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Abstract 

Maturation of heme antioxidant enzymes and their response to miconazole in Saccharomyces 

cerevisiae 

 

Alan de Aguiar Lopes, PhD 

Concordia University, 2022 

 

Intracellular heme trafficking is important for cell respiration, antioxidant defence, and ergosterol 

biosynthesis in yeast, but information about this process is lacking. In Saccharomyces cerevisiae, 

heme production ends up with FeII insertion in protoporphyrin IX by ferrochelatase (FECH) but no 

heme acceptors from FECH have been identified. Mitochondrial cytochrome c peroxidase (Ccp1) 

is such a candidate due to its heme-independent synthesis and reported involvement in heme 

trafficking. However, FECH and Ccp1 are separated by the inner mitochondrial membrane, so this 

thesis examines Pet9, a well-characterized ADP/ATP transporter and a putative heme carrier, as a 

candidate to deliver heme from FECH to Ccp1. In Chapter 2, potential tools for this study were 

characterized including hem15ȹ S. cerevisiae cells, which were shown to be devoid of FECH 

activity. Commercial cells homologously expressing N-terminally GST-tagged proteins also were 

examined to probe their applicability for GST pull-down assays, but cleavage of the fusion proteins 

negates their use. Chapter 3 reports on the LC-MS/MS analysis of GST pull-downs of soluble and 

membrane proteins from S. cerevisiae following the addition of exogenously expressed GST-

apoCcp1 bait to different amounts of cell lysate. Screening the pull-downs at a 1:5 bait-prey ratio 

from lysates containing 0.6% N-octylglucoside identified 123 mitochondrial proteins as Ccp1-

specific interactors, including FECH and Pet9. Computer modelling predicts that Ccp1-Pet9-FECH 

complexation is driven by electrostatic complementarity. Further computer modelling in 

Chapter 4 shows how Ccp1 maturation likely controls its association with Pet9 and hence heme 

channeling within the Ccp1-Pet9-FECH complex. More specifically, heme transfer from Pet9 to 

Ccp1 is possibly synchronized with the second cleavage of Ccp1ôs mitochondrial targeting 
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sequence. The outcomes of both Chapters 3 and 4 suggest that FECH, Pet9, and Ccp1 form a 

functional complex for heme transfer.  

Heme is an essential coenzyme for the ergosterol pathway in S. cerevisiae. To probe links 

between heme and ergosterol biosynthesis, in Chapter 5 the S. cerevisiae proteome was analyzed 

by LC-MS/MS after cells were challenged with a sublethal dose of miconazole, a known Erg11 

inhibitor. Proteins of 20 biochemical pathways were altered, including ergosterol and heme 

biosynthesis. Overall, this thesis supports a role for Ccp1 as a ñfrontlineò protein in heme 

trafficking from FECH and sheds light on the importance of heme in the adaptive response of yeast 

to miconazole. The results suggest future investigations to clarify pathways and mechanisms of 

heme trafficking and how these, and heme production, could be targeted to potentiate antifungals.
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Chapter 1: General introduction  

 

1.1. Heme: chemical and biological characteristics         

Heme is a prosthetic group involved in many biological processes such as transcription1, 

cell respiration2, and antioxidant defence.3 Chemically, heme b or iron protoporphyrin IX is 

composed of four pyrrole rings, two vinyl groups, four methyl groups, two propionate groups and 

a central iron ion.4 Heme has been characterized as a metallonutrient due to the presence of its iron. 

This metal and the propionate groups5 give heme b transition-metal like and negatively charged 

hydrophilic characteristics plus a neutral hydrophobic core ring when the iron is in the ferrous (FeII) 

form (Figure 1.1). These chemical features determine how heme b is transported in the cell. 

Other hemes, such as heme o, heme a, and heme c, are produced from heme b. Heme o 

contains a 17-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 a formyl group.6 Key proteins containing heme o and heme a are the 

cytochrome bo complex7 and cytochrome c oxidase (complex IV), respectively.8 Heme c has two 

vinyl groups that are covalently bound to two cysteine sulfhydryl residues of c-type cytochromes.9  

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 protein-bound heme while free heme is toxic to cells. For example, ferrous (FeII) heme can 

promote the production of reactive oxygen species (ROS) via the Fenton reaction.10 Also, the 

intermediates of heme biosynthesis can be harmful, resulting in porphyria in humans, which is 

caused by a partial deficiency in heme biosynthetic enzymes.11 The accumulation of heme 

intermediates further provokes neurovisceral attacks, skin lesions, and liver cancer. Thus, due to 

the prejudicial effects of heme and its intermediates, their transport within cells is tightly controlled 

by mechanisms that are poorly characterized. In contrast, we know much more about heme 

transport in and out of the cells of bacteria, fungi, and metazoans (e.g, humans and Caenorhabditis 

elegans),10,12ï14 These studies demonstrate that heme is a mobile ligand, and this mobility has 

relevance for inter-compartmental communication, stress adaptation, and nutrition.  
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Figure 1.1. The chemical structure of heme a, b, c, and o. The labelling of the pyrrole rings is shown for heme b. 

Structures from PubChem (https://pubchem.ncbi.nlm.nih.gov/; accessed 12 October 2020)15 were redrawn here using 

ACD/ChemSketch Version 2020.1.2. The PubChem Compound ID numbers are as follows: heme a (126456446), 

heme o (15719509), heme b (4973), and heme c (51351657).   

 

1.2. Heme trafficking  

The participation of heme as a mobile signalling molecule has been the subject of many recent 

reports. These studies have advanced our understanding of how heme is imported and exported by 

the cell, and of heme trafficking within the cell.12,16 Intracellular heme is not always tightly bound 

to proteins such as globins and cytochromes, it is also trafficked by proteins.14 Tightly bound heme 

in proteins and enzymes that require it for their function is called constitutive heme while heme 

that binds less tightly to signalling proteins is considered labile heme.17 Trafficking of labile heme 

is a tightly controlled process and must involve specific protein-protein interactions because of the 

toxicity of free heme within cells.5 Control by heme extends to the genetic level since heme 

concentrations regulate the expression of the heme activator protein, Hap1.1,18 Hap1 is necessary 

for the expression of aerobic genes in Saccharomyces cerevisiae and the regulation of Rox1, a 

heme-dependent repressor of hypoxic genes.18,19  

 A search for proteins responsible for heme importation and exportation has been undertaken 

for different organisms. In Staphylococcus aureus, heme uptake involves the iron-regulated surface 

determinant (Isd) system,20ï22 which is composed of at least nine proteins. IsdA, IsdB, and IsdC 

are necessary for transferring heme from red blood cells to the bacterial cell.22 In mammals, the 

ADP/ATP transporter ABCG2 participates in heme export from red blood cells23,24 to serum 

https://pubchem.ncbi.nlm.nih.gov/
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albumin.23 Another mammalian protein implicated in heme trafficking is the feline leukemia virus 

subgroup C receptor (FLVCR1). FLVCRb has been described as a mitochondrial heme 

transporter,25 while FLVCRa is reportedly responsible for heme export from cells.26,27 

 Caenorhabditis elegans, a heme auxotroph, has two proteins termed heme-responsive 

genes 1 and 4 (Hrg1 and Hrg4) that are responsible for importing heme and maintaining heme 

homeostasis, respectively.28 Hrg4 is located in the membrane of gut cells, 29 while Hrg1 is limited 

to lysosomes and endosomes similar to its human homolog, which is also called Hrg1.28 Heme 

transport through Hrg1 and Hrg4 is mediated by conserved residues localized in their exoplasmatic, 

cytoplasmic, and transmembrane regions.29 C. elegans Hrg1 interacts with heme via His92, His135 

and the FARKY motif in its C-terminus, and Hrg4 carries heme bound to His108, Tyr63, as well 

as a FARKY motif.29 In mammals and zebrafish, Hrg1 is essential for heme/iron recycling, which 

occurs during the phagocytosis of senescent erythrocytes mediated by macrophages.30,31         

 Studies on heme trafficking have provided some information on the levels of labile heme in 

cells.17,32 For example, S. cerevisiae cells contain 20 nM labile heme in the cytosol and <2.5 nM in 

the mitochondria and nucleus.17 Furthermore, glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) reportedly buffers the labile heme concentration in the cytosol and mitochondria of yeast 

cells, as well as transporting heme to Hap1.33 GAPDH also has been identified as a heme donor to 

inducible nitric oxide synthase (iNOS) in mammalian cells.34 Other proteins may contribute to 

intracellular heme buffering,16 an example being the fatty acid binding protein (FABP) from rat 

liver. Its Kd (0.15 µM) for heme surpasses its affinity for other organic molecules such as oleic 

acid, bilirubin, and porphyrins,35 plus it binds both ferri- and ferroheme.36 Two other mammalian 

proteins, heme-binding protein-1 (p22HBP/HEBP1) and peroxiredoxin (HBP23/PRDX1), also 

exhibit heme Kd values (26 nM and 55 nM, respectively)37,38 higher than those found for 

constitutive heme proteins so they could function in heme 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 nucleus, lysosomes, and secretory pathway.16 In S. cerevisiae, the ER-

mitochondria encounter structure (ERMES)5,39 is composed of four proteins: Mdm12, Mmm1, 

Mdm34, and Mdm10,40 and it also participates in iron homeostasis and lipid transfer.41,42 Heme is 

trafficked to different parts of the cell simultaneously but heme transport from mitochondria to the 

nucleus is reported to be 25% faster than to the cytosol.43 ERMES has an additional role in heme 
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trafficking between mitochondria and the nucleus,43 which is regulated directly and indirectly by 

GTPases such as Gem1 and Mgm1, respectively,43 and negatively regulated by ALAS (5-

aminolevulinic acid synthase).43 In sum, heme is a signalling molecule that is tightly regulated 

because of its toxic effects, and ER-mitochondria interaction hastens its delivery to its receptors 

throughout the cell.   

 

1.2.1. Heme biosynthesis and ferrochelatase (FECH)     

Heme is synthesized in most eukaryotes and prokaryotes including archaea bacteria,44 as heme is 

an essential prosthetic group for many proteins. Some bacteria produce not only heme but also 

heme-like structures such as coproporphyrin III in Propionibacterium spp.45,46 Animals, plants, 

fungi, and bacteria except archaea use a conserved biosynthetic pathway to produce heme.44 Heme 

biosynthesis is an eight-step pathway that finalizes with the insertion of FeII into the centre of the 

porphyrin ring (Figure 1.2).10 The initial and last three reactions occur in the mitochondria, and the 

four intermediate reactions take place in the cytosol.39 Basically, heme biosynthesis can be divided 

into three main stages: (a) condensation of eight molecules of glycine and succinyl-CoA to eight 

molecules of 5-aminolevulinic acid (ALA) catalyzed by ALAS (Hem1), (b) synthesis and closure 

of the porphyrin ring catalyzed by uroporphyrinogen-III synthase (UROS/Hem4), and (c) addition 

of the peripheral vinyl and propionate groups before FeII insertion into the centre of the ring 

catalyzed by ferrochelatase (FECH/Hem15). Heme production ends up in the matrix where heme 

trafficking begins.   

Control of heme synthesis is necessary because heme and its intermediates such as ALA 

can be toxic.10,47 In fact, four enzymes ALAS, CPOX, PPOX, and FECH (Figure 1.2) tightly 

regulate the heme biosynthetic pathway. Interestingly, these proteins are all present in the 

mitochondria, which underlines the importance of this organelle in heme production. Heme affects 

ALAS at the transcriptional level via negative feedback,47 and the O2 concentration controls the 

oxidase activity of CPOX and PPOX.10,44 

The last protein of the pathway, FECH, is a homodimer and each monomer has a molecular mass 

of 40 kDa.48,49 It is anchored on the matrix site of the inner membrane by amphipathic helices,50 

and it receives protoporphyrin IX from PPOX at the inner membrane.10 In S. cerevisiae, interaction 

between FECH and frataxin (Yfh1) is necessary for iron delivery to protoporphyrin IX51 via 

formation of a sitting-atop complex,52 and FECH is poorly expressed in yfh1ȹ cells because of  
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Figure 1.2. The heme biosynthetic pathway. Heme production involves eight steps, half occur in the mitochondria and 

half in the cytosol. (1) The condensation of eight molecules of glycine and succinyl-CoA to give eight molecules of 5-

aminolevulinic acid (ALA) catalyzed by 5-aminolevulinic synthase (ALAS, HEM1). (2) The condensation of 2 × 4 

ALA to generate 4 porphobilinogen catalyzed by 5-aminolevulinic dehydratase (ALAD, HEM2). (3) Formation of the 

linear tetrapyrrole, hydroxymethylbilane, catalyzed by hydroxymethylbilane deaminase (HMBD, HEM3). (4) 

Cyclization to give a tetrapyrrole ring, uroporphyrinogen III, catalyzed by uroporphyrinogen III synthase 

(UROS/HEM4). Uroporphyrinogen III also is a substrate for heme b or siroheme synthesis. (5) Decarboxylation of the 

acetyl groups to methyl groups catalyzed by uroporphyrinogen decarboxylase (UROD, HEM12) gives 

coproporphyrinogen III, 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 coproporphyrinogen 

oxidase (CPOX, HEM13) to produce protoporphyrinogen IX in the mitochondrial intermembrane space (IMS). (7) 

Oxidation of protoporphyrinogen IX to protoporphyrin IX by protoporphyrinogen oxidase (PPOX, HEM14) produces 

protoporphyrin IX. (8) Insertion of FeII into the centre of the protoporphyrin ring catalyzed by ferrochelatase (FECH, 

HEM15) yields heme b. Heme biosynthesis is regulated by heme and O2 levels, and the four enzymes (which are all 

mitochondrial) involved in controlling the pathway are underlined. High heme levels negatively regulate HEM1 

transcription,47 and O2 levels modulate the oxidase activity of CPOX and PPOX.10,44 This image was produced based 

on the literature.6,9,10,16,39,44,47    

 

transcriptional repression of the HEM15 gene.53 When phosphorylated, fungal and mammalian 

FECHs remove iron from heme54ï56 to combat accumulation of excess available heme in the cell.54  

After heme is synthesized, its four intracellular destinations are:5 (a) 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.  
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1.2.2. Physiological functions of cytochrome c peroxidase (Ccp1) 

Ccp1 is a 34-kDa monomeric protein located in the IMS.57 It is a highly efficient peroxidase that 

rapidly converts H2O2 to two H2O molecules with the uptake of two H+.57 The catalytic cycle 

involves binding of H2O2 to the FeIII  heme, which becomes two-electron oxidized to compound I 

(CpdI, Eq 1.1) with a FeIV=O heme and a cation radical on residue W191 close to the heme. 

Reduction of the FeIV=O and W191+Ț by two molecules of ferricytochrome c (Cyc1II, Eq 1.2 and 

1.3) reforms the resting FeIII  enzyme. W191 is essential in the peroxidase activity of Ccp1 with 

Cyc1II as a substrate since in the W191F variant the reduction steps (Eq 1.2 and 1.3) are 

inhibited.58ï60 The catalytic cycle of Ccp1 is characterized by the following reactions: 

 

Ccp1III + H2O2 Ÿ CpdI (Fe
IV, W191+Ț) + H2O                                                               (Eq. 1.1) 

CpdI (FeIV, W191+Ț) + Cyc1II + H+ Ÿ CpdII (FeIV) + Cyc1III                                        (Eq. 1.2) 

CpdII (FeIV) + Cyc1II + H+ Ÿ Ccp1III + Cyc1III + H2O                                                  (Eq. 1.3) 

 

A prevailing view was that because Ccp1 is a highly efficient peroxidase, it protects the electron 

transport chain from respiration-derived H2O2. However, our group has indicated that Ccp1ôs roles 

extend beyond its peroxidase activity in yeast since it participates in H2O2 sensing, signalling and 

heme trafficking.61,62 As a heme-based H2O2 and peroxynitrite (ONOO-) sensor,60,63 Ccp1 helps 

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

extends to its interaction in the nucleus with Skn7/Pos9, a transcription factor, to promote the 

expression of antioxidant genes.64,65  

Ccp1 is additionally involved in heme trafficking since we have shown that its heme is 

recruited for the maturation of catalase A (Cta1) in respiring cells.62 We hypothesize that Ccp1 is 

a ñfrontlineò heme acceptor since it is present in the IMS in the apo, heme-free, form under 

anaerobic conditions when heme biosynthesis is inhibited in yeast cells.66 Immature Ccp1 

(preCcp1) is nuclear-encoded and produced in the cytosol with an N-terminal mitochondrial 

targeting sequence (MTS)67 composed of 68 residues with two protease cleavage sites.68 One site 

is within an alanine stretch sequence that is cleaved by the m-AAA protease between A29 and A30 

to give the intermediate form of Ccp1 (iCcp1). The rhomboid protease Pcp1 cleaves iCcp1 between 
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S67 and T68 to give the mature polypeptide.69 Furthermore, heme regulates Ccp1 processing 

because heme-loaded preCcp1 is not imported into mitochondria to undergo proteolysis.70     

 

1.2.3. Pet9 (AAC2) structure, cardiolipin binding, and ADP/ATP transport  

Direct heme trafficking between FECH and Ccp1 is unlikely since these proteins are located in the 

mitochondrial matrix and IMS, respectively.50,57 This suggests the involvement of a third protein 

that mediates heme transfer between FECH and Ccp1. Many carriers may participate in heme 

transfer across membranes, including ABC transporters71 such as ABCG2, FLVCRb (Section 1.2), 

and PRMC1 (progesterone receptor membrane component 1), which has a role in heme transfer 

from FECH to apocytochrome b5 in mammalian cells.72 Thus, a transmembrane transporter may 

deliver heme from FECH to client proteins.   

A candidate conduit of heme from FECH to Ccp1 is the ADP/ATP carrier, Pet9 (AAC2).73 

This 31-kDa monomeric protein is located in the mitochondrial cristae and embodies cardiolipin 

as a cofactor (Figure 1.3).73ï76 Pet9 exports ATP from the matrix and imports ADP from the cytosol 

via the IMS by changing conformation between mitochondrial (M) and cytosolic (C) states.73,77 In 

the M-state, the M-side of the carrier is open to the matrix to accept ATP whereas in the C-state, 

the C-side of the protein is open to accept ADP from the IMS (Figure 1.4).77,78 Salt bridges form 

in both the C- and M-side of the carrier, and these are disrupted in the C-side in the C-state and in 

the M-side in the M-state (Figure 1.4). Substrate-protein dynamics control the stability of the 

salt bridges77 to trigger a transition between the C- and M-states. Notably, substrate binding is 

driven by electrostatic interactions between positively charged Pet9 residues with the phosphate 

groups of ADP and ATP,79,80 which contain three and four negative charges, respectively.81,82  

Cardiolipin, a phospholipid and the main lipid component of the inner membrane,83 is 

necessary for the function and stability of Pet9.84,85 The M-side of Pet9 binds three cardiolipin 

chains on its surface with their phosphate groups directed towards the mitochondrial matrix 

(Figure 1.3).85 The Pet9-cardiolipin interaction is stabilized by hydrogen bonds and electrostatic 

forces between the lipid and amino groups of even-numbered Ŭ-helices.77 The dependence of Pet9 

on cardiolipin is specific since WT activity was not restored in cardiolipin-deficient yeast 

supplemented with phosphatidylglycerol.84 In addition, cardiolipin controls the stability of the 

interaction of Pet9 with the respiratory complexes, which in turn controls ATP production,86 

underscoring the critical importance of cardiolipin in yeast. 
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Figure 1.3. The crystal structures of C- and M-state Pet9 viewed from the (A, D) M-side, (B, E) centre, and (C, F) C-

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 M-side. The structure of C-state Pet9 (PDB ID: 4C9G) is shown in panels A-C 

and that of M-state (PDB ID: 6GCI) in panels D-F. All structures were visualized using PyMOL (Version 2.3.2, 

Schrodinger LLC).   
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Figure 1.4. The mechanism of ADP/ATP transport through Pet9, a monomeric transporter. This scheme presents the 

states required for the passage of ADP/ATP (red ball) across Pet9 (blue), which involves the making and breaking of 

salt bridges between alpha helices in the M- and C-sides of the protein. (A) Empty carrier with the C-side open (C-

state). ADP/ATP-bound carrier: (B) in the C-state; (C) with both sides closed (intermediate state) and the substrate in 

its central binding site; and (D) in the M-state. (E) Empty carrier in the M-state. Cycling clockwise from A to E, 

corresponds to ADP transfer from the IMS to the matrix while cycling anti-clockwise from E to A corresponds to ATP 

transfer from the matrix to the IMS.78 Transitions between the empty M and C states are inhibited (E  ɑA or A  ɑE ) 

in the absence of ADP/ATP because of high interaction energies between alpha helices in the C- and M-sides of the 

transporter.77 This simplified model (prepared using Biorender, https://biorender.com/) summarizes the 

literature data.77,78    

 

1.2.4. Pet9 (AAC2) and heme binding and transport  

Pet9 already has been described as a carrier of heme precursors,87 which unlocks the possibility 

that it trafficks heme between the matrix and IMS. Bovine ADP/ATP transporter BtAAC1 (ANT1) 

has 53% sequence identity with Pet9 according to Basic Local Alignment Search Tool analysis 

(BLAST, https://blast.ncbi.nlm.nih.gov/Blast.cgi), and a few structural differences between 

proteins were identified such as the position of the C- and N-terminus in the yeast carrier and an 

extra Ŭ-helix present in Pet9.77 Heme binds to the BtAAC1 at its central ADP/ATP binding site.87 

Residues K22 and R279, which interact with the phosphates of ADP, are likely involved in heme 

binding since the K22A and R279A variants of BtAAC1 do not bind to heme-conjugated beads 

unlike the WT protein.87 Also, in rat mitochondrial fractions, heme, protoporphyrin IX, and 

coproporphyrinogen III impede ADP uptake with an inhibition constant (Ki) of ~7.3 µM, which 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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further supports overlapping central ADP and heme binding sites in ADP/ATP carriers.87 

Residues K38 and R294 are the corresponding residues in Pet9,77 so they possibly interact with 

heme in the yeast. In fact, competition between the adenine nucleotides and heme for the same 

conserved carrier binding residues87 strengthens the hypothesis that Pet9 binds and transports 

heme.  

    

1.2.5. Pet9 (AAC2) association with Ccp1 and FECH  

For Pet9 to transfer heme from FECH to Ccp1, it has to bind both proteins, which are localized on 

opposite sides of the inner membrane. Pet9 has been separately identified as an interactor of 

apoCcp161 and FECH86 in S. cerevisiae but there is no evidence that the three proteins form a 

complex. Interestingly, the ADP/ATP transporter has also been identified in a heme metabolism 

complex with FECH in mammalian cells,88 although it has not been assigned a heme transport role 

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

more evidence is needed to substantiate that it actually delivers heme from FECH to Ccp1. To this 

end, the exploration of tools to experimentally probe interaction between FECH, Pet9, and Ccp1 is 

described in Chapter 2, the apoCcp1 interactors screened using optimized GST (glutathione S-

transferase) pull-downs are discussed in Chapter 3, and the Ccp1-Pet9-FECH ternary complexes 

generated by protein docking are analyzed in Chapter 4.  

 

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-state Pet9 and subsequently donated to apoCcp1 in the IMS by C-state Pet9. The 

identification of carboxyatractyloside and bongkrekic acid89 as transport inhibitors that lock Pet9 

into its C- and M-states, respectively, has enabled crystal structures of both C- (PDB ID 4C9G,75 

Figure 1.3A-C) and M-state Pet9 (PDB ID 6GCI,90 Figure 1.3D-F) to be determined. A study of 

C-state WT Pet9 and a number of its variants supports the literature that describes the carrier as a 

functional monomer.74,75,91 Pet9 is monomeric because it presents a low interface area (< 850 Å) 

between monomers.75 Moreover, a Lys-Gly hydrogen bond involving the Gly backbone carbonyl,75 

which impedes dimer formation, is found in the interface area of monomeric Aac3, but not in 

dimeric Aac1.75 Structural analysis of Pet9 also reveals that even-numbered alpha helices form salt 
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bridges in the M- and C-sites,75 reinforcing the synergistic network of salt bridges for ADP/ATP 

transit through the monomeric transporter (Figure 1.4).  

The structure of C-state Pet9 (Figure 1.3 A-C) is of interest when examining the binding of 

Ccp1 to the carrier and a possible path for heme transfer between these proteins. On the other hand, 

M-state Pet9 (Figure 1.3 D-F),89 the likely acceptor of heme from FECH, is the structure of interest 

when analyzing FECH binding to Pet9. The M-state structure reveals that the M-side alpha helices 

protrude outward, exposing the ADP/ATP binding site to the matrix, whereas its C-side is closed 

(Figure 1.3D vs. F). These structures of Pet9 will be examined further in Chapters 3 and 4 when 

modelling Pet9 association with FECH and Ccp1.  

 

1.3. Ergosterol biosynthesis and its control by heme  

Another heme-dependent 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 

permeability and fluidity, mating, cell growth, and membrane-bound enzyme activity.92 Ergosterol 

biosynthesis is multi-step and energetically highly costly, requiring 24 molecules of ATP and 16 

molecules of NADPH to produce one molecule of ergosterol.93 The biosynthesis can be divided 

into three main steps (Figure 1.5),92,94 the mevalonate, farnesyl pyrophosphate (FPP), and 

ergosterol pathways.92,95 In the mevalonate pathway two molecules of acetyl-CoA are condensed 

to produce mevalonate, which is converted to FPP in the FPP pathway. FPP is important for other 

metabolic pathways such as heme a and benzoquinone biosynthesis. The ergosterol pathway 

produces ergosterol from FPP,92 and an alternative pathway generates 14 Ŭ-methylergosta-8-24 

(28)-dienol as the final product catalyzed by Erg3 (sterol ȹ5,6-desaturase) (Figure 1.5).96 This 

product is toxic and has a fungistatic effect in Candida albicans97 and S. cerevisiae.96  

There are 26 genes involved in ergosterol biosynthesis, and they can be categorized as 

essential and non-essential. Yeast deficient in five non-essential ERG genes (ERG2, ERG3, ERG4, 

ERG5, and ERG6) can be grown in the laboratory,99 and studying these mutant strains allowed the 

identification of intermediates of ergosterol biosynthesis and their effects on cell viability.93 

Modifying sterol production can be an adaptive response to antifungals as well as to mutation,100,101 

indicating that ergosterol, the enzymes involved in its biosynthesis, and its sterol intermediates 

modulate the stress response of cells.     
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Essential ERG genes express proteins such as lanosterol 14Ŭ-demethylase (Erg11) and 

squalene monooxygenase (Erg1) that are important regulators of ergosterol biosynthesis.102ï104 

Erg11 is a heme-dependent P450 enzyme,105 and heme regulates the expression of the ERG11 gene 

via Hap1 and Rox1.19,106,107 Additionally, ERG2 and ERG5 genes are modulated by Hap1,19 and 

ERG1, ERG3, ERG9, and ERG25 transcription is regulated by Rox1 due to its direct interaction 

with the ERG gene promoters.107 Heme also modulates sterol uptake in S. cerevisiae, as observed 

in cells mutated in heme biosynthetic genes.108,109 The absence of heme caused accumulation of 

sterol intermediates and stimulated cells to import sterols from the medium,108 whereas no uptake 

was observed for normal cells.107 In summary, heme has a pivotal role in controlling ergosterol 

metabolism in yeast cells.    

