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Abstract

Maturation of heme antioxidant enzymes and their response to miconazole $accharomyces

cerevisiae

Alan de Aguiar Lopes, PhD
Concordia Univerdty, 2022

Intracellularheme trafficking is important for caleéspiration, antioxidant defea, and ergosterol
biosynthesisn yeast butinformation about this processlacking.In Saccharomyces cerevisjae
heme production ends wyth Fe' insertion in protoporphyriiX by ferrochelatase (FBE) butno
hemeacceptordrom FECHhave been idrtified. Mitochondrial ¢ztochrome c peroxidase (Ccpl)
is sucha candidatedue to its heméndependent synthesis ameportedinvolvement in heme
trafficking. However, FECH and Ccreseparated btheinner mitochondriaimembraneso this
thesis examineBet9 awell-characterizedDP/ATP transporteand a putative hemerrier, asa
candidateo deliver hemerom FECH to Ccplin Chapter 2, potential tools for this study were
characteried including hem1%p S cerevisiaecells, which were shown to be devoid of FECH
activity. Commercial ells homologouslyexpressindN-terminally GSFtagged proteinalso were
examinedo probetheir applicabilityfor GST pull-down assas; butcleavagef the fusion proteins
negates thewmse Chapter 3 reports on th€ C-MS/MS analysis of GSpull-downs ofsolubleand
membrae proteinsfrom S. cerevisiaefollowing the addition of exogenously express€aST-
apoCcpl baito differentamouns of cell lysate Screeningthe pull-downs at d.:5 baitprey ratio
from lysates containin@.6% Noctylglucosideidentified 123 mitochondrial proteinas Ccpi
spedfic interactorsincludingFECHandPet9 ComputemodellingpredictsthatCcpl-Pet3FECH
complexation is driven byelectrostatic complementarityFurther computer modellingn
Chapter 4 showshow Ccpl maturatiotikely controk its associatiorwith Pet9andhenceheme

channeling withinthe Ccp1Pet3FECH complex More specifically,neme transfefrom Pet9 to

Ccpli s possibly synchronized with the second



sequenceThe outcomesof both Chapters3 and 4suggesthat FECH, Pet9 andCcplform a
functionalcomplexfor hemetransfer.

Hemeis an essentiadoenzymeor the ergosterobathwayin S. cerevisiae To probe links
between heme and ergosterol biosynthesi€hapter 5 the S. cerevisiagoroteomewas analyzed
by LC-MS/MS after cells were challenged with sublethal dose ahiconazolea known Ergll
inhibitor. Proteinsof 20 biochemical pathwayseere altered including ergosterol and heme
biosynthesis Overall, this thesis supporta role for Ccplas a @Afr ont Ihemee o
trafficking from FECHandsheds light oithe importance of heme theadaptive responsef yeast
to miconazole The resuk suggest future investigations ¢tarify pathwaysand mechanisms of

heme traffickingand howthese, andheme productiorcould betargetedo potentiateantifungals.
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Chapter 1: Generalintroduction

1.1.Heme: chemical and biological characteristics

Heme is a prosthetic group involved in many biological processes such as transgription
cell respiratiod, and antioxidant defendeChemically, heme b or iron protoporphyriX is
composed of four pyrrole rings, two vinyl groups, four methyl groups, two propionate groups and
a central iron iort.Heme has been characterized as a metallonutrient due to the presence of its iron.
This metal and the propionate grotgs/e heme b transitiemetal like and ngatively charged
hydrophilic characteristics plus a neutral hydrophobic core ring when the iron is in the ferfgus (Fe
form (Figurel.l). These chemical features determine how Heiméransported in the cell.

Other hemessuch as heme o, heme a, anthbec,are produced from heme Beme o
contains a 1-hydroxyethylfarnesyl moiety, which substitutes for the vinyl group in pyrrole ring A
of heme b, and heme a is produced from heme o by heme a synthase that converts the methyl group
of pyrrole ring D to aformyl group® Key proteins containing heme o and heme a are the
cytochrome baompleX and cytochrome c oxidase (complex V), respectiféfieme ¢ has two
vinyl groups that are covalently bound to two cysteine sulfhydryl residueypéacytochraes?

The biological roles of heme proteins extend from cell respiration, antioxidant defence, and
transcription to cell signalling and sensing. Many of these functions involve the redox activity of
the proteirbound heme while free heme is toxic to cells. For exanfptegus F€') heme can
promote the production of reactive oxygen species (ROS)heig=enton reactiol. Also, the
intermediates of heme biosynthesis can be harmful, resulting in porphyria in humans, which is
caused by a partial deficiency in heme biosynthetic enzyim&be accumulation of heme
intermediates further provokes neurovisceral attacks, skin lesions, and liver cancer. Thus, due to
the prejudicial effects of heme and its intermediates, ttasport within cells is tightly controlled
by mechanisms that are gty characterizedIn contrast,we know much more about heme
transport in and out @ahecellsof bacteria, fungiandmetazoange.g,humars andCaenorhabditis
elegan}, %1214 These studies demonstrate thame is a mobile ligand, and this mobility has

relevance for intecompartmental communication, stress adaptation, and nutrition.



Heme a Heme o Heme b Heme ¢

Figure 1.1. The chemical structure of heme a, b, ¢, and 0. The labelling of the pyrrole rings is shown for heme b.
Structures from PubChenhtfps://pubchem.ncbi.nim.nih.gg\dccessed 12 October 202Gyere redrawn here using

ACD/ChemSketch Version 2020.1.2. The PubChem Compound ID numbers are as follows: heme a (126456446),
heme o0 (15719509), heme b (4973), and heme ¢ (5135165

1.2.Heme trafficking
The patrticipation of heme as a mobile signalling molecule has been the subject of many recent
reports These studielsaveadvanced our understanding of how heme is imported and exported by
the cell, and of heme trafficking vain the cell*28Intracellular heme is not always tightly bound
to proteins such as globins and cytochromes, it is also trafficked by prdt€ightly bound heme
in proteins and enzymes that require it for their function is calbedtitutive heme while heme
that binds less tightly to signalling proteins is considered labile hémrafficking of labile heme
is a tightly controlled process and must involve specific prgiedtein interactions becauséthe
toxicity of free heme within celld Control by heme extends to the genetic level since heme
concentrations regulate the expression of the heme activator protein:Héafp1 is necessary
for the expression of aerobic genesSaccharomyces cerevisiaad the regulation of Rox1, a
hemedependent repressor of hypoxic getf°

A search for proteins responsible for heme importation and exportation hasideetaken
for different organisms. I8taghylococcus aureysieme uptake involves the iroegulated surface
determinant (Isd) systefd,?? which is composed of at least nine proteins. IsdA, IsdB, and IsdC
are necessary for transferring heme from red blood cells to the bacterfdllcathammals, the

ADP/ATP transporteABCG2 participates in heme export from red blood é&ffsto serum
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albuminZ Another marmalian proteirimplicatedin heme trafficking is the feline leukemia virus
subgroup C receptor (FLVCR1). FLVCRb has been described as a mitochondrial heme
transporte?® while FLVCRa is reportedly responsible for heme export from &&fis.

Caenohabditis elegansa heme auxotroph, has two proteins termed h@s@onsive
genesl and 4 (Hrgl and Hrg4) that are responsible for importing heme and maintaining heme
homeostasis, respectivef§/Hrg4 is located in the membrane of gut £l while Hrg1 is limited
to lysosomes and endosomes similar to its human homolog, which is also called Hegie
transport through Hrg1 and Hrg4 is mediated by conserved residues looatizeid exoplasmatic,
cytoplasmic, and transmembrane regitts. elegans$irgl interacts with heme via His92, His135
and the FARKY motif ints C-terminus, and Hrg4 carries heme bound to His108, Tyr58eh
asa FARKY motif?° In mammals and zebrafish, Hrg1l is essential for hemef/iron recyaliigh
occurs during the phagocytosis of senescent erythrocytes mediated by macrdphages.

Studies orheme traffickinghaveprovided some information on the levels of labile heme in
cells!’32For exampleS. cerevisiaeellscontain 20 nM labile heme in the cytosol and <2.5 nM in
the mitochondria and nucleds. Furthermore, glyceraldehy@phosphate dehydrogenase
(GAPDH) reportedly buffers the labile heme concentration in the cytosol and mitochondria of yeast
cells, as well as transporg hemeto Hap13® GAPDH also has been identified as a heme donor to
inducible nitric oxide synthase (iINOS) in mammalian c&liSther proteinsmay contribute to
intracellular heme buffering® an example beinthe fatty acid binding protein (FABP) from rat
liver. Its Kq (0.15 pM)for hemesurpasses its affinity for other organic molecules such as oleic
acid, bilirubin, and porphyrin® plusit binds both ferd and ferronemé&® Two athermammalian
proteins,hemebinding proteirl (p22HBP/HEBP1) and peroxiredoxin (HBP23/PRDXals0
exhibit heme K values 26 nM and 55 nM, respectivef}*® higher than thosdound for
constitutiveheme proteinsso they could function iheme buffering

Heme trafficking in eukaryotic cells is promoted by interaction between mitochondria and the
endoplasmic reticulum (ER). This provides a pathway to transport heme to different cell
compartments including the deus, lysosomes, and secretory pathifdy.S. cerevisiagthe ER
mitochondria encounter structure (ERME®)is composed of four proteins: Mdm12, Mmm1,
Mdm34, and Mdm1@° and it also participates in iron homeostasis and tipidsfer**> Heme is
trafficked todifferent parts of the cell simultaneouslyt heme transport from mitochondria to the
nucleus is reported to be 25% faster than to the cytd&RMES has an additional role in heme
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trafficking between mitdeondria and the nucled®which is regulated directly and indirectly by
GTPases such as Geml and Mgmi, respectiveiynd negatively regulated by ALAS -(5
aminolevulinic acid synthaséj.In sum, heme is a signalling molecule that is tightly regulated
because of its toxic effe¢tand ERmitochondria interaction hastens its delivery to its receptors

throughout the cell.

1.2.1.Heme biosynthesis and ferrochelatase (FECH)

Hemeis synhesizedin mosteukaryotes and prokaryotaggluding archaeaacterig** as heme is

an essential prosthetic group for many proteBwmne bacteria produce not only heme but also
hemelike structures such asopropaphyrin Ill in Propionibacterium spf>4® Animals, plants,
fungi, and bacteria except archaeaaisonserved biosynthetic pathway to produce h&hkeme
biosynthesis is an eigistep pathway that finalizes with the insertiorFef into the centre of the
porphyrin ring (Figurel.2)1° The initial and last three reactionscurin the mitochondria, and the
four intermediate reactions take place in the cyt&sBasically, heme biosynthesis candieided

into three main stages: (a) condensation of eight molecules of glycine and s@myb eight
molecules of Eaminolevulinic acid (ALA) catalyzed by ALASHem1),(b) synthesis and closure
of the porphyrin ring catalyzed lwoporphyrinogesill synthase (UROS/Hem4and (c) addition

of the peripheral vinyl and propionate groups befort iRsertion into the centref the ring
catalyzed by ferrochelatase (FEGt#m19. Heme production ends up in the matrix where heme
trafficking begins.

Control of hemesynthesiss necessary because heme and its intermediates such as ALA
can be toxid%*’ In fact, four enzymes ALAS, CPOX, PPOX, and FEGFigurel.2) tightly
regulatethe heme biosynthetic pathway. Interestingly, these proteins are all preséhée in
mitochondria, which underlines the importance of this organelle in heme production. Heme affects
ALAS at the transcriptional level via negative feedbdchndthe Oz concentration contrelthe
oxidase activity of CPOX and PP

The last protein of the pathway, FECH, is a homodimer and each mononzemmdesculamass
of 40 kDa*®*°|t is anchored on the matrix site of the inner membrane by amphipathic Klices,
and it receives protoporphyriX from PPOX at the inner membratfdn S. cerevisiaginteraction
between FECH and frataxin (Yfhl) is necessary for iron delivery to protoporghytirvia

formation of a sittingatop complex? and FECH is poorly expressedyifnlgpp cel | s because
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Mitochondria heme @ - heme o

ferrochelatase protoporphyrinogen < o

heme c \ (FECH, HEM15 oxidase (PPOX, HEM14 :

8 glycine + 8 succinyl-CoA heme b T protoporphyrin X T protoporphyrinogen 1X i
5-aminolevulinate (1)| Heme b (6) coproporphyrinogen

synthase (ALAS, HEM1 oxidase (CPOX, HEM13

coproporphyrinogen |ll

8 5-aminolevulinate
5-aminolevulinate (5) uroporphyrinogen
dehydratase (ALAD, HEM2) (2) decarboxylase (UROD, HEM12)
(3) (4)
4 porphobilinogen — =) hydroxymethylbilane =P yroporphyrinogen li|
hydroxymethylbilane uroporphyrinogen Il \
deaminase (HMBD, HEM3) synthase (URQS, HEM4) siroheme

Cytosol

Figure 1.2.The heme biosynthetic pathway. Heme production ineéight steps, half occur in the mitochondria and
half in the cytosol. (1) The condensation of eight molecules of glycine and suCaAytio give eight molecules of 5
aminolevulinic acid (ALA) catalyzed by-&8minolevulinic synthase (ALAS, HEM1). (2) Therdensation of 2 x 4
ALA to generate 4 porphobilinogen catalyzed barbinolevulinic dehydratase (ALAD, HEM2). (3) Formation of the
linear tetrapyrrole, hydroxymethylbilane, catalyzed by hydroxymethylbilane deaminase (HMBD, HEM3). (4)
Cyclization to give atetrapyrrole ring, uroporphyrinogen lll, catalyzed by uroporphyrinogen Il synthase
(UROS/HEMA4). Uroporphyrinogehil also is a substrate for heme b or siroheme synthesis. (5) Decarboxylation of the
acetyl groups to methyl groups catalyzed by uroporpbgem decarboxylase (UROD, HEM12) gives
coproporphyrinogetil, which is carried into mitochondria by an unknown transporter. Vinyl groups are added at
pyrrole rings A and B by decarboxylation and oxidation of two propionate groups catalyzed by copropogeimyr
oxidase (CPOX, HEM13) to produce protoporphyrinof¢€in the mitochondrial intermembrane space (IMS). (7)
Oxidation of protoporphyrinogefX to protoporphyriniX by protoporphyrinogen oxidase (PPOX, HEM14) produces
protoporphyriniX. (8) Insertionof Fé' into the centre of the protoporphyrin ring catalyzed by ferrochelatase (FECH,
HEM15) yields heme b. Heme biosynthesis is regulated by heme degiels, and the four enzymes (which are all
mitochondrial) involved in controlling the pathway are erohed. High heme levels negatively regulate HEM1
transcriptior” and Q levels modulate the oxidase activity of CPOX and PP&XThis image was produced based

on the literaturé:%:10.16,39,44.47

transcriptional repression of tH¢EM15 gene>® When phosphorylated, fungal and mammalian
FECHSs remove iron from hertfe’® to combat accumulation of excess available heme in thefce

After heme is synthesized, its four intracellular destinations éa:mitochondrial matrix; (b)
respiratory complexes; (c) cytochromes in the intermembrane space (IMS); and (d) outside the
mitochondria. However, it is still unclear what proteins are involved in delivering heme from FECH

to these destinations.



1.2.2.Physiological functions of cytochrome c peroxidase (Ccpl)

Ccpl is a 3«Da monomericprotein located in the IM&. 1t is a highly efficient peroxidase that
rapidly convertsH,O2 to two H,O moleculeswith the uptake otwo H'.>’ The catalytic cycle
involves binding of HO; to the F&' heme, whichbecomeswo-electron oxidized to compound |
(Cpdl, Egl.1) with a F&¢=0 heme and a cation radical on resit&91 close tathe heme.
Reduction of the Fé&=0 and W191' by two moleculesof ferricytochrome ¢ (Cyc1, Eq1.2 and
1.3) reforms the restinge" enzyme. W191 is essential in the peroxidase activity of Ccpl with
Cycl" as a substrate since in the W191F variant the reduction stegs2(Eod 1.3) are
inhibited > The catalytic cycle of Ccp1l is characterized by the following reactions:

Cepl"+ H,0,Y CpdV, WloEB + H.0 (Eq. 1.1)
Cpdl (F&, W19T) + Cycl' + H*Y Cp d V) + Cyclt'e (Eq. 1.2)
Cpdil (F&V) + Cycl' + H'Y Cd"p Cycl" + H.0 (Eq. 1.3)

A prevailing view was that becau€eplis a highly efficient peroxidasd, protects the electron
transport chain from respiratiaterived HO.. However , our group has
extend beyond itperoxidase activity in yeast since it participates #d+sensing, signalling and
hemetrafficking.52%2 As a hemebased HO. and peroxynitrite (ONOQ) sensof?®3 Ccpl helps

control levels of ROS and reactive nitrogen species (RNS) in the cell. Its signalling function also

extends tats interaction in the nucleus with Skn7/Pos9, anscription factor, to promote the
expression of antioxidamgiene<*°

Ccpl is additionally involved in heme trafficking since we have shown that its heme is
recruited for the maturation of catalase A (Ctaljeispiring cell$2 We hypothesizentat Ccplis
a fifrontlined heme acceptosinceit is present in the IMS in the apo, heifinee, form under
anaerobicconditions when heme biosynthesis is inhibited in yeast ®elisimature Ccpl
(preCcpl) is nucleaencoded and produced in the cytosol with atefninal mitochondrial
targeting sequence (MT%)composed of 68 residues with two protease cleavitgggf$One site
is within an alanine stretch sequertbat is cleaved bthe mAAA protease between A29 and A30

to givetheintermediate form of Ccpl (iCcpIlhe rhomboid proteadecpl cleavekCcplbetween
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S67 and T68 to give the mature polypepfiti€urthermore, 8me regulates Ccpl processing
because hemeaded preCcpl is not imported into mitochondsiandergoproteolysis’®

1.2.3.Pet9 (AAC?2) structure, cardiolipin binding, and ADP/ATP transport
Direct heme trafficking between FECH and Ccpl is unlikely since these proteins are located in the
mitochondrial matrix and IMS, respectiveRr’ This suggests the involvement of a third protein
that mediagds heme transfer between FECH and Ccpl. Many carriers may participate in heme
transfer across membranes, including AB&hsporters such as ABCG2, FLVCRb (Sectidn2),
and PRMC1 (progestene receptor membrane compongntwhich has a role in heme transfer
from FECH to apocytochrome; Im mammalian cell$? Thus, a transmembrane transporter may
deliver heme fsm FECH to client protes
A candidate conduit of heme from FECH to Ccpl is the ADP/ATP carrier, Pet9 (XAC2).
This 3XxkDa monomeric proteirs located in the mitochondrial cristae agmibodies cardiolipin
as a cofactor (Figure.3).”¥ 7® Pet9exports ATP from the matrix and imports ADP from ¢iyeosol
via thelMS by changing conformation between mitochondrial (M) and cytosolic (C) $tatds.
the M-state, the Mside of the carrier is open to the matrix to accept ATP whereas in-stege;
the Gside of the protein is open to accept A& thelMS (Figurel.4)”"®Salt bridges form
in both the € and Mside of the carrier, and these are disrupted in ts&€in the Gstate and in
the M-side in the Mstate (Figurd.4). Substrat@rotein dynamics control the stability tie
saltbridgeg’ to trigger a transition between the @nd Mstates. Notably, substrate binding is
driven by electrostatic interactions between posly charged Pet9 residues with the phosphate
groups of ADP and ATP#which contain three and four negative charges, respecfivély.
Cardiolipin, a phospholipid and the main lipid component of the inner memtrime,
necessary for the function and stability of Pét%.The M-side of Pet9 binds three cardiolipin
chains on its surface with their phosphate groups directed towards the mitochondrial matrix
(Figure1.3)8 The PetScardiolipin interaction is stabilized by hydrogen bonds and electrostatic
forces between the lipid and amino groups of avan mb e -hedicgs’’ Uhe dependence of Pet9
on cardiolipin is specific sinc&/T activity was not restored in cardiolipaeficient yeast
supplemented with phosphatidylglyce?blin addition, cardiolipin controls the stability tfie
interaction ofPet9 withthe respiratory complexes, which in turn controls ATP proauctf

underscoring the critical importance of cardiolipin in yeast.
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Figure 1.3.The crystal structures of-@nd M-statePet9viewed from the (AD) M-side, (B,E) centre, and (&) G

side. This cartoon shows K38 and R294 (red sticks) at the heme binding site plus the three cardiolipin chains (yellow
sticks) that bind electrostatically to the ditle. The structure of-6tate P& (PDB ID: 4C9G) is shown in panels@

and that of Mstate (PDB ID:6GCI) in panels BF. All structures were visualized using PyM@\ersion 2.3.2,
Schrodinger LLC).
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Figure 1.4.The mechanism of ADP/ATP transport through Pet9, a monomeric trémspidris schempresentshe

states required for the passage of ADP/ATP bal) across Pet9 (blue), which involves the making and breaking of
salt bridges between alpha helices in theadd Csides of the protein. (A) Empty carrier with tGeside open (€
state). ADP/ATPbound carrier: (B) in the Gtate; (C) with both sides closed (intermediate state) and the substrate in
its central binding site; and (D) in the-Mate. (E) Empty carrier in the -btate. Cycling clockwise from A to E,
correponds to ADP transfer from the IMS to the matrix while cycling-alutkwise from E to A corresponds to ATP
transfer from the matrix to the IM8 Transitions between the empty M and C states are inhibitedABbr A E)

in the absence of ADP/ATP because of high interaction energies between alpha helices enthdiSides of the
transportef” This simplified model (prepared using Biorender, https://biorender.com/) summarizes the
literaturedata’”:"®

1.2.4.Pet9 (AAC2) and heme binding andransport

Pet9alreadyhasbeen described as a carrier of heme precuféevhjch unlocks the possibility
that it traffikks heme between the matrix aiMS. Bovine ADP/ATP transporteBtAAC1 (ANT1)
has 53% sequence identity with Pet9 accordinBasic Local Alignment Search Toahalysis
(BLAST, https://blast.ncbi.nimih.gov/Blast.cgj, and a few structural differencedbetween

proteins were identified such #w position ofthe C- and Nterminusin the yeast carrieaind an

e x t +hdix pkésent in Petd.Heme binds to thBtAACL1 at its central ADP/ATP binding sitg.

Residuek22 and R279, which interact with the phosphates of ADPljlaly involved in heme

binding since the K22A and R279A variants of BtAAC1 do not bind to herngugatedbeads

unlike the WT protein®” Also, in rat mitochondrial fractions, heme, protoporphyXn and

coproporphyrinogen Il impede ADP uptake with an inhibitiemstant (K of ~7.3 uM, which
9
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further supports overlapping central ADP and heme binding sites in ADP/ATP c&friers.
Residuek38 and R294 are the corresporgliresidues in Petd,so theypossiblyinteract with

heme in the yeast. In fact, competition between the adenine nucleotides and heme for the same
conseved carrier binding residu&sstrengthens the hypothesis that Pet9 binds and transports

heme.

1.2.5.Pet9 (AAC2) association with Ccpl and FECH

For Pet9 to transfer heme from FECH to Caplhas to bind both proteins, which are localized on
opposite sides of the inner membraRet9 has been separately identified as an interactor of
apoCcpf! and FECHP in S. cerevisiadut there is no evidence that the three pnstéorm a
complex. Interestingly, the ADP/ATP transporter has also been identified in a heme metabolism
complex with FECH in mammalian ceff$although it has not beassigned a henteansportrole

in this complex. Thus, despite the support for a role for Pet9 in heffiekirgg (Section 1.2.4),

more evidence is needed to substantiate that it actually delivers heme from FECH to Ccpl. To this
end, the exploration of tds to experimentally probe interaction between FECH, Pet9, andi€cpl
described in Chapt&, the apoCcpl interactors screened using optimized GST (glutathione S
transferase) pullowns are discussed in Chagderand the CcpPet3FECH ternary complexes

generated by protein docking are analyzed in Chdpter

1.2.6.Crystal structures of C- and M-state Pet9 (AAC2)

Section 1.2.4 provides evidence for an overlapping central ADP/ATP and heme binding site in
ADP/ATP transporters. Hence, we hypothesize that heme is transferred from FECH in the matrix
to M-statePet9 and subsequently donated to apoCcpl in the IMS -syadPet9. The
identification ofcarboxyatractylosidand bongkrekiacid® astransportinhibitors that lock Pet9

into its G and M-states, respectively, hasabledcrystal structures of both-QPDB ID 4C9G/°
Figure1.3A-C) andM-statePet9 (PDB ID6GCI° Figure1.3D-F) to be determined study of
C-stateWT Pet9 and a number of its variants supports the literature that describes the carrier as a
functional monomef*7>°1Pet9 is monomeric because it presents a low interface a@s0(&)
betweermonomers?® Moreover, a LysGly hydrogen bond involvig theGly backbone carbony?,

which impedesdimer formation, is found in the interface areanwdnomericAac3, but not in
dimericAacl” Structural analysis of Pet9 also rewshht evemumbered alpha helices form salt
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bridges in the Mand Gsites/® reinforcing the synergistic network of salt bridges for ADP/ATP
transit through thenonomeridransporter (Figure 1.4).

The structure of &tatePet9 (Figure 1.3 AC) is of interest when examining the binding of
Ccpl to the carrier and a possible path for heme tralpstereen these proteindn the other hand,
M-statePet9 (Figure 1.3 F) 8 the likely acceptor of heme from FECH, is the structure of interest
when analyzing FECH binding to Pet9. Theskate structure reveals that theshe alpha helices
protrude outward, exposing the ADP/ATP binding site to the mattiereas its &ide is closed
(Figurel.3D vs F). These structures of Pet9 will be examined further in Chaptansl 4 when
modelling Pet9 association with FECH and Ccpl.

