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Presentazione al Collegio dei docenti della Dott.ssa Luigina Muto per il conseguimento del

titolo di “Dottore di Ricerca in Medicina Traslazionale” (XXIX ciclo)

La Dott.ssa Luigina Muto ha svolto il corso di Dottorato di Ricerca in “Medicina
Traslazionale” (XXIX ciclo) presso il Dipartimento di Farmacia e Scienze della Salute e della
Nutrizione dell’Universita della Calabria. Ha partecipato alle attivita seminariali e didattico-
formative organizzate dallo stesso Dipartimento.

Durante tale periodo la Dott.ssa Muto si € interessata principalmente allo studio delle
caratteristiche biochimico-funzionali di alcuni trasportatori mitocondriali appartenenti alla
Mitochondrial Carrier Family (MCF), proteine deputate a catalizzare il trasporto di soluti attraverso
la membrana mitocondriale interna, allo scopo di accrescere le conoscenze sul loro ruolo fisiologico
e patologico.

Nello specifico lo studio della Dott.ssa Muto € stato rivolto al carrier mitocondriale della
glicina, importante nella sintesi dell’eme e nell’anemia sideroblastica congenita, al carrier
mitocondriale del defosfocoenzima A, importante nella regolazione della compartimentalizzazione
del CoA, 1l cui studio ¢ cruciale per una migliore comprensione di alcune patologie
neurodegenerative dipendenti dal biosintesi del CoA e al carrier mitocondriale del 2-oxoglutarato,
di cui si sono voluti studiare 1 riarrangiamenti strutturali e funzionali necessari per il trasporto del
substrato.

[a strategia di ricerca adottata ¢ basata sulla identificazione di proteine di membrana in banca dati,
amplificazione mediante PCR e clonaggio in vettori di espressione, espressione In sistemi
eterologhi, caratterizzazione funzionale dei prodotti proteici, analisi della distribuzione tissutale e
localizzazione subcellulare.

Per quanto riguarda il trasportatore mitocondriale della glicina, gli studi sono stati concentrati sulla
caratterizzazione biochimica e molecolare della proteina umana (SLC25A38) e sul suo omologo di
lievito (Hem25p), scelto come organismo modello. In particolare, il primo obiettivo € stato quello di
ottenere la proteina ricombinante Hem25 con caratteristiche strutturali e funzionali del tutto simili a

quella nativa in modo da poterne studiare 1’attivita di trasporto.

Tale proteina ¢ stata clonata in un sistema di espressione batterico, Escherichia Coli BL21,
overespressa ad alti livelli come inclusion bodies, e purificata all’omogeneita, mediante
cromatografia di affinita su colonna al Ni**-NTA Agarosio.

Dopo che I’identita della proteina purificata & stata confermata tramite Western Blot, si ¢ passati
alla caratterizzazione funzionale della proteina. Hem25p € stata ricostituita in liposomi e la sua

attivita di trasporto di glicina (glicina/glicina) & stata osservata. Sono state calcolate le costanti



cinetiche (Km e Vmax) e studiate le proprieta di trasporto (specificita di substrato e sensibilita agh
inibitori) di Hem25p. Dagli studi di caratterizzazione cinetica ¢ emerso che la proteina ricombinante
catalizza il trasporto di glicina con una cinetica del primo ordine. I valori di Ky, € Vimax determinati
sono stati rispettivamente 0.75 + 0.084 mM and 169.8 + 13.7 nmol/min per mg di proteina. Ii
carrier ha mostrato un’elevata efficienza di trasporto, oltre che di glicina, anche di sarcosina, L-
alanina and N-methyl-L-alanina. Inoltre il trasporto del substrato € risultato quasi completamente
inibito da acido tannico, piridossal-5’-fosfato (PLP) e batofenantrolina(BAT), cosi come p-
idrossimercuribenzoato, HgCl, e N-ethylmaleimide. Successivamente, altre prove di upfake di
glicina sono state effettuate, andando a ricostituire in liposomi le proteine mitocondriali provenienti
da ceppi di lievito Wild-Type, hem25A ¢ hem25A transformato con il plasmide HEM25-pYES2:
un’attivita di scambio glicina/glicina molto bassa € stata osservata nel deleto; un’attivita di piu del
doppio & stata ottenuta con WT, mentre un’attivitd considerevolmente maggiore si € osservata
nell’estratto mitocondriale proveniente dal HEM25-pYES2. Studi di localizzazione subcellulare,
condotti mediante tecniche di microscopia a fluorescenza, hanno confermato la distribuzione
mitocondriale della proteina. Sono stati inoltre studiati gli effetti della delezione del gene HEM2)5 ¢
I’inserzione dello stesso gene (HEM25) o del gene umano (SLC25A38) nelle cellule di lievito sulla
crescita e sulla catena di trasporto degli elettroni e il consumo di ossigeno € stato analizzato
attraverso prove di respirazione sui mitocondri intatti. E stata osservata la complementazione
dovuta all’inserzione delle proteine sia umana sia di lievito. La conoscenza piu dettagliata di questo
trasportatore potrebbe essere utile per comprendere piu a fondo I’anemia sideroblastica congenita,
in quanto Hem25 & necessaria per I’uptake della glicina nella matrice mitocondriale, necessaria per
la biosintesi dell’eme.

L’interesse scientifico della Dott.ssa Luigina Muto € stato anche rivolto allo studio di un altro
carrier mitocondriale, il trasportatore del defosfocoenzima A. Nell’uomo il trasporto di Coenzima
A (CoA) attraverso la membrana mitocondriale interna & stato attribuito a due differenti geni,
SLC25A16 e SLC25A42. Presunti ortologhi di entrambi i geni sono presentl in molti genomi
eucariotici, ma non in quello di Drosophila melanogaster, che contiene solo un gene, CG4241,
filogeneticamente vicino a SLC25A42. CG4241 codifica per una isoforma lunga (dPCoAC1) e una
corta (APCoAC?2) del carrier del dPCoA, derivante da un sito di start traduzionale alternativo.

Le due proteine, dPCoAC1 e dPCoAC2, cosi come nel caso del trasportatore della glicina, sono
state clonate in un sistema di espressione batterico, E. coli C0214, overespresse ad alti livelli come
inclusion bodies e ricostituite in proteoliposomi per caratterizzarle funzionalmente. dPCoACI ¢
risultata catalizzare reazioni di scambio ['‘C]ADP/ADP, ['*C]IAMP/AMP, e ['“C]ATP/ATP. La
specificita di substrato & stata osservata misurando ’uptake di ['“C]JADP in proteoliposomi caricati

con una varietd di potenziali substrati. Il maggiore uptake di [ "C]ADP si ¢ ottenuto con dPCoA,



ADP, dADP, AMP e dAMP interni. L’effetto degli inibitori e le costanti cinetiche della proteina
ricombinante dPCoAC1 sono state analizzate e calcolate. dPCoAC2 non ha mostrato alcuna attivita
di trasporto, probabilmente a causa di un errato avvolgimento della proteina ricombinante. La
caratterizzazione funzionale del carrier del dPCoA di D. melanogaster risulta di particolare
interesse in quanto & il primo trasportatore mitocondriale che mostra una particolare specificita di
substrato per dPCoA e ADP. Nello scenario biochimico, dove la concentrazione di CoA della
matrice ¢ piu di due volte superiore a quella del citosol, e i due pool sono mantenuti e
adeguatamente costanti, un trasportatore come dPCoAC, che trasporta dPCoA dalla matrice al
citosol in scambio con ADP, si adatta meglio rispetto ad uno che trasporta CoA.

Questo lavoro risultera utile nel prossimo futuro per comprendere meglio il fenotipo PKAN
(pantothenate kinase) umano, enzima coinvolto nella via biosintetica de novo del CoA, la cul
deficienza ¢ associata con un disturbo neurodegenrativo conosciuto come neurodegenerazione con
accumulo di ferro celebrale (NBIA).

In ultimo, il lavoro della Dott.ssa Muto & stato anche volto ad analizzare le caratteristiche
strutturali del carrier del 2-oxoglutarato (OGC), trasportatore ampliamente studiato di cui sono gia
note le caratteristiche di trasporto, e che svolge un ruolo chiave in importanti vie metaboliche.

Per comprendere i riarrangiamenti strutturali necessari per la traslocazione del substrato, ¢ stata
utilizzata la mutagenesi sito specifica, per sostituire la lisina 122 con un’arginina. Il mutante K122R
& stato caratterizzato cineticamente, esibendo una significativa riduzione della Vmax rispetto al
wild-type (WT) OGC, mentre il valore di Km non ha subito variazioni, il che implica che questa
sostituzione non interferisce con il sito di legame del 2-oxoglutarato. Inoltre, 1l mutante K122R era
piu inibito da diversi reagenti sulfidrilici rispetto al WT OGC, suggerendo che la reattivita di alcuni
residui di cisteina verso questi reagenti Cys specifici ¢ aumentata nel mutante. Diversi reagenti
sulfidrilici sono stati impiegati in saggi di trasporto per testare l'effetto delle modifiche cisteina su
mutanti OGC single-Cys chiamati C184, C221, C224 (costruiti nel WT) e KI122R/C184,
K122R/C221, KI122R/C224 (costruiti nel K122R). Le cisteine 221 e 224 sono state piu
profondamente influenzate da alcuni reagenti sulfidrilici quando i mutanti erano costruiti nel
background del K122R. Inoltre, la presenza di 2-oxoglutarato ha notevolmente migliorato 1l grado
d’inibizione della K122R/C221, K122R/C224, suggerendo che le cisteine 221 e 224, insieme con

K122, prendono parte ai riarrangiamenti strutturali necessari per la transizione dallo stato c allo

stato m durante la traslocazione del substrato.

Durante 1’intero periodo del dottorato di ricerca la Dott.ssa Muto ha acquisito un’ottima padronanza

delle tecniche laboratoristiche di biochimiche e di biologia molecolare, ed ha messo in luce una

notevole capacita critica per la valutazione dei dati ottenuti. La Dott.ssa Muto ha inoltre mediante



assiduo studio della letteratura inerente al suo campo di studi acquisito un’eccellente formazione
scientifica. L.’esperienza maturata durante i tre anni di dottorato ¢ stata accresciuta da un periodo di
formazione di un anno svolto presso il Laboratorio di “Mitochondrial Phisiology and Age-Related
Diseases™ dell’University of Texas at Austin (Austin, Texas, USA) diretto dal Dr. Edward M. Mills,
e un breve soggiorno presso il Laboratorio di Biochimica ¢ Biologia Molecolare del Dipartimento di
Bioscienze, Biotecnologie e Biofarmaceutica, Universita degli Studi di Bari1 “Aldo Moro”, Bari,
diretto dal Prof. Giuseppe Fiermonte. Il contributo scientifico della Dott.ssa Luigina Muto ¢
dimostrato dai lavori pubblicate su riviste internazionali la cui rilevanza scientifica della
collocazione editoriale ¢ di ottimo livello quali Biochimica et Biophysica Acta (BBA), Journal of

Biological Chemistry, The Journal of Physiology e Mini Reviews in Medicinal Chemistry.

[’esperienza maturata durante i tre anni di dottorato, ha favorito una crescita globale che allo stato
si traduce in una concreta capacita a svolgere attivita di ricerca in grande autonomia e con senso di
responsabilitd. Pertanto si esprime parere estremamente positivo sull’attivita scientifica della

Dott.ssa Luigina Muto.

Rende, 12 Maggio 2017

Docente Tutor
Prof.ssa Vincenza Dolce
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ABSTRACT

ABSTRACT

The mitochondrial carriers (MCs) are transmembrameteins found in the
mitochondrial inner membrane, which catalyze tlaagtocation of solutes through the
membrane. These belong to a family of carrier pmetethe SLC25 or Mitochondrial
Carrier Family (MCF). Their function is to createcannection between mitochondria
and cytosol, facilitating the flow of a large vayieof solutes across the permeability
barrier of the inner mitochondrial membrane, whghecessary for many physiological
processes.

The functional information obtained from the stualy mitochondrial carrier was
fundamental in correlating MCs physiological andthpéogical roles in cellular
metabolism. It was possible to identify genes, dnair possible defects, responsible for
the onset of certain diseases such as the Stayrielyosne, Amish microcephaly, HHH
syndrome (hyperornithinemia, hyperammonemia and dettnullinuria) and type Il
citrullinemia, their molecular basis and their symps. Further studies on the
functional characterization of the gene family SBGAill clarify other diseases caused

by a mitochondrial carrier deficiency.

This work was focused in particular on the studysome carriers belonging to the
MCF:

— the mitochondrial glycinearrier, important in heme synthesis and congenital
sideroblastic anemia;

— the mitochondrial dephosphocoenzymecarrier, important in regulating the
compartmentalization of the CoA, the study of whishcrucial for a better
understanding of some neurodegenerative diseasas dbpend on the
biosynthesis of CoA;

— the mitochondrial oxoglutaratearrier, of which the functional and structural

rearrangements required for substrate transpoe amalyzed.



ABSTRACT

Mitochondrial glycine carrier

The studies were focused on the biochemical andeentdr characterization of
human glycine carrier protein (GlyC) and its yeast homolog (Hem25p) mmng
evidence that they are mitochondrial carriers fgcige. Glycinecarrier is required for
the uptake of glycine in the mitochondrial matmere this amino acid is condensed
with succinyl coenzyme A to yield-aminolevulinic acid, necessary for heme
biosynthesis.A detailed knowledge of this transporter could bepful to clearly
understand congenital sideroblastic anemia (CSAysed by defects of heme
biosynthesis in developing erythroblasts.

In particular, Hem25p was cloned into a bacterigression systemE&cherichia
coli BL21), overexpressed at high levels as inclusiodids, and purified by Ki-NTA-
agarose affinitychromatography. The protein was then reconstitiutdgposomes and
its transport activity of glycine was observed. THieetic constants, Km and Vmax,
were calculated. Subsequently, other evidences lyfing uptake were obtained
carrying out experiments on mitochondrial protefimsn the yeastvild-type strain, the
hem2% strain and thehem2% HEM25-pYES2. The protein subcellular localization
was found to be mitochondrial. Furthermore, lleen22 mutant manifested a defect in
the biosynthesis of-aminolevulinic acid and displayed reduced levédlsi@vnstream
heme and mitochondrial cytochromes. The observetectde were rescued by
complementation with yeaBlEM25or humanSLC25A38jenes.

This work may suggest new therapeutic approachethétreatment of congenital

sideroblastic anemia.

Mitochondrial dephosphocoenzyme Acarrier

In human, the transport of CoA across the innepchibndrial membrane has been
attributed to two different genes, SLC25A16 and 35842. Presumed orthologs of
both genes are present in many eukaryotic gendmesiot in that of D. melanogaster,
which contains only one gene, CG4241, phylogenigtickose to SLC25A42. CG4241
encodes a long and a short isoform of the dPCo#ecarespectively dPCoAC1 and
dPCoAC2, which arise from an alternative transtalostart site. dPCoAC1l and
dPCo0AC2 were expressed as inclusion bodieE.iroli C0214, and reconstituted in
proteoliposomes to observe the transport activity order to characterize them

functionally.



ABSTRACT

The functional characterization of thB. melanogasterdPCoA carrier is of
particular interest as it is the first mitochondgarrier showing a particular substrate
specificity for dPCoA and ADP.

The expression of both isoforms inSa cerevisiaestrain lacking the endogenous
putative mitochondrial CoA carrier restored thevgito on respiratory carbon sources
and the mitochondrial levels of CoA. The resultporéed here and the proposed
subcellular localization of some of the enzymestlad fruit fly CoA biosynthetic
pathway, suggest that dPCoA may be synthesizedphodphorylated to CoA in the
matrix, but it can also be transported by dPCoACh® cytosol, where it may be
phosphorylated to CoA by the monofunctional dPCaAake. Thus, dPCoAC may
connect the cytosolic and mitochondrial reactiohdhe CoA biosynthetic pathway
without allowing the two CoA pools to get in corttac

This work will be useful in the near future to leetunderstand the deficiency of
enzymes involved in the CoA biosynthesis associaidda neurodegenerative disorder

known as neurodegeneration with brain iron accutiugNBIA).

Mitochondrial oxoglutarate carrier

The oxoglutarate carrier (OGC) plays a key rolemportant metabolic pathways. Its
transport activity has been extensively studied], ao investigate new structural
rearrangements required for substrate translocait@directed mutagenesis was used
to conservatively replace lysine 122 by argininel2BRR mutant was kinetically
characterized, exhibiting a significant Vmax reduwctwith respect to the wild-type
(WT) OGC, whereas Km value was unaffected, implyimat this substitution does not
interfere with 2-oxoglutarate binding site.

Moreover, K122R mutant was more inhibited by selvetdfhydryl reagents with
respect to the WT OGC, suggesting that the re&gtiof some cysteine residues
towards these Cys-specific reagents is increasetiisnmutant. Different sulfhydryl
reagents were employed in transport assays to thesteffect of the cysteine
modifications on single-cysteine OGC mutants nai@é84, C221, C224 (constructed
in the WT background) and K122R/C184, K122R/C2212&R/C224 (constructed in
the K122R background). Cysteines 221 and 224 wene meeply influenced by some
sulthydryl reagents in the K122R background. Furtiere, the presence of 2-
oxoglutarate significantly enhanced the degree offiibition of K122R/C221,



ABSTRACT

K122R/C224 and C224 activity by the sulfhydryl reag 2-Aminoethyl
methanethiosulfonate hydrobromide (MTSEA), suggesthat cysteines 221 and 224,
together with K122, take part to structural reagements required for the transition

from the c- to the m-state during substrate traraglon.



1. INTRODUCTION

1. INTRODUCTION

1.1 Mitochondria — structure and function

Mitochondria (Fig. 1.1), frequently referred as ttpowerhouses of the cell”, are
essential mammalian organellegical of animal, plant, algae and protozoa, with
aerobic metabolisnsurrounded by two lipid bilayer$hese cytoplasmic organellase
responsible for many fundamental processes|uding the production of ATP
(adenosine-5'-triphosphate) that can be used imggneequiring reactions. This is
possible due to different mitochondrial metaboleagtions, such as the fatty acid
oxidation (FAO), the citric acid cycle and the catide phosphorylatiofOXPHOS)
Shape, size, number and distribution of mitochandre closely associated with the cell
type and function. Based on the energy demand#)ercell there can be a different
amount of mitochondria, from a few to some hundrddsese organelles can also be

distributed evenly or be grouped in the region with most intense metabolic activity
(1]

Mitochondrial DNA

[nner membrane .
Ribosome

Intermembrane space

Cristae
Outer membrane

Fig. 1.1 Schematic representation of a mitochondrion

Generally rod shaped, if observed under an optml@hse contrast microscope,
mitochondria may appear granular or filamentarye @imensions may vary fromufh
to10um in length and from Oy to Ium of diametef?,



1. INTRODUCTION

The electron microscopy allows to ultrastructuralalgsis of these organelles,
highlighting two membranes of about 6 nm of thickses. The outer mitochondrial
membrane (OMM) is separated from the inner mitodhniah membrane (IMM) by a
space of 6-8 nm, called intermembrane space (E2y. 1

The IMM forms ridges within an aqueous solutionghriin protein and various
metabolic intermediate molecules, called mitoch@dmatrix. The number of
mitochondrial ridges reflects the cellular metabaictivities: it is higher in kidney cells,
striatum muscle and cardiac muscle, and is low lantpcells, depending on their

different respiratory activity.

Mitochondrial
matrix

Cristae

Quter membrane
Inner membrane

Fig. 1.z Electron microscope view of a mitochondrion

While the OMM is completely permeable to differesubstances and represents a
barrier with low or no effectiveness for the redda of the access of different
substrates, the permeability of the IMM is rathertied. The "porins”, channel proteins
of the OMM, make it easily penetrable by ions anthlé molecules (with molecular
weight of up to 10,000 Dalton), so that the comiamsiof ions and substrates of the

intermembrane space appears to be similar to tee@bine cytosol.

The actual selection filter, between the cytosal anitochondrial matrix, is represented,
therefore, by the IMM. It is highly impermeableitms and molecules with molecular
weight greater than 100-150 Dalto&aich selectivity is mainly due to the presence of a
high concentration of cardiolipin or diphosphatglyterol. Because of the different
permeability of the two mitochondrial membraneg thatrix and the cytosol assume

and maintain very different metabolic capacity hagle different tasks.

10



1. INTRODUCTION

Mitochondria are the only structure of of eucadaton-plant cells, in addition to the
nucleus, which contains genetic material. The rhibocrion has its own replication
system; it contains the enzymeéDNA polymerase, which ensures a semiconservative
replication.

