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Abbreviations: CID, collision induced dissociation; CT, chloramine-T; CT-holo-cyt c, CT-

oxidized holo-cyt c; CT-apoSS-cyt c, CT-oxidized apo-cyt c where Cys14 and Cys17 are linked by 

a disulfide bond; cyt c, cytochrome c; DTT, dithiothreitol; ESI, electrospray ionization; IM, ion 

mobility; GRT, Girard’s reagent T; LysCHO, carbonylated lysine (aminoadipic semialdehyde); 

MetO, methionine sulfoxide; MP11, microperoxidase-11; MS, mass spectrometry; ROS, reactive 

oxygen species.  
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ABSTRACT: Oxidation of key residues in cytochrome c (cyt c) by chloramine T (CT) converts 

the protein from an electron transporter to a peroxidase. This peroxidase-activated state represents 

an important model system for exploring the early steps of apoptosis. CT-induced transformations 

include oxidation of the distal heme ligand Met80 (MetO, +16 Da), as well as carbonylation 

(LysCHO, -1 Da) in the range of Lys53/55/72/73. Remarkably, the 15 remaining Lys in cyt c are 

not susceptible to carbonylation. The cause of this unusual selectivity is unknown. Here we applied 

top-down mass spectrometry (MS) to examine whether CT-induced oxidation is catalyzed by 

heme. To this end, we compared the behavior of cyt c with (holo-cyt c) and without heme (apoSS-

cyt c). CT caused MetO formation at Met80 for both holo- and apoSS-cyt c, implying that this 

transformation can proceed independently of heme. The aldehyde-specific label Girard’s reagent 

T (GRT) reacted with oxidized holo-cyt c, consistent with the presence of several LysCHO. In 

contrast, oxidized apo-cyt c did not react with GRT, revealing that LysCHO only forms in presence 

of heme. The heme dependence of LysCHO formation was further confirmed using 

microperoxidase-11 (MP11). CT exposure of apoSS-cyt c in the presence of MP11 caused extensive 

non-selective LysCHO formation. Our results imply that the selectivity of LysCHO formation at 

Lys53/55/72/73 in holo-cyt c is caused by the spatial proximity of these sites to the reactive (distal) 

heme face. Overall, this work highlights the utility of top-down MS for unravelling complex 

oxidative modifications. 
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Introduction 

Covalent protein modifications by reactive oxygen species (ROS) impact numerous biological 

functions.1-6 The presence of ROS is an unavoidable consequence of aerobic cellular respiration.7 

Oxidative modifications have been implicated in aging and neurodegenerative pathologies,6, 8-10 

Protein oxidation is also involved in sensing and signaling,11-13 and it plays a major role for the 

efficacy and the shelf life of protein therapeutics.14-16 Most protein oxidation events culminate in 

oxygen incorporation into side chains, e.g., Met  MetO (sulfoxide formation, +16 Da) or Lys-

CH2-NH2  Lys-CHO (“carbonylation”, -1 Da). Many other pathways exist, and most residues 

can form various products (e.g., -2, +4, +16, +32, or +48 Da for Trp).17-21 

In addition to oxidative modifications that occur within living cells, ROS can induce 

protein oxidation in vitro. Experimental strategies have been developed that use this approach for 

monitoring the solvent accessibility of individual side chains.20-26 In vitro oxidative modifications 

also provide the opportunity to investigate oxidation-induced changes in protein structure, 

dynamics, and function.5, 13, 24, 27-30 

Regardless of context (i.e., in living cells or in the test tube), many aspects of protein 

oxidation are complex and incompletely understood. For example, side chain oxidation by •OH 

can be a relatively simple process that starts with addition to a double bond or hydrogen abstraction, 

followed by quenching of the protein radical by oxygen-containing species.22 However, •OH can 

also act via mechanisms that are more convoluted, by producing secondary oxidants which then 

attack the protein.3, 5, 31, 32 

Some protein oxidation events are catalyzed by transition metals.18, 33 Fenton-like reactions 

take place in the presence of peroxides, such as Fe(II) + H2O2  Fe(III) + •OH + OH-. Subsequent 

metal reduction regenerates Fe(II) such that the process can continue, generating a steady supply 
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of •OH that attack the protein.20, 22, 33 The peroxidase activity of some heme proteins represents 

another metal-catalyzed process.34-36 In this case H2O2 reacts with Fe(III) heme to form 