1.3.Ergosterol biosynthesis and its control by heme
Anotherhemedependent process is the production of ergosterol, the main sterol produced in yeast.
This sterol is a critical component of fungal membranes since it is important for membrane
permeabilityandfluidity, mating, cell growth, and membrabeund enzymactivity.>? Ergosterol
biosynthesis is mukstep and energetically highly costly, requiring 24 molecules of ATP and 16
molecules of NADPH to produce one molecule of ergostébhe biosynthesisan be divided
into three main steps (Figutes)°>°* the mevalonatefarnesyl pyrophosphat¢FPP) and
ergosteropathwayg.%°° In the mevalonate patvay two molecules oficetytCoA are condesed
to produce mevalonate, which is convertiedPPin the FPP pathway-PP is important for other
metabolic pathways such as heme a and benzoquinone biosynthesistgdbropathway
produes ergosterol from FPP” andan alternative pathwag e n e r a tmethylerfjo$ts8-P4
(28ydi enol as the final pr obtdesaturase) dRigatk5y°%This by E
product is toxic and has a fungistatic effecCandidaalbicans” andS. cerevisiaé®

There are 26 genes involved in ergosterol biosynthesis, and they can be categorized as
essential and neessential. Yeasteficientin five nonessentiaERG genesERG2 ERG3 ERG4
ERG5 andERGH can be grown ithe laboratory? and studyinghese mutant strains allowed the
identification of intemediates of ergosterol biosynthesis and their effects on cell viaSility.
Modifying sterol production can be an adaptive response to antitiagatell as to mutatioii®1o*
indicating that ergosterol, the enzymes involved in its biosynthesis, and dsistermediates

modulate the stress response of cells.
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EssentialERG genes express proteins such as lanosiembtiemethylase (Ergll) and

squalene monooxygenase (Ergl) that are important regulatengasterobiosynthesig®? 104

Ergl1l is a hemdependent P450 enzynf€and heme regulates the expression o8R&11gene
via Hapl and Rox21%6:197Additionally, ERG2and ERG5genesare modulated bidap1® and
ERG1 ERG3 ERGY9 andERG25transcriptionis regulated by Bx1 due toits direct interaction

with theERGgene promoter¥’ Heme also modulates sterol uptakeSincerevisiagas observed

in cells mutated in hemigiosynthdic genes®1%The absence of heme caused accumulation of

sterol intermediates and stimulated cells to import sterols from the méfiwnereas no ptake

was observed for normal cel¥.In summary, heme has a pivotal role in controlling ergosterol

metabolism in yeast cells.

2-acetyl-CoA squalene
. ERG10 | EraG1
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) ' ERG6
Farnesyl isopentyl diphosphate fecos'terol
pyrophosphate IDI1 ERG2
pathway dimethylallyldiphosphate ep\‘s%ero\
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farnesyl pyrophosphate -
N Y ERGS
ERGY \\ o ergosterol
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"
Heme a and

Ergosterol pathway benzoguinone

biosynthesis

Figure 1.5. The ergosterol biosynthetic pathway. Ergosterol is synthesized in three stages, the mevalonate pathway,
farnesyl pyrophosphat€FPP) pathway, and the ergosterol pathwdPP also is a substrate for hensgeand
benzoquinone production. The alternative pathwelyich is stimulated when Ergl1 is inhibited by azopgeduces

1 4 -méthylergosts8-24 (28)dienol, whichis toxic and has a fungistatic effect$a cerevisia&®. This scheme was

prepared based on the literatfté**>

1.4. Antifungal azoles inhibit ergosterol biosynthesis
Fungal diseases have recently become a challenge due to pathogen resistance to aftfifungals
especially inpatients with reduced immunesponses?! Clinically relevant cases of resistant
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Candidaspp. and noi€Cryptococcuspp. have increased, and candidemia acedant- 40% of

the mortality rate in hospitals with hidtealthrelated cost$? The numbenof fungal infections

has reached 30fillion per year leading to 1.@illion deathst! Treating candidemia has become
more challengig so we need a better understanding of the mechanisms of fungal adaptation to
antifungals and how we can combat resistaM@&RDy; Mycology Antifungal Resistance
Databasehttp://www.mardy.nej/

Currently, the main types of antifungailsclude echinocandins, polyenes, and azoles
(Figurel.6). These drugs target the cell wall (echinocandins) or the cell membrane (polyenes and
azoles):*Echinocandins inhibib ,8-D-g!l ucan synt hase, -Daghldac the pr odu
main component of the cell wall. Polyenes bind irreversibly to ergosterol, which produces holes in
the membrane and increases its permeability. Azoles inhibit lanostdrdiemethylase (Ergl1),
thereby impairing the production of ergostérSlinvestigating how these drugs affect fungal cell
physiology has become a mity. Studies have compared the fungicidal effects of the three types
of antifungals onS. cerevisiaeand C. albicanscells and have observed similarities in ROS
production, stimulation of the Ras protein/cAMBpendent protein kinase (RAS/PKA)

pathway!!® changes in the proteom¥,in biofilm formation andin cell viability.**®

H
(e}
NN
F \ Ny
Nﬂ
F
Echinocandins (caspofungin) Polyenes (amphotericin B) Azoles (fluconazole)

Figure 1.6. The three main types of antifungals. The database and program used for drawing the structures are given
in the caption to Figuré.1. The PubChem CID numbers are caspofungin (2826@dg)hotericin B (5280965), and

fluconazole (3365). The PubChem database was accessed on April 27, 2021.
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Azoles, which are categorized as imidazoles (e.g., miconazole and ketocdhazole)
triazoles (e.g., fluconazole, voriconazole, itraconazole, and posaconazole; IFi¢ite have
attracted attention due to their fungicidal, cellular, and biochemical effects on§eagtinhibit
the P40 activity of Ergl1 by coordination of the unhindered nitrogen of the imidazole or triazole
ring to the eA%Thimeadsss the ecoenulationooh sterol intefiaes and
membrane stress? However, the effects of azoles on yeast cells are not limited to ergosterol
biosynthesis. They alter other cellular processes such as the actin cytoskélatomo acid
biosynthesisl’ vesicular trafficking? and shift cells from fermentative to respiratory
metabolismtl® Variations in these effects determine what azole is the most appropriate under
certain circumstances as well as provide insights into how resistance develops.

Adaptive responses to azoles have become a challenge for physicians and scientists. For
example, the efficiency of azoles has decreased with only 7% and 48%nofida auris
susceptible to fluconazole and voriconazole, respectively, vs. 98% and 98G%lbfcans!??

This variation in azole susceptibility depends ongh#dicularadaptative stress responses or the
resistance mechanisms that have evolved in different téhifiechanisms of resistance to azoles
includemutation in theERG11gene increased drug efflux, reduced azole import, importation of
sterols, augmented Ergll expressiomdification of the ergosterol biosynthetic pathway, and
nonspecific metabolic alteratior¥$.}2% Alteration in ergosterol biosynthesis, especially in Erg11,
and high drug effluware adaptationghat all fungi explat to mitigate the intracellular effects of
azolest?® Interestingly, these two processes are interconnected.iralbicans since the
transcription factotJpc2 (sterol uptake control proteX) induces the expression of ERG genes
and also triggers the drug efflux system via the multidrug resisfad®R1) gene?*

Miconazole, anantifungal imidazole, has received attention for its fungicidal action
associated with increasddtracellular ROS productiott> Moreover, miconazole inhibits the
activity of hemedepene@nt antioxidant enzymes such as catalase and Ccpl in‘Sfaasiclering
cells more susceptible to the deleterious effects of excess ROS. This drug also alters the actin
cytoskeletort?° calcium metabolism?” and RAS/PKAsignalling?'412°Thus, the ramifications of
miconazole on the yeast proteome are of intenestderto obtain a comprehensive view of the

cell 6s str es sganmtiergg challenges f ol | owi n
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Figure 1.7.Common imidazoleand triazoletype antifungal azoles. The database and program used for drawing the
structures are given in the caption to Figure The PubChem CID numbers are miconazole (4189), ketoconazole
(456201), fluconazole (3365), itraconazole (55283), posaconazole (468595), voriconazole (71616). The PubChem

database was accessed on April 29, 2021.

1.5. Involvement of heme in the azolenduced stress response

Heme is important not only fanaturation and function of antioxidant enzyrfie€ but also for
expression ofheERG11 gene and maturation of the Erg11 protetf®1°By binding to théheme

of Ergll, azoles inhibtheergosteropathwayb i osynt hesi s and sti-mul at e
methylergosta8-24 (28)-dienol and sterol intermediat@sigure 1.5)hat result in celtoxicity and

lower tolerance to stress (e.qg., high concentratdethanol, salt, anothersolutes)*%?To restore
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ergosterol homeostasis, the cell respondsrbglucing more Erg1#3which is dependent on Dap1l
(damage responsive proteih, a hemgrotein?®implicated in heme trafficking?®

In addition to the role of Dapl in Ergll activation, other heewgendent regulators
participate in mechanisms of stress control. For example, the-hiediag transcription factor,
Hap1303lis important for stimulating the expression of antioxidant genes such as CCT1 and
SOD23! and ribosomal proteins, cytosolic translation, and aminet®iyA biosynthesis are
upregulated inhaplp ¢ &Y Intesestingly, heme trafficking modulates Hapl activity Sn
cerevisiaebecause of the expression of GTPadgml and Dnml, positive and negative
modulators of hem&ransport betwenthe mitochondria and nucletisand of heme delivery to
Hapl by GAPDH Tdh3)33

Since miconazole increases ROS, the hdamendent HD; signalling role of Ccp®%*likely

contr i but edsfentemgaingtthis azafeh ihciease in KD triggers heme transfer from
Ccpl to apoCtal and apoCcpl exits the mitochof@ffalhe maturation of apoCtal provides a
highly efficient HO., metabolizing enzyme to protect the mitochondria. Furthermore, a population
of apoCcp1 relocates to the nucRwghere it conveys an oxidative stress sigo Skn7/Pos8 to
turn on certain antioxidant genes, including the cytosolic heme catalasé& Tttls, given the
importance of heme and heme mobility inthe&cedl r esponse to mikownazol e
hemerelated pathways are affected by this antifungal at the proteome level is clearly of interest.
Althoughoutside the scope of this theslse miconazolesensitivity of ccp1V19:Fcells that express
the catdytically inactive Ccpl mutant and of the Cepall mutant ¢cplgp)would be of interest
giventheir different response to RG%!32.133

1.6.0utline and scope of the thesi

Most organisms depend on heme to survive, but the cost of this reliance is the necessity for tight
control ofhemetrafficking. Little is known about how heme is transported inside the cell and what
proteins participate in this process especially onosehexits the mitochondria. Here, we analyzed
heme trafficking from its syntheststalyzedoy FECHin mitochondria with a focus on Ccpl.

To investigate likely proteins involved in Ccpl heme loading and heme trafficking, we
screened for apoCcpl interact@sploying GST puildowns. InChapter 2, we examined the
homologous expression in yeast otétminally GSFtagged proteins as bait in G®Ull-down
from commercially available yeast cells utilizing Western blotting with-@&T antibodies. To
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access suinitochondrial compartments and to screen for napelCcpl partners, changes to the
previous GST puilown methodology used in our group were requiredChapter 3, GST pult

downs in the presence of detergent and at a higiplaytratio were optimized tobtain evidence

for our hypothesis that Ccpl, Pet9, and FECH form a ternary complex for transmembrane heme
channelling from FECH to Ccpl. Computational docking of CepiSFECH using models of

Ccpl at different stages of its maturation is describe€hapter 4. The most favourable
complexesvere examined to find how interaction betw&apl-Pet3FECHevolves during Ccpl
maturation, and how heme is transported from FECH to Béi@pter 5 presents an LAAS/MS-

based analysis of changes in Secerevisia@proteome following miconazole challenge to probe
how heme trafficking, ergosterol biosynthesis, and antioxidant defence are affected by this key

azole antifungal.

1.7.The main objectives of the thesis

a. Isolate and characterize hapltidmlsp c e | | senricleed YP® medium tase as a
negative controin verifying a functional FECH ilWT S. cerevisiaeells.

b. Investigate expression of recombinant G&gdged proteins in commercidl. cerevisiae
clones to determine their suitability as bailGST pulidowns.

c. Optimize GST puldowns to screefor apoCcpl interactors in a mitochondeiariched
fraction to probe the possible formation of an apo@epi3FECH ternary complex within
these organelles.

d. Examine in detail interaction of the immatared mature forms of Ccpl with Pet9 and FECH
using computer modelling and establish possible kigamsfer pathways within the ternary
complexes.

e. Investigate alterations in th®. cerevisiagoroteomeon miconazole exposure employing
peptidecentrig labelree LGCMS/MS analysis to establish prompt and delayed responses of
cells to the antifungal.
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Chapter 2: Characterization of heml%p Saccharomyces cerevisiaeells and those
homologouslyexpressing GSTFECH, GST-Pet9, GSTCcpl, and GSTFCtal

2.1. Preface
The production and analysis of the datxt writing and revision wereperformedby Alan
deAguiar Lopes. Theéextwas editedby Dr. Ann English.

2.2. Abstract

The first step in heme traffickirig eukaryotic cellss heme transfepo client proteingrom FECH,

the final enzyme in heme biosynthesi¥ hemedependenproteins acting aSECH clientshave

been identified irS. cerevisiadyut a possible candidate Ccpl. FECH and Ccpl are separated by

the inner mitochondrial membrane but the ADP/ATP membrane transporter, Pet9, could act as an
intermedi ate. Al so, our | ab has shown previous
suggesting possible Ccifltal association. Thus, we aimed to probe interaction of Ccpl with these
proteins employing GST putlowns from commercigb. cerevisiaestrains transfected with the
galactosenducible pEGH vector expressing tha@&minal GST fusions, GSTcpl, GSTFECH

GST-Pet9, and GSTtal. Expression of the G8&gged proteins was examined utilizing Western

blotting with antiGST antibodies but the results reveal that the fusions were cleaved during cell
growth, demonstrating the limitations of these commerciainstfar GSTpull-downs. A FECH

knockout strainffemlsp) was constructed by asci dissectio
under the conditions used in the GST gldlvn studies. Measurements of FECH activity in

heml®sp aWTdcells confirm that endgenous FECH is functionally actiwe thelatter.

2.3. Introduction

Recentstudieshave provided valuablasightsinto labile-hemelevels andheme bufferingn
cells}#+33134pyt still little is known about heme traffickinglemebiosynthesis finalizewith the
insertion of F&into the protoporphyrin ring by FECH in the mitochondrial matrix (Figure£:%).
Ccplis a candidatéi f r o nhemeaacgcepior $ectiors 1.2.2 and 1.23but it andFECH are
localizedon different sdes of the inner mitochondrial membrane, However, the transmembrane
ADP/ATP transportePet9, which can carfyeme intermediaté€€ may transfer heme from FECH

to Ccpl. Thus, this thesis aims twestiga¢ interactiorand heme transfdretweenCcpl, Pet9,
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andFECH. Additionally, the possible interaction between Ccpl and Wasbf interest sinceur

labhads hown previousl y t hatmauagodd theatalasme I s recr u
A popular methodto investigate protewprotein interactions isthe homologous

overxpression ofthe proteins of interest fused 8ST. Homologous geneexpression or

expressiorof a genefrom a vectorin ahost speciethat naturallyhasthe geng?® better ensures

correct posttranslation modification folding, and targeting® 3 thus reducing the chance

production of dysfunctionadroteinst*’ However, we report here thabmmercially available yeast

clones transformed with the-tdggedproteinsof interest GST-Ccpl, GST-FECH, GST-Pet9,and

GST-Ctal) in thegalactosenducible pEGH vectoare not suitable for GST puflown analysis.

On the other hand, thengineeing of hem1%p S. cerevisiaeells as a negative control for the

measurement of FECH activityas successfuMWe isolatedneml®sp cel | s and confi

mutant phenotypeby comparing thie FECH activity withthat of WTcells.

24. Material and methods

24.1. Materials

Chemicals ad biochemicals were obtained from the following suppliefgmolyase20T

(Amsbio), DL-dithiothreitol (DTT, Biobasic Inc.), BieSafd™ Coomassi&-250 Stain(Bio-Rad
Laboratories, Inc.)ethylenediaminetetraacetic acidisodium dihydrate (EDTA),pepstatin,

peptone, tryptone, yeast extraBiqShop Canada Ing.N-octyl glucoside Boehringer Ingelheim
International GmbH),zinc-mesoporphyrin, mesoporphyrin (Frontier Scientific, Ingieast

drop- out supplementvithout uraci| zinc acetate dihydratéMillipore-Sigma), 400um acid

washed glass beads (OPS Diagnostics LIicC)mp | et eE protease inhibit
(Roche), phenylmethanesulfonyl fluoride (PMSF, Thermo Fisher Scientific Inc).

24.2. Antibodies

The following antibodies were used for Western blottiRgmary antibody goat anyieast GST
(catalogie number: Ab6613)and HRRconjugatedsecondary antibody rabbit aggpat (Abcam,
catalogienumber: Ab6741).

2.4.3. FECH ativity assay
Fluorescent resoporphyrin (MP) and Zmesoporphyrin (ZnMPyere the metalree substratand

metallatedproduct in the FECH activity assay, respectiveliffhe fuorescene of solutions
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containing 5 nM ZnMP or 5 nM MP in 108M Tris-Cl, pH 8.0, with ImM sodum palmitate and
0.3% Tweer20was recorded on¥arian Cary Eclipséluorometer(Model FL0O812MO00Q. Also,
standard cungwere prepared for ZnMP and MR the same buffer witlexcitation at 40&im,
emission ab78nm (ZnMP) or 623nm (MP), and5-nm slits.

FECH activity ofthe P10 fractionfrom WT andhem1%p c ésalnasgative contrglwas
assayed by monitoringnMP fluorescence as describeith slight modifications*%141The P10
fraction (10 ug) was incubated in 0.M Tris-Cl, pH 7.6, with 10uM MP and 20mM N-octyl
glucoside for 10min in a 96-well plate and100 uM zinc acetatalihydratewas added to initiate
the reaction. ZnMP production was mamédusing405-nmexcitationand ®0-nmemission filters
ona TECAN SpectraFluorPluglate reademn fluorescence mode.

24.4. Asci tetrad dissection of BY4743 diploictells

Diploid BY4743 MATa / his3yl/his3dl leuz®/leu® LYS2/lyszi® metlSO/MET15
ura3®/ura3® HEM1YKANMX4 yeast cultures were prepared accordingtite following
protocol. Preculture were grown in YPD medum (2% peptone, 1% yeast extract, and 2%
dextrose) for 16 h at 3W/225rpm undera 1:5 mediunito-air ratio. Afterwards, ‘day cultures
were prepared in 2501L flasks undethe sameconditions The diploidBY4743strainwas kindly
provided by DrMalcolm Whteway (Department of Biology, Concordia University).

To generate theheml®p mut ant HEBDMEKANMXY, asci dissection of
diploid BY4743 was performed as described elsewf&rdriefly, WT diploid cells were
incubated in sporulating solid medn (1% potassium acetat# yeast extract, 0296 glucose,
and 2% agar)dr 10 days at 30C. The colonies were collected and incubated in a solution
containing Zymolyas&00T and 5qug/mL of 1M sorbitol for 10min. Using a micromanipulation
microscope (SingaviSM System 200, Singer Instruments), the cells were streakedRiD plate
containing 25 uM hemin (YPDHf*and each haploid cellagisolated in a grid on the plate. The
selectectells werencubated aBO °C until coloniesverevisually detectedandWT andhem1%p
diploid cells were streakeoh YPD and YPDH plates, respectively.

2.4.5. Yeast cell cultureand subcellular fractionation
WT BY4741(MATahis3gpl | eu 2 g macp @ayiRiBY4743cellswere streaked on YPD
platesandheml1®sp c¢ enlYPDdH platesandincubated for two days at 3C. Precultures(10 mL)
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were prepared in YPDnedium and grown overnight at 3G/225rpm. YPD cultures were
prepared with stairtg ODeoo of 0.01, grownat 30°C/225rpm for 72 h, harvested a2,000 x g
washed twice with distilled water and used for subcellular fractionation.

The mitochondriaknriched (P1p fraction was preparecs described previousty®
Briefly, cells were treated with 100M Tris-H.SQuw, pH 9.4, with 10nM DTT for 10min
followed by incubaton with 3 mg/mL Zymolyas&€0T in 100mM KPi, pH 7.4, for 45nin to
produce spheplasts which were transferred to IOM Tris-HCI buffer, pH 7.4, with 0.6/
sorbitol, 1ImM EDTA, and ImM PMSF, mechanicallydisrupted utilizinga homogenizer
(Model RM185, Janke & Kunkel KGand centrifuged at 2,000 x g for tin (J2HS Centrifuge,
Beckman Coulterjo give thedenucleated lysates (S2 fraction). The S2 fractions were centrifuged
at 10,000 x g for 10min to obtain the mitochondrdepletedsupernatants (S10 fraction) atigk
mitochondriaenrichedP10 fractions. The total ptein concentration ofhe S2, S10, and P10

fractions wasmeasured usinthe Bradfordmethod!4*

2.4.6. Growth and lysis of yeastlones transformed withthe GST-tagged proteins
Thecommercially available BY474dloneswerepurchasedrom Dharmacon, Horizon Discovery
Ltd. These cells contairthe high copy number pEGH plasmfd encoding theGST-6xHis gee
linked to ORF ofCCP1(ORF: YKR066C),HEM15 (YOR176W), AAC2 (Pet9, YBLO30C),or
CTAL1(YDR256C). Protein expression is undéne CYC1promoter which is regulated by the
galactosenducible upstream activator sequenc&ALV10UAS, and URAS3 is the
selectionmarkeri*¥ 148 procedures foradl growth and inductiomf recombinant protein expression
were adapted from elsewhéf@Briefly, the yeast strains were grown at@over 2 days in SC
URA + 2% raffinose (0.67% YNB, 2§/L yeast dropout supplementithouturacil, 2% agarand
2% raffinose plates Following preincubation n SCURA + 2% raffinoseovernight at
30°C/225rpm, cells were grown in YPR (2% peptone, 2% yeast extract, and 2% raffiaiese)
initial ODeoo Of 0.1. When the cultures reached 64®.6-0.8 (91 11 h), the cells were transferred
to 100mL of YPG (2% peptone, 2% yeast extract, and 4% galactose) tmbQlasks, incubated
at an initial ORgo of 0.6-:0.8 for 10 h at 30C/225rpm, washed twice with lysis buffer (20M
Tris base, pH 7.5, 106M NaCl, 1056 glycerol, 0.1% NP 40, and 10nM b-mercaptoethanol),
and centrifuged at 2,000 x g at@for 5min. Lysis buffer (0.2nL) and glass beads (012L) were
addedo thepellets (0.2mL) in 1.5mL Eppendorttubes, the samples wensortexed6 x 30 s with
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10-s intervalson ice centrifuged at 11,000x g at 4°C for 10min, and the supernatanivere
collected for analysief GST-fusion protein expression

24.7. Analysis of GST-FECH, GST-Pet9, GSFCcpl, and GSFCtal homoogousexpression
The expression of the GSUsions from the pEGH vecton yeast cells waanalyzedby SDS
PAGE and Western blotting with an a@&BT antibody. First, the total protein content of the lysates
was measured usirthe Bradford method** then proteins were separated by 12% SDSE.
Briefly, the samples (0i@3.4 uL) were incubated in AL of loading ffer (50 mM Tris buffer,
pH 6.8, 0.8% w/v sodium dodecyl sulfate, 0.12% w/v bromophenol bluemM5 -b
mercaptoethanol, 0.06% vélycerol,and distilled water to a final volume of ). The samples
were heated for Bin for 95°C in a dry water bath,i30 pg total protein was added per lane of a
12% resolving gel (10 x 6 x Ocin), and the separated proteins were transferreolywipylidene
fluoride (PDVH membranesRio-Rad using a wet transfer system at 1@ for 2 h. ThePDVF
membrane asincubated overnight wita 1:10,000 dilution otheant-GST primaryantibody at

4° C, washe® x 10 min with 1x TBTS (50mM Tris, pH 7.6, 0.1% viMweenr20, and 150nM
NacCl), incubatedor 1 h with a 1:5000 dilution of HRPonjugated secondary antiboatyRT, and
washed3 x 10min with 1x TBTS. The chemiluminescence signal was triggered by addirg 1
of Piercé ECL West er n Bl (bhermoFisher Sciniific)snd detacte@ on GE
Amersham Imager 60B¢ftwareVersion 1.2GE Healthcare).

