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Abstract

Biochemical andnass spectrometric analysis of yeast cytochrome ¢ peroxidese andin
Vivo gives insights into its biological functions as g0ssensor and heme donor protein

Meena Kathiresan, PhD

Concordia University, 2015

The stress response to exogenop®Hhas provided significant insight into thibhsed cytosolic
H,0O, sensors such as OxyR Escherichiacoli and its eukaryotic counterpart Gpx3/Yap1l in
Saccharomyceerevisiae However, sensing of endogenously generatgd,h mitochondria,

the main sites of pD, production in respiring yeast, is poorly documented. We have recently
demonstrated that cytochronte peroxidase (Ccpl) acts as a mitochondrigDHsensor to
balancereactive oxygen species (RO%vels by regulating catalase {Ctal) activity and
attenuating the pD, stress response during aging. Since Ccpl is the first-based HO,
sensor to be ehtified, its mechanism of action at the molecular level is of much interest. This
thesis reports on how B, signals through Ccpl. Activity assays reveal the accumulation of
catalytically inactive and herrffeee Ccpl outsidenitochondria in respiringells, when catalase
activity starts to increase. Importantly, the burst igOF generation during the switch from
fermentation to respiration triggers hemediated oxidation by ¥D, of the proximalFe ligand,
H175. Formation of ox#1175 weakens the henrtigand interaction and labilizes the heme
group, which is transferred either directly or via unidentified intermediate(s) to apoCtal. The
nascent Ctal activity detoxifies ,8,, and apoCcplwhich has conformational lability
undergoes reverse translocattorthevacuole and nucleus. Mass spectrometric characterization
of hememediated HO,-induced chemical and pesanslational modifications in recombinant

Ccpl and Ccpl isolated from yeast cells, respectively, has allowed us to identify the residues



oxidized as well as to evaluate radit@nsfer pathways in Ccpl in response to both exogenous
and endogenous B,. Importantly, the mass spectromebgsed approach described here
provides a way to fully evaluate the oxidation profile of a protein. Although @&as not found

as a binding partner of GSTcpl in GST puldown assays, the antioxidant proteins, manganese
superoxide dismutase (Sod2}hioredoxin peroxidase (Tsal)the glycolytic enzyme
glyceraldehyde3-phosphate dehydrogenase (GAPDH), the putdieme transporter Pet9 and

heat shock proteins 70 and 90 were reproducibly found as Ccpl binding partners. Combined, the
results presented provide insights into the mechanism@©f signaling in cells involving heme

mediated redox changes in contrast trédox chemistry of thiols.
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Chapter 1: General introduction
1.1)Hydrogen peroxide as a signaling molecule and hydrogen peroxide sensors

Reactiveoxygen species (ROS) are derived from the incomplete reduction of dioxygen
(Oy) during theelectron transport processes in aerobic respirdfiprROS includethe reactive
superoxide anion radical é@) which is generated from the ce&ctron reduction of £&{1). OZA
can be dismutated to the diffusable fadical oxidant, hydrogen peroxide 4B%), and
homolytic or reductive cleavage ob®, generatesie highly reactive hydroxyl radicahH) (av
3). The ROS of interest in this thesis is®4. At lower physiological levels, ¥, is viewed as a
key signalling molecule sincd) it is chemically stable and diffusdérom its site of production,
2) its levels a@ enzymatically controlled ar) it reacts specifically with a subset of amino acids

and reversibly or irreversibly modkt specific residugg).

High levels of ROS production lead to a process that is referred 'txidative stress'
since ROS are reactive and can damage cellular components such as lipids, proteins and DNA.
(5). The deleterious effects of ROS have been linked with aging, carcinogetiabistes and
neurodegenerative disand (6). However, there is substantial evidence that ROS can have a
positive influence on cell growth and surviv@, 8) Currently, it is well established thhiw
ROS levels trigger an oxidative stress response and promote lifespan extension, a phenomenon
known as hormesi€9). Mitochondria have the own form of hormesis termed miwrmesis
whereby mild mitochondrial stress, triggered by a variety of insults, results in a diverse cytosolic
and nuclear response that results in protective-lasiing metabolic and biochemical changes
(9). Thus, the intracellular concentration of ROS must be tightly controlled in order to maintain

levels of ROS that are beneficial to the organism
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Figure 1.1 Growth phases oSaccharomyceserevisiaecultivated in rich medium supplemented with 2%
glucose. Yeast strains were cultureih YPD (1% yeast extract, 2% peptone, 2% glucosgdium under high
aeration (mediunto-f  ask ratio of 1:5) at 30eC. After 08%h of
aqueous NacCl (saline, wt/v) and cells were grown for a further 7 days. At different time points, 100 uL aliquots of
the cultures were serially diluted in 0.85% saline and plated onto-afalb medium. The plates were incubated at
30°C for 2 days andotal colony forming units (cfu) were counted after this time. The normalized growth rate
correspondso the total number of cells [N logio(No)®7]. Here N is the total number of cells in the plate at time t,

N, is the number of cells at time 0, GR the growth rate at time LP T lag phase, EP exponential phase,-D

diauxic shift, ST stationary phase.

Yeast switch from fermentation to respiration when a fermentable carbon source such as
glucose becomes limitin@L0). Yeastexhibit an initial lag phase when stationary phase cells are
inoculated in fresh mediur(i0). During tre subsequent exponential phase, cells proliferate
rapidly by fermenting glucose to ethanol. When glucose is largly depleted from the media, cells
briefly arrest growth to adjust their metabolism from fermentation to respiration known as the
dauixic shift(10). After the switch to respiration, d¢glstart to grow again but at a reduced rate by
slowly consuming the ethanol accumulated in the mediGh When ethanol iexhausted, cells
cease dividing and enter into a quiescent state known as stationaryJdjabethis thesis entry

into stationary phase was accelerated by switching the cells into 0.85% saline with no carbon
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source after three days of growihl). Since mitochondrial ROS spike duritige diauxic shiftas

shown in Figure 2.5Ayeast cells must be prepared for an imminent spike in mitochondrial ROS.

Oxidantspecific protein sensors regulate ROS by detecting their cellular concentrations

and by increasing the expression of antioxidamegdan proportion to these concentrati¢h).

The major yeast antioxidant enzymes that catalyze the decompositig®gfridlude catalases

(two isoforms)(13i 15), glutathioneperoxidases (threisoforms)(16), cytochrome c peroxidase
(oneisoform) (17) and thioredoxin peroxidases agrpxiredoxins (peroxiredoxins, fivieoforms)

(18 20). Catalases decompose®} to H,O and Q usingH,0, asa reducingsubstratg13i 15),
whereas the peroxidases and the peroxiredoxins redp@gtdd H,O using various reducing
cofactors(16i 20). The multiple cellular locations and synergisdiction of these enzymebBoav

the efficient breakdown of #D, close to its sites of generation.

Studies on microbial D, sensors identificysteineresidues as the dominant targets of
H.O, (21, 22) Cysteine residues are reversibly oxidized to sulfenic acids$Cy¥4) and can be
reduced by protedbased or lowmass thiols. However, exposure to excessive ROS leads to
irreversible cysteine oxidation to sulfonic acids (8&H), a process that oftemccompanies
cell death(23). To date, the best characterized( sensors are cytosoligeroxiredoxins and
glutathione peroxidases, which rely on activated thiols to metabidii@e and use thioredoxin
and glutathione (GSH) as reducing substrates, respec{®®&]y24, 25) Thus, BO, sensors are
rigidly coupled to both cellular ¥, metabolism and to the redox status of the cell, which is
controlled by thiols such as GSkkidationstate(21, 24, 25) Interestingly metalcatalyzed oxe
histidine (HisO) formation inthe Bacillus subtilis peroxide resistance protein (PerR)
transcriptional repressdras recently been defined ad1,0, sensor(26). This report revealed

that histidine residues can participate in redox regulation in a-thidpendent fashion. In fact,



in addition to cysteine and histidinether targets oH,O; include the redosensitive residues,
tryptophan and tyrosine, as well lasgely overlookedulfur-containingmethionine(27). All of
these residues have the potahtio be involved incellular H,O, sensing and signalling as

explored in this thesis.
1.2) Heme as a signaling molecule

Hemeconsists of a Féion in the centre of @orphyrinring and is ubiquitous among
living organisms. Heme, particularly protoporphyrin IX heme (or hémEigure 1.1), plays a
critical role in organisms as a catalytic prosthetic group in proteins that generate energy, sense
and consume gasses, and catalyzeymatic reaction$28, 29) Hemehas also been shown to
directly control a variety of signal transducers and transcriptional regulators incloeing
activator proteinlapl) in the yeas$. cerevisiagiron regulatory protein (IRR) ithe bacterium
Bradyrhizobiumjaponicum the mammaliantranscriptional repressor Bachl and the heme

regulated inhibitor (HRI) kinase, to name a f&0).

Heme is synthesized via a highly conserved estdp bigynthetic pathwaywvhich in
yeast isregulated byof the oxygen leve(31). The last step of this pathway involvirkg®*
insertion into protoporphyrin IXs catalyzed byerrochelatase (FECH) in the mitochondrial inner
membrane(31). Although the enzymes for heme biosynthesis and its regulation are relatively
well-characterized in eukaryotic cells, trafficking of heme to target ip@tesiding owdide the
mitochondriorremainspoorly characterize(B2, 33) Due to the toxic nature of free heif34), it
is unlikely to diffuse freely within the cell but instead specific pathways, with appropriate heme
carriers, must exist to facilitate heme delivery from the mitochondrial matrix &b igdl cellular
destinations(32, 33) To date, proteins involved igeast heme trafficking remain largely

unknown but putative heme transporters have been identified, inclpdatgporphyrin uptake
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gene 1(PUGL1),which was detected by microarray analysisSofcerevisiaggrown under heme
starvation condition§35) and the major ADP/ATP carrier of the mitochondrial inner membrane
(Pet9, which has been reported to bind and import hetermediates into the mitochondrion

(36).

S-Cys
S-Cys

Heme a Heme b Heme c

Figure 1.2 Chemical structure of hemes a, b and c. Hemeb consists of two vinyl, four methyl and two propionic
acid side chains on the conjugated tetrapyrole ring. In lethe two vinyl (C=C) side chains are covalently bonded
to cysteine sulfhydryl resiges of the apoprotein, whileemea possesses an isopoéd tail substituted on one of the

vinyl groups and a formyl group in place of one methyl groups.

Hemeb, found in peroxidasesind catalasesas well asin hemoglobin,myoglobin and
cyclooxygenaseenzymesbinds to proteins noncovalently through a singb®rdination bond
between the heme iron and amino acidside chain (37). Hemec, found in cytochromec, is
synthesized from hente on the covalent bonding of the heme vinyl groups to two cysteine
residues of the protein (Figure 1(B)). Hemec is synthesized from hentg making it a greater
energetic investment from the organi$mmm a biosynthetic viewpoin37). In addition to the
variability in the type of heme prosthetic group, the functional versatility of heme proteins is a
product of the diversmicroenvironment around the heme, which includes the nature of the axial

ligands to the iron and the relative solvent/substrate accessibility of the(B&n3®) Global and



local conformational changes have been compared for the-tneenéapo) and heedoaded
(holo) forms of numerous proteins and for their proximal ligand mu(@ats39) However the
nature and structural characteristics of the hprogimal ligand in response to.,8, stress has

not been reported for cytochrome c peroxidase, the heme enzyme of interest in this thesis.
1.3) Structure-function characterization of cytochrome ¢ peroxidasén vitro

Yeast cytochrome c peroxidase (Ccpl) is a monomeric {eemgme localizedot the
intermembrane space (IMS) of mitochond(i&). Its catalytic cycle couplethe twoelectron
reduction of HO, to H,O (k = 10° M s%) with two sequential onelectron oxidations of
ferrocytochrome ¢ (Cyd¢), which acts as a reducing substrate for the en£{if)e Ccpl waghe
first heme enzyme to have its crystal structure so(M&)andthe complex beteen Ccpl and
Cycl was the first redeactive complex to be crystallize@1). Seven decades af vitro
research encompassirgenetic engineering of the Ccpl active site, along with structural,
spectroscopic, and kinetic characterization of aetite mutants have provided caerable
insight into the mechanism of,8, activation and the formation of the higkeridation state
intermediates in Ccpl, namely compound | (C¥,\W19T }and compound Il (CpdIliE€")

(17). The CcpiCycl interactiorremains a paradigm for understanding electron transfer within a

proteintprotein complekl 7).

Ccpl is mainlyU-helical with itsb-type heme buried in a hydrophobic pocket (Figure
1.2A) (17). H175 in the proximal cavity coordinates to the heme iron and theckala of WB1
is parallel to, and in Van der Waals contact with, the imidazole ring of H175 (Figure (42A)
W191 is also in Van der Waals contact with the porphyrin ring. The carboxylate group of D235 is
H-bonded to the side chains of H175 and W{£2). Residues R48, W51 and H52 define the

distal heme pocket and overall the active site is highly hydrogen bgaged o facilitate HO-
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binding, H52 accepts a proton fromy® and R48 and H52 stabilize the transition state to
promote heterolytic cleavage of the oxygetygen bond42). This results in the formation of an
oxyferryl (Fé") p O r pdatiom radical Species, which is stabilized byoéhding with R48

and W51(42). W191 rapidly r-eaiancdicltotfdineCpad@)r phyr i n

Comparison of the heme active site in Ccpl with thahdnorbate peroxidag@dPX)
shows the high structural similarity between these two clasrdxmases (Figure 1.Z%3).
Although the proteins share a common catalytic cycle that involves formation of Cpdl followed
by its reduction by two substrate mole@{é3, 44) many differences exist. First, the substrate
binding sites are different, which accounts for the low actmit€cpl towards ascorbate and of
APX towards Cyt (45). Furthermore, Ccpl Cpdl harbours a protfe@sed cation radical on
W191 while Cpdl of APX contains a porphyaaion radical even though W179 is in the
equivalent position to W19#M3i 45). This arises because in APX there is direct coupling of the
substrate to the heme so reduction of Cpdl occurs through a poifagim intermediaté43,

44). In contrast, Cyc binds to Ccpl such that94/Xorms part of an electremansfer pathway
betweens the hemg$7). In theabsence of their reducing substrates, W41 40Hreated APX

forms a covalent link with the hem@6) while H,O.-treated Ccpl shows no such crosslink
between its heme and the equivalent residue, B This further suggests that, although their
catalytic sites are highly conserved, Ccpl and APX are designed to react with different reducing
substrates. The structural characterization of Ccpl and ARXsatgests that active site residues

are placed strategically in order to prevent hgmmaein crosslinks in Ccpl, which suggests that

radical transfer pathways in heme peroxidases are driven by different protein functions.
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Figure 1.3 Structural simil arity of class | peroxidases Ccpl and APXPDB cartoon representation ¢A) Ccpl

in complex with its reducing partner Cycl. Residues in orange (A192, A193) define the electron transfer pathway

between the Ccpl and Cycl hemes (red stiqi®).Ascorbate peroxidase (APX) in complex with its reducing

substrate, ascorbate (magenta). The key catalytic residues in both proteins are shown as sticks. Figures drawn based
on the crystal structuref the Ccpl:Cycl complex (PDBPCB) and ofthe APX:ascdpate complex (PDB.OAF).

1.4) Function of cytochrome ¢ peroxidase as a 4, sensorin vivo

The determination of the crystal structures of Ccpl and of the-Cgpl complex

inspired extensive structural and biophysical studies on the mechanism of Cdpdicéta,

41). After seven decades of vitro research and hundreds of papers written on Ccpl, one might

question what is left to discoverPo we v e r

onl

y

a few studi

es

physiological function. AlthoughCcpl is not essentidior viability and respiration inS.

cerevisiae,upon HO, challenge(48, 49), Ccpl protein levels and activity increa@, 49)

supporting a kO, detoxifying role for the protein. Furthermore, t8EP1deletion mutant yeast

strain €cplsd shows increasd sensitivity to exogenous,€&, during exponential growt{®9).
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However, we reported that the responseapfleecells to endogenously generateglhlis
strikingly different than that to exogenous®4 and points to a signaling role of Ccpivivo
(50). Although ccpleecells accumulate the highest levels of0xd and exhibit the lowest Ctal
activity, they live longer than wiltype cells(50). This is due to the elevated levels Sbd2
activity induced by KO, (51i 53) which keeps &' levels low. Expression of Ccpl and @¥p'F
the catalytically inactive Ccpl mutant bearing the mutation W191F, increased the activity of the
peroxisomal/mitochondrial catalase A (Ct#49), which depressed endogenougOkilevels and
lowered the yeast }D,-dependent stress respon&&e 53) In turn, significantly depressed
mitochondrial superoxide dismutase activity (3pdextensive mitochondrial damage and a
shortlived phenotype resulted in wilype and Ccpt***expressing strains relative to the
CCPZXnull mutant. In contrast to its negative effects on mitochondrial fitness, Ccpl expression
increased total catalasadhperoxiredoxin activities and provided protection of yeast cells against
a bolus addition of KD, (50). Thus it was determined that Ccpl signaling acts as a balance of
survival to exogenous stressand longevity. Furthermoregmgetic characterization of Ccpl and

1V showsthat in response to exogenousCH challenge, both Ccpl and CéB  convey

Ccp
an oxidative stress signal to the nuclear transcription factor Skn7 a master regulator of the
oxidative stress response in ye@dst). This suggests that the catalytic function of Ccpl does not

drive Ccpl activation of Skn7 but rattBatits signalling function is important.

Hemebased HO,-sensing has not been reportedviouslyand we questined how HO;
signals through Ccpl to regulate antioxidant enzyme activities in yeast. Importantly, Ccpl is
capable of responding to exogenougOHlin the presence of glucose in contrast to the glucose
repressed genes involved with cellular respirationodyrome c oxidase or Codl(53)) and

antioxidant defense (Ct@5)) suggesting that Ccpl is a direci®d rather than @sensor, which



contrasts with other heme proteins such as hemoglobin and tHapdirectly sense O The

H.O, sensing function of Ccpl is the focus of this thesis.

1.5) LC-MS/MS approach to identify protein chemical and postranslational

modifications

Mass spectrometric approaches for the analysis of proteins, both native or oxidized, can
generally be divided intdit -d pwn pr oteomi cso, which involves
their fragmentati on wi tbbttonmup prdteomh cna 8 s whechr o ma
prior digestion of the protein(s) amahalyisis ofthe peptides are analyzed by mass spectrometry
(MS) (56). The peptidesfrequently areseparated blquid chromatography (LC), and the
individual peptides are detected by MS, amshdem MS (MS/MS) is carried out to fragment the
peptides into sequence iofB6). The informationthenis pieced together to reveal the protein
identity and/or characteristice.f, chemical/postranslational modifications or isoformg§)6).

A modified restlue is located in a peptide by finding the sequence ions with-tmabsrge n/2

ratios shifted from the expected valy&§). The bottorup approach is used in this thesis and a
number of HO, mediated oxidation products (methionine, cysteine, histidine, tryptophan and
tyrosine) were monitored. Selected chemical structures and names can be fAppdndix 11

Residue oxidation products.
1.6) Outline and scope of this thesis

The key observains of Ccpl as a kD, sensorin yeast mitochondria that regulates the
activities of other antioxidant enzymes and ROS levels in cells led us to reco@siderl 6 s
physiological roles. Interestingly, Ccpl shares many features with thiol peroxidases inwolved

cell signaling. Both rapidly react with,B, and use low molecular weight proteins as reducing
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partners (Cycll for Ccpl and reduced thioredoxin for thiol peroxidases). Differently from thiol
peroxidases that rely on oxidation of actsite cysteine(sfo trigger their signaling, Ccpl senses
H.O, by oxidation of its single buried heme. Since Ccpl is the first Hemed HO, sensor to

be identified, we sought to examine its cellular location, CCP activity, heme status, and its
chemical and posttranslatial modifications (PTM) to elucidate its sensing and signalling

mechanisms.

Here, the role of cytochrome c¢ peroxidase (Ccpl) as a mitochondrial heme donor to Ctal
and its multiple cellular locations in respiring yeastscatediscussed in Chapter 2. dgia mass
spectrometric approach we discovered that th@,t4ensing and heme donor roles of Ccpl are
triggered by its overoxidation by,B, generated from aerobic respiration whba availability
of its donor substrate Cycl is limited. Ccpl containstamdance of oxidizable residues (Tyr,
Trp, Met, and His and a single Cys far from its heme), and mapping ofimextiated oxidation
of these residues by up to 10 M eq o0fQ4 is discussed in Chapter 3. Posttranslational
modifications of the protein as anittion of cellular location and cell age are presented in
Chapter 4. Moreover, a comparison betweenirthgtro andin vivo oxidation profiles of Ccpl
confirms that the protein is overoxidized by®4 in mitochondria, and four radical transfer
pathways lading from the heme to its oxidizable residues in the endogenous reductie®,0f H
are identified. Using a targeted proteomics approach, interactions ofaagcholoCcpl with
proteins derived from subcellular fractions frdndand7 dcells were probed to gain new insight
into Ccploés 0Osesigmlngand zemdonoo fanctiond. The results of this study

are reported in Chapter 5.
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1.7) Objectives of thethesis

Overall, the key objective of the research presented heigecautlined as follows:

(a) Characterize Ccpl as a mitochondrigDksensor and determine how it regulates Ctal

activity.

