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Summary

By enhancing metabolic efficiency and counteracting harmful reactive oxygen species,
uncoupling is a promising strategy for preventing and treating metabolic diseases such as
obesity and type II diabetes. It involves the dissipation of mitochondrial membrane potential
(MMP) through proton transport, independent of ATP production. Physiologically, uncoupling
is facilitated by free fatty acids (FAs) and enhanced by various members of the solute carrier
25 (SLC25) protein family. Chemically synthesized uncoupling agents like 2,4-dinitrophenol
(DNP) also exhibit potent protonophoric effects, demonstrating efficacy in weight loss and
inhibition of cancer cell proliferation. Nonetheless, the intricate interaction between
protonophores and proteins remains poorly understood, particularly regarding the uncoupling
potential of individual SLC25 family members. Among these proteins is the 2-

oxoglutarate/malate carrier (OGC), a pivotal component in mitochondrial energy creation.

To test how natural and chemical uncouplers affect proteins, we produced several SLC25 family
members and incorporated them into proteoliposomes. By measuring the conductance, we
demonstrated that adenine nucleotide translocase (ANT1) and uncoupling proteins 1-3 (UCP1-
3) significantly enhance the protonophoric effect of DNP. Notably, we provide novel evidence
confirming the involvement of the 2-oxoglutarate/malate carrier (OGC) in uncoupling, similar
to ANT1 and UCPs, in the presence of FAs and DNP. Furthermore, we found that ANT1’s
uncoupling pattern points to the FA cycling model and that reactive alkenals, products of
oxidative damage, reshape membrane lipids and indirectly increase uncoupling mediated by

SLC25 carriers.

Based on our results, we propose that during high-energy demand, mitochondrial carriers
support ATP production by transporting substrates in and out of the mitochondrial matrix.
Conversely, under low energy demand or oxidative stress, they facilitate proton transport
through an increased concentration of FAs. The synergistic effect of SLC25 family transporters
can result in a beneficial and transient decrease in MMP. Understanding the uncoupling
mechanisms of these proteins can help selectively design new or enhance existing chemical
uncouplers. This targeted approach can be used to induce desired physiological changes in

specific tissues, providing a potential therapeutic strategy against various diseases.
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1. Introduction

1.1. Energy production in mitochondria

1.1.1. Mitochondrial origin and structure

Mitochondria are vital organelles responsible for energy production in all eukaryotic cells.
Beyond their energy-supplying function, mitochondria are involved in a myriad of other
processes, such as ion homeostasis, lipid and nucleic acid metabolism, production and
consumption of reactive oxygen species (ROS), apoptosis, and various biosynthetic pathways
(Cooper 2000). A ground-breaking theory emerged in 1960 by the botanist Lynn Margulis,
proposing the evolutionary origin of mitochondria from a symbiotic relationship between an
early eukaryotic cell devoid of mitochondria and an aerobic prokaryote, likely a
proteobacterium (Sagan 1968). The notion gains support from the shared characteristics
between mitochondria and bacteria, including a double-membrane structure, autonomous
ribosomes, and circular DNA. This symbiotic concept is further reinforced by extensive

phylogenetic analysis of mitochondrial genes and proteins, establishing a clear link to

archeproteobacteria, thereby confirming a common bacterial ancestor for mitochondria (Gray

et al. 2001).

outer membrane

inner boundary
membrane

matrix

cristae
junctions

intermembrane
space

Figure 1. Central slice through of a tomographic volume of a wildtype S. cerevisiae mitochondrion (left) and
corresponding surface-rendered volume (right). Various mitochondrial segments are depicted with red arrows.

Adapted from Davies et al. 2014 with permission from JoVE.



Over billions of years, mitochondria evolved from endosymbiont bacteria to integrated cellular
organelles. This process entailed losing unnecessary and redundant genes, as well as
transferring a part of the genome to the nucleus (Nass 1969). Furthermore, orchestrated
connections formed between mitochondrial membranes, cytoskeleton, and cell machinery. The
inner (IMM) and the outer mitochondrial membrane (OMM) are important features of
mitochondria inherited from the pre-existing forms of bacteria (Fig. 1) (Schwartz & Dayhoff
1978). The OMM divides the mitochondria from the cytosol, while still allowing for passive
transport of charged molecules through pore-forming proteins, thereby establishing the
intermembrane’s space with a similar composition to that of the cytosol. Conversely, the IMM
is impermeable to charged molecules and requires various mitochondrial transporters to carry
solutes across the IMM into the mitochondrial matrix. Within the matrix, the IMM folds into
specialized compartments called cristae (Daems & Wisse 1966), augmenting the available
surface area to accommodate large amounts of electron transport chain (ETC) enzymes
(Mannella et al. 2008, Liesa & Shiriha, 2013). This spatial organization helps localize proton
gradients and concentrate metabolites, fostering optimal conditions for efficient energy

production.

1.1.2. Synthesis of adenosine triphosphate

Adenosine triphosphate (ATP) is a molecule that serves as the cell s main source of energy, and
it is mainly synthesized during aerobic respiration by the mitochondrial ETC complex. The cell
can use different food sources for energy production, but the main ones are glucose and fatty
acids. Glucose is broken down to pyruvate in the cytosolic process of glycolysis, while fatty
acids go through the process of B-oxidation in mitochondria. Ultimately, both substrates are
broken down to acetyl-CoA, which is either transported to or remains in mitochondria. Acetyl-
CoA then goes through the citric acid cycle where its binding energy is transferred to the
energy-carrying molecules nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH>). The energy stored in NADH and FADH?2 is utilized by the ETC
complexes (I, IIT and IV) to pump protons from the matrix into the intermembrane space. ATP-
synthase uses the created proton gradient to pump protons back into the matrix. The energy
stored in the proton gradient is used to phosphorylate adenine diphosphate (ADP) to adenine
triphosphate (ATP) (Fig. 2, left). Ideally, the transport of four protons back to the matrix is

coupled to the synthesis of one molecule of ATP.



ATP can be also generated without the involvement of mitochondria during the lactic
fermentation. However, these processes result in a lower number of ATP molecules synthesized
in comparison to oxidative phosphorylation. Once synthesized, ATP can be used as an energy
currency in a variety of cell processes, such as active transport, intracellular signaling,

DNA/RNA synthesis, and neurotransmission.

1.2. Energy dissipation in mitochondria

1.2.1. Uncoupled respiration and basal proton leak

Not every proton transported from the mitochondrial intermembrane space to the matrix will
be used to produce ATP. In other words, the transport of some protons through the IMM
remains not coupled to oxidative phosphorylation (Fig. 2, right). This “proton leak™ or
“uncoupling” is present in all eukaryotic cells and its amount depends on the cell type. It can
be thought of as the sum of the unregulated basal proton leak and the proton transport mediated

by the proteins of the IMM (Rolfe & Brand 1997, Stuart et al. 2001).

Basal proton conductance is any free and non-regulated proton diffusion across the IMM. It
increases with the increase in mitochondrial membrane potential (MMP) in a non-ohmic
manner (Nicholls 1974). It is thought that protons translocate across natural membranes through
“water wires”, and the magnitude of the proton conductance might depend on the fatty acyl
composition of the bilayer phospholipids (Porter et al, 1996, Fontaine et al, 1996, Brand et al,
2003) and the presence of free fatty acids (FAs) (Lardy & Pressman 1956, Grav & Blix 1979,
Skulachev 1991). The unregulated proton leak accounts for 30-50% of the resting cellular
metabolic rate of rat liver, heart, and skeletal mitochondria (for review see Rolfe & Brand

1997).

However, the basal proton leak accounts for only 5% of the total proton leak (Brand et al. 2005),
which indicates that the regulated proton conductance plays a larger role in mitochondrial

metabolism.
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Figure 2. A simplified view of proton transport across the IMM. Coupled respiration implies proton transport by
the complexes of the ETC, which are returned to the matrix by the ATP synthase and used to phosphorylate ADP
to ATP (left). Proton transport uncoupled from ATP production can be divided into the basal proton leak and the
free fatty acid (FA) proton transport induced by mitochondrial membrane proteins like the uncoupling protein 1

(UCP1) (right). Image created with BioRender.

1.2.2. Induced proton leak and the SLC25 protein family

The inducible part of the proton leak (protein-mediated proton transport) is potentiated and
regulated by a number of mitochondrial anion carriers belonging to the solute carrier 25
(SLC25) family, which currently encompasses 53 members (For review, see Palmieri 2013 and
Ruprecht & Kunji 2020). Predominantly, the primary role of the SLC25 proteins is to facilitate
the transport of negatively charged substrates across the IMM, thereby contributing to the
generation of ATP. Nonetheless, a subset of these carriers induces proton leak upon activation
or potentiation by free fatty acids (FAs), N-acyl amino acids, reactive alkenals, or chemically

synthesized protonophores.

The first protein discovered for its role in proton transport was the uncoupling protein 1 (UCP1)
(For reviews see Cannon & Nedergaard 2004, Ricquier 2017, Nichols 2021). As the
predominant protein in the mitochondria of the brown adipose tissue (BAT), it diverges from
the substrate transport function like most of the SLC25 proteins. By enhancing the proton leak
and supporting non-shivering thermogenesis, UCP1 serves as protection against cold conditions
in small rodents, hibernating animals, and infants. The subfamily of uncoupling proteins
comprises a total of six members. UCP2 and UCP3 were identified in 1997 (Fleury et al. 1997,
Gimeno et al. 1997, Boss et al. 1997, Vidal-Puig et al. 1997), and their proton transport function



has been shown in various (mostly artificial) systems (For review, see Pohl et al 2019). UCP4
and UCP5 were discovered in 1999 (Mao et al. 1999) and 1998 (only at the gene level) (Sanchis
et al. 1998), and UCP6 in 2005 (Haguenauer et al. 2005), but their physiological roles, tissue
expression, and involvement in uncoupling are still under debate (Hoang et al. 2012, Hoang et

al. 2015, Smorodchenko et al. 2017).

Another subfamily of the SLC25 family that potentiates uncoupling are the adenine nucleotide
translocases 1-4 (ANT). Even though their main role is to transport the cytosolic ADP for the
matrix ATP in a 1:1 manner, ANTs increase proton conductance in the presence of FAs
(Andreyev et al. 1989, Brustovetsky & Klingenberg 1994, Bertholet et al. 2019 Kreiter et al.
2021, Kreiter et al. 2023). They are the most abundant proteins of the IMM, whose isoforms
are widely expressed amongst all bodily tissues (Kagawa & Ohta 1990, Dolce et al. 2005).
While it was initially hypothesized that ANTs and UCP1 also enhance the basal proton leak by
their mere presence in live cells and mitochondria, this was not confirmed in isolated systems
(Urbankova et al. 2003, Fedorenko et al. 2012, Bertholet et al. 2019, Kreiter et al. 2021).
Notably, the uncoupling effect is present exclusively when these proteins are in the presence of
FAs. Other members of the SLC25 family that were found to enhance the FA-mediated proton
transport are the phosphate carrier (PiC) (Zackova et al. 2000, Engstova et al. 2001),
aspartate/glutamate carrier (AGC) (Samartsev et al. 1997, Samartsev & Mokhova 1997), the
dicarboxylate carrier (DIC) (Wieckowski & Wojtczak 1997), and the 2-oxoglutarate/malate
carrier (OGC) (Zuna et al. 2024).

Protein-mediated proton transport can be inhibited by purine nucleotides (Modriansky et al.
1997, Andreyev et al. 1989, Hoang et al. 2012, Macher et al. 2017, Bertholet et al. 2019), or
protein-specific inhibitors, such as carboxyatractyloside and bongkrekic acid (BA) for ANTI
(Andreyev et al. 1988, Andreyev et al. 1989, Brustovetsky et al. 1990, Brustovetsky and
Klingenberg 1994, Bertholet et al. 2019, Kreiter et al. 2021) and genipine for UCPs (Kreiter et
al. 2019).

1.2.3. Natural uncoupling

Protein-mediated proton transport is naturally enhanced by endogenous agents such as FAs and
N-acyl amino acids (Long et al. 2016, Gao et al. 2022) and intensified by reactive alkenals (Pohl
& Jovanovic 2019).



FAs serve as natural weak-acid protonophores, enabling membrane proton transport through
individual “flip-flop” events or via protein-mediated activation. Their hydrophobic nature and
integration into phospholipid membranes, like the IMM, facilitates passive diffusion in their
neutral form (Hamilton 1999). Since the passive transport of FA anions back to the
intermembrane space is slow, the overall process results in proton leakage and the decrease of
MMP (Pohl et al. 2000). Notably, proton conductance increases with an increase in chain length
and the number of unsaturated bonds in FAs (Beck et al. 2007, Rupprecht et al. 2010), as well
as in the presence of mitochondrial carriers. How exactly proteins and FAs interact is still highly

debated (See Chapter 2.3.4).

N-acyl amino acids (NAAAs) are another group of naturally present lipid protonophores (Long
et al. 2016). Only medium-chain length NAAAs with neutral carboxylate-containing head
groups exhibit protonophoric activity, but they mostly show lower uncoupling potency in
comparison with their FA counterparts. Their action has so far not been tested in an isolated
system with recombinant proteins, but experiments performed in mitochondria indicate that
NAAAs interact with and directly activate ANT1 and UCP1 (Gao et al. 2022), with some
adverse effects in adipocytes (Herrnhold et al. 2023).

Reactive alkenals (Ras) are peroxidation products created upon the reaction of n-6 or n-6
polyunsaturated fatty acids with the superoxide anion O™ (Schauenstein & Esterbauer 1978).
Some of the most known reactive alkenals are 4-hydroxy-2-nonenal, 4-oxo-2-nonenal, and 4-
hydroxy-2-hexenal. Ras are not protonophores, but it was shown that they covalently modify
phosphatidylethanolamine resulting in the formation of membrane-active adducts (Jovanovic
et al. 2020). This exerted a direct influence on protein function, exemplified by a significant

increase in UCP1 activity (Pohl & Jovanovic 2019).

Certain natural compounds can induce uncoupling through signaling pathways or upregulation
of specific genes. Notably, secondary plant metabolites like resveratrol and capsaicin, alongside
hormones such as adrenaline, noradrenaline, leptin, and the thyroid hormone T3, fall within this
category (For review see Shrestha et al. 2021). While these molecules do not engage in proton
transport, they affect the transcription and translation of proteins through a myriad of signalling

cascades, ending in decreased MMP and increased proton transport.



1.2.4. Artificial uncoupling

Uncoupling can also be enhanced through the utilization of chemically synthesized
protonophores. They can be sorted into categories such as phenols, aromatic amines,
benzimidazoles, N-phenylanthranilates, phenylhydrazones, salicylic acids, and their
derivatives. Classic chemical protonophores consist of a lipophilic moiety that interacts with
lipids of the IMM and a weak carboxylic group with a pKa value between 3 and 8 (Terada
1981). They uncouple the MMP by translocating protons over the IMM.

