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RESUMO

O piruvato € considerado o ponto central do metabolismo celular, chave para a geragdo de
energia e blocos biossintéticos. Quando a oxida¢do do piruvato pelo ciclo do acido citrico ¢é
necessaria, o piruvato citosolico deve ganhar acesso a matriz mitocondrial em um processo
que se acredita envolver ativamente duas subunidades carreadoras de piruvato mitocondrial
(MPC) organizadas em hetero-oligdmeros. Desde 2012, quando as identidades moleculares de
mamiferos MPC1 e MPC2 (e MPC3 em leveduras) foram finalmente apresentadas, varios
estudos in vitro e in vivo revelaram uma interagdo inesperada entre duas ou mesmo trés
subunidades de proteinas que definem diferentes conjuntos funcionais, em um contexto
metabdlicos especificos; estes tém implicacdes claras na fisiologia da homeostase e em
algumas doengas. No entanto, o mecanismo funcional baseado em estrutura de MPC
permanece indefinido, apesar dos intensos esfor¢os empregando ferramentas computacionais
e técnicas experimentais de Ultima geragdo. Nesta tese, a produ¢do recombinante de MPC
humano, através de uma estratégia de co-expressdo, € incialmente descrita; no entanto, ndo foi
observada formagdo substancial de complexos e, predominantemente, subunidades
individuais foram purificadas. Em contraste com MPC1, que co-purifica com uma chaperona
de levedura, demonstramos que os homo-oligdbmeros MPC2 promovem o transporte eficiente
do piruvato em proteolipossomos. Os requisitos funcionais derivados e as caracteristicas
cinéticas do MPC2 assemelham-se aos demonstrados anteriormente para o MPC na literatura.
De maneira distinta, a inibi¢do quimica do transporte é observada apenas para um derivado de
tiazolidinediona. O papel de transporte autonomo para MPC2 € validado em células, quando a
expressdo ectopica de MPC2 humano em levedura sem MPC enddgeno estimulou o
crescimento e aumentou o consumo de oxigénio celular. A deteccdo de varias espécies
oligoméricas de MPC2 em isolados mitocondriais, proteinas purificadas e bicamadas lipidicas
artificiais sugerem complexos funcionais de alta ordem (> 2 subunidades). Mudangas
significativas no contetido da estrutura secundaria de MPC2, conforme sondado por dicroismo
circular de radiagdo sincrotron, suportam ainda mais a interagdo entre a proteina e os ligantes.
A cristalografia de raios X foi prejudicada pela incapacidade de se obter cristais adequados
tanto, por difusdo de vapor, quanto em fase cubica lipidica, apesar da obteng¢do de condi¢des
iniciais promissoras. Por fim, a analise por crio-microscopia eletronica de MPC2 reconstituido
em nanodiscos de copolimeros sintéticos permitiu a proposicdo de uma montagem
estequiométrica para o complexo. Coletivamente, nossos resultados fornecem bases para o
papel independente do MPC2 na homeostase e doengas relacionadas ao metabolismo
desregulado do piruvato e representam uma rota promissora para a determinacdo de um

modelo atomico de alta resolugdo para MPC2 humano.



ABSTRACT

Pyruvate is considered the central hub in the cellular metabolism, key for the generation of
both energy and biosynthetic blocks. When the oxidation of pyruvate by the citric acid cycle
is required, cytosolic pyruvate must gain access to the mitochondrial matrix in a process
thought to actively involve two mitochondrial pyruvate carrier (MPC) subunits assembled
into heterotypic oligomers. Since 2012, when molecular identities of mammalian MPC1 and
MPC2 (and MPC3 in yeast) were presented, range of in vitro and in vivo studies has since
revealed an unexpected interplay between two or even three protein subunits that define
different functional assemblies on a metabolic context-specific basis; these have clear
implications on the physiology of homeostasis and diseases. However, the structure-based
functional mechanism of MPC remains elusive, despite intensive efforts by different research
groups that employ state-of-the-art computational tools and experimental techniques. In this
thesis, the recombinant production of human MPC through a co-expression strategy is first
described; nevertheless, substantial complex formation was not observed, and predominantly
individual subunits were purified. In contrast to MPC1, which co-purifies with a host
chaperone, we demonstrated that MPC2 homo-oligomers promote efficient pyruvate transport
into proteoliposomes. The derived functional requirements and kinetic features of MPC2
resemble those previously demonstrated for MPC in the literature. Distinctly, chemical
inhibition of transport is observed only for a thiazolidinedione derivative. The autonomous
transport role for MPC2 is validated in cells when the ectopic expression of human MPC2 in
yeast lacking endogenous MPC stimulated growth and increased oxygen consumption.
Multiple oligomeric species of MPC2 across mitochondrial isolates, purified protein and
artificial lipid bilayers suggest functional high-order complexes. Significant changes in the
secondary structure content of MPC2, as probed by synchrotron radiation circular dichroism,
further supports the interaction between the protein and ligands. X-ray crystallography was
hampered by the inability to grow suitable crystals by vapor diffusion and in lipidic cubic
phase, despite the successful obtention of promising hit conditions. Lastly, cryo-electron
microscopy analysis of MPC2 reconstituted into synthetic copolymer nanodiscs allowed for
the proposition of a stoichiometric assembly. Collectively, our results provide the initial
framework for the independent role of MPC2 in homeostasis and diseases related to
dysregulated pyruvate metabolism and may represent a promising route for the determination

of a high-resolution atomic model for human MPC2
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CHAPTER 1. INTRODUCTION

1.1 Mitochondrial transport of pyruvate and the MPC

A significant fraction of the metabolic reactions in a eukaryotic cell, especially those that
connect sugar, fat, and protein catabolism to energy generation and biosynthesis, occurs in the
mitochondria. These ubiquitous subcellular organelles have the production of ATP (adenosine
triphosphate), through oxidative phosphorylation, regarded as their primary function. The
aerobic (oxygen-dependent) generation of ATP requires the controlled exchange of metabolites
from the cytosol to the so-called mitochondrial matrix, where a series of coordinated enzymatic
reactions take place. For instance, one of the foremost steps is the decarboxylation of glycolytic
pyruvate to generate acetyl coenzyme A, which is then oxidized to produce the reducing
equivalents NADH and FADHo,; these deliver electrons to the electron transport chain, to build

up a proton motive force that powers ATP production at the inner membrane cristae.

However, two distinct lipid bilayer membranes separate the mitochondrial matrix from
the cytoplasm (Figure 1). Briefly, besides anchoring enzymes, the outer mitochondrial
membrane, or OMM, is permeated by pore-forming integral transmembrane proteins that
facilitate the trafficking of ions and small uncharged molecules (< 5000 Da) from the cytosol to
the perimitochondrial space. The import of larger substrates, such as peptides or proteins,

requires the active function of translocase complexes of the outer membrane (TOM).

Because of the intrinsically high porosity of the OMM to small molecules, the
perimitochondrial or intermembrane space (IMS), is aqueous and chemically similar to the
cytosol. The second lipid membrane that encloses the ISM is called the inner mitochondrial
membrane, or IMM. With distinct protein-to-lipid ratio and lipid composition (including the
unusual cardiolipin) compared to the OMM, the IMM is also heavily folded into invaginated
structures called cristae (Figure 1). These features combined create a much less permeable
membrane that acts as both an electrical insulator and chemical barrier at the matrix; also, with
an extensive surface area, the IMM harbours over one hundred selective and specialized
membrane transporters, among other proteins, such as the components of the electron transport
chains the ATP synthase. Both the physical and chemical compartmentalization of matrix are

necessary features for specialized mitochondrial metabolism.
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Figure 1. Schematic representation of the mitochondrial structure. Mitochondria are
separated from the cytosol by an outer double layer phospholipid membrane (OMM), that
covers and contains the organelle. The inner membrane (IMM), also a double layer of
phospholipids, is located within and has many folds called cristae; the folding increases the
surface area inside the organelle, thereby generating more space for more membrane-linked
reactions to occur, and increases the mitochondria’s output. The space between the outer and
inner membranes is called the intermembrane space (IMS), and the high-viscosity space inside
the inner membrane is called the matrix. Figure created by the author using Biorender.com.

Relevant to this thesis is the mitochondrial metabolic fate of pyruvate, which was first
described by Hans Krebs, William Johnson, and others in the 1930’s (KREBS; JOHNSON,
1937), on the metabolism of ketonic acids in animal tissues. Pyruvate, which is a three-carbon
keto-acid anion, is regarded as one of the most versatile nutrients in the cell, lying at the
intersection between different catabolic and anabolic pathways. It is most often the end-product
of glycolysis but can also be converted back to carbohydrates (such as glucose itself) via
gluconeogenesis and can undergo decarboxylation by the Pyruvate Dehydrogenase Complex to
produce acetyl-CoA. Notably, acetyl-CoA is required for the Citric Acid Cycle, and the
synthesis of fatty acids, steroids, neurotransmitters, and others. In a series of reversible reactions
by the same enzymes, pyruvate can be (i) carboxylated into oxaloacetate by Pyruvate
Carboxylase, (ii) transaminated into alanine by Alanine Transaminase, and (iii) reduced to

lactate by Lactate Dehydrogenase.

To enter mitochondria, cytosolic pyruvate crosses the OMM to reach the IMS, probably
through the large, relatively non-specific, voltage-dependent anion channel (VDAC), and it is
then transported together with a proton across the IMM by the mitochondrial pyruvate carrier

(MPC) subunits 1 and 2 in mammalians and subunits 1 to 3 in yeast. More specifically, nearly
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four decades after the demonstration of the protein-mediated transport of pyruvate across the
IMM (HALESTRAP; DENTON, 1974), two concurrent studies identified the oligomeric
complex formed by the MPC subunits in yeast as necessary and sufficient for this task
(BRICKER et al., 2012; HERZIG et al., 2012) These original findings inspired many subsequent
investigations that have further characterized MPC-dependent pyruvate transport in the cellular
context (BENDER; PENA; MARTINOU, 2015; SCHELL et al., 2014; VACANTI et al., 2014),
with multiple groups showing that either the loss of MPC1 or MPC2 in mitochondria is
sufficient to confer similar loss of function phenotypes (BENDER; PENA; MARTINOU, 2015;
COMPAN et al., 2015; LIANG et al., 2015; VANDERPERRE et al., 2015; VIGUEIRA et al.,
2014). A recent review on the vast physiology of MPC was presented (ZANGARI et al., 2020).