The mitochondrial DNA (mtDNA) is relatively low, peesenting 1.5% of the cell total
DNA, it is extremely small, contains, in fact, or8y genes, in humans. Of these genes,
13 encode for some of the protein subunits of dspiratory chain complexes and 24
encode for molecules essential to the synthedisesle subunits (2 ribosomal RNAs, or
rRNAs, and 22 transfer RNAs, or tRNAs). These prnateepresent a small part of the
proteins present in the mitochondria; in fact, iresde organelles there are soluble
proteins of thanitochondrial matrixproteins of the outer membrane, and protein of the
inner membrane, includingitochondrial transporters earriers. All these proteins are
encoded by nuclear genes, synthesized by cytoptasbosomes and, subsequently,

transferred into thenitochondria®!,

Unlike other cellular organelles that are produ@dnovoduring cell duplication,
mitochondria are duplicated by binary fission, deling their DNA duplication. The
complete organelles are then inherited by daugteéls, according to what is called

non-mendelian or cytoplasmic inheritance.

Another important characteristic of animal mitoctioa is that, at the time of sexual
reproduction, they are transmitted to the child@my from the mother. During
fertilization, the mitochondria present in the nawlividual (zygote) come only from
the egg cell (oocyte). Therefore a mother carryanguutation of the mtDNA transmit
this mutation to all of her children, but only datgys transmit, in turn, to their progeny
(matrilineal inheritance). Differently from nuclegenes, that are present in humans
only in two copies (the maternal and paternal @)lethere are hundreds of mtDNA

molecules within each cell.
Mitochondria are also the center where cell lifel aleath is regulated. They are the

main target of aging processes; they tend to aclaiendeletions and point mutations,

which lead to a change in mitochondrial morpholagg functionality. Aging, together

11



1. INTRODUCTION

with loss of efficiency of mitochondria, compromigeergy production and, often, lead
to tissue death.

During aging processes or as a result of specifigsiplogical signals, a series of
processes, which involve structural modificatiorfsnatochondrial membranes, are
activated.

The apoptotic signals determine transition of niitwwdrial permeability; the formation
of pores in the IMM causes a reduction of the memérpotential and mitochondrial
swelling. The signals can also cause increasedqabifity of the OMM, releasing an
apoptosis trigger factor, the Cytochrome C, whiekges from the mitochondria to the
cytosol, and sets in motion proteolytic eventsedf death?.

Since the mitochondria are present in all tissoggchondrial diseases can affect any
organ of the body, but they mainly affect muscld arain, because a bigger number of
mitochondria are usually found in those tissues ¢ their increased demand of

energy.

1.2 Mitochondrial transport systems

The high degree of impermeability, that charace=izthe inner mitochondrial
membrane, only allows some uncharged moleculed) ascQ and CQ, to diffuse
passively through it. However, numerous metaboliocesses take place in the
mitochondria and in the cytosol, because of thieiht enzyme compartmentalization.
Thus, the internalization of metabolites producetside of the mitochondria and the
export in the cytosol of other metabolic interméesa that are formed in the
mitochondrial matrix is necessary. Among the melitgsothat migrate from the cytosol
to the mitochondrial matrix we find: ADP and phoafh involved in oxidative
phosphorylation; substrates involved in the cia@d cycle, in thed-oxidation, in the
biosynthesis of RNA and mitochondrial protein; cggyrphyrinogen and iron, essential
for the synthesis of heme, donors of functionalugs (S-adenosylmethionine and
folate) and co-enzymes (NADFAD, TPP and CoA-SH). On the other hand, ATP,
citrate, malate, PLP3-aminolevulinate and citrulline need to be exported of the

mitochondria.

Since all these metabolites need to migrate adressnner mitochondrial membrane,

the presence of a variety of transmembrane prqoteaiked transporters aarriers, is
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required, and those proteins constitute a supelfamown asMitochondrial Carrier
Family (MCF) or SLC25(Solute Carrier 25)family*®!.

Numerous studies have been conducted on intacthaitamria, which allowed proving
the existence of these carrier proteins. The ingpae of these proteins was clearly
evident from the observation that the IMM possessesotein fraction of about 76%,
by far higher than the protein fraction of otheslbgical membrane€. The majority of

these proteins are mitochondrealrriers.

In humans, the 53 members of the MCF, known asamdtodrial carriers (MCs), are
encoded by nuclear genes equally distributed intnobsomosomes®. Different
isoforms of many mitochondrial carriers exist, soofi@vhich are encoded by separate
genes, while others are variants derived by altemasplicing the same gene; one
example is the Phosphate carrier (PiC), respandin the transport of phosphate,
which is present in 2 isoforms derived by the SL&25ene®.

The MCs are found in all eukaryotic organisms, bothcellular and multicellular.
Their expression levels vary significantly; some aynthesized in virtually all tissues,
while others are tissue-specific. The limited dmttion of the latter reflects the
implication in particular function§" *%. Often, different isoforms of the same carrier
have specific tissue distributiosince all MCs are nucleus-encoded proteins, their
cytosolic biosynthesis is followed by their trangpdo the inner mitochondrial

membrane.

The common function otarriers is to provide a link between mitochondria and
cytosol, to respond to the need of cellular metiabul This link is essential, as some
physiological processes require simultaneous paation of intra- and extra-
mitochondrial enzymatic reactions.

In addition to this basic function, some mitochoaldcarriers play an important role in
regulating and maintaining a proper balance betwpbkasphorylation and redox
potentials in cytosol and mitochondrial matrix. Mover, some flows control numerous

metabolic pathways.
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The transported substrates vargnificantly in structure and size, from smallet idn
[11.12] to larger charged ones, such as the AP '“. The majority of the transported

substrates are anions; some are cations, otheenoit.

All mitochondrial carriers with known functions hava primary structure with a
tripartite sequence, which contains three homolsegiemains, repeated in tandem, of
about 100 amino acidand a similar molecular mass of about 30-35 kB4 Each
domain, consisting of two hydrophobic regions, whaross the membrane with an
helix structure and that are connected to each theong loops, shows a characteristic

amino acid sequence, highly conser&d

P-h-D / E-X-h-K / R-XK / R- (20-30 aa) -D / E-G- @A) -a-K / R-G,

h = hydrophobic aa; a = aromatic aa; X = any aa.

In the various mitochondriaarriers this sequence is partially modified, in one, two,
even in all three domains.

The typical tripartite structure, the presenceheftivo hydrophobic regions tehelix in
each domain and of the conserved sequence, emehadie membership of those

proteins to the same family.

Most mitochondriakarriers catalyze a reaction of a specific solutes exchaKgestic
studies, obtained by varying the concentrationsath internal and external substrates,
showed, with the exception of the carnitioarrier, that all mitochondriakarriers
analyzed so far agree in the function of a segakentechanism, which implies that the
substrates, one internal and one external, forerrmaty complex with the carrier, so
that the translocation occurs. The carnitoagrier, on the other hand, follows a ping-
pong mechanism which supposes the formation oharpicomplex carrier substrate:
the binding site of the carrier is alternately esgubto the sides of the membrane.

On the basis of the hydropathic profile and immdmresgical and enzymatic data, it has
been proposed a secondary structure model accotaindnich thiscarrier should be
organized in six hydrophobic transmembrane segmemntsbably with ana-helix
structure (Fig. 1.3).
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Studies carried out using specific proteases amauinological studies showed that both
the N-terminal and C-terminal end protrude in tiplasmic side of the membrane.
The three hydrophilic segments, which connect thesimembrane domains in the side
of the matrix, are called "loops" A, B, C. The tlgdrophilic, shorter segments, that
combine the three repeated elements, called ab'apbtrude toward the cytoplasmic
side of the mitochondrial membrane. It is possithlat during the conformational
change that occurs with the transport, one or rrames (A, B, C) can be inserted in the

double layer lipid with a hairpin structufé

Fig 1.3Schematic representation o€arrier protein, with its typical tripartite
structurt

The tertiary structure of these proteins is notl Webwn. This depends on the fact that
these are membrane proteins, consequently hargistatiizable due to their high
hydrophobicity, their tendency to aggregate and thetastable nature.

All this does not allow a structural analysis. &ctf, until now, the only crystallographic
structure obtained with X-ray diffraction is theeoof thecarrier that catalyzes the
transport of ADP/ATP (AAC1) in complex with the baxyatractylosidé™®.

Most of the isolated mitochondriahrriers and probably all the members of the MCF
form homodimers, even though this issue is contiake

The role of homodimers in the transport mechanis® ot been clarified yet; there

could be a formation of a channel between the tvatopners or the presence of two
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identical channels, one for each protomer. If theochondrial carriers worked as

dimers, these structures consist of twelve trandonane segments, such as most of the

carrier proteing*®.

As said before, 53 members wiitochondrialcarriers in human have been identified

and their primary structures have been studiedcandected to a specific transport, by

functional reconstitution of proteins in artificisiembrane systems (liposomes). Such

carriers and their related isoforms are shown in TablE.1For many of them, the

kinetical properties and the variation of theiriates according to pH, membrane

potential, phospholipids and other parameters, whargied in detail.

Human Protein name Predominant Tissue distribution Link to disease Human
gene name substrates gene locus
SLC25A1 CIC (citrate carrier) Citrate, Liver, kidney, 22q11.21

isocitrate, pancreas (also in
malate, PEP brain, lung, heart)
SLC25A2 ORC2 (ornithine Ornithine, Liver, testis, spleen, 5931
carrier 2) citrulline, lysine, lung, pancreas,
arginine, small intestine,
histidine brain, kidney
SLC25A3 PHC (phosphate Phosphate Isoform A: heart, Mitochondrial 12923
carrier) skeletal muscle and | phosphate carrier
diaphragm; isoform deficiency
B: liver, kidney,
brain, thymus, lung,
heart, skeletal
muscle, diaphragm
SLC25A4 ANT1 (adenine ADP, ATP Heart, skeletal AAC1 deficiency, 4935
nucleotide muscle, much less autosomal
translocase-1) in brain, pancreas, dominant
prostate, kidney, progressive
lung, thymus external
ophthalmoplegia
(adPEO)
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SLC25A5 ANT2 (adenine ADP, ATP Brain, lung, kidney, Xq24-
nucleotide pancreas, heart,
translocase-2) skeletal muscle,
spleen
SLC25A6 ANT3 (adenine ADP, ATP Brain, lung, kidney, Xp22.32,
nucleotide liver, pancreas, Yp11.3
translocase-3) heart, skeletal
muscle, spleen,
thymus
SLC25A7 UCP1 (uncoupling H+ Brown adipose (obesity) 4928-
protein 1) tissue
SLC25A8 UCP2 (uncoupling H+ Lung, kidney, obesity, type 2 11913
protein 2) spleen, heart diabetes,
congenital
hyperinsulinism
SLC25A9 UCP3 (uncoupling H+ Skeletal muscle, (obesity, type Il 11913
protein 3) lung diabetes)
SLC25A10 DIC (dicarboxylate Malate, Liver, kidney, heart, 17925.3
carrier) phosphate, brain, lung,
succinate, pancreas
sulphate,
thiosulphate
SLC25A11 OGC (oxoglutarate | 2-oxoglutarate, Heart, skeletal 17p13.3
carrier) malate muscle, liver,
kidney, brain,
pancreas
SLC25A12 AGC1 Aspartate, Brain, heart, AGC1 deficiency, 2924
(aspartate/glutamat glutamate skeletal muscle, (autism)

e carrier 1)

lung pancreas,
kidney, but not in

liver
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SLC25A13 AGC2 Aspartate, Liver, kidney, Citrullinemia type 7921.3
(aspartate/glutamat glutamate pancreas, heart, Il (CTLN2),
e carrier 2) skeletal muscle, neonatal
brain intrahepatic
cholestasis
(NICCD)
SLC25A14 UCP5 (uncoupling ? Widely expressed, Xq24
protein 5) with highest levels
in brain and testis
SLC25A15 ORC1 (ornithine Ornithine, Liver, pancreas, Hyperornithinemi 13g14.11
carrier 1) citrulline, lysine, lung, testis, small a-
arginine intestine, spleen, hyperammonemi
kidney, brain, heart a-
homocitrullinuria
(HHH) syndrome
SLC25A16 | GDC (Graves'disease ? Liver, kidney, 10g21.3
carrier) thyroid, lung, heart,
skeletal muscle,
brain
SLC25A18 GC2 (glutamate Glutamate Brain, testis, heart, 22911.2
carrier 2) pancreas, kidney,
lung
SLC25A19 DNC Thiamine Brain, testis, lung, Congenital Amish 17925.3
(deoxynucleotide pyrophosphate, kidney, liver, microcephaly
carrier) thiamine spleen, skeletal (MCPHA),
monophosphate, muscle, heart neuropathy with
(deoxy)nucleotid bilateral striatal
es necrosis
SLC25A20 CAC Carnitine, Heart, skeletal Carnitine 3p21.31
(carnitine/acylcarnit acylcarnitine muscle, liver (also acylcarnitine
ine carrier) in lung, kidney, carrier deficiency
brain, pancreas,
lung,placenta)
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SLC25A21 ODC (oxoadipate Oxoadipate, Kidney, gall 14q11.2
carrier) oxoglutarate bladder, colon,
liver, placenta,
testis, lung, spleen,
skeletal muscle,
brain, heart
SLC25A22 GC1 (glutamate Glutamate Pancreas, brain, Early epileptic 11p15.5
carrier 1) liver, testis, spleen, encephalopathy
kidney, heart, lung,
small intestine,
pancreatic b cells
SLC25A23 APC2 ATP-Mg2+, ATP, Kidney, lung, small 19p13.3
ADP, AMP and Pi | intestine, pancreas,
brain, liver, skeletal
muscle, heart
SLC25A24 APC1 ATP-Mg2+, ATP, Testis 1p13.3
ADP, AMP and Pi
SLC25A25 APC3 ? Brain, heart, 9g34.11
skeletal muscle,
liver, small
intestine, lung,
pancreas, testis
SLC25A26 SAMC S-adenosyl- Ubiquitous (testis) 3pl14.1
methionine, S-
adenosyl-
homocysteine
SLC25A27 UCP4 (uncoupling ? Brain 6pl1l.2-
protein 4) ql2
SLC25A28 Mitoferrin 2 (Mfrn2) Fe’* Ubiquitous (heart, 10923-g24
liver, kidney)
SLC25A29 ORNT3 Ornithine, Heart, skeletal 14932.2
acylcarnitine muscle, liver, brain
SLC25A30 UCP6 (KMCP1) ? Kidney 13g14.12
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SLC25A31 AAC4, ANT4A ADP, ATP Testis (spermatogenesis 4928.1
(adenine nucleotide )
carrier 4)
SLC25A32 MFT Folate 8g22.3
SLC25A33 PNC1 (pyrimidine UTP Ubiquitous 1p36.22
nucleotide carrier 1)
SLC25A34 ? 1p36.21
SLC25A35 ? 17p13.1
SLC25A36 PNC2 (pyrimidine Pyrimidine 3923
nucleotide carrier 2) nucleotides
SLC25A37 Mitoferrin 1 (Mfrn1) Fe’* Fetal liver, bone 8p21.2
marrow, spleen,
placenta, liver,
brain
SLC25A38 Glycine Erythroid cells Sideroblastic 3p22.1
anemia
SLC25A39 ? Ubiquitous 17912
SLC25A40 ? Ubiquitous at low 7921.12
levels
SLC25A41 APC4 ATP-Mg/Pi Brain, testis, liver 19p13.3
SLC25A42 CoA, ADP, ATP, Ubiquitous Mitochondrial 19p13.11
dPCoA (adipose tissue) myopathy
SLC25A43 ? Brain, adrenal Xg24
gland, skeletal
muscle
SLC25A44 ? Ubiquitous 1922
SLC25A45 ? Skeletal muscle, 11g13.1
intestine, brain,
testis
SLC25A46 ? Ubiquitous 5g22.1
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SLC25A47 14932.2
SLC25A48 5g31.1
SLC25A49 MTCH1 6pter-
p24.1
SLC25A50 MTCH2 11p11.2
SLC25A51 MCART1 9p13.3-
pl2
SLC25A52 MCART2 18qg12.1
SLC25A53 MCART6 Xq22.2

Table 1.1Schematic representation of the genes codifyingrémsport proteins,
their substrates, tissue distributidime human gene locus and the possible link t
disease$’. The mitochondriatarriers analyzed in this work are marked with

different color.

@]

The mitochondrialcarriers currently known can be divided into electrogenitd a
electroneutral transporters; in particular, thectional characterization of the known
carriers allows us to further divide them into three catégg according to the type of
substratdransported:

« Carriers that catalyze an electrogenic transport such@&BP" / ATP* transporter;
 Carriers that catalyze an electroneutral transport, in witite charges transported
inward are balanced by equal charges outward (sgtmggion/H) or opposite charges
inward (antiporter: anion/OW as the phosphatarrier;

« Carriers that catalyze a neutral transport in which thegpmrted molecule does not

have an electric charge, as in the case of theticernarrier.

1.3 Disorders related to mitochondrial carrier defciency
Since almost all of the known substrates of the Mi@¥mnbers are involved in reaction
sequences that ultimately produce ATP for the edflcient transport is required for

mitochondrial function and cellular survival. Futimore, amino acid mutations caused
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by single nucleotide polymorphisms in MCF protdiase been documented in humans
and are linked to clinical disead®s

The diseases caused by deficiencies of mitochdnilaiasport proteins are metabolic
disorders caused by mutations in genes that erfoodieem, and they are transmitted as
autosomal recessive, with the exception of Progres&xternal Ophthalmology
(adPEO), inherited as autosomal dominant.

Diseases related to mitochondalriers can be divided into two groufg":

* Diseases with a genetic defect of mitochondratiers, whose function is linked to
the oxidative phosphorylation;

* Diseases due to the alteration of mitochonddakfion of thosecarriers that are not
involved in oxidative phosphorylation but determiaga alteration of physiological
concentrations of important intermediates of sonetabolic pathways. The symptoms
in this case depend on the metabolic pathway aadygpe of affected tissue (tissue
distribution of thecarrier).

The dysfunction of oxidative phosphorylation is daghe ADP/ATPcarrier and to the
Pi carrier, which transport ADP and Pi, used by the complé&fAsynthase for the
production of ATP, in the mitochondrial matrix.

In the first group we find:

* Sengers’ syndrome,

« AACI1 deficiency,

« PIC deficiency

* Progressive External Ophthalmology (adPEO).
The symptoms of the diseases related to these glfiests are caused by insufficient
production of ATP, especially in those tissues whénese carriers are strongly
expressed and where is present a high activithebkidative phosphorylation.
In this group of diseases is also included PEOn ¢keugh the heterozygous mutation
of isoform 1 of the carrier of' ADP/ATP does noadeto a direct action on the energy

dysfunction, but it contributes to the mitochontB&IA instability 2%
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The known diseases of the second group are:

* CAC deficiency,

e HHH syndrome,

* ACG2 deficiency,

* Microcephaly of the Amish population

+ Neonatal myoclonic epileps3’.
Other carriers may be jointly responsible for dsgesa but the mechanisms have not
been clarified yet. For example, the carrier ofaté (CIC), encoded by the SLC25A1
gene seems to be involved in DiGeorge Syndrome (D&f8 the veil-craniofacial
syndrome (VCFSY.

Disorder Gene Carrier Substrates
AAC1 deficiency SLC25A4 AAC1 ADP/ATP
Sengers' syndrome ? AAC1 ADP/ATP
PiC deficiency SLC25A3 PiC Phosphate
adPEO SLC25A4 AAC1 ADP/ATP
CAC deficiency SLC25A20 CAC Carnitine/acylcarnitines
HHH syndrome SLC25A15 ORC1 Ornithine/citrulline
NICCD/CTLN2 SLC25A13 AGC2 Aspartate/glutamate
Amish microcephaly SLC25A19 TPC Thiamine pyrophosphate
Neonatal myoclonic epilepsy SLC25A22 GC1 Glutamate
Congenital sideroblasticanemia | SLC25A38 Glycine

Table 1.2Diseases associated with mitochondrial carriers
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2. MATERIALS AND METHODS

2.1 Construction of Expression Plasmids
The coding sequence of the selected proteins (y#aBt25 and humarSLC25A380or
the glycine carrier; dPCoAC-A and dPCoAC-B the two isoforms of theD.
melanogastegene GC4241; thB. taurusOGC) were cloned into expression vectors,
respectively into pET21b, pPRUN and pMW?7 vectorsdgpression irkE. coli, and into
the yeast pYES2 expression vectdE(M25and SLC25A38 - dPCoAC-anddPCoAC-
B).

Transformants selected on LB plates containing eiftipi (100 ug/ml) were screened
by direct colony PCR and by restriction digestidrihe purified plasmid DNA?Y and
verified by DNA sequencing.

2.1.1 Expression Plasmids for Glycine Carrier

The HEM25 open reading frame was amplified frogh cerevisiaegenomic
DNA by PCR, using primers corresponding to the emities of the coding
sequences with additionildd andHindlll sites.

The coding sequence of the hunfalhC25A38gene was obtained by RT-PCR
reaction, using total RNA extracted from HepG2<sals templaté? %! and the
primers with additionaNdd and Hindlll sites. The amplified products were
cloned into theNdd-Hindlll sites of the expression vector pET21b that hadn
previously modified by cloning intblindlll- Xhd sites a cDNA sequence coding

for a V5 epitope followed by six histidin&4.

