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Abstract

The assembly of cytochrome c¢ oxidase (COX) in yeast mitochondria is
dependent on the assembly factor Coal. ATP1 was identified as a multi-copy
suppressor of the coa7A respiration defect. ATP1 is additive with previously discovered
suppressors, MSS51, COX10, MDJ1, suggesting ATP1 functions via a different
pathway. Using biochemical and microscopic approaches we found ATP17 rescues a
previously unrecognized mitochondrial biogenesis defect in coa1A that result in low total
mitochondrial numbers and a morphology defect. ATP1 overexpression did not rescue
the closely related assembly factor mutant shy7A. Mitochondrial morphology and
biogenesis is dependent on intact mitochondrial ultrastructure. ATP1 and COA1 were
found to rescue a defect in aim37A, a member of the mitochondrial inner membrane
organization and structure (MINOS) complex. We propose the rescue of respiration in
coa1A by multi-copy ATP1 is due to increased mitochondrial biogenesis perhaps due to
improved inner membrane organization in coa7A or improved localization of COX to
cristae. We undertook an approach to isolate evolved homozygous diploid strains
capable of growth on non-fermentable carbon source in the absence of coa1. To identify
the mutations, we used the next generation sequencing. Four haploid strains were
sequenced separately and compared to a reference sequence. An optimized
sequencing library preparation procedure resulted in 4.1G data for the four strains. The
whole genome was covered (99.9%) and with an average coverage of 92. We identified
expected and unexpected single nucleotide polymorphisms present in haploid strains.

The mechanism of suppression of the coa’A yeast appears to be linked to a unique
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mutation in COX7 in the mitochondrial genome. To understand intracellular iron
handling, we attempted to use a genetic strategy exploiting the hydroxyurea sensitivity
of an iron deficiency (aft1aaft24). We isolated 6 suppressor mutants of aft14aft24
double mutant that can tolerate HU and attempted to characterize the suppressing
mutation. Our result showed that SPT3 mutation affected total cellular metals and

hydroxyurea sensitivity in this background.
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Chapter 1

Literature review



Mitochondrial structure and function

Mitochondrion is a two membrane organelle that exists in most eukaryotic
cells. Mitochondria are the cellular power plants that produce adenosine
triphosphate (ATP) for organisms [1]. Mitochondria can vary greatly in both
size (0.5 micrometers - 10 micrometers) and number (1 - over 1000) per cell [2]
[3], depending on physiological state, organism and tissue type. Although most
of a cell's DNA is contained in the cell nucleus, the mitochondrion has its own
independent genome. Mitochondrial proteins vary depending on species and
the tissue. For example, there are 615 distinct types of proteins identified from
human cardiac mitochondria [4], whereas 940 proteins in mouse [5]. The
mitochondrial proteome is thought to be dynamically regulated [6]. The
mitochondrial outer and inner membranes have different properties. Based on
this double membrane characteristic, there are five distinct parts to a
mitochondrion, including the outer membrane, the intermembrane space, the
inner membrane, and the cristae and matrix. These different compartments
carry out specialized functions.

The mitochondrial outer membrane has a similar protein-to-phospholipid
ratio to that of the eukaryotic plasma membrane. The mitochondrial outer
membrane contains a lot of integral proteins called porins, which can form
channels that allow molecules <5 KDa in molecular weight to diffuse from one

side of the membrane to the other [2]. For proteins with signaling sequence at



their N-terminus, they can enter the mitochondrion by binding the signaling
sequence to a protein called translocase of the outer membrane [7].

The intermembrane space is the space between the outer membrane and
the inner membrane. Because small molecules can freely diffuse through the
outer membrane, the concentrations of small molecules such as ions and
sugars in the intermembrane space are the same as the cytosol [2]. But, the
protein composition of this intermembrane space is different from the protein
composition of the cytosol [8].

The inner membrane doesn't contain porins, therefore it is highly
impermeable to all molecules. Therefore, all ions and molecules need certain
transporters to get into the matrix. The translocase of the inner membrane or
Oxa1 are responsible for carrying proteins into the matrix [7]. On the inner
membrane, the transportation of electron through the electron transport chain
creates a membrane potential across them inner membrane which can be
used by the ATP synthase to produce ATP. In total, there are five function
proteins on the mitochondrial inner membrane: Those that perform the redox
reactions of oxidative phosphorylation; ATP synthase, which generates ATP in
the matrix; Specific transport proteins that regulate metabolite passage into
and out of the matrix; Protein import machinery; Mitochondria fusion and
fission protein.

The cristae are formed by infoldings of the inner membrane, which

increase the surface area of the inner mitochondrial membrane, for example,



the liver mitochondrial inner membrane has five times area as great as the
outer membrane. The ratio varies depending on the demand for ATP.

The matrix inside the inner membrane contains about 2/3 of the total
protein in a mitochondrion [2]. It contains a highly concentrated mixture of
hundreds of enzymes, which function in the oxidation of pyruvate and fatty
acids, and the citric acid cycle [2]. In addition to enzymes, the matrix also
contains special mitochondrial ribosomes, tRNA, and several copies of the
mitochondrial DNA genome. As for DNA genome, mitochondria have their own
genetic material and the machinery to manufacture their own RNAs and
proteins. The human mitochondrial DNA encodes 37 total genes, including 22
tRNA, 2 rRNA, and 13 peptide genes [9]. These 13 mitochondrial peptides and
proteins encoded by nuclear genes are both integrated into the inner
mitochondrial membrane. The matrix plays an important role in the production
of ATP by ATP synthase.

A major function of the mitochondria is to produce ATP and regulate
cellular metabolism [3]. There are a large number of proteins in the inner
membrane responsible for this function. This task is done by oxidizing the
major products of glucose, pyruvate, and NADH, which are produced in the
cytosol [3]. This aerobic respiration process is dependent on the presence of
oxygen. When oxygen is limited, the glycolytic products will be metabolized by
anaerobic fermentation. The anaerobic fermentation process is independent of

the mitochondria [3]. The aerobic respiration can produce 13 times amount of



ATP from glucose compared to fermentation [10]. After glycolysis, the
produced pyruvate molecule is transported into the matrix, and then oxidized
and combined with coenzyme A to form CO,, acetyl-CoA, and NADH [3]. The
acetyl-CoA enters the citric acid cycle as substrate. Except for the succinate
dehydrogenase, most enzymes involved in the citric acid cycle are in the
mitochondrial matrix. As part of Complex Il, the succinate dehydrogenase is
located on the inner mitochondrial membrane [11]. During the citric cycle, the
acetyl-CoA is oxidized to carbon dioxide. Additionally, three molecules of
NADH, one molecule of FADH2 and one molecule of GTP are produced during
the citric cycle. The GTP will be converted to an ATP [3]. The reduced
cofactors NADH and FADH2 provide electrons for the electron transport chain.
These energy-rich molecules are not only produced within the matrix, but are
also produced in the cytoplasm by glycolysis. Those energy-rich molecules
produced in the cytoplasm are imported by the malate-aspartate shuttle
system of antiporter proteins or feed into the electron transport chain via a
glycerol phosphate shuttle [3]. During the electron transportation, the electron
transport chain complex I, lll, IV (cytochrome c oxidase) in the inner
membrane pump protons into the intermembrane space, and therefore a
strong electrochemical gradient is established across the inner membrane.
The proton gradient can be used by the ATP synthase to produce ATP from
ADP and inorganic phosphate [3]. During this process, the protons in the

intermembrane space return to the matrix through ATP synthase. Under



certain conditions, protons can re-enter the mitochondrial matrix without
contributing to ATP synthesis. This process is called proton leak, during which
the potential energy of the proton electrochemical gradient is released as heat
[3].

Besides energy providing, mitochondria has its function in many other
physiological and biochemical mechanisms, such as signaling, regulation of
the membrane potential [3] regulation of cellular metabolism [12], the control
of the cell cycle and cell growth, cellular differentiation, cell death [12].
Mitochondria deficiency can cause many human diseases, including
mitochondrial disorders [13] and cardiac dysfunction [14], and was suggested

affecting aging process.

Mitochondrial genome, replication and inheritance

The mitochondria genome has a very high proportion of coding DNA and
an absence of repeats. Mitochondrial genes are transcribed as polycistronic
transcripts, and then be cleaved and polyadenylated to finally get mature
mRNAs. Most proteins necessary for mitochondrial function are coded by
nuclear genes, rather than the mitochondrial genome. These nuclear gene
encoded proteins are imported into the mitochondrion [9].

Animal mitochondrial genome is usually a single circular chromosome and
about 16 kb long. There are 37 genes encoded, which is highly conserved, but

may vary in location. The 37 genes in human mitochondrial genome include 13



genes encoding ETC complexes |, lll, IV and V subunits, 22 genes encoding
mitochondrial tRNA, and 2 genes encoding rRNA [15]. There can be two to ten
copies of mitochondrial genomes in one mitochondrion [16]. Although most
mitochondria genomes are circular, there are exceptions. Although most
mitochondria don’t have introns, like the human mitochondrial genome [9],
there are some species, such as yeast [17] and protists [18], have introns
observed.

In the past, it was thought that mitochondria divide by binary fission similar
to bacterial cell division. Now, it is known that mitochondria actually divide by
budding. There are some differences about this division between eukaryotes.
In some eukaryotes, the mitochondrial DNA replication and division mainly
according to the energy needs of the cell. If a cell needs more energy,
mitochondria will grow and divide. On the contrary, if the cells do not need that
much energy, mitochondria are destroyed or become inactive. In this case,
mitochondria are randomly distributed to the daughter cells during the division
of the cytoplasm. But, in many single-celled eukaryotes, the mitochondrial
growth and division is related to the cell cycle. For example, a single
mitochondrion may divide synchronously with the nucleus. This division and
segregation process must be tightly regulated so that each daughter cell
receives at least one mitochondrion. In addition to fission, mitochondria can

fuse with other mitochondria [15][19]. The change between mitochondrial



fusion and fission affects mitochondrial function and often associate with

disease conditions [20].

ATP synthesis and the regulation of electron transport chain

The biogenesis of ATP can be produce by glycolysis or through oxidative
phosphorylation (OXPHOS) and electron transport chain (ETC). The ETC are
composed of five protein complexes and two mobile electron carriers. The
electrons come from OXPHOS are transported through the ETC and the
transportation help protons to be pumped from the mitochondria matrix into the
intermembrane space to generate a proton gradient across the inner
membrane. This proton gradient can be used by complex V to synthesize ATP.
In yeast Saccharomyces cerevisiae, ATP synthesis is regulated by carbon
source and oxygen concentration, whereas in the mammalian cells this
process is mainly affected by the oxygen concentration, muscle contraction
and hormone [21] [22] [23] [24]. About the regulation of the ETC, there are two
models. One model proposed that the mitochondrial respiration is stimulated
by the decrease of proton gradient along with the ATP synthesis [25] [26]. The
other model proposed that the phosphorylation state of COX is the key
regulation point. This latter model is supported by the finding that COX is
inhibited at high ATP-ADP ratio in the mitochondria [27]. This regulation is
short term and immediate because it works through a change of enzyme

kinetics and doesn’t require protein synthesis and assembly. There is also a



long term regulation of COX that works through controlling the COX molecule
number or changing the subunit isoform composition of the enzymes. In this
review, we will talk about COX assembly process and its regulation at different

levels with S. cerevisiae model.

The structure, assembly and regulation of COX

In yeast ETC is required for growth on non-fermentable carbon sources.
Cytochrome c oxidase (COX) is the terminal enzyme of the electron transport
chain (ETC). The assembly of COX needs subunits and assembly factors
encoded in nuclear genome and mitochondrial genome. The biosynthesis of
the holoenzyme includes the coordinated synthesis of mitochondrial-encoded
subunits and nuclear-encoded subunits, the importation of the
nuclear-encoded subunits into mitochondria, the insertion of all the
nuclear-encoded and mitochondrial-encoded structural subunits into the
mitochondrial inner membrane, insertion of the cofactors, assembly of all the
structural subunits, dimerization and formation of supercomplexes.

COX from S. cerevisiae consists of 11 structural subunits. The three
largest subunits, Cox1, Cox2, and Cox3, form the catalytic core of the enzyme
and are mitochondrial encoded. The cofactors including heme A and copper
ions are inserted into these core subunits. There are two redox centers in the
Cox1 subunit. One formed by heme A and the other formed by heme a3 and

Cug. Two copper ions form the third redox center at Cup site of Cox2. The



electron carried on cytochrome ¢ was transferred in the order: Cua site, heme
A, and heme a3-Cug site where molecular oxygen was reduced to H,O [28].