 

 

Figure 1.5. The ergosterol biosynthetic pathway. Ergosterol is synthesized in three stages, the mevalonate pathway, 

farnesyl pyrophosphate (FPP) pathway, and the ergosterol pathway. FPP also is a substrate for heme a and 

benzoquinone production. The alternative pathway, which is stimulated when Erg11 is inhibited by azoles, produces 

14 Ŭ-methylergosta-8-24 (28)-dienol, which is toxic and has a fungistatic effect in S. cerevisiae.98. This scheme was 

prepared based on the literature.92,94,95  

 

1.4. Antifungal azoles inhibit ergosterol biosynthesis 

Fungal diseases have recently become a challenge due to pathogen resistance to antifungals,110 

especially in patients with reduced immune responses.111 Clinically relevant cases of resistant 
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Candida spp. and non-Cryptococcus spp. have increased, and candidemia accounts for ~ 40% of 

the mortality rate in hospitals with high health-related costs.112 The number of fungal infections 

has reached 300 million per year leading to 1.6 million deaths.113 Treating candidemia has become 

more challenging so we need a better understanding of the mechanisms of fungal adaptation to 

antifungals and how we can combat resistance (MARDy; Mycology Antifungal Resistance 

Database; http://www.mardy.net/).   

          Currently, the main types of antifungals include echinocandins, polyenes, and azoles 

(Figure 1.6). These drugs target the cell wall (echinocandins) or the cell membrane (polyenes and 

azoles).114 Echinocandins inhibit ɓ (1,3)-D-glucan synthase, which produces ɓ (1,3)-D-glucan, the 

main component of the cell wall. Polyenes bind irreversibly to ergosterol, which produces holes in 

the membrane and increases its permeability. Azoles inhibit lanosterol 14Ŭ-demethylase (Erg11), 

thereby impairing the production of ergosterol.115 Investigating how these drugs affect fungal cell 

physiology has become a priority. Studies have compared the fungicidal effects of the three types 

of antifungals on S. cerevisiae and C. albicans cells and have observed similarities in ROS 

production, stimulation of the Ras protein/cAMP-dependent protein kinase (RAS/PKA) 

pathway,116 changes in the proteome,117 in biofilm formation, and in cell viability.118 

 

 

Figure 1.6. The three main types of antifungals. The database and program used for drawing the structures are given 

in the caption to Figure 1.1. The PubChem CID numbers are caspofungin (2826718), amphotericin B (5280965), and 

fluconazole (3365). The PubChem database was accessed on April 27, 2021. 

http://www.mardy.net/
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Azoles, which are categorized as imidazoles (e.g., miconazole and ketoconazole)119 and 

triazoles (e.g., fluconazole, voriconazole, itraconazole, and posaconazole; Figure 1.7),114 have 

attracted attention due to their fungicidal, cellular, and biochemical effects on yeast. They inhibit 

the P450 activity of Erg11 by coordination of the unhindered nitrogen of the imidazole or triazole 

ring to the enzymeôs heme iron.119 This causes the accumulation of sterol intermediates and 

membrane stress.114 However, the effects of azoles on yeast cells are not limited to ergosterol 

biosynthesis. They alter other cellular processes such as the actin cytoskeleton,120 amino acid 

biosynthesis,117 vesicular trafficking,121 and shift cells from fermentative to respiratory 

metabolism.116 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 46% of Candida auris 

susceptible to fluconazole and voriconazole, respectively, vs. 98% and 98.5% of C. albicans.122 

This variation in azole susceptibility depends on the particular adaptative stress responses or the 

resistance mechanisms that have evolved in different fungi.123 Mechanisms of resistance to azoles 

include mutation in the ERG11 gene, increased drug efflux, reduced azole import, importation of 

sterols, augmented Erg11 expression, modification of the ergosterol biosynthetic pathway, and 

non-specific metabolic alterations.93,123 Alteration in ergosterol biosynthesis, especially in Erg11, 

and high drug efflux are adaptations that all fungi exploit to mitigate the intracellular effects of 

azoles.123 Interestingly, these two processes are interconnected in C. albicans since the 

transcription factor Upc2 (sterol uptake control protein 2) induces the expression of ERG genes 

and also triggers the drug efflux system via the multidrug resistance 1 (MDR1) gene.124  

Miconazole, an antifungal imidazole, has received attention for its fungicidal action 

associated with increased intracellular ROS production.125 Moreover, miconazole inhibits the 

activity of heme-dependent antioxidant enzymes such as catalase and Ccp1 in yeast,126 rendering 

cells more susceptible to the deleterious effects of excess ROS. This drug also alters the actin 

cytoskeleton,120 calcium metabolism,127 and RAS/PKA signalling.116,120 Thus, the ramifications of 

miconazole on the yeast proteome are of interest in order to obtain a comprehensive view of the 

cellôs stress responses following antifungal challenge.  
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Figure 1.7. Common imidazole- and triazole-type antifungal azoles. The database and program used for drawing the 

structures are given in the caption to Figure 1.1. 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 azole-induced stress response 

Heme is important not only for maturation and function of antioxidant enzymes,62,70 but also for 

expression of the ERG11 gene and maturation of the Erg11 protein.19,106,107 By binding to the heme 

of Erg11, azoles inhibit the ergosterol pathway biosynthesis and stimulate the production of 14 Ŭ-

methylergosta-8-24 (28)-dienol and sterol intermediates (Figure 1.5) that result in cell toxicity and 

lower tolerance to stress (e.g., high concentrations of ethanol, salt, and other solutes).91,92 To restore 
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ergosterol homeostasis, the cell responds by producing more Erg11,123 which is dependent on Dap1 

(damage responsive protein 1), a heme protein128 implicated in heme trafficking.129  

In addition to the role of Dap1 in Erg11 activation, other heme-dependent regulators 

participate in mechanisms of stress control. For example, the heme-binding transcription factor, 

Hap1,130,131 is important for stimulating the expression of antioxidant genes such as CCT1 and 

SOD2,131 and ribosomal proteins, cytosolic translation, and aminoacyl-tRNA biosynthesis are 

upregulated in hap1ȹ cells.130 Interestingly, heme trafficking modulates Hap1 activity in S. 

cerevisiae because of the expression of GTPases Mgm1 and Dnm1, positive and negative 

modulators of heme transport between the mitochondria and nucleus43 and of heme delivery to 

Hap1 by GAPDH (Tdh3).33 

Since miconazole increases ROS, the heme-dependent H2O2 signalling role of Ccp162,64 likely 

contributes to the cellôs defence against this azole. An increase in H2O2 triggers heme transfer from 

Ccp1 to apoCta1 and apoCcp1 exits the mitochondria.62,64 The maturation of apoCta1 provides a 

highly efficient H2O2 metabolizing enzyme to protect the mitochondria. Furthermore, a population 

of apoCcp1 relocates to the nucleus59 where it conveys an oxidative stress signal to Skn7/Pos961 to 

turn on certain antioxidant genes, including the cytosolic heme catalase, Ctt1.65 Thus, given the 

importance of heme and heme mobility in the cellôs response to miconazole, understanding how 

heme-related pathways are affected by this antifungal at the proteome level is clearly of interest. 

Although outside the scope of this thesis, the miconazole sensitivity of  ccp1W191F cells that express 

the catalytically inactive Ccp1 mutant and of the Ccp1-null mutant (ccp1ȹ) would be of interest 

given their different response to ROS.60,132,133 

 

1.6. Outline and scope of the thesis 

Most organisms depend on heme to survive, but the cost of this reliance is the necessity for tight 

control of heme trafficking. Little is known about how heme is transported inside the cell and what 

proteins participate in this process especially once heme exits the mitochondria. Here, we analyzed 

heme trafficking from its synthesis catalyzed by FECH in mitochondria with a focus on Ccp1. 

To investigate likely proteins involved in Ccp1 heme loading and heme trafficking, we 

screened for apoCcp1 interactors employing GST pull-downs. In Chapter 2, we examined the 

homologous expression in yeast of N-terminally GST-tagged proteins as bait in GST pull-down 

from commercially available yeast cells utilizing Western blotting with anti-GST antibodies. To 
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access sub-mitochondrial compartments and to screen for novel apoCcp1 partners, changes to the 

previous GST pull-down methodology used in our group were required. In Chapter 3, GST pull-

downs in the presence of detergent and at a high bait-prey ratio were optimized to obtain evidence 

for our hypothesis that Ccp1, Pet9, and FECH form a ternary complex for transmembrane heme 

channelling from FECH to Ccp1. Computational docking of Ccp1-Pet9-FECH using models of 

Ccp1 at different stages of its maturation is described in Chapter 4. The most favourable 

complexes were examined to find how interaction between Ccp1-Pet9-FECH evolves during Ccp1 

maturation, and how heme is transported from FECH to Pet9. Chapter 5 presents an LC-MS/MS-

based analysis of changes in the S. cerevisiae 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 haploid hem15ȹ cells in heme-enriched YPD medium to use as a 

negative control in verifying a functional FECH in WT S. cerevisiae cells. 

b. Investigate expression of recombinant GST-tagged proteins in commercial S. cerevisiae 

clones to determine their suitability as bait in GST pull-downs. 

c. Optimize GST pull-downs to screen for apoCcp1 interactors in a mitochondria-enriched 

fraction to probe the possible formation of an apoCcp1-Pet9-FECH ternary complex within 

these organelles.  

d. Examine in detail interaction of the immature and mature forms of Ccp1 with Pet9 and FECH 

using computer modelling and establish possible heme-transfer pathways within the ternary 

complexes.   

e. Investigate alterations in the S. cerevisiae proteome on miconazole exposure employing 

peptide-centric, label-free LC-MS/MS analysis to establish prompt and delayed responses of 

cells to the antifungal.   
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Chapter 2: Characterization of hem15ȹ Saccharomyces cerevisiae cells and those 

homologously expressing GST-FECH, GST-Pet9, GST-Ccp1, and GST-Cta1  

 

2.1. Preface 

The production and analysis of the data, text writing and revision were performed by Alan 

de Aguiar Lopes. The text was edited by Dr. Ann English. 

 

2.2. Abstract 

The first step in heme trafficking in eukaryotic cells is heme transfer to client proteins from FECH, 

the final enzyme in heme biosynthesis. No heme-dependent proteins acting as FECH clients have 

been identified in S. cerevisiae, but a possible candidate is Ccp1. FECH and Ccp1 are separated by 

the inner mitochondrial membrane but the ADP/ATP membrane transporter, Pet9, could act as an 

intermediate. Also, our lab has shown previously that Ccp1ôs heme is recruited for Cta1 maturation, 

suggesting possible Ccp1-Cta1 association. Thus, we aimed to probe interaction of Ccp1 with these 

proteins employing GST pull-downs from commercial S. cerevisiae strains transfected with the 

galactose-inducible pEGH vector expressing the N-terminal GST fusions, GST-Ccp1, GST-FECH, 

GST-Pet9, and GST-Cta1. Expression of the GST-tagged proteins was examined utilizing Western 

blotting with anti-GST antibodies but the results reveal that the fusions were cleaved during cell 

growth, demonstrating the limitations of these commercial strains for GST pull-downs. A FECH 

knockout strain (hem15ȹ) was constructed by asci dissection as a negative control of FECH activity 

under the conditions used in the GST pull-down studies. Measurements of FECH activity in 

hem15ȹ and WT cells confirm that endogenous FECH is functionally active in the latter.  

 

2.3. Introduction  

Recent studies have provided valuable insights into labile-heme levels and heme buffering in 

cells,14,33,134 but still little is known about heme trafficking. Heme biosynthesis finalizes with the 

insertion of FeII into the protoporphyrin ring by FECH in the mitochondrial matrix (Figure 1.2).10,44 

Ccp1 is a candidate ñfrontlineò heme acceptor (Sections 1.2.2 and 1.2.3) but it and FECH are 

localized on different sides of the inner mitochondrial membrane, However, the transmembrane 

ADP/ATP transporter Pet9, which can carry heme intermediates,87 may transfer heme from FECH 

to Ccp1. Thus, this thesis aims to investigate interaction and heme transfer between Ccp1, Pet9, 
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and FECH. Additionally, the possible interaction between Ccp1 and Cta1 was of interest since our 

lab had shown previously that Ccp1ôs heme is recruited for maturation of the catalase.    

A popular method to investigate protein-protein interactions is the homologous 

overexpression of the proteins of interest fused to GST. Homologous gene expression, or 

expression of a gene from a vector in a host species that naturally has the gene,135 better ensures 

correct post-translation modification, folding, and targeting,135ï139 thus reducing the chance 

production of dysfunctional proteins.137 However,  we report here that commercially available yeast 

clones transformed with the N-tagged proteins of interest (GST-Ccp1, GST-FECH, GST-Pet9, and 

GST-Cta1) in the galactose-inducible pEGH vector are not suitable for GST pull-down analysis. 

On the other hand, the engineering of hem15ȹ S. cerevisiae cells as a negative control for the 

measurement of FECH activity was successful. We isolated hem15ȹ cells and confirmed their 

mutant phenotype by comparing their FECH activity with that of WT cells. 

2.4. Material and methods 

2.4.1. Materials  

Chemicals and biochemicals were obtained from the following suppliers: Zymolyase 20T 

(Amsbio), DL-dithiothreitol (DTT, Biobasic Inc.), Bio-SafeTM Coomassie G-250 Stain (Bio-Rad 

Laboratories, Inc.), ethylenediaminetetraacetic acid disodium dihydrate (EDTA), pepstatin, 

peptone, tryptone, yeast extract (BioShop Canada Inc.), N-octyl glucoside (Boehringer Ingelheim 

International GmbH), zinc-mesoporphyrin, mesoporphyrin (Frontier Scientific, Inc.), yeast 

drop - out supplement without uracil, zinc acetate dihydrate (Millipore-Sigma), 400 µm acid-

washed glass beads (OPS Diagnostics LLC), cOmpleteÊ protease inhibitor tablet with EDTA 

(Roche), phenylmethanesulfonyl fluoride (PMSF, Thermo Fisher Scientific Inc).   

2.4.2. Antibodies  

The following antibodies were used for Western blotting: Primary antibody goat anti-yeast GST 

(catalogue number: Ab6613), and HRP-conjugated secondary antibody rabbit anti-goat (Abcam, 

catalogue number: Ab6741).  

2.4.3. FECH activi ty assay  

Fluorescent mesoporphyrin (MP) and Zn-mesoporphyrin (ZnMP) were the metal-free substrate and 

metallated product in the FECH activity assay, respectively. The fluorescence of solutions 
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containing 5 nM ZnMP or 5 nM MP in 100 mM Tris-Cl, pH 8.0, with 1 mM sodium palmitate and 

0.3% Tween-20 was recorded on a Varian Cary Eclipse fluorometer (Model FL0812M000). Also, 

standard curves were prepared for ZnMP and MP in the same buffer with excitation at 408 nm, 

emission at 578 nm (ZnMP) or 623 nm (MP), and 5-nm slits.  

FECH activity of the P10 fraction from WT and hem15ȹ cells (as a negative control) was 

assayed by monitoring ZnMP fluorescence as described with slight modifications.140,141 The P10 

fraction (10 µg) was incubated in 0.1 M Tris-Cl, pH 7.6, with 10 µM MP and 20 mM N-octyl 

glucoside for 10 min in a 96-well plate, and 100 µM zinc acetate dihydrate was added to initiate 

the reaction. ZnMP production was monitored using 405-nm excitation and 590-nm emission filters 

on a TECAN SpectraFluorPlus plate reader in fluorescence mode. 

 

2.4.4. Asci tetrad dissection of BY4743 diploid cells 

Diploid BY4743 (MATa/Ŭ his3ȹ1/his3ȹ1 leu2ȹ0/leu2ȹ0 LYS2/lys2ȹ0 met15ȹ0/MET15 

ura3ȹ0/ura3ȹ0 HEM15/KANMX4) yeast cultures were prepared according to the following 

protocol. Precultures were grown in YPD medium (2% peptone, 1% yeast extract, and 2% 

dextrose) for 16 h at 30 °C/225 rpm under a 1:5 medium-to-air ratio. Afterwards, 1-day cultures 

were prepared in 250-mL flasks under the same conditions. The diploid BY4743 strain was kindly 

provided by Dr. Malcolm Whiteway (Department of Biology, Concordia University). 

To generate the hem15ȹ mutant (BY4743, HEM15::KANMX4), asci dissection of 

diploid BY4743 was performed as described elsewhere.142 Briefly, WT diploid cells were 

incubated in sporulating solid medium (1% potassium acetate, 1% yeast extract, 0.02% glucose, 

and 2% agar) for 10 days at 30 °C. The colonies were collected and incubated in a solution 

containing Zymolyase 100T and 50 µg/mL of 1 M sorbitol for 10 min. Using a micromanipulation 

microscope (Singer MSM System 200, Singer Instruments), the cells were streaked in a YPD plate 

containing 25 µM hemin (YPDH),141 and each haploid cell was isolated in a grid on the plate. The 

selected cells were incubated at 30 °C until colonies were visually detected, and WT and hem15ȹ 

diploid cells were streaked on YPD and YPDH plates, respectively. 

 

2.4.5. Yeast cell culture and subcellular fractionation  

WT BY4741 (MATa his3-ȹ1 leu2ȹ0 met15-ȹ0 ura3-ȹ0) and BY4743 cells were streaked on YPD 

plates and hem15ȹ cells on YPDH plates and incubated for two days at 30 °C. Pre-cultures (10 mL) 
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were prepared in YPD medium and grown overnight at 30 °C/225 rpm. YPD cultures were 

prepared with starting OD600 of 0.01, grown at 30 °C/225 rpm for 72 h, harvested at 2,000 x g, 

washed twice with distilled water and used for subcellular fractionation. 

The mitochondrial-enriched (P10) fraction was prepared as described previously.143 

Briefly, cells were treated with 100 mM Tris-H2SO4, pH 9.4, with 10 mM DTT for 10 min 

followed by incubation with 3 mg/mL Zymolyase 20T in 100 mM KPi, pH 7.4, for 45 min to 

produce spheroplasts, which were transferred to 10 mM Tris-HCl buffer, pH 7.4, with 0.6 M 

sorbitol, 1 mM EDTA, and 1 mM PMSF, mechanically disrupted utilizing a homogenizer 

(Model RM185, Janke & Kunkel KG), and centrifuged at 2,000 x g for 10 min (J2-HS Centrifuge, 

Beckman Coulter) to give the denucleated lysates (S2 fraction). The S2 fractions were centrifuged 

at 10,000 x g for 10 min to obtain the mitochondria-depleted supernatants (S10 fraction) and the 

mitochondria-enriched P10 fractions. The total protein concentration of the S2, S10, and P10 

fractions was measured using the Bradford method.144 

 

2.4.6. Growth and lysis of yeast clones transformed with the GST-tagged proteins   

The commercially available BY4741 clones were purchased from Dharmacon, Horizon Discovery 

Ltd. These cells contain the high copy number pEGH plasmid145 encoding the GST-6xHis gene 

linked to ORF of CCP1 (ORF: YKR066C), HEM15 (YOR176W), AAC2 (Pet9, YBL030C), or 

CTA1 (YDR256C). Protein expression is under the CYC1 promoter, which is regulated by the 

galactose-inducible upstream activator sequence, GAL1/10UAS, and URA3 is the 

selection marker.145ï148 Procedures for cell growth and induction of recombinant protein expression 

were adapted from elsewhere.145 Briefly, the yeast strains were grown at 30 °C over 2 days in SC-

URA + 2% raffinose (0.67% YNB, 2.9 g/L yeast drop-out supplement without uracil, 2% agar, and 

2% raffinose) plates. Following pre-incubation in SC-URA + 2% raffinose overnight at 

30 °C/225 rpm, cells were grown in YPR (2% peptone, 2% yeast extract, and 2% raffinose) at an 

initial OD600 of 0.1. When the cultures reached OD600 0.6-0.8 (9ï11 h), the cells were transferred 

to 100 mL of YPG (2% peptone, 2% yeast extract, and 4% galactose) in 500-mL flasks, incubated 

at an initial OD600 of 0.6-0.8 for 10 h at 30 °C/225 rpm, washed twice with lysis buffer (20 mM 

Tris base, pH 7.5, 100 mM NaCl, 10% glycerol, 0.1% NP - 40, and 10 mM ɓ-mercaptoethanol), 

and centrifuged at 2,000 x g at 4° C for 5 min. Lysis buffer (0.2 mL) and glass beads (0.2 mL) were 

added to the pellets (0.2 mL) in 1.5-mL Eppendorf tubes, the samples were vortexed 6 x 30 s with 
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10-s intervals on ice, centrifuged at 11,000 x g at 4° C for 10 min, and the supernatants were 

collected for analysis of GST-fusion protein expression. 

 

2.4.7. Analysis of GST-FECH, GST-Pet9, GST-Ccp1, and GST-Cta1 homologous expression 

The expression of the GST-fusions from the pEGH vector in yeast cells was analyzed by SDS-

PAGE and Western blotting with an anti-GST antibody. First, the total protein content of the lysates 

was measured using the Bradford method,144 then proteins were separated by 12% SDS-PAGE. 

Briefly, the samples (0.6ï3.4 µL) were incubated in 6 µL of loading buffer (50 mM Tris buffer, 

pH 6.8, 0.8% w/v sodium dodecyl sulfate, 0.12% w/v bromophenol blue, 4.5 mM ɓ-

mercaptoethanol, 0.06% v/v glycerol, and distilled water to a final volume of 30 µL). The samples 

were heated for 5 min for 95 °C in a dry water bath, 5ï10 µg total protein was added per lane of a 

12% resolving gel (10 × 6 × 0.1 cm), and the separated proteins were transferred to polyvinylidene 

fluoride (PDVF) membranes (Bio-Rad) using a wet transfer system at 100 mA for 2 h. The PDVF 

membrane was incubated overnight with a 1:10,000 dilution of the anti-GST primary antibody at 

4° C, washed 3 x 10 min with 1x TBTS (50 mM Tris, pH 7.6, 0.1% v/v Tween-20, and 150 mM 

NaCl), incubated for 1 h with a 1:5000 dilution of HRP-conjugated secondary antibody at RT, and 

washed 3 x 10 min with 1x TBTS. The chemiluminescence signal was triggered by adding 1 mL 

of PierceÊ ECL Western Blotting Substrate (Thermo Fisher Scientific) and detected on GE 

Amersham Imager 600 (Software Version 1.2, GE Healthcare). 

 

2.4.8. Investigation of GST-fusion proteolysis  

To determine if the GST-fusions underwent proteolysis during sample preparation, protease 

inhibitors were added before the cell lysis and subcellular fractionation outlined in Section 2.4.5. 

The inhibitors examined included: cOmplete protease inhibitor (CPI; one tablet dissolved in 50 mL 

buffer according to the manufactureôs instructions), 1 mM EDTA, 1 mM PMSF, and 40 µM 

pepstatin. The GST-tagged proteins present in the subcellular fractions were analyzed by Western 

blotting with anti-GST (Section 2.4.7). The stability of the GST-fusions in the subcellular fractions 

to centrifugation speeds of 2,000 vs. 11,000 x g was also compared.  

  

 



 

23 

 

2.5. Results 

2.5.1. Lack of FECH activity confirms isolation of hem15ȹ yeast cells  

Figure 2.1 compares the emission spectra of MP and ZnMP on excitation at 408 nm (Panel A and 

B). Clearly, ZnMP has a much higher fluorescence signal than MP and a different emission 

maximum (580 vs. 630 nm).140 Thus, due to their distinct signals, MP/ZnMP are a suitable 

substrate/product pair for the FECH activity assay. Panel C shows standard plots for ZnMP and 

MP, which reveal that their fluorescence is linear over the concentration range examined. 

 

 

The FECH assay was carried out under zero-order kinetics with saturating (10 mM) MP 

substrate,149 as revealed by the linear increase in the fluorescence signal over 50 min (Figure 2.2). 

Significantly higher FECH activity is found for WT vs. hem15ȹ cells so we conclude that hem15ȹ 

cells were successfully isolated. The small and continuous increase in fluorescence for the mutant 

Figure 2.1. Fluorescence of Zn-mesoporphyrin 

and mesoporphyrin. (A) Emission spectra of 5 nM 

ZnMP (black line) and 5 nM MP (red line) in Tris 

buffer, pH 8.0 at RT in a 1-cm cuvette following 

excitation at 408 nm. (B) Replotted emission 

spectrum of 5 nM ZnMP. (C) Standard plots of 

ZnMP (0.195-100 nM, ƴ) and MP (1560-10000 

µM, ǒ) emission at 578 nm (ZnMP) and 623 nm 

(MP). The experimental details are given in Section 

2.4.3.  
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cells can be attributed to non-enzymatic Zn uptake by MP at physiological pH,150 which is 

promoted by the high 10:1 Zn-to-porphyrin molar ratio (Section 2.4.3).140,150 Verifying the FECH 

activity of the P10 fractions of WT cells is important to confirm that cell disruption did not denature 

or inactivate the enzyme. 