(b) Characterize in detail by @S and LCMS/MS the hememediated HO,-induced chemical

modifications of Ccpl using physiologicallglevant concentrations of,8,.

(c) Characterize the pestanslational modifications of Ccpl isolated from fermenting and

respiring yeast cells.

(d) Identify potential binding partners of mitochondrial and extramitochondrial Ccpl in
fermenting and respirg yeast using anf&rminal GSTtagged Ccpl construct as bait.

12



Chapter 2: Respiration triggers heme transfer from cytochrome c peroxidase to

catalase in yeast mitochondria

2.1) Preface

The work presented inHapter 2 was published iiathiresan M Martins D and English AM
(2014). Respiration triggers heme transfer from cytochrome c peroxidase to catalase in
yeast mitochondria. Proceedings of the National Academy of Sciences. 111, 1TA483.
Dorival Martins carried out experiments fiéigure 2.3B, with helpful discussions and revision of
drafts of this paper. The production and interpretation of the other data, writing and revision of
the manuscript were performed by me. Dr. English contributed to discussion, data analysis

editingandrevisions of the paper.
2.2) Abstract of the manuscript

In exponentially growing yeast, the heme enzyme, cytochrome c peroxidase (Ccpl) is targeted to
the mitochondrial intermembrane space. When the fermentable source (glucose) is depleted, cells
switch D respiration and mitochondrial,8; levels rise. It has long been assumed that CCP
activity detoxifies mitochondrial D, because of the efficiency of this activiip vitro.
However, we find that a large pool of Ccpl exits the mitochondria of respiring cells. We detect
no extramitochondrial CCP activity since Ccpl crosses the outer mitochondrial membrane as the
hemefree protein. In parallel with apoCcpl export, cells exhigreased activity of catalase A
(Ctal), the mitochondrial and peroxisomal catalase isoform in yeast. This identifies Ctal as a
likely recipient of Ccpl heme, which is supported by low Ctal activitycpizecells and the
accumulation of holoCcpl ictaleemi t ochondri a. We hypothesi zed
by hyperoxidation of the protein during the burst gOklproduction as cells begin to respire. To

test this hypothesis, recombinant Ccpl was hyperoxidized with exc€¥sitd vitro, which
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acceerated heme transfer to apomyoglobin added as a surrogate heme acceptor. Furthermore, the
proximal heme Fe ligandHis175, was found to be ~85% oxidized to oeRketidine in
extramitochondrial Ccpl isolated fromday cells, indicating that heme labilizatioesults from
oxidation of this ligand. We conclude that Ccpl responds to resphdgiaved HO, via a novel
mechanism involving bD,-activated heme transfer to apoCtal. Subsequently, the catalase

activity of Ctal, not CCP activity, contributes to mhioadrial HO, detoxification.
2.3) Introduction

Cytochrome c peroxidase (Ccpl) is a monomeric nuclear encoded protein with a 68
residue Nterminal mitochondrial targeting sequen@¥). This presequence crosses the inner
mitochondrial membranand is cleaved bgnatrix proteaseé8, 59) Mature hemdoaded Ccpl
is found in the michondrial intermembrane space (IMS) in exponentially growing y88s69)
but the point of insertion of its singletiype heme is unknown. Under strict anaerobic conditions,
Ccpl is present imitochondria as the herfeee or apoform(60). Once cells are exposed tg O
and heme biosynthesis is turned on, apoCcpl converts rapidly to the mature holoenzyme by

noncovalently binding hem@1).

It is well established that mature Ccpl functions as an efficigds stavengem vitro (17).
Its catalytic cycle involves the reaction of fer@cpl with HO, (Eq. 1) to form compound |
(Cpdl) with a ferryl (F&) heme and a cationimdole radical localized on Trp191 (Wl*é)l
Cpdl is oneelectron reduced by the ferrous heme of cytochrom€ycl) to compound Il
(Cpdll) with ferryl hemeEq. 2, and electron donation by a second ferrGysl returns CpdHo

the resting Ccpll form (Eq. 3:
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Cepl" + H,0,Y Cp d“,W1B1e}+ H,0 (Eq. 1)
Cpdi(F&", W19 f+Cycl'Y Cp dV)+ CEld (Eq. 2)
Cpdli(Fé") + Cyel' Y cCd"p Cyel" + H,0 (Eq. 3)

Since Ccpl production is not undeg/ltieme contro(60, 61) CCP activity is assumed to b
frontline defense in the mitochondria, laajor source of reactive oxygen species (ROS) in
respiring cells(62). Contrary to the timénonored assumption that Ccpl catalytically consumes
the HO, produced during aerobic respirati¢h8), recent studies in our group reveal that the
peroxidase behaves mor&dia mitochondrial ED, sensor than a catalytic,8, detoxifier (49,

50, 63) Notably,Ccpl competes wh complex IV for reducing equivalents fro@ycl, which
shuttles electrons from complex Il Kguinol cytochrome reductase) to complex [V

(cytochromec oxidase) in the electron transport chéga).

Since CCP activity in the IMS siphons electrons from energy productiopQadénsor role
for Ccpl should be energetically more favorable for the de€dy evidence for a noncatalytic
role for Ccpl in HO, removal is that the isogengtrain producinghe catalytically inactive
Ccp19*F protein accumulatekess H,0, than wildtype cells(50). In fact, this mutant strain
exhibits ~3 fold higher Ctal activity than witgpe cells(50) whereasCCP1deletion results in a
strain €ccplp)  wmegtighble Ctal activity and high 8, levels(5). Unlike Ctal, which is the
peroxisomal and mitochondrial catalase isofan yeast(14), the cytosolic catalase Ct(15)
exhibits comparable activity in the wilgtpe, Ccpl™***Fandccplp s t (5Q). iGiven that both
Ccpl and Ctal are targeted to mitochondria, we hypothesized that Ccpl may transfer its heme to

apoCtal in respiring cells.

Ctal is nuclear encoded with embedded mitochondrial and peroxisomal targeting sequences
(65). Like Ccpl, each monomer noncovalently bindstgpge heme and mature Ctal is active as

a homotetramer. Synthesis of the Ctal monomer is undérei®@e contrb such that the
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apoenzyme only begins to accumulate during the logarithmic phase of aerobic ¢B6yth
Hence, its @heme independent producti@0, 61)allows apoCcpl to acquire heme while cells

are synthesizing apoCtal. This, combined with our observation that Ctal activity increases in
respiring cells producing Ccpl or C&F1*  but not incoplep ¢ €0),llesl us to speculate that

respirationderived HO; triggers heme donation from Ccpl to apoCtal within mitochondria.

What experimental evidence would support heme donation by Ccpl? It has been
demonstrated that mutation of the proximal heme Fe ligand, His175, to a residue with weak or no
Fe-coordinating ability produces Ccpl variants (H175P, H175L, H175R, H175M) thatgond
mitochondrial processing but do not accumulate in isolated yeast mitoch{@WriRresumably,
reduced heme affinity allows the Ccpl variants to unfold and cross the outer mitochondrial
membrang67). Hence, we argued that if witype Ccpl donated its heme, the apoprotein would
likewise exit mitochondria. Consequently, we examine here-dagendent CcpGFP
localization in live cells chromosomally exgssing Ccpl @erminally fused to green fluorescent
protein (GFP) as well as the distribution of wilghe Ccpl between subcellular fractions. Since
weakening or removal of the proximal Fe ligand on His175 mutation reduces heme &fiiity
His175 oxidation in wiletype Ccpl should have a similar effect , which we investigate éze
further speculated that in the absence of apoCtal as an acceptor for its heme, more Ccpl would
remain trapped in the IMS so we compare mitochondrial Ccpl levels irtypidandctalse
cells. Our combined results support triggering of heme donation feepl to apoCtal by
respirationderived HBHO,. Such HO-activated heme transfer between proteins has not been

reported to date and its implications ip@ signaling are discussed.
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2.4) Materials and methods
2.4.1)Materials

The fluorescent dyegMitoTracker® Red CMXRos,Hoescht andFM4-64) were
purchased fromMolecular Probes, Invitrogen. Proteins were obtained from the following
suppliers: bovine catalase, bovine serum albumin (BSA), horse heart ferrocytochrome c type lll,
myoglobin (Mb) (Sigma)sequencing grade modified/psin (Promega), thrombin (Calbiochem)
and Zymolase 20T (Amsbio). Other suppliers were as foll@ugerSignal West Pico enhanced
chemiluminscence kit, Tween 20 (Thermo Fisher); Ficoll 400, Coomassie (MP Biomedicals);
hemin chlaide, phenylmethylsulfonyl fluoride (PMSF), Percoll (Sigma)nL HiTrap Q anion
exchange columnBenzamidine Sepharose 4 Fast Flow and DEAE Sepharose resins (GE

Healthcare); NINTA resin (Qiagen)pET15b vector (Novagen), a@il8 Zip tips (Millipore).
2.4.2) Antibodies

The following antibodies were used for Western blottilabbit antiCcpl serum was
kindly provided by Professor David Goodin (University of California, Davis); rabbitGRE
antibody (se8334 Santa Cruz); mouse aptirin @b110326 Abcai mouse antCyc raised
against bovine heart cytochromeab{10325 Abcaln mouse anthomocitrate synthas@MCA-
31F5 EnCor Biotechnology)goat antirabbit horseradish peroxidase conjugated secondary
antibody and goat amnthouse horseradish peroxidasenjogated secondary antibody (Biorad).
Porin, Cyc and homocitrate synthase are used in this study as mitochondrial outer membrane,

mitochondrial intermembrane space (IMS) and nucleakers, respectively.
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2.4.3)Yeast strains

Yeast strainsused in thisstudy (Table 2.) are in the BY4741 genetic background. The
wild-type strain was purchased from the Europ&atcharomyceserevisiae Archive for
Functional Analysis (EUROSCARF) and the CgpER expressing strain was purchased from
Il nvitrogen Life Sciences. The ctal@p and ctt 1
(Concordia University), and the DNA template for recombinant6idispl expression was

generously provided by Yu Li (University of lllinois at Urb&@hampaign, Urbana, IL).

Table 2.1. S. cerevisiastrains

Strain Genotype Reference

BY4741 Wildtype MATahi s3 @l | eu?2 O Brachmann et al. 19988)
YDR256C BY4741; <ctalao: : ka|Winzeleretal 199969)
YGR088W BY4741,; ctt 1lao: : ka|Winzeleretal 199969)
YKR066C BY4741; CCP1:GFRHIS3MX6 Huh et al, 200370)

2.4.4) Imaging of live yeast ells by wide-field fluorescence nicroscopy

Cells expressing CcpGFP were cultured in YPD medium, washed with PBS (10 mM
sodium phosphate and 150 mM Nagi 7.4, diluted to1x10" cells/mLin PBS, and cetained
for 30 min at room temperature with probes selective for mitochondritw Thcker® at0.25
pMM) and nuclei (Hoescht at 2.0 uM). Vacuoles were stainétiday cells by incubation with 40
MM FM4-64 for 60 min on ice and cells were transferred to fresh YPD media for 16 h at 14 °C
(71, 72) Following staining, all cells were mounted on a glass slide witbvarslip (Thermo
Fisher),and illuminated by adeliphor LED or halogen light sourc@or differential interference
contrast, DIC)of an inverted epifluorescence microscajdkon Eclipse Ti)and examined
through an o#immersed 100x objective using filters selective for GFP (480, 535/25 nm),

MitoTracker (555,630/75 nm, Hoechst (405, 488/75 nm) or FM (480 nm, 550 longass
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filter). Digital images were collected with an EMCCD camera (Photometrics Evolve 512) using
an exposure time of 100 ms, which was increased to 500 ms for GFP imaghgg. analysis
was performed using ImageJ (v. 1.47; NIH), including background subtractightinigss and

contrast adjustment

2.4.5) Subcellular fractionation of yeast lysates and solation of crude nuclei

Denucleated (S2), mitochondwmriched (P10) and mitochonddepleted (S10)
subcellular fractions were isolated from yeast as described previ@3sly3) Western blotting
with antiporin and antiCyc confirmed that P10 and S10 were highly enriched and depleted in
mitochondria, respectively. Nuclei were isolatEdlowing the published protocq74) with
minor modifications. Brieflyyeast grown in YPD medium were harvested at the times indicated,
washed twice with 0.85% NaCl affdday and older cells were incubated for 15 min at 35 °C in
100 mM EDTA ( prikercéptodihpnolda meparetfor spheroplasting. This washing
step was Wpassed for 1to 4-day cells, which are more susceptible to spheroplaétihp Cells
were pelleted by centrifugation at 2000xg for 5 min at room temperature, resuspended in S buffer
(1.2 M sorbitol, 0.5 mMCaGi n 20 mM KPi , p H émersaptoethanaltaadi ni n g
treated with Zymolase 20T (3 mg/g cell pellet) at 30 °C. Sphesbfdamation, monitored by
light microscopy, was complete after21h incubation at 30 °C with gentle agitation.
Spheroplasts were pelleted by centrifugation at 2000xgi&@ifor 10 min,resuspended in FB
buffer (18% Ficoll 400, 0.5 mM Cag0.5 mM PMSFn 20 mM KPi, pH 6.5), disrupted with 15
strokes of a Teflon Dounce homogenizer, centrifuged at 1500xg and 4 °C for 10 min to remove
cell debris and the supernatant was spun at 24000xg for 15 min at 4 °C in a Beckman SW 41 Ti
rotor. The crude nuclear petlwas resuspended at 4 mL/g in FB buffer, homogenized with 10

strokes of the homogenizer, layered onto a 32.5% Percoll gradient and spun at 38700xg for 45
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min at 4 °C. Nuclei were recovered as a whitish band in the bottom third of the tube, collected
and washed 3x in FB buffer to remove cytoplasmic contamindntsiunoblotting with anti

homocitrate synthase confirmed the presence of nuclei.

2.4.6) Western blotting of Ccpl and CcptGFP

The method of equal volumé¢g5) was used to quantify the relative amounts of Ccpl in
the subcellular fractions by Western blotting. Briefly, the S2 lysate was diluted to 1 mg/mL in
homogenization buffeld(6 M sorbitol, 1 mM EDTA, 1 mM PMSF, 1x@ease inhibitor cocktail
in 10 mM Tris HCI, pH 7.4 1 mL was centrifuged at 12000 4 °C for 20 min to obtain ~1
mL of mitochondriafree supernatant (S10) and the mitochondneached pellet (P10) was
resuspended in 1 mL of homogeatinn buffer. Egal volumes (120 pL) of the S2, P10 and
S10 fractions were loaded onto a 12% resolving (10x6x0.1 cm}FSRIEE gel andvet transfer
of the electrophoresed proteins to a methaativatedpolyvinylidene fluoride PVDF, BioRad)
membrane was carried outl0 mA for 2 h. After blocking for 1 h with 5% (w/v) skim milk in
TBST (150 mM NacCl, 0.05% v/v Tween 20 in 50 mM Tris, pH 7.6), membranes were incubated
with antirCcpl (1:5000 dilution) or anrteFP (1:1000) for 1 h, washed 3x with TBST, and
incubated withthe secondary antibody (1:20000) for 1 h. Signals were visualized by ECL using
30 s (Ccpl) and 1 min (Ccg@FP) exposure times and digitized in an Alphalmager (Alpha
Innotech). After Ccpl immunodetection, membranes were probed witpairtior stained wh
Coomassie as loading controls. Note that Ccpl signals are normalized to the porin signal in
Figure 2.4, which compares Ccpl levels in the P10 fractiomsnfrdifferent yeast strains.
Figures 2.2 andS2.1 compare Ccpl levels in S2, S10 and P10 fractions from-tyyile and
Ccp2GFP cells vs age so these Ccpl signals are normalized to the sum of the Coomassie signals

in the same fractio(v6) since porin is nopresent in all subcellular fractions.
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2.4.7) Linear range for Ccpl detection and theresponse ofanti-Ccpl toward different

chemical forms of recombinant Ccpl

A standard curve was generated by loading solutions of recombinant holoCcpl in the
range of4 fmol-2 nmol onto a 12% resolving SBFAGE gel and performing Western blotting
with antkCcpl as described in the previous sectidre response is found to be linear between 4
120 fmol Ccpl (Figre 2.7C). Solutions of 1 uM recombinant apoCcpl, recomabirholoCcpl
and recombinant holoCcp1l treated with 1 andubH,0, in 20 mM KPi/100 uM DTPA (pH
7.5)for 60 min at room temperature were diluted to 30 nM and 2 pL of each (60 fmol of Ccpl)
was loaded onto a reducing 12% SDS PAGE gel for Western blatimgscribed above. Anti

Ccpl detects all chemical forms of the peroxidase equallyi@&i§2.7A,B).

2.4.8) Hemeblotting of Ccp1 isolated from P10 and Sl@ractions

Mitochondriaenriched P10 and mitochondifi@e S10 fractions from 500 mL cultures of
2- and7 day cellswere dialyzed against 20 mM KPi buffer (pH 6.0) overnight and centrifuged at
14000xg for 10 min. The supernatants (1 mL) were applied to the HiTrapio@-exchange
column equilibrated with the same buffer and attached Biotech AKTA Purifier 10 (GE
Healthcare)Elution was performed using a linead M NaCl gradient over 25 min at a flow rate
of 2.0 mL/min,1 mL fractions were collected and ik of each was dot blotted onto two PVDF
membranes. One membrane was probed with@ayil as described above for Western blotting
and the second membrane was probed with the ECL reagent (lumiglfidr 5 min to detect
hemecontaining proteins based on thpgeudoperoxidase activify7). BSA and Mb were used
as negative (hemteee) and positive (hemeontaining) protein controls, respectively. The Ccpl

and heme signals were digitized using the Alphalmager with an exposure time of 2 min.
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2.4.9) CCP and catalaseactivity assays

CCPactivity, the catalysis of ferrocytochrome ¢ oxidation byOK(78), was monitored
in the subcellular fractions. The assay solution contained 90 M, B7 UM (~95% dithionite
reduced) horséeart ferrocytochrome ¢ and 10 mM EDTA in 50 mM KPi (pH 7.0). Following
addition of the fractionated lysate (015 mg/mL protein) to 1 mL of assay solution, CCP
activity was determined from the ss=n27.6 m\I rat e
cm?), and 1 unit of specific CCP activity catalyzes the peroxidation of 1 pmol of
ferrocytochrome c/min/mg proteify8). Before assaying for CCP activity, P10 fractions were
incubated with 0.2% digitonin in homogenization buffer solution for 10 min at 4 °C to
permeabilize the mitochondrial outer membrgn@). Also, the S10 fractions (1 mgyere pre
incubated with 0.1 puM hemin in homogenization buffer for 10 min at 4 °C in attempts to

reconstitute extramitochondrial apoCcpl with heme.

To determine catalase activity, 80 pL aliquots of soluble protein lysates, prepared as
previously desched(50), wereadded to 1.0 mL of 20 mM 4@, in 50 mM KPi (pH 7.0). HO;
decomposition was monitored at 240 rigué43.6 M*cm™) (80), and 1 unit of catalase activity
catalyzed the degradation of 1 umol 0G4 per min. Ctal and Cttl activities were assayed

separately following extract frachation by native PAGE as reportésD).
2.4.10) Expression and prification of recombinant Ccpl

The cDNA for yeast Ccpl encoding an extra methionine and isoleucine at posttions
and-1 of the mature protein (9) was subcloned into Nuel and EcoRI sitesf the pET15b
vector.E. coliBL21(DE3) cells were transformed with pET6lgpl, and grown to an QE of

0.6 in LB medium with 100 pg mt.ampicillin at 37 °C and 250 rpm. IPTG (0.5 mM) was added
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to induce Ccpl overexpression and the culture was furtbebated at 37 °C and 250 rpm for 16

h. Cells expressing Ccpl with antBrminal Hig-tag were lysed by 3 freeze/thaw cycles in liquid
nitrogen/37 °C water bath, and the lysate was added to loading buffer (500 mM NaCl, 10 mM
imidiazole in 100 mM Hepes, pHA5). Following 10 x 10 s sonication cycles, the cell debris was
removed by centrifugation at 12000xg for 20 nlirmL of Ni-NTA resin was added to 10 mL of
supernatant, incubated at@ for 1 h, and the resin was washed with loading buffer containing
10 and then 25 mM imidazole. Hi€cpl was eluted from the resin with 500 mM imidiazole in
the same buffer, dialyzed against 20 mM KPi (pH 7.5) overnight and tgeddisvas cleaved by
incubation with 5 U of thrombin per mg Hi€cpl for 16 h at 4 °QNi-NTA resin was addetb
remove any uncleaved protein and the freetétis and the supernatant containingfieg Ccpl

and thrombin was transferred to an Eppendorf tube with 100 pL of Benzamidine Sepharose 4
Fast Flow resin (prequilibrated with 20 mM KPi, pH 7.5) to bind the thrombin. The resultant
Ccp1l solution60 mg/Lculture) had a 410/280 nm absorbance ratio of 0.16, indicating that Ccpl

was isolated mainly as the apoform, which was stored in 20 mM KPi (pH 780 &€ until use.

