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1 Abstract

Iron uptake into mitochondria is of key importanice iron-sulfur cluster biogenesis, for
heme synthesis and for the function of many mitochial proteins. InS. cerevisiae, the
mitochondrial carrier proteins Mrs3p and Mrs4p paglviously been identified to be the main
iron transporters under iron limiting conditionsowkver, several indications point to the
possibility that these proteins do not represeatsie system of mitochondrial iron import.
Interestingly, the mitochondrial pyrimidine nuclela transporter Mrs12p had recently been
found to function as multi-copy suppressor of thes3/4A phenotype and therefore is a
possible candidate for low-affinity mitochondriedm uptake.

In this work, Mrs12p’s involvement in mitochondriabn uptake and the role of pyridimine
transport in the proteins’s ability to suppressrting3/4A phenotype were studied.
FET3-expression imrs3/4/12A andmrs3/4A mutants was monitored by GFP-expression and
microarray data showing induction of genes belogdm the iron-regulon of ars3/4/12A
mutant were compared tarsl2A gene expression. BoFET3-expression and genome wide
expression profiling pointed to a role of Mrs12pmitochondrial iron acquisition.

For studying the role of pyrimidine transport, atemi in contact site Il of Mrs12p was
created. Overexpression of the mutated gene dideomplement thenrs12A phenotype and
no pyrimidine transport into mitochondria carryitige mutated protein was observed.
Suppression of thers3/4A phenotype in growth tests was not seen and irdakepinto
submitochondrial particles (SMPs) was significantiguced when compared to wild-type
SMPs omrs3/4A SMPs overexpressingRS12.

Besides suppression of thewrs3/4A phenotype, it had already been reported that
overexpression oMRS12 also suppresses thars2A phenotype, which is due to lack of
mitochondrial M§* uptake. Considering this, we assumed a functioklisfl2p in not only
iron, but low-affinity divalent metal transport arnlerefore looked at mitochondrial Kig
uptake in more detail. Transport studies into nfitowria using the fluorescent Kechelator
mag-fura 2 showed that overexpression MIRS12 enhances Mg transport into
mrs2A mitochondria, but no increase in Mgransport was seen in the case of the mutant.
Also, overexpression of the mutated gene did nppsess thenrs2A phenotype.

These observations imply that Mrs12p transporfs Bed Md* into mitochondria together
with pyrimidine nucleotides. The relevance of thessults for divalent cation uptake into

yeast mitochondria will be discussed in the last pgthis work.



Zusammenfassung

Fur Mitochondrien ist die Aufnahme von Eisen fie &iisen-Schwefel Cluster Biogenese, fur
die Haem-Synthese und fir die Funktion vieler ntitowrialer Proteine von entscheidender
Bedeutung. InS cerevisiae hatte man bereits zwei mitochondriale Carrier &n&t, Mrs3p
und Mrsdp, identifiziert, welche fir den Eisentqamt unter Eisenmangelzustand
verantwortlich sind. Einige Beobachtungen weisetoph darauf hin, dass diese Proteine
nicht das einzige System zur Eisenaufnahme ausmaclmeressanterweise ist der
mitochondriale Pyrimidin-Nukleotid Transporter Ml in der Lage, als Multi-Copy
Suppressor desnrs3/4A Phenotyps zu wirken und stellt daher einen Kardidafur
Eisenaufnahme bei normalen Eisenkonzentration€eerizelle dar.

In dieser Arbeit soll die Beteiligung von Mrs12p @er mitochondrialen Eisenaufnahme und
die Rolle, die der Pyrimidintransport bei der Swggsion desnrs3/4A Phenotyps spielt,
untersucht werden.

Die Expression vorET3 einermrs3/4/12A und einemrs3/4A Mutante wurde mittels GFP-
Expression beobachtet und Microarray Daten, weltieelnduktion von Genen des Eisen-
Regulons einemrs3/4/12A Mutante aufzeigen, wurden dargestellt und mit@enexpression
einermrs12A Mutante verglichen-ET3-Expression und Expression Profiling weisen auéein
Rolle von Mrs12p beim mitochondrialen Eisen-Erwiitn.

Um die Rolle des Pyrimidin-Transports zu untersua¢heurde eine Mutante im Kontaktpunkt
Il von Mrs12p hergestellt. Uberexpression des nnietie Gens fiihrte zu keiner Suppression
der mrs12A Mutante und keine Pyrimidin-Aufnahme konnte in dtiondrien, welche das
mutierte Protein besal3en, beobachtet werden. InhSWamstests wurde keine Suppression
desnrs3/4A Phenotyps gesehen und Eisen-Aufnahme in submitakctade Partikel (SMPS)
war im Vergleich zu Wild-Typ SMPs odenrs3/4A SMPs, dieMRS12 Uberexprimierten,
deutlich reduziert.

Vor dieser Arbeit war bereits bekannt, dass Ubeesgion vonMRS12, auBer zur
Suppression desrs3/4A Phenotyps, auch zur Suppressionmes®/A Phenotyps fuhrt. Dieser
Phenotyp kommt durch das Fehlen des mitochondrislgti Transporters Mrs2p zustande.
Das fuhrte uns zu der Annahme, dass Mrs12p nichieme Funktion als Eisentransporter,
sondern als Transporter mit geringer Affinitat zerschiedenen divalenten Metallen haben
koénnte. Daher untersuchten wir die mitochondriale’MAufnahme im Detail mittels
Transportstudien an Mitochondrien mit dem fluoresmiden M§'-Chelator mag-fura 2.

Diese zeigten, dass Uberexpression MiRS12 den Md"* Transport fordert, bei Expression



der Mutante wurde jedoch keine Zunahme gesehenreiession des mutierten Gens
fuhrte auch zu keiner Suppression des2A Phenotyps.

Diese Beobachtungen zeigen, dass Bad Md¢* gemeinsam mit Pyrimidin-Nukleotiden von
Mrs12p in die Mitochondrien transportiert werderbsghlieRend wird die Bedeutung dieser

Ergebnisse fur die Aufnahme divalenter KationedienMitochondrien der Hefe diskutiert.



2 Introduction

2.1 The Role of Iron and its Acquisition by Living Cells
Iron is of key importance to the biology of all @niotes and the vast majority of prokaryotes.

Its ability to shift between two redox states aadyain and lose electrons easily makes it a
perfect candidate for the metal centers of naturedox reaction performing enzymes. The
metal is involved in vital biological processes elikoxygen transport, oxidative
phosphorylation, DNA biosynthesis, and xenobiotietaolism (Hentze, Muckenthaler et al.
2004) and it is part of such important proteingg@echromes, oxygenases, flavoproteins, and
redoxins. In mammalian hemoglobin, it provides &c#jic binding site for oxygen and
thereby enables oxygen delivery to tissues of wmrlltilar organisms (Andrews 2000).
Although iron belongs to the most abundant metalgarth, it is poorly bioavailable, as it is
generally present in the ferric (Egform, which is almost insoluble in water at nalipH. A
second problem of iron chemistry for organismdha the metal’s ability to donate electrons
can lead to the formation of free radicals; whemoigs iron (F&" interacts with HO,, it
undergoes the Fenton reaction (Papanikolaou antbprarios 2005). The Fenton reaction
produces ferric iron/OH, and the hydroxyl radical, whereby the latterynastack adjacent
lipids and lead to oxidative damage of DNA and otimacromolecules. For these reasons,
complex iron-transport and management systems bkawgtved in virtually all organisms,

which will be discussed in more detail below.

2.1.1 Iron Acquisition by Living Cells
Bacteria. In bacteria, when intracellular iron level is eéd, the protein Fur (for ferric

uptake regulator) is expressed, whose functiorm iszpress transcription initiation of iron-
uptake genes (Ernst, Bennett et al. 1978). Whewigg under iron depletion conditions,
bacteria produce low-molecular-weight moleculededakiderophores. The siderophores are
secreted into the environment and make iron solbbfere it is transported inside the cell.
The iron-siderophore complex binds to outer-membnateptors and is actively transported
across the outer and the inner membrane into ttoplegm. Here, it is assumed that the metal
is released from the siderophore, reduced to theblsoferrous iron (F€), and sequestered
into iron-using proteins (Masse and Arguin 2005).
Yeast. In S cerevisiae, there are several transport systems that trainsfieracross the cell
surface (Van Ho, Ward et al. 2002). Two non-spedifi low-affinity transport systems are
located at the plasma membrane. These proteinshvane products of theET4 andSMF1
genes, not only transport iron, but can also tgkether transition metals. In addition to these
low-affinity systems, there are two high- affinttansport systems, providing the cell with the
7



ability to adjust its uptake system under iron-ééplconditions. The first system involves the
transport of siderophore-iron complexes, similarthose of bacteria, whereas the second
transport system is comprised of two cell surfac#gins, Fet3p, a multicopper oxidase, and
Ftrlp, a transmembrane permease. Fet3p oxidizesugerron to ferric iron and Ftrlp
transports ferric iron across the plasma membr&aplén, McVey Ward et al. 2006). The
cell surface metalloreductases Frelp and FreZ2pigedhe substrate for Fet3p by reducing
Fe*" and passing on Eeto Fet3p (Georgatsou and Alexandraki 1994). Iregdaexpression
of iron transport genes is induced by the actigityhe iron-sensing transcription factor Aftlp
(Yamaguchi-lwai, Dancis et al. 1995) and its pagam Aft2p, which is able to bind to the
promoter elements of genes that code for cell sarfeon transporters (Rutherford, Jaron et
al. 2003). When cells suffer from low iron, Aftleleocalizes to the nucleus. There, it
functions as an activating transcription factor floee promoters on approximately 20 genes,
usually referred to as the iron-regulon (Yamagueli, Ueta et al. 2002; Shakoury-Elizeh,
Tiedeman et al. 200&igure 1). Induction of these genes increases the celllgyafor iron

uptake and remodels intracellular metal homeoshasesponse to low iron levels.

FIT1 Lwall _
cell wall proteins,
FIT2 siderophore

FIT3 uptake
FRE1
FRE2 lored
metalloreductases,
FRE3 Fe and Cu uptake
FRE4
FRES
FREG6
transporters,
EE;?_ } ferrous iron uptake
ARN1
ARN2 transporters,
ARN3 siderophore uptake
ARN4
CCcC2
FTH1 intracellular transporters,
SMF3 metal homeostasis
COT1
X?;(ri transporter, biotin uptake
Cu chaperone, iron uptake
HMX1 heme metabolism
TIS11 unknwon function

Figure 1: The Iron Regulon of S. cerevisiae. The iron-regulon comprises cell wall proteins irned in
siderophore uptakeF(T1, FIT2, FIT3), metalloreductases for iron and copper uptdkeE(l, FRE2, FRES,
FRE4, FRE5, FRES), transporters for ferrous iron uptakeET3, FTR1) and siderophore uptak@RN1, ARN2,
ARN3, ARN4), intracellular transporters which play a rolenretal homeostasi<CCC2, FTH1, SMF3, COT1)
and proteins of biotin uptake, copper or heme n@istn or of unknown functionfHT1, ATX1, HMX1, TIS11).



Mammals. In mammals, iron is absorbed from the diet indedenal part of the intestines
by the divalent metal transporter 1 (DMT1, alsolethlNramp2 and DCTLGunshin,
Mackenzie et al. 1997)). Export of iron (asTfdrom the barrier cells of the duodenum and
release into the blood is mediated by ferroportisd referred to as IREG1 and MTP1
(McKie, Marciani et al. 2000)). Ferroportin eith@operates with hephaestin (Vulpe, Kuo et
al. 1999) or ceruloplasmin (Harris, Durley et 898), multicopper oxidases that convert'Fe
into FE* (ceruloplasmin is a homologue of yeast Fet3p).irAa is able to bind to many
proteins, it is transported in the serum in thé"Ferm by a specific carrier, transferrin
(Ponka, Beaumont et al. 1998), which also ensurasiton stays in the non-reactive ferric
form and does not engage in electron transfer imectWhen cells need iron, they take up
transferrin that contains bound iron by transferaoceptors. These proteins are present on the
cell surface in amounts depending on the cell's atednfor iron. The transferrin-transferrin
receptor-complex is internalized by clathrin-meeéaendocytosis. Endosomes are acidified
by vesicular membrane proteins that pump protamd,i@n is released from transferrin upon
the change in pH. Apotransferrin and the transiereceptor are recycled back to the plasma
membrane, where apotransferrin dissociates fromréieeptor upon normal pH (Hentze,
Muckenthaler et al. 2004). The iron in the acidifendosome is transferred via DMT1 to the
cytoplasm, where it is either used for cellulartpnes and processes requiring iron or stored
by the major iron-storage protein ferritin (Harmsand Arosio 1996)Higure 2).