The HEM25pYES2 and SLC25A3&YES2 plasmids were constructed by
cloning the coding sequences WEM25 and SLC25A38 respectively, into the
yeast pYES2 expression vector. In order to creaeeHEM25pYES2, the
HEM25 cDNA was amplified by PCR using tH¢EM25pET21b construct as
template. The forward and reverse primers carBadH| and Xhad restriction
sites, respectively, as linkers. The reverse priatgw carried a cDNA sequence
coding for a V5 epitope. Similarly, to generate 816C25A38YES2 construct,
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the coding sequence @LC25A38was obtained by PCR usingLC25A38
PET21b as template and the primers with additi@zaiH| and Xhd sites. The
pPET21b and pYES2 vectors, prepared as above, wameformed intde. coli
DH5q cells.

2.1.2 Expression Plasmids for dPCo/&arriers

The first isoform, dPCoAC-A, corresponded to a 1@@8open reading frame
(RefSeq accession no.NM_206522) and encoded aimprofe365 residues
(RefSeq accession no. NP_650891). The second &@AIC-B, corresponded
to an 873 bp open reading frame (RefSeq accessmorNM_169901) and
encoded a protein of 290 residues (RefSeq accessioMNP_732519). Both
splicing isoforms were amplified by PCR, using ae@dn-R adult fies cDNA
as template and two primers (sense and antiseasgjng suitable restriction
sites at their Sends for the further cloning of the amplified irisan theE. coli
and S. cerevisiaeexpression vectors, pRUK® and pYES2 (Invitrogen™),
respectively. We introduced the R103S mutation the wild-type dPCoAC-A
cDNA by overlap-extension PCR.

2.1.3 Expression Plasmids for OGCCarrier and site direct
mutagenesis

The coding region for BtOGC was amplified by polyase chain reaction
(PCR) method from bovine heart cDNAK’. The forward and reverse
oligonucleotide primers corresponded to the extiiesiiof the coding sequence
for OGC withNdd andHindlll sites. The WT OGC cDNA was employed as a
template to replace lysine 122 by arginine. K12ZRNA was employed as a
template to construct triple mutants having a @nglysteine residue:
K122R/C184, K122R/C221 and K122R/C224. As the WTCO¢ntains three
native cysteines (in position 184, 221 and 224K122R/C184 cDNA cysteines
located in position 221 and 224, in K122R/C221 cDbiAsteines 184 and 224
and in K122R/C224 cDNA cysteines 184 and 221 wepdaced by serines,
respectively. Further mutants, named C184, C221G2##, each containing a
single cysteine residue (184, 221 and 224, respdyg}j were constructed in the
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WT OGC background, as previously descriffd®. All of the mutations were
introduced in the WT or in the K122R OGC cDNA byethverlap extension
PCR method®®, using oligonucleotides with appropriate mutatidnstheir

sequences. The PCR products were cloned into fression vector pMW7 and

transformed intd. coli TG1 cells.

2.2 Bacterial expression and purification of recomimant proteins
All the cloned expression vectors were overexpiésseinclusion bodies in the cytosol
of E. coli cells, BL21(DE3) for Hem25p and GlyC, C0214(DE®) dPCoAC-A,
R103S dPCoAC-A mutant, dPCoAC-B and the OGC mutants
A colony was inoculated into growth medium contaghampicillin (100 pg/ml) and the
culture was grown at 37 °C for 4-5 h, or until thgtical density of the culture at 600
nm was 0.7-1.0. Then isopropgdb-thiogalactopyranoside was added to a final
concentration of 0.4 mM to induce the expressiothefcarrier proteins, and incubation
was continued for a further 4 to 5 hotif Control cultures with the empty vector were
processed in parallel. The cells were harvesteccéntrifugation, and used for the
preparation of inclusion bodies. Cells were resndpd in TE buffer disrupted using
either a French Press or a Sonicator, and themifcgyed at 4°C at 27000 g for 15 min.
The pellet was resuspended in a smaller volumbetame buffer and fractionated by
centrifugation at 131000 g for 4.5 h at 4°C, thioagstep gradient made of 40 %, 53 %
and 70 % (w/v) solutions of sucrose (sucrose dgngiadient)®. Inclusion bodies
were collected, washed at 4°C with TE buffer (10 MNHCI, 1 mM EDTA, at the
appropriate pH), and finally resuspended in theeshuffer.
Hem25p and GlyC proteins were solubilized in 2%vjwsarkosyl and purified by

centrifugation and Ni'NTAagarose affinity chromatography, as describegvipusly
[33]

2.3 Reconstitution of recombinant proteins into lipsomes and transport
measurements

The recombinant proteins were solubilized in Sayk®s (N-dodecanoyl-N-

methylglycine sodium salt) and then reconstitutegd liposomes by cyclic removal of
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the detergent with a hydrophobic column of Amberliteads (Bio-Rad¥” in the
presence or absence of substr&tés

After vortexing, this mixture was recycled 13 tintesough the Amberlite column (4.0
x 0.5 cm). All operations were performed at 4 °Qecept the passages through
Amberlite, which were carried out at room tempematu

External substrate was removed from proteoliposamneSephadex G-75 columns, pre-
equilibrated with 50 mM NaCl/10 mM HEPES at pH Ttér Hem25p and GlyC) or
PIPES at pH 7 (for dPCoACs and OGE),

The first 600ul of turbid eluate from the Sephadex G- 75 colunerencollected, and
100 ul were transferred to reaction vessels and usettdasport measurements by the
“inhibitor stop method?*?*: 343!

Transport at 25°C was started by adding, at thecateld concentrations, respectively,
L- [*C] glycine, f*C] ADP, 2-oxo [1!“C] glutarate or other indicated labeled
compounds, to substrate-loaded proteoliposomes héexe) or to empty
proteoliposomes (uniport).

Transport was terminated by adding PLP (pyridoxaHosphate) and BAT
(bathophenanthroline), which, in combination anchigh concentrations, completely
inhibit the activity of several mitochondrial cams **. Each sample was run in
duplicate. Finally, the external substrate was nddyy a Sephadex G-75 column, the
proteoliposomes were eluted with 50 mM NacCl, caélddn a scintillation mixture and
the accumulation of radioactive substrate in tipwdomes was measured by liquid
scintillation (Fig. 2.1)** *® The experimental values were corrected by sulitigic

control values.
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fosfolipid
protein

substrate
detergent

mixed micelles

absorption in the
Deteraent removal columns of
hydrophobic
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exchanage reaction

removal of the molecular exclusion
external substrate chromatography
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Fig. 2.1Formation of proteoliposomes and determinatiorragport.

28



2. MATERIALS AND METHODS

The reconstitution mixture for each group of pnogetontained:
 Hem25p and GlyC
100ul of purified proteins (0.5-1ig of protein)
90 pl of 10% (w/v) Triton X-114
90 ul of 10% (w/v) Lu-phosphatidylcholine from egg yolk (Sigma-Aldrictgs
sonicated liposomes
10 mM glycine (except where otherwise indicated)
20 mM HEPES at pH 7.5 (except where otherwise atdit)
water to a final volume of 70d.
* dPCo0AC-A, R103S dPCoAC-A mutant, dPCoAC-B
55 ul of purified proteins (1@ug of protein)
70 ul of 10% (w/v) Triton X-114
90 ul of 10% (w/v) L-u-phosphatidylcholine from egg yolk (Sigma-Aldrictgs
sonicated liposomes
10 mM ADP (except where otherwise indicated)
20 mM PIPES at pH 7 (except where otherwise indtat
0.4 mg of cardiolipin (Sigma-Aldrich)
water to a final volume of 70a.
* OGC and mutants
100ul of purified proteins
98 ul of 10% (w/v) Triton X-114
90 ul of 10% (w/v) L-u-phosphatidylcholine from egg yolk (Sigma-Aldrictgs
sonicated liposomes
20 mM oxoglutarate (except where otherwise indatate
20 mM PIPES at pH 7.0 (except where otherwise atdit)
2.3 mg/ml asolectin from soybean

water to a final volume of 70a.

The initial transport rate was calculated from thadioactivity taken up by

proteoliposomes after 1or 2 min (in the initialdar range of substrate uptake).

For efflux measurements, proteoliposomes contai@ingVl substrate were loaded with

5 uM of labeled substrate, by carrier-mediated exchayilibration®”. After 30 min,

the external radioactivity was removed by passihg proteoliposomes through
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Sephadex G-75. Efflux was started by adding un&belxternal substrate or NaCl to
aliquots of proteoliposomes and terminated by agithe inhibitors indicated above.

In the OGC experiments, the influence of severtihgdryl reagents such as mersalyl,
pCMBS, MTSEA, MTSES and MTSET, was investigated emgle-cysteine
replacement mutants through transport assays. dipmisomes were pre-incubated at
25 °C in the presence or absence of each sulfhyeagent at the desired concentration
for 2 min (mersalyl or pCMBS}Y or for 10min (MTSEA, MTSES or MTSET§® *"
381 After removal of unbound reagent by Sephadex @kHtBmatography, transport was
started by adding 0.3 mM 2-oxofi€]glutarate and stopped after 30, The
influence of substrate on the inhibition of some®@utants by MTSEA was tested by
pre-incubating proteoliposomes, preloaded with 2M rA-oxoglutarate, with this
sulfhydryl reagent and its concentration was choserder to obtain only partial
(approximately 50%) transport inhibition. After rewal of unbound reagent and
external substrate by Sephadex G-75 chromatograpdrysport was initiated by the
addition of 1 mM 2-oxo[1-14C]glutarate and termethifter 30 s.

2.4 Overexpression inSaccharomyces cerevisiae of recombinant proteins
and mitochondrial isolation

The resulting yeast expression plasmids were intted in the deleted strain, and
trasformants were selected on SC agar plates with@acil, supplemented with 2%
(w/v) glucose. A colony was precultured on SC medwithout uracil supplemented
with 2% (w/v) glucose for 14-16 h, diluted to adirODsoo = 0.05 in YP supplemented
with 3% (w/v) glycerol and 0.1% (w/v) glucose anawgn to early-exponential phase.
Galactose (0.4% w/v) was added 4 h before hangstininduce recombinant protein
overexpression.

Cells were pelleted by centrifugation at 3Q0@r 5 min at room temperature and
washed with distilled water. Subsequently, theyemasuspended in 2 ml/g of cells
(viw) DTE buffer (100 mM Tris—p50,, pH 9.4, 10 mM 1,4-Dithioerythritol) and

shaken slowly for 10 min at 30°C. After incubatiaith DTE buffer, the cells were

centrifuged again at 3000g for 5 min and then wasti¢éh sorbitol 1.2M.

The pellet was suspended with zymolyase buffer {.8orbitol, 20 mM potassium
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phosphate, pH 7.4) and then incubated with thetiaddof 4 mg/g (w/w) Zymolyase-
20T (Seikagaku Kogyo Co.) for 30-60 min at 30°Cotuiain spheroplasts. Cells were
then washed again with sorbitol 1.2M.

Cells were homogenized by 50 strokes in a gladsntgbtter in 14 ml/g (v/w) ice-cold
homogenization buffer (0.6 M sorbitol, 10 mM TrisSKH pH 7.4, 1 mM PMSF, 0.2%
BSA).

Cell debris and nuclei in the homogenate were readdy centrifugation at 3000gr 5
min at 4°C. The supernatant was collected anttibeyed twice at 12,00pfor 15 min

at 4°C in order to recover the mitochondrial fratiwhich was resuspended in ST
buffer (0.25 M Sucrose, 10 mM Tris—HCI, pH“4A) 441

After protein quantification, mitochondria were r&td at —80 °C until use.

Mitochondria were solubilized in a buffer contaigiB% (w/v) Triton X-100, 20 mM
NaCl, 10 mM HEPES pH 7.5 or PIPES p7 and suppleedenith cardiolipin. After
incubation for 20 min at 4°C, the mixture was aéinged at 8000 xg for 20 min
thereby obtaining a supernatant, referred to asamdndrial extract. The mitochondrial

extract was reconstituted by cyclic removal of dggat™?,

2.5 Subcellular localization of recombinant proteirs

Indirect immunofluorescence experiments were cario@it according to Pringle’s
procedure with some modificatiof$' **. Cells were grown in glycerol supplemented
YP medium until early logarithmic phase, and theression of recombinant proteins
was induced adding 0.4% (w/v) galactose for 4 BOAC. Then, formaldehyde solution
was added directly to the cells in growth mediuna fdnal concentration of 3.7% (w/v).
After 1 h at 30°C, the cells were pelleted by a@rgation at 1301 xy for 5 min at room
temperature and resuspended in phosphate-buffenedopmaldehyde containing 100
mM potassium phosphate, pH 6.5, 1 mM MgCI2 and 3(W¥) paraformaldehyde.
After 16 h at 30°C, the cells were washed withiltkst water and then incubated for 10
min at 30°C in 1 ml solution containing 200 mM THEI, pH 8.0, 1 mM EDTA and
1% (v/v) B-mercaptoethanol. The pellet was resuspended ihZymmolyase buffer (1.2
M sorbitol, 20 mM potassium phosphate, 1 mM MgQi® 7.4). Zymolyase-20T
(Seikagaku Kogyo Co., Japan) (5 mg/g of cell, weadight) was added and the
suspension was incubated for 30-60 min at 30°C gathtle shaking for conversion into

31



2. MATERIALS AND METHODS

spheroplasts. After digestion, cells were spinnedrdat 1301 xg and washed once
with 1.2 M sorbitol, then resuspended gently arailrated for 2 min in 1.2 M sorbitol
and 2% (w/v) SDS. Cells were washed twice withM.&orbitol.

Spheroplasts (2@l) were incubated for 1 h at 30°C in the presentel@ nM
MitoTracker Red, 32 nM FM 4-64 DyeN{(3-Triethylammoniumpropyl)-4-(6-
(4(Diethylamino) Phenyl) Hexatrienyl) Pyridinium omide) or 1ug/ml DAPI (4',6-
Diamidino-2 -Phenylindole, Dihydrochloride) (Moldau Probes, The Netherlands),
washed twice with PBS containing 5 mg/ml BSA (PBSAB before adding a primary
antibody against V5 (ug/ml in PBS-BSA) and incubated for 1 h at 30°C.eAft
washing twice for 5 min with PBS-BSA, the secondantibody anti-mouse FITC
conjugate (Santa Cruz Biotechnology, Inc., CA, USWs added at 1:100 dilution in
PBS-BSA for 1 h at 30°C. In the final step, thearslips were washed three times in
PBS-BSA and the cells were observed by a confasarlscanning microscope (LSM
700, Zeiss, http://www.zeiss.com/). Observationsewerformed as described!f.

2.6 Sample preparation for yeast metabolite analysi
A previous procedure for preparation of yeast kysthtes described by Villas-Béas was
used®®. Yeast cultures were grown overnight shaking inni&lia supplemented with
2% (w/v) glucose at 30°C to Qg = 3.5 and then were quenched by quickly adding 10
ml of overnight cultures to 40 ml of chilled metlo&mvater solution (60% v/v). Cells
were harvested for 5 min at 1540gx0°C) and the pellets were resuspended in 3 ml
chilled 100% (v/v) methanol. A 1ml aliquot of treaspension was snap frozen in liquid
nitrogen, thawed in an ice-bath and centrifuged7& x g for 20 min (0°C). The
supernatant was collected and an additional 0.6frohilled 100% (v/v) methanol was
added to the pellet and vortexed for 30 secondspé&hsions were centrifuged at 770 x
g for 20 min (0°C) and both supernatants were podiéetabolite extractions were
carried out on yeast mitochondria isolated fromdviyipe,hem22 andHEM25pYES2
cells. Yeast mitochondria were obtained as destri®ve.
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2.7 Glycine and ALA analysis by gas chromatographyoupled to tandem
mass spectrometry (GC-MS/M$

Yeast lysates anchitochondria obtained from wild-typaem22 and HEM25pYES2
cells were centrifuged, artle supernatant was transferred into a glass maleucine
(Sigma-Aldrich, Italy) was added asternal standard (10l of an 80 ngil norleucine
solution) and freeze dried® *". The residuavas reconstituted with 200l of DMF
(N,N-dimethylformamide) (VWR International PBI S.r.l., ltaly) and 50ul of
MTBSTFA (N-tertbutyldimethylsilyl- N-methyltrifluoroacetamide)(Sigma-Aldrich,
ltaly) ¥, Derivatization withMTBSTFA was performed at 60°C for 30 min. ribt
otherwise indicated, samples were placed tbe GC-MS/MS autosampler tray
immediatelyafter preparation. After cooling the solutioma@adm temperature for 5 min,
1 ul of the solutiorwas injected into the GC-MS/MS. Samples wene on a GC-QQqQ-
MS (Bruker 456 gashromatograph coupled to a triple quadrupolgss spectrometer
Bruker Scion TQ) equippedith an autosampler (GC PAL, CTC Analytids5). 1 ul of
the sample was injected in spfitode (split ratio 5:1). The GC was operated at a
constant flow of 1.2 mL/min and analytes weseparated on a Restek Rxi 5Sil MS
capillary column (30 m with a 10 m “built-in” guardolumn, inner diameter 250m
and filmthickness 0.2um). The oven was kept at 130f@ 2 min after injection, then
a temperaturggradient of 5°C/min was employed until 220°C waacteed and of
10°C/min up to 300°C. The oven was then held af@d0r 10 min. The total run time
was 38 min. The mass detector was operated at 7ihdlle electron impact (EI)
ionization mode. The ion source and transfer leragerature were 200°C and 280°C,
respectively. The collision gas was argon. For bst#® and Gly quantification, an
MS/MS procedure was employed in Multiple Reactioanioring (MRM) mode using
argon 99.999% (w/v) (Sapio BIC) as collision gasairessure of 1.5147 mbar in the
collision cell. To ensure a reliable identificatioh analytes, two MS/MS transitions
were selected within + 0.2 min of the compoundgeméon time. Product ion
abundance was maximized by optimal collision energjage. The dwell time per
transition was 0.1 s. For identity confirmation lbdthe match in retention time and the
confirmation ratio (Q/qi), i.e. the ratio betwedretintensity of the quantification (Q)
and confirmation (qi) transitions recorded for eaompound, were required to confirm
positive identification in a sample. Bruker MS Wsiktion 8 application manager was

used to process the data. Method validation includktermination of linear range, limit
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of detection (LOD), limit of quantification (LOQJecovery, and repeatability (Table 1
gives an overview of the relevant data). Linearigs evaluated by least-squares
regression and expressed as r2. The calibratiovecwas linear in the investigated
range of six concentration levels (0.04, 0.1, 0.2, 0.7, and 1.0 ngl). LOQ and LOD
were estimated, respectively, from the calibratarve as the concentration for which
there is a 5% chance of having a false-positivetaadconcentration for which there is
a coefficient of variation on the expected valussléhan 10%. Experiments to evaluate
surrogate or marginal recovery were performed wiamples spiked with 100 ng Gly
and ALA: the average recoveries were calculatedivn different experiments. The
repeatability of the present method was estimateohd the entire analytical procedure
(sample pretreatment, derivatization, and GC/MSMspasation) using standard
solutions (0.4 ngd ALA; 0.1 ngiul Gly). The intraday and interday precision values,
expressed in terms of relative standard deviatR®BLY), were assessed by performing
an analysis three times on the same day and byuctind the analysis on five different

days in one month, respectively.

2.8 Determination of mitochondrial heme and cytochome content
Mitochondria werdsolated from wild-typehem22, HEM25 pYES2 andSLC25A38
PYES2 cells andsolubilized in 1% (w/v) Triton-X100. Heme waguantified by
spectrophotometry according to timethod of Drabkin with some modificatio. To
determine fluorescence spectra of heswgyal amounts of mitochondrial protein were
mixed with 2 mol/L oxalic acid, heated to 95%f@r 30 minutes to release iron from
heme andyenerate protoporphyrin IX. Samples were thentrifuged for 10 minutes at
1000 g at 4°C toremove debris. The fluorescence intensity of shipernatant was
measured with a JASCO FP 7#dorimeter (Jasco Corporation, Japan). Eieitation
wavelength was 405 nm and emissiwas measured at 600 nm. The 662 nm emission
peak has lower fluorescence than the peak ah@ut also has other interfererite
Determination of the contents oftochromesa3, b-type @Il + bH + bL) andctype (c
+ cl) in isolated mitochondria was carriedt in 1 ml of respiratory buffer (300 mM
sucrose, 1 mM EDTA, 5 mM Mops, 10 mKH,PO,, 2 mM MgCh, 0.1% (w/v) BSA
and 5mM succinate, pH 7.4°%. Individual fully reduced (with excess sodium
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dithionite) or fully oxidized (with excess ferrycianide) absorbarggectra were
recorded between 500 and 650 rand the concentration of each type of cytochrome
was determined from the difference (reducedoxidizgpectrum at the maximum
absorptiornvalue for each one, normalized by @idesorbance of the respective isosbestic
point. Values were calculated by the Beer-Lambert lasvdescribed previousf, and

expressedelative to protein concentration.