Aromatic amines derivatives such as carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone
(FCCP) and carbonylcyanide-3-chlorophenylhydrazone (CCCP) are the most frequently used
protonophores in research. They are potent uncoupling agents that can induce both plasma and
mitochondrial membrane depolarization by facilitating H' currents (Hollenbeck et al. 1985, Par
et al. 2002). FCCP, as a CCCP derivate, is almost exclusively used in mitochondrial oxygen
consumption experiments where it leads to a complete collapse of MMP and shows the
respiratory capacity of the measured system (Kane et al. 2017). However, the mechanism
behind FCCP/CCCP-mediated uncoupling does not seem to revolve only around proton
transport and is more complex than for conventional weak acids like FAs. FCCP and CCCP
most likely react unspecifically with sulthydryl groups of different proteins, and are not

mitochondria-specific (Hollenbeck et al. 1985).

There has been a surge of recently synthesized chemical uncouplers, such as weak C-H acids.
Among these is o-carborane, which can transverse both mitochondrial and artificial lipid
membranes in neutral and anionic form. Notably, the rates of proton shuttling by o-carborane
were comparable to conventional protonophores. Together with its resistance to catabolism,
this makes o-carborane another target of interest in pharmacological research (Rokitskaya et al.
2016). Another recently discovered chemical uncoupler is ((2-fluorophenyl)6-[(2-
fluorophenyl)amino](1,2,5-oxadiazolo[3,4-e]pyrazin-5-yl)amine) or BAMI15, that is
mitochondria-specific and less toxic than FCCP/CCCP (Kenwood et al. 2014), already known
for its potent effects of killing breast cancer cells in vitro (Zunica et al. 2021, Xiong et al. 2019).

Other novel uncouplers are MitoFluo (Antonenko et al. 2016, Denisov et al. 2014), dodecyl
triphenylphosphonium (CI12TPP) (Severin et al. 2010), rhodamine 19 butyl ester C4R1
(Khailova et al. 2014), modified butyl triphenylphosphonium cations (Rokitskaya et al. 2023),
and the bromoalkyl ester of a hydroquinone derivative, named FR58P1 (Urra et al. 2018). The

number of newly discovered uncouplers and their derivatives is growing (For review, see



Shrestha et al. 2021), while their medically relevant properties are being improved through
numerous tested derivatives every day. The pharmacological use of chemical uncouplers is a
promising ally in the fight against metabolic diseases, cancer, and aging. Chemical
protonophores are more potent than naturally present FAs, specifically because their molecular

structure and dosage can be predetermined.

1.3. Regulation of the substrate transport by the SLC25 protein family

1.3.1. Categorization of the SLC2S5 protein family

The SLC25 family is the largest solute carrier family that spans over 53 identified members
with genes widespread among eukaryotic organisms. Members of this family are nuclear-
encoded and mostly present in mitochondria (Fig. 3), with some expressed in peroxisomes,
chloroplasts and mitosomes. Mitochondrial carriers (MC) are expressed in the IMM in small
amounts (~20 pmol per mg of total protein) (Palmieri 2013). Exceptions are ANT1, which is
the most abundant protein in the IMMs of heart mitochondria, and UCP1, which is highly
abundant in brown fat mitochondria (Palmieri 2013) and under cold-acclimating conditions
(Rupprecht et al. 2012). The expression of other MCs varies greatly, where some are widely
expressed among tissues (dicarboxylate carrier), and some are specifically expressed in specific
organs or tissues (e.g., UCP1 in BAT). Several MCs have two or more isoforms (e.g. ANT1-

4), which are expressed in different parts of an organism (Palmieri 2014).

Even though some MC members are still considered “orphans” because of their unidentified
roles, others can be divided by the substrates they transport. Most of the carriers transport
nucleotides/dinucleotides, carboxylates, or amino acids. Additionally, phosphate ions are
transported by PiC, carnitine, and acylcarnitine by the carnitine/acylcarnitine transporter
(CACT). Uncoupling proteins are sorted in a separate group because of the high homology
between their sequences, but it is not clear whether they all transport FA anions or protons, or
some other metabolites. UCP2 and UCP3 transport carboxylates in addition to protons/FAs
(Vozza et al. 2014, Kreiter et al. 2023, De Leonardis et al. 2024), while UCP5 and UCP6 may
transport sulfur oxyanions, phosphate and dicarboxylates (Gorgoglione et al. 2019). Despite
UCP4 and UCPS5 having the highest homology to each other; UCP4 presumably potentiates
uncoupling of the MMP by mediating proton transport (Ho et al. 2012, Ramsden et al. 2012).



Moreover, it was proposed that UCPs transport chloride, bromide, nitrate (Huang &

Klingenberg 1996, Hoang et al. 2015), and alkyl sulfonates (Rial et al. 2004).
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Figure 3. Schematic representation of the mitochondrion and the role of the SLC25 protein carrier family. Proteins
of the electron transport chain are shown in green, ATP synthase in blue and others are: MPC, mitochondrial
pyruvate carrier heterodimers; AAC1—4, ADP/ATP carriers; AGC1-2, aspartate/glutamate carriers; APC1-4,
ATP-Mg/Pi carriers; BAC, basic amino acid carrier; CAC, carnitine-acylcarnitine carrier; CIC, citrate carrier; DIC,
dicarboxylate carrier; GC1-2, glutamate carriers; GLYC, glycine carrier; MTFRN1-2, mitoferrins; ODC,
oxoadipate carrier; OGC, 2-oxoglutarate/malate carrier; ORC1-2, ornithine carriers; PIC, phosphate carrier;
SAMC, S-adenosylmethionine carrier; TPC, thiamine pyrophosphate carrier; UCP1, uncoupling protein; UCP2,
uncoupling-like protein 2. Modified from Kunji et al. 2020 with permission from PubMed Central.

Much like UCPs serving multiple functions, several MCs such as ANT1, OGC, DIC, PiC, and
AGC are primarily involved in transporting nucleotides/dinucleotides or carboxylates, enhance
proton transport in the presence of FAs (Section 1.2.2). This suggests that SLC25 carriers likely
possess more than one function initially identified or linked to their names. While the specific
conditions required for their function remain largely unknown, it is evident that a
comprehensive examination of each MC independently is essential to uncover their potential

roles.



10

1.3.2. The structure of the SLC25 protein family

Current members of the SLC25 protein family were first classified and sorted according to their
function and sequence similarity. Common features of these nuclear-encoded proteins include
a similar size, about 300 amino acids in length, which is organized in three tandemly repeated
homologous domains that span over the IMM (For review see Robinson & Kunji 2019 and
Kunji et al. 2020). Each domain contains an odd-numbered transmembrane a-helix (H1, H3, or
HS5), a short loop matrix a-helix (hiz, hss, or hse), and an even-numbered transmembrane a-helix
(H2, H4, or H6) (Fig. 4). Each domain has a mitochondrial carrier’s signature motif
PX[D/E]XX[K/R]X[K/R] located at the C-terminus of the odd-numbered a-helix and the motif
[D/EJGXXXX[W/Y/F][R/K]G located at the N-terminus of the even-numbered a-helix. The
six a-helices create a barrel-shaped structure, where a-helices are about 45° tilted toward the
membrane plane and where both termini are oriented toward the intermembrane space. Carriers
are stabilized with intra-helical salt bridges that are interchangeable and leave the possibility of
the protein’s cavity being open to the cytosol (c-state) or the matrix (m-state). Other key
elements of SLC25 family proteins are the substrate binding site, and nGnxnG and nxxxm
motifs. These elements, together with the mitochondrial carrier’s signature motifs, slightly

differ among the carriers.

HNT /\ , /7 T\ ,~ COOH

IMS

IMM H1 H2 H3 H4 H5 Hé6

Matrix

h56

Domain 1 Domain 2 Domain 3

Figure 4. Topological model of SLC25 family proteins (left). The protein is divided into three similar domains,
each containing two a-helices connected by shorter cytosolic and longer matrix loops. A lateral view of the 3D
structure of ANT1 (PDB: 10KC) shows six a-helices tilted by 45° relative to the membrane plane (right). Image
created with BioRender. Modified from Huang & Klingenberg 1999 with permission from Elsevier.
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Most of the structural and functional information on the SLC25 family came from ANT1, which
was the first identified protein of this family. The crystallographic structure of ANTI in
complex with its inhibitor carboxyatractyloside (CATR), where the protein is in c-state, was
resolved in 2003 at the 2.2 A resolution (Pebay-Peyroula et al. 2003). ANT1’s 3D structure
made it possible to visualize the overall shape of the protein, explain experimental results that
used site-directed mutagenesis, and align and extrapolate structures of other SLC25 carriers. In
addition, important salt-bridges and on the cytoplasmic and matrix sides of the protein
(Ruprecht et al. 2014), and the stabilizing roles of conserved glycines and kink-inducing
prolines have been identified. The crucial role of cardiolipin was confirmed by identifying three
cardiolipin molecules tightly bound to the matrix side of the protein by hydrogen bonds and
electrostatic interactions with helix dipoles (Beyer & Klingenberg 1985, Pebay-Peyroula et al.
2003, Ruprecht et al. 2014). Furthermore, ANT1’s crystal structure has shed light on what
appears to be a conserved binding site among the whole carrier family (Kunji & Robinson 2006)
which consists of one contact point found on each of the three even-numbered helices in the

middle of the membrane.

For a long time, the structure of ANT1 in complex with CATR remained the only one resolved
out of the entire SLC25 family. An attempt at the nuclear magnetic resonance (NMR) structure
of UCP2 (Berardi et al. 2011) was highly criticized for the detergent choice, and the obtained
structure was found leaky and unstable (Skulj et al. 2021). ANT1 was later resolved in complex
with BA where the protein is in an m-state (Ruprecht et al. 2019), but the protein’s structure in
its free state has yet to be resolved. After twenty years of ANT1 being the only structurally
resolved carrier of the family, the discovery and use of nanobodies and synthetic antibodies
(sybodies) resulted in several 3D structures of UCP1, published in early 2023 (Kang & Chen
2023, Jones et al. 2023). Additionally, UCP1 was shown in a complex with DNP and ATP, and
overall, the structures aligned well with the crystallographic ANT1 structure. Currently, ANT]I
and UCP1 stand out as the only two proteins within the family with a resolved crystallographic
structure. This unique feature makes them particularly important for studying not only the
mechanism of substrate transport but also the intricacies of how proteins participate in FAs-

activated proton transport.
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1.3.3. Preserved substrate transport mechanism

Proteins of the SLC25 family have one substrate-binding site, and they can expose it to the
cytosol or the matrix. When a substrate binds from the matrix to the protein in the m-state, it
triggers a reaction that restructures the protein to the c-state, where the substrate is released to
the cytosol. This process is called the altering access mechanism (Jardetzky 1966, Ruprecht et

al. 2014, Drew & Boudker 2016).

Several carrier domains are responsible for transporting substrates. Cytoplasmic and matrix
salt-bridge networks, as well as the cytoplasmic tyrosine brace ([YF][DE]xx[KR]) and matrix
glutamine brace (Px[DE]xx[KR]xxxQ), form gates that open and close the carrier’s cavity on
opposite sides during substrate translocation and expose the substrate binding site (Ruprecht et
al 2019). Among the carriers, matrix salt bridges are rarely changed (Kunji & Robinson 2006,
Cappello et al 2007,), while there is more variety across the cytoplasmic residues and salt
bridges (Robinson et al. 2008, Miniero et al. 2011). The gates are approximately 15 A thick,
which prevents unregulated proton leak through the protein’s cavity (Ruprecht et al. 2020).

The substrate-binding site lies at the bottom of the water-filled cavity of the carrier, and its three
contact points are universally conserved among the SLC25 family (Robinson & Kunji 2006).
Analysis of the contact points among carriers discovered that contact point I (located on helix
2) distinguishes between different substrates within the same class, while contact point II (on
helix 4) discriminates between different classes of substrates. Contact point III (on helix 6) is
usually a positively charged amino acid that does not play a role in substrate binding specificity
(Robinson & Kunji 2006 a, Robinson & Kunji 2006 b). The position and identity of contact
points in each of the carriers depend on the size, shape, and chemical composition of the
substrates they transport. Several conserved glycine and proline residues lie close to the
substrate-binding site and act as hinges that help open the matrix or cytosolic gate (Ruprecht et
al. 2019). These complex reactions come together to control the binding of substrates and their

translocation to the corresponding binding site.

At the physiological level, substrate transport is regulated through allosteric interactions with
activators or inhibitors, changes in local substrate and counter-substrate concentrations, and
changes in the transcriptional and translational level of the carrier induced by extra- and

intracellular signaling (For review see Kunji et al. 2020).
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1.4. 2.,4-dinitrophenol is a potent chemical protonophore

1.4.1. The physiological significance of 2,4-dinitrophenol

Phenols and phenol derivatives are another large group of synthetic uncouplers of
pharmacological importance. The most famous among phenolic uncouplers is 2,4-dinitrophenol
(DNP), originally registered by the pharmacological industry as a weight-loss drug in the United
States in the mid-1930s (Cutting et al. 1933). Because of severe toxicity and lethal side effects,
it was banned from use soon afterward (Colman 2007). However, DNP can still be illegally
purchased online with relative ease and is mostly used by bodybuilders who are looking to shred
excess fat tissue while maintaining their muscle mass. The number of deaths following its use

is steadily increasing and calls for the development of a still missing antidote (Petrdczi et al.

2015).

The interest in DNP does not only lie in the need for a cure, but in its efficacy and potency
because it remains one of the most efficient weight-loss drugs ever used. As a weak acid, DNP
holds an anionic form at the physiological pH and slowly crosses over the membranes.
However, when DNP gets protonated, it quickly crosses the membranes and increases the
proton transporting rate. In the case of IMM, this creates a significant drop in MMP, preventing
ATP production and increasing the basal metabolic rate. As the rate of ATP production
continues to drop, the demand for nutrients increases, causing a decrease in fat deposits and a

rapid loss of weight (Rognstad & Katz 1969, Goldgof et al. 2014).