2.4.11) In vitro heme transfer

Since removal of the buried heme from catalase esoltpoorly defined products,
apoMb, the prototypical heme accep{8i, 82) was used as a surrogate acceptor of Ccpl heme
in vitro. ApoMb was prepared from the horse heart holoprotein by the acid/methyl ethyl ketone
method (83). Heme removal was confirmed by the loss of Soret absorbance at 408 nm, and
apoMb in 20 mM KPi (pH 7.5) was stored &0 °C until use. A stock solution of 0.70 mM
hemin was prepareith 0.1 M NaOH and its concentration determined by forming the pyridine
hemochromeg84). ApoMb or apoCcpl was incubated with 1.1 molar equivalentemirhin 20

mM KPi (pH 7.5) for 1 h at 4 °C to reconstitute the holoproteins, unbound hemin was removed
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on a0.8 x 4 cmDEAE Sepharoseolumnequilibrated with the same buffer and the holoproteins
were eluted by adding 500 MhNaCl to the buffer.Protein cogentrations were determined
spectrophotometrically dsifhg talpeas60.4)( oMb ng

(4k188)(85) apo@snb. B8P, meI8E)cpl (U

Heme donationfrom20 M hol oCe M1 apo MO was ©&MERNpH ed i

7.5) at 30 °C. Following incubation for 60 min with gentle stirring, the preteere separated

on the DEAE column as described above and the percent heme transfer was estimated from the

Soret absorbance of the two proteins (ffeg S2.2A,C). To examine if Ccpl hyperoxidation by

HXO,accel erates heGoplwaspars remat ed 0 Wsah°C OG0 & M H

min, 0.1 nM catalase was added to remove any unreacgteg &hd2e M hyper oxi di zed

was incubatedwith66 M apoMb. The Sor & hemeaf €dphredmrshifis fromt h e
410 to 419 nm indicative of Fe heme formation on D, addition (Figire S2.2A). However,
the F&’ heme decayed to Feheme during anioexchange chromatography so heme loading of

Ccpl was monitored at 410 nm (kg S2.2B).
2.412) Mass spectrometric aalysis of Ccplhyperoxidation in vitro and in vivo

After standing in2Z0 mM KPi pH (7.5)/100 uM DTPAat4° C for 60 minsolutions of 5
UM recombinant Ccpl or apoCcf150 uM H,0, were diluted Hold into 2% acetonitrile/0.1%
formic acid. Aliquots (2 pL) were loaded ontor@verseebhase Zorbax 300SB3 (2.1 x 150
mm, 5 mm)column equilibrated with 5% acetonitrile/0.1% formic and acid attached to an
Agilent 1100 HPLC system. The protein was eluted at 0.2 mL/min into the electrospray (ESI)
source of a QToF3 Ultima APl Masp&:trometer (Waters) using &5% acetonitrile gradient
over 5 min, 95%acetonitrile for 3 min, and 95 % acetonitrile over 3 min, all in 0.1% formic

acid. The column was +equilibrated with 5% acetonitrile/0.1% formic acid for 8 min prior to the
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nextinjection. The mass measurements were performed using the following QToF3 parameters:
capillary voltage 3.5 kV, cone voltage 35 V, RF lens 50 V, source temperature 80°C and
desolvation temperature 300 °C. Protein envelopes were deconvoluted by the Magg&iritiim

to obtain the protein masses given inufey 2 4.

The exact mass of protederived heme and authentic hemin was recorded biiCa
Orbitrap Vel os mas s S p e c Hemim noe themoprot€inl m e5%m o Sc
acteontrile/0.1% formic acid wasjected onto aeverseeh hase C4 col umn (100
prepared irhouse and attached to an Ea$yC 1000 (Thermo Fisher). The column was
equilibrated with the same solution and samples were eluted at 200 nL/min into the ESI source
using a 595% acetoitrile gradient and analyzed in fedican mode (m/z 10@Q000) in the
Orbitrap high resolution mass analyzer (R = 60,000 at m/z 400). Other instrumental parameters
were: electrospray voltage 3 kV, CID collision energy 30 V and heated capillary tempefdture 2

°C.

To identify sites of polypeptide oxidatiof, UM oxidized Ccplwas digested overnight
with 12.5 ng/eL (1:20) of trypsin in 50 mM Tr
was desalted on C18 Zip tips aeprdsepatated onmaypt i C
reverseep hase C18 col umn ( 10 O-hoasenand attéiche8 to thennanopQ. ep ar
The column was equilibrated with 2% acetonitrile/0.1% formic acid and peptides were eluted at
200 nL/min into the ESI source using 892% acetonrile gradient and analyzed in ftgcan
mode (m/z 3502000) with the instrumental parameters given above for hemin analysis.
Precursor ions of the Ccpl peptides were selected using a mass exclusion threshold of 10 ppm
and subjected to MS/MS in the Velosdar ion trap mass analyzer using a mass tolerance of 0.8

u for the fragment ions. MS/MS fragments with an intensity count of 20 or greater were analyzed
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using Proteome Discoverer 1.3.0 (Thermo Sci en
ylters foroxidation (+16, +32, +48 u) of Met, Cys, Trp, Tyr and His, and for Cys alkylation by
iodoacetamide (+57 u). Sequest correlated the MS/MS spectra with peptide sequences in the

Ccpl Fasta file downloaded from the NCBI websitp:{/ftp.ncbi.nim.nih.govy . For conyd

peptide identiycation, the following Sequest
Discovery Rate < 0.01. XCorr is the crassrelation between the theoretical and experimental
MS/MS spectra othe sequenced peptides. The percent oxidation of His175 or Metl172 is based

on the relative integrated peak areas in the extracted ion chromatograms (XICs) from the primary

mass spectra (MS1) (Tabl2.g).

Ccpl was isolated from-2and 7 day yeast cells adescribed undeHeme Blotting of
Ccpl Isolated from P10 and S10 Fractiorithe antiCcpl reactive fractions were further
subjected to SD®AGE on a 12% resolving gel and Coomassie stained. The gel was cut into 1
cm bands and the proteins in each band wericed withdithiothreitol, alkylated with
iodoacetamidetryptic digested and the peptides were analyzed byMSIMS as described

above.

2.5) Results
2.5.1)Ccpl-GFP and Ccpl are selectively exported from mitochondria of respiring cells

The cellular location of CcpGFP was tracked in live cells by epifluorescence
microscopy. GFP fluorescence and thaMitfoTracker, amitochondrial probe, overlap ih day
cultures (Figire 2.1A), consistent with previous reports that CEpEP is localized in the IMS of
exponentially growing yea$b8). In contrast, cells frori day cultures exhibit distinct regions of
GFP andMitoTracker fluorescencejndicating extramitochondrial localization &@cp}-GFP.

GFP fluorescence appears as large circular structures while the mitochondrial morphology
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changes from a reticular networkinday cells to diffuse spherical organelles in statiofargse
cells as previously reporteB7). Notably, GFP fluorescence -tmcalizes with the vacuolar
membrane marker FM8&4 in 7 day cells (Figire 2.1A), suggesting that extramitochondrial

Ccp2GFP may be targeted the vacuole.

Probing subcellular fractions obtained Hifferential centrifugationwith a polyclonal
ant-Ccpl antibody yields results in agreement with live cell imagWge note here thaanti
Ccpl detects all the chemical forms of Ccpl of intaresur study (apoCcpl, holoCcpl, Cpdl,
hyperoxidzed Ccpl) with the same sensitivity (FegS2.7A,B). Western blotting reveals a
relatively constant amount of Ccpl or CeBEP in the denucleated (S2) fractions over 1 to 10
days, but the levels in mitochamatfree (S10) fractions increase dramatically at the expense of
those in mitochondrignriched (P10) fractions (Riges 2.2A,B, S2.1A,B). Notably, Ccpl is
barely detectable in P10 after 10 days but highly abundant in S10, indicating that during this
periad most of the protein escapes from mitochondria. Furthermore, processing of both Ccpl and
its GFP fusion by the matrix proteag®8) appears to be complete since the immature proteins
with their additional 7kDa mitochondrial targeting sequence would be detectable a€aiti

and aniGFP bands above those of the mature proteinsi(€$g.2A, S2.1A).
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Ccpl-GFP Organelle marker Merged DIC

MitoTracker

1-day cells

MitoTracker

7-day cells
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Figure 2.1 Ccpl-GFP is mitochondrial in 1 day and vacuolar in7 day yeast cells; Ccpl is present in nuclei
from 7 day cells. Live Ccpl-GFPexpressing cells were visualized f6&) GFP (480, 535/25), stained with
MitoTracker (555,630/75 and FM464 (@80, 550 longpass filtey to visualize mitochondria and vacuole,
respectively, and witliB) Hoescht (405, 488/75) to visualize nuclei. Phemetrast microscopy (DIC) was used to
monitor cell integrity.(C) Immunoblot analysis with an€cpl of total (S1) and nuclear (N) fract®isolated from
2- and7 day yeast. Porin and homocitrate synthase citrate (HSC), which exiétsaasl 49 kDa isoforms in yeast
(88), were used as nuclear and mitochondrial outer membnankers, respectively.

To establish whether Ccpl export is selective or the result of nonspecific mitochondrial
membrane damage, the fractions were probed withpanin and antCycl as mitochondrial

outer membrane and IMS markers, respectively. Asveho Figure 2.2A and Figire S2.1A, the
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S10 fractions are not immunoreactive with these antibodies, so mitochondria remain intact. Thus,

we conclude that apoCcpl and apoCGGHP selectively exit the mitochondria of respiring cells.
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Figure 2.2 Ccpl exits mitochondria as yeast begin respiring anextramitochondrial Ccpl does not possess
CCP activity. (A) Immunoblot analysis of equal volumes dénucleated (S2)nitochondrial (P10), and cytosolic
(S10) fractionsys cell age. Brin and Cycl a& mitochondrial outer membrane and IMS markers, respecti{gly.

The Ccpl signals in panel A were guantified and normalizédegsum of the Coomassie bands in the same lane
(not shown).(C) Dot blot analysis withanti-Ccpl (top row) and the ECL reagdhiminol/H,O,) to detect heme
(bottom row) from 2 and7 day P10 and S10 fractions. Myoglobin and BSA were used as positive and negative
heme controls, respectivelyD) Normalized CCP activityn mitochondrial (P10) and cytosolic (S10) fractions.
Specificactivity was ratioed by the Ccpl protein levels in panel B, and normalized to the levaidgrc2lls (Table

S2.1). Results in panels A and C are representative of three independent calt@)esnd averages + SD are plotted

in panels B and D.

2.5.2)Ccpl is targetedto the nucleus and possibly theacuole

No overlap between the Hoechst nuclear dye and GFP fluorescence is observed at any cell
age (Figire 2.1B), indicating that CcpGFP does not accumulate in the nucleus. Simedusion
protan (62 kDa) is above the size cutoff (60 kDa) for diffusion through the nuclear(§®)e
nuclear enriched fractions (N) were probed for na@apl (34 kDa)No Ccpl was detected in
nuclei isolated from Zday cells but ~10% was reproducibly detected’ iday nuclei (Figire
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2.1C), and may function as a retrograde messef@1(See Discussion). Ccpl, like CcaFP
(Figure 2.1A), also may be targeted to the vacuoleZiday cells.However, this could not be
confirmed because vacuoles, which are present in the S10 fraction of young cells, fragment

during spheroplasting of day cells.
2.5.3)Extramitochondrial Ccpl is catalytically inactive.

Staining for theintrinsic peroxidase activity of hen(&7) confirmed thatCcpl purified
from 2- and7 day S10 subcellular fractions is in the apoform @Fgf.2C). Consistent with this
absence of Ccpl heme, GECP activity is detected in the S10 fractions at any cell ageir@ig
2.2D, Table 2.1) but adding exogenous hemitoes not restore activity. Further experiments
discussed below revetidat extramitochondrial apoCcpl is oxidized, which preventsrreation
of catalytically active Ccpl on hemin additiom contrast, the purified10 mitochondrial
enriched fractions stain for heme (&ig 2.2C) and are catalytically active (kige 2.2D).
Ratioing CCP activity against Ccpl protein level in &ig 2.2B reveals that the activity of
mitochondrial Ccpl is relatively constant with cedea(Figure 2.2D). Interestingly, the fractions
containing CcpidGFP and Ccpl exhibit very similar CCP activity (lrig2.2D, Figure.S2.1C,
Table 2.1) , suggesting t htarrhinalftauGFP daes notfinter@oe pvith6Cpdl C

reduction by Cyci (Egs. 2,3.
2.5.4)Ctal activity increases ascpl exits mitochondria

As mitochondrial Ccpl levels drop in witglpe cells, their total catalase activity increases
proportionally (Figire2.3 ) . This | ed us to postul ate that
heme, which is supported by the depressed catalase activatpieecells (Figuire 2.3B). We

separately monitored the activity of each catalase isoform usinggel assay50), and found
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comparake Cttl activity in the two strains, but <#6ld higher Ctal activity irY day wild-type vs
ccplecells (Figgre23 B i nset ) . This identifies apoCtal a

heme, which we further examined in catalag# strains.

A +P10 B -+wild-type
- 7-day - 1A
- -=S10 400 L) ccp
L4 £ __WT ccpIA
c 1.2 - B Cta1 -
g 1 ..E‘ 300 A|cttl —
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Cell age (days) Cell age (days)

Figure 2.3. Catalase activity in wild-type yeast increases at the expense ofitochondrial Ccpl. (A) Ccpl
protein level vs cell age in the S10 and P10 fractions fromar&i@.2B. (B) Specific catalasactivity in S2 protein
extracts from wiletype andccplaecells vs cell age. Results are averages of three independent cuiteBg< (SD.

Inset: Ingel assay of Ctal and Cttl catalase activitiekday S2 protein extracts (2.5 ¢€g

2.5.5)Ccpl accumulates in mitochondria ottalsecells

If apoCtl is indeed an acceptor of Ccpl heme, then holoCcpl should accumulate in the
mitochondria of cells deleted for Ctal. On probing denucleated S2 and mitochendchked
P10 fractions, we detect similar Ccpl protein levels-adag wildtype,cttlpp aatadlp st r ai ns
but 4.5fold more Ccpl irv dayctalp mi t o ¢ h ane2i4A,B)aHericE magre herrleaded
Ccpl is trapped in mitochondria when apoCtal is not present as a heme acceptor. Although the
total CCP activityofctalpp cel | s i s d-typeloictdp t dhealt | s2.2)( rdtaimlde S
CCP activity against day mitochondrial Ccpl protein levels (Eig 2.4B) reveals that Ccpl in

ctal mi tochondri a ues24Q). We @thdbut this to Cepl Kyperoxgdation by
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the elevated bD, levels found in thectalpp s t(51p @& conclusion supported by the results

presented in the next section.
2.5.6)Heme-Mediated Ccpl hyperoxidation by HO, results in heme labilization.

Intracellular HO, levels rise ~10 fold at the diauxic shift around day 2 {f@g2.5A) as
cells switch to respiratory metabolis{®2). Low levels of Cycl are likely present in the IMS
during these early phases of oxygen adaptation @1 transcription is induced by oxygen
(91) and repressed by glucoé@?). Thus, we hypothesize that the burst in respiratiernved
H,0, overwhelms the available reducing capaafyCycl', hyperoxidizes Ccpl and labilizes its
heme, which is donated to apoCtal as the latter accumulates in respiring mitochondria. To test
this hypothesis, we compared heme transfevitro to apoMb from untreated Ccpl and Ccpl
hyperoxidized by 10 mar equiv of HO, since the peroxidase is known to consume this quantity
of H,O, in vitro before heme modificatio(03). ApoMb, the prototypical heme accep(@?2),

was selected because of its high heme affitigz8x10™> M) (94)and high stability83).

Following incubation with apoMb, ~6 and ~12 pM heme is lost from Ccpl and
hyperoxidized Ccpl, respectively (Table S2.3), based on the decrease in their Soret absorbance
(Figure S2.2B). Thus, hyperoxidized Ccpl donates twice as much heme as the untreated
peroxidase. In the absence of an acceptor, the Soret band of hyperoxidized Ccpl does not
decrease (Table S2.3; Figure. S2.2B) so no heme escapes to the solvent. In fact, heme transfer
between the proteins is stoichiometric since hémaded Mb and apoCcpldrease by the same

concentration (Table S2.BjgureS2.2B,D).

32



A 2-day cells 7-day cells
WT ctalA cttlA WT ctald cttlA
P10 | == === e | i e 55 Cepl
P10 Porin
B 1 - 1 -
£ 038 - £038
£ 06 £ 06 -
3 3
a 0.4 1 2 0.4 -
[¥] ")
© 0.2 1 Y02 A
0 - 0
WT ctalld cttipA WT ctald cttlA
C
1.2 1.2 -
2 1 - Z 1
> >
E 0.8 A 'g 0.8 4
& 0.6 A & 0.6 -
o 0.4 A o 0.4 1
£ 0.2 - e 0.2 |
0 A 0 A
WT ctalld cttih WT ctalA cttlA)

Figure 2.4. Ccpl accumulates in the mitochondria oftalseyeast. ) Immunoblot analysi®f denucleated (S2)
andmitochondrial (P10) fractionsolated fromwild-type (WT),ctalseandcttlzecells.(B) The Ccpl signals for the

P10 fractions in panel A were quantified and normalized to the porin signal (mitochondrial outer membrane marker)
for 2- (blue bars) and day (red bars) cells(C) Specific CCP activity (umol/min/mg total protein) tdie P10
fractions in panel B ratioed by their Ccpl protein levels to give the relative amount of active CCP remaining in
mitochondria. Results in panel A are representative of three independent cuittBesanid averages + SD are

plotted in panels B and.C

Ferric heme (hemin) released from reconstituted Mb has an exact mass that differs by < 1
ppm from that ofauthentichemin (Figire S2.3). Also, the absorption spectrum of reconstituted
Mb is indistinguishable from that of the native protein inufgS2.2C so we conclude that
unmodified heme is transferred from hyperoxidized Ccpl to apoMb. In contrast, ~16 oxygen

adducts are detected in the mass spectrum of hyperoxidized Ccplke(B24B), which

confirms our previous repor{®5, 96)t h a t Ccplds residues are exte
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H,O. in the absence ofd reducing substrate, Cyc{Egs. 2,3. LC-MS/MS analysis of tryptic

peptides from hyperoxidized Ccpl reveals that 42% of His175 is converted toistixiine

(Figure S2.5, Table 2.4). Weakening of the axial ligand on His175 oxidation will labilize
Ccpldéds heme and we observe a doubling of heme

(Table 2.4).

To establish if Ccpl is hyperoxidzéu vivo, we isolated the protein from P10 and S10
subcellular fractions. No oxbistidine is detected in Ccpl isolated franday cells but ~85% of
His175is found to beoxidized inthe extranitochondrialprotein from7 day respiring cells
compared to ~35% Hisl7&idation in the mitochondrial proteirrigure 2.5B). The extensive
oxidation of Hisl75 in extramitochondrial Ccpl indicates that the peroxidase is indeed
overwhelmed by bD, in vivo. This serves to labilize the heme and we anticipate that heme
transfer § more efficient in mitochondria than vitro (Figure S2.2) since apoMb is not a
biological partner of Ccpl. The lack of CCP activity hemin addition to extramitochondrial

Ccpl can also be attributed to decreased heme affinitisdrY5 oxidation.

Importantly,we note that apoCcpl is not oxidized yOd (FigureS2.4D). Activation of
H,O, by heme peroxidases involves binding to the hene (Ee|. 1) and Ccpl can sequentially
bind and reduce multiple molecules of®4 using its polypeptide as alectron source in the
absence of Cyd1(95, 96) Thus, on adtating HO, Ccplds heme promotes i
catalyzing the oxidation of its polypeptide host, including its Fe ligand, Hiddigbre 2.58,C).
We conclude that Ccpl hyperoxidation by respiratienved HO, triggers heme transfer to

apoCtal imitochondria and that His175 oxidation is critical in this process.
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Figure 2.5. Ccpl is oxidized at His175 (A) FACS measurements of,8, in wild-type cells stained with
dihydrorhodamine 123 (DHRG0)(50) (50). Data points are the median fluorescence/cell (RFU, relfitioerescence

units) measured in 10000 cells per sam{®) Percentage of oxidized His175 in mitochondrial (P10) and
extramitochondrial (S10) Ccpl from 1 and 7 day yeast cells based on tryptic peptide peak areas #vge LC
spectra. See Figure. S2.6 aheé SIMaterials and Method$or further experimental detai(€) Ribbon diagram of

the heme binding site of Ccpl showing the proximal Fe ligand His175 (green). Residues important in the activation
of H,0, following its binding to the vacant sixth coordination site of Fee also shown. This figure was generated
using Pymol software with the coordiantes from PDB1ZBY.

2.6) Discussion

2.6.1)Evidence for Ccpl as a heme donor

Immature preCcpls targeted to yeast mitochondria where it is processed to the heme
loaded mature holoproteifb8, 59, 67) In this state it is trapped in the IMS, hence its
classification as an IMS protein in exponentially growing fermenting yeast (68)s59, 67)
However, using a combination of live cell imaging, immunoanalysis of subcellular fractions and
CCP activiy assays, we demonstrate that respiration triggers apoCcpl exit from mitochondria.
Reverse translocation of proteins processed by mitochondria depends on the stability of their
folded forms (97). Previously, we investigated Ccpl denaturation and uncovered

conformational stability at the low end of the range reported for globular pr¢®@&)so it is not
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surprising that heme binding i s(67) Alspumatued f
holoCcpl added to isolated mitochondria does not enter these orgé@é)l@emonstrating that
holoCcpl does not cross the outer mitochondrial membrane. Therefore, escape of Ccpl from
mitochondria is tantamount to its acting as a mitochondrial heme donor. Incidentally,1Co s
substrate Cycl also requires heme for IMS reten@®) Mature Cycl possesses a covalently
bound heme and deletion of its heme lyase (Cyc3) or mutation of residuseria as sites of

heme attachment (Cys19 and/or Cys22) result in cytoplasmic accumulation of apoCycl, which

adopts an unfolded structurevitro (98).