2.9 Mitochondrial respiration efficiency
Mitochondrial respiration (0.2 mg of mitochondriptotein/ml) was measured in a
medium consisting of 300 mM sucrose, 1 mM EDTA, 8 idops, 10 mM KHBPQ,, 2
mM MgCl,, 0.1% (w/v) BSA and 5 mM succinate, pH 7.4, by neeaf a Clark oxygen
electrode at 30°C. After 2 mistate 3respiration was induced by the addition of 0.2
mM ADP. The rate of oxygen uptake by yeast mitochian(V) was expressed as nmol
0, x mI* x minY/mg protein. The RCR was calculated by dividing (¥&e of oxygen
uptake measured in the presence of respiratorytraids + ADP, i.e., state 3 of
respiration or active state of respiration) by Vvdt¢ of oxygen uptake measured with
respiratory substrates alone, istate 4of respiration or resting state of respiratiGf)
The enzymatic bcl complex activity was determingdnieasuring the reduction of

oxidized cytochrome at 550 nm as described previousH:

2.10 Comparative modelling and docking investigatias
Computational approaches for protein function itigesions'® have been employed
to investigate the function of the analyzed praein
Modeller®! was used to calculate a 3D comparative motlelPCoAC-A and BtOGC
by using as template the structure of the bovineCAAprotein data bank accession
code: 1okc), crystallized in complex witts powerful inhibitor carboxyatractyloside
(CATR) M8 The structuralproperties of the dPCoAC-A and SLC25A11 _OGC
comparative models with the best enerfiynction were evaluated using the
biochemical/computational tools tife WHAT IF Web server®. Q-site FindeP” was
used to predicthe potential binding sites of dPCoAC-A best mod&br docking
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analysis,CoA and dPCoA ligands were docked into the propdseding sites of
dPCoAC-A by using Autodock 1.5.5%.

2.10.1 Comparative modelling and docking investigadns of
dPCoAC

A multiple sequence alignment (MSA) between dPCoR@nd dPCoAC-B
proteins and their putative orthologs from H. sapi@nd S.cerevisiae was
obtained by using Clustalf’. The sequence of crystallizédvine ADP/ATP
carrier (AAC1)"® was introduced in the alignmeintorder to use the secondary
structure of the bovine AAC1 taeigh gap insertion§®. The characterizing
triplet set of dPCoACsvas obtained by aligning the three repeats of the
analyzed mitochondriakarriers, building an inter-repeat multiple sequenc
alignment (MSAY®?.

2.10.2 Comparative modelling and docking investigains of BtOGC
mutants

By using the obtained 3D model of BtOGC as a protemplate, mutagenesis in
silico analysis was also performed to build thegggrOGC mutant K122R, and
the triple mutants (K122R/C184, K122R/C221 and KRZ224), in order to
investigate the role played by K122R in 2-oxoglatartranslocation and, more
in general, the influence of cysteine residues-wox@glutarate uptake. Due to
the availability of in vitro transport assays ir tbresence or absence of cysteine
specific reagents MTSEA was added to cysteine wesicdbf 3D models (WT
OGC and triple mutants) in order to explain restribsn transport assays in the
context of a 3D protein model. More in detail, MTSas alternatively added
to the cysteine residues within the triple mutaki22R/ C184, K122R/C221
and K122R/C224. For docking analysis the 2-oxoghiealigand was docked
into the proposed binding site of our 3D modelsxgshutodock 1.5.2%81. A
gridbox involving the residues protruding towartle WT OGC and the triple
mutants carrier cavity from the c-gate to the nmegaurrounding residues that
form the MCs common substrate binding $ite®? and overlapping with the

18]

carboxyatractyloside binding region described i ¢hystallized AAC1'® was

built to investigate the binding of 2-oxoglutaraebstrate to OGC. Docking
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54 “in order to

simulations were performed according to validateotqrols
screen the putative binding modes of 2 oxoglutagaténis region in the WT
OGC 3D model and in the analysed triple mutanthépresence or absence of

MTSEA.

2.11 Molecular evolution analysis
14 eukaryotic model organisms for which whole gea@®aquences were available were
selected, i.e. two yeast speci&ag¢charomyces cerevisiamnd Schizosaccharomyces
pomb@, two plant speciesAfabidopsis thalianaandZea mai$, two nematode species
(Caenorhabditis eleganand Caenorhabditis briggsgetwo insect specieDfosophila
melanogasteiand Anopheles gambidetwo fish speciesOanio rerio and Tetraodon
nigroviridis), two amphibian specieXénopus laeviand Xenopus tropicalls and two
mammalian speciesvius musculusnd Homo sapiens The human protein sequence
encoded by the SLC25A42 gene was queried agaiasidh-redundant reference RNA
sequence database using the tblastn version imptechein the NCBI website
(https://blast.ncbi.nlm.nih.gov/). The obtained nseripts were filtered for e-value
<10-40 and coverageB0%, and only one protein isoform per gene, i.e.ltimgest one,
was retained for subsequent analyses. The 65 hgoudoproteins collected were
multi-aligned with ClustalW®®. N- and C-termini sequences were removed from
multiple sequence alignment (MSA) and 6 MSA blo¢ksS5 alignment columns) were
retained for the following evolutionary analyses)ce they correspond to the most
informative mitochondrial carrier amino acifis®Y. After having used MEGA&*! to
find the best amino acid substitution model for tm@ximum likelihood (ML) analysis,
a phylogenetic tree was built in PhyMi?, using the LG substitution model with four
substitution rate categories. The tree branch suppas tested in PhyML using two
methods, i.e. aBayé¥! and 100 bootstrap samplings.
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3. CHARACTERIZATION OF THE
MITOCHONDRIAL GLYCINE
CARRIER

3.1 INTRODUCTION

Glycine carrier and associated diseases

The human glycinearrier (human SLC25A38) is a nuclear encoded protein |iloezh

in the inner mitochondrial membrane. Tkerrier belongs to the mitochondrial carrier
family, and, similarly to all SLC25A family membersnediates the exchange of
metabolites across the inner mitochondrial membrand possesses a tripartite
structure, typical of the mitochondrial inner meane transporter family, consisting of
three tandemly repeated sequences of approxima@dyamino acids length’. The
gene, mapped on chromosome 3.p22.1, has a lendthkbf presents 7 exons coding
for a protein of 303 amino acids and about 33KBa

SLC25A38 is highly and preferentially expressed tiansferrin receptor (CD71)
positive erythroid cells. Mutations in SLC25A38 sawcongenital sideroblastic anemia
671 As its name indicates, this disease is charaetriby severe anemia with
hypochromia, microcytosis and ringed sideroblasthe bone marrow, formed by iron-
loaded mitochondria clustered around the erythstblaucleus®®. Patients are
nonsyndromic and present no developmental anomalies

Unlike the acquired sideroblastic anemia, whichuos@fter exposure to certain drugs
or alcohol and with copper deficien, congenital sideroblastic anemia (CSA) is a
rare and heterogeneous disease caused by mutaifogenes involved in heme
biosynthesis, iron-sulfur (Fe-S) cluster biogenesis Fe-S cluster transport and
mitochondrial metabolism. The definition of thissedase at molecular level has
provided insight into cellular pathways associatétth dysfunctional mitochondrial iron
metabolism®?.

X-linked sideroblastic anemia (XLSA) is a form odmsyndromic CSA caused by a

defect of thed-aminolevulinate synthase ZAIAS3 gene, which encodes the first
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mitochondrial enzyme of heme biosynthesis in enjthcells’”. The ALAS2 catalyzes
the condensation into mitochondria of glycine watlccinyl-coenzyme A to yield-
aminolevulinic acid (ALA), and requires pyridoxat@hosphate (PLP; vitamin B6) as
cofactor ", Following its synthesis, ALA is exported to thgtasol where it is
converted to coproporphyrinogen Il (CPgenlll). Alie remaining steps of heme
biosynthesis take place inside mitochondria. CHgemd imported into the
mitochondrial intermembrane space where it is cdedeto protoporphyrinogen IX by
coproporphyrinogen oxidase. Then, protoporphyrimogéX is oxidized to
protoporphyrin IX (PPIX) by protoporphyrinogen oa&gk. Lastly, ferrous iron is
incorporated into PPIX to form heme in the mitoctial matrix, a reaction catalyzed
by ferrochelatase (Fig 3.1f. While all the enzymatic steps leading to the prtithn
of heme are well characterized, it is still not @detely understood how ALA, CPgenlll

and heme and glycine are transported across thenttechondrial membranes.

Mitochondrion Cytosol
Aminolavilinie Acld
Synth Aminolevulinic Acid
Glycine + Succinyl-CoA e bt
ALAS Aminotevulinic Acid

ALAD Dahydratase

’\,_,(//\" - Porphobilinogen
M,
’ i
Porphobilinogen
rash Deaminase
Hydroxymethylbitane
FECH Ferrochelatase URO3S Uroporphyrinogen il

Synthase

Fe
Protoporphyrin IX

Ursperphyrinogen Il

Uroporphyrinogen

FFO Protoporphyrinogen UROD Decarboxylase

Oxidase

CPO
Protoporphyrinogen IX T —  Coproporphyrinagen il
Copraporphyrinogen
Cuidase

Fig. 3.1 The heme biosynthetic pathway.
Mitochondrial enzymes are depicted in green andsgyic enzymes in red.
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Missense mutations in SLC25A38 gene have been foegehtly, by Guernsey et al, in
patients with severe non-syndromic CSA resemblingSX but lacking ALAS2
mutations. Knocked down zebrafish orthologues ofLZA38 (slc25a38a and
slc25a38b caused an anemic phenotype, showing the impartahthis gene for red
blood cells production and functiéi’.

Furthermore, the genetic deletion of tl&accharomycescerevisiae SLC25A38
orthologueYDL119c(also namedHEM?25 produces a respiratory phenotype (unable to
grow on glycerol), indicative of mitochondrial invement, and shows a significant

reduction of ALA levels, the first product in therhe biosynthetic pathwa3/’.

Based on these findings and on their structuretiodarly because of a conserved
arginine-asparate (RD) dipeptide sequence presenansmembrane helix 4, typical of
amino acidcarriers), SLC25A38 and its yeast orthologue Hem25p wengothesized

to facilitate ALA production by importing glycineato mitochondria or by exchanging
glycine for ALA across the inner mitochondrial mawte. Thus, it would transport one

or two substrates required in the first steps ofi@diosynthesis.
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3.2 RESULTS

3.2.1 Bacterial expression of Hem25p
Hem25p was overexpressed at high levelg&soherichia colBL21 (DE3) as inclusion

bodiesand purified by Ni*-NTA-agarose affinitychromatography (Fig. 3.2A, lanes 4
and 5). Theapparent molecular mass of the purified protwas about 36 kDa. The
protein was notdetected in bacteria harvested immediately befbeeibduction of
expression (Fig. 3.2A, lan2) or in cells harvested after induction Hatking the
coding sequence in the expressiattor (Fig. 3.2A, lane 3). Approximately 90 raf
purified protein was obtained per liter ofilture. The identity of the purified protein
wasconfirmed by Western blot analysis (Fig. 3.28)es 4 and 5).

A

97KDa
66.2kDa

42KkDa

J1kDa

21.5kDa
14.4KkDa

Fig 3.2 Expression in Escherichia coli and purification of Hem25p
Proteins were separated by SDS-PAGE and stainédGaibmassie blue dye (A
or transferred to nitrocellulose and immunodetegtgd an anti-V5 monoclonal

antiserum (B). Lane M, markers (phosphorylase tursealbumin, ovalbumin,
carbonic anhydrase, trypsin inhibitor and lysozyntee)es 1-4E. coliBL21
(DE3) containing the expression vector, withouhéls 1 and 3) and with (lanes|2
and 4) the coding sequence for Hem25p. Samplestaleea at the time of
induction (lanes 1 and 2) and 1 h later (lanesd34nThe same number of
bacteria was analyzed in each sample. Lane 5,ig@diifem25p (ug)
originating from bacteria shown in lane 4.

N
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3.2.2 Functional characterization of recombinant He25p
Since it has beehypothesized that Hem25p facilitates Alphoduction by importing
glycine into mitochondria " ™, the recombinant ancpurified Hem25p was
reconstituted intoliposomes and its ability to transport glycine wassted.
Proteoliposomes reconstituted witHem25p catalyzed active™*]glycine/glycine
exchange, which was abolished by a mixturehef inhibitors pyridoxal 5’-phosphate
(PLP) and bathophenanthroline (BAT). Reconstitutddem25p did not catalyze
significant homoexchangeer aspartate, glutamate, glutamirssparagine, ornithine,
lysine, arginine, prolineand threonine (internal concentration, 10 mbkternal
concentration, 1 mM). N§**C]glycine/glycine exchange was obserweith Hem25p
that had been boiled beforacorporation into liposomes or afteeconstitution of
sarcosyl-solubilized materiflom bacterial cells either lacking the expressientor for
Hem25p or harvested immediatdbgfore the induction of expressiohhe substrate
specificity of purified andreconstituted Hem25p was investigated in detajl
measuring the uptake of*C]glycine into proteoliposomes which had been preloaded
with various potential substrates (Fig. 3.3A). Em#g¢ glycine was significantly
exchanged only in the presence of internal glyckarthermoretransport activities
were also observed witinternal sarcosine, L-alanine and N-methyl-L-alani low
exchange was found witB-alanine anda-(methylamino)isobutyric acidvhile the
activity observed with L-serine, ALANnd L-glutamate was approximately the same as
that observed in the absence of internal subs(Fatge 3.3A). Reconstituted Hem25p,
therefore,exhibits a very narrow substrate specificityhich is virtually confined to
glycine. The effects of known mitochondriahhibitors on the 'C]glycine/glycine
reaction catalyzed by reconstituted Hem25p were ags@amined (Fig. 3.3B). The
activity of therecombinant protein was markedly inhibitedtapnic acid’®, PLP and
BAT B (knowninhibitors of several mitochondrial carriers)vasll as by thiol reagents
(p-hydroxymercuribenzoatemercuric chloride andN-ethylmaleimide) 3* 391 |n
addition, no significant inhibition was observed witibutylmalonate ?, 1,2,3-
benzenetricarboxylate™ and bongkrekic acid™®, specific inhibitors of the
dicarboxylate carrier, citrate carrier andDP/ATP carrier, respectively. Also
bromocresol purpl&¥ had no effect on thactivity of the yeast reconstituted protein
(Fig. 3.3B). The time-course of uptake hyroteoliposomes of 1 mM*[C]glycine

measureceither as exchange (with 10 mM glycine insitie proteoliposomes) or as
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uniport (withoutinternal substrate) is shown in figure 2C. Alirves fitted a first-order
rate equation with rateonstants (k) for the exchange and unipactions of
approximately 0.18 mih and 0.11min®, respectively. The initial rates of glycine
uptake (the product & and intraliposomatjuantity of glycine taken up at equilibrium)
wereabout 95.96 * 4.55 and 16.36 + 0.72 nmol/mimg protein for the exchange and
uniport reactions, respectively. The addition of 10 muhlabeled glycine to
proteoliposomes afténcubation with 1 mM J'C]glycine for 30 minwhen radioactive
uptake had almost reachedjuilibrium, caused an extensive efflux @diolabeled
glycine from both glycine-loadeand unloaded proteoliposomes. This effiirows that
[**C]glycine taken up by exchange onidirectional transport is released in exchange
with externally added substrate (results rsitown). The kinetic constants of
recombinant purifiedtHem25p were determined by measuringitiigal transport rate at
various externa[**C]glycine concentrations in the presence ofcastant saturating
internal concentration (1&hM) of glycine. The Km and Vmax valudmeasured at
25°C) were 0.75 £ 0.084 mM and 169.8 + 13.7 nmal/mimg protein, respectively
(means of 5 experiments). The activity was caledaby taking into account the

amount of Hem25p recovered in the proteoliposorftes geconstitution.
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(A) Dependence of Hem25p transport activity on internal substrate.

Proteoliposomes were preloaded internally withauasisubstrates (concentration 1

mM). Transport was started by adding 0.75 mM]glycine to proteoliposomes
reconstituted with Hem25p and terminated after 4. mi
(B) Effect of inhibitors on the [14C]glycine/glycine exchange mediated by
Hem25p.

Proteoliposomes were preloaded internally with 1 ghycine. Transport was

initiated by adding 0.75 mM4C]glycine to proteoliposomes reconstituted with
Hem25p and was stopped after 1 min. The inhibitae added 3 min before the
labeled substrate. The final concentrations ofrthéitors were 10 mM (pyridoxal

5’-phosphate, PLP; bathophenanthroline, BAT), 2 (i)\2,3- benzenetricarboxylate

BTA; butylmalonate, BMA), 1 mM (N-ethylmaleimide,BW1), 100uM
(phydroxymercuribenzoat@;HMB; mercuric chloride, HgGJ bromocresol purple,
BrCP), 10uM (bongkrekic acid, BKA), and 0.1% (w/v) (tannicidcTAN). The
extent of inhibition (%) from a representative esipent is reported.

(C) Kinetics of [14C]glycine transport in proteoliposomesr econstituted with
Hem25p.
1 mM [14C]glycine was added to proteoliposomes containthgM glycine

(exchange,solid squares) or 10 mM NaCl and no satiestuniport, solid circles).
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3.2.3 Impaired glycine uptake in mitochondria lackhng Hem25p

In other experiments, theptake of }*C]glycine was measured jroteoliposomes that
had been reconstituted witfriton X-100 extracts of mitochondria isolatédm wild-
type,hem23 andhem2% transformed wittHEM25pYES2 plasmid (Fig3A). A very
low glycine/glycine exchange activitywas observed upon reconstitution of
mitochondrial extract from the knockout strairhis activity was more than double in
mitochondria extracts from wild-type and waensiderable even in mitochondrial
extracts fromHEM25pYES2 (Fig. 3.4A). As a control, thE“C]malate/phosphate
exchange (the definingeaction of the dicarboxylate carrier, knownRis1) [® was
virtually the same for all types akconstituted mitochondrial extracts (Fig. 3.4B).
Therefore, the absence HEM25does not affect the expression or the activitytbeo

mitochondrial carriers.
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Fig3.4

(A)(B)Glycine exchange activities in proteoliposomes reconstituted with
mitochondrial extracts.

The mitochondrial extract (30y protein) from thevild-type (open barshem22
(solid bars) anthem23 strains transformed wWitHEM25pYES2 plasmid (gray bars
were reconstituted into liposomes preloadégith 10 mM glycine or 20 mM
phosphate. Transport was started by adding @5 “C]glycine or 0.1 mM
[Y“C]malate, respectively, and terminated afterif. The [“C]malate/phosphate
exchange, the defining reaction of thiearboxylate carrier, was used as contrBl<*
0.001 vs wild-type cells;RB< 0.001 vshem?22 cells.

3.2.4 Subcellular localization of Hem25p
Given that some mitochondrial carrier members aalized in non-mitochondrial

membrane ", the intracellular localization of the recombinahtem25p was
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investigated (Fig. 3.5). Hem25p-expressing cellbildied green fluorescence (Fig.
3.5A, E and 1). Upon staining with MitoTracker R@ditochondrial specific dye) (Fig.
3.5B), FM4-64 (vacuolar specific dye) (Fig. 3.5RdaDAPI (nucleic acid dye) (Fig.
3.5L), the same cells showed a pattern of fluomeseehat merged only with the
mitochondrial network (Fig. 3.5C). From the ovepam images it is clear that
recombinant Hem25p was localized to mitochondrig.(B.5C). Structural integrity of

the cells was documented by phase contrast migogqéag. 3.5D, H and N).

MitoTracker Red

Fig. 3.5
Subcellular localization of recombinant Hem25p after expression in
Saccharomyces cerevisiae cells.

Staining of the Hem25p/V5 protein was performedcwitouse anti-V5 monoclonal
antibody and anti-mouse antibody with conjugatedd~(A, E and I). MitoTracker
Red (B), FM 4-64 (F) and DAPI (L) were used to lkecanitochondria, vacuoles and
nucleic acid in the cells, respectively. Co-locafian of the Hem25p/V5 protein ang
mitochondria are seen as yellow fluorescence ingbdeand green merged image (C).
Phase contrast microscopy (PCM) was used to mathigointegrity of the cells (D, H
and N). The same cells were photographed first aifiTC-green filter set and thep
with the MitoTracker or FM 4-64 red filter set ortiwthe DAPI blue filter set.
Identical fields are presented in panels A-D, EfH-N.
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3.2.5 Growth characteristics of wild-type and hem25&
The effect of deletion of thelEM25 gene on yeast cells was investigated. On YP and
SM media supplemented with glucobem23 exhibited a slight but definite growth
defect ascompared to wild-type cells (Fig. 3.6A-DiHowever,hem2% displayed a
growth delay irthe YP medium supplemented with ethanol (BI§E-F).
In the SM medium, growth diem2% cells on ethanol was very poor after 70 h (Fig.
3.6G-H); in addition, a slower lag-phase of growths observed more in the SM
medium than irthe YP medium (Fig. 3.6H). The growgihenotype ohem22 cells
was restored whethese cells were transformed wiHEM25- pYES2, demonstrating
that the impairedohenotype is the result of the absenceH&M?25 and not of a
secondary effect. The observddfect can also be rescued by supplementatidheof
SM medium with 10 mM ALA (Fig. 3.6G)whereas the addition of glycine at a high
concentration (10 mM) did not restore their laatkgrowth (Fig. 3.6G). All together,
these resultgdicate that the defect bem23 cells to growon non-fermentable carbon
source is overcomigy expression of Hem25p in mitochondria ordmpplementation of
ALA, indicating that thedefect is related to glycine transport.
Importantly, figure 3.6G shows that them22 cell transformed with plasmid carrying
the humarSLC25A38ene restored growth of tiem23\ strain on ethanol.