2.4.8 Investigation of GST-fusion proteolysis

To determine ifthe GST-fusions underwenproteolysis during sample preparatiqgerotease
inhibitors were adéd beforethe cell lysisandsubcellular fractioation outlined inSection 2.4.5.
The inhibitorsexaminedncluded: cOmplete protease inhibif@P1; onetablet dssolved irb0 mL
buffer according tahema nuf act ur esph $mM BEDIA, LmM PMSB, and 40 uM
pepstatinThe GST-tagged proteins present in the subcellular fractions amag/zedy Western
blottingwith anttGST (Section 2.4.7)The stability of the5ST-fusionsin the subcellular fraction

to centrifugation speexbf 2,000vs. 11,000 x gwas also compared.
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2.5. Results

2.5.1. Lack of FECH activity confirms isolation ofhem1l3p yeast cel | s
Figure 2.1 compares the emission spectra of MP and ZnMP on excitationrah4@&nel A and
B). Clearly, ZnMP has a much higher fluorescence signal than MP addferent emission
maximum (580vs. 630nm).14% Thus, due to their distinct signalsMP/ZnMP are a suitdb
substratfproductpair for theFECH activityassay. Panel €hows standarglots for ZnMP and

MP, which revealthat theér fluorescences linear over the concentration range examined.
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The FECH assay wasarried out under zerorder kinetics with saturating (18M) MP
substatel*® as revealed by the linear increase in the fluorescence sigerab0 min(Figure 22).
Significantly highef=ECH activityis found for WT vshem1®8p ¢ solwk conclude thaiem1sp

cells were successfuligolated The smalland continuougcrease in fluorescence for the mutant
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cells can be attributed to n@mzymaticZn uptake by MP at physiological pt which is
promoted by the hiy10:1 Znto-porphyrin molar ratio (Section 2.4.8¥1%%Verifying the FECH
activity ofthe P1(ractions of WTcells is important taonfirm that cell disruptiodid notdenature

or inactivate the enzyme.

cood |l WT BY4741
— WT BY4743
1|~ hem15D o
500 el
;//f//{'/’%/
400 - A
D e
o _
»
300 o
s
/
2004 -
1004
T T T T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000
Time (s)

Figure 2.2. FECH activity of yeast cells. Fluorescence intensity (in relative fluorescence units, Z&RFEIPNmM

following additionof 7.5nL of 100 uM zinc acetate td-6 nL of the P10fraction (10eg proteir) from 3-day WT
typeBY4741 (black trace)WT BY4743 (red trace), andeml1lsp BY 47 43 ¢ e lid0sl M(ThsiClupgl 7.6, r ac e )
with 10 pM MPand20 mM N-octyl glucosidén afinal volume of 2@ ni per well.Zinc acetateadditiontriggersthe

reaction, andeagents were manually mixéd10s) so the fluorescenca t = Owas missedThe plots shown here are
representative of the three technical replicates recdatedree biologial replicates per strain.

2.5.2.The GST-fusionsare unstable and/or poorlyexpressed in yeast cells

Commercially available yeast cellsomologouslyexpressing Nerminaly tagged GST-Ccpl,
GST-FECH, GSTPet9, and GSTtal wereexamined as tools to explore interactions between
these proteingSection 2.4.8)GST-Ctal was included as a bait protein since Ccpl provides heme
for its maturation under respiratory conditidAg.o determine if the correct fusions weeing
expressegdwe performedestern blottingvith antrGSTantibodies of th&10 and S16ubcellular
fractions(Figure 2.3)However, only GSTPet9 (MW = 64 kDa) was convincingly detected in the
P10 fraction of one culture (Figure 2.3B) and possibly &1 (MW = 88 kDa) in a second
culture (Figure 2.3A), but no bands corresponding to -GETH (MW = 74 kDa) or GST-Ccpl

(MW = 70kDa) were observed strong band close to the MW (29 kDa) of the 18T tag was
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observed forall the GST clones with the exception of GBECH. Thus, assuming that
fragmentatiorof the fusion proteins was duepooteolysisfollowing cell lysis®!we examined if

protease inhibitorsould minimize or abolistiheir cleavage

A WT GST-FECH GST-Ctal B GST-Pet9  GST-Ccpl
P10 P1 P10 S10

135kDa ; =

100kDa . 100kDa
i g B 75kDa
. 63kDa

P10 S10 P10 S10

c WT  GST-FECH GST-Ctal b GST-Pet9  GST-Ccpl
P10 S10 P10 S10 P10 S10 P10 S10 P10 S10
100kDa ;: = 100kDa mp
75kDa = 75kDa "
35kDa : - 35kDa
25kDa - -
e 25kDa
17kDa purk
11kDa < 17kDa
11kDa

Figure 2.3. Analysis of epressiorandlocalization of GSfusion proteins in dday yeastCells weregrown in YPR

for ~ 5 hand transferred to YPG for 10 h to induce the expression of thef@®hs Gection 2.4.Y. WT BY4741

cells were growminder the same conditionSection 2.4.Y. Mitochondriadepleted (S10) and enriched (P10) fractions

were obtained by subcellular framtiationwith the addition of InM EDTA and 1mM PMSF as protease inhibitors

(Section 2.4.5) Atotalof10e¢ g pr ot ei n was Ofgedsdhard Bjandtdaqg e aad to ofgalst@Gh | ane
and D, and the four gels were electrophoresed under the sami@ions(Section 2.4.Y. The membranesvere
incubatedviththePi er ce E ECL We st e foml m in paneisiA angl BaSdiob39 sim partelsC and

D. The MWs (kDa)cakulatedusingProtParan{https://web.expasy.org/protparatifjare: GST tag, 295ST-FECH,

74; GSTFPet9, 6, GST-Ccpl,70; and GSTCtal,88.

2.5.3. Effecs of protease inhibitois on GSTfusion protein detection

Assuming that th@bsence of GSiusions in the subcellular fractions (Fig&) was due to
proteolysis we prepared lysates of cells expressing &3d1 and GSTcpl in thepresence of
protease inhibitorsPMSF, EDTA and CPIHowever,no GSFCcpl band was detected in any
fraction following proteaseddition and a band was observed for GGl only in the S2
denucleated fractiofFigure 2.4) These data suggest recombinardt@in degradatiotry yeast
protease$®in the vacuolé?*>mitochondrid®*and cytosql®’ before cell lysis
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The intense band at ~&Da in the three fractions from GSJcpl expressing cells is
observed both in the absence and presehpeotease inhibitors (Figuré&3D and 2.4). Notably,

a bands$ seen at ~-&Da higher MW in the S10 and P10 fractions from @3&1 expressingells

(Figure 2.4), indicating that GSCtal and GSICcpl are cleaved at different sites. Also, no low

MW band is seen in the S2 fraction from GSHal expressingecells (Figure2.4) so we next

examined the effect of centrifugation speed on fupimtein detection.
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Figure 2.4.Effects of protease inhibitaon the detection o&6ST-tagged proteigin theS2,S10, andP10 subcellular

fractions of tday yeastWT BY 4741 cells and those express@§T-Ctal and GSIcplwerepreparedsdescribed

in the caption to Figure 2&xcept thatells werelysedin the presence ¢A) 1 mM PMSF and InM EDTA, and (B)
1 mM PMSE 1 mM EDTA, and 1 CPI tabletA total of10¢ ¢
and Western blotting with arGST was performed asutlined in Section 2.4.7S2 is the denucleated subcellular
fraction (Section 24.5). TheMW (kDa) calculated using ProtParafttps://web.expasy.org/protparait? are: GST
tag, 29; GSTCcpl,70; and GSTCtal, 88

protein

2.5.4.Effect of centrifugation speedon GST-fusion detection

Overall, Figure 2.5 reveals that the centrifugation speeditiaseffect on the bands observed

w a s oflthe aDERAGE gels,

Neither does the inclusion of pepstatin aapartic protease inhibitabsent from the CPI tabl&f

For cells expressing GSCcpl, an intense band is seen at k3@ in all gels, except gel C for

some unknowmeason The pellets from cells expressing GB&t9 show a faint band at ~ BDa

(Figure2.5GJ), which is absent from the supernatants (Fi@U€-F). For cells expressing GST
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Figure 2.5 Detection ofGST-tagged proteisin whole-cell lysates centrifugd at11,000and 2,000k g. A total of

10e g protein was, dndesteendlottingvitheantisGBT ahtibodies was performed as outlined in
Section 2.4.7 (A, B) Supernatants of lysates céfutged at 11,000 x g. (F) Supernatantand(G-J) pellets of lysates
centrifuged at 2,000 x g. WBY4741 cells and those expressing the &&Jions were grown as outlined in the caption
to Figure 23. Cells wereysedin the presence of the protease intoits indicated above each gel at the concentrations
given in the caption to Figure 2.4. The concentration of pgpstas 0.2%g/ml.

Ctal, a band for the fusion protemabserved in all the gels, but its intensity is variable, plus
several GSTaggel fragments are detected (Fig@r&). We also blotted the supernatant and pellet
from lysates of GSTFECH expressing cells (data not shown) and again observed no band for GST
FECH but a very faint GSTagged fragment was detected at kB&. In sum, th&estern blotting
results point to proteolysis of the G$gged proteins during their production.
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2.6. Discussion
The tools we initially selected to investigate interactions betWepd, FECH, Pet9, and Ctate
describedhere. We planned to employpramercially available yeastomologouslyexpressing
GST-fusions of Ccpl, FECH, Pet9, and Ctal to investigate the proteins partners of Ccpl, Pet9,
FECH, and Ctal using GST pulbwns since the use of homologously expressedipsdtas some
advantages. These include veatoediated production of a protein in its natural environmént,
which increases the likelihood that it is processed corrétth® Although the overexpression of
recombinant protesican be toxido cells!®°the tools of synthetic biology are well developed for
S. cerevisiak® so it has been used to produce a high number of recombinant ptéteins.
Additionally, fusion of the Nlerminus of a protein to GST can offer protection from proteolysis,
increase solubility and yield, as well as promote protein folthih@ST tagging also has
drawbacks, including limited solubility of hydrophobic or heavier (>kB@) proteinsjnclusion
body formation, and GS@imerization'62:163

Our GST fusionsunderwent extensivproteolytic fragmentationsince GST was mainly
detectecat MWs(25i 35 kDa) close to the free tag (BDa). Adding inhibitors of metalloproteases
(EDTA),*%* serine and cysteine proteases (PMSExnd aspartic proteases (pepstatfiefore
cell lysis did not prevent cleavage of the TGfaisions despite the fact that they target the main
yeast proteases (Table 2!¥jNotably, the inhibitors were not present during thehli6duction
of the GSTHusions (Section 2.4)7This long induction time was selected to increase the yield of
recombnant proteinswhich are potentially toxic to cell$® However, itmay have promoted
cleavage ofthe GSTusi ons and probabl y®®should be reduce

We also investigated the impact of centrifugation speed, a key considerasamuhe
preparation in removing cell debris, isolating different organétfe’$! and in some cases,
inclusionbodies'®®1%*We subjeatd the wholecell lysates to low (2,000 x g) and high (11,60§)
centrifugation speeds but teize of theGST bands detected changed little.
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Table 2.1.List of mainproteases produced 8 cerevisiae

Gene ID? Description Protease type Localization
PEP4 Protease A Aspartic protease Vacuole
PRB1 Protease B Serine protease Vacuole
PRC1 Carboxypeptidase Y Serine protease Vacuole
APE1 Aminopeptidase | (Zn?*) metalloprotease Vacuole
APE3 Aminopeptidase Y (Co**) metalloprotease | Vacuole/ Lysosome

\\((-!;211%/ m-AAA protease(Ccplprocessing (Zn?*) metalloprotease Mitochondria
YME1 i-AAA protease (Zn?*) metalloprotease Mitochondria
PCP1 Rhomboid proteasBcpl Ccplprocessing Serine protease Mitochondria
STE13 Dipeptidyl aminopeptidase A Serine protease Golgi
KEX2 Lysine-argininecleaving endopeptidase Serine protease Membrane
MAP1 Methionine aminopeptidase (Co**) metalloprotease Cytosol
ATG4 Cysteine proteasaTG4 Cysteine protease Cytosol/Nucleus

8The gendDs wereretrieved fromthe Saccharomyces Genome Databdtpé://www.yeastgenome.ojg/

It is important to note thaGSTtagged to an ORF with an-términus that undergoes
proteolytic cleavage during maturation is likely to be removed during protein production. Both
Ccpl and FECH feature an-tdrminal mitochondrial targeting sequence that is cleaved in a
bipartite proces#®*’°Two mitochondrial proteases,-®AA and Pcplremovethe mitochondrial
targeting sequence (MT8J Ccp1%8%°17°The GST signal in lysates of GSJcpl expressing cells
was detected at ~3Ma, close to the MW of the free GST tag (2BDR) plus the leading segment
of Ccpl6lsA?MBTIEBDa) IMcontrast, a very weak GST band at kB4 in the analysis
of GST-FECH expression is significantly higher in MW than that of the GST tag plus the initial
segment of FES*HD7&DaMPety on(thé other hand, hasMTS that is not
removed.’t while Ctalhas ncknownMTS, but two pergisomal targeting sequencel®se to its
C- and Ntermin.1’2173Thus, the selection of &&rminal fusions was not appropriate for Ccpl and
FECH but this is not the case for Pet9 and Ctal.

In the fusions examined her&ST and the target proteiare separated by 38residue
sequence which includes a Histag a thrombin cleavage site, and 1&-residue linker
(Supplementary informatiofigures S2.+ S2.4) 14’ Reported nkersarecomposed of 7, 10, 21 or

more residue$’¥17® and the dnger ones are likely moresolvent exposed and protease
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accessibleThus, theieffective38-residue linker magontribute to the protease sensitivityGH T-
Ctal and GSPPet9.In addition toproteolysis, it appears that G&FECH was poorly expressed
(Figure 23). Zhu et al. (2001) noted that somi-terminal GST-fusionsdid not express well
including proteins with signal peptides that weud sen to the secretory pathwaypecause of
misfolding and mis-modification?*® Another study reported 32 proteitisat causedslow cell
growth due tdhe presencef free GST tags anidicomplete or mutated versions of the protéffis.

Proteolytic attackcan be reduced hyodifyinga p r ostrueture td be proteasesistant
andor by addition of proteas inhibitors to the growth mediuth’1’®Use of proteasdeficient
yeast strainglso canminimize the degradation of recombinant proteins; for examphkB101
strainsof S. cerevisiaedo not expres®rotease A andProtease BTable 2.1)!"° However, since
two of our target proteins (Ccpl and FECH) possedsridini that are removed by specific
proteased®!"%the commercial yeast clones examined here are clearly unsuithbks.as reported
in Chapter 3we selected heterologously expressed &8Pl fromE. colicells as bajtwhichwe
used previously tecreen bindig partners ofheapo and holoforms of Ccpi!

We did successfully isolatem1%p cel | s. Lack of FECH activity
but detected ithe WTBY4741strain, which supports tigresence of a functional FECH in these
cells.The isolation oheml1®sp ¢ with hegligible FECH activityprovidesan important toofor
investigatingFECH inS. cerevisiae
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2.7. Supplementay information
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Figure S2.1. The predictedexjuence of GSTcpl expresseflom thepEGH vector in BY4741 yeast cells. TBST
sequence (orang@ at the Nterminal followed by an Histag(bold blackfont), athrombin cleavagsite (red)anda
17-residuelinker (blue)fused to immatureCcpl (black)with its 68residue mitochondrial targeting sequence
underlined The sequence was prepared as described elselfh&e*eThe GST (ID:P08515 and Ccpl (IDP0043)

sequences were obtainedm theUniProt website(https://www.uniprot.org/
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Figure S2.2. The predicted equence of GSTtal expressedrom thepEGH vector in BY4741 yeast cells. This
terminal domain is described in Figu82.1. Thegperoxisomal targeting sequences (underlined) of Ctal are referenced
from elsewheré’>13The sequence was prepared according to literateit&:14The GST (IDP08515 andCtal (ID:

P15202 sequences weretrieved fromthe UniProtdatabankhttps://www.uniprot.org/
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Figure S2.3. The predictedequence of GSFECH expressedrom thepEGHvector in BY4741 yeast cells. Tin
terminal domain is presented in Figi82.1. The mitochondrial targeting sequence of FECH is undeffiriEoe
sequence was reported elsewhéré*” 14 The GST (ID:P0855) and FECH (ID:P16622 sequences were accessed
in the UniProtwebsite fittps://www.uniprot.org/
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Figure S2.4. The predicted equence of GSPet9expressedrom thepEGH vector in BY4741 yeast cells. The
terminal sequence is described in FigB&1. The mitochondrial targeting sequence (underlined) and membrane
anchoring sequence (bold red) of Pet9 are reported elseWh&he protein sequence was designed asritbestin
the literaturé?>147.148The sequences of GST (IP08515 and Pet9 (IDP18239 weredownloaded from th&niProt

databankittps://www.uniprot.org/
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Chapter 3: LC-MS/MS analysis of GSFapoCcpl pulkdowns ofSaccharomyces cerevisiae

soluble and membrane proteins

3.1. Preface
Data analysiswriting and editing were performed by Alan Aguiar Lopes. The LEMS/MS
measurementaere carried out by DHeng Jiang (CBAMS). The text was revised by Drs. Heng

Jiang and Ann English.

3.2. Abstract

The final step in heme biosynthesis! Fesertion into protoporphyrin IX, isatalyzed by FECH, a
mitochondrial inner membrane protein. There are no known hepeptacs from FECH, but
mitochondrial Ccpl is among the first proteins in yeast to acquire fadlomwing its biogenesis
However,FECH and Ccpl are separated by the immgochondrialmembraneso we hypothesize
that Pet9, al\DP/ATP membrane transportegt as an intermediatd.hus,possible interaction
between FECH, Pet9, arapoCcplin mitochondriaenriched yeast lysates (P10 fractionmns)
examined employingecombinant GSTBpoCcpl as a baitDetergentselectionto promote
solubilization of membranbound FECHs a main focusN-octyl glucoside (NOG), TritorX-100,
sodium deoxycholate (SDC), and(3-cholamidopropyl) dimethylammonid)-propanesulfonate
(CHAPS) were added tohe P10fractions The nitochondrial heme enzymes, Ccpl and
cytochrome c oxidas(Cox) exhibitedthehighest activityin sample solubilizedwith 0.6% NOG,
which was thus added to the lysates containing the prey proteins for tfdoyullexperiments.
Increasng the baitprey ratiofrom 1:1 to 1:5 increasetié number oapoCcpispecificinteractors
identified Pet9 was detected £ NOG at both ratios but FECH was detected + NOG at a 1:5 ratio
only, reflecting its low cellular abundance and/or its indirect interaction with apo@ithér
mitochondrial, antioxidant, and heme proteins, sucfuamrate hydratasg@eroxiredoxinPrx1,
cytochrome c¢, andNADPH-cytochromeP450 reductasewere detected, underscoring the
versatility of GSTpull-downst detergenas rapid screens of soluble anémbrane interactocs

a selected bait protein subcellular fractions.
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3.3. Introduction

GSTpull-downs have been used extensively to investigate prptetrininteractors:®d 82 These
assays screen for physical interactions between proteins in cell lysates and serve to affirm predicted
protein complexeandto discover new interactot&® The bait protein fusd toa GST tag can be
homologously expressed and pulled down from cell lysates with its intersstgpiying
glutathione (GSHJinked beads. Alternatively, the GSait can be expressed another host
typically inE. colicells transformed with the apypriate pGEX vector, and purifiedilizing GSH
linked bead$84 Then, the purified GSbait is incubated with the cell lysates oferest at various
bait-prey ratios and GSHinked beadsreagainused to pull down the GSBaitwith its interactors
whicharecommonlyidentified by liquid chromatography/mass spectrometry/KILE).18°To filter
out prey proteins that bind t6ST and/or the resimndreduce the number délse positives '8
pull-downs argperformed with théree GSTtagasbait.

There areadvantage to heterologously xpresing the GST-bait. Many GSHusions,as
well as free GSIcan beoverexpressed i. col® with high yield and stability®’ Hence purified
GST-baitand its GST control can be readily obtained in large amounts atdstrto screen for
interactors Also, the GST-bait can beincubated with different subcéllar fractionsto screen for
protein partners in specific cell compartmeiit€®Thebait-prey ratiocan be adjustei trapweak
andlow-abundantnteractors in cell extract§® For examplejncreasing therey concentréion
will increase the number of collisionstiveerprey proteins and the GSJaitandpromoteprotein
complex formatiort®®

The bait examined here is Ccpl. Our interest in this heme protein stems from its multiple
and related functionsn heme trafficking®? and the oxidative stress respof%g 419 jn
Saccharomyces cerevisidenmature apoCcpl is synthesizedtime cytoplasm andargetedto
mitochondria where it undergoes maturation including heme insertion. When cells switch to
respiration, C ¢ p foroapoCthle maturatiott a perexcsomalimitoehdndrial
catalase. We do not knatlve details ohow apoCcpl acquires its heme in mitochondriatheit
final step in heme biosynthesis! Figsertioninto theprotoporphyrin IXring, is catalyzed by FECH
(Figure 1.2) localized on the matrix side of theer mitochondriamembrane. A heme acceptor
from FECH has not been identified in any eukaryotic cellaig dbut when anaerobigeast cells
are exposed to oxygen they produce heme (Figure 1.2)ododcpl is immediately detected since
apoCcpl accumulates in mitochondria under anaerobic concfifiemiike apoCtal and other
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hemerequiring proteing® However, matur€cpl is localized in the intermembrane sSpAbtS)
and FECH in the matrixsowe hypothesized thd®et9, an abundant ATP/ADP transporter across
the inner membran€ alsodelivelsheme from FECH to apoCcp1l.gwortingour hypothesis, Pet9
has been recognized aspassible heme carrif and asan interactor ofFECH®® plus we
previouslyidentified Pet9 as an apoCcp1 interactbr

Herein we screen for a possible mitochondriBECH-Pet3apoCcpl hemetransfer
complex utilizing GST-apoCcpl puldowns from mitochondriaenriched subcellular fractions
(P10)of BY4741yeast cellsSince FECH and Pet9 are both membrane proteins, thelquiis
were performedn the presence of detergerBased on published procedures for extracting
membrane proteins and proteiomplexes®i1% we considered the use @&25% SDC, 0.3%
CHAPS, 1% TritonX-100, and 0.6% NOGSinceCcpl andcytochrome ¢ oxidaseCpx) were
most active in the latter, we select&@% NOG Also, given that increasing the concentratians
theinteractorsdrivescomplex formatiort® we incubated GS&poCcpl withthe P10 extracts at
1:1 and 1:5 baiprey proteinratios. Increagg the prey concentration let to the identification of
more interactorsas did the presence detergentin sum, we identified®65 potentialapoCcpl
director indirectinteractors, includingnitochondrialmembrane and matrix proteinBhe results
suwpport a possibleheme tr#ficking pathwaythrough aproposedFECH-Pet3apoCcplternary
complex and will hopeflly stimulatestudieso dbtain experimatd evidence fosuch a complex.

3.4. Material and Methods

3.4.1. Materials

Chemicals and biochemicals were obtained from the following supplinsiolyase20T
(Amsbio) 3-[(3-cholamidopropyl)dimethylammonjel-propanesulfonafe (CHAPS),
ampicillin, i s o p r -D--thibgaldetopyranoside (IPT\Gpeptone, tryptone, and yeast extract
(BioShop Canada DL-dithiolthreitol (DTT), (Bio Basic), BieSafé™ Coomassie @50 Stain
(Bio-Rad) glutathione (GSHJinked SepharoséB resin (GE Healthcarg) ammonium
bicarbonate, horse equine heart cytochrommanacetamidelysozyme, sodium deoxycholate
(SDC), proteomics grade trypsin from porcine pancreas, Tita0D0 Millipore Sigma);
MagneGSTE Gl utat hi;cemph ead ks (pR roRi)aeadslet withowth i b i t o
EDTA, N-octyl glucoside(NOG) (Roche) acetonitrile(ACN), LC-MS gradeformic acid (FA)
Optimg phenylmethane sulfonyl fluorid@MSF ThermoFisher Scientific).
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3.4.2. Purification ofrecombinant GST and GST-apoCcplfrom E. coli
GST-apoCcpl and GSWere prepared as waescribedpreviously! with minor modifications.
BL21(DE3) E. coli cells transformed with the empty pGEX vector or pGEX-2T-CCP1
(FigureS3.1) were cultivated at 3€/225rpm to OQ000.4- 0.6 in LB medium 2% tryptone, 1%
yeast extract, and 2%aCl) containing 10@ug/mL ampicillin. The production of recombinant
proteins were induced at add 37°C/225rpm for 3 h to establish idh temperaturegives a
higher yield of GSTapoCcpl,cells were collected at 2,000 x g fombn, washed2x with
phosphate buffered saline (PBfH 7.4) incubated for 1%nin in 2 mL of lysis buffer(0.1mM
EDTA, 0.1mM PMSF, 2 tablets Omp | et eE protease i nhi0bGmM or
NaCl,and100pug/mL of lysozymean 50 mM Tris-HCI, pH 7.6,) and lysed by @eezethaw cycles
followed by2 sonication cycles of 18. The lysatewerecentrifugedat 20,000 x g for 2énin, and
the supernatant and pellet were analyzgd2% SDSPAGE

The recombinant protem wereaffinity purified at 4°C from theér supernatats using
Glutathione SepharogeB resin as describéd Briefly, after addingresin (200uL per 50 mL
bacterial broth), samples were rotated-emdrend for 1 h, centrifuged at 2,000 x g fomin to
collect the beads, which were washed 3x with PBS usingpeeeend rotation for 3nin, and the
proteins eluted 2x from the beads with elution bufs€@roM Tris-HCI, pH 8.0, 10nM GSH, and
20mM DTT) again using endverend rotation for 2@nin. Finally, the eluates were dialyzed
overnight with 2x dialysis buffer [100 puMiethylenetriaminepentaacetic aclTPA) in 20mM
potassium phosphate buffer (KRdH 7.4] to remove GSH, and analyzed by12% $12&E. The
spectrum of GSHapoCcpl was recorded onBeckmanCoulterDU-800 UV/Vis singlebeam

spectrophotometeand the proteins were stored-&® °C until use.