The other smaller nuclear-encoded subunits around the catalytic core are
transcribed and translated in the cytoplasm and then imported into
mitochondria. The functions of these subunits are not completely clarified yet.
They are not essential for reducing oxygen and pumping proton, but the
research about yeast strains carrying null mutations in nuclear genes encoding
for subunits Cox4, Cox5, Cox6, Cox7, and Cox9 showed that these
nuclear-encoded subunits play an essential role in the assembly, stability and
dimerization of the enzyme [29] [30] [31] [32] [33].

The assembly of the nuclear-encoded subunits and the
mitochondrial-encoded ones is a highly regulated process, which include two
different pathways of transcription, translation, maturation and mitochondrial
importation. The COX assembly also requires a lot of assembly factors at
different level. Research about respiratory deficient mutants found there are
more than 20 nuclear genes encoding assembly factors [38] [39]. They
participate in all the processes of COX assembly [40] [41] [42].

S. cerevisiae growing in medium containing glucose, will perform
glycolysis and fermentation. Under this growth condition, the genes encoding
proteins for respiratory growth are repressed. After the glucose is exhausted,
yeast will switch to respiratory growth provided oxygen is available. The
change from fermentation to respiratory growth is called diauxic shift. During

10



the diauxic shift, the COX activity increases five fold [43] [44][24]. The COX
activity change during the diauxic shift is modulated by the regulation of COX
biogenesis. And the COX biogenesis is mainly regulated by the expression of

its structural subunits and assembly factors.

Transcription of mitochondrial genes for COX assembly

The expression of mitochondrial encoded COX subunits, like the three
core subunits, is also regulated by oxygen and carbon source. The COX1
mRNA is almost at the same level under different oxygen concentrations, but
the COX3 mRNA level decrease twofold to threefold under anaerobic condition.
Although the mitochondrial COX genes are also repressed by glucose and
induced during the diauxic shift [69] [70], after being released from glucose
repression, the final change in RNA level are quite different between RNA
species [70].

Hap complex probably also involved in the expression of mitochondrial
DNA genes, because overexpression of Hap4 results in an increase of both

COX1 and COX2 mRNA level in repressed cells [68].

Translation of mitochondrial genes for COX assembly

The expression of nuclear-encoded COX subunits is mainly regulated at
the transcriptional level. But for the expression of mitochondria encoded
subunits, there are many translational activators involved. Pet309 and Mss51

11



involve in the translation of COX7 mRNA [75] [76]. Pet111 involves in the
translation of COX2 mRNA [77]. Pet54, Pet494 and Pet122 involve in the
translation of COX3 mRNA [78] [79]. These translation activators are inner
membrane proteins that can help to couple the mitochondrial translation with
the inner membrane. This characteristic allows the cotranslational insertion of
newly synthesized subunits into the membrane [80]. Except for translational
activator Mss51, other translational activators were found to interact with each
other [80] [81]. The interactions of these translation activators are not
necessary for them to retain their activity, because they still can retain their
activity when some is absent. But overexpressing the COX2 translational
activator Pet111 can repress the translation of COX7 mRNA, which suggests
the amount of different activators is probably important [82].

The function of MSS51 and PET309 in COX1 expression is to help mature
and translate COX7 mRNA [75] [76]. The mutant forms of mss51 or
overexpression of the wild type gene can increase the expression of Cox1, and
this mechanism can be used to suppress the deficiency of SHY7-null mutants
[83]. The Shy1 involves in the maturation and assembly of Cox1p [83] [84] [85].
The newly synthesized Cox1 is not only decreased in shy1-null mutants, but
also in most COX assembly mutants. These deficiencies can be suppressed
by MSS51 suppressor of shy71A or by mutations in COX74. Mss51 is not only
involved in acting on the 5’-UTR to initiate translation like other translation
activators did, but also involved in translation elongation of Cox1 [84]. After the

12



translation of Cox1, Mss51 and Cox1 will form a transient complex [86] [84].
Then the Cox14 will interact with Cox1 and stabilize the transient complex
formed by Mss51 and Cox1. The formation of this ternary complex will down
regulate the Cox1 synthesis because of the titration of Mss51 [86]. Later the
Mss51 can be released to the Cox1 synthesis process, probably because the
help of Shy1 [83]. The translation of COX2 mRNA is initiated and also limited
by its translation activator Pet111, because the concentration of this translation

activator is low [77] [87] [88].

Cofactors for COX

Copper and heme A are two cofactors essential for COX assembly and
activity. There are three copper atoms in COX. Two copper atoms form the
Cua site located in Cox2 and the third one is at the Cug site in Cox1. In yeast,
there are at least five proteins related to the copper delivery and insertion.
Three of these proteins, Cox17, Cox19, and Cox23, work for the copper
delivery. The Cox17 was thought to be involved in copper homeostasis
because the respiratory deficiency of COX77-null mutant strains can be
rescued by supplementation of copper to the medium [89]. Additionally, Cox17
localizes in both the cytoplasm and the mitochondrial intermembrane space, a
way that would facilitate shuttling copper from cytoplasm to intermembrane
space [89] [90]. But there are also two problems with Cox17 working as a
chaperone for copper delivery. One problem is the complex size formed by

13



several Cox17 and copper is too big to pass the outer membrane protein
channel [91]. The other problem is tethering of Cox17 to the inner
mitochondrial membrane doesn’t affect COX assembly [92]. The cellular
distributions of Cox19 and Cox23 are similar to Cox17 [93] [94]. Beside this
three protein chaperones, there are two other chaperones, Cox11 and Sco1,
that receive copper from Cox17 and insert copper into COX Cua and Cug sites
[95].

Heme a exists exclusively in COX. The biosynthesis process of heme A
includes conversion of heme b in heme O and oxidation of heme O in heme A.
The heme A amount in different yeast COX mutants has a great decrease,
except for shy1-, cox20-, and coxba-null mutant. These three mutants still
have 10-25% of normal heme A level, which probably associated with residual
assembled COX [96]. The heme A level has a significant increase in COX
mutants with overexpression of COX1715. The COX mutant strains that no Cox1
is synthesized also has that great increase, suggesting the drastic decrease or
absence of heme A in COX mutants is not because the absence of Cox1, but a
feedback regulation of the heme A synthesis when the COX assembly process
is blocked. Except for COX10 null-mutant, the other analyzed COX mutants
showed an accumulation of heme O, therefore, heme O is considered as a
stable state of heme. In addition to that, the COX175 null-mutant showed a very
low heme O concentration, suggesting Cox15 also participates in the first step
of heme A synthesis [96].

14



In conclusion, the fully assembled COX is essential to ATP production.
The assembly process is regulated at both transcription and translation levels
of nuclear COX genes and mitochondrial COX genes by different
environmental stimuli. In addition to that, the assembly process also includes

cofactor insertion to form the catalytic core of the enzyme.
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Chapter 2
ATP1 as a suppressor of the non-fermentable carbon source defects of

coalA
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1. Abstract

The assembly of cytochrome c oxidase (COX) in yeast mitochondria is
dependent on the assembly factor Coa1. In our study, ATP1 was identified as
a suppressor of the coalA respiration defect. Overexpression of ATP1
improves COX activity, but did not affect bc1 complex activity or ATP synthase
activity or copper levels in mitochondria of coa7A cells. ATP1 is additive with
previously discovered suppressors, MSS51, COX10, MDJ1. ATP1 is additive
with MSS51 and COX10 suggests ATP1 functions via different pathway not
affecting Cox1 translation or heme a insertion. Interestingly, ATP1 has a more
profound effect on total oxygen consumption than COX activity alone. Using
biochemical and microscopic approaches we found that ATP7 rescues a
previously unrecognized mitochondrial biogenesis defect in coa1A. This defect
is evident as low total mitochondrial numbers and a morphology defect with a
majority of cells showing a punctate morphology. Confocal microscopy shows
reduced mitochondrial volume per cell in coalA and induction of ATP1
expression rescued this and the wild-type tubular morphology. ATP1
overexpression did not rescue the closely related assembly factor mutant
shy1A. Mitochondrial morphology and biogenesis is dependent on intact
mitochondrial ultrastructure. Mutations in the MINOS complex disrupt inner
membrane structure. ATP1 and COA1 were found to be able to rescue aim37A,
a member of the MINOS complex. While Coa1l may not be expected to
influence MINOS function in cristae junction formation it help facilitate
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improved loading of COX into cristae and therefore rescue the aim37A defect.
We propose the rescue of respiration in coa7A by multi-copy ATP1 is due to
increased mitochondrial biogenesis perhaps due to improved inner membrane

organization in coa7A or improved localization of COX to cristae.

2. Introduction

The electron transport chain in mitochondria is required for eukaryotic
respiration to produce ATP. There are four electron-transporting multiprotein
complexes and the ATP synthase. The electrons from reduced electron carrier
(NADH and FADHo,) are transported by complex I-IV to molecular oxygen. As a
result of this electron transportation process, water and a proton gradient were
generated. The proton gradient is used by ATP synthase to produce ATP.
Most mitochondrial proteins are encoded by nuclear genes including most
subunits of the electron transport chain. These proteins are synthesized on
cytosolic ribosomes and then transported into mitochondria by dedicated
protein translocases [1] [2] [3][4]. But, there are a small number of
mitochondrial proteins, eight in the yeast Saccharomyces cerevisiae and 13 in
humans, that are encoded by mitochondrial DNA [5][6][7][8]. Except for VAR1,
all of these mitochondrial DNA encoded proteins are subunits of the electron
transport chain complexes and are inserted into the inner membrane [9][10].
Apart from complex Il, which only contains nuclear DNA encoded subunits, all
of the other electron transport chain complexes are formed by nuclear and
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mitochondria encoded proteins.

Cytochrome c oxidase (COX) is the complex IV of the electron transport
chain. The enzyme is embedded within the inner membrane (IM) with a portion
of the molecule protruding into the intermembrane space (IMS) and another
portion extending into the matrix compartment [11]. Eukaryotic COX is formed
by 12-13 subunits. Among them, three mitochondria encoded subunit Cox1,
Cox2 and Cox3 form the catalytic core of the enzyme. The other subunits
integrated in the COX are encoded by the nuclear genome. They function to
stabilize the enzyme by surrounding cofactor containing subunits [12]. There
are three copper atoms and two heme a, which is specific to COX, in the core
of the enzyme [12].

Cox1 is a mitochondrial-encoded subunit that binds heme a and the heme
a3:CuB co-factors required for catalysis. Assembly of COX in S. cerevisiae is
dependent on at least 30 different factors. The assembly process is further
complicated by dual functions of some these different proteins. Translation and
assembly of Cox1 is controlled by Pet 309, Mss51, Shy1, Cox14 and Coa1-4
[11] [13][14][15] (Fig.1.xxxxB). Coa1 coordinates the protein complexes
involved in the transition from translation to cofactor insertion. S. cerevisiae
lacking COA1 are respiratory deficient. Initial genetic screens for suppressors
of the respiration defect identified MSS51, COA2 and COX10 as suppressors
[11]. Additionally coa7A has a mitochondrial copper defect. Culturing in high
copper reverses the copper deficit and enhances respiration. Previous
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investigations of coalA were either high-copy suppressor screens or
proteomics approach. We screened the coa7A in an attempt to resolve other
roles for Coa1 in mitochondria.

The electron transport chain generates the proton gradient used by ATP
synthase to produce ATP. The ATP synthase complex consists of F, domain,
responsible for proton translocation and F4 domain, which catalyzes ATP
synthesis [16][17][18]. Its function in producing ATP has been extensively
studied, and recently the second function for morphology and organization of
the inner membrane has been discovered [19][20][21][22][23]. The bulk of the
mitochondria inner membrane forms cristae while the inner boundary
membrane aligns the outer membrane to form the double membrane layer
structure of mitochondria. There is a short tubular connection between the
inner boundary and the cristae membrane called the cristae junction. The
formation of the cristae tip is thought to be dependent on the positive curvature
generated by ATP synthase.

The most common form of ATP synthase is monomer or homodimer
[24][25][26]. In some organisms, the ATP synthase homodimers form higher
oligomers [27][28]. The ATP synthase homodimers can form ribbons in the
cristae membrane, which affect the physical properties of the lipid bilayer
[29][30].

In S. cerevisiae, many proteins function in the dimerization of ATP
synthase, such as Atp20, Atp21, Atp19 and Atp18. These ATP synthase
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subunits associate to the Fy portion to help form or stabilize the dimer
[24][31][32][33]. Proper ultrastructure of the mitochondrial inner membrane is
dependent on an antagonism between Atp20/Atp21 and Fcj1 (formation of
cristae junction 1). Fcj1 was suggested to destabilize ATP synthase oligomer
which would affect mitochondrial cristae [30]. Fcj1 belongs to a group of
proteins that affect mitochondrial cristae. This group of proteins is called

MINOS (Mitochondrial inner membrane organizing system).

3. Materials and methods
Bacterial strains

NEB 10-beta Competent Escherichia coli cells (High Efficiency) were used
as the bacterial host for genomic library plasmid. NEB 5-alpha Competent
Escherichia coli cells (Subcloning Efficiency) were used for general plasmid

transformation.