47



3 MITOCHONDRIAL GLYCINE CARRIER

c —
Wild-type Wild-type
D

=——— |'YP+ glucose

"
& S =i SM + glucose
T |
w0 —
g ;

Timedli}

—
- “"ﬂd_type

fem25A

TP+ ethanal

iy,

i 1 30 @ S 6 W
Timae i) e

48



3 MITOCHONDRIAL GLYCINE CARRIER

Wild_type

hem25A

5M + ethanel

SLC25A38-pYES2

o,
B s e m @

pd} 3 40 50 ) el

Tl

Fig. 3.6
Growth behavior of wild-type and mutant strains under various conditions.
Three-fold serial dilutions of wild-type atm23 cells were plated on solid YR
medium supplemented with glucose (A) or ethanolaiit) solid SM medium
supplemented with glucose (C) or ethanol (@&m22 cells were also spotted on
solid ethanol-supplemented SM medium in the presefd0 mMo-

aminolevulinic acid (ALA) or 10 mM glycine (GLY) (GWild-type anchem2%

cells were inoculated in liquid glucose-suppleméni® (B), glucose-
supplemented SM (D), ethanol-supplemented YP ([EXlwanol-supplemented SN
medium (H).hem23 cells transformed with thdEM25pYES2 plasmid were
spotted (G) or inoculated (H) on ethanol-supplem@i@M mediumhem23 cells
transformed with th&LC25A38YES2 plasmid were also plated on ethanol-
supplemented SM medium (G).The optical density (DvBlues at 600 nm given
in (B), (D), (F) and (H) refer to cell cultures exfthe indicated growth times. Wild
type, solid circlehem23\, solid squarehem2? + HEM25pYES2, solid triangle.

—_—
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Furthermore, SLC25A38, expressedEncoli and reconstituted in liposomes, shows a
significant transport of glycine demonstrating witlh a doubt that it is the human
ortholog of Hem25p and then, the human mitochohdyigcine carrier (GlyC) (Fig.
3.7).
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Fig. 3.7

Glycine uptake in proteoliposomes reconstituted with recombinant Hem25p or
GlyC. [**C]glycine (0.75 mM) wasdded to proteoliposomes reconstituted with
Hem25p (open bagr GlyC (solid bar) containing 10 mM glycine. Thechange rate
was measured after 10 min. Data are means + S.d.least fivandependent
experiments.

3.2.6 Hem25p is required for the entry of glycinento mitochondria

To confirm the transport function of Hem2&p vivo, we investigated the effect of
HEM25 deletion on glycine content in the cellular lysagesl mitochondrial extracts
from wild-type cells,hem2% cells, andhem2% cells transformed with thelEM25
pYES2 plasmid grown on ethanol-supplemented medi@C-MS/MS analysis
revealed that in mitochondria isolated fre(fEM25pYES2 cells the amount of glycine
iIs comparable to that determined in wild-type céB<21 + 0.24 nmol/mg protein and
2.17 + 0.15 nmol/mg protein, respectively) (Fig8)30n the other hanthem22 cells
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revealed a ~70% decrease of intramitochondrial igeyd0.64 + 0.034 nmol/mg
protein). In agreement with Guernséy, no reduction was documented in the amount
of total cellular glycine between wild-type (220/h@7 cells) andhem23 (251 ng/107
cells) strains. Furthermore, the level of mitochwadALA was also measured and,
again, in agreement with Guerns&y}, the amount of mitochondrial ALA in the
hem2% strain was reduced compared with control (0.04 Ifmy protein vs 0.4
nmol/mg protein), highlighting that loss of Hem2isgpairs ALA biosynthesisn vivo.
ALA was reinstated in the wild-type levels when tnetant was complemented with

the missing gene (0.5 nmol/mg protein) (Fig. 3.8).
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Fig.3.8
Quantification of glycine and ALA levelsin mitochondria extracts by GC-MS/IMS
analysis. Mitochondria were extracted from wild-tygepen bars)hem2% (solid
bars) anchem2% strains transformed witthe HEM25pYES2 plasmid (gray bars)
Data represent means = Sdb at least five independent experimeris< 0.001 vs
wild-type cells;sP < 0.001 vhem22 cells.

3.2.7 Hem25p and GIlyC deficiency cause defects iregpiratory chain
components

The involvement of Hem25p in heme synthesiglies that the products of the heme
pathwaycould be altered. One of these is heme b, wisichcorporated into complexes
Il and IIl of therespiratory chain and is present in cytochrami@&. Figure 3.9 shows
immunoblotting ofmitochondrial extracts from wild-typeem23, HEM25pYES2 and
SLC25A38-pYES2 cells. Inthe hem23 lysates we observed a reduction of
approximately 80% of cytochronteprotein (Cytb) (Fig. 3.9A, lane 2) compared to the
wild-type, HEM25pYES2 and SLC25A38 pYES2 strains (Fig. 3.9A, lahe8 and 4).
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Cyt b is part of thecatalytic core of cytochromigcl complextogether with cytochrome
cl (Cytcl) and Rieskdron-sulfur protein (Rip 1f°°. FurthermoreCyt c1 forms a
subcomplex with the two coreroteins Corl and Cor?%. A Western blotanalysis
using specific antibodies against Gt (Fig. 3.9B) and the Corl and Cor2 proteins
(Fig. 3.9C) shows that the expression of €ytand Corland Cor2 proteins were also
markedly decreaseohly in thehem?22 cells (Fig. 3.9B and C, lane 2)o exclude the
possibility of a disturbance of theverall protein content by Hem25p, we
immunodetected wild-type, hem2%, HEM25pYES2 and SLC25A38-pYES2
mitochondriallysates with polyclonal antisera directed agaiyesast Dic1’®. In all

samples, Dicl was presantequal amounts (Fig. 3.9D, lanes 1-4).

1 2 3 4
A
-— e S | emmm Cytb
B
Cytc,
C
Corl/Cor2
D
Dicl

Fig. 3.9
Hem25p deficiency impairs the expression of cytochrome bci complex as evaluated
by specific antibodies for cytochrome b, cytochrome c1, Cor1 and Cor2.
Mitochondria (30ug of protein) were extracted from wild-type (laneHem23
(lane 2) HEM25pYES2 (lane 3) an8LC25A38YES?2 (lane 4) and separated by
SDS-PAGE, transferred to nitrocellulose and immuatected with antibodies
directed against the Ct(A), Cyt c1(B), Corl and Cor2 (C) and Dicl (D) proteins.
Anti-Dicl was used as contr

We also measured the heme contenhitochondria isolated from wild-typé&em23,
HEM25pYES2 and SLC25A38-pYES2 cells; the correspondimegults of the
spectrophotometric analysis are shown in figBreOA. Taken together, these results

indicate that the activity of the Hem25p and GlyC carriess dorrelated to the
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mitochondrial hemeoncentration and the expression of some pratemponents of
yeast cytochromebcl complex. To further confirm these results, wassayed
cytochromeaa3, b-type @Il + bH + bL), andc-type € + cl) content in mitochondria
isolated from the wild typdiem23, HEM25-pYES2 and SLC25A38-pYES2 cells. To
performan absolute determination of the respiratyiochromes we calculated nmoles
of each cytochrome type per milligram of mitochondrigirotein from different
absorbance spect(experimental data are reported in figure 3.10B)e hem22 strain
displayed a marked decrease mitochondrial cytochromes compared witbntrol,
proving once again that the Hem25p &igiC carriers are relevant for glycine transport
into mitochondria, for subsequent mitochondr&ginthesis of the heme group and
therefore forespiratory cytochromes. Furthermore, cytochromereweinstated to the
wild-type levels when the mutant was complemented whinHEM?25 or SLC25A38
genes (Fig. 3.10B).
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Fig. 3.10

Hem25p deficiency influences mitochondrial content of heme and cytochromes.

Mitochondrial heme level (A) and cytochroraas, b-type andc-type content (B)
were measured by spectrophotometry in mitochorekieacted from the wild-type
(open bars)hem22 (solid bars) antitem?22 strain transformed with tHéEM25-
pYES2 plasmid (gray bars) or wiBLC25A38YES2 plasmid (hatched bars). Dat
represent means + S.D. of at least five indepenebgueriments:P < 0.005 vs wild-

type cellsiP < 0.005 vshem22 cells.
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3.2.8 Respiratory analysis of isolated mitochondria

To better characterize the effeofsaltered mitochondrial heme content on txedative
properties of yeast cells, we analyzbd respiratory efficiency of mitochondria freshly
isolated from wild-typehem2%, HEM25-pYES2 and SLC25A38-pYES2 cells grown
on SM medium supplemented with ethanol. gkewn in figure 3.11, the addition of 5
mM succinate to mitochondria isolated from wildtygedls promoted significant oxygen
consumption corresponding to 36 nmol x ml-inik-1/mg protein. This rate, indicated
as V4,corresponds to the so-called resting statmitdchondrial respiration (respiration
state 4).The subsequent addition of 0.2 mM AKBubled the oxygen consumption rate
in wildtype mitochondria (77 nmol ©x ml-1 x min-1/mgprotein). This rate, indicated
as V3, correspond® the active state of mitochondrial respirat{oespiration state 3).
In mitochondria isolatefom hem23 cells, a significant reduction state 4 and state
3 oxygen consumption (V4 = Irimol G, x ml-1 x min-1/mg protein and V3 = 21.5
nmol G, x ml-1 x min-1/mg protein, respectivelyas found when compared with wild-
type. Whenthis respiratory defect was rescuednem22 transformed wittHEM25-
PYES2 or SLC25A38pYES2, the V3 values were 70 or 81 nmal XOml-1 X min-
1/mg protein, respectively, while Walues were 34 or 43 nmolb,Q ml-1 x min-1/mg
protein, respectively (Fig. 3.11). However, smgnificant variation was observed in
respiratorycontrol ratio (RCR) values (calculated ratietween V3 and V4) among the
different samplesof mitochondria suggesting, on the one handgoamd coupling
between respiration anghosphorylation and, on the other hand, well preséer
integrity of the organelle€”. In amore selective approach we assayed the actifity
cytochromebcl complex®Y. A significant decrease of activity was only found in
mitochondria isolated fronmem23 cells (2.78 +0.19 umol/min x mg protein) with

respect tawild-type (12.03 + 1.0%umol/min x mg protein).
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Respiratory efficiency of freshly isolated mitochondria by oxygraphic methods.
Mitochondria isolated from wild-type (open barsgm?2% (solid bars) and
hem2% cells transformed with thdEM25 pYES2 plasmid (gray bars) or with
SLC25A38YES2 plasmid (hatched bars) were grown on SM oradi
supplemented with ethanol. The rate of oxygen wgpiakhe presence of added
ADP (respiration states 3) and the rate observeshvaldded ADP had been
completely phosphorylated to ATP (respiration stBtevere measured by mean
of a Clark oxygen electrode at 30°C. The rate gjer uptake by yeast
mitochondria was expressed as nmgkQOnl-1 x min-1/mg protein. Data represent
means * S.D. of at least five independent experisaéR < 0.001 vs wild-type
cells; < 0.001 vshem cells.

Ul
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3.3 DISCUSSION

Together with its importance in protein biosyntkesilycine appears to be a major
source of one carbon units in mitochondria.ykeast glycine biosynthesis depends on
two different pathways: a ‘glycolytic’ pathway, dg growth on glucose, and a
‘gluconeogenic’ pathway, during growth on non-fentable carbon sources such as
ethanol and aceta®'.

During the ‘glycolytic’ pathway, glycine can be slgatized starting from the glycolytic
intermediate 3-phosphoglycerate, and also in theti@n catalyzed by the cytosolic L-
threonine aldolase, as a product of the catabadistinreonine (L-threonine> glycine +
acetaldehyde). During thigluconeogenic’ pathway, glycine can be produceadtisig
from glyoxylate, a product of the anaplerotic glytate cycle, by the alanine-glyoxylate
aminotransferase .

Other enzymes, important in the synthesis and olsab of glycine in yeast, are the
serine hydroxymethyltransferase (Shmlp and ShmgpgnzymesP®?. Shm2p is
localized in the cytoplasm and it is mainly invalven the breakdown of serine,
producing one-carbon units and glycine, while Shriglmitochondrial and catalyzes

principally the synthesis of serine, consuming igand one-carbon unfg!.

Since the synthesis of glycine occurs mainly in thyosol, through the enzyme
threonine aldolase, it is necessary the presenca wansporter that will facilitate

glycine uptake into mitochondria, were glycine egjuired for protein synthesis, heme
synthesis and for the activity of some enzymes saglglycine cleavage T-protein, a
folate-dependent enzyme that is part of the compegonsible for the incorporation of
one-carbon units from glycine into folate-dependsthways®.

The study here presented, through the results dkamgport and kinetic characteristics
of the recombinant Hem25p (encoded by the y&d3tL119c gene, also known as
HEMZ25 and its localization to mitochondria, demonsilatieat the main function of
Hem25p is to catalyze the uptake of glycine intaoshondria. This transporter,

moreover, showed a very narrow substrate spegificibfined to glycine.

Hem25p was found to be the first mitochondrial emtshown to be capable to
transport glycine, and it has been the faatrier with this characteristics identified in

any organism. Previously, only one study showedleswes for the existence of a
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glycine-transport system: exogenous glycine washdoto be taken up by isolated

mitochondria of rat brain and liv&Y".

The only protein sequences that showed a signifibamology (B80% amino acid

identity) with Hem25p, resulted to be all ortholagfsthis carrier in other organisms:
SLC25A38 Homo sapiens slc25a38a and slc25a38banio rerio). On the other hand,

Hem25p did not show any significant sequence hogybith other mitochondrial

carriers functionally identified until now in yeast, mamreaand plants® % and
SLC25A38 is not particularly related with other ntesrs of the SLC famil{? 6.

The data showed in this in this work demonstratd thioth Hem25p and the human
GlyC (encoded by SLC25A38) control the uptake gfcgle into mitochondria. Three

relevant suppositions support this affirmation:

1. The levels of glycine and ALA, a precursor of hemveye found to be lower in

2.

mitochondria ofhem2% cells, and the normal intramitochondrial levelsreve
restored after complementation with the missingegehlLAS2 activity assay
showed no significant difference between the wyigetand thdvem2% strains,
which means that the reduced amount of ALA in thechondria were due
exclusively to the impaired transport of glycine.dddition, glycine uptake was
strongly reduced in the reconstituteeim2% mitochondrial extract compared to
wild type.

Recently, Ymclp has been proposed as a secondanpgltransporter, due to
the fact that the double mutahieM23ymcld) presented a lower level of heme
compared to the single mutantem2% andymcl) [”®. However, YMC1 and
its paralog YMC2 resulted to be related with thetochondrial 2-
oxodicarboxylate transporters, Odclp and Odc2p, tanbe involved in oleic
acid and glycerol utilizatior®”; moreover, they were found to have an
anaplerotic role in the TCA cycle, by transferrintermediates to mitochondria
and contributing to the utilization of energy substs (e.g., long chain fatty

acids)®?.

The growth delay of thénem2% strain was seen only on non-fermentable
carbon sources, and the regular growth was restdtedcomplementation with
Hem25p or the human GlyC, and by the addition oAA& the media, while the

addition of glycine alone was insufficient to restdhe growth defect. Thus,
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since glycine transport into mitochondria is reqdifor the synthesis of ALA,
the growth phenotype dfem25% is probably due to an insufficient synthesis of
ALA.

3. The reduced amount of mitochondrial ALA in the masuse of an impaired
synthesis of heme, resulting in a reduced levél &ince heme is contained into
cytochromes and oxidative phosphorylation compléXe¥!, low level of it will
be causing defects in state 3 and state 4 respirdtem2% mutant had an
impaired expression and activity of the yeast dytomebc, complex, and the
hem2% isolated mitochondria had a significant reductidrstate 3 and state 4
oxygen consumption, compared with wild-type. Howewvithe defects were
rescued when the mutant was complemented with ¢lastyor human missing

gene.

Taken together, these results highlight that Hemi25jhe main mitochondriatarrier
involved in heme synthesend suggest that Hem25p plays an important robelinife
and respiratory growth. Human GIlyC is able to tpams glycine and complement
defects caused by the absence of Hem25p, anddimsrtstrates that human SLC25A38
has the same function of HEM25 in yeast. Theselasiuns provide novel insights into
the biochemical characterization and molecular rapigms involved in mitochondrial
glycine transport and may offer new avenues to ldpvénnovative therapies for
SLC25A38elated disorders. A schematic view of the supgasechanism for GlyC

involvement into heme biosynthesis is shown in Big2.
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Fig. 3.12GlyC transport activity and heme biosynthesis itochondria
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4. CHARACTERIZATION OF THE
MITOCHONDRIAL
DEPHOSPHOCOENZYME-A
CARRIER

4.1 INTRODUCTION

CoA carrier and associated diseases

Coenzyme A is an essential cofactor for all orgasisind holds a central position in a
multitude of biochemical reactions. Therefore sgsth of CoA from pantothenic acid

is present in both prokaryotes and eukaryotes.syhthesis CoA from pantothenic acid
is a five steps pathway (Fig. 4143.

In the first step, PanK catalyzes the phosphoatof pantothenic acid to form
phosphopantothenate. In the second step, the grdchro the first step binds to
cysteine and the reaction is catalyzed by CoaBphdsphopantothenoylcysteine
synthase. In the third step, the product undergeesarboxylation reaction to forni-4
phosphopantetheine. This step is catalyzed by Cdaghosphopantothenoylcysteine
decarboxylase. During the step fouf;Phosphopantetheine was catalyzed by CoaD
(Phosphopanthetheine adenyltransferase) to forrhadgmo-CoA. In the fifth and final
step, dephospho-CoA is phosphorylated by CoaE (@gyto-CoA kinase) at thé-QH

of the ribose to form Co&3l.
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Fig. 4.1Biosynthetic pathway of Co-&?

Even though its biosynthetic pathway is well knowre subcellular localization of the
eukaryotic biosynthetic enzymes is still under depturthermore, eukaryotic cells have
a scarce cytosolic availability of CoA since modt ib is sequestered in the
mitochondrial and peroxisomal matric€d. The mechanism behind the cytosolic and
mitochondrial CoA pools compartmentalization app@abe tightly regulated since it
can modulate metabolic fluxes through CoA-dependeattions®?. This information

led to the proposal of the existence of a CoA fparissystem.

In human, the transport of Coenzyme A (CoA) acrtiss inner mitochondrial

membrane has been attributed to two different geBe€25A161°* and SLC25A42
[95]
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The SLC25A42 gene, mapped on chromosomeddifies for a 418 amino acids long
protein with two splicing variants, highly expredsa virtually all tissues, in most at
higher levels than many other SLC25 family membadiise protein resulted particularly
highly expressed in adipose tissue. The next higlesls were detected in brain
section VII, hypothalamus, and section®}. The presence of mMRNA f&lc25a42in

all brain regions, including high levels in the bypalamus and brainstem, possibly
suggests an important basal physiological funci®n SLC25A42 was proved to be a
mitochondrial transporter for CoA and PAP (adenesi®,5-diphosphate). The
evidences were provided directly overexpressing ZdA212 in Escherichia coli and
reconstituting it in phospholipid vesicles, and tlesults showed a transport of CoA,
dephospho-CoA, PAP, and (deoxy) adenine nucleofifesThe main function of
SLC25A42 is been speculated to be the catalysighef entry of CoA into the
mitochondria in exchange for adenine nucleotide$ RAP, since CoA synthesis was

thought to take place outside the inner mitochaianiembrané®.

The SLC25A16, also called GDC (Graves’ Dise@serier), was isolated for the first
time by screening a human thyroid expression lipraith antibody-rich sera from
patients with Graves’ disease, an autoimmune did¥asThe gene was localized to
chromosome 10, and subsequentially mapped to 18q@1.1°. Unfortunately, it

was not possible to reconstitute this protein ifuctional way, so there is lack of
information on its actual transport activity. Hoveeythe SLC25A16, consisting of 348
amino acids, showed 35% identity with the yeasbafmiondrialcarrier protein Leub,

identified as a CoA transporter into the mitochéadmatrix °¥

, a protein of
Saccaromyces cerevisi@ncoded by the genéHR002w*?. Subcellular localization
and function of Leu5p were studied, and this proteas the first mitochondrial carrier
suggested to be involved in the transport of Cofoe of its precursors across the
inner mitochondrial membrane. Study on a yeasinstagking of theleu5 gene showed
a defect in CoA transport or biosynthesis, sincg/ Vew levels of CoA were found in
the mitochondrial matrix. This caused also a segeosth defect on non-fermentative
carbon sources®, which was rescued by the expression of the humenes

SLC25A16°4 and SLC25A423%).
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Presumed orthologues of both genes are preserdany eukaryotic genomes, but not in
that of D. melanogaster, which contains only oneeg€G4241, phylogenetically close
to SLC25A42. CG4241 encodes a long isoform (dPCoAtl a short (dPCoAC2) of
the dPCOoA carrier, which arise from an alternatramslational start site. The presence
of only one mitochondrial transporter involved retCoA transport in fruit fly, could
help to better understand the CoA trafficking asrtbge inner mitochondrial membrane.
Recent published results on the mitochondrial mdércalization of the Coenzyme A
Synthase (COASY}?.