3.4.3. S. cerevisiaegrowth and preparation of mitochondria-enriched P10 subcellular
fractions

WT BY4741 cellsMATahi s 3l | eu 2 p0 ware thdsbume of preyprdtenfsé
cultures (10 mL) were grown in YPD medium (2% peptone, 1% yeast extra@¥agllicose) for

16 h at 30°C/225 rprat al:5 mediumto-flask ratio and used to inoculate-BL culturesat a
starterODeoo 0f 0.01 Cellsweregrownunderthe same experimental conditiofa 24 h to dinal
ODsoo0f ~5andcollected for subcellular fréionation.TheP10 fraction was prepared as described
elsewheré®3 Briefly, oneday cells (9< 10" CFU/mL) were treated with 4 mL of 10 mM DTT in
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100mM Tris-H2SQy, pH 9.4 incubaed with 3 mg of Zymolyas20T per gwet weight in 10GmM
KPi, pH 7.4, for 45 min to produce spheroplasts, which whseupted with amechanical
homogenizer (ModdRM185, Janke & Kunkel KG)The samples weientrifuged at 2,000 x g for
10 min (J2HS Centifuge, Beckman Coulterthe supernatantS@ fractior) was removed and
centrifuged at 10,000 x g for 10 min to give the mitochondteglletedsupernatant (S10 fraction)
andthe mitochondrigenrichedP10 fraction which wasstored at80°C for thepull-down assays.

3.4.4. Assay of cytochrome c oxidase (Cox) and Ccpl actyih detergent
To choosea suitabledetergentfor the solubilizationwithout denaturatiorof mitochondrial
membrangroteins we analyzed the activity divo mitochondrial heme enzymé3oxis an inner
membranenulti-subunit proteimndmature Ccpl residues in the IMSetergentcommonlyused
in studies of protein complexesd proteomis wereselected 0.25% SDC, 0.3% CHAPS, 1%
Triton X-100, and 0.6% NO®11%* The Cox activity assay was adapted from elsewt@ére.
Briefly, a 100 puM stock solution of equireart ferricytochrome c ih00 mM KPi(pH 7.4) with
0.1mM DTPA was reduced with sodium dithionite immediately prior to useph aliquot of the
P10 fraction (5.9 protein) was incubated for b@in in 100uL of hyperosmotic buffer (0.
sorbitol and 20nM HEPESKOH, pH 7.4)containing 0.69NOG, 1% TritonX-100, 0.25% SDC
or 0.3% CHAPS in a 9@vell plate To initiate the assay, 34 of ferrocytochrome ¢ was added to
each well to a final concentration of 100 pM, and its oxidation was monitored at 550 §sop &
7.04 mM?t cmih)1% for 3min in a plate reader (TECAN [&ctraFluorPlus). Cox activity is
expressed as the number of umol of ferrocytochrome c oxidized pgr@nin per mg protein.
Ccp1 catalyesthe oxidation of ferrocytochrome ¢ by:®:.1%’ A 4-uL aliquot of the P10
fraction (10ug protein)was incubated for 1Min + detergent irD.80- 0.96 mL of 100 mM KPi
(pH 7.0)in a 2-cm cuvette H.O2 from a stock solution in the same buffer witbmM EDTA was
added and the assay was initiated by adding pQ0of ferrocytochrome ¢o give a final assay
volume of ImL with 90 uM H>O> and27 pM ferrocytochrome cCcpl activity was determined
from the initial rate o0sf=1.6mMcoyt neaduredoma
UV/vis diode arrg spectrophotometéAgilent). Oneunit of Ccpl activity catalyzes the oxidation

by H.O, of 1 pumoL of ferrocytochrome ¢ per min per mgtein®’
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3.4.5. GSTpull-downs from the P10 subcellular fractions
GST-apoCcpl interactors were isolated using an optimizedge8-down technique. Briefly, 20
20 OL of Mgutathien€b8ats(25% slurry in 20% ethanol) were washed 3x with 50
100ni of washing buffer (20nM KPi, pH 7.4, 140mM NaCl, 10mM KCI, 1 mM EDTA, 1mM
PMSF, and ICPI tablet). The P10 fraction (503 of protein as measured using tBeadford
method'** of 1-day cells was incubatesl 0.6% NOGfor 10min to olubilize mitochondrial
membraneproteins such as FECHhis wasfollowed by the incubation of P10 with@QuL of
Ma g n e GS T Eanditte anittsre wasotated end-over-end for 2 h at 4C to removeproteins
that bind tahe beads. The amount@Pladded (1 tablet per L buffer) was Sfold higher than
suggested by the manufacturer (Rocteeavoid cleavage of the GSapoCcpl linker (data not
shown) byproteases from the vacuplehich co-purifies with mitochondrién the P10 fractiont*3
To immobilize the bait, purified GST (10 pg protein) and GSTapoCcp1(10ug protein)
were incubatedt 4° Cwith 10puL of theMa g n e G S T En ilcebatidnsbuffer (20nM KPi,
pH 7.4, 100mM NaCl, 1mM EDTA, 1mM PMSF, and 1 CPI tablet) in a final volume of 200
for 1 h with endoverend rotation The precleared P1faction (10 and 50 pg prote)nn 0.6%
NOG wasthenincubatedat 4°C in batch mode with thenmobilized baitin incubation bufferfor
1 h with endoverend rotation. Thesupernatanivas removedind heMa g n e G BeRdSwere
collected ora magnetic platfon, washed 3x in incubation buffer with enderend rotatiorfor 5
min, and incubated 2x witBO uL of elution buffer (5nM GSHin 50 mM Tris-Cl, pH 8.0).
Proteirs in the bead supernatavg&re concentrated to single band in a 6% stacking gel,
Coomass stained and submittedo in-gel digestiorfor identificationby LC-MS/MS. Aliquots of
the bead supernatants algere analyzed b$2% SDSPAGE with silver staining

3.4.6. In-gel digestion

The gel bands were cut into 1 x DX6-mm pieces and transferred to-tih Eppendorf tubes for
in-gel digestion which followed the protocol provided by Dr. Heng Jiang (CBAMS). Briefly,
proteindisulfide bondswere reduced and alkylatég incubation ofhie gel pieces in the dark for
30min atRT in 0.20.3 mL of 10mM DTT and 50mM iodoacetamide in 5M NH4CGs,
followed successively by50 mM NH4CQOs for 15min, 25mM NH4COz and 5% acetonitrile
(ACN) for 15min, 2x 25mM NH4COs and 50% ACN for 3@nin, and 100% ACN for 1in.

After each step, the samples were vortexethtrifuged and thesupernatantiscarded. The gel
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pieces were dried at 48 for 10min in a SpeedVac (SD modePD121P, Thermd-ischer
Scientific) incubated wh 0.01pg/pL trypsinin 0.2mL of 25mM NH4COs overnight at 30C,
peptides were extracted 3x with 60% aqueoas0.5% FA for 15min, dried at 43C in the
SpeedVagcand storedt- 20 °C for LC-MS/MS analysis

3.4.7. LGCMS/MS analysisand calculation of relative protein abundance

Interactorsof GST-apoCcplin the P10 fractios were analyzed by LL®IS/MS as described
elsewheré®with minor modifications. Briefly, th&ryptic peptidesvere analyzedsing a EASY

nLC Il LC coupled to a LTQ Orbitrap Velos mass spectrometer equipped with a nanospray ion
source in positivéon mode(ThermoScientific) Tryptic peptides werdissolved inl2i 20 uL of
2%aqueous ACNI% FA 2 asifjectadontoal@ m | 75 & m c ohousewith pack e
C18 stationary phasmand equilibrated with mobile phase A (28fueous ACN/A% FA). Peptides

were eluted aRT using a 78min lineargradient at a flow rate of 4G€L/min with mobile phase A

and B (97% aqueous ACNJ.1% FA). A full MS spectrum was acquired in the Orbitrap at a
resolution of 60,000 at m/400-1400 and the ten most abundant multiple charged i¢xn2 or
higher)were selected for MS/MS sequencinghelinear trap with the dynamic exdion option.

The MS data were processeqplying Proteome DiscovereSoftwarev2.4 with the
SEQUEST search engin¢Thermo Scientifi and the UniProt S cerevisiae database
(UP000002311S). Only peptides and proteins with high confiddfid® 1%) are reported.
Proteins identified with O 2fGShapafops ang EPTt i de s
interactors were considerderotein X from this group is classified asapoCcy interactor if (1)
it is present in th&ST-apoCcplfile only, or (2) itsabundance in th&ST-apoCcplis O 2-fold
higher than in th&STfile. The total protein abundaneeasnormalizedoy Proteome Discoverer

v2.4across alkamplego minimize differences between rufig.

3.4.8 Visualization of the apoCcp1Pet3-FECH ternary complex

The structures of Ccpl (1ZBYY Pet9 (4C9G)? and FECH (1LBQ¥ ! wereacquired from the
Protein Data Bankh{tps://www.rcsb.org/?%>?%Heme, lipids, and water molecules were removed
from the structures ApoCcpl and Ipid-free Pet9 were docked using PatchDock
(https://bioinfo3d.cs.tau.ac.il/PatchDopR#2%° with flexible refinement, and the poses were
scoredby FireDock (http:/bioinfo3d.cs.tau.ac.il/FireDockf?¢2°’Pet9 and FECH are membrane
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proteing*?% and FECH is localized in the matrix site of the inner membiaiiéus Pet9 and
FECHweredocked usingSwarmDock(https://bmm.crick.ac.uk/~sviemm-swarmdock?®9 211 in
flexible docking modéo direct FECH to the Mide of Pet9, way from it€-side andmembrane
regions(Figure 1.3).The Pet9 struaire in the binary complexewasalignedto generate a model

of the ternanapoCpl-PetSFECHcomplex.The electrostatic surface and electrostatic cavities of
theternarycomplex were analyzed using the Adaptive Poi€Bolizmann Solver (APBS) plugin
for PyMOL.?'2 PQRinputfilesfor APBS were generatdtbm the PDB files usingthe PQR2PDB
server https://server.poissonboltzmann.org/pdb2p4tAll protein models were visualized using
PyMOL software (Version 2.3.2, Schrodinger LLC).

3.5. Results

3.5.1. Proteomic profile ofthe mitochondria-enriched P10 fraction

The proteins in the P10 fraction frorrday cells were categorized to Wgmitochondrial protein
enrichment (Table 3.1)The LGMS/MS analysis identified 1150 proteinsincluding 450
membraneproteins Proteins from the mitochondri@ytosol, nucleus, vacuole endoplasmic
reticulum, Golgi, and endosome wergentified (Table3.1l). The relative percentage of
mitochondrial proteins was calculated to 60% by dividing the sum of their abundances by the total
protein abundance of the P10 fraction and multiplying by M@mbrane proteins are also
abundant (54%) sae our differential centrifugation approach does not separate the cell membrane
from mitochondrigt®” Additionally, some proteinsire localized to more than one compartment
such as chaperones ameht shock proteins (Ss&sa2 Hsp12, Hsp26, and HspB8*2° Overall

the results reveal th#tte P10 fractions enrichedin mitochondrial proteingut thosefrom other
compartmentsre presenasreported“16"We note thaPet9 Ccpl, and FECHare listed iriTable

3.1, andthe high relative abundance of Pet9 (0.40%) is consistent wilbutsdance in the inner
membrané&l® We also detectedabundanfTCA cycle enzyme$ACO1, CIT1, IDP1) plus Tsal,
Sod1, and Sodas reported in our previous study.
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Table 3.1.Protein distribution and main target proteins in P10 fractionadylyeast cells

Cell compartment Number of proteins? Protein abubndance Relative proteinC
area abundance (%)

P10 fraction 1150 4.66x 10 100
Membrane 450 2.52x 10% 54
Mitochondria 399 2.78x 10% 60
Cytosol 199 1.81x 101 39
Nucleus 346 9.47x10° 20
Vacuole 75 4.25x 10° 9.1
Endoplasmic reticulum 166 3.18x 1¢° 6.8
Golgi 60 7.74%x 1C° 1.7
Endosome 17 2.19x 1¢# 0.5

Target proteins of interest detected in thé?10 fraction

Protein ID Description Unique peptides Relative protein

(% sequence coverage) abundance (%)¢
PET9 ADP, ATP carrier protein 2 25 (62) 0.40
CCP1 Cytochrome c peroxidase 12 (40) 0.06
HEM15 Ferrochelatase (FECH) 6 (24) 0.04
ACO1 Aconitase hydratase 47 (63) 0.57
CIT1 Citrate synthase 19 (48) 0.40
IDP1 Isocitrate dehydrogenase 25 (70) 0.22
TSAl PeroxiredoxinTSA1 10 (63) 011
SOD1 CuZn superoxide dismutas 8 (71) 0.06
SOD2 Mn superoxide dismutase 7 (38) 0.05

@ Thenumber of proteini eachcell compartment asdeterminedy Proteome Disogererv2.4.° Protein abundance

area is the sumf the abundances afl proteins detected thatfraction/compartment. The sum ofll relative protein
abundanceis 300% sincesomeproteirs are present in more than one compartriiéiitFor anindividual protein,
the elativeprotein abundanc@s) is thatfor the givenproteindivided by that for P10 x 100
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3.5.2. NOGincreases both Cox and Ccpl activity in the P10 fraction

To select an appropriate detergent to solubilize mitochondrial membrane proteins, we examined
the effect of foucommondetergents on the activity of Cox and Ccpl. These enzymes share a
common reducing substrate, ferrocytochrome c, but Ccpl is a soluble protein while Cox is
membrane bound. The four detergesekected have been usadstudieson protein compleation

and treir structures are shown in Figu882. SDCis abile salt!®t CHAPSis zwitterionig% and

Triton X-100andNOG are nonionic.}®31%4TheP10 fractiorwas incubated idetergenfor 10 min

prior to measuring enzyme activit.ox activitysignificantlyincreasd in NOG and decreaden

Triton X-100 but is less affected by CHAPS and SDC (Fi@ut4). Ccpl activityalsoincreasd

in NOG and SDC but decreasan CHAPS and @l not changan Triton X-100 (Figure3.1B).

Since NOG increasdhe activity ofboth enzymeswe assumehat it solubilizes Cox and other
membrane proteing their active forms, and that it promotes the interaction of Ccpl with its

substrate ferrocytochrome ¢ and possibly other protein interactors.
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Figure 3.1.Effect of detergent o&ox and Ccft activity. (A) Cox and (B) Ccp activity minusdetergent and in the
presence of the indicated concentration of detergent. The P10 fraction was analyzed for both Cox (5 ug protein) and
Ccpl activity (10 pg proteinas outlined in Section 3.4.44nd the specific activity is expressed in pmol
ferrocytochrome @xidizedmin/mg protein for each enzyme. Three biological replicates were assayed in each case
and evaluated withOA&ay A NOV A wi t h-tesk tprOk0OB, gadnple v§ detetgent; #<0.05, sample vs

0.6% NOG#p <0.05, sample vs% TritonX-100; ~p<0.05, sample v$.25% SDC
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3.5.3.Soluble GST and GSTFapoCcpl areproduced more efficiently in E. coli cellsat 30vs.
37°C

Temperature is one of the variables in optimeiombinant protein production in bacterial cells
High temperatur® can causeprotein aggregationrdue to hydrophobic interaction$'® and
incompleteprotein synthesit**2®whereas dw temperaturgcontribute toprotein folding?? in
part sincehigh chaperone expression and actigitg observedt 30°C?21222We induced bacterial
cellsto produceGST and GSTapoCcplor 3 hat30and37 °C, herecommendetemperaturdor
IPTG indudion of GST-tagged proteins More GST and GSJapoCcplwas detected in the
supernatant vs. pellet following inductiat 30vs. 37°C (Figure3.2A), andwe purified more
solublerecombinant proteifrom cells induced &he lower temperatur@igure3.2B), with yields
increasing fromi5to 140 mg/Lfor GST, and fronb0 to 75 mg/Lfor GST-apoCcpl

GST GST-apoCcpl

A B
37°C 30°C 37°C 30°C GST GST-apoCcpl
MW s P s P 5 P &5 F MW 37°C 30°C 37°C 30°C
75 kDa . - — , 75kDa s
47 kDa s . —_ _— 47 kDa s —
35 kDa s - 35kDa
-
25 kDa o 25 kDa - .
20 kDa o B & " ' 20 kDa

Figure 3.2. SDSPAGE analysis of GST and GSdpoCcplexpression and purification. Silver stained 12% SDS
PAGE gel of wholecdl lysates following centrifugation at 20,000 g. (A) 2nL of supernatant (S) andr®. of pellet

(P) in loading buffer per lane. (B) 4 uL per lane of eluate from GSH beads during protein purification. BL21 (DE3)
E.colicells were induced for Band the ihal ODsoo values of the cultures were 1.56 and 1.3@l§ expressing GST

and 0.96 and 0.9%¢lls expressing GSapoCcp) at 37 and 30°C, respectivelyhe recombinant proteins were
purified as outlined in Section 3.44ote that e quantity of protein per lane in panel A and B is equivalent to that in

4 pL and 200 pL of a 5@nL culture, respectively.

The UVNis spectum of purified GSTFapoCcplis show in Figure3.3 The absence of a
Soretpeak at 408im*®” and a408/280 ratio (0.13 + 0.01, n=Bjuch lower than that (0.77) of fully
hemeloaded GSTholoCcpZ®! indicatethat Ccp1 is in the apoforas we observegreviously®?
Therefore, GSJapoCcpl was purified froifa. colicells.
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Figure 3.3.UV/vis spectrumof ~16 uM GSTFapoCcpl. The purified protein was diluté@fold into 100 uMKPi,
pH 7.4 to record its spectrummia tcm cuvetteat RT (Section 3.4.2)The absence of a heme Soret peak at 408 nm
indicates that Ccpl was isolated in its apoform. Note that@B£280 ratio for GSTholoCcplis 0.775*

3.5.4.Addition of NOG and increasing the amount ofprey protein augmentdthe number of

GST and apoCcpl interactorddentified

Detergentsolubilize membranproteing?® and enable theisolattion??* The slver-stained gks

show more bands in eluates frohe GSHlinked beads added to P10 in the presence vs. absence
of 0.6% NOG (Figure3.4A). Thus,NOG increased the amount of prey protein accessible to the
bait andmoreinteractors of GSTapoCcpwere identified Also, moreproteins were pulled down
at1:5vs.1:1 baitprey ratio (Figure3.4B).

The GST and apoCcpl interactavere identified byl C-MS/MS using the criterian
Section 3.4.7. Using these criteridl and42% of proteins identified were filtered out as
nonspedic apoCcpl interactors at a 1:1 bpiey ratio with and without NOG, respectively, and
42% and 69% were removedat a 1:5 baitprey ratio. NOG increased the number of GST
interactorsl.7-fold (60 to 100 Table 3.2 andthe number of GSBpoCcpl interactors.4-fold
(119to0 164) at a1l baitprey ratio At a 1:5 ratio, the number of GST (#dd) and GSTapoCcpl
(1.6-fold) interactorsalsoincreasedsuch thathe combined effects of adding NOG and boosting
the preyprotein concentration increased the number of GST interakt®fsld (60 to 106) and
GST-apoCcpl interactors 2fold (119to 265).
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Figure 34. SDSPAGE analysis of the GST and GapoCcplpull-downs fromP10 fractiols of 1-day yeast cells
Silver stained 12% SD®AGE gel of: (A) eluates (30 pL per lane) from the GSH beads incubated with the P10
fractions + 0.6% NOG at 1:1 bajirey ratio; and (B) eluates (15 pL per lane) from the GSH beads incubated with the
P10 fractions + 0.6% NOG at 1:1 and bd&tprey ratios. Experimental details are given in Sectidrb3.

Table 3.2.Effects of NOG and bait:prey ratio on the number of GST and apoCcpl interactors identified

Number of GST interactofs Number of apoCcpinteractors'
Bait: prey
ratio - detergent +NOG® - detergent +NOG®
1:1° 60 (29) 100 (50) 119 (57) 164 (66)
1:5P 80 (45) 106 (50) 161 (82) 265 (123)

@ The number of interactors identified following our criteria (Section 3.4.7). The number of mitochondrial proteins

identified is indicated in bracket8GSTor GST-apoCcp1(10 ug wasadded to 10 pg (1:1) or 50 pg (1:5) of P10 prey
protein (Section 3.4.55The P10 fraction was incubated in 0.6% NOG for 10 min prior tegnin (Section 3.4.5).

3.5.5. ApoCcpl interactors and their proposed roles in heme trafficking, cell respiration,
stress defere, andmembranetransport

The apoCcpl interactors idengifi in this study participate in many cellular processesséléeted
32 specificapoCcpl interactonwith keyrolesin the cell(Table3.3) to discuss hetelrhepercent
sequence coverage atiet number otinique peptidesbserved fothe proteins were obtained by
merging theresultsfrom all samples analyze@&ome interactors were identified aur previous
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GST pulkdown study®! including Pet9 a potentialheme transportéf and the three GAPDH
isoforms,which appear to function deme buffers?

Among the proteins in Table 3.3, Cycl, which we detectear®gfis notable since it is a
substrate of Ccpl0s p et Otherago&abntermatorspavticipatgin ( Se c t |
ergosterol biosynthesis, includindNADPH-cytochrome”450 reductase (Ncpl) NADH-
cytochromeb5 reductase ZMcrl), andsterol 24C-methyltransferas€Erg6). Ncpl and Mcrl
transfer electrons to Ergll via cytochrobs®NADH-cytochromeb5 reductasé€® and Erg6
catalyzes the conversion of zymosterol to fecosterol in the ergosterol biosynthesis pathway (Figu
1.3).92949%|n addition, these proteins are interactors of Ef§%#2°22’a heme protei® As our
lab has identifiedCcpl as a HO. and peroxnitrite (ONOO) sensof?83 interaction between
apoCcpl and Ncpl, Mcrl, Erg6, and Ergll suggasisstalk between the stress response and
ergosterol biosynthesis.

We previously identified Sod2, a regulator of ROS and Ridfalling®®® as a Ccpl
interactor in iday yeasf! Sod1, andadditional antioxidant enzymeimcluding peroxiredoxirs
TsalandAhpl, thioredoxin reductase and thioredoxin peroxidagerxl, arefound as apoCcpl
interactors here (Table3.3),hder scoring Ccplbés role in antiox

A surprising number of proteins associated with the tricarboxylic acid (TCA) cycle were
identified agpotential direcor indirectapoCcpl interactors (Table 3.3). These include suceinate
CoA ligase subunit(Lscl, Lsc2), fumarate hydratase (Fum1l), aconitase hydratase (Acol), citrate
synthase (Citl), subunitsf isocitrate dehydrogenase (Idhl and ldh2), isocitrate dehydrogenase
(Idp1), 2-oxoglutarate dehydrogenase (Kdgahda protein we identified previolys®* malate
dehydrogenase (Mdhwhichinteractswith otherTCA proteinsincludingAcol, Cit1, and Idh£2°
In addition, Mdh1, Citl, Sdhl, and Furafie found in asupramolecular complex composed of
matrix and IMS proteinsnvolved inthe TCA cycle and oxidative phosphorylatidhat was
detected inyeast (W303-1B strain).?3® Other components of thissupramolecularcomplex
including external NADHubiquinone oxidoreductase 1 (Ndel), glyceégihosphate
dehydrogenas@sut2), and acetaldehyde dehydrogenase (Aldd)so areapoCcpl interactors
(Table S3.1).This maybe another manifestation©fc p 1 6 s r ol e i n asthdé i oxi d

complexhas aNADH channellingfunction?%°

48



Table 33. Specific GST-apoCcpl interactorilentified inthe P10 fractior?

Sequence| Unique GST-apoCcpl
Gene ID¢ Description Coverage | Peptides
(%) ¢ d T : ; :
1 1.1+ 1.5 1:5
-NOG | +NOG | -NOG | +NOG
1 ACO1 Aconitate hydratase 45 32 X X X
2 PET9 ADP, ATP carrier protein 2 25 7 X X X x
3 CIT1l Citrate synthase 40 16 X X X X
4 SOD1 Cu-Zn superoxide dismutase 38 x
5 CyC1 Cytochrome cl 15 3 X X X
6 CCP1 Cytochrome c peroxidase 62 33 X X X X
7 HEM15 Ferrochelatase (FECH) 8 X X
8 FUM1 Fumarate hydratase 28 X x
Glyceraldehyde3-phosphate
° TDH1 dehydrogenase 1 65 11 % % % %
Glyceraldehyde3-phosphate
10 TDH2 dehydrogenase 2 60 2 % % x x
Glyceraldehyde3-phosphate
1 TDH3 dehydrogenase 3 86 12 % % % %
Isocitrate dehydrogenase [NAD]
12 IDHL subunit 1 26 8 X % x x
Isocitrate dehydrogenase [NAD]
13 IDH2 subunit 2 25 6 X X x
14 IDP1 Isocitrate dehydrogenase [NADF 52 19 X bs X X
2-oxoglutarate dehydrogenase,
15 KGD2Z mitochondrial 20 13 % X X X
16 MDH1 Malate dehydrogenase 73 16 X X X
17 MIC60 MICOS complex subuniMic60 5 2 X
Mitochondrial import inner
18 TIM50 membrane translocase 7 3 X X
subunitTIM50
Mitochondrial import receptor
19| TOM/70 subunitTOM70 5 3 X X %
20 SOD2 Mn superoxide dismutase 10 2 X
21 CBR1 NADH-cytochromeb5 reductase 1 12 2 X X
22 MCR1 NADH-cytochromeb5 reductase 2 8 2 X X X
NADPH-cytochromeP450
23 NCP1 reductase 13 7 X x
24 AHP1 Peroxiredoxin AHP1 27 X X X X
25 PRX1 Peroxiredoxin PRX1 10 2 X X
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26 TSAL Peroxiredoxin TSA1 36 5 X X
27 ERG6 Sterol 24C-methyltransferase 25 7 X X X X
Succinate dehydrogenase
28 SDH1 [ubiquinone] flavoprotein subunit 16 7 % % X %
Succinate dehydrogenase
29 SDH2 [ubiquinone] ironsulfur subunit 15 3 % %
SuccinateCoA ligase [ADR
30 Lsc1 forming] subunit alpha 17 4 %
SuccinateCoA ligase [ADR
s1 LsC2 forming] subunit beta 16 6 % %
32 TRR1 Thioredoxin reductase 1 8 2 X X x X

2 TableS31 (page 60)lists all 386 proteins identified GST-apoCcpl partners identifidohsed orthe criteria in
Section 3.4.7°Gene ID from theSaccharomyce&enome Databasét{ps://www.yeastgenome.ojgMitochondrial

proteins araunderlined interactorsof both GST-apoCcpl and GS@reitalicized, interactors 0flGST-apoCcpl only
arenot italicized.? Sequence coverageumber of amino acids identified divided by the total number of amino acids
in the proteinandthenumber of unique peptidéise., peptides that exist in onyneprotein in the proteomelre from

1i 3 independent LBAS/MS experiments.