Yeast Strains

The S. cerevisiae BY4743 ACOAT strain was used for the construction of
the genomic library and the S. cerevisiae BY4743 ACOA1 strain was also used
as a recipient strain in complementation experiments. The S. cerevisiae
DY150 ACOAT1 strain was used as a recipient strain of the suppressors we

found during the genomic library screening.
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DNA manipulations

The genomic DNA was extracted manually with traditional method and can
be purified by some genomic DNA clean kit. For plasmid isolation from E. coli
and yeast, a Qiaprep Spin Miniprep Kit was used. For plasmid isolation from
yeast, the protocol was modified: after resuspending yeast cells in 250ul kit P1
buffer, add 50-100ul of acid-washed glass beads (Sigma G-8772) and vortex
for 5min. Let stand to allow the beads to settle. Transfer supernatant to a fresh
1.5 ml microcentrifuge tube. Then proceed to the 250ul kit P2 buffer step and

finish the left isolation steps in the kit protocol for E. coli cells.

Genomic library preparation

The genomic library was prepared as described elsewhere [34]. The
plasmid pRS413 was cut with EcoRV and treated with alkaline phosphatase
(New England Biolabs). The S. cerevisiae BY4743 ACOA1 cell genomic DNA
was partially digested with EcoRV to give a maximum number of DNA
fragments in the 3-10 kb size range. Then run these DNA fragments on an
agarose gel, cut the DNA smear range from 3-10kb out of the gel and extract
with a gel extraction kit. The genomic DNA fragments extracted and the treated
pRS413 vector were ligated with T4 DNA ligase (New England Biolabs) at 14 C
overnight. The ligation mixture was used to transform NEB 10-beta Competent
Escherichia coli cells (High Efficiency) with electroporation method. The
transformants were selected on LB plates with ampicillin. Then the
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transformants were scraped off with liquid LB medium and used to extract the

genomic library plasmid with a Qiaprep Spin Miniprep Kit.

As for the number of colonies we collected, we used the genomic library
construction formula:
N = In(L- p)

InL- ")

g

g = genome size
i = insert size
p = probability that any point in the genome will occur at least once in the
library

N = number of clones in the library

The calculation is as following:

The genome size (g) of S. cerevisiae is about 13.5Mb; Because the
average gene size of S. cerevisiae is 1.5kb (most genes < 5kb; the longest <
10kb), the genomic DNA was partially digested to average size of 6kb
(3kb-10kb). So the insert size (i) =6X103; Set the probability that any point in

the genome will occur at least once in the library (P) =99%

N Inl-p)  In(1-99%)
6x10°
13.5x10°

=10359

In(1—;) In(L— )

Genomic library Screening
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After extracting the genomic library plasmid, the S. cerevisiae BY4743
ACOA1 strain was used as a recipient strain in complementation experiments
with electroporation method. The transformants were first selected on
synthetic complete glucose agar plates minus histidine (SCD-his). In order to
have a high confident that our selection includes all genes in the genome, it's
necessary to transform and collect enough transformants on the SCD-his
plates according to the formula. Then, transfer the transformants from SCD-his
plates to synthetic complete glycerol agar plates minus histidine (SCG-his) by
replicating plates. Keep screening the extracted genomic library plasmid until

find the target gene.

4. Results
ATP1is a multi-copy suppressor of coaTA

COA1 deletion in S. cerevisiae results in defect on non-fermentable carbon
source due to loss of COX activity [11]. A low-copy library was constructed
from a coaA strain and was screened for the ability to recue glycerol growth of
coalA. Six suppressors were isolated that rescued growth. Five contained
MSS51 while one contained a fragment that encoded ATP1. The suppression
of glycerol growth and respiration was tested in comparison to known
suppressors by growth and oxygen consumption (Fig. 2.1). The growth test
suggests that ATP1 can suppress the respiration deficiency of coaA strain as
other suppressors, such as MSS51, MDJ1 and COX10 (Fig. 2.1A). The
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oxygen consumption confirmed this suppression phenotype. Moreover, ATP1
suppression strain has higher oxygen consumption compared to MSS51
suppression strain (Fig. 2.1B). To make sure, this suppression by ATP1 is not
due to some characteristics of the BY4743 strain, we transformed ATP1 to an
independent laboratory strain background DY 150 strain and the suppression is

reproducible (Data not shown).

ATP1 improved COX activity and stabilized Cox2, but didn’t rescue Cu
defect and shy1A deficiency

Since ATP1 was confirmed as a suppressor of coalA, to characterize its
suppression mechanism, we first did COX activity assay and western blot to
check whether ATP1 has some direct impact on this electron transport chain
complex. The COX activity assay suggests ATP7 improved COX activity (Fig.
2.2A) and rescued the stability of Cox2 (Fig. 2.2B). We also assayed the bc1
complex (complex Ill) of electron transport chain. ATP1 didn’t significantly
changed bc1 complex activity (Fig. 2.2C).

Yeast cells lacking COA1 have a mitochondrial copper defect and culturing
in high copper reverses the copper deficit and enhances respiration [11].
Therefore, we analyzed mitochondria metal content via inductively coupled
plasma optical emission spectroscopy (ICP-OES) to check whether the copper
level has been improved by ATP1. The result suggests ATP17 did not change
the Cu levels in the coa1A mitochondria (Fig. 2.2D). There is a similar complex
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IV deficiency in the yeast strain shy7A including disruption of an equivalent
step in COX assembly and a copper deficiency. Growth test suggests shy1A

cannot be suppressed by ATP1 (Fig. 2.3).

37



A Glucose Glycerol Glycerol +50 pM Cu

WT
+ vector

+ MSS51
+ATP1

coall

05 -

0 ' I . .

Vec ATP1 MSSSI MDIJ1 COXlO

A %Air /5 secfOD

Figure 2.1: ATP1 is a multi-copy suppressor of coalA (A) coalA cells
transformed with suppressor MSS51 and ATP1 were grown in SC-2% glucose,
serially diluted and spotted on SC-2% glucose or SC-2% glycerol with
selection. The plate were incubated at 30°Cfor phenotypes. (B) coalA cells
with empty vector (vec) or suppressors were grown in SC-2% glucose with

selection and assayed for oxygen consumption.
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Figure 2.2: ATP1 improved COX activity and stabilized Cox2, but didn’t rescue
Cu defect (A) coalA cells with empty vector (vec) or suppressors were grown
in SC-2% glucose with selection. Mitochondria were purified from these cells
and assayed for COX activity. (B) Immunoblot of mitochondria from coa7A
cells containing an empty vector (vec), suppressor MSS51, suppressor ATP1.
(C) Mitochondria were purified from these cells and assayed for bc1 complex
activity. (D) Copper levels were assessed by ICP-OES in Nycodenz-purified
mitochondria of coa7A cells with empty vector (vec) or suppressor ATP1, and
the isogenic WT BY4743.
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Figure 2.3: ATP1 didn’t rescue shy1A cells defect. shy1A expressing an empty
vector and multiple copy suppressor ATP1 were grown in SC-2% glucose,
serially diluted and spotted on SC-2% glucose or SC-2% glycerol with

selection. The plate were incubated at 30°C.
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ATP1 changed ATP synthase activity in coaTA

Since ATP1 encodes the alpha subunit of mitochondrial ATP synthase, we
assayed ATP synthase activity in coa7A plus or minus ATP1. ATP1 changed
ATP synthase activity in the coalA (Fig. 2.4A). Cells lacking COA71 do
appeared to have an increase in ATP synthase activity (Fig. 2.4A). The
increase may be related to mitochondrial copper deficiency as media
supplementation with copper did marginally inhibit ATP synthase activity

(Fig.2.4B) and copper deficiency has been reported to affect ATP synthase.
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Figure 2.4: ATP1 changed ATP synthase activity in coa1A. (A) WT cell and

coalA cells with empty vector (vec) or suppressors were grown in SC-2%

glucose with selection. Mitochondria were purified from these cells and

assayed for ATP synthase activity. (B) coa7A cells and isogenic WT cells were

grown in SC-2% glucose plus or minus copper medium. Mitochondria were

purified from these cells and assayed for ATP synthase activity.
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ATP1 is additive with previously discovered suppressors

Initial genetic screens for suppressors of the coafA respiration defect
identified MSS51, COA2 and COX10 as suppressors and it was shown that
COX10 had a strong synergistic effect in combination with MSS517 in coa1A
[11]. Also the combination of MSS571 and COX170 enhances respiratory growth
in shy1A [11]. According to this, we chose to investigate whether ATP1 could
act synergistically with the previous suppressors. We cloned these
suppressors into different vectors and transformed into coafA cells in a
combination (Fig.2.5A). The results suggest that ATP1 is additive with these
previously discovered suppressors. The additive effect between ATP7 and

MSS51 for growth is confirmed by oxygen consumption (Fig. 2.5B).

ATP1 significantly increased the mitochondrial content in coa7A

ATP synthase has been implicated in mitochondria morphology and
biogenesis. The western blot analysis of mitochondrial marker porin (Por1)
compared to the cytosolic marker 3-PhosphoGlycerate Kinase (Pgk1) from
coalA and WT whole cells suggested possibly reduced number of
mitochondria (Fig. 2.6A). We transformed coafA with matrix-targeted GFP
which allowed for direct measurement of mitochondrial levels. The mtGFP
confirmed that coa’A had reduced mitochondrial contant and ATP1
significantly increased mitochondrial numbers based on direct measurement
(Fig. 2.6B). The level of mt-GFP signal was not affected by extracellular Cu
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concentrations (Fig. 2.6C). In addition, we found that MSS57 did not increase
mitochondrial numbers which suggests that ATP71 and MSS571 function in
different ways. The mitochondrial levels in shy1A were normal and unaffected

by ATP1 expression (Fig.2.6B).
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Figure 2.5: ATP1 is additive with previous discovered suppressors (A) coalA
cells expressing single suppressors or double suppressors were grown in
SC-2% glucose, serially diluted and spotted on SC-2% glucose or SC-2%
glycerol with selection. The plate were incubated at 30°Cfor phenotypes. (B)

These cells were assayed for oxygen consumption.
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Figure 2.6: ATP1 significantly increased the mitochondrial content in coa7A (A)
Immunoblot of mitochondrial marker porin and cytosolic marker PGK1 from
coalA cells and isogenic WT cells. (B) WT cells, coaA cells with empty vector
or suppressor and shy1A cells were all transformed with matrix-targeted GFP
and grown in SC-2% glucose with selection. Mitochondrial levels of these cells
were assessed by measuring the green fluorescence via a fluorometer. The
mitochondrial levels of these cells are also measured in the same medium with

copper added.
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ATP1 rescues a morphology defect in coa1A

Since ATP1 significantly increased the mitochondrial content in coa1A, we
chose to use fluorescence microscopy to visualize mitochondria in coa7A. We
found that the mitochondria in coa71A were punctate and rarely if ever found as
extended tubular form. ATP1 expression induced more intense signal and the
tubular morphology (Fig. 2.7). Confocal microscopy shows reduced
mitochondrial volume per cell in coa7A. All these suggest that ATP1 rescues a

morphology defect in coa7A.

ATP1 and COA1 can rescue MINOS deletion mutants

Protein-protein interaction studies had revealed possible connection between
COX-Coa1-MINOS-ATP synthase [35] (Fig. 2.8B). We tested MINOS mutants
for rescue by ATP1 or COA1. ATP1 and COA1 appeared to enhance growth of
aim37A at 18°C on glycerol (Fig. 2.8A). We further tested the suppression of
aim37A and fcj1A by ATP1 and COA17 on multiple carbon sources: glucose,
acetate, ethanol, pyruvate, citrate, lactate at 18°C and 30°C. ATP7 and COA1
rescued growth defect of aim37A on all media. The strongest suppressions are
on acetate medium and lactate glycerol with copper depleted medium (Fig.
2.9A). The oxygen consumption confirmed this suppression (Fig. 2.9B). Since
the strongest suppressions are with acetate or lactate-glycerol carbon sources,
we chose to test if the suppression of aim37A and fcj1A by ATP1 and COA1
was dependent on copper. The growth test suggests ATP1 can significantly
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rescue the growth defect of aim37A acetate with copper depletion at 18°C (Fig.

2.10).

coalA +ATP1

coalA

Figure 2.7: ATP1 rescues a morphology defect in coalA. WT cells, coalA
cells with empty vector or suppressor ATP1 were all transformed with
matrix-targeted GFP and grown in SC-2% glucose with selection.