“Compound I”, a Fe(IV)=O species with an adjacent radical. Hydrogen abstraction from R-H sites 

then regenerates Fe(III).37 The R• produced in this way undergo additional transformations which 

yield the final oxidation products. The aforementioned R-H can either be exogenous substrates or 

side chains in the vicinity of the heme; the latter scenario results in protein self-oxidation.5, 38-41 

Many protein oxidation studies have focused on H2O2 and •OH,20, 22 while other common 

oxidants have received less attention.2, 42-44 Particular knowledge gaps persist for the widely used 

“mild” oxidant chloramine-T (CT, Figure S1).29, 30, 43-48 In aqueous solution CT transforms into 

other reactive species that include OCl-.44, 46 The latter can cause side chain oxidation (e.g., Met + 

OCl-  MetO + Cl-), but alternative CT-induced protein oxidation pathways appear to exist.46 The 

exact nature of these pathways remains to be explored. 

Oxidative modifications of cytochrome c (cyt c, Figure 1) have attracted major attention 

over the past few years.24, 29, 30, 41, 44, 47, 49-53 Cyt c acts as an electron transporter in the respiratory 

chain by cycling between its Fe(II)/(III) heme oxidation states.54 In addition, cyt c can act as 

peroxidase that catalyzes the oxidation of cardiolipin in mitochondria, a key step during 

apoptosis.53, 55-58 Interestingly, the peroxidase activity of native cyt c is very low because the heme 

iron is fenced in by a 6-coordinate environment, being ligated by four pyrrole nitrogens, His18, 

and Met80. To become an active peroxidase cyt c must undergo a structural transition that severs 

the Fe-Met80 bond and generates 5-coordinate heme with an open distal site. This 5-coordinate 

form is catalytically active because it allows for Fe-peroxide interactions with subsequent 

formation of reactive Fe(IV)=O species.34, 36, 59 This peroxidase activation can be achieved by 

oxidative modifications of cyt c.27, 29, 44, 47, 52 The most common in vitro activation method is cyt c 
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exposure to CT. The “CT-holo-cyt c“ generated in this way has become a widely used model 

system for apoptosis research.29, 30, 44, 47 For clarity, it is noted that CT is not encountered in living 

cells, where cyt c instead can be activated by other means such as H2O2 exposure and/or cardiolipin 

binding.28, 41, 53 

We recently conducted a detailed mass spectrometry (MS)-based characterization of CT-

holo-cyt c, and we found it to be a mixture of structurally and functionally diverse proteoforms.27 

In addition to MetO modifications at residues 80 and 65,29, 44, 47, 52 CT-holo-cyt c carries up to three 

carbonylated Lys. Both Met80 oxidation and Lys carbonylation are essential for peroxidase 

activation. The former ruptures the Fe-Met80 bond and generates the vacant coordination site 

required for catalysis, while the latter ensures that this site remains vacant by preventing Fe-Lys 

coordination.27 The presence of LysCHO in CT-holo-cyt c and in other oxidation-activated forms 

of the protein had long been overlooked27, 28 but is now well accepted.24, 41 A key finding of our 

previous work27 was that despite cyt c possessing 19 Lys that are equally solvent-accessible,60 only 

a small Lys cluster (53/55/72/73) was susceptible to LysCHO formation (Figure 1). The factors 

responsible for this unexpected specificity remain unexplored. 

Here we tackle the mechanism by which CT induces oxidative modifications in cyt c. 