2.6.2)Ctal as a mitochondrial acceptor of Ccpl heme

The synthesis in yeast of both catalase isoforms is fniequdated. However, Cttl activity
is detected during the early phases of heme synt{&si$6, 101)whereas Gil accumulates as
the apoprotein in exponentially growing yeésh, 66, 101) The hene donor to Cttl is unknown

but Ctal activityincreases in parallel with extramitochondrial @ep1 buildup Figure2.3A,B),

which links holoCtal formation to4.,-i nduced | abilization of Ccp:

Ctal activity found inccplee cells Figure 2.3B) and the high Ccpl protein levels atalse

mitochondria Figure2.4B) further identify apoCtal as an acceptor of Ccpl heme.

HoloCcpl accumulates during heme synthé&s 61)so hemeamediated hyperoxidation
of the protein occurs when ,8, sharply increases in respiring yeadtiglre 2.5A).
Hyperoxidized Ccpl donates its heme to apoCtal and Ctal activity consumes mitochondrial
H.O,. Herce, HO, levels are elevated intalse cells (51) despite their twdold higher CCP
activity thanwild-type cells(Table 2.2). Trapping more Ccpl iotalae mitochondria does not

compensate for t hy® saesgse actity.oOn the coatrard, CcpHfrom
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ctaleemitochondria is only 50% actived-igure.2.4C), which we attribute to its hyperoxidation

by H,O, due to the limited availability of reducing equivalents from Cyialthe IMS.
2.6.3)Heme labilization by His175 oxidation

Irreversible Istidine oxidation has been associated with the toxic effects of peroxides in
aging and neurodegenerati¢h02) However in PerR, D, binds to the Fk center of iron
replete PerR, which resultsiniod at i on of the met al 6exohblidne8 7 and
(26, 103) This promotes iron release and apoPed3atiation from DNA with the induction of
target genes includingkat A (catalase), ahpCF (alkyl hydroperoxide reductase) and
hemAXCDBL(heme biosynthesis operof26). Analogous to the neheme F& of PerR,the
heme F# of Ccpl binds HO,, which under stress conditions (high@, low Cyc1') oxidizes
the proximal Hisl175 ligand to oxaistidine Figures 25, &.5) and activates Ctal catalysis
(Figure 2.3). Thus, PerR and mitochondrial Ccpl sense and mediaigadttess signal by
similar irondependent mechanisms to regulaty klefensive responses at the transcriptional
level for PerR and at the posttranslational level for Ccpl. To the best of our knowledge, we
provide the first report of heme labilization in a heme protein by ligand oxidation. Binding of
nitric oxide to the ixth coordinate position cleaves or weakens the proxim&iHie bond in
some heme proteins, including soluble guanylate cy¢E3€) and nitrophorin isoform 7105),

but this process has not been associated with heméettans
2.6.4)Why cells produce Ccpl as a sensor

In the absence of a known cellular mechanism for-lmgtdine reduction, it has been
speculated that oxidized apoPerR may be degréi:dl03) Hyperoxidized Ccpl also may be

degraded since Ccg&FP is associated with the vacuol€/iday cells Figure2.1A). Why would
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yeast use Ccpl as a sacrificialdd sensor instead gdfroducing active Ctal before cells begin to
respire? The bD, spike around the diauxic shift triggers a beneficial stress response known as
mitohormesis(9) that results in increased Sod2 activity and depressﬁdleﬁ)els (50). We
reported that the Cc}1*'" strain, which possesses high catalase activity during early exponential
growth due to extensive Cci'" hyperoxidation, mounts a weak mitohormesis response and a
has short lifespafs0, 63) Thus, it appears that,8, dismutation by Ctal activity during the
early phases of oxygen adaption abrogate or attenuate the benefGialstress signal. In
contast, since CCP activity also depends on Cyetels Egs. 2, 3, wild-type Ccpl temporally
controls the signal from respiratiaterived HO, to trigger mitohormesis and modulate lifespan

(50, 63)
2.6.5)The role of extramitochondrial apoCcpl

A large fraction of apoCcpGFP and possibly untagged apoCcpl translocate to the
vacuole Figure. 21 A) . Thi s may bamismt for eremaviag or érecyclinge ¢ h
hyperoxidized apoCcpl and/or vacuolar apoCcpl may be involved in signaling analogous to
yeast enolas€l06). Around 10% of apoCcpl tralocates to the nucleuBigure2.1B). There it
likely conveys an oxidative stress signal to the nuclear transcription factor Skn7 when yeast are
challenged withexogenousH,0, (54). We foundccplee cells to be considerably more,®b
sensitive than wildype orccp1V*°'F cells because of their inability to upregulate catalase and
peroxiredoxin activities ond,O, challenge(50). Ccpl is not presenhithe deletion mutant to
transmit a stress signal &kn7, which regulates the expression of many antioxidant enzymes,
including cytosolic Ctt1(107, 108) Hence, reverse translocation of apoCd¢plthe nucleus
provides a retrograde messé€g@)v i t a | i n the cel | 60, aprecsspthat s e

merits further investigation.
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2.7)Conclusions

Figure 2.6 summarizes our model of respiratimiggered heme transfer from Ccpl to

Ctal in mitochondria. A key step in this model is the hemediated oxidation byi,0O, of the

proximal Fe ligand, His173efore we identified Ccpl as a hetiased HO, sensor(50), B.

subtilis peroxide resistance protgiRerR) was the only documented rAbiol H,O, sensor(26)

since wellicharacterized pD, sensor proteins such as Yapl in yeast and OxyR in bacteria

undergo reversible thiol oxidation upon exposure ¥@H?21, 25) Over 70 year®f research

portrays Ccpl as an antioxidant enzyme that functions to protect yeast mitochondria by

catalytically consuming pD, (17, 42) Based on our current and previous investigations of its

physiological functiong49, 50, 63) Ccpl may serve in future as a paradigm of hbased HO,

sensing and heme transfer.

Mitochondrion T—
e \\ _/,/ ' \
N : \
L \
N ( o
- \ apoCcpl, |
B\ /
Ll Ny A
<
—_—— apOCtﬁ / 7 Nucleus
- / B / P \‘\
/ / / \
/ / \
/ ’; )
N . y | |
% apoch r Y \ apoCcpy/i
g T N k. > /
ey S Rl

Figure 2.6. Respiration triggered heme transfer in yeast mitochondriaH,O, generated during mitochondrial

respiration oxidizes Ccpl to Compound | (Cpdihe oxidizing equivalents from 4, can be reduced by Cytbr

transferred to the peroxidaseods

the latterlabilizes the heme group, which is transferred either directly or via unidentified intermediate(s) to Ctal

r esi du-kigidine.iFormabruol i n g

(path A), and the nasce@tal activity detoxifiedH,0,. ApoCcpl has low conformational stability and undergoes

reverse translocatioto the vacuole (path B) and nucleus (path C).
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2.8) Supplementary information

Table S2.1

Normalized CCP activity of subcellular fractions from wiighe and CcpIGFRexpressing yeast

Strain/Cell age S2 fraction P10 fraction S10 fraction”

WT 1 day 0.61 £0.05 0.84 £0.10 ND
Ccpl-GFP 1 day 0.51 + 0.05 0.80 + 0.09 ND

WT 2-day 1.00+£0.12 1.00 £ 0.03 ND
Ccpl-GFP 2-day 1.00 + 0.08 1.00 + 0.09 ND

WT 3-day 1.09 + 0.07 0.61+£0.11 ND
Ccpl-GFP 3-day 1.03+£0.22 0.62 £ 0.03 ND

WT 7 day 0.98 £ 0.05 0.34 £0.04 ND
Ccpl-GFP 7day 0.96 £ 0.20 0.38 £0.03 ND

& CCP activity of denucleated (S2), mitochoneki@riched (P10), mitochondrfaee (S10) fractions (seédaterials and
Method$.

® One unit of CCP specific activity catalyzes the peroxidation of 1 umol of horse heart ferrocytochrome ¢ per min per
mg total protein.The specific activity of each fraction was ratioed byttital amount of protein in that fraction (Fig

2.2B, Fig SB), and normalized to the specific activity (umol/min/mg total protein)-dag WT S2 (5.71 £ 0.5) and

P10 (13.8 £ 1.2) fractions, and Cef@FP S2 (5.90 + 0.4) and P10 (13.2 + 1.1) fractions.

° Results are those from three independent culture®) @iven & averages + SD.

YND i Not detected

Table S2.2Normalized CCP activity of subcellular fractions from wiighe, ctalseandcttlee
yeast™®

Strain/Cell age S2 fraction P10 fraction S10 fraction
WT 2-day 1.00 + 0.05 1.00£0.10 ND
ctalee2-day 1.08 £0.05 1.07 £ 0.09 ND
ctt Hag 2 0.98 + 0.05 0.95 + 0.05 ND
WT 7 day 1.07 £ 0.05 0.38+0.01 ND
ctalae? day 0.88 £ 0.20 0.89 £0.03 ND
cttlee?7 day 1.01 £0.05 0.40 £ 0.04 ND

% See footnotes-d of Table 2.1.Note that CCP activities were ratioedtoyal proteinlevels

Specific activity (umol/min/mg total protein) is normalized to that-afa® WT S2 (5.70 + 0.6) and P10 (13.8 + 1.4)

fractions.




Table 2.3 Percent heme transfer from Ccpl or hyperoxidiZedl* to apoMb

Reagents Heme content Mb | Heme content Ccpl % heme transfer
(=M) (LM)

Cepl | e 20+ 0.0 0.0+ 0.0

Hyperoxidized Ccpl | = - 20+ 0.0 0.0+0.0

Ccpl + apoMb 5.7 £0.06 14 +0.74 32+9.0

hyperoxidized Ccpl + apoM 12 +0.39 79+1.8 64 + 8.0

*Recombinant Ccpl (20 uM) was hyperoxidized with 200 puMEfor 60 min in 20 mM KPi (pH 7.5) at 4° C.
“Ccpl or hyperoxidized Ccpl (20M) aa M &P o Mb he

gentle stirring. Following their separation by anion exchangeh¢heeloading of Mb and Ccpl was determined
spectrophotometricallyHjgure.S2.2).

were incubated in t

Table 2.4 Relative peak areas of the oxidized forms of tryptic pefEM¥ALMGAHALGK 2

Residue oxidized Obsmas? Calc mas$ | Error . % peak area 100(R/P,)"
(u) (u) (ppm) CopIliH0]
1:0 1:1 15 1:10

None 1295.7211 1295.7140 5.48 91+0.1 66 +10.2 18+1.0 9.2+14

Met +16 1311.7108 1311.7089 1.44 88+111| 30+£29 47 £5.7 48 + 3.1

Met +32 1327.7091 1327.7038 3.99 0.3+ 0.0 0.5+ 0.3

His +16 1311.7050 1311.7089 2.97 3.2+25 28+2.0 37+3.2

Met +16, His +16 1327.7064 1327.7038 1.95 6.8+4.0 49+05

2Ccpl (5 uM) was reacted with 1, 5, and 10 molar equiv@hHor 1 h at 4 °C in 20 mM KPi (pH 7.5) with 100

UM DTPA prior to tryptic digestion and LMS/MS analysis (see SMaterials and Methods

® The precursor ions selected for MS/MS analysis were filtered using a mass exclusion threshold of 10 ppm.

° Peptide masses were calculated with Proteome Discoverer and oxidized Met (+16, +32) and His (€t&)r The

ppm is given by 19(Obs masiCalc mass)/Calc mass.

4 The integrated peak areia the extracted ion chromatogram (XIC) from M6fLthe peptide with the indicated

oxidation (R,) was divided by the sum of the peak areas of all detected forms of the pepidd i percent
oxidation ofHis175 or Met172 is estimated from 10Q(Py).
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Figure S2.1 Ccpl-GFP exits mitochondria as yeast begin respiring an@xtramitochondrial Ccpl-GFP does

not possess CCP activity(A) Immunoblot analysis of equal volumesd#nucleated (S2jnitochondrial (P10), and

cytosolic (S10) fractionsys cell age. Brin and Cycl are mitochondrial outer membrane and IMS markers,

respectively(B) The GFP signals in panel A were quantified and normalizéitetsum of the integrated intensity of
all Coomasie bands in the same laf€) Normalized CCP activityn mitochondrial (P10) and cytosolic (S10)

fractions. Specific activity was ratioed by the Ccpl protein levels in panel B, and normalized to the lexddyfor 2

cells (Table 2.1). Results in panel Are representative of three independent cultures3) and averages + SD are

plotted in panels B and C.
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Figure S2.2 Ccpl hyperoxidation by HO, increases heme transfer to apoMb.Ccpl orhypexidized Ccpl

(20e M) was i nc hva tagpd mMiKRi (B1F.5) at 30 °C for 60 min. The proteins were separated
by anion exchange, diluted to 830 uM and their absorption spectra were recorded incen juartz cuvette.
Spectrum of(A) Ccpl andhypeoxidized Ccpl after 60 min incubation (minus i), and of(B) apoMb and
reconstituted Mb(C) Soret absorbance of Ccpl and hyperoxidized Ccpl after 60 min incubation £ apoMb. Note that
the F& heme of Ccpl decayed to'féeme during anioexchange chromatography so the Soret absorbance of the
latter (B41=98 cm* mM™) was used to monitor the heme loading of C¢p).Soret absorbance b (8405=188cm

'mM™) after 60 incubation = Ccpl or hymeidized Ccpl. The percent heme transfer calculated from the
absorbance data in panels C and D is summarized in Zdbdé the main text for three independent experimemts (

= 3).
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Figure S2.3 Heme from hyperoxidized Ccpl is not oxidized.Following their separation by anieaxchange
chromatography, Ccpl, hyperoxidized Ccpl (Ox Ccpl) and Mb from the-tiansfer experimentd={gure.S2.2)

were diluted 1€fold to 0.5 pM protein with 2% acetonitrile/0.1% formic acid, and 5 pL of each sample was
analyzed byLC-MS (S| Methods and Materia)s (A-E) Chromatograms of the hemin that dissociated from the
indicated polypeptide (red font) on the LC column at pH 4.0 (the protein partner in thetraesfer reaction is
indicated in brackets). The average hemin retantime on the C4 column is 10.56 + 0.03 m(&-J) The
corresponding hemin mass spectra show the isotopic distribution expectedCa,,N,O, (calc monoisotopic
mass: 616.1773 u)Ccpl derived hemin has a mass of 616.1745 + 0.0005 vs 616.1746 u for authentic hemin

(spectrum F), which serves as an external standard.
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Figure S2.4H,0, oxidizes holoCcpl but not apoCcplRecombinant holoor apaCcpl (5uM) was incubated with

50 uM H,0,in 20 mM KPi (pH 7.5)/100 M DTPA at 4°C for 60 min, 0.1 nM catalase was added to remove any
remaining HO, and samples were further incubated at 30 °C for 60 min before recording the mass spectra of the
intact proteinsas described in the $4aterials and Mthods Deconvolved mass spectrum(df) holoCcpl (control,

no HO, treatment),(B) hyperoxidized Ccpl with the number of oxygen adducts (+16) indicated in red@nt,
apoCcpl (control, no D, treatment), andD) H,O,-treated apoCcpI.-he masses corresponding to the unmodified
Ccpl polypeptidéndicated on the peaks panels A, C and D agree with the calculated mass of 33730.33 u within
the accuracy of the QToF3 mass spectrometer, whichmaeas calibrated using horse heart Mb as rdstal (Obs

mass 16952.10 u; Calc mass 16951.49 u; 36 ppm error).
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Figure S2.5 H,0, oxidizes His175, the proximal Fe ligand, in recombinant Ccpl. Recombinant Ccpl (5 uM)
was hyperoxidized with 50 uM D, for 60 min at room temperature, diluted irB@ mM Tris (pH 7.4)/100 uM
DTPA to 1 uM protein, digested with trypsin and the peptides were analyzed B3 @s described in the SlI
Materials and MethodsMS/MS spectrum of the (M+2H) precursor ion of theEVWALMGAHALGK peptide
oxidized at(A) His175 (+16 and(B) His175 (+16) plusMetl72 (+16).The precursor ions at m/z 656.35 and 664.35
(green) were fragmented by CID (30 V) to glvg(red) andy, sequence ions (blue). Thg" ion bearing oxeHis175
at its Gterminus, and thgs" andys” ions bearing oxidized His175 and oxidiZ&iét172 at their Nermini are circled
in panels A and B, respectivelfC) Percent oxidized Met172 and His175 increases with amouns©f &tlded to
Ccpl (data from TableZ34). Interestingly, Metl72 appears ¢compete with His175 as an electron donor t@©4
since < 10% of peptide EVVAU GAHALGK is oxidized at both residues (Tabl2.&). We speculate that switching
between Met172 and His175 as a donor controls heme labilization ini€epb but a better undet@nding of this

process requires further detailed examination of hyperoxidized Ccp1.
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Figure S26 LC-MS/MS analysis of extramitochondrial Ccpl isolated from7 day cells reveals Hisl175
oxidation. Ccpl was isolated by ani@xchange chromatography fromfA) mitochondrial (P10) and(B)
extramitochondrial (S10) subcellular fractions fr@nglay cells and the fractions dot blotted onto PVDF membranes
and probed with arCcpl. The main Ccptontaining fractions (red boxes) were analyzed by reducing BASE,

gel bands were excised, the proteins were digested with trypsin and the peptides were analyz&diSfyIEQC)

The (M+2HY" precursor ion at m/z 656.35 (green) of the oxidiZ2BdVALMGAHALGK peptide (+16)from
extramitochondrial fraction 8 was fragmented bp @30 V) to give MS/MS spectrum shown withy (red) andy,
sequence ions (blue). The circlég ion bears oxdHis175 at its @erminus, identifying His175 as the site of
oxidation.Results are representative of those from three independent ciitaB3snd further experimental details
are provided in the Materials and MethodsThe percentages of oxidized His175 in S10 and P10 estimated from

peptide peak areas in the {MIS spectra are plotted Figure.2.5B of the main text.
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Figure S2.7 The anti-Ccpl antibody detects the heme free (apo), heme loaded (holoCcpl) and oxidized forms

of Ccpl. (A) Immunoblot analysis of 60 fmol of apoCcpl, holoCcpl (Ccpl), and holoCcpl treated with 1 (Cpdl)
and 10 molar equiv (hyperoxidized) of®} as indicated byhe [Ccpl]:[ HO,] ratios.(B) The Ccpl signals in panel

A were quantified and normalized tise sum of the Coomassie bands in the same (@)&tandard curve prepared
from a representative immunoblot showing the -&upl response is linear betweeri2D fmol of recombinant
holoCcp1.

48



Chapter 3: Detailed LC-MS/MS analysis of HO,-treated cytochrome ¢ peroxidase

offers insight into hemebased HO, signaling

3.1) Preface

The work presented in chapter Zigomitted toKathiresan Mand EnglishAM (2015). Detailed
LC-MS/MS analysis of HO.-treated cytochrome c peroxidase offers insight into heme
based HO; signaling. JACS The production and interpretation of the data, writing rewgion

of the manuscript waperformed by me. Dr. English contributed to discussion, data analysis

editing and revisions of the paper.
3.2) Abstract of themanuscript

Although long a paradigm in heme peroxidase catalysis, we recently found that
cytochrome c peroxidase (Ccpgdimarily functions as a sensor protein whei®kllevels rise in
respiring yeast. The availability of its reducing substrate, ferrocytochrome &)(@gtermines
whether Ccpl acts as a® sensor or peroxidase. Fop®} to serve as a signal it must modify
its receptorso we employed higperformance LEMS/MS to investigate in detail the oxidation
of Ccpl by 1, 5 and 10 M eq 066, in the absence of CYdo eliminate peroxidase activity. We
observed strictly hemmedided oxidation, implicating sequential binding and reduction £&:H
at Ccplés heme. Thi s resul ts in the incorpo
methionine and tryptophan residué&xtensiveintramolecular dityrosine crosslinking involving
Y36/Y39, Y36/Y42 and Y67/Y71 was uncawsl by detailed.C-MS/MS analysis. All five
methionines as well as W211, W223, Y16, Y229, and Y236 are >5% oxidized in Ccpl treated
with 1 M eq of HO, and a total of 24 residues are oxidized in Ccpl treated with 10 M eq of
H,O,. The proximal heme ligand, H175, is converted to -bistidine but remarkably

irreversible heme oxidation is avoided by radical transfer to the polypeptide until oxidation of the

49



catalytic distal H52 shuts down heterolytic,®3 cleavage. Our analysipoints to heme
labilization as a key determinant of Cepiediated HO, sensing and provides new insight into
hemecatalyzed proteibased radical transfer as well as exposing the bias of EPR detection

toward radicals with low ©reactivity.
3.3) Introduction

Until recently HO, was viewed as an unwanted-pgoduct of aerobic metabolism and
associated with many pathologies and biological afnd09 111) However, HO, signaling is
now known to mediate many physiological processes via-thiol metakcatalyzed protein
oxidation(4, 112) There also is an expanding list of enzymes with residues that underge metal
mediated residue oxidation during their norroatalytic cycle(113) For example, reversible
oxidation of tyrosine to a tyrosyl radical )Yis well documented in the catalytic dgcof
ribonucleotide reductasgl13, 114)and prostaglandin H syntha#l5) and a tryptophanyl

radical (W) was first identified in yeast cytochrome c peroxidase (C4,)116)

In vitro, Ccpl efficiently coups HO, reduction to ferrocytochrome ¢ (CYjcoxidation
(17). The ferric enzymeCcpl", is rapidly oxidized by kD, to compound I Cpdl) with a ferryl
(F€Y) heme and a cationW" localized on residue W19Eq. 1). W191™ is reduced byCyc" to

compound Il (Cpdll) Eq. 2), and asecon@yc' r e d u c e s "Cherdeto thé restirgoep1"

form (Eqg. 3):
Cepl" + H,0,Y Cp d“,Wi1B1) + H,0 (Eq. 1)
Cpdi(Fe" W19'j+Cyc"Y Cp d V) CyE"e (Eq. 2)
Cpd lI(FéY) + Cyd"*2H'Y cCd"pCy" + H,0 (Eq. 3)
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A critcal rolein CCP catalysis for WQ1, which lies in the electremansfer (ET) pathway
between the Ccpl ar@lyc' hemes, is evidenced by the negligible Egctivity (Eqs. 2,3 of the

W191F varianfl17)

Ccplds c atEmd. ¥3) haxbean pxamimad \(itro in exquisite detail over several
decades as a model of heperoxidase catalysi€l7). However, we have recently shown that
Ccpl does not catalytically detoxify,6, in yeast but rather acts as a mitochondrigDsensor
(49, 50) As cells switch from fermentation to respiration, apoCcpl escapes from the
mitochondria (50, 118) with a concomitant increase ithe activity of the peroxisomal
mitochordrial catalase Gtal), suggesting that this antioxi dan
heme(118) We detect a 1fold spike in intracellular kD, as cells begin to respil®0, 118)
and the proximal heme ligand, H175 (Fig@#), is extensively oxidized in Ccpl isolated from
respiring yeasfl18). Thus, the trigger for heméemeonansf er

H175 oxidation.