Fluorescence microscopy was used to visual mitochondria in these cells.
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Figure 2.8: ATP1 and COA1 can rescue MINOS deletion mutants. (A) MINOS
deletion mutants with empty vector (vec) or suppressors were grown in SC-2%
glucose, serially diluted and spotted on SC-2% glucose or SC-2% glycerol with
selection. The plate were incubated at 18°Cfor phenotypes. (B) Interaction

among MINOS, ATP synthase and COX.
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Figure 2.9: aim37A and fcj1A were screened on multiple carbon sources (A)
aim37A and fcj1A with empty vector (vec) or suppressors were grown in SC-2%
glucose, serially diluted and spotted on multiple carbon sources: Glucose,
acetate, ethanol, pyruvate, citrate, and lactate with selection. The plate were
incubated at 18°Cand 30°C for phenotypes. (B) These cells were assayed for

oxygen consumption.
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Figure 2.10: aim37A and fcj1A with empty vector (vec) or suppressors were
grown in SC-2% glucose, serially diluted and spotted on acetate plus or minus

copper medium. The plate were incubated at 18°C for phenotypes.
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5. Discussion

We identified ATP1 as a suppressor of the coaA respiration defect. Initial
genetic screens for suppressors of the coalA respiration defect identified
MSS51, COA2 and COX10 as suppressors [11]. MSS57 encodes a protein
required for the translation and insertion of Cox1, while COA2 encodes a
protein that protects the initial early intermediates from degradation by Omat1,
COX10 encodes a protein that is required for modification of heme to the COX
specific heme. COX70 and MSS51 had a strong synergistic effect in rescuing
the coalA defect. The combination of MSS51 and COX10 also enhances
respiratory growth in shy71A [11]. This suggested that Coa1 had a role in the
coordination of cofactor recruitment and assembly. Our result suggests ATP1
is additive with previously discovered suppressors. The result suggests ATP1
is contributing to enhance activity via a different pathway not affecting Cox1
translation like MSS51 or heme insertion (Fig.2.5A). There is no known
assembly role for ATP synthase or the F4 sector proteins has been described
in COX assembly. While overexpression of ATP1 appeared to improve COX
activity per mitochondria it did not return the activity to WT levels. In addition
ATP1 did not significantly change bc1 complex activity or ATP synthase activity
or rescue the Cu defect of coa7A cells. It should be noted that yeast requires
only 30% of WT levels of COX to grow efficiently of non-fermentable carbon
sources. Therefore, it is proposed that ATP1 rescues an additional phenotype
of coaA.
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ATP1 did significantly change coa7A total oxygen consumption per cell. If it
did not change the electron transport chain complex activity per mitochondria,
we proposed that it changed at the levels of mitochondria at a whole cell level.
The biochemical and cell biology approaches taken suggest that there is a
previously unrecognized mitochondrial biogenesis defect in this coalA
background. This defect included a low total mitochondrial number and an
apparent punctate morphology defect. Both phenotypes could be rescued by
ATP1. The defect in morphology is most likely closely related to the biogenesis
defect with failure to mix contents of mitochondria leading to decrease in
membrane potential and prevent biogenesis. However, membrane potential
was unchanged in the WT, coalA or suppressed versions of coa1A, therefore
we decide to investigate more direct role in morphology.

To confirm that the phenotype was not a function of lack of COX we tested
the closely related mutant shy7A. Consistent with a prediction that Coa1 may
have a more direct role in morphology, shy1 had no defect in mitochondrial
numbers assessed by mt-GFP and ATP71 cannot rescue a shy1A growth on
non-fermentable carbon sources (Fig.2.3). Deletion of SHY7 result copper
deficit but does not share the same biogenesis defect highlighting the unique
role of Coal and also decreasing the probability that copper deficit was
involved in this phenotype.

The morphology of the mitochondria, the formation of tubular structure is
dependent on the mitochondrial cristae junction. The cristae junctions are
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formed through the activity of the MINOS complex [30][36][35][37]. This
complex contains numerous proteins including Fcj1. A proteomic study
suggested ATP synthase may interact with MINOS complex in the formation of
cristae junction. The mitochondrial inner membrane organization complex
(MINOS) is required for in cristae junction formation in yeast and one study
annotated connection between COX assembly proteins, ATP synthase and
(MINOS) [36], we pursued this as a possible basis for the mitochondrial
biogenesis defect. We show genetic rescue of MINOS defects in AIM37 a
MINOS complex member with ATP7 and COA1. Previous protein-protein
interaction study suggests Atp1 is the only ATP synthase subunit that was
immunoprecipitated along with Aim37 [35]. While Coa1 may not be expected
to influence MINOS function in cristae junction formation it may help facilitate
improved loading of fully assembled COX into cristae. Proteolysis checkpoints
in COX assembly occur in the boundary membrane of mitochondria therefore
Coa1 may be functioning to prevent the partially assembled COX from entering
cristae. COA2 another suppressor of coa7A is also involved in regulating the
proteolysis of transient complexes of Cox1 during assembly. Failure to
insertion Cox into the cristae or failure to form cristae should result in similar
phenotypes, suboptimal growth on non-fermentable carbon sources. Therefore
Coa1-Atp1 connection may be via facilitated insertion of assembled COX in
cristae.

In conclusion, a new phenotype of cells lacking COA1 was discovered, a
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mitochondrial morphology/biogenesis defect and we propose that the rescue

of respiration in coa7A by multi-copy ATP1 is due to correction of this defect

perhaps due to improved inner membrane organization or improved

localization of COX to cristae.
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Chapter 3
High-Throughout Discovery of the genetic causes of a suppression

phenotype in coa1A background
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1. Abstract:

Coa1 is an assembly factor for cytochrome c oxidase. We undertook an
approach to isolate evolved homozygous diploid strains capable of growth on
non-fermentable carbon source in the absence of COA7. To identify the
mutations, we used the next generation sequencing. Four haploid strains (A1,
A2, A3, and A4) with 2:2 segregation of non-fermentable growth were isolated
from a suppressor strain (S1), sequenced separately and compared to a
reference sequence. An optimized sequencing library preparation procedure
was described, resulting in 4.1G data for the four strains. The sequencing data
quality is very good, with 92% data with a Quality Score above 30 and the
cluster passing filter (CPF) was 89.8%. The whole genome was covered very
well with 99.9% covered and with an average coverage 68. The mean read
length is longer than 240bp. We identified SNPs that are only present in A2
and A4, SNPs that only in A1 and A3, and all the SNPs that present in the
BY4743 background. We observed a 2:2 segregation of a SNP (G—C) at 664
nucleotide position of MKK1 in A2 and A4 sequence consistent with the known
sequences. In A1 and A3 sequence, we found there is a SNP in YGL260W
gene, which is not present in A2 and A4. The sequencing data also confirmed
a known strain-specific gene deletion and discovered a 144bp deletion
mutation in ATP2 in A1 and A3 sequence. The growth test suggests coaA or
atp2A have synthetic effect. Overexpressing YGL260W from A2 in A1 did not
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improve the growth of A1 on glucose and glycerol medium. Overexpressing
ATP2 gene from A2 into A1 or A3, the growth defect on glycerol was
suppressed. This means the suppression mutation in S1 separated into all the
four haploid strain (A1, A2, A3 and A4). An novel mitochondrial SNP was found
in COX1. In order to verify whether this COX7 SNP is the mutation that
suppresses the glycerol growth defect, the mitochondrial genome of the
haploid strain A2, A4 and coaA were removed to produce A2 p cell, A4 p cell
and coalA p cell. These cells need to be further mated with each other and
growth on non-fermentable medium tested. As for the A2 and A4 haploid strain,
although they are able to grow on glycerol medium, however, they grow much
weaker than S1. We recapitulated the S1 growth phenotype by crossing A2 p
cell with A1 cell. The newly generated diploid cell “A2 p + A1” grows as well as
S1 strain on glycerol medium. Overexpressing of ATP2 in S1 decreased the
oxygen consumption of the S1 cell. Based on the superior growth of S1
compared to A2 or A4, suggesting that the heterozygous ATPZ2 allele improves
growth by increasing the apparent copy number of ATP1. We hypothesize that

glycerol growth is dependent on the unique COX1 allele.
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2. Introduction

In the past, whole genome sequencing was time-consuming and expensive,
and therefore its application in biological research has been limited to
obtaining the reference sequence information of model organisms or humans.
Development of low-cost, efficient high-throughput sequencing (“next
generation” sequencing) technology, has solved some of these problems. The
ability to generate the sequence of the whole genome of an organism without
any reference information, or resequence a specific strain of a model organism
is now feasible. There are many popular cost-effective and high through data
next generation sequencing platforms, such as 454 and lllumina that make it
possible to sequence a mutant with a specific phenotype.

For lllumina platform, the Nextera DNA Preparation Kit uses an engineered
transposome to simultaneously fragment and tag input DNA, adding unique
adapter sequences in the process. A limited-cycle PCR reaction uses these
adapter sequences to amplify the insert DNA. The PCR reaction also adds
index sequences on both ends of the DNA, thus enabling dual-indexed
sequencing of pooled libraries on any lllumina Sequencing System. After the
sample preparation, large number of DNA fragments are immobilized on a
solid surface and read with fluorescent, labeled nucleotides. A wide variety of
libraries can be sequenced, with average fragment sizes as small as 250 bp to
as large as 1000-1500 bp. An ideal data amount of 7-8 Giga bases of
sequence data can be obtained at a cost of less than $1000.
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The high efficiency of next-generation sequencing platforms makes it a
powerful tool for personal laboratory. In the past, it was commonly used for
human genomes and other large genomes, but now it has become more and
more prevalent with small genomes. One problem with small genome
sequencing is that for most species, there is no reference genome. In this case,
it is necessary to sequence the whole genome de novo with no reference
genome. The assembly quality of genome sequences from de novo
sequencing depends on the contig quality, or continuous sequences
generated by aligning overlapping sequencing reads. The number of gaps in
the assembled genome sequence depends on the size and continuity of the
contigs. Short read lengths can lead to a lot of gaps, mismatches and poor
quality data. This would be more serious in regions that have lots of repetitive
sequences. Now some next-generation sequencing platforms, like lllumina
MiSeq, provide paired-end sequencing. With both ends of a DNA fragment are
sequenced, paired-end reads improve the alignment, especially for regions
with repetitive sequences, thereby producing longer contigs. All of these
improvements can help reduce gap numbers in the consensus sequence and
produce a more complete coverage of the whole genome.

Sometimes even the model organism used in the research project has
several strains with different strain-specific phenotypes, but detailed
information about the genetic difference between these strains is unknown.
Next-generation sequencing can help to identify the differences that can be
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helpful with experimental design and analysis. Another advantage of getting
the whole genome sequence information of a specific strain is that it can be an
alternative way to discover a suppressor mutation.

But the interpretation of the sequencing data set is still difficult, because
each mutant strain may contain 50-100 random mutations. Many of these
mutations are background, unrelated genes, and usually needed extensive
functional experiments to determine which one cause the phenotype.
Therefore, the fewer the mutations, the more likely it is to identify the mutation
that causes the phenotype. In this case, it's better to get the strain evolved
mutant, rather than with some artificial mutagenesis. The mutant may have
only 10-20 mutations per bacterial genome [1][2][3][4][5][6]. In some case,
there are only as few as 3 mutations [7][8], or more than 40 [9].

The main problem of analyzing high-throughput sequencing data is how to
identify the mutations that are responsible for the interested phenotype or how
to filter out background mutations. Besides using strain evolved mutant, it's
helpful to obtain multiple independent mutant strains from the phenotype
screen, the statistics of independent selection events will quickly help
distinguish the true target genes [10]. As more mutant strains are sequenced,
true target genes are guaranteed by the Law of Large Numbers to rise above
the background noise [10]. As for the cost of sequencing so many mutant
strains, because it only want to identify the mutation that cause the interested
phenotype, rather than getting the whole genome consensus sequence for

65



each individual strain, all the mutant strains are pooled together to be
sequenced.

The assembly of cytochrome ¢ oxidase (COX) in yeast mitochondria is
complicated by interaction of numerous factors. It is known that COX assembly
is dependent on the assembly factor Coa1. While multi-copy suppressors of
this defect have been isolated the complete function of Coa1 is still unresolved.
We undertook an approach to isolate spontaneous suppressor mutants in an
evolved homozygous diploid background to perhaps uncover new components
of the pathway using next generation sequencing technology. Based on all
these results presented here, we designed a strategy to further identify the
mutation that suppresses the coafa defect and discussed the possible
reasons for failing to discover the expected mutation by this next generation
sequencing technology. The next generation sequencing experiment we
executed also provides the whole genome sequence of S. cerevisiae BY4743

strain (combination of BY4741 and BY4742).
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3. Materials and methods
Bacterial strains

NEB 10-beta Competent Escherichia coli cells (High Efficiency) were used
as the bacterial host for genomic library plasmid. NEB 5-alpha Competent
Escherichia coli cells (Subcloning Efficiency) were used for general plasmid

transformation.