Membranetransport proteins constitute another class of apoCcpl interactors identified in
this study (Table 3.3)rhesemclude subunitMic60 of the MICOS complexsubunitTim50 of the
mitochondrial import innemembrane translocasdsubunitTom70of the mitoclondrial import
receptor which are involved in transporting newly produced protdiesveen submitochondrial
compartments Since apoCcpl is produced in the cytoplasm and transported to the inner
mitochondrial membrane by its mitochondrial targeting seqe@hits interaction with these

transport proteindeservesurther investigation

3.5.6.ApoCcpl-Pet3FECH complexation is electrostatically favourable

Computer modellingevealsshape complementaribetween apoCcpl and Pet9, and between Pet9
and FECH (Figure 3A). Consistent witither mitochondrid localization (Section 3.4.8.)jn
pose5 of the apoCcpiPet9complex {rom PatchDock/FireDogkand pose4 of thePet3FECH
complex (from SwarmDock apoCcpland FECHinteract with the C- and Mside of Pet9
respectively(Figure3.5A). The ternary complex as generated byanually superimposinget9

of pose 5 on that of pose 4 (FiguréA).
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Figure 35. Modeling theapoCcp1Pet3FECH complex(A) The docled structure ofthe ternarycomplexof Ccpl

(green, PDBLZBY), Pet9 (orange, PDBC9G), and-ECH (blue, PDBLLBQ). Electrostatigpotentialenergysurfaces

of (B) the ternary complex an() thecavities surrounding the heme binding sitid8S, yellow circleg. Note that

solvent excluded (Connolly) surfaces aietted in panel Bandtheribbon structurgin transparent grein panel Cto

expose the electrostaurfacesf cavitiesaround the HBSZoom of HBS in: (D) apoCcpl and Pet9, and (E) Pet9

and FECH. Yellow and black arrows point to interprotein héraesfer pathwaysThe contourscale ofthe
electrostatic surface i&sT/e (red) and +XkgT/e (blue) whereksi s t he Bol t z ma8&xM@3J/K)cTdsn st ant
the temperature in Kelvin, arethe electron charge-1.6 x 10'°C). Docking was performedsoutlined inSection

3.4.8, andhe protein modela/eregeneratedising PyMOL (Version 2.3.2, Schrodinger LLC).
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The electrostatipotential energy map of the ternaagmplex Figure3.5B) reveals that
apoCcpiPet9interactionis promoted by the oppositetharged surfaceof the proteins. ApoCcpl
is largely negatively charged while Pet9 is largely positively charged. Likewise, negatively charged
patches of FECH interact witbositivdy charged patches &fet9except in a few igons where
the protein charges are revers@derall, the interaction between these three proteins is mediated
by electrostatic complementarity.

Identification of the heme binding sit@dBS; Figure3.5A-C, yellow circleg allows us to
suggest possiblenternal pathways or tunnels fdreme transfer from FECH to apoCcpl
(Figure3.5C-E). Two tunnels can be identified between the HSB of Pet9 and apoCcpl
(Figure3.5D, yellow arrows), one positively charged and a second with both positive and negative
chargesA series of positively and negatively charged patches define the single pathway identified
between the HBS of FECH and Pet9 (FigdikE, black arrow). The nature of these
tunnels/pathways indicates that heme transfer is controlled by electrostatic fohigls is
explored further in Chapter 4.

3.6. Discussion

GST pull-dowrs from celllysateshave been employed to purify as well as screen interactors of
numerous bait proteirt$1?32 Advantages of thistechnique include the solubility of the
recombinant GSTusion andthe detection of transient and weak interacti§h$*by adjusting
baitratios'® However, sncesubcompartmentalizatiorestrictstheidentification of interactors in
organelles such as mitochorajithe addition of detergem$ viewed & a requiremento unveil
protein complexes between sobmpartmentsshenanalyzing proteimnteractordy affinity-based
methods>*

3.61. Selection of detergent and prey concentration

In our previousstudy, we described Ccpl interactors huldy yeast cells, includingoluble
mitochondrial proteins sudis its substrat€ycl.5 No detergent was addeo the lysate# this

study, andFECH, a membrane protejrwas not detectedso we employeda detergenhereto
solubilize themitochondrialmembranes and screér nonsolubleapoCcpl interactordJse of

the right detergent, one that will not harshly affect protein structure, including membrane proteins

is essential and amy studies provide informatioron detergentuse br membrane protein
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solubilization and extractiof¥*?*® and for membrane protein cortgx isolation®** Norionic
detergentssuch as NOGare recognizedas mild detergents for protein extraction and
crystallizatiort?* plus NOG extracts th€Cox mmplexfrom theinner mitochondriaimembrane
without loss ofenzyme activity?®’ Since we observed increasédx andCcp1l ativity following
P10 preincubation witlD.6% NOGIin the assay solution, the pulbwns reported here were
performed withthis detergengSection 3.5.2, igure 3.1).

Cox complex formation and activigredependenbn proteintlipid interactiors 2%¢23°The
head groups of neinic detergents interaatith Cox at itsthreonine and tyrosine residyegich
are lipid stabilizer$®?* and actas physiological lipids in preserving theative protein
conformatioré? Thus, weassume tha0.6% NOG solubilizes othemitochondrial membrane
proteinsin their native conformation€lectrostatic interactionare reported*® to bekey in the
association ofccplwith its peroxidase substrate Cy¢hnd dissociation of the CcfiiCyc1"
complex is the ratéimiting step in theperoxidase cycle (Section 1.22)Since 0.6% NOG only
slightly increases Ccpl activity (FiguBelB), it unlikely alters its affinity for Cycl. Given the high
negative charge on its surface (Fig8reB), we assume that electrastanteractions dominate in
the isolation of ap&cpZinteractors with negligible interference from NOG. We additionally note
that nonionic detergentslo notform proteintlipid interactions thatdenatue Ccp14*

Of the 386 proteins detected in the padiwns (Tables3.1), 104 are membrane proteins
plus 6 are characterized as both as membrane and nonmembrane (AIM6, AIM9, AIM17, AIM46,
FMP41, and GFALL The large numbeof both soluble and membrane proteins pulled dasvn
attributed not only to NOG but also to use of a high prey protein concentration. This increases bait
prey encounter¥® and hence protein complexatioimcreasd prey proteinmay alsorecover
interactorssuch as Tsal and Prx1 (Table 3&twere lost dua@isrupion of certaincomplexesby
the detergentat the lower bait;preyratio.?*> At the higher kit:prey ratiq the perturbation caused
by the detergentmay be reducedindcomplex stabilityenhanced*® We also note that the pls of
the interactors ranged between 4-161.43 andlL66 proteindhaveapl > 7.4, which corresponds
to the pH of oubait-prey incubationgSection 3.4.5)Since apoCcpl hasphof 5.5°” and hence

a net negative charge at g 24" local, not overall charge, must control many of its associations.
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3.6.2. Interactorssuggest numerous roles for Ccpl in the cell

The identification of 386 interactors (Tal88.1) suggestthat apoCcplimpactsmany cellular
processes, including heme trafficking, antioxidant defence, carbohydrate metabolism, protein
transport, and ergost# biosynthesigTable3.3). Thus, exploring the association of Ccpl with its
many interactors will expand and clarify our understanding of its cellular functions in fermenting
yeast. We have demonstrated previously that Ccpl participates in heme tedimspdiand
H202/ONOO sensind®® plus it affectslife spant*® Some interactors magssociatendirectly

with apoCcpl For example, we identified 56 apoCcipteractors that also are Pet9 interactors
including FECH, Sdh2, Ndel, Cox2, Cox4, Corl, and Cytl (TaBI2)%¢ Thus, Pet9 could
conneciCcpl to proteins in other stdmmpartments, and expand its sphere of influence. Also, such
indirect proteinprotein interactions would increase communicatiowbenh mitochondrial sub

compartment$*

3.6.2.1. Interaction withPet9, FECH, and GAPDHsupportsapoCcpld participation in heme
trafficking
Ligand binding assays and protdigand docking suggest Pet9 acts as a h€mas well as an
ATP/ADP transportert alsohasbeen identified as an interactor of FECH, PPOX, and CPOX in
heme metabolism in mammalian céfignd FECH was cammunoprecipitated with Pet9 in yeast
cells® Thus, hemeand hemeprecursortrafficking via ADP/ATP carriers may be an important
process in eukaryotic cells.&¢onfirm Pet9 as an apoCcplinteractor under the four experimental
conditions examined here (Tal8e2), and we identified~ECH as an apoCcpl interacturl:5
bait:preyratio+ 0.6% NOG SinceFECH andmatureCcpl are localized ithe matrix and IMS,
resgectively, wehypothested thathemeis transfered fromFECH to apoCcpl through Pet@
FECH interactaf® Visualization & a model of a potentishpaCcpl-FECH-Pet9ternarycomplex
(Figure3.4)reveals charge and shape complenrégtat the protein interfaces, thereby supporting
complexation. Fiere ismuchdebate abouteme acceptofsom FECH?® 5188yt our results suggest
thatADP/ATP carriers such as Pettay shuttle heme from FECH to proteins like apoCcpl outside
of the mitochondrial matrix.

The three GAPDH isoforms, Tdh1, Tdh2, and Tdh3Sircerevisiag*® were detected as
apoCcpl interactors (TabBe3) based on their unique peptides (Tablg.3#ese highly abundant

proteins (0.121.5 x10° molecules/cellf*® are localized in the cytoplasm, nucleus, and
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mitochondrigg** 251 We previously detected Tdh2 and Tdh3 as Ccpl interactorday tells and
Tdh1, whichreportedly isexpressed only during stationary phase,-ttay cellst* However, low
level expression of the TDH1 gene has been observed in exponentially growirt¢fesits Tdh1
and Tdh2 are important for forming axad complex with Tdh3 to prevent Tdh3 aggregation in

exponentially growing cell&2which supports our identification of all three isoforms (Table 3.4).

Table 3.4.List of the unique peptides of the three GAPDH isoforms

Gene Prot<_ein FDR Unique peptides

ID confidence®
TDH1 High [K].GTVSHDDKHIIDGVK.[I]
TDH1 High [K].KVVITAPSSSAPMFVVGVNHTK.[Y]
TDH1 High [R].IAINGFGR.[I]
TDH1 High [K].IATYQERDPANLPWGSLK_[I]
TDH1 High [K].IDVAVDSTGVFK.[E]
TDH1 High [K].IDVAVDSTGVFKELDTAQK.[H]
TDH1 High [K].LISWYDNEYGYSAR.[V]
TDH1 High [R].VPTVDVSVVDLTVKLEK.[E]
TDH1 High [R].VVDLIEYVAK .[A]
TDH1 High [R].YKGTVSHDDKHIIDGVK.[I]
TDH2 High [R].YAGEVSHDDKHIIVDGHK.I]
TDH2 High [K].IATFQER.[D]
TDH3 High [R].DPANLPWGSSNVDIAIDSTGVFK.[E]
TDH3 High [K].GVLGYTEDAVVSSDFLGDSHSSIFDASAGIQLSPK.[F]
TDH3 High [K].KIATYQERDPANLPWGSSNVDIAIDSTGVFK_[E]
TDH3 High [R].IALSRPNVEVVALNDPFITNDYAAYMFK.[Y]
TDH3 High [K].IATYQERDPANLPWGSSNVDIAIDSTGVFK.[E]
TDH3 High [K].IATYQERDPANLPWGSSNVDIAIDSTGVFKELDTAQK.[H]
TDH3 High [K].VINDAFGIEEGLMTTVHSLTATQK.[T]
TDH3 High [K].VINDAFGIEEGLMTTVHSLTATQK.[T]
TDH3 High [R].YAGEVSHDDKHIIVDGK.[K]
TDH3 High [R].YAGEVSHDDKHIIVDGKK.[I]
TDH3 High [K].HIIVDGKK.[I]

2 Only the peptides identified withFDR <1% are considered.

b N- and Gterminal residues are in brackets and trypsin cleavage sites are indicated by periods.

The GAPDH isoforms have functiors in glycolysis, gene contrpland apoptosig>
Recently, GAPDH has been assigned rolés heme buffering?’ and heme trafficking?
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Specifically, in yeast cells, Tdh3 controls the level of labile heme and regulates Hap1 aétivity.
may al so participate i n t heCtakneawnationintrespimg o f

mitochondrigf? so heme transfer between Ccpl and TdiServes further study.

3.6.2.2.ApoCcplinteracts with other antioxidant enzymes toparticipate in redox signaling
in yeast
S. cerevisiaeontains fiveperoxiredoxingdPrxs; Tsal, Tsa2, Ahpl, Prx1, and Doib different
subcellularcompartmentshat metaboliz hydroperoxide$>#2>°Previously, Tsal wadetectedas
a Ccpl interactoin 7-day cells®* and herewe found Tsal, Ahpl,and Prx1, plus thioredoxin
reductasgTrrl), a cytosolic thiol reductage® as apoCcpl interactors indhy cells. Prxs are
important in regulating kD2 signalling in cell$>’ so the identification of these proteins as apoCcpl
interactors underscores its role in peroxide sigmalWe have shown that apoCcpl exits respiring
mitochondria and relocates to the cytosol andleus®? In the latter compartment, its interaction
with thenuclear transcriptiofactor, Skn7, upregulates production ahtioxidantenzyme.>8:62.64
Skn7 cooperates with yeast activator profie(iyapl), whichis a major regulator of the oxidative
stress response and activalbgdthiol peroxidase$>®

We also identified Sod1 and Sod2 as apoCcpl intera&odsl and Sod@reimportantin
ROS regulation and sighimg?2® since hey control cellular superoxide (&F) levelsand prevent
O2F from reactng with nitric oxide (NO) to produce ONOC®® Furthermore Yapl and Sod2
reportedlycooperate in mitochondrialuclear signiing under ethanolic stre$® and Sodis a
regulatorof Ahp1 activity?®* In summary, our reswtsuggest tha€cplperforms itsantioxidant
signdling in concert withPrxs andSodL plusSod2.

3.6.2.3.TCA cycle enzymes

The TCA cycle isanimportant metabolic procesisat produces the higénergyelectron carriers
NADH; and FADH?®? Also, TCA cycle enzymefunctionas a signalling hub of cellular events
such as DNA methylatigrproteinposttransation modification?®® andheme biosynthesi$? We
previousy reportedMdh1as aholoCcp1l, but not an afitcpl, interacor in 1-day cells® and here

we found 11 TCA cycleenzymesas apoCcpl interaatm Acol, Citl, Fumlidhl, Idh2, Idp1,
Kgd2,Lscl, Lsc2, Sdhl, and Sdhurthermore, these enzymes were pulled down at 1:1 and 1:5
bait:prey ratios + NOG (e.g., Citl, Idhl, Idh2, Kdg2, Sdh1l) or just 1.5 £ NOG (e.g., Fum1, Sdh2,

and Lsc2; Tabl&.3). In ntact cells, any interactions between the TCA enzymes localized in the
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matrix and Ccpl in the IMS must occur indirectipr exampleSdh2is aPet9interactor Section
3.6.2,Table S3.2%2so the transporter could mediate its interaction with apoCcp1.

3.6.2.4.ApoCcplinteractors with a protein transport function

ImmaturepreCcpl with its MTS is imported into mitochond®d and a population ofmature
apoCcplthat has lost its hemis exported from mitochondria to the cytosol and nuctéd$us,
Ccpl likely interacts with a number of protein transporters and here we identified Tom70 and
Tim50 as apoCcplinteractorfom70 and Tim5Qare subunitof the translocase of the outer
(TOM) and innermitochondrial membrane (TIN23), repectively®+?%> The TOM complex
recognizes and imports presar proteing®* and Tom70 interacts with Tin® and Tim23 to
translocate precursor proteins from the TOM pter to the TIM23 complex®>2¢® Mic60, a
component ofthe mitochondriallMS assembly mdtnery(MIA) and an interactor of Tom70 and
Tim50,%%" is also found here as an apoCcpl interact@m70 imports precursor protaity
interacting with theihydrophobic sequensg®® Thus, firther studies aref interestto understand

the details ofCcpld mitochondril importinto export.

3.7. Conclusions

Examination ofGST-apoCcpl puldowrsin the presence 00.6% NOGat two bait-prey
ratios allowed the identificationof 386 proteins from mitochondria enriched (P10) lysates. Of
these,265 were considered aspecific GST-apoCcpl interactors, includint23 mitochondrial
proteins.NOG preserved protein activity while solliding 104 membrane proteinEmploying
detergenplus5x preyproteinallowed the bait to trap twice as many interactors, whrtancd
ourscreening oapoCcplbinding partnersincluding the trapping of FECH and Pet9. This supports
our hypothesis thapoCcpl, Pet9, and FECH form a ternary complex for heme transfieh
hopefullywill be examined in futurexperimentaktudies We further hypothesize thanicreagsd
prey concentratiorfacilitated the identification ofindirect (FECH) as well asdirect (Pet9)
interactorsof apoCcpldue to increasebait-prey collisions.Additionally, apoCcp1l interacts with
proteins involved inantioxidant defece (Sod1/2, Tsal, and Adhl)eme trafficking(Tdh3),
mitochondrial signiing (TCA cycleenzymes), and protein import (Tom70, Tim50, and Mic60).
These findings implicate Ccpl in several cellular processdpemew horizons.
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3.8.Supplementary information

(1) pGEX-2T (2) Bacterial transformation
plasmid
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- Plasmid-cell incubation on ice
for 30 min

- Heat-shock cycles: incubation at
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- LB media (950 pL) added
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- LB media + Ampicilin (0.1 mg/mL)

- Incubation at 37 °C

- Incubation at 37 °C/ 222 rpm

Figure S3.1.E. coli transformatiorwith GST and GSICCP1 BL21(DE3)E. coli cdls were transformed with: (A)
the pGEX plasmid containing the CCP1 gene, which expresses th€ GBT fusion; and (B) the empty pGEX vector

which expresses the GST tag onlacBerial transformatiowas performed as we described previoid&griefly, the
pGEX plasmids (3 uL, ~0.2pmol, ~0.4 ug) were incubated with competent BL21(DES3) cells (500uLice for 30

min. The cells werexposed to a heahock cycle (37 °C for 20 s and ice for 2 min), LB medium (950 uL) was added,

and the cells were incubated at 37 °C/222 rpm for 1 h. Transformed cells were selected in LB plates containing

ampicillin (0.1 mg/mL). In the negative control (C), the plasmid was incubated with the restriction er@yrde,

before transformatiorthis image was prepared using BioRen(gorender.comaccessed 26 February 2021).
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Figure S3.2. Structures of the detergents used in this stydy. CHAPS, (B) Noctyl glucoside, (C) sodium
deoxycholate, and (D) Trito¥-100. These chemical structureswere taken from PubChem
(https://pubchem.ncbi.nimih.gov/ accessed 22 February 2028nd redrawn henesing ACD/ChemSketchersion
2020.1.2 The PubChem Compound ID numbers are as follows: CHAPS (10760@yNylucoside (62852), sodium
deoxycholate (23668196), and Trit¥r100 (5590).
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Table S3.1. List of 3% proteins identified by Proteome Discoveer v2.4 from the GSTand GST-apoCcpl pulkdowns (page$0-98)

9 Protein IDand subcellular localizatioitom the UniProt lfittps://www.uniprot.org/or Saccharomyces Genome Databhsgp$.//www.yeastgenome.ojg/

I Sequence coverage and numbeunmitiue peptidegdefined in Footnotd, Table3.3)are from 13 independent LAMS/MS experimers

I Proteinsubcelular localization: C, cytosol; CM, cell membrane; M, mitochondria; ER, endoplasmic reticulum; V, vacuole; N, nucleus; E, endosome; Gr,Golgi; F
peroxisome; Ukn, unknown

Protein GST- GST- GST- GST-
Sequence . GS GS GS GS
FDR Gene ID Description Coverage Unlq_ue Subc_ellu_lar 1:1 Ccpl 1:1 Cc‘pl 1:5 Cc.pl 1.5 Cc.pl
cor- %) Peptides localization -NOG 1:1 +NOG 1:1 -NOG 15 +NOG 15
fidence -NOG +NOG -NOG +NOG
1 High Hsp12 | 12 kDaheatshock 9 1 C,E,CM, N X X X
protein
2 High LEU4 Zisopropylmalate 24 12 c, M X X X X X X X X

synthase

2-oxoglutarate
3 High KGD1 dehydrogenase, 20 13 M X X X X X X X
mitochondrial

30 kDa heat shock

4 High HSP30 . 7 1 CM X
protein
3-
. hydroxyisobutyryl

6 Medium EHD3 -CoA hydrolase, 2 1 M X

mitochondrial

. 40S ribosomal
7 High RPSOA protein SOA 42 6 C X X X X X
8 High RPS13 40S ribosomal 15 2 c X X X X

protein S13
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40S ribosomal

9 High RPS15 brotein 515 9 c
10 High RPS18A ;?jgiigossf&a' 13 c
11 High RPS19A g?ostgiiﬁossfg"/la' 18 c
12 High RPS1B 4;3:;%022’;3' 21 C
13 High RPS20 4&50 t”e?r‘?ss";(‘)a' 31 c
14 High RPS3 40psrorti2i‘;sgg‘a' 34 c
15 High RPS4A 4;32%’;‘;2“"" 19 c
16 High RPS5 40psrc:ti2i‘;sgg“a' 7 c
17 High RPS6A 4;323]022’;"’“ 11 C,N
18 High RPS7A 4;32::102‘;2"’" 28 C N
19 High RPS7B 4;;2%025”" 28 C N
20 High RPS8A 40S ribosomal 33 c

protein S8A
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40S ribosomal

21 High RPS9B protein S9B 17 C,N
5-
methyltetrahydropt
22 High MET6 eroyltriglutamate- 9 C,CM
homocysteine
methyltransferase
60S acidic
23 High RPPO ribosomal protein 28 C
PO

. 60S ribosomal
24 High RPL10 protein L10 13 C

. 60S ribosomal
25 High RPL11A protein L1EA 8 C,N

. 60S ribosomal
26 High RPL12B protein L12B 41 C

. 60S ribosomal
27 High RPL13B protein L13B 11 C

. 60S ribosomal
28 High RPL15A protein L15A 18 C

. 60S ribosomal
29 High RPL16B protein L168 15 C

. 60S ribosomal
30 High RPL17A protein L17A 40 C
31 High RPL1B 60S ribosomal 24 c

protein L1B
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60S ribosomal

32 High RPL20A S rotsin L20A 29 c
33 High RPL25 Ggitl?r?sl_oz’ga' 18 c
34 High RPL27A g?;;;ﬁizozrga' 10 c
35 High RPL28 Ggi Tosomal 10 c
36 High RPL2B Ggﬁtgﬁ]ofgg‘a' 19 C
37 High RPL3 G%Smrtigi‘;sfg‘a' 9 c
38 High RPL4A 6;325"522“"" 34 C.N
39 High RPL5 G%Srorti:i‘;sfg‘a' 24 C.N
40 High RPL6B %?f)trei}?r?f‘é”ga' 17 c
41 High RPL7A 6&32?53_2""' 11 C
42 High RPL8A Grgitga"fgr:a' 31 c
43 Medium RPLOA 60S ribosomal 4 c

protein LA
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6-
phosphogluconate

44 High GND1 40 16 C
dehydrogenase,
decarboxylating 1
78 kDaglucose
45 High KAR2 regulated protein 26 13 ER
homolog
: Accumulation of
46 High ADY2 dyads protein 2 5 1 CM, V
Acetolactate
47 High ILV2 synthase c_atalytlc 8 4 M
subunit,
mitochondrial
48 High ERG10 Acety-CoA 3 1 c
acetyltransferase
49 High ACH1 Acety-CoA 48 18 c
hydrolase
. Acetyl-coenzyme
50 High ACS2 A synthetase 2 4 2 C,N
Aconitate
51 High ACO1 hydratase, 45 32 C,M
mitochondrial
52 High ACT1 Actin 40 12 C
. Actin-binding
53 High ABP1 protein 4 1 C
54 High ADO1 Adenosine kinase 9 2 C,N
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Adenosylhomocy