To better understand this remarkable and unprecedented mechanism dbasehedO,
signaling, detailed characterization of Ccpl oxidation k¥Hwas undertaken. It is well
documentedn vitro that Ccpl can reduce up to 10 M ed0D, by hememediated oxidation of
residues in its polypeptide in the absence of'G98). Repeated twelectron reduction ofl,0,
by Ccpl requires inimolecular radical transférom the oxidized heme with the formation of

new protein based radicg83).

Consistent with its ability to endogenously reducg}l Ccpl contains an abundance of
oxidizable residues (Figui@l) (96). Polypeptide oxidation has been confirmed by the detection
of proteinbased radicals in Cpdl and overoxidized Ccpl (defined here as Ccpl oxidized by >1 M
eq of HO,) by spectroscopistudies on the wildype protein andts variantg119 124) A broad
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EPR signal at 4 K wasnequivocally asigned to W19 and a narrow EPR signal to Y'74and
Y236' (119 124) Y'radicals have been trapped in Ccpl2amethyt2-nitrosopropane (MNP),
and the relatively stable spin addud®6, 125) were additionally characterized byass
spectrometry (MS]126 128) MNP mass adducts were localizedtyoosinecontaining tryptic
peptides T6 (Y36, Y39, Y42and T26 (Y229, Y236)96), and to specific residues including
Y39, Y236 and Y153 (125) Efficient radical quenching by TEMPO' (2,2,6,6
tetramethylpipedinyl-1-oxy) also generates mass adducts amenable to MS anafysisve
identified several TEMP@abeled peptides in overoxidized Ccpl including T6, T14+T15
(W126), T18+T19 (Y153), T23 (Y187, W191, Y203, W211), T27+28 (Y244, Y251) and T28

(Y251) where the@xidizable residues are in brackéi28)

wio1l

- \
‘ c128 Y71
1 W57 W126

<__0, ~
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M163 oy
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Figure 3.1: Oxidizable residues in CcplPyMOL-gener at ed cartoon of Ccpl (PDB
14 tyrosines (Ygreen), fryptophans (W, blue), 6 histidines (H, orange), 5 methionines (M, grey) and the single

cysteine (C, magenta). Solvestposed residues are underlined.
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Spectroscopic and spin trapping/scavenging studies have identified a subset of the residues
oxidized n Ccpl. We rationalized that higierformanceMsS, the current methodf choice for
the qualitative and semiquantitative characterization of oxidative proidification (129 132),
would allow us to identify laresidues in Ccpl that serve as endogenous donors, including those
that undergo only small mass changes on oxidation. Indeed,GHdS/MS results described
here provide a comprehensive map of the residues modified onrhediated oxidation of Ccpl
by 1M eq of HO,, which generates CpdE(. 1) (93), and by 5 and 10 M eq of.B,. Multiple
cycling of the hene back to its ferric form by radical transferthe polypeptide enables repeated
H.O, activation and reduction at the iron, whitftreasingly overoxidizes the prote(@3, 96,
125, 133135  The | ocati on within ¢henuchlaturepobtheystalelept i d e
oxidation products are rationalized by considering both the intrinsic reactivity of amino acid
radicals combined with their proximity to conservaternal waters and to regions of @ensity
found by molecular dynamics (MD) simulations. Overall, our results reveal how extensive heme
mediated oxidation of Ccpl promotes its remarkable role asGy $ignaling and sensing
molecule in yeast as well asueldatig how repeated hemiritiated radical transferis

accommodated within a protein matrix.

3.4) Materials and methods

3.4.1)Materials.

Proteins were obtained from the following suppliers: bovine catalase, horse heart cytochrome
c (Cyc) type lll, myoglobin (Mb) (Sigmakequencing grade modifiddypsin (Promega) and
thrombin (EMD Millipore). Recombinant Ccpl with MI at positior and-1 of the mature

proteinwas overexpressed as the apoprotein in BL21(DE3) cells, purified and reconstituted with
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hemin as described previoug|¥18) Suppliers of (bichemicals were as follow€oomassie
(MP Biomedicals); hemin chloride, phenylmethylsulfonyl fluoride (PMSFBenzamidine
Sepharose 4 Fast Flow, DEAE Sepharose resins (GE HealthbafB)fA resin (Qiagen);
pPET22b(+) vector,C18 Zip Tip pipette tips (EMD Millipore),HPLC grade acetonitrile,
diethylenetriamingoentaacetic acid (DTPA) (Sigma Aldrich); and 30% hyerogoeroxide

(Fisher Scientific).
3.4.2)Ccpl oxidation.

A 5 eM Ccpl stock solution was prepared in 20 mM KpH 7.5 with 100eM DTPA
(Kpi/DTPA) and mixed with a stock 4D, solution in the same buffer to giveeM Ccpl with
the desired kD, concentration. DTPA was added to all buffers to inhibit catalysis,G% ldr O,
oxidation of Ccplds resi dues,aldatalase @4 eM) mast a |
routinely added although J8, was not detected by the HRP/ABTS as§h36) in the samples
following incubation at room temperature for 1 h. CCP activity of oxidized Ccpl was determined

by monitoring the oxidation of horse heart €y H,O, as reported118)
3.4.3)LC-MS analysis of intact ape and holoCcpl + HO, and of Ccpl derived heme.

Solutions of oxidized apoand holoCcplwere diluted into 5% aqueous acetonitrile/0.1%
formic acid (MS solvent) and &L aliquots were loaded onto a reverggthse Zdax 300SB
CN (2.1 x 150 mm, 5m) column attached to an Agiie 1200 HPLC and equilibrated with the
MS solventat room temperature. Samples were eluted from the HPLC columftoat eate of
0.2 mL/min with a $95% acetonitrile gradient over 5 mimto the ZSpray source of  ToF3
mass spectrometer (Waters). Thetaaitrile concentration was held constant at 95% for 3 min,

lowered to 5% over the next 3 min and the column wajtalibrated with the MS solvent for 8
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min prior to the next injection. Mass measurements were performed using the following QToF3
parametes: capillary voltage 3.5 kV, cone voltage 35 V, RF lens 50 V, source temperature 80°C
and desolvation temperature 300 °C. Protein envelopes were deconvolved (MaxEntl algorithm,

Waters) to give intact protein masses.

To monitor its integrity, the exact s of the heme released at low pH from oxidized Ccpl
was recorded. The oxidized protein in the MS solvent was injected omeessegphase C4
capill ary c¢ol ummpreparédirfiouseamd attached t0 a Manol.C (EASN.C,
Thermo Scientific). Theolumn was equilibrated with the same solvent and samples were eluted
at 200 nL/min with a 595% acetonitrile gradient into the nanoESI source of a LTQ Orbitrap
Vel os mass spectrometer ( Th-scanmwode$/zl002000)iiny c) an
the Orbitrap high resolution mass analyzer (R=60,008/a#00). Other instrument parameters
were: electrospray voltage 3 kV, CID collision energy 35 V and heated capillary temperature 200

°C.
3.4.4)LC-MS/MS analysis of tryptic digests ofoxidized Ccpl.

Donor residues were identified by sequencing of the oxidized tryptic peptides. Untreated and
oxidized Ccplwerealkylated with 55 mM iodoacetamide for 30 min at room temperande
di gested overnight wi t h 1@M &mmoanguih ditarbgndte (BHD ) o f
8.0)/ 100 &M DTPA at 37 AC. The digests were d
(5 eL/injection) were sepmarsaet €d 8omrcagpihdmemadce
6.5 cm) equilibrated with 2% aqueous tacdtrile/0.1% formic acid and attached to the NanoLC.
Peptides were eluted at a flow rate of 200 nL/min into the nanoESI source of the Orbitrap mass

spectrometer using d 24% acetonitrile gradient and analyzed in the Orbitrap as described for
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heme aboveSequence coverage from the peptide maps routinely96-100%, and included all

the oxidizable residues shown in FigGre.

Precursor peptide ions were selected in MS1 using a mass exclusion threshold of 10 ppm and
fragmented in the Velos linear ion trap at a colliserergy of 35/. MS2 fragments with an
intensity count of 020 wer e a ngaProieane Discavererh a n
1.3.0 software (Thermo Scientiyc) and the Se
oxidative modifications listed in Table23 in addition to cysteine alkylatidoy iodoacetamide
(+ 57 u).Dynamic exclusion was enabled withepeat count of 1, a repeat duration of 30 s and
an excluded list size of 500. Sequest correlates the MS2 spectra with peptide sequences in the

Ccpl Fasta file downloaded from the NCBI website:{ftp.ncbi.nim.nh.gov) . Al s o, Sequ

filters, XCorr (>2) and False Discovery Rate

i dent i(¥3éati on
3.4.5)Semiquantitation of residue oxidation.

Labelree quantitation was performed at the M8iel (138) Peptide ion intensity is
expressed as the integrated peak aR#g éxtracted within a 10 ppm window from the digest
mass chromatogram. Fouegtides consistently found unmodifiédlable $8.2) wereused as
internal standard#o correct for changes iRA dueto variation in instrumental response. The

normalized yield of an oxidized form of a residXg,] identified by MS/MS is given by

0 &1 &dapal Qo——— (Eq.4)
The numerator sums all normalizédelAs of the peptides containiniox (PAx) and the

denominator sums the normaliz€ds of all peptides containing any form of residdeThe
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relative standard deviation of the reference peddée is ~4% (Table $2), which reflects the

precision in theercent oxidation of the residues reported here.
3.4.6)Purification and dityrosine fluorescence of monomeric oxidized Ccp1.

Intramolecular dityrosine crosslinking in oxidized Ccpl was investigated by diytrosine
fluorescence. Following its separation rfrchigher molecular weight species by gel filtration
chromatography, the fluorescence of monomeric oxidized Ccpl was monitored at 410 nm, the

maximum emission of dityrosing39), as outlined in the caption to Supplemental Figu#2.S

3.4.7)Molecular dynamics simulation of G diffusion in Ccpl.

Accessibility of Q to internal regions of Ccpl waxamined using MD simulations as

outlined in the Supplemental Information.
3.5) Results
3.5.1)Oxidation of Ccpl by H,O, is heme mediated.

Following oxidation, the mass spectrum of intact holoCcpl exhibits new peaks with
incremental mass shifts of +16 u (Figu#2). We assign these peaks to oxidized forms of the
protein that have incorporated an oxygen atom at increasing numbers of reSauesample,
Ccpl treatedvith 10 M eq of HO, forms up to 20 covalent addudiSigure 3.2C), signifying
extensive overoxidation of its polypeptide byQH in the absencef Cyc' (Egs. 2,3, as we and
others reported previousl{93, 96, 125, 133135) In sharp contrastno mass adducts are
detected fohemefree, oCcplincubated with 10 M eq of #D, (Figure 3.2D), demonstrating

that oxidation of the holoprotein by.8, is mediated by its heme.
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3.5.2)Localization of the oxygen adducts in oxidized Ccpl.

Usingthefilters in Table 8.1, thepeptides identified inryptic digests of oxidized Ccpl
based on their monoisotopie/zvalues are listed in Table3S. Importantly,the <5 ppm error in

m/zensures high confidence in peptide identification.

Four (M119, M163, MI2, M231, Figure8.1) of the five methionine residues in Ccpl are
oxidized to the sulfoxide (MetO; +16 u) above the 5% level in peptides from untreated Ccpl
(Figure3.3A). With the exception of M163, MetO levels increase to ~40% in Cpdl arid6%
in overoxidized Ccpl(Figure3.3A), suggesting that these residues are major donors to the heme.
It has been reported th&D M eq of HO, extensively oxidizes M119, M230 and M231 in
apoCcpl at pH 4 and that the reconstituted holoenzyme exhibits negligible reactidt,@ith
(Eg. 1) (140) However, we detect negligible oxygen incorporation into apoCcpl treated with 10

M eq of O, in KPi/DTPA (Figure3.2D).
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Figure 3.2. Deconvolved mass spectra showing that Ccpl oxidatitay H,O, is mediated by its hemeOxidized
Ccpl (1eM) was diluted Sold into the MS solvent and & aliquots were analyzed ByC-MS on a Waters QToF3
mass spectrometeMéterials and Methods Mass spectra ofA-C) holoCcpl oxidized with 0, 1 and 10 M eq of
H,0O, and (D) apoCcpl oxidized with 10 M eq of,8,. The observed mass of the unoxidized polypeptide is
33730.50 £ 1.35 u (calc 33730.33 u) and overoxidation of holoCcpl but not apoCcpihgieesental mass shifts
of +16 u (panels B,C vs D).
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A single buried cysteine residue (C128) is located >20 A from the heme in the distal domain.
In Cpdl ~3% of C128 is oxidized to CysgCysSQH, and the oxidized forms sum to 60% and
100% on treatmemwith 5 and 10 M eq of bD,, respectively (Figur8.3B), revealing that C128

also acts as a donor to the heme.
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Figure 3.3. Methionine and cysteine oxidation.Ccpl (1¢M) in KPi/DTPA was treated with the indicated molar
ratio of H,O, for 1 h at room temperature, digested with trypsin and the peptides were analyzedM&/MS as
described in théMaterials and MethodsPercenf{A) methionine oxidation to MetO (+16 u)B) C128 oxidation to
CysSQH (+32 u) and CysS(M (+48 u). Yields arebased on peptid®As (Eq. 4)from three independent

experimentsr=3) and presented as averages + SD. Soleepbdsed methionines are underlined in panel A.
Ccpldéds seven trypt opOmdused hydrakgatiop and V228 esn s i v e

additionally converted to kynurenine (1%%) (Figure3.4B). Notably, W191, W211, W223

proximal to the heme are 4% oxidized in Cpdl, whereas thésthl W57 and W126 are
extensively oxidized by 5 M eq ¢1,0, but oxidation of W51 at 3.1 A from the heme is seen

only in protein exposed to 10 M eq ob®} (Figure 34). Furthermore, oxidizedvV51 and W57

are detected solely as Trp(QHpihydroxytryptophan), from which we infer that their TrpOH

form is readily oxidized andr radical transfeto the distal domain becomes more facile in

overoxidized Ccpl. wio01, | ocated on Ccplds di
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little oxidation (Figure3.4) probably because of radical scavenging on residues closer to the

hemesuch as W126 or C128 (Figusel).

A
100 4 m0:1
o1
80 1 msy
S c0 | W10
=
S 40
20 -

0 T T
W51 W57 W101 Wi126 W191 W211 W223

v v)
w
o

100 ~

N
)

80 ~

=
(@]

% lcynurenine

60

o

40 -

% Trp(OH)2

20 +

W51 W57 W101 W126 W191 W211 W223

Figure 3.4. Tryptophan residues undergo extensive monrand dihydroxylation. Percent tryptophan oxidation to
(A) TrpOH and(B) Trp(OH), and kynurenine (inset). Experimental details are given in the caption to Bi§ure

and solvenexposed tryptophans are underlined.

3.5.3)Tyrosine is oxidized mainly to dityrosine.

Oxygen uptake bytosine contributes minimally to the +16 peaks in Figu& since only
Y229 proximal to the heme forms TyrOH (hydroxytyrosine) in high yield. Y16 and Y251 are 10
30% converted to TyrOH (Figuf@5A) but none of the remaining 11 tyrosines appear to underg
hydroxylation. Peptides T4 (Y23), T18 (Y153) and T27 (Y244) exhibit similar N#8& in
untreated and oxidized Ccpl (data not shown), revealing that these tyrosines escape oxidation. In
contrast, thePAs of T6 (Y36/Y39/Y42) and T8 (Y67/Y71) decrease X0l when Ccpl is

overoxidized with 10 M eq of ¥#D, (Figure $.2D) so we hypothesized thaf' ¥ quenched by
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intramolecular dityrosine crosslinking. Dityrosine emits strongly at 410 nm above {395,
and monomeric oxidized Ccpl (Figur8.2B) exhibitsincreasing 410 nm emission up to a
[H207]:[Ccpl] molar ratio of 10 (Figure 32C), which supports ¥D.-inducedintramolecular

ditryosine formation.
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Figure 3.5. Tyrosine oxidation products include TyrOH and dityrosine.Percent tyrosine oxidation {&) TyrOH
(+16 u) andB) dityrosine €2 u) in T6 (Y36/Y39/Y42), T8 (Y67/Y71) and T26 (Y229/Y236Experimental details

are given in the caption to FiguBe3. Solventexposed tyrosines are underlined in panel A.

The doubly and triply charged ions of T6 and T8 from untreated Ccpl show high intensity
MS1 signals (data not shown). Overoxidized Ccpl has peptide ions at two mass units lower
which, based on the MS2 spectra in Figudésand $.3A,B, are assigned to T&d T8 that have
lost a H atom+1 u) from two tyrosines. Notably, ri® or y, sequence ions arising from peptide
bond fragmentation between the oxidized tyrosines appear in the MS2 spectra (Egfirasd
S3B). In fact, the stability of the cyclipeptide region identifies Y3839 and Y36Y42 as
crosslinks in T6 (Table 33). The yield of crosslinked T6 and T8 is >70% in overoxidized Ccpl
(Figure 3.5B) and,in addition to M230/M231 oxidation (Figure 3\, Table $.3), T26 also
undergoes ~1096229-Y236 crosslinking (Figure.5B, Figure 8.3D) in competition with Y229

hydroxylation (Figure3.5A). Intramolecular dityrosine crosslinking has not been reported for
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overoxidized Ccpl previously bumtermoleular crosslinking involving Y36, Y39, Y4@125,
134, 135) and Y236(96) is documented. Presumably, the Ccpl dimers and trimers separated

here (Figure $.2B) contain such intermolecular crosslinks.
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Figure 3.6. LC-MS/MS analysis of dityrosine formation in tryptic peptide T6.MS2 spectrum of the (M+3Ff)

ion of: (A) native T6 atm/z 672.9784 andB) oxidized T6 atm/z 672.3047. The T6 precursor ions (green) were
fragmented by CID (30 V) to givee, (red) andy, (blue) sequence ions. Tlg>" and 5" ions encircled in panel B

have masses consistent with loss of an H atdnu) from both Y36 and Y39. The peptide sequence in each panel
shows Y36, Y39 and Y42 in red font and the fragmentation sites as vertical lines. Note the absence of fragmentation
between crosslinked Y36 and Y39 in panel B.

3.5.4)Oxidation of the proximal iron ligand H175 and of the catalytic distal H52.

Solventexposed H6, H60, H96 and H181 are <2% oxidized (+16 u) in overoxidized Ccpl
(data not shown). In contrast, the proximal781which coordinates the heme iron, is ~40%
oxidized (Figure3.7A). The absorption spectrum of untreated CapXKPi/DTPA at pH 8.1
shows a Soret maximum at 410 nrmand visible bands a505 and 645 nm indicative of

pentacoordinate higbpin heme (Figur&.7B) (141). Immediately upon addition of 1 eq of
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H.O,, the spectrum converts tioat of Cpdl with a Soret at 419 nm and 530/560 nm visible bands
(Figure 3.7B inset). Hbwever, after 1 h the Soret drops in intensity and blue shifts to 414 nm,
which we associate with the partial oxidation of H175 to HisO {ustidine). Remarkably, the

heme released in the MS solvent at low pH from overoxidized Ccpl has the same exact mass as
that from untreated Ccpl (616.1745 + 0.0005 u; Figuded)S revealing that it escapes

irreversible oxidation by 10 M eq of.B».
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Figure 3.7. The proximal heme ligand H175 and the distal H52 are oxidized to HisO. (AYield of HisO
formation. Experimental details are given in the caption to Fig§®and Figure $5 shows the MS2 spectra of T7
and T21 withoxidized H52 and H175B) UV-vis spectum of 1¢M untreated Ccpl (black trace), CpdlI (blue trace)
and Ccpl overoxidized with 10 M eq of®} (green trace). Spectra were recorded at pH 8.1 in KPi/DTPA 1 h after

H,O, addition. Results in panel B are representative of three independent experiments.