Absorptive or storage cell Utilization cell
DCYTB HEPH, CP TF
w8 0 @ )
?l‘ = — e - ﬁ & ()
DMT1 FPN Laa =

DMTH

Figure 2: Iron Distribution and Storage inside Mammalian Cells. Iron (lll) from the diet is reduced by
DCYTB (duodenal cytochromé-like ferrireductase) and iron (ll) enters absampticells of the intestinal
epithelium or storage cells through DMT1 (divalemé¢tal transporter 1). Export of iron (lll) is metid by
ferroportin (FPN) after oxidation of iron (II) byephaestin (HEPH) or ceruloplasmin (CP). In the sgruon
(1M is transported by transferrin (TF) and the-ifén (lll) complex is taken up by transferrin reters into
endosomes of cells needing iron. The iron in thdosome is transferred via DMT1 to the cytoplasmaen it

is used for proteins or stored by ferritin (Andre2@92).



Regulation of iron acquisition by the cell is meaddhvia several pathways. The mRNA of the
transferrin receptor, for example, contains irogatatory elements (IREs) (Casey, Hentze et
al. 1988), which are recognized by iron-regulatporgteins (IRPs) (Hentze and Kuhn 1996).
IRPs are activated under iron-deplete conditiond promote translation of transferrin
receptor mRNA. The transferrin receptor is furthegulated at the transcriptional level by
dimerized hypoxia inducible factor (HIFaland HIF-PB) (Lok and Ponka 1999), which
enhance promoter activity, and at protein leveltlwy hereditary hemochromatosis protein
(HFE), which binds to the transferrin receptor ompetition with transferrin and so blocks
transferrin binding (Lebron, West et al. 1999). Agative regulator of plasma iron is
hepcidin, a peptide hormone which inhibits ironwefby binding ferroportin and leading to
the degradation of the iron exporter (Nemeth, €uét al. 2004). Thus, regulation of iron
metabolism in mammals occurs mainly by controlling rate of iron absorption by the body,

as there is no known mechanism for up-regulatioinoof excretion.

2.2 Iron Linked Disorders
A reason to gain more insight into the moleculachamisms of iron metabolism is that there

are several iron linked disorders which affect hosanal'wo main types of disorders can be
distinguished: iron-overload and iron-deficiencgadiders. The latter consist of genetic and
acquired anaemias. In hereditary anemias, spe@fnsporters or auxiliary proteins which are
involved in iron acquisition are absent or showuastl function and thereby lead to reduced
iron levels in the body. Acquired anaemias are lhsulae result of inflammatory reactions
mediated by the immune system to fight bacteriddtions, as limited access to iron slows
down bacterial growth (Schaible and Kaufmann 200#)ron-overload disease, the binding
capacity of transferrin is exceeded by plasma itewels. The body is not able to
downregulate iron absorption in response to in@@a®on stores and the elevated iron levels
cause tissue damage and fibrosis. Primary ironloa@r disease or hereditary
haemochromatosis (HH) is the result of a genetisregulation of iron acquisition. So far,
HH has been linked to defects in four genes, tiofethnese defective genes are involved in
inadequate hepcidin production and the forth isseduby mutations in the iron exporter
ferroportin (De Domenico, McVey Ward et al. 2008).

As iron transport and iron homeostasis in mitochiandill be addressed in this work, it is
also of interest to mention the disease Friedraitexia, a cardiac and neurodegenerative
disorder. Here, iron accumulation in mitochondsaseen in the heart and central nervous

system of affected patients due to decreased lefelee frataxin transcript. The frataxin

10



protein is proposed to participate in Fe-S clusiegenesis (Pandolfo 2008), but the exact

mechanism of its function is still unclear.

2.3 Iron Homeostasis in Mitochondria
Before addressing iron transport into mitochondrid,like to give a general overview on

mitochondria and iron homeostasis. Mitochondrianf@n essential part of the cell volume of
eukaryotic cells and have been crucial for the @vmh of complex animals. The most
significant role of the organelle is the generattdATP through oxidation of pyruvate by, O
to CQ, and HO, which leads to a 15 times increased ATP prodadtian that by glycolysis
alone. Also, other key metabolic processes likeyfatid oxidation or iron-sulfur cluster
biogenesis are localized inside the mitochondriatrm. The mitochondrion is enclosed by a
double membrane; the volume between the outer hadinner membrane is called the
intermembrane space. The outer membrane is perenaalall molecules of 5000 daltons or
less, whereas the highly convoluted inner membrammains specific transport proteins for
selective substrate uptake and is impermeablen® (&lberts, Johnson et al. 2007).

However, ions, especially iron, play an importaattpn the function of many mitochondrial
proteins or metabolites. Iron is required for trengration of hemoproteins, for iron-sulfur
cluster (Fe-S) containing proteins of the matrix.g(eaconitase, biotin synthase,
homoaconitase and ferredoxin) and the inner merebaad as cofactor in a class of enzymes
which contain oxo-bridged binuclear iron centeneifel, Cobine et al. 2007). Recent studies
in S. cerevisiae show that mitochondrial iron homeostasis is retgaldy components of the
Fe-S cluster biogenesis system, as yeast stramsaire depleted of Fe-S cluster scaffold
proteins, chaperone proteins or ferredoxin involveBle-S cluster assembly accumulated iron
in their mitochondria (Knight, Sepuri et al. 1928; Kogan et al. 1999; Schilke, Voisine et al.
1999) and thereby demonstrating that Fe-S clustersrucial for maintaining mitochondrial
iron homeostasis. Mutations in these proteins léadactivation of the iron-sensing
transcription factor Aftlp its. cerevisiae (described above) and increased cellular ironkgota
(Li, Kogan et al. 1999).

2.3.1 The Mitochondrial Carrier Proteins Mrs3/4p and Iron Transport
Regarding the important role of iron in mitochomdlmetabolism and Fe-S cluster biogenesis,

the question of its import into mitochondria haem®f keen interest. The first mechanistic
studies of iron import into yeast mitochondria skdvihat iron uptake is driven energetically
by a membrane potential across the inner membbaneloes not require ATP (Lange, Kispal

et al. 1999). INS cerevisiae, the two inner membrane proteins Mrs3/4p coulditieed to

11



mitochondrial iron acquisition (Muhlenhoff, Stadketral. 2003)MRS3 andMR$4 genes had
initially been identified in a screen for multicopuppressors of a mitochondrial RNA
splicing defect (Wiesenberger, Link et al. 19919 anppressed the phenotype caused by the
absence of the mitochondrial Kfgtransporter Mrs2p (Waldherr, Ragnini et al. 199@)e
two proteins show high sequence similarity and gl the mitochondrial carrier family, a
family of carriers found in the inner mitochondrraembrane of eukaryotes. Proteins of this
family contain six membrane-spanning segments aawdk ha tripartite structure. Their
substrates vary from protons transported by thewpling protein up to large molecules such
as ATP and ADP exchanged by the ADP/ATP carrieinfieai, Agrimi et al. 2006). A hint
towards MRS function came from genome-wide transcription piadi of an AFT2-1"
mutant, indicating that the gene is co-induced wétieral iron uptake genes and suggesting a
role of this carrier in mitochondrial metal trangp@Rutherford, Jaron et al. 2001). Further
experiments showed that deletion\dRS3/4 in a frataxin deletion mutanf\yfhl cells) is able
to suppress mitochondrial iron accumulation, thetrexpression oMRS in Ayfhl cells
leads to higher mitochondrial iron content and thadrexpression d¥IR in wild-type cells
results in increased heme formation (Foury and Rn@#02). Cells deleted iMRS3/4 show
increased vacuolar iron transport and decreasesalyt iron, demonstrating that expression
levels of mitochondrial proteins can not only altaertochondrial, but also cellular and
vacuolar iron homeostasis (Li and Kaplan 2004)the publication of Muhlenhof&t al.,
genome-wide expression profiling of strains deletedVIRS3/4 lead to up-regulation of
several genes of the “iron regulon”, indicatingtttiee two proteins participate in cellular iron
metabolism. Biochemical studi@svivo, in organello andin vitro revealed that altered heme
formation activities inmrs3/4A cells and cells overexpressingRS3/4 were caused by
alterations of mitochondrial iron uptake. Howevthis observation only became evident
under iron-deplete conditions, as no influenc®&S3/4 expression levels on iron utilization
in mitochondria isolated from cells grown in iroeptete medium could be detected. In iron-
replete medium, enough iron was able to enter tli®chondrion, even in absence of
Mrs3/4p. Recent transport studies using submitodhahparticles (SMPs) showed that iron
does not entemrs3/4A SMPs, whereas it is readily taken up into SMPgamed from wild-
type cells (Froschauer, unpublished results).

The observations by Muhlenho#t al. imply that there are other ways for iron to be
transported into the mitochondria, provided that tton concentration in the cytosol is
sufficient. To discover novel proteins involvedyieast mitochondrial iron import, our group

performed a multi-copy suppressor screen. In thise, anrs3/4A strain was transformed

12



with a wild-type yeast genomic library and trangfiants were screened on media containing
low iron concentrations to detect genes which wadske to suppress thers3/4A growth
defect on low iron. The gene which was found wittiximum frequency under the conditions
of the screen waglRS12/RIM2 (Wiesenberger, Binder, unpublished data).

2.3.2 The Mitochondrial Pyrimidine Carrier Mrs12p/Rim2p
MRS12/RIM2 has originally been identified as a multicopy swasgor of the

mrs2A phenotype, which results from absence of the matocmondrial Mg* transporter
Mrs2p (Van Dyck, Jank et al. 1995). It is, likRS3/4, a member of the mitochondrial carrier
family and has been shown to transport (deoxy)pwiime nucleoside triphosphates into
mitochondria in exchange for (deoxy)pyrimidine raadide monophosphates (Marobbio, Di
Noia et al. 2006). Cells deficient MRS12/RIM2 lose their mitochondrial DNA and show,
compared to wild-typg° cells, a slow-growth phenotype on media contaimjhgose (Van
Dyck, Jank et al. 1995).

2.4 The Topic of this Work
To date, there was no known connection between chmadrial iron uptake and

Mrs12p/Rim2p function. However, in our search forloav-affinity mitochondrial iron
transporter mediating uptake under iron repletaditmms we identified MRS12/RIM2
(further referred to aMRS12) as multi-copy suppressor of the high-affinitynrtvansporters
MRS3/4. This finding prompted us to take a closer lookMns12p/Rim2p (further referred to
as Mrs12p) function and to characterize it in refato mitochondrial iron homeostasis.
Therefore, the first task of this work consistedeamining if there was a relation between
MRSI12 expression and cellular iron homeostasis. In otdenvestigate this, &ET3-GFP
assay and subsequent genome wide expression mgofiiere performed. To test the
involvement of pyrimidine transport in iron impaoniediated by Mrs12p, a mutant defective in
pyrimidine transport was created and analysed ppssion studies and SMP experiments.
The second task was to see if Mrs12p is also @bieediate mitochondrial Md uptake, as
suppression of thers2A phenotype byWRS12 had been described before. Here, the mutant
was compared to wild-type Mrs12p in mitochondriaf’fuptake studies using the Kig
chelator mag-fura 2 and in growth tests.
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3 Materials and Methods

3.1 Yeast Strains and Media
All yeast strains used in this work are listedha following table.

Matne Background  Genotype Hotes

TW303-14 MATa, ural—1, ade2=1, trpl-1, his3-11,15 len2-3,112 ATCC no. 208353
TEY747 MATa, Bisd-Al, lend-3, lend-1 12, ural-52, pl-28% ATCC no. 204659
W303 5 W303-14  no mitochondrial DNA by Dr. G. Wiesenberger
DEY747 o DET747 no mitochondrial DA by Dr. G Wiesenberger
FW400 TWE03-1A mreid:donPr mredd:lon P by Dr. G Wiesenberger
G400 o° TWI03-14 mrelddox Py mrsddalox P, no mitochondrial DITA by Dr. G Wiesenberger
FW403 DERY747 mreid:donPr mredd:lon P by Dr. G Wiesenberger
Gw403 o° LB Y47 mrsidedox Py mrsdd:rionF, no mitochondrial DMNA by Dr. G Wiesenberger
051-3c TWE03-14 wired 2 ridcan X4 by Dr. G Wiesenberger
o=1-24 TWEADE-1A mrgididen? s mred A mrald; mrsl 2 e Y by Dr. G Wiesenberger
TAS1 WE03-14 MRS 2 fmrel 2 oanMX4 by Azel Strull

JT1A MATy, argl, thri Laboratory Stock

JT1C Mat e, argi, thril Laboratory Stock

Table 1: Yeast Strains.



