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ABSTRACT: Covalent modifications by reactive oxygen species can modulate the function and 

stability of proteins. Thermal unfolding experiments in solution are a standard tool for probing 

oxidation-induced stability changes. Complementary to such solution investigations, the stability 

of electrosprayed protein ions can be assessed in the gas phase by collision-induced unfolding 

(CIU) and ion mobility spectrometry. A question that remains to be explored is whether oxidation-

induced stability alterations in solution are mirrored by the CIU behavior of gaseous protein ions. 

Here we address this question using chloramine-T-oxidized cytochrome c (CT-cyt c) as a model 

system. CT-cyt c comprises various proteoforms that have undergone MetO formation (+16 Da) 

and Lys carbonylation (LysCH2-NH2  LysCHO, -1 Da). We found that CT-cyt c in solution was 

destabilized, with a ~5 C reduced melting temperature compared to unmodified controls. 

Surprisingly, CIU experiments revealed the opposite trend, i.e., a stabilization of CT-cyt c in the 

gas phase. To pinpoint the source of this effect, we performed proteoform-resolved CIU on CT-cyt 

c fractions that had been separated by cation exchange chromatography. In this way it was possible 

to identify MetO formation at residue 80 as the key modification responsible for stabilization in 

the gas phase. Possibly, this effect is caused by newly formed contacts of the sulfoxide with 

aromatic residues in the protein core. Overall, our results demonstrate that oxidative modifications 

can affect protein stability in solution and in the gas phase very differently. 
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Atomically resolved structural data for proteins in solution or in the solid state can be obtained by 

X-ray crystallography, NMR spectroscopy and cryo-electron microscopy. Mass spectrometry 

(MS) and ion mobility spectrometry (IMS) offer complementary avenues. Prerequisite for the 

application of these vacuum techniques is the capability to generate intact gaseous protein ions [1]. 

Electrospray ionization (ESI) [2] and matrix-assisted laser desorption/ionization (MALDI) [3] 

represent key techniques for this purpose, but new ionization methods continue to emerge [4-8]. 

Particularly interesting is recent work by Trimpin et al. [8] which demonstrated that gaseous 

protein ions can be generated without the aid of lasers, heat, or voltages. 

The amino acids in natively folded proteins are closely packed and engaged in H-bonds, 

salt bridges, van der Waals interactions, and hydrophobic contacts [9]. Covalent modifications can 

upset this interaction network, destabilize the native state, and render proteins non-functional [10]. 

One avenue to introduce such modifications involves reactive oxygen species, such as O2
−, HO2

•, 

H2O2, and HO• [11-14]. Methionine conversion to sulfoxide (MetO) is particularly common [15-

18], but oxidation can also affect many other residues [19,20]. The accumulation of oxidized 

proteins plays a key role for aging-related pathologies [21] such as Alzheimer’s and other 

neurodegenerative diseases [22,23]. In addition, oxidation compromises the efficacy of protein 

therapeutics [16,18,24]. Understanding oxidation-related effects on protein structure and stability, 

therefore, is an important goal with far-reaching repercussions.  

Oxidation-induced stability changes in solution can be studied using thermal [15,18,25,26] 

or chemical [27,28] unfolding experiments. These studies involve protein exposure to heat or 

chemical denaturants. Optical tools can then be used to probe unfolding profiles, e.g., circular 

dichroism (CD) spectroscopy at 222 nm which reports on -helicity [29]. The melting temperature 

TM marks the unfolding midpoint and is a measure of protein stability [9,30,31]. Oxidative 

modifications usually destabilize proteins in solution, inducing shifts to lower TM [15,18,25-28]. 
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In addition to the aforementioned solution studies, there is considerable interest in 

examining proteins in a solvent-free environment. “Native” ESI can generate gaseous 

biomolecular ions that retain solution-like structures and interactions [7,32-36]. Somewhat 

analogous to thermal unfolding in solution [15,18,25,26,30], these gaseous protein ions can be 

subjected to collisional heating, causing them to undergo collision-induced unfolding (CIU). The 

structural changes triggered in this way are detectable by IMS [37,38]. 

