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Abstract

The copper pool within the mitochondrial matrix is required for assembly and activity of
cytochrome c oxidase and a portion of copper/zinc superoxide dismutase. The mitochondrial
copper exists bound to an anionic, fluorescent molecule known as the copper ligand (CuL). The
CuL is imported into mammalian mitochondria through mitochondrial carrier family (MCF)
protein SLC25A3, while in Saccharomyces cerevisiae Pic2 mediates the translocation. SLC25A3
has promiscuity for phosphate and CuL, but yeast has dedicated MCFs to transport these two
substrates, Pic2 transports copper and Mirl transports phosphate. To better understand the
mechanism for substrate selection, we adopted phylogenetic approach to identify the critical
residues dictate the substrate specificity of MCF. We tested the identified candidates by site
directed mutations and expression of the mutants in Lactococcus lactis for copper and silver
uptake. In SLC25A3, we were able to demonstrate that transport specificity could be modulated
by mutating leucine 175 to alanine. The mutant transporter retained copper transporting capacity
but lost its ability to import phosphate. We speculated that mutating the leucine residue caused
changes in protein structure which most likely resulted in movement of residues with positive
charges used for substrate binding.

It is estimated that only 10%-20% of the mitochondrial copper is associated with
mitochondria-localized cupro-enzymes. To identify novel targets of which the mitochondrial
copper binds to, we performed synthetic genetic array in yeast and found a copper repressible
lysine auxotroph phenotype. ACO2 is a paralog of ACOL1 that is required in the de novo lysine
synthesis pathway. We observed that the lysine auxotroph of an aco2A yeast can be rescued by

copper if ACOL is present and intermediate rescue can be achieved by modulating the



transcriptional level of ACO1. We hypothesized the copper binds to Acol at a remote allosteric
site, changes the active site of the enzyme so that it can accommodate the larger substrate,
homoaconitate, thus bypassing the requirement for Aco2. We demonstrated the copper bound to

the mitochondrial aconitase and switched its substrate specificity.
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Chapter 1: Literature Review

From Vest, K.E., Zhu, X. and Cobine, P.A. (2019) “Copper disposition in yeast”, in Clinical and
Translational Perspectives on Wilson Disease, edited by Nanda Kerkar and Eve A. Roberts,
Academic Press, pp.115-126.

Introduction

Many of the paradigms for intracellular trafficking of copper have been established in
genetically tractable models. Yeasts have been a particularly attractive model organism. Yeasts
are fungi that grow as single cells and reproduce through budding or binary fission. Growth as a
single cell rather than in a hyphae form is a distinction between yeasts and fungi. However, it
should be noted that some fungi can alternate between the yeast and hyphal forms depending on
environmental conditions. Two well-studied unicellular models are the budding yeast,
Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pombe[1-3]. In this
chapter, S. cerevisiae is referred to budding yeast or yeast and any reference to S. pombe will be
specified as fission yeast. As we learn more about the regulation of copper including new targets,
transient binding to proteins to regulate activity and the role of small molecules in copper
homeostasis in multicellular organisms, these yeasts remain viable and important models.
Herein, the standard nomenclature will be used. For S. cerevisiae genes in all capitals with italics
(GENE) and sentence case with no italics for proteins (Protein), while in S. pombe, genes will be
lower case italics (gene). In all cases, the origin naming of the gene is included in parentheses.
Since membranes form the major barrier to the distribution of copper in all biological systems,
transporters play a key role in controlling the distribution of copper in the cell. Yeast has been
used to discover and investigate several of the conserved copper transporters, including Ctr1/2/3
(copper transporter 1/2/3), Ccc2 (cross-complements calcium phenotype of csgl), and Pic2

[Phosphate (Pi) carrier 2] (Figure 1.1). The yeast plasma membrane has both high- and low-



affinity transport systems that bring copper into the cell [2]. Once inside the cell, copper must
still make its way to targets without spurious interaction. This is facilitated by the copper
chaperones that distribute it to target enzymes using metal-assisted protein-protein interactions
[4]. These reactions proceed due to increasing affinity for copper in the target protein [5]. Copper
must be distributed to the secretory pathway for insertion into enzymes required for high-affinity
iron transport, to cytosolic targets for insertion into superoxide dismutase for protection against
oxidative stress, and to mitochondria to be assembled into the terminal electron accepting
complex in the energy-producing electron transport chain, cytochrome c¢ oxidase complex. The
requirement of a copper chaperone for superoxide dismutase (Ccsl) in yeast led to the
calculation of cytoplasmic “free” copper as being equal to zero [6]. However, the reason for an
absolute requirement for Ccsl in yeast appears to be structural requirement for the chaperone to
align copper-binding ligands in Sod1, which is the Cu/Zn superoxide dismutase important for
cytoprotection [7]. Yet, this calculation has driven many of the research directions in copper
homeostasis, with numerous investigations culminating in genetic and biochemical dissection of
the delivery of copper to each of the three major copper enzymes.

The classic Bafpap-folded copper chaperone Atx1 (antioxidant 1), which was first
described in yeast, delivers copper to the secretory pathway for the multicopper ferroxidase
(Fet3) (ferrous transport 3), while Ccsl is involved in both copper delivery and activation of
superoxide dismutase (Sodl) [8]. Cox17 (cytochrome c oxidase assembly 17), Scol (synthesis of
cytochrome c oxidase 1), and Cox11 (cytochrome c oxidase assembly 11) collaborate to facilitate
cytochrome c oxidase assembly in the intermembrane space of the mitochondrion. Rather than
recruiting copper directly from the cytoplasm, the mitochondrial copper chaperones obtain

copper from a bioavailable pool in the mitochondrial matrix. Accumulation of this matrix pool is
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dependent on the mitochondrial carrier family (MCF) protein Pic2. However, the exact identity
of the molecules responsible for the distribution of copper to mitochondria and of the transporter

that redistributes copper from the matrix to the intermembrane space is unknown.

Vacuole

Figure 1.1: Copper homeostasis in Saccharomyces cerevisiae.

Copper is transported in cuprous (Cu(l)) form after reduction by metalloreductases (Frel) by high- (Ctrl) and
low- (Fet4) affinity systems. Once in the cytosol, copper is delivered to superoxide dismutase (Sodl) by the
copper chaperone Ccsl; to the P-type ATPase Ccc2 by Atx1 for assembly of the multicopper oxidase Fet3; and
to the mitochondrion by an unknown mechanism. After translocation to the mitochondria, copper is
sequestered into the matrix pool by Pic2 and Mrs3, then it is made available in the intermembrane space for
Cox17-, Cox11-, and Scol-mediated assembly of cytochrome c oxidase. When copper reaches toxic levels, it
is bound by the metallothioneins Cupl and Crs5. Copper that is in the vacuole can be remobilized by the high
affinity transporter Ctr2. Regulation of a number of these targets is via direct copper-binding to the
transcription factors, Macl and Acel.
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Copper homeostasis in yeast diverges from mammalian copper homeostasis in two ways.

First, the metallothionein and high-affinity cytoplasmic membrane transporters are regulated

with unique transcription factors, Acel (activator of CUP1 expression 1) and Macl (metal

binding activator 1). These transcription factors directly bind copper to regulate transcription,

whereas in other eukaryotes expression of the metallothionein genes and cytoplasmic membrane

transporter (CTR) is controlled by a zinc-regulated transcription factor (MTF1) (metal regulatory

transcription factor 1)[9, 10]. Second, yeasts lack an export pathway. Instead of removing

cytoplasmic copper via export, yeast uses the vacuole as a storage pool that can be depleted by

cell division. Alternatively, the copper can be redistributed to the cytoplasm as needed by a

vacuolar specific transport system (Table 1.1).

Table 1.1: Major Copper Homeostasis Proteins in Yeast and the Mammalian Equivalent

Yeast Gene Function Name Origin Mammalian
Product Equivalent
Ctrl Plasma membrane transporter Copper transport SLC31A1
Ccc2 Trans-Golgi network Cross-complements ATP7A/ATP7B
transporter calcium phenotype of
csgl
Pic2 Mitochondrial inner membrane | Phosphate carrier SLC25A3
transporter
Fet3 Multicopper oxidase Ferrous transporter Ceruloplasmin
Frel Reduces ferric iron and cuprous | Ferric reductase
copper for uptake
COX Converts oxygen to water as a COX
terminal electron acceptor of
electron transport chain
Atx1 Delivery of copper to Ccc2 for | Antioxidant 1 ATOX1
Fet3
Scol Assembly of COX Synthesis of COX SCO1/2
Cox17 Assembly of COX COX assembly COX17
Cox11 Assembly of COX COX assembly COX11
Macl Controlling expression of Metal binding activator Fungal specific
copper uptake genes
Acel Controlling expression of Activator of CUP1 Fungal specific
copper detoxification expression
machinery
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Major copper enzymes of yeast

Three major enzymes require copper in yeast. The multicopper oxidase Fet3 converts
ferrous iron (Fe?*) to ferric iron (Fe3*) and is required for high-affinity iron transport in yeast
(Figure 1.2) [11]. The copper ions in Fet3 mediate the oxidation of the substrate and the
reduction of oxygen to water. For high-affinity iron transport to proceed, ferrous iron must be
oxidized to a ferric ion. Therefore, in the absence of Fet3 yeast cells require supplemental iron to
be added to the medium (Figure 1.3). Using this requirement, several other proteins have been
identified that participate in the activation of Fet3 including a chloride channel (Gef1) (glycerol,
ethanol, ferric requiring 1) and a potassium proton exchanger (Khal) [potassium (K), proton (H)
antiporter 1] that have roles in maintain the correct vesicular conditions where the pH and ion
compositions are optimal for the correct folding of the oxidase [12—14]. The ferroxidase family
can have multiple substrates, and in addition to oxidizing iron, Fet3 has been shown to oxidize
cuprous copper at the plasma membrane [15]. This has been suggested to be responsible for
copper stress phenotypes associated with overexpression of Fet3 [15]. A high level of Fet3
presumably induces of cycling of copper between Cu(l) and Cu(ll) states leading to lipid damage
and toxicity.

The Cu/Zn superoxide dismutase (Sod1) is a homodimeric free radical scavenging
enzyme that breaks down superoxide radicals to molecular oxygen and hydrogen peroxide via a
copper-mediated disproportionation reaction (Fig. 1.2). Sod1 is expressed predominantly in the
cytoplasm of yeast but is also found in the mitochondrial intermembrane space [16]. The
monomer structure consists of an eight-stranded beta-barrel that binds a copper ion and a zinc

ion that play both catalytic and structural roles [17]. Different yeast mutants with Sod1

13



deficiencies have phenotypes such as amino-acid auxotroph and reduced growth rate under
aerobic conditions (Fig. 1.3). Sod1 is very abundant in the cytoplasm and only a fraction of this
total protein is sufficient to protect against oxidative stress. The other major role this enzyme
plays is to form a conduit for the regulation of respiration in response to glucose and oxygen

levels via interaction with the casein kinase pathway [18].

(B)

Fet3 Sod1
Figure 1.2: Structures of yeast version of major cuproenzymes.
(A) Fet3 is a multicopper oxidase that has three repeated plastocyanin-like domains that position the four
copper ions (PDB: 1zpu). (B) Superoxide dismutase from yeast shown as a monomer with copper (blue) and

zinc (yellow) cofactors. The histidine residues coordinating the copper are shown in ball and stick (PDB:
1b4l).
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Cytochrome c oxidase (COX) is the final enzyme complex of the electron transport
chain; it accepts electrons from the soluble electron carrier cytochrome ¢ and donates them to
oxygen, reducing it to water. The process occurs in the inner membrane of mitochondria and
results in the translocation of protons that contribute to the formation of membrane potential
[19]. COX contains multiple cofactors (copper, heme, magnesium, and zinc) that are required for
its assembly and activity [20]. Cox1, Cox2, and Cox3 (cytochrome c oxidase 1/2/3) are the
catalytic core of the enzyme and are encoded by the mitochondrial genome. Cox1 and Cox2
subunits bind two heme a moieties and three copper ions. The heme a3 molecule is coordinated
to a copper ion to form the Cus center in Cox1, while Cox2 binds a mixed valence, binuclear
copper site (Cua). The Cus site is required for substrate binding, while Cua accepts electrons
from cytochrome c that are transferred to the Cus site and then to oxygen [21]. The catalytic core
of the COX is surrounded by nuclear-encoded structural subunits, which stabilize and may allow
for allosteric regulation of the holoenzyme. The assembly process, including cofactor insertion,
requires the action of at least 30 different accessory proteins [22]. Many of these assembly
factors have been identified by the inability of yeast to grow on nonfermentable carbon sources

when cytochrome ¢ oxidase is absent (Figure 1.3).
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Figure 1.3: Copper phenotypes in Saccharomyces cerevisiae.

Cartoon representation of the phenotypes that result from mutation of the gene encoding the major
cuproenzymes or their chaperones. Copper deficiency phenotypes can be revealed by deletion of the
transporters or the metalloreductases or the transcription factor controlling them. Individual mutants result in
phenotypes of (1) failure to support high affinity iron uptake, (2) inability to grow on nonfermentable carbon
sources due to loss of electron transport chain activity, and (3) oxidative stress and methionine and lysine
auxotrophy. Removal of the metallothioneins or the transcription factor controlling the expression of these
metallothineins results in copper toxicity due to loss of iron sulfur enzymes, mismetallation, and oxidative
damage.
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Membrane transport of copper

Ctrl (copper transporter 1) is a high-affinity copper transport protein in the plasma
membrane that is active as a trimer [23]. Each monomer has three transmembrane domains, with
methionine-rich MXM, MXXM, or MXXXM motifs (methionine motifs) in the extracellular
amino-terminal domain [24]. Ctrl transports copper in the cuprous form, so an extracellular
metalloreductase (Frel) is required to efficient copper transport [25, 26]. The Ctrl homotrimer
forms a pore lined by a methionine motif found in the second transmembrane domain [23, 27].
Copper first binds to the methionine motif on the extracellular domain and then is transferred to
the pore. A conserved histidine residue close to the exit side mediates the rate-limiting step of
transport, as evidence showed mutating this residue to an arginine significantly increase the Km
value for copper [28]. Once copper traverses the plasma membrane, it is bound to a
carboxyterminal CXC domain of Ctrl before being distributed to the cytosol. The CXC
containing domain has been shown to interact with and deliver copper to the chaperone Atx1 that
is required for transport to the trans-Golgi network [29].

Additional transport systems exist at the plasma membrane in yeast. CTR3 was
discovered in a genetic screen to identify suppressors of defects in yeast lacking CTR1.
Expression of CTR3 is naturally suppressed in some yeast strains due to the insertion of a
transposable element in the promoter region, but when expressed Ctr3 (copper transporter 3) can
carry out high-affinity copper transport. Ctr3 exists as a homotrimer but lacks the methionine
motifs found in Ctr1[30]. Yeasts also use a series of low-affinity copper transporters, Fet4
(ferrous transport 4) and Smf1 (suppressor of mitochondria import function 1) [31, 32]. A feature
that is conserved for both low and high-affinity transport is that Cu(l) is used specifically as a

substrate. Thus, cells need cell surface reductases or an exogenous reductant to uptake necessary
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copper [33].

CCC2 encodes a trans-Golgi P-type ATPase, that is the yeast homolog of the Wilson and
Menkes ATPases (ATP7A/B) [34, 35]. Like the other P-type ATPases, it has multiple domains
required for the translocation of copper. The channel is made up of eight transmembrane
domains and a cytosol domain required for ATP hydrolysis to and phosphorylation of a
conserved invariant aspartic acid residue to mediate the transfer of copper ion into the
downstream target, vesicular multicopper oxidase Fet3. In addition, Ccc2 has two amino-
terminal BapPap-folded CXXC metal-binding domains which serve to bind copper [36]. Though
partially dispensable, these domains serve as targets for the delivery of copper from the similarly
folded copper chaperone, Atx1. Electrostatic patches allow for specific interaction, and a shallow
thermodynamic gradient between the chaperon, Atx1, and Ccc2 drives copper transfer via a
ligand exchange mechanism to the ATPase and therefore into the secretory pathway [37, 38].
The sharing of ligands in the exposed copper-binding sites enhances the interaction between the
proteins, and this allows for transient interaction via relatively small interface made up of
charged and some hydrophobic residues [4].

Pic2 transports copper across the mitochondrial inner membrane into a matrix copper
pool that is required for metalation of cytochrome c oxidase and superoxide dismutase [39-41].
Pic2 is a member of the MCF: this family of transporters is responsible for the transport of
numerous metabolites into and out of the matrix [42]. Yeast strains with a deletion of PIC2 show
copper-dependent growth defects, and mitochondria from these cells have lower total
mitochondrial copper [41]. Importantly, Pic2 expressed in Lactococcus lactis was able to
transport copper [41]. The mitochondrial iron-transporting protein Mrs3 (mitochondrial RNA

splicing 3), also in the MCF, contributes to copper import into mitochondria [43]. However,
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since deletion of both PIC2 and Mrs3 in yeast did not eliminate copper accumulation in the
matrix, additional transport systems likely exist. Importantly, the insertion of the copper
cofactors into cytochrome ¢ oxidase and superoxide dismutase occurs in the intermembrane
space; thus, inner membrane localized carriers are required to move copper both into and out of
the mitochondrial matrix [39, 40]. Yet, no transporter has been identified for the export of copper
from the matrix to the intermembrane space.

Yeast lacks an export pathway for copper; the only equivalent of export is import into the
vacuole. Once copper is in the vacuole, it must exist as cuprous copper as a metalloreductase
(Fre6) (ferric reductase 6) is required for mobilization of copper into the cytosol via Ctr2 [44,
45]. Ctr2 (copper transporter 2) is a homolog of Ctrl, and deletion of CTR2 causes
hyperaccumulation of copper in the vacuole. The identification of Ctr2 as a copper transporter
was confirmed by mutation analysis that showed it can function as a high-affinity copper

transporter when localized to the plasma membrane [45].

