

level of 3.

To explore the ability of EID to reveal structural changes upon metal binding, the EID 

fragmentation mass spectra were compared for the apo-, Zn-, and Cu/Zn-bound forms of the 

WT-SOD1 dimers. The metal-binding states of the various forms of SOD1s were checked by 

applying ISD to remove salt adducts for subsequent ESI-MS (Fig. S-4). The fragmentation 

patterns for the three SOD1 forms share great similarity, which is consistent with their 

crystal structures (Fig. 3A). However, subtle differences due to metal-binding were 

observed, as indicated by the fragmentation patterns around residues 40-65 (Fig. 3B). To 

better display the structural differences, only the partial structure between residues 40 to 85 

of each SOD1 monomer form is shown in Fig. 3C-E, which covers both the EID 

fragmentation region and the Cu/Zn binding regions. For apo-SOD1, the EID-induced 

backbone cleavage proceeded up to residue 54 (Fig. 3C). The binding of Zn2+ at His63, 

His71, His80, and Asp83 only appears to alter the local structure (residue 40-65) slightly 

that allows the EID backbone cleavage to reach to residue 64 (Fig. 3D). When Cu2+ binds to 

His46, His48, His63, and His120 (Fig. 3E), EID backbone cleavage stopped at residue 44. 

The conformation of the functional Loops IV (Cu2+ binding region) and VII (electrostatic 

loop) are less rigid in the absence of bound metals39, and it has been proposed that metal 

binding is important for shielding the charged residues in Loops IV and VII to facilitate 

close packing with the β-barrel core40. It therefore explains the difficulty to liberate EID 

product ions from Cu/Zn-bound SOD1 to obtain sequence and metal-binding site 

information.

Interestingly, the differences among apo-, Zn-, and Cu/Zn-bound SOD1s were also reflected 

by the charge states of their fragment ions. The sites that provide positive charges can be 

tracked based on the charge states of the fragment ions (Fig. S-5). His46, the Cu2+-binding 

site, provides a positive charge. The binding of Cu2+ ion to His46 does not only alter the 

ability of His46 to carry a positive charge but also makes the liberation of product ions 

difficult. The fragmentation of Cu/Zn-SOD1 therefore terminates at residue 44 with a 

maximum charge of 3+ (Fig. S-5C). However, the fragmentation patterns of the apo- and Zn-

bound SOD1s extend beyond residue 44 and the product ions observed show a maximum 

charge of 4+ (Fig. S-5A&B).

Mutations to the SOD1 protein are a common link to familial amyotrophic lateral sclerosis 

(fALS). A major hypothesis in the field of ALS research is that SOD1 mutations decrease 

protein stability, alter protein folding and metal binding, and/or cause changes in other 

biophysical properties of the protein, resulting in an increased propensity of mutant SOD1 to 
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form neurotoxic aggregates41. In a study of ALS-mutant SOD1 amyloid fibrils by Chan et 

al., it was found that the first 63 N-terminal residues are involved in fibril formation42. 

Although the extended β-sheet of fibrils is largely stabilized by the hydrogen-bonding 

network of the polypeptide backbone, the residues' side-chains also can participate in 

hydrogen bonds and contribute to fibril stability. The packing of the β-sheet is sequence 

dependent. Substitutions at positions 37 or 41 with charged residues (G37R, G41D) 

significantly lower the twist distances within the fibrils. Intriguingly, both of the two mutants 

(G37R and G41D) cause a net change in charge in solution42. Tools that could monitor 

structural changes in SOD1 due to the binding of metal ions or the introduction of mutations 

would be valuable to further our understanding of the link between protein structure and 

pathogenesis.

To explore whether such subtle structural changes due to a point-mutation can be captured in 

the gas phase, WT and G41D SOD1 were obtained by EID-MS. Fig. 4 displays the charge 

states of all EID fragments along its backbone for the Zn-bound WT and G41D dimers. 

G41D substitution in Zn-SOD1 appears to prevent cleavage beyond residue 45 and no 4+ 

fragment ions were therefore observed (Fig. 4B). Although we did observe individual 

fragment-ion variations due to low peak intensity, such as c46
3+, c54

4+, and c64
4+ for Zn-

SOD1 and c43
3+ and c44

3+ for Zn-G41D, the overall trends never changed in replicate 

measurements. It is reasonable to postulate that the introduction of a negative charge by 

substituting Gly with Asp at residue 41 might alter the local salt-bridge and hydrogen 

interaction networks in both solution and gas phase structures. Based on the similarity of the 

fragmentation patterns between Cu,Zn-SOD1 (Fig. S-5C) and Zn-bound G41D SOD1 (Fig. 

4B), G41D substitution might have altered the protonated states of His-residues (His43 

and/or His 46).