 

Figure 2.2. FECH activity of yeast cells. Fluorescence intensity (in relative fluorescence units, RFU) at 590 nm 

following addition of 7.5 mL of 100 µM zinc acetate to 4-6 mL of the P10 fraction (10 ɛg protein) from 3-day WT 

type BY4741 (black trace), WT BY4743 (red trace), and hem15ȹ BY4743 cells (blue trace) in 0.1 M Tris-Cl, pH 7.6, 

with 10 µM MP and 20 mM N-octyl glucoside in a final volume of 200 mL per well. Zinc acetate addition triggers the 

reaction, and reagents were manually mixed (~ 10 s) so the fluorescence at t = 0 was missed. The plots shown here are 

representative of the three technical replicates recorded for three biological replicates per strain.   

 

2.5.2. The GST-fusions are unstable and/or poorly expressed in yeast cells 

Commercially available yeast cells homologously expressing N-terminally tagged GST-Ccp1, 

GST-FECH, GST-Pet9, and GST-Cta1 were examined as tools to explore interactions between 

these proteins (Section 2.4.8). GST-Cta1 was included as a bait protein since Ccp1 provides heme 

for its maturation under respiratory conditions.62 To determine if the correct fusions were being 

expressed, we performed Western blotting with anti-GST antibodies of the P10 and S10 subcellular 

fractions (Figure 2.3). However, only GST-Pet9 (MW = 64 kDa) was convincingly detected in the 

P10 fraction of one culture (Figure 2.3B) and possibly GST-Cta1 (MW = 88 kDa) in a second 

culture (Figure 2.3A), but no bands corresponding to GST-FECH (MW = 74 kDa) or GST-Ccp1 

(MW = 70 kDa) were observed. A strong band close to the MW (29 kDa) of the free GST tag was 
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observed for all the GST clones with the exception of GST-FECH. Thus, assuming that 

fragmentation of the fusion proteins was due to proteolysis following cell lysis,151 we examined if 

protease inhibitors could minimize or abolish their cleavage.  

 

 

Figure 2.3. Analysis of expression and localization of GST-fusion proteins in 1-day yeast. Cells were grown in YPR 

for ~ 5 h and transferred to YPG for 10 h to induce the expression of the GST-fusions (Section 2.4.7). WT BY4741 

cells were grown under the same conditions (Section 2.4.7). Mitochondria-depleted (S10) and enriched (P10) fractions 

were obtained by subcellular fractionation with the addition of 1 mM EDTA and 1 mM PMSF as protease inhibitors 

(Section 2.4.5).  A total of 10 ɛg protein was loaded into each lane of gels A and B, and 5 ɛg into each lane of gels C 

and D, and the four gels were electrophoresed under the same conditions (Section 2.4.7). The membranes were 

incubated with the PierceÊ ECL Western Blotting Substrate for 1 min in panels A and B, and for 30 s in panels C and 

D. The MWs (kDa) calculated using ProtParam (https://web.expasy.org/protparam/)152 are: GST tag, 29; GST-FECH, 

74; GST-Pet9, 64; GST-Ccp1, 70; and GST-Cta1, 88.  

 

2.5.3. Effects of protease inhibitors on GST-fusion protein detection 

Assuming that the absence of GST-fusions in the subcellular fractions (Figure 2.3) was due to 

proteolysis, we prepared lysates of cells expressing GST-Cta1 and GST-Ccp1 in the presence of 

protease inhibitors, PMSF, EDTA and CPI. However, no GST-Ccp1 band was detected in any 

fraction following protease addition, and a band was observed for GST-Cta1 only in the S2 

denucleated fraction (Figure 2.4). These data suggest recombinant protein degradation by yeast 

proteases153 in the vacuole,154,155 mitochondria,68,156 and cytosol,157 before cell lysis.  
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The intense band at ~30 kDa in the three fractions from GST-Ccp1 expressing cells is 

observed both in the absence and presence of protease inhibitors (Figures 2.3D and 2.4). Notably, 

a band is seen at ~ 5-kDa higher MW in the S10 and P10 fractions from GST-Cta1 expressing cells 

(Figure 2.4), indicating that GST-Cta1 and GST-Ccp1 are cleaved at different sites. Also, no low 

MW band is seen in the S2 fraction from GST-Cta1 expressing cells (Figure 2.4) so we next 

examined the effect of centrifugation speed on fusion-protein detection.  

 

Figure 2.4. Effects of protease inhibitors on the detection of GST-tagged proteins in the S2, S10, and P10 subcellular 

fractions of 1-day yeast. WT BY4741 cells and those expressing GST-Cta1 and GST-Ccp1 were prepared as described 

in the caption to Figure 2.3 except that cells were lysed in the presence of (A) 1 mM PMSF and 1 mM EDTA, and (B) 

1 mM PMSF, 1 mM EDTA, and 1 CPI tablet. A total of 10 ɛg protein was loaded in each lane of the SDS-PAGE gels, 

and Western blotting with anti-GST was performed as outlined in Section 2.4.7. S2 is the denucleated subcellular 

fraction (Section 2.4.5). The MW (kDa) calculated using ProtParam (https://web.expasy.org/protparam/)152 are: GST 

tag, 29; GST-Ccp1, 70; and GST-Cta1, 88.  

 

2.5.4. Effect of centrifugation speed on GST-fusion detection  

Overall, Figure 2.5 reveals that the centrifugation speed has little effect on the bands observed. 

Neither does the inclusion of pepstatin, an aspartic protease inhibitor absent from the CPI tablet.158 

For cells expressing GST-Ccp1, an intense band is seen at ~30 kDa in all gels, except gel C for 

some unknown reason. The pellets from cells expressing GST-Pet9 show a faint band at ~ 30 kDa 

(Figure 2.5G-J), which is absent from the supernatants (Figure 2.5C-F). For cells expressing GST-  
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Figure 2.5. Detection of GST-tagged proteins in whole-cell lysates centrifuged at 11,000 and 2,000 x g. A total of 

10 ɛg protein was loaded in each lane, and Western blotting with anti-GST antibodies was performed as outlined in 

Section 2.4.7.  (A, B) Supernatants of lysates centrifuged at 11,000 x g. (C-F) Supernatants and (G-J) pellets of lysates 

centrifuged at 2,000 x g. WT BY4741 cells and those expressing the GST-fusions were grown as outlined in the caption 

to Figure 2.3. Cells were lysed in the presence of the protease inhibitors indicated above each gel at the concentrations 

given in the caption to Figure 2.4. The concentration of pepstatin was 0.25 ɛg/ml.  

 

Cta1, a band for the fusion protein is observed in all the gels, but its intensity is variable, plus 

several GST-tagged fragments are detected (Figure 2.5). We also blotted the supernatant and pellet 

from lysates of GST-FECH expressing cells (data not shown) and again observed no band for GST-

FECH but a very faint GST-tagged fragment was detected at ~45 kDa.  In sum, the Western blotting 

results point to proteolysis of the GST-tagged proteins during their production.   
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2.6. Discussion  

The tools we initially selected to investigate interactions between Ccp1, FECH, Pet9, and Cta1 are 

described here. We planned to employ commercially available yeast homologously expressing 

GST-fusions of Ccp1, FECH, Pet9, and Cta1 to investigate the proteins partners of Ccp1, Pet9, 

FECH, and Cta1 using GST pull-downs since the use of homologously expressed proteins has some 

advantages. These include vector-mediated production of a protein in its natural environment,135 

which increases the likelihood that it is processed correctly.135ï139 Although the overexpression of 

recombinant proteins can be toxic to cells,159 the tools of synthetic biology are well developed for 

S. cerevisiae160 so it has been used to produce a high number of recombinant proteins.161 

Additionally, fusion of the N-terminus of a protein to GST can offer protection from proteolysis, 

increase solubility and yield, as well as promote protein folding.159 GST tagging also has 

drawbacks, including limited solubility of hydrophobic or heavier (> 80 kDa) proteins, inclusion 

body formation, and GST dimerization.162,163  

Our GST fusions underwent extensive proteolytic fragmentation since GST was mainly 

detected at MWs (25ï35 kDa) close to the free tag (30 kDa). Adding inhibitors of metalloproteases 

(EDTA),164 serine and cysteine proteases (PMSF),165 and aspartic proteases (pepstatin)166 before 

cell lysis did not prevent cleavage of the GST fusions despite the fact that they target the main 

yeast proteases (Table 2.1).153 Notably, the inhibitors were not present during the 10-h induction 

of the GST-fusions (Section 2.4.7). This long induction time was selected to increase the yield of 

recombinant proteins, which are potentially toxic to cells.159 However, it may have promoted 

cleavage of the GST-fusions and probably should be reduced to Ò 4 h.161 

We also investigated the impact of centrifugation speed, a key consideration in sample 

preparation in removing cell debris, isolating different organelles,143,167 and in some cases, 

inclusion bodies.168,169 We subjected the whole-cell lysates to low (2,000 x g) and high (11,000 x g) 

centrifugation speeds but the size of the GST bands detected changed little. 
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Table 2.1. List of main proteases produced in S. cerevisiae 

Gene ID a Description Protease type Localization 

PEP4 Protease A Aspartic protease Vacuole 

PRB1 Protease B Serine protease Vacuole 

PRC1 Carboxypeptidase Y Serine protease Vacuole 

APE1 Aminopeptidase I (Zn2+) metalloprotease Vacuole 

APE3 Aminopeptidase Y (Co2+) metalloprotease Vacuole/ Lysosome 

YTA10/ 

YTA12 
m-AAA protease (Ccp1 processing) (Zn2+) metalloprotease  Mitochondria 

YME1 i-AAA protease (Zn2+) metalloprotease Mitochondria 

PCP1 Rhomboid protease Pcp1 (Ccp1 processing)  Serine protease Mitochondria 

STE13 Dipeptidyl aminopeptidase A Serine protease Golgi 

KEX2 Lysine-arginine-cleaving endopeptidase Serine protease Membrane 

MAP1 Methionine aminopeptidase (Co2+) metalloprotease Cytosol 

ATG4 Cysteine protease ATG4 Cysteine protease Cytosol/Nucleus 

a 
The gene IDs were retrieved from the Saccharomyces Genome Database (https://www.yeastgenome.org/).  

 

It is important to note that GST tagged to an ORF with an N-terminus that undergoes 

proteolytic cleavage during maturation is likely to be removed during protein production. Both 

Ccp1 and FECH feature an N-terminal mitochondrial targeting sequence that is cleaved in a 

bipartite process.49,170 Two mitochondrial proteases, m-AAA and Pcp1, remove the mitochondrial 

targeting sequence (MTS) of Ccp1.68,69,170 The GST signal in lysates of GST-Ccp1 expressing cells 

was detected at ~30 kDa, close to the MW of the free GST tag (29.4 kDa) plus the leading segment 

of Ccp1ôs MTS (M1-A29, 3.1 kDa). In contrast, a very weak GST band at ~45 kDa in the analysis 

of GST-FECH expression is significantly higher in MW than that of the GST tag plus the initial 

segment of FECHôs MTS (M1-S24, 2.7 kDa). Pet9, on the other hand, has a MTS that is not 

removed,171 while Cta1 has no known MTS, but two peroxisomal targeting sequences close to its 

C- and N-termini.172,173 Thus, the selection of N-terminal fusions was not appropriate for Ccp1 and 

FECH but this is not the case for Pet9 and Cta1. 

In the fusions examined here, GST and the target protein are separated by a 38-residue 

sequence, which includes a His6 tag, a thrombin cleavage site, and a 17-residue linker 

(Supplementary information, Figures S2.1-S2.4).147 Reported linkers are composed of 7, 10, 21 or 

more residues,174ï176 and the longer ones are likely more solvent exposed175 and protease 

https://www.yeastgenome.org/
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accessible. Thus, their effective 38-residue linker may contribute to the protease sensitivity of GST-

Cta1 and GST-Pet9. In addition to proteolysis, it appears that GST-FECH was poorly expressed 

(Figure 2.3). Zhu et al. (2001) noted that some N-terminal GST-fusions did not express well, 

including proteins with signal peptides that were not sent to the secretory pathway because of 

misfolding and mis-modification.148 Another study reported 32 proteins that caused slow cell 

growth due to the presence of free GST tags and incomplete or mutated versions of the proteins.145  

Proteolytic attack can be reduced by modifying a proteinôs structure to be protease resistant 

and/or by addition of protease inhibitors to the growth medium.177,178 Use of protease-deficient 

yeast strains also can minimize the degradation of recombinant proteins; for example, YAB101 

strains of S. cerevisiae do not express Protease A and Protease B (Table 2.1).179 However, since 

two of our target proteins (Ccp1 and FECH) possess N-termini that are removed by specific 

proteases,49,170 the commercial yeast clones examined here are clearly unsuitable. Thus, as reported 

in Chapter 3, we selected heterologously expressed GST-Ccp1 from E. coli cells as bait, which we 

used previously to screen binding partners of the apo- and holoforms of Ccp1.61   

We did successfully isolate hem15ȹ cells. Lack of FECH activity was confirmed in this mutant 

but detected in the WT BY4741 strain, which supports the presence of a functional FECH in these 

cells. The isolation of hem15ȹ cells with negligible FECH activity provides an important tool for 

investigating FECH in S. cerevisiae. 
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2.7. Supplementary  information  

 

 

Figure S2.1. The predicted sequence of GST-Ccp1 expressed from the pEGH vector in BY4741 yeast cells. The GST 

sequence (orange) is at the N-terminal, followed by an His6 tag (bold black font), a thrombin cleavage site (red) and a 

17-residue linker (blue) fused to immature Ccp1 (black) with its 68-residue mitochondrial targeting sequence 

underlined. The sequence was prepared as described elsewhere.145,147,148 The GST (ID: P08515) and Ccp1 (ID: P00431) 

sequences were obtained from the UniProt website (https://www.uniprot.org/). 

 

https://www.uniprot.org/
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Figure S2.2. The predicted sequence of GST-Cta1 expressed from the pEGH vector in BY4741 yeast cells. The N-

terminal domain is described in Figure S2.1. The peroxisomal targeting sequences (underlined) of Cta1 are referenced 

from elsewhere.172,173 The sequence was prepared according to literature.145,147,148 The GST (ID:P08515) and Cta1 (ID: 

P15202) sequences were retrieved from the UniProt databank (https://www.uniprot.org/). 

https://www.uniprot.org/
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Figure S2.3. The predicted sequence of GST-FECH expressed from the pEGH vector in BY4741 yeast cells. The N-

terminal domain is presented in Figure S2.1. The mitochondrial targeting sequence of FECH is underlined.49 The 

sequence was reported elsewhere.145,147,148 The GST (ID: P08515) and FECH (ID: P16622) sequences were accessed 

in the UniProt website (https://www.uniprot.org/). 

 

 

 

 

https://www.uniprot.org/
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Figure S2.4. The predicted sequence of GST-Pet9 expressed from the pEGH vector in BY4741 yeast cells. The N-

terminal sequence is described in Figure S2.1. The mitochondrial targeting sequence (underlined) and membrane-

anchoring sequence (bold red) of Pet9 are reported elsewhere.171 The protein sequence was designed as described in 

the literature.145,147,148 The sequences of GST (ID: P08515) and Pet9 (ID: P18239) were downloaded from the UniProt 

databank (https://www.uniprot.org/). 

 

 

 

 

 

 

 

https://www.uniprot.org/
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Chapter 3: LC-MS/MS analysis of GST-apoCcp1 pull-downs of Saccharomyces cerevisiae 

soluble and membrane proteins  

 

3.1. Preface 

Data analysis, writing and editing were performed by Alan de Aguiar Lopes. The LC-MS/MS 

measurements were carried out by Dr. Heng Jiang (CBAMS). The text was revised by Drs. Heng 

Jiang and Ann English. 

 

3.2. Abstract 

The final step in heme biosynthesis, FeII insertion into protoporphyrin IX, is catalyzed by FECH, a 

mitochondrial inner membrane protein. There are no known heme acceptors from FECH, but 

mitochondrial Ccp1 is among the first proteins in yeast to acquire heme following its biogenesis. 

However, FECH and Ccp1 are separated by the inner mitochondrial membrane so we hypothesize 

that Pet9, an ADP/ATP membrane transporter, acts as an intermediate. Thus, possible interaction 

between FECH, Pet9, and apoCcp1 in mitochondria-enriched yeast lysates (P10 fractions) is 

examined employing recombinant GST-apoCcp1 as a bait. Detergent selection to promote 

solubilization of membrane-bound FECH is a main focus. N-octyl glucoside (NOG), Triton X-100, 

sodium deoxycholate (SDC), and 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate 

(CHAPS) were added to the P10 fractions. The mitochondrial heme enzymes, Ccp1 and 

cytochrome c oxidase (Cox), exhibited the highest activity in samples solubilized with 0.6% NOG, 

which was thus added to the lysates containing the prey proteins for the pull-down experiments. 

Increasing the bait-prey ratio from 1:1 to 1:5 increased the number of apoCcp1-specific interactors 

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 apoCcp1. Other 

mitochondrial, antioxidant, and heme proteins, such as fumarate hydratase, peroxiredoxin Prx1, 

cytochrome c, and NADPH-cytochrome P450 reductase, were detected, underscoring the 

versatility of GST pull-downs ± detergent as rapid screens of soluble and membrane interactors of 

a selected bait protein in subcellular fractions.  
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3.3. Introduction 

GST pull-downs have been used extensively to investigate protein-protein interactors.180ï182 These 

assays screen for physical interactions between proteins in cell lysates and serve to affirm predicted 

protein complexes and to discover new interactors.183 The bait protein fused to a GST tag can be 

homologously expressed and pulled down from cell lysates with its interactors employing 

glutathione (GSH)-linked beads. Alternatively, the GST-bait can be expressed in another host, 

typically in E. coli cells transformed with the appropriate pGEX vector, and purified utilizing GSH-

linked beads.184 Then, the purified GST-bait is incubated with the cell lysates of interest at various 

bait-prey ratios and GSH-linked beads are again used to pull down the GST-bait with its interactors, 

which are commonly identified by liquid chromatography/mass spectrometry (LC/MS).185 To filter 

out prey proteins that bind to GST and/or the resin and reduce the number of false positives,183 

pull-downs are performed with the free GST tag as bait.  

There are advantages to heterologously expressing the GST-bait. Many GST-fusions, as 

well as free GST, can be overexpressed in E. coli186 with high yield and stability.187 Hence, purified 

GST-bait and its GST control can be readily obtained in large amounts at low cost to screen for 

interactors. Also, the GST-bait can be incubated with different subcellular fractions to screen for 

protein partners in specific cell compartments.61,188 The bait-prey ratio can be adjusted to trap weak 

and low-abundant interactors in cell extracts.180 For example, increasing the prey concentration 

will increase the number of collisions between prey proteins and the GST-bait and promote protein 

complex formation.189  

The bait examined here is Ccp1. Our interest in this heme protein stems from its multiple 

and related functions in heme trafficking61,62 and the oxidative stress response60,62ï64,190 in 

Saccharomyces cerevisiae. Immature apoCcp1 is synthesized in the cytoplasm and targeted to 

mitochondria where it undergoes maturation including heme insertion. When cells switch to 

respiration, Ccp1ôs heme is recruited for apoCta1 maturation,62 a peroxisomal/mitochondrial 

catalase. We do not know the details of how apoCcp1 acquires its heme in mitochondria but the 

final step in heme biosynthesis, FeII insertion into the protoporphyrin IX ring, is catalyzed by FECH 

(Figure 1.2) localized on the matrix side of the inner mitochondrial membrane. A heme acceptor 

from FECH has not been identified in any eukaryotic cell to date, but when anaerobic yeast cells 

are exposed to oxygen they produce heme (Figure 1.2), and holoCcp1 is immediately detected since 

apoCcp1 accumulates in mitochondria under anaerobic conditions,66 unlike apoCta1 and other 
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heme-requiring proteins.66 However, mature Ccp1 is localized in the intermembrane space (IMS) 

and FECH in the matrix, so we hypothesized that Pet9, an abundant ATP/ADP transporter across 

the inner membrane,73 also delivers heme from FECH to apoCcp1. Supporting our hypothesis, Pet9 

has been recognized as a possible heme carrier,87 and as an interactor of FECH,86 plus we 

previously identified Pet9 as an apoCcp1 interactor.61  

 Herein we screen for a possible mitochondrial FECH-Pet9-apoCcp1 heme-transfer 

complex utilizing GST-apoCcp1 pull-downs from mitochondria-enriched subcellular fractions 

(P10) of BY4741 yeast cells. Since FECH and Pet9 are both membrane proteins, the pull-downs 

were performed in the presence of detergent. Based on published procedures for extracting 

membrane proteins and protein complexes,191ï194 we considered the use of 0.25% SDC, 0.3% 

CHAPS, 1% Triton X-100, and 0.6% NOG. Since Ccp1 and cytochrome c oxidase (Cox) were 

most active in the latter, we selected 0.6% NOG. Also, given that increasing the concentrations of 

the interactors drives complex formation,189 we incubated GST-apoCcp1 with the P10 extracts at 

1:1 and 1:5 bait-prey protein ratios. Increasing the prey concentration let to the identification of 

more interactors as did the presence of detergent. In sum, we identified 265 potential apoCcp1 

direct or indirect interactors, including mitochondrial membrane and matrix proteins. The results 

support a possible heme trafficking pathway through a proposed FECH-Pet9-apoCcp1 ternary 

complex, and will hopefully stimulate studies to obtain experimental evidence for such a complex. 

 

3.4. Material and Methods 

3.4.1. Materials 

Chemicals and biochemicals were obtained from the following suppliers: Zymolyase 20T 

(Amsbio); 3-[ (3-cholamidopropyl)dimethylammonio)-1-propanesulfonate] (CHAPS), 

ampicillin, isopropyl ɓ-D-1-thiogalactopyranoside (IPTG), peptone, tryptone, and yeast extract 

(BioShop Canada); DL-dithiolthreitol (DTT), (Bio Basic), Bio-SafeTM Coomassie G-250 Stain 

(Bio-Rad); glutathione (GSH)-linked Sepharose 4B resin (GE Healthcare); ammonium 

bicarbonate, horse equine heart cytochrome c, iodoacetamide, lysozyme, sodium deoxycholate 

(SDC), proteomics grade trypsin from porcine pancreas, Triton X-100 (Millipore Sigma); 

MagneGSTÊ Glutathione beads (Promega); cOmpleteÊ protease inhibitor (CPI) tablet without 

EDTA, N-octyl glucoside (NOG) (Roche); acetonitrile (ACN), LC-MS grade formic acid (FA) 

Optima; phenylmethane sulfonyl fluoride (PMSF; Thermo Fisher Scientific).  
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3.4.2. Purification of recombinant GST and GST-apoCcp1 from E. coli 

GST-apoCcp1 and GST were prepared as we described previously61 with minor modifications. 

BL21(DE3) E. coli cells transformed with the empty pGEX-2T vector or pGEX-2T-CCP1 

(Figure S3.1) were cultivated at 37 °C/225 rpm to OD600 0.4 - 0.6 in LB medium (2% tryptone, 1% 

yeast extract, and 2% NaCl) containing 100 µg/mL ampicillin. The production of recombinant 

proteins were induced at 30 and 37 °C/225 rpm for 3 h to establish which temperature gives a 

higher yield of GST-apoCcp1, cells were collected at 2,000 x g for 5 min, washed 2x with 

phosphate buffered saline (PBS, pH 7.4), incubated for 15 min in 2 mL of lysis buffer (0.1 mM 

EDTA, 0.1 mM PMSF, 2 tablets cOmpleteÊ protease inhibitor tablet without EDTA, 100 mM 

NaCl, and 100 µg/mL of lysozyme in 50 mM Tris-HCl, pH 7.6,), and lysed by 6 freeze-thaw cycles 

followed by 2 sonication cycles of 15 s. The lysates were centrifuged at 20,000 x g for 20 min, and 

the supernatant and pellet were analyzed by 12% SDS-PAGE.  

The recombinant proteins were affinity purified at 4 °C from their supernatants using 

Glutathione Sepharose 4B resin as described.61 Briefly, after adding resin (200 µL per 50 mL 

bacterial broth), samples were rotated end-over-end for 1 h, centrifuged at 2,000 x g for 5 min to 

collect the beads, which were washed 3x with PBS using end-over-end rotation for 5 min, and the 

proteins eluted 2x from the beads with elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM GSH, and 

20 mM DTT) again using end-over-end rotation for 20 min. Finally, the eluates were dialyzed 

overnight with 2x dialysis buffer [100 µM diethylenetriaminepentaacetic acid (DTPA) in 20 mM 

potassium phosphate buffer (KPi), pH 7.4] to remove GSH, and analyzed by12% SDS-PAGE. The 

spectrum of GST-apoCcp1 was recorded on a Beckman-Coulter DU-800 UV/Vis single-beam 

spectrophotometer, and the proteins were stored at -80 °C until use.   

 

3.4.3. S. cerevisiae growth and preparation of mitochondria-enriched P10 subcellular 

fractions 

WT BY4741 cells (MATa his3ȹ1 leu2ȹ0 met15ȹ0 ura3ȹ0) were the source of prey proteins. Pre-

cultures (10 mL) were grown in YPD medium (2% peptone, 1% yeast extract, and 2% glucose) for 

16 h at 30°C/225 rpm at a 1:5 medium-to-flask ratio and used to inoculate 50-mL cultures at a 

starter OD600 of 0.01. Cells were grown under the same experimental conditions for 24 h to a final 

OD600 of ~5 and collected for subcellular fractionation. The P10 fraction was prepared as described 

elsewhere.143 Briefly, one-day cells (9 × 107 CFU/mL) were treated with 4 mL of 10 mM DTT in 
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100 mM Tris-H2SO4, pH 9.4, incubated with 3 mg of Zymolyase 20T per g wet weight in 100 mM 

KPi, pH 7.4, for 45 min to produce spheroplasts, which were disrupted with a mechanical 

homogenizer (Model RM185, Janke & Kunkel KG). The samples were centrifuged at 2,000 x g for 

10 min (J2-HS Centrifuge, Beckman Coulter), the supernatant (S2 fraction) was removed and 

centrifuged at 10,000 x g for 10 min to give the mitochondrial-depleted supernatant (S10 fraction) 

and the mitochondria-enriched P10 fraction, which was stored at -80°C for the pull-down assays.  