Cytoplasmic copper chaperons

The requirement for copper chaperones in the cytoplasm to overcome spurious
inappropriate interactions was first suggested by the discovery of Atx1[46]. Atx1 (antioxidant 1)
is a non-catalytic copper-binding protein that interacts with the N-terminal domain of Ccc2.
During the interaction, copper is exchanged from the chaperone to the target. As shown in Figure
1.4, Atx1 has a stable Bafpap-folded protein with an exposed CXXC copper-binding unit [47].
After obtaining copper via an interaction with the Ctrl, or via scavenging in the cytosol, Atx1
binds copper in a linear 2-coordinated site using cysteine residues from CXXC site. After

acquiring copper, it translocates to the trans-Golgi network and delivers copper to Ccc2, where
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the copper transfer proceeds via a ligand exchange reaction [48]. Ccc2 accepts the copper in a
homologous Bofpaf-folded amino-terminal domain that has the same CXXC binding site
(Figure 1.5). A series of lysine residues in Atx1 provide an electrostatic surface to enhance the
interaction[49]. During the transfer, copper moves to a planar 3-coordinate site sharing ligands
from both proteins. The final step is complete transfer of the copper into a linear 2-coordinate
site in Ccc2. Copper is then transported into the trans-Golgi vesicles to be assembled into the

multicopper oxidase Fet3 [29, 46, 50].

20



(A) (B)

Atx1 Cesl

Scol

Figure 1.4: Structures of yeast version of copper chaperones.

(A) Atx1 structure is defined as a PafPaf: this fold consists primarily of a beta sheet with the two helices lying
this sheet presenting the copper-binding ligands in an exposed loop. The copper ion is shown in blue and is
coordinated by cysteine residues (in ball and stick) of the CXXC motif (PDB: 1fd8). (B) Copper chaperone for
Sod1 in the apo state: Ccsl h

as multiple domains including a Sod1-like domain that is used for heterodimer formation and a appof Atx1-
like domain with CXXC motif that is shown in ball and stick (PDB: 1qup). (C) Helical hairpin structure of
Cox17 with copper bound to two cysteine residues (PDB: 1u96). (D) Intermembrane space domain of copper
Scol with a disulfide bond in the CXXXC copper-binding residues and has copper bound by additional
cysteines (PDB: 2b7j).
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The copper chaperone for superoxide dismutase, Ccsl, activates Sod1 by inserting copper
into the newly synthesized apoprotein in the cytoplasm and then catalyzing the formation of an
essential disulfide bond within Sod1 [51]. The structure of Ccsl contains three defined domains:
a BapPap-folded Atx1-like domain, a central Sod1-like domain, and a carboxyterminal domain
(Figure 1.4) [52, 53]. Ccsl interacts with Sod1 as a heterodimer via the Sod-like domain that is
also required for the activation (Figure 1.5) [54]. Ccs1 docks with the disulfide-reduced apo-
Sodland subsequently transfers the metal ion to this disulfide-reduced apo-Sod1[52, 55, 56].
Ccsl interacts with a partially folded conformation of apo-reduced Sod1, facilitates the insertion
of copper, and the formation of the disulfide bond in a reaction that is dependent on oxygen [51].
The peptide mapping analyses show that the disulfide within the domain 111 of Ccsl can be
transferred to Sod1 through a disulfide isomerization reaction. The change in structure decreases
the affinity of the interaction as disordered loops adopt a more rigid structure in the copper-

bound, disulfide bonded folded protein.
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Figure 1.5: Structure of copper chaperones in complex with target.

(A) Solution structure of Atx1 and Ccc2 interacting with copper bound in the three-coordinate site sharing
ligands between the two proteins (PDB: 2ggp). (B) Crystal structure of the complex of Sod1 and Ccsl (PDB:
1jk9).
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Mitochondrial copper

Estimates indicate that 20% to 40% of copper in mitochondria is associated with the
electron accepting complex, cytochrome c oxidase [39, 57]. This enzyme is assembled in the
intermembrane space via a series of copper chaperones called Cox17, Scol, and Cox11
(cytochrome c¢ oxidase assembly 11). The copper chaperone Cox17 is a cysteine-rich protein that
is localized to the intermembrane space of the mitochondria and binds copper for the delivery to
the other copper-binding assembly proteins [58, 59]. Cox17 adopts a conformation with two
disulfide bonds that binds a single copper. Mutational analyses have shown that copper
coordination and function are not dependent on the presence of two disulfide crosslinks;
however, they do provide stability to the fold (Figure 1.4) [60]. Cox17 delivers copper to both
Scol and Cox11 in yeast, donating copper to each molecule through transient interactions that
are mediated by distinct structural interfaces [61, 62].

Scol is anchored in the inner membrane protein by a single transmembrane helix with the
carboxy-terminal domain protruding into the intermembrane space (Figure 1.4)[63]. The
peroxiredoxin-like fold of the globular carboxy-terminal domain exposes a single copper-binding
site made up of two cysteine residues within a CXXXC motif and a conserved histidine residue
[63]. Scol is required to deliver copper to binuclear Cua site in Cox2 of the COX, and mutation
of either cysteine residues or the histidine residue in Scol abrogates copper binding and results
in decreased COX activity[63-65]. In addition to binding Cu (1), Sco proteins bind Cu (1) [66].
It is not clear whether Scol transfers both Cu (1) and Cu (1) ions to build the mixed valence
binuclear site in cytochrome c oxidase or if Cu (I1) plays some other role in assembly. SCO1 is a
genetic suppressor of a COX17 mutant: when supplied in multi-copy plasmid, it can reverse this

mutant’s failure to grow on non-fermentable carbon sources. The ability to bypass COX17 defect
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with SCO1 suggests that these two proteins are in the same pathway. In the absence of Cox17,
the high levels of Scol could be either holding Cox2 in a conformation that allows spontaneous
formation of CuA or the increased Scol levels may help facilitate scavenging of limited amounts
of copper in the intermembrane space for direct delivery to Cox2 [67]. It should be noted that no
suppressor of a SCO1 deletion has been identified in yeast, reflecting its crucial role in the CuA
site assembly. In addition to recombinant expressed protein, copper binding to Scol was
confirmed by a study that purified full length Scol from yeast mitochondria [68].

Cox11 is also an inner membrane tethered protein with a single transmembrane helix and
a carboxy-terminal domain that contains cysteine residues used for copper binding[69]. The
copper in Cox11 is transferred to Cox1 to form the Cus site in the COX that is required for
binding and reduction of dioxygen. In vitro experiments showed that yeast Cox11 could bind
copper via cysteine residues in a CXC motif and that these ligands were required for cytochrome
c oxidase assembly in vivo [69, 70]. Consistent with the coordinated insertion of heme a3 and
copper, Cox11 transiently interacts with Shyl (SURF1 homolog in yeast) that is required for
heme a3 insertion into Cox1 [71]. The importance of this interaction was uncovered by a
peroxide sensitivity that is induced by deletion of COX11 (or SCO1) by formation of a pro-
oxidant intermediate of Cox1 that contains the heme a but not copper [72].

Yeasts also have a series of CX9C proteins [Coa6 (cytochrome c oxidase assembly 6),
Cox19 (cytochrome c oxidase assembly 19), Cmc1, Cmc2 (Cx9C mitochondrial protein
necessary for full assembly of cytochrome c¢ oxidase 1/2), and Cox23 (cytochrome c oxidase
assembly 23)] in the intermembrane space that can bind copper and are required for cytochrome
c oxidase assembly [73]. Cox19 has been shown to interact with oxidized Cox11; this interaction

allows for reduction of the disulfide bond in Cox11 and therefore provide reduced sulfurs for
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copper binding [74]. Coa6 has been shown to have genetic and physical interactions with Sco
proteins and weakly with Pic2, reinforcing the important role this protein has in mitochondrial
copper distribution [75-77]. Further investigations are required to determine the exact functional
significance of copper binding to all these Cx9C proteins.

Ccsl also localizes to the intermembrane space of mitochondria where it activates the
1%-5% of the total cellular Sod1 that is found in this compartment [16]. The mitochondrial
localization of Ccsl is dependent on a redox-mediated import system (Mia40-Erv1) that uses a
disulfide relay exchange system and a pair of cysteines present in the Atx1-like domain on Ccsl
that are not exposed CXXC motif [78]. Once both Ccsl and apo-Sod1 are in the intermembrane
space, Ccsl acquires copper by an unknown mechanism and activates Sod1. In yeast cells
genetically modified to express a copper-binding metallothionein in the matrix, steady state
levels of Sod1 decrease due to the attenuated availability of copper to be translocated to the IMS
in order to metalate and activate IMS-localized Sod1. This decrease in intermembrane space
Sod1 is also present in yeast lacking CCS1, suggesting that the matrix pool is the source of
copper for this enzyme. The activity of Sod1 in the intermembrane space has also been linked
with the levels of the CX9C protein Cmcl. Yeast with CMC1 deleted have increased Sod1l
activity in this compartment [79]. However, the exact role of Cmcl in this pathway is yet to be

fully elucidated.

Sequestration and regulation

The concentration of cytoplasmic free copper has been estimated to be near zero,
necessitating specific chaperone-mediated metallation of targets [6]. This low cytoplasmic

concentration indicates that yeast must efficiently sequester copper [80]. Sequestration can be
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achieved by transport into organelles including trans-Golgi network, vacuole, or mitochondria.
Alternatively, copper can bound in biologically inert complexes in the cytoplasm. These
complexes can be proteins such as metallothioneins, or metabolites such as the redox-active
tripeptide glutathione.

Two metallothioneins, Cupl (cuprum 1) and Crs5 (copper resistant suppressor 5), are
produced in S. cerevisiae [81, 82]. Metallothioneins are cysteine-rich proteins with essentially no
secondary structure: they bind multiple copper atoms and prevent redox cycling or inappropriate
binding interactions. Cupl is a highly expressed, duplicated gene in yeast and is responsible for a
significant proportion of the copper resistance in yeast [83]. Cupl has unique cysteine spacing
and is considered a copper-specific metallothionein. Crs5 has different cysteine spacing
arrangement to Cup1 that is more similar to other eukaryotes metallothioneins, but it plays a
much less significant role in protection against copper toxicity [83].

In S. cerevisiae, transcriptional regulation is the major mechanism used to balance the
need for copper with its potential toxicity. Macl controls expression of transporters under
copper-deficient growth conditions, upregulating transcription of the high-affinity copper
transporter CTR1, as well as the metalloreductases involved in Cu(l) import, FRE1 and FRE7
(ferric reductase 1/7) [25, 26]. However, once copper reaches toxic levels, Acel induces the
transcription of the metallothionein genes, CUP1 and CRS5 [84]. Both transcription factors bind
copper via cysteine residues in copper-thiolate clusters [85]. The mechanism for copper
translocation to the nucleus for binding to Macl and Acel remains unknown. In addition to
transcriptional regulation, yeast can also use post-transcriptional internalization and degradation

of Ctrl at high copper concentrations to limit toxic influx of copper [86].

26



Copper deficiency and toxicity in yeast

Three major phenotypes of copper deficiency are observed in yeast strains lacking the
gene CTR1, these phenotypes including growth defect on non-fermentable carbon sources, iron
deficiency, and increased sensitivity to oxidative stress. These phenotypes can be mimicked, and
exacerbated, by extracellular copper chelators (Figure 1.3). The decreased flow of copper to the
trans-Golgi network via Atx1 impairs the metallation of Fet3 and therefore high-affinity iron
transport [24, 87]. Under conditions of low iron, copper deficiency can be detected by a failure to
grow on fermentable carbon sources (such as glucose) due to the requirement for iron to
synthesize heme and iron sulfur that are essential in a number of pathways including ergosterol
biosynthesis and assembly of the ribosome. The inability to metallate Sod1 due to copper
deficiency results in increased oxidative stress; this phenotype manifests as a failure to grow
under hyperoxic conditions and as a lysine and methionine auxotrophy [88]. These copper-
related phenotypes were the basis for the identification of genes encoding the copper chaperones,
ATX1 and CCSL1. The final phenotype of copper deficiency is the loss of cytochrome ¢ oxidase,
which is observed as a failure to grow on non-fermentable carbon sources (such as glycerol) or
as a decrease in oxygen consumption [58].

Yeasts are extremely tolerant to copper with some strains able to survive in 2.5 g/L of
copper on rich complex medium [89]. The majority of this resistance is due to the high
expression of Cupl. However, when uptake exceeds the buffering capacity of the cell, copper
becomes toxic. It has been demonstrated that copper can displace iron sulfur cluster cofactors
from the enzymes and inhibits biosynthesis of iron sulfur clusters by interacting with proteins
involve in the iron sulfur cluster biosynthesis at elevated intracellular level. The toxicity of

copper is caused by a combination of loss of iron sulfur containing enzymes, inactivation of
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iron sulfur assembly proteins, oxidative stress including damage of lipids and proteins, and other
inappropriate binding interactions including the displacement of other metal cofactors. Copper
toxicity can be enhanced via addition of ionophores that dramatically increase the intracellular
concentrations of copper [90, 91]. These ionophores demonstrate the critical role that membrane
barriers play in suppressing copper toxicity and suggest that the controlled copper uptake also
allows for the cell to manage copper stores appropriately. The demonstration of unexpected
interaction of copper with numerous targets including kinases and regulatory proteins has opened
the possibility for more copper-regulated pathways but also increases the possibilities for a

spectrum of inappropriate binding reactions [92].

Unique insights from fission yeast

The fission yeast Schizosaccharomyces pombe has proven to be a valuable model
organism for uncovering both the conserved pathways of copper homeostasis as well as some
important nuances and some clear differences that can help us understand the complexity
observed in multicellular organisms. Fission yeast has copper processes that include respiration,
resistance to reactive oxygen species, iron transport, and xenobiotic amine metabolism because
they have cytochrome c oxidase, superoxidase dismutase, multicopper ferroxidase, and a copper
amine oxidase [93]. Many of the studies have focused on vegetative growth S. pombe; however,
some very exciting and new work related to copper during sporulation and germination is
opening many new directions in understanding the roles of copper and copper enzymes in this
organism.

During vegetative growth, copper import is mediated by the CTR family proteins, Ctr4,

Ctr5 [94]. Interestingly, in the fission yeast, these proteins function only in a complex. The
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transit to the cell surface is dependent on the Met-X3-Met motif of Ctr4. The complex is a
heterotrimer consisting of two Ctr4 and one Ctr5 molecules. Copper transport by Ctr4/5 complex
requires a Cys/Trp motif in extracellular N-terminal domain [95]. Similar to other CTR proteins,
they contain methionine motifs MXM and MXXM that may serve as binding sites for copper.
The primary structure of Ctr4 and Ctr5 comprises three transmembrane domains. In the second
transmembrane domain, a MXXXM motif plays an important role in localization of Ctr4-Ctr5
complex at the plasma membrane. Structure function analysis revealed that MXXXM motif in
Ctr5 is not required for Ctr4-Ctr5 complex to be functional, whereas the same motif in Ctr4 is
necessary for proper localization of the complex. A similar motif with glycine,a GXXXG motif,
within the third transmembrane domain is essential for trimeric assembly of the complex. It also
has been shown that the carboxy-terminal region of Ctr5 regulates the exit of Ctr4-Ctr5 complex
from the secretory pathway. In high-copper conditions, the trimeric complex undergoes
internalization, whereas when copper becomes deficient, it will be recycled back to the cell
surface.

As in budding yeast, the vacuole forms a storage pool of excess or recycled copper
proteins, and an additional CTR protein, Ctr6, is embedded in the vacuolar membrane [93]. In
contrast to the Ctr4/5 complex, Ctr6 functions as a homotrimer. The vacuolar location means that
the amino-terminal region is located inside the vacuole, whereas its carboxy terminus is in the
cytoplasm. A trimerization GXXXG motif is present in the third transmembrane domain of Ctr6.

To ensure sufficient cytoplasmic copper is available under copper stress ctr4, ctr5, and
ctr6 are transcriptionally controlled by the Cufl, a homolog of Macl in budding yeast [93].
Under copper limiting conditions, Cufl binds to copper-signaling element in promoters of the

target genes and activates transcription. It has been shown that Cufl has copper dependent
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nuclear localization. Under high-copper conditions, a cysteine-rich domain at carboxy-terminus
and a leucine-rich nuclear export signal facilitate the exit of Cufl from the nucleus. The binding
of copper to the cysteine residues in Cufl leads to a conformation that masks a nuclear
localization sequence, leading to accumulation in the cytosol. This copper-bound state is not able
to bind to the copper-signaling element suggesting this blocks transcription even if Cufl is in the
nucleus.

In S. pombe, copper is required for meiosis and sporulation with ctr4, ctr5, or cufl
mutants showing a germination arrest phenotype. After the initiation of meiosis, Ctr4 and Ctr5
are decreased, and the developing forespore acquires copper through the expression of a novel
copper transporter from the major facilitator family called Mfc1 [96]. Mfcl is not under the
control of Cufl; instead, it is controlled by a zinc-finger transcription factor called Mcal.
Deletion of mfcl or mcal entails meiosis/sporulation defects; however, mcal mutants have a
more severe defect, suggesting that it controls additional targets required for this program. When
germination and outgrowth are initiated, the spore again activates the expression of Ctr4/5
system to acquire copper for growth. In these same studies, it was determined that labile copper
within the germinating spore is retained in the spore body, and SOD1 activity is critical to
correct development of the germ tube. Therefore, fission yeast is proving to be an excellent
model to uncover previously unappreciated roles for copper. A limitation of all yeast models is
that they cannot be used to examine some important aspect of copper homeostasis such as

signaling of copper status between tissues [97].
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Conclusion

Copper plays a critical role in normal physiology of eukaryotic cells. Yeast has been an
effective and highly informative model for studying the mechanisms of copper delivery.
Unexpected protein-protein interactions, changes to the copper proteome, and defining unique
copper-binding sites continue to add levels of detail and richness to the roles of copper in the
cell. Here we have focused on S. cerevisiae and briefly on S. pombe, but very important insights
and advances have also come from a range of fungal organisms such as Podospora anserina,
Neurospora crassa, Cryptococcus neoformans, and others. However, the yeast models cannot be
used to examine some of the developing areas of copper homeostasis including signaling of
copper status between tissues. Tissue-specific mutations in laboratory animals have been
describing changes that induce changes in the importer and exporters of copper in other tissues.
This is presumably to compensate and preserve copper homeostasis across the whole organism,
single cell yeast models do not always exhibit the same “cooperative” responses. Biochemical
techniques have improved to a point where previously undetectable copper-mediated cellular
events are now being visualized. Synthesis of copper-specific fluorescent probes that can be used
in imaging of live cells and the application of synchrotron X-ray technology has enabled the
study of several molecular level events that are tied to exchangeable pools of copper. The
creation of more soluble and sensitive probes and better resolution for data collection will allow
for detailed investigations of copper-related cellular events in response to different biotic and

abiotic stressors.
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copper and phosphate transporter specificity was defined early in the evolution of eukaryotes”,
eLife 10:e64690.