Yeast Strains and spores

The WT strain is in S. cerevisiae BY4743 background. The BY4743 strain
comes from hybridization of BY4741 and BY4742. The coa1 4 strain was in the
S. cerevisiae BY4743 background, created by disruption using KanMX. The
spontaneous mutant strains S1, S2, S3 were selected by pouring coa74 cells
on YPLG plates. The four spores A1, A2, A3, and A4 were dissected from S1

strain.

Prepare genomic DNA

The genomic DNA was extracted from A1, A2, A3, and A4 haploid yeast
cells manually with traditional method and purified by some genomic DNA
clean kit. Then the genomic DNA was serial diluted and measured the
concentration by Qubit dsDNA HS Assay Kits (For use with the Qubit 2.0
Fluorometer) or KAPA Library Quantification Kits. The DNA quality was
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detected by Nanodrop. If the ratio of absorbance at 260 nm and 280 nm is
around 1.8, it is generally accepted as “pure” for DNA. Expected 260/230
values are commonly in the range of 2.0-2.2. The genomic DNA was also run

on the agarose to check the intactness.

Nextera DNA Sample Preparation for lllumina MiSeq platform
Instead using the lllumina “Nextera DNA sample preparation guide”, we
used a much simpler protocol as following:
Using:
Nextera DNA Sample Prep Kit
Nextera Index Kit
Qubit dsDNA HS Assay Kit (For use with the Qubit 2.0 Fluorometer) or KAPA
Library Quantification Kit
Zymo DNA Clean and Concentrator-5
Agilent HS DNA kit (For use with Agilent Technologies 2100 bioanalyzer)

E.Z.N.A. NGS Clean-IT Kit (or use E.Z.N.A. Size Select-IT Kit)

Tagmentation of genomic DNA:
1) Thaw on ice Tagment DNA Buffer (TD) and Tagment DNA enzyme (TDE1).
After thawing, ensure all reagents are adequately mixed by inverting the tubes

3-5 times, followed by a brief spin in a microcentrifuge.
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Ensure the reaction is assembled in the order described for optimal kit

performance.

2) Label tubes and add 20pul of genomic DNA at 2.5ng/ul (50ng total) to each
tube.

To obtain a proper fragmented DNA library is very important for sequencing

quality. It is recommended to use genomic DNA clean kit to purify the starting

DNA first, and measure the DNA concentration using a fluorometric based

method specific for double strand DNA such as the Qubit ds DNA HS Assay

system or the KAPA Library Quantification system. (See specific protocol).

Nanodrop should be avoided.

3) Add 25l of TD Buffer.

4) Add 5ul of TDE1. Gently pipette up and down 10 times to mix.

5) Centrifuge at 280g at 20°C for 1min.

6) Run on PCR machine (Ensure that lid is heating during incubation) with the
following program:

55°C for 5 minutes

Hold at 4°C

Clean up of tagmented DNA:

1) Thaw the Resupension Buffer (RSB) at room temperature.

2) Use Zymo DNA Clean & Concentrator-5 Kit to clean the tagmented DNA
(See specific kit protocol).
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3) Finally, use 25ul of RSB to elute the tagmented DNA sample.

Optional but recommended: check the products of tagmentation reaction by
loading 1ul of undiluted Zymo eluate on a HS Bioanalyzer chip. This should
produce a broad distribution of DNA fragments. (see Agilent HS DNA protocol).

During this control keep samples on ice, do not freeze them.

PCR set up:

1) If less than of a full set of libraries is pooled for sequencing, ensure that
correct index 1 (i7) and index 2 (i5) primers have been selected. See the
Dual Indexing and Low Plexity Pooling Guidelines section at the end of the
Nextera DNA Sample Preparation Guide.

2) Thaw at room temperature the PCR Master Mix (NPM), the PCR Primer
Cocktail (PPC) and index primers.

After thawing, ensure all reagents are adequately mixed by inverting the tubes

3-5 times, followed by a brief spin in a microcentrifuge.

3) On PCR tubes, add 5 pl of index 1 primers (orange caps) and 5 pl of index
2 primers (white caps) on corresponding tubes.

To avoid index cross-contamination, discard orange and white original caps

and apply new caps (same colors) provided in the kit.

4) Add 15 ul of NPM to each tube containing primers.

5) Add 5 pl of PPC to each tube containing NPM and primers.

6) Transfer 20 ul of purified tagmented DNA and gently pipette up and down
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3-5 times. Close tubes.

7) Centrifuge at 280g at 20°C for 1min.

8) Run on thermocycler (Ensure that lid is heating during incubation) with the
following program:

72°C for 3 min

95°C for 30 sec

5 cycles of:
98°C for 10 sec
63°C for 30 sec
72°C for 3 min
Hold at 10°C

If not plan to immediately proceed to PCR clean-up following the completion of
PCR, tubes can remain on the thermal cycler overnight, or store it at 2° to 8°C

up to 2 days.

PCR clean up:

1) Use E.Z.N.A. NGS Clean-IT Kit (or use E.Z.N.A. Size Select-IT Kit) to
clean the PCR product (see specific protocol).

2) Finally, use 32.5 pl of RSB to elute the PCR product.

Now the sample can be kept at -20°C.

Validate library:
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In order to get good quality and maximum amount of sequencing data from
the MiSeq run, it's quite important to load appropriate amount of DNA libraries
on the reagent cartridge of the MiSeq platform. It means there should be
enough DNA library fragments being immobilized to the flow cell surface to
produce enough clusters for sequencing, and at the same time, without
saturating the flow cell leading to bad quality of sequencing data. The amount
of DNA libraries loaded depends on the library concentration and the size
distribution of the library DNA fragments.

Use Qubit dsDNA HS Assay Kit or KAPA Library Quantification Kit to
quantify libraries and use Agilent Technologies 2100 bioanalyzer with HS DNA
chip to check the size distribution of libraries fragments. When a HS DNA chip
is not available, get the rough size distribution of library DNA fragments with a
low sensitive DNA chip is still helpful for deciding how much DNA library
should be loaded on the cartridge.

See the Validate Library Guidelines of the Nextera DNA Sample
Preparation Guide. For illumina platform, a wide variety of libraries can be
sequenced, with average fragment sizes as small as 250 bp to as large as
1000-1500 bp. For the fragments large than 1500 bp, they have difficulty to
form cluster after binding on the flow cell, therefore if the libraries average size
distribution got from the bioanalyzer is greater than 1000 bp, it is necessary to

adjust the DNA concentration conversion formula and library DNA amount
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loaded, according to the quality control table in Nextera DNA Sample

Preparation Guide.

Pool and denature libraries for MiSeq run

Based on the validation results of the libraries, pool and denature the DNA
libraries according to illumina protocol “Preparing DNA Libraries for
Sequencing on the MiSeq”. The most important thing that should be careful
with is the NaOH used for denaturing the libraries. Always prepare freshly
diluted NaOH and use accurate amount. It is important that the concentration
of NaOH is equal to 0.2 N in the denaturation solution and not more than 0.001
(1 mM) in the final solution after diluting with HT1. If it's less than the
designated concentration, it would be hard for double strand DNA to be
denatured to single strand and further bind to the flow cell surface. On the
other hand, if it's higher than the designated concentration, it will finally prevent
the formation of the cluster on the flow cell. Both conditions will affect the

cluster formation and decrease the sequencing data amount finally got.

4. Results and Discussion
Spontaneous mutants of coa14 were isolated

Three spontaneous mutants of coa1A were isolated on glycerol plate and
named S1, S2 and S3. The growth test suggests the respiration deficiency of
coa1A has been suppressed in these three spontaneous mutants (Fig. 3.1). In
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addition, these three spontaneous mutants, S1, S2 and S3 can grow faster
than previous discovered multi-copy suppressors, such as MSS51, ATP1. S1
strain needs 3 days to become visible on the YPLG plate while the strains
overexpressing MSS51, ATP1 need 6 days. These three spontaneous mutants
grow as well like WT (Fig. 3.2A). The known suppressors of coalA were
sequenced by a traditional PCR amplification strategy to guarantee we did not
isolate a previously identified suppressor. After confirmation of no known
mutations S1 strain was dissected to four spores A1, A2, A3 and A4. The
growth test suggests A2 and A4 have the suppressing mutation of coa1A

inherited from S1, but A1 and A3 do not have (Fig.3.2B).
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YPD YPLG YPLG +Cu

Figure 3.1 Spontaneous mutants S1, S2, S3 in coalA were isolated. WT,
coalA, S1, S2 and S3 cells were grown in SC-2% glucose, serially diluted and
spotted on SC-2% glucose, SC-2% glycerol and SC-2% glycerol plus copper

medium. The plate were incubated at 30" Cfor phenotypes.
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Figure 3.2 (A) coalA cells with empty vector (vec) or suppressor MSS51,
ATP1 and its spontaneous mutant S1 were grown in SC-2% glucose with
selection, serially diluted and spotted on SC-2% glucose, SC-2% glycerol
medium. (B) coa14, S1, A1, A2, A3 and A4 cells were grown SC-2% glucose,

serially diluted and spotted on SC-2% glucose, SC-2% glycerol medium.
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Initial process of the high-throughput sequencing data

Four sequencing DNA libraries were prepared from haploid strains, A1, A2,
A3 and A4. The sequencing DNA libraries were pooled, denatured and
sequenced on illumina MiSeq sequencer. In total, 4.1G data were produced.
The sequencing data quality is very good, with 92.4% data have a Quality
Score (Q-score) above 30 and the cluster passing filter (CPF) is 89.8%. A
Q-score is a prediction of the probability of a wrong base call. The Q-score
above 40 (Q40) means the probability of wrong base call is 1 in 10,000 and
Q30 indicates the probability of wrong base call is 1 in 1,000. The CPF shows
the percentage of clusters passing filter based on the Illlumina chastity filter,
which measures quality. The chastity of a base call is the ratio of the intensity
of the greatest signal divided by the sum of the two greatest signals. Reads do
not pass the quality filter if more than one base call has a chastity value of less
than 0.6 in the first 25 cycles.

The high-throughput sequencing data was imported into CLC genomic
workbench software. The whole genome of Saccharomyces cerevisiae S288C,
including 16 chromosomes and one mitochondrial chromosome (NCBI
database) were used as a reference. Initially, the sequencing data was
trimmed, mapped to each chromosome reference separately using default
settings of the software. According to the growth test of A2 and A4 were
considered to have the mutation which can suppress the respiration deficiency
of coa1A. The mapping results of A2 and A4 were merged together for single
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nucleotide polymorphism (SNP) detection. The A1 and A3 mapping results
were compared to S288c for SNP detection separately. The standard code
and mitochondria code were used for nuclear genome SNP detection and
mitochondrial SNP detection. Finally, the SNPs detected from the merged
mapping result of A2 and A4 were pooled with SNPs from A1 mapping result
and A3 mapping result to screen those SNPs that only present in A2 and A4
and not exist in A1 or A3. In order to figure out the target mutation from the
sequencing data, we set up criteria for screening the SNP: 1. the minimum
coverage at the SNP position is four; 2. the minimum variant frequency is 70%;
3. the SNP should only present in A2 and A4; 4. the SNP is not in a
transposon/telomere region; 5. The SNP should change an amino acid or at
upstream region of some gene (affect promoter); 6. The affected ORF is a

mitochondrial related protein.

Initial SNP candidates

The SNP candidate list using the above criteria included many SNPs
located in the transposon, telomere region and many serial SNPs found in one
gene. Most of the alleles have a variant frequency > 70% but far below 95%,
which suggests possible false positive SNP. In addition, except for MKK1, all
of them do not exist in parent strain background BY4743 (combined BY4741
and BY4742) when compared to the reference strain S288C. Many of the SNP
candidates belong to highly repeated gene family, like FLO, COS, HXT, PAU.
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Validation of sequencing data

To validate the sequence we created a mapping report that suggests some
gaps exist. After analyzing the gap sequence on using BLAST, we found are
deleted sequences matched the amino acid gene mutated for auxotrophic
selection and the COA1 gene. Additionally, we identified a 144 bp of ATP2
gene in A1 and A3. The distribution of these deletions in A1, A2, A3 and A4 is
consistent with the 2:2 segregation of alleles from the S1 homozygous yeast
cell (Table 3.1). The growth test of A1, A2, A3 and A4 on plates lacking specific
amino acid plate is consistent with the deletion distribution of amino acid gene
on A1, A2, A3 and A4 (Fig.3.3).