Close to 60% of the distal H52 is present as HisO in Ccpl oxidized with 10 M e®of H
(Figure 3.7A). The low CCP activity (11%) of this sample (Table&.8) reflects the tical
function of H52 as an acidase catalyst in heterolytic cleavage of the peroxy bond,0f Hs
evinced by tha(>-fold slower HO;, reactivity of the H52L varian142). Hence, the extensive
heme lossin Ccpl exposed to 100 Mq of HO, (Figure 8.4C) may initiate from slow

homolytic HO- cleavage at the iron witbH" release following H52 oxidation.
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3.6) Discussion

This study provides a comprehensive profile of Ccpl oxidation by 1, 5 and 10 M efPof H
Using high performance MS, we identify and semiquantitate stable oxidative modifications of 24
o f Ccplds 294 38,84,3.8 andZ7). Kely fingings mdude the oxidation of
tyrosine to dityrosine, tryptophan to TrpOH and Trp(@HB3 wellas kynurenine, histidine to

HisO, methionine to MetO, and cysteine to Cyg3@nd CysSGH. These products result from
radical transfefrom the heme as Ccpl endogenously reduces up to ten molecule®0fAH
plausible common mechanism for oxygen incogobri on i nto Ccplds oxidi z
reaction of their radicals with o yield peroxy radicals that release superoxide, allowing the
hypovalent cations to trap water and deprotonate to give the products detected by MS. Of key
interest is howntrinsic radical reactivity is modulated llge localprotein environmentwhich
predetermines the preferred donor residues in Ccpl. This question is explored in the following
sections before we discuss haweroxidation by HO,, allows Ccpl to perform its mearkable

H.O, sensing and signaling function in the cell.
3.6.1)Intrinsic radical reactivity.

Free methionine and many methionine residuexckzed to MetO with HO, as a typical
oxidant(143) Nonetheless, MS analysis 05®}-treated intact apoCcpl provides no evidence for
MetO formation (Figure3.2D), which we attribute in part to inhibition of traoeetal activation
of H,O, by the DTPA (100 M) present in the buffer. Tryptic digestiatso waperformed in the
presence of DTPA but-20% MetO is detected in peptides from untreated holoCcpl (Figure
3.3A), which may be catalyzed by the heme released during proteolysis. SiriCe |®&els
increase significantly in peptides from oxidized Ccpl (Figuf®, 3he methionines, with the

possible exception of M163, appear to be ge&bectrondonors to the oxidized hem&he
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addition of @ to the resultant M(which may be stabilized by eyclic structure)(144) and
elimination of superoxide will generate MetO on water cap(drt) These steps must be
sufficiently exergonic to drive the thermodynamically unfavorable initial electron transfer step

given theE; value ¢1.5 V) estimated fo™, which has @K, of ~6 (145)

Radical transfeto cysteine should be more favorable sitivereduction potential of Cis
0.92 V(146) Also, free ¢ reacts rapidly with @(8x10° Ms?) (147)to give a peroxyl radical
(CysSOUJ) that has been detected by EPRI8, 149) Superoxide release and watexpture

would give CysOH but C128 conversion to CyslCand Cys@H (Figure 33B) may not be all

hememediated given the instability of sulfenic acids to further oxidgtldi®).

Neutral W, which possesss a reduction potential of1.01 V (1501 152) is also readily
convertedo the peroxyl radical by @(153) Again, superoxide release and water capture by the
aryl carbocation lead td@rpOH, with ndolering hydroxylation at the 2 4-, 5, 6, or *-
positions. TrpOH can be further oxidized to Trp(@H)p4) and~30% of W223 in overoxidized
Ccpl is detected as theyptophan metabolite, kynurenine (FiguBdB, inset)(155) Although
the pK, of free W™ is ~4 (150), W191™ is stabilized in Cpd(156)and dficient radical transfer
occurs fromW191™ to proximal solvenexposed residues at the protein surfaegyding W211
and W223 (Figur&.1). TheW"™ forms of these residuesust rapidly deprotonate and react with
nearby Q (Table $8.6) as evidenced by their oxidation to TrpOH and Trp(£HR)CpdI (Figure
3.4). Distal W57 is also solvent exposed whereas a number of internal waters are <5 A from W51
and W126 (Figur8&.8, Table 8.6) to accept a proton from their cation radicals and promote their

full conversion to Trp(OH)and TrpOH, respectively, in overoxadid Ccpl(Figure3.4).
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Neutral Y' (+0.93 V) possessessimilar reduction potential to Y150, 151) However,Y!
reactswith O, relatively slowly (<16 M™*s™) (157)but rapidly combines with a secoid (5x10°
M™s1) (158). Hence, dityrosine is the dominant tyrosine oxidation product in overoxidized Ccpl
(Figure3.5). The side chains of Y36, Y39 and Y42 are separateddy 4 on t-Hhelx s ame
and Y36/Y39 and Y39/Y42 (Table3®) crosslinks are found in T6. The Y&7/1 pair are 10 A
apart in a large loop region (Figui@l) with sufficient flexibility to allow efficient T8
crosslinking (Figure8.5B, Figure 8.4B). Also, overoxidation may induce structural changes in

Ccpl that enhance crosslinking.

The efficient (~80% hydr oxyl ation of Y229 i s(Figurei que &
5A) . I n fact, half of Ccplés tyrosines (Y16,
or no oxidation (Figur&5). The thermodynamics &f" formation requires deprotonation since
Y™ has apK, of ~2 (159) but all tyrosines are solvent exposed (Fig8r) and/or close to
internal waters (Figure36, Table 8.6). This will promote deprotonation and a number are well
within crosslinking distance (e.g., Y2051 ~4 A).Thus, the presence of several unoxidized
tyrosines in overoxided Ccpl serves to delimit the zones in FiglBand hence the radical

transferpathways leading from the heme.

H-bonding to D235 imbues H175 with imidazole character, which promotesialorait
electron density to the Feheme of Cpd(160). Nonetheless, we detect little radical trangter
H175 in Cpdl (Figureg.7A). Since the K, of free H" is ~57 and H has arE; of 1.17 V(161),
radical transferto histidine residues should be particularly sensitive to their local protein
environment. A change in the environment around H175 imoaicized Ccpl must switch on
radical transfeto this residue as digssed below. The stable HisO product is likely formed from

a peroxyl radica162) as proposed for the other oxidizable residues abidis®© generation,
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especially at H52 located just above thenkgmay additionally arise from slow homolytit,O,
cleavage at the iron in overoxidized Ccpl. NotahbligO, whichis viewed as a marker of protein
oxidative damagé163), is produced by free or Gaound"OH attack on histidine ligands to the
metals in CuZrsuperoxide dismutas@d02, 162, 164¥ollowing H,O, binding to the catalytic

copper. Histidines are also oxidized in the dismutase during d¢ed €5, 166)
3.6.2)Radical transfer pathways and electrondonor zones in Ccpl.

The ©primary dono-catioh ormddloetwloe pthiyom noxi dat i on
heme is W19142, 116) This residuas surrounded by oxidizable residues, andsihiéur atoms
of M230 and M231 at ~4 A from the indole ring contribute to stabilizing W1@21). Also, our
MD simulations find no @docking site within 5 A of W191 (Figure3%, Table 8.6) which,
combined with itspositive charge, must lower its scavenging by Bence,radical transfer
continuesrom W197* to M231 and to residues at the surface of the proximal domain, including
M230, W223, W211 and Y229. These residues cluster in a region we label as zone€el3(8)gur

and are all oxidized to detectible levels in Cpdl (Fig&:8s3.4, 3.5A).

Oxidation of M230 and/or M231 converts W191 into a poorer electron donor as seen on
mutation of these residu€$20, 121) Thus,radical transfefrom the heme to the distal region
(zones 2a and 2b, FiguB8B) opens up. Zone 2a with its numerous oxidizable residues, internal
waters (Figure3.8) and Q docking sites (Figure 35, Table 8.6) is a rich source of electrons
for endogenous #D, reducton. For examplepoth W126 and C128 act as major donors in the
same molecules of overoxidized Ccpl (TabBbp These neighboring residues are close-8 2
internal waters and £Odocking sites (Figure 3, Table 8.6), a favorable environment for
coupling proton transfer with radical transterd subsequent,3cavenging of neutral radicals.

Zone 2b contains solvesixposed Y36, Y39 and Y42 that undergo efficient crosslinking once
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oxidized (Figure3.5B). The sequence of radical trangi@zones 2and 2b is not resolved in our
study but the clustering of donors in these subzonegestsy two distinct routes for radical
transferfrom the heme withredoxactive W51 and M119respectively, as likely intermediate

sites (Figure3.8).
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Figure 3.8. Zoning of Ccpl based o the inferred progression of radical transfer from the heme. PyMOL-
generated cartoon of Ccpl structure (PDB 1ZBY) showing the 24 residues oxidized irmbdmted HO,
reduction (W, blue; Y, green, H, orange; M, grey; C, magenta). Sebwguratsed residues are underlined and 31
conserved internal water molecules (seeabd) depicted as pink spheres. Radical trarfsben the heme via W191
oxidizes residues imonel (blue). M230/M231 oxidation turns on radical transfesm the heme taones 2aand2b
(pink) and then tazone 3(green)at higher levels of kD, when activesite residues are oxidized. Except for ~10%
of Y251 (Figure3.5A), no oxidized residues are found4ane 4 (yellow), revealing that there is minimal radical

transferfrom the heme to this zone.

Residues W51, W191 (FiguB4) and H52 (Figur&.7) kick in as majoelectrondonors in

Ccpl treated with 1M eq of H,O,. We group these activ@te residues together with M172 and
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H175 into zone 3 (Figurd.8). Significantly, M172 andH175 approach their maximum oxidation
level of ~50% in Ccpl exposed to 5 M eq ofdd (Figures 33A, 3.7A) and arefor the most
part, oxidzed in different Ccpl moleculeflable $.5). Thus, we hypothesize that radical
transferfrom the heme to H175 may be controlledébgonformational change in M172s can

be inferred from M230/M23W191(116, 121, 140}he interaction of the M172 sulfur with the
imidazole ring of H17%should lower the reduction potential of the lated switch on radical
transferfrom the oxidizd heme to its proximal ligan8ubsequent conversion of HI'#6 HisO
then will labilize the hemeM172 oxidation, on the o#r hand, appears to shut down radical
transferto H175 (Table 8.5). The relative orientation of H175 and W191 is fixedHygrogen
bonds to D235, which also modulate the coupling of W1&ithe hemé160). Hence, it appears
that the susceptibilities to oxidation of the three proximal residues, M172, H175 and W191, that

criticallycontrolG p16s function, are interdependent.

Interaction with M163 may promote oxidation of W8-gure 43B), thereby driving radical
transferfrom the heme over 12 A into the distal domain. Additionally, proximity to M230 and/or
M231 may boost Y22%ydroxylation, the only TyrOH formed in high yield (Figure3A).
Recently, methionin@aromatic interactions have been found in 33% of proteins in the PDB and
the interaction energy (-3 kcal mol'), which stabilizes protein structu(@67), also appears to

regulate the redox properties of aromatic residues as documentd9ai(116, 121, 14Q)
3.6.3)Comparison of MS and EPR studies on Ccpl oxidation.

Radicals are detected by EPR, which directly confirms their transient presence in proteins
during catalysis. For example, catalyti¢ that are wellcharacterizedy EFR include those in

ri bonucl eoti de reduct ase, prostaglandin H
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monooxygenas€l13, 168) A recent elegant EPR study on®3-oxidized Ccpl with multiple
mutations identified Y236as a norcatalytic radical and Y7'as a catalytic radical in peroxidase
turnover with guaiacol as a reducing subst(agt, 169) Our product analysis is consistent with

the detection by EPR of Y¥andY236' (Figure3.8) but while Y71 is anajor donor in zone 2a
(Figure 3.B), product analysis establishes Y229, not Y236, as a major donor in zone 1 (Figure
35). Efficient scavenging of Y23®y O, (Figure3.5A) may compete with its detection by EPR.

We also find donors in zone 2b (Fig88), where a second molecule of guaikis known to

bind Ccpl near residue 14Q169) Furthermore, we demonstrate thaf' Yivolved in
intramolecular dityrosine crosslinking can be readily identified by {pgHformance MS
(Figures3.6, S3.3) whereas rapid dimerization under high radical flux will compete with the

detection by EPR of Ysuch as those in zone 2.

The assignmenif W' by EPR can be challenging due to pé&aiadening(170) Moreover,
efficient scavenging of Wby O, as seerin oxidized Ccpl(Figure 3.4) will compete with its
detection by EPR. In facty191™ with low O, reactivity is the only indolyl radical reported in
EPR studies of Cpdl and overoxidized Cqi19 124). Also, MNP trapped Y153 Y39' and
Y236' but no W in Ccp1(96, 171)revealing that spin trapping is also biased towalaith low
O; reactivity. Hence, MS and EPR provide complementary information on pitwdsed radicals.
EPR can directly detect relatively lotiged radicals and provide information on their stability
and, in some instances, the specific residue(s) oxidized canelogedefrom EPR spect(@d70).
MS on the other hand, can characerthe stable end products of all residues oxidized, which
reveal mechanismsf radical quenching and also radical trangi@hways when repeated radical
translocation occurs fro a heme activgite as in Ccplor from another type of redeactive

metal @nter.
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A recent QM/MM computational analysis confirmed W1T9as the main radical species in
Cpdl (172) and proposed Y203/Y254and Y236, along two possible radical trangf@thways
from W191", as secondary radicakes. Y203/Y251 as well as Y153 and Y244 are clustered in
proximal zone 4 (Figur8.8) and undergo little or no oxidation detectable by MS (Fi@.bg
However, we did detect TEMPO mass adducts in T18 (I53,(Y187, Y203, W211), T27+28
(Y244, Y251) andT28 (Y244)(128), and a MNP mass adduct was localized to Y{BEZb)
Thus, the observed products depend on radical reactivity with the trapping/scavenging agent
employed as well as on radical accessibility. We note thatiffises into the interioof many
proteins as seen here for Ccpl (FiguBByand is present in cells under aerobic conditions so

radical scavenging by s of physiological relevance.

3.6.4) Characterization of overoxidized Ccpl provides new insights into its physiological

function.

We reported that in respiring yeast mitochondria, Ccpl donates its heme directly or
indirectly to catalase A (Ctall18) H,O, levels spike ~14old when yeast begin to respi{®0,
118)causing Ccpl to become overoxidiZdd8)since synthesis of its reducing substrate, &ycl

(Egs. 2,3, is under @heme contro(55), unlike Ccpl itsel{60).

In keeping with its hemdonor function (118), we find that the numerous oxidizable
resdues in CcpX96) protect the heme from oxidative damage. Heme maodification is avoided by
diverting oxidizing equivalents frorkl,O, to zones 1 and 2 (Figu@8). W191plays a critical
role in protecting the heme since on reaction WitlD, the W191F variant forms a transient
porphyrin " -cation radical that crosslinks to W51L.73) Although ascorbate peroxidase (APX)

has a very similar activsite structure to Ccp@4), heme crosslinking to the residue analogous
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to W51 (W41) occursni the oxidized wildkype enzyme(174) This is associated with the
formation of a transient porphyrin-cation radical in wilstype APX rather than W179(44),
which occupies the same proximal locatianVe191 in Ccpl. Notably, a physiological function

in plants other than that of a peroxidase has not been defined for APX.

Oxi dation of Ccplds proxi mal l i gand, H175,
with weakened axial ligatio(67). On the other hand, conversion of the ditaP to HisO will
greatly slowdown theadation of Ccpl by KHO,. H52 is essential for the rapid reaction of Ccpl
with H,O, (142) so its oxidation following radical transfén zones 1 and 2 (Figuia8) will

protect the heme.

Intramolecular dityrosia crosslinking is prevalent in Ccpl overoxidized with 5 and 10 M eq
of H,O, (Figure 3.5B). Dityrosine is becoming increasingly identified as a marker of oxidative
stress and linked to a number of pathologies including amyloid fibril formétiéb). In yeast
cells, this crosslinking may prevent apoCcpl escape from mitdciao(118) and possibly
contribute to the triggeringfanitophagy, the selective degradation of damaged mitochondria in

cells.
3.7) Conclusions

Our detailed analysis reveals that overoxidation of Ccpl is orchestrated to enabf@,its H
sensor function. b, serves as a signal by overoxidizing Ccpl at specific sites including H175,
which labilizes the unmodified heme for transfer to apoCtal in respiring CE18)
Interestingly, ironcatalyzed histidine oxidatiopreviouslyhas been implicated in &, sensing
by the peroxide resistance protein (PerR) fi®nsibtilis (26). PerR binds KO, at itsnon-heme

Fé' center which oxidizes the H37 and H91 ligands, promotes iron release and apoPerR
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dissociation from DNA to turn on #.-inducible genes, including that encodikat A catalase

(26).(26)(26)

Previous studie3, 96, 125, 128, 13335) have pinpointed a limited number of residues as
sites of radical formation and/atonors to the heme in the endogenous oxidation ofl Gxp
H.O,. Here we identify an unprecedented number of donor residued®y2haracterizing their
stable end products by ERIS/MS. The discovery of numerous proximal andtal donors
reveals possible radical transfeathways emnat i ng f r o mAll Cadigalltéarssferh e me .
routes may not be operative or lead to irreversible residue oxidation in cells because of the
efficient repair of protein radicals by glutathione and ascorlbf®) and/or the reversible
phosphorylation of tyrosine. Importantly, we have allga d e monstr ated t hat
labilized in mitochondria by H175 oxidatidi18), so it remains to be se
oxidation profile in cells differs from tham vitro. Finally, we reiterate that applying a universal
detection/characterization method such as MS exposes a bias in EPR detedichprotein

based radicals such ad with low O; reactivity.
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3.8) Supplementary information

Figure S3.1: Tryptic peptidesTIT 34 predi cted for Ccpl. The proteinds seq
and the trypsin cleavage si@ginine R) and lysine K) residues are bolded. Peptides that contain oxidizable
residues (M, C, Y, W, H) are in labeledrid font and the 24 residues found to be >5% oxidized abduia font.

Solventexposed oxidizable residues amgderlined
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Table S3.1: Oxidative modifications considered in database searching

Modification: candidate amino acids @ am (u)”°
Monoxidation (ox): K, R, C, M, Y, H, P, W, F, D, N 15.9949
Dioxidation (diox): K, R, C, M, Y, H, P, W, F 31.9898
Trioxidation (triox): C 47.9847
Carbonylation: R, E, Q, I, L, K, V, W 13.9793
Hydroxykynurenine: W 19.9898
Kynurenine (kyn): W 3.9949

Pyrrolidinone: P 30.0105
Pyroglutamic acid: P 13.9792
Aspargine: H 23.0159
Aspartic acid: H 22.0319
Aspartylurea: H 10.0320
Formylaspargine: H 4.9790

Aspartate semialdehyde: M 32.0085
Homocysteic acid: M 33.9691
Dehydro (deH): K, R, C, M, Y, H, P, W, F, D,N 1.00783

@ Reported products of singéemino acid oxidatiof111, 177)
P Difference in the monoisotopic mass of the oxidized and native form of the indicated amino acid.
¢ Crosslinked residues undergo loss of a hydrogen atom (see main text).
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Table S3.2: Peak areas (PA) of the internal reference peptides in the Ccp1 tryptic digests

_ PA°©
Peptide sequence Obs mass ppm
(u) error 0:1 1:1 5:1 10:1

[H205:[Ccpl] | [H0,]:[Ccpl] | [H2O,:[Ccpl] | [H20]:[Ccpl]

1.59E10 + 1.50E10 + 1.56E10 + 1.66E10 +

T4 VYNAIALK 891.5296 0.22 7.12E8(4.5) 1.77E8(1.0) | 8.57E08(5.5) | 7.28E8(4.4)
1.76E9 + 1.78E9 + 1.69E9 + 1.76E9 +

T19 TFFQR 698.3626 0.86 7.80E7(4.4) 6.87E7(3.8) | 8.50E7(5.0) | 8.50E7(4.8)
1.30E9 + 1.37E9 + 1.32E9 + 1.35E9 +

T27 YLSIVK 7224450 0.41 2.55E7(2.0) 451E7(3.3) | 2.56E7(1.9) | 7.20E7(5.3)
1.59E9 + 1.68E9 + 1.66E9 + 1.72E9 +

T34 TLEEQGL 789.3993 0.50 7.03E7(4.4) 9.67E7(5.7) | 3.75E7(2.2) | 6.79E7(3.9)
Avg PA of T4, T19, 5.14E9 4.96E9 5.07E9 5.36E9

T27 plus T34

#No oxidative modifications were detected in these tryptic peptides, which are used as internal reference peptides

(178)

® Theerror in the observed monoisotopizzvalue in ppm is given by £@bsm/zi Calcm/2/Calcm/2).

¢ The intensity of each peptide ion corresponds tBAtin the extracted ion chromatogrgXIC) within a 10 ppm

exclusion window. EacRA s the average + SD of four independent experim@st4) and the relative standard

deviation (% RSD) is given ired font.