Human MPC1 and MPC2 are small integral membrane proteins of, respectively, 12 kDa
(UniProtKB Q9Y5US) and 14 kDa (UniProtKB 095563). When the work reported in this thesis
was first conceived, back in 2013, the only model for the functional organisation of MPC
embedded in the IMM proposed that yeast MPC1 and MPC2 should function together via the
formation of an oligomeric assembly of approximately 150 kDa (BRICKER et al., 2012).

With the primary sequences identified, it became crucial to classify MPC into a proper
protein family to make further predictions. Since its discovery MPC has been in different
families considering diverse criteria. Initially, as mitochondrial carrier MPC was included into
mitochondrial carrier family (named MCF or SLC25), however proteins members of SCL25
family are small (35 — 40 kDa), acts as monomers and have a conserved amino acid sequence
motif, PX(D/E)XX(K/R) known as carrier signature (CS) (PALMIERI, 2013; PEBAY-
PEYROULA et al.,, 2003). MPC1 and MPC2 protein are 12kDa and 15kDa respectively
(BRICKER et al., 2012) and acts as a heterodimer or homodimer. These characteristics diverge

to other know mitochondrial carrier proteins.

Bioinformatical analysis suggests that MPC is related to the SWEET transporters (Sugars
Will Eventually be Exported Transporters) or heptahelical PQLC2 protein family (JEZEGOU et
al., 2012). Also, due to its homology to the bacterial homo-dimeric Semi-SWEET glucose
transporters (XU et al.,, 2014), MPC has been proposed to be a possible two-fold pseudo-
symmetrical dimer (VANDERPERRE et al., 2015). It is important to mention that a SWEET
domain consists in the connection, via transmembrane helix, of two semi-SWEET domains

which are composed of a single 1-3-2 triple transmembrane helix bundle (THB)(FENG;
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FROMMER, 2015). Structural predictions reveals at least two and three transmembrane helices
of MPC1 and MPC2 respectively (HALESTRAP, 2012; HERZIG et al., 2012). Recently, the
hypothesis of a 4TM MPC precursor duplication might originated MPC1 and MPC2 make, to
proposed that MPC belong to the transporter-opsin-G protein-coupled receptor (TOG)
superfamily with heptahelical TMS arranged in a 3+1+3 membrane topology(MEDRANO-
SOTO et al., 2020). Finally, according to Pfam (FINN et al., 2014), MPC proteins, SWEET
transporters and PQ-loop protein family are members of the MtN3-like clan. These models are

summarized in Figure 2.

semi-SWEET motif SWEET motif

IMS

IMM

MA

Figure 2. Proposed topology for mammalian MPC. (A) Bacterial semi-SWEET and SWEET
motifs. Semi-SWEET is composed of a triple helix bundle in this specific order 1-3-2. SWEET
contains two semi-SWEET motifs linked together by a helix. All the helices are crossing the
membrane, as experimentally demonstrated. (B) Model for the topology of MPC1 and MPC2 in
the inner mitochondrial membrane (IMM). Here, a semi-SWEET-like structure is proposed for
both MPC1 and MPC2. MA: matrix; IMS: inner mitochondrial membrane. Extracted from
(ZANGARI et al., 2020).
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In terms of functional organisation while embedded in the IMM, it has been proposed
that the three MPC subunits form two context-specific hetero-complexes, depending on the
metabolic state of the cell: (i) MPC1:MPC2 complex exist during fermentative growth and (ii)
MPC1:MPC3 is favoured during respiratory growth (BENDER; PENA; MARTINOU, 2015;
TIMON-GOMEZ; PROFT; PASCUAL-AHUIR, 2013). The latter was recently demonstrated to
mediate pyruvate transport when reconstituted in proteoliposomes (TAVOULARI et al., 2019).
In contrast, mammalians, including humans, are proposed to present only MPC1:MPC2 hetero-
complex (BRICKER et al., 2012) and MPCI-like:MPC2 (VANDERPERRE et al., 2016a)
complexes, additionally it has been reported a functional characterisation of human MPC2 in
complete absence of its “mandatory partner MPC1. However, the formation of a possible

homodimer or high-order oligomer complexes of MPC2 remains is still elusive.

1.2. Objectives.

In accordance to the previous session, following the identification of MPC and the growing
body of physiological studies related to this protein, the isolation and reconstitution of
MPC1:MPC2 into proteoliposomes is still considered necessary to perform the ultimate proof-
of-concept experiment to measure pyruvate transport (HALESTRAP, 2012; MCCOMMIS;
FINCK, 2015; VANDERPERRE et al., 2015); additionally, this demonstration will set the
framework to seek the structure-based mechanism of active pyruvate transport mediated by
MPC. Within this context, we propose the following main objective for this work: To
demonstrate, through recombinant production of MPC, its ability to promote pyruvate
transport in an artificial lipid system, associated with the description of the structure-

based functioning mechanism.
To achieve this major goal, the following specific objectives are outlined:
- to establish a eukaryotic system for the heterologous expression of human MPC;

- to perform chromatographic purification of recombinant MPC by exploiting its

physicochemical properties;
- to develop a quantifiable transport assay based on small unilamellar vesicles;

- to perform structure-based studies of MPC by X-ray crystallography and cryo-electron

microscopy using protein samples purified to homogeneity.
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DISCLAIMER: This thesis contains text and figures adapted from the original article
“Human mitochondrial pyruvate carrier 2 as an autonomous membrane
transporter”, licensed under The Creative Commons Attribution 4.0 International
License (see Appendix 1 for details).
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CHAPTER 2. MATERIALS AND METHODS

2.1. Construct design and cloning.

The pBEVY-GU (MILLER; MARTINAT; HYMAN, 1998) (bi-directional expression
vector for yeast, galactose inducible, URA3 selection) was a generous gift from Dr. Graham D.
Pavitt (University of Manchester, UK). We are also grateful to Dr. Pascal Egea (University of
California, Los Angeles) for the kind gift of alternative vectors from the pBEVY series. Standard
molecular biology techniques were used to modify the original pPBEVY-GU plasmid to add (i) the
coding sequence for an 8xHis tag (with a four-amino acid spacer, VDGS) to the 3" end of multiple
cloning site 1 and (ii) a PreScission Protease recognition sequence, followed by EGFP at the 3°
end of multiple cloning site 2. Codon-optimized, synthetic genes encoding human MPC1 (NCBI
Reference Sequence: NP_057182.1) and MPC2 (NCBI Reference Sequence: NP_001137146.1)
were acquired from GenScript, USA. The restriction sites Sall/BamHI and Xmal/EcoRI were
used for subcloning MPCI and MPC2, respectively. Standard techniques were also used to
transfer the poly-histidine tag from the C-terminus of MPC1 to the C-terminus of EGFP. The
additional constructs MPC1-mTFP+MPC2-GFP-10xHis, MPC2 alone (plasmid construct devoid
of the coding sequence for MPC1), and MPC2.C54S were generated using standard molecular
biology techniques. The plasmids were propagated in TOP10 chemically competent bacteria
(Thermo Fisher, USA). These experiments were performed in collaboration with the postdoctoral

fellow Dr. Raghavendra SK Nagampalli and the undergraduate student Amanda CT Silva.
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2. 2. Preparation of competent cells and transformation into yeast.

The expression plasmids were transformed into a triple deletion mutant yeast strain
(JRY2242, W303 mpcldmpc2Ampc3A, his3 lys2 metl5 trpl ura3) (BRICKER et al., 2012),
kindly provided by Jared Rutter (University of Utah, USA). The procedure for transformation was
adapted from a previously published protocol (DREW et al., 2009). Briefly, one yeast colony was
inoculated into 5 mL of yeast peptone dextrose medium (YPD) and cultured overnight in an
orbital shaker at 200 rpm, 30 °C. The following day, 0.8 mL of the overnight culture was diluted
into 30 mL of YPD in a 250-ml flask and grown as above until reaching an OD¢g of 0.8. The cells
were centrifuged at 4,000 g for 10 min at 4 °C, and the pellet was resuspended in 25 mL of sterile
water. The centrifugation process was repeated, and the competent cells were initially
resuspended in 1 mL and then 0.4 mL of 100 mM lithium acetate. Subsequently, the
transformation was performed on ice, unless otherwise mentioned. To the 50 pL. of competent
cells, 240 pL of 50 % (w/v) PEG 3350 was added for each transformation. A total of 25 pl of 2
mg.mL" single-stranded carrier DNA was added to each tube and incubated for 5 s. Subsequently,
50 pL. of DNA encoding human pyruvate carrier (100-150 ng) diluted in sterile water was added
to each tube and incubated for 5 s, followed by heat shock for 45 min at 42 °C. The cells were
centrifuged at 8,000 g for 1 min at RT, and the pellet was resuspended in 100 pL of sterile water.
The cell suspension was plated onto SD-URA plates and incubated for 3 days at 30 °C. These
experiments were performed in collaboration with the postdoctoral fellow Dr. Raghavendra SK

Nagampalli.