Specifically, we investigated whether these transformations are mediated by the heme cofactor, 

keeping in mind the role of transition metal centers during the oxidation of other proteins.20, 22, 33 

The strategy of our experiments is simple - we compared the effects of CT on holo-cyt c and apo-

cyt c (the heme-free variant of the protein). Our work applied various MS tools. A particularly 

powerful approach is the fragmentation of intact proteins by top-down MS/MS via collision-

induced dissociation (CID), followed by ion mobility (IM) separation and mass analysis of 

fragment ions. This top-down CID-IM-MS method61-63 is superior to traditional bottom-up MS in 



 7

cases where protein modifications such as LysCHO interfere with tryptic digestion, peptide 

ionization and fragmentation.27 Our experiments uncovered that Met  MetO conversion in cyt c 

can proceed in a heme-independent fashion. In contrast, LysCHO formation requires heme 

catalysis, a finding that explains the spatial selectivity of Lys carbonylation. 

 

 

Methods 

Materials. Equine cyt c, CT, dithiothreitol (DTT), Girard’s reagent T (GRT, 

(carboxymethyl)trimethylammonium chloride hydrazide), Tris base (2-amino-2-(hydroxymethyl)-

1,3-propanediol), guanidinium chloride, and AgCl were supplied by MilliporeSigma (St. Louis, 

MO). Acetonitrile and ammonium acetate were from Fisher (Nepean, ON). Potassium phosphate 

was from Caledon (Georgetown, ON). MS-grade modified trypsin was obtained from Promega 

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

Sigma, and used following manufacturer instructions (15 min at 13,000 G; buffer exchange steps 

were performed using four cycles). Unless stated otherwise, reactions were performed at 22 ± 2 

°C, and solutions contained 50 mM potassium phosphate (pH 7.4).  

 

Mass Spectrometry. Electrospray MS experiments were conducted on a Waters SYNAPT G2-Si 

Q-ToF in positive ion mode. MS/MS was performed using CID with Ar as collision gas. Samples 

were prepared as 5 M protein solutions in 50/50/0.1% H2O/acetonitrile/formic acid that were 

infused directly into the electrospray ionization (ESI) source of instrument at 5 L min-1. Top-

down CID-IM-MS was performed as described.27 Briefly, quadrupole-selected 16+ cyt c ions 

corresponding to the proteoforms of interest were collisionally heated in Ar background gas in the 



 8

trap cell. Trap collision energies were adjusted between 22 and 25 V to maximize the fragment ion 

yield and sequence coverage. The resulting fragment ions were separated in the traveling-wave 

IMS cell with N2 as buffer gas, followed by reflectron-time-of flight mass analysis. Bottom-up 

samples were digested overnight at 37 °C using a 50:1 protein:trypsin ratio. Tryptic peptides were 

separated on a Waters ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 × 10 mm) with a 

H2O/acetonitrile gradient in the presence of 0.1% formic acid. MS/MS data were collected using 

data-dependent acquisition. Isotope distributions were modeled following strategies developed 

previously64 using Protein Prospector (http://prospector.ucsf.edu), with N-terminal acetylation, 

and with heme in the Fe(III) oxidation state. For example, 16+ holo-cyt c was modeled with 15 

excess protons, keeping in mind that Fe(III) heme (with both propionic acid groups in the R-COOH 

state) has an overall charge of 1+.65 Using this approach, the deconvoluted average mass of holo-

cyt c is calculated to be 12360.1833 Da, in agreement with previous work.44 MetO and LysCHO 

formation events corresponds to mass shifts of +15.9949 Da and -1.0316 Da, respectively.18 

 

Heme Removal: Preparation of apoSS-cyt c. Heme in cyt c is covalently bound by thioether 

linkages to Cys14 and Cys17.60 Heme removal was performed as described66 with some 

modifications. Cys-S-heme bonds were initially replaced with Cys-S-Ag bonds. For this purpose, 

200 μL glacial acetic acid were added to 1.8 mL of an aqueous solution of 400 μM cyt c and 25 

mM AgCl, followed by incubation at 40 °C in the dark for 4 h and centrifugation at 13,000 G for 