In addition to the amino acid synthesis gene, we also identified known SNP
from BY4741 and BY4742 background compared to S288C, demonstrating
that quality of the sequencing data. For example, we observed a 2:2
segregation of a SNP (G—C) at 664 nucleotide position of MKK1 in A2 and A4
sequence consistent with the known Cytosine in BY4741 reference sequence
and Guanine in BY4742 reference sequence. In A1 and A3 sequence, we
found there is a SNP in YGL260W gene, which is not present in A2 and A4

(Table 3.3) (Fig.3.4).
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Table 3.1 Distribution of gene deletions in the four haploid genomes’

A1 A2 A3 A4
chr2 LYS2 LYS2
Chr3 LEUZ2 LEUZ2 LEUZ2 LEUZ2
chrb URA3 URA3 URA3 URA3
chr9 COA1 COA1 COA1 COA1
chr10 144bp of ATP2 144bp of ATP2
chr12 MET17 MET17
chr15 HIS3 HIS3 HIS3 HIS3

1.

coverage =0 identified from the mapping report
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Figure 3.3 Growth tests of A1, A2, A3, and A4. coalA, S1, A1, A2, A3 and A4
cells were grown in SC-2% glucose, serially diluted and spotted on SC-2%
glucose, SC-2% glucose minus Met and Lys, SC-2% glucose minus Met, SC-2%

glucose minus Lys. The plate were incubated at 30°Cfor phenotypes.
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5288C 651 AAAAGATAGGATCGAGACATTAGGCATTCT 680
BY4741 651 AAAAGATAGGATCCAGACATTAGGCATTCT 680
BY4742 651 AAAAGATAGGATCGAGACATTAGGCATTCT 680
A1 651 AAAAGATAGGATCGAGACATTAGGCATTCT 680
A2 651 AAAAGATAGGATCCAGACATTAGGCATTCT 680
A3 651 AAAAGATAGGATCGAGACATTAGGCATTCT 680
A4 651 AAAAGATAGGATCCAGACATTAGGCATTCT 680

Figure 3.4 MKK17 SNP only present in A2 and A4; consensus sequence for

S288C, BY4741 and BY4742 was retrieved from SGD and the CLC sequence.
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Mismatch cause false SNP

Since the sequencing quality is very good there are potential flaws with the
screening method or PCR errors. Although it is possible PCR errors can occur
during the sequencing reaction, the probability that the error occurs removing
the SNP is unlikely due an apparently impossibly low probability.

According to the detailed mapping report, there are many mismatches
during the mapping. Although we have excluded the SNPs located in or beside
transposon and telomere regions, there are still so many abnormal serial SNP
single genes. Even if there are new mutations occurring during growth of they
should not be so many serial SNP. Many of these mismatches in highly
homologous genes may have resulted from mapping complete sequence
whole genome sequence data set to each individual chromosome.

Therefore, sequence was remapped after joining all the chromosomes into
one reference sequence. The mapping results of merged A2 and A4 were
compared to A1 and A3 mapping results. The position of SNP on the merged
reference now needs to be calculated as each chromosome identity is lost in
the merge. This strategy showed with merged reference solved the serial false
SNP problem and generated a new SNP list (Table 3.3; Table 3.4; Table 3.5).
Based on the separately mapping sequencing data to each individual

chromosome is we did not reassess the position of deletions in the sequences.
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Mapping SNP discovered in BY4743 compared to S288C

The mapping report suggests the whole genome were covered very well
with around 99.9% sequence were covered. The maximum coverage in A1, A2,
A3 and A4 are from 9389 to 15948. The average coverage in A1, A2, A3 and
A4 is from 31.37 to 92.31 (Table 3.2). For the place with zero coverage, many
of them are due to gene deletion (Table 3.1)

After fixed the mapping problem, although we set the minimum variant
frequency at 70%, however almost all SNP found that only present in A2 and
A4 have a variant frequency close to 100%. However, some of them have low
coverage, therefore we checked their authenticity of each mutation. After
excluding false SNP’s due to low coverage place, MKK1 is the only SNP
present exclusively in A2 and A4 (Table 3.3) a known SNP present in BY4743
background at 2:2. Since the spontaneous S1 strain is BY4743 coa1A we did
not identify a novel mutation in this background. The analysis of A1 and A3
does identify SNPs only present in A1 and A3 (Table 3.4) and the SNPs
present in all four strains, A1, A2, A3 and A4 (Table 3.5).

We wonder whether the reason of not being able to find the suppression
mutation in A2 and A4 is the mapping errors in SNP detected by the CLC
genomic software, because the trimmed areas and excluded sequences
sometimes contain many WT bases exist at the SNP position, but it was called
as an SNP by CLC. Therefore, we reanalyzed the sequencing data with the
alternative software platform “Geneious” by setting minimum coverage at 1
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and MVF at 70%. The other parameters were used the default setting. The
analysis result got by Geneious showed us almost the same thing as we found
by CLC genomic workbench. Although there are some new SNP discovered
and several insertion mutations listed that only exist in A2 and A4, however,
except MKK1, most of them locate in telomere region and none of them locate
in any ORF or the near upstream region of any ORF (Table 3.6). No deletion
mutations were found that only exists in A2 and A4. In addition, although the
minimum coverage was set at 1 when using Geneious software, all the
variants that only exist in A2 and A4 have coverage above 4. According to this
reanalysis, we can say failing to find a unique suppression mutation that only

exist in A2 and A4 is not due to software error.
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Table 3.2 mapping report’

Reference Coverage
statistics Al A2 A3 A4
Total reference length 12157105 | 12157105 | 12157105 | 12157105
Total consensus length 12138198 | 12144431 | 12148512 | 12144704
Fraction of reference covered | 0.998444 | 0.998957 | 0.999292 | 0.998979
Minimum coverage 0 0 0 0
Maximum coverage 10488 9389 15948 15623
Average coverage 71.43 31.37 80.39 92.31
Mean read length 244 21 244 .49 2431 241.82
Zero coverage regions
Count 88 77 62 52
Minimum length 1 1 2 1
Maximum length 4495 2953 2928 4495
Total length 18913 12684 8610 12418
1.
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Table 3.3 SNP only in A2 and A4’

Reference Overlapping Amino Acid
position Frequencies Annotations Change
chromosome 15
773264 99.1 MKK1 p.Glu222GIn

1. Consensus sequence was assembled by CLC genomic workbench; SNP
identified with setting parameter at minimum coverage=4, MVF=70%
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Table 3.4 SNP only in A1 and A3’

Reference Overlapping Amino Acid
position Frequencies Annotations Change
chromosome 2
5983 98.1 TELO2L
chromosome 4
1014995 100 MTH1
chromosome 7
6461 100 PAU11
6476 100 PAU11
6799 100
6822 100
6857 100
6904 100 YGL260W
6905 100 YGL260W p.Leu16Phe
6925 100 YGL260W

1. Consensus sequence was assembled by CLC genomic workbench; SNP
identified with setting parameter at minimum coverage=4, MVF=70%
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Table 3.5 SNP in all the four strain A1, A2, A3 and A4’

Reference Overlapping Amino Acid
position Frequencies Annotations Change
chromosome 1
25340 100 FLO9 p.Ala877Ser
25488 98.2 FLO9
25497 100 FLO9
25506 98.1 FLO9
25509 99 FLO9
25512 97.9 FLO9
25515 96.8 FLO9
25536 98.8 FLO9
25542 98.8 FLO9
25560 95.4 FLO9
25584 98.4 FLO9
25611 75 FLO9
25872 100 FLO9 p.lle699Met
26058 95.2 FLO9 p.lle637Met
26412 100 FLO9 p.lle519Met
26900 100 FLO9 p.lle357Val
26901 100 FLO9
26923 100 FLO9 p.Arg349Pro
26931 88.5 FLO9
26946 70.7 FLO9
26973 100 FLO9
26979 94.5 FLO9
26981 99.2 FLO9 p.Ser330Gly
26982 91.7 FLO9
26983 100 FLO9 p.Asn329Thr
27027 100 FLO9
27035 100 FLO9 p.lle312Val
27036 100 FLO9
27044 97.9 FLO9 p.Val309lle
27060 96.7 FLO9
27063 99.4 FLO9
27072 91 FLO9
27075 93.3 FLO9
27081 95.9 FLO9
27084 97.3 FLO9
27126 85.7 FLO9
27129 93.1 FLO9
41475 100 GPB2
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141030 100 SSA1
141135 100 SSA1
199811 100
206126 100 FLO1
206129 98.3 FLO1
206132 99.2 FLO1
206144 98.3 FLO1
210818 100
211019 100
chromosome 2
6440 100 TELO2L
7510 100
7511 100
15101 100 PKCA1 p.lle866Leu
15510 100 PKCA1
15518 100 PKCA1
16380 100 PKCA1
16392 100 PKCA1
30012 100 YBLWTy2-1
30050 100 YBLWTy2-1 p.Asn39Ser
30658 100 YBLWTy2-1 p.Ala242Ser
30660 100 YBLWTy2-1
30848 100 YBLWTy2-1 p.Ala305Gly
34298 100 YBLWTy2-1 p.Glu1455Lys
35485 100 YBLWTy2-1
59755 100
259764 94 .1 YBRWTy1-2
263153 99 YBRWTy1-2 p.Ser1095Phe
265382 98.6 YBRWTy1-2
389428 100 ARS213
389429 83.3 ARS213
389430 100 ARS213
chromosome 3
84421 100 Ty1 LTR
84780 100
143131 100
148615 100 SRD1 p.Glu97Lys
162361 100
162396 100
162640 100 hypothetical protein p.Ser76Arg
162694 100 hypothetical protein
163059 98.9 PMP1
199081 98.6 BUDS5S
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chromosome 4

757631 95.5 NUM1
758310 100 NUM1 p.Ser895Pro
783598 100 SEC1
864219 100 EBS1
880697 97.3 YDRCTy1-2 p.Val1077Ala
987244 95 YDRCTy1-3
1253397 100 SAC7
1308011 88.2 HKR1 p.Val582Ala
1308047 100 HKR1 p.Val594Ala
1402305 100 RPL27B p.Ser51Leu
1433710 100 PKH1 p.Phe187lle
1524974 100 TELO4R
1525313 100 TELO4R
1525335 100 TELO4R
1525340 100 TELO4R
1525345 100 TELO4R
1525351 100 TELO4R
1525357 100 TELO4R
1525363 100 TELO4R
1525370 100 TELO4R
chromosome 5
48384 100
154531 100 MNN1 p.Ser338Thr
352394 100 SHCA1 p.Lys233Glu
517529 100
chromosome 7
386978 100 PYC1 p.Arg595Gly
386979 100 PYCA1 p.Arg595Pro
401674 100 Ty3 LTR
401698 100 Ty3 LTR
404935 100
404936 100
chromosome 8
216123 100 RSC30 p.Gly571Asp
417054 100 KEL1
499958 100 PPX1 p.Glu396Lys
511255 99 SCH9
524447 100
chromosome 9
318694 100 VID28 p.Asn758Tyr
chromosome 10
97478 100




199170 100 hypothetical protein
200219 100 hypothetical protein p.Tyr514Cys
525782 86.5
715095 89.1 DAN4 p.Pro216Ser
715099 81 DAN4
715108 76.7 DAN4
715114 83.5 DAN4
715122 78.8 DAN4 p.Pro207Ser
715126 73.6 DAN4
715129 86.5 DAN4
715132 82.1 DAN4
740238 100
745747 91.7 TEL10R
chromosome 11
666557 100 TEL11R
chromosome 12
4 96.1 TEL12L
12 72.3 TEL12L
291384 100 GAL2
291386 100 GAL2 p.His392Arg
468701 100 rRNA
528749 100 MDL1 p.Phe150Leu
725936 100
828903 100 ORM2
944238 98.8 YLRWTy2-1 p.GIn919Lys
1039435 100 SST2 p.Glu644Asp
chromosome 13
34473 100 NABG p.Phe77Leu
325905 100 hypothetical protein p.lle10Asn
361550 100 YMRCTy1-3 p.His360Tyr
448333 100
448334 100
630505 100 hypothetical protein p.Asp494Gly
672129 100 PFK2 p.Lys880GIu
680936 98.9 HFA1 p.Lys877Glu
680940 100 HFA1
809198 100 Ty1 LTR
908185 81.6 hypothetical protein
908196 89.6 hypothetical protein p. Trp278Ser
908198 88 hypothetical protein p.Ala279Ser
908203 85.1 hypothetical protein
908218 88.8 hypothetical protein
924341 87.2 TEL13R
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chromosome 14

189585 100 SLA2 p.Ser512Phe

377887 100 KRE33 p.Gly856Val

415071 88.9 DBP2

415088 77.8 DBP2

415096 87 DBP2

471767 100 SAL1 p.Met131Val
chromosome 15

50002 100 CTR9

50010 100 CTR9 p.Trp927Arg

50012 100 CTR9 p.Gly926Glu

60240 100

79297 100 YGK3

79304 100 YGK3 p.lle59Asn

79305 100 YGK3 p.lle59Phe
chromosome 16

191944 100 POS5 p.Ser180Leu

759400 100 RRGS8 p.Asn251Lys

890346 100 DPB2 p.Phed458Tyr
mito-chromoso

me

16443 100 COX1 p.Val60OLeu

20934 100 COX1 p.Ser224Ala

33743 100

39517 100 CcoB p.Gly269Val

82507 100

1. Consensus sequence was assembled by CLC genomic workbench; SNP
identified with setting parameter at minimum coverage=4, MVF=70%
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Table 3.6 SNP only in A2 and A4 identified by the “Geneious” platform.”