The composition of media and buffers was as follows

Mame Composition

LB Amp 1% tryptone, 0.5% yeast extract, 1% NaCl, 0.1% glucose, 2% agar, 0.02% ampicillin

¥PD 2% peptone, 1% yeast extract, 2% glucose, (2% agar for plates)

2=YPAD 4% peptone, 2% yeast extract, 4% glucose, 0.4% adenine

YPG 2% peptone, 1% yeast extract, 3% glycerine, (2% agar for plates)

S0 complete 0.67% yeast nitragen base, 2% glucose, 2% agar, amino acids and supplements as required
S0 wio 0.67% yeast nitrogen base, 2% glucose, 2% agar

Cadmium plates

BPS plates (low iron)

sporulation plates
G418 plates
buffer |

buffer Il

buffer I

sucrose buffer
TES

1*53C

20=TAE buffer
30% acrylamide mix
4=loading dye
S=running buffer
staining solution
destaining salution
transfer buffer

TBE-T

Y¥PD supplemented with 10, 20,30, 40 and 60 wht Co?+

Y¥PD with 100 ph BPS (bathophenanth rolinedisulfonste, Siama) sypplemented with 0, 1, 2 and 3 ph Fe?+
5 p FeCly 4H,0, 5 ph f-mercaptoethanal, 0.1 b HCI

1% potassium-acetate, 0.1% yeast extract, 0.025% glucose, 2% agar
Y¥PD with 200 wy/ml geneticin

10 mM Tris-50, (pH3.4), 10 mM DTT is added prior before use

1.2 M Sorbitol, 20 mhd KPi pH 7.4

0.6 M sorbital, 20 mb Tris HCl pHT 4

250 mM sucrose, 10 mhd Tris-HCI pH 7.4

100 mhd Tris-HCI, 100 m EDTA, 2% SDS

3 M NaCl, 0.3 M Na,citrate - 2H,0, pH 7.0

9.68% Tris base, 2.38% glacial acid acid, 0.02 M EDTA (pH 8.0)

30 % acrylamide, 0.8 % hisacrylamid

200 mhd Tris-HCI (pH B.8), 400 mhd dithiothreitol, 5% SDS, 0.4% bromophenal blue, 40% glycerol
15 g Trig, 72 g glycine, 80 ml 10% SDs

40% methanal, 7% acetic acid, 0.025% Coomassie Brilliant Blue G250
20% methanol, 7.5% acetic acid

5.8 g Tris-HCI, 2.9 g glycine, 0.37 g SDS, 200 ml methanol, pH&.3
0.889% of MNaCl, 0.02% of KCI, 0.3% Tris base (pH 747, 1% Tween-20

Table 2: Media and Buffer Composition.
3.2 Gene Expression Profiling

3.2.1 Growing of Cells
Wild-type (W303 p%) and isogenic mutant straimi(s3A, nmrs4A, mrsl2A) were grown

overnight in SD complete medium to an §§of about 1, diluted to an Qg of 0.3 in SD
complete, grown to an Q) of 1.5 and harvested. Cell pellets were washedgefr in liquid

nitrogen and stored at -80°C.

3.2.2 RNA Isolation
The pellet was resuspended in TES solution, egualuats of acid phenol were added, the

solution was vortexed and incubated 45 minutes5a€C6with vortexing every 10 minutes.
The pellet was placed on ice for 5 minutes, miontricieiged at 15 000 rpm for 5 minutes at
4°C. This extraction step was repeated once. Tthenaqueous top phase was transferred to a
new tube, chloroform was added, the tube was vedeand then centrifuged at 15 000 rpm

for 5 minutes, 4°C. Again, the aqueous phase vaasferred to a new tube, 1/10 of solution
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volume of 3M sodium acetate, pH 5.3, and 2.5 tirselution volume of ice-cold 100%
ethanol were added and the solution was put atG80f one hour. Then, the tube was
centrifuged for 10 minutes, 15 000 rpm, 4°C and |lofrice-cold 70% ethanol was added.
The tube was centrifuged for 5 minutes at 15 000, 4°C and the supernatant was taken off,
this step was repeated. The tube was left ope dbiR5 minutes, then the pellet was solved
in 35-40pl of DEPC-HO and the solution was put at 65°C for 10 minulegl of the well
solved RNA was pipetted to 730 of water, the concentration was determined bysuaeag

ODogo (ERNA =40 L-m01l-cm'1).

3.1.3 cDNA Generation
30 pg of total RNA were dissolved in RNAse free watanchored oligo-dT primer (5°-TTT

[TTTTTTTTTTT TTT TTV N-3’, MedProbe) was addeddithe solution was incubated at

65°C for 10 minutes. For each of the two labeliegctions, a reaction mix containing 5xfirst
strand buffer (Invitrogen), 0.1M DTT (InvitrogerdNTP (dATP, dCTP and dGTP 20 mM,
dTTP 8 mM, Amersham), Cy3-dUTP or Cy5-dUTP (Amemhand Superscript Il (200
U/ul, Invitrogen) were made and the annealed primer RNA were added to the mixture.
The solution was incubated at 42°C for 25 minutesen 1pl of enzyme was added as
reaction booster and the mixture was incubatecafmther 35 minutes at 42°C. To stop the
RT-reaction, 0.1M NaOH/2 mM EDTA was added andgbleition was incubated at 65°C for
another 15 minutes. Equal amounts of 0.1M HCI waatded to neutralize the solution and
cDNA purification was carried out using the CySeriBFX Purification Kit (GE Healthcare).
Wild-type Cy3 and mutant Cy5 elution solutions a@rse visa were combined. Then, the

sample volume was reduced t@lor less by the use of a Speed-Vac (Hetovac, V.R-1)

3.1.4 Hybridization, Washing and Scanning
To each 10Qul of DIG Easy Hyb solution (Roche) 18 of ssDNA (10 mg/ml) were added

and the mixture was incubated at 65°C for two mesuB0pl of the prepared hybridization
solution were added to the pooled pair of Cy5 ag8-@belled cDNA and incubated at 65°C
for two minutes. The mixture was carefully pipettedo the microarrays carrying coverslips,
the microarrays were placed into a hybridizatioarmober partly filled with DIG Easy Hyb
solution, the chamber was wrapped with plastic vamag put into a box lined with wet towel
papers. The box was placed at 37°C overnight foridization. The next day, the coverslip
was removed by dipping the array in 1xSSC and theys were washed three times for 15
minutes at 50°C in 50 ml Greiner tubes containirgrywarmed 1xSSC/0.1% SDS. The slides
were rinsed twice at RT 1x SSC and then in 0.1x8&Ldried by centrifugation at 500 rpm
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for 5 minutes. Arrays were stored in the dark, seanwith GenePix Pro 4.1 and further

analyzed using the program limma (Linear ModelsMaroarray Data).

3.2 FET3-GFP Assay
Yeast strain W303° and isogenic mutant strainsw&3/4A, mrs12A, nrs3/4/12A) were

transformed with a plasmid containing tR&T3-GFP fusion protein with -trp as marker.
Colonies emerging on —trp plate were picked anavgron patches on —trp plates overnight.
Cells were checked for fluorescence under the dsignce microscope (Zeiss, Axioplan 2).
Cells containing the~ET3-GFP fusion protein were grown in —trp medium wifgrric
ammonium citrate (0.5 g/10 ml stock, diluted 1:106@ernight, diluted to an Qfg, of 0.15

in —trp medium containing ferric ammonium citratedagrown to an ORo of 0.5. Cells
without plasmid were used as controls. The cellsewsarvested by centrifugation (3 ml
ODgoo of 1, 4500 rpm, 4 min) and resuspended in 3 mafer. The fluorescence was
determined using the Perkin Elmer LS55 spectrofiomter (FFA). The excitation
wavelength was set at 480 nm and the emission wagtl was recorded from 505 to 550
nm. GFP emission maximum was measured at 510 niifmeasurements were performed at

25°C in 3 ml cuvetts containing 2 ml solution undeiring conditions.

3.3 Construction of mrs12 G245Y S246A by In Vitro Mutagenesis

3.3.1 Primer Construction
The gene sequence ®IRS12 was obtained from th&accharomyces Genome Database

(http://www.yeastgenome.org) and contact point hlickh was to be changed was identified.
To mutate the amino acids glycine (gene sequencé€)@@d serine (gene sequence TCT) at
contact point Il into tyrosine (gene sequence TAMY alanine (gene sequence GCT), two
primers containing these sequences were consttutedeasy identification of the desired

mutation, an EcoRl restriction site was introduckxe to the mutation by changing the Accl

restriction site GTATAC to GAATTC (EcoRl restrichicsite).

mrs12mGSfw :
5-TTGAGTGCCTCTTATTTGTATGCTGTTGAAGGAATTCTTCAATGGCTATTATATG-3'
mrs12mGSrv :

5-ATATAATAGCCATTGAA GAATTCCTTCAACAGCATACAAATAAGAGGCACTCAAC-3
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Outside primers were placed in the polylinker ragi the template plasmid.

pCM189fw :
5-AAATTACCGGATCAATTCG-3
pCM189rv :
5-CATAACTAATTACATGATGC-3

The template plasmid contained thRS12 gene with an HA-tag (pAS14 in pCM189
background, see Appendix for plasmid maps). Plasm&pbs were constructed using the

program Clone Manager (Version 4.0).

3.3.2 PCR and DNA Gel Extraction
The two PCR mixes consisted of buffer DyNAzyme, Nig@inal concentration 2.5 mM),

dNTPs (0.2 mM), DyNAzyme-polymerase (proofreadibg/ul, Finnzymes), 0.5l plasmid
DNA (pAS14 1 :10 dilution) as template and of prisipCM189fw and mrs12mGSrv (M)

or primers pCM189rv and mrs12mGSfw{i1) (50 pl total). The PCR was run for 30 cycles
with an annealing temperature of 47°C and an eiiensme of 45 seconds. The PCR
products were loaded onto a preparative gel (0.§&6cse, TAE buffer) and the bands were
cut under UV light. The DNA was extracted from e with QIAquick gel extraction kit
(Qiagen) according to protocol and eluted in elutbuffer. The eluted PCR products were
used as templates for the second PCR. This PCRcaraiained the same reagents like the
first PCR, but here primer pCM189fw (M), primer pCM189rv, 2.5 PCR product 1 and
2.5ul PCR product 2 as templates were usedpbtal). The PCR was run for 35 cycles

with an annealing temperature of 47°C.

3.3.3 Restriction Digestion, Ligation and E.coli Transformation

To obtain the insert for cloning, the PCR prodwcinfainingmrsl2 G245Y, S246A) was cut
with restriction enzyme BamHI (eight preparationsrevset up to increase the yield). The
restriction digestions were pooled, loaded ontoep@rative gel (0.8% agarose, TAE) and the
DNA band at 1200 bp was cut under UV. The DNA wagraested with QIAquick gel
extraction kit according to protocol and elutectintion buffer.

The vector for insertion (here pAS14) was alsovatth BamHI, 15 minutes before the end of
the restriction digestion il of phosphatase was added for dephosphorylatiorector ends.

The solution was heated at 75°C for 15 min to deeathe phosphatase, loaded onto a
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preparative gel, the band at 8300 bp was cut uddelight and the DNA was purified with
QIAquick gel extraction kit as described above.

For the ligation, 50 ng of the cut and dephosplategl vector, 20 ng of the cut inserfllof
T4-ligase (Fermentas) andul 10xligase buffer were filled up with sterile wate 10ul and
incubated at 16°C overnight. Controls without imgeeligated vector) and without ligase
(uncut vector) were also set up.

CompetentE.colis DH10B (CaC} Method, (Hanahan 1983)) were transformed withl 5f
the ligation mix and plated onto LB Amp. For an@ygrown colonies were each inoculated

into LB Amp medium and grown overnight.

3.3.4 Miniprep, Restricton Digestion and Sequencing
To obtain the plasmids, a miniprep was performawigbrb Miniprep kit, according to

protocol). To check if the plasmid contained theia mrs12 G245Y S246A mutation, the
DNA was cut with EcoRI. The plasmids containing thetation were sent for sequencing and
the sequences were checked by a BLAST search ahdhei programmes Chromas (Version
2.13) and Clustal (http://www.clustal.org). The gitad with the mrsl2 G245Y S246A
mutation in contact point Il d/IRS12 and a C-terminal HA-tag was named pMH1.

3.3.5 Subcloning
To obtain theVIRS12 gene without the HA-tag, plasmid pMH1 was cut wbtl to get rid of

the HA-tag. The isolation of the cut plasmid by gettraction, the religation, the
transformation and the identification by mini prapd restriction digestion (here with BamHI
and Pstl) were performed as described above. @$dting plasmid containing thersl2
G245Y S246A gene was called pMHZ2.