5 min. The supernatant was buffer exchanged into 100 mM acetic acid, yielding apo-cyt c carrying 

up to three silver ions (Ag-apo-cyt c, Figure 2B). For Ag removal, 100 μL Ag-apo-cyt c were 

added to 900 μL of 50 mM pH 5 ammonium acetate containing 6 M guanidinium chloride and 1 

M DTT, followed by incubation for 3 h. Samples were then buffer exchanged into 50 mM pH 5 
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ammonium acetate, yielding apo-cyt c (ε280 = 10.9 mM-1 cm-1)67 with both Cys14 and Cys17 in the 

thiol form. The absence of heme was confirmed by MS (Figure 2C) and UV-Vis (Figure S2). The 

apo-cyt c generated in this way underwent a mass shift of -2 Da during storage (Figure 3A) that 

was reversible by DTT (Figure S3), indicating -SS- bond formation between Cys14 and Cys17. 

To obtain homogeneous stable heme-free samples we promoted formation of this -SS- bond by 

storing 10 μM apo-cyt c for 24 h at 22 C, followed by overnight incubation at 4 °C. The disulfide-

containing protein generated in this way is referred to apoSS-cyt c. Top-down CID-IM-MS 

confirmed the presence of a disulfide between Cys14 and Cys17 in apoSS-cyt c, while also 

verifying the absence of other covalent modifications (Figure 3B, C). 

 

CT-induced Oxidation and GRT Labeling. 50 μM apoSS-cyt c or holo-cyt c were incubated in 

2.5 mM CT/50 mM pH 8.4 Tris buffer for 3 h.68, 69 The reaction was halted by buffer exchange 

into 50 mM pH 5 ammonium acetate, yielding CT-apoSS-cyt c and CT-holo-cyt c. We also prepared 

apoSS-cyt c samples that were less extensively oxidized by using 0.5 mM instead of 2.5 mM CT 

(CTlow-apoSS-cyt c). Oxidation in the presence of microperoxidase 11 (MP11) was performed using 

the same procedures, except that 50 μM MP11 was added to the CT/protein mixture. Covalent 

tagging of reactive carbonyl groups was performed using GRT15 by incubating 10 μM protein (CT-

treated or unoxidized controls) with 80 mM GRT in 50 mM pH 5 ammonium acetate for 3 h. 

Excess GRT was removed by buffer exchange into 50 mM pH 5 ammonium acetate.  

 

 

Results and Discussion 
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For probing the role of heme during CT-induced cyt c oxidation we compared the behavior of the 

native protein and its heme-free counterpart. To assist readers, we briefly recapitulate the sample 

types that were used here, and that were prepared as described above: (i) Holo-cyt c is the native 

protein, possessing a covalently attached heme. (ii) ApoSS-cyt c is devoid of heme, and its Cys14 

and Cys17 side chains are linked by a -SS- bond (Figure 3). (iii) CT-holo-cyt c refers to holo-cyt 

c after oxidation by CT, comprising various proteoforms with MetO formation at residues 80 and 

65, and one or more LysCHO in the Lys53/55/72/73 range.27 (iv) CT-apoSS-cyt c refers to apoSS-

cyt c after oxidation by CT, under conditions identical to those used for CT-holo-cyt c. (v) CTlow-

apoSS-cyt c was exposed to a five-fold lower CT concentration than CT-apoSS-cyt c. Oxidative 

modifications in CT-apoSS-cyt c and CTlow-apoSS-cyt c have not been characterized previously. 

 

Effects of CT-Induced Oxidation. Intact protein mass spectra of the aforementioned protein 

species are depicted in Figure 4. CT-holo-cyt c and CT-apoSS-cyt c both showed oxidative 

modifications, with ~16 Da peak progressions that represent the hallmark of +nO incorporation 

(Figure 4B, D, E). Similar patterns have previously been reported for other oxidized proteins.5, 20, 

22 Background oxidation for CT-free samples was negligible (Figure 4A, C). The spectrum of CT-

holo-cyt c had its maximum at +2 O (Figure 4B), while that of CT-apoSS-cyt c was dominated by 

signals around +4 O (Figure 4E). This observation reveals that heme removal renders cyt c more 

susceptible to oxidation by CT. Comparable oxidation levels to holo-cyt c could be achieved only 

when incubating apoSS-cyt c samples in five-fold less CT (Figure 4D). 