EID versus UVPD

Because the utility of UVPD for native top-down MS has recently been demonstrated21-26, a 

qualitative comparison with EID would be useful to the field. EID's fragment-ion types (a/x, 

b/y, and c/z) and its capability for dissociating proteins and protein complexes of compact 

structures suggest that EID and UVPD might share some similarities. Therefore, to have a 

better understanding of their mechanisms and utilities, native top-down UVPD-MS analyses 

of HCA-I and SOD1s were performed and compared with results from EID-MS (albeit using 

two different instrument platforms).

UVPD experiments with 193 nm radiation were performed for using a modified Orbitrap 

mass spectrometer (UVPD experiments undertaken in the Brodbelt group at the University 

of Texas at Austin). For HCA-I, UVPD appeared to outperform EID and yielded 100% 

sequence coverage with 91 backbone cleavages from both N- and C-termini (compared to 

ca. 50% with 47 backbone cleavages for EID) (Fig. S-1C). The EID and UVPD 

fragmentation patterns at the N-terminal region of HCA-I were quite different, with 

fragment ions from the N-terminal observed in UVPD (represented by the red bar at the 

bottom of Fig. S-1C) but not in EID. Such difference is likely due to a combination of the 

differences in the fragmentation mechanism and energy level. EID process is charge-

dependent, but UVPD shows less dependence on precursor ion charge states12; the lack of 
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positive charge-carrying sites at the N-terminal of HCA-I may consequently affect EID 

fragmentation but not that of UVPD. Moreover, the amount of energy deposited by EID and 

UVPD appears different. Backbone cleavages beyond the first 20 residues from the N-

terminus were also observed in UVPD but not in EID, indicating that UVPD may be a 

higher energy activation process. Such indication was also reflected by the dissociation 

pattern of HCA-I at the C-terminal region. Although the UVPD backbone cleavage sites at 

the C-terminal region of HCA-I are largely in line with the ISD-EID results, unfolding of the 

HCA-I structure prior to UVPD dissociation through collisions was not needed. Moreover, 

UVPD of apo-SOD1 yields similar sequence coverage and backbone cleavage sites as EID 

but the level of dissociation of SOD1 dimer into monomers is significantly higher (Fig. S-6).

Although such disruption of the noncovalent interactions of native complexes has been 

frequently observed in UVPD studies22, 43, it raises the question of whether sequence ions 

occur (i) directly from the complex precursors, (ii) via secondary dissociation of the folded 

sub-complexes, or (iii) via secondary dissociation of the unfolded monomers released by a 

CAD-type pathway. A detailed study by Morrison and Brodbelt suggested that UVPD may 

allow simultaneous access to higher energy pathways from disruption of the noncovalent 

interactions of the complexes and cleavage of protein backbone bonds to generate sequence 

ions, and thus sequence ions can occur through both (i) and (ii) pathways43. In contrast, EID 

consistently show higher degree of preservation of higher order structures than UVPD. 

Sequence ions from the SOD1 dimers by EID likely originate directly from the dimer 

radicals rather than via secondary dissociation of monomers. As the EID and UVPD 

experiments were performed on two different instruments (FT-ICR vs Orbitrap), the amount 

of pre-activation experienced by ions prior to UVPD or EID activation were likely different. 

A systematic one-on-one comparison between UVPD and EID on the same instrument 

platform would be ideal to eliminate such factors and to have a better comparison of their 

performance.

To further compare UVPD and EID, the backbone cleavages based on fragment ion-types 

are plotted as shown in Fig. 5. Fig. 5A and 5B displays the ISD(120V)-EID and UVPD 

fragmentation patterns of HCA-I, respectively. Likewise, Fig. 5C and 5D show EID and 

UVPD fragmentation patterns of apo-WT SOD1 dimer, respectively. The subtypes of each 

fragment-ion-type such as a, a+1, a+2, x, x+1, y, y-1, and y-2 were grouped together and 

displayed as a-/x-, b-/y- and c-/z-type of ions in Fig. 5. Overall, the regions from where 

product ions originated are rather similar between the two activation techniques. However, 

EID produces mostly c/z ions, with a/x and b/y ions only observed at the termini; UVPD 

yields predominantly a/x ions, followed by c/z and b/y ions. In addition, a+1, x+1, and y-1 

ions are unique to UVPD. The differences observed in fragment-ion-types between EID and 

UVPD are due to their different dissociation mechanisms and pathways. The mechanism of 

UVPD is thought to involve photolytic radical cleavage of the C-Cα bond prior to 

elimination of the radical to generate a/x-ions and other subsequent products44-46, whereas 

EID is a combination of double ionization followed by electron capture, ECD and EIEIO 

(electron-induced excitation in organics)28. The generation of a/x fragments is dominated by 

the cleavage of Cα-C bonds of hydrogen-deficient radicals (charge-oxidized species) and c/z 

ions are from the cleavage of N–Cα bonds of hydrogen-abundant radicals (charge-reduced 

species)47. It is therefore possible to increase the yield of charge-oxidized radicals and 
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subsequent a/x fragments by adjusting electron energy, which could be particularly useful 

for proteins that lack of charge sites at their termini, such as HCA-I.