The uncoupling role DNP plays in mitochondrial physiology was proven multiple times in pure
lipid bilayers (Bielawski et al. 1966, Lea & Croghan 1969, Finkelstein 1970, LeBlanc Jr. 1971,
McLaughlin 1972) and isolated mitochondria (Chappell & Greville 1959, Carafoli & Rossi
1967, Yu et al. 1988, Lou et al. 2007). Besides acting on the lipid bilayer itself, DNP interacts
with mitochondrial proteins, specifically those from the SLC25 family (Zuna et al. 2021,
Bertholet et al. 2022). However, the molecular mechanism behind DNP’s uncoupling was not
described in detail yet (See section 1.4.). This prevents any future therapeutic use and hinders

the development of drugs against obesity and other metabolic disorders.
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1.4.2. The mechanism of DNP-mediated proton transport

First experiments demonstrating DNP-mediated proton transport were done on model
membranes (Bielawski et al. 1966, Lea & Croghan 1969, Finkelstein 1970, LeBlanc Jr. 1971,
McLaughlin 1972). Several mechanisms explaining how DNP exerts its electrical effects on
lipid bilayers were proposed, starting from Finkelstein (Finkelstein 1970), who proposed that
DNP is transported over the membrane as a carrier complex HA»™ created from one neutralized
form (HA) and one anionic form of the molecule (A°). This hypothesis was confirmed
experimentally by Lea and Croghan (Lea & Croghan 1969), who showed that the conductance
increases exponentially with an increase in DNP concentration. However, experimental results
by Bielawski et al. (Bielawski et al. 1966) and Liberman et al. (Liberman et al. 1970) showed
that the conductance did not depend on the square root of DNP concentration, contradicting the
carrier model. Hopfer et al. (Hopfer et al. 1970) proposed that if the carrier model is correct,
the conductance maxima of DNP should be near the pH values of its pK, which is around 4 in
water. Their experimental values did not confirm this hypothesis, but they neglected the fact
that the pKa values of DNP in water and lipid bilayer are not the same. Finally, McLaughlin
(McLaughlin 1972) emphasized the importance of lipid membrane composition on the transport
mechanism of DNP and noted that DNP adsorbs to neutral lipids and creates a substantial
negative surface potential. His experimental results denied the carrier complex transport model

and the mechanism of DNP’s transport across lipid bilayers remains unknown.

After decades of research on DNP and hints coming from mitochondrial experiments, it was
recently shown that DNP does not mediate proton transport only through lipid membranes, but
also through activation of mitochondrial carriers (Zuna et al. 2021, Bertholet et al. 2022, Kang
& Chen 2023). These two processes seem to be closely intertwined and dependent on DNP
concentration, where the involvement of mitochondrial proteins is more noticeable at lower
DNP concentrations. It was experimentally shown that DNP interacts with ANT1 and UCP1 at
the same binding site, arginine 79, similar to FAs (Kang & Chen 2023, Kreiter et al. 2023). In
addition to the homolog of arginine 79 (arginine 83), UCP1’s 3D structure showed that the
phenyl ring of DNP interacts with tryptophan 280 through n—n interactions and the hydroxyl
group interacts with arginine 276. The two-nitro groups interact with asparagine 281, leucine
277, arginine 91, glutamine 84, and arginine 83. It was then confirmed that the mutations of
arginine 83 and glutamine 84 to alanine significantly decreased the ability of DNP to activate

UCP1, proving they are involved in binding and/or transport (Kang & Chen 2023).
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Figure 5. Chemical structures of arachidonic acid (AA) and 2,4-dinitrophenol (DNP). The pKa value of AA is
6.13 as determined in a DOPC bilayer (Pashkovskaya et al. 2018), and the pKa value of DNP is 4.09 as determined
in water (Pearce & Simkins 1968).

As a weak acid, DNP appears to interact with mitochondrial carriers in a similar manner to FAs.
Even though this might be true because they are both negatively charged at the physiological
pH, they differ significantly in chemical structure (Fig. 5). The reaction mechanism of DNP

and each chemical protonophore needs to be studied independently of FA-mediated uncoupling.

1.5. The mitochondrial 2-oxoglutarate/malate carrier

1.5.1. Discovery

The mitochondrial 2-oxoglutarate/malate carrier (OGC), also known as the a-
ketoglutarate/malate antiporter, is a member of the SLC25 family. The main function of OGC
is to transport one molecule of 2-oxoglutarate for one molecule of L-malate, or succinate,
oxaloacetate, malonate, maleate, D-malate, or 2-oxoadipate, in decreasing order of affinity (for

review, see Monne et al. 2013).

The existence of a mitochondrial carrier for 2-oxoglutarate was first proposed in the 1960s
based on mitochondrial swelling experiments (Chappell 1968) and demonstrated multiple times

later in isolated rat hearts (Sluse et al. 1973, Sluse & Liébecq 1973), rat liver (Palmieri et al.



16

1972), and plant mitochondria (Fonyo et al. 1976, Genchi et al. 1991). Finally, the carrier for
2-oxoglutarate was purified from pig and bovine heart mitochondria in the presence of detergent
and cardiolipin (Bisaccia et al. 1985, Indiveri et al. 1987). After initial purifications in detergent,
OGC was reconstituted in phospholipid vesicles, which enabled precise studies on carrier

transport kinetics (Indiveri et al. 1987).

Once the cDNA sequence of OGC was published, it became possible to engineer a recombinant
protein-expressing system in simple organisms and significantly multiply the yield, which was
rather hard to obtain in larger amounts just by purification. That is how OGC became the first
eukaryotic membrane protein that was recombinantly expressed in E. coli and reconstituted in
liposomes (Fiermonte et al. 1993). This opened up the possibility to study the function of
mitochondrial carriers in more detail, especially by applying site-directed mutagenesis. After
OGC, many other carriers like ANT1 and UCP1 were purified and reconstituted from E. coli
expression systems, enabling the discovery of the common substrate-binding site of the SLC25

family (For review, see Palmieri 2012).

1.5.2. Structure and substrate specificity

As soon as the cDNA sequence of OGC became known, it was clear that it belongs to the SLC25
family (Runswick et al. 1990). The sequence similarity between OGC, ANT and UCP1 implies
that OGC shares their structure (Tab. 1), which was confirmed by artificial intelligence structure

modelling (UniProt entry: Q02978).

OGC'’s structure was initially characterized by using thiol reagents, which exposed cysteines
221 and 224 as open towards the cytoplasmic side and functionally relevant (Zara & Palmieri
1988). The third cysteine, C184, was found as a potential cross-linker responsible for OGC-
dimerization (Bisaccia et al. 1996). Even though the dimerization process was later questioned,
C184 also reacted to sulthydryl reagents while transporting substrates, underlying its functional
relevance. Many positively charged residues, such as lysines and arginines, were discovered as
crucial for substrate transport through a series of experiments that used amino-acid-specific
inhibitors, such as pyridoxal 5'-phosphate (Natuzzi et al. 1999). Finally, complete cysteine-
scanning mutagenesis of OGC revealed all functionally important residues (Palmieri et al. 1996,
Stipani et al. 2001, Cappello et al. 2006, Cappello et al. 2007, Miniero et al. 2011). By replacing

one amino acid with a cysteine, one at a time, it was possible to measure its importance in
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substrate transport and/or inhibition. So far, complete cysteine mutagenesis exists only for

OGC, and it revealed several groups of functionally relevant residues.

The first group of residues are those important for specific substrate binding, namely R90, Y94,
R98, R190, and R288 (Stipani et al. 2001, Cappello et al. 2006). They fit into the contact points
of the proposed binding site of the MCF family and are found on the even-numbered helices at
the mid-point of the IMM (Fig. 6). Even though their role in substrate transport was confirmed
by leucine replacements as well (Palmieri et al. 1996), it is still not clear how they coordinate
the binding of different parts of the substrate molecules. The second important group of OGC’s
residues forms the salt-bridge networks among the protein’s helices, thereby supporting the

changes in conformation necessary for active function.

Helix 1

Figure 6. Topological view of OGC from the cytosolic side. Yellow-labeled residues represent the
substrate binding site. Image created with an AlphaFold-predicted murine OGC structure (PDB: AF-
QI9CR62) and PyMOL.

Salt bridges found on the matrix side of the protein belong to the signature MCF motifs
PX[DE]JXX[RK], and those are P41, D43, and K46; P139 and E141; and P239, D241, and
K244, found on the odd-numbered helices (Cappello et al. 2007). Residues Y and [ED]G, found
on the beginnings and ends of matrix helices hi2, h34, and hse, are forming additional salt bridges
with the residues below the signature motifs to add extra support to the closing of the matrix
gate (Miniero et al. 2007). The cytoplasmic part of OGC is formed somewhat differently from

other MCF carriers, mainly because the signature motifs [DE]XX[RK], found on even-
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numbered helices, are only party conserved (Miniero et al. 2011). Many other singular amino
acids, such as prolines and glycines, are found throughout OGC’s sequence and were proven
functionally relevant. They most likely support salt-bridge networks during substrate
translocation or induce helix kinks, used for opening and closing the gates (Robinson et al.

2008, Palmieri & Pierri 2010).

Table 1. Sequence similarity of murine mitochondrial carrier sequences. The carriers are the 2-
oxoglutarate/malate carrier (OGC), adenine nucleotide translocase 1 (ANT1), uncoupling proteins 1-4
(UCP1-4), aspartate glutamate carrier 1 (AGC1), phosphate carrier (PiC) and dicarboxylate carrier
(DIC).

OGC ANT1 UCP1 UCP2 ©UCP3 UCP4 AGC1 PiC DIC

OGC 100%  27,7%  33,3% 34% 35% 32,3%  24,5% @ 24,5% 39%

ANT1  27,7%  100% 22% 24% 25,5% | 243%  289% 21,8% 23%
UCP1  33,3% 22% 100%  56,6%  55,5%  30,8%  26,2% @ 26,5%  33,3%
ucCP2 34% 24% 56,6% | 100% | 73,8% @ 34,9% @ 264% @ 22,1% | 36,2%
UCP3 35% 25,5%  55,5%  73,8% @ 100%  34,9%  28,1% @ 26,9% @ 35,8%
UCP4 | 323% @ 243% 30,8%  349% 349%  100% 25% 28% 30,8%
AGC1  245%  289% @ 262% @ 26,4% @ 28,1% 25% 100%  25,5% @ 26,3%
PiC 24,5%  21,8% @ 26,5% @ 22,1% @ 26,9% 28% 25,5% | 100% @ 22,2%
DIC 39% 23% 33,3%  36,2%  35,8% 30,8% @ 26,3% @ 222% @ 100%

Given the similarities between OGC and other members of the SLC25 family (Palmieri 2013),
it was proposed that it performs substrate transport in the same manner. According to the central
gate pore mechanism (Klingenberg 2008), OGC would have one binding site for substrates,
which would enter either from the cytoplasmic or the matrix side. In each case, one molecule
of substrate would bind to the substrate binding site, which would trigger conformational
changes needed for the opposite gate of the protein to open and release the substrate. This
transport cycle is simultaneous, with gates opening and closing on opposite sides as needed.
However, a 3D structure of OGC hasn’t yet been resolved, and such a transport mechanism is
proposed solely based on the structure homology between carriers. Since OGC’s cytoplasmic
MCF signature motifs are only partly conserved, the cytoplasmic gate’s opening might be

triggered through a set of functions individual for OGC.
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1.5.3. Physiological significance of OGC

The main and most impactful function of OGC is the indirect involvement in energy production
through the malate/aspartate shuttle (Borst cycle) (For review see Borst 2020). OGC transports
malate for 2-oxoglutarate, while the aspartate/glutamate carrier transports aspartate for
glutamate across the IMM. The enzymes malate dehydrogenase and glutamate oxaloacetate
transaminase, which exist in the cytosol and the mitochondrial matrix, convert these substrates
to their oxidized/reduced counterparts (Fig. 7). The result is equivalent to the oxidation of one
NAD" in the cytosol reduction of one NADH in the matrix, which enters the electron transport
chain. The described function of OGC is crucial for proper energy production in the cell, and

the knockout of OGC in mice is embryonically lethal (Lee et al. 2019).
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Figure 7. OGC participates in the malate/aspartate shuttle, the 2-oxoglutarate/(iso)citrate shuttle, and the
pyruvate/isocitrate pathway. The enzymes are malate dehydrogenase (MDH), glutamate oxaloacetate transaminase
(GOT), isocitrate dehydrogenase (IDH), pyruvate carboxylase (PC), pyruvate dehydrogenase (PDH), glutamate
dehydrogenase (GDH), citrate carrier (CIC), aspartate/glutamate carrier (AGC), and the glutamate carrier (GC).
Image published in Monné et al. 2013 and reposted with the permission of PubMed Central.
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OGC participates in the 2-oxoglutarate/isocitrate shuttle similarly, together with the citrate
carrier (CIC). Isocitrate, transported by the citrate carrier, is converted to 2-oxoglutarate by
isocitrate dehydrogenase that exists in both the matrix and the cytosol. In the end, the reducing
molecule NADPH is replenished in the cytosol, where it can be used in anabolic processes such
as in the synthesis of cytosolic fatty acids or cholesterol (Williamson & Cooper 1980). OGC is
also involved in the 2-oxoglutarate/citrate shuttle in the same way, with the addition of matrix
aconitase and cytosolic citrate lyase, which convert isocitrate to citrate and citrate to acetyl-Co,

respectively (Castegna et al. 2010).

By transporting 2-oxoglutarate, OGC also supports the pyruvate/isocitrate pathway, where
isocitrate exists in the mitochondrial matrix through CIC after pyruvate has entered the Krebs
cycle. Isocitrate is converted to 2-oxoglutarate by the isocitrate dehydrogenase, and the 2-
oxoglutarate can return to the matrix via OGC. The cycle produces one molecule of cytosolic
NADPH necessary for anabolic processes (Joseph et al. 2006). It was proposed that OGC takes
part in gluconeogenesis as well when the starting compound is lactate. The initial step in
glycolysis is the transport of oxaloacetate from the matrix to the cytosol. Since oxaloacetate
cannot cross the IMM, it crosses as malate through OGC or CIC and is converted to oxaloacetate

by the cytosolic malate dehydrogenase (Meijer & Van Dam 1981).

Glutathione transport is another proposed function of OGC, which remains highly
controversial. Initial studies suggested both OGC and the dicarboxylate carrier are responsible
for the mitochondrial uptake of glutathione (Putt 2000, Coll et al. 2003, Estrela et al. 2004, Xu
et al. 2006), but this was later disputed by testing the function of recombinant proteins
reconstituted in liposomes (Booty et al. 2015). However, OGC's unresolved function of binding
porphyrin derivatives, such as hemin, has been proven only recently after the protein was
purified and reconstituted from rat brain mitochondria (Miniero er al. 2021). This suggests OGC
might be indirectly involved in several metabolic pathways that are regulated by the breakdown

of heme-containing proteins, such as apoptosis.