 Close inspection of Figure 4 reveals deviations from “clean” +nO behavior. In CT-holo-

cyt c, the signals were shifted by -2 Da due to LysCHO formation (Figure 4B).27 CT-apoSS-cyt c 

showed a similar negative shift (Figure 4E). This -2 Da shift was absent for CTlow-apoSS-cyt c 
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(Figure 4D). While the -2 Da shift in Figure 4E seems to suggest the presence of LysCHO in CT-

apoSS-cyt c, the data discussed below reveal that it has a different origin. 

It may seem counterintuitive that heme removal enhances the oxidation susceptibility of 

cyt c, considering the capability of metal centers to catalyze oxidation.20, 22, 33-36 However, metal 

catalysis is not the only factor that is relevant in this context. CD spectroscopy revealed that heme 

removal causes cyt c unfolding (Figure S4), confirming earlier reports that the protein structural 

integrity is contingent on heme.66 The enhanced oxidation susceptibility of apoSS-cyt c is 

attributable to the fact that unfolding renders previously buried side chains sterically accessible to 

CT. This interpretation is in line with studies on other proteins where unfolding was found to 

enhance modifications by water-soluble labeling agents.20, 22, 70, 71 

 

Oxidation Site Mapping. We performed top-down CID-IM-MS to identify the modifications in 

CT-apoSS-cyt c and CTlow-apoSS-cyt c (Figure 5). Data for CT-holo-cyt c were included for 

comparison (Figure S5), although an in-depth analysis of the latter has already been reported.27 

All top-down experiments were performed by fragmenting [M + “2 O”] ions. The quotation marks 

indicate the presence of additional -2 Da modifications in CT-holo- cyt c and CT-apoSS-cyt c that 

cause deviations from “clean” +2 O (+32 Da) Da mass shifts. Fragment spectra of all three CT-

oxidized forms shared a y24 to [y25 + O] transition, as well as a [y39 + O] to [y40 + 2 O] transition 

(Figures 5, S5). This pattern confirms MetO formation at both Met80 and Met65 for all three 

species (CT-holo-, CT-apoSS-, and CTlow-apoSS-cyt c). These observations demonstrate that CT-

induced MetO formation can take place without heme catalysis. This conclusion is in line with the 

fact that Met is one of the most easily oxidizable residues,20 that is known to be capable of forming 

MetO without metal catalysis.45, 72, 73 
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 A more intriguing question is the nature of the -2 Da shift in CT-apoSS-cyt c (Figure 4E). 

As noted, -2 Da shifts in CT-holo-cyt c are caused by LysCHO formation in the range of 

Lys53/55/72/73.27 Does CT-apoSS-cyt c contain these modifications as well? The top-down data 

of Figure 5 localize the -2 Da modification in CT-apoSS-cyt c between residues 49 and 64, ruling 

out modifications at Lys72/73. The 49-64 range comprises Lys53/55/60 such that LysCHO 

formation could, in principle, be a possible explanation of the observed -2 Da shift. However, 

subsequent experiments demonstrated that CT-apoSS-cyt c is free of LysCHO (see details below). 

 

Confirming LysCHO Sites by GRT Labeling. GRT is a hydrazide compound that selectively 

reacts with ketones and aldehydes (such as LysCHO). Other modified side chains that might 

potentially be present (such as Tyr dimers, -2 Da)5 do not react with GRT.15, 74, 75 GRT labeling of 

CT-holo-cyt c produced satellite peaks corresponding to +1 GRT and +2 GRT, confirming the 

presence of two LysCHO sites that are responsible for the -2 Da mass shift of CT-holo-cyt c 

(Figure 6B).27 Top-down CID-IM-MS of the most intense GRT adduct confirmed GRT labeling 

at Lys72/73 (Figure S6), in agreement with earlier work.27 

 Given the much higher overall oxidation propensity of CT-apoSS-cyt c relative to CT-holo-

cyt c (Figure 4), one might expect correspondingly more LysCHO sites (and thus more extensive 

GRT labeling). Surprisingly, CT-apoSS-cyt c was completely unreactive with GRT (Figure 6D). 