Reference Variant Overlapping Polymorphism
position Frequency Annotations Type
chromosomel
Insertion
23737 78% (tandem repeat)
chromosome3
316619 93% telomere SNP
chromosome4
VMA1 Insertion
126566 88% upstream221bp (tandem repeat)
678049 100% SNP
chromosomel3
Insertion
25 96% telomere (tandem repeat)
924385 96% telomere SNP
924390 100% telomere SNP
924392 100% telomere SNP
chromosomel4
784322 73% telomere SNP
chromosomel5
773264 100% MKK1 SNP
chromosomel6
948065 100% telomere SNP

1. Consensus sequence was assembled by Geneious; SNP identified with
setting parameter at minimum coverage=1, MVF=70%
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Validating mutations

Possible reasons for not identifying a nuclear mutation responsible for the
suppression are 1. An error caused by mapping mismatch make the SNP has
a variant frequency lower than the MVF (70%). However, in this case, the
frequency of WT would exceed 30%, which is very unlikely; 2. The mutation is
located in gap or in excluded region, such as transposon or telomere region; 3.
There might be several alleles that work together; 4. It is some epigenetic
modification in A2 and A4 which can also segregate 2:2.

Initially we expected a single mutation that only present in A2 and A4 that
acted as a dominant suppressor of the respiration deficiency of coalA.
However given the quality of the sequencing we considered the possibility that
the SNP in gene YGL260W, present in A1 and A3 only, could be responsible
for the growth defect of the original coa7A that is reverted in S1 to allow growth
on respiratory medium (Table 3.4) (Fig.3.5). Overexpressing YGL260W from
A2 in A1 did not improve the growth of A1 on glucose and glycerol medium
(Figure 3. 6).

ATP2 is partially deleted in A1 and A3 (Fig.3.7). PCR product of ATP2 in
coalA, S1, A1 and A2 showed that ATP2 is complete in coa71A and A2, partial
deleted in A1. In S1, both the complete and the partial deleted ATP2 exist
suggesting it is heterozygous (Fig.3.8A). Since A1 and A3 do not grow well on
glucose medium, especially YPD plate (Fig.3.8B), we tested whether it is

95



because A1 and A3 have ATP2 partial deletion. As for ATP2 deletion, although
coalA or atp2A single deletion both can grow well on glucose plate (Fig.3.1)
(Fig.3.8C), we still transformed and overexpressed ATP2 gene from A2 into A1.
The growth of A1 on glucose plate was rescued (Fig.3.8D), which suggests
that coa1A or atp2A have synthetic defect. Considering the growth defect of A1
and A3 on glucose plate caused by the partial deletion of ATP2, we tested
whether the glycerol growth defect of A1 and A3 could be reversed by ATP2.
The growth test suggests that overexpressing ATP2 gene from A2 into A1 or
A3, the growth defect on glycerol was suppressed. This means the
suppression mutation in S1 separated into all the four haploid strain (A1, A2,
A3 and A4). The reason that A1 and A3 cannot grow on glycerol is due to the
ATP2 deletion. Given the frequency of isolation of 1 3.8 x10°and that it exists
in all the four haploid strains is the one that suppresses the glycerol growth
defect we focused on mitochondrial mutations. As the likelihood that the
mutation occurs on both chromosomes in S1 is very low. And at the same time,
we found a novel mitochondrial SNP that exist in COX1 (Fig.3.9). This COX1
SNP only exists in S1 and not in the original coaA strain background (Fig.
3.10). We took this novel COX1 SNP as a candidate for the suppressing
mutation. To verify whether this unique COX1 SNP is the mutation that
suppresses the glycerol growth defect we removed the mitochondrial genome
of the haploid strain A2, A4 and coa7A to produce haploid A2 p cell, A4 p cell
and coa1A p cell. Then, we crossed “A2 p cell with coa7A cell”, “A4 p cell with
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” 13

coalA cell”, “A1 cell with coalA p cell” and “A3 cell with coalA p cell” to
produce diploid cells. If the novel COX1 SNP is the suppression mutation, the
diploid cell “A2 p + coalA” and “A4 p + coa1A” should be unable to grow on
glycerol plate because they don’t have the novel COX1 SNP mutation. The
diploid cell “A1 + coalA p” and “A3 + coaA p” should also be able to grow on
glycerol plate because the presence of the novel COX1 SNP.

As for the A2 and A4 haploid strain, although they are able to grow on
glycerol medium, however, they grow much weaker than S1 (Fig. 3.11A). This
suggests that although A2 and A4 contain the suppression mutation, but still
lack something. Since there is an ATPZ2 partial deletion mutation and
considering the ATP1 multi-copy suppressor we discovered in Chapter 2, we
hypothesize that the ATP2 deletion in A1 and A3 may have something to do
with the growth. We mate A2 p cell with A1 cell and did growth test. The new
generated diploid cell "A2 p + A1” grows as well as S1 strain on glycerol plate
(Fig.3.11B), which suggests there must be something in A1 that enhance the
growth of A2 on glycerol. We wonder whether it's the deletion of ATP2 that
enhance the growth of A2. In ATP synthase, ATP1 encodes the alpha subunit
and ATPZ2 encodes the beta subunit. In one ATP synthase, there are three pair
of alpha and beta subunits associating together to function producing ATP.
Because overexpressing ATP1 could suppress coa7A, we wonder whether the
deletion of ATPZ2 has the similar effect since there are extra ATP1 that cannot
pair with ATP2. We transformed ATP2 in S1 strain and detected the oxygen
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consumption to see whether overexpressing ATP2 can affect the growth of S1.
The result suggests that overexpressing of ATP2 in S1 decreased the oxygen
consumption of the S1 cell (Fig.3.11C).

In conclusion, based on the superior growth of S1 compared to A2 or A4,
we suggest that the heterozygous ATPZ2 allele improves growth by increasing
the apparent copy number of ATP1. However, we hypothesize that glycerol
growth is dependent on the unique COX7 allele. Further analysis will be

required to verify this hypothesis.
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S5288C
A1
A2
A3
A4

21
21
21
21
21

GAACGAATCATACATCTTTCATAGACTTCG
GAACGAATCATACATCTTTCATAGATTTCG
GAACGAATCATACATCTTTCATAGACTTCG
GAACGAATCATACATCTTTCATAGATTTCG
GAACGAATCATACATCTTTCATAGACTTCG

Figure 3.5 YGL260W SNP only present in A1 and A3
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Figure 3.6 YGL260W from A2 cannot rescue A1 growth deficiency on glucose

and glycerol medium
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(The 10015t bp position of ATP2)—-
AGGGTTCTGTCACTTCTGTGCAAGCCGTTTATGTTCCAGCCGATGATTTAACAGATCCTGCTC
CTGCCACTACTTTTGCCCATTTGGACGCTACTACCGTCTTGTCAAGAGGTATTTCAGAATTAG
GTATTTACCCTGCAGTGGATCCATTGGATTCTAAATCAAGGTTATTGGATGCCGCCGTTGTCG
GTCAAGAACATTATGACGTCGCCTCCAAGGTTCAAGAAACTTTACAGACCTATAAATCTTTACA
AGATATCATTGCTATTTTGGGTATGGATGAATTGTCCGAACAAGATAAACTAACTGTCGAAAG
GGCAAGAAAGATTCAAAGATTCTTATCTCAACCATTTGCTGTCGCCGAAGTCTTTACTGGTAT
CCCAGGTAAATTAGTGAGATTAAAGGACACCGTTGCCTCGTTCAAAGCCGTTTTGGAAGGTAA
ATACGATAATATACCAGAACATGCTTTCTATATGGTTGGTGGTATTGAAGATGTTGTTGCTAAA
GCTGAAAAGTTAGCCGCTGAAGCCAACTAG  «(Theend of ATP2)-

Figure 3.7 The gray sequence in ATP2 was deleted in A1 and A3
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2Kb—

ATP2A on YPD

Figure 3.8 (A) PCR product of ATP2 gene from coa14, S1, A1 and A3 were
run on agarose gel. (B) coalA, S1, A1, A2, A3 and A4 cells were grown in
SC-2% glucose, serially diluted and spotted on SC-2% glucose and YP
glucose plates. The plate were incubated at 30°C for phenotypes. (C)ATP2 A
grows well on glucose medium. (D) ATP2 from A2 can rescue A1 growth

deficiency on glucose plate.
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Overlapping | Amino Acid o
Reference position-| Frequencies-| Annotations-| Change-
mito-chromosome- o ¢ o E
16443. 100+ COX1+ p.ValéOLeu-| Unknown~
20934. 100- COX1+ p.Ser224Ala4 Knowne
33743« 1000 o o o
39517. 100+ COB- p.Gly269Val- o
82507~ 100+ ¢ ® @

1. Consensus sequence was assembled by CLC genomic workbench; SNP identified
with setting parameter at minimum coverage=4, MVF=70%-

Figure 3.9 Mitochondrial SNP in all the four strain A1, A2, A3 and A4’
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Unknown COX1 SNP in S1
(Reference position 16443)

Figure 3.10 The unknown COX1 SNP (Reference position 16443) does not

exist in coa7A (BY4743 strain background)
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Figure 3.11 (A) A2 and A4 grow much weaker than S1. (B) The new
generated diploid cell “A2 p + A1” grows as well as S1 strain on glycerol plate.

(C) Overexpressing of ATP2 in S1 decreased the oxygen consumption
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Chapter 4

Hydroxyurea sensitivity in iron deficient yeast mutants
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1. Abstract:

To understand intracellular iron handling, we attempted to use a genetic
strategy exploiting the hydroxyurea sensitivity of an iron deficiency (aft1aaft24)
to find component of the pathway. We isolated 6 suppressor mutants of
aft1aaft24 double mutant that can tolerate HU and attempted to characterize
the suppressing mutation. We screened a HU sensitive revertant (YZ4) using a
genomic library from a resistant mutant (YZ2). We note that iron was unable to
rescue the HU sensitivity of YZ4 growth deficiency on HU plate suggesting an
additional mutation that could reveal an unknown HU sensitive gene. Our
genomic library showed SPT3 was able to rescue the HU sensitivity of YZ4
and that SPT3 contained a non-sense mutation (SPT3-7) in YZ4. Our result
showed that SPT3 mutation affected total cellular metals. The Fe and Zn level
is decreased between YZ2 and YZ4 0.7 and 0.6 respectively while Mg, Mn and
K are unchanged. The HU sensitivity phenotype of YZ4 SPT3-1 is in an
aft1Aaft2A background we tested if this phenotype was dependent of
AFT1/AFT2 or was a result of SPT3 deletion. An independent a spt3A was
sensitive to HU and could be rescued by the SPT3 but not SPT3-1 in high or

low copy vectors.
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2. Introduction

Iron (Fe) is an essential metal in yeast required from ribosome assembly
and DNA replication. The intracellular levels of Fe are controlled by
transporters at the plasma membrane and in the vacuole. Expression of
Fe-requiring proteins and the transporters that modulate available Fe is
controlled by Fe-regulated transcription factors Aft1 and Aft2 and by post
transcription mechanism including protein and mRNA degradation. While all
these mechanism interlock to provide necessary cellular requirements the
mechanisms for translocation of Fe to targets in the cytosol are largely
unknown.

During DNA synthesis, ribonucleotide reductase (RNR) plays an important
role by converting ribonucleotide diphosphates into deoxyribonucleotide
diphosphates [1]. This is the only mechanism for the production of
deoxyribonucleotides in yeast as they lack any deoxyribonucleotide kinase
enzymes. Eukaryotic RNRs are constituted by two large and two small
subunits and one small subunit has oxo-diferric center making RNR
susceptible to Fe-chelators or low available Fe [2]. In fact it has been
suggested in some studies that RNR activity is preferentially more sensitive to
this inhibition than other essential Fe-requiring enzymes [3]. Part of the
catalytic mechanism of RNR includes formation of a tyrosyl radical in the small
subunit hydroxyurea (HU) appears to be able to quench this radical leading a
DNA replication arrest [1]. The overexpression or mutation of the small subunit
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of RNR can increase cellular resistance to HU. Given the high concentration of
HU was required for the inhibition of RNR, it has been suggested RNR might
be the only essential target for HU in the cell [4].