Furthermore, by reconstituting OGC in an isolated system of planar lipid bilayers, we proved
that it participates in FA and DNP-mediated proton transport. This was direct proof of OGC's
role in uncoupling after years of debate (See section 1.5.4.). The multitude of OGC'’s essential
physiological roles explains the embryonic lethality of OGC-deficient mice and underlines the

importance of conducting further research on the vast number of its undiscovered roles.
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1.5.4. The hidden role of OGC in uncoupling

OGC has been used as a negative control for uncoupling since the study of Sanchis et al., where
it was compared to UCPS5 in yeast mitochondria (Sanchis et al. 1998). OGC overexpression did
not affect the MMP compared to the wild type. However, an increase of another proton motive
force or a changed number of mitochondria could have diminished an uncoupling effect if there
was one. Zhang et al. later chose to overexpress OGC as a negative control as well, solely based
on the previously mentioned study. They noted a slightly decreased MMP in yeast mitochondria
(Zhang et al. 1999). Surprisingly, Yu et al. found that overexpression of OGC significantly
decreases the MMP in HEK293 cells (Yu et al. 2001).

Initially, OGC was not considered for uncoupling due to its electroneutral substrate exchange
(2-oxoglutarate* for L-malate’) and clear localization in the IMM (Sanchis et al. 1998).
However, even though the substrate exchange process seems neutral from the overall net charge
perspective, each step involves interaction with positively charged amino acids in the protein’s
cavity, which can also explain the binding of the negatively charged FAs. Two substrates from
opposite sides of the membrane are not transported simultaneously (Robinson et al. 2008),
which means the transport of each molecule results in a change of electrical potential, even
though the finished substrate exchange cycle does not. Furthermore, the argument that OGC
does not participate in uncoupling due to its localization is not valid, given that all proteins that

potentiate FA-mediated uncoupling are exclusively integrated into the IMM.
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Figure 8. Two functions of OGC — 2-oxoglutarate/malate transport and fatty acid (FA)-mediated proton transport.
Image created with BioRender using the AlphaFold predicted murine OGC structure (PDB: AF-Q9CR62).

One cannot easily conclude what is the effect of a single overexpressed protein in complex
expression systems, such as yeast and cancer cells. A global effect can be attributed to changes
in the expression of the desired protein, but many cellular processes can play a role in between.
For example, higher expression of mitochondrial carriers might result in a changed number or
morphology of mitochondria, which can unintentionally change the observed effects.
Furthermore, if there is an intentional knock-out or knock-down of a certain protein, other
proteins might become more expressed to compensate for the lost function. A false correlation
can be recorded, even though it was impossible to distinguish it from other cell processes.
Therefore, only by testing proton transport in an isolated system containing purified OGC and
various protonophores, it is possible to conclude that it does indeed take part both in substrate

transport and FA-mediated proton transport (Fig. 8) (Zuna et al. 2024).
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1.6. Aims of the PhD work

Chemical protonophores such as DNP are of great pharmacological potential, but their action
mechanisms have not been studied in detail. Given the implications regarding DNP’s effect on
mitochondria, it is worth investigating whether and how it affects mitochondrial transporters of
the SLC25 family involved in uncoupling, specifically ANT1 and UCP1-3. On the other hand,
the involvement of other mitochondrial transporters from the SLC25 family, such as OGC, in

physiological or chemically induced uncoupling has not been studied at all.

We hypothesize that (i) DNP-mediated uncoupling can be significantly enhanced by
mitochondrial carriers that are capable of potentiating FAs-mediated uncoupling and (i1)) OGC
belongs to the group of proteins that catalyze the translocation of substrates and enhances both
FAs and DNP-mediated uncoupling. We also hypothesize that the OGC-mediated uncoupling
in the presence of FA may have a fatty acid cycling mechanism and may be regulated by lipid

oxidation products.
Therefore, the aims of the PhD thesis are:

1. To investigate whether OGC facilitates uncoupling in the presence of FAs and
DNP, and how these processes are inhibited.

2. To examine the effect of DNP on the mitochondrial carriers OGC, ANT1, and
UCP1-3.

3. To establish important binding sites for DNP and FAs in OGC and ANT]1.

4. To test how ROS products, such as RAs, affect lipid headgroups and influence

mitochondrial carrier-mediated uncoupling.

We used an E. coli expression system to produce recombinant mitochondrial carriers. After
purification, the proteins were reconstituted into planar lipid bilayer systems, which were used
for conductance measurements and radioactive substrate transport measurements. Site-directed
mutagenesis and molecular dynamics simulations were used to observe the effects of specific
amino acid mutations and measurements of the membrane elastic parameters were used to

observe changes in lipid bilayers upon addition of RAs.
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2. Results

2.1. The 2-oxoglutarate/malate carrier extends the family of
mitochondrial carriers capable of fatty acid and 2,4-dinitrophenol-
activated proton transport.
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1 | INTRODUCTION

Cancer cells demonstrate distinctive metabolic repro-
gramming, relying more on aerobic glycolysis than
oxidative phosphorylation (OXPHOS) for energy pro-
duction, and exhibiting increased glutaminolysis and
oxidative stress.'? In particular, glutamine-derived o-
ketoglutarate (a-KG), also known as 2-oxoglutarate, can
participate in the OXPHOS pathway or the reductive
carboxylation pathway, deviating from the usual TCA
cycle. The 2-oxoglutarate/malate carrier (OGC) aids this
by transporting 2-oxoglutarate and malate across the
mitochondrial membrane.? Recent evidence shows that
knockdown of OGC results in a 75% reduction in ATP
production in non-small cell lung cancer.’ In addition,
a heterozygous OGC knockout reduced the growth of
spontaneous lung cancer in mice by 50%, while inhibi-
tion of OGC by N-phenylmaleimide resulted in a 50%
reduction in melanoma formation in human xenograft
models.* The inhibitory effect on malignant growth has
been attributed to the involvement of OGC in the replen-
ishment of NADH required for ATP production via the
malate-aspartate shuttle. Neutralization of excessive
amounts of reactive oxygen species (ROS) by increasing
proton transport across the membrane may be an alter-
native strategy and has been shown to induce apoptosis
in mature tumors or prevent damage early in cancer de-
velopment and after radiation therapy.” Application of
chemical protonophores such as BAM15, niclosamide,
or oxyclozanide to in vitro and in vivo systems resulted
in a significant reduction in tumor proliferation.®™

OGC, a member of the mitochondrial solute carrier 25
(SLC25) superfamily, is located in the inner mitochondrial
membrane (IMM), where it transports 2-oxoglutarate for
L-malate or other C4 metabolites.” Notably, the double
knockout of OGC is embryonically lethal.> OGC was pre-
viously used as a negative control for uncoupling'®'! until
Yu et al. observed a significant decrease in mitochondrial
membrane potential (MMP) after its overexpression in
HEK?293 cells.'? Later, glutathione transport by OGC was
proposed to play a role in reducing of oxidative stress in
neuronal cells,'® but this function remained controver-
sial.!* Since oxidative stress is reduced by mitochondrial
uncoupling,'>'® the real reason may be OGC-mediated H*
transport, which has never been confirmed and further in-
vestigated in a well-defined system.

Since the homologs of OGC—adenine nucleotide
transporter 1 (ANT1, 28% homology to OGC) and uncou-
pling proteins 1 (UCP1, 33% homology to OGC)—enhance
H* transport in the presence of free fatty acids (FAs) and
2,4-dinitrophenol (DNP)'”*® we hypothesized that also OGC
dissipates the IMM proton gradient under similar condi-
tions. Therefore, in this work, we used a well-defined system

of planar lipid bilayer membranes reconstituted with OGC
to (i) investigate its contribution to FA- and DNP-mediated
proton transport, (ii) evaluate the efficiency of OGC inhib-
itors in reducing the proton transport rate, and (iii) identify
amino acids critical for the interaction of OGC with FAs.

Unraveling the physiological function and mechanism
of OGC-mediated mitochondrial uncoupling has the po-
tential to provide insight into its involvement in cancer
metabolism and aid in the development of targeted drugs
for other metabolic diseases.

2 | RESULTS

2.1 | OGCis present in a wide range of
murine tissues and cancer cell lines

To understand the physiological role of OGC, we first in-
vestigated its tissue expression in mice. Based on immuno-
histochemical staining experiments and testing the mRNA
abundance, OGC has been reported to be ubiquitously ex-
pressed in the human body,'® and in various rat tissues.*
However, mRNA levels are not reliable predictors of pro-
tein presence” and there are no experimental data on OGC
protein expression in mice. The main problem in testing the
expression of SLC25 superfamily proteins is the lack of spe-
cific antibodies capable of distinguishing close homologs.
To address this issue, we first validated the anti-OGC (anti-
SLC25A11) antibody using inclusion bodies (IBs) of mouse
OGC (mOGC) and other SLC25 family members, as well
as heterozygous mouse knockout tissues. As shown in
Figure S1, the antibody was specifically bound only to OGC
IBs. We found that OGC was expressed on the protein level
in all tested murine tissues (Figure 1A,B), with an expected
decrease in heterozygous knockout samples. OGC was also
present at the mRNA level in all tissues (Figure 1C), and in
both cases, the highest expression was found in the heart,
brain, and kidney. In addition, we have shown that OGC is
expressed at different levels in murine and human cancer
cell lines (Figure 1D).

2.2 | Production and reconstitution of
mouse OGC in liposomes

OGC was the first eukaryotic protein to be expressed in
Escherichia coli (E. coli) and functionally reconstituted in
proteoliposomes.’ The homology between OGC and other
proteins of the SLC25 superfamily, such as ANT1, UCP1,
and the dicarboxylate carrier is high, especially in con-
served mitochondrial carrier motifs and substrate binding
sites (Figure 2). Therefore, it is possible to express and pu-
rify them by using similar protocols.
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FIGURE 1 Detection of OGC (SLC25A11) in mice tissues and cancer cell lines. (A) Representative Western blot of OGC in mouse
tissues. Tissues are labeled as follows: kidney (Ki), thymus (Th), ovary (Ov), brain (Br), white adipose tissue (WAT), heart (He), spleen (Sp),
liver (Li), lung (Lu), skeletal muscle (Skm), and brown adipose tissue (BAT). (B) Quantification of OGC band intensity in all tissue samples
in relative units. (C) mOGC mRNA levels (2-ACt) relative to mitochondrial ribosomal protein L4 (mRPL4) used as a reference gene. (D)
Western blot analysis of OGC in mouse neuroblastoma (N18TG2), mouse colon adenocarcinoma (MC38), human myeloid leukemia (K562),

and human colorectal carcinoma (HCT116) cell lines. 40 pg (A) or 20 pg (D) of total protein was loaded per lane. Recombinant mouse OGC
(mOGC) inclusion bodies (IBs) (IB OGC, 2 pg) were used as positive controls, and mOGC heterozygous heart (He+/—) and kidney (Ki+/—)
knockouts as negative controls in (A). OGC is detected at the corresponding size of 34 kDa. Succinate dehydrogenase (SDHA) was used as a

mitochondrial control. Reversible Ponceau S staining loading control, full blots, and anti-OGC antibody validation are shown in Figure S1.

See Section “4” for more details.

In this study, we adapted previously established proto-
cols to produce murine OGC (mOGC) in E. coli IBs.”'"*
After purification and reconstitution into proteoliposomes
(see Section 4), it was present as a dimer (Figure 3A). Early
cross-linking studies suggested possible cysteine-linked
dimerization of OGC in detergent,” although the issue re-
mained controversial,”* and the observed dimerization may
be a result of aggregation under SDS-PAGE conditions.*>*®

2.3 | mOGC transports“C-malate for
2-oxoglutarate

To confirm the functionality of mOGC and its correct
refolding in proteoliposomes, we performed substrate
transport exchange measurements using '*C-malate and
2-oxoglutarate (Figure 3B). Figure 3C shows the decrease
in *C-malate concentration in proteoliposomes reconsti-
tuted with mOGC upon the addition of 2-oxoglutarate. The
transport rate, z, was estimated from the decrease in '*C-
malate concentration over time, normalized to the pro-
tein concentration. The determined t was approximately

47.24 pmol/min/mg, which is in good agreement with
previous results for mitochondrial carriers (Table S1).
Transport was completely inhibited by phenylsuccinate
(PS), a substrate analog and a known inhibitor of the
transport function of 0GC.?’

2.4 | Fatty acid and
2,4-dinitrophenol-mediated proton
transport is facilitated by mOGC in planar
lipid bilayers

Next, we tested whether mOGC contributes to the pro-
ton conductance in pure lipid membranes composed
of DOPC, DOPE, and cardiolipin (45:45:10mol%) in
the model system.?® We first measured the increase in
the total membrane conductance (G,,) in the presence
of a representative natural protonophore, arachidonic
acid (AA), and DNP, a very potent chemical uncoupler
that was previously used for obesity treatment.” G, of
protein-free planar lipid bilayers (G,,=8.75+3.2 nS/
cm?) is comparable to the conductance of membranes
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FIGURE 2 High sequence homology in substrate binding sites and signature motifs between OGC and other members of the SLC25

family. (A) Sequence alignment of murine OGC, adenine nucleotide translocase 1 (ANT1), dicarboxylate carrier (DIC), and uncoupling
protein 1 (UCP1) generated with ClustalW and colored with ESPript. (B) Sequence homology scores between mOGC and mANT1.
Homology scores are averaged for every 5 amino acids, based on their individual homology percentage scores calculated in the alignment.
The image was generated in PyMOL using the AlphaFold structure of mOGC (AF-Q9CR62-F1) as a template. Alpha helices are numbered as
H1-HS6. First 20 amino acids of the N-terminus are not shown for simplicity.

reconstituted with mOGC alone (G,,=9.23 +3nS/cm?).
The G,, of bilayers containing AA (G,=34.1+7.1 nS/
cm?) or DNP (G,,=46.8+ 6.1 nS/cm?) was significantly
increased in the presence of mOGC (G, =92.5+16.5nS/
cm? for AA, G,=69.6+7.5 nS/cm? for DNP; Figure 4A
and Figure S2).