2.3. Protein expression and purification.

Typically, for large-scale overexpression of recombinant MPC, colonies from the SD-
URA plates with the highest fluorescence levels were selected and used as pre-inoculum, with
large-scale cultures (typically 4 L) grown in shake flasks. Two hundred-milliliter cell cultures (in
500 mL flasks) transformed with MPC plasmids were grown overnight in YPD (2 % glucose)
with shaking at 200 rpm at 30 °C. The following morning, 10 mL of the overnight culture was
added to 500 mL of YPD (0.2 % glucose) in a 2 L flask and cultured as above until the ODgq
reached 0.8. Then, 2 % galactose (from a 20 % stock) was added to the culture. After 22 h, the
cells were harvested via centrifugation at 4,000 g for 10 min. The pellets were suspended in 400

mL of buffer containing 1X PBS, supplemented with 150 mM NaCl, 10 % glycerol, 2 mM (-
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mercaptoethanol, and a protease inhibitor mix. Cell lysis was performed using a benchtop cell
disruptor (Constant Systems) at increasing pressures (25, 28, 30, 32, 35, and 38 kpsi). After lysis,
the cell suspension was centrifuged at 10,000 g for 10 min at 4 °C. The supernatant was retained
and further ultra-centrifuged at 150,000 g for 2 h to pellet the membranes. Isolated membranes of
MPCI1-8xHis or MPC2-10xHis were resuspended in similar solubilization buffer (SB) containing
1X PBS, pH 8.0, and 150 mM NaCl; 0.5 mM TCEP: 1 % (w/v) CI12E8 was used for MPC2-
10xHis, and 1 % (w/v) DDM was used for MPC1-8xHis. Membrane-detergent mixtures at a 2:1
ratio were rotated for 1 h at 4 °C. The suspension was cleared via ultra-centrifugation at 100,000 g
for 45 min, and 10 mM imidazole was added to the solubilized solution. The solubilized samples
were incubated for 3 h at 4 °C with TALON beads (Clontech) pre-equilibrated with SB
(supplemented with 0.1 % (w/v) C12E8 + 0.1 % (w/v) DDM for MPC2-GFP-10xHis and with 0.1
% (w/v) DDM for MPC1-8xHis). Following incubation, the sample was loaded onto a glass
column (Bio-Rad) and washed with 20 column volumes (CVs) of SB containing 0.1 % (w/v)
DDM and 15 mM imidazole. The column was subsequently washed with another 20 CVs of the
same buffer containing 30 mM imidazole. Bound proteins were eluted with SB containing 0.1 %
(w/v) DDM and 300 mM imidazole. A similar procedure of column washing and elution was
followed for both MPC2-10xHis and MPC1-8xHis. The eluted protein from the MPC1-8xHis
construct was collected, concentrated to 5 mg.mL™" and immediately loaded onto a Superdex 200
PG 16/30 column (GE Healthcare, Sweden) pre-equilibrated in 20 mM TRIS, pH 8.0, 150 mM
NaCl, 0.5 mM TCEP and 0.03 % DDM. The protein eluted from MPC2-10xHis construct was
dialyzed overnight against 20 mM TRIS, pH 8.0, 300 mM NaCl, 5 % glycerol, 0.05 mM TCEP
and 0.03 % DDM in a 6,000-Da MWCO dialysis bag (Spectrum Laboratories, USA) in the
presence of 10:1 (GFP fused pyruvate carrier: protease) GST-tagged PreScission Protease at 4 °C.
After dialysis, the digest was passed through TALON (Clontech, USA) and GST (GE Healthcare,
USA) beads equilibrated in dialysis buffer. The flow-through containing the membrane protein
was collected and concentrated to 5 mg.mL™" and loaded directly onto a Superdex 200 PG 16/30
column previously equilibrated with 20 mM TRIS, pH 8.0, 300 mM NaCl, 5 % glycerol, 0.05
mM TCEP and 0.03 % DDM. MPC2-10xHis in the absence of TCEP, and additional constructs,
such as MPC2 alone (plasmid construct devoid of the coding sequence for MPC1) and the
MPC2.C54S mutant, were similarly purified as described above. For all MPC constructs used in
the present study, a typical purification preparation starting with inducible expression from four

liters of yeast culture resulted in approximately 1 mg of pure protein sample after full purification.
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The electrophoretic analysis was performed using Tricine-SDS-PAGE. These experiments were
performed in collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli and the
laboratory of Dr. Isabel de Moraes, at the Membrane Protein Laboratory, Diamond Light Source,
Didcot, UK.

2.4. Confocal Microscopy.

The Mito-mCherry plasmid for yeast expression used for mitochondrial labeling was
kindly provided by Jean-Claude Martinou (Université de Genéve, Switzerland). Yeast co-
transformed with either of the MPC-expression plasmids or Mito-mCherry were cultured under
the same conditions described above to facilitate the expression of GFP-labeled MPC.
Subsequently, 10 mL of 22-h induced cells (at ODeo of 1) was centrifuged at 250 rpm for 5 min.
The pellet was resuspended in 1 mL of YPD. From this, 7 uLL of cells were added to a slide and
sealed with a cover slip. Samples were examined in the Biological Imaging Facility (LIB) at
LNBio, using a Leica TCS SP8 confocal on a Leica DMI 6000 equipped with an HCX PL. APO
63x/1.40 CS2 objective. These experiments were performed in collaboration with the postdoctoral

fellow Dr. Raghavendra SK Nagampalli.

2.5. Quantitative PCR.

Total RNA was extracted using the TRIzol reagent (Invitrogen Corporation), and 5 pg of
total RNA was used for retrotranscription using GoScript™ Reverse Transcription System
(Promega). Real-time quantitative PCR for MPC/ and MPC2 was performed using the SYBR
Green PCR Master Mix (Applied Biosystems). The threshold cycle (CT) values of the target
genes were normalized to the actin gene, and relative expression ratios were calculated using the
2-AACT Ct method ((LIVAK; SCHMITTGEN, 2001). Next, the readings were normalized to the
URA3 transcripts to calculate the levels of transformed plasmids. The primer sequences were as
follows: (1) Actin: ACT1.qPCR.For: 5° — ATTCTGAGGTTGCTGCTTTGG - 3" and
ACTI1.qPCR.Rev: 5" — TGTCTTGGTCTACCGACGATAG —-3"; (2) URA3: URA3.qPCR.For: 5
-  TGGCAGCAACAGGACTAGGATG - 3 and URA3.qPCR.Rev: 5 -
CGAACAGAAGGAAGAACGAAGGAAG - 37; (3) Human MPCI1: hMPC1.qPCR.For: 5" —
TGACCTTTGCTTTGTGTTGC - 3 and hMPC1.qPCR.Rev: 5 -
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CACCTTGGATCAATTGTGCT - 33 (4) Human MPC2: hMPC2.gPCR.For: 5= -
CGATATGGCTAGACCAGCAG - 3 and hMPC2.qPCR.Rev: 5 —
ACAGCGAACAAAGACCAATTT — 3'. ). These experiments were performed in collaboration

with the graduate student Carolline Ascengao.

2.6. Fluorescence size-exclusion chromatography (FSEC).

The appropriate detergent for protein extraction from membrane pellets was determined
by FSEC analysis (DREW et al., 2009). A total of 250 uL of solubilized membranes containing
the overexpressed EGFP-fused pyruvate carrier in DDM (Anatrace, OH, USA) for MPC1 and
CI12E8 (Anatrace, OH, USA) for MPC2 was loaded onto a Superdex 200 PG 16/30 column. The
column was pre-equilibrated with 20 mM TRIS, pH 8.0, 150 mM NaCl, 0.5 mM TCEP and 0.03
% DDM for MPC1-8xHis and 20 mM TRIS, pH 8.0, 300 mM NacCl, 5 % glycerol, 0.5 mM TCEP
and 0.03 % DDM for MPC2- and connected to an AKTA start FPLC system at 4 °C. The flow
rate was set at 1| mL.min"'. Fractions of 200 uL. were drawn from the elution into 96-well optical
plate. GFP emission was measured at 512 nm on bottom read mode, with an excitation
wavelength of 488 nm, using an EnSpire microplate reader (Perkin Elmer, Massachusetts, USA).
These experiments were performed in collaboration with the postdoctoral fellow Dr. Raghavendra

SK Nagampealli.

2.7. Calibration of gel filtration columns.

Standard proteins from the low and high molecular weight Gel Filtration calibration kits
(GE Healthcare, USA) were used. Protein resuspension buffer and running buffer were 20 mM
TRIS, pH 8.0, 300 mM NacCl, 5 % Glycerol, 0.5 mM TCEP and 0.03 % DDM. These experiments

were performed in collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli.

2.8. Mass spectrometry.

The protein bands from gel-filtration-purified samples were extracted from tricine-SDS-
PAGE gels. The gels were first stained with Coomassie dye for band identification and excision.

Bands were then isolated and destained in methanol (50 %)/acetic acid (2.5 %) solution, and the
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samples were reduced, alkylated, and digested with trypsin (SHEVCHENKO et al., 1996).
Peptides (4.5 pL) were separated by a C18 (75 pum x 100 mm, 1.7 pm particle size) nanoUPLC
(nanoAcquity, Waters) coupled with a Q-Tof Premier mass spectrometer (Waters) with a
nanoelectrospray source at a flow rate of 0.6 pL.min™". The gradient was 2-35 % acetonitrile in 0.1
% formic acid over 31.6 min for the digested proteins. The nanoelectrospray voltage was set to
3.5 kV, with a cone voltage of 30 V, and the source temperature was 80 °C. The instrument was
operated in the ‘top three’ mode, in which one MS spectrum is acquired, followed by MS/MS of
the top three most-intense peaks detected. After MS/MS fragmentation, the ion was placed on an
exclusion list for 60 s. The spectra were acquired using MassLynx v.4.1 software, and the raw
data files were converted to a peak list format (mgf) using Mascot Distiller v.2.4.0.0 software
2011 (Matrix Science Ltd.) and were searched against the Human UniProt-SwissProt database
(92,180 sequences; 36,693,332 residues; release date March 2016) and the Yeast UniProt-
SwissProt database (550,299 sequences; 196,347,838 residues; release date March 2016), with
Saccharomyces cerevisiae taxonomy (7,743 sequences) using Mascot engine v.2.3.2 (Matrix
Science Ltd.) with carbamidomethylation as a fixed modification, oxidation of methionine as a
variable modification, one trypsin missed cleavage and a tolerance of 0.1 Da for both precursor
and fragment ions. These experiments were performed in collaboration with the postdoctoral
fellow Dr. Raghavendra SK Nagampalli and the laboratory of Dr. Adriana F Paes Lemes, at
LNBio/CNPEM, Campinas.