It is an interesting question whether gas phase stabilities correlate with the protein behavior 

in solution [39,40]. A number of studies indicate that this indeed appears to be the case. For 

example, enzyme-inhibitor binding stabilities in solution were consistent with trends seen in 

collision-induced dissociation (CID) studies [41], ligand-induced stabilization effects were 

mirrored in the gas phase [42], and CIU energetics were shown to be correlated with solution 

structures [38]. Correlation between solution and gas phase behavior was also demonstrated in 

surface-induced dissociation (SID) experiments on multi-protein assemblies [36], and blackbody 

infrared dissociation (BIRD) studies on protein-lipid complexes [43]. On the other hand, the 

absence of solvent can have profound effects on inter- and intramolecular contacts [44]. 

Hydrophobic interactions are weakened [45], while electrostatic contacts are strengthened in the 

absence of water [46]. These factors can lead to disparities between solution and gas phase 

stabilities [46]. Overall, much remains to be learned about the relationship between protein 

stability in vitro and in vacuo. Particular knowledge gaps persist when it comes to the question 

how oxidative modifications affect the stability of gaseous proteins. 

Oxidative modifications of the heme protein cytochrome c (cyt c) have attracted a lot of 

attention in recent years [47-56]. The canonical function of cyt c is to shuttle electrons in the 

respiratory chain [57]. In addition, cyt c acts as a peroxidase, i.e., an enzyme that catalyzes the 

oxidation of organic substrates by H2O2 [58]. Cyt c-catalyzed oxidation of cardiolipin in 
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mitochondria plays a key role during apoptosis [59-62]. The peroxidase activity of native cyt c is 

low. It is only after specific oxidation events that the protein becomes fully active [47-54,63,64]. 

This gain of function contrasts the aforementioned scenarios where oxidation events interfere with 

protein activity. 

The most common method for producing peroxidase-active cyt c in vitro is by exposure to 

chloramine-T (CT) [47,51,53,54], a mild oxidant that releases OCl- [65]. We recently conducted a 

detailed MS characterization of CT-treated cyt c (CT-cyt c) [63]. The protein was found to be 

highly heterogeneous, with MetO formation at zero, one, or two methionines (Met80 and Met65). 

In addition, CT-cyt c showed Lys carbonylation in the range of Lys72/73 and Lys53/55 (Figure 1) 

[63]. Lys carbonylation to aminoadipic semialdehyde is associated with M = -1 Da (LysCH2-NH2 

 LysCHO) [66,67]. This type of modification is easily missed because of its small mass shift, 

loss of a charged site, and abrogation of tryptic cleavage. In particular, the presence of LysCHO in 

CT-cyt c had been overlooked until recently [63]. Both MetO and LysCHO are well-known 

markers for oxidative damage in environmentally stressed proteins and protein therapeutics 

[67,68]. Therefore, CT-cyt c represents as a convenient model system for probing the effects of 

these modifications on protein structure and stability. 

Here we characterize the effects of oxidative modifications in CT-cyt c on the stability of 

the protein in solution and in the gas phase. We find that although the solution stability of the 

protein is reduced after oxidation, gas phase data show an increase in stability. We conclude that 

the solution properties of oxidatively modified proteins are not necessarily reflected in their CIU 

behavior. 
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Materials and Methods 

Materials. Cyt c (equine heart), CT (N-chloro-4-toluosulfonamide), and Tris base (2-amino-2-

(hydroxymethyl)-1,3-propanediol) were supplied by MilliporeSigma (St. Louis, MO). All other 

chemicals were supplied by Fisher Scientific (Nepean, ON) or Caledon Laboratories (Georgetown, 

ON). Centrifuge filters (Amicon Ultra 0.5, 10 kDa MWCO) were supplied by Millipore Sigma, 

and used according to manufacturer instructions (15 min at 13,000 g). 