 

3.4.4. Assay of cytochrome c oxidase (Cox) and Ccp1 activity in detergent 

To choose a suitable detergent for the solubilization without denaturation of mitochondrial 

membrane proteins, we analyzed the activity of two mitochondrial heme enzymes. Cox is an inner- 

membrane multi-subunit protein and mature Ccp1 residues in the IMS. Detergents commonly used 

in studies of protein complexes and proteomics were selected: 0.25% SDC, 0.3% CHAPS, 1% 

Triton X-100, and 0.6% NOG.191ï194 The Cox activity assay was adapted from elsewhere.195 

Briefly, a 100 µM stock solution of equine heart ferricytochrome c in 100 mM KPi (pH 7.4) with 

0.1 mM DTPA was reduced with sodium dithionite immediately prior to use. A 2-µL aliquot of the 

P10 fraction (5 µg protein) was incubated for 10 min in 100 µL of hyperosmotic buffer (0.6 M 

sorbitol and 20 mM HEPES-KOH, pH 7.4) containing 0.6% NOG, 1% Triton X-100, 0.25% SDC 

or 0.3% CHAPS in a 96-well plate. To initiate the assay, 20 µL of ferrocytochrome c was added to 

each well to a final concentration of 100 µM, and its oxidation was monitored at 550 nm (ȹắ550 = 

7.04 mM-1 cm-1)196 for 3 min in a plate reader (TECAN SpectraFluorPlus). Cox activity is 

expressed as the number of µmol of ferrocytochrome c oxidized by O2 per min per mg protein. 

Ccp1 catalyzes the oxidation of ferrocytochrome c by H2O2.
197 A 4-µL aliquot of the P10 

fraction (10 µg protein) was incubated for 10 min ± detergent in 0.80-0.96 mL of 100 mM KPi 

(pH 7.0) in a 1-cm cuvette. H2O2 from a stock solution in the same buffer with 10 mM EDTA was 

added, and the assay was initiated by adding 500 µL of ferrocytochrome c to give a final assay 

volume of 1 mL with 90 µM H2O2 and 27 µM ferrocytochrome c. Ccp1 activity was determined 

from the initial rate of ferrocytochrome c oxidation (ȹắ550 = 19.6 mM-1 cm-1)197 measured on a 

UV/vis diode array spectrophotometer (Agilent). One unit of Ccp1 activity catalyzes the oxidation 

by H2O2 of 1 µmoL of ferrocytochrome c per min per mg protein.197 
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3.4.5. GST pull -downs from the P10 subcellular fractions  

GST-apoCcp1 interactors were isolated using an optimized GST pull-down technique. Briefly, 10-

20 ÕL of MagneGSTÊ glutathione beads (25% slurry in 20% ethanol) were washed 3x with 50-

100 mL of washing buffer (20 mM KPi, pH 7.4, 140 mM NaCl, 10 mM KCl, 1 mM EDTA, 1 mM 

PMSF, and 1 CPI tablet). The P10 fraction (50 µg of protein as measured using the Bradford 

method)144 of 1-day cells was incubated ± 0.6% NOG for 10 min to solubilize mitochondrial 

membrane proteins such as FECH. This was followed by the incubation of P10 with 20 µL of 

MagneGSTÊ beads, and the mixture was rotated end-over-end for 2 h at 4 °C to remove proteins 

that bind to the beads. The amount of CPI added (1 tablet per 10 mL buffer) was 5-fold higher than 

suggested by the manufacturer (Roche) to avoid cleavage of the GST-apoCcp1 linker (data not 

shown) by proteases from the vacuole, which co-purifies with mitochondria in the P10 fraction.143  

To immobilize the bait, purified GST (10 µg protein) and GST-apoCcp1 (10 µg protein) 

were incubated at 4° C with 10 µL of the MagneGSTÊ beads in incubation buffer (20 mM KPi, 

pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM PMSF, and 1 CPI tablet) in a final volume of 200 µL 

for 1 h with end-over-end rotation. The precleared P10 fraction (10 and 50 µg protein) in 0.6% 

NOG was then incubated at 4° C in batch mode with the immobilized bait in incubation buffer for 

1 h with end-over-end rotation. The supernatant was removed and the MagneGSTÊ beads were 

collected on a magnetic platform, washed 3x in incubation buffer with end-over-end rotation for 5 

min, and incubated 2x with 60 µL of elution buffer (50 mM GSH in 50 mM Tris-Cl, pH 8.0). 

Proteins in the bead supernatants were concentrated into single bands in a 6% stacking gel, 

Coomassie stained, and submitted to in-gel digestion for identification by LC-MS/MS. Aliquots of 

the bead supernatants also were analyzed by 12% SDS-PAGE with silver staining. 

 

3.4.6. In-gel digestion 

The gel bands were cut into 1 × 1 × 0.5-mm pieces and transferred to 1.5-mL Eppendorf tubes for 

in-gel digestion, which followed the protocol provided by Dr. Heng Jiang (CBAMS). Briefly, 

protein disulfide bonds were reduced and alkylated by incubation of the gel pieces in the dark for 

30 min at RT in 0.2-0.3 mL of 10 mM DTT and 50 mM iodoacetamide in 50 mM NH4CO3, 

followed successively by: 50 mM NH4CO3 for 15 min, 25 mM NH4CO3 and 5% acetonitrile 

(ACN) for 15 min, 2x 25 mM NH4CO3 and 50% ACN for 30 min, and 100% ACN for 10 min. 

After each step, the samples were vortexed, centrifuged, and the supernatant discarded. The gel 
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pieces were dried at 43 °C for 10 min in a SpeedVac (SD model SPD121P, Thermo Fischer 

Scientific), incubated with 0.01 µg/µL trypsin in 0.2 mL of 25 mM NH4CO3 overnight at 30 °C, 

peptides were extracted 3x with 60% aqueous can/0.5% FA for 15 min, dried at 43 °C in the 

SpeedVac, and stored at - 20 °C for LC-MS/MS analysis.  

 

3.4.7. LC-MS/MS analysis and calculation of relative protein abundance 

Interactors of GST-apoCcp1 in the P10 fractions were analyzed by LC-MS/MS as described 

elsewhere,198 with minor modifications. Briefly, the tryptic peptides were analyzed using an EASY 

nLC II LC coupled to a LTQ Orbitrap Velos mass spectrometer equipped with a nanospray ion 

source in positive-ion mode (Thermo Scientific). Tryptic peptides were dissolved in 12ï20 µL of 

2% aqueous ACN/1% FA, 2 ɛL was injected onto a 10 cm Ĭ 75 ɛm column packed in-house with 

C18 stationary phase and equilibrated with mobile phase A (3% aqueous ACN/0.1% FA). Peptides 

were eluted at RT using a 70-min linear gradient at a flow rate of 400 nL/min with mobile phase A 

and B (97% aqueous ACN/0.1% FA). A full MS spectrum was acquired in the Orbitrap at a 

resolution of 60,000 at m/z 400-1400 and the ten most abundant multiple charged ions (+2 or 

higher) were selected for MS/MS sequencing in the linear trap with the dynamic exclusion option.  

The MS data were processed applying Proteome Discoverer Software v2.4 with the 

SEQUEST search engine (Thermo Scientific) and the UniProt S. cerevisiae database 

(UP000002311S). Only peptides and proteins with high confidence (FDR <1%) are reported. 

Proteins identified with Ó 2 unique peptides in the merged file of GST-apoCcp1 and GST 

interactors were considered. Protein X from this group is classified as an apoCcp1 interactor if (1) 

it is present in the GST-apoCcp1 file only, or (2) its abundance in the GST-apoCcp1 is Ó 2-fold 

higher than in the GST file. The total protein abundance was normalized by Proteome Discoverer 

v2.4 across all samples to minimize differences between runs.199 

 

3.4.8. Visualization of the apoCcp1-Pet9-FECH ternary complex   

The structures of Ccp1 (1ZBY),200 Pet9 (4C9G),75 and FECH (1LBQ)201 were acquired from the 

Protein Data Bank (https://www.rcsb.org/).202,203 Heme, lipids, and water molecules were removed 

from the structures. ApoCcp1 and lipid-free Pet9 were docked using PatchDock 

(https://bioinfo3d.cs.tau.ac.il/PatchDock/)204,205 with flexible refinement, and the poses were 

scored by FireDock (http://bioinfo3d.cs.tau.ac.il/FireDock/).206,207 Pet9 and FECH are membrane 
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proteins73,208 and FECH is localized in the matrix site of the inner membrane.50 Thus Pet9 and 

FECH were docked using SwarmDock (https://bmm.crick.ac.uk/~svc-bmm-swarmdock/)209ï211 in 

flexible docking mode to direct FECH to the M-side of Pet9, way from its C-side  and membrane 

regions (Figure 1.3). The Pet9 structure in the binary complexes was aligned to generate a model 

of the ternary apoCcp1-Pet9-FECH complex. The electrostatic surface and electrostatic cavities of 

the ternary complex were analyzed using the Adaptive Poisson-Boltzmann Solver (APBS) plugin 

for PyMOL.212 PQR input files for APBS were generated from the PDB files using the PQR2PDB 

server (https://server.poissonboltzmann.org/pdb2pqr).213 All  protein models were visualized using 

PyMOL software (Version 2.3.2, Schrodinger LLC). 

 

3.5. Results 

3.5.1. Proteomic profile of the mitochondria-enriched P10 fraction 

The proteins in the P10 fraction from 1-day cells were categorized to verify mitochondrial protein 

enrichment (Table 3.1). The LC-MS/MS analysis identified 1150 proteins, including 450 

membrane proteins. Proteins from the mitochondria, cytosol, nucleus, vacuole, endoplasmic 

reticulum, Golgi, and endosome were identified (Table 3.1). 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 100. Membrane proteins are also 

abundant (54%) since our differential centrifugation approach does not separate the cell membrane 

from mitochondria.167 Additionally, some proteins are localized to more than one compartment 

such as chaperones and heat shock proteins (Ssa1, Ssa2, Hsp12, Hsp26, and Hsp30).214,215 Overall, 

the results reveal that the P10 fraction is enriched in mitochondrial proteins but those from other 

compartments are present as reported.143,167 We note that Pet9, Ccp1, and FECH are listed in Table 

3.1, and the high relative abundance of Pet9 (0.40%) is consistent with its abundance in the inner 

membrane.216 We also detected abundant TCA cycle enzymes (ACO1, CIT1, IDP1) plus Tsa1, 

Sod1, and Sod2, as reported in our previous study.61  
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Table 3.1. Protein distribution and main target proteins in P10 fraction of 1-day yeast cells 

 

Cell compartment Number of proteins a Protein abundance  

area b 

Relative protein 

abundance (%) c 

P10 fraction 1150 4.66 × 1010 100 

Membrane 450 2.52 × 1010 54 

Mitochondria 399 2.78 × 1010 60 

Cytosol 199 1.81 × 1010 39 

Nucleus 346 9.47 × 109 20 

Vacuole 75 4.25 × 109 9.1 

Endoplasmic reticulum 166 3.18 × 109 6.8 

Golgi 60 7.74 × 108 1.7 

Endosome 17 2.19 × 108 0.5 

Target proteins of interest detected in the P10 fraction 

Protein ID Description Unique peptides 

(% sequence coverage) 

Relative protein 

abundance (%) d 

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 

TSA1 Peroxiredoxin TSA1 10 (63) 0.11 

SOD1 CuZn superoxide dismutase 8 (71) 0.06 

SOD2 Mn superoxide dismutase 7 (38) 0.05 

a The number of proteins in each cell compartment was determined by Proteome Discoverer v2.4. b  Protein abundance 

area is the sum of the abundances of all proteins detected in that fraction/compartment. c. The sum of all relative protein 

abundances is >100% since some proteins are present in more than one compartment.217 d For an individual protein, 

the relative protein abundance (%) is that for the given protein divided by that for P10 x 100.  
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3.5.2. NOG increases both Cox and Ccp1 activity in the P10 fraction 

To select an appropriate detergent to solubilize mitochondrial membrane proteins, we examined 

the effect of four common detergents on the activity of Cox and Ccp1. These enzymes share a 

common reducing substrate, ferrocytochrome c, but Ccp1 is a soluble protein while Cox is 

membrane bound. The four detergents selected have been used in studies on protein complexation 

and their structures are shown in Figure S3.2. SDC is a bile salt,191 CHAPS is zwitterionic,192 and 

Triton X-100 and NOG are non-ionic.193,194 The P10 fraction was incubated in detergent for 10 min 

prior to measuring enzyme activity. Cox activity significantly increased in NOG and decreased in 

Triton X-100 but is less affected by CHAPS and SDC (Figure 3.1A). Ccp1 activity also increased 

in NOG and SDC but decreased in CHAPS and did not change in Triton X-100 (Figure 3.1B). 

Since NOG increases the activity of both enzymes, we assume that it solubilizes Cox and other 

membrane proteins in their active forms, and that it promotes the interaction of Ccp1 with its 

substrate ferrocytochrome c and possibly other protein interactors.  

 

 

Figure 3.1. Effect of detergent on Cox and Ccp1 activity. (A) Cox and (B) Ccp1 activity minus detergent and in the 

presence of the indicated concentration of detergent. The P10 fraction was analyzed for both Cox (5 µg protein) and 

Ccp1 activity (10 µg protein) as outlined in Section 3.4.4, and the specific activity is expressed in µmol 

ferrocytochrome c oxidized/min/mg protein for each enzyme. Three biological replicates were assayed in each case 

and evaluated with One-Way ANOVA with Turkeyôs post-test. *p <0.05, sample vs. ï detergent; #p <0.05, sample vs. 

0.6% NOG; &p <0.05, sample vs. 1% Triton X-100; ^p <0.05, sample vs. 0.25% SDC.  
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3.5.3. Soluble GST and GST-apoCcp1 are produced more efficiently in E. coli cells at 30 vs. 

37 °C 

Temperature is one of the variables in optimal recombinant protein production in bacterial cells. 

High temperatures can cause protein aggregation due to hydrophobic interactions218 and 

incomplete protein synthesis,139,219 whereas low temperatures contribute to protein folding220 in 

part since high chaperone expression and activity are observed at 30°C.221,222 We induced bacterial 

cells to produce GST and GST-apoCcp1 for 3 h at 30 and 37 °C, the recommended temperature for 

IPTG induction of GST-tagged proteins. More GST and GST-apoCcp1 was detected in the 

supernatant vs. pellet following induction at 30 vs. 37 °C (Figure 3.2A), and we purified more 

soluble recombinant protein from cells induced at the lower temperature (Figure 3.2B), with yields 

increasing from 45 to 140 mg/L for GST, and from 50 to 75 mg/L for GST-apoCcp1.   

Figure 3.2. SDS-PAGE analysis of GST and GST-apoCcp1 expression and purification. Silver stained 12% SDS-

PAGE gel of whole-cell lysates following centrifugation at 20,000 x g. (A) 2 mL of supernatant (S) and 2 mL of pellet 

(P) in loading buffer per lane. (B) 4 µL per lane of eluate from GSH beads during protein purification. BL21 (DE3) 

E.coli cells were induced for 3 h and the final OD600 values of the cultures were 1.56 and 1.76 (cells expressing GST), 

and 0.96 and 0.93 (cells expressing GST-apoCcp1) at 37 and 30°C, respectively. The recombinant proteins were 

purified as outlined in Section 3.4.2. Note that the quantity of protein per lane in panel A and B is equivalent to that in 

4 µL and 200 µL of a 50-mL culture, respectively.  

The UV/vis spectrum of purified GST-apoCcp1 is shown in Figure 3.3. The absence of a  

Soret peak at 408 nm197 and a 408/280 ratio (0.13 ± 0.01, n=3) much lower than that (0.77) of fully 

heme-loaded GST-holoCcp161 indicate that Ccp1 is in the apoform as we observed previously.61 

Therefore, GST-apoCcp1 was purified from E. coli cells.  
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Figure 3.3. UV/vis spectrum of ~16 µM GST-apoCcp1. The purified protein was diluted 10-fold into 100 µM KPi, 

pH 7.4, to record its spectrum in a 1-cm cuvette at RT (Section 3.4.2). The absence of a heme Soret peak at 408 nm 

indicates that Ccp1 was isolated in its apoform. Note that the 408/280 ratio for GST-holoCcp1 is 0.77.61  

 

3.5.4. Addition of NOG and increasing the amount of prey protein augmented the number of 

GST and apoCcp1 interactors identified  

Detergents solubilize membrane proteins223 and enable their isolatation.224 The silver-stained gels 

show more bands in eluates from the GSH-linked beads added to P10 in the presence vs. absence 

of 0.6% NOG (Figure 3.4A). Thus, NOG increased the amount of prey protein accessible to the 

bait and more interactors of GST-apoCcp were identified. Also, more proteins were pulled down 

at 1:5 vs. 1:1 bait-prey ratio (Figure 3.4B). 

 The GST and apoCcp1 interactors were identified by LC-MS/MS using the criteria in 

Section 3.4.7. Using these criteria, 31 and 42% of proteins identified were filtered out as 

nonspecific apoCcp1 interactors at a 1:1 bait-prey ratio with and without NOG, respectively, and 

42% and 69% were removed at a 1:5 bait-prey ratio. NOG increased the number of GST 

interactors 1.7-fold (60 to 100, Table 3.2) and the number of GST-apoCcp1 interactors 1.4-fold 

(119 to 164) at a1:1 bait-prey ratio. At a 1:5 ratio, the number of GST (1.3-fold) and GST-apoCcp1 

(1.6-fold) interactors also increased such that the combined effects of adding NOG and boosting 

the prey protein concentration increased the number of GST interactors 1.8-fold (60 to 106) and 

GST-apoCcp1 interactors 2.2-fold (119 to 265).   
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Figure 3.4. SDS-PAGE analysis of the GST and GST-apoCcp1 pull-downs from P10 fractions of 1-day yeast cells. 

Silver stained 12% SDS-PAGE gel of: (A) eluates (30 µL per lane) from the GSH beads incubated with the P10 

fractions ± 0.6% NOG at 1:1 bait: prey ratio; and (B) eluates (15 µL per lane) from the GSH beads incubated with the 

P10 fractions + 0.6% NOG at 1:1 and 1:5 bait-prey ratios. Experimental details are given in Section 3.4.5. 

 

Table 3.2. Effects of NOG and bait:prey ratio on the number of GST and apoCcp1 interactors identified  

Bait: prey 

ratio 

Number of GST interactors a Number of apoCcp1 interactors a 

- detergent +NOG c - detergent +NOG c 

1:1 b 60 (29) 100 (50) 119 (57) 164 (66) 

1:5 b 80 (45) 106 (50) 161 (82) 265 (123) 

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

identified is indicated in brackets.  b GST or GST-apoCcp1 (10 µg) was added to 10 µg (1:1) or 50 µg (1:5) of P10 prey 

protein (Section 3.4.5). c The P10 fraction was incubated in 0.6% NOG for 10 min prior to pull-down (Section 3.4.5).  

 

3.5.5. ApoCcp1 interactors and their proposed roles in heme trafficking, cell respiration, 

stress defence, and membrane transport   

The apoCcp1 interactors identified in this study participate in many cellular processes. We selected 

32 specific apoCcp1 interactors with key roles in the cell (Table 3.3) to discuss here. The percent 

sequence coverage and the number of unique peptides observed for the proteins were obtained by 

merging the results from all samples analyzed. Some interactors were identified in our previous 
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GST pull-down study,61 including Pet9, a potential heme transporter,87 and the three GAPDH 

isoforms, which appear to function as heme buffers.33  

 Among the proteins in Table 3.3, Cyc1, which we detected before,61 is notable since it is a 

substrate of Ccp1ôs peroxidase activity (Section 1.2.2).57 Other apoCcp1 interactors  participate in 

ergosterol biosynthesis, including NADPH-cytochrome P450 reductase (Ncp1), NADH-

cytochrome b5 reductase 2 (Mcr1), and sterol 24-C-methyltransferase (Erg6). Ncp1 and Mcr1 

transfer electrons to Erg11 via cytochrome b5/NADH-cytochrome b5 reductase225 and Erg6 

catalyzes the conversion of zymosterol to fecosterol in the ergosterol biosynthesis pathway (Figure 

1.3).92,94,95 In addition, these proteins are interactors of Erg11,106,226,227 a heme protein.119 As our 

lab has identified Ccp1 as a H2O2 and peroxynitrite (ONOO-) sensor,60,63 interaction between 

apoCcp1 and Ncp1, Mcr1, Erg6, and Erg11 suggests crosstalk between the stress response and 

ergosterol biosynthesis.  

We previously identified Sod2, a regulator of ROS and RNS signalling,228 as a Ccp1 

interactor in 1-day yeast.61 Sod1, and additional antioxidant enzymes, including peroxiredoxins 

Tsa1 and Ahp1, thioredoxin reductase 1, and thioredoxin peroxidase Prx1, are found as apoCcp1 

interactors here (Table 3.3), underscoring Ccp1ôs role in antioxidant defence.  

A surprising number of proteins associated with the tricarboxylic acid (TCA) cycle were 

identified as potential direct or indirect apoCcp1 interactors (Table 3.3). These include succinate-

CoA ligase subunits (Lsc1, Lsc2), fumarate hydratase (Fum1), aconitase hydratase (Aco1), citrate 

synthase (Cit1), subunits of isocitrate dehydrogenase (Idh1 and Idh2), isocitrate dehydrogenase 

(Idp1), 2-oxoglutarate dehydrogenase (Kdg2), and a protein we identified previously,61 malate 

dehydrogenase (Mdh1), which interacts with other TCA proteins including Aco1, Cit1, and Idh1.229 

In addition, Mdh1, Cit1, Sdh1, and Fum1 are found in a supramolecular complex composed of 

matrix and IMS proteins involved in the TCA cycle and oxidative phosphorylation that was 

detected in yeast (W303-1B strain).230 Other components of this supramolecular complex, 

including external NADH-ubiquinone oxidoreductase 1 (Nde1), glycerol-3-phosphate 

dehydrogenase (Gut2), and acetaldehyde dehydrogenase (Ald4), also are apoCcp1 interactors 

(Table S3.1). This maybe another manifestation of Ccp1ôs role in antioxidant defence as the 

complex has a NADH channelling function.230   
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Table 3.3. Specific GST-apoCcp1 interactors identified in the P10 fraction a,b 

  Gene ID c Description 

Sequence 

Coverage 

(%) d 

Unique 

Peptides 
d 

GST-apoCcp1 

1:1 

- NOG 

1:1 + 

+NOG 

1:5      

- NOG 

1:5 

+NOG 

1 ACO1 Aconitate hydratase 45 32 ×   × × 

2 PET9 ADP, ATP carrier protein 2 25 7 × × × × 

3 CIT1 Citrate synthase 40 16 × × × × 

4 SOD1 Cu-Zn superoxide dismutase  38 4       × 

5 CYC1 Cytochrome c1 15 3  × × × 

6 CCP1 Cytochrome c peroxidase 62 33 × × × × 

7 HEM15 Ferrochelatase (FECH) 8 2     × × 

8 FUM1 Fumarate hydratase 28 9     × × 

9 TDH1 
Glyceraldehyde-3-phosphate 

dehydrogenase 1 
65 11 × × × × 

10 TDH2 
Glyceraldehyde-3-phosphate 

dehydrogenase 2  
60 2 × × × × 

11 TDH3 
Glyceraldehyde-3-phosphate 

dehydrogenase 3  
86 12 × × × × 

12 IDH1 
Isocitrate dehydrogenase [NAD] 

subunit 1 
26 8 × × × × 

13 IDH2 
Isocitrate dehydrogenase [NAD] 

subunit 2 
25 6   × × × 

14 IDP1 Isocitrate dehydrogenase [NADP] 52 19 × × × × 

15 KGD2 
2-oxoglutarate dehydrogenase, 

mitochondrial 
20 13 × × × × 

16 MDH1 Malate dehydrogenase 73 16 ×   × × 

17 MIC60 MICOS complex subunit Mic60  5 2       × 

18 TIM50 
Mitochondrial import inner 

membrane translocase 

subunit TIM50 
7 3     × × 

19 TOM70 
Mitochondrial import receptor 

subunit TOM70 
5 3   × × × 

20 SOD2 Mn superoxide dismutase  10 2       × 

21 CBR1 NADH-cytochrome b5 reductase 1 12 2     × × 

22 MCR1  NADH-cytochrome b5 reductase 2 8 2   × × × 

23 NCP1 
NADPH-cytochrome P450 

reductase 
13 7     × × 

24 AHP1 Peroxiredoxin AHP1 27 4 × × × × 

25 PRX1 Peroxiredoxin PRX1 10 2 ×     × 
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26 TSA1 Peroxiredoxin TSA1 36 5 ×     × 

27 ERG6 Sterol 24-C-methyltransferase 25 7 × × × × 

28 SDH1 
Succinate dehydrogenase 

[ubiquinone] flavoprotein subunit 
16 7 × × × × 

29 SDH2 
Succinate dehydrogenase 

[ubiquinone] iron-sulfur subunit 
15 3     × × 

30 LSC1 
Succinate-CoA ligase [ADP-

forming] subunit alpha 
17 4       × 

31 LSC2 
Succinate-CoA ligase [ADP-

forming] subunit beta 
16 6     × × 

32 TRR1 Thioredoxin reductase 1 8 2 × × × × 

a  Table S3.1 (page 60) lists all 386 proteins identified. b GST-apoCcp1 partners identified based on the criteria in 

Section 3.4.7. c Gene ID from the Saccharomyces Genome Database (https://www.yeastgenome.org/). Mitochondrial 

proteins are underlined; interactors of both GST-apoCcp1 and GST are italicized; interactors of GST-apoCcp1 only 

are not italicized. d Sequence coverage (number of amino acids identified divided by the total number of amino acids 

in the protein) and the number of unique peptides (i.e., peptides that exist in only one protein in the proteome) are from 

1ï3 independent LC-MS/MS experiments.  

 

Membrane transport proteins constitute another class of apoCcp1 interactors identified in 

this study (Table 3.3). These include subunit Mic60 of the MICOS complex, subunit Tim50 of the 

mitochondrial import inner-membrane translocase, and subunit Tom70 of the mitochondrial import 

receptor, which are involved in transporting newly produced proteins between submitochondrial 

compartments. Since apoCcp1 is produced in the cytoplasm and transported to the inner 

mitochondrial membrane by its mitochondrial targeting sequence,69 its interaction with these 

transport proteins deserves further investigation. 