To confirm that in the presence of AA, mOGC facili-
tates the transport of protons, and not other ions present
in the buffer, we measured current-voltage characteris-
tics in the presence and absence of a transmembrane
pH gradient of 0.4 (ApH 0.4) (Figure 4B). Solutions on
both the cis and trans sides of the planar lipid bilayer

had the same concentrations of all ions except H" and
OH", similar ionic strength, and similar osmolarity. The
pH values on the cis and trans sides were 7.34 and 7.74,
the latter being adjusted with 2.39 mM of Tris dissolved
in water (pH 7.34) after bilayer membrane formation.
In this case, the experimentally obtained shift of the
reversal potential, AV, is equal to the theoretical H"
Nernst potential (W) at ApH 0.4. The shift of intersec-
tion points of I/V curves with the x-axis, for ApH 0 and
ApH 0.4, resulted in V,=25.8+6.8mV (Figure 4B). We
then calculated the transfer number of H* and OH™ ions
across the membrane (Equation 1),
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FIGURE 3 Reconstituted mOGC transports 14C-malate for 2-oxoglutarate. (A) Representative silver staining of mOGC reconstituted
into proteoliposomes. 250 and 500 ng of proteoliposomes were loaded in separate lanes on a 15% acrylamide gel, separated by SDS-PAGE
and visualized by silver staining. Reconstituted mOGC appears at the expected dimer size (~69kDa, red arrow). Precision Plus Protein Dual
Color Standard was loaded as a molecular weight marker. (B) The scheme shows the three experimental setups: empty liposomes (left),
active transport with mOGC (middle), and inhibition of transport by phenylsuccinate (PS, right). (C) Decrease in 14C-malate concentration
upon initiation of 2-oxoglutarate/malate exchange in proteoliposomes containing reconstituted mOGC (squares). Transport was not
measured in empty liposomes (diamonds) and was completely inhibited by the addition of 20mM of the substrate analog PS (triangles).
For all measurements, membranes were prepared DOPC:DOPE:CL (45:45:10mol%). Lipid and protein concentrations were 1.5mg/mL

and 4 pg/(mg lipid), respectively. The buffer solution consisted of 50 mM Na,SO,, 10 mM Tris, 10 mM MES, and 0.6 mM EGTA at pH 7.34
and T=32°C. Hundred nanometer proteoliposomes were filled with 2mM 14C-malate and transport was initiated by the addition of 2mM
2-oxoglutarate from the outside. 14C-malate, oxoglutarate, and PS were dissolved in buffer (pH 7.34). Data are mean +SD of at least three
independent experiments.
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FIGURE 4 mOGC-mediated proton conductance in the presence of AA or DNP in planar lipid bilayers. (A) Increase in total membrane
conductance (G,) in the presence of 15mol% arachidonic acid (AA) or 50 pM DNP without (white) and with (blue) mOGC. (B) Current—
voltage (I/V) recordings of lipid bilayer membranes reconstituted with mOGC in the presence and absence of a transmembrane pH
gradient of 0.4 pH units. For all measurements, membranes were made prepared from DOPC:DOPE:CL (45:45:10mol%). Lipid and protein
concentrations were 1.5mg/mL and 4 pg/(mg lipid), respectively. The buffer solution consisted of 50 mM Na,SO,, 10 mM Tris, 10 mM MES,
and 0.6 mM EGTA at pH 7.34 and T=32°C. DNP and ATP were dissolved in DMSO and buffer (pH 7.34), respectively. Data are mean +SD
of at least three independent experiments.
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where ¥ is the theoretical value of H* Nernst potential at
ApH 0.4 (23.9mV). Ty o~ Was 1.08+0.3, which confirms
that the observed increase in Gy, is exclusively due to the
transport of protons.
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FIGURE 5 The increase in mOGC-mediated proton transport
directly correlates with the increase in the number of unsaturated
bonds of FAs. Increase in G, in the presence of arachidic acid (20-
0), cis-11-eicosaenoic acid (20-1), cis-11,14-eicosadienoic acid (20-
2), cis-8,11,14-trienoic acid (20-3), and AA (20-4). The experimental
conditions were similar to those described in Figure 4.

2.5 | mOGC mediates proton transport
in the presence of free fatty acid with
different structures

Under oxidative stress, the cell concentration of ROS in-
creases and subsequently activates phospholipase A
(PLA).>® PLA, cleaves unsaturated FAs from the IMM, the
most abundant of which is AA. Therefore, to understand
how OGC-mediated proton transport correlates with the
degree of FA saturation as a response to oxidative stress
in cells, we measured the G,, of mOGC-reconstituted lipid
bilayers in the presence of FAs with increasing number of
double bonds—arachidic acid (20-0), cis-11-eicosaenoic
acid (20-1), cis-11,14-eicosadienoic acid (20-2), cis-8,11,14-
trienoic acid (20-3), and AA (20-4) (Figure 5). Our results
show that the G, is directly correlated with the increase in
the number of unsaturated bonds of the FA, similar to what
was observed for UCP1, UCP2, and ANT1.35%

2.6 | The activation of mOGC by
arachidonic acid can be inhibited by ATP,
its substrates, and substrate analog

We further tested whether ATP could inhibit mOGC-
enhanced proton transport in the presence of AA.
Figure 6A and Figure S3A show that ATP can inhibit
mOGC-mediated proton conductance by 75%, indicating
a possible common binding site for ATP and AA.
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FIGURE 6 Inhibition of mOGC-mediated proton transport in the presence of AA by ATP, 2-oxoglutarate (2-OXOG), malate (MAL) and
phenylsuccinate (PS). Relative conductance of mOGC activated by 15mol% AA and inhibited by 4mM ATP (A), 2-OXOG or MAL (B), or

PS (C). The relative conductance is the ratio of the total membrane conductance in the presence and absence of the protein inhibitors to the
membrane conductance measured in the presence of lipid and AA (see Section 4). The curves in (B) and (C) were fitted with a 4-parameter
sigmoidal function (least squares method) and IC50 values of (0.06 +0.01) mM for 2-OXOG, (0.1 +0.06) mM for MAL and (1 +0.11) mM for
PS were obtained. ATP, 2-OXOG, and MAL were dissolved in buffer (pH 7.34). PS was dissolved in DMSO. Other experimental conditions

were similar to those described in Figure 4.
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Next, we tested whether the main substrates trans-
ported by OGC, 2-oxoglutarate, and malate, show a sim-
ilar effect. Figure 6B and Figure S3B show that the rate
of AA-mediated proton transport inhibition in the pres-
ence of mOGC depends on the substrate concentration
with IC50s of (0.06+0.01) mM and (0.1+0.06) mM for
2-oxoglutarate and malate, respectively. This is consis-
tent with the substrate transport function of OGC, and its
highest affinity for 2-oxoglutarate.” We then found that
the IC50 of PS was (1 +0.11) mM (Figure 6C, Figure S3C),
higher than both substrates tested.

None of the tested compounds altered the G, val-
ues when only mOGC or AA were present in the system
(Figure S3D), confirming that there is no unspecific pro-
ton leak. Taken together, these results may indicate a com-
mon binding site, or a shared part of the binding site in
OGC for AA, ATP, 2-oxoglutarate, malate, and PS.

2.7 | R90is involved in the binding of
free fatty acids, ATP, and substrates

Residues R90, Y94, R98, R190, and R288 were identified as
critical for substrate transport of OGC by substitution with
cysteine and leucine.*** Using site-directed mutagenesis,
we produced mOGC-R90S (Figure 7A) and compared the
specific membrane conductance of the bilayer membranes
reconstituted with the wild-type and mutant proteins.
Figure 7B shows that G, is 50% lower in the presence of

(A) (B)
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mOGC-R90S (63.28+5.12nS/cm? versus 92.47+16.49nS/
cm?® measured for mOGC, relative to the AA-induced Gp)-
Furthermore, mutation of R90 to serine completely abol-
ished the ability of ATP to inhibit mOGC. We also tested
how efficiently the AA-induced G, of mOGC-R90S can
be inhibited by malate and 2-oxoglutarate. Figure 7C and
Figure S4 show that 1mM of 2-oxoglutarate or malate in-
hibited the activated mOGC by 0% and 20%, respectively,
whereas 2mM of 2-oxoglutarate or malate inhibited the pro-
tein by 19% and 74%, respectively. These results suggest that
R90 may be more important in the binding of 2-oxoglutarate
than malate in the protein's cavity, or that malate competes
more efficiently with AA for the rest of the binding site.

3 | DISCUSSION

Our results show that OGC can participate in uncoupling
under similar conditions as ANT1 and UCP1-3 and that
proton transport is enhanced only in the presence of the
artificial uncoupler DNP or long-chain FAs.!” Proton
transport facilitated by OGC increased with the degree of
unsaturation of the FA, as has been shown for other car-
riers.*** Furthermore, ATP can competitively inhibit the
activity of ANT1, UCP1-UCP3, and OGC in the presence
of AA, suggesting a common binding site for nucleotides.
We identified R90 as one of the residues involved in the
binding of AA and ATP to OGC (Figure 7). This amino
acid is a part of the conserved common substrate binding

©

1 None ’; 1.4 B 1 mM
=YY % = 2 mM
@ + ATP ~ 1.2 l
* [ "
e
c 1.0
S
)
3 08
5
o 0.6
g
= 04
1)
¢ 0.2
Matrix B g 8 AA + + +
<)
2 0O 2-0X0G - + -
£ MAL - - +

mOGC R90S

FIGURE 7 Substrate-binding residue R90 is involved in uncoupling. (A) Side view of mOGC with R90 shown in blue licorice and
labeled in yellow. The image was generated in PyMOL using the AlphaFold structure of mOGC (AF-Q9CR62-F1) as a template. The N-
terminal sequence has been truncated for simplicity. (B) Comparison of total membrane conductance (G,,) between mOGC and mOGC
R90S in the presence of 15mol% AA (blue) or 4mM ATP (gray). C. Relative G, measured in the presence of different concentrations of
2-OXOG or MAL. Other experimental conditions were similar to those described in Figure 4.
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site of the SLC25 family and is a homolog of R79 in ANT1
and R84 in UCP1, which are critical for the binding of nu-
cleotides, FAs, and DNP.*>**° It also has a homolog in
UCP2 (R88) and dicarboxylate carrier (R69). Since these
proteins are involved in both substrate transport and FA-
mediated proton transport, we propose that OGC is a
protein with dual function whose substrate binding site
is part of the interaction site with negatively charged un-
couplers such as FAs or DNPs (Figure 8).

A possible explanation for thermogenesis-independent
uncoupling would be mild uncoupling or lowering of
MMP to prevent the generation of damaging ROS.***2
Under normal physiological conditions, OGC regulates
the supply of the relevant metabolites—malate and
2-oxoglutarate—for OXPHOS (Figure 8A). During oxi-
dative stress, the activity of phospholipid hydrolysis cat-
alyzed by PLA increases significantly.’ As a result, the
blood concentration of FAs increases in pathological con-
ditions such as obesity and type II diabetes.* In addition
to the increase in free FAs, oxidative stress leads to the
formation of lipid hydroperoxides and reactive aldehydes,
which can modify and activate UCPs.** Under these

(A) Normal physiological conditions
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conditions, OGC is likely to be involved in FA-mediated
proton transport (Figure 8B).

We found that 2-oxoglutarate is a competitive inhib-
itor of OGC-mediated proton leak, with an EC50 value
of 60uM (Figure 6B). Considering that human plasma,
liver, and brain contain 8-12 pM,47 150-300 pM,48 and
600-800 pM49 of 2-oxoglutarate, respectively, it seems
that the cavity of OGC is permanently occupied and
not available to bind FAs. Yet, it has been observed that
2-oxoglutarate levels are significantly reduced when
mitochondrial function is impaired or damaged by ox-
idative stress, such as in diabetes® and breast cancer.!
Under conditions that promote elevated levels of FAs
and reactive aldehydes, it is plausible that OGC partic-
ipates in proton transport to prevent further damage. It
remains to be unraveled whether OGC alone contributes
to significant proton leak in vivo. Unlike UCP1 in BAT
under cold acclimation conditions, individual proteins
such as OGC, ANT1, UCP2, or UCP3 may not induce a
substantial amount of proton transport. However, their
collective uncoupling function could lead to a benefi-
cial and transient decrease in MMP, mitigating further

(B)  High oxidative stress
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FIGURE 8 OGC catalyzes substrate transport and participates in FA-mediated uncoupling. (A) Under physiological conditions, OGC

transports 2-oxoglutarate for malate to support the regeneration of NADH for oxidative phosphorylation (OXPHOS). The enzymes are

the electron chain complex (I-IV), ATP synthase (V), aspartate/glutamate carrier (AGC), malate dehydrogenase (MDH), and glutamate
oxaloacetate transaminase (GOT), and the substrates are malate (MAL), 2-oxoglutarate (2-OXOG), aspartate (ASP), glutamate (GLU), and
oxaloacetate (OAA). (B) Under high oxidative stress, OGC is involved in FA-mediated uncoupling. Leakage of electrons from electron
transport complexes I and III generates reactive oxygen species (ROS), which in turn activate phospholipase A (PLA), which cleaves FAs
from the IMM. After neutralization and transfer to the matrix, FAs release protons and decrease MMP. FA anions are transported back into

the cytosol by OGC and similar proteins. Image is created in BioRender.
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oxidative damage without the need for upregulation of
protein expression.

The use of mitochondrial carriers through targeted ac-
tivation of their uncoupling function could be a promising
approach for future cancer therapy. Cancer cells have an
abnormally high MMP (~220mV compared to 140mV in
normal cells),2 which is associated with increased metas-
tasis and more invasive tumor properties.’>>* Therefore,
they take up lipophilic chemical protonophores with a
higher affinity than normal cells, which results in uncou-
pling of the IMM through activation of several proteins
of the SLC25 family and a substantial decrease in MMP,
which induces apoptosis. OGC is a good candidate for
targeted uncoupling because it is ubiquitously expressed
in healthy tissues and therefore most likely in all cancer
types (Figure 1).

In conclusion, by reconstituting OGC as the only pro-
tein in the lipid bilayer membrane, we have demonstrated
its role in facilitating proton transport in the presence of
FAs and DNP. ATP, OGC substrates, and PS inhibited this
effect, indicating competition for the same binding site.
We identified residue R90 which is involved in both un-
coupling and substrate transport in OGC and may play a
critical role in the conserved mechanism of uncoupling in
the entire SLC25 family.