 

Protein Oxidation. CT-cyt c was prepared as described [63], with minor modifications. 500 μM 

cyt c was incubated with 2.5 mM CT in 50 mM Tris (pH 8.4) for 60 min at 22 C. Oxidation was 

quenched by five serial exchanges into 10 mM ammonium acetate using Amicon filters. The 

resulting proteoform mixture was fractionated using a 5 mL SCX HiTrap SP cartridge (GE 

Healthcare). Samples were eluted using a zero to 500 mM ammonium acetate gradient (pH 9). 

 

Thermal Unfolding. Solution phase unfolding was monitored by CD spectroscopy at 222 nm 

using a J-810 spectropolarimeter (JASCO, Easton, MD). Samples were prepared as 10 μM protein 

in 50 mM potassium phosphate buffer (pH 7.4). Heating was performed from 20 to 100 °C at a 

rate of 1 °C min-1. The melting temperature (TM) and enthalpy of unfolding (ΔH) were extracted 

by fitting the CD222 profiles using [30] 

 

𝐶𝐷  ∆ /

 ∆ /
  (1) 

 

where T is the temperature in Kelvin and G = H(1 – T/TM), while (yN + mNT) and (yU + mUT) 

represent the pre- and post-transition baselines, respectively. The fraction of unfolded protein in 

solution (Fu_sol) was calculated as [69] 
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𝐹 _
 ∆ /

 ∆ /
    (2) 

 

There was no evidence of aggregation, as seen from the absence of precipitated protein in the 

heated samples. 

 

Mass Spectrometry. MS experiments were performed on a Waters SYNAPT G2-Si instrument in 

positive ion mode (Waters, Milford, MA). Samples were prepared as 10 μM protein in either 10 

mM ammonium acetate for native ESI, or 50/50/0.1 H2O/methanol/formic acid for denaturing 

conditions, and infused at 5 μL min-1. Travelling wave IMS experiments were performed in 

sensitivity mode with N2 as buffer gas. Instrument parameters were tuned to maintain minimal ion 

activation prior to deliberate activation for CIU (Table S1). CIU was performed by varying the 

trap collision energy, with Ar as collision gas. IMS profiles of 8+ ions were extracted using 

TWIMextract [70]. IMS drift times were converted into effective helium collision cross sections 

() [71]. CIU curves were expressed as fraction unfolded in vacuum (Fu_vac), defined as 

 

𝐹 _
〈 〉 〈 〉

〈 〉 〈 〉
      (3) 

 

where <Ω> is the average Ω at a given trap collision energy. <ΩN> and <ΩU> are the average Ω 

values measured for minimum (1 V) and maximum collisional excitation (20 V), respectively. All 

CIU experiments were performed in triplicate, with independent  calibrations for each replicate. 

Error bars represent standard deviations. Simulated isotope distributions of Fe(III) cyt c were 

generated using the UCSF ProteinProspector web server. 
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Results and Discussion 

Chromatographic Separation of Proteoforms. Exposure of cyt c to CT produces a mix of 

oxidation products that are modified at Met and Lys side chains [63]. The complexity of these CT-

cyt c samples can be alleviated by using strong cation exchange (SCX) chromatography. Under the 

conditions used here, three major SCX fractions were obtained (I, II, and III in Figure 2A). The 

SCX retention time of fraction I was virtually identical to that of unmodified control samples 

which had not been exposed to CT.  

A cursory glance at the mass distributions of the three CT-cyt c fractions suggests that they 

are quite similar to one another. Each fraction showed three dominant signals, corresponding to 0, 

1, and 2 MetO modifications (approximately +0, +16, +32 Da, Figure 2B-D). The 1 MetO species 

were previously shown to be oxidized at Met80, while the 2 MetO proteoforms are modified at 

Met80 and Met65 [63]. However, close examination and comparison with modeled isotope 

distributions reveals additional mass shifts of -2, -1, and -0 Da for fractions III, II, and I. These 

negative shifts are attributable to the presence of 2, 1, and 0 LysCHO sites. Proteoforms with a -1 

Da shift are carbonylated at Lys72/73, while -2 Da species are additionally modified at Lys53/55 

[63]. The progressive loss of positive charge for these proteoforms is consistent with their SCX 

retention behavior, keeping in mind that SCX separates proteins based on their cationic character 

in solution. Specifically, fraction III which has lost the most charge due to two Lys+  LysCHO 

conversion events was most weakly retained (Figure 2A).  