2.9. Preparation of liposomes and proteoliposomes.

The purified MPC protein samples were reconstituted into liposomes using previously
described procedures (XU et al., 2014; YONEDA et al., 2014) with minor modifications. Briefly,
asolectin from soybean extract (Sigma Aldrich) was dissolved in chloroform and dried into a thin
film by blowing gaseous N,. This film was then resuspended to a final concentration of 4 mg.mL"
in buffer containing 20 mM TRIS, pH 8.0, 300 mM NacCl, 5 % glycerol, 0.5 mM TCEP and 0.03
% (w/v) DDM and heated at 70 °C for 1 h with vortexing every 10 min. This suspension was
sonicated in a water-bath sonicator at 40 kHz for 1 min to obtain the homogenized lipid-detergent
solution. The purified proteins were added to the solution at a lipid-to-protein ratio of 10:1 (w/w),
along with 0.05 % (w/v) DDM to avoid protein denaturation. The ternary protein-lipid-detergent

mixture was freeze-thawed three times for full reconstitution and then sonicated for 1 min under
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the aforementioned conditions. In order to remove the detergent and allow proteoliposome
formation, Bio-Beads SM-2 resin (Bio-Rad) was added at a ratio of 1:0.2 (w/w) and incubated at
4 °C with exchange after 5, 10 and 40 min, followed by ultra-centrifugation of the suspension at
100,000 g for 45 min, and the final proteoliposome pellet was resuspended in 20 mM TRIS, pH
8.0, 300 mM NaCl, 5 % glycerol, and 0.5 mM TCEP. Protein-free liposomes (small unilamellar
vesicles, or SUVs) were prepared following a similar procedure, except that the protein solution
was replaced with the gel filtration buffer. Purified MPC2-10xHis in the absence of TCEP, as
well as the purified proteins from the additional constructs, such as MPC2 alone (plasmid
construct devoid of the coding sequence for MPC1) and the MPC2.C54S mutant, were
reconstituted into liposomes following the above protocol. The size and homogeneity of the
liposomes and proteoliposomes were assessed via dynamic light scattering and Nanoparticle
Tracking Analysis (Fig. 5A), as described below. Dynamic light scattering analysis was
performed to check for unwanted bursting or swelling of the liposomes and proteoliposomes upon
incubation with the pyruvate solution (Fig. 5B). These experiments were performed in
collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli and the laboratory of
Dr. Pietro Ciancaglini, at the Departamento de Quimica, Faculdade de Filosofia, Ciéncias e Letras

de Ribeirdo Preto, Universidade de Sdo Paulo.

2.10. Nanoparticle Tracking Analysis.

The size, homogeneity, and concentration of the liposomes and proteoliposomes were
assessed via NTA, as available on the NanoSight instrument (Malvern) Dynamic light scattering
measurements were performed on a NanoSight NS300 (Malvern Instruments Ltd., United
Kingdom). Fifty microliters of total proteoliposomes was diluted in 1 mL of filtered buffer (20
mM TRIS, pH 8.0, 300 mM NaCl, 5 % glycerol, 0.5 mM TCEP); 500 uL of this suspension was
injected into the sample chamber using a sterile syringe. All measurements were performed at 18
°C, and the average of quintuple readings was determined. These experiments were performed in

collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli.
2.11. In vitro pyruvate transport: radiolabelled substrate.

Radiolabelled pyruvate transport experiments were performed as described previously

(BENDER; PENA; MARTINOU, 2015; BRICKER et al., 2012; HERZIG et al., 2012) with minor
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modifications. The transport assay was initiated by the addition of 50 pL
liposome/proteoliposomes samples with 50 uL of radiolabelled '“C-pyruvate at 0.1 pCi dissolved
in transport buffer containing 120 mM KCI, 100 mM MES pH 6.5. Upon incubation at desired
time points (1, 5, 10 and 30 minutes), at room temperature, the transport assay was stopped by
adding 900 pL of 50 mM cold pyruvate in PBS pH 7.4. The vesicles were centrifuged at 15,000 g
for 30 minutes followed by PBS wash two times. To the resulting pellet, 1 ml of scintillation
buffer was added, and the imported “C-pyruvate was quantified by scintillation counter. To
demonstrate the pH dependence on the transport, 50 puL of the liposome/proteoliposomes were
added with radiolabelled pyruvate in buffer containing 120 mM KCI, 100 mM TRIS pH 8.0 and
incubated for 30 minutes at room temperature. The reaction was stopped, and the measurement of
imported “C-pyruvate was carried out as described above. Further, to validate the inhibition of
pyruvate transport 50 puL. of the liposome/proteoliposomes samples were pre-incubated for 30
minutes with UK5099 and rosiglitazone dissolved in 0.1 % DMSO at a final concentration of 50
uM respectively. To these samples, radiolabelled pyruvate in transport buffer containing 120 mM
KCI, 100 mM MES pH 6.5 was added and incubated for 30 minutes at room temperature. By
following the procedure described the above reaction was stopped, and the imported '*C-pyruvate
was quantified by the scintillation counter. Background values in each experiment were measured
by the simultaneous addition of '“C pyruvate and its corresponding stop solution. These
experiments were performed in collaboration with the postdoctoral fellow Dr. Raghavendra SK
Nagampalli and the laboratory of Dr. Ariel M Silber, at the Laboratério de Bioquimica de
Tripanossomatideos, Departamento de Parasitologia, Instituto de Ciéncias Biomédicas,

Universidade de Sdo Paulo.

2.12. In vitro pyruvate transport: enzymatic assay.

Transport analysis was performed at room temperature and initiated by mixing 50 pL of
the liposome/proteoliposome samples with 100 pL of 50 uM sodium pyruvate in a 96-well flat-
bottom Greiner plate. To induce a pH gradient of 1.5 units between the inner and outer vesicle
environments, sodium pyruvate (Sigma, USA) was resuspended at the desired concentration in
transport buffer containing 120 mM KCl and 100 mM MES, pH 6.5. Upon incubation for the
desired times (1, 3, 5, 15 and 30 min) at room temperature, 50 puL of stop buffer (2 nM LDHA,
0.5 mM NADH, 50 mM TRIS, pH 8.0) was added. The mixture was immediately subjected to
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quantification of absorbance at 340 nm on an EnSpire plate reader (Perkin Elmer, USA) to track
the oxidation of NADH. In addition, the necessity of a collapsed proton electrochemical gradient
was measured as described above with minor modifications. Briefly, sodium pyruvate was also
dissolved in transport buffers containing 120 mM KCI, 100 mM TRIS, pH 8.0 (for ApH = 0).
Raw absorption readings were converted to amounts of NADH using an extinction coefficient of
6,220 M '.cm'. Initial velocities for LDHA under all conditions were obtained using linear
regression, keeping unrestrained intercepts. When appropriate, analysis of covariance (ANCOVA)
was performed to determine whether the difference between two similar slopes was statistically
non-significant (indicated as n.s. in the figures and respective legends). Velocities were rounded
up to the first significant digit. The obtained enzyme velocities for each transport condition were
compared with an LDHA standard curve (Fig. 8D) generated under the same chemical conditions
used in the assay but in the absence of liposomes or proteoliposomes, termed Ctrl (-L/PL).
Spontaneous oxidation of NADH was shown not to occur during the experimental timeframe. The
plasmid for bacterial expression of human LDHA was a kind gift from Anne Le (Johns Hopkins
Medicine, USA). Experiments to demonstrate the MPC2 pyruvate transport inhibition were
performed at room temperature. Fifty microliters of liposome/proteoliposome samples were pre-
incubated for 30 min with UK5099 and rosiglitazone dissolved in 0.1 % DMSO at a final
concentration of 50 uM. As a control, liposome/proteoliposome samples were also similarly
incubated with 0.1 % DMSO. These experiments were performed in collaboration with the

postdoctoral fellow Dr. Raghavendra SK Nagampalli.

2.13. Isolation of yeast mitochondria.

Mitochondrial isolation was carried out according to the procedure described (DIEKERT
et al.,, 2001) with minor modifications. Briefly, 100 ml of 3A yeast with MPC2 was grown in
YPD medium for 22 hours at 200 rpm, 30°C. Cells were recovered by centrifugation for (3,000g 5
minutes) at 4°C washed once in water and resuspended in 1ml of ice-cold 20 mM HEPES pH 7.4,
0.6 M sorbitol and 1 mM PMSF buffer at 0.5g cells/ml. Glass beads of approximately two-thirds
the final volume was added, and the cells were broken by vortex for 15 s. This process is repeated
for three times after chilling on ice for every 15 s. The resulting suspension was centrifuged at
600g for 5 min, and the obtained supernatant is carefully transferred to a fresh tube and further

centrifuged at 10,000 g for 10 min. The resulting pellet containing mitochondria were
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resuspended in 1 ml of 20 mM HEPES pH 7.4, 80 mM KCl, 5 mM MgCl,, and 250 mM sucrose.
The presence of MPC2 in the resulting pellet was further confirmed by tracking GFP emission
measured at 512 nm using Enspire (Perkin Elmer, Massachusetts, USA). A similar protocol was
followed to isolate the mitochondria of 3A yeast cells in the absence of MPC2. These experiments

were performed in collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli.

2.14. Quantification of transport using 14C pyruvate in isolated mitochondria.

Two hundred and fifty micrograms of isolated mitochondria of 3A yeast in the absence
and presence of MPC2 was added with radiolabelled pyruvate at a similar concentration as
described above in transport buffer containing 120 mM KCI, 100 mM MES pH 6.5 and incubated
for 30 minutes at room temperature. The uptake was stopped by adding 900 pL of 50 mM cold
pyruvate in PBS pH 7.4. The mitochondria were centrifuged at 15,000 g for 5 minutes, followed
by PBS wash two times. To the resulting pellet, 1 ml of scintillation buffer was added, and the
imported ""C-pyruvate was quantified by scintillation counter. To corroborate the inhibition of
pyruvate transport, mitochondria were pre-incubated for 30 minutes with UKS5099 and
rosiglitazone in a related way as it was carried out for vesicles. The inhibitor bound mitochondria
were supplemented with radiolabeled pyruvate in transport buffer containing 120 mM KCI, 100
mM MES pH 6.5, and incubated for 30 minutes at room temperature. The reaction was stopped
and the measurement of imported “C-pyruvate was carried out as described above. These
experiments were performed in collaboration with the postdoctoral fellow Dr. Raghavendra SK
Nagampalli and the laboratory of Dr. Ariel M Silber, at the Laboratério de Bioquimica de
Tripanossomatideos, Departamento de Parasitologia, Instituto de Ciéncias Biomédicas,

Universidade de Sdo Paulo.