4 | MATERIALS AND METHODS

4.1 | Chemicals

1,2-Dioleoyl-sn-glycero-3-phosphotidylcholine ~ (DOPC,
#SLCF9767), 1,2-dioleoyl-sn-glycero-3-phosphoethanola
mine (DOPE, #SLCB7462), cardiolipin (CL, #SLCC2621),
adenosine 5'-triphosphate (ATP, #SLBZ3783), a-
ketoglutaric acid (2-oxoglutaric acid, #BCCC4294),
phenylsuccinic acid (#MKBS0493V), L-malic acid
(#SLCD6882), N-laurylsarcosine (#L5125), Triton X-114
(#MKCL3391), Triton X-100 (#STBJ5677), dithiothreitol
(DTT, #BCCG5712), 2,4-dinitrophenol (D198501), di-
methylsulfoxide (DMSO, #276855), bovine serum albumin
(BSA, #SLCM9403), arachidic acid (Ara, #0000145297),
cis-11-eicosaenoic acid (20-1, #MKCP4439), cis-11,14-
eicosadienoic acid (20-2, #SLCL2548), cis-8,11,14-trienoic
acid (#SLCG0821), protease inhibitor cocktail (#P8340),
bromophenol blue (#BCBF8233V), hexane (#296090),
hexadecane (#296317), and isopropanol (#19516) were
purchased from Sigma-Aldrich (Vienna, Austria).
Sodium sulfate (Na,SO,, #8560.3), sodium chloride
(NaCl, #9265.1), potassium chloride (KCl, #6781.3),
2-(N-morpholino) ethanesulfonic acid (MES, #4256.2),
tris(hydroxymethyl)-aminomethane (Tris, #4855.2), eth-
ylenediaminetetraacetic acid (EDTA, #8043.2), ethylene

ACTA PHYSIOLOGICA S

glycol-bis(B-aminoethyl ether)-N,N,N’,N’'-tetraacetic acid
(EGTA, #8043.1), isopropyl f-D-1-thiogalactopyranoside
(IPTG, #2316.3), chloramphenicol (#3886.2), kana-
mycin (#T832.1), p-mercaptoethanol (#4227.3), glyc-
erine (#3783.1), ethanol (#T913.1), desoxycholic acid
sodium salt (#3484.2), sodium dodecyl sulfate (SDS,
#0183.3), agarose (#3810.2), and Ponceau S staining so-
lution (#5938.2) were purchased from Carl Roth GmbH
& Co. K.G. (Karlsruhe, Germany). Chloroform (#AE
54.1) was obtained from either Carl Roth GmbH & Co.
K.G. (Karlsruhe, Germany) or PanReac AppliChem
(UN1888, Darmstadt, Germany). We purchased ara-
chidonic acid (AA, #10-2004-7) from Larodan (Solna,
Sweden), n-octylpolyoxyethylene (#1000013726) from
BACHEM (Bubendorf, Switzerland), and hydroxyapatite
(#130-0420), Bio-Beads SM-2 (#152-3920) and the en-
hanced chemiluminescence (ECL) western blotting rea-
gent (#170-50001) from Bio-Rad Laboratories (Hercules,
CA, USA). Dulbecco's phosphate-buffered saline (DPBS,
#14190144) was obtained from Thermo Fisher Scientific,
Waltham, MA, USA, PhosSTOP™ (#59124600) from
Roche Diagnostics (Mannheim, Germany), and nuclease-
free water (#7732-18-5) from VWR (Vienna, Austria).
“C-malic acid was purchased either from Perkin Elmer
(Waltham, MA, USA) (#2625350) or from Hartmann
Analytic (Braunschweig, Germany) (ARC 0771). The
Ultima-Gold™ scintillation liquid (#7722011) was pur-
chased from Perkin Elmer (Waltham, MA, USA) and
Sephadex™ G-50 (#10297028) from Cytiva Sweden AB
(Uppsala, Sweden).

4.2 | Animals and protein sample
preparation

Two-month-old female C57BL/6 wild-type mice used in
this study were kept under standardized laboratory condi-
tions (12:12h light/dark cycle, room temperature (24°C),
food and water ad libitum) and sacrificed by CO, asphyxi-
ation. Mouse organ and tissue samples were pooled from
at least five mice to obtain enough protein. They were ho-
mogenized with a mixer mill (MM200, Retsch, Germany)
in RIPA buffer (50mM Tris, 150mM NaCl, 1% desoxy-
cholic acid sodium salt, 1mM EDTA, 1% Triton X-100,
0.1% SDS) supplemented with a protease inhibitor cock-
tail. After 30min of incubation on ice, the lysates were
centrifuged 2x 10min at 2500 Xg. The supernatants were
collected, aliquoted, and stored frozen at —20°C.

Total protein isolation from cancer cells was per-
formed as described in Ref.[54] In brief, the cells were
washed twice in ice-cold DPBS and centrifuged at 300 xg
for 5min. Pellets were snap frozen and sonicated in RIPA
buffer supplemented with a protease inhibitor cocktail and
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PhosSTOP™. Lysates were centrifuged 2x10min at 2500
xg, and the collected supernatants were aliquoted and
stored at —20°C. Total protein concentrations of tissue and
cancer cell samples were determined using the Pierce BCA
Protein Assay Kit (#RG235622, Thermo Fisher Scientific,
Waltham, MA, USA). Further steps were performed as de-
scribed for protein isolation from mouse organ tissues.

4.3 | Western blot analysis

Western blotting was adapted to the previously published
protocol.”® In brief, total protein was separated on 15% SDS-
PAGE gels and transferred to nitrocellulose membranes.
Reversible Ponceau S staining was used as a loading con-
trol (Figure S1A). After blocking the membranes in 2%
BSA blocking solution at RT, they were incubated with pri-
mary antibodies against OGC (anti-SLC25A11, sc-515593,
#G2016, Santa Cruz Biotechnology, Dallas, TX, USA) or
succinate dehydrogenase (SDHA, ab14715, #G3365497-8,
Abcam, Cambridge, UK) overnight at 4°C. Detection
was performed with the UVP ChemStudio Imaging
System (Analytik Jena, Jena, Germany) using horseradish
peroxidase-linked anti-mouse (#38) and anti-rabbit (#29)
secondary antibodies (Cell Signaling Technology, Danvers,
MA, USA), and the ECL western blotting reagent. All pri-
mary and secondary antibodies were diluted with 2% BSA
block solution. The semi-quantitative analysis of western
blots was done using Vision Works software version 9.1
(Analytik Jena, Jena, Germany). SDHA was used as a mi-
tochondrial marker. The values were averaged from at least
three different membranes and two biological replicates.
For each biological replicate, tissues from five mice were
pooled together to isolate sufficient protein levels.

4.4 | mRNA expression analysis
RNA isolation and quantitative reverse transcription
(qQRT-PCR) were performed as previously described.”
RNA was isolated using the innuSOLV RNA Reagent
(Analytik Jena, Jena, Germany) according to the guani-
dine isothiocyanate/phenol method. Briefly, homogenized
tissue samples were incubated with 1 mL of the innuSOLV
RNA reagent per 100mg. Phase separation was done by
the addition of chloroform, and RNA was precipitated with
isopropanol and washed with ethanol. Air-dried RNA was
dissolved in nuclease-free water and quantified using the
NanoDrop® UV-Vis Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA).

Two pg of RNA were subjected to DNase digestion and
reverse transcribed to cDNA using random hexamer prim-
ers and the High-Capacity cDNA Reverse Transcription

Kit (both Thermo Fisher Scientific, Waltham, MA, USA).
RT-qPCR was conducted on gTOWER?® 84 (Analytik Jena,
Jena, Germany) at a 62°C annealing temperature using the
Luna® Universal gPCR Master Mix (New England BioLabs
GmbH, Frankfurt am Main, Germany) and primers for Mus
musculus solute carrier family 25 member 11 (SLC25A11)
sourced from the NCBI primer-blast [NM_024211.3].
Primers targeting both murine splice variants were used:
(5'->3’ forward: GTTGTTTGAGCGCCTGACTG, reverse:
CAGCTGGAAGCCGACCAT). Relative expression levels
of mOgc were calculated by the A cycle threshold (Ct) to
the housekeeping gene mRpl4 (27[C{mOg)-CUmRploly

4.5 | Recombinant protein
production and purification

Cloning, purification, and reconstitution of murine OGC
were adapted to the previously established protocols.” In
brief, pET24a expression plasmids containing selected OGC
cDNA sequences were transformed into the E. coli Rosetta
(DE3) pLysS strain (Novagen®, Darmstadt, Germany) and
selected on kanamycin (25pg/mL) and chloramphenicol
(34pg/mL) containing plates. Successful transformants
were inoculated into the growth medium containing chlo-
ramphenicol (34 pg/mL) and grown until the optical den-
sity at 600nm reached 0.5. Protein production was then
induced with 0.5mM IPTG, and the cells were collected by
centrifugation after 3h. IBs containing the expressed pro-
tein were isolated via high-pressure homogenization and
centrifugation. The expression of mOGC in IBs was con-
firmed using the Western blot analysis (Figure S1C).

4.6 | Reconstitution of OGC
into liposomes

To purify and reconstitute the protein, 2mg of IBs
were solubilized in a TE/G buffer containing 2%
N-lauroylsarcosine, 1.3% Triton X-114, 0.3% N-
octylpolyoxyethylene, 1 mM DTT, and 2mM phenylsuc-
cinate (PS)atpH 7.5. The lipid mixture (DOPC:DOPE:CL;
45:45:10mol%) was hydrated overnight and added
in gradually. The mixture was concentrated and dia-
lyzed against a buffer used in the experiments (50 mM
Na,SO,, 10mM MES, 10mM Tris, and 0.6 mM EGTA
at pH7.34). The dialysate was centrifuged and applied
to a hydroxyapatite column to remove unfolded and
aggregated protein fractions. Subsequently, non-ionic
detergents were removed by Bio-Beads SM-2. The final
protein concentration was measured with the Micro
BCA Protein Assay Kit (#01191202, Thermo Fisher
Scientific, Waltham, MA, USA). Protein purity was
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verified by SDS-PAGE and silver staining (Figure 3A).
Proteoliposomes were produced in independent batches.
The following batch numbers were used for this study:
OGC #5, #9, #11, #12, #15, #23, #24, and #25.

4.7 | Generation of the OGC R90S mutant
In vitro site-directed mutagenesis was carried out on ex-
pression plasmids containing the cDNA of mOGC as a
template. The mutation was introduced with an oligonu-
cleotide designed to alter codon Arg90 (CGC)to Ser (AGC)
using a Q5™ site-directed mutagenesis kit (#EO552,
#EO554S, New England BioLabs GmbH, Frankfurt am
Main, Germany). The successful introduction of muta-
tions was confirmed by sequencing. Mutant OGC expres-
sion plasmids were transformed in the E. coli expression
strain Rosetta(DE3)pLysS. The rest of the protocol was
as described above for the OGC wild-type, and the batch
numbers used for this study were #2, #4, and #5.

4.8 | Substrate exchange rate
measurements of OGC

OGC-containing proteoliposomes (as described above)
were filled with 2mM malate (L-malic acid dissolved
in the experimental buffer at pH7.34) and 2mM C la-
beled malate prior to extrusion. 1 mM of DTT was added
to proteoliposomes after extrusion to prevent any free
sulthydryl group-mediated aggregation. OGC facilitated
transport was initiated by adding 2mM 2-oxoglutarate
(2-oxoglutaric acid dissolved in the experimental buffer
at pH7.34) and stopped immediately by size exclusion
chromatography using SephadexTM G-50 dextran gels at
corresponding times (Figure 3B). The remaining radioac-
tivity in proteoliposomes was measured by liquid scintilla-
tion counting (Tri-Carb 2100TR, Perkin Elmer, Waltham,
MA, USA). In the case of inhibition, 20mM phenylsuc-
cinate (PS, phenylsuccinic acid dissolved in the experi-
mental buffer at pH 7.34) was added to proteoliposomes
prior to extrusion to account for the random orientation
of OGC in the membrane. For control measurements, the
same protocol was used on empty liposomes.

4.9 | Formation of planar bilayer
membrane and measurements of the
electrical parameters

Planar lipid bilayers were formed from liposomes
on the tip of the dispensable plastic pipettes as previ-
ously described.”® Membrane formation and bilayer
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quality were verified by capacitance measurements
(C=0.715+0.03 pF/cm?). Capacitance did not depend
on the presence of the protein, AA, or other substrates,
which were added to the lipid phase before membrane
formation. Current-voltage (I-U) characteristics were
measured by a patch-clamp amplifier (EPC 10, HEKA
Elektronik Dr. Schulze GmbH, Germany). Total mem-
brane conductance (G,,) was derived from the slope of
a linear fit of the experimental data at applied voltages
in the range of —50mV to +50mV. Lipid concentration
was 1.5mg/mL (1.875mM) in all experiments. AA was
dissolved in chloroform and added to the lipid phase be-
fore vacuuming. ATP, 2-oxoglutaric acid, L-malic acid,
and phenylsuccinic acid were dissolved in the buffer
solution (pH adjusted to 7.34) and DNP in DMSO. The
amount of DMSO added to the measuring sample never
exceeded 10 uL, which was previously shown not to alter
the membrane conductance.'” The concentrations of
each substrate used in the experiments are indicated in
the figure legends. The relative membrane conductance
was calculated according to Equation 2:

o~ G=Go
rel_Gl_G0 (2)

where G, is the total membrane conductance of lipid
membranes reconstituted with AA, G, is the total mem-
brane conductance of lipid membranes reconstituted with
OGC and AA, and G is the total specific membrane con-
ductance of lipid membranes reconstituted with OGC,
AA, and/or ATP/PS/2-oxoglutarate/L-malate (Figure 6).

4.10 | Statistical analysis

Statistical analyses were performed using Sigma Plot 12.5
(Systat Software GmbH, Erkrath, Germany). Data from
the electrophysiological and substrate exchange meas-
urements are represented as mean =+ standard deviation
of at least three technical replicates performed on three
different days. In electrophysiological measurements,
each technical replicate was the mean conductance of
three to ten lipid bilayer membranes formed on the same
day. In substrate exchange measurements, each technical
replicate stands for a new preparation of the measuring
sample. Electrophysiological data were tested using the
unpaired two-tailed Student's t-test. Statistical signifi-
cance was defined at p<0.05 (¥), p<0.01 (1), p<0.001.
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Abstract: 2,4-Dinitrophenol (DNP) is a classic uncoupler of oxidative phosphorylation in mitochon-
dria which is still used in “diet pills”, despite its high toxicity and lack of antidotes. DNP increases
the proton current through pure lipid membranes, similar to other chemical uncouplers. However,
the molecular mechanism of its action in the mitochondria is far from being understood. The sensi-
tivity of DNP’s uncoupling action in mitochondria to carboxyatractyloside, a specific inhibitor of
adenine nucleotide translocase (ANT), suggests the involvement of ANT and probably other mito-
chondrial proton-transporting proteins in the DNP’s protonophoric activity. To test this hypothesis,
we investigated the contribution of recombinant ANT1 and the uncoupling proteins UCP1-UCP3
to DNP-mediated proton leakage using the well-defined model of planar bilayer lipid membranes.
All four proteins significantly enhanced the protonophoric effect of DNP. Notably, only long-chain
free fatty acids were previously shown to be co-factors of UCPs and ANT1. Using site-directed
mutagenesis and molecular dynamics simulations, we showed that arginine 79 of ANT1 is crucial for
the DNP-mediated increase of membrane conductance, implying that this amino acid participates in
DNP binding to ANT1.

Keywords: mitochondrial uncoupler; protonophore; membrane potential; proton conductance;

artificial membranes; molecular dynamics simulations

1. Introduction

Obesity is one of the most acute health problems in developed countries worldwide.
Recent statistics from the World Health Organization show that obesity has nearly tripled
worldwide since 1975 (https:/ /www.who.int/news-room/fact-sheets/detail / obesity-and-
overweight, accessed on 5 June 2021). Although the uncoupling of oxidative phosphoryla-
tion (OxPhos) in the mitochondria was long ago proposed as a target for treating obesity, no
breakthrough therapy has yet been established. 2,4-Dinitrophenol (DNP) has been known
since the mid-1930s as an effective component of “diet pills” that is capable of reducing
obesity by increasing the basal metabolic rate [1]. Severe side effects forced its withdrawal
from the pharmaceutical market [2,3]. However, DNP can still be illegally purchased under
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different names over the internet as a drug conferring rapid and supposedly safe weight
loss, and is also used as an illegal food supplement [4].