Conclusions

Taking the compact protein HCA-I and protein complex SOD1s as examples, we 

demonstrate the utility of EID-MS for studying protein structures. Structural information 

beyond the primary sequence was obtained by EID and allowed us to compare the structural 

similarities and differences among different SOD1s and the unfolding processes of HCA-I in 

both gas and solution phases.

Based on the results from our study and the literature, UVPD appears to be a more efficient 

dissociation technique and is better suited for delivering structural information of proteins or 

protein complexes; however, electron-based dissociation techniques have their own unique 

features. The application of EID for the study of native proteins and protein complexes is 

still in its early stages. ECD (1.5 eV) and EID (30 eV) can be performed using the same 

electron gun without instrument modification and the information obtained from ECD and 

EID are complementary. From the SOD1 example, ECD yielded no fragments, which 

suggests the involvement of N-and C-termini in intra- or inter-subunit interactions (both N- 

and C-termini are involved in the subunit interaction interface), whereas EID provided direct 

sequence information of both termini by breaking the interaction interface. The information 

from ECD and EID together would be useful constraints for improving integrative modeling 

of low resolution structures from, for example, small angle X-ray scattering (SAXS) and 

cryo-electron microscopy (cryo-EM) to achieve near-atomic resolution.

The specific mechanistic details of EID and its potential to deliver structural information 

should be explored at different energy levels for macromolecular complexes of different 

molecular weights and stoichiometries. Although 30 eV electrons were used in our EID 

experiments, higher electron energy can be deposited using the same electron gun. 

Previously, such experiments were demonstrated by Zubarev's group48. Because different 

energy levels are likely to promote different dissociation pathways47-50, future studies to 

explore higher electron energy-levels could extend the utility of EID or similar techniques 

for the structural study of macromolecular complexes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) EID spectrum of HCA-I (9+∼11+). (B) The ISD-EID sequence coverage plot of HCA-I. 

ISD voltage was applied to gradually unfold HCA-I before EID. The sequence coverage (%) 

was plotted as the y-axis and shown at the left-hand side and the corresponding unfolded 

sequence regions are also shown in the y-axis but displayed at the right-hand. (C) The 

unfolding process of HCA-I in the gas phase is shown on the X-ray structure of HCA-I 

(PDB 2CAB). Unfolding proceeds through the C-terminal region (residues 242-260 shown 

in yellow), residues 194-242 (in cyan), residues 174-194 (in orange), and to residues 

130-174 (green). β-strands 2-6 compose the most stable regions of the structure.
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Figure 2. 
Native top-down (A) ECD and (B) EID MS of the apo-SOD1 dimer (10+∼12+). EID 

fragment ions from the N-terminal regions are color-coded in red and products from the C-

terminal regions are in magenta. (Representative spectra are shown; each spectrum was 

acquired from 200 scans).
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Figure 3. 
(A) Plots of the EID fragment yield of SOD1 along its backbone cleavage sites (apo-WT 

SOD1 dimer in green, Zn-WT SOD1 in cyan, and the Cu, Zn-WT SOD1 in purple). Copper 

binding sites (His 46, His48, His63, and His120) are labeled in orange, zinc binding sites 

(His63, His71, His80, and Asp83) are in grey, and the disulfide bond (Cys57 and Cys146) is 

displayed in green. The secondary structure of SOD1 is shown on the top. (B) The extended 

region of Fig. A between residues 40-65. (C, D, and E) Partial structural region of SOD1 

that displays the Zn-, Cu-bound regions and the EID fragmentation region. (C) Apo-WT 

SOD1, (D) Zn-WT SOD1, and (E) Cu/Zn-SOD1.
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Figure 4. 
Plot of backbone cleavage sites with respect to the product ion charge states for the different 

Zn-bound SOD1 dimers, (A) WT and (B) G41D. The fragment ions from the N-terminal 

region are labelled in orange dots and the fragments from the C-terminal region are in cyan 

dots. (Data are from representative spectra; each spectrum was acquired from 200 scans).

Li et al. Page 16

Anal Chem. Author manuscript; available in PMC 2018 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Plot of backbone cleavage sites with the respect of ion-types (a/x, b/y, and c/z). (A) ISD 

(120V)-EID of HCA-I with a/x, b/y, and c/z ions plotted separately. (B) UVPD of HCA-I. 

(C) EID of apo-WT SOD1 dimer. (D) UVPD of apo-WT SOD1 dimer. (Representative 

spectra are shown; each spectrum was acquired from 200 scans).
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