55 High SAH1 : 15 6 C
steinase
56 High ADK1 Adenylate kinase 14 2 C,M
57 High ADE13 Adenylosuccinate 13 5 c
lyase
58 | Medium SrRv2 | Adenylyl cyclase 3 1 c
associated protein
. PET9 ADP,ATP carrier
59 High AAC2 protein 2 25 7 M
60 High ARF1 ADP-ribosylation 13 5 G
factor 1
AlaninetRNA
61 High ALA1 ligase, 3 3 C,M
mitochondrial
. Alcohol
62 High ADH1 dehydrogenase 1 61 14 C
Alcohol
63 High ADH3 dehydrogenase 3, 20 4 M
mitochondrial
Alpha,alpha
trehalose
. phosphate
64 High TPS1 synthase [UDP 5 2 C
forming] 56 kDa
subunit
. Alpha-
65 High AMS1 mannosidase 8 8 \%
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66

High

AlM46

Altered
inheritance of
mitochondria

protein 46,
mitochondrial

67

High

AIM6

Altered
inheritance of
mitochondria

protein 6

10

Ukn

68

High

AIM9

Altered
inheritance of
mitochondria

protein 9,
mitochondrial

69

High

GCV1

Aminomethyltran
sferase,
mitochondrial

13

70

High

APE2

Aminopeptidase
2, mitochondrial

71

High

APE3

Aminopeptidase
Y

29

10

72

Medium

TRP2

Anthranilate
synthase
component 1

73

High

YDR341
C

Arginine--tRNA
ligase,
cytoplasmic

74

High

ARO8

Aromatic/aminoa
dipate

16
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aminotransferase
1

75

High

ABF2

ARS-binding
factor 2,
mitochondrial

14

76

High

ASN1

Asparagine

synthetase

[glutamine
hydrolyzing] 1

77

High

ASN2

Asparagine

synthetase

[glutamine
hydrolyzing] 2

78

High

DEDS81

AsparagingRNA
ligase,
cytoplasmic

13

79

High

AAT2

Aspartate
aminotransferase,
cytoplasmic

24

80

High

DPS1

Aspartate-tRNA
ligase,
cytoplasmic

17

81

High

ATP4

ATP synthase
subunit 4,
mitochondrial

16

82

High

ATPS

ATP synthase
subunit 5,
mitochondrial

40
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83

High

ATP1

ATP synthase
subunit alpha,
mitochondrial

46

22

84

High

ATP2

ATP synthase
subunit beta,
mitochondrial

64

23

85

High

ATP3

ATP synthase
subunit gamma,
mitochondrial

38

86

High

PFK1

ATP-dependent 6
phosphofructokin
ase subunit alpha

87

High

PFK2

ATP-dependent 6
phosphofructokin
ase subunit beta

17

10

88

High

HSC82

ATP-dependent
molecular
chaperone HSC82

43

89

High

DED1

ATP-dependent
RNA helicase
DED1

90

High

TIF1

ATP-dependent
RNA helicase
elF4A

22

91

High

SuB2

ATP-dependent
RNA helicase
SUB2

68




92

High

ADE17

Bifunctional
purine
biosynthesis
protein ADE17

28

11

93

High

ADES5S,7

Bifunctional
purine
biosynthetic
protein ADE5,7

94

High

BAT1

Brancheechain
amincacid
aminotransferase,
mitochondrial

25

95

High

ADE3

C-1-
tetrahydrofolate
synthase,
cytoplasmic

96

High

MIS1

C-1-
tetrahydrofolate
synthase,
mitochondrial

97

High

CPs1

Carboxypeptidase
S

20

10

98

High

PRC1

Carboxypeptidase
Y

99

High

CAT2

Carnitine G
acetyltransferase,
mitochondrial

10

100

High

YCK2

Casein kinase |
homolog 2

CM
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Casein kinase |

101 High YCK3 homolog 3 5 1 CM,V, N
. Cell division

102 High CDC12 control protein 12 7 2 CM
. Cell division

103 High CDC42 control protein 42 11 2 CM
: Cell division

104 High CDC48 control protein 48 7 4 C,ER

105 High yiLizac | Cell wall protein 8 2 cM
9 YJL171C

Chaotic nuclear
106 High CNM67 migration protein 2 1 C
67
107 High PRB1 Cerevisin 8 4 \%
108 High cIT1 Citrate synthase, 40 16 M
mitochondrial
109 | Medium YHM2 Citrate/oxoglutara 4 1 M
te carrier protein
110 High COF1 Cofilin 12 1 C,N
: Condensin
111 Medium YCG1 complex subunit 3 1 1 C,N
Conserved
112 Medium COG1 oligomeric Golgi 3 1 G

complex subunit 1
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Cruciform DNA-

113 High CRP1 recognizing 6 2 C,M
protein 1
CysGly
114 High DUG1 metallodipeptidas 8 3 C,M
eDUG1
115 High cvs4 Cystathionine 7 2 cM
betasynthase
Cysteine
116 High NFS1 desulfurase, 8 3 M
mitochondrial
Cysteine
117 High LAP3 proteinase 1, 9 3 C,M
mitochondrial
118 High YNL247 Cyste_lne—tRNA 4 3 cM
W ligase
Cytochrome k¢l
119 High COR1 complex subunit 46 15 M
1, mitochondrial
Cytochrome k¢l
120 High QCR2 complex subunit 53 16 M
2, mitochondrial
121 High CYC1 Cytochrome c isd 16 1 M
. Cytochrome ¢
122 High cox2 oxidase subunit 2 1 2 M
123 High cox4 Cytochrome ¢ 10 1 M

oxidase subunit 4,
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124

High

CCP1

Cytochrome ¢
peroxidase,

62

32

125

High

CYT1

Cytochrome c1,
heme protein,

15

126

High

ALO1

D-arabinonel,4-
lactone oxidase

17

127

High

PUT2

Delta-1-pyrroline-
5-carboxylate
dehydrogenase, |

128

High

LPD1

Dihydrolipoy!
dehydrogenase,

61

23

129

High

LAT1

Dihydrolipoyllysi
neresidue
acetyltransferase
component of
pyruvate
dehydrogenase
complex,

17

130

High

KGD2

Dihydrolipoyllysi
neresidue
succinyltransferas
e component of 2
oxoglutarate
dehydrogenase
complex,

15

131

High

URAL

Dihydroorotate
dehydrogenase
(Fumarate)

132

High

DAK1

Dihydroxyacetone
kinase 1
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133

High

ILV3

Dihydroxy-acid
dehydratase,
mitochondrial

33

15

134

Medium

MDJ1

DnaJ homolog 1,
mitochondrial

135

High

DPM1

Dolichol-
phosphate
mannosyltransfera

se

19

ER

136

High

SWP1

Dolichyl-
diphosphooligosa
ccharide-protein
glycosyltransferas

e subunit SWP1

ER

137

High

WBP1

Dolichyl-
diphosphooligosa
ccharide-protein
glycosyltransferas

e subunit WBP1

ER

138

High

PMT1

Dolichyl-
phosphate
mannoseprotein
mannosyltransfera
se 2

ER

139

High

TEF1

Elongation factor
l-alpha

70

26

140

High

EFB1

Elongation factor
1-beta

30

141

High

CAM1

Elongation factor
1-gamma 1

21
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Elongation factor

142 High TEF4 1-gamma 2 25 7 C
143 High EFT1 E'O”gat;’” factor 44 26 c
144 High YEF3 E'O”gastf” factor 16 12 c
. Elongation factor
145 High TUFL Tu, mitochondrial 15 4 M
. Endoplasmic
146 High ERO1 oxidoreductinl ! 2 ER
Endoplasmic
147 High YET3 reticulum 5 1 ER
transmembrane
protein 3
. Endosomal
148 High EMP24 protein P24B 13 2 ER, G
149 High ENO1 Enolase 1 60 9 C
150 High ENO2 Enolase 2 67 16 C
EnoyHacyl-
151 High ETR1 carrierprotein] 10 2 M
reductase,
mitochondrial
Eukaryotic
152 High GCD11 franslation 29 11 c

initiation factor 2
subunit gamma
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Eukaryotic
translation

153 Medium RPG1 LS 1 C
initiation factor 3
subunit A
Eukaryotic
154 High cDC33 _ translation 7 C. N
initiation factor
4E
. Exoribonuclease
155 High DSS1 I, mitochondrial 2 M
External NADH
. ubiquinone
156 High NDE1 oxidoreductase 1, 8 M
mitochondrial
. FACT complex
157 High POB3 subunit POB3 2 N
Farnesyl
158 High ERG20 pyrophosphate 3 C
synthase
. Ferrochelatase,
159 High HEM15 mitochondrial 8 M
160 High SAC6 Fimbrin 5 CM, C
161 High FPR3 FK506-binding 15 N
nuclear protein
162 High FPR4 FK506-binding 7 N
protein 4
163 High YHB1 Flavohemoprotein 4 C
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Flavoproteinlike

164 High YCP4 protein YCP4 11 2 C,CM,M
165 Medium FPK1 Flippase kinase 1 1 1 C,CM
Fructose
166 High FBA1 bisphosphate 46 12 C,M
aldolase
Fumarate
167 High FUM1 hydratase, 28 10 C,N,M
mitochondrial
168 High GLK1 Glucokinasel 2 1 C,CM, M
Glucose6-
169 High PGI1 phosphate 43 17 C
isomerase
. Glucosesignaling
170 High GSF2 factor 2 5 2 ER
. Glutamate
171 High GAD1 decarboxylase 2 1 C
Glutamate-tRNA
172 High GUS1 ligase, 12 7 C,M
cytoplasmic
173 High GLN1 Glutamine 7 3 c
synthetase
Glutamine-
fructose6-
174 High GFAl phosphate 2 1 Ukn

aminotransferase
[isomerizing]
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175

High

GLR1

Glutathione
reductase

176

High

GTT1

GlutathioneS-
transferase 1

24

ER

177

High

TDH1

Glyceraldehyde
3-phosphate
dehydrogenase 1

62

10

178

High

TDH2

Glyceraldehyde
3-phosphate
dehydrogenase 2

59

179

High

TDH3

Glyceraldehyde
3-phosphate
dehydrogenase 3

85

11

180

High

GPP2

Glycerot1-
phosphate
phosphohydrolase

2

16

181

High

GPD1

Glycerol3-
phosphate
dehydrogenase

[NAD(+)] 1

C, Pr

182

High

GUT2

Glycerot3-
phosphate
dehydrogenase,

mitochondrial

183

High

GCV3

Glycine cleavage
system H protein,
mitochondrial

77




184

Medium

GCV2

Glycine
dehydrogenase
(Decarboxylating)
, mitochondrial

185

High

GRS1

Glycine-tRNA
ligase 1,
mitochondrial

186

High

GSP2

GTP-binding
nuclear protein
GSP2/CNR2

17

187

High

RHO1

GTP-binding
protein RHO1

23

CM, E, Pr

188

High

YPT1

GTP-binding
protein YPT1

17

C,ER,G

189

High

YPT31

GTP-binding
protein
YPT31/YPT8

190

High

YPT7

GTP-binding
protein YPT7

18

E, VvV

191

High

SRM1

Guanine
nucleotide
exchange factor

SRM1

14

192

High

ASC1

Guanine
nucleotide
binding protein
subunit betdike
protein

42
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193

High

HSP104

Heat shock
protein 104

11

10

194

High

HSP26

Heat shock
protein 26

39

195

High

HSP60

Heat shock
protein 60,
mitochondrial

64

37

196

High

HSP78

Heat shock
protein 78,
mitochondrial

197

High

SSE1

Heat shock
protein homolog
SSE1

32

13

198

High

SSE2

Heat shock
protein homolog
SSE2

199

High

SSAl

Heat shock
protein SSA1

57

200

High

SSA2

Heat shock
protein SSA2

58

201

High

SSA3

Heat shock
protein SSA3

15

202

High

SSC1

Heat shock
protein SSC1,
mitochondrial

55

34

203

High

STI1

Heat shock
protein STI1

10
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204 High HXK1 Hexokinasel 36 9 C,M
205 High HXK2 Hexokinase2 44 13 C,N,M
High-affinity
206 High HXT6 hexose transporter 15 1 CM
HXT6
High-affinity
207 High HXT7 hexose transporter 15 1 CM
HXT7
Histidine-tRNA
208 High HTS1 ligase, 9 3 C,M
mitochondrial
209 High HTZ1 Histone H2A.Z 7 1 N
210 Medium HTB1 Histone H2B.1 5 1 N
211 High HHT1 Histone H3 5 1 N
. Homoserine
212 High HOM®6 dehydrogenase 13 3 C,N
Hydroxymethylgl
213 Medium ERG13 utaryFCoA 3 1 N
synthase
. Inorganic
214 High IPP1 pyrophosphatase 40 7 C
Inosine5-
215 High IMD3 monophosphate 16 5 C

dehydrogenase 3
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216

High

IDH1

Isocitrate
dehydrogenase
[NAD] subunit 1,
mitochondrial

26

217

High

IDH2

Isocitrate
dehydrogenase
[NAD] subunit 2,
mitochondrial

27

218

High

IDP1

Isocitrate
dehydrogenase

[NADP],
mitochondrial

44

15

219

High

ICL1

Isocitrate lyase

220

High

ILVS

Ketol-acid
reductoisomerase,
mitochondrial

36

10

221

High

ERG11

Lanosterol 14
alphademethylase

ER

222

High

FAAL

Long-chainfatty-
acid-CoA ligase
1

35

18

CM

223

High

KRS1

Lysine-tRNA
ligase,
cytoplasmic

10

224

High

ALD6

Magnesium
activated
aldehyde

dehydrogenase,
cytosolic

26

11
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Malate

225 High MDH2 dehydrogenase, 6 2 C
cytoplasmic
Malate
226 High MDH1 dehydrogenase, 71 16 M

mitochondrial

Malate
227 High MDH3 dehydrogenase, 35 8 Pr
peroxisomal

Malate synthase

1, glyoxysomal 19 6 Pr

228 High MLS1

Medium-chain

fatty acid ethyl

229 High EHT1 ester 6 3 M

synthase/esterase
2

Meiotic sister
chromatid
recombination
protein 1

230 High MSC1 12 5 CM, ER, M

Methionine

231 High MAP1 aminopeptidase 1

MICOS complex

232 High MIC60 subunit MIC60

Minichromosome
233 Medium MCM5 maintenance 1 1 C,N
protein 5
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234

High

MAM33

Mitochondrial
acidic protein
MAM33

235

High

MGM10

Mitochondrial
genome
maintenance
protein MGM101

236

Medium

TIM44

Mitochondrial
import inner
membrane
translocase

subunit TIM44

237

High

TIM50

Mitochondrial
import inner
membrane
translocase

subunit TIM50

238

High

TOM22

Mitochondrial
import receptor
subunit TOM22

239

High

TOM40

Mitochondrial
import receptor
subunit TOM40

240

High

TOM70

Mitochondrial
import receptor
subunit TOM70

241

High

MIA40

Mitochondrial
intermembrane
space import and
assembly protein

40

83




242

High

Om45

Mitochondrial
outer membrane
protein OM45

23

243

High

POR1

Mitochondrial
outer membrane
protein porin 1

78

17

244

High

MIR1

Mitochondrial
phosphate carrier
protein

20

245

High

MASS

Mitochondrial
protein import
protein MAS5

246

High

MAS2

Mitochondriat
processing
peptidase subunit
alpha

247

High

YJU3

Monoglyceride
lipase

19

C,ER,M

248

High

BBC1

Myosin tail
regiorrinteracting
protein MTI1

249

High

MAE1

NAD-dependent
malic enzyme,
mitochondrial

250

High

CBR1

NADH-
cytochrome b5
reductase 1

12

ER, M
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NADH-

251 High MCR1 cytochrome b5 14 M
reductase 2
NADP-dependent
252 High YMR226 3-hydroxy acid 4 N
C
dehydrogenase
. NADPH
253 High OYE2 dehydrogenase 2 14 C,N,M
NADPH-
254 High NCP1 cytochrome P450 12 CM, ER, M
reductase
NADP-specific
255 High GDH1 glutamate 9 C,N
dehydrogenase 1
Nascent
polypeptide
256 Medium EGD2 associated 4 C,N
complex subunit
alpha
257 High PNC1 Nicotinamidase 10 C,N, Pr
258 | Medium | NCE102 Non-classical 8 cMm
export protein 2
Nonsense
259 High NMD2 mediated MRNA 1 C
decay protein 2
260 | Medium BIK1 Nuclear fusion 1 c

protein BIK1
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261

High

NSR1

Nuclear
localization
sequencéinding
protein

12

262

High

BFR1

Nuclear
segregation
protein BFR1

263

High

NPL3

Nucleolar protein
3

264

High

NOP58

Nucleolar protein
58

265

High

NAP1

Nucleosome
assembly protein

266

High

OLA1

Obglike ATPase
1

267

High

KES1

Oxysterotbinding
protein homolog 4

268

High

CPR1

Peptidytprolyl
cistrans
isomerase

26

269

High

CPR3

Peptidytprolyl
cistrans

isomerase C,

mitochondrial

270

High

CPR6

Peptidytprolyl
Cis-trans
isomerase CPR6
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271

High

AHP1

Peroxiredoxin
AHP1

33

272

High

PRX1

Peroxiredoxin
PRX1,
mitochondrial

10

273

High

TSA1

Peroxiredoxin
TSA1l

36

274

High

TES1

Peroxisomal acyl
coenzyme A
thioester
hydrolase 1

Pr

275

High

PCS60

Peroxisomal
coenzyme A
synthetase

Pr

276

High

FRS2

Phenylalanine
tRNA ligase alpha
subunit

277

High

FRS1

Phenylalanine
tRNA ligase beta
subunit

278

Medium

PHM7

Phosphate
metabolism
protein 7

CM

279

High

PCK1

Phosphoenolpyru
vate
carboxykinase
(ATP)

37

13
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280

High

PGM2

Phosphoglucomut
ase 2

281

High

PGK1

Phosphoglycerate
kinase

81

35

282

High

GPM1

Phosphoglycerate
mutase 1

49

14

283

High

SAC1

Phosphoinositide
phosphatase
SAC1

ER, G

284

High

SEC53

Phosphomannom
utase

19

285

High

PMA1

Plasma membrane
ATPase 1

28

18

286

High

PAB1

Polyadenylate

binding protein,

cytoplasmic and
nuclear

19

287

High

ALD4

Potassium
activated
aldehyde

dehydrogenase,
mitochondrial

66

22

288

High

PDH1

Probable 2
methylcitrate
dehydratase

289

High

HXT5

Probable glucose
transporter HXT5

CM
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Probable

290 Medium AIM14 metalloreductase 1 1 CM
AIM14
Probable
291 High AIM17 oxidoreductase 18 6 M
AIM17
292 Medium PHB1 Prohibitin-1 3 1 M
293 High PHB2 Prohibitin-2 5 1 M
294 High BMH1 Protein BMH1 24 1 C,CM, N
295 High BMH2 Protein BMH2 23 1 C,N
. Protein disulfide
296 High EUG1 isomerase 34 18 ER
297 High ERP1 Protein ERP1 5 1 ER
298 High FMP52 Protein FMP52, 4 1 M
mitochondrial
299 High GVP36 Protein GVP36 7 2 G
. Protein kinase
300 High MCK1 MCK1 3 1 C
. Protein MMF1,
301 Medium MMF1 mitochondrial 10 1 M
Type Il HSP40
302 High SIS1 co-chaperone 20 5 C,N
SIS1
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303 High SS02 Protein SSO2 3 1 C,CM, ER
304 High TMA108 Protein TMA108 5 5 C
Protein
305 High SEC63 translocation 2 1 N, ER
protein SEC63
. Protein transport
306 High SEC23 protein SEC23 3 2 C,ER,G
307 High URA2 Protein URA2 4 7 C
308 High YRO2 Protein YRO2 3 1 CM, ER, M
309 High PST2 Protoplast 12 2 C,CM, M
secreted protein 2
Putative
310 High ECM14 metallocarboxype 4 1 \%
ptidase ECM14
Putative serine
311 High YBR139 carboxypeptidase 3 1 \Y
YBR139W
Putative
312 Medium YCLO042 uncharac‘terlzed 8 1 Vv
W protein
YCLO42W
Pyruvate
313 High PDC1 decarboxylase 54 25 C,N
isozyme 1
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314

High

PDX1

Pyruvate
dehydrogenase
complex protein
X component,
mitochondrial

315

High

PDAL

Pyruvate
dehydrogenase E1
component
subunit alpha,

mitochondrial

40

14

316

High

PDB1

Pyruvate
dehydrogenase E1
component
subunit beta,

mitochondrial

39

10

317

High

CDC19

Pyruvate kinase 1

82

38

318

Medium

RNA1

Ranspecific
GTPase
activating protein
1

10

319

High

SEC4

Rasrelated
protein SEC4

17

320

High

RVS161

Reduced viability
upon starvation
protein 161

25

321

High

RVS167

Reduced viability
upon starvation
protein 167

17

322

Medium

RFC5

Replication factor
C subunit 5
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323

High

PHOS8

Repressible
alkaline
phosphatase

324

High

RTN1

Reticulonlike
protein 1

18

ER

325

High

RNR2

Ribonucleoside
diphosphate
reductase small
chain 1

326

High

RNR4

Ribonucleoside
diphosphate
reductase small
chain 2

327

High

RRB1

Ribosome
assembly protein
RRB1

328

High

SS71

Ribosome
associated
complex subunit
SSz1

36

12

329

High

SSB1

Ribosome

associated

molecular
chaperone SSB1

49

330

High

SSB2

Ribosome

associated

molecular
chaperone SSB2

50

331

High

NDI1

Rotenone
insensitive
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NADH-
ubiquinone
oxidoreductase,
mitochondrial

332

Medium

RVB1

RuvB-like protein
1

333

High

PEP4

Saccharopepsin

32

ER,V,M

334

High

LYS1

Saccharopine
dehydrogenase

[NAD(+), L-
lysine-forming]

17

Pr

335

High

SAM1

S
adenosylmethioni
ne synthase 1

336

High

SHM2

Serine
hydroxymethyltra
nsferase, cytosolic

29

11

337

High

SHM1

Serine
hydroxymethyltra
nsferase,
mitochondrial

25

338

High

SES1

Serine-tRNA
ligase,
cytoplasmic

339

High

SGT2

Small glutamine
rich
tetratricopeptide
repeatcontaining
protein 2
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340

High

LSP1

Sphingolipid long
chain base
responsive protein
LSP1

14

341

High

PIL1

Sphingolipid long
chain base
responsive protein

PIL1

35

C,CM, M

342

Medium

DPL1

Sphingosinel-
phosphate lyase

ER

343

High

ERG9

Squalene synthase

ER, M

344

High

PHO88

SRRindependent
targeting protein 3

12

CM, ER, M

345

High

ERG6

Sterol 24C-
methyltransferase

25

ER, M

346

High

SDH1

Succinate
dehydrogenase
[ubiquinone]
flavoprotein
subunit,
mitochondrial

19

347

High

SDH2

Succinate
dehydrogenase
[ubiguinone] iror
sulfur subunit,
mitochondrial

15

348

High

SFC1

Succinate/fumarat
e mitochondrial
transporter
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349

High

LSC1

Succinate-CoA
ligase [ADR
forming] subunit
alpha,
mitochondrial

17

350

High

LSC2

Succinate-CoA
ligase [ADR
forming] subunit
beta,
mitochondrial

21

351

Medium

MET3

Sulfate
adenylyltransferas
e

352

High

SOD1

Superoxide
dismutase [Cu
Zn]

38

353

High

SOD2

Superoxide
dismutase [Mn],
mitochondrial

10

354

Medium

SRP40

Suppressor
protein SRP40

355

High

STM1

Suppressor
protein STM1

37

356

High

TRR1

Thioredoxin
reductase 1

357

High

THR4

Threonine
synthase
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ThreoninetRNA

358 High THS1 ligase, 11 7 C,M
cytoplasmic
359 High TAL1 Transaldolase 14 3 C,N
. Transcriptional
360 High WTM1 modulator WTML 25 8 C,N
Transcriptional
361 Medium UME1 regulatory protein 2 1 C,N
UME1
362 High TKL1 Transketolase 1 15 9 C,N
Translationally
363 High TMA19 controlledtumor 29 5 C,M
protein homolog
) Transposon Tyl
364 High TY1B DR6 GagPol 6 9 C, N
DR6 .
polyprotein
365 High TPI1 Triosephosphate 56 15 C,CM, M
isomerase
tRNA-
366 High ARC1 aminoacylation 6 2 C
cofactor ARC1
367 Medium TPM1 Tropomyosinl 8 1 C
Ubiquitin-40S
368 High RPS31 ribosomal protein 25 3 C,N
S31

96




Uncharacterized

369 High FMP41 mitochondrial 5 M
hydrolase FMP41
Uncharacterized
370 Medium YK\I7\:IL07 oxidoreductase 3 M
YKL107W
Uncharacterized
371 High YGVR\)IZ% protein 2 CM, M
YGR266W
Uncharacterized
372 High YNL115 vacuolar . 4 v
C membrane protein
YNL115C
UTP-glucosel-
. phosphate
373 High UGP1 uridylyltransferas 25 C. CM
e
374 High APE1 Vacuolar 26 Vv
aminopeptidase 1
375 High VACS Vacuo'gr protein 8 C,CM,V
Vacuolar protein
376 High VPS1 sortingassociated 7 C
protein 1
Vacuolar
377 High VTC2 transporter 1 ER, V

chaperone 2
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378

High

VTC3

Vacuolar
transporter
chaperone 3

18

13

ER,V

379

High

VTC4

Vacuolar
transporter
chaperone 4

24

16

ER,V

380

High

SCS2

Vesicle
associated
membrane

proteinassociated
protein SCS2

19

CM, ER, N

381

High

VMAL1

V-type proton
ATPase catalytic
subunit A

23

22

382

High

VPH1

V-type proton
ATPase subunit a,
vacuolar isoform

15

11

383

High

VMA2

V-type proton
ATPase subunit B

36

14

384

High

VMAS8

V-type proton
ATPase subunit D

385

High

VMA4

V-type proton
ATPase subunit E

12

386

High

ZUOo1

Zuotin

32

11
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Table S3.2 Pet9interactors (224) retrieved from BIOGRID database (pages9-110)

il

il

il

Data from BIOGRID fittps://thebiogrid.org/accessed 21 February 2022).