Abstract

Mitochondrial matrix contains a copper pool that is required for metallation of proteins
that are essential for various cellular physiologies including cytochrome ¢ oxidase and copper-zinc
superoxide dismutase. In mammals, the mitochondrial carrier family protein SLC25A3
translocate both copper and phosphate into the matrix, while in Saccharomyces cerevisiae the
transport of these substrates is partitioned across two paralogs: PIC2 and MIR1. To dissect the
transport specificity of SLC25A3, we explored the evolutionary relationships of the yeast
orthologs across the eukaryotic tree of life. Phylogenetic analyses revealed that PIC2-like and
MIR1-like orthologs are present in all major eukaryotic supergroups, indicating an ancient gene
duplication created these paralogs. To link this phylogenetic signal to protein function, we used
structural modeling and site-directed mutagenesis to identify residues involved in copper and
phosphate transport. Based on these analyses, we generated an L175A variant of mouse
SLC25A3 that retains the ability to transport copper but not phosphate. This work highlights the
utility of using an evolutionary framework to uncover amino acids involved in substrate

recognition by mitochondrial carrier family proteins.
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Introduction

Mitochondrial carrier family (MCF/SLC25) proteins comprise the largest family of
mitochondrial inner membrane (IM) proteins and are responsible for transporting numerous
substrates, including Krebs cycle intermediates, nucleoside di- and triphosphates for energy
metabolism and nucleotide replication, amino acids for degradation or maintenance of the urea
cycle, and essential metals such as copper (Cu) and iron [1, 2]. Structurally, MCF transporters
consist of a conserved fold with three repeats that contain two transmembrane helices connected
by a short a-helical loop [3, 4]. The repeated structural elements and variable copy numbers
across eukaryotic phyla (53 in humans and 35 in yeast) suggest that this complex gene family
arose through multiple duplication events followed by neofunctionalization as substrate needs
changed. From an evolutionary perspective, one hypothesis is that protein families with multiple
substrates (e.g., enzymes and transporters) arose as generalists that duplicated to evolve
specificity over time [5, 6]. However, the evolutionary history of the MCF/SLC25 family with
respect to substrate specificity remains largely unexplored.

Our current mechanistic understanding of MCF activity is based on in vitro transport
assays, phenotypic observations made in mutant cells, and structures of the ADP-ATP carrier [4,
7]. This MCF transporter adopts two conformational states: the cytoplasmic, or c-state, which is
open to the intermembrane space (IMS), and the matrix, or m-state, which is open to the matrix
[8, 9]. All MCFs have six transmembrane helices with conserved motifs that allow for formation
of salt bridges and the close packing of helices that are critical to the mechanism of transport [4].

Cu is required in mitochondria for the stability and activity of the IM-embedded enzyme

cytochrome c oxidase (COX) and the IMS-localized superoxide dismutase. The Cu used in the
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assembly of these enzymes comes from a pool in the mitochondrial matrix [10]. PIC2 has been
identified as a mitochondrial Cu transporter in Saccharomyces cerevisiae [11]. Mutant yeast
strains lacking PIC2 (Apic?2) are deficient in COX activity and have lower mitochondrial Cu
levels than isogenic wild-type (WT) strains [11]. Silver (Ag*) is an isoelectronic with Cu and has
been widely used as a tool to interrogate Cu homeostasis [12]. In yeast, inclusion of Ag* in the
growth medium restricts Cu uptake and results in a mitochondrial Cu deficiency [11]. This
competition assay allowed us to identify yeast strains that could not overcome the Cu limitations
imposed by Ag* when grown on non-fermentable carbon sources. We also exploited the toxicity
of Ag* uptake to assay the Cu transport activity of these MCFs when expressed in Lactococcus
lactis [11, 13, 14]. Expression of MCFs in L. lactis has been used extensively to assess transport
activity because the proteins are readily expressed and inserted into the cytoplasmic membrane
[15-18]. The expression of a Cu-transporting MCF (e.g., PIC2) in L. lactis reduces the minimal
inhibitory concentration of Ag* required for growth arrest.

Although PIC2 has also been implicated in phosphate transport [19-22], the primary
phosphate-transporting MCF in yeast is MIR1 [20, 23]. PIC2 expression can complement Amirl
phenotypes and mitochondria from AmirlApic2 yeast strains regain phosphate transport activity
when PIC2 is overexpressed [19], suggesting that phosphate can be a PIC2 substrate. However,
it is unlikely that this transport activity is physiologically relevant under normal conditions
as PIC2 deletion does not result in phosphate deficiency phenotypes in yeast. Based on these
findings, we predict that while yeast PIC2 and MIR1 have specialized to transport specific
substrates, PIC2 retains some promiscuity for both Cu and phosphate transport. In contrast,
humans express a single paralog of PIC2/MIR1, SLC25A3, which serves as the major

mitochondrial transporter of both Cu and phosphate [13, 24]. Cells lacking SLC25A3 exhibit a
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Cu-dependent COX assembly defect [13]. Additionally, SLC25A3 transports Cu when
recombinantly expressed and reconstituted in liposomes or when heterologously expressed in L.
lactis [13]. Similarly, both phenotypic and biochemical assays confirm that SLC25A3 is the
major phosphate transporter in mammalian mitochondria [21, 24, 25].

These findings highlight a major unanswered question in our understanding of MCFs.
Specifically, what differences enable the transport of single versus multiple substrates? Using
newly available phylogenomic data from diverse lineages that span the major eukaryotic
supergroups, we used an evolutionary framework to infer residues in the PIC2-MIR1 MCF
subfamily that likely mediate substrate selection and transport. By coupling phylogenetic
analyses with biochemical assays, we have uncovered residues required for transport of Cu and
phosphate. Further, we demonstrate that Cu transport to the mitochondrial matrix is directly

responsible for the COX deficiency observed in cells lacking SLC25A3.

Materials and Methods

Yeast strains, culture conditions, and standard methods

Yeast strains used in this study were BY4741 (MATa, leu2A, metl5A, ura3A, his3A) parental and
the isogenic kanMX4- containing mutant, purchased from Invitrogen. All cultures were grown in
YP (1% yeast extract, 2% peptone) medium or synthetic defined medium with 1-2% glucose
added as a carbon source. Copper sulfate was added the medium when increased copper

conditions were required. All cells were grown in a shaking incubator at 30 °C.
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Expression in L. lactis

L. lactis cells transformed with vector (pNZ8148 [MoBiTec]) alone or pNZ8148 carrying yeast
MIR1, PIC2, or site-directed PIC2 mutants were grown overnight at 30°C in M17 medium with
0.5% glucose and 10 pg/mL chloramphenicol. To determine Ag* toxicity, cells were grown in a
96-well plate containing M17 medium plus 1 ng/mL nisin and increasing concentrations of

Ag* (0-250 uM) or AsO4*~ (0-2.5 mM). Controls containing M17 without nisin or M17 plus
Ag* or AsO4+*~ without nisin were included. Optical density at 600 nm was used to assess growth
after 24 hr. Percent growth was quantified by comparing to the optical density of the same
genotype in nisin alone.

Immunoblot and activity assays

This study used monoclonal antibodies raised against COX1 (Abcam ab14734), a rabbit
polyclonal antibody TOMA40 (ProteinTech 18409-1-AP), and a rabbit polyclonal antibody raised
against the Keyhole limpet hemocyanin conjugated SLC25A3 peptide
CRMQVDPQKYKGIFNGSVTLKED (Pacific Immunology). For L. lactis extracts, we used
rabbit polyclonal antibody raised against a PIC2 peptide [11]. COX activity was determined by
monitoring the decrease in absorbance at 550 nm of chemically reduced cytochrome c in the
presence of whole cell or mitochondrial extracts [26]. All activities were normalized to protein
concentration, then converted to percentage of maximum control value.

Elemental analysis

Samples were digested in 40% nitric acid by boiling for 1 hr in capped, acid washed tubes,
diluted in ultra-pure, metal-free water, and analyzed by ICP-OES (Perkin Elmer, Optima
7300DV) versus acid-washed blanks. Concentrations were determined from a standard curve

constructed with serial dilutions of two commercially available mixed metal standards (Optima).
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Blanks of nitric acid with and without ‘metal-spikes’ were analyzed to ensure reproducibility.
Ligand uptake assay

Isolated, intact mitochondria were incubated with CuL complex for variable time points and
removed from solution by centrifugation. Resultant supernatants were separated on silica-coated
TLC plates (GE Healthcare) using a mixture of 90% ethanol and 10% acetic acid. TLC plates
were analyzed for fluorescence on an ImageQuant LAS 4000 (GE Healthcare) using the Cy2
detection filter set (EX 492/5, EM 510/5). Bands were quantified using ImageJ.

Fluorescence anisotropy

CuL was diluted to give a fluorescence intensity of ~30 AU using an excitation maximum of 320
nm and emission maximum of 400 nm (slit widths were set to 5 nm). Inclusion bodies and MCF
protein incorporated into liposomes were added in 1-5 pL increments. Anisotropy was measured
using a PerkinElmer Life Sciences LS55 spectrofluorimeter.

Miscellaneous methods

Western blots were performed using mouse anti-His (Invitrogen) followed by Cy3-conjugated
goat anti-mouse (GenScript). Blots were observed using an ImageQuant LAS 4000 (GE
Healthcare). Egg yolk phospholipids were prepared using the Folch method of extraction in

methanol and chloroform.
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Results

MIR1 does not transport Cu

To determine if MIR1 can transport Cu in addition to phosphate, we exploited the
fact that MCF proteins insert into the cytoplasmic membrane of L. lactis in an active state
and that Cu transport activity in this system can be detected by growth arrest in the
presence of Ag* [11, 17] (Figure 2.1A). This assay was also used to assess phosphate
transport by quantifying the growth rates of L. lactis strains expressing MCF genes in the
presence of the toxic phosphate mimetic arsenate (AsO4*"). The plasmid carries MCFs is
transformed into L. lactis, then nisin is added to the media to induce the expression of the
transformed MCFs. In the presence of 80 uM Ag*, the growth of L. lactis expressing PIC2,
but not MIR1 or an empty vector (EV), was significantly inhibited (Figure 2.1B). In
contrast, the growth of L. lactis expressing MIR1 or PIC2 was inhibited to the same extent
when cultured in 1.6 mM AsO4*" relative to a control strain harboring the EV (Figure
2.1C). These data show that in L. lactis MIR1 is capable of transporting the phosphate

mimetic AsO4*~ but not the Cu mimetic Ag*.
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Figure 2.1: S. cerevisiae MIR1 does not transport Cu.

(A) Schematic representation of the L. lactis expression system used to quantify transport characteristics.
Survival is determined by the growth rate in liquid culture or by visual inspection of cells grown on agar plates
containing Ag* or AsO,*" in the presence of the inducer nisin. (B) Quantification of the growth of L.
lactis expressing empty vector (EV), S. cerevisiae PIC2, or S. cerevisiae MIR1 after 12 hr in 80 uM Ag*-
containing media (n > 5). (C) Quantification of the growth of L. lactis expressing EV, PIC2, or MIR1 after 12
hr in 1.6 mM AsO4* -containing media (n=5). (D) Wild-type (WT), pic2A, or mirlA yeast grown in rich
medium with a fermentable (Glu: glucose) or a non-fermentable (glycerol: Gly) carbon source in the absence (0)
or presence of Ag* (75 or 125 uM). All strains were spotted on media as a 1073 dilution of ODeq of 1. (E)
Densitometry measurements of serial dilutions (10, 102, 103, 10%) of cells in D on Glu, Gly, and Gly plus 75 uM
Ag (WT n=4, pic2A n=8, mirlA n=6). (F) Cu content of purified intact mitochondria from mirlA cells
assayed by Inductively coupled plasma - optical emission spectrometry (ICP-OES) and compared with that of
parental WT cells. Both strains were grown in YP medium with glucose as a carbon source containing 10
uM bathocuproinedisulfonic acid (BCS) or 100 uM Cu (+Cu) (n = 3). (G) Fluorescence anisotropy (FA) of CuL
(Ex320, Em400) upon the addition of reconstituted PIC2 or MIR1 in proteoliposomes prepared from extracted
egg yolk lipids. Control FA of equal quantity of lipids without protein added was subtracted from each data
point. Protein concentrations were determined by Bradford assay, and curves are fit with a nonlinear regression
that assumes a single binding site. In all panels, data are plotted as the mean + standard deviation of the
measurements and a one-way ANOVA was used for statistical analysis; ns: not statistically significant; *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Consistent with the previous results [11], we find that the growth of yeast lacking PIC2 is
severely compromised on a non-fermentable carbon source in the presence of 75 uM Ag* due to
a Cu deficiency in mitochondria (Figure 2.1 D, E). In contrast, yeast lacking MIR1only exhibited
a mild growth defect relative to the isogenic WT strain at this Ag* concentration (Figure 2.1
D, E). Exposure to 125 uM Ag™ led to a growth defect in both mirIA and pic2A yeast but not in
the isogenic WT strain (Figure 2.1 D). To further establish that MIR1 is incapable of Cu
transport activity, we quantified mitochondrial Cu levels by inductively coupled optical emission
spectroscopy. Cu levels in mitochondria from mirIA yeast cells were similar to those isolated
from WT cells (Figure 2.1 F). In yeast mitochondria, Cu is stably bound by a fluorescent, non-
proteinaceous ligand (CuL). Previously we used fluorescence anisotropy to investigate the
binding of this fluorescent complex to purified PIC2 and SLC25A3 [11, 13, 14]. The decreased
levels of anisotropy observed for purified MIR1 compared to PIC2 showed limited interaction
with the CuL complex and MIR1 (Figure 2.1 G). Thus, while the growth assays indicate
that MIR1 deletion can produce a Cu-dependent respiration defect at high Ag* concentrations,
our biochemical data suggest that MIR1 does not transport Cu. Therefore, both MIR1 and PIC2

transport phosphate but only PIC2 can transport Cu.
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Mitochondrial Cu and phosphate carriers duplicated early in the evolution of eukaryotes

It is not surprising that MCF proteins are present across all eukaryotes given their
fundamental roles in maintaining cellular physiology. We hypothesize that Cu transport to
mitochondria was an important consideration in eukaryo-genesis as it is required to maintain the
activity of the electron transport chain and provide an advantage to the ancestral eukaryote [27].
Conservation of this activity across diverse organisms may provide a phylogenetic signal with
which to resolve residues that dictate PIC2 and MIR1 substrate specificities. One hypothesis is
that because ancient proteomes were smaller the transporters in these organisms were generalists
that gained specificity as a consequence of gene duplication and subsequent sub-
functionalization [5, 6, 28, 29].

To provide evolutionary context for the existing experimental data, which has nearly all
been collected from mammals and yeast, we performed a phylogenetic analysis on MCF
transporters from a broad range of eukaryotic lineages. We selected a set of 47 taxa that spanned
the supergroups within the eukaryotic Tree of Life (eToL) [30]. Only taxa with complete nuclear
and mitochondrial genome sequences were included to accurately enumerate gene duplications
and losses, and to ensure that apparent losses were not due to incomplete datasets. From these
genomes, a total of 2447 putative MCF family members were identified based on the presence of
a mitochondrial carrier domain (PFAM domain PF00153). To distinguish PIC2-MIR1 orthologs
from other members of the MCF family, phylogenetic trees were constructed using the MCF
proteins from each taxon as well as the complete set of yeast and human MCF proteins.
Candidate sequences that clustered with PIC2 or MIR1 were retained for further analyses (92 of

2447 MCF sequences).
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The amino acid sequences of these potential Cu and/or phosphate transporting proteins
were aligned and subsequently used to reconstruct the evolutionary history of PIC2-MIR1
orthologs across eukaryotes (Figure 2.2). Of the 92 sequences, 47 clustered with S.
cerevisiae PIC2 and are referred to as PIC2-like while 42 clustered with S. cerevisiae MIR1 and
are defined as MIR1-like. The remaining three sequences were more closely related to PIC2-

MIR1 than other MCFs but nonetheless fell outside of these two well-supported clades (Figure

2.2).
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Figure 2.2: Phylogenetic analysis of the PIC2/MIR1 orthologs from 47 taxa reveals two
major clades.

Amino acid sequences of the eukaryotic MIR1/PIC2/SLC25A3 orthologs were aligned with the complete set
of mitochondrial carrier family (MCF) proteins from S. cerevisiae. The maximum-likelihood tree shown was
constructed in iQ-TREE using a general codon exchange matrix for nuclear genes with amino acid frequencies
determined empirically from the data and seven rate categories (LG+F+R7). Support for the nodes was
calculated using 1000 replications and is indicated as follows: **>95%; *>75%. Taxa names for the
MIR1/PIC2/SLC25A3 sequences are color-coded according to the eukaryotic Tree of Life supergroups as
indicated; the S. cerevisiae MCF outgroup sequences (gray) have been collapsed to a single branch.
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To estimate the timing of gene duplications and losses within eukaryotes, we overlaid the
presence and/or absence of PIC2-like or MIR1-like sequences onto the established eToL tree
(Figure 2.3 A). Recent phylogenomic analyses indicate that extant eukaryotes form nine
supergroups [30]. Species from seven of these groups were included in this analysis: Amorphea,
Discoba, Archaeplastida, TSAR (Telonemids, Stramenopiles, Alveolates, and Rhizaria),
Haptista, Cryptista, and Metamonada. Two additional groups, CRuMs (Collodictyonids,
Rigifilida, and Mantamonas) and Hemimastigophora, were not included due to the lack of
complete nuclear genome sequences. PIC2-MIR1 orthologs were present in each taxon analyzed
except for those from Metamonada, which are anaerobic protists that secondarily lost
mitochondria [31, 32]. This broad phylogenetic conservation suggests that the two paralogs were

present within the last common eukaryotic ancestor (Figure 2.3 A).
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Figure 2.3: The PIC2/MIR1 family of mitochondrial carrier family transporters is
ancient within eukaryotes.