In fact, studies revealed that a missense varianthe SLC25A42 gene cause a
mitochondrial myopathy in human’4®. Myopathies are heterogeneous disorders
characterized clinically by weakness and hypotoaa mitochondrial dysfunction is a
frequent cause of myopathy. The impaired transpbi€oA and its metabolites (the
proposed substrates for thcarrier) across the inner mitochondrial membrane is
supposed to be the cause of those pathologiedhefarbre, the deficiency of enzymes
involved in the CoA biosynthesis is associated &itleurodegenerative disease known
as neurodegeneration with brain iron accumulattBIA) “°%. This because CoA is a
necessary cofactor used by about 4% of all knowayraes and is involved in more

than a hundred of biosynthetic and catabolic reastt®?.
Shedding light on the molecular mechanism maimagirthe CoA pools separated is

crucial for a better understanding of CoA metaloland its connection with numerous

pathology.
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4.2 RESULTS

4.2.1 Evolutionary analysis of human SLC25A42 homobs in eukaryotes

While analyzing differentcarrier proteins sequences, 65 homologous proteins of
SLC25A42 were found in 14 model organisms of medazgp yeasts and plants. The
most similar sequences to SLC25A42 in human wet@25A16 and three ATP-Mg/Pi
carrier proteins, i.e. SLC25A23, SLC25A24 and SL&25 % whereas in yeast the
most similar sequences were Led$pand Ypro11cpg'®. To clarify the evolutionary
relationships among these human paralogs and ealbttier homologs in the analyzed
species, we built a phylogenetic tree includingtlé collected protein sequences. A
unique sequence cluster identifies a single SLC25Artholog in all the metazoan
species, including the D. melanogaster proteing healled dPCoAC-A, which was
encoded by the gene CG4241 (arrow in Fig. 4.2)liNeage-specific gene duplication
event was observed in the SLC25A42 cluster. The oksest group to SLC25A42
orthologs hosts SLC25A16 together with its ortholag proteins in some vertebrates
and in the two yeast species, including the S.vigiee protein Leu5p. No SLC25A16
orthologs were present in insects and nematodesrding to the present analysis. The
known CoA carriers in the two plantt™ were in the outer branch of both the
SLC25A42 and SLC25A16 groups, and they further nmdet a plant-specific
duplication event. Regarding the ATP-Mg/Pi transgiar (green branches in Fig. 4.2),
we observed several duplication events indepengentithe plant, nematode and
vertebrate lineages. The latter gave rise to thmedmuparalogs SLC25A23, SLC25A24
and SLC25A25, while both yeasts and insects keingle orthologous protein.
According to the tree, other three independenttetasof plant and/or yeast sequences
were detectable without a clear evolutionary retaghip to CoA transporters and to
ATP-Mg/Pi transporters (black branches in 4.2). @hehose clusters hosted the S.
cerevisiae YprOllcp protein, i.e. the yeast mitochial transporter of APS and PAPS
[104] together with a putative ortholog in plants, altjotthis cluster is supported by

only one of the two branch supporting methods.
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Fig. 4.2 Evolutionary relationships among SL C25A42 homol ogs.
Reported is a maximum likelihood tree obtained f@Bmprotein sequences collected by
sequence similarity from the genome of 14 modetigigeof eukaryotes. The tree leaf

indicates the protein identifier following the specnames, i.e. Sc: S. cerevisiae; Sp: S.

pombe, At: A. thaliana, Zm: Z. mais, Ce: C. eleg&is C. briggsae, Dm: D.
melanogaster, Ag: A. gambiae, Dr.: D. rerio, Tnnigroviridis, XI: X. laevis, Xt: X.
tropicalis, Mm: M. musculus and Hs: H. sapiens.apigms from different lineages are
also color-coded. The branch color indicates pnstelustering with SLC25A16 and
SLC25A42 (red), with SLC25A23, SLC25A24, and SLC25Agreen) and other cluster

(black). Branch support symbols are indicated whawport is greater than the cut-off

\"2J

value, i.e. aBayes likelihoc=0.90 and/or botstrap sampling>70.
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4.2.2 Bacterial expression and functional charact&zation of dPCoAC-A
and dPCoAC-B

CG4241 gene, also called “att” (alternative testenscripts), was an alternatively
spliced gené'®, which gave rise to three tissue-specific trapésrione somatic- and
two testis-specific. The somatic form encoded f@&6& amino acids long protein, here
called dPCoAC-A and one of the testis-specific feremcoded for a 290 amino acids
long protein, here called dPCoAC-B which has ndesn confirmed in vivo, but only
in reticulocyte lysate&%!. dPCoAC-A and dPCoAC-B protein sequences are iichnt
but the latter lacked the N-terminal portion tidl the sixth amino acid of the first
transmembrane helix according to the crystal stmecof the bovine mitochondrial
adenine nucleotide carri€f'. The amino acid identity between dPCoAC-A (dPCoAC-
B) and the human SLC25A42, SLC25A16 and the yeB&15 gene products were
47% (50%), 28% (28%) and 31% (30%), respectivehe GPCoAC-A and dPCoAC-B
recombinant proteins were overexpressedt.ircoli C0214 (DE3) strain. The proteins
were accumulated as inclusion bodies and purifigdcéntrifugation on a sucrose
gradient and washed. The isolated proteins gavalranst pure single band by SDS-
PAGE with apparent molecular masses of 40 and 32 ¢tg. 4.3A, lanes 7 and 9,
respectively).
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Fig. 4.3A Overexpression in E. coli of recombinant dPCoACs and transport assays into
proteoliposomes with dPCoAC-A
Proteins were separated by SDS-PAGE and stainbdG@ibmassie Blue dye. Markers in
the left-hand column (bovine serum albumin, ovoallny carbonic anhydrase and
myoglobin); lanes 1-&. coli C0214(DE3) containing the expression vector with¢oding
sequence of dPCoAC-A (lanes 1 and 2), R103S dPCAaA@Hant (lanes 3 and 4) and
dPCo0AC-B (lanes 5 and 6). Samples were taken dirtteeof induction (lanes 1, 3 and 5
and 5 h later (lanes 2, 4 and 6). The same nunflisrateria was analyzed in each sampl
Lanes 7-9, dPC0AC-A, R103S dPCoAC-A mutant, andad®EB purified from bacteria
in lanes 2. 4 and 6. respectiv

®

Both recombinant proteins were reconstituted infmdomes and their substrate
specificity for a variety of nucleotides was asshyehomo-exchange experiments (i.e.
with the same substrate inside and outside thee@liippsomes). Using external and
internal substrate concentrations of 1 and 10midpeetively, dPCoAC-A catalyzed
active [“C] ADP/ADP, [)C] AMP/AMP, and f'C]JATP/ATP exchange reactions (Fig.
4.3B) that were inhibited completely by pyridoxdghosphate and
bathophenanthroline. By contrast, despite the lomaybation period (i.e. 30 min),
virtually no homo-exchange activity was observeng$&TP, CTP, TTP and UTP and
NAD" (Fig. 4.3B). No }*C]JADP/ADP and {’CJAMP/AMP exchange activities were
detected with boiled, unfolded reconstituted dPCeRAMr with proteoliposomes
reconstituted with sarkosyl-solubilized materianfr bacterial cells either lacking the

expression vector for dPCoAC A or harvested imntetiabefore the induction of
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expression (data not shown). It should be noted dtiterently from dPCoAC-A, the
recombinant and reconstituted dPCoAC-B showedartsport activity under any of the
experimental conditions tested, by varying manyapeaters that could influence the
solubilization of the inclusion bodies and the mstgution of the protein into
liposomes. The lack of any transport activity wilRCoAC-B, was most probably due
to the reconstitution of a misfolded recombinanbt@in, a situation similar to that
encountered with the human recombinant SLC25A16 geoduct (Vozza, Paradies
and Fiermonte, unpublished data) and many othembmant carrier§" *°* For this
reason, all further experiments into liposomes veargied out only on the recombinant
dPCoAC-A. The substrate specificity of dPCoAC-A veetermined by measuring the
uptake of }*C] ADP into proteoliposomes preloaded with a varief potential
substrates (Fig. 4.3C). The highe¥C] ADP uptake into proteoliposomes was found
with internal dPCoA, ADP, dADP, AMP and dAMP (Fig.3C). To a lesser extent
[*“C] ADP was also exchanged with internal ATP, dATFAP, PAPS, AP4 and
pyrophosphate. In contrast, the uptake BEJADP was negligible in absence of
internal substrate (NaCl present) or in the preseof internal CoA, acetyl-CoA,
malonyl-CoA and pantothenate (Fig. 4.3C) and nobwsh APS, sulfate, NADQ
NADP*, FAD, ThMP, ThPP, cAMP, '3AMP, adenosine, adenine, phosphate, CDP,
TDP, UDP and GDP. This sharp peculiarity of effeetdPCoA transport but not CoA,
that characterized dPCoAC-A with respect to the &rBLC25A42%) was further

investigated by competitive inhibition experiments.
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Transport was initiated by adding 1 mM of radioaetsubstrate to dPCoAC-A-reconstituted
proteoliposomes preloaded internally with 10 mMhaf same substrate. The reaction was

Proteoliposomes were preloaded internally withouggisubstrates (concentration, 10 mM).
Transport was started by the addition of 140[**C] ADP and terminated after 2 min.

Fig. 4.3B Nucleotide homo-exchanges.

terminated after 30 min.
Fig. 4.3C Substrate specificity of dPCoAC-A.

Values are means * S.D. from at least four indepehexperiments.

The effects of inhibitors of other mitochondrialriars on the *C] ADP/ADP
exchange reaction catalyzed by the reconstitut€Codi€-A were also examined (Fig.
4.4A). The reaction catalyzed by the reconstit@dP&oAC-A was completely inhibited
by pyridoxal-3-phosphate, bathophenanthroline, tannic acid, andhacresol purple
(effective inhibitors of several mitochondrial dars) and only partially bg- cyano-4-
hydroxycinnamate, butylmalonate, phenylsuccinatel dn2,3-benzenetricarboxylate
(Fig. 4.4A). In contrast, little effect was obsedveith thiol-blocking reagents as N-
ethylmaleimide, mersalyl and p-hydroxymercurilbesteo in agreement with the
absence of cysteine residues in the amino acideseguof dPCoAC-A. Interestingly,
dPCoAC-A showed a different sensitivity towards dknekic acid and
carboxyatractyloside, two very powerful inhibitood the mitochondrial ADP/ATP
carrier™® 17 peing inhibited significantly (61%) by the formamd weakly (3%) by the
latter. In addition, the'fC] ADP/ADP exchange reaction was strongly inhibitad
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externally-added substrates such as dPCoA, CoA, AMPdADP, to a lesser extent by
ATP, dAMP, dATP, PAP, APS and PAPS, and only sliglity AP4, and PPi (Fig.
4.4B).
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Fig. 4.4 Inhibition of [**C]ADP uptake by inhibitors and substrates externally added to
proteoliposomes reconstituted with dPCoAC-A.

Inhibitors (A) and unlabeled substrates (B) werdealito proteoliposomes preloaded
internally with 10 mM ADP, transport was initiatbg adding 14QM [*“C]ADP and
stopped after 2 min. Thiol reagents and CCN weded@ min before the labeled substrate.
The final concentrations of the inhibitors werei®d (CAT and BKA), 20 mM (PLP and
BAT), 0.2 mM (pHMB and MER), 1 mM (NEM and CCN),i2M (BMA, PhSu and BTA),
0.1% (TAN), and 0.1 mM (BrCP). External substrgted mM) were added together with
[*“C]ADP. The values are expressed as a percentape [f4CJADP/ADP exchange
activity, which was 86 (A) and 81.5 (B) nmol/mimmg of protein. Values are means + S.D.

from at least four independent experime

4.2.3. Kinetic characteristics of the recombinant BCoAC-A

The uptake of 1 mM*fC] ADP into proteoliposomes was measured both gsoun(in
the absence of internal substrate) or as exchangid presence of internal 10 mM
ADP) (Fig. 4.5A). The uptake of*fC] ADP followed a first-order kinetics (rate
constant 0.126 mirl; initial rate 0.136 pmol/min x mg protein) with isotopic
equilibrium being approached exponentially (FigA). By contrast, no*fC] ADP
uptake was observed without an internal substnaticating that dPCoAC-A does not
catalyze the uniport of ADP, but only the exchamgaction. The uniport mode of
transport was further investigated by measuringeffiax of [*“C] ADP from prelabeled
active proteoliposomes because it provides a monzanient assay for detecting an

unidirectional transpof£”. In the absence of external substrate (10 mM dEINao
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efflux was observed after an incubation time of i (Fig. 4.5B, o), whereas
extensive effluxes occurred upon the addition déeral ADP or dPCoA (Fig. 4.5BY
and e, respectively); as expected no efflux of internal labeled substrate was observed
upon the addition of external CoA (Fig. 4.58), acetyl-CoA and malonyl-CoA (not
shown). These results demonstrated that the retdedt dPCoAC-A catalyzed an
obligatory exchange reaction of substrates. Thetkinconstants of the recombinant
purified dPCoACA were determined by measuring thn&ail transport rate at various
external f*CJADP concentrations in the presence of a conssatarating internal
concentration of ADP (10mM). The Km and Vmax valyesasured at 25 °C) were
140 £ 11 uM and 158 + 12 nmol/min x mg protein, respectiv¢igeans of 30
experiments). The transport activity was measusethking into account the amount of
dPCoAC-A recovered from proteoliposomes after retartion.
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Fig. 4.5 Kinetics of [14C]ADP transport.
(A) Uptake of f*CJADP in proteoliposomes reconstituted with dPCoAJ**C]ADP (1
mM) was added to proteoliposomes containing ADPniM) (exchanges) or NaCl (10
mM) and no substrate (unipos). Similar results were obtained in three indepahde
experiments. (B) Efflux of' fCJADP (2 mM) from proteoliposomes reconstitutedhwit
dPCoAC-A. The internal substrate pool was labelét &uM [*“CJADP by carrier-

mediated exchange equilibration. Then the protesbmes were passed through Sephadex
G-75. ["C]JADP efflux was initiated by adding 10 mM of NaEl), ADP (¥), dPCoA ¢),

or CoA (V). Values are means + S.D. from at least threepieddent experiments.

Several external substrates acted as competithibiiors of [“CJADP uptake (Table
4.1) since they increased the apparent Km withbahging the Vmax (data not shown).
These results showed that the dPCoAC-A affinityd®ICoA was higher than that for
ADP, dADP, AMP, ATP, CoA, PAP and PAPS. Furthermdhe Ki value of dPCoA
was N40-fold lower than that of CoA (Table 4.1).
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Competitive inhibition by various substrates of
[*“C]ADP uptake in proteoliposomes containing dPCoAC-A
Substrate Ki (M)
dPCoA 3.3+0.2
CoA 137 £ 12
dADP 186 + 15
PAP 820 £ 49
PAPS »>1000

AMP »1000
ATP »3000

Table 4.1 The values were calculated from Lineweaver—Budtgpbf the rate of
[*“C] ADP uptake versus substrate concentrations.

The competing substrates at appropriate constateodrations were added together

with 0.005—1.25 mM'{'C]ADP to proteoliposomes containing 10mMADP. Theada

represent the mean = S.D. of at least five indepenhexperiment

4.2.4. Phenotype complementation of yeast LEU5 nudtrain by dPCoACs

The yeast LEU5 null mutant did not grow on respinatcarbon sources and showed a
mitochondrial CoA deficienc;V""]. This phenotype was explained by the ability of
Leu5p to transport CoA or one of its precursorouligh the inner mitochondrial
membrane. Thus, we checked if the expression oftachondrial carrier protein that
recognized dPCoA as a substrate could mitigatebotish the growth defect of the
leusA yeast strain. The dPCoAC-A and, to a lesser extHRCoAC-B expressed in
leubA cells via the yeast vector pYES2 restored the trowf the leud strain on
glycerol, lactate and acetate (Fig. 4.6A), by castirwhen leuh cells were transformed
with the empty vector, no growth restoration wasesbed (Fig. 4.6A). The positive
effect of dPCoAC on the mitochondrial CoA metaholisf the Leu5p deficient yeast
strain was further confirmed by the meaningful lsxad CoA found in the mitochondria
(Fig. 4.6B). These results clearly indicated tihat transport of dPCoA was sufficient to

restore the mitochondrial CoA metabolism of thesyéau\ strain.
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Fig. 4.6 Effects of dPCoAC-A and dPCoAC-B expression in the leu54 yeast strain.
(A)Complementation of the growth defect of keeBlls by dPCoAC-A and dPCoAC-B.
Fourfold serial dilutions of wild-type, lewband leud cells transformed with differen

pPYES2 constructs were plated for 72 h at 30 °C &medium supplemented with
0.1% galactose and different non-fermentable cadoamces.
(B) Effects of dPCoAC-A and dPC0AC-B expressiothemitochondrial CoA
contents of leus yeast cells.

Mitochondria were isolated from the wild-type anahisformed yeast strains shown in

(A), grown in the presence of 3% glycerol. Mitocdaal CoA levels were determined
by mass spectrometry. Values are means £ S.D. &tdeast three independent
experiment:

U

4.2.5. Dissection of the transport features of dP@C through structural
analysis

Comparative multiple sequence analysis and moleculadelling studies have been
performed by comparing dPCoACs with the human SIAZZS SLC25A16, Leu5p and
bovine AAC1 proteins (Figs. 4.7 and 4.8A-D). It hasen recently shown that
mitochondrial carrier (MC) subfamilies can be detinby specific amino acid triplets

resulting from MC inter-repeat MSAZ®®. The calculation of the inter-repeat MSA
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makes sequence comparison faster and consequdioilys ao predict MC function
more rapidly, provided that an homologous protdithe investigated carrier has been
experimentally characterized. Therefore in order determine the dPCO0ACs
characterizing triplets, we calculated the intgre@ sequence alignment of dPCoACs
and BtAAC1 and compared the aligned triplet ressd(leg. 4.7) with those proposed
for the human mitochondrial CoA/PAP carrier subfgrifi®®. The set of characterizing
triplets in this subfamily, i.e. “23 (K[A/V]Q), 34I[A/V]R), 88 ([K/Q]SS)” % that
arise from comparison of the functionally charazes human SLC25A4%% and the
yeast Leu5p™, is highly conserveft®® in the dPCoACs. The only exception is triplet
23 that is constituted of amino acids “KQQ” in dPX@s instead of residues “KAQ”
and “KVQ” detected in human SLC25A42 and yeast lpeu®spectively. In order to
highlight the role of the observed differences mirgo acid sequence composition, 3D
comparative models of dPCoAC-A and SLC25A42 (Fig)Awere built by using
Modeller. In the 3D comparative model of dPCoAC#d&ELC25A42 it was found that
residues of the substrate binding af¥ overlapped with the carboxyatractyloside
binding site detected in the crystallized BtAAEY. This region extended between
proline—glycine (PG) level 1 and PG level 2, a knoMC region deeply involved in
conformational changes occurring during substragmstocation®®. It should be
noticed that this region contained the characterdipeptide GV (G234-V235, second
contact point at triplets 80—-8%°) shared by most of nucleotide and dinucleotide MCs
[60. 1091 By comparing other residues of the substrateibindrea and the matrix gate
(m-gate) area, it was observed the presence ofginirge-rich region at the level of
triplets 39-41 (R103, R201 and R296). Notably, agnthrose arginine residues, R103
(triplet 39, also conserved in the other samplexsaiphilidae, data not shown) was the
only one that protruded towards the carrier cajusy below the m-gate (Fig. 4.8). Since
R103 is not conserved in the human SLC25A42 (ahérothammalian), SLC25A16
and Leub5p (Fig. 4.7), it could be involved in spiecconformational changes that
stabilize dPCoAC c-conformation in presence of Cpeventing CoA translocation
through dPCoAC. To verify this hypothesis, we repthR103 within dPCoAC-A with
a serine, since in the human SLC25A42 and the yleaisbp we observed a serine
residue in correspondence of the arginine 103 @aiC-A (Figs. 4.7, 4.8C and D).
With this aim the R103S dPCoAC-A mutant was corséu, expressed in E. coli and
reconstituted into liposomes. Interestingly, theOB3 dPCoAC-A mutant catalyzed a
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significant CoA/ADP transport exchange activitygF4.8E), which was absent in the

wild-type protein.
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Fig. 4.7 Inter-repeat sequence analysis of fruit fly dPCoAC.
Multiple sequence alignment of the three repeats-8Rof D. melanogaster (dPCoAC-A and
dPCoAC-B), human (SLC25A42 and SLC25A16) and ydasii5p) carriers involved in the
CoA metabolism and the bovine ADP/ATP carrier (B@8B. For each carrier and each
repeat (R1, R2, R3) only the odd transmembranedg(H1, H3,H5) and the even
transmembrane helices (H2,H4,H6) preceded by 1@aatius are shown. Amino acids are
colored according to the default JalviewZappo stigtgp:// www.jalview.org/). A consensus
sequence is reported on the bottom of the figurerevthe sequence motif of the
mitochondrial carrier family PX[D/E]XX[K/R], EGXXXXAr[R/K]G is recognizable. Circleg
“” indicate the positions of the characterizingiamacid triplets of the mitochondrial carrig
CoA subfamily, e.g. the first “ ” indicates vertideplet 23 (KLG in BtAAC1 and KQQ in
dPCoAC-A and dPCoAC-B, respectively); hash “#” zates the position of vertical triplet
39 (e.g., QDQ in BtAAC1, RTM in dPCoAC-A and dPCoMCSTA in SLC25A42; HQG
in SLC26A16 and SES in ScLeu5p).
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Fig. 4.8 Structural analysis and suggested physiological role of dPCoAC.
A-D, side view of the structural comparative mod#ldPCoAC (A and B) and human
SLC25A42 (C and D) highlighting the substrate higdsites in presence of CoA (A and G
and dPCoA (B and D). The 3D models show the trandmane H1-H6 six-helix bundle in

grey cartoon (dPCoAC) or cyan cartoon (SLC25A4pyesentations. The bottom part of H1