 

3.5.6. ApoCcp1-Pet9-FECH complexation is electrostatically favourable 

Computer modelling reveals shape complementarity between apoCcp1 and Pet9, and between Pet9 

and FECH (Figure 3.5A). Consistent with their mitochondrial localization (Section 3.4.8.), in 

pose 5 of the apoCcp1-Pet9 complex (from PatchDock/FireDock) and pose 4 of the Pet9-FECH 

complex (from SwarmDock) apoCcp1 and FECH interact with the C- and M-side of Pet9, 

respectively (Figure 3.5A). The ternary complex was generated by manually superimposing Pet9 

of pose 5 on that of pose 4 (Figure 3.5A).   

 

 

https://www.yeastgenome.org/
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Figure 3.5. Modeling the apoCcp1-Pet9-FECH complex. (A) The docked structure of the ternary complex of Ccp1 

(green, PDB 1ZBY), Pet9 (orange, PDB 4C9G), and FECH (blue, PDB 1LBQ). Electrostatic potential energy surfaces 

of (B) the ternary complex and (C) the cavities surrounding the heme binding sites (HBS, yellow circles). Note that 

solvent excluded (Connolly) surfaces are plotted in panel B, and the ribbon structures in transparent grey in panel C to 

expose the electrostatic surfaces of cavities around the HBS. Zoom of HBS in: (D) apoCcp1 and Pet9, and (E) Pet9 

and FECH. Yellow and black arrows point to interprotein heme-transfer pathways. The contour scale of the 

electrostatic surface is -kBT/e (red) and +1 kBT/e (blue), where kB is the Boltzmannôs constant (~1.38 × 10ï23 J/K), T is 

the temperature in Kelvin, and e the electron charge (~1.6 × 10ï19 C). Docking was performed as outlined in Section 

3.4.8, and the protein models were generated using PyMOL (Version 2.3.2, Schrodinger LLC).  
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The electrostatic potential energy map of the ternary complex (Figure 3.5B) reveals that 

apoCcp1-Pet9 interaction is promoted by the oppositely charged surfaces of the proteins. ApoCcp1 

is largely negatively charged while Pet9 is largely positively charged. Likewise, negatively charged 

patches of FECH interact with positively charged patches of Pet9 except in a few regions where 

the protein charges are reversed. Overall, the interaction between these three proteins is mediated 

by electrostatic complementarity.  

Identification of the heme binding sites (HBS; Figure 3.5A-C, yellow circles) allows us to 

suggest possible internal pathways or tunnels for heme transfer from FECH to apoCcp1 

(Figure 3.5C-E). Two tunnels can be identified between the HSB of Pet9 and apoCcp1 

(Figure 3.5D, yellow arrows), one positively charged and a second with both positive and negative 

charges. A series of positively and negatively charged patches define the single pathway identified 

between the HBS of FECH and Pet9 (Figure 3.5E, black arrow). The nature of these 

tunnels/pathways indicates that heme transfer is controlled by electrostatic forces, which is 

explored further in Chapter 4. 

 

3.6. Discussion 

GST pull-downs from cell lysates have been employed to purify as well as screen interactors of 

numerous bait proteins.231,232 Advantages of this technique include the solubility of the 

recombinant GST-fusion and the detection of transient and weak interactions187,233 by adjusting 

bait:ratios.189 However, since sub-compartmentalization restricts the identification of interactors in 

organelles such as mitochondria, the addition of detergent is viewed as a requirement to unveil 

protein complexes between sub-compartments when analyzing protein interactors by affinity-based 

methods.234 

 

3.6.1. Selection of detergent and prey concentration  

In our previous study, we described Ccp1 interactors in 1-day yeast cells, including soluble 

mitochondrial proteins such as its substrate Cyc1.61 No detergent was added to the lysates in this 

study, and FECH, a membrane protein, was not detected, so we employed a detergent here to 

solubilize the mitochondrial membranes and screen for non-soluble apoCcp1 interactors. Use of 

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

is essential and many studies provide information on detergent use for membrane protein 
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solubilization and extraction 235,236 and for membrane protein complex isolation.234 Non-ionic 

detergents such as NOG are recognized as mild detergents for protein extraction and 

crystallization224 plus NOG extracts the Cox complex from the inner mitochondrial membrane 

without loss of enzyme activity.237 Since we observed increased Cox and Ccp1 activity following 

P10 preincubation with 0.6% NOG in the assay solution, the pull-downs reported here were 

performed with this detergent (Section 3.5.2, Figure 3.1).  

Cox complex formation and activity are dependent on protein-lipid interactions.238,239 The 

head groups of non-ionic detergents interact with Cox at its threonine and tyrosine residues, which 

are lipid stabilizers,240,241 and act as physiological lipids in preserving the native protein 

conformation.242 Thus, we assume that 0.6% NOG solubilizes other mitochondrial membrane 

proteins in their native conformations. Electrostatic interactions are reported243 to be key in the 

association of Ccp1 with its peroxidase substrate Cyc1II, and dissociation of the Ccp1III -Cyc1III  

complex is the rate-limiting step in the peroxidase cycle (Section 1.2.2).57 Since 0.6% NOG only 

slightly increases Ccp1 activity (Figure 3.1B), it unlikely alters its affinity for Cyc1. Given the high 

negative charge on its surface (Figure 3.5B), we assume that electrostatic interactions dominate in 

the isolation of apo-Ccp1-interactors with negligible interference from NOG. We additionally note 

that non-ionic detergents do not form protein-lipid interactions that denature Ccp1.244  

Of the 386 proteins detected in the pull-downs (Table S3.1), 104 are membrane proteins 

plus 6 are characterized as both as membrane and nonmembrane (AIM6, AIM9, AIM17, AIM46, 

FMP41, and GFA1). The large number of both soluble and membrane proteins pulled down is 

attributed not only to NOG but also to use of a high prey protein concentration. This increases bait-

prey encounters,189 and hence protein complexation. Increased prey protein may also recover 

interactors such as Tsa1 and Prx1 (Table 3.3) that were lost due disruption of certain complexes by 

the detergent at the lower bait;prey ratio.245 At the higher bait:prey ratio, the perturbation caused 

by the detergent may be reduced and complex stability enhanced.246 We also note that the pIs of 

the interactors ranged between 4.16 - 11.43 and 166 proteins have a pI > 7.4, which corresponds 

to the pH of our bait-prey incubations (Section 3.4.5). Since apoCcp1 has a pI of 5.5 57 and hence 

a net negative charge at pH 7.4,247 local, not overall charge, must control many of its associations.  

 

 

   



 

54 

 

3.6.2. Interactors suggest numerous roles for Ccp1 in the cell  

The identification of 386 interactors (Table S3.1) suggests that apoCcp1 impacts many cellular 

processes, including heme trafficking, antioxidant defence, carbohydrate metabolism, protein 

transport, and ergosterol biosynthesis (Table 3.3). Thus, exploring the association of Ccp1 with its 

many interactors will expand and clarify our understanding of its cellular functions in fermenting 

yeast. We have demonstrated previously that Ccp1 participates in heme transportation62 and 

H2O2/ONOO- sensing,60,63 plus it affects life span.133 Some interactors may associate indirectly 

with apoCcp1. For example, we identified 56 apoCcp1 interactors that also are Pet9 interactors 

including FECH, Sdh2, Nde1, Cox2, Cox4, Cor1, and Cyt1 (Table S3.2).86 Thus, Pet9 could 

connect Ccp1 to proteins in other sub-compartments, and expand its sphere of influence. Also, such 

indirect protein-protein interactions would increase communication between mitochondrial sub-

compartments.230  

  

3.6.2.1. Interaction with Pet9, FECH, and GAPDH supports apoCcp1ôs participation in heme 

trafficking  

Ligand binding assays and protein-ligand docking suggest Pet9 acts as a heme 87 as well as an 

ATP/ADP transporter. It also has been identified as an interactor of FECH, PPOX, and CPOX in 

heme metabolism in mammalian cells,88 and FECH was co-immunoprecipitated with Pet9 in yeast 

cells.86 Thus, heme and heme-precursor trafficking via ADP/ATP carriers may be an important 

process in eukaryotic cells. We confirm Pet9 as an apoCcp1interactor under the four experimental 

conditions examined here (Table 3.2), and we identified FECH as an apoCcp1 interactor at 1:5 

bait:prey ratio ± 0.6% NOG. Since FECH and mature Ccp1 are localized in the matrix and IMS, 

respectively, we hypothesized that heme is transferred from FECH to apoCcp1 through Pet9, a 

FECH interactor.86 Visualization of a model of a potential apoCcp1-FECH-Pet9 ternary complex 

(Figure 3.4) reveals charge and shape complementarity at the protein interfaces, thereby supporting 

complexation. There is much debate about heme acceptors from FECH25,61,88 but our results suggest 

that ADP/ATP carriers such as Pet9 may shuttle heme from FECH to proteins like apoCcp1 outside 

of the mitochondrial matrix. 

The three GAPDH isoforms, Tdh1, Tdh2, and Tdh3, in S. cerevisiae 248 were detected as 

apoCcp1 interactors (Table 3.3) based on their unique peptides (Table 3.4). These highly abundant 

proteins (0.12-1.5 x 106 molecules/cell) 216 are localized in the cytoplasm, nucleus, and 
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mitochondria.249ï251 We previously detected Tdh2 and Tdh3 as Ccp1 interactors in 1-day cells and 

Tdh1, which reportedly is expressed only during stationary phase, in 7-day cells.61 However, low 

level expression of the TDH1 gene has been observed in exponentially growing cells,248 and Tdh1 

and Tdh2 are important for forming a mixed complex with Tdh3 to prevent Tdh3 aggregation in 

exponentially growing cells,252 which supports our identification of all three isoforms (Table 3.4).  

 

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

Gene 

ID 

Protein FDR 

confidence a Unique peptides b 

TDH1 High [K].GTVSHDDKHIIIDGVK.[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].YKGTVSHDDKHIIIDGVK.[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]  

a Only the peptides identified with a FDR <1% are considered. 

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

  

The GAPDH isoforms have functions in glycolysis, gene control, and apoptosis.253 

Recently, GAPDH has been assigned roles in heme buffering 17 and heme trafficking.34 
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Specifically, in yeast cells, Tdh3 controls the level of labile heme and regulates Hap1 activity.33 It 

may also participate in the recruitment of Ccp1ôs heme for apoCta1 maturation in respiring 

mitochondria,62 so heme transfer between Ccp1 and Tdh3 deserves further study. 

 

3.6.2.2. ApoCcp1 interacts with other antioxidant enzymes to participate in redox signalling 

in yeast 

S. cerevisiae contains five peroxiredoxins (Prxs; Tsa1, Tsa2, Ahp1, Prx1, and Dot5) in different 

subcellular compartments that metabolize hydroperoxides.254,255 Previously, Tsa1 was detected as 

a Ccp1 interactor in 7-day cells,61 and here we found Tsa1, Ahp1, and Prx1, plus thioredoxin 

reductase (Trr1), a cytosolic thiol reductase,256 as apoCcp1 interactors in 1-day cells. Prxs are 

important in regulating H2O2 signalling in cells,257 so the identification of these proteins as apoCcp1 

interactors underscores its role in peroxide signalling. We have shown that apoCcp1 exits respiring 

mitochondria and relocates to the cytosol and nucleus.62 In the latter compartment, its interaction 

with the nuclear transcription factor,  Skn7, upregulates production of antioxidant enzymes.58,62,64 

Skn7 cooperates with yeast activator protein 1 (Yap1), which is a major regulator of the oxidative 

stress response and activated by thiol peroxidases.258 

We also identified Sod1 and Sod2 as apoCcp1 interactors. Sod 1 and Sod2 are important in 

ROS regulation and signalling228 since they control cellular superoxide (O2Ț-
 ) levels and prevent 

O2
Ț- from reacting with nitric oxide (NO) to produce ONOO-.259 Furthermore, Yap1 and Sod2 

reportedly cooperate in mitochondrial-nuclear signalling under ethanolic stress,260 and Sod1 is a 

regulator of Ahp1 activity.261 In summary, our results suggest that Ccp1 performs its antioxidant 

signalling in concert with Prxs, and Sod1 plus Sod2. 

 

3.6.2.3. TCA cycle enzymes    

The TCA cycle is an important metabolic process that produces the high-energy electron carriers, 

NADH2 and FADH.262 Also, TCA cycle enzymes function as a signalling hub of cellular events 

such as DNA methylation, protein post-translation modification,263 and heme biosynthesis.262 We 

previously reported Mdh1 as a holoCcp1, but not an apoCcp1, interactor in 1-day cells,61 and here 

we found 11 TCA cycle enzymes as apoCcp1 interactors: Aco1, Cit1, Fum1, Idh1, Idh2, Idp1, 

Kgd2, Lsc1, Lsc2, Sdh1, and Sdh2. Furthermore, these enzymes were pulled down at 1:1 and 1:5 

bait:prey ratios ± NOG (e.g., Cit1, Idh1, Idh2, Kdg2, Sdh1) or just 1:5 ± NOG (e.g., Fum1, Sdh2, 

and Lsc2; Table 3.3). In intact cells, any interactions between the TCA enzymes localized in the 
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matrix and Ccp1 in the IMS must occur indirectly. For example, Sdh2 is a Pet9 interactor (Section 

3.6.2, Table S3.2)262 so the transporter could mediate its interaction with apoCcp1.   

 

3.6.2.4. ApoCcp1 interactors with a protein transport function   

Immature preCcp1 with its MTS is imported into mitochondria69 and a population of mature 

apoCcp1 that has lost its heme is exported from mitochondria to the cytosol and nucleus.62 Thus, 

Ccp1 likely interacts with a number of protein transporters and here we identified Tom70 and 

Tim50 as apoCcp1interactors. Tom70 and Tim50 are subunits of the translocases of the outer 

(TOM) and inner mitochondrial membrane (TIM23), repectively.264,265 The TOM complex 

recognizes and imports precursor proteins,264 and Tom70 interacts with Tim50 and Tim23 to 

translocate precursor proteins from the TOM complex to the TIM23 complex.265,266  Mic60, a 

component of the mitochondrial IMS assembly machinery (MIA)  and  an interactor of Tom70 and 

Tim50,267 is also found here as an apoCcp1 interactor. Tom70 imports precursor proteins by 

interacting with their hydrophobic sequences.268 Thus, further studies are of interest to understand 

the details of Ccp1ôs mitochondrial import into export. 

 

3.7. Conclusions 

Examination of GST-apoCcp1 pull-downs in the presence of 0.6% NOG at two bait-prey 

ratios allowed the identification of 386 proteins from mitochondria enriched (P10) lysates. Of 

these, 265 were considered as specific GST-apoCcp1 interactors, including 123 mitochondrial 

proteins. NOG preserved protein activity while solubilizing 104 membrane proteins. Employing 

detergent plus 5x prey protein allowed the bait to trap twice as many interactors, which enhanced 

our screening of apoCcp1 binding partners, including the trapping of FECH and Pet9. This supports 

our hypothesis that apoCcp1, Pet9, and FECH form a ternary complex for heme transfer, which 

hopefully will be examined in future experimental studies. We further hypothesize that increased 

prey concentration facilitated the identification of indirect (FECH) as well as direct (Pet9) 

interactors of apoCcp1 due to increased bait-prey collisions. Additionally, apoCcp1 interacts with 

proteins involved in antioxidant defence (Sod1/2, Tsa1, and Adh1), heme trafficking (Tdh3), 

mitochondrial signalling (TCA cycle enzymes), and protein import (Tom70, Tim50, and Mic60). 

These findings implicate Ccp1 in several cellular processes and open new horizons.    
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3.8. Supplementary information 

 

 

 

Figure S3.1. E. coli transformation with GST and GST-CCP1. BL21(DE3) E. coli cells were transformed with: (A) 

the pGEX plasmid containing the CCP1 gene, which expresses the GST-CCP1 fusion; and (B) the empty pGEX vector 

which expresses the GST tag only. Bacterial transformation was performed as we described previously.269 Briefly, the 

pGEX plasmids (3 µL, ~0.25 pmol, ~0.4 µg) were incubated with competent BL21(DE3) cells (50 µL) on ice for 30 

min. The cells were exposed to a heat shock cycle (37 °C for 20 s and ice for 2 min), LB medium (950 µL) 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 enzyme, SmaI 

before transformation. This image was prepared using BioRender (biorender.com; accessed 26 February 2021). 
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Figure S3.2. Structures of the detergents used in this study. (A) CHAPS, (B) N-octyl glucoside, (C) sodium 

deoxycholate, and (D) Triton X-100. These chemical structures were taken from PubChem 

(https://pubchem.ncbi.nlm.nih.gov/, accessed 22 February 2021)15 and redrawn here using ACD/ChemSketch, Version 

2020.1.2. The PubChem Compound ID numbers are as follows: CHAPS (107670), N-octyl glucoside (62852), sodium 

deoxycholate (23668196), and Triton X-100 (5590).  

 

 

 

 

 

 

 

 

 

https://pubchem.ncbi.nlm.nih.gov/
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Table S3.1. List of 386 proteins identified by Proteome Discoverer v2.4 from the GST and GST-apoCcp1 pull-downs (pages 60-98) 

¶ Protein ID and subcellular localization from the UniProt (https://www.uniprot.org/) or Saccharomyces Genome Database (https://www.yeastgenome.org/)   

¶ Sequence coverage and number of unique peptides (defined in Footnote d, Table 3.3) are from 1-3 independent LC-MS/MS experiments. 

¶ Protein subcellular localization: C, cytosol; CM, cell membrane; M, mitochondria; ER, endoplasmic reticulum; V, vacuole; N, nucleus; E, endosome; G, Golgi; Pr, 

peroxisome; Ukn, unknown 

 

Protein 

FDR 

con-

fidence  

Gene ID Description 

Sequence 

Coverage 

(%) 

Unique 

Peptides 

Subcellular 

localization 

GST 

1:1 

 -NOG 

GST-

Ccp1 

1:1  

-NOG 

GST 

1:1 

+NOG 

GST-

Ccp1 

1:1 

+NOG 

GST 

1:5  

-NOG 

GST-

Ccp1 

1:5  

-NOG 

GST 

1:5 

+NOG 

GST-

Ccp1 

1:5 

+NOG 

1 High HSP12 
12 kDa heat shock 

protein 
9 1 C, E, CM, N   x  x   x 

2 High LEU4 
2-isopropylmalate 

synthase 
24 12 C, M x x x x x x x x 

3 High KGD1 

2-oxoglutarate 

dehydrogenase, 

mitochondrial 

20 13 M  x x x x x x x 

4 High HSP30 
30 kDa heat shock 

protein 
7 1 CM        x 

6 Medium EHD3 

3-

hydroxyisobutyryl
-CoA hydrolase, 

mitochondrial 

2 1 M        x 

7 High RPS0A 
40S ribosomal 

protein S0-A 
42 6 C  x  x x x  x 

8 High RPS13 
40S ribosomal 

protein S13 
15 2 C x x   x   x 

https://www.uniprot.org/
https://www.yeastgenome.org/
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9 High RPS15 
40S ribosomal 

protein S15 
9 1 C        x 

10 High RPS18A 
40S ribosomal 

protein S18-A 
13 2 C   x x x   x 

11 High RPS19A 
40S ribosomal 
protein S19-A 

18 2 C        x 

12 High RPS1B 
40S ribosomal 
protein S1-B 

21 4 C x x  x   x x 

13 High RPS20 
40S ribosomal 

protein S20 
31 4 C    x x   x 

14 High RPS3 
40S ribosomal 

protein S3 
34 6 C x  x x  x  x 

15 High RPS4A 
40S ribosomal 

protein S4-A 
19 4 C  x x x x  x x 

16 High RPS5 
40S ribosomal 

protein S5 
7 1 C        x 

17 High RPS6A 
40S ribosomal 
protein S6-B 

11 2 C, N    x    x 

18 High RPS7A 
40S ribosomal 
protein S7-A 

28 2 C, N x  x x   x x 

19 High RPS7B 
40S ribosomal 

protein S7-B 
28 2 C, N        x 

20 High RPS8A 
40S ribosomal 

protein S8-A 
33 5 C        x 
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21 High RPS9B 
40S ribosomal 

protein S9-B 
17 3 C, N        x 

22 High MET6 

5-

methyltetrahydropt

eroyltriglutamate--

homocysteine 

methyltransferase 

9 6 C, CM  x    x  x 

23 High RPP0 
60S acidic 

ribosomal protein 

P0 
28 7 C  x  x x x x x 

24 High RPL10 
60S ribosomal 

protein L10 
13 3 C        x 

25 High RPL11A 
60S ribosomal 
protein L11-A 

8 1 C, N        x 

26 High RPL12B 
60S ribosomal 
protein L12-B 

41 5 C    x  x  x 

27 High RPL13B 
60S ribosomal 

protein L13-B 
11 2 C        x 

28 High RPL15A 
60S ribosomal 

protein L15-A 
18 3 C    x  x  x 

29 High RPL16B 
60S ribosomal 

protein L16-B 
15 2 C         

30 High RPL17A 
60S ribosomal 
protein L17-A 

40 5 C x   x x  x x 

31 High RPL1B 
60S ribosomal 
protein L1-B 

24 5 C  x  x    x 
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32 High RPL20A 
60S ribosomal 

protein L20-A 
29 4 C   x    x x 

33 High RPL25 
60S ribosomal 

protein L25 
18 2 C        x 

34 High RPL27A 
60S ribosomal 
protein L27-A 

10 1 C        x 

35 High RPL28 
60S ribosomal 
protein L28 

10 1 C        x 

36 High RPL2B 
60S ribosomal 

protein L2-B 
19 2 C        x 

37 High RPL3 
60S ribosomal 

protein L3 
9 3 C x x x x x x x x 

38 High RPL4A 
60S ribosomal 

protein L4-A 
34 8 C, N  x  x  x  x 

39 High RPL5 
60S ribosomal 

protein L5 
24 3 C, N  x    x  x 

40 High RPL6B 
60s ribosomal 
protein L6-B 

17 3 C        x 

41 High RPL7A 
60S ribosomal 
protein L7-A 

11 2 C   x  x x x x 

42 High RPL8A 
60S ribosomal 

protein L8-A 
31 8 C x x x x x x  x 

43 Medium RPL9A 
60S ribosomal 

protein L9-A 
4 1 C        x 
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44 High GND1 

6-

phosphogluconate 
dehydrogenase, 

decarboxylating 1 

40 16 C x x    x x x 

45 High KAR2 

78 kDa glucose-

regulated protein 

homolog 

26 13 ER x x x x x x x x 

46 High ADY2 
Accumulation of 
dyads protein 2 

5 1 CM, V        x 

47 High ILV2 

Acetolactate 
synthase catalytic 

subunit, 

mitochondrial 

8 4 M   x  x x x x 

48 High ERG10 
Acetyl-CoA 

acetyltransferase 
3 1 C        x 

49 High ACH1 
Acetyl-CoA 

hydrolase 
48 18 C     x x  x 

50 High ACS2 
Acetyl-coenzyme 

A synthetase 2 
4 2 C, N      x  x 

51 High ACO1 

Aconitate 

hydratase, 
mitochondrial 

45 32 C, M  x   x x x x 

52 High ACT1 Actin 40 12 C  x x x x x x x 

53 High ABP1 
Actin-binding 

protein 
4 1 C        x 

54 High ADO1 Adenosine kinase 9 2 C, N   x   x x x 
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55 High SAH1 
Adenosylhomocy

steinase 
15 6 C        x 

56 High ADK1 Adenylate kinase 14 2 C, M x  x     x 

57 High ADE13 
Adenylosuccinate 

lyase 
13 5 C       x x 

58 Medium SRV2 
Adenylyl cyclase-

associated protein 
3 1 C      x  x 

59 High 
PET9/ 
AAC2 

ADP,ATP carrier 
protein 2 

25 7 M  x x x  x  x 

60 High ARF1 
ADP-ribosylation 

factor 1 
13 2 G        x 

61 High ALA1 

Alanine-tRNA 

ligase, 

mitochondrial 

3 3 C, M  x    x  x 

62 High ADH1 
Alcohol 

dehydrogenase 1 
61 14 C x x x x x x x x 

63 High ADH3 
Alcohol 

dehydrogenase 3, 

mitochondrial 

20 4 M  x  x  x  x 

64 High TPS1 

Alpha,alpha-

trehalose-
phosphate 

synthase [UDP-

forming] 56 kDa 
subunit 

5 2 C  x      x 

65 High AMS1 
Alpha-

mannosidase 
8 8 V  x x x  x x x 
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66 High AIM46 

Altered 

inheritance of 
mitochondria 

protein 46, 

mitochondrial 

8 1 M        x 

67 High AIM6 

Altered 

inheritance of 
mitochondria 

protein 6 

10 3 Ukn  x x x  x   

68 High AIM9 

Altered 

inheritance of 
mitochondria 

protein 9, 

mitochondrial 

1 1 M  x x x  x x x 

69 High GCV1 

Aminomethyltran

sferase, 
mitochondrial 

13 5 M  x x x x x  x 

70 High APE2 
Aminopeptidase 

2, mitochondrial 
1 1 C, M, Pr   x   x x x 

71 High APE3 
Aminopeptidase 

Y 
29 10 V  x  x  x  x 

72 Medium TRP2 

Anthranilate 

synthase 
component 1 

3 1 C        x 

73 High 
YDR341

C 

Arginine--tRNA 

ligase, 

cytoplasmic 

3 2 C        x 

74 High ARO8 
Aromatic/aminoa

dipate 
16 7 C x  x    x x 
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aminotransferase 

1 

75 High ABF2 

ARS-binding 

factor 2, 
mitochondrial 

14 2 M, N  x    x  x 

76 High ASN1 

Asparagine 

synthetase 

[glutamine-
hydrolyzing] 1 

2 1 C        x 

77 High ASN2 

Asparagine 
synthetase 

[glutamine-

hydrolyzing] 2 

8 3 C        x 

78 High DED81 
Asparagine-tRNA 

ligase, 

cytoplasmic 

13 5 C    x  x  x 

79 High AAT2 

Aspartate 

aminotransferase, 
cytoplasmic 

24 8 C, Pr  x  x x x x x 

80 High DPS1 
Aspartate--tRNA 

ligase, 

cytoplasmic 

17 7 C  x  x x x  x 

81 High ATP4 

ATP synthase 

subunit 4, 
mitochondrial 

16 3 M      x  x 

82 High ATP5 
ATP synthase 

subunit 5, 

mitochondrial 

40 6 M        x 
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83 High ATP1 