4 The averag@®A at each [HO,]:[Ccpl] molar ratio is used as a normalization factor in Eq. 4 of the main text to

correct for variation in instrument response and/orsigppressiori1738).
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Table S3.3: Monoisotopic masses of the tryptic peptides observed thgests of HO,-oxidzed Ccpl

I;Zgggga Residues® Residue(s) oxidized Ot()fnx)H Ca(lr%}\:)H eFr)E)T c
T2+T3 1321 None 1129.5289 1129.5273 1.42
Y16 (ox) 1145.5228 1145.5222 0.52
T3 1521 None 916.4078 916.4047 3.38
Y16 (0x) 932.4005 932.3996 0.97
T4 22-29 None 891.5310 891.5298 1.35
Y23 (0x) 907.5249 907.5247 0.22
T5+T6 30-48 None 2286.1147 2286.1037 4.81
Y42 (0ox) 2302.1053 2302.0986 291
Y39 (ox); Y42 (0ox) 2318.0937 2318.0935 0.09
Y36 (deH); Y39 (deH) 2284.0925 2284.0881 1.93
Y39 (deH); Y42 (deH) 2284.0969 2284.0881 3.85
T6 3248 None 2016.9206 2016.9185 1.04
Y36 (0x) 2032.9174 2032.9134 1.97
Y39 (ox) 2032.9200 2032.9134 3.25
Y42 (ox) 2032.9172 2032.9134 1.87
Y36 (deH); Y39 (deH) 2014.8979 2014.9029 -2.46
T7 4959 None 1301.6290 1301.6273 1.31
W57 (diox) 1333.6188 1333.6171 1.27
W51 (diox); H52(ox) 1349.6158 1349.6121 2.74
W51 (diox); W57 (diox) 1365.6086 1365.6069 1.24
W51 (diox); W57 (diox); H52 (ox) 1384.6035 1384.6018 1.23
T8 60-72 None 1384.5857 1384.5876 -1.37
Y71 (ox) 1400.5811 1400.5825 -1.00
Y67 (0x); Y71 (0x) 1416.5842 1416.5775 4.73
Y67 (deH); Y71 (deH) 1382.5776 1382.5720 4.05
T13 98123 None 2780.3697 2780.3600 3.49
M119 (ox) 2796.3589 2796.3549 1.43
W101 (ox) 2796.3635 2796.3549 3.08
W101 (ox); M119 (ox) 2812.3628 2812.3498 4.62
W101 (diox); M119 (ox) 2828.3554 2828.3447 3.78
T14 124127 None 571.3361 571.3351 1.75
W126 (ox) 587.3308 587.3300 1.36
T14+T15 124130 None 887.4668 887.4669 -0.11
W126 (ox); C128 (diox) 935.4524 935.4516 0.86
W126 (ox); C128 (triox) 951.4455 951.4465 -1.05
W126 (diox); C128 (triox) 967.4446 967.4414 3.31
T16+T17+T18 | 131-155 None 2775.2782 2775.2704 2.81
T17+T18 144155 None 1377.6588 1377.6645 -4.14
T20 161-166 None 762.3591 762.3563 3.67
M163 (ox) 778.3529 778.3512 2.18
T20+T21 161-179 None 2039.0542 2039.0525 0.83
M163 (ox) 2055.0475 2055.0474 0.05
M172 (ox); H172 (0ox) 2071.0429 2071.0423 0.29
T21 167-179 None 1295.7149 1295.7140 0.69
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M172 (ox) 1311.7099 1311.7089 0.76
H175 (ox) 1311.7060 1311.7089 -2.21
M172 (ox); H175(0x) 1327.7065 1327.7038 2.03
T23 184212 None 3362.5536 3362.5389 4.37
W191 (ox) 3378.5398 3378.5338 1.78
W211 (ox) 3378.5353 3378.5338 0.44
W191 (ox); W211 (diox) 3410.5275 3410.5236 1.14
T23+T24 184215 None 3732.7527 3732.7605 -2.09
W211 (ox) 3748.7640 3748.7554 2.30
W191 (ox); W211 (diox) 3780.7540 3780.7453 2.30
W191 (diox); W211(diox) 3796.7544 3796.7401 3.77
T24+T25 213226 None 1690.7642 1690.7667 -1.48
W223 (ox) 1706.7592 1706.7616 -1.41
W223 (diox) 1722.7558 1722.7565 -0.41
W223 (kyn) 1694.7630 1694.7616 0.83
T25 216226 None 1320.5460 1320.5451 0.68
W223 (ox) 1336.5402 1336.5400 0.15
W223 (diox) 1352.5354 1352.5349 0.37
T25+T26 216243 None 3260.4611 3260.4511 3.07
W223 (ox) 3276.4603 3276.4460 4.36
Y229 (deH); Y236 (deH) 3258.4475 3258.4355 3.68
Y229 (deH); Y236 (deH); M230 (ox) 3274.4412 3274.4304 3.30
W223 (ox); M230 (ox); M231 (ox) | 3308.4425 3308.4358 2.03
T26 227-243 None 1958.9296 1958.9238 2.96
Y229 (ox) 1974.9265 1974.9187 3.95
M230 (ox); M231 (ox) 1990.9207 1990.9136 3.57
Y229 (ox); M230 (0ox) 1990.9192 1990.9136 2.81
Y229 (deH); Y236 (deH) 1956.9138 1956.9074 3.27
Y229 (deH); Y236 (deH); M230 (ox) 1972.9081 1972.9031 2.53
T27 244249 None 722.4450 722.4447 0.42
Y244 (ox) 738.4380 738.4396 -2.17
Y244 (diox) 754.4352 754.4345 0.93
T28 250257 None 982.4110 982.4112 -0.20
Y251 (ox) 998.4077 998.4061 1.60
T28+T29 250260 None 1404.6479 1404.6430 3.49
Y251 (ox) 1420.6410 1420.6379 2.18
T28+T29+T30 | 250264 None 1881.8700 1881.8654 2.44
Y251 (ox) 1897.8605 1897.8603 0.11
Y251 (diox) 1913.8564 1913.8552 0.63

®Figure 2.1 gives the tryptic map of Ccpl and the sequendryptic peptides T11T34.

P Observedesidue modifications are assigned based on the data in Table S

“See Footnote b of Tabl83.
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Table S3.4: CCP activity of H,O,-oxidized CcpT

[H,0,]:[Ccp1] ® CCP activity ? Percent activity ©
0:1 1.70 +£0.010 100 =+ 0.00
0.5:1 1.59 £ 0.021 93.4 +0.93
11 1.34 £0.045 79.0 £ 2.37
31 0.92 +0.028 54.1+2.16
5:1 0.66 + 0.036 38.8 + 3.88
10:1 0.18 + 0.008 11.0+3.30
#One unit of CCP activity catalyzes the oxidationlppflo f 1 e mol of horse heart ferroc
mg Ccpl.

®Stock Ccpl (£M) and HO, solutions (0.01.1 mM) were prepared in Kpi/DTPA, and mixed to giveM Ccpl

with the desired kD, concentrations. Samples were incubated at room temperaturd fand activities were

measured as described previoudl¥8). For the assay, a stock solution of &ywas ~90% reduced with sodium

dithionite andthe Cycc oncent rati on deter migpedémvPead)(7Blophot ometri cal

°The acivity of each fraction was ratioed by the activity of the 0:1 sample to give percent activity. Results are

presented as averages = SD from three independent experinmedjts (
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Table S3.5. Peptides T21 (M172, H175) and T14+T15 (W126, C128) are oxidized at two

residues®
Tryptic Residue(s) | g e CalcMH™ | Error R
pepide | T |’ (m2° | (ppm)° .04 [Cepl]
° 0:1 1:1 5:1 10:1
T21 None 1295.7149 1295.7140 0.70 90.9+0.1| 66.4+£10.2| 17.5+1.0] 9.2+14
T21 M172 +16 1311.7108 1311.7089 1.44 88+11.1| 304+£29 | 47.2+57| 48.2+3.1
T21 H175 +16 1311.7050 | 1311.7089 -2.97 - 32125 285+2.0| 37.2+3.2
M172 +16,
T21 H175 +16 1327.7064 | 1327.7038 1.95 - - 6.8+4.0 49105
T14+T15 | None 887.4668 887.4669 -0.11 100x0.0 96.8+0.6 3.70+£2.6 1.86+3.7
W126+16,
T14+T15 C128 +32 935.4524 935.4516 0.85 - - 23.72+5.3| 44.95+2.7
W126 +16,
T14+T15 C128 +48 951.4455 951.4465 -1.05 - - 33.59+6.9| 48.16x1.4
W126 +32,
T14+T15 C128 +48 967.4446 967.4414 3.30 - --- 2.24x0.7 5.12+1.3

#Ccp1l (1 uM) was reacted with 1, 5 and 10 M eq gbyfor 1 h at room temperature in KPi/DTPA prior to tryptic
digestion and LEMS/MS analysis (se®laterials and Methods

® The precursor ions selected for MS2 analysis were filtered using a mass exclusion threshold of 10 ppm.

°The monoisotopien/zvalues for the peptide MHons were calculated using Protein Prospector

(http://prospector.ucsf.edluand thesrrors were calculated as in Footnote b of TaBlg.S

4Thepercent oxidation of H175, M172, W126 and C128 was calculated using Eq. 4 of the main text.
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Figure S3.2: Characterization of intramolecular dityrosine crosslinks in HO,-oxidized Ccpl. (A) SDSPAGE

analysis of HO,-oxidized Ccpl under reducing conditions. Ccpl (1 puM) was treated with the indicatd H

concentration in KPi/DTPA for 1 h at room temperatanel analyzed by 12% SBESAGE followed by Coomassie

staining. The red arrow indicates that Ccpl is predominantly monomeric (~35 kDa) but small quantities of the dimer
and trimer (~70 and ~100 kDa) can be detected in the samples treatedMith .8/ H,O,. Notably, the band

containing monomeric Ccpl becomes more diffuse with increasigQ, khdicative of increased protein

modification. (B) Gel filtration chromatography of iD,-oxidized Ccpl. Stock solutions in KPi/DTPA were mixed
to give 10 uM Ccpl with 10,00 and 1000 uM kD,, and incubated for 1 h at room temperature. Aliquots (100 uL)
were applied to a 2L Superdex 200 HR 10/30 column (fractionation rang®Q0 kDa) equilibrated with 20 mM

KPi

pH

7.

5/ 150 mM NacCl

and

¢ o th 280enddetéction. & me prot&inwapealuted f i e r

in equilibration buffer at a flow rate of 0.5 mL/min and fractions containing monomeric Ccpl were col{€jted.

The monomeric Ccpl samples were diluted to 1 uM in KPi/DTPA and on excitation at 315 nm, theioreatigl10

nm was recorded in a Cary Eclipse fluorometer withn® slits. Relative fluorescence units (RFU) are from three

independent experiments=3) and averages + SD are plottéd) Normalizedion intensityacross three replicates
for T6 (Y36, Y39,Y42) [blue diamonds] and T8 (Y67, Y71) [red triangles] plotted v&JH[Ccp1l].
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Figure S3.3. LC-MS/MS analysis of dityrosine formation in tryptic peptides T8 and T26 MS2 spectrum of the
(M+2H)* ion of: (A) native T8 at/z 692.7968;(B) oxidized T8 atm/z 691.7907;(C) native T26 atwz 979.9677;

and (D) oxidized T26 atm/z 978.9606. The T8 and T26 precursor ions (green) were fragmented by CID (30 V) to
give b, (red) andy, (blue) sequence ions. The encircigtf /ly1," ions in panel B antl,,'/ y:<°* ions in panel D have

masses consistent with loss of an H ateinu) from Y67/Y71 and Y229/Y236, respectively. In panels C,D we
selected peaks that do not contain T26 oxidized at M230 or M231 for clarity. The peptide seéguesmch panel

shows the tyrosines in red font and the fragmentation sites as vertical lines. Note the absence of fragmentation
between crosslinked Y67 and Y71 (panel B) and the single fragmentation between crosslinked Y229 and Y236
(panel D).
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Figure S3.4. LC-MS analysis of hemin released from overoxidized CcpFollowing oxidation of 1 uM Ccpl by

10 and 100 pM KO, in KPi/DTPA for 1 h at room temperature, samples wihgted 106fold into the MS solvent

and 5L aliquots were analyzed lyC-MS (SeeMethods and Materialgn the main text)(A,C) Chromatograms

showing the peak at 10.46 £ 0.02 min containing hemin that dissociated from Ccpl on the C4 column at pH 4.0.
(B,D) The corresponding hemin mass spectrum showing the isotopic distribution expectdte M ion
(FeG4H»oN404; calc mass 616.1773 u). Thexact mass of hemin released from Ccpl is 616.1745 + 0.0005 u
compared to 616.1746 u for authentic hemin, which was used as an external standard. Noteftiid lol€) total

ion count (yaxis)inpanel s C, D vs panels A, B, which reflects the
of H,O, that is not seen at 10 M eq 0§®}.
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Figure S3.5: LC-MS/MS analysis of H175 and H52 oxidation in tryptic peptides T21 and T7The MS2
spectrum of théM+2H)*" ion of: (A) T21 with oxidized H175 atvz 656.3578; andB) T7 with oxidized H52 ain/z
675.3116. The T21 and T7 precursor ions (green) were fragmented by CID (30 V) iy (fied) andy, sequence

ions (blue). Theencircledb,” andys* ions have masses consistent with addition of an oxygen atom (+16 u) to both

H175 and H52. Also, theassof the encircled;” ion in panel B indicates the addition of two oxygen atoms (+32 u)
to W51.
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Standard MD simulations of Ccpl in water with G, molecules

The crystal structure of CCP 1ZB{156) was chosen as the initial structure foratthm MD
simulations. The positions of the sideain O and N atoms in Asn and GIn residues, and the
protonation states of His, Asp and Glu residues were established by examining the surrounding
protein environment. Note that all the oxidizable residudsigare 3.6 are in the neutral form
except H60 and H181, which are protonated. Conformer A was selected for residues R48, K123,
D152, R166, M172, A193, A194, N195, D210, S246, and K287. Conserved internal crystal water
770 was removed to prevent steric clashing with R48. The remaB®Ggcrystal waters were

embedded with Ccpl into a box of TIP3P water molec(d@8)to provide a water layer of >8 A

around the protein. Sodium and chloride ions were added to ensure charge neutrality and to set

the NaCl concentration to 0.15.Men or 100 @molecules were added into the box outside the

protein, and the resulting system was simulated using periodic boundary conditions.

MD simulations were performed with the NAMD 2.7 progréi8i0) using the CHARMM36
all-atom force field(181) at a constant temperature of 310 K and a constant pressure of 1 atm.
The van der Waal s p ar-Glékcal/mal B,/3=h7A) werk takerCfrom t 0 m
the CHARMMS36 force field and the published experimentad ®ond lengthl€ 1.2074) andits
vibrational frequency (1580.19 &M (182)were used to calculate the@ bond force constant
(k=1693 kcal/mol/&). The particlemesh Ewald metho(l83)with a grid size <1 A was selected
for longrange electrostatics, while a eff of 12 A was assumed for all other nbanded
interactions. Van der Waals iméetions were truncated at a distance of 8 A using a switching
function, and bonds involving hydrogen atoms were constrained using the SHAKE algorithm
(184), permitting the use of a multiple tirstep algorithm(185)to compute bonded and short

range norbonded interactions every 2 fs and leagge electrostatic forces every 6 fs.eTh
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temperature and pressure were controlled using Langevin dynamics with the Langevin piston
NoseHoover method and a d&@p6i 189 The systemfwiacheated t 9
over 0.4 ns and equilibrated over 1.1 ns, gragiua@moving the initial restraints on the;C
backbone atoms and the O atoms of the internal water molecules. Then, a productive run of ~32

ns was performed and only productive runs were analyzed.

In total, 7 independent 32 standard trajectories withO or 100 @ molecules were
obtained. The size of the periodic box was ~76x76x76after equilibration, giving ©
concentrations of ~ 38 and ~380 mM in simulations with 10 and :08dlecules, respectively,
which are >18-10°fold higher thabf O, in water at 293 K and 1 atm (~0.3 mMjhese high ©
concentrations significantly increased sampling of thed@rking sites on the surface of Ccpl
and similar results were obtained with 10 or 1Q0n@lecules but the more intense sampling in
simulations with 00 O, molecules lead to better convergence. Therefore, the results for
simulations with 100 @molecules are shown in Figur&.6, which was produced with the VMD
package(188) Notably, the largest £©docking sites are present in hydrophobic grooves on the
surface of Ccpl near H96 and M119, and other surface docking sites are found in hydrophobic
patches near Y16, Y42, W101, Y153, Y187, W223, Y236 and Y251. Buratb€king sites,
such as the clustaround the distal H52 tend to be smaller than the surface sites due to steric

constrains.
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Figure S3.6: MD simulation of Ccpl in water with 100 added Q molecules.VMD -generated188) cartoon of

Ccpl (PDB 1ZBY) showing all oxidizable residues (W, blue; Y, green; H, orange; M, purple, C, grey) and 31
conserved internal water molecules as blue spheres. Standard MD simulations of Ccpl withritd€c@es were

run using the NAMD 2.7 prograifi80). Average Q densities from 7 runs of ~32 ns each are shown as pink wire
surfaces and represent favorableddcking $tes in Ccpl. The number of,@ocking sites and the internal waters
within 5 A of an oxidizable residue are listed in Tab86SThe 31 internal water numbers are: 517 518 519 520 525
526 527 528 531 542 543 547 548 549 552 576 578 605 640 644 645&5535592 693 696 697 698, 895 and
1232.

From Table 8.6, we can see that most (15/24) of the residues found to be oxidized in Ccpl
are within 5 A of an @docking site, which will promote Qrapping of radicals formed on these
residues. During the simulations, most of the internal waters remained close to their positions in

the crystal structure of Ccpl. Strikingly, 26 of the 31 conserved internal waters are located in the
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distal domain andhose in the proximal domain (Figur&.6, Table 8.6) are found mainly in
electrondonor zone 1 (Figur88 of t he main text). However,
are either solvent exposed or within 5 A of an internal water molecule. The theranaidg of
oneelectron oxidation of most residues require proton transfer at physiological pH (with the rare
exception of W191). This is facilitated in Ccpl by water accessibility to its oxidizable residues,
which underscores the physiological significantdhese residues as donors to the heme when

Ccplods r educi'rEys. 23obtlsetmaimtexs,,is ur@yaitable.
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Table S3.6: O, and water exposure of the oxidizable residues in Ccpl

0, :
: Oxidation docking (Sl e H-bonding to Solvent g
Residue | b,c : waters b5 Zone
evel sites < 3 water exposed
5 Ad <5A
M119 H 1 yes 3
M163 M 0 W520 yes 4
M172 H 1 W605 yes 3
M230 H 0 yes 1
M231 H 0 yes 1
C128 H 3 W549, W656 yes 2
H6 ND 0 yes NA
H52 H 3 W640, W643, W1232 | yes 3
H60 ND 0 yes NA
H96 ND 1 yes NA
H175 H 0 W578, W605 yes 3
H181 ND 0 yes NA
W51 H 2 W640, W1232 yes 3
W57 H 0 W520 no yes 2a
W101 L 1 yes 2a
W126 H 2 W543, W547, W655 no 2a
w191 H 0 W578 yes 1
w211 H 1 yes 1
W223 H 1 yes 1
Y16 M 1 yes 2a
Y23 ND 0 W543 no NA
Y36 H (-1) 0 W517, W692 yes yes 2b
Y39 H(-1) 0 yes 2b
Y42 H (-1) 1 W517 no yes 2b
Y67 H (-1) 1 W552, W697, W698 yes yes 2a
Y71 H (-1) 1 W645 yes yes 2a
Y153 ND 1 yes 4
Y187 ND 1 yes NA
Y203 ND 0 W576 no 4
Y229 H/L(-1) 0 yes 1
Y236 L (-1) 1 yes 1
Y244 ND 0 partially 4
Y251 L 1 partially 4

#The 33 oxidizable residues in Ccpl (see Fiduteof the main text and Figure$)
®Theoxidation level of a given residue is classified as high (H1@0%), medium (M: 2@10%), low (L: 520%) or

not detectable (ND) based on the oxidation yields calculated using Eq. 4 of the main text.

¢ Oxidized residues incorporateeBloxygen atoms or & a hydrogen atom (Tabl&3) where indicated-1).

4 Number of Q docking sites and conserved internal waters within 5 A of the side chain of the indicated residue (see
Figure 3.6).

® H-bonding is assumed if an internal water oxygen atom and a edséderoatom are within 3 A.

" Solvent exposure based on accessibility of bulk water.