(A) Using the presence or absence of orthologs within the eukaryotic lineages, we inferred the evolutionary
timings of gene duplications (solid circles) and losses (hollow circles) of the PIC2-like (blue), MIR1-like (red),
and other (gray) sequences. (B) The average number of PIC2 and MIR1 orthologs identified in the sampled
taxa from eight of the nine eukaryotic supergroups.
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Given the ancient origin of PIC2 and MIR1, we first analyzed the presence and absence
of orthologs within Amorphea, which consists of the opisthokonts (animals, fungi, and yeast),
apusomonads, and amoebae [30]. MIR1-like sequences are absent from Holozoan taxa with this
lineage retaining only PIC2-like transporters (Figure 2.3 A, B). In contrast, the fungal lineages
(Holomycota) exhibit more variability in the numbers of PIC2-like and MIR1-like sequences
(Figure 2.3 B). Single orthologs of each type are present in S. cerevisiae and the closely
related Neurospora crassa. The only Amorphea taxa that lost PIC2 are Ustilago
maydis and Dictyostelium discoideum, which both have a MIR1duplication. Outside the
Amorphea, the gene copy number of the PIC2-MIR1 orthologs is more variable, which may
reflect different evolutionary pressures on these transporters across lineages. Several lineages
have lost either PIC2 or MIR1 and retained multiple copies of the remaining paralog (e.g., PIC2-
like transporters within Chloroplastida and the alveolate Perkinsus marinus or the MIR1
duplications in Cryptista and Stramenopile lineages; Figure 2.3). This raises the possibility that,
to compensate for the loss of the MIR1 transporter, PIC2 duplicated and convergently evolved
additional substrate specificities. While there may be other constraints on this evolution, the loss
of a PIC2 ortholog is always accompanied by duplication of the MIR1 ortholog. In contrast, a
PIC2-like MCF is retained in all species that have a single PIC2-MIR1 ortholog, indicating that

the loss of MIR1 does not always coincide with PIC2 duplication.
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Structural modeling of PIC2 suggests appropriate spatial organization of conserved
residues that may coordinate Cu transport

We hypothesize that specific residues in PIC2-like proteins that confer the ability to
transport Cu are absent in MIR1-like proteins, while amino acids conserved across PIC2- and
MIR1-like proteins are required for both Cu and phosphate transport. To predict residues
involved in substrate specificity, we modeled the PIC2 sequence onto the c-state and m-state
structures of the ADP/ATP carrier [8, 9]. To quantify sequence conservation at the level of
individual residues independently of the evolutionary histories of the proteins, Shannon entropy
was calculated for each position within an alignment of the PI1C2-like sequences (Figure 2.4
A, B). Shannon entropy is one of the simplest and most common measures of conservation that
can be calculated from multiple sequence alignments [33]. The Shannon entropy was calculated
for each residue within alignments of the PIC2-like sequences and compared to the values
determined from the complete PIC2-MIR1 grouping. By integrating the structural models and
phylogenetic analyses, we were able to visualize conserved residues as a surface representation
(Figure 2.4 C-E). The PIC2-like orthologs show high conservation (Shannon entropy <0.5
suggesting that the residue is maintained across all forms of the protein in the multiple sequence
alignment) in the aqueous binding pocket, while alignment with the complete PIC2-MIR1 family
further reveals a smaller subset of conserved residues. This analysis also detects conserved
patches extending into the IMS and outside the aqueous binding pocket in the lipid bilayer that

may be required for interactions with other components of the IM (Figure 2.4 D, E).
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Figure 2.4: Conservation of residues in PIC2.

(A) A Protter representation of the PIC2 amino acid sequence was generated and colored based on Shannon
entropy scores for conservation of a given residue. (B) The Shannon entropy for each residue in PIC2 based on
all sequences in the PIC2-specific clade. (C) Structure of PIC2 in the c-state viewed from the intermembrane
space side, with conserved residues (Shannon entropy <0.5) highlighted in purple and all other residues shown
in gray. (D) A 90° rotation of the structure to view it from side, and (E) a 180° rotation to view it from the

opposite side.
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To identify residues that mediate Cu transport, we initially focused on the well-established Cu-
binding ligands Cys, His, and Met. Analysis of the PIC2-MIR1 ortholog trees showed that
histidine 33 (all residues are numbered according to the yeast PIC2 sequence) is conserved in
both the PIC2 and MIR1 clades (Figure 2.5). Cysteine 29 is conserved in the PIC2 clade and
most MIR1 proteins but is replaced with alanine in the MIR1-like transporters from lineages with
multiple duplications (Emiliania huxleyi, Thalassiosira pseudonana, and Phaeodactylum
tricornutum) (Figure 2.5). Cysteine 21 and Cys225 are strictly conserved among PI1C2 orthologs,
but not among MIRL1 orthologs (Figure 2.5). Cysteine 44 is conserved in the PIC2-like clade,
while MIR1-like orthologs have a conserved threonine in the equivalent position (Figure 2.5).
The PIC2-like transporters that lack Cys44 are the P. marinusduplications, one of two copies of
PIC2 in P. tricornutum, and the single copy of PIC2 in N. crassa. Analysis of the structural
models revealed that Cys21, Cys29, Cys44, and His33 are positioned along one side of the
aqueous binding pocket (Figure 2.5), whereas Cys225 is on the opposite side of this pocket.
Cysteine 225 is positioned to interact with the peptide backbone of Cys182 (based on the
alignments, this residue is only a cysteine in S. cerevisiae), which faces away from the aqueous
binding pocket. Together, these data suggest that Cys21, Cys29, Cys44, and His33 may combine

to form transient sites that bind Cu directly as it moves through the IM.
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Figure 2.5: Conservation of selected residues in the PIC2/MIR1 family of transporters.

The tree topology is identical to that shown in Figure 2.2. Amino acids are colored according to the key, and
insertion/deletion events that lead to gaps within the alignment are indicated by the hollow circles. P indicates
position of S. cerevisiae PIC2, and M indicates S. cerevisiae MIR1. Small dots indicate that the residue is
identical to that of PIC2 (shown at the top), and large dots indicate differences.
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Mutating structural elements and conserved contact points cause differential transport
defects

To assess the functional importance of the Cys-His residues in Cu and/or phosphate
transport, we altered these residues in the context of S. cerevisiae PIC2 and expressed the
mutants in L. lactis. To verify expression, protein content was assessed in L. lactis cells
expressing the mutants versus EV controls. Although the levels of heterologous expression were
too low to observe using Sypro Ruby, the mutant proteins were readily detectable upon
immunoblot analysis (Figure 2.6 A). To assay Cu transport, we cultured each variant in media
containing an Ag* concentration that inhibited growth of L. lactis expressing WT PIC2 but not of
cells harboring an EV (Figure 2.1 A, Figure 2.6). L. lactis expressing C21A, C29A, H33A,
C44A, and C225A PIC2 mutants showed equal expression levels to WT PIC2 (Figure 2.6 A) but
displayed Ag* resistance relative to L. lactis expressing WT PIC2 (all p<0.012) (Figure 2.6 B),
with the most resistance observed in the H33A mutant. However, these mutants also exhibited a
growth defect relative to cells with an EV, suggesting that residue transport activity is present.
Similarly, when Ag* was replaced with AsO4* to assess phosphate transport, L. lactis expressing
each of the five PIC2 mutants displayed increased resistance to AsO4*~ (Figure 2.6 C),

suggesting that these mutations also limit its transport.
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Figure 2.6: Substitution of PIC2 residues for MIRL1 residues.

(A) Alignment of amino acid sequences from MIR1, PIC2, and SLC25A3. (B) Model of the c-state of PIC2
with residues mutated highlighted in sticks format and with the backbone cartoon representation removed. (C)
Growth of L. lactis expressing empty vector (EV), wild-type PIC2 (WT), or a given PIC2 variant in which
each of the listed residues was converted to an alanine in Ag*-containing media. Each bar represents the
median of six independent cultures with 95% confidence interval as error bars (*p<0.05, **p<0.01,
***n<0.001, ****p<0.0001 based on one-way ANOVA relative to PIC2 wild-type control).
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Computational analyses predict that S. cerevisiae MCF transporters have three contact
sites for substrate binding [3]. In PIC2, the proposed phosphate substrate contact points are
GIn86 and Lys90 in transmembrane helix (TMH) 2, GIn176 in TMH4, and Met275 in TMHG6 [3,
4, 8] (Figure 2.4). These residues are largely conserved in both the PIC2-like and MIR1-like
clades (Figure 2.5), as is expected for transporters that share a substrate. We mutated each of
these residues to alanine and assessed transport activity as described above. When expressed
in L. lactis, the Q86A and Q176A mutants were expressed at WT levels (Figure 2.6 A) and were
more resistant to Ag* than WT PIC2 (Figure 2.6 B) but less resistant than cells expressing EV. In
contrast, the K90A and M275A mutants exhibited comparable Ag™* sensitivity to WT PIC2
(p>0.05), suggesting that these substitutions do not affect Cu transport (Figure 2.6 B). The
addition of AsO4*~ to the media only inhibited the growth of cells expressing WT PIC2; cells
expressing Q86A, K90A, Q176A, and M275A all grew at similar rates as cells expressing the
EV (Figure 2.6 C).

Finally, we interrogated the functional significance of a subset of residues that were
selected based on sequence conservation and our structural model: GIn47, Val48, Aspl124,
Leul27, and Gly268 (Figure 2.4 A). With very few exceptions, GIn47 is conserved among
eukaryotic PIC2-MIR1 orthologs (Figure 2.4 A, B and Figure 2.5). VVal48 is part of a group of
residues that appear to close the aqueous binding pocket in the c-state Asp124 interacts with
GInl176 and is conserved among all PIC2-like orthologs and those transporters most closely
related to yeast MIR1 (Figure 2.5). Leul27 is conserved in all orthologs and interacts with GIn86
(Figure 2.4 A, B, Figure 2.5). Gly268 is maintained throughout the evolution of this protein
family (Figure 2.4A, Figure 2.5). The Q47A variant was unstable in L. lactis (Figure 2.6 A),

suggesting that it has been maintained across evolution for structural stability. The V48A variant
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did not affect protein expression (Figure 2.6) or AsO4>~ resistance. However, it did result in a
significant difference in Ag* resistance compared to WT PIC2 (Figure 2.6 B, C). The D124A
PIC2 mutant was stably expressed in L. lactis and more resistant to Ag* than WT PIC2 (Figure
2.6 A) but less resistant than cells expressing EV, suggesting that it harbored residual Cu
transport activity. When expressed in L. lactis, the L127A PIC2 variant showed WT expression
(Figure 2.6 A) and equivalent susceptibility to Ag™ as WT PIC2 but was resistant to

AsO4*~ (Figure 2.6 B, C), indicating that this single substitution interferes with phosphate
transport but does not prevent Cu transport. Finally, the G268A variant was unstable in L.

lactis (Figure 2.6 A), suggesting that the increased resistance to Ag* and AsO4*~ associated with
the expression of this variant was due to decreased levels of the protein (Figure 2.6 B, C). We
also tested a series of mutants that exchanged the residues found in yeast PIC2 and mammalian
SLC25A3 with those found in MIR1. Conversion of the PIC2 residues Ser102, Tyr156, Thr180,
GIn138, Glu242, and Val191 to the equivalent residues in MIR1 did not affect the ability to
transport Ag* (Figure 2.6). Collectively, the data from the L. lactis assays show that mutating

individual residues can impair the transport of both substrates, or Cu or phosphate alone.

Mitochondrial transport of phosphate but not Cu is compromised in a Leul75 mutant of
SLC25A3

Based on the His33 and Leul27 PIC2 mutant data from L. lactis, we investigated the transport
activity of the equivalent variants in murine SLC25A3 (His75 and Leul75). Consistent with the
failure of the H33A PIC2 mutant to transport Ag* or AsO4>~ in L. lactis, expression of the H75A
SLC25A3 variant in immortalized mouse embryonic fibroblasts (MEFs) with floxed (WT) or
collapsed (KO) Slc25a3 alleles did not rescue the COX deficiency of the knock-out (KO) cells

(Figure 2.7 A, B). Conversely, expression of the L175A SLC25A3 variant was able to reverse
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the COX defect (Figure 2.7 B). Immunoblot analysis showed that the L175A mutant was present
in mitochondria and increased steady-state COX1 levels (Figure 2.7 C). Consistent with our
previous studies using a mitochondrially targeted Cu sensor [13, 34], we found that total
mitochondrial Cu content was significantly reduced in KO MEFs and increased in KO MEFs

expressing the L175A variant (Figure 2.7 D).
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Figure 2.7: The SLC25A3 L175A variant restores mitochondrial Cu levels and rescues the
cytochrome c oxidase (COX) deficiency in KO MEFs.

(A) Immunoblot analysis of SLC25A3 abundance in Slc25a3 KO MEFs alone or those transduced with wild-
type SLC25A3 (WT), a H75A variant (H75), or a L175A variant (L175). Actin served as an internal loading
control. (B) COX activity in KO MEFs alone (n = 6) or transduced with WT SLC25A3 (n = 4), a H75A variant
(H75) (n =5), or a L175A variant (L175) (n = 6). ns, p>0.05, **** p<0.0001 based on a one-way ANOVA.
(C) Immunoblot analysis of SLC25A3, TOM40, and COX1 abundance in whole cells (WC) or isolated
mitochondrial (M) from WT or KO MEFs alone (NA) or transduced with the SLC25A3 L175A variant (L175).
(D) Total Cu levels in mitochondria from WT or KO cells as in (C), determined by ICP-OES. (E) Cu uptake in
mitochondrially derived liposomes created by the membranes of mitochondria in (C) with additional lipids.
Liposomes contain Phen Green to monitor the uptake of Cu. (F) Mitochondrial swelling rate in the presence of
phosphate as a measure of phosphate uptake.
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Reconstitution of MCF proteins in liposomes has been used extensively to assess
substrate transport and specificity [21, 35-39]. Liposomes created from mitochondrial
membranes of WT but not KO MEFs were able to transport Cu (Figure 2.7 E). The Cu transport
defect in KO-derived liposomes was reversed upon expression of the L175A variant (Figure 2.7
E). To assess phosphate uptake, mitochondrial swelling in the presence of phosphate was
measured [19, 24]. Intact mitochondria isolated from KO cells had a phosphate uptake defect
compared to WT that was rescued by expressing WT SLC25A3 but not the L175A variant
(Figure 2.7 F). Taken together, these data show that the L175A mutant is able to transport Cu but
not phosphate in mitochondria and that this Cu transport activity is sufficient to rescue COX

activity.
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Discussion

The mechanisms that mediate MCF transporter specificity remain largely unknown.
Although two recent studies have shown that single residue changes can modulate MCF
substrate specificity [40, 41], the majority of investigations have focused on deficiencies in the
transport of one substrate, and few have assessed substrate promiscuity. Here, we directly
addressed this issue by focusing on Cu and phosphate transport, which, in mammals, is mediated
by the single MCF transporter SLC25A3. Multiple studies clearly connect SLC25A3 to
phosphate transport, and mutations in SLC25A3 lead to skeletal muscle myopathy and heart
disease in humans [13, 24, 42-45] and cardiac hypertrophy in mice[24]. MEFs derived from the
heart-specific Slc25a3 knockout mouse exhibit clear COX and SOD1 defects that can be rescued
by overexpression of a Slc25a3 cDNA or addition of Cu [13]. These data are complemented by
in vitro assays in liposomes showing Cu transport by purified SLC25A3 and by Ag* growth
arrest phenotypes associated with its expression in L. lactis [13]. The data presented in this study
provide the first experimental evidence of a missense mutation that separates Cu and phosphate
transport, and firmly establish that physiological defects in COX and SOD1 are due to impaired
Cu transport rather than a secondary consequence of decreased phosphate transport.
Evolutionary history of mitochondrial Cu-phosphate transporters

Our evolutionary analyses of the Cu-phosphate transporters were prompted by the
observation that S. cerevisiae PIC2 and MIR1 exhibit substrate specificity, whereas the
mammalian ortholog SLC25A3 is responsible for the transport of both Cu and phosphate.
Selection on genes with multiple functions can constrain diversity to avoid negative effects

associated with losing one of these functions. Therefore, gene duplications serve as important
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sources for evolutionary selection and refinement. Resulting duplications can be retained for the
original function, specialized for new functions, refined to enhance an existing function or allow
for increased expression by gene dosage; if none of these outcomes occur, the duplicate gene is
lost [46-52]. In S. cerevisiae, PIC2 and MIR1 are partially redundant for phosphate transport
[19]. However, mutation of MIR1 in S. cerevisiae is sufficient to produce phosphate-related
phenotypes suggesting that, under most conditions, the ability of PIC2 to transport phosphate is
unable to compensate for loss of MIR1 function [13, 19]. Instead, the PIC2 sequence appears to
be optimized for Cu transport. Similarly, we show here that MIR1 lacks clear Cu transport
activity even though mirIA yeast exhibit increased susceptibility to Cu restriction compared to
WT cells. Our phylogenetic analyses of PIC2 and MIR1 sequences suggest that the gene
duplication that created these two orthologs was an ancient event, and that evolutionary interplay
between these two substrate specificities may have occurred multiple times throughout
eukaryotic evolution.

The loss of MIR1 has occurred multiple times in eukaryotes, an event that is likely
facilitated by the dual specificity of PIC2. SLC25A3 is essential in mammals as the homozygous
deletion is embryonic lethal. While mammals do express two SLC25A3 isoforms, isoform A is
expressed primarily in heart and skeletal muscle whereas isoform B is expressed in all tissues
[21, 24, 42]. Therefore, it is unlikely that the isoforms provide the functional redundancy that
would be afforded via gene duplication or retention of MIR1.