Many studies of HU response have been done with Saccharomyces
cerevisiae. An S-phase check-point response was activated by the inhibition of
RNR and dNTP synthesis with HU. This response finally leads to
transcriptional activation of RNR genes, the stabilization of stalled replication
forks, and the inhibition of cell-cycle progression [5]. Numerous genes that
help cell tolerate HU have been identified during the screening of deletion
mutants of all non-essential genes [6]. An example of non-essential genes that
are required for cellular tolerance to HU is SNF1 [7].

The iron regulated transcription factors Aft1 and Aft2 are also required for
tolerance to HU [8]. The phenotypic analyses of single and double AFT1 and
AFT2 deletion mutants were performed and no phenotype was observed for
the aft14 or aft24 single mutants on Fe-replete medium with or without HU.
But the aft1aaft24 double mutant was sensitive to HU and could not grow on
an iron-deprived synthetic medium [8]. The aft1A single mutant was also
sensitive to HU on these iron-deprived medium, but this sensitivity can be
suppressed by adding excess iron [8]. This suggests the aft1aaft24 double
mutant has low iron utilization and homeostasis that result in sensitive to HU
by affecting RNR activity or loading.

We isolated 6 suppressor mutants of aft1aaft24 double mutant that can
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tolerate HU. We observed spontaneous loss of suppression in one of the 6
suppressor and attempted in this chapter to identify and characterize the

suppression mutation occurs the aft1 Aaft24 mutant.

3. Materials and methods
Bacterial strains

NEB 10-beta Competent Escherichia coli cells (High Efficiency) were used
as the bacterial host for genomic library plasmid. NEB 5-alpha Competent
Escherichia coli cells (Subcloning Efficiency) were used for general plasmid

transformation.

DNA manipulations

The genomic DNA was extracted manually with traditional method and can
be purified by some genomic DNA clean kit. For plasmid isolation from E. coli
and yeast, a Qiaprep Spin Miniprep Kit was used. For plasmid isolation from
yeast, the protocol was modified: after resuspending yeast cells in 250ul kit P1
buffer, add 50-100ul of acid-washed glass beads (Sigma G-8772) and vortex
for 5min. Let stand to allow the beads to settle. Transfer supernatant to a fresh
1.5 ml microcentrifuge tube. Then proceed to the 250ul kit P2 buffer step and

finish the left isolation steps in the kit protocol for E. coli cells.

Genomic library prepare
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The genomic library was prepared as described elsewhere [9]. The
plasmid pRS413 was cut with EcoRV and treated with alkaline phosphatase
(New England Biolabs). The YZ2 cell genomic DNA was partially digested with
EcoRV to give a maximum number of DNA fragments in the 3-10 kb size range.
Then run these DNA fragments on an agarose gel, cut the DNA smear range
from 3-10kb out of the gel and extract with a gel extraction kit. The genomic
DNA fragments extracted and the treated pRS413 vector were ligated with T4
DNA ligase (New England Biolabs) at 14 ‘C overnight. The ligation mixture
was used to transform NEB 10-beta Competent Escherichia coli cells (High
Efficiency) with electroporation method. The transformants were selected on
LB plates with ampicillin. Then the transformants were scraped off with liquid
LB medium and used to extract the genomic library plasmid with a Qiaprep

Spin Miniprep Kit.

The total number of colonies needs to be collected is calculated
according to the genomic library construction formula:
N = In1- p)

Int-)

g

g = genome size
i = insert size
p = probability that any point in the genome will occur at least once in the
library
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N = number of clones in the library

The calculation is as following:

The genome size (g) of S. cerevisiae is about 13.5Mb; Because the
average gene size of S. cerevisiae is 1.5kb (most genes < 5kb; the longest <
10kb), the genomic DNA was partially digested to average size of 6kb
(3kb-10kb). So the insert size (i) =6X103; Set the probability that any point in

the genome will occur at least once in the library (P) =99%

N InQ- p) _ In(1-99%)

i 3
Inl——) |n(1_£06
9 13.5x10

=10359
)

4. Results

Six suppressor mutants of aft1Aaft2A were isolated that were HU tolerant.
These strains were designated YZ1 to YZ6. These strains were backcrossed
and determined that the phenotypes were from a single mutation in the
laboratory of our collaborator Fabien Pierrel CNRS, Grenoble, France. The
final mutants were cultured on glucose plates with 0 mM HU, 150 mM HU, 0
mM HU plus iron, 150 mM HU plus iron added and incubated at 37°C for four
days. YZ1, YZ2, YZ3, YZ5 and YZ6 have HU resistant phenotype, while YZ4
was sensitive to HU (Figure 4.1).

For the initial screen we used a genomic library created from the YZ2,
which was HU resistant and YZ4 as a recipient strain for complementation
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experiments. First, we optimized the concentration of HU added to the SC
glucose plate, under which the cells contain suppressor can form colony after
1 day (YZ2 cells), while the cells sensitive to HU cannot form any colony after 1
day growth (YZ4 cells). We plated diluted culture that contains 100 cells to
glucose plate at 37°C for 1 day to form colonies. We then replica plated to HU
at 150mM (Fig. 4.2) After screening out some HU suppression candidates from
the genomic library, the candidates plasmid were extracted and transformed
into YZ4 to check their suppression function. In this way, the candidates that
grow on HU because of some new mutation in their genomic DNA, rather than
depend on some plasmid contained, can be excluded.

We expected that if YZ4 was a simple revertant we could identify the
suppressor from YZ2. However, we note that iron was unable to rescue the HU
sensitivity of YZ4 growth deficiency on HU plate suggesting an additional
mutation in addition to the aft1Aaft2A induced HU sensitivity was present (Fig.
4.1). We continued predicting that YZ4 could reveal additional information

such as unknown HU sensitive gene.

ICP analysis of metal level in YZ2 and YZ4

To confirm that we iron was not playing a role in the suppression of YZ2 we
assayed total cellular metals using ICP-OES. Whole cells were grown in
synthetic complete media, washed and assayed after acid digestion. The total
cellular iron level in YZ2 is less than YZ4, suggesting that YZ4 could contain a
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mutation that increases cellular Fe in aft1Aaft2A background. The Fe and Zn
level is decreased between YZ2 and YZ4 0.7 and 0.6 respectively while Mg,
Mn and K are unchanged. In combination these experiments suggest that the

HU sensitivity of YZ4 is not due to iron shortage (Fig. 4.2)
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Figure 4.1. Growth test of 6 suppression mutants of aft1 aaft24 double mutant
on SC glucose plates with OmM HU, 150mM HU, OmM HU plus Fe, 150mM

HU plus Fe added; incubate at 37°C for four days.
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YZ2 100cells SC YZ2 100cells SC YZ4 100cells SC YZ4 100cells SC
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Figure 4.2. Screen genomic library prepared from YZ2 in YZ4 on SC glucose

plus 100mM HU plate at 37°C
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Figure 4.3. YZ2 has less Fe than YZ4, but YZ4 is still sensitive to HU and

cannot be suppressed by adding Fe.
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Screen genomic library

A genomic library was constructed from YZ2 and was transformed into
YZ4 cells to screen for suppressor of the HU sensitivity. From a screen of
XXXX candidates we obtained 7 candidates, SUP1 to SUP7. After plasmid
rescue and retransformation to ensure linkage to the plasmid SUP1, SUP2,
SUP4, SUP6, SUP7 were confirmed as containing the suppressing allele
plasmid (Fig. 4.4). All plasmids contained inserts that included SPT3 gene.
SPT3 was subcloned into high copy plasmid and tested its suppression to YZ4.
SPT3 was able to rescue the HU sensitivity of YZ4 in low or high copy vectors

(Fig. 4.5)

Alignment of sequencing and translation results of SPT3 gene in YZ2,
YZ4

To investigate the role of SPT3 in suppression YZ4 on HU sensitivity we
considered two possibilities. One is SPT3 gene from YZ2 has some mutation
which make it a suppressor of aft1 aaft24 double mutant or SPT3 gene of YZ4
had a mutation rendering the cells HU sensitive. SPT3 deletion was not
identified as HU sensitive in systematic screens of HU sensitivity. To address
these possibilities we amplified and sequenced the SPT3 gene from YZ2 and
YZ4. The sequencing results confirmed a nonsense mutation in SPT3 gene

from YZ4 that we named spt3-1 (Fig 4.6).
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Figure 4.4. Growth test of 6 suppressors identified from genomic library

screening on SC glucose plate and SC glucose plus 150mM HU plate.
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Figure 4.5. Growth test of the HU suppression of YZ4 by SPT3 in low copy

(pPRS413) and high copy vector (pRS423)
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SPT3reference 420 TTGAGAACATATCTGTBATGGAAGGATTTG 449
SPT3sequencein YZ2 420 TTGAGAACATATCTGTBATGGAAGGATTTG 449
SPT3sequencein YZ4 420 TTGAGAACATATCTGTBATGGAAGGATTTG 449

430 4"10
G

Consensus A T ¢ T G T S A T G
Identity I

1. SPT3 reference NN G T G G 1

2.SPT3inYZ2 A 3 C T G 13 ¢ A T G G

3.8PT3inYZ4 A I C T G E G A T G G

Translation of SPT3 sequence in reference or yz2:
MMDKHKYRVEIQQMMFVSGEINDPPVETTSLIEDIVRGQVIEILLQSNKTAHL
RGSRSILPEDVIFLIRHDKAKVNRLRTYLEWKDLRKNAKDQDASAGVASGTG
NPGAGGEDDLKKAGGGEKDEKDGGNMMKVKKSQIKLPWELQFMFNEHPL
ENNDDNDDMDEDEREANIVTLKRLKMADDRTRNMTKEEYVHWSDCRQASF
TFRKNKRFKDWSGISQLTEGKPHDDVIDILGFLTFEIVCSLTETALKIKQREQV
LQTQKDKSQQSSQDNTNFEFASSTLHRKKRLFDGPENVINPLKPRHIEEAW
RVLQTIDMRHRALTNFKGGRLSSKPIIM*

Translation of SPT3 sequence in Yza:
MMDKHKYRVEIQQMMFVSGEINDPPVETTSLIEDIVRGQVIEILLQSNKTAHL
RGSRSILPEDVIFLIRHDKAKVNRLRTYL]

Figure 4.6. Alignment of sequencing and translation results; * stands for stop

codon
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ICP analysis of metal content in “YZ4 complemented by SPT3” versus
YZ4

YZ4 had shown increased iron levels relative to YZ2 and to assay for the
involvement of spt3-1 or whether the change in metal content was related to an
additional mutation we measured the iron level of YZ4 plus wild-type SPT3.
The re-introduction of SPT3 into YZ4 resulted in decreased cell levels of Fe,

with spt3-1/SPT3 showing a ratio of 0.4.

Growth test of the HU suppression of YZ4 and BY4741 spt34

As the HU sensitivity phenotype of spt3-1 is in an aft1Aaft2A background
we tested if this phenotype was dependent of AFT1/AFT2 or was a result of
SPT3 deletion. As noted earlier the SPT3 has not previously been linked with
sensitivity and expression of SPT3 did decrease cellular Fe. However a spt3A
was sensitive to HU and could be rescued by the SPT3 but not SPT3-1 in high

or low copy vectors.
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Figure 4.7. The resistant to HU in aft1aaft24 background needs iron, but the

iron concentration in YZ4 decreased after rescued by SPT3.
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Figure 4.8. Growth test of the HU suppression of YZ4 and BY4741 spt34;

BY4741 spt3A is HU sensitive phenotype and can be suppressed by SPT3.
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5. Discussion

Iron transport and delivery in the cytosol must be carefully regulated to limit
the potential toxicity of iron while ensuring the delivery to specific targets. In
this study we attempted to identify proteins involved in the pathway but
isolating suppressors of a hydroxyurea sensitivity in Fe-deficient mutants.
Hydroxyurea sensitivity is a result of inhibition of ribonucleotide reductases
(RNR) a Fe-containing enzyme required for DNA replication. However the
resulting analysis revealed an unknown HU sensitivity gene SPT3.

SPT3 encodes a subunit of the SAGA transcriptional regulation complex
and interacts with other members to mediate transcription of RNA-pol I
dependent genes. However it can also act as a repressor at certain promoters.
Finally it can be inactivated by cytosolic translocation during hypoxia. A survey
of SPT3 regulated genes did not reveal obvious reason for the increase in Fe
in YZ4 or for the sensitivity to HU. But SPT3 does control PHO84 a gene
involved in phosphate metabolism known to affect intracellular metals.
Therefore this may be a candidate to affect both Fe and nucleotide production.
It should also be noted the SPT3 has 668 known genetic and protein
interaction with 375 individual genes so many possible interaction exist.

The original aim attempted to isolate the suppressing mutation from YZ2
but the flawed strategy prevented that mutant being isolated. The YZ4 ability to

grow even in the absence of aft1Aaft2A suggests it also still has a suppressor
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mutation. To identify the suppression of the aft1Aaft2A will need to be repeated

in a new background free of additional mutations.
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