ATP synthase 

subunit alpha, 
mitochondrial 

46 22 M x x x x x x x x 

84 High ATP2 
ATP synthase 
subunit beta, 

mitochondrial 

64 23 M  x x x x x x x 

85 High ATP3 

ATP synthase 

subunit gamma, 
mitochondrial 

38 9 M   x x  x  x 

86 High PFK1 
ATP-dependent 6-
phosphofructokin

ase subunit alpha 

7 3 C, M        x 

87 High PFK2 

ATP-dependent 6-

phosphofructokin
ase subunit beta 

17 10 C, M   x x  x x x 

88 High HSC82 

ATP-dependent 

molecular 

chaperone HSC82 

43 7 C, M  x x x  x x x 

89 High DED1 

ATP-dependent 

RNA helicase 
DED1 

8 4 C  x  x  x  x 

90 High TIF1 

ATP-dependent 

RNA helicase 

eIF4A 

22 8 C      x  x 

91 High SUB2 

ATP-dependent 

RNA helicase 
SUB2 

9 2 C, N        x 
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92 High ADE17 

Bifunctional 

purine 
biosynthesis 

protein ADE17 

28 11 C, CM x x x  x  x x 

93 High ADE5,7 

Bifunctional 

purine 

biosynthetic 
protein ADE5,7 

3 2 C      x  x 

94 High BAT1 

Branched-chain-

amino-acid 

aminotransferase, 
mitochondrial 

25 7 M     x x  x 

95 High ADE3 

C-1-
tetrahydrofolate 

synthase, 

cytoplasmic 

7 3 C, N        x 

96 High MIS1 

C-1-

tetrahydrofolate 

synthase, 

mitochondrial 

2 2 M  x  x x x x x 

97 High CPS1 
Carboxypeptidase 

S 
20 10 V  x  x x x x x 

98 High PRC1 
Carboxypeptidase 

Y 
5 2 V  x  x    x 

99 High CAT2 

Carnitine O-

acetyltransferase, 

mitochondrial 

10 6 M, Pr  x  x  x  x 

100 High YCK2 
Casein kinase I 

homolog 2 
5 2 CM        x 
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101 High YCK3 
Casein kinase I 

homolog 3 
5 1 CM, V, N        x 

102 High CDC12 
Cell division 

control protein 12 
7 2 CM  x  x    x 

103 High CDC42 
Cell division 

control protein 42 
11 2 CM     x   x 

104 High CDC48 
Cell division 

control protein 48 
7 4 C, ER  x    x  x 

105 High YJL171C 
Cell wall protein 

YJL171C 
8 2 CM        x 

106 High CNM67 

Chaotic nuclear 

migration protein 

67 

2 1 C    x  x  x 

107 High PRB1 Cerevisin 8 4 V x x x x x x x x 

108 High CIT1 
Citrate synthase, 

mitochondrial 
40 16 M  x x x x x x x 

109 Medium YHM2 
Citrate/oxoglutara
te carrier protein 

4 1 M        x 

110 High COF1 Cofilin 12 1 C, N        x 

111 Medium YCG1 
Condensin 

complex subunit 3 
1 1 C, N  x  x  x  x 

112 Medium COG1 

Conserved 

oligomeric Golgi 

complex subunit 1 

3 1 G         
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113 High CRP1 

Cruciform DNA-

recognizing 
protein 1 

6 2 C, M    x  x  x 

114 High DUG1 
Cys-Gly 

metallodipeptidas

e DUG1 

8 3 C, M      x  x 

115 High CYS4 
Cystathionine 

beta-synthase 
7 2 C, M      x  x 

116 High NFS1 

Cysteine 

desulfurase, 
mitochondrial 

8 3 M  x  x  x  x 

117 High LAP3 

Cysteine 

proteinase 1, 

mitochondrial 

9 3 C, M  x  x    x 

118 High 
YNL247

W 

Cysteine--tRNA 

ligase 
4 3 C, M   x x    x 

119 High COR1 
Cytochrome b-c1 
complex subunit 

1, mitochondrial 

46 15 M  x x x x x  x 

120 High QCR2 

Cytochrome b-c1 

complex subunit 
2, mitochondrial 

53 16 M x x x x x x x x 

121 High CYC1 Cytochrome c iso-1 16 1 M    x     

122 High COX2 
Cytochrome c 

oxidase subunit 2 
11 2 M      x  x 

123 High COX4 
Cytochrome c 

oxidase subunit 4,  
10 1 M        x 
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124 High CCP1 
Cytochrome c 

peroxidase,  
62 32 M x x x x x x x x 

125 High CYT1 
Cytochrome c1, 

heme protein,  
15 3 M    x  x  x 

126 High ALO1 
D-arabinono-1,4-
lactone oxidase 

17 6 M      x  x 

127 High PUT2 
Delta-1-pyrroline-

5-carboxylate 

dehydrogenase, l 

9 5 M x  x x x  x x 

128 High LPD1 
Dihydrolipoyl 

dehydrogenase,  
61 23 M x x x x x x x x 

129 High LAT1 

Dihydrolipoyllysi

ne-residue 
acetyltransferase 

component of 

pyruvate 

dehydrogenase 

complex,  

17 7 M x x  x  x  x 

130 High KGD2 

Dihydrolipoyllysi

ne-residue 
succinyltransferas

e component of 2-

oxoglutarate 
dehydrogenase 

complex,  

15 5 M x x x x x x x x 

131 High URA1 

Dihydroorotate 

dehydrogenase 

(Fumarate) 

9 2 C  x      x 

132 High DAK1 
Dihydroxyacetone 

kinase 1 
9 3 C      x  x 
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133 High ILV3 

Dihydroxy-acid 

dehydratase, 
mitochondrial 

33 15 M  x x x  x  x 

134 Medium MDJ1 
DnaJ homolog 1, 

mitochondrial 
2 1 M      x  x 

135 High DPM1 

Dolichol-

phosphate 

mannosyltransfera
se 

19 4 ER   x x x x x x 

136 High SWP1 

Dolichyl-
diphosphooligosa

ccharide--protein 

glycosyltransferas
e subunit SWP1 

4 1 ER      x  x 

137 High WBP1 

Dolichyl-

diphosphooligosa

ccharide--protein 

glycosyltransferas

e subunit WBP1 

3 1 ER        x 

138 High PMT1 

Dolichyl-

phosphate-
mannose--protein 

mannosyltransfera

se 2 

2 1 ER      x  x 

139 High TEF1 
Elongation factor 

1-alpha 
70 26 C x x x x x x x x 

140 High EFB1 
Elongation factor 

1-beta 
30 4 C  x x x  x  x 

141 High CAM1 
Elongation factor 

1-gamma 1 
21 6 C, N  x x x  x x x 
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142 High TEF4 
Elongation factor 

1-gamma 2 
25 7 C    x  x  x 

143 High EFT1 
Elongation factor 

2 
44 26 C  x x x  x x x 

144 High YEF3 
Elongation factor 

3A 
16 12 C  x x x x x x x 

145 High TUF1 
Elongation factor 
Tu, mitochondrial 

15 4 M   x    x x 

146 High ERO1 
Endoplasmic 

oxidoreductin-1 
7 2 ER  x      x 

147 High YET3 

Endoplasmic 

reticulum 

transmembrane 
protein 3 

5 1 ER        x 

148 High EMP24 
Endosomal 

protein P24B 
13 2 ER, G        x 

149 High ENO1 Enolase 1 60 9 C  x x x x x x x 

150 High ENO2 Enolase 2 67 16 C x x x x x x x x 

151 High ETR1 

Enoyl-[acyl-
carrier-protein] 

reductase, 
mitochondrial 

10 2 M  x      x 

152 High GCD11 

Eukaryotic 
translation 

initiation factor 2 

subunit gamma 

29 11 C    x  x x x 
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153 Medium RPG1 

Eukaryotic 

translation 
initiation factor 3 

subunit A 

1 1 C        x 

154 High CDC33 

Eukaryotic 

translation 

initiation factor 
4E 

7 1 C, N        x 

155 High DSS1 
Exoribonuclease 

II, mitochondrial 
2 1 M  x  x  x  x 

156 High NDE1 

External NADH-

ubiquinone 

oxidoreductase 1, 
mitochondrial 

8 3 M  x x x x x  x 

157 High POB3 
FACT complex 

subunit POB3 
2 1 N    x    x 

158 High ERG20 

Farnesyl 

pyrophosphate 
synthase 

3 1 C  x  x  x  x 

159 High HEM15 
Ferrochelatase, 
mitochondrial 

8 2 M      x  x 

160 High SAC6 Fimbrin 5 2 CM, C        x 

161 High FPR3 
FK506-binding 
nuclear protein 

15 4 N   x x  x x x 

162 High FPR4 
FK506-binding 

protein 4 
7 1 N        x 

163 High YHB1 Flavohemoprotein 4 1 C        x 
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164 High YCP4 
Flavoprotein-like 

protein YCP4 
11 2 C, CM, M      x  x 

165 Medium FPK1 Flippase kinase 1 1 1 C, CM         

166 High FBA1 

Fructose-

bisphosphate 
aldolase 

46 12 C, M x x x x x x x x 

167 High FUM1 
Fumarate 
hydratase, 

mitochondrial 

28 10 C, N, M      x  x 

168 High GLK1 Glucokinase-1 2 1 C, CM, M      x  x 

169 High PGI1 

Glucose-6-

phosphate 

isomerase 

43 17 C x x x x  x x x 

170 High GSF2 
Glucose-signaling 

factor 2 
5 2 ER        x 

171 High GAD1 
Glutamate 

decarboxylase 
2 1 C        x 

172 High GUS1 

Glutamate--tRNA 

ligase, 

cytoplasmic 

12 7 C, M x x x x x x x x 

173 High GLN1 
Glutamine 
synthetase 

7 3 C  x    x  x 

174 High GFA1 

Glutamine--
fructose-6-

phosphate 

aminotransferase 
[isomerizing] 

2 1 Ukn        x 
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175 High GLR1 
Glutathione 

reductase 
3 1 C        x 

176 High GTT1 
Glutathione S-

transferase 1 
24 5 ER   x   x  x 

177 High TDH1 
Glyceraldehyde-

3-phosphate 

dehydrogenase 1 

62 10 C, M x x x x  x x x 

178 High TDH2 

Glyceraldehyde-

3-phosphate 

dehydrogenase 2 

59 2 C, M   x x x  x  x 

179 High TDH3 
Glyceraldehyde-

3-phosphate 

dehydrogenase 3 

85 11 C, M  x  x  x  x 

180 High GPP2 

Glycerol-1-

phosphate 

phosphohydrolase 

2 

16 3 C, N     x   x 

181 High GPD1 

Glycerol-3-

phosphate 

dehydrogenase 
[NAD(+)] 1 

6 2 C, Pr  x x x x   x 

182 High GUT2 

Glycerol-3-

phosphate 

dehydrogenase, 
mitochondrial 

8 5 M    x  x  x 

183 High GCV3 
Glycine cleavage 
system H protein, 

mitochondrial 

9 1 M        x 
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184 Medium GCV2 

Glycine 

dehydrogenase 
(Decarboxylating)

, mitochondrial 

2 1 M x     x  x 

185 High GRS1 

Glycine--tRNA 

ligase 1, 

mitochondrial 

7 3 C, M      x  x 

186 High GSP2 
GTP-binding 

nuclear protein 

GSP2/CNR2 

17 3 C, N  x  x  x  x 

187 High RHO1 
GTP-binding 

protein RHO1 
23 4 CM, E, Pr  x x x x  x x 

188 High YPT1 
GTP-binding 

protein YPT1 
17 2 C, ER, G        x 

189 High YPT31 

GTP-binding 

protein 

YPT31/YPT8 

5 1 G        x 

190 High YPT7 
GTP-binding 

protein YPT7 
18 2 E, V        x 

191 High SRM1 

Guanine 

nucleotide 
exchange factor 

SRM1 

14 4 C, N   x x  x x x 

192 High ASC1 

Guanine 

nucleotide-

binding protein 
subunit beta-like 

protein 

42 9 C  x  x  x  x 
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193 High HSP104 
Heat shock 

protein 104 
11 10 C, N   x    x x 

194 High HSP26 
Heat shock 

protein 26 
39 7 C, N, M x  x x x  x x 

195 High HSP60 
Heat shock 
protein 60, 

mitochondrial 

64 37 M x x x x x x x x 

196 High HSP78 

Heat shock 

protein 78, 

mitochondrial 

9 5 M        x 

197 High SSE1 
Heat shock 

protein homolog 

SSE1 

32 13 C  x x   x x x 

198 High SSE2 

Heat shock 

protein homolog 

SSE2 

8 2 C, N        x 

199 High SSA1 
Heat shock 

protein SSA1 
57 6 C  x x x  x  x 

200 High SSA2 
Heat shock 

protein SSA2 
58 6 C  x  x  x  x 

201 High SSA3 
Heat shock 

protein SSA3 
15 3 C  x  x  x  x 

202 High SSC1 

Heat shock 

protein SSC1, 
mitochondrial 

55 34 M x x x x x x x x 

203 High STI1 
Heat shock 

protein STI1 
10 4 C  x      x 
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204 High HXK1 Hexokinase-1 36 9 C, M      x  x 

205 High HXK2 Hexokinase-2 44 13 C, N, M x x x x x x x x 

206 High HXT6 

High-affinity 

hexose transporter 

HXT6 

15 1 CM  x    x  x 

207 High HXT7 

High-affinity 

hexose transporter 
HXT7 

15 1 CM  x    x  x 

208 High HTS1 

Histidine--tRNA 

ligase, 

mitochondrial 

9 3 C, M  x  x  x  x 

209 High HTZ1 Histone H2A.Z 7 1 N  x  x    x 

210 Medium HTB1 Histone H2B.1 5 1 N   x x x  x x 

211 High HHT1 Histone H3 5 1 N  x x x  x  x 

212 High HOM6 
Homoserine 

dehydrogenase 
13 3 C, N        x 

213 Medium ERG13 

Hydroxymethylgl

utaryl-CoA 

synthase 

3 1 N        x 

214 High IPP1 
Inorganic 

pyrophosphatase 
40 7 C  x  x  x  x 

215 High IMD3 

Inosine-5'-

monophosphate 

dehydrogenase 3 

16 5 C    x  x  x 
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216 High IDH1 

Isocitrate 

dehydrogenase 
[NAD] subunit 1, 

mitochondrial 

26 8 M  x  x  x  x 

217 High IDH2 

Isocitrate 

dehydrogenase 

[NAD] subunit 2, 
mitochondrial 

27 7 M    x  x  x 

218 High IDP1 

Isocitrate 

dehydrogenase 

[NADP], 
mitochondrial 

44 15 M  x x x x x x x 

219 High ICL1 Isocitrate lyase 8 4 C, V        x 

220 High ILV5 
Ketol-acid 

reductoisomerase, 

mitochondrial 

36 10 M  x x x  x  x 

221 High ERG11 
Lanosterol 14-

alpha demethylase 
2 1 ER        x 

222 High FAA1 

Long-chain-fatty-

acid--CoA ligase 
1 

35 18 CM x x x x x x x x 

223 High KRS1 

Lysine--tRNA 

ligase, 

cytoplasmic 

10 4 C  x x x  x  x 

224 High ALD6 

Magnesium-

activated 
aldehyde 

dehydrogenase, 

cytosolic 

26 11 C     x  x x 
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225 High MDH2 

Malate 

dehydrogenase, 
cytoplasmic 

6 2 C        x 

226 High MDH1 
Malate 

dehydrogenase, 

mitochondrial 

71 16 M x x x   x x x 

227 High MDH3 

Malate 

dehydrogenase, 
peroxisomal 

35 8 Pr  x  x  x  x 

228 High MLS1 
Malate synthase 
1, glyoxysomal 

19 6 Pr        x 

229 High EHT1 

Medium-chain 

fatty acid ethyl 

ester 
synthase/esterase 

2 

6 3 M      x  x 

230 High MSC1 

Meiotic sister 

chromatid 
recombination 

protein 1 

12 5 CM, ER, M   x x  x x x 

231 High MAP1 
Methionine 

aminopeptidase 1 
3 1 C  x  x  x x  

232 High MIC60 
MICOS complex 

subunit MIC60 
5 2 M        x 

233 Medium MCM5 

Minichromosome 

maintenance 
protein 5 

1 1 C, N x       x 
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234 High MAM33 

Mitochondrial 

acidic protein 
MAM33 

4 1 M        x 

235 High 
MGM10

1 

Mitochondrial 
genome 

maintenance 

protein MGM101 

4 1 M        x 

236 Medium TIM44 

Mitochondrial 
import inner 

membrane 

translocase 
subunit TIM44 

2 1 M      x  x 

237 High TIM50 

Mitochondrial 
import inner 

membrane 

translocase 
subunit TIM50 

7 3 M      x  x 

238 High TOM22 

Mitochondrial 

import receptor 

subunit TOM22 

5 1 M   x     x 

239 High TOM40 
Mitochondrial 
import receptor 

subunit TOM40 

4 1 M      x  x 

240 High TOM70 

Mitochondrial 

import receptor 

subunit TOM70 

3 2 M   x x x x x x 

241 High MIA40 

Mitochondrial 

intermembrane 

space import and 

assembly protein 
40 

3 1 M        x 
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242 High OM45 

Mitochondrial 

outer membrane 
protein OM45 

23 8 M    x  x x x 

243 High POR1 
Mitochondrial 

outer membrane 

protein porin 1 

78 17 M x x x x x x x x 

244 High MIR1 

Mitochondrial 

phosphate carrier 
protein 

20 5 M    x  x  x 

245 High MAS5 
Mitochondrial 
protein import 

protein MAS5 

8 2 C    x  x  x 

246 High MAS2 

Mitochondrial-

processing 
peptidase subunit 

alpha 

2 1 M        x 

247 High YJU3 
Monoglyceride 

lipase 
19 4 C, ER, M  x x   x x x 

248 High BBC1 

Myosin tail 

region-interacting 
protein MTI1 

9 8 C x x x x  x x x 

249 High MAE1 

NAD-dependent 

malic enzyme, 

mitochondrial 

5 2 M      x  x 

250 High CBR1 

NADH-

cytochrome b5 
reductase 1 

12 2 ER, M      x  x 
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251 High MCR1 

NADH-

cytochrome b5 
reductase 2 

14 3 M    x  x  x 

252 High 
YMR226

C 

NADP-dependent 
3-hydroxy acid 

dehydrogenase 

4 1 N  x      x 

253 High OYE2 
NADPH 

dehydrogenase 2 
14 5 C, N, M x x x     x 

254 High NCP1 

NADPH-

cytochrome P450 
reductase 

12 6 CM, ER, M      x  x 

255 High GDH1 

NADP-specific 

glutamate 

dehydrogenase 1 

9 3 C, N        x 

256 Medium EGD2 

Nascent 

polypeptide-

associated 

complex subunit 
alpha 

4 1 C, N    x   x x 

257 High PNC1 Nicotinamidase 10 2 C, N, Pr    x    x 

258 Medium NCE102 
Non-classical 

export protein 2 
8 1 CM        x 

259 High NMD2 
Nonsense-

mediated mRNA 

decay protein 2 

1 1 C        x 

260 Medium BIK1 
Nuclear fusion 

protein BIK1 
1 1 C x x x x x x x x 
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261 High NSR1 

Nuclear 

localization 
sequence-binding 

protein 

12 4 N, M    x  x  x 

262 High BFR1 

Nuclear 

segregation 

protein BFR1 

7 3 C, ER    x    x 

263 High NPL3 
Nucleolar protein 

3 
7 2 C, N x x x x  x x x 

264 High NOP58 
Nucleolar protein 

58 
5 2 N      x  x 

265 High NAP1 
Nucleosome 

assembly protein 
4 1 C, N        x 

266 High OLA1 
Obg-like ATPase 

1 
5 2 C    x  x  x 

267 High KES1 
Oxysterol-binding 

protein homolog 4 
4 2 G      x  x 

268 High CPR1 

Peptidyl-prolyl 

cis-trans 
isomerase 

26 3 C, N, M        x 

269 High CPR3 

Peptidyl-prolyl 

cis-trans 

isomerase C, 
mitochondrial 

7 1 M x  x    x x 

270 High CPR6 

Peptidyl-prolyl 

cis-trans 

isomerase CPR6 

6 2 C      x  x 
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271 High AHP1 
Peroxiredoxin 

AHP1 
33 5 C  x  x x x x x 

272 High PRX1 

Peroxiredoxin 

PRX1, 
mitochondrial 

10 2 M  x      x 

273 High TSA1 
Peroxiredoxin 

TSA1 
36 5 C  x      x 

274 High TES1 

Peroxisomal acyl-

coenzyme A 

thioester 
hydrolase 1 

4 1 Pr    x  x  x 

275 High PCS60 

Peroxisomal-

coenzyme A 

synthetase 

3 1 Pr        x 

276 High FRS2 

Phenylalanine--

tRNA ligase alpha 

subunit 

3 1 C        x 

277 High FRS1 

Phenylalanine--

tRNA ligase beta 

subunit 

8 3 C        x 

278 Medium PHM7 
Phosphate 
metabolism 

protein 7 

1 1 CM     x    

279 High PCK1 

Phosphoenolpyru

vate 

carboxykinase 
(ATP) 

37 13 C      x  x 
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280 High PGM2 
Phosphoglucomut

ase 2 
9 4 C     x   x 

281 High PGK1 
Phosphoglycerate 

kinase 
81 35 C, M x x x x x x x x 

282 High GPM1 
Phosphoglycerate 

mutase 1 
49 14 C, M x x x x x x x x 

283 High SAC1 
Phosphoinositide 

phosphatase 

SAC1 

2 1 ER, G        x 

284 High SEC53 
Phosphomannom

utase 
19 4 C  x x x    x 

285 High PMA1 
Plasma membrane 

ATPase 1 
28 18 G x x x x x x x x 

286 High PAB1 

Polyadenylate-

binding protein, 

cytoplasmic and 

nuclear 

19 7 C, N  x  x  x  x 

287 High ALD4 

Potassium-

activated 
aldehyde 

dehydrogenase, 
mitochondrial 

66 22 M x x x  x x x x 

288 High PDH1 
Probable 2-

methylcitrate 

dehydratase 

7 3 C, M        x 

289 High HXT5 
Probable glucose 

transporter HXT5 
2 1 CM        x 
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290 Medium AIM14 

Probable 

metalloreductase 
AIM14 

1 1 CM    x     

291 High AIM17 
Probable 

oxidoreductase 

AIM17 

18 6 M        x 

292 Medium PHB1 Prohibitin-1 3 1 M  x x x  x  x 

293 High PHB2 Prohibitin-2 5 1 M  x  x  x  x 

294 High BMH1 Protein BMH1 24 1 C, CM, N x x x x x x x x 

295 High BMH2 Protein BMH2 23 1 C, N         

296 High EUG1 
Protein disulfide-

isomerase 
34 18 ER x x x x x x x x 

297 High ERP1 Protein ERP1 5 1 ER        x 

298 High FMP52 
Protein FMP52, 
mitochondrial 

4 1 M     x   x 

299 High GVP36 Protein GVP36 7 2 G      x  x 

300 High MCK1 
Protein kinase 

MCK1 
3 1 C        x 

301 Medium MMF1 
Protein MMF1, 
mitochondrial 

10 1 M x  x    x x 

302 High SIS1 

Type II HSP40 

co-chaperone 

SIS1 

20 5 C, N  x x x    x 



 

90 

 

303 High SSO2 Protein SSO2 3 1 C, CM, ER  x  x x x  x 

304 High TMA108 Protein TMA108 5 5 C  x x x  x   

305 High SEC63 

Protein 

translocation 

protein SEC63 

2 1 N, ER        x 

306 High SEC23 
Protein transport 

protein SEC23 
3 2 C, ER, G  x   x x  x 

307 High URA2 Protein URA2 4 7 C    x  x  x 

308 High YRO2 Protein YRO2 3 1 CM, ER, M   x     x 

309 High PST2 
Protoplast 

secreted protein 2 
12 2 C, CM, M       x x 

310 High ECM14 

Putative 

metallocarboxype

ptidase ECM14 

4 1 V  x  x    x 

311 High YBR139 

Putative serine 

carboxypeptidase 

YBR139W 

3 1 V    x  x  x 

312 Medium 
YCL042

W 

Putative 

uncharacterized 
protein 

YCL042W 

8 1 V  x  x  x  x 

313 High PDC1 

Pyruvate 

decarboxylase 
isozyme 1 

54 25 C, N x x x x x x x x 
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314 High PDX1 

Pyruvate 

dehydrogenase 
complex protein 

X component, 

mitochondrial 

6 2 M        x 

315 High PDA1 

Pyruvate 

dehydrogenase E1 
component 

subunit alpha, 

mitochondrial 

40 14 M  x x x x x x x 

316 High PDB1 

Pyruvate 
dehydrogenase E1 

component 

subunit beta, 
mitochondrial 

39 10 M x x x x x x x x 

317 High CDC19 Pyruvate kinase 1 82 38 C, CM x x x x x x x x 

318 Medium RNA1 

Ran-specific 

GTPase-

activating protein 

1 

10 1 C        x 

319 High SEC4 
Ras-related 

protein SEC4 
17 2 C, CM      x  x 

320 High RVS161 
Reduced viability 
upon starvation 

protein 161 

25 6 C x    x x x x 

321 High RVS167 

Reduced viability 

upon starvation 

protein 167 

17 5 C    x  x  x 

322 Medium RFC5 
Replication factor 

C subunit 5 
3 1 N      x  x 
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323 High PHO8 