Understanding Cu transport

Copper transport in eukaryotic cells has been an area of intense research since the

discovery of cytosolic copper chaperones [53, 54], and the observation that there is vanishingly

little freely available copper in the cytosol [55]. These early findings have been refined to
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recognize that, in addition to proteins, multiple cytosolic ligands contribute to the regulation of
metal trafficking and target binding [56]. The recruitment of Cu to mitochondria was initially
attributed to COX17 due to its dual localization in cytosol and IMS [57]. However, COX is fully
functional when COX17 is artificially restricted to the IMS by an inner membrane tether [58],
suggesting that its critical role in holoenzyme assembly involves local, redox regulated delivery
of Cu to the accessory proteins SCO1/2 and COX11 [59, 60]. Consistent with a mitochondrially
restricted function for COX17 in Cu handling, yeast cells lacking this gene accumulate wild-type
levels of Cu in mitochondria [61]. In fact, attempts to isolate a protein that delivers Cu to
mitochondria led to the identification of a non-proteinaceous ligand (CuL) that accumulates in
the matrix [26, 27, 62-64]. Although the molecular identity of this ligand remains unknown, its
biophysical properties have been used to suggest that the ligand contributes to buffering
cytosolic Cu and facilitating uptake of Cu into mitochondria [26, 64]. PIC2 is able to transport
both the CuL purified from the mitochondrial matrix as well as ionic Cu in both liposomes and
the L. lactis system [65]. It is unclear if the transport of the CuL proceeds as an intact complex or
if Cu is released from the ligand during transport. The ionic Cu in our transport assays is Cu* due
to presence of an exogenous reductant (e.g., ascorbate) or the endogenous reductant
menaquinone in L. lactis [66] and there is no experimental evidence for other metal ions being
transported by PIC2. The transport of ionic Cu could be a mechanism to limit cytosolic
accumulation of Cu during Cu-overload induced stress [27, 65]. Crosslinking and damage of
mitochondrial membranes induced by Cu has been observed in models of Cu-overload, such as
the Long-Evans Cinnamon rat [67].

In SLC25A3, the L175A mutation separates Cu and phosphate transport by fully

restoring COX activity and mitochondrial Cu levels without rescuing phosphate transport. This
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finding confirms that the COX defect in mutant cells is due to defective Cu transport, rather than
reduced phosphate levels. Further, our data suggest that compromising the phosphate transport
function of PIC2 is easier than inactivating its Cu transport function. Mutations in a series of
cysteine and histidine residues lining the aqueous binding pocket of the c-state model decrease,
but do not eliminate, Cu transport. The PIC2 structural model indicates that the Cys29 and His33
would be the most likely location to form a Cu-binding site. The cysteine positioned above that
site (residue 21) may help recruit Cu from the IMS and present it to Cys29-His33. In the m-state
model, the Cys29-His33 proximity is maintained and the next potential ligand, Cys44, is exposed
allowing for potential relocation of the Cu.

To understand the transport of the CuL. complex, we considered the net negative charge
of the complex, which suggests that positively charged or hydrogen-bond donor residues within
the aqueous binding pocket may stabilize this interaction, including those that participate in
phosphate transport (GIn86 and Lys90) [26]. Though mutating Lys90 does not affect ionic Ag*
transport in L. lactis, we nonetheless envision that this residue may be important to transport
competency in vivo where the CuL is more abundant. Interestingly, in the m-state model of PIC2
the aromatic ring of the side chain of Tyr83 is located between the Cys29 and His33, raising the
possibility that these residues could be used as direct ligands for ionic Cu transport and as a site
for binding for the CuL through n-interactions with aromatic components of the ligand. NMR
analysis of the CuL by proton and carbon spectrums shows the presence of an aromatic ring
structure with proton chemical shifts of 6.5-8 ppm, and carbon chemical shifts of 110-175 ppm
(Figure 2.8). The ring structure is consistent with the fluorescent properties of the CuL complex
[64, 65]. The positioning of an aromatic ring between the Cys29-His33 site could mimic a

hypothetical CuL-bound state (from the c-state), and the movement of the Tyr83 side chain into
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this position during substrate transport could facilitate the release of the complex from the
Cys29-His33 site towards the matrix (Figure 2.8). While we cannot differentiate between
possible mechanisms of transport that include release of Cu to the matrix upon CuL binding or
direct transport of the intact CuL complex, the transport of intact CuL may be expected as this is
the major form of Cu found in mitochondria under normal conditions [26, 34, 64]. In addition,
the anionic nature of the CuL complex may explain some of the promiscuity between Cu and

phosphate as substrates of the same carrier.
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Figure 2.8: NMR of the CuL and role of Y83 in interactions with the proposed
C29-H33 binding site.

A) 'H-13C HMBC spectrum of the purified CuL complex. The 1D 'H and *3C spectrum are shown. The box
highlights the signals consistent with a benzene ring (Carbon shifts 110-175 ppm and Proton shifts 6.75-7.9
ppm) in the CuL. B) Enlargement of the C29-H33 region of c-state with C29, H33 and Y83 shown in sticks. C)
Enlargement of the C29-H33 region of m-state with C29, H33 and Y83 shown in sticks with Y83 between the
C29-H33 “replacing/occluding” a potential site for CuL binding.
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Our phylogenetic analysis revealed nine taxa that lack a PIC2-like ortholog but have
retained COX. Each of these taxa have multiple MIR1-like transporters (Guillardia theta,
Thalassiosira pseudonana, Emiliania huxleyi, Dictyostelium discoideum, Ustilago maydis,
Cyanidioschyzon merolae, Chrysochromulina tobinii, Micromonas commoda, and Naegleria
gruberi). Alignment of these paralogs identified residues that are present in at least one of the
duplicates and are shared with PIC2 (Figure 2.5). We hypothesize that these variants may have
allowed MIR1 to secondarily gain Cu transport activity. One consistent difference we observe is
a histidine found in PIC2 orthologs versus a glutamine found in MIR1 orthologs at position 230
(as numbered in PIC2). Both side chains stabilize the conformation of a possible cardiolipin
binding site, by hydrogen bonding to peptide carbonyl oxygens. Additional experiments will be
required to determine if this substitution affects substrate selectivity.

We favor an idea that MIR1 duplication is a response to overcome the loss of PIC2 due to
the basal polytomy among MCF subfamilies observed in our phylogenetic analyses of MCF
proteins from each taxon. The lack of clear phylogenetic relationship to a second MCF group
suggested that functional transitions are occurring within PIC2-MIR1 clades. However, this
requires further investigation and an acknowledgement that other MCF transporters may have
also acquired Cu transport activity. Indeed, in yeast we have shown that the MCF family member
MRS3 serves as a secondary importer of mitochondrial Cu [14] . MRS3 is known as an iron
transporter, but transport of Cu by MRS3 and its orthologs has been reported in studies using
mitochondrially-derived vesicles from yeast and plants and in a reconstituted assay system [68—
71]. MRS3 orthologs are not consistently recovered in a well-supported sister clade to the PIC2-

MIR1 clade suggesting that this functional redundancy is the result of convergent evolution.
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Understanding phosphate transport

Our biochemical data suggest that Lys90, Leul27 and Met275 are important for
phosphate transport but are dispensable for Cu transport in L. lactis. The proposed mechanism of
transport for MCFs based on the comparison of the c- and m-states of the ADP-ATP carrier
suggests that even-numbered helices shift to allow transport/transition to the opposite state [4, 8].
The PIC2 structural model shows that Leul27 is located on helix 3 adjacent to a proline that
kinks the helix, thereby altering helix-helix packing interactions with helix 2 (Figure 2.9). The
Leul27 side chain interacts with the peptide backbone between Leu85 (Met in SLC25A3) and
GIn86 in a knobs-into-holes interaction. We hypothesize that helix 2 reorients in the alanine
substitution mutant especially in the vicinity of GIn86, changing the dynamics of that part of the
structure. In the c-state, this change could shift the side chains of GIn86 and therefore Lys90 to a
conformation that disrupts a phosphate binding site (Figure 2.9) and, by extension, decreases its
rate of transport. Methionine 275 is part of the computationally-predicted conserved substrate
contact point [3]. Based on its position in the c-state model below Lys90, Met275 is most likely
involved in transport after phosphate enters deeper into the agueous binding pocket of the

protein.
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Figure 2.9: Positioning of Leul27 relative to adjacent residues on helix 2.

Ribbon diagrams of PIC2 A) c-state and B) m-state structures. The polypeptide is shown as a ribbon trace
(aquamarine), the side chains as stick models. The Leul27 is colored purple to distinguish it from the adjacent
Leu85 (green), GIn86 (orange) and Lys90 (blue) residues on helix 2 (a2). Enlargement of the Leul27
interaction with the surrounding residues shown as spheres in C) c-state and D) m-state.
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Cu transport requires the formation of transient covalent bonds between the metal and
ligands during transport, whereas phosphate transport relies on hydrogen bonding and salt
bridges. These requirements may account for the fact that multiple mutations were able to inhibit
the ability of PIC2 to transport phosphate. Other site-directed mutational studies of MIR1 have
identified multiple residues that are required for phosphate transport [72—76], including His33,
Thr44 and Lys90 (using PIC2 numbering). Consistent with these earlier studies, we observe
decreased phosphate transport when mutating the corresponding residues in PIC2. In fact,
previous studies of MIR1 function showed that mutation of Thr44 to cysteine partially
inactivated phosphate transport [76] . This cysteine/threonine is clearly demarcated at the node
between PIC2 and MIRL1 clades, suggesting that it may be a critical change that weakened, but
did not eliminate, phosphate transport in PIC2-like transporters (Figure 2.5). Three lineages (O.
sativa, S. punctatus and P. marinus) lack MIR1-like transporters and have multiple PIC2-like
transporters. In the case of rice, this could simply be due to the polyploid nature of its genome. In
the chytrid S. punctatus, it may suggest that duplication enhances gene dosage. That is,
additional copies compensate for less efficient phosphate transport. In contrast, the duplicated
genes in P. marinus have undergone several notable changes; one variant has a large carboxy
terminal truncation, 3 of the 4 variants have valine replacing cysteine at position 44 (as noted
above from previous studies threonine at this position is optimal for phosphate transport) and
histidine at position 230 is replaced by the glutamine that is found in more phosphate-selective
transporters. These changes and gene dosage may be sufficient to overcome the loss of a MIR1-
like transporter. Testing these hypotheses will require in vitro expression of multiple transporters

to assess substrate selection.
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Conclusions

Mitochondria function as a metabolic hub that controls physiology and disease by
balancing the concentrations of multiple metabolites and essential elements [10, 77]. The MCF
proteins play a critical role in regulating the import and export of these substrates [2, 78], and
have been duplicated and specialized over evolutionary time to selectivity recognize and
transport highly similar substrates. However, gene duplication has allowed for the retention of
some carriers with multiple substrates. The evolutionary relationships among these carriers
reveal aspects of transport mechanisms and the physiological demands of the organism. Our
analysis of the Cu—phosphate MCF transporters shows that organisms deploy multiple strategies
to recruit these substrates. We cannot determine a single characteristic that indicates an
advantage or disadvantage of either strategy as unique patterns appear nested in different
lineages. Metal transport to the mitochondrial matrix is required for Fe—S cluster assembly and
COX assembly. Perhaps metal substrates are sufficiently simple that multiple MCFs are capable
of transport. However, given the fatal disorders that result from too much or too little Cu or iron,
it is unlikely that their transport is left to chance [79]. Storage in the mitochondrial matrix may
have evolved as a mechanism to ensure Cu availability for COX assembly in an early
endosymbiont that was subsequently retained during eukaryo-genesis [27]. Additional roles for
Cu in the matrix remain to be determined. The recent discoveries that mitochondrial Cu can
induce cell death through a pathway coined cuproptosis [80], disrupt essential processes such as
Fe—S assembly [81, 82] and alter the stability of SODL1 in the cytosol [13] collectively suggest
that understanding the physiological consequences of disrupting this Cu pool and its

homoeostasis remains an important area of future research.
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Chapter 3: Identification of genetic interactors with mitochondrial copper
transporters

Abstract

Saccharomyces cerevisiae use mitochondrial copper for various essential
physiological processes including respiration, defense against oxidative stress and iron
uptake. Copper is imported into the mitochondrial matrix as copper ligand complex (CuL)
primarily through the mitochondrial carrier family members Pic2 and Mrs3. In screening
for additional targets of mitochondrial copper, we identified 194 yeast genes that showed
no growth phenotype as a single deletion mutant, but when combined with pic2A, mrs3A
and pic2Amrs3A as double or triple mutants, either a proliferation phenotype or a
germination defect was exhibited. We assessed multiple mutants that grew the worst on a
non-fermentable carbon source under mild copper limitation condition for whole cell and
mitochondrial metals content and cytochrome c oxidase activity. In addition, ten synthetic
lethal interactors were analyzed, and among which aco2Apic2A was the only mutant whose
germination phenotype was rescued by adding copper. The mutant grew poorly on the
fermentable carbon source. The characterization of the single mutants of the viable
candidates that exhibited the most severe growth defect showed aco2A is the most similar

to pic2A.
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Introduction

Copper (Cu) is essential for eukaryotes for survival. Given the redox active nature of the
metal, Cu must be delivered to their correct subcellular destinations in a timely manner after
being imported into the cells to avoid potential harm caused by inappropriate interactions and
oxidative damage [1, 2]. There are many diseases associated with disrupted Cu homeostasis in
mammals, including Menkes disease, Wilson disease and an array of neurological pathologies
[3-6]. Elucidating the mechanisms of maintaining cellular Cu homeostasis at a molecular level
will provide insights into the management and treatment of the related diseases.

Majority of the Cu are imported into the cell through Ctrl [7-9]. Then, they are chelated
by either Cu chaperone proteins or cysteine-rich metabolites [10-12]. A ligand has also been
isolated and demonstrated to be able to bind Cu [13]. Once bound, Cu ions are directed to their
targets. Within the cytosol, a protein-mediated delivery mechanism has been identified for
copper. ATOX1 was the first discovered copper chaperon in the cytosol. It is a non-catalytic
copper-binding protein that delivers Cu to the trans-Golgi vesicles via ATP7A/B, a P-type
ATPase [14]. In humans, ATP7A loss-of-function mutation results in Cu deficiency and leads to
Menkes disease, whereas any mutation causes dysfunctional ATP7B leads to Cu overload and
Wilson disease [3]. Cu/Zn superoxide dismutase (SOD1) is another cytosol-localized protein that
requires Cu to be activated. CCS inserts Cu into the newly synthesized apoprotein in the
cytoplasm and then catalyzes the formation of an essential disulfide bond [12]. It interacts with
Sod1 as a heterodimer via the SOD-like domain and transfers the metal ion to the disulfide-
reduced apo-Sod1 [15]. CCS interacts with a partially folded conformation of apo, reduced Sod1l

facilitates the insertion of copper and the formation of the disulfide bond in a reaction that is
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dependent on oxygen [16]. The change in structure decreases the affinity of the interaction as
disordered loops adopt a more rigid structure in the copper-bound, disulfide bonded folded
protein. Impaired SOD activity has been linked to neuropathies such as amyotrophic lateral
sclerosis and Parkinson’s disease [5].

An important cuproenzyme found in mitochondria is cytochrome c oxidase (COX). It is
embedded in the inner membrane of mitochondria, being the terminal electron acceptor of the
electron transport chain, it mediates the transfer of the electrons from cytochrome c to oxygen to
produce water [17]. COX is required for respiration and contributes to the formation of
membrane potential in mitochondria. Cu is found in the catalytic core of the enzyme that is
surrounded by subunits COX1 and COX2 [18]. The assembly of the enzyme, including cofactor
insertion, requires the coordination of more 30 different accessory proteins [19]. Previous studies
showed the proper assembly and activation of COX is linked to an anionic mitochondrial Cu
pool. Any diminished Cu availability in this pool, either by deleting the mitochondrial Cu
importer, SLC25A1, or chelating mitochondrial Cu, demolishes the expression of COX or
renders the enzyme inactive [20]. This indicates the functional COX is dependent on
mitochondrial Cu. However, the mechanism for Cu delivery to the mitochondrial is unclear [13].

It has been demonstrated that there is no free Cu is detected within the cell, most of the
Cu exist as an anionic pool within the mitochondria [21]. It has been calculated that only 20% to
40% of the mitochondrial Cu are associated with COX. Organellar fractionation experiments
showed that more than 70% of mitochondrial Cu is present as a soluble, anionic complex
contained within a matrix-localized, bioavailable pool. This complex has been defined as the
copper ligand (CuL) and its existence and localization have been confirmed by X-ray

fluorescence imaging and Cu chelation studies [13]. The significancy of this mitochondrial CuL
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pool is understudied. Tsvetkov et al. discovered a Cu inducible cell death mechanism and named
it cuproptosis, where Cu is pharmacologically overloaded into mitochondria, causing lipoylated
protein to be denatured and aggregated and ultimately lead to cell death [22, 23]. The process is
dependent on the expression of ferredoxin, a small iron-sulfur cluster containing protein.
Additional studies reported the similar phenomena exist in Escherichia coli [24, 25]. Given the
endosymbiotic nature of the mitochondria, we hypothesize there are additional mitochondrial

protein targets that Cu can bind to and affect cellular physiology [26].

Conditions for novel mitochondrial Cu binding targets screen

Saccharomyces cerevisiae is one of the ideal model systems to study the Cu homeostasis.
It is unicellular with short doubling time and its genome has been fully sequenced [27]. The
methods for its genetical manipulation are well-established, and phenotypes can be identified
when yeast homologs of mammalian Cu-related genes are mutated under some conditions.
Boone’s lab developed a strategy that allows for high throughput yeast genetic screen called
synthetic genetic array (SGA) [28]. In an SGA screen, double mutants of the query deletion and
deletion mutation array (DMA\) are systematic constructed for a global analysis of synthetic
genetic interactions. To achieve this, a query mutation bearing the nourseothricin (clonNAT)
resistance marker is created and crossed to the DMA, which is an ordered array of approximately
5000 viable gene deletion mutants (representing ~80% of all yeast genes) and carry the
kanamycin resistance marker. Once crossed, the diploid strains undergo a series of selections for
the meiotic progeny harboring both mutations. The haploid double mutants are then transferred
to the plates under the screening conditions to be scored for fitness defects [28].