The observation that all three fractions share virtually the same MetO oxidation pattern 

(Figure 2B-D) indicates that Met oxidation and Lys carbonylation occur independently of one 

another during cyt c exposure to CT. The inability of SCX to separate proteoforms with different 

MetO content reflects the fact that this type of modification does not affect the protein charge. 
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In summary, the CT-cyt c preparations examined here represent a mix of proteoforms that 

contain 0, 1, or 2 MetO sites, as well as 0, 1, or 2 LysCHO modifications. SCX allows separation 

into three fractions that are pure with respect to LysCHO content, but heterogeneous in the number 

of MetO sites. The separation of CT-cyt c into three fractions facilitates the subsequent 

experiments, compared to investigations on unseparated samples. 

 

Stability of CT-cyt c in Solution. Unfolding experiments were performed to establish how CT-

induced oxidative modifications affect the stability of cyt c in solution (Figure 3). Instead of using 

chemical denaturation [27,28] we chose thermal unfolding assays [15,18,25,26] to allow a direct 

comparison with gas phase CIU experiments (discussed below), keeping in mind that both 

techniques probe the protein response to heat. The thermodynamic parameters measured for 

unmodified cyt c were TM = 86.8 ± 0.2 °C and ΔH = 493 ± 20 kJ mol-1. The former agrees with 

literature data within 1 °C [72]. Previous work reported a somewhat lower ΔH (400  kJ mol-1 [73]) 

but that earlier study used acidic solutions, while our experiments were performed at pH 7.4. 

Compared to the unmodified controls, all three CT-cyt c fractions showed a substantial decrease in 

both TM (ca. 5 °C) and ΔH (ca. 50%), revealing that CT-induced oxidative modifications reduce 

the stability of the protein in solution (Table 1). The stability reduction seen here for CT-cyt c is 

reminiscent of data reported previously for other oxidatively modified proteins [15,18,25-28]. 

Interestingly, stability differences between the individual oxidized fractions I, II, and III 

were small, evident from their almost superimposable unfolding profiles (Figure 3). As discussed 

above, the three fractions only differ in the number of modified Lys residues (0, 1, 2 LysCHO for 

fractions I, II, III), while they share very similar MetO compositions. From this, one can conclude 

that LysCHO formation does not significantly affect the protein stability in solution, consistent 

with the location of these modifications on side chains that protrude into the solvent (Figure 1A). 
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Instead, the major stability difference between unmodified cyt c and CT-cyt c are attributable to 

MetO formation. Oxidation of the deeply buried Met80 is expected to be particularly disruptive 

because it ruptures the distal Fe-sulfur bond and interferes with side chain packing in the protein 

core [74]. Met65 modifications likely affect the protein stability to a lesser extent, because this 

residue is located close to the protein surface without any critical side chain contacts (Figure 1A). 

 

ESI Charge States of CT-cyt c. Because the formation of each LysCHO is concomitant with the 

loss of a basic (protonatable) site, one might expect that the ESI charge state distribution of [M + 

zH]z+ ions could be affected by LysCHO formation. However, native ESI mass spectra of 

unmodified controls and fractions I-III were very similar to one another, with charge state 

distributions dominated by 8+/7+ ions. In contrast, spectra acquired under denaturing conditions 

exhibited slight shifts to lower charge states, from maxima of 17+/16+ for unmodified cyt c and 

fraction I, down to 16+/15+ for fraction III (Figure 4). 

Native ESI proceeds according to the charged residue model (CRM), where protein ions 

are released upon droplet evaporation to dryness. Charge states generated under these conditions 

are close to those of protein-sized water droplets at the Rayleigh limit (zR  7.9 for cyt c) [75-77]. 

Thus, CRM charge states of globular proteins are governed by their surface area, rather than the 

number of basic sites [78]. The fact that native ESI generates very similar charge state 

distributions for unmodified and CT-cyt c indicates that the covalent modifications encountered 

here do not dramatically alter the overall compactness of the protein. This view is consistent with 

native ESI  values which are very similar for all proteoforms (see below and Table S2). 