In a further step, th#1RS12 gene from plasmid pAS1IMRS12 in pCM189 backbone), the
mrsl2 G245Y S246A gene from plasmid pMH2 and thes12 G245Y, S246A gene with the
HA-tag from plasmid pMH1 were cloned into the sexgbpy plasmid pOLU2, which
contains theMRS12 gene under its endogenous promoter (YCplac33 lmaekb pOLU2 was
cut with Hindlll, phosphatase was added to dephogpéie the vector, the DNA was loaded
onto a preparative gel and the 6720 bp fragmemttéaaing the backbone and the endogenous
promotor) was isolated. pMH1, pMH2 and pAS12 wdse aut with Hindlll and added onto
a gel. The DNA fragments containing th#sl2 G245Y S246A part were isolated, the
fragments were ligated to the vector backbone aedigation transformed into competent
E.coli as described above. Restriction digestions ofmim@preps of the transformel.coli

cultures were performed with Pstl and BamHI (vextwith desired pAS12 or pMH2
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fragments) or BamHI only (vector with pMH1 fragmpetd check the correct insertion and
orientation of the fragments. The resulting plasmith the wild-type MRS12 gene from
pAS12 was called pMH3, the plasmid witins12 G245Y S246A -HA from pMH1 was called
pMH4 and withmrs12 G245Y S246A from pMH2 pMHS5 (all YCplac33 backbone)

3.4 Tetrad Dissection

3.4.1 Yeast Transformation
The diploid strain YAS1 (W303-1A backgroun®)RS12/mrs12A) was inoculated into

2xYPAD and grown overnight at 28°C. The cell titeas determined by measuring 6§
The culture was diluted to an @fgof 0.5 and incubated at 28°C for 3-4 hours to &pdpof
about 2 (two divisions). The cells were harvestgaddntrifugation (4500 rpm, 4 minutes) and
washed in sterile water. The supernatant was rechaud the cells were resuspended in the
appropriate amount of 100 mM LiAc (ml 100 mM LiAc portions = 0.1xOkygxculture-
volume). Portions of 1 ml were transferred to epleeh tubes and the suspension was
incubated at 30°C for 10 minutes. A microcentrifugbe of carrier DNA (2 mg/ml) was
prepared by denaturing in a boiling water bathif@iminutes and chilling immediately on ice.
The cell suspension was centrifuged at 7000 rpmlfoninute and the supernatant was
removed. The transformation mix containing 240 gGP(50% wi/v), 36 pl 1M LiAc, 52 ul
carrier DNA and 32 ul water with plasmid DNA (2-Bplasmid DNA was used) per sample
was added to each pellet and the cells were resdegdeby pipetting. The suspension was
incubated at 30°C for 30 minutes, heat shocked?2&€ 4or 20 minutes and centrifuged at
7000 rpm for 1 minute. The transformation mix wamoved, 150 pl of sterile water were
pipetted onto the pellet and the suspension inedb&dr 5 minutes at RT. The cells were
resuspended by pipetting or vortexing vigorouslg #ren the cell solution was pipetted onto

SD drop-out plates. The plates were incubated 4T 2& 2-4 days.

3.4.2 Sporulation, Tetrad Dissection and Analysis
Single colonies of the diploid strain YAS1 with tipdasmids for complementation (here

pMH3 and pMH5) and for the control (here YCpLac®8®re streaked out on YPD plates as
patches and grown overnight. The patches were fénaed to sporulation plates and
incubated 5 days at RT. %0 zymolyase-20TT (1.5 mg/ml in 1M sorbitol) was addto a
small amount of cells (1.5 mg/ml in 1M sorbitolprtexed and incubated 20 minutes at RT.
500 plI of sterile water were added and the solution stesaked out on a YPD plate. Spores
were dissected by the use of a micromanipulatorg@i Instruments). Colonies were grown

for two to three days and then analysed by regllaing on YPD, the drop-out plate, G418
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(geneticin, 20Qug/ml) and on SD w/o plates containing a lawn di@itJJ1A (mating type a)
or JJ1c (mating type) cells.

3.5 Serial Dilutions

3.5.1 Serial Dilutions
The transformed strains to be tested for suppnessére inoculated in 4 ml drop-out medium

and grown overnight. Cultures were diluted to an @0 and transferred to the first column
of a microtiter plate and further diluted (firstlemn: pure culture OD 1, then 1:10, 1:100 and
1:1000 dilutions). Cultures were transferred ontatgs for analysing the phenotype. After
transferring the solutions to all plates (YPD, YPGadmium-plates, plates with low iron

concentration), they were incubated at 28°C or 3Jot@wo to four days and then scanned.

3.6 Isolation of Yeast Mitochondria (Mitoprep)
Precultures were grown overnight in 5 ml YPD, themsferred to 200 ml and then to 1 |

fresh YPD or in 5 ml and 200 ml SD medium and afteds in 1 | YPD. Cells were harvested
at 3500 rpm (Sorvall Instruments, GSA rotor, 5 nb@syi RT) and resuspended in buffer I. The
cells were grown at 37°C on the shaker for 15 nesutentrifuged (3500 rpm, GSA, 5
minutes, RT) and the pellet resuspended in buffeAfter centrifugation, the pellet was
weighed and resuspended in buffer II. 2 mg of zyasé (in buffer 1) per gram cells were
added to the cell suspension and the suspensioma@sated for 45 minutes at 28°C on the
shaker. From now on, cells were kept on ice anccémtrifuge and buffers were cooled. The
cells were centrifuged (3500 rpm, 5 minutes, 4°Q@) washed in buffer 2, centrifuged again
and resuspended in buffer I1ll. Then, the suspensamtransferred to a Dounce homogenizer
and homogenized with 20 strokes. The homogenizkdi@o was centrifuged (3500 rpm, 5
minutes, 4°C) and the supernatant was transfewwed £S-34 tube and centrifuged. The
supernatant transferred to a SS-34 tube againeamdfaoged at 10 000 rpm for 10 minutes at
4°C to pellet mitochondria. The pellet was resugpenin 1 ml buffer Ill and protein

concentration was measured at 280 nm. Aliquot®ohd/ml were stored at -80°C.

3.7 Pyrimidine Uptake of Isolated Mitochondria
To 100 pl of isolated mitochondria (10 mg/ml, solved in feuflll) 5 pl of H:-TTP (15

Ci/mmol, Perkin Elmer) were added and the soluti@s incubated at 28°C for 10 minutes.
Then, the solution was pipetted onto a glass fillier (Whatmann, 55 mm diameter, GFC)
presoaked with buffer Il while vacuum was applidthe filter was washed with 25 ml of
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buffer Il and placed into scintillation vial. 8 nof LSC cocktail (Perkin Elmer Filter Count)

were added and the emitted signal of the samplenveasured by a scintillation counter.

3.8 Fe?*-Uptake into Submitochondrial Particles (SMPs)

3.8.1 Preparation and Loading of SMPs
1 ml of mitochondria (10 mg/ml) were diluted 5-foddth 10 mM Tris pH 7.4, incubated on

ice for 20 minutes and centrifuged at 27 000 rpar (fO minutes, 4°C, TLA 100.4). The
pellet was resuspended in 1 ml of 250 mM sucro8emM TrisHCI pH 7.4. The solution
was sonicated three times for one minute at maxinmbensity in an ice-bath and then
centrifuged for 10 minutes at 10 000 rpm, 4°C. $hpernatant was transferred to a new tube
and centrifuged at 60 000 rpm for one hour, 4°Cz phllet was resuspended in 1 ml of 250
mM sucrose buffer, 10 mM Tris pH 7.4. For loadiggil (50 uM) PhenGreen SK were added
to the SMPs, they were sonicated three times fermomute and centrifuged for 10 minutes at
60 000 rpm, 4°C. The pellet was washed with 1 ndkrese buffer, the centrifugation was
repeated and the pellet was resuspended in 1 mdssubuffer.

3.8.2 Measuring the Fluorescence
The fluorescence was measured using the PerkinrEll885 spectrofluorometer (FFA).

Excitation and emission for PhenGreen SK were 5@6520 nm. For measuring, 1(0 of
loaded SMPs were diluted in 1.9 ml of sucrose WwuBeM of an iron (1) solution and equal

amounts of nucleotides were added to determinekepta

3.9 Mg**-Uptake by Mag-Fura Measurements

3.9.1 Loading of Mitochondria and Measuring
Mitochondria (10 mg) were resuspended in 1 ml dfdsull containing ATP, pyruvic acid

and succinic acid (100 ml buffer 1ll, 0.2 g succiaicid, 0.01 g pyruvic acid, 0.03 g ATP). 30
pl of the acetoxymethyl (AM) ester form of mag-fuzg50 ug mag-fura 2-AM dissolved in
134.8ul DMSO, purchased from Molecular Probes Inc.) andl Pluronic F-127 (10Qug
pluronic dissolved in 25@1 DMSO, purchased from Molecular Probes Inc.) wadeled to
the solution and incubated at 25°C shaking for 4Qutes to load the mitochondria with the
dye. Then, the solution was centrifuged for two um@s at 10 000 rpm in a tabletop
centrifuge, the supernatant was discarded and itecmondria were resuspended in 1 ml
buffer 11l containing ATP again. The solution wakubated another 40 minutes to allow the
complete hydrolysis of the dye. After that, the pas were washed twice before measuring.

For measuring ion concentrations, the spectrofimater LS-55 (Perkin Elmer) with the fast
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filter accessory (FFA), which allows fluorescenoebe measured at 20 ms intervals with the
excitation wavelength for mag-fura 2 at 340 and B880and the emission wavelength at 509
nm, was used. All measurements were performed @ 53 ml cuvettets containing 2 ml
solution (1 mg protein/ml) under stirring condit®oro analyze [M]ex-dependent changes
in [Mg®Tin,, external [M@'] is increased gradually to final concentrationd p6 and 10 mM.
Continuous recordings of fluorescent intensitie841 nm and 380 nm were transformed into
340/380 wavelength ratios by using the computegqam FL WinLab version 3.0 or 4.0.
(Perkin Elmer) and [Mg]i values were calculated from the 340/380-nm raticoeding to
the formula of Grynkiewiczt al. (1985) with a dissociation constant of the mag-f/Md*
complex of 1.52 in buffer Ill. The minimum {R) and maximum (R.y) ratios were
determined at the end of each experimeptxBr mag-fura 2 was obtained by the addition of
10% SDS to lyse the cells.R was detected by the addition of 50 mM EDTA, pH@,

remove all M§" from the solution.

3.10 Protein Immunodetection

3.10.1 Growing and Harvesting of Cells and Mitochondria
Cells were grown in SD and YPD medium and mitochiandiere prepared as described in

3.6.

3.10.2 Determination of Protein Concentration by Lowry
Protein concentration was determined with BIO-RBD kit (Lowry assay). Six standards of

0.2-1.2 mg/ml BSA in 1% SDS were prepared (totdln 50 pl). Working reagent A" was
prepared (20 ul reagent S/ml reagent A). The reastivere set up in Eppendorf tubes: to 25
pl of diluted sample (with 1% SDS) or reference 12%\" were added and the solution was
vortexed, then 1000 ul of reagent B were addedthadsolution was vortexed again. The
reaction was transferred to fresh cuvettes and d&eninutes the absorbance was read at 750

nm in the spectrophotometer (Hitachi U-2000).

3.10.3 SDS-PAGE
40 g of protein were loaded onto a 10% bisacrydavaicrylamide gel. The resolving gel and

stacking gel were prepared according to Sambrog&dr/Maniatis (Molecular Cloning. A
Laboratory Manual, ® edition, 1989). The samples for loading were pregpan Eppendorf
tubes, consisting of 40 ug of protein and filled wigh 5% SDS to 10 ul, and 3 pul of
4x|loading dye were added. The samples were heate® iminutes at 95°C and briefly
centrifuged. The electrophoresis apparatus wasdfiwith running buffer and the gel was

loaded with the samples and marker (prestained PRGEER protein ladder, Fermentas).
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Two gels were run at one time (20 mA/gel, 300V).IsGimr Coomassie staining were
incubated in staining solution and destained. Attestaining, gels were washed in a 1%
glycerine solution for 10 minutes and dried betwegansparent films.

3.10.4 Western Blot and Immunodetection
The sandwich for semi-dry blotting consisted ofethtayers of Whatmann paper soaked in

transfer buffer, the nitrocellulose membrane soalkettansfer buffer, the gel and another
three layers of Whatmann paper soaked in transtdfetb The blot was run with
60mA/sandwich (15V) for 45 minutes (Bio Rad, Tr&ist® Semidry Transfer Cell).