(residues 90-120 in fruit fly and 50-80 in humaniransparent for allowing the carrier
cavity inspection. Hydrophilic residues within 4fildm CoA or dPCoA in SLC25A42 (K48,

R99, S204, Q241, K294, R252) and in dPCoAC (K8B3RND183, S242, Q279, R290) are
shown in cyan sticks. The distances between th&RL&64 and dPCoA or CoA are shown

for comparative purposes. The putative ionic irdtioa between the'phosphate group of

the CoA and the side chain of R103 is reported withd dashed line. Residues of the matri

gate of the dPCoAC (D94 K97 D190 R193 D286 R28%9) ahC25A42 (D55 K58 D153
R156 D248 R251) are reported in transparent pipkesentation. (E) ADP/[14C]JADP and
CoA/[14C]ADP exchange reactions catalyzed by tlcemdbinant wild-type and R103S
mutant dPCoAC-A. Proteoliposomes were preloadednally with 10 mM of unlabeled
substrates. Transport was started by the addifidd@uM [14C]JADP and terminated after 2
min. Values are means + S.D. from at least fouefrahdent experiments. (F) Proposed
physiological role of dPCoAC in D. melanogaste).dénote the enzymes of the CoA
biosynthetic pathway with an unknown subcellulaal@ation.
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4. MITOCHONDRIAL dPCoA-A CARRIER

4.3 DISCUSSION

CoA is an essential cofactor used by about 4%Idrawn enzymes and is involved in
more than a hundred of biosynthetic and catabelctions. The biosynthesis of CoA
from pantothenate is conserved amongst species@muuls by the subsequent action of
five enzymes.

The final two steps of the pathway are catalyzethleyCOASY, a bifunctional enzyme
which catalyzes the reversible adenylation BpHosphopantetheine to dPCoA, by its
phosphopantetheine adenylyltransferase activity AIBP and the final 3
phosphorylation of dPCoA to CoA, by its kinase watyi (DPCK). Although COASY
has been recently localized into the matrix of mai@n mitochondrid™®**® the
existence of a cytosolic monofunctional DPCK atgivias been also demonstratEd
1121 The proposed enzyme compartmentalization sugdjéisée the dPCoA, at least in
mammals, can be synthesized only in the matrixhieyRPAT activity of COASY and
then converted to CoA both in the matrix by the GBYAitself, by its DPCK activity,
and in the cytosol by the monofunctional DPCK.

In the latter case, a carrier would be requirettansport dPCoA from the matrix to the
cytosol.

The human SLC25A42 gene, the only functionally ebtarized mitochondrial
transporter able to transport dPCoA and CoA incamstituted lipid systerfi®, could

be responsible of such a transport, but the diftegphenotype found in patients affected
by SLC25A42 deficiency*®” compared to that found in the deficiency of other
enzymes involved in the CoA metabolism (NBIAY 13 together with the fact that
SLC25A42 showed a transport activity and a sulestedfinity for dPCoA and CoA
slightly lower than those for PAP and ADP!, suggested the possible presence of
another mitochondrial dPCoA transporter.

A possible candidate could be SLC25A16, the se¢unmdan gene able to complement
the growth defect of the yeast leustrain'®*. Unfortunately, we failed to reconstitute
this recombinant carrier in an active form intoospmesThus the organization and
compartmentalization of mitochondrial and cytosdlloA pools in human cell§?

remained an open question.
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Phylogenetic analysis of all the complete eukacyginomes revealed that fruit fly,
differently from many metazoan species, had the ZHAZ2 ortholog, the gene
CG4241, but lacked that of SLC25A16. The functioh§LC25A42 and CG4241 only
partially overlapped, suggesting that the two hunparalogs, SLC25A42 and
SLC26A16, have undergone subfunctionalization afungctionalization following the
duplication event. In fact, although both recombindPCoAC A and SLC25A42
efficiently transported mono- and di-phosphate ademucleotides, they showed
important differences in their substrate specifitit (Fig. 4.3C), particularly in their
ability to transport CoA and dPCoA: the human eartransported both molecules at a
rate lower than that of ADP, but still significali!, while the fruit fly ortholog
efficiently transported dPCoA (Fig. 4.3C), showifwy this metabolite the highest
substrate affinity (Table 4.1) but did not trangpatr all CoA (Figs. 4.3C and 4.5B).
Thereby the fruit fly carrier was here called degptftocoenzyme A carrier (dPCoAC).
The human and fruit fly carriers also profoundlyfetied for their specificity towards
PAP, which was well transported by SLC25A42, but only poorly translocated by
dPCoAC-A (Fig. 4.3C). The substrate specificitywbd by dPCoAC-A suggested that
the fruit fly carrier could be strictly involved ithe CoA metabolism and not in that of
PAP as previously suggested for the human cdfflerThis last observation was also
supported by the inhibitory effects produced by tdernally added unlabeled
substrates on the*’C]JADP/ADP exchange reaction catalyzed by the retitsd
dPCoAC-A (Fig. 4.4B). In fact, while PAP poorly afted the exchange reaction
catalyzed by dPCoOAC-A, CoA although not transpor{gédgs. 4.3C and 4.4B),
powerfully and competitively inhibited the exchangaction catalyzed by dPCoAC-A
(Fig. 4.4B), which showed for this molecule thedhihighest affinity among all tested
substrates (Table 4.1).

A structural modelling analysis revealed that, @liph in the substrate binding area,
dPCOAC-A and SLC25A42 contained similar residueig.(B.8A-D) *°® important
differences in amino acid composition were obsemteksidues of the m-gate afea
deeply involved in interactions with the transpdri®ubstrate and in conformational
changes along substrate translocatf8f\. It was previously observed that residues of
the m-gate area may be able to bind the substmat@gdtranslocation just before

reaching the transition state and the followingropg of the carrier on the matrix side
[61]

80



4. MITOCHONDRIAL dPCoA-A CARRIER

The different substrate specificity shown by dPCeA@nd SLC25A42°°, and the
putative role played by charged residues of theabte-grea, were investigated by in
silico docking experiments using CoA and dPCoA igands. A gridbox involving
residues of the substrate binding area and thetmagad® *°?was built to investigate
the binding of CoA or dPCoA at this region. Autokahowed that dPCoAC-A and
SLC25A42 bound CoA and dPCoA in a very similar wWkig. 4.8A-D). Beyond the
residues of the proposed binding region, CoA an@aformed with dPCoACA and
SLC25A42 further ionic interactions with basic thgs of triplets 33 (K97 and R289 in
dPCOAC-A; K58 and R251 in SLC25A42) and 34 (R29GRC0AC-A and R252 in
SLC25A42) that participated in the m-gate stabiiera®*. A further ionic interaction
was observed between the phosphate group of the(lgAot dPCoA) ribose ring and
R103 (a residue of triplet 39) of dPCoOAC-A. Thisni interaction is absent in
SLC25A42 as the R103 in dPCOAC-A is replaced byesgns (S64). The ionic
interactions established by this arginine residr&0g, triplet 39 “RTM”) and the '3
phosphate group of CoA could stabilize the confdiomaclosed towards the matrix,
preventing CoA translocation.

This hypothesis was also supported by the findimgt tall ligands carrying a’-3
phosphate group on the ribose ring, structurallgted to the CoA (in particular, PAP)
and transported by the human SLC25A42, were pdaatysported by dPCoAC-A and
acted as competitive inhibitors of thEGJADP/ADP exchange reaction catalyzed by
dPCoAC-A. Thus, the first residue of triplet 39 (B1within dPCoAC-A and S64
within SLC25A42) could play a key role in closinget c-conformation on the matrix
face in presence of ligands structurally related€CtA and carrying a’3hosphate on
the ribose ring. In order to verify this hypothesi® mutated R103 into serine and we
observed that the mutant R103S was able to trassloCoA, at variance with the
dPCoAC-A wild type (Fig. 4.8E). Also other residubsyond R103 may be responsible
for CoA specificity and translocation. R103 may ypla key role in the substrate
uptake/release in the mitochondrial matrix, reflegta species-specific physiological
role played by dPCoAC in fruit fly.

The transport activity of dPCoAC found into proiposomes was further confirmed in
a yeast cell model. dPCoAC-A and dPCoAC-B were haitle to complement the
growth defect on non-fermentable carbon sourceshefyeast leub strain (Fig. 4.7).
These results demonstrated that the mitochondradtixnCoA deficiency induced by
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the deletion of the yeast LEU5 géfi® could be rescued by a mitochondrial transporter
(dPCoAC) able to transport only dPCoA and not Ceudggesting that Leu5p could also
be the yeast dPCoAC. In fact, Prohl et al. wereblento find a CoA transport activity
using isolated yeast mitochondft4. They explained this result by the presence of a
CoA hydrolase, outside the mitochondria, that caafudly metabolize the radiolabeled
CoA, but it may be speculated that Leu5p can tomaté dPCOA instead of CoA.

In conclusion, it was here reported the functiordlaracterization of the D.
melanogaster mitochondrial dephosphocoenzyme Aecailt is the first eukaryotic
mitochondrial transporter which shows a very narsavbstrate specificity essentially
towards dPCoA and ADP. Although the localization @f melanogaster enzymes
involved in the CoA biosynthetic pathway is pookiyown, in humans, an isoform of
the pantothenate kinase (fbl) and the COASY hawn becalized to mitochondria, and
the existence of a cytosolic mono-functional DPG#6 been suggest&d® 12 124 The
data showed in this study, together with the omediterature, suggests a possible
physiological role of dPCoAC in the fruit fly CoA etabolism and
compartmentalization, which has beeported in Fig. 4.8F. The first and last two steps
of CoA biosynthesis may take place in the mitochi@hanatrix, dPCoA, produced by
the phosphopantetheine adenylyltransferase actofit¢OASY, is transported to the
cytosol by dPCoAC in exchange for ADP. Once in tiygosol, the monofunctional
DPCK transforms dPCoA to CoA. It should be notealt tBoA competitively inhibits
the dPCoAC, with a Ki of 131iM, a concentration of CoA similar to that foundtie
cytosol 20-140uM 2. Thus, CoA itself may control its cytosolic contration by
inhibiting the dPCoAC from the cytosolic side.

Thus, when the matrix concentration of CoA is miti@n two-fold of magnitude higher
than that of the cytosol and the two CoA pools nhestkept separate and adequately
constant®®®, a mitochondrial transporter, like dPCoAC, fitsrfpetly to connect the
cytosolic and mitochondrial parts of the CoA biaswtic pathway, without getting the
two CoA pools in touch.

The functional characterization of the CG4241 gexported here could help to better
useD. melanogasteas model organism for the study of a human disaaseciated to

CoA deficiency, called pantothenate kinase-assediaeurodegeneratiéft® %!
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5. STRUCTURAL
REARRANGEMENTS FOR
SUBSTRATE TRANSLOCATION IN
THE MITOCHONDRIAL
OXOGLUTARATE CARRIER

5.1 INTRODUCTION

Oxoglutarate carrier
The oxoglutarate carrier (OGC) is a nuclear encodextein located in the inner
mitochondrial membrane, where it catalyzes thetelaeutral exchange of cytosolic
malate for 2-oxoglutarate from the mitochondriatrixa**® **"!
This system plays an important role in some metabplocesses such as the
gluconeogenesis from lactate, the nitrogen metaimplthe malate/aspartate and the 2-
oxoglutarate/isocitrate shuttles.
This carrier is transported and inserted into timer mitochondrial membrane through a
specific protein complex, TIM 22, This complex usbe membrane potentia{¥
created by the transport of electrons through #spiratory chain. The signal that
directs OGC insertion is located at the level sfptimary structure, in the third and last

segment of the protein.

The OGC was first purified from mitochondria of lmoe heart, swine heart and rat liver
[117. 118 by chromatography on hydroxyapatite and celitaimols, in the presence of
cardiolipin.

The purified proteins displayed a molecular weight31.5 kDa (bovine and swine
heart) and 32.5 KDa (rat liver). Functional studieonducted both on intact
mitochondria and proteoliposomes containing thetgimo!*'®, showed that OGC
catalyzes the 2-oxoglutarate/2-oxoglutarate andxdjlitarate/malate exchange
reactions, with a kinetic of pseudo-first order.isTkbarrier has a high affinity for 2-
oxoglutarate with a K of 65uM. For pH values comprised between 6 and 8, the

transport is independent of pH, while it dependsemnperature.
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Kinetic studies showed a sequential transport nmesham since the carrier
simultaneously catalyzes the transport of a sulestreolecule from the inside to the
outside of the mitochondrion and of a second mdéecuthe opposite direction. During
transport, it forms a ternary complex as descrifwedother proteins belonging to the
mitochondrial carrier family”, a group of transporters not only structurallyateti but
also characterized by similar modes of operation.

The activity of this carrier is inhibited, both in the mitochondria and in
proteoliposomes, in a specific and competitive neanrby the ftalonic acid, the
pyridoxal 5'-phosphate (PLP) and some specificeetyfor sulfhydrylics groups, such

as mersalyl and p-hydroxymercuribenzoate.

In bovine heart mitochondria the complete aminad a®@quence of the OGC was
deduced from the nucleotide sequence of the cOf¥A In human, bovine and rat, a
single gene encodes the OGC. The human gene, SLX12%Alocated on chromosome
17p13.3. In bovine the gene consists of 6 exonsQmatrons, while in human are
present 8 exons and 7 introns; the two proteing diffier from each other by 11 amino
acids, located in the hydrophilic extra-membrargrsent.

The human and bovine proteins are constituted By&a8tino acidsThe sequences of
the human and bovine mitochondrial 2-oxoglutarateier genes were determined from
overlapping genomic clones generated by PCR. Thiéngoand protein sequences of
the human and bovine genes are 93% and 96.6%addemgspectivel{*.

The bovine protein shows an actual molecular wei§t#4.172 kDa, and possesses the
characteristic tripartite structure typical of éie mitochondrial family membel%?.

Based on its hydropathic profile and immunochemarad enzymatic data, a secondary
structural model was proposed, according to whi€CQs organized into six highly

hydrophobic segments forming transmembrane alpheelgFig. 5.1).
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Fig 5.1 Structure of OGC.
In red, the residues that constitute the charattesequence of all mitochondrial
carriers

Topographical studies showed that taerier contains three cysteines, in position 184,
221 and 224. Cysteine 184 is located in the fotrehsmembrane segment, protruding
in the mitochondrial matrix, and it is involved the formation of a disulfide bridge
between two monomers of the protein. The cysteff®ds and 224 are located in the
fifth transmembrane segment and are joined togeblyean intramolecular disulfide
bridge.Here, the role of the cysteines 184, 221 and 2Xlimagestigated in order to gain

new information about the structural rearrangememggiuired for substrate
translocation.

A number of symmetric residues are supposed tonperitant for transport mechanism.
Some glycine and proline residues, found in odd} even-numbered-helices were
proposed to play a key structural role, considexeskential in helical rearrangements,
since they are required for opening and closingcdugier on the matrix or cytosolic

side, during substrate translocation, triggeringontant conformational changé% 2!

Furthermore, the complete Cys-scanning mutagereegsriments performed on the
314 residues of the B. taurus SLC25A11_ OGC (BtOGl@wed that the mutation of

these proline residues severely impaired 2-oxortearanslocatioff® 37 38 116. 1211
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So far the existence of a cytosolic salt bridgevoet, or cytosolic gate (c-gate), has
only been hypothesized, but the conformational ghamequired for the transition from
the c-state (when the internal carrier cavity i®mgd towards the cytosolic side and
closed on the matrix sid&’)) to the m-state (when the internal carrier caistppened
towards the matrix side and closed on the cytossilie) occurring during substrate
translocation remain still unknowf?: 37 38 116 12llpreviously the location of residues
potentially involved in the formation of a c-gatasvanalyzed, revealing the presence of
a group of charged residues proposed to constimitenew sequence motif
[F/Y][D/E]XX[R/K] located at H2, H4 and H6 C termiis!®® 6% 1211221

In this work, in order to investigate new structusarrangements required for substrate
translocation, site-directed mutagenesis was usexbmservatively replace lysine 122
by arginine, since this residue is in the neighbothof the predicted c-gate.
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5.2 RESULTS

5.2.1 Expression, transport activity and kinetic aalysis of the reconstituted
K122R mutant

In this work, the roles of K122, located betweealipe/glycine residues of PG-level 1
[25. 60. 61] cysteine 184, located near the m-gate, cysteifésafd 224, located near the
c-gate, were analysed by site-directed mutagenkisistic analysis and by the use of
several sulfhydryl reagents, in order to shed lightthe structural rearrangements
required for 2-oxoglutarate translocation acrossO®C. K122 was firstly
conservatively replaced by arginine and K122R negtgprotein was expressed in
Escherichia coli its expression level was 85% as compared to ahahe WT OGC
(data not shown). The inclusion bodies containimg WT OGC and K122R mutant
were disaggregated with sarcosyl and the solublilizeteins were reconstituted into
liposomes, in order to measure initial transpotésaf 2-oxoglutarate. The amount of
reconstituted proteins varied between 18% and 3fl#%heoadded protein, according to
the values usually found for other mitochondriatriea proteins!?* 3¢, The initial
transport rate of K122R was 75% with respect td tifathe WT OGC (Fig. 5.2).
Kinetic constants were determined for the WT OG@ &A22R mutant over a wide
range of 2-oxoglutarate concentrations from a stechddouble-reciprocal set of
experiments (see Fig. 5.3). The transport affifym) for 2-oxoglutarate on the
external membrane surface of the reconstituted VBIC@nd K122R, measured by the
forward exchange method, was determined to be 6.208.0105 mM and 0.2021 +
0.0101 mM, respectively. The specific activitiestoé WT OGC and K122R (Vmax)
were 2883 + 128.1 and 1748 £ 63.95 nmol/min perprgein, respectively. These
activities were calculated by taking into accoum amount of recombinant proteins

recovered into proteoliposomes after reconstitution
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Fig. 5.2 Initial uptake rate of 2-oxoglutarate by the WT OGC and OGC
mutants.
Proteoliposomes reconstituted with the WT OGC oiQQ®@utants were
preloaded internally with 20 mM oxoglutarate arahgport was started by the
addition of 3 mM 2- oxo[1-14C]glutarate. Uptakeesbf
oxoglutarate/oxoglutarate exchange were measurgd s(in the initial linear
range of substrate uptake). Results are expressagercentage of the WT OG(C
value, which was on average 2699.77 + 114.24 nnmolp@r mg of protein. The
means = SD of at least three independent experswamtied out in duplicate ar
shown.

D
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Fig. 5.3 Lineweaver—Burk plots showing the dependee of transport rate on
external oxoglutarate concentration for the WT OGC(e) and K122R mutant
(A).