2.15. Substrate specificity assay.

Lactate was assessed using the L-lactate colorimetric assay kit from Abcam, Inc.
(ab65331) according to the manufacturer's instructions, with minor modifications. Substrate
specificity analysis was performed at room temperature and initiated by mixing 50 pL of the
liposome/proteoliposome samples with 100 uL. of 50 uM sodium lactate (Sigma, USA) in a 96-
well flat-bottom Greiner plate. Sodium lactate (Sigma, USA) was suspended to the desired final
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concentrations of 30, 60, and 120 uM in transport buffer containing 120 mM KCI, 100 mM MES,
pH 6.5, which was also used to dissolve sodium pyruvate. Upon incubation for 30 min at room
temperature, 50 pL of the lactate enzyme mix provided with the kit was added, and the plate was
measured at 450 nm. Data processing and analysis were performed as described above for
pyruvate transport. The obtained enzyme velocities for each transport condition were compared
with a lactate standard curve obtained in a vesicle-free solution, termed Ctrl (-L/PL). The
experiments were repeated four to six times, and the means + standard deviations obtained were
graphically represented. These experiments were performed in collaboration with the postdoctoral

fellow Dr. Raghavendra SK Nagampalli.

2.16. Chemical crosslinking of MPC2.

Crosslinking of MPC2 in mitochondrial extracts was performed according to previously
published (BENDER; PENA; MARTINOU, 2015), but using DSS instead. For crosslinking of
purified protein and protein reconstituted in proteoliposomes, MPC2 was prepared as described
above, except that HEPES was used instead of TRIS in the final gel filtration buffer (20 mM
HEPES, pH 8.0, 300 mM NaCl, 5 % glycerol, 0.05 mM TCEP and 0.03 % DDM). Approximately
10 pg of protein was used in each reaction and incubated with DSS at 0.2, 0.4, 2 and 4 mM for 30

min at room temperature. The reactions were stopped using 50 mM TRIS, pH 8.0.

2.17. Cell Growth assays.

Yeast cells co-transformed with pPBEVY and pYES2 plasmids were grown overnight and
inoculated in 5 mL of SD-URA medium supplemented with 0.2 % glucose for 22 h at 30 °C, 200
rpm. Cells were recovered by centrifugation for 5 min at 3000 g, 4 °C, washed twice and then
resuspended in 2.5 mL of SD-URA-LEU-VAL supplemented with 0.2 % glucose. ODgyo was
adjusted to 0.034 (approximately 0.23 at 10 mm path-length) for all conditions using an EnSpire
Plate Reader (Perkin-Elmer). Then, 10 pL of each cell culture was added to a 96-well plate
containing 200 puL of SD-URA (supplemented with 0.2 % glucose + 0.2 % galactose) in the
presence and absence of leucine and valine, or a combination of both. Optical density was

measured every 5 min, while cells were left to grow inside the EnSpire Plate Reader, with shaking
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at 200 rpm, at 30 °C. The pYES2 plasmid was a kind gift from Dr. Celisa Caldana (LNBio).

These experiments were performed in collaboration with the graduate student Douglas Adamoski.

2.18. Oxygen consumption measurements.

Yeast cells were grown overnight and inoculated on 10 mL of SD-URA medium
supplemented with 0.2 % glucose for 22 h at 30 °C, 200 rpm. Cells were recovered via
centrifugation for 5 min, 3.000 g at 4 °C and resuspended in 1 mL of 25 mM HEPES-Buffered
DMEM, pH 7.1 (Sigma, D5030). OD¢y was adjusted to 0.034 (approximately 0.23 at 10-mm
path-length) for all conditions using an EnSpire Plate Reader (Perkin-Elmer), and cells were
centrifuged and resuspended again in the same buffer to remove any residual glucose.
Measurements were performed using an Oxytherm (Hansatech, Norfolk, UK). Briefly, 970 uL of
buffered DMEM was pre-warmed to 30 °C with shaking at 100 rpm in a reaction chamber. Next,
30 pL of OD-standardized cells was added, and the chamber was equilibrated open for 1 min. The
chamber was then closed and incubated for 8§ min to measure the basal respiration, followed by
another 8 min for glucose (0.08 % final concentration to induce mitochondrial oxidation of
pyruvate and not fermentation to ethanol (TAKEDA et al., 2015), and the final 8 min for ethanol
(2 % final concentration to inhibit any residual fermentation (BROWN et al.,, 1981;
FERNANDES et al., 1997). The raw oxygen concentration in the chamber collected every second
was used to calculate multiple linear regressions of 150 s in length and average the oxygen
consumption rate using the R software package. These experiments were performed in

collaboration with the graduate student Douglas Adamoski.

2.19. Determination of MPC2-GFP-10xHis orientation in lipid bilayer membrane.

Triplicate 400 pl aliquotes of proteoliposomes were prepared, with one control sample left
untreated. PreScission protease at a ratio of 1:10 (protease: GFP fused pyruvate carrier) was
added. All the samples were left gently shaking overnight at 4°C and ultracentrifuged at 100,000
g for 45 min the following day. The supernatant from the protease un-treated and treated along
with the control proteoliposomes were loaded into 96 well plate to measure the GFP emission
using Enspire (Perkin Elmer, Massachusetts, USA). Results were normalized to the intensity

observed in the presence of PreScisison protease, and the percentage digested was calculated and
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represented graphically. Further, the similar set of samples were resolved on a 15 % Tricine gel
and imaged by using a CCD camera after exposure to blue light at 460 nm with a 515 nm filter
cutoff, for 0.2 s. These experiments were performed in collaboration with the postdoctoral fellow

Dr. Raghavendra SK Nagampalli and Dr. Zeyal Islam.

2.20. Recombinant expression and purification

Colonies transformed with the MPC2-10his plasmid were grown in YPD (2% glucose)
shaken at 200 rpm in 125-ml flasks at 30°C overnight. The next day, 0.8 ml of overnight culture
was added into 30 ml of YPD (0.2% glucose) in a 250 ml flask and allow it to grow in the above-
mentioned conditions until OD 600 reaches 0.8. Ten- microliter of each overnight culture was
streaked onto a fresh SD-URA plate and incubated at 30 °C for 3 days. At OD 0.8, 2 % of
galactose (20 % stock) was added to culture and let it growth for 22h. For large-scale
overexpression is used typically 10-20 L. Cells were transferred to a clear 96-well optical plate
and GFP emission was measured at 512 nm on bottom read, with an excitation wavelength of 488

nm, using Enspire (Perkin Elmer, Massachusetts, USA).

2.21. Membrane pellet preparation.

After the 22-h expression, the cells either for MPC2-10his or MPC1-8his plasmids was
harvested as described and resuspended in approximately 10 ml per liter of cell culture with Lysis
buffer (LB). Cell lysis was carried out using the Constant Systems cell disrupter (Constant
Systems) at increasing pressures; 25, 28, 30, 32, 35 and 38 kPsi. After lysis, the cell suspension
was centrifuged at 10,000 g for 10 min at 4 °C. The supernatant was retained and further ultra-

centrifuged at 150,000 g for 2h to pellet the membranes.

2.22. Purification of human mitochondrial pyruvate carrier 2.

Isolated membranes of MPC2-10his are resuspended in solublization buffer (SB)
containing Ix PBS pH 8.0, 150 mM NacCl, 0.5 mM TCEP 1% (wt/vol) C12E8. Membrane-
detergent mixture at 2:1 ratio was allowed to rotate for 1h at 4°C. The suspension was cleared by

ultracentrifugation at 100,000 g for 45 min, and 10 mM imidazole was added to the solubilized
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solution. TALON beads (Clontech) preequlibrated with SB- 0.1% (wt/vol) C12E8 + 0.1%
(wt/vol) DDM and incubated the solubilized sample for 3 h at 4 °C. Upon incubation the sample
was loaded onto a onto a glass column (Bio-Rad) and washed with SB containing 0.1% (wt/vol)
DDM and 15 mM imidazole for 20 column volumes (CV). The column was subsequently washed
with another 20 CVs in the same buffer containing 30 mM imidazole. Bound proteins were eluted
with SB containing 0.1% (wt/vol) DDM and 300 mM imidazole. The eluted protein was dialyzed
overnight in a 6,000-Da MWCO dialysis bag (Spectrum Laboratories, USA) in the presence of
10:1 (GFP fused pyruvate carrier: protease) precission protease against and 20 mM Tris pH 8.0,
300 mM NaCl, 5 % glycerol, 0.05 mM TCEP and 0.03% DDM at 4°C. After dialysis, the digest
was passed through TALON (Clontech) equilibrated in dialysis buffer. The flowthrough
containing the membrane protein was collected and concentrated to 5 mg/ml and loaded straight
onto Superdex 200 PG 16/30 column (GE Healthcare, Uppsala, Sweden) preequilibrated in 20
mM Tris pH 8.0, 300 mM NaCl, 5 % glycerol, 0.05 mM TCEP and 0.03% DDM.

2.23. SEC-MALLS in detergent.

Protein complexes in DDM and UDM were analysed by SEC coupled to multiangle laser
light scattering (MALLS) in-line detectors. Following 50-kDa MMCO concentration, IMAC and
gel filtration purified PDCs were applied to a 24-ml Superdex 200 column operated by an
Alliance high-pressure liquid chromatographer (HPLC; Waters Corporation) at 0.5 ml/min.
0D280, refractive index, and laser light scattering were measured using the 2489 UV/Vis (Waters
Corporation), OptiLab rEX (Wyatt Technology), and miniDAWN TREOS (Wyatt Technology)
detectors, respectively. Data were processed using the “protein conjugate” analysis module of the
Astra software package version 5.3.4.18 (Wyatt Technology). The protein and detergent dn/dc
values used were 0.187 and 0.143 ml/g for DDM and 0.187 and 0.150 ml/g for UDM
respectively. These experiments were performed in collaboration with the postdoctoral fellow Dr.
Raghavendra SK Nagampalli and the laboratory of Dr. Isabel de Moraes, at the Membrane Protein
Laboratory, Diamond Light Source, Didcot, UK.
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2.24. Synchrotron Radiation Circular Dichroism (SRCD).