The same was observed for CTlow-apoSS-cyt c (Figure S7). This lack of GRT reactivity reveals that 

CT is incapable of forming LysCHO in apoSS-cyt c. It can be concluded that LysCHO is not a 

general byproduct of CT-induced oxidation. Instead, Figure 6 strongly suggests that CT can induce 

LysCHO formation only in the presence of heme. 
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As LysCHO is absent in CT-apoSS-cyt c, the -2 Da shift in this protein form must arise 

from another modification. As noted earlier, top-down CID-IM-MS localized the -2 Da shift to 

49TDANKNKGITWKEETL64 (Figure 5). Scenarios such as ThrCH-OH  ThrC=O (-2 Da)20, 21 

can be excluded by the lack of GRT labeling in CT-apoSS-cyt c. Trp is the residue with the highest 

intrinsic oxidation propensity in the 49-64 range.20 Studies on other proteins showed that Trp can 

yield various oxidation products, including -2 Da species.76 Using bottom-up MS/MS we were 

able to detect low-level Trp59 oxidation in CT-apoSS-cyt c (Figure S8). Unfortunately, we could 

not unequivocally attribute the -2 Da mass shift to Trp59 in these experiments. Based on the 

arguments outlined above, Trp59 nonetheless represents the most likely culprit for the -2 Da 

modification in CT-apoSS-cyt c. The unfolded structure of apoSS-cyt c increases the reactivity of 

Trp59,66 while in native holo-cyt c this residue is buried.60 This enhanced solvent exposure renders 

Trp59 more prone to oxidation in apoSS-cyt c.20, 22, 70, 71 

 

Confirming Heme Catalyzed LysCHO Formation Using MP11. The absence of LysCHO in 

CT-apoSS-cyt c strongly suggests that this type of modification can form only with heme catalysis. 

However, skeptics might point out that other differences between holo-cyt c and apoSS-cyt c could 

play a role as well. For example, it could be possible that the absence of LysCHO in CT-apoSS-cyt 

c is somehow related to the unfolded structure of this protein form (Figure S4). To conclusively 

test the role of heme, we produced CT-apoSS-cyt c in the presence of exogenous heme in the form 

of MP11. MP11 is a heme-containing cyt c fragment (residues 11-21). The Fe(III) in MP11 is 

coordinated by His18 while the distal site remains open, allowing MP11 to catalyze a range of 

oxidation reactions.77, 78 The covalent thioether linkages in MP11 preclude reconstitution of native 
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holo-cyt c upon mixing with apoSS-cyt c, allowing us to delineate the effects of protein 

conformation vs. heme involvement on protein oxidation. 

 The presence of MP11 during CT-apoSS-cyt c formation profoundly impacted the mass 

spectra (Figure 7). The most obvious effect was a dramatic shift toward lower charge states (i.e. 

from maxima around 16+/17+ down to 11+/12+) which indicates the loss of numerous charge-

bearing sites (i.e., Lys-CH2-NH3
+  LysCHO0).79 Abundant LysCHO formation is also apparent 

from the mass distribution (Figure 7F) which shifted by ca. -10 Da, corresponding to ca. 10 

LysCHO. We attempted to use GRT labeling of MP11/CT-apoSS-cyt c for confirming the presence 

of LysCHO; however, those experiments yielded spectra with low S/N that were difficult to 

analyze (not shown). Keeping in mind that apoSS-cyt c does not react with GRT due to the absence 

of LysCHO (Figures 6D, S7B), this low S/N likely arises from over-labeling of MP11/CT-apoSS-

cyt c by GRT. To nonetheless obtain direct confirmation of LysCHO, we performed MP11 

experiments under the milder oxidation conditions of CTlow-apoSS-cyt c. These experiments 

yielded the expected GRT-labeled products, confirming the ability of MP11 to induce the 

conversion of Lys to LysCHO (Figure S9B,C). 