The nitrocellulose membrane was incubated in bloghiuffer (5% milk powder in TBS-T)
overnight at 4°C. The membrane was washed threestiior 10 minutes in TBS-T buffer at
RT and incubated in anti-Rim2 antibody (1:5000,%.8nilk powder in TBS-T, kindly
provided by Prof. Fernando Palmieri, UniversityB#ri, Department of Pharmaco-Biology)
for two hours. After hybridisation, the membranesweashed three times for 10 minutes in
TBS-T buffer and incubated with secondary antibabution (horseradish peroxidase
conjugated anti-chicken IgY 1:25 000, 2.5% milk glew in TBS-T, Sigma) for 1 hour.
Washing steps were performed twice for 10 minute$BS-T and once in TBS buffer. For
detecting the chemoluminescent signal, the SupeaSigVest Pico and Femto Maximum
Sensitivity Substrates kits (Pierce) were used.oskpg times varied between 30 seconds and

10 minutes depending on the intensity of the signal
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4 Results

4.1 FET3-GFP assay
Yeast Mrs3/4p had previously been found to be wewlin mitochondrial high-affinity iron

uptake and were proposed to be the main mitochainolan transporters. However, other
systems for iron import into yeast mitochondria létely to exist, as thers3/4A phenotype
only becomes evident on medium containing low ifgecently, the pyrimidine nucleotide
transporter Mrs12p had been shown to function afti4oupy suppressor of thers3/4A
phenotype (Wiesenberger, unpublished results).

In order to investigate this surprising result dodind out if there indeed is a connection
between Mrs12p and mitochondrial iron transportwested, in a first attempt, to look at the
expression of genes and proteins involved in inotake.

We chose to perform BET3-GFP assay, as Fet3p, a ferrg-@Xidoreductase at the yeast cell
surface, is part of the high-affinity iron uptakestem and its transcription is strongly induced
under conditions of low iron. Its expression isundd by Aftlp and Aft2p, which are
inhibited by a signal from mitochondrial iron-sulfausters (Rutherford, Ojeda et al. 2005).
Previous experiments have shown that the protaip-segulated imrs3/4A mutants. To test
FET3 expression imrs12A and mrs3/4/12A cells, we transformed wild-typg® (Van Dyck,
Jank et al. 1995)nrs3/4A p°, mrs12A and mrs3/4/12A cells with a plasmid containing the
FET3-GFP construct under its endogenous promoter, ghewcells in medium containing
high iron concentrations to ensure that inductiorFBT3 would be due to the diminished
mitochondrial iron uptake and not to the absendeoafin the cell and checked GFP emission
of equal cell amounts at 510 nm.

As displayed inFigure 3, FET3 expression immrs3/4A cells was about three times higher
than in wild-type cellsmrsl2A cells showed no significant increase RET3 expression
compared to the wild-type, indicating that the hafhnity iron uptake system was not turned
on by Aftlp and thenrsl2A mitochondria did not sense iron deprivatioms3/4/12A cells,
however, displayed the highest inductionF&T3, meaning that even less iron was available
in their mitochondria than imrs3/4A and that Mrs12p contributes to iron availability i

mitochondria, but this effect is only visible irethnrs3/4/12A mutant.
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Figure 3: FET3-GFP expression is induced to a higher extent imrs3/4/12A cells than inmrs3/4A p° cells.
W303p®and GW400° (mrs3/44) transformed witiFET3-GFP were grown in SD -Ura medium supplemented
with ferric ammonium citrate (50 pug/ml) to earlyglrithmic phase and diluted to an OD of 1. GFP-sinis

was measured at 510 nm. Standard deviations wenglated from four independent experiments.

4.2 Gene expression profiling of mrs3/4/12A4
As the FET3-GFP did not show up-regulation 6fET3 in mrsl2A cells, we decided to

perform gene expression profiling wfs12A andmrs3/4/12A and compare them to W3@8
cells to see if other genes involved in cellulaniuptake would be found to be up-regulated.
As presented ifable 3, several genes belonging to the iron regulon wereegulated in the
mrs3/4/12A mutant. These genes are involved in iron or spl@oce-iron transportHTR1;
FIT2, FIT3), in the degradation of hemEINIX1) or act as transcription factor containing an
Aftlp consensus motiff{S11) (Shakoury-Elizeh, Tiedeman et al. 2004; Puig,e\skd et al.
2005).

Another up-regulated gene w&Al, its gene product functions as a cytoskeletal gmmot
binding protein, which is required for the assemobfythe cortical actin cytoskeleton. Its
induction might be due to increased stress inripetmutant.

Down-regulated genes include the oxalacetate ¢g@AC1), cytochrome ¢ (CYT1) and a
subunit of cytochrome c oxidas€®X5a). These genes code for mitochondrial proteins,
which are likely to be down-regulated in cells witkfects in mitochondrial proteins. Another
down-regulated gene was dihydroorotate dehydrogerfd®Al), its protein product is
located in the cytoplasma and catalyzes the fostép in thede novo biosynthesis of
pyrimidines. The reason for its down-regulation Imige that pyrimidines are not transported
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into mitochondria in cells lacking Mrs12p and tHere Uralp is not needed to synthesize

themde novo.
MNarme Gene Induction Function
Iron homeostasis
FIT2 YOR3IB2W 14 Iron transport
FTR1 YER145C 1.2 Iron transport
HT YLR205C 1.0 Herme-binding peraxidase involeed in the degradation of heme, expression regulated by Aftlp
TISTY YLR136C 13 Putative transcription factor, Aft1p consensus motid
FIT? YOR383C 27 Iron transport
Others
SLAT YBLOO7C 1.8 Actit cytoskeleton
Marne Gene Induction Function
QACT YKL 120w =22 Cnalacetate carrier, sulfate porter
C¥r1Y YOROGWW  -28 Cytochrorme ¢y
COX5A YHLOSAN =20 SubunitWa of cytochrome ¢ oxidase
URAT YHLZ2 168 -1.4 Dihydroorotate delydrogenase, invokved in de novo hiosyrthesis of pyrirmidines

Table 3: Genome wide expression profile of W308rs3/4/12A cells shows up-regulation of genes involved
in iron homeostasis.W303 p° (wild-type) and OS1-2dnfrs3/4/12A) were grown in SD complete medium
overnight, diluted to an Olg, = 0.3 and grown to an QE of 1.5. RNA isolation, cDNA generation, and probe
cleanup and microarray hybridization were perforrasdiescribed in materials and methods. Microamaye
read using an Axon GenePix 400B laser scanner aalgzed using the GenePix Pro 3.0 software. Expartm

were repeated three times with independent cultures

In mrs12A cells, FIT2 and FIT3, two genes of the iron regulon, are induced (da&
presented imable 4 by permission of Dr. Jochen Stadler). Fit2p an@pg-are located in the
cell wall and are involved in the retention of smjghore-iron. Down-regulated genes include
pyruvate decarboxylase PDC1L/PDC6), cytosolic aldehyd dehydrogenaseALD6),
phosphatidate cytidyltransferagedSl) anda-isopropylmalate synthaseEU4).

Comparing the gene expression profilesmn$l2A andmrs3/4/12A to wild-type cells, it can
be seen that in bothl T2 andFIT3 are induced, indicating a role wis12A in mitochondrial
iron acquisition. However, when compared to Mrs3/gletion of Mrs12p only has a minor
effect on the expression of the iron regulon. As loa seen in thers3/4/12A mutant, several
other genes involved in iron transport and hometstaeside$-IT2 andFIT3 are induced,

which is due to the absence of Mrs3/4p, the matochbndrial iron transporters.
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Matne GENE Incuction Function

Iron homeostasis

FiT2 YORI&2W 35 Iron transport

FIiT3 TORIGIW 31 Iron transport

Mame Gene Induction Function

FDCE YGROSTC 26 Pyruvate decarboxylase, isoform
FDC YLRO44C 18 Pyruvate decarhoxylase, izoform
ALDE YPLOGTW -1.8 Cytozolic aldehyde detwdrogenasze

Table 4: Genome wide expression profile of W308rs12A shows up-regulation of genes involved in iron
homeostasis.W303 p° (wild-type) and OS1-2dnfrsl2A) were grown in SD complete medium overnight,
diluted to an Olgy = 0.3 and grown to an QE of 1.5. RNA isolation, cDNA generation, and prateanup
and microarray hybridization were performed as deed in materials and methods. Microarrays weisre
using an Axon GenePix 400B laser scanner and agdlyzing the GenePix Pro 3.0 software. Experimeats

repeated three times with independent cultures.

4.3 Construction and analysis of mrs12 G245Y S246A

4.3.1 Construction of mrs12 G245Y S246A by in vitro mutagenesis
Mrs12p is, like Mrs3p and Mrs4p, a member of théoohiondrial carrier family. Recently,

the x-ray structure of the bovine mitochondrialrearprotein ADP/ATP translocase had been
published (Pebay-Peyroula, Dahout-Gonzalez et08I3R Subsequent computational analysis
and comparative modeling revealed a common bindiitg for the substrates of the
mitochondrial carrier proteins (Kunji and Robinsd@06) and the amino acids at the three
contact points of the binding site have been detexdhby sequence alignment for all carriers.
These findings enabled us to create a mutamR®12 in the proposed contact point Il in
order to investigate the involvement of this cohfamint in MRSL2 function. We were further
interested in studying the role pyrimidine transpoight play in suppressing thers3/4A
phenotype, as iron transport imws3/4A submitochondrial particles (SMPs) overexpressing
MRSI12 is only seen when pyrimidines are added togethitr ivon (Froschauer, unpublished
results), whereas previous experiments showeditbiatis readily taken up into wild-type

SMPs, but not in SMPs lacking Mrs3/4p (Froschauepyess).
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Figure 4: Construction of the PCR product containirg the mrsl2 G245Y S246A gene byin vitro

mutagenesis.The vector pAS14 NIRS12-HA) was used as template. Thé PCR was run with primers

containing base changes in the regions of inténedicated byX) and a silent EcoRI restriction site (indicated

by |) (primerlrv or primer2fw) and outside primers (perlfw or primer2rv). The™ PCR was run with outside

primers and the two products from tHEACR to obtain the PCR product.

We decided to mutate the amino acids glycine (G24f) serine (S246) at contact site Il of
Mrs12p into tyrosine and alanine as these two araods have very different chemical sizes
and features and are therefore likely to interf@in normal substrate recognition. Primers

containing the mutations GGTTCTE TATGCT inside theMRS12 gene sequence were

constructed together with a silent EcoRlI restrictsite (GTATAC - GAATTC) to identify

desired clones. Outside primers were placed irptihdinker regions of the template plasmid

(pAS14, see appendix for plasmid maps). pAS14 ooedathe MRSL2 gene with a C-

terminal HA-tag, the HA-tag is not functional inethprotein (Wiesenberger, personal

communication), but can be used for protein detectrith anti-HA antibody (seEigure 4).
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The PCR product was cut with BamHI and cloned itite mulit-copy plasmid pAS14
(MRS12-HA). The vector containing the desired insertioaswdentified by digestion with
EcoRI Figure 5) and called pMH1r(rs12 G245Y S246A-HA).

bp W-Pstl marker PS4 Clone S hH1

11500 6329 bp

4500 3271 bp
2500
1700
1400

a00

500

Figure 5: A second EcoRI restriction site is detéed for the vector pMH1 (clone 9), indicating thatit
contains the mrsl2 G245Y S246A mutation.Vector pAS14 and clone 9/pMH1 were cut with EcoRta

loaded onto a 1% agarose gel for analysis.

Then, pMH1 was cut with Notl and religated to ldee HA-tag, the resulting vector was
called pMH2 Figure 6).

BamH| EcoRl Motl BarrH!
Matl
+
— MRS12 [HA—  pas14 (MRS 12H8)
BarnH| BamH!

cutwith BamHI
ligate

ST | o e szen v

EcoRl Matl Notl

cutwith Motl
religate

EcoRl

Figure 6: Construction of vectors pMH1 fnrsl2 G245Y S246A-HA) and pMH2 (nrs12 G245Y S246A).
The PCR product was cut with BamHI and cloned wdotor pAS14. The resulting vector was called pMHL1.
pMH1 was cut with Notl and religated to get ridtibé HA-tag. This vector was called pMH2.
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To obtain a single-copy plasmid wittrs12 G245Y S246A under its endogenous promoter,
the mrsl2 G245Y S246A gene from pMH2 was cloned into theyleircopy vector pOLU2
(YCplac33 backbone), which contained tMRS12 gene under its own promoter. The
resulting vector was called pMH¥ifure 7). The vector pMH2 and its low-copy analogue
pMH5 were used in this work for studyimgsl?2 G245Y S246A function.