Sustained scientific interest in DNP is based not only on its much higher efficacy than
other drugs but also on the need to develop antidotes against its toxicity to prevent the
increasing number of deaths associated with its uncontrolled use. The detailed molecular
mechanism of the uncouplers’ action in the mitochondria remains unclear, which hinders
the use of DNP and its derivatives as therapeutic drugs.

Since DNP increases the conductance of pure lipid membranes, similar to other
uncouplers [5-14], its effect on the mitochondria was ascribed to an increase in proton
permeability through the lipid part of the inner mitochondrial membrane (IMM). On the
other hand, the azido-substituted analog of DNP, 2-azido-4-nitrophenol, was shown to
bind effectively to mitochondrial proteins [15-17]. In addition, the uncoupling effect of
DNP on the mitochondria was shown to be partially blocked by carboxyatractyloside
(CATR) [18,19], a specific inhibitor of the adenine nucleotide translocase (ANT), indicating
the participation of ANT in the uncoupling action of DNP in the mitochondria.

Partial suppression of the uncoupling effect was also found for other protonophores,
including BAM15 [19-24]. These findings support the hypothesis of ANT’s participation in
the uncoupling action of certain protonophores in the mitochondria [25].

Our previous study demonstrated the ability of ANT1 to enhance the proton current
across artificial membranes in the presence of weak uncouplers—long-chain fatty acids
(FA) [26]. We now hypothesize that DNP’s protonophoric function may be also potentiated
by mitochondrial proton-transporting proteins, in addition to the DNP-mediated increase
in the selective lipid membrane’s permeability for protons. To test this hypothesis, we used
a well-defined model of lipid bilayer membranes reconstituted with recombinant ANT1 or
UCPs (1) to investigate the contribution of these proteins to DNP-mediated proton leakage,
(2) to evaluate the efficiency of the inhibitors of proton transport mediated by ANT1/UCP,
and (3) to reveal the amino acids crucial for ANT1 activation by DNP.

2. Materials and Methods
2.1. Chemicals

2,4-Dinitrophenol (DNP), chloroform, dimethyl sulfoxide (DMSO), 1,2-dioleoyl-sn-
glycero-3-phosphotidylcholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), cardiolipin (CL), sodium sulfate (Na;SOy), 2-(N-morpholino) ethanesulfonic acid
(MES), tris(hydroxymethyl)-aminomethane (Tris), adenosine 5'-triphosphate (ATP), guano-
sine 5'-triphosphate (GTP), carboxyatractyloside (CATR), ethylenediaminetetraacetic acid
(EDTA), ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), N-
lauroylsarcosine, Triton X-114, dithiothreitol (DTT), bovine serum albumin (BSA), sucrose,
3-(N-morpholino) propanesulfonic acid (MOPS), rotenone, and safranin O were purchased
from Sigma-Aldrich (Vienna, Austria). Arachidonic acid (AA) was purchased from Laro-
dan (Solna, Sweden), n-octylpolyoxyethylene was purchased from BACHEM (Bubendorf,
Switzerland), and hydroxyapatite was purchased from Bio-Rad Laboratories (Hercules,
CA, USA).

2.2. Cloning, Purification, and Reconstitution of Murine ANT1 and UCPs

Cloning, purification, and reconstitution of murine ANT1, UCP1, UCP2, and UCP3
followed previously established protocols [27-29]. In brief, expression plasmids containing
selected cDNA sequences were transformed into the E. coli Rosetta DE3 strain (Novagen
(Merck), Darmstadt, Germany). After induction, high-pressure homogenization, and
centrifugation, the proteins were isolated as inclusion bodies. For protein refolding, pu-
rification, and reconstitution, 1 mg of the inclusion bodies was solubilized in a TE/G
buffer containing 2% N-lauroylsarcosine, 1.3% Triton X-114, 0.3% n-octylpolyoxyethylene,
1 mM DTT, and GTP at pH 7.5. Fifty milligrams of the lipid mixture (DOPC:DOPE:CL;
45:45:10 mol%) was mixed in gradually. The mixture was concentrated and dialyzed
against a buffer used in the experiments (50 mM NaySO4, 10 mM MES, 10 mM Tris, and
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0.6 mM EGTA at pH 7.34). Unfolded and aggregated proteins were removed from the
dialysate by centrifugation and through a column containing hydroxyapatite; non-ionic
detergents were removed by applying Bio-Beads SM-2 (Bio-Rad Laboratories, Hercules,
CA, USA). The protein concentration in proteoliposomes was measured with the Micro
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Protein purity was
verified by SDS-PAGE and silver staining (Figure S1). Proteoliposomes were produced in
independent batches. The following batch numbers were used for this study: ANT1 #42
and #47, UCP1 #117, UCP2 #39, UCP3 #31, and ANT1 R79S #3.

2.3. Generation of the ANT1 R79S Mutant

In vitro site-directed mutagenesis was carried out on expression plasmids containing
the cDNA of mANT1 as a template. The mutation was introduced with an oligonucleotide
designed to alter codon Arg79 (CGG) to Ser (TCG) using a QuikChange II site-directed
mutagenesis kit (Agilent Technologies, Vienna, Austria). The successful introduction
of mutations was confirmed by sequencing. Mutant ANT1 expression plasmids were
transformed in the E. coli expression strain Rosetta DE3. Expression induction, inclusion
body isolation, and reconstitution into liposomes of the ANT1 mutant were performed as
described above for the ANT1 wild-type.

2.4. Formation of Planar Lipid Bilayer Membranes and Membrane Conductance Measurements

Planar lipid bilayers were formed from proteoliposomes as described previously [30,31].
Correct membrane formation was verified by measuring the membrane capacitance
(C =0.72 £ 0.02 uF/cm?), which was independent of the presence of protein, AA and DNP.
Current voltage measurements were performed with a patch-clamp amplifier (EPC 10,
HEKA Elektronik, Dr. Schulze GmbH, Lambrecht, Germany). The specific total membrane
conductance (Gp) at 0 mV was obtained as the slope of a linear fit of the experimental data
at the applied voltages from —50 mV to +50 mV, normalized to the membrane area. AA
solved in chloroform was added to the membrane-forming lipid solution. ATP dissolved
in the assay buffer (pH = 7.34), CATR, and DNP (both dissolved in DMSO) were added to
the buffer solution before forming bilayer membranes. Control experiments showed that
DMSO did not change the total membrane conductance of the lipid bilayers in the range of
concentrations used [32]. The concentrations of each substrate are indicated in the figure
legends. The relative conductance was calculated according to Equation (1):

G—-Gg

G, =
rel Gl — GO

@

where Gy is the total membrane conductance of lipid membranes reconstituted with DNP,
G is the total membrane conductance of lipid membranes reconstituted with ANT1 and
DNP, and G is the total specific membrane conductance of lipid membranes reconstituted
with ANT1, DNP, and/or CATR/ATP (Figure 3).

2.5. Isolation of Rat Liver Mitochondria

Rat liver or heart mitochondria (RLM, RHM) were isolated by differential centrifu-
gation [33] in a medium containing 250 mM sucrose, 5 mM MOPS, 1 mM EGTA, and
bovine serum albumin (0.5 mg/mL) at pH 7.4. The final washing was performed in a
medium with the same composition. Protein concentration was determined using the
Biuret method. Handling of animals and experimental procedures were conducted in
accordance with international guidelines for animal care and use and were approved by
the Ethics Committee of the Belozersky Institute of Physico-Chemical Biology at Moscow
State University (protocol #3 from 12 February 2018).

2.6. Membrane Potential (Ayp) Measurements in Isolated Mitochondria

The transmembrane electric potential difference (Ay) was measured using safranin
O dye [34]. An incubation medium containing 250 mM sucrose, 5 mM MOPS, 1 mM
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EGTA, 2 uM rotenone, 5 mM succinate (pH 7.4), and 15 pM safranin O was used. The
mitochondrial protein content measured by the Biuret method was 0.6 mg protein/mL.
The experiments were carried out at 26 °C.

The difference in absorbance between 555 and 523 nm (AA) was recorded with an
Aminco DW-2000 spectrophotometer (Olis Inc., Bogart, GA, USA) in dual wavelength
mode.

Mitochondrial membrane potential (MMP) was normalized according to Equation (2):

. AApax — AA
Absorbance, % of the maximum = ——— x 100 2
AAmax — DAyin ( )
where AA is the difference between Asps and Asss, AAuy is the highest membrane potential
measured without the presence of DNP, and AA,,;, is the lowest MMP measured in the
presence of DNP at the highest concentration. Statistical analysis was performed using a
Student’s test with a level of significance of 0.01.

2.7. Molecular Dynamic Simulations

We performed all-atom molecular dynamic (MD) simulations of wild-type and mu-
tated (R79 to S79) ANT1 protein in a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
bilayer. The initial structure for both the wild-type and mutated forms of ANT1 was
taken from the end of the 2 us simulation of the wild-type ANT1 protein in the DOPC
bilayer [35], with the mutation of R79 into 579 and the subsequent introduction of the
mutated form of ANT1 into the DOPC bilayer being performed using CHARMM-GUI
(http:/ /www.charmm-gui.org/, accessed on 10 February 2021) [36-38]. Overall, 4 system
set-ups were prepared: the wild-type ANT1 with the anionic form of 2,4-dinitrophenol
(DNP) (i) or ATP*~ bound in the cytosolic-open state (ii), as well as the mutated ANT1
with the DNP anion (iii) or ATP*~ bound in the same position (iv). Since DNP has a pKa
value in water of 4.1, we assumed it was anionic at the neutral pH used in MD simulations.
All simulation boxes contained ANT1 protein (wild-type or the R79-to-579 mutant) (with
a total charge of +19e or +18e, respectively), 73 DOPC molecules per leaflet (146 per sys-
tem), 11,500 water molecules, a single DNP anion or ATP*, and the necessary number
of C1™ anions to neutralize the net charge, depending on whether wild-type ANT1 or
its mutant was present in the system. ANT1 protein, ATP*~ ion, and DOPC lipids were
described by the CHARMM36m force field [39]. The force field for the anionic form of the
DNP (2,4-dinitrophenol) anion was built on the basis of the CHARMM general force field
(CGenFF) [40] (https:/ /cgenff.umaryland.edu/, accessed on 10 February 2021).

The system containing mutated ANT1 protein, DOPC molecules, and water/ions (no
DNP anion or ATP*~ present at this stage) was first minimized and equilibrated in 6 steps
using the CHARMM-GUI protocol [41] and then simulated for a further 500 ns without
any restraints with a 2 fs time step in a periodic rectangular box of 7.9 nm x 7.9 nm x
9.4 nm using the isobaric-isothermal ensemble (NPT) and periodic boundary conditions in
all directions at T = 310 K, maintained via a Nosé-Hoover thermostat [42] independently
for the DOPC, water/ions, and protein subsystems, with a coupling constant of 1.0 ps~!.
The pressure was set to 1.013 bar and controlled with a semi-isotropic Parrinello-Rahman
barostat [43], with a time constant for pressure coupling of 5 ps~!. Long-range electrostatics
were calculated using the particle-mesh Ewald (PME) method [44] with real-space Coulomb
interactions cut off at 1.2 nm using a Fourier spacing of 0.12 nm and a Verlet cut-off scheme.

To prepare the investigated systems, one molecule of DNP anion (or ATP*~) was
placed in the cytosolic-open state of the equilibrated systems containing wild-type ANT1
(obtained after 2 us of free MD simulation) or mutated ANT1 (see previous paragraph).
More precisely, the DNP anion (or ATP*~) was placed in the cavity of the ANT1 protein,
in proximity to the R79 (wild-type) or S79 (mutated ANT1) amino acid residue, using
the VMD molecular graphics program [45]. The prepared systems were then minimized,
and short preliminary simulations (2 ns) with positional restraints on the DNP (or ATP)
molecule (500 k] mol~! nm~2) were conducted to relax the protein around the DNP
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molecule. Subsequently, both investigated systems were propagated for a duration of
500 ns, with MD parameters equal to those used to propagate the mutated ANT1 system
(see previous paragraph). All simulations were run with the GROMACS 2018 software

package [46].

2.8. Statistics

Data analysis and fitting of electrophysiological measurements were performed using
Sigma Plot 12.5 (Systat Software GmbH, Erkrath, Germany) and are displayed as the
mean + SD of at least 3 independent experiments. Each independent experiment involved
at least 3 measurements using independently formed bilayer membranes.

3. Results
3.1. CATR Recouples Mitochondria Uncoupled by DNP

Measurements of oxygen consumption in isolated rat liver mitochondria (RLM) and
skeletal muscle mitochondria showed that CATR can partially reverse the uncoupling
effect of low DNP concentrations [18,47]. Because mitochondrial membrane potential
(MMP) is a more sensitive indicator of mitochondrial coupling, we measured the MMP
of isolated RLM in the presence of DNP and CATR using the potential-sensitive dye
safranin O [34]. Figure 1A shows that, after the addition of 10-50 pM DNP to RLM,
MMP decreased in a concentration-dependent manner. CATR at a concentration of 3 uM
partially restored MMP at all concentrations, supporting the data obtained from oxygen
consumption measurements earlier.

B

(@]

DNP CATR DNP ’é\ DNP CATR DNP E 100 C— DNP

€ 03] | | g =3 DNP + CATR
n / ;
"‘m’ o 80 * %
' £ —
& 0.2 © L
U 2 60
) o ] I
2 (3]
5 £ 40
£ 041 8
o o 1
@ @
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Figure 1. CATR recovers the DNP-mediated decrease in mitochondrial membrane potential (MMP) in isolated rat mitochon-
dria. Representative recordings of MMP in rat liver mitochondria (A) and heart (B) mitochondria correspond to changes in
the absorbance of the potential-sensitive dye safranin O (15 uM). CATR was added at a final concentration of 3 uM; the
concentration of DNP (unless otherwise indicated) was 50 uM. The gray line represents the control measurement without
the addition of CATR or DNP. (C) Quantification of MMP recovery by CATR (brown) in the presence of 30 uM DNP (yellow,
brown). Data are the mean =+ SD of at least three independent experiments; ** p < 0.01. For other conditions, see Section 2

(Materials and Methods).

Because the DNP effect was small in RLM, we performed similar experiments with
mitochondria isolated from rat hearts (RHM), which are known to have a higher ANT1
abundance [48]. The heart is also known to express another proton-transporting protein,
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UCP3 [49,50]. Figure 1B shows that the uncoupling effect of DNP in RHM was significantly
higher than that in RLM. Importantly, the subsequent recoupling effect of CATR was also
much more pronounced in RHM. A significant difference (p < 0.01) was found between
RLM and RHM for both DNP-mediated uncoupling and recoupling in the presence of
CATR (Figure 1C). Nonetheless, no complete recoupling was observed, suggesting a
significant contribution of the DNP-assisted proton shuttling through the lipid part of
membranes to the overall DNP-mediated proton transport and/or the involvement of
other carrier proteins of IMM in this process.