Proteindescription fronthe UniProtdatabasehttps://www.uniprot.org/or BIOGRID

TheAssayandInteraction typecolumns give the methods used for probing the interactorslassifies them

asphysical or genetiaespectively

The proteins detected in this study are highligltealue

Gene ID Description Assay Intetrya:)céion EﬁpFegirrr?qz?ta Ref
CQ\SIL”:?Ms Physical i
1| aacy | AP SRIETPIOE | hancoment  C°Ne® | Thoighou | "
Dosage 272
. . Rescue
) AAC3 ADP/ATPAXaCr:EIer protein Sg;‘;ﬂ,?ﬂ c Genetic Thr'(—)ﬂ\ghput -
Defect
3 AAH1 Adenine deaminase FC)-:‘Oe?':g\t/ii Genetic ThrlgiL?ghhput 226
4 ACS1 AcetateCoA ligase 1 g(:,:g\t/ii Genetic Thrg{?ghhput 220
c ADH?2 Alcohol zeDrggrogenase Iz;()e?’:g\t/ii Genetic Thr|(-)”L?ghhput 226
5 ADME Alcohol ggrhysdrogenase ng];g]rgvl s Physical Thrlc_)?l\ghput 86
I ) g R e
o | oo | Aueedensonrase Pene | cerrc | 18 [
Diadenosin&',5"-P1,P4
9 APA2 phoégtgif;;gzghzétimA l\(geegna;it\i/g Genetic Thrlgi?ghhput -
phosphor_ylgse 2 . _ _
10 APJ1 J domalncoArginlng protein ngﬁg\ﬂs Physical Thrlgl?ghhput 275
11 | ARO1 Pentaﬂf,gtci,olnpal protein 'éefnaéinvf Genetic Thrlgi?ghhput i
AP AR s
13| ASN2 | (oicminchydrolingy2 | ceneie | C®° | Throughou |
14 | ATHI Periplasn:_(l:_ |ja:iid trehalase E;%Sr:g\tli?: Genetic Thrgit?ghhput 226
15 | ATP17 ATP synthase subunit f I\CI;eegna;it\i/Ce Genetic Thrlgit?ghhput 220
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https://thebiogrid.org/

Affinity

16 ATP4 ATP synthase subunit 4 Capture Physical Low 276
Throughput
Western
cAMP-dependent protein - .
. . Affinity . High 277
17 BCY1 kinase reBgCL;IYa:'It-ory subunit CaptureMs Physical Throughput
Nuclear segregation protei  Affinity . High 278
18 BFR1 CaptureRNA | P¥Si€@l | 1o ahput
UBP3-associated protein Affinity : High 279
19 BRES BRES CaptureMS Physical Throughput
Positive . High 296
20 BTS1 Farnesyltranstransferase Genetic Genetic Throughput
N Affinity ; High 280
21 BXI1 Bax inhibitor 1 CaptureMs Physical Throughput
Capassociated protein Affinity . High 281
22 CAF20 CAF20 CaptureMS Physical Throughput
. Affinity . High 61
23 CCP1 Cytochrome c peroxidase CaptureMs Physical Throughput
T-complex protein 1 Synthetic . Low 282
24 ccr2 subunit beta, TCR-beta Lethality Genetic Throughput
T-complex protein 1 Synthetic . Low 282
25 CCT3 subunit gamma Lethality Genetic Throughput
Cell division control Affinity . Low 283
26 | cbcsl protein 31 CaptureMS Physical Throughput
Eukaryotic translation Dosage . Low 284
27 initiation factor 4E Rescue Genetic Throughput
Affinity . Low 86
28 CcOB Cytochrome b CaptureMs Physical Throughput
Ubiquinonebiosynthesis - .
. Affinity . High 285
29 C0Q9 prptem COQQ, CaptureMS Physical Throughput
mitochondrial
CaptureMS
Cytochrome bcl complex — . Low
30 COR1 subunit 1, mitochondrial é;fg:?r/e Physical Throughput 76,86,276,287
Western
Cytochrome c oxidase Affinity : Low 86
31 | COX12 subunit Vib CaptureMS Physical Throughput
Cytochrome c oxidase Affinity : Low 86
32 | COX13 subunit Via CaptureMS Physical Throughput
Affinity 86
. CaptureMS
33 | coxz [ Syloehrome ¢oxidase i Physical Low
subunit 11 Capture Throughput 76,86.276
Western
Affinity Low/High 86.288
. CaptureMS Throughput
34 | coxa | ©Cvtochromecoxidase = i Physical
subunit IV Low 86,276
Capture Throughput ’
Western gnp
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Synthetic Low 289
Lethality Throughput
Affinity 86
. CaptureMS
35 | coxsa | Cvtochromecoxidase = Physical Low
subunit Va Throughput 287
Capture
Western
Affinity Low 86
Cytochrome c oxidase | CaptureMS . Throughput
36 COX6 subunit VI Negative Physical High 296
Genetic Throughput
. Affinity
37 | coxg | Cytochromecoxidase | oo e Physical Low 200
subunit VIII Throughput
Western
Cytochrome c oxidase Affinity . Low 86
38 COX9 subunit Vila CaptureMS Physical Throughput
Phenotypic Low 86
Enhancement Throughput
Positive High 296
39 CRD1 Cardiolipin synthase Genetic Genetic Throughput
Synthetic Low
Growth Throughput ®
Defect gnp
. Affinity : Low 86
40 cyci Cytochrome c isoform 1 CaptureMs Physical Throughput
Cystathionine gammbase Negative . High 226
41 CYS3 CYS3 Genetic Genetic Throughput
Affinity . 86
CaptureMS Physical
Ubiquinolcytochromec Affinity . Low
42 CYT1 : | Capture Physical 226
reductase catalytic subuni Throughput
Western
Synthetic . 289
Lethality Genetic
43 DBE2 Serlne/th(eon|n¢)roteln Negat|\_/e Genetic High 292
kinase Genetic Throughput
Decapping enzyme Dosage . Low 284
44 DCP2 complex catalytic subunit Rescue Genetic Throughput
Affinity 293
DEXD/H-box ATP CaptureMS . High
45 DHH1 dependent RNA helicase|  Affinity Physical Throughput 204,295
CaptureRNA
Mitochondrial Affinity : Low 86
46 DIC1 dicarboxylate transporter| CaptureMS Physical Throughput
D-lactate dehydrogenase -
47 DLD1 [cytochrome] 1, Affinity Physical Low 86
. : CaptureMS Throughput
mitochondrial
Transcriptional regulatory Dosage . Low 284
48 DOT6 protein DOT6 Rescue Genetic Throughput
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. . Positive . High 226
49 DPH5 Diphthine synthase Genetic Genetic Throughput
Kinetochoreassociated Affinity : High 296
50 DSN1 protein DSN1 CaptureMS Physical Throughput
Probable ATRdependent Affinity . Low 297
51 | ECM16 RNA helicase DHR1 CaptureMS Physical Throughput
52 EDC3 Enhancgr of mRNA Dosage Genetic Low 284
decapping protein 3 Rescue Throughput
Affinity Low
53 ENO1 Enolase 1 Capture Physical 298
Throughput
Western
SRRindependent targeting  Affinity . High 299
54 | ENVIO protein 2 CaptureMS Physical Throughput
Sterol24-C- Negative . High 226
55 EXIEE methyltransferase Genetic Genetic Throughput
Silent chromatin protein Affinity . High 300
56 ESC1 ESC1 CaptureMS Physical Throughput
PrerRNA-processing Dosage . Low 284
57 FHLL protein FHL1 Rescue Genetic Throughput
Uncharacterized Affinit Low
58 | FMP10 mitochondrial membrane Ca ture)I/\/IS Physical Throuahput 86
protein FMP10 P gnp
. . Negative : High 226
59 FMS1 Polyamine oxidase Genetic Genetic Throughput
. . Affinity : Low 86
60 FSF1 Sideroflexin FSF1 CaptureMs Physical Throughput
elR-2-alpha kinase activatog  Affinity . High 301
61 GCN1 GCN1 CaptureMS Physical Throughput
Translation initiation factor]  Affinity . High 302
62 GCN3 elF2B subunit alpha CaptureMS Physical Throughput
Glycine decarboxylase Positive . High 226
63 SIS subunit H Genetic Genetic Throughput
Affinity Physical
Mitochondrial GTP/GDP | CaptureMS Y Low .
64 GGC1 . . -
carrier protein 1 Synthetic . Throughput
; Genetic
Lethality
Affinity . High
Physical 303
65 GIS2 Zinc finger protein GIS2 CaptureMs Throughput
Dosage Genetic Low 284
Rescue Throughput
66 GLR1 Glutathione reductase Positive Genetic High 226
Genetic Throughput
Glycerot3-phosphate Negative . High 226
67 Eleienl dehydrogenase [NAD(+)]1  Genetic Genetic Throughput
Positive . High 226
68 GPH1 Glycogen phosphorylase Genetic Genetic Throughput
Glycerot1-phosphate Negative . High 226
69 ClriPe phosphohydrolase 2 Genetic Genetic Throughput
G proteinrcoupled receptor]  Synthetic . Low 289
70 GPR1 GPR1 Rescue Genetic Throughput
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. Positive . High 226
71 GRX1 Glutaredoxinl Genetic Genetic Throughput
L Synthetic . Low 304
72 GSH1 Glutamatecysteine ligase Rescue Genetic Throughput
Affinity . Low 86
73 | HEM15 Ferrochelatase CaptureMs Physical Throughput
Hydroxymethylglutaryl Negative : High 226
4 HMG2 CoA reductase (NADPH) Genetic Genetic Throughput
Mitogen-activated protein Affinity . High 305
75 HOGL kinase CaptureMS Physical Throughput
76 | HRR25 Serme/threonlne protein Dosage Genetic Low 284
kinase Rescue Throughput
. Affinity . High 306
77 HSC82 Hsp90 family chaperone CaptureMs Physical Throughput
ATP-dependent molecular  Affinity . High 306,307
/8 HSP82 chaperone HSP82 CaptureMS Physical Throughput
Isoamylacetate Positive . High 226
9 IAH1 hydrolyzing esterase Genetic Genetic Throughput
Inositol3-phosphate Negative . High 296
80 INOT synthase Genetic Genetic Throughput
Inositol pentakisphosphat{  Positive . High 296
81 IPK1 2-kinase Genetic Genetic Throughput
. . Affinity : High 302
82 | KAP104 Importin subunit bet2 CaptureMs Physical Throughput
. . Affinity : Low 308
83 | KAP123 Importin subunit beta CaptureMs Physical Throughput
84 KCS1 Inositol polyphosphate Posmv_e Genetic High 296
kinase Genetic Throughput
85 KIN2 Serlne/threonlne protein Dosage Genetic Low 284
kinase Rescue Throughput
KRR1 small subunit Affinity . Low 297
86 KRR1 processome component| CaptureMS Physical Throughput
Putative serine/threonine| Biochemical . High 309
87 KSP1 protein kinase Activity Physical Throughput
. Affinity . High 310
88 LAS1 Protein LAS1 CaptureMs Physical Throughput
Dihydrolipoyllysineresidue
acetyltransferase o .
89 LAT1 component of pyruvate Positive Genetic High 226
Genetic Throughput
dehydrogenase complex,
mitochondrial
Malate dehydrogenase " .
90 MAE1 (oxaloacetate Positive Genetic High 226
. Genetic Throughput
decarboxylating)
MICOS complex subunit Affinity : High 267
91 e MIC60 CaptureMS Physical Throughput
Affinity Physical
92 MIR1 Mitochondrial phosphate | CaptureMS Y Low 86
carrier protein Synthetic . Throughput
: Genetic
Lethality
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. Affinity . High 300
93 MLP2 Protein MLP2 CaptureMs Physical Throughput
ERMES complex subunit Affinity : Low 311
94 | MMM1 MMM1 CaptureMS Physical Throughput
E2 ubiquitinconjugating Dosage : Low 284
95 MMS2 protein MMS2 Rescue Genetic Throughput
Spindle pole body assemb|  Affinity : High 312
96 MPS3 component MPS3 CaptureMS Physical Throughput
Mitochondrial splicing Affinity . Low 6
97 MSS51 suppressor proteis51 CaptureMS Physical Throughput
98 NAM7 ATP—depgndent RNA Dosage Genetic Low 284
helicase Rescue Throughput
NADH-ubiquinone -
99 NDE1 reductase (H(+) Affinity Physical Low 86
! CaptureMS Throughput
translocating)
NADH-ubiquinone Negative High
100 | NDE2 reductase (H(+) gati Genetic 9 226
. Genetic Throughput
translocating)
101 | NOG2 Putative GTPase NOG2 Dosage Genetic Low 284
Rescue Throughput
. Protein
Neuronal vesicle Fragment High
102 | NSG1 trafficking-associated g Physical 9 313
: Complementa Throughput
protein 1 -
tion Assay
. . Affinity ; Low 314
103 | NUC1 Mitochondrial nuclease CaptureMs Physical Throughput
Mitochondrial outer Affinity . High 315
104 OMml4 membrane protei®@M14 CaptureMS Physical Throughput
Origin recognition compleX  Affinity . High 316
105| ORC1 subunit 1 CaptureMS Physical Throughput
L . Affinity : High 317
106 | OTU1 Ubiquitin thioesterase CaptureMs Physical Throughput
Mitochondrial inner Synthetic . Low 318
107 ] OXAl membrane protein OXA1 Lethality Genetic Throughput
Mitochondrial import inner Affinity Low
108 | PAM16 membrane translocase Capture Physical Throughout 76
subunit TIM16 Western 9np
. : Dosage : Low 284
109 PBP1 PAB1-binding protein 1 Rescue Genetic Throughput
Pyruvate dehydrogenase H . .
110 | PDB1 component subunit beta, Positive Genetic High 226
X . Genetic Throughput
mitochondrial
CDP-diacylglycerol- .
111 | PGS1 glycerol3-phosphate 3 Synthetic Genetic Low 319
. Lethality Throughput
phosphatidyltransferase
i Synthetic . Low 289
112 | PHB1 Prohibitin-1 Lethality Genetic Throughput
i Synthetic . Low 289
113 | PHB2 Prohibitin-2 Lethality Genetic Throughput
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Positive High 292
Genetic Throughput
SRRindependent targeting  Affinity : High 299
114 protein 3 CaptureMS Physical Throughput
Mitochondrial phosphate Affinity : Low 6
115 PIC2 carrier protein 2 CaptureMS Physical Throughput
Plasma membrane ATPas  Affinity . High 3220
116] PMP1 proteolipid 1 CaptureRNA Physical Throughput
Ca(2+)/Mn(2+} Affinity : High 321
1171 PMRL transporting Rype ATPase| CaptureMS Physical Throughput
118 | POC4 Proteasome chaperone 4 Dosage Genetic Low 284
Rescue Throughput
Mitochondrial outer Affinity . Low 86
119 Polsd membrane protein porin 1] CaptureMS Physical Throughput
Lysosomal thioesterase Negative . High 226
120 PPT2 PPT2 Genetic Genetic Throughput
Eukaryotic translation Dosage Low
121 | PRT1 initiation factor 3 subunit Rescge Genetic Throughout 284
B, elF3b gnp
. . Synthetic
122 PSD1 Phosphatidylserine Growth Genetic Low 218
decarboxylase 1 Throughput
Defect
123| PSP2 Protein PSP2 Dosage Genetic Low 284
Rescue Throughput
MRNA-binding protein Affinity : High 278,322,323
1241 PUF3 PUF3 CaptureRNA Physical Throughput
Affinity 86
- CaptureMS
Ubiquinolcytochromec — . Low
125 | QCRI0 reductase subunit 10 Affinity Physical Throughput 280
Capture
Western
Affinity 86
CaptureMS
Cytochrome bcl complex — . Low
126 CR2 . . ] Affinit Physical
Q subunit 2, mitochondrial Captu)r/e y Throughput 76,86,287
Western
Ubiquinolcytochromec Affinity : Low 86
127 QCR7 reductase subunit 7 CaptureMS Physical Throughput
Affinity . 201
CaptureMS Physical
Affinity
128 | RCF1 Respiratory supercompley  Capture Physical Low 276
factor 1, mitochondrial Western Throughput
Synthetic
Growth Genetic 291
Defect
DNA-binding protein Dosage . Low 284
129 | REBI REB1 Rescue Genetic Throughput
Cytoplasmic 60S subunit|  Synthetic . Low 289
130 REI1 biogenesis factor REI1 Rescue Genetic Throughput
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DNA-directed RNA Affinity . High 324
131 RET1 polymerase lll core subuni CaptureMS Physical Throughput
132 RGI1 Respiratory grpwth induce Dosage Genetic Low 284
protein 1 Rescue Throughput
Affinity
Ubiquinolcytochrome CaptureMS Low
133 RIP1 ¢ reductase catalytic Affinity Physical 86
: Throughput
subunit Capture
Western
Synthetic 289
134 | RPD3 Histone deacetylase Rescue Genetic Low
Dosage Throughput 284
Rescue
Ribosomal 60S subunit Affinity . High 325
135 ] RPL16A protein L16A CaptureMS Physical Throughput
Ribosomal 60Subunit Affinity . High 326
136 | RPL26A protein L26A CaptureMS Physical Throughput
Synthetic . Low 326
Ribosomal 60S subunit Rescue Genetic Throughput
137 | RPL31A - — -
protein L31A Affinity Physical High 289
CaptureMS y Throughput
Ribosomal 60S subunit Dosage . Low 284
138 | RPL38 protein L38 Rescue Genetic Throughput
Ubiquitin-ribosomal 60S Dosade Low
139 | RPL40A subunit protein L40A 9 Genetic 284
. . Rescue Throughput
fusion protein
Ubiquitin-ribosomal 60S
140 | RPL40B |  subunit protein L40B Dosage Genetic Low 284
. : Rescue Throughput
fusion protein
Ribosomal 60S subunit Dosage . Low 284
141 | RPL43A protein L43A Rescue Genetic Throughput
Ribosomal 60S subunit Synthetic . Low 289
142 | RPL6B protein L6B Rescue Genetic Throughput
Proteasome regulatory Affinity . High 327
143| RPNL particle base subunit RPN| CaptureMS Physical Throughput
Proteasome regulatory - .
144 | RPN10 particle base subunit Affinity Physical High s27
CaptureMS Throughput
RPN10
Proteasome regulatory Affinity : High 328
1451 RPNIL particle lid subunit RPN11] CaptureMS Physical Throughput
DNA-directed RNA Affinit High
146 | RPO21 | polymerase Il core subuni y Physical 9 329
CaptureMS Throughput
RPO21
60S acidic ribosomal Dosage . Low 284
147 R protein PO Rescue Genetic Throughput
Ribosomal 40S subunit Affinity . High 226
148 | RPSI0A protein S10A CaptureMS Physical Throughput
Ribosomal 40S subunit Affinity . High 326
149 | RPS12 protein S12 CaptureMS Physical Throughput
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150 | RPs13 | RO s | captrems | PV | thouiow |
151 | RPs1aa| R0 | capturems | Psieal | pedton |
152 | RPs1s | RO e | capturems | PV | thouhow |
153 | RPS10A| R0 o | capturews | P | mhoshon |
154| RPS198| N0 | cenetie | Cenetie | podtiow|
155 | RPs2 | NS e ™ | captrews | PYSIA | ol -
156 | RPS22A Ribog?£;L4gzszZUbunit cgp];{rrigws Physical Thr';it?ghhput -
157 | RPS27A Ribo;?gglrw4g287ZUbunit CQ\ST:;VMS Physical Thr';it?ghhput -
158 | RPS3 | O nSs | caprews | P9 | thouiou -
160 | RPSeA | N0 oA | capturems | PV | phouion |
162 | RPSBA | NRo o | capturems | PV | thouion |
164 | RVB1 RuvB-like protein 1 CQ;‘;:‘:;{AS Physical Thr';it?ghhput 0
Dosage 272
Rescue
166 | SALL | e ALt | Enhancement €™ | Througnout |
Synthetic 331
Lethality
167 | sawso | SAMETRES ™ | captrews | P | mhoggnou |
168 | SBPL RuvB-like protein 1 Caﬁ{ﬂggm Physical Thr';il?ghhput =
169 | scHe | S e | esewe | Genetic | pot |
170| scoz | e | captrems | PSR | poicion | ®
Protein
71| Ses3 | e e scsa | compiemenid PYSeAl | hovghou |
tion Assay

107




Succinate dehydrogenast

O : ; Affinity : Low 6
172 | SDH2 iron-sulfur protein subunit CaptureMs Physical Throughput
SDH2
Protein
Protein transport protein Fragment : High 313
1r3] SEC22 SEC22 Complementa Physical Throughput
tion Assay
. , Affinity - High 302
174 | SEC27 Coatomer subunit beta CaptureMs Physical Throughput
Proteintransporting protein i . . High 334
175 | SEC63 SEC63 Two-hybrid Physical Throughput
ATP-dependent DNA Synthetic . High 335
176 SGsS1 helicase SGS1 Lethality Genetic Throughput
Type Il HSP40 ceo Affinity . High 336
L SISt chaperone SIS1 CaptureMS Physical Throughput
Ubiquitin ligase subunit Affinity : High 337
178 SKP1 SKP1 CaptureMS Physical Throughput
179 | SNRS3 Small Nucleolar RNA Dosage Genetic Low 284
Rescue Throughput
6-phosphogluconolactonag  Negative . High 296
180 SOL3 SOL3 Genetic Genetic Throughput
Hsp70 family ATPase Affinity : High 338,339
181 Sl SSA1l CaptureMS Physical Throughput
Hsp70 family ATPase Dosage . Low 284
182 S SSB1 Rescue Genetic Throughput
Co . High 340
Hsp70 family ATPase purification Physical Throughput
183 SSB2
SSB2 Dosage Genetic Low 284
Rescue Throughput
Hsp70 family ATPase Affinity . High a1
184 Sl SSC1 CaptureMS Physical Throughput
SPSsensor serine proteas Dosage . Low 284
185 SSYS component SSY5 Rescue Genetic Throughput
Translation termination Affinity . Low 342
186 | SUP35 factor GTPase eRF3 CaptureMS Physical Throughput
187 | SWI3 | Transcriptional factor SWI§ Negative Genetic High 292
Genetic Throughput
. Positive . High 226
188 | TAZ1 Tafazzin Genetic Genetic Throughput
Chaperonircontaining F .
189 | TCP1 complex alpha subunit fynr:hlgtlc Genetic h LOWh 282
TCP1 ethality Throughput
Transcription factor TFIIIC|  Affinity : High 324
190 | TFC6 subunit TFC6 CaptureMS Physical Throughput
L Positive . High 226
191 THI7 Thiamine transporter Genetic Genetic Throughput
. Negative . High 226
/
192 | THR4 Threonine synthase THR Genetic Genetic Throughput
Eukaryotic translation Dosage . Low 284
193 TIF3 initiation factor 4B, elF4B Rescue Genetic Throughput
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Eukaryotic initiation factor

Dosage

Low

194 | TIF4632 | 4Fsubunit p130, el&F Genetic 284
p130 Rescue Throughput
Mitochondrial import inner Affinity Low
195 | TIM17 membrane translocase Capture Physical Throuahput 76
subunit TIM17 Western gnp
Mitochondrial import inner Dosage Low
196 | TIM22 membrane translocase Growth Genetic Throuahout 343
subunit TIM22 Defect gnp
Affinity High 344
CaptureMS Throughput
Mitochondrial import inner Affinity Low
197 | TIM23 membrane translocase Capture Physical Throuahout 76,287,344
subunit TIM23 Western gnp
Reconstituted Low 344
Complex Throughput
Mitochondrial import inner Affinity Low
198 | TIM44 membrandranslocase Capture Physical Throughout 76
subunit TIM44 Western gnhp
Mitochondrial import inner Affinity Low
199 | TIM50 membrane translocase Capture Physical Throughout 76
subunit TIM50 Western 9np
: Affinity : High 325
200 | TMA108 Protein TMA108 CaptureMS Physical Throughput
Translationallycontrolled Svnthetic Low
201 | TMA19 tumor protein homolog, y Genetic 289
Rescue Throughput
TCTP
Translation machinery Affinity . High 325
202 | TMA46 associated protein 46 | CaptureMS Physical Throughput
Translation machinery Dosage . Low 284
203 TMA7 associated protein 7 Rescue Genetic Throughput
Transcriptional regulatory Dosage . Low 284
204 ] TOD6 protein TOD6 Rescue Genetic Throughput
E3 ubiquitinprotein ligase Affinity : High 345
205| TOMIL TOM1 CaptureMS Physical Throughput
Mitochondrial impat Affinity ; High 346
206 Cklee receptor subunit TOM22 | CaptureMS Physical Throughput
Phosphatidylinositol .
207 | TOR1 kinaserelated protein Sgggliﬂec Genetic Thrlc_J?JWh ut 289
kinase TOR1 9np
208 | TRM11 tRNA (guanine(10N2)- Dosage Genetic Low 284
methyltransferase Rescue Throughput
tRNA (guanineN(7)-)- Dosage . Low 284
209 | TRM8 methyltransferase Rescue Genetic Throughput
Ubiquitin C Homo Affinity . High 347
210 UBC sapien} CaptureMS Physical Throughput
Affinity . High 279
MRNA-bindingubiquitin- CaptureMS Physical Throughput
211 | UBP3 o
specific protease UBP3 Dosage . Low 284
Genetic
Rescue Throughput
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Proteasome maturation Dosage : Low 284
2121 UMP1 factor UMP1 Rescue Genetic Throughput
Dihydroorotate Negative . High 226
213 e dehydrogenase Genetic Genetic Throughput
PremRNA-splicing factor Affinity : High 274
2141 URNL URN1 CaptureMS Physical Throughput
U3 small nucleolar RNA Affinity . Low 297
215 UTP10 associated protein 10 | CaptureMS Physical Throughput
Vacuolar morphogenesis|  Affinity : Low 348
216 | VAM6 protein 6 CaptureMS Physical Throughput
Glucoseinduced Affinit Hiah
217 | VID30 degradation complex ca ture)ll\/IS Physical Throug hout 349
subunit VID30 P gnp
YELO57 Uncharacterized protein Dosage . Low 284
218 ¢ YELO57C Rescue Genetic | 1y oughput
Synthetic 318
219| YMEL | i-AAA protease YMEL |—=omalty Genetic Low
Dosage Throughput 289,318,350
Rescue
YMRO074 Uncharacterized protein Dosage : Low 284
220 C YMRO074C Rescue Genetic Throughput
YOL098 Uncharacterized protein Dosage . Low 284
221 C YOL098C Rescue Genetic Throughput
YPR022 Zinc finger protein Dosage . Low 284
222 C YPR022C Rescue Genetic Throughput
o . Affinity : High 351
223 YPT7 GTP-binding protein YPT7 CaptureMs Physical Throughput
224 | zUOL Zuotin Dosage Genetic Low 284
Rescue Throughput
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Chapter 4: Electrostatic potential surfaces of Ccpl, Pet9, and FECH and

computational analysis of their docking

4.1. Preface
The production and analysis of the ddét writing, andtext revision wereperformedby Alan

deAguiar Lopes. Theéextwas editedby Dr. Ann English.