The situation is different under denaturing ESI conditions, where protein ions likely form 

according to the chain ejection mechanism (CEM) [77]. The CEM proceeds with gradual ejection 

of extended protein chains from the droplet surface, in concert with the equilibration of mobile H+ 
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between the droplet and its protein appendage. Any factor that decreases the effective basicity of 

the protein will compromise the capability of the chain to compete for H+ during ejection. The 

slight shift to lower charge states seen for fraction III under denaturing ESI conditions therefore 

likely reflects the loss of basic sites due to conversion of two Lys to LysCHO (Figure 4). In 

summary, the ESI charge state distributions of the various proteoforms are consistent with current 

views of the ESI process under native and denaturing conditions [75-77]. 

 

Native ESI Gas Phase Conformations of CT-cyt c. We initially probed the conformations of 

unmodified 8+ cyt c ions and fractions I-III with minimum collisional excitation (collision energy 

1 V) in an effort to preserve solution-like structures in the gas phase [7,32-36]. Figure 5A-D 

displays the resulting IMS data in a MetO-averaged fashion. The unmodified control protein 

displayed a single dominant feature centered at ~1350 Å2, consistent with previous reports [79-82]. 

Virtually the same IMS behavior was seen for fractions I-III (Figure 5A-D, Table S2). These 

native ESI data reaffirm that CT-induced oxidation does not induce large-scale global alterations 

of the protein structure, although minor perturbations are known to take place [54,63]. Our IMS 

data are quite different from those of a recent report [55] where it was concluded that oxidative 

modifications cause a significant compaction of cyt c. The IMS data of ref. [55] showed multiple 

peaks for both unmodified and oxidized cyt c, suggesting that the ions had undergone partial CIU. 

In contrast, our native ESI-IMS data (and previous studies [79-82]) are dominated by single IMS 

features, presumably corresponding to solution-like conformations that were not significantly 

affected by collisional heating. Unfortunately, the IMS data of ref. [55] were not Ω-calibrated, 

rendering a direct comparison with our results difficult.  
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Gas Phase Stability of CT-cyt c. While the aforementioned IMS experiments avoided collisional 

excitation, we will now discuss the CIU behavior of the various CT-cyt c proteoforms to assess 

their gas phase stabilities. Similar to unfolding in solution, the extent of structural perturbation in 

these CIU experiments can be expressed as a fraction unfolded (Fu_vac, Equation 3). IMS/MS is 

capable of tracking the IMS profiles of each individual MetO and LysCHO species (see below). In 

contrast, the solution unfolding experiments of Figure 3 could only probe the behavior of fractions 

I-III in a MetO-averaged fashion. To allow a direct comparison with those solution data, we 

initially compiled MetO-averaged CIU data (Figure 5). 

Raising the collision energy from 1 V to 20 V resulted in significant gas phase unfolding 

for all 8+ species, transforming the “native” (~1350 Å2) IMS distributions into unimodal profiles 

centered at ~1730 Å2 (Figure 5, Table S2). Although the <Ω> values of CT-cyt c at the lowest and 

highest collision energies were very similar to the unmodified protein, there were clear differences 

in the intermediate energy regime. At 7 V all of the IMS profiles had maxima around 1400 Å2. In 

addition, the unmodified control exhibited a major feature at ~1700 Å2, which is close to the fully 

unfolded protein (marked by the red arrow in Figure 5E). This unfolded feature was also seen for 

fractions I-III, but at much lower intensities (Figure 5F-H). Upon raising the collision energy to 

9V the IMS distribution of the unmodified control was completely dominated by this ~1700 Å2 

feature (Figure 5I), while more compact conformers (around 1500 Å2) persisted for fractions I-III 

(see arrows in Figure 5J-L). No major differences are seen when comparing the CIU data for 

fractions I-III among each other. 