9 See electron donor zones in FigGt@ of the main text.
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Chapter 4: H,0,-induced posttranslational modifications convert cytochrome ¢

peroxidase into aH,O, sensor andheme donor in respiring yeast

4.1) Preface

The work presented in lapter 4corresponds to the following manuscript in preparation
Kathiresan M and English AM (2015).H,O.-induced posttranslational modifications
convert cytochrome c peroxidase into &,0, sensor andheme donor in respiring yeast
Target journalBiochemistry The production and interpretation of the data, and revision of the
manuscript was performed by mr. English contributed to discussion, data analysrijng,

editing and revisions of the paper
4.2) Abstract of the manuscript

Recently, we reported that yeast cytochrome c peroxidase (Ccpl) functions primarily as a
mitochondrial HO, sensor proteinand heme donor. Furthermore, since apoCcpl exits
mitochondria as D, levels rise in respiring cells, we questioned its role as a cataly@® H
scavenger. Our report on recombinant Ccpl overoxidation,®y i vitro suggests that heme
loss arises from oadation of critical residues, including the proximal iron ligand (H175). We
now report on the oxidative posttranslational modifications (PTMs) detected inedched
from fermenting and respiring cells using a M&sed proteomics ap@ch. MitochondrialCcpl

from 16 h and 30 largely fermenting cells is oxidized mainly at its methionines with average
sulfoxide (MetO) yields of10% and ~25%, respeuly. The dominant PTM after 3® growth

is 85% phosphorylation of Y153 at 6.8 A from the heme peripvenich may promote heme
loss. In contrast, pY158 not detected in Ccpl from @ mitochondria but the protein is

extensively oxidized, exhibiting significant MetO, TrpOH, TyrOH and HisO levels as well as
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~8% pY229. Notably, TyrOH formation substitutes the effectiveintracellular dityrosine
crosslinking induced in recombinant Ccpl by bolugOkl which indicates less aggressive
oxidation in mitochondria as confirmed by addingCr stepwise to the recombinant protein.
Extramitochondrial Ccpl from d celk is unphosphorylated and remarkably less modified
except for 85% oxidation of H175, which triggers heme loss and mitochondrial eXpsidues

oxidized in fermenting and respiring cefienerallyoverlap those oxidizenh vitro by 1 and 10

Meqof HO,,r especti vely, verifying that -@Gedat2ds o0xi

overoxidation by HO,, which underlies its main physiological functions
4.3) Introduction

Reactive oxygen species (ROS), including the superoxide radical an'uém €dd its
metabolites, hydrogen peroxide ,B4) and the hydroxyl radical’l(DH), are continuously
produced in cells as byroducts of aerobic metabolis(d89) Theseby-products carimpair
numerous biological processes through alteration of protein conform@®®) disruption of
enzymatic function(189) and DNA mutation(189, 190) Because mitochondria are major sites
of ROS generatiof62), they are highly enricheith antioxidant enzymes that in yeast include the
heme enzyme cytochrome c peroxidase (Ccpl) located in the mitochondrial intermembrane
space (IMS). Over seven decade@ofitro research has defined Ccpl as an efficient peroxidase
thatcouples the fasto-electronreduction of HO, using electrons provided by its physiological

partner cytochrome c (Cyc}7, 42)

Cepl" +H,0,Y Cp d“,wWiB1e}+ 2 HO (Eq. 1)
Cpdi(Fe", W19T }+Cyc1'Y Cp d V)+ CEE (Eq. 2)
Cpdli(Fé¥) + Cycl" +2H'Y Cd"p Cycl" + H,0 (Eq. 3)
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Ferric Ccp!' reacts with HO, (Eq. 1) to form compound | (Cpdiyith a ferryl (F&') heme and
a cationic indole radical localized on W181The latter is reduced b@ycl' to compound II

(CpdIl) (Eq. 2 and its F& heme is subsequently reduced by a se&@ydd" (Eq. 3.

It has long been known th@cpl accumulates as the hefree, (apo) form in fermenting
yeast grown under anaerobic conditions but rapidly converts to thelbades holoform upon
oxygen exposurg60, 61) Thus, Ccpl was viewed as a frontline defense that catalytically
removed HO, in the IMS produced when cells switched to aerobic respirdi8n 191) For
Ccpl to funcn as a catalytic scavenger ob®4, its reducing substrate, Cygimust be
available to supply electronsiowever,apoCycl synthesis as well as its conversion to the
holoprotein is coupled to heme synthesis and is under glucose reprggsi@®, 192) Thus,
whenheme appears, apoCcpl must be among the first recipients, but the limited availability of
Cycl results in holoCcpl overoxidation by®4, which converts it into a #D, sensor protein
(50, 118) Not a b |l y, OLsernsidgfsignalihy function is independent of its peroxidase
activity (Egs. 13) since genetic studies have shown that fermenting yeast producing Ccpl or its
W191F variant with negligible CCP activit§l17) respond to exogenous,®, challenge by
activating the transcriptional regulator, Sk{b4). Work in our group has further demonstrated
that Ccpl or Ccp¥*®*F signaling in response tendogenou$i,O, produced in respiring yeast
increases the activity of the peroxisomal/mitochondrial catalase A ((381)118) whereas
exogenousH,O, challenge of fermenting cells increases peroxiredoxin and cytosolic Cttl

catalase activity50, 63)since Ctal expression is repressed by glu(asel92)

Hence, mounting evidence defines Ccpl as a mitochondsd4 sensor and signaling
protein. We previously explored how Ccpl sensing/signaling increases Ctal activity and found

that the spike in kD, as cells begin to respire overoxidizes Ccpl as evidenced by conversion of
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its proximal Fe ligand (H175) to oxustidine (HisO). This weakens the heipelypeptide

interaction and converts Ccpl into a heme donor that transfers its heme directly or indirectly to
mitochondrial apoCtal, which emerges as glucose is cons(ih8yl To gain further insight at

the molecular level into the mechanism of heme labilization and in gartithe roles of its

numerous oxidizable residues (FigurdA) (193) we characterized overoxidized recombinant

Ccpl in detail using higperformance LEMS/MS(194) St r i ki ngl y, i n keeping
as a heme donor, its heme mediates the oxidation of 24 different residbegprotein by 10 M

eg of O, without undergoing irreversible oxidatigh94).

Based on our characterization of the stable oxidation products generated by repeated
HOxi ni ti ated radical transfer (RT) fresidoest he h
into four main zones (Figure 4.14)94). Different RT pathways from the heme direct oxidizing
equivalents into each zone. For example, the preferred RT pathway via W191 operative in Cpdl
formation (Eq. 1)(117) results in oxidation of residues in zone 1 including M230/M231 that
promote RT to W191. Oxidation of these methionines turns on RT from the herope® 2a
likely via W52 and 2bvia M119 and finallyto the activesite residues inane 3, which kuts
down heterolytic cleavage of ,B, at the heme after the reduction of ~10 M E®4)
Interestingly, negligible RT from the heme torne 4was observed in recombinant C¢pa4)
despite the abundae of oxidizable residues in this zone (Figure 1A). Following characterization
of Ccpl6s o xnivira e questioned ibthei oveeoxidized protekperienced the
samemodifications in the cell or if a common posttranslational modificationMP3uch as
phosphorylation alters RT pathways from the heme and/or if radical repamtragellular
antioxidants such as glutathio@®SH) competes with formation of some of the stable oxidation

products seem vitro.
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YANDQDKFFK DFSKAFEKLL ENGITFPKDA PSPFIFKTLE EQGL 294
Figure 4.1. Oxidizable residuesi n Ccpl and their | ocati on A)RYMOLhe pr ot e

generated cartoon of Ccpl (PDB 1ZBY) showing its 33 oxidizable residues (W, blue; Y, green; H, orange; M, grey;
C, magenta). Zones4 identified in HO,-oxidized recombinant Ccp{l94). Residues irzone 1(blue) are oxidized

by RT from the heme via W191. M230/M231 oxidation turns on RT from the hemen&s 2aand2b (pink) and

then tozone 3(green)at higher levels of bD,, when activesite residues are oxidized. No oxidized residaes

found inzone 4(yellow) in recombinant Ccp1l treated with®} (194). (B) Tryptic peptides T4T34 predicted for

Ccpl in blocks of 10 residues with the cleavage skesR( in bold font and the oxidizable resdiuesbine font.

Solventexposed oxidizable residues araderlined in both panel3able 1 lists tryptic peptides not covered in

MS/MS analysidor Ccp1l isolated frongeast cells.
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Hence, in this study we map the oxidative PTMs in Ccpl from yeast cultures at three
different time points. e protein was enriched from I6exponentially growing fermenting
yeast, 30 h cells entering aerobic respii@i, and in 7d stationaryphase respiring cells.
Mitochondriafree as well as mitochondrenrichel extracts were examiddrom 7d cells since
at this stage a large fraction of Ccpl has exited the mitochofidi&®. Ccpl exhibits very
different PTM profiles, including phosphotyrosine (pY) levels, in fermenting vs statiqiase
yeast and in mitochondrial vs extramitochondrial extracts. Comparing its gdaptndent
PTMs with the oxidative modifications induced by bolus and stepwise additiop@f dénfirms
that Ccpl is overoxidized by,B, in respiring mitochondria. Nonetheless, the comparison
highlights the more efficient labilization of hen@ vivo, which appears to bergmoted by
strategic pY formation, a PTM known to be redox sens{fl@b). Overall, our results reveal that
PTMs have a direct bearing on Ccplds cell ul al

H»0O; signaling role.

4.4) Materials and Methods

4.4.1)Materials

Proteins were obtained from the followi suppliers: bovineatalase (f§ma Aldrich),
sequencing grade modifietlypsin (Promega) and thrombin (EMD MilliporelRecombinant
Ccpl with MI at positions2/-1 of the mature proteiwas prepareds described previously
(118). Suppliers of (bicghemicals were as follow€oomassie (MP Biomedicalsy;7x25 mm
HiTrap Q anionexchange columnGE Healthcare)C18 Zip tips (EMD Millipore),hydrogen
peroxide 30% (Fisher Scientific); acetonitrile (HPLC grade), diethylenetriap@ntacetic acid
(DTPA) (Sigma Aldrich); yeast extract, peptone, microbiology grade agar, gad@&mshop);

glucose (Fisher Scientific). The antibodies used for Western blotting wadbit antiCcpl
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serumkindly provided by Professor David Goodin (University of California, Davis); mouse anti
porin @b110326 Abcaim HRP-conjugated secondary antibesl (oat antirabbit, goat anti

mouse, Biorad).
4.4.2)Yeast strain, media and growth conditions.

TheS. cerevisiaB Y4741 strain (Mat a; his3mpl; | eu 2«
from the Europea. cerevisiaérchive for Functional AnalysiSEUROSCARF), was grown in
YPD liquid medium (1% yeast extract, 2% peptone and 2% glucose) at a riediask ratio
of 1:5. The cultures at an initial Qg of 0.01 were incubated at 30°C with shaking at 225 rpm.
After 72 h, the spent YPD medium was regd with 0.85% NaCl solution (w/v) to switch cells

to stationary phas@ 96)
4.4.3)Subcellular fractionation of the yeast lysates.

Denucleated (S2), mitochondwriched (P10) and mitochondw@pleted (S10)
subcellular fractions were isolated from yeast as described previ@sly18) Briefly, cells
weregrown in 500 mL of YYD medium forl dand7 dat 30C as deschbed above, harvested at
2000xg and washed twice with aqueous 0.85% NaCl. The cell pellets were resuspended in 50
mL of prewarmed 100 mM Trigd,SO, (pH 9.4) with 10 mM DTT, incubated for 10 mat 30
°C and 80 rpm, harvested a®0@0xy, washed twice with 20 mL of 10 mM KPi (pH 7.4)
containing 1.2 M sorbitol, and treated with 12 mg of mlyase 20T/g of wet cells at 3D.
Spheroplast formation was monitored by light microscopy and was complete 1t h
incubation at 30 °C with gentle agitation. The resulting spheroplasts were washed twice with 20
mL of the same buffer and resuspended in 20 mL of 10 mM Tris (pH 7.4) containing 0.6 M

sorbitol, 1 mM EDTA, 1 mM PMSF and Compl&feprotease inhibitor cocktail. Spheroplasts at
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4°C were disrupted by 15 strokes of a gids$flon homogaizer, the homogenates were
centrifuged at @00 x g and the supernatants, which correspond to the denucleated lysates (S2
fractions), were collected. THg2 fractionswere further centrifuged at @00 x g for 15 rm at

4°C, and the mitochondHaepleted supernatants (S10 fractions) were separated the
mitochondriaenriched pellets (P10 fractions). Fractions were probed with atiteporin
antibody andthe P10 and S10 extracts were found to be highly enriched and depleted in

mitochondria, respectivel{118)

4.4.4) Enrichment by anion-exchange of Ccpl from the P10 and S10 extracts and

immunodot blotting analysis.

Mitochondriaenriched P10 and mitochondffiee S10 extracts from 5080L cultures of
16 h, 30 h and @ cellswere dialyzed against 20 mM KPi/100 uM DTPA (pH 6.1) overnight and
centrifuged at 14000xg for 1@in. The supernatants (615mg total protein) were applied to a
7x25 mmHiTrap Q aniorexchange column equilibratedtivithe same buffer and attachedato
AKTApurifier 10 (GE Healthcare). Proteins were eluted from the colusing a linear &4 M
NaCl gradient over 25 min at a flow rate of 2.0 mL/nfiiL fractions were collected and 15
uL of each was dot blotted ontonaethanolsoaked PVDF membrarand allowed to dry for 10
min at room temperature. The membrane was blocked for 1 h in TBST (50 mM Tris, 150 mM
NaCl and 0.05% Tween 20 v/v, pH 7.6) containing 5% skimmed milk (w/v), and incubated with
rabbit antiCcpl antibog (dilution 1:10,000) in 1% milk/TBST overnight at 4° C. After washing
with TBST, the membrane was incubated for 1 h with the goatraiit secondary antibody
(dilution 1:10,000) in 1% milk/TBST. Ccpdontaining fractions were detected by
chemiluminescece using an ECL kit (Thermo Fisher Scientific) and the membrane was scanned

on the Alphalmager (ProteinSimple) with an exposure time of 30 s.
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4.4.5)SDSPAGE of anion-exchange fractions and irgel Ccpl digestion.

The aniorexchange fractions containingc@l were further decomplexified by 1D SDS
PAGE under reducing conditions on 6% stacking and 12% resolving 8 cm x 5.8 cm x 1 mm gels.
After 1 h electrophoresis at 150 V, the gels were Coomassie stained, slices were dowised
the entire length of the getlestained in a solution of 50% acetonitrile in 25 mM aqueous
ammonium bicarbonate (pH 8.0), reduced with 10 mM DTT for 30 min aC5&nt alkylated
with 55 mM iodoacetamide for 30 min in the dark at room temperature. The gel slices were
incubated overnigt with1 2 . 5 tnygsin @tl37°C and the peptides were extracted with 5%

formic acid in 50%@aqueouscetonitrile.

4.4.6)LC-MS/MS of the PTMs in the tryptic peptides of Ccpl.

The tryptic peptides were desalted on C18
homemade reversegtthase C18 capillary column (100 &m
agueous acetonitrile/0.1% formic acid and attached to a NanoLC -(E&syl, Thermo
Scientific). Peptides were eluted at a flow rate of 200 nL/min into the nanoESI source of an LTQ
Orbitrap Velos mass spectrometer (Thermo Scientific) usirigPd% acetonitrile gradient and
analyzed in fullscan mode (m/z 35@000) in the Orbitrap highesolution mass analyzer
(R=60,000 at m/z 400). Other instrumental parameters were: electrospray voltage 3 kV, CID
collision energy 35 V and heated capillary temperature 200 °C. Precursor peptide ions were
selected in MS1 using a mass exclusion thresholdgbpgin and fragmented in the LTQ at a
collisionenergy of 33%/. MS2 fragments with an intensity <co
mass tolerance of 0.8 u wusing Proteome Disco\
Sequest sear ch exfgiha exidaive mbdificateoss disted in Table S1 plus

cysteine alkylatiorby iodoacetamide (+57 uPynamic exclusion was enabled with a repeat
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count of 1, a repeat duration of 30 s and an excluded list size of 500. Sequest correlates the MS2
spectrawith peptide sequences in the Ccpl Fasta file downloaded from the NCBI website

(ftp://ftp.ncbi.nim.nih.govy . Al s o, Sequestbds XCorr (>2) and

were implemented for confidentpeptl e i de (I87) ycat i on

4.4.7)Semiquantitation of residueoxidation.

Labelree semiquantitation was performed at the M&El as described previously
(138). Briefly, peptide ion intensity is expressed as the integrated peakPakeaxtracted whin
a 10 ppm window from the mass chromatogram of the tryptic digest. The yield of an oxidized

form of a residueX,y) identified by MS/MS is given hy

b&d ———— Eq.4

The numerator sums th®As of all peptides containing.x (PA.x) and the denominator sums the

PAs of all peptides containing any form of resicde

4.4.8)Stepwise oxidation of recombinant Ccpl with HO-.

A 5 ¢eM Ccpl stock solution was prepared in 20 mM KPi pH 7.5 with dRIODTPA
(KPi/DTPA). Aliquots (1uM) of H,O, in the same buffer was added every 10 min to Ccpl at
room temperature to give samples with a final Ccpl concentration of 1 pM angDa H
concentration of 1, 5 or 10 uM. DTPA was present in all samples to inhibit catalysi©ebH
O,oxidaton of Ccplds residues by tr talase (OmheM)wds | mpu
routinely added although J@, was not detected by the HRP/ABTS asgE36) in the samples

following incubation at room temperature for 100 min.
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4.5) Results

4.5.1)Ccpl isolated from 16 h or 3(h cells shows little oxidation.

Immunodot blotting with artCcplantibody of P10 extracts from I6cells shows that
Ccpl eluted from the anieexchange column mainly in fractions F8 and F9 (FigLzé,B). No
Ccpl was detected in the S10 extracts (FiguzB), which supports the mitochondrial location
of Ccpl in exponentially growing cell§8, 118) Ccplcontaining fractions were further
decomplexified by reducing 1D SEFAGE as shown in the representative gel cFB4rom the
P10 extract (Figurd.2C). The entire F8 and F9 lanes were cut into 2x2 mm gel slices since
PTMs may alter the migration of Ccpl in the gel. Howevdlpiiong in-gel digestion and LC
MS analysis, Ccpl was identified with high confidence @iti0 % s e qu e nforathecover a
MS1 spectra of the tryptic peptides isolated fram si ngl e sl i ce that bracl
molecular weight of ~34 kDa (Tab#el, Figure4.2C). This reveals the absence of any higgss
modification such as covalent dimerization of the prot8gguence coverage from independent
samplesvas routinely65-85% (Table4.1), with the lower values being typically for Ccpl from
16 hfermenting cells and higher values 80 hand 7 d respiring cells, which express more

Ccpl(48).
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Table 4.1: LC-MS analysis of Ccpl peptides fromi6 h, 30 hand 7 d P10 and S10 extract8

Time point 16 h P10 24 h P10 7d P10 7d S10
Score” 71.15 91.53 122.55 168.88

% sequence coveragé | 68.9 + 8.3 83.0+8.1 75.14 £ 8.2 83.38+£8.3
% sequence coverage | 72.7 84.8 90.9 93.9

of oxidizableresidues

Unique peptides® 16 20 38 40

Tryptic peptides not T13T14,T19, T22 | T22-T24,T31 |T22,T29T32, | T14-T15,
covered® T24,T30T31, T34 T34 T30-T31

& Ccpl from mitochondrial (P10) and extramitochondrial (S10) fractions were extracted from three independent
cultures at each indicated time point, fractionated by anion exchange chromatography aRAGRSngel
digested with trypsin and analyzed byilMS/MS. This table provides representative results from three cultures.

® The score calculated by the Proteome Discoverer software is the probability that the identified protein is a correct
match based on a comparison of its experimental and theoretical MS / MS spectra. Scores were in the fiange of 69
169 for the three indepenateexperiments.

¢ The % sequence coverage corresponds to the number of residues in all the Ccpl peptides detected by MS divided
by 293 residues in yeast Ccpl. Sequence coverage was in the range94%.68r the three independent
experiments.

d Unique petides are those present in Ccpl only and absent from all other proteins in the NCBI yeast database
(ftp://ftp.ncbi.nim.nih.gov /).

e Ccpl tryptic peptides not covered in IMS/MS analysisMap of Ccpl tryptic peptides found in Figure 4.1A.
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Figure 4.2. Purification of Ccpl from 16 h yeast cells.(A) Chromdogram of a P10 extract from 16
mitochondria. Extract (1 mL) in 20 mM KPi/100 uM DTPA (pH 6.1) containing 0.5 mg of total protein was loaded
onto the HighTrap Q anieexchange column, aneluted witha linear0-1 M NaCl gradient at a flow rate of 1
mL/min and detected at 280 and 408 r{B) Representative an€cpl immunodot blots of the ani@xchange
fractions of P10 mitochondrial and S10 extitochondrial extracts from I6cells. Most of the Ccpgiresent in P10

was eluted irffractions F8 and F9 (red boxes) and no Ccpl was detected ii(§IReducing SDSPAGE analysis
of25¢e L al i qu ot BAFDfrom the PAGextiad im panel B. Lanes F8 and F9 were cut into 2x2 mm slices
and the proteins subjected togdel tryptic digestion and L®IS analysis. Tabld.1 summarizes the L-®S results

and the bands boxed in red give the highest score and Ccpl ceqoeprage. The gel shown is representative of

those obtained for P10 extracts from three independent cultures.

Usingthe filters in Table &.1, thepeptides from trypsinized Ccpl identifiedsed on their
monoisotopicm/z values are listed in Table42. The frequency of a residue maodification
identified by MS/MS is based on relative abundance of the peptide(s) bearimgotifeed
residue (Eq. 4). Four of fivmethioninegM163, M172, M230, M231)n Ccpl isolated from 16

h mitochondrial P10 extractere ~320% oxidized to the sulfoxide (MetO; +16 u) (Figur8).
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