In summary, our data reveal that LysCHO formation by CT is a heme-dependent process. 

This finding explains the unusual selectivity of LysCHO formation in CT-holo-cyt c which affects 

only four out of 19 Lys.27 All of the affected residues (Lys53/55/72/73) are in close spatial 

proximity to the reactive (distal) heme face,27 rendering them poised for heme-catalyzed oxidation 

(Figure 1). It is possible that these oxidation events involve direct Lys-heme interactions, because 

rupture of the Met80-Fe bond facilitates structural changes that can trigger “alkaline” Lys-Fe 

ligation involving residues 53/55/72/73.27, 30, 80-83 Lys residues other than 53/55/72/73 are not 

oxidized in holo-cyt c because they lack the spatial requirements for interaction with the 
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endogenous heme. This spatial selectivity is reminiscent of metal-catalyzed oxidation in other 

proteins.33 In contrast, exposure of apoSS-cyt c to freely diffusible heme (in the form of MP11) 

removes this geometric requirement, allowing heme to freely sample positions close to any of the 

19 Lys and thus resulting in non-selective “global” LysCHO formation (Figure 7F). This non-

selectivity is also apparent from the multiple fragment ion populations seen by top-down CID-IM-

MS of GRT-labeled MP11/CTlow-apoSS-cyt c (Figure S9D). 

 

 

Conclusions 

CT-holo-cyt c represents an important model system that mimics the state produced in vivo when 

cells embark on their path towards apoptosis.27, 29, 30, 44, 47 CT-induced oxidation of cyt c produces 

a 5-coordinate Fe(III) that is required for peroxidase activity. These modifications were identified 

as MetO at residue 80, as well as LysCHO formation in the Lys53/55/72/73 range.27 The current 

work provides new insights into the chemistry underlying these transformations. In agreement with 

previous reports45, 72, 73 we found that CT-induced MetO formation can proceed without heme 

(although the direct Met80-heme contact in holo-cyt c may enhance the rate of oxidation at that 

residue). In contrast, CT-induced LysCHO formation strictly requires the presence of heme as a 

catalyst, and it only takes place in the direct vicinity of heme. The heme can be endogenous as in 

the case of holo-cyt c, or it can be exogenous as in our MP11 experiments.  

 The role of metal catalysis during CT-induced oxidation of small organic substrates has 

been examined previously, e.g. for Os(VIII) oxide and In(III) triflate.46, 84 However, there seems 

to be no prior work related to the reactivity of CT in the presence of Fe or heme. We consider it 

most likely that the heme-catalyzed Lys oxidation seen here involves OCl-. It is known that CT 
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produces OCl-,44, 46 and it is also known that OCl- interacts with heme to generate Compound I and 

related Fe(IV)=O species.85-87 The formation of such species in our MP11 experiments is favored 

by the fact that the distal heme face in MP11 is freely accessible.77, 78 In the case of holo-cyt c, 

OCl--Fe interactions require opening of the heme crevice. Such opening events are facilitated by 

the high flexibility of the 71-85 Ω loop that covers the distal heme face in native cyt c.88, 89 

Disruption of the Fe-Met80 contact via MetO formation further enhances the tendency of this Ω 

loop to sample oxidant-accessible conformation.28, 90, 91 

 It is tempting to speculate on the broader implications of heme-catalyzed LysCHO 

formation, relative to other oxidation pathways. Compound I-dependent oxidation involves the 

abstraction of H atoms by radical oxygen species.34 Analogous H abstraction takes place during 

other oxidation methods, e.g. Fenton chemistry33 or direct exposure to •OH.20 Likely, all of these 

methods generate similar (if not identical) types of oxidation products. It is therefore surprising 

that LysCHO formation has been observed after Fenton reactions92 and other metal-catalyzed 

processes,18 but not after direct •OH exposure.20, 21 One possible explanation is that LysCHO tends 

to go undetected in conventional bottom-up LC-MS/MS workflows because LysCHO sites 

interfere with tryptic digestion and collision-induced dissociation of peptides.27 Future work is 

required to explore this issue in more detail.  