Overall, our data reveal that the unmodified control protein is more susceptible to CIU than 

fractions I-III. This effect is also apparent from the Fu_vac profiles (Figure 5Q) which have a 

midpoint at 0.5 V – 1 V lower collision energies for unmodified cyt c than for fraction I-III. Based 

on these Fu_vac profiles alone it might be difficult to discern the differences between unmodified 
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cyt c and fractions I-III; however, the dissimilarities seen in the IMS distribution for intermediate 

collision energies are striking (Figure 5E-L). The observed oxidation-induced stabilization of cyt c 

in the gas phase (Figure 5) contrasts the destabilization observed in solution (Figure 3). 

 

Proteoform-Resolved CIU Analysis. More detailed insights into the role of each modification 

can be obtained by extracting IMS profiles of individual proteoforms. The three MetO variants are 

separable by their mass differences (+0, +16, +32 Da), while the LysCHO variants (0, -1, -2 Da) 

can be resolved using SCX fractionation. To facilitate the following discussion, we will identify 

proteoforms as KmMn, where m and n are the number of LysCHO and MetO, respectively. For 

example, K0M0 represents unmodified cyt c, while K2M1 refers to the proteoform containing 2 

LysCHO and 1 MetO. 

To investigate the effects of MetO in the absence of LysCHO modifications we probed the 

K0Mn series (n = 0, 1, 2, Figure 6). At intermediate collision energies, both K0M1 and K0M2 had 

structures that were significantly more compact than for K0M0, evident from the features 

highlighted with arrows in Figure 6D-I. Also, the midpoints of the K0M1 and K0M2 CIU profiles 

are ~1 V higher than that of K0M0, while the former two are virtually superimposable (Figure 

6M). From these data it can be concluded that oxidation of Met80 (in K0M1) enhances the gas 

phase stability of the protein, while the additional oxidation of Met65 (in K0M2) has no 

discernible effect. 

A similar analysis was conducted to investigate the effects of LysCHO modifications by 

focusing on the KmM1 series (m = 0, 1, 2, Figure 7). The IMS distributions (Figure 7A-L) and 

CIU profiles (Figure 7M) for these three species were very similar across all collision energies, 

suggesting that LysCHO formation only has minor effects on the gas phase stability of cyt c. The 

last aspect is consistent with the behavior in solution (Figure 3), where the number of LysCHO 
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also has a negligible effect on stability. This is in stark contrast to MetO formation at residue 80 

which greatly affects the properties of cyt c, giving rise to opposing stability trends in solution and 

in the gas phase. 

 

 

Conclusions 

Our results reveal that CT-induced oxidation affects the cyt c stability in solution and in the gas 

phase quite differently. In solution, CT-cyt c has a melting point that is ~5 C lower than that of 

unmodified cyt c, implying large-scale destabilization. In the gas phase, oxidative modifications 

cause a small but distinct stabilization, evident from a ~1 V shift to higher CIU voltages. Our 

results indicate that both of these effects can be attributed largely to MetO formation of Met80, a 

residue that is deeply buried and represents the distal heme ligand in the native state [74]. The 

effects of other CT-induced oxidative modifications on protein stability are less pronounced 

(MetO formation at Met65, and LysCHO formation at Lys72/73 and Lys53/55). The lack of major 

changes following modification of these other sites is consistent with their solvent-exposed 

locations which allow covalent modifications to be accommodated without disrupting the side 

chain packing in the core (Figure 1A). 

 The observation that Met80 oxidation reduces the protein stability in solution is consistent 

with a wide range of observations on other oxidatively modified proteins, reflecting the fact that 

oxidation events usually perturb steric interactions, polarity, hydrophobicity, etc. [15,18,25-28]. In 

cyt c the conversion of Met80 to MetO additionally ruptures the distal Met-Fe bond [47,51,53,54]. 