To analyse the secondary structure content of MPC2 alone and upon incubation with 25
uM pyruvate and 50 pM rosiglitazone, SRCD experiments were performed using a nitrogen-
flushed Module X end-station spectrophotometer at B23 Synchrotron Radiation CD Beamline at
the Diamond Light Source, Oxfordshire, UK19. In addition to this, to characterize MPC2
behaviour in different solvent environment high-throughput synchrotron radiation -circular
dichroism (HT-SRCD) experiments have been also been carried out20. 50 different buffer
conditions have been designed and the secondary structure content of MPC2 in these conditions
was investigated using this technique. Results obtained were processed using CDApps and
OriginLab'® with Tm calculated using Boltzmann equation. Secondary structure estimation from
CD spectra was carried out using CDApps using Continll algorithm. These experiments were
performed in collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli and the
laboratory of Dr. Isabel de Moraes, at the Membrane Protein Laboratory, Diamond Light Source,

Didcot, with important assistance from the beamline crew.

2.25. Detergent screening for crystallization.

To identify the conditions those, promote crystal contact, MPC2 that was originally purified in
DDM (12 carbons long) was screened for its stability in shorter detergents during gel filtration.
Detergents like UDM (11 C), DM (10 C), NM (9 C), and OG (8 C) were used in this screening.
These experiments were performed in collaboration with the postdoctoral fellow Dr. Raghavendra
SK Nagampalli and the laboratory of Dr. Isabel de Moraes, at the Membrane Protein Laboratory,
Diamond Light Source, Didcot, UK.

2.26. CMC (Critical micelle concentration) screening of UDM.

Following the identification of UDM as the suitable shorter detergent for purification of MPC2
we also screened the required CMC of UDM from 3 to 1.5 times to purify human MPC2. These
experiments were performed in collaboration with the postdoctoral fellow Dr. Raghavendra SK
Nagampalli and the laboratory of Dr. Isabel de Moraes, at the Membrane Protein Laboratory,
Diamond Light Source, Didcot, UK.
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2.27. Crystallization of MPC2 using vapour diffusion.

The purified MPC2 was concentrated to 11 mg/ml in buffer containing 20 mM Tris pH
8.0, 300 mM NaCl, 5 % glycerol, 0.05 mM TCEP and 0.058 % UDM and set for crystallization
trials in the presence and absence of 2.5 mM pyruvate. Crystallization screens those are specific
to the membrane proteins such as MemGold, MemGold2. These experiments were performed in
collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli and the laboratory of
Dr. Isabel de Moraes, at the Membrane Protein Laboratory, Diamond Light Source, Didcot, UK.

2.28. Crystallization of MPC2 using lipid cubic phase (LCP).

The purified MPC2 was concentrated to 18 mg/ml in buffer containing 20 mM Tris pH
8.0, 300 mM NaCl, 5 % glycerol, 0.05 mM TCEP and 0.058 % UDM and added to monoline
(MO) at a ratio of 2:3 (w/v). The detailed protocol for setting up LCP 1. The frozen monoline was
incubated at 38 °C 2. Two glass Hamilton syringes of different sizes (the bigger one normally is
for the lipid), (the mosquito only takes 100 or 50 pl) 3. Make sure the spacers are clean by
rubbing them on the glove (if no trace of grease is found they are clean) 4. Press the spacer tightly
on the syringe to be sure of the weight of MO is correct tare the balance with the empty syringe
and weigh it again with the MO in it 5. Once the weight of MO is established set the pipette for
slightly more (2 to 5 pl). Press the tip full of MO hard against the syringe and slowly move the
plunger down (no air can go inside) 6. Once the MO syringe is loaded you can load the other one
with the protein, using the same method previously used 7. Connect the first syringe, loaded with
protein, to the connector by holding the metal parts. Once it’s connected push the plunger very
slowly until you see a drop of protein forming at the end of the connector. This is to avoid air
bubbles in the syringe system. Then connect the syringe with MO on the other side of the
connector 8. Mix the two for about 5 minutes or until LCP is created (becoming totally
transparent with no ripples). Push the LCP into the smaller of the syringes, put the needle and
crew the cap and dispense with the mosquito. Crystallization screens those are specific to the
membrane proteins such as MemGold, MemGold2, MemStart & MemSys and MemMeso were

used and the sandwich LCP plates were incubated at 20°C. These experiments were performed in
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collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli and the laboratory of
Dr. Isabel de Moraes, at the Membrane Protein Laboratory, Diamond Light Source, Didcot, UK.

2.29. Expression and purification of recombinant Membrane Scaffold Protein (MSP).

MSPs Plasmids, pMSP1D1, pMSP2N2, pMSP1E3D1, were acquired from Addgene
(plasmids #20061, # 29520, #20066 respectively). The expression and purification were carried
out as described(BAYBURT; GRINKOVA; SLIGAR, 2002) with minor modifications. The
purified plasmids were transformed into competent BL21 (DE3) Escherichia coli, Rosetta2 strain
(EMD Biosciences, Darmstadt, Germany), and plated on LB-agar containing appropriate
antibiotics. A single colony was grown overnight at 37°C in 30 ml LB medium containing 30
mg/ml kanamycin with shaking at 180 rpm to generate a starter culture. The starter culture was
added to 0.5—1 litre of LB medium and incubated at 37°C with shaking at 180 rpm until an OD
585 of 0.6-0.7 was reached. MSP production was induced by adding isopropyl b-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM. The cells were harvested 3—4 h
after induction by centrifugation (3000 g, 30 min). The cell pellet was stored at 80 °C or used
directly for purification. MSPs were purified following the methodology described by Inagaki et
al. INAGAKI; GHIRLANDO; GRISSHAMMER, 2013) . Briefly, the stored cell pellet (20 g)
were resuspended in 50 ml of buffer A (50 mM Tris, pH 7.4, 200 mM NacCl), and then passed
twice through a Cell disruptor. Cell debris was removed by centrifugation at 55,000 rpm for 45
min and 4 °C in a Type 70 Ti rotor on a Beckman Coulter Optima L-90K Ultracentrifuge, and
then imidazole was added to the supernatant to a final concentration of 25 mM. The sample was
passed through a 0.2 pm filter (Stericup, Millipore, CA, USA) and loaded onto a Ni-NTA column
(8 ml bed volume, Qiagen, CA, USA), equilibrated with buffer B (buffer A containing 25 mM
imidazole). The resin was washed with buffer B and MSPs were eluted with buffer C (buffer A
containing 280 mM imidazole). 3 Fractions containing MSP were identified by SDS-PAGE.
Pooled fractions were concentrated, and the imidazole was removed by passage over Superdex
200 10 300 column (GE Healthcare) equilibrated with buffer A. Sample was stored at -80 °C or
used directly for reconstitution. These experiments were performed in collaboration with the

postdoctoral fellow Dr. Raghavendra SK Nagampalli and Dr. Zeyaul Islam.
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2.30. hMPC2-GFP assembling into MSP.

1 mg soybean azolectin (Sigma) was dissolved in chloroform and dried in N2, protected
from light. Dried phospholipids were solubilized in 1ml buffer containing, 20 mM Tris pH 8.0,
150 mM NaCl, 5 % glycerol, 0.05 mM TCEP and 0.058% DDM-CHS, vortex/heat (60 °C) every
10 minutes for 1 hour, then bath sonicated for 1 min at RT and then stored on ice. The
phospholipid solution was freshly prepared for each reconstitution experiment. For incorporation
of the hMPC2 in lipid nanodiscs, the MPC solubilized in DDM were mixed with soybean
azolectin solution and the MSP to a final MPC/MSP/Lipids molar ratio of 1:4:40, The mixture
was incubated for 20 min at RT. A control sample was prepared with no MPC added at this step.
Detergent extraction, leading to the assembly of MPC-MSP lipid nanodiscs or proteo-liposomes
in the control sample, was accomplished by bio-beads to a final mg ratio of 200:1
bio-beads/lipids. The samples were incubated for 5, 5 and 45 minutes and finally subjected to
centrifugation (80,000 g, 45 min, 4°C) to separate the nanodiscs from any large aggregates and
liposomal material. The collected supernatant was injected into a superdex 200 10 300 column
previously equilibrated with 20 mM Tris pH 8.0, 150 mM NaCl and collected only the
fluorescence fraction (since GFP attached to hMPC). These experiments were performed in

collaboration with the postdoctoral fellow Dr. Raghavendra SK Nagampalli and Dr. Zeyaul Islam.

2.31. Purification of SMA-encapsulated MPC2.

hMPC2-GFP Membrane pellet was resuspended to 50mg/ml in buffer A (50 mM Tris-HCI
pH 8, 0.25 M NaCl, 10% Glycerol) then the SMA solution XIRAN® SL 30010 P20 (Polyscope
Polymers B. V.), was directly added to a final concentration of 2.5%. After incubation for 3 hours
continuous stirring at room temperature, the solution was centrifuged at 185,500g for 45 to
remove un-solubilized particles. The supernatant was then incubated overnight at 4°C with Cobalt
or Nickel beads resin (5ml resin per gram of membrane pellet) previously equilibrated with buffer
B (50 mM Tris-HCI pH 8§, 0.15 M NaCl,3% glycerol). Affinity chromatography was made by
gravity washing resin with 20 CV of buffer B followed by 5 CV of buffer B containing 20 mM
Imidazole and then eluted with 2 CV of Buffer B containing 200mM Imidazole. The dropwise
collected fractions were pooled and concentrated injected to a Superdex 200 10 300 column
previously equilibrated with 50 mM Tris pH 8.0, 150 mM NaCl and collected only the

fluorescence fraction (since MPC contains GFP attached). Same protocol was executed to test
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other SMA products such as DIBMA, SMA2000, and other XIRAN polymers. The experiment

was conducted under the supervision of Naomi Pollock at University of Birmingham - UK.