4.2.Abstract

Cytochrome c peroxidas€¢pl) is a heme protein with antioxidant aneime trafficking functions

in yeast. Ccpl is nuclear encoded psaaursorpreCcplthat is transported to mitochondria where

it receives heme as part of its maturation. The mature protein is released into the intermembrane
space (IMSpy rhomboid proteasecpl.Building on the results of Chapt8ythe aim of this study

is to model possble interaction between FECH, Pet9 and Ccpl in its preCcpl, intermediate
(iCcpl), and holo forms (holoCcpl). Models of preCcpl and iCcpl were constructedobefeire
docking. The docking analysis reveals electrostatic and topographic complementdhy at
proteinprotein interfaces in thenodel ternary CcpiPet3FECH complexes Furthermae,
holoCcp1l binds to a larger surface on thsi@e of Gstate Pet9 thaits immature forms, while
FECHbinds tothe M-side ofthe transporteiThe heme binding sitesraseparated by 235 A in

the iCcpl and holoCcpternarycomplexesand the pathwgs betweerthem ardargely positively

charged, suggesting that hemangortprobably occurs via electrostatic channelling.

4.3.Introduction

The final step in hemebiosynthesis is the insertion of ferrous sofffe?*) into the cente of
protoporphyrinX by ferrochelatase (FECHpection 1.2.1° Many proteins and enzymes require
heme(Section 1.1put ro known heme acceptors from FECH have #mrumentedAnaerobic

yeast cells produce heme when exposed to oxygen and apoCcpl receives heme immediately since
it is present in the mitochondria of anaerobic c&$hus, Ccpl is a candidate FECH client except

that the two proteins are located on different sides of the inner mitochondmabrane. In
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Chapter3, we identified Pet9, an ADP/ATP carrier across the inner membrane and transporter of
heme precursof®,as well as FECHs interactorsfoapoCcp1l in iday yeast. We hypothesized
that Pet9 actually transports heme from FECH in the mitochondrial matrix to apoCcpl in the
intermembrane space (IMS).

MatureS. cerevisia€cpl is a monomar proteinof 34 kDa?’ Its hemebinding site (HBS)
is close to theente of the proteinwhereH175 coordinates to the heme ir¢Rigure4.1A B).>’

Pet9 is 81-kDa monomer (Figurd.1C,D,E¥* "® with defined M and Gsides thafacethe matrix
and the intermembrane space, respecti(elis HBS is located near thd-side where K38 and
R294 interact with the hen§é FECH is a homodimét? of 40-kDa monomer¥ with amphipathic
helices that attach it to the matrix side of the inner membrane (RdLF° The HBS is centered
in each monomer near these helices (Figut&) and H235 binds tiféd' that is inserted into the
porphyrin corg®!

Immature preCcpl is produced in the cytosol and is transported to the mitochynitsia
68-residuemitochondrialtargeting sequence (MT8).The MTS is threaded through the inner
mitochondrial membrane, where it undergoes bipartite proceSSiRgst, the rmAAA protease
cleaves the MTS between A29 and A30 in its alanide sequencgFigure 4.2),then the
intermediate formiCcpl, moves to the mitochondrial cristae for cleavage between S67 and T68
by the proteasd>cp13®2 (Figure4.2)8° and maturénoloCcpl is released into the IMBhe order
of Pcpl proteolysis and heme insertion is unknown but we do know that mature apoCcpl, which
is conbrmationally labile and susceptible to proteoly8i&)1793>%eadily exits the mitochondrid.
Hence, we hypothesiddghat heme is inserted into iCcpl tethered to the mitochondrial chgtae
its residual 3esidue MTSollowed byPcplreleasef mature holoCcpinto the IMS. Since Pet9
also resides in the cristé&this scenario for Ccpl maturation supports a role for the transporter in
heme transfer from FECH to iCcpAlternatively Pe® may transfer hem& matureapaCcpl,
which is retained at the inner membraneabgociation with Pet9

In Chapter3, we briefly examined anodel ofthe apoCcpPet3FECH ternarycomplex
(Figure3.4). In this chaptewe examine CcpPet3FECH complexation as a function of Ccpl
maturation. Specifically, Pet9 complexed with preCcpl, iCcpl, and ntadlo€cplwas
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Figure 4.1.Ribbon structures dfoloCcpl, Pet9, and FECH. (A,B)JoloCcplstructure (PDB IDLZBY) showing the
Fe'" heme(cyan sticks) and itproximal ligandH175 (red sticks).Pose Ais rotatedby 180°to give pose BPet9
monomer(PDB ID: 4C9G) viewed fronits (C) M-sideg (D) transmembrane helicesnd (E) C-side K38 and R294
(green sticks) are ithe heme binding siteHBS). FECH structure (PDB ID: 1LBQ) in its dimeric (F) and monomer
(G) forms H235(red sticks) isn the HBSandtheamphipathic helice§/ellow) attach FECH to theatrix side of the

inner membranePyMOL (Version 2.3.2. Schrodinger Q) was used to visualize thggoteinmodels.
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investigated, which necessitated the buildingpoéCcpland iCcpl structural modeissing
homology modelling

Obhtaining experimental structures of protein complexes franayxcrystallography and/or
NMR spectroscopy is technically challengif®§3>° Hence protein docking is widely used to
examine a proposed protein compfexjncluding not only how the targetednoleculescould
physicallyassociaté>® but alsohow substrates could channel betweemthBublishedexample
include heme trafficking betweerStaphylococcus aureusdB and IsdA? dihydrofolic acid
transfer between human dihydrofolate reductasetlaymidylate synthas&,’ and iron donation
from S. cerevisiagrfhl to Isul3%® Overall, the structures and the electrostatic surfaces of the
resultant complexes reveal that Capaturationpotentialy impacts itsassociatiorwith Pet9 and

hence heme&ansfer.

4.4. Computational Methods

4.4.1.Protein structures analyzed

A high-resolution (1.20 A) crystal structure of native, resting, matateCcp1 (PDB ID: 1ZBY§°
with FE'' hemewas selected as the product formed on heme transfer to th@#gio. The structure
of C-state Pet9 (PDB ID: 4C9@G)wasselected to examirntie binding of Ccpl to theansporter
with its C-side open (Figure 1.3&). TheFECH structure is that of the active homodimBDB

ID: 1LBQ).?%! The coordinates were downloaded as fidis from the RCSB Protein Data Bank

(https://www.rcsb.org/?°? andused for the docking studies and electrostatic analysis described in

the following sections.

4.4.2.Protein docking studies and mapping of electrostatic potential energy surfaces

Docking of Ccpl-Pet9 andPa9-FECH was performed as outlined in Section 3.4.8. Briefly, the
PDB files for Ccpl and Pet9 {§ate)were submittedor rigid docking analysiso the PatchDock
(Betal.3 Version) servefhttps://bioinfo3d.cs.tau.ac.il/PatchDogk?}>*°while those ofPet9(C-
state) andFECHwere submitted for flexible docking to tBsvarmDock(Version 15.04.01) server

(https://omm.crick.ac.uk/~semm-swarmdockA°®?!! to allow conformational change
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particularly in Gstate Pet9, duringpmplex formationThe Pet9 PDB file was uploaded as receptor
and Ccpl and FECH were uploaded as ligands.

Docking in PatchDock employed the defa@lustering RMSD of 4 A (this number
specifies the radius of the RMSD clustering to remove redundantusésia@nd noComplex Type
was defined. The docking poses output from PatchDookere refined by FireDock
(http://bioinfo3d.cs.tau.ac.il/FireDockf$2°" if they ranked among théop 20 posesdasd on
geometric shape complementariyd if the proteinprotein interface respected tipartners'
location relative to the inner membrane. For example, Ccpl is expect to access or$ydib®iC
Pet9 and not its Mide or transmembrane regions (FigddD-F).

Pet9FECH were docked by SwarmDock in flexible protpiotein docking mode with
targeted protein interface sequences identified as the dockingT$ieeselected sequencasD
were

Ped, A: EMLKQGTLNRLYAGILDCFKRTATQ

Pet9, B:.QFDVYKKTLKS

Pet9,C: MMTSGQANCLRKIVAA

FECH, D: SLVEETYDFLYQLFADNDLIPISAKYQKTIAKYIAKYIAKFRTPKIEKQ

These sequences were chosen becthgesecorrespondo regions ofPet9 and FECH that
arecloseto thematrix sideof theinner membrané®°"3wheretheseproteirs likely interact!® The
docked models were visualized in PyMOL (Version 2.3.2., Schrddinger LLC), alsichivas used
to overlay Pet9 in the Ccpet9 and Pet&ECH binary complexes to generate medé the Ccpil
Pet3FECH ternary complexes.

Electrostatic potential energy surfaces were mappsidg the PyMOL APBS GUI
Plugin?'2 The PDB fileswere converted to the PQR format, which includes fefietd derived
partial atomic charges and atomic radii in addition to the PDB structural data. PQR files for Ccpl,
Pet9, FECH, and the CcfPet9FECH models were prepardsy the PDB2PQR Servét
(https://server.poissonboltzmann.orgging theCHARMM27 force field PROPKA®C predicted
the pkavalues and hence the charges of the ionizable groups in the paitpiig.0.
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4.4.3.Generation of the preCcpl and iCcp1l structuresby protein threading

Structural analysis of th€cplPet3FECH complex with the immature forms of the peroxidase,
preCcpl and iCcpl, should shed light on the heme transfer from FECH to Ccpl. Although preCcpl
processing has been described in a number of réfidffs>33¢ho structures or models of preCcpl

or iCcpl have been deposited in the PDBus, we used protein threadingaoquiremodelsof

these forms employing the I-TASSER server https://zhanglab.ccmb.med.umich.edu/l
TASSERY).262364 Unlike protein homology modeling protein threading is used when the PDB
contains no homologous protesiructures® The sequence®f S. cerevisiae(SC288 strain)

366 and submitted

preCcpl wasetrievedfrom theUniProtdatabanKwww.uniprot.org Figure4.2
to I-TASSER Models with the highedtTASSERconfidence scorelC-scores)calculated based
on similarity betweerthe predicted modsland structural analogs in the PDBwere considered
for protein docking. PQRiles of the selecteanodek were prepaed, and electrostatjgotential
energysurface werevisualized as described Section 4.2

The first step inprotein threadings the construction of a databasé suitabletemplate
structures. Consensw=mplates for preCcpdnd iCcplwere selected frorthe PDB by LOMETS
(Local MetaThreading Serverga constituendf the I-TASSERserver based orthe best results
from 10 threading program¥?2 364367.368Theserepresent the best protein templates for building

modelsof preCcpl and iCcpand are listed in Table 4.1

4.5. Results

4.5.1.PreCcpl and iCcplmodels

The preCcpkequencéFigure 4.2was submitteto I-TASSER(Job ID S47052. The five models
with the highest &cores were consideradd hemodel rankedourth waschosenFigure4.4A).
In thecase of iCcpkequence (Figure 4,2he thirdrankedmodel Job ID S533649)wasselected
(Figure4.4B).
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Figure 4.2.Protein sequence of preCcafid iCcpl TheN-terminalmitochondrial targeting sequen@dTS) of Ccpl
is composed of 68 residuésThe bold blackand redfonts mark thecleavage sites dhe m-AAA (A29-A30) and
rhomboid Pcplprotease (S67-T68) that give iCcplandmature Ccpl, respectively. Thiansmembrane sequence
(S19Q41) is underlinedThe preCcpl sequenc&dcession numbd?00431)wasretrievedfrom theUniProtwebsite

(www.uniprot.orqg.

Protein threadingssigngt7% alpha hek to the 68residueMTS of preCcplincluding the
m-AAA and Pcpl cleavage siteand53% coils(Figure4.3A). Kaputet al.(1982) predictedhat
the MTSformedalpha helces beta sheets, and beta tuPisiith the transmembrane sequerBi®-
Q41 exclusively alpha helic&ll However the threadingesuls suggesthatthis sequenckas both
helical and coiled structur@he remaining 39esidue MTS of iCcpl is 33.3%pha hek and
66.7% coils (Figurd.3B). The low solvent accessibility valuef-4) of the MTS residues
(Figure4.3) predict that these residues are largely bumeasistent with translocatioof MTS

within them-AAA proteaseluring itscleavage®3%°
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Table 4.1.Theten threading templates selected for preCapd iCcplmodelling

Rank? PDB ID® Descriptiorf
preCcpl
1 2cepA Cytochrome c peroxidase compoundSl cerevisiag
2 lcyfA Cytochrome c peroxidas& (cerevisiag
3 lcyfA Cytochrome @eroxidase$. cerevisiag
4 2cep Cytochrome c peroxidase compoundSl cerevisiag
5 litkA Catalaseperoxidase laloarcula marismortyi
6 la2fA Cytochrome c peroxidas& (cerevisiag
7 LitkA CatalaseperoxidaseHlaloarcula marismortyi
8 3e20A Cytochrome c peroxidase N184R. (cerevisiag
9 2cepA Cytochrome c peroxidase compound3Sl cerevisiag
10 1jdrA Cytochrome c peroxidas& (cerevisiag
iCcpl
1 2cepA Cytochrome c peroxidase compoundSl €erevisiag
2 1cyfA Cytochrome c peroxidas& (cerevisiag
3 1cyfA Cytochrome c peroxidas& (cerevisiag
4 2cep Cytochrome c peroxidase compoundSl €erevisiag
5 LitkA CatalaseperoxidaseHlaloarcula marismortyi
6 la2fA Cytochrome c peroxidas§ (cerevisiag
7 LitkA Catalaseperoxidase laloarcula marismortyi
8 5jhxA Fungal MagKatG2Ryricularia oryzag
9 1jdrA Cytochrome c peroxidas& (cerevisiag
10 5whgA Cytosolic catalasperoxidase, CAT2 (Neurospora crasga

2Rank determined bthe FTASSER server using LOMETS (Local MeTéreading Server), a meszrver threading
described irBection 4.5.1.
®ID and®nameof the proteins fromthe PDB (https://www.rcsb.org/ which wasaccessedn 21 April 2021.
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A

Sequence MTTAVRLLPS LGRTAHKRSL YLFSAAAAAA AAATFAYSQS QKRSSSSPGG 50
Secondary structure CCHHHHHHHH CCCCCCCHHH HHHCHHHHHH CCCCCCCCCC CCCCCccccc
Solvent Accessibility 6430343233 0333243222 3222333334 3424233444 4443444434

Sequence GSNHGWNNWG KAAALAST 68
Secondary structure CCCCCCHHHH HHHHHHHC
Solvent Accessibility 4333112320 20320332

B

Sequence AAAATFAYSQ SQKRSSSSPG GGSNHGWNNW GKAAALAST 39
Secondary structure CCCCCCCCCC CCCCCCCCCC CCCCCHHHHH HHHHHHHHC
Solvent Accessibility 8463433344 3444444553 4333300131 041320342

Figure 4.3. The predicted secondary structure and solvent accessibility of the MTS of preCcpl and iCcpl. The
secondary structures (H, helix; C, coil) and solvent accessibility of (A) preCcpl and (Bvi€optalculated usin
the PSIPRED (PSblast based secondary structure PREDict8mind MUSTER (MUIltiSource ThreadER}
programs, respectively, via theTASSER servethttps://zhanglab.ccmb.med.umich.edlASSER).3%? The solvent

accessibility values range from 0 (buried residu€d thighly solventexposed residue¥f? The cleavage sites tiie
m-AAA (A29-A30) and rhomboid Pcpfirotease (S67-T68) aremarkedin bold blackandredfont, respectivelyThe
transmembrane sequen&19Q41) of preCcplis underlined.

The abundancef nonpolar aliphatic Ala, Gly, and Leu residu@sble 4.2)underscores
the hydrophobic nature of thRITS of preCcpl and iCcpThese sequencaschorthe immature
proteins to the membrane and prevent apoforms from escaping from the mitocFofidria.
Aliphatic and aromatic residues are important in stabilizing transmembrane regions of Proteins
but the MTS can still béranslocatedby mAAA as discussed below. Aliphatic residues also
surround the protease sites, and aromatic and polar residues (e.g., Ser, Thr) are additionally present
in the MTS (Figuret.2).

Moreover,the MTSpossess aabundance ofesidues Gly, Ser Ala) thatare high on the
conformational flexibility scalé€’33"4Gly > Ser> Asp, Asn, Ala> Thr, Leu> Phe, Glu, Gl His,
Arg > Lys> Val > lle > Pra Close to 70% of the MTS sequences are comprised of the seven most
flexible residues, which suggests that MTS flexibility may be important not only for the maturation
of Ccpl, as observefbr rat malate dehydrogenase mation®’® but also in the interaction

between Ccpl and PetJhe preCcpl and iCcpl models (Figdré) show elongated MTS
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comprised mainly of coils and alpha helices. Considering the length of a single amino acié®(4 A),
the MTS of preCcpl is 272 A and that of iCcp1 is #6@he thickness of the inner membrane is
60i 80 A¥7 so it can accommodatbe 88A transmembrane sequence (SQ%1, Figure 4.3),
bearing in mind that this sequence contains helical structure (Figure 4.3 and 4.4). WieSfudl
3-fold longerthan its trasmembransequencéo enable itprocessing***which involves ATP
dependent presentation of tfiest cleavage siteA29-A30) (Figure4.4) to the m-AAA protease
within the inner membrarf® Moreover, this translocation of MTS by-AAA pulls S67-T68
(Figure4.4) intothe inner membrantr cleavage by Pcp®.Finally, we note thatesiduesT68-
L293 of bothpreCpl and iCcpl adopt the experimental structurenatureholoCcpl which is
composed of coilsalpha helices, and beta sheets (Figuié-B).

Table 4.2.The amino acid distribution of the mitochondrial targeting sequence (MTS) of preCcpl and {Ccpl

o Singleletter Number of residuesPercentage of the sequer{&g) ¢
Description description .

preCcpl iCcpl
Alanine A 16 24 9 23
Phenylalanine F 2 2.9 1 2.6
Glycine G 6 8.8 5 13
Histidine H 2 2.9 1 2.6
Lysine K 3 4.4 2 5.1
Leucine L 6 8.8 1 2.6
Methionine M 1 1.5 0 0.0
Asparagine N 3 4.4 3 7.7
Proline P 2 2.9 1 2.6
Glutamine Q 2 2.9 2 5.1
Arginine R 4 5.9 1 2.6
Serine S 11 16 8 20
Threonine T 5 7.4 2 5.1
Valine V 1 1.5 0 0.0
Tryptophan w 2 2.9 2 5.1
Tyrosine Y 2 2.9 1 2.6

2 The amino acid distribution of preCcpl and iCcpl MTS was obtained using the program ProtParam from Expasy
(nttps://web.expasy.org/protpardrhi? ® The MTS sequencdrom the UniProt website(https://www.uniprot.org/ID
P00431).

¢ The rumbes of residuef each typendtheir percentagearebased ora 68- and 39residue MTSor preCcpl and

iCcp1l, respectively.
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Figure 4.4. Structuralmodels ofthe apoforms of (A) preCcpl and (B) iCcpl. HA$2eCcpl)and H213(iCcpl),
which are shown a®d sticks identify the heme binding site (HBS) and correspond to the proximal H175 of mature
holoCcpl (Figurel.1A). The 68residue Nterminal mitochondrial targeting sequence (MK&Jlow ribbon in
preCcpl icleawed atA29-A30 (black ribbon) to give thd9-residueMTS ofiCcpl(Figure4.2), which is subsequently
cleaved aS67T68 (blue ribbon) to give mature Ccpgxotein structures wermgenerated bir TASSER(Section 4.4.3)
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4.5.2.Docking of preCcpl, iCcpl, and holoCcpl to Pet9
Models of preCcpl, iCcpl, armbloCcpl with Pet@veregeneratedy PatchDock and FireDock.
Poses8, 7, and 5, respectively, weselected because thehow Ccplinteracting with theC-side

of Pet9 In other poseLcpl interacts withthe M-side and transmembrane helicesf the

transporterwhich ishighly unlikely givenCcpl6 kcalization in thdMS.

Figure 4.5. Models of the binary complexes of Pet9 with the immature and mature forms of Ceptomplex of
(A) preCcpl (pose 8), (B) iCcpl (pose 7), and (C) holoCcple(ppsvith PetQamber) The MTS (yellow)is shown
in panels A and B and tHeme(red stick$ in panel C for Ccp (greer). These models were prepared and refined

using PatchDoclndFireDock respectivelyas outlined in Section 4.4.2

Themode of interactiof Ccplwith Pet9 varies with its maturation stage. In the preCcpl
Pet9 complex (Figurd.5A), the extended MTS adopts a conformation that could thread the inner
membrane, and it interacts with theditle of Pet9, whereas the sequenagesponding to the
mature polypeptide approaches but does not interact with-8ideQof Pet9. In the iCcpRet9

model, the truncate@9%-residueMTS has moved away from Pet9, but the Pcpl cleavage site
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remains close to the transporter (FigdreB). In fact, Michaeliset al. (2005) and Supparet al.

(2009) proposed that the truncatdd S is probably attached weakly to the inner membrane since

they found iCcpl in the soluble fractions as well as in mitoplasts and membrane pellets obtained
from isolated yest mitochondria®®3>2 The locationof Ccp 6 s HBS r el ative to Pe
the peroxidase matures. It is closest to the-Bet8l interface in the holoCcpl model (FigdrgC)

and in the best position to receive heme from Pet9.

4.5.3.Docking of Pet9and FECH

Models of the PetF-ECH-dimer complex were obtained using SwarmDock in flexible mode. The
FECH dimer interacted with the8ide of Pet9 in only three (7, 8, abd) of the top ten poses. An
examinatiorof pose 8 (Figurd.6A, B) shows the Mide of Pet9 band between thamphipathic
heliceshatattach FECH to the membrane (Section 4.4.2). Targeting of Pet9 to sequence D (Section
4.4.2) in the FECH monomer (Figure 4.6C) increases interaction between the proteins and they are
better positioned for heme trdes Thus, we focus here on ternary complexes with the FECH

monomer.

Figure 4.6. Models of the Pet#ECH binary complexes(A, B) Complex (pose 8) dPet9(amber)with the FECH
dimer (blue, amphipathic helices yellow)he structure in panél was rotated by 180° to giwhat in panel A(C)
Complex(pose 8pf Pet9with theFECHmMonomer Sequencé (magenty B (red) and C (gray) of Petnd sequence
D (green)of FECH (Section 4.4.2) are showmhese models were generated using SwarmDodlexible modeas

outlined inSection 4.4.2
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Figure 4.7. Models of the ternary complexes of (A)eCcpl, (B)iCcpl, and (CholoCcpl withthe Pet3FECH
monomer Ccpl (green; heme red; MTS yellow), Petthbe), andFECH monomer (blueyith its amphipathic helix
in yellow. Thesemodels were prepardyy aligning Petdn theCcpl-Pet9andPet3FECHmonomer binary complexes

using PyMOL (Version 2.3.2.Schrddinger LLC).
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