Repressible 

alkaline 
phosphatase 

3 1 C, V        x 

324 High RTN1 
Reticulon-like 

protein 1 
18 4 ER  x  x  x  x 

325 High RNR2 

Ribonucleoside-

diphosphate 

reductase small 
chain 1 

7 2 C, N        x 

326 High RNR4 

Ribonucleoside-
diphosphate 

reductase small 

chain 2 

3 1 C, N        x 

327 High RRB1 
Ribosome 

assembly protein 

RRB1 

5 2 N    x  x  x 

328 High SSZ1 

Ribosome-

associated 
complex subunit 

SSZ1 

36 12 C    x x x  x 

329 High SSB1 

Ribosome-

associated 

molecular 
chaperone SSB1 

49 1 C        x 

330 High SSB2 

Ribosome-

associated 

molecular 

chaperone SSB2 

50 1 C        x 

331 High NDI1 
Rotenone-
insensitive 

9 2 M        x 
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NADH-

ubiquinone 
oxidoreductase, 

mitochondrial 

332 Medium RVB1 
RuvB-like protein 

1 
2 1 N      x  x 

333 High PEP4 Saccharopepsin 32 8 ER, V, M  x  x  x  x 

334 High LYS1 

Saccharopine 

dehydrogenase 

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

17 3 Pr    x    x 

335 High SAM1 

S-

adenosylmethioni

ne synthase 1 

8 2 C    x    x 

336 High SHM2 

Serine 

hydroxymethyltra

nsferase, cytosolic 

29 11 C  x x x  x  x 

337 High SHM1 

Serine 

hydroxymethyltra

nsferase, 
mitochondrial 

25 9 M x x x x x x x x 

338 High SES1 

Serine--tRNA 

ligase, 

cytoplasmic 

3 1 C      x  x 

339 High SGT2 

Small glutamine-

rich 
tetratricopeptide 

repeat-containing 

protein 2 

3 1 C        x 
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340 High LSP1 

Sphingolipid long 

chain base-
responsive protein 

LSP1 

14 3 C  x  x  x  x 

341 High PIL1 

Sphingolipid long 

chain base-

responsive protein 
PIL1 

35 8 C, CM, M x x x x x x x x 

342 Medium DPL1 
Sphingosine-1-

phosphate lyase 
2 1 ER      x  x 

343 High ERG9 Squalene synthase 2 1 ER, M    x  x  x 

344 High PHO88 
SRP-independent 

targeting protein 3 
12 2 CM, ER, M   x     x 

345 High ERG6 
Sterol 24-C-

methyltransferase 
25 7 ER, M  x  x  x  x 

346 High SDH1 

Succinate 

dehydrogenase 
[ubiquinone] 

flavoprotein 

subunit, 
mitochondrial 

19 8 M  x  x  x  x 

347 High SDH2 

Succinate 

dehydrogenase 

[ubiquinone] iron-
sulfur subunit, 

mitochondrial 

15 3 M x  x  x x x x 

348 High SFC1 

Succinate/fumarat

e mitochondrial 

transporter 

5 1 M        x 
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349 High LSC1 

Succinate--CoA 

ligase [ADP-
forming] subunit 

alpha, 

mitochondrial 

17 4 M        x 

350 High LSC2 

Succinate--CoA 

ligase [ADP-
forming] subunit 

beta, 

mitochondrial 

21 7 M      x  x 

351 Medium MET3 
Sulfate 

adenylyltransferas

e 

1 1 C, M  x  x  x  x 

352 High SOD1 

Superoxide 

dismutase [Cu-

Zn] 

38 4 C, N, M   x  x   x 

353 High SOD2 

Superoxide 

dismutase [Mn], 

mitochondrial 

10 2 M        x 

354 Medium SRP40 
Suppressor 

protein SRP40 
3 1 N        x 

355 High STM1 
Suppressor 

protein STM1 
37 7 C   x x  x x x 

356 High TRR1 
Thioredoxin 
reductase 1 

8 2 C, M  x  x  x  x 

357 High THR4 
Threonine 
synthase 

6 3 C, M       x x 
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358 High THS1 

Threonine-tRNA 

ligase, 
cytoplasmic 

11 7 C, M   x x  x  x 

359 High TAL1 Transaldolase 14 3 C, N        x 

360 High WTM1 
Transcriptional 

modulator WTM1 
25 8 C, N      x  x 

361 Medium UME1 
Transcriptional 

regulatory protein 

UME1 

2 1 C, N  x x x x x x x 

362 High TKL1 Transketolase 1 15 9 C, N  x x x x x x x 

363 High TMA19 

Translationally-

controlled tumor 

protein homolog 

29 5 C, M        x 

364 High 
TY1B-

DR6 

Transposon Ty1-

DR6 Gag-Pol 

polyprotein 

6 9 C, N  x x x  x x x 

365 High TPI1 
Triosephosphate 

isomerase 
56 15 C, CM, M x x x x x x x x 

366 High ARC1 

tRNA-

aminoacylation 
cofactor ARC1 

6 2 C    x  x x x 

367 Medium TPM1 Tropomyosin-1 8 1 C        x 

368 High RPS31 
Ubiquitin-40S 

ribosomal protein 

S31 

25 3 C, N  x  x  x  x 
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369 High FMP41 

Uncharacterized 

mitochondrial 
hydrolase FMP41 

5 1 M        x 

370 Medium 
YKL107

W 

Uncharacterized 
oxidoreductase 

YKL107W 

3 1 M x x x x x x x x 

371 High 
YGR266

W 

Uncharacterized 

protein 
YGR266W 

2 1 CM, M      x  x 

372 High 
YNL115

C 

Uncharacterized 
vacuolar 

membrane protein 

YNL115C 

4 2 V      x  x 

373 High UGP1 

UTP-glucose-1-
phosphate 

uridylyltransferas

e 

25 9 C, CM  x  x  x x x 

374 High APE1 
Vacuolar 

aminopeptidase 1 
26 9 V  x  x x x  x 

375 High VAC8 
Vacuolar protein 

8 
8 4 C, CM, V    x  x  x 

376 High VPS1 

Vacuolar protein 

sorting-associated 

protein 1 

7 4 C  x  x  x x x 

377 High VTC2 

Vacuolar 

transporter 
chaperone 2 

1 1 ER, V    x  x  x 
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378 High VTC3 

Vacuolar 

transporter 
chaperone 3 

18 13 ER, V x x x x x x x x 

379 High VTC4 
Vacuolar 

transporter 

chaperone 4 

24 16 ER, V  x x x x x  x 

380 High SCS2 

Vesicle-

associated 
membrane 

protein-associated 

protein SCS2 

19 3 CM, ER, N      x  x 

381 High VMA1 

V-type proton 

ATPase catalytic 
subunit A 

23 22 V x x x x x x x x 

382 High VPH1 

V-type proton 

ATPase subunit a, 

vacuolar isoform 

15 11 V  x x x x x x x 

383 High VMA2 
V-type proton 

ATPase subunit B 
36 14 C, V  x x x  x x x 

384 High VMA8 
V-type proton 

ATPase subunit D 
8 2 V  x  x  x  x 

385 High VMA4 
V-type proton 

ATPase subunit E 
12 3 V    x    x 

386 High ZUO1 Zuotin 32 11 C, N, M    x x x x x 
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Table S3.2. Pet9 interactors (224) retrieved from BIOGRID database (pages 99-110) 

¶ Data from BIOGRID (https://thebiogrid.org/; accessed 21 February 2022). 

¶ Protein description from the UniProt database (https://www.uniprot.org/) or BIOGRID  

¶ The Assay and Interaction type columns give the methods used for probing the interactors and classifies them 

as physical or genetic, respectively  

¶ The proteins detected in this study are highlighted in blue 

 Gene ID Description Assay 
Interaction 

type 

Experimenta

l Format 
Ref 

1 AAC1 
ADP/ATP carrier protein 

AAC1 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 

86 

Phenotypic 

Enhancement 
Genetic 270 

Synthetic 

Lethality 
Genetic 271 

2 AAC3 
ADP/ATP carrier protein 

AAC3 

Dosage 

Rescue 

Genetic 
Low 

Throughput 

272 

Synthetic 

Growth 

Defect 

273 

3 AAH1 Adenine deaminase 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

4 ACS1 Acetate-CoA ligase 1 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

5 ADH2 
Alcohol dehydrogenase 

ADH2 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

6 ADH3 
Alcohol dehydrogenase 

ADH3 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

7 AIM4 
Altered inheritance of 

mitochondria protein 4 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
274 

8 ALD6 
Aldehyde dehydrogenase 

(NADP(+)) 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

9 APA2 

Diadenosine 5',5'''-P1,P4-

tetraphosphate 

phosphorylase 2, Ap4A 

phosphorylase 2 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

10 APJ1 
J domain-containing protein 

APJ1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
275 

11 ARO1 
Pentafunctional protein 

ARO1p 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

12 ASN1 
Asparagine synthase 

(glutamine-hydrolyzing) 1 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

13 ASN2 
Asparagine synthase 

(glutamine-hydrolyzing) 2 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

14 ATH1 
Periplasmic acid trehalase 

ATH1 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

15 ATP17 ATP synthase subunit f 
Negative 

Genetic 
Genetic 

High 

Throughput 
226 

https://thebiogrid.org/
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16 ATP4 ATP synthase subunit 4 

Affinity 

Capture-

Western 

Physical 
Low 

Throughput 
276 

17 BCY1 

cAMP-dependent protein 

kinase regulatory subunit 

BCY1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
277 

18 BFR1 
Nuclear segregation protein 

BFR1 

Affinity 

Capture-RNA 
Physical 

High 

Throughput 
278 

19 BRE5 
UBP3-associated protein 

BRE5 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
279 

20 BTS1 Farnesyltranstransferase 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

21 BXI1 Bax inhibitor 1 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
280 

22 CAF20 
Cap-associated protein 

CAF20 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
281 

23 CCP1 Cytochrome c peroxidase 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
61 

24 CCT2 
T-complex protein 1 

subunit beta, TCP-1-beta 

Synthetic 

Lethality 
Genetic 

Low 

Throughput 
282 

25 CCT3 
T-complex protein 1 

subunit gamma 

Synthetic 

Lethality 
Genetic 

Low 

Throughput 
282 

26 CDC31 
Cell division control 

protein 31 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
283 

27 CDC33 
Eukaryotic translation 

initiation factor 4E 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

28 COB Cytochrome b 
Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

29 COQ9 

Ubiquinone biosynthesis 

protein COQ9, 

mitochondrial 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
285 

30 COR1 
Cytochrome b-c1 complex 

subunit 1, mitochondrial 

Affinity 

Capture-MS 

Physical 
Low 

Throughput 

86,286 

Affinity 

Capture-

Western 

76,86,276,287 

31 COX12 
Cytochrome c oxidase 

subunit VIb 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

32 COX13 
Cytochrome c oxidase 

subunit Via 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

33 COX2 
Cytochrome c oxidase 

subunit II 

Affinity 

Capture-MS 

Physical 
Low 

Throughput 

86 

Affinity 

Capture-

Western 

76,86,276 

34 COX4 
Cytochrome c oxidase 

subunit IV 

Affinity  

Capture-MS 

Physical 

Low/High 

Throughput 
86,288 

Affinity 

Capture-

Western 

Low 

Throughput 
86,276 
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Synthetic 

Lethality 

Low 

Throughput 
289 

35 COX5A 
Cytochrome c oxidase 

subunit Va 

Affinity 

Capture-MS 

Physical 
Low 

Throughput 

86 

Affinity 

Capture-

Western 

287 

36 COX6 
Cytochrome c oxidase 

subunit VI 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

Negative 

Genetic 

High 

Throughput 
226 

37 COX8 
Cytochrome c oxidase 

subunit VIII 

Affinity 

Capture-

Western 

Physical 
Low 

Throughput 
290 

38 COX9 
Cytochrome c oxidase 

subunit VIIa 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

39 CRD1 Cardiolipin synthase 

Phenotypic 

Enhancement 

Genetic 

Low 

Throughput 
86 

Positive 

Genetic 

High 

Throughput 
226 

Synthetic 

Growth 

Defect 

Low 

Throughput 
291 

40 CYC1 Cytochrome c isoform 1 
Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

41 CYS3 
Cystathionine gamma-lyase 

CYS3 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

42 CYT1 
Ubiquinol-cytochrome-c 

reductase catalytic subunit 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 

86 

Affinity 

Capture-

Western 

Physical 226 

Synthetic 

Lethality 
Genetic 289 

43 DBF2 
Serine/threonine-protein 

kinase 

Negative 

Genetic 
Genetic 

High 

Throughput 
292 

44 DCP2 
Decapping enzyme 

complex catalytic subunit 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

45 DHH1 
DExD/H-box ATP-

dependent RNA helicase 

Affinity 

Capture-MS 
Physical 

High 

Throughput 

293 

Affinity 

Capture-RNA 
294,295 

46 DIC1 
Mitochondrial 

dicarboxylate transporter 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

47 DLD1 

D-lactate dehydrogenase 

[cytochrome] 1, 

mitochondrial 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

48 DOT6 
Transcriptional regulatory 

protein DOT6 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 
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49 DPH5 Diphthine synthase 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

50 DSN1 
Kinetochore-associated 

protein DSN1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
296 

51 ECM16 
Probable ATP-dependent 

RNA helicase DHR1 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
297 

52 EDC3 
Enhancer of mRNA-

decapping protein 3 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

53 ENO1 Enolase 1 

Affinity 

Capture-

Western 

Physical 
Low 

Throughput 
298 

54 ENV10 
SRP-independent targeting 

protein 2 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
299 

55 ERG6 
Sterol 24-C-

methyltransferase 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

56 ESC1 
Silent chromatin protein 

ESC1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
300 

57 FHL1 
Pre-rRNA-processing 

protein FHL1 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

58 FMP10 

Uncharacterized 

mitochondrial membrane 

protein FMP10 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

59 FMS1 Polyamine oxidase 
Negative 

Genetic 
Genetic 

High 

Throughput 
226 

60 FSF1 Sideroflexin FSF1 
Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

61 GCN1 
eIF-2-alpha kinase activator 

GCN1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
301 

62 GCN3 
Translation initiation factor 

eIF2B subunit alpha 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
302 

63 GCV3 
Glycine decarboxylase 

subunit H 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

64 GGC1 
Mitochondrial GTP/GDP 

carrier protein 1 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

Synthetic 

Lethality 
Genetic 

65 GIS2 Zinc finger protein GIS2 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
303 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

66 GLR1 Glutathione reductase 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

67 GPD1 
Glycerol-3-phosphate 

dehydrogenase [NAD(+)] 1 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

68 GPH1 Glycogen phosphorylase 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

69 GPP2 
Glycerol-1-phosphate 

phosphohydrolase 2 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

70 GPR1 
G protein-coupled receptor 

GPR1 

Synthetic 

Rescue 
Genetic 

Low 

Throughput 
289 
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71 GRX1 Glutaredoxin-1 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

72 GSH1 Glutamate-cysteine ligase 
Synthetic 

Rescue 
Genetic 

Low 

Throughput 
304 

73 HEM15 Ferrochelatase 
Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

74 HMG2 
Hydroxymethylglutaryl-

CoA reductase (NADPH) 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

75 HOG1 
Mitogen-activated protein 

kinase 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
305 

76 HRR25 
Serine/threonine protein 

kinase 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

77 HSC82 Hsp90 family chaperone 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
306 

78 HSP82 
ATP-dependent molecular 

chaperone HSP82 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
306,307 

79 IAH1 
Isoamyl acetate-

hydrolyzing esterase 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

80 INO1 
Inositol-3-phosphate 

synthase 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

81 IPK1 
Inositol pentakisphosphate 

2-kinase 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

82 KAP104 Importin subunit beta-2 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
302 

83 KAP123 Importin subunit beta-4 
Affinity 

Capture-MS 
Physical 

Low 

Throughput 
308 

84 KCS1 
Inositol polyphosphate 

kinase 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

85 KIN2 
Serine/threonine protein 

kinase 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

86 KRR1 
KRR1 small subunit 

processome component 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
297 

87 KSP1 
Putative serine/threonine 

protein kinase 

Biochemical 

Activity  
Physical 

High 

Throughput 
309 

88 LAS1 Protein LAS1 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
310 

89 LAT1 

Dihydrolipoyllysine-residue 

acetyltransferase 

component of pyruvate 

dehydrogenase complex, 

mitochondrial 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

90 MAE1 

Malate dehydrogenase 

(oxaloacetate-

decarboxylating) 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

91 MIC60 
MICOS complex subunit 

MIC60 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
267 

92 MIR1 
Mitochondrial phosphate 

carrier protein 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

Synthetic 

Lethality 
Genetic 
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93 MLP2 Protein MLP2 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
300 

94 MMM1 
ERMES complex subunit 

MMM1 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
311 

95 MMS2 
E2 ubiquitin-conjugating 

protein MMS2 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

96 MPS3 
Spindle pole body assembly 

component MPS3 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
312 

97 MSS51 
Mitochondrial splicing 

suppressor protein 51 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

98 NAM7 
ATP-dependent RNA 

helicase 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

99 NDE1 

NADH-ubiquinone 

reductase (H(+)-

translocating) 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

100 NDE2 

NADH-ubiquinone 

reductase (H(+)-

translocating) 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

101 NOG2 Putative GTPase NOG2 
Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

102 NSG1 

Neuronal vesicle 

trafficking-associated 

protein 1 

Protein-

Fragment 

Complementa

tion  Assay 

Physical 
High 

Throughput 
313 

103 NUC1 Mitochondrial nuclease 
Affinity 

Capture-MS 
Physical 

Low 

Throughput 
314 

104 OM14 
Mitochondrial outer 

membrane protein OM14 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
315 

105 ORC1 
Origin recognition complex 

subunit 1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
316 

106 OTU1 Ubiquitin thioesterase 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
317 

107 OXA1 
Mitochondrial inner 

membrane protein OXA1 

Synthetic 

Lethality 
Genetic 

Low 

Throughput 
318 

108 PAM16 

Mitochondrial import inner 

membrane translocase 

subunit TIM16 

Affinity 

Capture-

Western 

Physical 
Low 

Throughput 
76 

109 PBP1 PAB1-binding protein 1 
Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

110 PDB1 

Pyruvate dehydrogenase E1 

component subunit beta, 

mitochondrial 

Positive 

Genetic 
Genetic 

High 

Throughput 
226 

111 PGS1 

CDP-diacylglycerol--

glycerol-3-phosphate 3-

phosphatidyltransferase 

Synthetic 

Lethality 
Genetic 

Low 

Throughput 
319 

112 PHB1 Prohibitin-1 
Synthetic 

Lethality 
Genetic 

Low 

Throughput 
289 

113 PHB2 Prohibitin-2 
Synthetic 

Lethality 
Genetic 

Low 

Throughput 
289 
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Positive 

Genetic 

High 

Throughput 
292 

114 PHO88 
SRP-independent targeting 

protein 3 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
299 

115 PIC2 
Mitochondrial phosphate 

carrier protein 2 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

116 PMP1 
Plasma membrane ATPase 

proteolipid 1 

Affinity 

Capture-RNA 
Physical 

High 

Throughput 
320 

117 PMR1 
Ca(2+)/Mn(2+)-

transporting P-type ATPase 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
321 

118 POC4 Proteasome chaperone 4 
Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

119 POR1 
Mitochondrial outer 

membrane protein porin 1 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

120 PPT2 
Lysosomal thioesterase 

PPT2 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

121 PRT1 

Eukaryotic translation 

initiation factor 3 subunit 

B, eIF3b 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

122 PSD1 
Phosphatidylserine 

decarboxylase 1 

Synthetic 

Growth 

Defect 

Genetic 
Low 

Throughput 
318 

123 PSP2 Protein PSP2 
Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

124 PUF3 
mRNA-binding protein 

PUF3 

Affinity 

Capture-RNA 
Physical 

High 

Throughput 
278,322,323 

125 QCR10 
Ubiquinol-cytochrome-c 

reductase subunit 10 

Affinity 

Capture-MS 

Physical 
Low 

Throughput 

86 

Affinity 

Capture-

Western 

290 

126 QCR2 
Cytochrome b-c1 complex 

subunit 2, mitochondrial 

Affinity 

Capture-MS 

Physical 
Low 

Throughput 

86 

Affinity 

Capture-

Western 

76,86,287 

127 QCR7 
Ubiquinol-cytochrome-c 

reductase subunit 7 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

128 RCF1 
Respiratory supercomplex 

factor 1, mitochondrial 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 

291 

Affinity 

Capture-

Western 

Physical 276 

Synthetic 

Growth 

Defect 

Genetic 291 

129 REB1 
DNA-binding protein 

REB1 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

130 REI1 
Cytoplasmic 60S subunit 

biogenesis factor REI1 

Synthetic 

Rescue 
Genetic 

Low 

Throughput 
289 
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131 RET1 
DNA-directed RNA 

polymerase III core subunit 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
324 

132 RGI1 
Respiratory growth induced 

protein 1 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

133 RIP1 

Ubiquinol-cytochrome- 

c reductase catalytic 

subunit 

Affinity 

Capture-MS 

Physical 
Low 

Throughput 
86 Affinity 

Capture-

Western 

134 RPD3 Histone deacetylase 

Synthetic 

Rescue 
Genetic 

Low 

Throughput 

289 

Dosage 

Rescue 
284 

135 RPL16A 
Ribosomal 60S subunit 

protein L16A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
325 

136 RPL26A 
Ribosomal 60S subunit 

protein L26A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

137 RPL31A 
Ribosomal 60S subunit 

protein L31A 

Synthetic 

Rescue 
Genetic 

Low 

Throughput 
326 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
289 

138 RPL38 
Ribosomal 60S subunit 

protein L38 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

139 RPL40A 

Ubiquitin-ribosomal 60S 

subunit protein L40A 

fusion protein 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

140 RPL40B 

Ubiquitin-ribosomal 60S 

subunit protein L40B 

fusion protein 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

141 RPL43A 
Ribosomal 60S subunit 

protein L43A 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

142 RPL6B 
Ribosomal 60S subunit 

protein L6B 

Synthetic 

Rescue 
Genetic 

Low 

Throughput 
289 

143 RPN1 
Proteasome regulatory 

particle base subunit RPN1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
327 

144 RPN10 

Proteasome regulatory 

particle base subunit 

RPN10 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
327 

145 RPN11 
Proteasome regulatory 

particle lid subunit RPN11 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
328 

146 RPO21 

DNA-directed RNA 

polymerase II core subunit 

RPO21 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
329 

147 RPP0 
60S acidic ribosomal 

protein P0 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

148 RPS10A 
Ribosomal 40S subunit 

protein S10A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

149 RPS12 
Ribosomal 40S subunit 

protein S12 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 
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150 RPS13 
Ribosomal 40S subunit 

protein S13 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

151 RPS14A 
Ribosomal 40S subunit 

protein S14A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

152 RPS15 
Ribosomal 40S subunit 

protein S15 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

153 RPS19A 
Ribosomal 40S subunit 

protein S19A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

154 RPS19B 
Ribosomal 40S subunit 

protein S19B 

Negative 

Genetic 
Genetic 

High 

Throughput 
292 

155 RPS2 
Ribosomal 40S subunit 

protein S2 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

156 RPS22A 
Ribosomal 40S subunit 

protein S22A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

157 RPS27A 
Ribosomal 40S subunit 

protein S27A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

158 RPS3 
Ribosomal 40S subunit 

protein S3 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

159 RPS30B 
Ribosomal 40S subunit 

protein S30B 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

160 RPS6A 
Ribosomal 40S subunit 

protein S6A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

161 RPS6B 
Ribosomal 40S subunit 

protein S6B 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

162 RPS8A 
Ribosomal 40S subunit 

protein S8A 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
326 

163 RPT5 
Proteasome regulatory 

particle base subunit RPT5 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
327 

164 RVB1 RuvB-like protein 1 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
330 

165 SAF1 
SCF ubiquitin ligase 

complex subunit SAF1 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

166 SAL1 
Ca(2+)-binding ATP:ADP 

antiporter SAL1 

Dosage 

Rescue 

Genetic 
Low 

Throughput 

272 

Phenotypic 

Enhancement 
331 

Synthetic 

Lethality 
331 

167 SAM50 
SAM complex subunit 

SAM50 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
332 

168 SBP1 RuvB-like protein 1 
Affinity 

Capture-RNA 
Physical 

High 

Throughput 
294 

169 SCH9 
Serine/threonine protein 

kinase SCH9 

Synthetic 

Rescue 
Genetic 

Low 

Throughput 
289 

170 SCO2 
Protein SCO2, 

mitochondrial 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

171 SCS3 
Acyl-coenzyme A 

diphosphatase SCS3 

Protein-

Fragment 

Complementa

tion Assay 

Physical 
High 

Throughput 
333 
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172 SDH2 

Succinate dehydrogenase 

iron-sulfur protein subunit 

SDH2 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
86 

173 SEC22 
Protein transport protein 

SEC22 

Protein-

Fragment 

Complementa

tion  Assay 

Physical 
High 

Throughput 
313 

174 SEC27 Coatomer subunit beta' 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
302 

175 SEC63 
Protein-transporting protein 

SEC63 
Two-hybrid Physical 

High 

Throughput 
334 

176 SGS1 
ATP-dependent DNA 

helicase SGS1 

Synthetic 

Lethality 
Genetic 

High 

Throughput 
335 

177 SIS1 
Type II HSP40 co-

chaperone SIS1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
336 

178 SKP1 
Ubiquitin ligase subunit 

SKP1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
337 

179 SNR3 Small Nucleolar RNA 
Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

180 SOL3 
6-phosphogluconolactonase 

SOL3 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

181 SSA1 
Hsp70 family ATPase 

SSA1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
338,339 

182 SSB1 
Hsp70 family ATPase 

SSB1 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

183 SSB2 
Hsp70 family ATPase 

SSB2 

Co-

purification 
Physical 

High 

Throughput 
340 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

184 SSC1 
Hsp70 family ATPase 

SSC1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
341 

185 SSY5 
SPS-sensor serine protease 

component SSY5 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

186 SUP35 
Translation termination 

factor GTPase eRF3 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
342 

187 SWI3 Transcriptional factor SWI5 
Negative 

Genetic 
Genetic 

High 

Throughput 
292 

188 TAZ1 Tafazzin 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

189 TCP1 

Chaperonin-containing T-

complex alpha subunit 

TCP1 

Synthetic 

Lethality 
Genetic 

Low 

Throughput 
282 

190 TFC6 
Transcription factor TFIIIC 

subunit TFC6 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
324 

191 THI7 Thiamine transporter 
Positive 

Genetic 
Genetic 

High 

Throughput 
226 

192 THR4 Threonine synthase THR4 
Negative 

Genetic 
Genetic 

High 

Throughput 
226 

193 TIF3 
Eukaryotic translation 

initiation factor 4B, eIF-4B 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 
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194 TIF4632 