 From a bioanalytical perspective, this work demonstrates that top-down MS is highly 

suitable for interrogating heterogeneous oxidative modifications, including LysCHO sites which 

are difficult to track when using traditional bottom-up workflows.27 Future top-down 

investigations will be aided by continuing advancements in instrumentation that enable high-

resolution analyses of proteins with ever-increasing size and complexity.93-95 It is hoped that this 

work will stimulate further top-down MS studies in the exciting field of protein oxidation. 
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Supporting Information. Structure of CT. UV/vis absorption spectra of cyt c before and after 

heme removal. Mass spectra of DTT-treated apoSS-cyt c. Far-UV CD spectra of cyt c. Top-down 

CID-IM-MS of CT-holo-cyt c. Top-down CID-IM-MS of GRT-labeled CT-holo-cyt c. Mass 

spectra of GRT-treated CTlow-apoSS-cyt c. Bottom-up MS/MS of oxidized Trp peptides. Mass 

spectra of GRT-labeled MP11/CTlow-apoSS-cyt c.  
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Figure 1. Crystal structure of equine holo-cyt c (PDB 1HRC).60 Met residues are depicted in 
orange. Sites of LysCHO formation are depicted in green. All remaining Lys are depicted in blue. 
Heme is depicted in black, and the heme iron is shown in red. 
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Figure 2. Left: Intact protein ESI mass spectra of different cyt c forms. (A) Holo-cyt c (unmodified 
control), (B) Ag-cyt c, (C) apo-cyt c. Far right: Cartoon representation of each form. 
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Figure 3. (A) Mass spectra of apo-cyt c highlighting a disulfide-induced mass shift after storage. 
(B) ApoSS-cyt c sequence; selected top-down fragmentation sites are indicated. (C) Representative 
top-down CID-IM-MS fragment ions from apo-cyt c (top) and apoSS-cyt c (bottom). All spectra 
are overlaid with their modeled isotope distributions (black dots and lines). 
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Figure 4. Intact protein mass spectra (charge state 16+) depicting the effects of cyt c oxidation by 
CT. (A) holo-cyt c (untreated control). (B) CT-holo-cyt c. (C) apoSS-cyt c. (D) CTlow-apoSS-cyt c. 
(E) CT-apoSS-cyt c. Black solid lines and dots are modeled isotope envelopes. Vertical dashed 
lines mark the positions expected for “clean” +nO modifications; experimentally observed 
deviations from these “clean” positions are indicated in pink.  
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Figure 5. Top-down CID-IM-MS analysis of CT-apoSS-cyt c. (A) protein sequence with selected 
fragmentation sites. The remaining three panels show partial fragment spectra. The two modified 
Met residues are highlighted in color, along with the sequence range that harbors an additional -2 
Da modification. (B) Top: apoSS-cyt c (untreated control). Center: CTlow-apoSS-cyt c. Bottom: CT-
apoSS-cyt c. Each spectrum is overlaid with its theoretical isotopic envelope. 
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Figure 6. Intact protein mass spectra (charge state 16+) depicting the effects of GRT labeling. (A) 
CT-holo-cyt c prior to GRT labeling. (B) CT-holo-cyt c after GRT labeling. (C) CT-apoSS-cyt c 
prior to GRT labeling (D) CT-apoSS-cyt c after GRT labeling. Dashed vertical lines mark expected 
position of GRT-modified species. The first peak of each distribution is overlaid with its theoretical 
isotopic envelope. 
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Figure 7. Intact protein mass spectra, illustrating the effects of MP11 during preparation of CT-
apoSS-cyt c. (A/D) apoSS-cyt c with MP11 but without CT; (B/E) with CT but without MP11; (C/F) 
with CT and with MP11. (A-C) depict full charge state envelopes. (D-F) show a magnified view 
of the 12+ charge state. Vertical lines are present as a visual aid. 
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