It seems surprising, therefore, that this modification would render the protein more resilient to CIU 

in the gas phase. One possible explanation is the formation of new bonds after conversion of 

Met80 to MetO. Recent work has shown that the partially positive sulfur atom in MetO can 
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noncovalently bind to the partially negative  electron clouds of aromatic rings [83]. Several 

aromatic residues are relatively close to Met80 (Trp59, Tyr67, Phe82, Figure 1B), and thus it 

seems conceivable that the enhanced gas phase stability could be rooted in newly formed contacts 

of MetO with one of these sites. Interestingly, computer simulations predict that such MetO-

aromatic contacts will be disfavored in water [84]. This could explain our observation of MetO-

induced destabilization in solution vs. stabilization in the gas phase.  

It is also somewhat surprising that Lys carbonylation does not have a destabilizing effect in 

the gas phase, keeping in mind the role of strengthened electrostatic contacts in vacuo and the 

likely involvement of Lys+ in salt bridges at the protein surface [46]. It is possible that the loss of 

basic sites due to LysCHO formation is compensated by other factors, such as dipole interactions 

of -CHO sites with positively charged moieties on the protein surface. 

 Overall, the results of this work highlight the fact that protein stability trends observed in 

solution are not always mirrored by the corresponding gaseous ions, consistent with the findings of 

several previous studies [44-46]. Investigating the origin of these different trends offers exciting 

opportunities to better understand the complex interplay of electrostatic and other noncovalent 

contacts in native and covalently modified proteins. It is hoped that future comparative 

solution/gas phase investigations will provide further insights into the molecular foundation of 

oxidation-induced alterations on protein function and stability. 
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Table 1. Thermodynamic parameters derived from the thermal unfolding experiments of Figure 3. 
 
 
    TM (°C)   ΔH (kJ mol-1) 
Unmodified Control   86.8 ± 0.2  493 ± 20 
Fraction I   81.6 ± 0.1  238 ± 4 
Fraction II   82.7 ± 0.1   276 ± 6 
Fraction III   82.5 ± 0.2   269 ± 8 
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FIGURE 1. Crystal structure of horse cyt c (pdb 1hrc). (A) Front view with highlighted side 

chains that are oxidized after CT exposure: Met (red), and Lys (green). The heme iron is shown in 

orange. (B) Side view with highlighted Met residues and selected aromatic side chains. 
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FIGURE 2. SCX fractionation of CT-cyt c. (A) Chromatogram after CT exposure; three major 

fractions I, II, and III are highlighted. (B-D) Mass spectra of the 16+ charge state for each fraction 

(colored lines), overlaid with isotopic models (black solid lines and dots). (E) Unmodified cyt c. 

The number of MetO and LysCHO modifications for each peak is indicated. Vertical dashed lines 

were included as a visual aid. 
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FIGURE 3. Solution phase thermal unfolding of cyt c monitored by CD spectroscopy at 222 nm. 

Data are shown for unmodified control protein, and for fractions I, II, III of CT-cyt c. (A) 

Experimental data points (circles) are overlaid with fits (solid lines) according to Equation 1. TM 

and ΔH values derived from these fits are compiled in Table 1. (B) Fraction of unfolded protein in 

solution (Fu_sol) calculated according to Equation 2. 
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FIGURE 4. Mass spectra of unmodified cyt c and the three CT-cyt c fractions. Data were acquired 

under native ESI conditions (left) and under denaturing conditions (right).   
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FIGURE 5. CIU of unmodified cyt c and CT-cyt c fractions I-III for 8+ ions generated by native 

ESI. The data shown here represent an average of all the MetO isoforms in each fraction. (A-P) 

IMS profiles acquired at different trap collision energy (Trap CE) values, as indicated along the 

left hand side. Arrows indicate notable features that are discussed in the text. (Q) CIU unfolding 

profiles for each type of sample, expressed as Fu_vac. 
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FIGURE 6. CIU of K0Mn proteoforms (zero LysCHO; n = 0, 1, 2 MetO) for 8+ ions generated by 

native ESI. (A-L) IMS profiles for each sample at different trap collision energies. (M) CIU 

unfolding profiles. 
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FIGURE 7. CIU of KmM1 proteoforms (m = 0, 1, 2 LysCHO; 1 MetO) for 8+ ions generated by 

native ESI. (A-L) IMS profiles for each sample at different trap collision energies. (M) CIU 

unfolding profiles.  
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