Hindlll EcaRl Hind!ll

Hindlll Hindlll
—P] MRS12 {—\— pOLUZ (MRS12)

cut with Hindlll
ligate

Hindlll Hind!ll

—— P | mrs12 G245 S246A % pMHS (mrsf2 G245Y S2464)

EcoRl

Figure 7: Construction of vector pMH5 (mrsl2 G245Y S246A, endogenous promoter\ector pMH2 was
cut with Hindlll and the fragment withhrs12 G245Y S246A was cloned into vector pOLU2, whicintained
the MRS12 gene under its endogenous promoter. Correct atient of the insert was verified by restriction

digestion and the resulting vector was called pMH5.

4.3.2 Complementation studies
In order to find out ifnrsl2 G245Y S246A was functional and could complemeeantisl2A

phenotype, complementation studies were perforfiled mrs12A phenotype manifests itself
by loss of mitochondrial DNA and slow growth on ghse compared tp° wild-type cells,
therefore cells lackinlR12 form comparatively smaller colonies than isogenild-type p°
cells. To avoid mitochondrial DNA loss when compgriphenotypes, the diploid strain
YAS1(MRS12/mrs12A) was  transformed  with  plasmids  YCplac33, pMH3
(MRS12.YCplac33) and pMH5 nirsl2 G245Y S246A.YCplac33), transformants were
sporulated, tetrads dissected and replica-platéal ¥RD (to obtain the phenotype), onto SD
—Ura (to determine which tetrads contain plasmids)io YPD supplemented with the
antibiotic geneticin (to select fonrs12A colonies) and JJ1A and JJ1C plates (to determae th
mating type). Under regular segregation, it isemted that a tetrad deriving from a diploid
MRSL12/mrs12A contains two colonies, which carry wild-tyddRS12 and show normal
growth, and two colonies withoMRS12, which show reduced growth. As seerfigure 8,

this expected 2:2 segregation was observed fos ¢elhsformed with the empty plasmid
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YCplac33. On the other hand, cells transformed withe single-copy plasmid
MRS12.YCplac33 (pMH3) did not show this segregation gt here all colonies had normal
growth as theMIRS12 gene on the plasmid complemented the two tetratls mrs12A. By
comparing transformants with single-copysl2 G245Y S246A.YCplac33 (pMHS5) with the

controls, it is evident that these tetrads show2as2gregation.

YCplac33 MRS12YCplac33 mrs12 G245Y S246A.YCplac33

YPD

SD-Ura
Gen
JTA

JJ1C

Figure 8: mrsl2 G245Y S246A does not support complementation of mrsl2A mutant. Diploid YAS1
(MRS12/mrs12A) was transformed with YCplac33, with pMHBIRS12.YCplac33) and with pMH5 rirs12
G245Y S246A.YCplac33). Transformants were spordlaad tetrads were dissected. Tetrads were replica-
plated onto YPD, SD —Ura, YPD + geneticin (20§ ml), a lawn of JJ1A (mating type a) and a lawrdiC
(mating typen).

The reduced growth rate of transformants carrymgl2 G245Y S246A.YCplac33 could
also be observed in growth tests, as displaydeigare 9. From these results, it is obvious
that the mutatedrsl?2 G245Y S246A is not able to complement thes12A phenotype and

that it is therefore not functional.

W303, YCplac33

mrsi12A, YCplac33

A, MRS12YCplac33

A, mrs12 G245Y S246A.YCplac33

YPD -Ura

Figure 9: Complementation of themrs12A phenotype is achieved byMRS12, but not by mrsl2 G245Y
S246A. Segregants carrying YCplac33 (W303nrsl2), MRS12.YCplac33 (nrsl2d), nrsl2 G245Y
S246A.YCplac33rtrs12A) (all mating type a) were grown in SD —Ura overnighiter cultures were prepared
and transfered onto YPD and SD —Ura plates compléatien of themrs12A phenotype byMRS12.YCplac33
and bymrsl2 G245Y S246A.YCplac33 was compared.
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4.3.3 Radioactive *H-TTP uptake into isolated mitochondria
To further test if pyrimidine transport BWRSL2 is impaired in mitochondria carryingrsl2

G245Y S246A, mitochondria were incubated with raditve *H-TTP and uptake was
measured by scintillation counting. IRigure 10, it can be seen that wild-typp®
mitochondria andnrs12A mitochondria overexpressiddRS12 showed about two-fold higher
uptake thamrsl2A mitochondria, whereas uptake was not elevatadrsi2A mitochondria
overexpressingmrsl2 G245Y S246A compared to thewrsl2A mitochondria. When
bathophenanthrolinedisulfonate, an inhibitor of Mg (Marobbio, Di Noia et al. 2006), was
added to wild-typep® and mrs12A mitochondria overexpressingiRS12, the uptake was
reduced tomrs12A level. In the case offirsl2A mitochondria andnrsl2A mitochondria
overexpressingnrsl2 G245Y S246A, addition of bathophenanthrolinedisniite did not
significantly reduce pyrimidine uptake. These otaBons indicate that pyrimidine uptake is
impaired inmrsl2 G245Y S246A mitochondria and that the mutationcamtact point II
indeed affects the transport function of the pratei

50 m HETTP
45 - OHL-TTP + 20 mM BPS

40
35

L

30 A
25 4
20

pmol/myg protein

15
1.0

04
]

wild-type p! rrvst 24 st 24 rarsT2h mrsTZ
MRE512 G245Y 52464

Figure 10: Mitochondria lacking Mrs12p or carrying Mrs12p G245Y S246A do not take up pyrimidines.
Mitochondria isolated from yeast strain DBY or isogenic mutant strains were incubated withioctive
labelled ®H-TTP (15 Ci/mmol) or with®*H-TTP and inhibitor bathophenanthroline (20 mM) ft@ minutes,
filtered through a glass fibre filter and washedhwd.6M sorbitol/20 mM Tris-HCI pH 7.4. The filtevas put

into a scintillation vial, scintillation cocktail @ added and scintillation of the sample was calnte
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4.4 MRS12 and iron transport

4.4.1 Suppression of the mrs3/4A phenotype by overexpression of
MRS12 or mrs12 G245Y S246A

The mrs3/4A phenotype shows reduced growth on YPD at 37°CYG, on media with low
iron concentrations and on media supplemented @iffi. To test if pyrimidine transport,
Mrs12p’s assigned function, is essential to supths mrs3/4A phenotype,mrs3/4A cells
were transformed with plasmid pMH2 carrying thesl2 G245Y S246A mutation and
compared with wild-typemrs3/4A mutant andnrs3/4A mutant transformed with wild-type
MRS12. Growth tests clearly showed thaits3/4A cells carryingMRS12 on a multi-copy
plasmid grew as well on all plates as the wild-tywhereasnrs3/4A cells andmrs3/4A cells
transformed withmrsl2 G245Y S246A showed reduced or no growth at a# Bgure 11).
This demonstrates that thenrsl2 G245Y S246A mutant cannot suppress the
mrs3/4A phenotype and that functiondRS12 is needed for suppression.

WT, pCM189

mrs3/4A, pCM189

A, MRS12.pCM189

A, mrsi2 G245Y $246A.pCM189¢

YPD37°C YPG

WT, pCM189

mrs3/4A, pCM189

A, MRS12.pCM189

A, mrs12 G245Y $246A.pCM189¢
100 uM BPS A
2 M Fe 20 M Co?

Figure 11: MRS12 overexpression suppresses thers3/4A phenotype, whereasmrsl2 G245Y S246A
overexpression does notDBY474 (wild-type) and GW403nirs3/4A) were transformed with pCM189 and
mrs3/4A cells withMRS12.pCM189 ormrs12 G245Y S246A.pCM189. Transformants were grown in-&Da
medium to an OB, of 1, diluted and transferred onto YPD, YPD widduced iron content (supplemented with
100 uM of the iron chelator bathophenanthrolinedisultendBPS) and 1M Fe?*), YPD with cadmium or YPG
to obtain thanrs3/4A phenotype.
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4.4.2 Immunodetection of MRS12 and mrs12 G245Y S246A
To control Mrs12p and Mrs12p G245Y S246A expressiom multi-copy plasmids, anti-

Rim2-antibody was used to detect the proteins tochiondrial extracts. Blots and coomassie
stained gel are shown iRigure 12 No signal was obtained for wild-type amafs3/4A
mutant, the normal Mrs12p expression level seembeaobelow detection level of the
antibody. For cells overexpressiMiRS12 or mrs12 G245Y S246A, signals were detected for
both proteins at about 42 kDa. Hence, it can becloded that the Mrs12p G245Y S246A
mutant is not degraded and that lack nafs3/4A suppression is probably due to a non-
functional protein. As shown by the Coomassie ggljal amounts of protein (48y) were
loaded into each lane.

In the case of the W303-1A strain, whole cell estsacould be used to obtain a signal by
western blottingMRSL2 expression from the plasmids seems to be indurachigher extent
or Mrs12p is degraded to a lesser extent in thimirsthan in DBY747, as for the latter

mitochondrial extracts had to be used to detectlRpssignals.

130 kDa
100 kDa

70 kDa
55 kDa

40 kDa

35 kDa

Figure 12: Mrs12p and Mrs12 G245Y S246Ap are deteetl by anti-Mrs12p-antibody in mitochondrial
extracts of mrs3/4A cells. Mitochondria were isolated from yeast strains DBY Advild-type) and GW403
(mrs3/4A) and protein concentrations were determined with ltowry Method. 4Qug of each protein extract
were loaded onto a 12% bhisacrylamide/acrylamide tpel gel was run and proteins were transferred ant
nitrocellulose membrane. The membrane was incubatéld anti-Mrs12-antibody solution and secondary

antibody solution as described in materials anchods.
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4.4.3 Iron uptake into submitochondrial particles by MRS12 and mrs12
G245Y S246A

To study iron uptake across the inner mitochondni@@mbrane by Mrs12pn vitro,
submitochondrial particles (SMPs) were used. Sutmhadndrial particles are generated from
mitochondria by exposing these organelles to lomalarity buffer to generate mitoplasts,
which lack the outer mitochondrial membrane, anéntho ultrasound. This causes
fragmentation of the mitoplasts and the inner nitydrial membrane is turned inside out.
The residual membrane still contains active mitochial membrane proteins and can be
used to determine ion uptake by loading the SMR3 gpecific fluorescent dyes. These dyes
act as ion chelators and change their fluorescem$seon when they bind ions. For iron
measurements, the dye PhenGreen SK was used, whahs quenching of fluorescent
emission at 520 nm upon iron binding. In the follogvexperiments, SMPs deriving from
wild-type cells, mrs3/4A cells, mrs3/4A cells overexpressingMRS12 and mrs3/4A cells
overexpressingrsl2 G245Y S246A were studied.

After addition of F&" to wild-type SMPs quenching was clearly obseniedicating that the
dye binds the metal inside the SMPs, as wild-typH>S are able to transport iron across the
membrane. However, when the main iron transpomérs3/4p are absent, no change in
fluorescent emission was detected, showing the3/4A SMPs do not take up iron. In
mrs3/4A SMPs containing high-copy numbers of Mrs12p, ptake was observed, but only
upon prior addition of CTP or TTP, no uptake wasns&ithout CTP/TTP. As shown in
Figure 13 the amount of iron uptake is dependent on theeamation of the pyrimidine
nucleotides, higher uptake is detected for increasoncentrations of the nucleotides.

In mrs3/4A SMPs carrying high-copy numbers of the Mrs12p G2&246A mutant, iron
uptake was significantly decreased upon additionT®P and CTP when compared to
mrs3/4A SMPs with high-copy numbers of Mrs1Zfdure 14). This shows that iron does not
enter SMPs via Mrs12p without pyrimidine co-trangpo
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Figure 13: Addition of pyrimidine nucleotides stimuates iron uptake into mrs3/4A submitochondrial
particles (SMPs) carrying high-copy numbers of Mrs2p. Mitochondria were isolated from GW40& s3/4A

strain overexpressinglRS12, SMPs were prepared and loaded and the fluoresogas measured as described

in materials and methods.
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Figure 14: Upon addition of pyrimidine nucleotides mrs3/4A SMPs carrying high-copy numbers of
Mrs12p G245Y S256A show decreased iron uptak®litochondria were isolated from GW40& s3/4A strain

overexpressingMRS12 or mrs12 G245Y S246A, SMPs were prepared and loaded andlubeescence was
measured as described in materials and methods.
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Taken together, thesa vitro data show that iron is transported into SMPs bgIMp, but
transport only takes place when pyrimidines arsgmeand when Mrs12p is able to carry out
pyrimidine transport.