2.32. Negative staining sample preparation.

SuLL of protein solution (0.1mg/mL) was placed onto a carbon-coated copper previously
glow discharged carbon coated grid and incubated for 1 min. In parallel 4 drops of 2% Uranyl
Acetate (UA) stain was pipetted onto a piece of parafilm. After incubation, sample was removed
using filter paper followed by 4 cycles of incubation/blotting (Pick up 1drop of UA with the grid,
leave 1 min and remove with filter paper), finally air dry. Grids were imaged using a Talos
microscope fitted with a Tungsten filament operating at 120 kV. The experiment was conducted

under the supervision of Saskia at University of Warwick - UK.

2.33. Cryo-EM grids preparation and sample conditions.

GO solution 10X (Sigma) was diluted to 0.2mg/mL with distillated water, and
centrifugated at approximately 300 RCF to remove aggregates. 3ul of diluted GO solution was
placed incubated for 1 minute onto carbon side of Au 300 R1.2/1.3, 300 mesh grids (Quantifoil
Micro Tools GmbH, Jena, Germany), previously glow discharged for 40sec at 0.2mBar and
40mA and. In parallel we prepared 3 drops of 20ul ddH2O in a clean area (e.g. with parafilm).
After incubation, GO solution was removed with filter paper followed by two times wash (take up
first drop of ddH2O with the carbon side and remove with the filter paper, same for the second
drop) and finally a third wash (take up third drop of ddH2O with the back side of the grid, remove
with filter paper and dry for 5 minutes). 3ul of 0.Img/ml protein sample was place onto the
previously prepared grid, the grid was blotted (30sec wait, 4 sec Blotting, 10 Blot force and 100%
Humidity) and flash-frozen in liquid ethane with a FEI Vitrobot Mark IV. CryoEM grids were
loaded into a FEI Titan Krios G3 electron microscope operated at 300 kV. These experiments
were performed in collaboration with Dr. Christos Savva at Cryo-EM Facility of University of

Leicester.
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2.34. Data Acquisition and Image Processing.

Best grids were used for data collection in Titan Krios transmission microscope with a
Volta phase plate that enables near-atomic resolution single-particle reconstruction. Image data
are ideally recorded in super-resolution mode as multi-frame exposures of each region of interest.
Multi-frame exposures were recorded using a Falcon 3 direct electron detector cameras (DED),
after searching for straight ice-embedded proteins spanning holes in the carbon support film.
Spherical aberration coefficient (cs) was 2.7mm, and the nominal magnification 75K, the
calibrated physical pixel size was 1.08 A. The values for second condenser aperture and the
illumination area was 50um and 1.8 um respectively. Defocus range was stablished at -0.7 um,
and the dose rate on specimen 0.7 e-/pix/sec, fractionated from 75 frames, finally the specimen
was exposed for 60 seconds. These experiments were performed in collaboration with Dr.

Christos Savva at Cryo-EM Facility of University of Leicester.

Since the total dose given to an area of interest is fractionated, images were aligned by
post-processing to eliminate specimen movement originating from the physical drift of the
specimen stage To correct specimen motion, we used MotionCor2 software(ZHENG et al., 2017),
Local contrast-transfer functions were estimated from aligned non-dose-weighted micrographs
using GCTF ().All subsequent image-processing steps were performed on the dose-weighted
micrographs using the single-particle method reconstruction as implemented in
RELION(SCHERES, 2012) or CryoSPARC(PUNJANI et al., 2017), Best micrographs were
selected by inspection of Fourier Transforms (FT) of the images. Reference-free two-dimensional
classification applied to the extracted particles until obtain best quality classes. The experiment

was conducted under the supervision of Sarah Lee at University of Birmingham - UK.

2.35. Lipid extraction and Thin Layer Chromatography (TLC) analysis.

To MPC2-GFP membrane extract diluted at 0.5mg/ml were added add 2ml methanol and
Iml chloroform, the mixture was vortexed for 10 minutes then heated for 30 minutes at 50 C, and
vortex again for 10 minutes. Sample was centrifugated at 16,000 x g for 10 minutes (15 — 20 C),
the organic layer was collected and dried at 40C. 1 — 5ul of the lipid extracts were spotted onto a
TLC silica gel plate and E. coli lipids (PE, PG, and CL) were used as a reference. Lipid separation

was performed having the mobile phase composed of methanol, acetic acid and chloroform in the
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ratio of 12.5:4:32.5 and were visualized by heating TLC plates treated previously with
Phosphomolybdic Acid (PMA) solution in order to activate the stain.
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CHAPTER 3. RESULTS

3.1. Purification of recombinant MPC.

Human MPC1 and MPC2 proteins were co-expressed from codon-optimized genes in
a heterologous yeast system (Saccharomyces cerevisiae JRY472) that was modified to lack
endogenous MPC (Ampc1/2/3). This mutant strain is hereafter referred to as 3A (BRICKER et
al., 2012). All restriction maps used in this thesis are listed in Figure 3. A bi-directional
expression plasmid was initially engineered to contain MPC1 fused to an 8xHis tag and
MPC2 linked to a cleavable monomeric GFP (Fig. 3 and 4A). This system enabled the
detection of inducible expression levels and cellular compartmentalization as well as
subsequent purification via cobalt-based immobilized metal affinity chromatography (Co-
IMAC) of the target complex. Controlled expression (Fig.4B) and proper mitochondrial
localization of MPC were confirmed (Fig.4C), using an alternative plasmid (Fig.3D). n-
Dodecyl-B-D-maltoside (DDM, at 1 %) was identified as a suitable detergent for the
extraction of proteins from membrane pellets. The target proteins were purified via Co-
IMAC, followed by gel-filtration chromatography (GF), both of which were carried out in the
presence of 0.03 % DDM (Fig. 4A, center panel). A sharp monodisperse peak was obtained
after GF, which corresponded to a molecular weight of 64 kDa for the protein-detergent
complex (Fig.4A, right panel). Surprisingly, the peak sample derived from human MPCI1 was
strongly associated with the yeast 60S ribosomal protein L28, both bands were identified
using mass spectrometry (Table 1). In addition, traces of co-purified, GFP-fused MPC2 were

confirmed via silver staining and in-gel fluorescence (Fig. 4A, inset).
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Figure 3. Restriction maps and modifications used in this thesis. A. pPBEVY-GU plasmid
containing Human MPC1 and six histidine tag fused to its C-terminal and MPC2 fused to
EGFP. B. The six Histidine tag of MPC1 was removed and ten histidine tag was added after
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EGFP in MPC2. C. Human MPC1 was completely removed from pBEVY-GU plasmid. D.
An alternative plasmid was generated containing only a fluorescent protein mTFP after
MPCI1.
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Figure 4. Recombinant expression and purification of human MPC. (A) A schematic of
the initial human MPC protein constructs expressed in yeast (co-expression set 1). Left panel:
Proper localization to the mitochondria was confirmed via confocal microscopy. DIC:
Differential interference contrast. Middle panel: Electrophoretic analysis of MPC1-8xHis
samples purified using Co-IMAC and GF. *N-terminally truncated portion of 60S RPL28.
The inset displays the silver staining and in-gel fluorescence detection of trace amounts of
MPC2-GFP, which co-purified with MPC1. Right panel: The corresponding GF trace showed
a predominant protein-detergent monodisperse peak at approximately 64 kDa. (B) In order to
confirm the proper expression of the recombinant MPC subunits at the transcriptional level,
and under control of galactose-inducible promoters GAL1 (for MPC1) and GAL10 (for
MPC2), quantitative polymerase chain reaction (qPCR) was performed, upon mRNA
extraction. Expression of actin was used a housekeeping marker and subsequent
normalization by URA3 levels was performed. Values are given as expression fold change,
relative to URA3 expression (red solid line). Values are mean =+ s.d. (for quadruplicates). (C)
Mitochondrial localization of MPC1 is confirmed, by the specific detection of a C-terminally
fused mTFP (left panel), compared to unlabelled MPC1 (right panel). Respective excitation
wavelengths and the emission detection windows for emission are described. Figure adapted
from (NAGAMPALLI et al., 2018).
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Intrigued by the trace amounts of human MPC2 isolated during the complete
purification of MPC1, as well as the lower-than-expected molecular weight, we generated an
alternative plasmid construct. In this new construct, the poly-histidine tag from MPC1 was
transferred to the C-terminus of the MPC2-GFP fusion (Fig. 3B and 5), similar to a previously
successful approach employed for other eukaryotic membrane proteins expressed in yeast
(NEWSTEAD et al., 2007). Upon confirmation of proper mitochondrial localization of the
new construct (Fig. 5B, left panel), the recombinant proteins were successfully extracted with
1 % C12ES8 (octaethylene glycol monododecyl ether) and purified in the presence of 0.03 %
DDM via Co-IMAC, followed by GFP-10xHis removal and GF (Fig. 5, middle panel). Again,
a single monodisperse protein-detergent peak was obtained, which corresponded to a
molecular weight of 70 kDa (Fig. 5, right panel). This sample was shown to exclusively

contain MPC2, which was then purified to homogeneity (Table 2).
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Figure 5. Alternative strategy for the recombinant expression and purification of human
MPC. Diagram of the alternative MPC constructs (co-expression set 2) and corresponding
confocal microscopy (left panel). Middle panel: Electrophoretic (Tricine-SDS-PAGE)
analysis of representative chromatography steps. PP: PreScission Protease. Right panel: GF
peak and silver staining analysis revealed that pure monodisperse MPC2 (associated with
DDM) was obtained at an equivalent molecular weight of 70 kDa. In all GF profiles above, vo
indicates void volume, and vt indicates the total liquid volume of the GF column. The
corresponding elution volumes for calibration standards are shown in red. Figure adapted
from (NAGAMPALLI et al., 2018)
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Table 1. Identification of the purified protein bands by liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS). Table adapted from (NAGAMPALLI et al., 2018)

Co-expression strategy and the respective bands identified

Co-expression of: Co-ex 3 \

i -expression of:
Ml b o JEP MPC1 + MPC2-GFP-10xHis
M GF peak IMAC elution
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35 ==
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Database Sequenc
Ban Protein (accession e # of Top-three highest score
d number) coverage | matches peptide sequences
, %
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1 Rgfgs (ngi%t& 49 42 SASKETAPVIDTLAAGYGK
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ETAPVIDTLAAGYGK
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6 MPC2 (095563) 73 107 LLDKVELMLPEK
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ETAPVIDTLAAGYGK
7 Rgﬁgg (PE‘ZZSO%) 53 79 SASKETAPVIDTLAAGYGK
INMDKYHPGYFGK
Other relevant bands (not by LC-MS/MS)
Bgn Protein Means of detection
A MPC2-GFP-10xHis Inducible expression, Detected by In-gel fluorescence
B GFP-10xHis Cleavage product, Detected by In-gel fluorescence
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Table 2. Mass spectrometry identification of yeast proteins co-purified with human MPC2 (as
in main text Figure 4). Table adapted from (NAGAMPALLI et al., 2018).