The phenotypes that are associated with disruption of Cu homeostasis are related to either
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Cu toxicity or Cu deficiency. Cu toxicity can be induced by either adding Cu to the growth
media; mutating genes encode Cu chelating proteins such as CUP1 and CRS5, or deletion of Cu
inducible transcription factor ACE1 [29-31]. We have tested that wild type yeast strain can
survive in rich media contain up to 8 mM Cu without showing any phenotype. There are two
metallothioneins in yeast: Cupl and Crs5. They are cysteine-rich proteins capable of binding
multiple copper atoms to prevent redox cycling or inappropriate binding interactions. CUP1 is a
highly expressed, duplicated gene in yeast and is responsible for a significant proportion of the
copper resistance in yeast. Cupl has unique cysteine spacing and is considered a copper-specific
metallothionein [32]. Crs5 has different cysteine arrangement that is more like other eukaryotic
metallothionein, it plays a less significant role in protection of the cells against copper toxicity.
Once intracellular Cu reaches toxic levels, Acel induces the transcription of CUP1 and CRS5
[33]. Cu deficiency can be induced by either limiting Cu availability to the cells, deleting Cu
transporters, or mutating transcriptional factors that induce the expression of Cu transporters.
Bathocuproine disulfonic acid (BCS) is the extracellular Cu chelator that binds with Cu and
prevents it from importing into the cell. Ctrl is a high-affinity Cu transport protein embedded in
the plasma membrane, it transports Cu in the cuprous form, so an extracellular metalloreductase
(Frel) is required for efficient Cu transport [34]. Ctr3 is an additional Cu importer in the plasma
membrane that was discovered as in a genetic screen to identify suppressors of defects in yeast
lacking CTR1 [35]. Yeast also uses a series of low-affinity Cu transporters such as Fet4 and
Smfl [36-38]. A common feature for both low and high-affinity transport is that Cu(l) is used
specifically as a substrate. Thus, cells need cell surface reductases or an exogenous reductant to
uptake necessary Cu. The export pathway for Cu in yeast has yet discovered and the only

equivalent of export is import into the vacuole. Cu is contained in the vacuole in the cuprous
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form as a metalloreductase (Fre6) is required for mobilization of Cu into the cytosol via Ctr2, a
homolog of Ctrl [39]. The deletion of CTR2 causes hyperaccumulation of copper in the vacuole.
Ctr2 is demonstrated to be a copper transporter by mutation analysis that showed it can function
as a high-affinity copper transporter when localized to the plasma membrane [40].

Most characterized phenotypes associate to Cu deficiency in yeast are related to three
major cuproproteins: Fet3, Sod1, and COX. The multicopper oxidase Fet3 converts ferrous iron
to ferric iron and is required for high-affinity iron transport in yeast. Cu cofactor in Fet3
mediates the oxidation of the substrate and the reduction of oxygen to water [41]. For high-
affinity iron transport to proceed, ferrous iron must be oxidized to ferric. Under Cu deficient
conditions, the cells are susceptible to iron deficiency as well. Therefore, with dysfunctional Fet3
due to low Cu, yeast cells require supplemental iron to be added to the medium. The ferroxidase
family can have multiple substrates, and in addition to oxidizing iron, and Fet3 has been shown
to oxidize cuprous copper at the plasma membrane [34]. This has been suggested to be
responsible for copper stress phenotypes associated with overexpression of Fet3. A high level of
Fet3 presumably induces cycling between Cu(l) and Cu(ll) leading to lipid damage and
toxicity[36]. Sod1 is a homo-dimeric free radical scavenging enzyme that destroys superoxide
radicals and protects cells from oxidative stress via a copper-mediated disproportionation
reaction [15]. Sod1 is expressed predominantly in the cytoplasm of yeast, but a small percentage
of the protein is found in the mitochondrial intermembrane space [42]. The monomer structure
consists of an eight-stranded beta-barrel that binds a copper ion and a zinc ion that play both
catalytic and structural roles [43]. With limited Cu availability, Sod1 deficiencies can cause
phenotypes such as amino-acid auxotrophy and reduced growth rate under aerobic conditions.

COX is a multimeric protein complex that contains two copper centers, a binuclear Cua site and
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a heme a3-Cus site [44]. It has been shown that the anionic mitochondrial pool within the matrix
is required for the active COX [13]. Without functional COX, the yeast cells lose the ability to
grow on the media with non-fermentable carbon sources such as lactate-glycerol and acetate.

The inner membrane of the mitochondria is impermeable to most ions and molecules, and
the transport of metabolic substrates such as oxaloacetate, citrate, GTP and ATP into and out of
the matrix are mediated by mitochondrial carrier family protein (MCF) [45, 46]. In yeast, MCF
members Pic2 and Mrs3 are the transporters that import Cu into mitochondrial matrix [47, 48].
Yeast strains with a deletion of PIC2 show copper-dependent growth defects, and mitochondria
from these cells have lower total mitochondrial copper. Importantly, Pic2 expressed in
Lactococcus lactis was able to transport copper [49]. The iron transporting MCF, Mrs3, also
contributes to copper import into mitochondria. Deletion of both PIC2 and MRS3 in yeast did not
eliminate Cu accumulation in the matrix, indicating additional Cu transports likely exist [48].
The insertion of the Cu cofactors into COX and Sod1 occur in the intermembrane space;
however, the mechanism for the export of copper from the matrix to the intermembrane space is
still unknown [13].

To identify additional mitochondrial Cu binding targets, we chose the condition of non-
fermentable carbon source lactate-glycerol with mild limited Cu availability. We used pic2A,
mrs3A and pic2Amrs3A as query strains to create haploid double or triple mutants to look for
genetic interactors that show lethality or fitness defects.

Materials and Methods

Yeast strains, culture conditions, and standard methods
The yeast strains used in this study were BY4741 (MATa, leu2A, metl5SA, ura3A, his3A) and the

isogenic kanMX4- containing mutant from Invitrogen. The query strains are constructed in
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Y8205 background (MATa, canlA::STE2pr-Sp_his5 lypIA::STE3pr-LEU2 his3A leu2A ura3A).
Query strains were constructed by transforming the PCR products of the amplified clonNAT
cassette with overhangs of 55 base pair specific to the upstream and downstream of the gene of
interest into Y8205 [28]. Transformants are selected on YP medium with 1% glucose and 100
Hg/L clonNAT. Correct targeting of the deletion cassette is verified by PCR. Query strains used
in this study are pic2A (MATo, pic2A::clonNAT canlA::STE2pr-Sp_his5 lypIA ::STE3pr-LEU2
his3A leu2A ura3A), mrs3A (MATo, mrs3A::URA3 canlA::STE2pr-Sp_his5 lypIA ::STE3pr-
LEU?2 his3A leu2A ura3A) and pic2Amrs3A (MATo, pic2A::clonNAT mrs3A::URA3
canlA::STE2pr-Sp _his5 ypIA ::STE3pr-LEU?2 his3A leu2A ura3A). clonNAT cassette is carried
in plasmid p4339 (pCRII-TOPO::natRMX4).

All cultures were grown in YP (1% yeast extract, 2% peptone) medium or synthetic defined
media (with selective amino acids excluded) with the appropriate filter sterilized carbon source
added. Metal concentrations were varied by using Bio101 yeast nitrogen base (Sunrise, Inc). If
required, further copper chelation was achieved by adding bathocuproine disulfonic acid (BCS).
Exogenous copper was provided by adding CuSOa. All strains were incubated at 30 °C.

Screen for novel mitochondrial Cu binding targets

DMA and query strains are pinned onto omni plate containing YP media with 2% glucose with
the pinning tool to the same position, each plate contains up to 384 strains. After incubation for
48 hours at 30°C, resultant diploid cells were selected for on medium containing clonNAT and
G418. The heterozygous diploids are then transferred to plates with sporulation medium to
induce sporulation and the formation of haploid meiotic spore progeny. MATa meiotic progeny
were then selected for by synthetic medium lacking histidine. The selected spores were then

germinated on medium with canavanine, thialysine, G418, and clonNAT with or without uracil.

91



This condition allowed selection for meiotic progenies with double or triple mutations. The
germinated progenies were then grown under the selected conditions for further analyses.
Tetrad Dissection

A tipful of sporulated zygotes were suspended in 50 pl of water with 50 U of lyticase (Sigma-
Aldrich L2524) and incubated in 30°C water bath for 30 minutes. Digested tetrads were then
gently transferred onto a dried plate YP medium with 1% glucose. Individual spores from the
same tetrad were separated with glass fiber needle under a microscope. The dissected spored
were incubated in 30°C for 48 hours before further analyses.

Elemental analysis

Samples were digested in concentrated metal-free nitric acid by heating at 95°C for 1 h in capped
acid-washed tubes, diluted in ultra-pure, metal-free water, and analyzed by ICP-OES
(PerkinElmer Life Sciences, Optima 7300DV) versus acid-washed blanks. Concentrations were
determined from a standard curve constructed with serial dilutions of two commercially available
mixed metal standards (Optima).

Mitochondria isolation

Mitochondria were isolated as described previously. Briefly, lyticase was used to create
spheroplasts that were gently ruptured in a glass Dounce homogenizer. After the spheroplasts
were lysed, crude mitochondria were isolated by differential centrifugation in the presence of 0.5
mm phenylmethylsulfonyl fluoride. Cell debris was pelleted at 1,500 x g, mitochondria and
microsomes were pelleted at 12,000 x g; the supernatant represented the post-mitochondrial
fraction. The crude mitochondria were then loaded onto a discontinuous Nycodenz gradient
(16% on 22%) and centrifuged at 150,000 x g for 1 h. The intact mitochondria recovered from

the gradient interface were washed in isotonic buffer and pelleted at 12,000 x g before analysis.
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Mitochondria were quantified using standard Bradford protein reagents.

Enzyme assay

COX activity was determined by monitoring the decrease in absorbance at 550 nm of chemically
reduced cytochrome c in the presence of cell or mitochondrial extracts. Cytochrome ¢ (Sigma #
C2506) is prepared at 20 mg in 50 mL of assay buffer (40 mM KH2PQOg4, pH 6.7, 0.5% Tween
20). The A550 nm (using water to zero instrument at A550 nm) is read (Ainitiat). The A550 nm is
read with cytochrome c solution and recorded as (Ared). Next 5 mg dithionite is directly added to

the cuvette to achieve and measure the maximum reduction (Amax) . Percentage reduced is

calculated by Ared-Ainitia/ Amax Samples of >90% reduction is used for the assay. If samples are
<90% reduced additional dithionite is added and Ared re-measured until >90% is achieved. After
preparing reduced cytochrome c, mitochondrial (or of whole cells) samples are added and rate of
decrease in absorbance at 550nm is measured.

The rates are re-measured in the presence of potassium cyanide (inhibits cytochrome ¢ oxidase
activity) to determine any background rate. Activity can be calculated as AAbs/min/ microgram
protein.

Quantification of the growth

After 48 hours of incubation at 30°C, the plates were scanned and converted to binary with ImageJ.
The growth of each mutant was quantified with the measurement function in ImageJ. A box with
fixed size was placed around the colony, and average pixel count within that box was measured as
the quantified growth of the mutant colony (Figure 3.1). The process was repeated for all colonies
on the plates. After all mutant growths were quantified, a Z-score was assigned to each one of

them.
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Figure 3.1: Quantification of the Mutant Growth.

Each plate contains up to 384 mutant strains. The equal loading and placement of the culture is ensured by the
pinning tool, each pin carries 5 pL of the culture and places it to the precisely the same location across different
plates to track their growth. A) After incubation on the selected media for 48 hours at 30°C, the plate is scanned.
The six colonies on this plate are used to demonstrate the quantification of the mutants in the experiment. B) the
image of the plate is converted to binary. To quantify the growth of each mutant, a box with 2025 pixels is placed
around it and the average pixel intensity is measured. C) the growth score of a mutant is represented by the
measured average intensity. The quantified growth matches visual observation.
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Calculate Z-score for each strain

The z-score is a dimensionless quantity that indicates the number of standard deviations by
which an event is above or below the mean value. VValues above the mean have positive z-scores,
while values below the mean have negative z-scores. The z-scores were calculated by subtracting

the mean growth from the raw score, then dividing the difference by the standard deviation:

X—u
o

Z — Score =

where x is the quantified growth, p is the mean of quantified growth of all mutants, and o is the

standard deviation of the quantified mutant growth.
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Results

194 Genes Interact with MCF Translocate Cu

Selected double mutants (DMA X pic2A, DMA x mrs3A) and triple mutants (DMA x
pic2Amrs3A) were transferred to the rich media containing 2% non-fermentable carbon source
lactate-glycerol with 5 uM BCS added to create a mild Cu limitation condition (n=2). The
double and triple mutants were incubated at 30 °C. Plates were scanned and the mutant growths
were quantified after 48 hours. Strains were then returned to the incubator and allowed to keep
growing for up to five days to validate the synthetic lethal interactions. After quantification, the
Z-score is calculated and assigned to each mutant.

There were 194 genes that had z-scores of less than -1 as double mutant with pic2A and
mrs3A and as triple mutant with pic2Amrs3A, suggesting these are the potential genetic
interactors of MCFs responsible for Cu transport. Analysis of these genes with gene ontology

(GO) term revealed no enrichment in cellular functions, processes, or localization.
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Figure 3.2: SGA yield 194 potential interactors with MCF responsible for Cu transport.

The DMA of over 4,000 single deletion mutants were crossed with pic2A, mrs3A, and pic2Amrs3A. The
double and triple mutants were selected and grown on rich media with non-fermentable carbon source, lactate
glycerol, and mild Cu limiting condition with 5 uM BCS. After incubation for 48 hours, the growth of each
mutant was quantified, and a z-score was calculated for each colony. A) The distribution of z-scores for all
double and triple mutants. 194 genes have z-score of less than -1 when deleted with pic2A, mrs3A, and
pic2Amrs3A. B) these 194 genes were analyzed with GO term for cellular localization, process, and function.
The figure shows the GO analysis for cellular localization of the potential interactors as an example. GO term
analyses showed no enrichment of the candidates in cellular localization, process, or function.
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Synthetic Lethal Interactors with Cu transporting MCFs

There are two types of outcomes can be expected from the SGA: 1) the double or triple
mutants can germinate but show a growth defect when grown under the selected screening
conditions. These are synthetic sick candidates. 2) the double or triple mutants that are not able
to germinate, termed synthetic lethal candidates. The synthetic sick candidates show the additive
phenotypes to the known Cu related pathways, suggest the additional components to these
pathways. Whereas the synthetic lethal interactors may reveal the genes that are novel in Cu
homeostasis.

There were 32 synthetic lethal interactors identified from the screen. These are the ones
scored less than 5 on germination plates when crossed with pic2A, mrs3A, and pic2Amrs3A. In
another words, the ones that were not viable as double or triple mutants. Out of these 32
candidates, 22 mutants have physiological roles that prevented germination, i.e. mating defect,
sporulation defect or amino acid auxotroph. There are ten synthetic lethal candidates left to be
analyzed further. These ten candidates are ncrlA, ykrO070wA, pyc2A, yea4A, ynr068cA, UL 1bA,
ribIA, mhf2A, budl6A, and aco2A.

Ncrl is a vacuolar membrane protein involved in sterol trafficking, it mediates transits of
sterol through biosynthetic vacuolar protein sorting pathway; cells lacking NCR1 accumulate
long chain bases [50-52]. YkrO70w is a putative protein of unknown function, it is detected as a
highly purified mitochondria protein in high-throughput studies [53, 54]. Pyc2 is one of the
isoforms of pyruvate carboxylase, it localizes to cytoplasm and converts pyruvate to oxaloacetate
[55, 56]. YEA4 encodes uridine diphosphate-N-acetylglucosamine transporter, it is required for
cell wall chitin synthesis, and Yea4 it is localized to the endoplasmic reticulum [57]. YnrO68c is

a putative protein of unknown function [58]. uL1b is a component of the ribosomal 60S subunit,
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ribosomes containing uL1b are more efficient in translation of respiration-related proteins. uL1B
is homologous to mammalian ribosomal protein uL10 and bacterial L1, and uL/aAuL /bA double
mutant is lethal [59-61]. Rib1 catalyzes the first step of the riboflavin biosynthesis pathway [62—
64]. MHF2 is orthologous to human centromere constitutive-associated network subunit CENP-
X, it encodes the components in the hetero-tetrameric MHF histone-fold complex. In humans the
MHF complex interacts with both DNA and Mph1 ortholog FANCM to stabilize and remodel
blocked replication forks and repair damaged DNA [65-67]. Bud16 is a putative pyridoxal
kinase localizes to cytosol and peroxisomes that is involved in synthesizing pyridoxal 5'-
phosphate, the active form of vitamin B6 [68—70]. It is required for genome integrity. Aco2 is a
putative mitochondrial aconitase isozyme that is required for the TCA cycle. The expression of
ACO2 is induced during growth on glucose, by amino acid starvation via Gen4p, and repressed
on ethanol [53, 71, 72].

To test whether adding Cu rescues the lethal phenotype, we obtained the sporulated
progenies of pic2A and candidate deletion diploids, placed them on the germination media with
the two selection markers, G418 and clonNAT, with 100 uM of CuSOQ4, after incubation at 30°C
for 48 hours, aco2Apic2A double mutant was the only candidate whose lethality was rescued by

Cu supplementation (Figure 3.3).
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Figure 3.3: pic2Aaco2A lethality is rescued by Cu supplementation.