Liposomes reconstituted with the WT OGC or K122Rantwere loaded with 2C

mM oxoglutarate. External 2-oxo[1-14Cl]glutarate adsled at various
concentrations. The exchange activity V is expr@gs@mol/min per mg of
protein. The kinetic constants Vmax and Km wereisined from the
radioactivity taken up by proteoliposomes afteis30he average Vmax values g
oxoglutarate uptake were 2883 + 128.1 and 1748.9568mol/min per mg of
protein for the WT OGC and K122R mutant, respetfivehe half-saturation
constant (Km) for oxoglutarate was 0.2036 + 0.0a08 for the WT OGC and
0.2021 + 0.0101 mM for K122R mutant. Similar reswlere obtained in three
independent experimer

—

5.2.2 Influence of sulfhydryl reagents on the WT OG and K122R
transport activities

Since the WT OGC contains three native cysteinédues, the effects of several
sulthydryl reagents on the WT and K122R proteingawiested to investigate changes in
the accessibility/reactivity of the cysteines ie tNT or in the K122R background.
Firstly, the degree of influence of sulthydryl rea¢s was assayed by using mersalyl, a
well-known relatively membrane-impermeable merduréagent!?® 37 38 118 |t was
observed that K122R initial transport rate was ifiggntly inactivated by mersalyl as
compared to the WT OGC. In particular, K122R realdctivities were about 55%, 4%
and 1%, and the WT OGC about 95%, 78% and 53% pi110 uM and 100uM
mersalyl, respectively (Fig. 5.4). We extended owestigations to other relatively
membrane impermeable cysteine-specific sulfhydeagents. In detail, the initial

transport rates of the WT OGC and K122R proteingewevaluated after a pre-
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incubation of 2 min with pCMBS (100M), or 10 min with each one of the following
reagents, used at 1 mM final concentration: MTSEASES and MTSET. The residual
transport activity of the WT OGC was not signifidgnnfluenced by the treatment with
pCMBS and the negatively charged MTSES (80% and,7tE%pectively), on the
contrary, it was inhibited by MTSEA and MTSET, bqibsitively charged (29% and
36%, respectively). At variance with the WT OGC,22R was significantly affected
by pCMBS and MTSEA (33% and 5% respectively), wheré showed a pattern of
inhibition similar to that of the WT OGC in the gence of MTSES or MTSET (72%
and 30% respectively) (Fig. 5.5).

Il Mersalyl 1 1M
B Mersalyl 10,0

125 - L] Mersalyl 100uM

(%

® 100

75

mn

Fig. 5.4 Effect of mersalyl on the rate of oxoglutate transport in

proteoliposomes reconstituted with the WT OGC or O®& mutants.
Proteoliposomes were preincubated at 25 °C forrR2waith and without mersalyl,
which was used at the concentrationg\l (black bars), 1@M (green bars) and 10Q

uM (white bars). After removal of unbound reagent3gphadex G-75
chromatography, transport was started by addingn®32- oxo[1-14C]glutarate to

proteoliposomes containing 20 mM 2-oxoglutarate stogped after 30 s. Initial

uptake rates are presented as a percentage @aftéheeasured in the absence of
mersalyl. The data represent means = SD of at {best independent experiments
carried out in duplicate.
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Fig. 5.5 Effect of pPCMBS, MTSEA, MTSET and MTSES on therate of
oxoglutarate uptake by the WT OGC or by OGC mutants.
Proteoliposomes were pre-incubated at 25 °C forrimthe presence or absence |of
100uM pCMBS (blue bars) or for 10 min in the presencalazsence of 1 mM
MTSEA (red bars), 1ImM MTSET (white bars) and 1 mM$ES (black bars). The
experimental details are described in the legerfegnf5.4.

5.2.3 Expression, transport activity and influenceof sulfhydryl reagents on
reconstituted C184, C221, C224, K122R/C184, K122R221 and
K122R/C224 OGC mutants

As K122R displayed a major inhibitory effect by ey, pPCMBS and MTSEA, with
respect to the WT OGC, it is conceivable that dysaobstrate translocation changes of
accessibility and/or reactivity involve cysteinsickies located at the protein-membrane
interface. We investigated their involvement by resging three single-cysteine
mutants, C184, C221 and C2%% 2% and by building three new single cysteine
mutants, K122R/C184, K122R/C221 and K122R/C224thase recombinant proteins
only cysteine 184, 221 or 224, in combination witle mutation K122R is present,
respectively. For all of the OGC mutants expresdewels were not significantly
different from those of the WT OGC (ranging betwe#% and 94%), whereas the
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yield of reconstituted proteins varied between 288d 33% of the added protein. For
all these mutants initial transport rates of 2-dutayate, expressed as percentage of the
value for the WT OGC, were significant (Fig. 5.Zhe inhibitory effect of sulfhydryl
reagents on the initial transport activity of OGQ@tants was reported in Figs. 5.4 and
5.5, compared with the WT OGC residual transpadtivi rates. It is noteworthy that
C184, C221 and C224 mutants were nearly unaffeoyedhersalyl, pPCMBS, MTSET
and MTSES. MTSEA appreciably inhibited C221, C224vwamly weakly affected,
whereas C184was unaffected. Remarkably, mersaldnifsiantly inhibited
K122R/C184, K122R/C221 and K122R/C224 proteins aimailar extent, even at
concentration of 1@M; pCMBS appreciably inhibited K122R/C221 and K122R24,
whereas K122R/C184 was poorly inhibited. MTSEA sgjlg inhibited K122R/C221
and to a lesser extent K122R/C224, whereas K122R¥Gfas negligibly affected,;
MTSET and MTSES inhibited very weakly K122R/C224daf122R/C221 mutants,
whereas K122R/C184 displayed an inhibitory behasionilar to that of the WT OGC
by each of these two reagents. In other experiméimésdependence of C221, C224,
K122R/C221 and K122R/C224 inhibition on pCMBS and3EA concentrations was
evaluated. After 2 min  pre-incubation, half-maximalinhibition  of
oxoglutarate/oxoglutarate transport rate for K1Z2ZR1 and KI122R/ C224
reconstituted mutants was achieved by usingM0and 105uM pCMBS, respectively
(data not shown). Under the same conditions, t@msptes of C221 and C224 were
virtually unaffected by 80QM pCMBS (data not shown). In further experimenttgra
10 min pre-incubation half-maximal inhibitions of2Z1, C224, K122R/C221 and
K122R/C224 transport rates were obtained using 803 mM, 8 uM and 500uM
MTSEA, respectively (data not shown).

5.2.4 Influence of substrate on the inhibition of @24, K122R/C224, C221
and K122R/C221 mutants by MTSEA

To investigate the effect of substrate on MTSEAbitton of C224 and K122R/C224,
their proteoliposomes were pre-incubated with 3 orN600uM MTSEA, respectively,

in the presence or absence of 0.2 or 1 mM 2-oxagte (Fig. 5.6). Interestingly, when
the substrate was present during the incubatiorthef proteoliposomes with this

sulfhydryl reagent, it significantly enhanced thetemt of inhibition, which was
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dependent on 2-oxoglutarate concentration for blodése mutants, although the effect
was more marked in K122R/C224 (Fig. 5.6). In deta224 and K122R/C224 residual
activities were about 49%, 38%, 18% and 48%, 27 ,i8the absence or presence of
0.2 or 1 mM 2-oxoglutarate, respectively.

Influence of substrate on the inhibition of C22H &il22R/C221 mutants by 52M
and 8uM MTSEA was also investigated (Fig. 5.6). In K12€R21 the extent of
inhibition was meaningfully enhanced by the present 2-oxoglutarate, conversely
C221 was poorly influenced. In detail, C221 and RRZC221 residual activities were
about 50%, 43%, 38% and 48%, 28%, 15% in the alesenpresence of 0.2 or 1 mM
2- oxoglutarate, respectively. Further experimevese performed in similar conditions,
using in place of 2-oxoglutarate some substratésransported by BtOGC, as glutarate
or ADP, which did not affect the extent of inhibiti (data not shown).

60
40- T

20

residual activity (%)

C224
c221

K122R/C224
K122R/C221

Fig. 5.6 Influence of substrate on the inhibition of K122R/C224, C224, K122R/C221
and C221 reconstituted mutants by MTSEA.

Proteoliposomes preloaded with 20mM2-oxoglutaragesvpre-incubated for 10 min
with 500uM (K122R/C224), 3 mM (C224), M (K122R/C221) and 520
uM(C221)MTSEA, in the absence (black bars) or presesf 0.2mM(grey bars) or 1

mM (white bars) 2-oxoglutarate. After removal oboand reagent and external
substrate by Sephadex G-75 chromatography, transpsrinitiated by the addition of
1 mM 2-ox0[1-14C]glutarate and terminated afteis3Results are expressed as
residual activity percentage with respect to thetimd values without inhibitor. The
data represent means + SD of four independent emeets carried out in duplicate.
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5.2.5 Molecular modeling studies of SLC25A11_OGC
The 3D model of the WT OGC, K122R and the threpldrimutants K122R/C184,
K122R/C221 and K122R/C224, in the presence or aesai sulfhydryl specific
reagents, allowed investigating through in siligowdations the importance of the
aforementioned residues in substrate binding aauskocation. In particular, local 3D
structure rearrangements were probed by estim#tagccessibility of each triple OGC
mutant to oxoglutarate in the presence or abseh®E 8EA. In order to investigate the
influence of the OGC mutations on the substratelibmn site, docking analyses were
performed using 2- oxoglutarate as ligand. It wamtl that this substrate binds to the
WT OGC by interacting with residues R90, R190, R28B91, L289 at the level of the
MC common substrate binding site (see Fig. 5.%A)*?% with A134, T234, V194,
T293, T187, Y285, M188 at the level of the substfainding ared™, with E141 and
K244 at the level of the matrix gdfé *??and with Q248 at the level of them-gate area
811" All of the cited residues are within 5 A from tBe@xoglutarate substrate.
In these simulations K122, positioned at the sagwellof cysteine 224 and located on
transmembrane helix 3 (between proline/glycinedss of PG-level % *?Zand the
residues of the c-gate) was firstly mutated inrdarg (Fig. 5.7B). Docking analyses
showed that 2-oxoglutarate can enter carrier caiy bind to the residues located at
the level of the proposed common substrate binditggin the presence of both lysine
and arginine at position 122 (Fig. 5.7), accordindgransport assays that did not show
any difference in the affinity of 2- oxoglutarater f{OGC binding site (both WT OGC
and K122R mutant showed very similar Km for 2-oxdgtate, see kinetics section and
Fig. 5.3). Nevertheless, transport assays shovwadtike Vmax value of K122R mutant
was almost one half of that of the WT OGC (see tkisesection). Furthermore, the
presence of sulfhydryl reagents employed to ingagti the role of cysteine residues
within BtOGC revealed that the triple mutants K122B21 and K122R/C224 were
more sensitive to mersalyl, MTSEA and pCMBS tharRRR/C184. Docking of 2-
oxoglutarate within the triple mutants in the preseor absence of MTSEA revealed
that serine replacement of the cysteine residuésndt affect the substrate binding,
since 2-oxoglutarate continued to bind residugb®fsubstrate binding area (Fig. 5.7C—
D). Nevertheless, it was observed that when MTSE#S wdded to cysteine 184, in
K122R/C184 mutant, the docked 2-oxoglutarate shos@de interactions also with
MTSEA functional groups (Fig. 5.7C).
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Fig. 5.7. Docking of 2-oxoglutarate into the cavity of thewT OGC and
OGCmutants.

The OGC carrier is reported in grey cartoon reprigen with a view into the
cavity from the cytosolic side. Panel a shows thE @GC, panel b shows K122R
mutant, whereas in panels c—e K122R/C184, K122RIG22 K122R/C224
mutants are reported. In each panel 2-oxoglut@satisplayed in yellow sticks,
cysteine residues are presented in yellow sphetele R90, R190 and R288 in
blue sticks. In panel a, K122 is reported in blpkeses. In panels b—e, K122R i
reported in violet spheres. In panels c—e, setses to replace the native cysteines
are displayed in cyan sticks and MTSEA bound tdesge residues is reported in
yellow sticks. Putative H-bonds are labeled andasgnted by black dashed lines.
Other distances are labeled and represented jasdted lines for comparative

purposes
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5.3 DISCUSSION

The oxoglutarate transporter has been object efarek for many years. Our knowledge
on its structural and functional properties hasnbegrtended; however, the specific
mechanism of substrate translocation is not yetedptunderstood. In particular, the
substrate-induced conformational changes and tetgtal rearrangements required
for substrate translocation remain to be clarified.

Previous studies carried on BtOGC showed the ireraknt of lysine in position 122
(K122) in substrate-induced conformational changedeed in the presence of 2-
oxoglutarate the accessibility and/or reactivitykd22C mutant (where lysine 122 was
replaced by cysteine) was strongly redué8l Furthermore, OGC appeared to be
dysfunctional after modification of K122C with soydryl reagents®®. This
modification was believed to interfere with the nf@tion of the hypothesized salt-
bridge network of the cytosolic gate, during thensport cyclé'® 3¢ Since K122 is
located in the first cytosolic loop hosting residumt essential for substrate binding, its
side chain protrudes towards OGC central axisraoteng most likely with the residues

of the c-gate, when the carrier goes from the ¢théom-conformation.

In this work, K122 was replaced by an arginine (RR2 This mutation has small effect
on initial transport rate, most likely because g themical similarity between lysine
and arginine side chains. Furthermore, this rept@ee does not interfere with 2-
oxoglutarate binding site, because in transporyasthe WT OGC and K122R mutant
showed similar Km values. However, K122R Vmax vakes almost one half of the
WT OGC Vmax value. The decreased Vmax could be tduéhe more hindering
arginine side chain at position 122, which couldkenanore difficult conformational
changes required for the formation of the m-statend substrate translocation. The
effect of several sulfhydryl reagents on K122R wested. Mersalyl, pCMBS and
MTSEA showed a more efficient inhibition comparedthe WT OGC, supporting the
hypothesis that the presence of the bulky argirside chain in position 122 might
modify the accessibility and/or reactivity of thative cysteines in this carrier. The WT
OGC hosts three cysteine residues that can betedrbg sulfhydryl reagents: cysteines
221 and 224, located on transmembrane helix 5edtshe c-gat€’ 1?2 and cysteine
184, located at the N-terminal of transmembranix Helclose to the m-gaf& *2 The
single-cysteine mutants C184, C221 and C224, amtstl using the WT OGC
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background, were employed in transport assayseptesence or absence of sulfhydryl
reagent, to test their effect on each single cysteesidue. All mutants exhibited a
remarkable initial transport rate, differing fromepious studies carried on rat OGC
(123 Mersalyl, pPCMBS, MTSES and MTSET showed nearlyeffects on mutants.

MTSEA inhibited significantly C221, and to a lessextent C224, implying that

cysteines 221 and 224 can be targeted by this mea@a the other hand, the lack of
inhibitory effect on C184 by MTSEA, can not be doehe inaccessibility of cysteine
184, since a previous paper demonstrated thatcyrsteine was targeted by several

sulfhydryl reagents, including the fluorescent N4grenyl)maleimidd >+,

To test the influence of K122R mutation on the tedy of OGC cysteines, three triple
mutants having a single cysteine residue combindd Kd22R mutation were prepared
and characterized. All of thegautants retained a relatively good initial trangpate.
K122R/C221 and K122R/C224 transport activities werere affected than those of
K122/C184 mutant and the WT OGC by mersalyl, pCMBE MTSEA. In
K122R/C221 and K122R/C224 mutants the reactivitycg$teines 221 and 224 is
probably increased, because of the presence drthieine side chain at position 122,
which could be able to reorient sulfhydryl reagecasrying a partial positive charge
(mersalyl, MTSEA and, at a lower extent, pPCMBS)diang their interactions with
cysteines 221 and 224. The guanidinium group, ptesethe arginine side chain and
able to delocalize the positive charge, might causeajor electrostatic repulsion that
could promote a more effective reorientation of thagents carrying a partial positive

charge.

It is expected that, due to local conformationahrades, during substrate translocation
cysteines 221 and 224 can face OGC carrier cavtitpuld then be speculated that the
binding of mersalyl, MTSEA and, at a lower extgnfMBS to cysteines 221 and 224
does not affect 2-oxoglutarate binding; by the wsayfhydryl modification of cysteines
221 and 224 might cause a steric hindrance ablaffect the c-gate formation,
impairing conformational changes occurring during transition from the c-state to the
m-state. The presence of 2-oxoglutarate is ablgoificantly increase the degree of
inhibition of K122R/C221, K122R/C224 and C224 aityivby MTSEA, highlighting
that cysteines 221 and 224 are involved in sulestratuced conformational changes.
Moreover, the effect of 2-oxoglutarate is dependentits concentration and it is
specific, since glutarate (a chemically relatedoahior ADP had no influence. C221
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mutant showed less evident and significant effectthe bond of MTSEA to cysteine
221 than those observed in C224 and K122R/C221ntuuth is feasible to hypothesize
that the mutation K122R amplifies the inhibitoryfeets observed on K122R/C221
mutant compared to those observed in the WT baadkghosuggesting that the arginine
side chain reorients the substrate through theéecaravity towards cysteine residues of
transmembrane helix 5. On the other hand, the rbaley MTSET and mostly the
negatively charged MTSES inhibit at a very low ext€221, K122R/C221, C224 and
K122R/C224 mutants. Considering that OGC carrieungdirectionally inserted in
proteoliposomes, with an orientation opposite foand in mitochondrid**!, it could
be speculated that these reagents have more diffeto reach cysteines 221 and 224,
as they have to pass through almost the entirdecacavity. The inhibition of
K122R/C184 mutant clearly shows that MTSET is dblearget cysteine 184 in K122R
background. It is also observed that MTSET was abléenhibit the WT OGC and
K122R mutant. It should be noticed that cysteind I8 adjacent to the second/last
glycine residue of the second part of the sequencef and the region containing
cysteine 184 is less packed suggesting that it byinvolved in conformational
rearrangements during substrate transpétt The minor influence of the negatively
charged MTSES and pCMBS on cysteine 184. in K122BACmutant, could also
depend on repulsive interactions with the negativdlarged residues of the sequence
motif. MTSES and pCMBS could also get in touch wpibsitively charged residues
belonging to the sequence motif. The binding ofgimaller positively charged MTSEA
to cysteine 184 could scarcely influence K122R/Ca8dvity, because of its smaller
size, which could make difficult to create the samteractions achievable in the
presence of MTSET.

In conclusion, the measure of the kinetic paramsefee. Km and Vmax) of K122R
mutant demonstrates that the residue in positichddesn't take part to the substrate
binding but, considering the less stable OGC c;gtis expected that the presence of
the charged/hindering arginine side chain at pmsifi22 may affect the formation of
the OGC c-gate, while cysteine 184 could play e rol triggering conformational
changes suitable to form a functional m-gate. Tpartsexperiments using different
sulfhydryl reagents (in the presence or absenceubstrate) of reconstituted BtOGC
mutants together with molecular modeling studi¢utehypothesize further substrate-
induced conformational changes at the protein-man®interface, involving cysteines
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221 and 224, located close to the c-gate. Howeter, crystallized structure of a

mitochondrial carrier in m-conformation will be rmsary to definitively highlight

interactions responsible for the formation of aateg
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ABBREVIATIONS

ABBREVIATIONS

ADP Adenosine diphosphate
ALA Aminolevulinic acid

ALAS2 Aminolevulinate synthase 2
AP4 Adenosine Stetraphosphate
APS Adenosine sphosphosulfate
ATP Adenosine-5'-triphosphate
BAT Bathophenanthroline

BKA Bongkrekic acid

BMA Butylmalonate

BrCP Bromocresol purple

BTA 1,2,3-Benzenetricarboxylate
CAT Carboxyatractyloside

CCN a-Cyanocinnamate

CoA Coenzyme A

COASY Coenzyme A synthase
CSA Congenital sideroblastic anemia
Cyt Cytochrome

DPCK Dephospho-coenzyme A kinase
dPCoA Dephospho-coenzymeA
FAO Fatty acid oxidation

GDC Graves’ Diseas€arrier

GLY Glycine
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ABBREVIATIONS

GlyC Glycine carrier

IMM Inner mitochondrial membrane

MCF Mitochondrial carrier family

MCs Mitochondrial carriers

MER Mersalyl

MtDNA mitochondrial DNA

MTSEA 2-Aminoethyl methanethiosulfonate hydrobroenid
MTSES Sodium(2-sulfonatoethyl)-methanethiosulfonate
MTSET [2-(trimethylammonium)ethyllmethanethiosuléda bromide
NBIA Neurodegeneration with brain iron accumulation
NEM N-ethylmaleimide

OGC Oxoglutarate carrier

OMM Outer mitochondrial membrane

OXPHOS Oxidative phosphorylation

Pan Pantothenate

PANK Pantothenate kinase

PAP Adenosine 'I'-diphosphate

PAPS 3’- Phosphoadenosiné-phosphosulfate

pCMBS p-(chloromercuri)benzenesulfonic acid

PCR Polymerase chain reaction

pHMB p-Hydroxymercuribenzoate

PhSu Phenylsuccinate

PLP Pyridoxal-5phosphate

PPAT 4-Phosphopantetheine adenylyltransferase
PPCDC 4Phosphopantothenoylcysteine decarboxylase
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ABBREVIATIONS

PPCS 4APhosphopantothenoylcysteine synthase
SM Synthetic minimal medium

TAN Tannic acid

ThMP Thiamine monophosphate

ThPP Thiamine pyrophosphate

WT Wild-type

YP Rich medium

4'-P-Pan 4Phosphopantothenate

4'-P-PanCys 4Phospho-N-pantothenoylcysteine
4'-P-Panthet Pantetheinéphosphate
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