Sequenc | Number
Regi Expected | Uniprot e of
on i MW ID coverage | matche
kDa GF peak o
1%%— B | , %o S
50 1 Peptide matches not assigned to protein hits
35
20— 2 Zuotin 49 P32527 3 2
19T gm—MPC2 3 RANBP1 23 P41920 |3 1
10 ——
4 Peptide matches not assigned to protein hits
5 60 RPL28 17 P02406 |24 5

3.2. Functional reconstitution of MPC in lipid vesicles.

To evaluate the pyruvate transport activity of recombinant purified MPC in vitro, we

reconstituted both purified protein products, individually and in combination, into asolectin

liposomes (Fig. 6A-B). The choice for asolectin was based on previous literature (NALECZ et

al., 1986).
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Figure 6. Qualitative analysis of lipo- and proteoliposomes. (A) Size and concentration
analysis of asolectin liposomes, MPC1*, MPC2 and MPC1*+MPC2 proteolipsomes using
Nanoparticle tracking analysis (NTA). An asterisk (*) indicates that MPC1 was co-purified
with yeast RPL28. (B) To check for undesired swelling or bursting during the transport
assays, protein-free liposomes and MPC2 proteoliposomes size distributions were assessed by
dynamic light scattering (DLS) for before and after 30min incubation with 50 uM pyruvate.
Figure adapted from (NAGAMPALLI et al., 2018).

Two independent approaches were adopted to demonstrate the protein-mediated
substrate transport: (i) the canonical quantification of the increase in intravesicular '*C-
labelled pyruvate (BENDER; PENA; MARTINOU, 2015; BRICKER et al., 2012;
HALESTRAP; P, 1975; HERZIG et al., 2012) and (ii) the quantification of the decrease in
extravesicular pyruvate, as indicated by the enzymatic activity of lactate dehydrogenase A
(LDHA). A pH gradient-dependent assay (ApH = 1.5) was derived in accordance with the
chemical conditions recently established for mouse MPC (GRAY; RAUCKHORST;
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TAYLOR, 2016). Notably, successful pyruvate transport activity was not observed for
proteoliposomes reconstituted with MPC1 co-purified with RPL28 and traces of MPC2
(termed MPC1%*). By contrast, compared to protein-free liposomes, which were used as a
control, proteoliposomes containing MPC2 alone showed significant pyruvate transport
activity. Similarly, vesicles co-reconstituted with comparable levels of MPC1* and MPC2
also induced the transport of pyruvate; however, the corresponding transport levels were

similar to those obtained with MPC2 alone (Fig. 7).
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Figure 7. In vitro activity of MPC reconstituted into proteoliposomes. Quantification of
intravesicular and extravesicular pyruvate, as detected based on "“C radiolabeled assay (left
panel) and enzymatic assay (right panel), respectively, in liposomes (L) and proteoliposomes
(PL) reconstituted with MPC1 and MPC2 and a control condition free of lipid vesicles (Ctrl (-
L/PL)). The inset indicates the pH gradient across the outer and inner vesicle environments.
An asterisk (*) indicates that MPC1 co-purified with yeast RPL28. Figure adapted from
(NAGAMPALLI et al., 2018).

Most importantly, the self-sufficient role of human MPC2 in pyruvate transport was
further supported when this protein was overexpressed and purified from a plasmid construct
lacking the MPC1 coding sequence (Fig 3C and 8A). As such, when reconstituted into
proteoliposomes, this new construct (termed MPC2**) induced pyruvate transport across the

bilayer at levels statistically similar to those mentioned above (Fig. 8B).
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Figure 8. in vitro activity of alternative single construct MPC. (A). Diagram of the
single expressed MPC2 construct and corresponding confocal microscopy (left panel). Middle
panel: Electrophoretic (Tricine-SDS-PAGE) analysis of representative chromatography steps.
PP: PreScission Protease. Right panel: GF peak analysis revealed that pure monodisperse
MPC?2 (associated with DDM) was obtained at an equivalent molecular weight of 70 kDa. In
the gel-filtration profile above, v, indicates void volume, and v, indicates the total liquid
volume of the GF column. The corresponding elution volumes for calibration standards are
shown in red. (B) Quantification of extraliposomal pyruvate, as detected based on LDHA
activity, in liposomes and proteoliposomes reconstituted with MPC1 and MPC2, individually
and in combination. The inset indicates the pH gradient across the outer and inner vesicle
environments. The control initial velocity for LDHA, at pH 6.5, in a
liposome/proteoliposome-free condition is depicted as Ctrl (-L/PL), in black. An asterisk (*)
indicates that MPC1 was co-purified with yeast RPL28. Two asterisks (**) indicate the
activity of the MPC2 that was expressed and purified in the total absence of MPCI. Figure
adapted from (NAGAMPALLI et al., 2018).

3.3. In vitro pyruvate transport is dependent on time and electrochemical gradient.

Within a pH gradient of 1.5 units, MPC2 proteoliposomes induced rapid pyruvate
transport. Pyruvate intake, which exhibited saturation kinetics, was proficient during the first
5 to 10 min of incubation, presenting half-maximum efficiency between 2 to 4 min (Fig. 9A).
The substrate concentration-dependence of uptake was also studied using radiolabeled
substrate. The K,, value for pyruvate of MPC2 in artificial vesicles is 1.1 + 0.4 mM (Fig. 9B).
Similarly, the necessity of MPC2 activity on a proton electrochemical gradient was further
confirmed; when the pH gradient was collapsed (ApH = 0), a decrease in pyruvate transport
activity of about 70 to 80% was observed (Fig. 9C). The residual transport activity at ApH = 0

likely reflects the chemical potential of pyruvate moving down its own concentration gradient.
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To quantify the decrease in extravesicular pyruvate as a function of pH, proper enzymatic

activity calibration was carried out (Fig. 9D).
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Figure 9. in vitro pyruvate transport is dependent on time, substrate concentration and
electrochemical gradient. (A) Quantification of intravesicular and extravesicular pyruvate,
as detected based on "C radiolabeled assay (left panel) and enzymatic assay (right panel),
respectively in the MPC2-proteoliposome as a function of different incubation times with a
ApH of 1.5 units. The inset indicates the pH gradient across the outer and inner vesicle
environments. Half-maximum times were obtained by the fitting of hyperbolic saturation
curves (solid blue lines, R* = 0.99 in both graphs. (B). Quantification of intravesicular
pyruvate as detected based on “C radiolabeled assay in the MPC2-proteoliposome as a
function of different pyruvate concentrations (0.125 mM - 3 mM) with a ApH of 1.5 units.
The inset indicates the pH gradient across the outer and inner vesicle environments. The Km
was obtained by fitting a hyperbolic saturation curve (solid green line, R* = 0.97). (C)
Quantification of intravesicular and extravesicular pyruvate, as detected based on '"C
radiolabeled assay (left panel) and enzymatic assay (right panel), respectively in liposomes
(L) and MPC2-proteoliposome (PL) after 30 min of incubation for ApH = 1.5 and ApH = 0.
The inset indicates the pH gradient across the outer and inner vesicle environments. (D)
Standard kinetic curves for LDHA, from which Michaelian parameters were extracted from
different conditions and respective hyperbolic fitting: pH 6.5 (red circles) and pH 8.0 (green
triangles). The respective apparent Km (Km-app, in respect to the final NADH concentration
of 125 puM) and maximum velocities (Vmax) are indicated. Figure adapted from
(NAGAMPALLI et al., 2018).
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3.4. In vitro pyruvate transport is sensitive to chemical inhibition, redox modification,

and substrate type.

The previous landmark demonstration of the carrier-dependent transport of pyruvate
across the IMM involved the identification of monocarboxylate mimetic cinnamates as
effective and specific MPC inhibitors (HALESTRAP; DENTON, 1974). In the present study,
compared to the vehicle control (DMSO), UK-5099, a potent cyanocinnamate (K; =~ 10 nM in
mitochondrial extracts (HILDYARD et al., 2005), did not exert any significant inhibitory
effect on in vitro MPC2-dependent pyruvate transport when used at a final concentration of
50 uM, as shown in (Fig. 10). On the other hand, when compared to the vehicle control,
rosiglitazone (Rgz), at 50 uM, significantly decreased the MPC2-dependent internalization of
pyruvate, by over 60 %, as shown in (Fig. 10). The finding that a thiazolidinedione (TZD)
derivative, such as rosiglitazone, can directly and specifically decrease MPC2 activity has
been substantiated by previous studies (COLCA et al., 2013; DIVAKARUNI et al., 2013);

thus, further confirming the protein-mediated component of in vitro pyruvate transport.
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Figure 10. Pyruvate transport is dependent on chemical inhibition. Quantification of
intravesicular and extravesicular pyruvate, as detected based on "“C radiolabeled assay (left
panel) and enzymatic assay (right panel), respectively in liposomes (L) and MPC2-
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