Comparison between the quantified growth of synthetic lethal candidates as single mutant, double mutant with
pic2A and double mutant with pic2A with 100 pM CuSO4 added to the germination media. The mutant
(vor120wA) with average growth is served as the positive control. Quantified growth showed the mutants are
viable as single mutant but lethal when combined with picA as double mutant. The lethality of pic2Aaco2A is
the only one rescued with 100 puM of CuSO4 was added to the germination media.
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Characterization of the Top Candidates

We measured the COX activity and evaluated the ionomic profiles of aco2A and the
single mutants of 10 synthetically sick candidates that grew the worst as double mutants with
pic2A to examine whether they share any similar characteristics with pic2A and the deletion
mutation of its homolog, mirIA. For ionome profile, we measured cellular Ca, Cu, Fe, K,
Mg, Mn, Na, P, and Zn content with inductively coupled plasma — optical emission
spectroscopy. We combined the ionomic data and COX activity to generate a heat map and

performed principal component analysis (PCA).

Among the analyzed candidates, the heat map indicated aco2A had the most similar
ionomic profile and COX activity to pic2A, and the next closest candidate. pic2A, mirlA,
and aco2A showed a highly consistent trend in Cu content but divergent profiles for COX
activity, Fe, K, and Na content. The single mutants of 10 selected candidates showed a
similar trend in terms of ionomic profile and COX activity with the exception of hop2A,

which exhibited a different COX activity with the rest of the single mutants.

Driven by primary component of cellular Ca content and secondary component of
cellular Cu content, the PCA clustered the 10 selected mutants together, while pic2A, aco2A,
and mirlA formed another distinct cluster. Further suggesting aco2A and pic2A share very

similar characteristics.
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Figure 3.4: Characterization of the single mutants of selected candidates

A) The viable candidates showed the most severe growth defect when combined with pic2A, aco2A, and mutant of
PIC2 homolog, miriA were measured for the COX activity and cellular element content. The collected data were
used to generate a heat map and perform PCA. B) the heat map showed aco2A and pic2A are closely related while
C) PCA clustered pic2A, aco2A, and mirIA together, suggesting they share a high level of similarity.
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Conclusion

Cu is required for many critical cellular functions in eukaryotes to survive, it can cause
damage to the cells if not handled properly. Therefore, Cu must be delivered to their subcellular
destinations in a timely manner after being imported into the cells [1]. Cells adopt a complicated
yet highly efficient molecular system to maintain Cu homeostasis and avoid any potential
harmful effects it might cause [13]. This system controls the import of Cu into the cell,
distribution of Cu to the correct targets at the right time and storage of unused Cu and keep them
in a non-redox active form [73]. Any disruption in this system may cause imbalanced cellular Cu
homeostasis that leads to diseases at organismal level or even death [22, 23].

Previous studies discovered a soluble anionic Cu pool within the mitochondrial matrix
that is required for metalation and activation of mitochondrially localized enzymes. In S.
cerevisiae, this pool is replenished primarily by MCFs Pic2 and Mrs3, while in mammals the
major transporter that is responsible for importing Cu into mitochondria is SLC25A3 [74]. It has
been estimated that 10% of mitochondrial Cu is associated with cupro-enzymes that localized to
the mitochondria [13]. In addition to that, pharmaceutically induced Cu accumulation in
mitochondria causes lipoylated TCA enzymes to be aggregated and denatured, and ultimately
leads to cell death [22]. This discovery coincides with other studies that showed overloading of
Cu in E. coli causes protein aggregations and induces cell death [24, 25]. Collectively, this
evidence suggests there are additional targets for Cu to bind within the mitochondria. In this
study, we proposed to identify additional protein targets within the mitochondria for Cu binding.
We used SGA to screen yeast genes by generating double or triple mutants of mitochondrial

transporters and DMA [28]. 194 potential interactors were identified, among which 162 showed
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synthetic sickness and 32 were synthetic lethal that failed to germinate as double or triple
mutants. GO term analyses did not reveal an obvious connection between these candidates. We
then examined the synthetic lethal interactors and 22 of them had a known role preventing them
from germinating. We transferred the diploid progenies produced by crossing of the remaining
10 candidates and pic2A to germination media with added Cu, and aco2Apic2A was the only
strain whose lethality was reversed.

Further biochemical and ionomic analyses of a selected group of candidates showed the aco2A

resembled the profile of pic2A. Therefore, we chose this candidate for the further analyses and the results

is presented in the next chapter.
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Chapter 4: Copper Regulates Aconitase Activity through Metalloallostery

Abstract

Copper (Cu) is required for many important cellular functions in eukaryotes; however, it
becomes toxic to cells when mis-regulated. In Saccharomyces cerevisiae, Cu serves as a cofactor
for various enzymes including cytochrome c oxidase, superoxide dismutase and multi-copper
oxidase. Recent studies focus on elucidating the role of Cu as a metalloallostery regulator in
different signaling pathways. We discovered a novel copper-rescuable phenotype in yeast that
cannot be explained by the known role of Cu. ACO1 and ACO2 are two aconitase homologs in S.
cerevisiae. Acol is a TCA cycle enzyme that catalyzes isomerization of citrate to isocitrate
through cis-aconitate, while Aco2 is required for lysine biosynthesis in the a-aminoadipate
pathway to dehydrate homocitrate and produce cis-homoaconitate. We discovered a slow growth
phenotype in the aco2Apic2Alyp 1A mutant that is exacerbated under copper limitation and
rescued by copper supplementation. The rescue of the phenotype is dependent on the expression
of ACOL. Given the structural similarities between the two homologs, we hypothesize that Cu
binds to Acol and allosterically regulates substrate specificity. in vitro biochemical assays

demonstrated the substrate specificity of Acol can be modulated by adding Cu.
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Introduction

Copper (Cu) is essential for eukaryotes. Cells exploit the redox nature of the metal by
using it as a cofactor for numerous enzymes involved in vital biological processes. The Cu
homeostasis is meticulously maintained by the cells to avoid any adventitious effects it may
cause [1, 2]. Disruption of Cu homeostasis is linked to multiple human diseases. Cu
accumulation causes Wilson disease, idiopathic Cu toxicosis and endemic tyrolean infantile
cirrhosis, while Cu deficiency is associated with Menkes disease, developmental defects and
neuropathologies including amyotrophic lateral sclerosis and Parkinson’s disease [3—7]. Delivery
of Cu from the outside environment to their designated targets within the cell is a highly
complicated process that requires concerted cooperation of multiple transporters, chaperone
proteins and redox active metabolites [8].

Saccharomyces cerevisiae uses a combination of high- and low-affinity transports to
import Cu [9-13]. Once inside the cell, Cu is delivered to the targets by the copper chaperones
[14]. The proper insertion of Cu is guided by the increasing affinity in the target protein [15]. Cu
must be distributed to the secretory pathway for insertion into enzymes required for high-affinity
iron transport [16, 17], to cytosolic targets for insertion into superoxide dismutase for protection
against oxidative stress [18, 19], and to mitochondria to be assembled into the terminal electron
accepting complex in the energy-producing electron transport chain, cytochrome ¢ oxidase
complex [20-22]. The translocation of Cu into mitochondria in yeast is mediated by
mitochondrial carrier family protein (MCF) members [23]. These carriers contain three
transmembrane alpha-helical domains that form an opening across the membrane characterizing a

conserved structure of these proteins. The carrier channel is closed by the salt bridges formed by

113



conserved PX[DE]XX[KR] motifs within the transmembrane alpha-helices. Upon substrate
binding, the channel is opened to allow for translocation across the membrane [24].

The transport of transition metal into mitochondria is mediated by multiple MCF
proteins. Pic2 was the first identified MCF to transfer copper into the matrix to replenish the
mitochondrial Cu pool, which is required for metalation of cytochrome ¢ oxidase and superoxide
dismutase. Yeast strains with deleted PIC2 show Cu-dependent growth defects, and
mitochondria from these cells have lower Cu content. Importantly, Pic2 expressed in
Lactococcus lactis was able to transport copper. The mitochondrial iron-transporting protein
Mrs3 has also been shown to contribute to copper import into mitochondria [23].

While the Cu delivery pathways has been extensively studied, the role of Cu in
metalloallostery has recently drawn attention of researchers. Studies have shown Cu can
transiently bind to and modulate the activities of enzymes involved in different signaling
pathways, including mitogen-activated protein kinase (MAPK) signaling pathway, ULK1/2 in
autophagic pathway, and PDE3B in lipolysis pathway [25]. The canonical MAPK pathway
consists of the RAF-MEK-ERK signaling cascade and represents one of the most well-defined
axes within eukaryotic cells that promotes cell proliferation. Mutated enzymes that constitutively
activate this pathway are associated with human cancers [26]. Surface plasmon resonance and
proximity-dependent biotin ligase studies identified a Cu chaperone for superoxide dismutase
(CCS) as the Cu chaperone that selectively bound to and facilitated Cu transfer to MAP kinase
kinase (MEK1), and in vitro assay showed that the kinase activity is enhanced with increased
Cu-loaded CCS present in the reaction mixture [26]. Mutants of CCS that disrupt Cu(l)
acquisition and exchange or a CCS small-molecule inhibitor were used and resulted in reduced

Cu-stimulated MEKZ1 kinase activity. Cu is also to activate the autophagic kinases ULK1 and
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ULK2 (ULK1/2) through a direct interaction [27]. ULK1/2 share a conserved Cu binding
sequence with MEK1/2, and the ULK1/2 mutants losing Cu binding capacity results in reduced
ULKZ1/2-dependent signaling and the formation of autophagosome complexes. ULK1/2 enzyme
activity corresponds to the intracellular Cu content, increased Cu level is associated with
starvation-induced autophagy and are sufficient to enhance ULK1 kinase activity and, in turn,
autophagic flux. Cu also interacts with energetic metabolism signaling pathway [27]. Elevated
liver Cu level and diminished lipid level was observed in Atp7b~~ mouse, where mutation of the
copper exporter protein ATP7B results in excess copper accumulation in the liver. In contrast to
the liver, the white adipose tissue (WAT) of Atp7b~~ mice has reduced Cu levels. Investigation
of cyclic AMP (cAMP)-dependent lipolysis with B-adrenergic receptor agonist in Atp7b™~ WAT
suggest Cu level influences lipolysis activity. Further mechanistic biochemical studies showed
Cu binds to a key allosteric C768 site and inhibits the activity of isoform-specific
phosphodiesterase 3B (PDE3B), which is responsible for cAMP-dependent lipolysis of
triglycerides into fatty acids and glycerol [28]. This shows that reversible metal binding can
cause a decrease in catalytic activity of the enzyme target. The studies mentioned above
demonstrated that the overall enzyme activity can be either enhanced or inhibited with transient
Cu binding. However, no previous studies reported the substrate specificity can be modulated by
Cu metalloallostery.

Materials and Methods

Yeast strains, culture conditions, and standard methods
Yeast strains used were BY4741 (MATa, leu2A, metl5A, ura3A, his3A) and isogenic kanM X4
mutant from Open Biosystems (Huntsville, AL). Double mutants were constructed by

homologous recombination of the URA3MX cassette at the MRS3 locus. The Y8205 (MATaq,
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canlA::STE2pr-Sp_his5 lypIA ::STE3pr-LEU?2 his3A leu2A ura3A) strain was a kind gift from
Scot Leary (University of Saskatchewan). Cultures were grown in 1% yeast extract, 2% peptone
(YP) medium or in synthetic defined media with selective amino acids excluded using the
appropriate carbon source. If required, further copper depletion was achieved by adding filter-
sterilized extracellular copper chelator bathocuproine sulfonate (BCS).

Growth tests were performed at 30 °C with 1 in 10 serial dilutions of overnight pre-cultures
grown in YP plus 1% glucose.

Aconitase activity assay

All solutions used are deoxygenated by nitrogen gas purging at rate of 1L/min for thirty minutes.
To prepare active aconitase solution, porcine aconitase (Sigma-Aldrich, 9024-25-3) is suspended
in 10mM Tris-HCI pH 7.4 at 10 mg/mL, then activated by adding ammonium ferrous sulfate to a
final concentration of 50 uM and L-cysteine of 5 mM, followed by incubating on ice for one
hour and filtering through 0.4 um syringe filter. Citrate or homocitrate were dissolved in 10mM
Tris-HCI pH 7.4 to be used as substrates. Enzyme activities are assayed by measuring the rate of
change in 240 nm absorbance over thirty minutes, which indicates the changes of aconitate or
homoaconitate concentration within the reaction mixture.

RNA extraction

1mL yeast culture was collected by 10,000 x g 5 min. After washing the cell pellet twice with
water, the supernatant was removed, and the pellet was resuspended with 100 pL water. Then,
800 pL TRIzol (ThermoFisher 15596026) was added to the resuspended cells directly, and the
cells were lysed by pipetting the mixture up and down for several times. After incubating at
room temperature for 5 minutes, 1/5 volume of chloroform (160 pL for 800 pL total volume)

was added to the tube and thoroughly mix the sample by vortex. The mixture was incubated for
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2-3 minutes at room temperature then centrifuged at 12,000 x g for 15 minutes at 4°C. The
sample will separate into a lower red phenol-chloroform organic layer, an interphase, and a
colorless upper aqueous phase. The top aqueous phase containing the RNA was transferred to a
new tube containing 1 volume of isopropanol. The sample was then incubated for 10 minutes at
room temperature followed by centrifugation at 12,000 x g for 10 minutes at 4°C. The
supernatant was discarded, and the total RNA pellet was washed in 1 mL 70% ice cold ethanol.
The washed RNA sample were collected by centrifugation at 7500 x g for 5 minutes at 4°C. after
removing the supernatant, the RNA pellet was air dried for 5 minutes to evaporate any residual
ethanol. The pellet was the dissolved in 30 — 60 pL RNase-free water and the RNA concentration
was determined by nanodrop. TURBO DNase (ThermoFisher AM2238) was added to the sample
to digest DNA contaminations.

Reverse Transcription

For each reverse transcription reaction, 1 pL of 100 uM random hexamer, 1 uL of 10 mM
dNTPs, 1 uL of isolated RNA, and 9 uL of RNase free water were added, the mixture was then
incubated at 65°C for 5 minutes and immediately put on ice. Then, 4 puL of 5x buffer, 2 pL of
100 uM DTT, 1 pL of RNase inhibitor, and 1 puL of SuperScript 11 RT (ThermoFisher
18064022) were added to the tube and each sample was run on a thermal cycler at 25°C for 10
minutes followed by 42°C incubation for 50 minutes, and finally a 70°C incubation for 15
minutes. Once the reverse transcription is completed, 80 uL RNase-free water was added to the
tube and cDNA template is ready to be further analyzed.

gPCR

1 pL of cDNA, 10 pL of 2xDYBR green master mix, 8 pL of RNase free water, 0.5 pL of 10

UM forward primer, and 0.5 pL of 10 uM reverse primer was loaded to the each well of a g°PCR
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plate. The plate was then sealed with the gPCR tape and briefly centrifuged at 1,000 RPM. The
plate was then loaded to the gTower and designated program was executed.

Library Construction

The genomic library was prepared as previously described. The yeast expression plasmid
pRS413 was digested with EcoRV and treated with alkaline phosphatase (New England Biolabs,
NEB #M0290). The S. cerevisiae BY4741 genomic DNA was partially digested with ECORV for
the maximum yield of DNA fragments in the 3-10 kb size range. The digested DNA samples
were then run on 1% agarose gel, the smear range from 3-10 kb were cut out of the gel and DNA
were recovered with a gel extraction kit (Zymo research D4007). The cleaned DNA fragments
and the digested pRS413 vector were ligated with T4 DNA ligase (New England Biolabs
M0202S) at 14 °C overnight. The ligation mixture was used to transform NEB 10-beta
Competent Escherichia coli cells (New England Biolabs C3019H) with electroporation method.
The transformants were selected on LB plates containing 100 pg/L ampicillin. Then the
transformants were scraped off the plates with liquid LB medium and used to extract the
genomic library plasmid with a Qiaprep Spin Miniprep Kit.

As for the number of colonies required for entire genome coverage, we used the genomic library

construction formula:
N = In (1-— ;ia)
In(1- 5)
Where N is the number of clones in the library, g is the genome size, i is the average insert size,
and p is the probability that any point in the genome will occur at least once in the library.
For the calculation:

The genome size (g) of S. cerevisiae is 13.5 Mb with average open reading frames size of 1.4 kb,
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and the average insert size (i) is 6 kb (partially digested genomic DNA of 3 kb-10 kb). The

probability that any point in the genome will occur at least once in the library (p) is set to be

99.9%.
In (1 - In (1 —-0.99
y=nt-p _ In( ) 10359
In (1_L) In (1_6X—103)
g 1.35 x 107

This indicates a minimum number of 10,359 of E. coli colonies is required to cover the genome
of S. cerevisiae.

Genomic Library Screen

After preparation, yeast genomic library was transformed into the recipient strain pic2Aaco2A in
complementation experiments with electroporation method. The transformants were selected on
synthetic media with glucose and without histidine. To ensure the complete coverage of the yeast
genome, three times of the minimum number of colonies required for complete coverage is

obtained before further analysis.
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Results

Copper supplementation rescues aco2Apic2Alyp1A lethality

In the screening for genetic interactions of Saccharomyces cerevisiae mitochondrial Cu
transporters, we found Aaco? is synthetically lethal with deletion of PIC2 as the haploid double
mutant failed to germinate and this lethality is reversible by adding 100 uM CuSOQa. To validify
the result, we manually dissected the sporulated progenies of pic2Aaco2A diploids. The
separated spores showed a severe growth defect in 1:3 ratio (Figure 4.1 A). Further analyses
showed the growth defect is exaggerated under copper limiting condition with the addition of
copper chelator, bathocuproinedisulfonic acid (BCS), while supplementing the media with
CuSOq reverses the phenotype.

The genotypic analysis showed the slow growing spore carries lyplA. LYP1 encodes
lysine specific cationic amino acid permease that imports lysine from the environment [29, 30].
It is deleted in Y8205 for the thialysine selection [31]. ACO1 and ACO2 are two paralogs in S.
cerevisiae. Acol participates in the TCA cycle to convert citrate to isocitrate [32], while Aco2 is
required in the lysine biogenesis a-aminoadipate pathway to remove the hydroxyl group from
homocitrate and produce homoaconitate [33, 34]. The fact that the mutant misses aco2 and lypl
suggests the growth defect of this triple mutant is related to lysine auxotroph.