4.5 MRS12 and Mg*-transport

4.5.1 Suppression of the mrs2A phenotype by overexpression of MRS12
or mrs12 G245Y S246A

So far, we could show that iron was transported@hith pyrimidines by Mrs12p. In a next
step, we assumed that other divalent ions couldlken up together with pyrimidines as well.
To study this expectation, we chose a strain lagkive MRS2 gene. This gene has been
identified in a screen for multicopy suppressora afitochondrial RNA splicing defect and is
a mitochondrial inner membrane protein which shdrggh sequence similarity with the
bacterial Md@" transporter CorA (Bui, Gregan et al. 1999). It diions as the main
mitochondrial Mg* transporter (Kolisek, Zsurka et al. 2003). Thes2A phenotype shows
reduced growth on media lacking fermentable cadmurces, but can be suppressed by
overexpression of several proteins of the innerochibndrial membrane, including the
members of the mitochondrial carrier famijRS3 andMR4.

Here, it could be observed in growth tests usirggDBY747 strain that overexpression of
MRSI12 suppressed thers2A phenotype on YPG. Consistent with the findingsvabao
suppression was seen for tesl2 G245Y S246A mutant. For the W303 strain only glgli
phenotype was seen on YPG and overexpressiomrsf?2 G245Y S246A resulted in a
stronger suppression afrs2A than observed in the DBY747 straifrigure 15). As
demonstrated for thers3/4A phenotype, overexpression BIRSL2 could also compensate
for the absence of Mrs2p, the mitochondrial gansporter, showing that Mrs12p is also

able to transport other divalent metals than irdo mitochondria.

4.5.2 Immunodetection of MRS12 and mrs12 G245Y S246A
Mrs12p and Mrsl12p G245Y S246A were both detectedhitochondrial extracts of cells

overexpressingMRS12 or mrsl2 G245Y S246A by anti-Rim2 antibody. No signals were
obtained for wild-type omrs2A cells, which do not overexpreddRS12. The detected
proteins had a size of about 42 kDa, the mutantlRp§245Y S246A was stably expressed
and not degradedFigure 16). Therefore, lack ofmrs2A suppression is due to a non-
functional protein. As shown by the Coomassie ggljal amounts of protein (48y) were

loaded into each lane.
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mrs2A, pCM189

A, MRS12.pCM189

A, mrs12 G245 S246A. pCM189
A, MRS12YEp351

YPD YPAG YPG
W303, pCM189
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A, MRS12.pCM189
A, mrs12 G245 $246A. pCM189
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Figure 15: MRS12 overexpression suppresses thars2A phenotype, whereaanrsl2 G245Y S246Adoes
not. DBY747 and W303 (wild-type) and isogenizs2A cells were transformed with pCM189 amds2A cells
with MRS12.pCM189,mrs12 G245Y S246A.pCM189 oMRS12.YEp351. Transformed cells were grown in SD
-Ura to an Olgy of 1 and plated onto YPG or YPdG to obtaintire2A phenotype.

130 kDa
100 kDa

70 kDa

55 kDa
40 kDa
35 kDa

25 kDa

Figure 16: Mrsl2p and Mrsl2p G245Y S246Apare both detected by anti-Mrsl2p-antibody in
mitochondrial extracts of mrs2A cells. Mitochondria were isolated from yeast strains anotgin
concentrations were determined with the Lowry Méth#0 g of each protein extract were loaded onto a 12%
bisacrylamide/acrylamide gel, the gel was run dedgroteins were transferred onto a nitrocellulmsenbrane.
The membrane was incubated in anti-Mrs12-antibadytion and secondary antibody solution as desdribhe

materials and methods.
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4.5.3 Mg?*-uptake into isolated mitochondria
For in organello Mg?*-uptake studies, mitochondria were isolated andibated with the

fluorescent dye mag-fura 2. Mag-fura 2 is a membna@rmeant acetomethoxyl ester, which
becomes membrane-impermeant and*Msgnsitive upon hydrolysation by mitochondrial
non-specific esterases. When ¥gs bound by the dye, the fluorescent intensitte348 and

380 nm change and, according to the following fden{Grynkiewicz, Poenie et al. 1985), the

340/380 wavelength ratio can be used to calcuMtg i values:

‘Ir"b R — H‘Tllirl
Dr—-

0 X —fmin _ (Mg
"Ir'S Hnln —R )

R is the ratio of the fluorescence at 340 nm aedltiorescence at 380 nmgRand Raaxare
the 340 nm/380 nm ratios at 0 and 30 mM?MdK, is the effective dissociation constant of
the mag-fura 2/Mg complex in breaking buffer (which was determinedlL&s2 mM), and &
and ks are the 380 nm excitation efficiencies in 0 mM3lgnd at saturating Mg (30 mM).
Upon addition of 1 mM, 5 mM and 10 mM Kfgto wild-type mitochondria, an increase in the
fluorescence at 340 nm and a decrease in the fioemee at 380 nm were observed,
reflecting an increase in internal MgOnly minor increase in [M{]; was detected imrs2A
mitochondria due to the absence of the main mitodtial Mg transporter Mrs2p. Imrs2A
mitochondria with high-copy numbers of Mrs12p [Mgincreased compared tors2A, but
did not equal wild-type levelmrs2A mitochondria containing Mrs12p G245Y S246A
displayed M@*-uptake in a concentration range betweas2A and mrs2A overexpressing
MRSI12 mitochondria (se€igure 17 andFigure 18).

In a further experiment, we also tried to add pjdime nucleotides together with Kigto
mrs2A MRS12 mitochondria to check whether this would stimulagetake, but as the
pyrimidines complexed a certain amount of #1gnd therefore were competing with mag-
fura 2, exact determination of [M§; via Rnaxand Ry ratios was not possible.

However, these findings show that Mrs12p is ableptomote M{" uptake and that
pyrimidine nucleotide transport plays a role in @tein’s ability to suppress thears2A

mutation.
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Figure 17: Mg*-uptake into mitochondria by Mrs12p and Mrs12p G245Y S246A.Mitochondria were
isolated from DBY747 (wild-type) and DBY74#rs2A and loaded with mag-fura2. Samples were measured
with a spectroflourometer at excitation wavelend@6 and 380 nm and emission wavelength 509 nner it

[Mg#] was increased to final concentrations of 1, 5 AddnM as described in materials and methods.
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Figure 18: Quantification of Mg®*-uptake into mitochondria by Mrs12p and Mrs12p G24% S246A.
Preparation of samples was carried out as desciibegigure 16 and [Mg], values were calculated as

described in materials and methods.
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5 Discussion
Iron uptake into mitochondria is proposed to beoawguished by the two mitochondrial

carrier proteins Mrs3/4p. However, it has been ssggl that these two proteins do not
represent the sole system for iron uptake, asmis8/4A phenotype is only observed under
iron limiting conditions (Muhlenhoff, Stadler et. &003). If iron supply in the cytoplasm is
sufficient, iron seems to enter the mitochondrignamother route. When searching for a
possible candidate for iron transport under norimah concentrations, th&RS12 gene,
which codes for the mitochondrial pyrimidine nudlde transporter (Marobbio, Di Noia et al.
2006), was surprisingly found to act as multi-cqoyppressor of thewrs3/4A phenotype. To
our knowledge, no connection between pyrimidinengport and iron uptake into
mitochondria has been observed to date.

In this work, an attempt to characterize Mrs12pcfion in relation to mitochondrial iron
metabolism and general metal uptake was performbeith support Mrs12p’s role in divalent
metal transport.

In a first experiment, we wanted to investigate thbethere is a connection betwddRS12
expression and cellular iron homeostasis. In otdestudy this, we performed RET3-GFP
assayFET3 is a ferro-oxidoreductase at the yeast cell serfatich imports iron when it is
present in low concentrations (Askwith, Eide etl&94). Upon mitochondrial iron depletion,
FET3 expression is induced by the iron sensing trapsori regulator Aftlp and it is also
induced inmrs3/4A cells. In the assay, the triple mutant showed drnigéxpression of the
ferro-oxidoreductase than thas3/4A mutant did, which implies thairs3/4/12A cells suffer
from higher iron deprivation thamrs3/4A cells. For mrsl2A cells, no significant up-
regulation ofFET3 was detected. Given the fact that Mrs3/4p arémtdsent in these cells,
they probably contain enough iron in their mitoctioa and so there is no considerable
shortage of the metal to induEET3-expression, especially when the cells are growirom
rich media. In this assay, a link betwdd®S12 andFET3 expression (and therefore cellular
iron homeostasis) can only be indirectly observgdcbmparingmrs3/4A and mrs3/4/12A
cells. Therefore, we performed genome wide expoagsiofiling of mrs12A andmrs3/4/12A
cells to look for other genes involved in iron sport, which might be up-regulated in the
mutants.

Genome wide expression profiling ofrs12A cells revealed that the two siderophore-iron
transporterd=IT2 and FIT3, which belong to the iron regulon and are under ¢antrol of
Aftlp, were induced (Wiesenberger, unpublished ltgsuThis result represents a link

between MRS12 and cellular iron homeostasistrsl2A cells seem to need elevated
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concentrations of iron in their cytoplasm comparted wild-type cells to provide the
mitochondria with normal iron dosages. Why &#@2/3, but no other genes of the iron
regulon induced imrs12A cells? An explanation could be that it is not rsseey for the cell
to also induce expression of other iron-relatedepns because, in the presence of the high-
affinity iron transporters Mrs3/4p, higher cytosoiton concentrations automatically lead to
higher mitochondrial iron content and the additica@ount of iron taken up byl T2/3 into
the cytoplasm is sufficient to compensate for los&on transported into mitochondria by
Mrs12p.

Genome wide expression profiling wf s3/4/12A cells showed up-regulation of several genes
belonging to the iron regulon. This finding was®expected, asrs3/4A cells already show
induction of the iron regulon (Muhlenhoff, Stadler al. 2003). Upon mitochondrial iron
deprivation due to the absence of Mrs3/4p, mitodniahiron-sulfur clusters cause activation
of the iron-sensing transcription factor Aftlp, wiiin turn induces genes essential for iron
uptake and iron transport into the cell to compan$ar the diminished mitochondrial iron
content (Rutherford, Ojeda et al. 2005). In thres3/4/12A mutant, induction of several genes
of the iron regulon was observed, providing eviderfor severe mitochondrial iron
deprivation.

According to the findings of the microarray and #i€T3-Assay, Mrs12p can be linked to
mitochondrial iron uptake and could be involvedaw-affinity iron transport. It should be
considered that, if Mrs3p, Mrs4p and Mrs12p wem dhly transporters delivering iron into
mitochondria, absence of all three proteins wowdddthal for the cell, as iron is needed for
carrying out Fe-S biogenesis, which is an essentismchondrial process (Lill, Diekert et al.
1999). However, thewrs3/4/12A mutant is still viable, which would mean that iraptake
into mitochondria is, although reduced to a gred¢r, not totally abolished and that other
low-affinity iron transporters are probably present

In order to study the connection between pyrimidraasport and suppression of thies3/4A
phenotype a mutant in contact point Il, a proposebistrate binding site of mitochondrial
carrier proteins (Robinson and Kunji 2006), wasated. The amino acids glycine 245 and
serine 246 were changed into tyrosine and alaninénbvitro mutagenesis. The mutated
protein was stably expressed, but did not show temgntation of thenrs12A mutation and
was not able to transport pyrimidine nucleotide imitochondria, demonstrating that
mutations at this site affect the function, but tia stability of the protein. In mitochondrial
carrier proteins, contact point Il is essential ébstinguishing between different substrates
forming a hydrophobic pocket for substrate bindiRgbinson and Kunji 2006). We assume
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that by changing glycine and serine into tyrosimel alanine this hydrophobic pocket is
destroyed and substrate binding is not properlyeaell. Furthermore, suppression of the
mrs3/4A phenotype by mutatedrsl2 G2245Y S246A is not observed in the mutant
anymore. Also, iron transport into submitochondpakticles was studied imrs3/4A and
mrs3/4A SMPs overexpressinyIRS12, which showed that, upon addition of pyrimidine
nucleotides, iron is readily taken up into SMPs rexpressingMRS12, but uptake was
significantly reduced in the mutant. Thus, we sstigleat Mrs12p might mediate iron uptake
into yeast mitochondria via pyrimidine transporyrifmidine uptake into mitochondria is
essential for suppression of tmars3/4A phenotype, and it is probable that iron is co-
transported with pyrimidine nucleotides.