Eukaryotic initiation factor 

4F subunit p130, eIF-4F 

p130 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

195 TIM17 

Mitochondrial import inner 

membrane translocase 

subunit TIM17 

Affinity 

Capture-

Western 

Physical 
Low 

Throughput 
76 

196 TIM22 

Mitochondrial import inner 

membrane translocase 

subunit TIM22 

Dosage 

Growth 

Defect 

Genetic 
Low 

Throughput 
343 

197 TIM23 

Mitochondrial import inner 

membrane translocase 

subunit TIM23 

Affinity 

Capture-MS 

Physical 

High 

Throughput 
344 

Affinity 

Capture-

Western 

Low 

Throughput 
76,287,344 

Reconstituted 

Complex 

Low 

Throughput 
344 

198 TIM44 

Mitochondrial import inner 

membrane translocase 

subunit TIM44 

Affinity 

Capture-

Western 

Physical 
Low 

Throughput 
76 

199 TIM50 

Mitochondrial import inner 

membrane translocase 

subunit TIM50 

Affinity 

Capture-

Western 

Physical 
Low 

Throughput 
76 

200 TMA108 Protein TMA108 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
325 

201 TMA19 

Translationally-controlled 

tumor protein homolog, 

TCTP 

Synthetic 

Rescue 
Genetic 

Low 

Throughput 
289 

202 TMA46 
Translation machinery-

associated protein 46 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
325 

203 TMA7 
Translation machinery-

associated protein 7 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

204 TOD6 
Transcriptional regulatory 

protein TOD6 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

205 TOM1 
E3 ubiquitin-protein ligase 

TOM1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
345 

206 TOM22 
Mitochondrial import 

receptor subunit TOM22 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
346 

207 TOR1 

Phosphatidylinositol 

kinase-related protein 

kinase TOR1 

Synthetic 

Rescue 
Genetic 

Low 

Throughput 
289 

208 TRM11 
tRNA (guanine(10)-N2)-

methyltransferase 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

209 TRM8 
tRNA (guanine-N(7)-)-

methyltransferase 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

210 UBC 
Ubiquitin C (Homo 

sapiens) 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
347 

211 UBP3 
mRNA-binding ubiquitin-

specific protease UBP3 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
279 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 
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212 UMP1 
Proteasome maturation 

factor UMP1 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

213 URA1 
Dihydroorotate 

dehydrogenase 

Negative 

Genetic 
Genetic 

High 

Throughput 
226 

214 URN1 
Pre-mRNA-splicing factor 

URN1 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
274 

215 UTP10 
U3 small nucleolar RNA-

associated protein 10 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
297 

216 VAM6 
Vacuolar morphogenesis 

protein 6 

Affinity 

Capture-MS 
Physical 

Low 

Throughput 
348 

217 VID30 

Glucose-induced 

degradation complex 

subunit VID30 

Affinity 

Capture-MS 
Physical 

High 

Throughput 
349 

218 
YEL057

C 

Uncharacterized protein 

YEL057C 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

219 YME1 i-AAA protease YME1 

Synthetic 

Lethality 
Genetic 

Low 

Throughput 

318 

Dosage 

Rescue 
289,318,350 

220 
YMR074

C 

Uncharacterized protein 

YMR074C 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

221 
YOL098

C 

Uncharacterized protein 

YOL098C 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

222 
YPR022

C 

Zinc finger protein 

YPR022C 

Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 

223 YPT7 GTP-binding protein YPT7 
Affinity 

Capture-MS 
Physical 

High 

Throughput 
351 

224 ZUO1 Zuotin 
Dosage 

Rescue 
Genetic 

Low 

Throughput 
284 
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Chapter 4: Electrostatic potential surfaces of Ccp1, Pet9, and FECH and 

computational analysis of their docking   

 

4.1. Preface 

The production and analysis of the data, text writing, and text revision were performed by Alan 

de Aguiar Lopes. The text was edited by Dr. Ann English. 

 

4.2. Abstract 

Cytochrome c peroxidase (Ccp1) is a heme protein with antioxidant and heme trafficking functions 

in yeast. Ccp1 is nuclear encoded as a precursor, preCcp1, that is transported to mitochondria where 

it receives heme as part of its maturation. The mature protein is released into the intermembrane 

space (IMS) by rhomboid protease Pcp1. Building on the results of Chapter 3, the aim of this study 

is to model possible interaction between FECH, Pet9 and Ccp1 in its preCcp1, intermediate 

(iCcp1), and holo forms (holoCcp1). Models of preCcp1 and iCcp1 were constructed before protein 

docking. The docking analysis reveals electrostatic and topographic complementarity at the 

protein-protein interfaces in the model ternary Ccp1-Pet9-FECH complexes. Furthermore, 

holoCcp1 binds to a larger surface on the C-side of C-state Pet9 than its immature forms, while 

FECH binds to the M-side of the transporter. The heme binding sites are separated by 23-25 Å in 

the iCcp1 and holoCcp1 ternary complexes and the pathways between them are largely positively 

charged, suggesting that heme transport probably occurs via electrostatic channelling.  

 

4.3. Introduction  

The final step in heme biosynthesis is the insertion of ferrous ions (Fe2+) into the centre of 

protoporphyrin IX by ferrochelatase (FECH) (Section 1.2.1).10 Many proteins and enzymes require 

heme (Section 1.1) but no known heme acceptors from FECH have been documented. Anaerobic 

yeast cells produce heme when exposed to oxygen and apoCcp1 receives heme immediately since 

it is present in the mitochondria of anaerobic cells.66 Thus, Ccp1 is a candidate FECH client except 

that the two proteins are located on different sides of the inner mitochondrial membrane. In 
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Chapter 3, we identified Pet9, an ADP/ATP carrier across the inner membrane and transporter of 

heme precursors,87 as well as FECH as interactors of apoCcp1 in 1-day yeast. We hypothesized 

that Pet9 actually transports heme from FECH in the mitochondrial matrix to apoCcp1 in the 

intermembrane space (IMS).   

Mature S. cerevisiae Ccp1 is a monomeric protein of 34 kDa.57 Its heme binding site (HBS) 

is close to the centre of the protein where H175 coordinates to the heme iron (Figure 4.1A,B).57 

Pet9 is a 31-kDa monomer (Figure 4.1C,D,E)74ï76 with defined M- and C-sides that face the matrix 

and the intermembrane space, respectively.73 Its HBS is located near the M-side where K38 and 

R294 interact with the heme.87 FECH is a homodimer352 of 40-kDa monomers48 with amphipathic 

helices that attach it to the matrix side of the inner membrane (Figure 4.1F).50 The HBS is centered 

in each monomer near these helices (Figure 4.1G) and H235 binds the FeII that is inserted into the 

porphyrin core.201    

Immature preCcp1 is produced in the cytosol and is transported to the mitochondria by its 

68-residue mitochondrial-targeting sequence (MTS).67 The MTS is threaded through the inner 

mitochondrial membrane, where it undergoes bipartite processing.170 First, the m-AAA protease 

cleaves the MTS between A29 and A30 in its alanine-rich sequence (Figure 4.2), then the 

intermediate form, iCcp1, moves to the mitochondrial cristae for cleavage between S67 and T68 

by the protease, Pcp1 353 (Figure 4.2),69 and mature holoCcp1 is released into the IMS. The order 

of Pcp1 proteolysis and heme insertion is unknown but we do know that mature apoCcp1, which 

is conformationally labile and susceptible to proteolysis,68ï70,170,353 readily exits the mitochondria.70 

Hence, we hypothesized that heme is inserted into iCcp1 tethered to the mitochondrial cristae by 

its residual 39-residue MTS followed by Pcp1 release of mature holoCcp1 into the IMS. Since Pet9 

also resides in the cristae,73 this scenario for Ccp1 maturation supports a role for the transporter in 

heme transfer from FECH to iCcp1. Alternatively, Pet9 may transfer heme to mature apoCcp1, 

which is retained at the inner membrane by association with Pet9.  

In Chapter 3, we briefly examined a model of the apoCcp1-Pet9-FECH ternary complex 

(Figure 3.4). In this chapter we examine Ccp1-Pet9-FECH complexation as a function of Ccp1 

maturation. Specifically, Pet9 complexed with preCcp1, iCcp1, and mature holoCcp1 was  
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Figure 4.1. Ribbon structures of holoCcp1, Pet9, and FECH. (A,B) HoloCcp1 structure (PDB ID 1ZBY) showing the 

FeIII  heme (cyan sticks) and its proximal ligand H175 (red sticks). Pose A is rotated by 180° to give pose B. Pet9 

monomer (PDB ID: 4C9G) viewed from its (C) M-side, (D) transmembrane helices, and (E) C-side. K38 and R294 

(green sticks) are in the heme binding site (HBS). FECH structure (PDB ID: 1LBQ) in its dimeric (F) and monomer 

(G) forms. H235 (red sticks) is in the HBS and the amphipathic helices (yellow) attach FECH to the matrix side of the 

inner membrane. PyMOL (Version 2.3.2. Schrödinger LLC) was used to visualize the protein models. 
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investigated, which necessitated the building of preCcp1 and iCcp1 structural models using 

homology modelling.   

 Obtaining experimental structures of protein complexes from x-ray crystallography and/or 

NMR spectroscopy is technically challenging.354,355 Hence, protein docking is widely used to 

examine a proposed protein complex,355 including not only how the targeted molecules could 

physically associate,356 but also how substrates could channel between them. Published examples 

include heme trafficking between Staphylococcus aureus IsdB and IsdA,22 dihydrofolic acid 

transfer between human dihydrofolate reductase and thymidylate synthase,357 and iron donation 

from S. cerevisiae Yfh1 to Isu1.358 Overall, the structures and the electrostatic surfaces of the 

resultant complexes reveal that Ccp1 maturation potentially impacts its association with Pet9 and 

hence heme transfer.  

 

4.4. Computational Methods 

4.4.1. Protein structures analyzed 

A high-resolution (1.20 Å) crystal structure of native, resting, mature holoCcp1 (PDB ID: 1ZBY)200 

with FeIII  heme was selected as the product formed on heme transfer to the apoprotein. The structure 

of C-state Pet9 (PDB ID: 4C9G)75 was selected to examine the binding of Ccp1 to the transporter 

with its C-side open (Figure 1.3A-C). The FECH structure is that of the active homodimer (PDB 

ID: 1LBQ).201 The coordinates were downloaded as pdb files from the RCSB Protein Data Bank 

(https://www.rcsb.org/),202 and used 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 Ccp1-Pet9 and Pet9-FECH was performed as outlined in Section 3.4.8. Briefly, the 

PDB files for Ccp1 and Pet9 (C-state) were submitted for rigid docking analysis to the PatchDock 

(Beta 1.3 Version) server (https://bioinfo3d.cs.tau.ac.il/PatchDock/),204,359 while those of Pet9 (C-

state) and FECH were submitted for flexible docking to the SwarmDock (Version 15.04.01) server 

(https://bmm.crick.ac.uk/~svc-bmm-swarmdock/)209ï211 to allow conformational change, 
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particularly in C-state Pet9, during complex formation. The Pet9 PDB file was uploaded as receptor 

and Ccp1 and FECH were uploaded as ligands.  

Docking in PatchDock employed the default Clustering RMSD of 4 Å (this number 

specifies the radius of the RMSD clustering to remove redundant structures) and no Complex Type 

was defined. The docking poses output from PatchDock were refined by FireDock 

(http://bioinfo3d.cs.tau.ac.il/FireDock/)206,207 if they ranked among the top 20 poses based on 

geometric shape complementarity and if the protein-protein interface respected the partners' 

location relative to the inner membrane. For example, Ccp1 is expect to access only the C-side of 

Pet9 and not its M-side or transmembrane regions (Figure 4.1D-F).  

Pet9-FECH were docked by SwarmDock in flexible protein-protein docking mode with 

targeted protein interface sequences identified as the docking sites. The selected sequences A-D 

were:  

Pet9, A: EMLKQGTLNRLYAGILDCFKRTATQ  

Pet9, B: QFDVYKKTLKS 

Pet9, C: MMTSGQANCLRKIVAA  

FECH, D: SLVEETYDFLYQLFADNDLIPISAKYQKTIAKYIAKYIAKFRTPKIEKQ   

These sequences were chosen because they correspond to regions of Pet9 and FECH that 

are close to the matrix side of the inner membrane,10,50,73 where these proteins likely interact.10 The 

docked models were visualized in PyMOL (Version 2.3.2., Schrödinger LLC), which also was used 

to overlay Pet9 in the Ccp1-Pet9 and Pet9-FECH binary complexes to generate models of the Ccp1-

Pet9-FECH ternary complexes.   

Electrostatic potential energy surfaces were mapped using the PyMOL APBS GUI 

Plugin.212 The PDB files were converted to the PQR format, which includes force-field derived 

partial atomic charges and atomic radii in addition to the PDB structural data. PQR files for Ccp1, 

Pet9, FECH, and the Ccp1-Pet9-FECH models were prepared by the PDB2PQR Server 213 

(https://server.poissonboltzmann.org/) using the CHARMM27 force field. PROPKA360 predicted 

the pKa values and hence the charges of the ionizable groups in the proteins at pH 7.0. 
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4.4.3. Generation of the preCcp1 and iCcp1 structures by protein threading 

Structural analysis of the Ccp1-Pet9-FECH complex with the immature forms of the peroxidase, 

preCcp1 and iCcp1, should shed light on the heme transfer from FECH to Ccp1. Although preCcp1 

processing has been described in a number of reports,68,170,353,361 no structures or models of preCcp1 

or iCcp1 have been deposited in the PDB. Thus, we used protein threading to acquire models of 

these forms employing the I-TASSER server (https://zhanglab.ccmb.med.umich.edu/I-

TASSER/).362ï364 Unlike protein homology modeling, protein threading is used when the PDB 

contains no homologous protein structures.365 The sequence of S. cerevisiae (SC288 strain) 

preCcp1 was retrieved from the UniProt databank (www.uniprot.org, Figure 4.2)366 and submitted 

to I-TASSER. Models with the highest I-TASSER confidence scores (C-scores), calculated based 

on similarity between the predicted models and structural analogs in the PDB,362 were considered 

for protein docking. PQR files of the selected models were prepared, and electrostatic potential 

energy surfaces were visualized as described in Section 4.4.2.  

The first step in protein threading is the construction of a database of suitable template 

structures. Consensus templates for preCcp1 and iCcp1 were selected from the PDB by LOMETS 

(Local Meta-Threading Server), a constituent of the I-TASSER server, based on the best results 

from 10 threading programs.362ï364,367,368 These represent the best protein templates for building 

models of preCcp1 and iCcp1 and are listed in Table 4.1.      

 

4.5. Results  

 4.5.1. PreCcp1 and iCcp1 models  

The preCcp1 sequence (Figure 4.2) was submitted to I-TASSER (Job ID S47052). The five models 

with the highest C-scores were considered and the model ranked fourth was chosen (Figure 4.4A). 

In the case of iCcp1 sequence (Figure 4.2), the third ranked model (Job ID S533649) was selected 

(Figure 4.4B).   
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Figure 4.2. Protein sequence of preCcp1 and iCcp1. The N-terminal mitochondrial targeting sequence (MTS) of Ccp1 

is composed of 68 residues.70 The bold black and red fonts mark the cleavage sites of the m-AAA (A29-A30) and 

rhomboid Pcp1 proteases (S67-T68) that give iCcp1 and mature Ccp1, respectively. The transmembrane sequence 

(S19-Q41) is underlined. The preCcp1 sequence (Accession number P00431) was retrieved from the UniProt website 

(www.uniprot.org).  

 

Protein threading assigns 47% alpha helix to the 68-residue MTS of preCcp1, including the 

m-AAA and Pcp1 cleavage sites, and 53% coils (Figure 4.3A). Kaput et al. (1982) predicted that 

the MTS formed alpha helices, beta sheets, and beta turns,67 with the transmembrane sequence S19-

Q41 exclusively alpha helical.67 However, the threading results suggest that this sequence has both 

helical and coiled structure. The remaining 39-residue MTS of iCcp1 is 33.3% alpha helix and 

66.7% coils (Figure 4.3B). The low solvent accessibility values (0-4) of the MTS residues 

(Figure 4.3) predict that these residues are largely buried, consistent with translocation of MTS 

within the m-AAA  protease during its cleavage.69,369 

  

http://www.uniprot.org/
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Table 4.1. The ten threading templates selected for preCcp1 and iCcp1 modelling    

Rank a PDB ID b Description c 

preCcp1 

1 2cepA Cytochrome c peroxidase compound II (S. cerevisiae) 

2 1cyfA Cytochrome c peroxidase (S. cerevisiae) 

3 1cyfA Cytochrome c peroxidase (S. cerevisiae) 

4 2cep Cytochrome c peroxidase compound II (S. cerevisiae) 

5 1itkA Catalase-peroxidase (Haloarcula marismortui) 

6 1a2fA Cytochrome c peroxidase (S. cerevisiae) 

7 1itkA Catalase-peroxidase (Haloarcula marismortui) 

8 3e2oA Cytochrome c peroxidase N184R (S. cerevisiae) 

9 2cepA Cytochrome c peroxidase compound II (S. cerevisiae) 

10 1jdrA Cytochrome c peroxidase (S. cerevisiae) 

iCcp1 

1 2cepA Cytochrome c peroxidase compound II (S. cerevisiae) 

2 1cyfA Cytochrome c peroxidase (S. cerevisiae) 

3 1cyfA Cytochrome c peroxidase (S. cerevisiae) 

4 2cep Cytochrome c peroxidase compound II (S. cerevisiae) 

5 1itkA Catalase-peroxidase (Haloarcula marismortui) 

6 1a2fA Cytochrome c peroxidase (S. cerevisiae) 

7 1itkA Catalase-peroxidase (Haloarcula marismortui) 

8 5jhxA Fungal MagKatG2 (Pyricularia oryzae) 

9 1jdrA Cytochrome c peroxidase (S. cerevisiae) 

10 5whqA Cytosolic catalase-peroxidase, CAT-2 (Neurospora crassa) 

a Rank determined by the I-TASSER server using LOMETS (Local Meta-Threading Server), a meta-server threading 

described in Section 4.5.1. 

 b ID and c name of the proteins from the PDB (https://www.rcsb.org/), which was accessed on 21 April 2021.  

 

https://www.rcsb.org/
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Figure 4.3. The predicted secondary structure and solvent accessibility of the MTS of preCcp1 and iCcp1. The 

secondary structures (H, helix; C, coil) and solvent accessibility of (A) preCcp1 and (B) iCcp1 were calculated using 

the PSIPRED (PSI-blast based secondary structure PREDiction)370 and MUSTER (MUlti-Source ThreadER)371 

programs, respectively, via the I-TASSER server (https://zhanglab.ccmb.med.umich.edu/I-TASSER/).362 The solvent 

accessibility values range from 0 (buried residue) to 9 (highly solvent-exposed residue).362 The cleavage sites of the 

m-AAA (A29-A30) and rhomboid Pcp1 proteases (S67-T68) are marked in bold black and red font, respectively. The 

transmembrane sequence (S19-Q41) of preCcp1 is underlined. 

 

The abundance of nonpolar aliphatic Ala, Gly, and Leu residues (Table 4.2) underscores 

the hydrophobic nature of the MTS of preCcp1 and iCcp1. These sequences anchor the immature 

proteins to the membrane and prevent apoforms from escaping from the mitochondria.62,70 

Aliphatic and aromatic residues are important in stabilizing transmembrane regions of proteins372 

but the MTS can still be translocated by m-AAA 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 (Figure 4.2).  

Moreover, the MTS possess an abundance of residues (Gly, Ser, Ala) that are high on the 

conformational flexibility scale:373,374 Gly > Ser > Asp, Asn, Ala > Thr, Leu > Phe, Glu, Gln > His, 

Arg > Lys > Val > Ile > Pro. 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 Ccp1, as observed for rat malate dehydrogenase maturation,375 but also in the interaction 

between Ccp1 and Pet9. The preCcp1 and iCcp1 models (Figure 4.4) show elongated MTS 

https://zhanglab.ccmb.med.umich.edu/I-TASSER/
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comprised mainly of coils and alpha helices. Considering the length of a single amino acid (4 Å),376 

the MTS of preCcp1 is 272 Å and that of iCcp1 is 156 Å. The thickness of the inner membrane is 

60ï80 Å377 so it can accommodate the 88-Å transmembrane sequence (S19-Q41, Figure 4.3), 

bearing in mind that this sequence contains helical structure (Figure 4.3 and 4.4). The full MTS is 

3-fold longer than its transmembrane sequence to enable its processing69,369 which involves ATP-

dependent presentation of the first cleavage site (A29-A30) (Figure 4.4) to the m-AAA  protease 

within the inner membrane.69 Moreover, this translocation of MTS by m-AAA pulls S67-T68 

(Figure 4.4) into the inner membrane for cleavage by Pcp1.69 Finally, we note that residues T68-

L293 of both preCcp1 and iCcp1 adopt the experimental structure of mature holoCcp1, which is 

composed of coils, alpha helices, and beta sheets (Figure 4.1A-B). 

 

Table 4.2. The amino acid distribution of the mitochondrial targeting sequence (MTS) of preCcp1 and iCcp1 a, b 

Description 
Single-letter 

description 

Number of residues / Percentage of the sequence (%) c 

preCcp1 iCcp1 

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 

a The amino acid distribution of preCcp1 and iCcp1 MTS was obtained using the program ProtParam from Expasy 

(https://web.expasy.org/protparam/).152 b The MTS sequence from the UniProt website (https://www.uniprot.org/, ID  

P00431).  

c The numbers of residues of each type and their percentages are based on a 68- and 39-residue MTS for preCcp1 and 

iCcp1, respectively.  

https://web.expasy.org/protparam/
https://www.uniprot.org/
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Figure 4.4. Structural models of the apoforms of (A) preCcp1 and (B) iCcp1. H242 (preCcp1) and H213 (iCcp1), 

which are shown as red sticks, identify the heme binding site (HBS) and correspond to the proximal H175 of mature 

holoCcp1 (Figure 4.1A). The 68-residue N-terminal mitochondrial targeting sequence (MTS, yellow ribbon) in 

preCcp1 is cleaved at A29-A30 (black ribbon) to give the 39-residue MTS of iCcp1 (Figure 4.2), which is subsequently 

cleaved at S67-T68 (blue ribbon) to give mature Ccp1. Protein structures were generated by I-TASSER (Section 4.4.3).  
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4.5.2. Docking of preCcp1, iCcp1, and holoCcp1 to Pet9  

Models of preCcp1, iCcp1, and holoCcp1 with Pet9 were generated by PatchDock and FireDock. 

Poses 8, 7, and 5, respectively, were selected because they show Ccp1 interacting with the C-side 

of Pet9. In other poses, Ccp1 interacts with the M-side and transmembrane helices of the 

transporter, which is highly unlikely given Ccp1ôs localization in the IMS.  

  

   

Figure 4.5. Models of the binary complexes of Pet9 with the immature and mature forms of Ccp1. The complex of 

(A) preCcp1 (pose 8), (B) iCcp1 (pose 7), and (C) holoCcp1 (pose 5) with Pet9 (amber). The MTS (yellow) is shown 

in panels A and B and the heme (red sticks) in panel C for Ccp1 (green). These models were prepared and refined 

using PatchDock and FireDock, respectively, as outlined in Section 4.4.2.  

 

The mode of interaction of Ccp1with Pet9 varies with its maturation stage. In the preCcp1-

Pet9 complex (Figure 4.5A), the extended MTS adopts a conformation that could thread the inner 

membrane, and it interacts with the M-side of Pet9, whereas the sequence corresponding to the 

mature polypeptide approaches but does not interact with the C-side of Pet9. In the iCcp1-Pet9 

model, the truncated 39-residue MTS has moved away from Pet9, but the Pcp1 cleavage site 
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remains close to the transporter (Figure 4.5B). In fact, Michaelis et al. (2005) and Suppanz et al. 

(2009) proposed that the truncated MTS is probably attached weakly to the inner membrane since 

they found iCcp1 in the soluble fractions as well as in mitoplasts and membrane pellets obtained 

from isolated yeast mitochondria.68,353  The location of Ccp1ôs HBS relative to Pet9 also varies as 

the peroxidase matures. It is closest to the Pet9-Ccp1 interface in the holoCcp1 model (Figure 4.5C) 

and in the best position to receive heme from Pet9.  

 

4.5.3. Docking of Pet9 and FECH 

Models of the Pet9-FECH-dimer complex were obtained using SwarmDock in flexible mode. The 

FECH dimer interacted with the M-side of Pet9 in only three (7, 8, and 10) of the top ten poses. An 

examination of pose 8 (Figure 4.6A, B) shows the M-side of Pet9 bound between the amphipathic 

helices that attach 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 transfer. Thus, we focus here on ternary complexes with the FECH 

monomer. 

 

Figure 4.6. Models of the Pet9-FECH binary complexes. (A, B) Complex (pose 8) of Pet9 (amber) with the FECH 

dimer (blue, amphipathic helices yellow). The structure in panel A was rotated by 180° to give that in panel A. (C) 

Complex (pose 8) of Pet9 with the FECH monomer. Sequence A (magenta), B (red) and C (gray) of Pet9, and sequence 

D (green) of FECH (Section 4.4.2) are shown. These models were generated using SwarmDock in flexible mode as 

outlined in Section 4.4.2.  
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Figure 4.7. Models of the ternary complexes of (A) preCcp1, (B) iCcp1, and (C) holoCcp1 with the Pet9-FECH-

monomer. Ccp1 (green; heme red; MTS yellow), Pet9 (amber), and FECH monomer (blue) with its amphipathic helix 

in yellow. These models were prepared by aligning Pet9 in the Ccp1-Pet9 and Pet9-FECH-monomer binary complexes 

using PyMOL (Version 2.3.2., Schrödinger LLC).  

      