To examine whether the rescue of the phenotype is copper specific, we added 100 uM
ferrous chloride to the media with limited copper availability which did not reverse the
phenotype (Figure 4.1 B). In addition to cupric ion, we added apo copper ionophores and
ionophore-copper complexes to the media and they rescued the poor growth of the double mutant

(Figure 4.1 C). To access the metal levels of the Aaco2Alypldouble mutant, we digested the cells
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grown in the rich media with metal-free nitric acid and measured the copper and iron content.
Interestingly, the copper and iron content of the double mutant are not significantly different

from that of the wild type and the single mutant (Figure 4.1 D).
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Figure 4.1: Copper rescues lysine auxotroph in aco2Apic2AlypIA.

A) Tetrad dissection of the sporulated aco2Apic2A diploid mutant showed a growth defect
phenotype that segregated at ratio of 1:3. B) The serial dilution growth assay showed
aco2Apic2AlypIA growth defect on fermentable rich media is exaggerated under copper limiting
condition. Adding 100 uM CuSO4 rescued the phenotype but adding 100 uM of FeCl, did not
reverse the phenotype. acolA or aco2A single mutants did not show the grow defect. C) ICP-OES
analyses showed the copper and iron content are not significantly different from that in the wild

type and aco2A single mutant. D) adding apo/loaded copper ionophores to the media rescued the
growth phenotype.
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Amino acid auxotroph on rich media is rare because all the required nutrients are
present in the media supplied by yeast extract and peptone, the amino acids essential for
cell to grow exist as peptides with various lengths. Dipeptides are primarily imported into
the yeast cells through Ptr2 and Dal5 [35, 36]. We investigated whether Dal5 or Ptr2 is the
predominate dipeptide transporter in BY4741 yeast strain by rescuing the leucine
auxotrophy with leucine-alanine dipeptide in dal5A and ptr2A. The results showed ptr2A
had a worse growth defect than da/5A when supplementing the media with leucine-alanine
dipeptide, suggesting Ptr2 is the predominant dipeptide transport in BY4741 strain. The
expression of PTR2 is repressed by CUP9, the growth of cup9A is comparable to that of
the BY4741 wildtype (Figure 4.2 A) [36]. Next, we tested if Cu modulates the expression
level of PTR2. RT-gPCR results indicated that the expression of PTR2 is upregulated in the
aco2Apic2AlypIA triple mutant compared to the wildtype strain, however, adding Cu did
not affect the expression of PTR2 in the triple mutant significantly (Figure 4.2 B).
Subsequently, we used di-lysine peptide to rescue the lysine auxotroph in the
aco2Apic2Alyp IA triple mutant under low Cu and high Cu conditions, the results showed
di-lysine peptide rescued the growth defect when glutamic acid is used as the nitrogen
source, and the rescue is independent of Cu concentration within the media (Figure 4.2 C).
Together, these results indicated the rescue of the lysine auxotroph by Cu is not related to

dipeptide transporters.
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Figure 4.2: Dipeptide transport in pic2Aaco2Alyp 1A triple mutant

A) Using leucine-alanine dipeptide to rescue the leucine auxotroph in strains with BY4741
background. The growth defect of p#r2A is not rescued by the dipeptide, suggesting it is the
predominant dipeptide transporter in this yeast strain B) The RT-qPCR results indicate the
expression of PTR2 is upregulated in the pic2Aaco2AlypIA triple mutant, and adding Cu in the
media did not further induce the overexpression of PTR2 in the triple mutant. C) di-lysine peptide
can rescue the lysine auxotroph when glutamic acid is used as the nitrogen source. The rescue by
di-lysine is independent of the Cu concentration within the media.
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Identification of multi-copy suppressors by genomic DNA library transformation

To identify multi-copy suppressors of the growth defect, a S. cerevisiae genomic library
was constructed and transformed into the mutant. The recipients of the suppressor genes showed
increased colony sizes when compared to other transformants on the selection plate (Figure 4.2
A). the recipients of the suppressor genes were further confirmed by a serial dilution growth
assay under copper limiting conditions. The growth defects were eliminated in the suppressor
candidates under copper limiting conditions (Fugure 4.2 B). Six out of twelve suppressors were
successfully recovered and identified as ACO2 and LYP1. The identification of LYP1 as one of
the suppressors confirmed the growth defect of pic2Aaco2A is caused by lysine auxotroph.

Lys4 is the homoaconitase in the yeast lysine biosynthesis pathway that converts
homocitrate to homoisocitrate [37—-39]. The enzyme contains a 4Fe-4S cluster, and thus it is
susceptible to the buildup of reactive oxygen species [40]. Therefore, uncompromised cellular
superoxide dismutase (SOD) activity is required for its proper function. Subsequently, we
assayed the SOD activity of the mutant to examine if there is a SOD deficiency. In this assay,
ccs1A was used as negative control because Ccsl1 is the copper chaperone for Sod1 and deletion
of CCS1 renders Sod1 inactive as it cannot receive the copper cofactor [18]. The assay showed
the triple mutant had no significant difference in SOD activity when compared to the wildtype,
pic2A and aco2A single mutants, while the cCS1A strain exhibited ablated SOD activity as

expected (Figure 4.2 C).
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Figure 4.3: Identify multi-copy suppressors of the growth phenotype.

A) A yeast genomic library constructed with wildtype genome was transformed to the aco2Apic2AlypIA
mutant. The recipients of the suppressor genes showed enlarged colonies on the transformation selection plates
comparing to the other transformants. B) The recipients of the suppressor genes were picked and cultured,
serial dilution growth assay with the suppressor carriers, wildtype positive control and aco2Apic2AlypIA
mutant negative control showed the suppressor carriers no longer had growth defects under copper limiting
condition. C) SOD activity in the wildtype, pic2A, aco2A and aco2Apic2AlypIA are not significantly different,
while the Accsl negative control showed diminished activity.
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The rescue of the phenotype is dependent on ACO1 expression

Acol functions as an isomerase and produce isocitrate from citrate. It protonates and
removes the hydroxyl group from C3 of the citrate, while Ser-642 concurrently abstracts the
proton on C2, creating a double bond between C2 and C3, and forming the intermediate cis-
aconitate. The intermediate is then flipped 180° within the active site of the Acol, allowing C2
on the aconitate to be hydrated, producing isocitrate [41, 42]. In S. cerevisiae, ACO2 is
paralogous to ACOL1 [43, 44]. Previous studies showed that mutating a critical residue in the
active site of Acol arginine 604 to lysine, the residue at the corresponding position in Aco2,
reduces the enzymatic activity against citrate to 0.4% compared to the wildtype protein [33].
However, replacement of the lysine residue in Aco2 with arginine confers the mutant a 100-fold
increase in enzymatic activity against citrate. The citrate molecule has a backbone made of three
carbon atoms with three carboxyl groups attached, while homocitrate has four carbons on the
backbone [45]. The proposed mechanism for this gain of function in aco2 K604R is that the
larger side chain on arginine in the active site accommodates the smaller substrate citrate.

Expression of ACO1 is reported to be negatively correlated to the concentration of
glutamic acid present in the growth media [33]. We measured the expression level of ACO1 in
the BY4741 strain grown in synthetic media with and without the presence of glutamic acid.
Ammonium sulfate was used as the nitrogen source in glutamic acid-free media. RT-gPCR
showed ACO1 expression increased four fold in the yeast cells in the glutamic acid free media
compared to the media with glutamic acid (Figure 4.3 A). We then tested whether the copper
rescue of the growth phenotype is dependent on the expression level of ACO1 by plating
BY4741, aco24pic24lyplA, and acolAaco2Apic2A on synthetic media omitting lysine with

different nitrogen sources. None of the strains showed a growth defect on synthetic complete
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media (Figure 4.3 B). When grown on lysine free medium, it required less of copper to rescue
the lysine auxotroph phenotype when glutamic acid is absent. This suggests the reversal of the

lysine auxotroph growth defect is dependent on the ACO1 expression level.
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Figure 4.4: the rescue of lysine auxotroph by copper is dependent on ACO1 expression

A) RT-gPCR shows the expression of ACO1 is upregulated when yeast cells are cultured in the media without
glutamic acid (n=3). B) serial dilution growth assay showed aco2Apic2AlypIA and aC01AaC02APIC2A triple
mutants had no phenotype on synthetic complete media. C) on lysine-free, glutamic acid-free media,
aco2Apic2AlypIA showed a growth defect that was exaggerated under copper limiting condition and
the phenotype was reversed by 50 uM CuSQ, supplementation. acolAaco2Apic2A was lethal under
the tested conditions and adding copper failed to rescue it. D) on lysine-free media that contains
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glutamic acid, aco2Apic2AlypIA had a growth defect due to lysine auxotroph. 100 pM CuSO,was
required to partially suppress the phenotype. acolAaco2Apic2A was lethal under the tested conditions
and adding copper failed to rescue it. E) The quantified growth demonstrated that the rescue of the
lysine related growth defect is dependent on the expression of ACO1 (n=3).
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Copper metalloallersterily regulates substrate specificity of Acol

Alignment of yeast Acol and Aco2 sequences showed the residue that dictates substrate
specificity in Aco?2 is a lysine, while the equivalent position is occupied by an arginine residue
(Figure 4.4 A). Previous studies established the specificity of the Acol and Aco? is related to
steric inhibition of homocitrate binding and repositioning of a single residue could change
specificity [33]. A site-directed mutation that replace the lysine residue to an arginine in Aco2
confered the mutant substrate specificity against citrate. However, the reciprocal Acol mutant
did not result in gain the function. We tested the ability of copper to modulate this structural
change. We hypothesize that the substrate specificity of Acol can be modulated by a
conformational change in the active site because of Cu metalloallostery. We propose this change
in substrate specificity of Acol partially compensates the loss of Aco2 (Figure 4.4 B). In the
TCA cycle, Acol isomerizes citrate to isocitrate through the intermediate aconitate, the reaction
occurs in both directions, while in the a.-aminoadipate pathway, Aco2 converts isocitrate to
homoaconitate. Both aconitate and homoaconitate have absorption peak at 240 nm [39].

In this study, we performed an in vitro biochemical assay to demonstrate the modulation
of porcine mitochondrial aconitase. We set up reaction mixtures with increased concentration of
Cu, monitored the change of 240 nm absorbance over 30 minutes at 37°C for each reaction. The
results show that the enzyme had diminished activity with increasing Cu concentration when
citrate was used as the substrate; however, when the substrate was switched to homocitrate, we
observed an increase in 240 nm absorbance from the reaction mixtures as Cu concentration
increased, indicating enzyme activity was enhanced when homocitrate was used as the substrate.
Together, the results demonstrate Cu can modulate the substrate specificity of porcine

mitochondrial aconitase.
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Figure 4.5: Cu modulates substrate specificity of aconitase.

A) Alignment of Acol and Aco2 amino acid sequence shows the critical residue within the active site of
the enzymes that dictate the substrate specificity. A positively charged amino acid arginine is present in
Acol, allows tight contact between the smaller substrate citrate and Fe-Sulfur cluster catalytic center.
While in Aco2, the equivalent position is occupied by a lysine residue to accommodate a slightly larger
substrate, homocitrate. B) in WT cells, Acol catalyzes the reaction that converts citrate to isocitrate
through aconitate and Aco2 produce homoaconitate from homocitrate in the lysine synthesis pathway.
aco2A losses lysine biosynthesis capacity and becomes lysine auxotroph. We hypothesize that Cu
transiently binds to Acol, modulates its substrate specificity to compensate the loss of Aco2. C) in vitro
biochemical assays demonstrated the production of aconitate was decreased as Cu concentration increases
in the reaction mixture, indicating aconitase losing the activity when citrate was used as substrate.
However, when homocitrate was used under the same conditions, the enzyme showed enhanced activity.
These results indicated the substrate specificity can be modulated by the presence of Cu within the
reaction mixture.
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Discussion

It is well established that cells use Cu as a cofactor for numerous enzymes that catalyze
crucial biochemical reactions in vivo [46, 47]. In these cupro-enzymes, Cu ions are inserted into
the active site of the enzyme to structurally stabilize the protein as well as activate their
enzymatic activity [14, 48, 49]. Cupro-enzymes play critical roles in cellular physiology, Fet3 is
involved in high-affinity iron transport, Sod1 is required for protection against oxidative stress in
the cytosol, and cytochrome ¢ oxidase complex is the terminal electron accepting complex in the
energy-producing electron transport chain located in mitochondria that is essential for
respiration. In S. cerevisiae, Cu has been shown to be able to interact with Cu-sensing
transcription factors to regulate the expression of genes involved in maintaining Cu homeostasis
[50-53].

Results from recent studies have discovered new roles of Cu in cellular physiology and
broadened the view of Cu as a mediator in multiple signaling pathways. They show Cu exists as
a labile pool that is capable of rapidly moving and exchanging between targets in different
locations through a thermodynamic gradient of Cu-binding sites to funnel into the tightly bound
static Cu pool [25]. Therefore, Cu can potentially serve as allosteric regulator for different
enzymes. In lipolysis pathway, Cu transiently binds to a key allosteric site of PDE3B and inhibits
the enzyme activity responsible for cAMP-dependent lipolysis of triglycerides into fatty acids
and glycerol [28]. Cu can also function as allosteric activator. Brady, Thiele, and Counter
showed Cu transiently binds to MEKZ1 through CCS and enhances the kinase activity, whereas
mutation in the cellular Cu importer CTR1 reduced the ability of MEK1 to phosphorylate MAP

kinases extracellular signal-regulated kinase 1 and 2 (ERK1/2) [26, 54]. Another example of
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kinase activated by Cu is ULK1/2, a pair of kinases that drive autophagy controlled by mTOR.

Mutations that render ULK1/2 unable to bind Cu reduced autophagosome complex formation
and has the potential to be targeted for cancer therapy [27]. Likewise, Cu transiently binds to
tyrosine kinase receptors EGFR and MET, activates receptor tyrosine kinase (RTK)-mediated
cellular signaling, increasing downstream protein kinase B and ERK signal transduction and
increasing cancer cell proliferation and migration. These examples show the dynamic Cu pool
plays a critical role in regulating signaling pathways through metalloallostery and given the close
relationship between the involved pathways and cancer, this interaction can be potentially
targeted for developing cancer treatment [55-58].

Although previous studies showed Cu can either enhancing or inhibiting enzyme
activities through metalloallostery, no precedence of Cu modulation of substrate specificity has
been reported. In this study, we showed Cu rescued lysine auxotroph in aco2A is dependent on
the expression of ACO1. Although previous study showed replacement of the arginine residue in
the active site of Acol with lysine did not confer the enzyme the activity with homocitrate being
the substrate [33], we proposed Cu can transiently bind to the enzyme, modulates its
conformation to accommodate homocitrate as the substrate and bypass the need of Acol to
produce lysine. This Cu mediated rescue can be achieved by supplementation of exogenous
CuSOg4, adding apo Cu ionophores or ionophore-Cu complexes. The fact that adding apo-
ionophore can rescue the growth defect suggest the redistribution of Cu within the cell is
sufficient. Under normal physiology, cells meticulously maintain the Cu homeostasis. Irving-
Williams series suggest Cu is the most active transition metal that is readily form complexes
with other metabolites and bind to different proteins [59]. Cells use multiple strategies to ensure

Cu is delivered to the designated destinations without interacting with nonspecific off-targets,

133



these strategies including: keep Cu at lower abundancy comparing to other divalent metals;
metalate the metal containing enzymes at specific sub-cellular compartments to avoid
competitions between different transition metals; and using dedicated chaperons to deliver Cu to
specific targets, although some recent studies showed that some Cu chaperons have
promiscuities for their targets. For example, CCS can deliver Cu to both Sod1 and MEK1/2 [26].
A non-proteinaceous Cu ligand has also been isolated and demonstrated to be able to bind to Cu,
interacting with mitochondrial Cu importer and mediating the translocation of Cu across the
inner membrane of mitochondria [60]. The identification of Cu ligand remarks the potential
discovery of a new realm of intracellular Cu regulations. Some possible roles of the ligand play
include Cu acquisition, transportation, storage, and delivery to the potential targets. The
possibility of mitochondria use this ligand to acquire Cu from cytosol in a similar fashion as
bacterial or fungal cells use siderophore to acquire iron cannot be ruled out. Apo ligand might
interact with plasma Cu importer or metallothionines to be metalated and bring the Cu to the
mitochondria. The Cu ligand might also be capable of interacting with proteins to mediate Cu
translocation and exchange. One of the open questions regarding to mitochondrial Cu
homeostasis is that what is the Cu exporter [23]. Since major mitochondrial cuproenzymes such
as COX and Sod1 are metalated in the inter membrane space of mitochondria, Cu are required to
be exported from the matrix to be utilized [21]. However, a dedicated mitochondrial Cu exporter
has yet to be identified. One possible mechanism for Cu exportation is that when Cu-ligand/apo-
ligand ratio is elevated, the Cu-ligand complexes interact with the MCF responsible for
importing Cu from the matrix side, change the conformation of the carrier and release the bound
Cu into the channel of the carrier thus export it.

The transporters might not be the only class of proteins the ligand interact with. Within
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the mitochondrial matrix, the Cu ligand functions like metallothionines in a way that it binds to
Cu to prevent it from interacting with metabolites and enzymes. Our data suggest under
physiological relevant concentration, Cu can bind to mitochondrial enzyme aconitase, change its
substrate specificity, and regulate its activity. Combing with the observations of increased
aconitase activity in cells with mitochondrial Cu deficiency, it suggests Cu has a regulatory role
on TCA cycle activity through metalloallostery regulation of aconitase. Under high energy
demanding conditions when hyperactive TCA activity is required, mitochondria need to
withdraw Cu from binding to the aconitase, in this case, mitochondria can increase the
production of apo ligand to mediate the transfer of Cu from aconitase to the ligand to a point
when Cu-ligand/apo-ligand ratio start to elevate and promote the export of Cu from matrix to
cytosol. On the other hand, when cells are under low energy demanding conditions, mitochondria
can slow down the production of apo ligand, destruct excess ligand, and promote import of Cu
into mitochondria. In both cases, the ligands act like a capacitor of Cu within the mitochondria to

fine tune the availability of Cu to the target enzymes based on the cellular metabolism needs.
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