Assuming this transport mechanism, Mrs12p mightgpart other divalent metals in a similar
manner, especially as it had already been showrottegexpression d¥IRS12 suppresses the
mrs2A phenotype (Van Dyck, Jank et al. 1995). The phgreois due to the absence of the
main mitochondrial Mg transporter Mrs2p (Kolisek, Zsurka et al. 2003)li¢ating that
Mrs12p might be involved in Mg uptake by a similar mechanism as irf‘Reptake. To test
this, growth tests ofmrs2A cells overexpressing/RS12 or the mutant were performed,
showing that overexpression dfIRS12 suppresses thenrs2A phenotype, whereas
overexpression of the mutant does not*Mdptake studies into isolated mitochondria using
the Md* chelator mag-fura 2 resulted in another obsermatémnfirming Mrs12p’s
involvement in mitochondrial Mg-acquisition. Here, Mig-uptake was increased imrs2A
mitochondria wherMRS12 was overexpressed, but not when the mutant waexmessed.
However, upon addition of pyrimidines and Mdo mitochondria, pyrimidines bind Mg
which unfortunately interferes with the experiméngat-up. Therefore, the influence of
pyrimidine transport on Mg uptake by Mrs12p could not be properly studied,ibpresents,
together with the finding that the mutant mediatesch lower M@* uptake than wild-type
Mrs12p, an indication that pyrimidines have to tams$ported by Mrs12p in order for divalent
metals to be taken up by mitochondria. Thus, oodifigs indicate that Mrs12p is likely to
have a function as low-affinity divalent metal tsporter by coupling pyrimidine uptake to

metal transport.

How and why might iron be transported by pyrimidinacleotides via Mrs12p in the
mitochondrion? A possibility is that iron is compéel to the phosphate moieties of
pyrimidine nucleotides in a similar way as Mis proposed to interact with ATP in the fig

ATP/R carrier Sallp. As anion transport into mitochoadsi opposed by the electrochemical
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gradient, coupling their transport to cations pdes a way of driving them into the
mitochondrion against the electrochemical gradiertich might be the case for Sallp. In
Sallp, the phosphate-coordinated magnesium cattenacts with the amino acid glutamate
E318 at contact point I, which contains the amioas® lysine K314, glutamate E318 and
lysine K322. A water molecule may be involved ire thoordination of the Mg ion. In
Mrs12p, contact point | includes the amino acidgigle G145, alanine A149 and asparagine
N153, alanine A149 would correspond to glutamatd&EB Sallp (Robinson and Kunji
2006). Glutamate is a negatively charged amino, agfich can coordinate Mg whereas
alanine is a non-polar amino acid and does notdioate Mg*. Also, Mrs12p’s affinity
towards iron is higher than towards magnesiumr@s uptake into SMPs is not inhibited
upon addition of aequimolar concentrations of’M@Froschauer, unpublished results).
vivo, Mg®* concentrations exceed Feconcentrations by a factor of about 500, and it is
unlikely that F&" would be transported into the mitochondrion ifalent metal transport by
Mrs12p was completely unspecific. However, différafiinities of Mrs12p towards E€and
Mg?* would provide an explanation why ¥és transported. The question of how iron might
coordinate to amino acids and substrate, howesenpi clear. If there is a role of Mrs12p
contact point | in coordinating iron, comparativedeling and random mutagenesis studies of
amino acids residues might provide a clue how big@ind transport of iron is established.
Given that Mrs12p can mediate iron and magnesiutakep transport of other relevant
divalent metals like Zfi, CU#* and Mrf* is likely to occur as well. i is needed in
mitochondria as cofactor for several enzymes (ZippIMMdjlp) and in Zn-metalloenzymes,
which are, i.e., involved in alcohol oxidation eutine biosynthesis (Adh3p, Adh4p, Leu9p)
or act as metalloproteases. Copper is requirethibassembly of cytochrome ¢ oxidase and
superoxide dismutase. Mitochondrial #s only known function is as a cofactor in Mn-
superoxide dismutase, which is important in thegmtion against oxidative damage (Pierrel,
Cobine et al. 2007). So far, no mitochondrial tpans proteins have been identified for these
transition metals. However, studies with SMPs destrate that Ctf and ZA" uptake are
elevated in SMPs deriving from cells overexpress#igS12 when compared to wild-type
SMPs, but not from cells overexpressing the mutastéerestingly, if the pH inside SMPs is
lowered, F& uptake into mrs3/4A SMPs carrying Mrs12p decreases (Froschauer,
unpublished results). According to these data, Bjpsdeems to be able to mediate uptake of
other transition metals besides iron as well areteffore could function as low-affinity
divalent metal transporter in mitochondria. As n@méd above, coupling anion transport

across the inner mitochondrial membrane to catiepsesents a way of driving them into the
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mitochondrion against the electrochemical gradi€he transport of pyrimidines and cations
might depend on the electrochemical gradient, askepdecreases when the pH inside SMPs
is lowered.

Considering that mitochondria possess several gaatess belonging to the mitochondrial
carrier family, which transport a variety of sulasé's from nucleotides to amino acids across
the inner mitochondrial membrane, the pyrimidirensgporter Mrs12p might not be the only
transporter involved in metal uptake. Studies hsivewn that the mitochondrial GTP/GDP
carrier protein Ggclp plays a role in mitochondirah metabolism, as absence of Ggclp
leads to high cellular iron uptake and iron accwatiah in the mitochondrial matrix
(Lesuisse, Lyver et al. 2004). Normal iron regualatis restored when a human nucleoside
diphosphate kinase, which converts ATP into GTRaligeted to the matrix @gclA mutants
(Gordon, Lyver et al. 2006). However, there is imk to mitochondrial iron uptake in this
study. According to the authors, mitochondrial inmetabolism is affected by GTP/GDP
levels in the mitochondrial matrix and absence ®PGeads to accumulation of iron. Also, a
recent study shows that GTP is required for irdifusicluster biogenesis in mitochondria
(Amutha, Gordon et al. 2008), which might be anlaxation for iron accumulation in the
mutant. Given that our findings point to a roletloé¢ pyrimidine transporter Mrs12p in iron
uptake, it can still be speculated that the puGglp transporter might mediate iron uptake
via purine transport, but suppression experimemtsris3/4A strains overexpressingCG1l
have to be performed in order to study this in nuetail.

It should also be mentioned that in an attemptrtd further suppressors of tinars3/4A iron
phenotype, anrs3/4A mutant was transformed with a library obtainedrfra mrs3/4/12A
strain, but only very weak suppressors (GRC1, which codes for the mitochondrial
ornithine transporter (Fiermonte, Dola al. 2003)) compared tdMMRS12 were found
(Wiesenberger, Binder, personal communication).sThuggests that onlyIRS12 can
suppress the iron phenotype rafs3/4A mutants under the conditions of the screen and tha
there might be no other transporter involved im in@nsport.

What is the physiological relevance of our finding& speculative scenario is that yeast
mitochondria comprise a general unspecific catiptake system coupled to anion transport,
which has been observed for Mrs12p or Sallp andchtraéso be of relevance for other
mitochondrial carriers, and a specific cation uptalstem, which contains high-affinity iron
transporters Mrs3/4p, the Nlgchannel Mrs2p and other not yet identified pratein
Selectivity is not required in the case of the gaheaptake system, as it only supplies the

mitochondrion with basal metal concentrations. Wiaespecific ion is needed inside the
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matrix, high-affinity transporters mediate seleetivation uptake and ensure adequate metal
ion supply. This system would provide yeast mitourea the ability to adapt to metal ion
availability and to regulate uptake and distribntad metal ions accordingly.
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6 Appendix

6.1 Plasmid Maps
pPMH1

Plasmid: PMH1 Date: 03/03/08
Backbone: pCMI189 Size: 9,600 kb
Markers: Amp’, URA3

Host Strain: DH10B

References: MH book 779, p005

Stock: E. coli box (freezer cultures)

Construction: pAS14 (MRS12-HA in pCMI189) was cleaved with BamHl,

treated with Cip and ligated to a 1.2 kb BamHI fragment
containing the mrs12 G245Y, S246A gene.

Comment: No backup clone (clone contains additional mutation)

pMH1
9800 bps

‘BamHl

“Hindlll
" EcoRl

* Matl
= BamHI
» Mot

. Pstl
Hindlll
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Plasmid:

Backbone:

Markers:

Host Strain:

References:

Stock:

Construction:

Comment:

pMH2

PMH2 Date: 05/03/08
PpCM189 Size: 9,489 kb
Amp’, URA3

DH10B

MH book 779, p007
E. coli box (freezer cultures)

PMH1 (mrs12 G245Y, S246A-HA in pCM189) was cleaved with
Noftl to cut out HA-tag and religated

1 backup clone

pMH2

URAS 9489 bps
G000 mrsl12*

‘BarnHI

“Hindill

“EcoRl
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pMH3

Plasmid: PMH3 Date: 10/03/08
Backbone: YCpLac33 Size: 7,733 kb
Markers: Ampr, URA3

Host Strain: DH10B

References: MH book 779, p010

Stock: E. coli box (freezer cultures)

Construction: pOLU2 (MRS12 in YCplac33) was cleaved with Hindlll, freated

with Cip and the 6.7 kb fragment was ligated to the 1.2 kb
Hindlll fragment from pAS12 (MRS12 in pCM189).

Comment: 1 backup clone

Hindil

Pl
i Motl

__ECDR‘V

_Hindll

To00 MB 512
1000

...EcoRl

pMH3
7733 bps

¥hbal
BamHI
A Gl
Kpnl
Sacl
EcoRl

EcoRv
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Plasmid:

Backbone:

Markers:

Host Strain:

References:

Stock:

Construction:

Comment:

pMH4

pMH4 Date: 10/03/08
YCpLac33 Size: 7,844 kb
Amp’, URA3

DH10B

MH book 779, p010
E. coli box (freezer cultures)

pOLU2 (MRS12 in YCplac33) was cleaved with Hindlll, treated
with Cip and the 6.7 kb fragment was ligated to the 1.2 kb
Hindlll fragment from pMH1 (mrs12 G245Y, S246A -HA in
pCM189).

1 backup clone

Hindlll
: Pl
‘Motl
= BamHI
£ Mot

Puyul _Hindil

pMH4
7844 bps

™ ooo ...EcoRl

% #hal
s BamHI
» EcoRl
Prul
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Plasmid:

Backbone:

Markers:

Host Strain:

References:

Stock:

Construction:

Comment:

pMH5

PMH5 Date: 10/03/08
YCpLac33 Size: 7,733 kb
Amp’, URA3

DH10B

MH book 779, p010
E. coli box (freezer cultures)
pOLU2 (MRS12 in YCplac33) was cleaved with Hindlll, treated

with Cip and the 6.7 kb fragment was ligated to the 1.2 kb
Hindlll fragment from pMH2 (mrs12 G245Y, S246A in pCM189).

1 backup clone

Hindlll
: Pstl
iNotl

_EcaRI

Hindlll
Pl

...EcaoRI

b PM H5
7733 bps

2000

- ¥bal

- BamHI
* EcoRl
Pul
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Plasmid:

Backbone:

Markers:

Host Strain:

References:

Stock:

pAS12

PAS12

PCM189 Size: 9,489 kb
Amp’, URA3

DH10B

MH book 778, 779

E. coli box (freezer cultures)

Construction: MRS12 was cleaved with BamHI/Pstl from pAS17 and the 1,2 kb

fragment containing the MRS12 ORF was ligated info pCM189
cut with the same enzymes. The resulting plasmid was called
PAS 12

pAS12
9489 bps

URA3 “'BamH

EcoRY “ Hindil

TEcoRv
hotl

Pstl
Hindlll
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pAS14

Plasmid: pPAS14
Backbone: pCM189 Size: 9,600 kb
Markers: Amp’, URA3

Host Strain: DH10B
References: MH book 778, 779
Stock: E. coli box (freezer cultures)

Construction: The HA-tag was cut out with Notl from YEp351-HA and inserted
in frame into Notl cleaved pAS12 resulting in an in frame fusion
of the HA tag to the MRS12 ORF (by Axel StruB).

pAS14
9600 bps

“BarmHI

MRS12-HA

EcoRv " Hindil

" EcoRt

% Motl
= BamHl
: “Matl

i Pstl
Hindlll
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Plasmid:

Backbone:

Markers:

Host Strain:

References:

Stock:

pOLU2

pOLU2

YCpLac33 Size: 8,834 kb
Amp’, URA3

DH10B

MH book 779

E. coli box (freezer cultures)

Construction: A 3.2kb Xbal fragment from MRS12.Yep351 (Gerlinde) was

Comment:

cloned into Xbal site of YCplac33.

“Anti sense” Orientation with respect to the polylinker (Hindlll-

EcoRl)

Hindll
Pt
“Xpal
i

EcoRv

pOLU2

8834 bps o
Hindlll
EcoRW

" EcoRl

. EcoRl
Pryul
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