3.2. DNP Increases the Proton Conductance of the Membranes Reconstituted with Mitochondrial
Membrane Proteins

It was previously shown that ANT1 mediates proton transport in the presence of free
long-chain fatty acids (FA), similar to UCPs [26,47,51]. To test whether DNP also activates
ANT1, we used a well-defined model of planar bilayer membranes reconstituted with
recombinant murine ANT1 (Figure S1) [27]. In contrast to the well-known Miiller-Rudin
technique, in which the membrane is “painted” by lipids dissolved in n-decane, we folded
bilayers from the solvent-free monolayer formed from the proteoliposomes. The specific
conductance (Gy,) of the membranes reconstituted with ANT1 (G, = 11.1 £ 0.8 nS/cm?)
was comparable with the conductance of pure lipid membranes made from DOPC, DOPE,
and cardiolipin (CL) (45:45:10 mol%; Gy = 10.81 &+ 2.72 nS/ cm?, Figure 2A).

B C

=== None 140 { =3 None 1.5
EE ANT1 S UCP1
120 |z ucr2
e 100
2 80 g L
@ 3
T
t 60 0
o
40
20
None AA DNP None AA DNP TSR
OO0
&'\ Q\
> W
Lol

Figure 2. DNP-mediated proton transport in the presence of mitochondrial membrane proteins reconstituted in planar lipid
bilayers. (A) Increase in the total specific membrane conductance (Gp,) in the presence of arachidonic acid (AA) or DNP
without (gray) and with ANT1 (red). (B) Increase in G, in the presence of AA or DNP without protein (gray) or with UCP1
(blue), UCP2 (orange), or UCP3 (green). (C) The ratio of proton conductance to total membrane conductance (G ,0p/Go)
was measured at a transmembrane pH gradient of 0.4. The concentrations of AA and DNP were 15 mol% and 50 uM. For all
measurements, the membranes were made of DOPC:DOPE:CL (45:45:10 mol%). Lipid and protein concentrations were
1.5 mg/mL and 4 ug per mg of lipid. The buffer solution consisted of 50 mM Na;SO,4, 10 mM Tris, 10 mM MES, and 0.6 mM
EGTA at pH =7.34 and T = 32 °C. Data are the mean =+ SD of at least three independent experiments.

Figure 2A shows that the specific conductance of membranes containing DNP in the
presence of ANT1 (ANT1 + DNP, red column; Gy, = 80.9 =+ 9.4 nS/cm?) was approximately
double that of membranes containing only DNP at a concentration of 50 uM (DNP, gray
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column; G, = 42.7 + 5.9 nS/cm?). Until now, only FAs have been shown to activate ANT1
directly (Figure 2A) [18,26,51,52].

To test whether uncoupling proteins can be activated by DNP in the absence of FA,
we reconstituted recombinant murine UCP1, UCP2, and UCP3 (Figure S1) in bilayer mem-
branes made of DOPC, DOPE, and CL. Gy, in the presence of UCPs and DNP (Gy, ucp1
=67.1 £ 72 nS/cm?, Gy, ycpz = 85.1 & 8.4 nS/cm?; Gy, ucps = 72.1 + 9.1 nS/cm?) was
again approximately double that in the presence of DNP alone (G, = 42.7 4= 5.9 nS/cm?)
(Figure 2B).

The contribution of proton conductance to the total membrane conductance (Gyy,0r1/Go)
was determined from the shift in reverse potential in the presence of a transmembrane
pH gradient of 0.4 [30]. Figure 2C shows that in the presence of DNP and protein (ANT1
or UCP1), the Gy 01 /Go was approximately 1, confirming the specificity of the proton
transport in all cases.

3.3. CATR and ATP Inhibit DNP-Mediated Activation of ANT1 Only If Added before DNP

Because CATR was able to partially restore MMP in mitochondria treated with DNP
(Figure 1), we tested whether its addition would deplete the proton transport mediated
by DNP in the presence of reconstituted ANT1. Interestingly, CATR decreased G, more
effectively if added prior to DNP (Figure 3A). The decrease was more pronounced at the
higher CATR concentration of 100 uM (~98%), indicating the specificity of the interaction.
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Figure 3. DNP-mediated proton transport in the presence of ANT1 can be inhibited by CATR or ATP. (A) Relative
conductance of bilayer lipid membranes reconstituted with ANT1 in the presence of DNP and CATR added either after
DNP (post-DNP) or before DNP (pre-DNP). (B) Relative conductance of bilayer membranes reconstituted with ANT1 in
the presence of DNP and 4 mM ATP. Relative conductance describes the ratio between the total membrane conductance,
G, in the presence or absence of inhibitors to the membrane conductance measured in the presence of lipids alone (see

Equation (1)). Other experimental conditions were the same as in Figure 2.

ATP was shown to be an inhibitor of FA-activated ANT1 [26], so we examined its effect
on DNP-mediated proton transport as well. Figure 3B shows that 4 mM ATP inhibited
the effect of DNP by ~96%, further suggesting the same putative binding site for DNP,
CATR, ATP, and FA. The total membrane conductance (G ) values of Figure 3 are shown
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in Figure S2. ATP inhibited the UCP1-UCP3-enhanced DNP-mediated uncoupling in the
same manner as it did in case of ANT1 (Figure 4).

A B C
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None DNP ATP None DNP ATP None DNP ATP

Figure 4. ATP decreased DNP-mediated proton transport enhanced by UCP1 (A), UCP2 (B), and UCP3 (C). Here, 4 mM of
ATP was added either post-DNP (medium pattern) or pre-DNP (fine pattern). The experimental conditions were similar to

those in Figure 2.

3.4. R79 Is Crucial for DNP—Protein Interaction

Because arginine 79 (R79) was previously shown to be important for the binding of
CATR and ATP to ANT1 [53-55], we further evaluated the role of R79 in the interaction
between DNP and ANT1. Indeed, the recombinant ANT1 in which R79 was substituted
by serine using site-directed mutagenesis (ANT1 R79S) was unable to facilitate proton
transport mediated by DNP (Figure 5, dark red columns). This result supported the idea
that the R79 of ANT1 is crucial for the increase in proton transport in the presence of DNP.

== None
120 N ANT1
100 I ANT1 R79S

80
60

G, nS/cm

40
20

None DNP

Figure 5. Effect of the ANT1 R79S mutation on DNP-mediated proton transport. Total specific
membrane conductance (Gp) of the lipid bilayer membranes reconstituted with ANT1 (red) or ANT1
R79S (dark red) in the presence and absence of 50 uM DNP. The experimental conditions were the
same as in Figure 2.

3.5. Molecular Dynamic Simulations Show the Binding of DNP to R79 but Not to S79

To test the putative role of R79 in the interaction of DNP with ANT1, we performed
500 ns molecular dynamic (MD) simulations for two systems: ANT1 and ANT1 R79S.
Figure 6 shows that DNP bound easily to R79 in ANT1, whereas in the case of ANT1 R79S
the binding was absent. Analysis of the distances between DNP and the Cz atom of R79
(Figure 6A) shows that the binding of DNP to R79 was not very strong and persistent, as
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evidenced by the relatively large corresponding average distance (Figure 6B). However,
DNP frequently makes close contact with R79 by forming bidentate hydrogen bonds with
its guanidinium side chain, which is apparently responsible for DNP binding in addition to
attractive electrostatic interactions (Figure 6B, arrows; Figure 6C). In contrast, a mutation
of R79 to S79 in ANT1 abolished the close contacts between DNP and the Cg atom of serine
due to the loss of attractive electrostatic interactions and favorable hydrogen bonding
(Figure 6D).

B
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Figure 6. DNP binding in ANT1 and ANT1 R79S. (A) Structure of arginine and serine at pH = 7 in water. Cz is the central
carbon atom of the guanidinium side chain in R79, and Cg is the carbon atom in the side chain of S79. (B) Analysis of the
distances between DNP’s center of mass and the Cz atom in R79 (black) and the Cg atom in the S79 residue (blue). Red
arrows indicate close contacts between DNP and R79. Selected snapshots from MD simulations of DNP in ANT1 (C) and

DNP in ANT1 R79S (D).

However, the binding of DNP to R79 was not as strong as in the case of ATP [56,57].
Figure 54 presents an analysis of the corresponding distances between phosphorous atoms
in the phosphate groups of ATP (Px, P3, and Py) and the Cz atom in R79 in ANT1 (Figure
S4A) and the Cg atom in S79 in the ANT1 R79S (Figure S4B), respectively. We can see that
ATP bound very strongly to R79, as evidenced by the short and persistent contacts between
Poc and P atoms and R79 throughout the MD simulations. However, when R79 was
mutated, the average distances from all three phosphate groups to 579 increased, showing
weaker binding to 579 due to the loss of electrostatic interactions.
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4. Discussion

Comparing the conductance of the pure lipid bilayer membranes and membranes
reconstituted with recombinant ANT1, UCP1, UCP2, or UCP3, we revealed that proteins
potentiate DNP-mediated proton transport through the membrane. Until now, only FAs
were known to serve as a co-factor of the uncoupling function of these proteins. The
mutation R79 in ANT1 abolished the increment in the conductance of the bilayer membrane
reconstituted with protein, thus indicating DNP’s putative binding site.

Our experiments on isolated mitochondria and membranes reconstituted with ANT1
or UCPs showed that DNP at a concentration of 50 uM can significantly decrease the MMP
(Figure 1) and increase Gy, (Figure 2). This is in agreement with a previous report about the
large effects of 30 uM DNP on the mitochondria [58]. Interestingly, the fact that IMM has
very high protein to lipid ratio of approximately 3:1 implies that the interaction of DNP
with a protein contributes significantly to the DNP’s action on the mitochondria.

Both CATR and ATP were able to prevent the increase in the protonophoric action of
DNP in the presence of protein, which suggested the involvement of a similar binding site.
MD simulation results supported the idea that ATP binds to R79 more strongly than DNP,
showing much shorter distances between ATP phosphate groups and R79, and persistent
contacts between them (Figure S4). DNP also bound to R79 but, based on the distance
analysis (Figure 6B), the binding of DNP was not as strong, and close contacts between
DNP and R79 are not as frequent as in ATP binding.

The results of the site-directed mutagenesis showed that R79 is crucial for the DNP
effect, since its replacement completely abolished the Gy, increase in the presence of protein.
R79 is a component of the arginine ring made of three arginine residues, which was found
to protrude into the center of the protein’s cavity [55]. At the alkaline pH of the cytosol
and mitochondrial matrix, which we imitated in our experiments, the aforementioned
molecules possess at least one negative charge and interact with positively charged amino
acids, with R79 either being one of them or being the critical one. As R79 plays an important
role in the binding of all ANT1-specific substrates, it is possibly a highly conserved residue
for the protein’s functions—ATP/ADP and proton transport—regardless of which molecule
acts as an uncoupler. This was also shown by the MD simulations, suggesting that the
mutation of R79 to 579 weakens the interaction between DNP and the protein due to the
loss of electrostatic attraction and hydrogen bonding possibilities (Figure 6C,D).

We suggest that the mechanism of the enhancement of DNP’s protonophoric function
by ANT1 is similar to that of fatty acids. So far, two hypotheses have been proposed to
explain the induction of proton conductance by fatty acids involving ANT and uncoupling
proteins (for a review, see [59]): (1) Protein accelerates the transport of the FA anion, which
limits total proton transport by FA flip-flop through the lipid membrane [26,60]; (2) FA
induces a conformational transition in protein, leading to proton leakage through the
protein [51,61]. The present work argued in favor of the first mechanism of the induction of
proton conductance by ANT1 [26] because FA and DNP share the R79 residue as a common
binding site [62]. Further experiments investigating the exact interaction between ANT1
and DNP and outlining the mechanism are required.

Besides ANT1, UCP1-UCP3 enhance the proton transport mediated by DNP (Figure 2B).
This is in agreement with the experiments on isolated rat heart mitochondria, in which we
observed a more pronounced effect of DNP than in liver. Heart mitochondria not only have
a higher level of ANT1 than RLM [48] but also express UCP3, which is not found in the
liver [49,63,64]. Notably, the R79 of ANT1 is highly conserved among the SLC25 protein
family, with the residues R84, R88, and R84 being homologs of it in UCP1, UCP2, and UCP3,
respectively. These residues likely form a putative DNP binding site in uncoupling proteins,
and their depletion would result in the complete loss of DNP-mediated proton leakage, as
occurred in R79S ANT1. Furthermore, we suggest that other proton-transporting proteins,
such as the aspartate/glutamate carrier, the dicarboxylate carrier, the phosphate carrier,
and the 2-oxoglutarate carrier [65-68], will also potentiate the protonophoric function of
DNP.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biom11081178/s1, Figure S1: Representative silver staining of proteins used in the study,
Figure S2: Representative current-voltage recordings of pure lipid bilayer membranes and membranes
reconstituted with ANT1 or without ANT1 in the presence of DNP, Figure S3: Effect of ANT1 specific
inhibitors on the total conductance (G ) of membranes reconstituted with ANT1 and DNP, Figure S4:
ATP binding to the arginine 79 of the ANT1 or ANT1-R79S, Figure S5: DNP and ATP binding in
ANTI.
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Abstract: Oxidative stress and ROS are important players in the pathogenesis of numerous diseases.
In addition to directly altering proteins, ROS also affects lipids with negative intrinsic curvature
such as phosphatidylethanolamine (PE), producing PE adducts and lysolipids. The formation of
PE adducts potentiates the protonophoric activity of mitochondrial uncoupling proteins, but the
molecular mechanism remains unclear. Here, we linked the ROS-mediated change in lipid shape to
the mechanical properties of the membrane and the function of uncoupling protein 1 (UCP1) and
adenine nucleotide translocase 1 (ANT1). We show that the increase in the protonophoric activity
of both proteins occurs due to the decrease in bending modulus in lipid bilayers in the presence of
lysophosphatidylcholines (OPC and MPC) and PE adducts. Moreover, MD simulations showed that
modified PEs and lysolipids change the lateral pressure profile of the membrane in the same direction
and by the similar amplitude, indicating that modified PEs act as lipids with positive intrinsic curvature.
Both results indicate that oxidative stress decreases stored curvature elastic stress (SCES) in the lipid
bilayer membrane. We demonstrated that UCP1 and ANT1 sense SCES and proposed a novel regulatory
mechanism for the function of these proteins. The new findings should draw the attention of the
scientific community to this important and unexplored area of redox biochemistry.

Keywords: lipid shape; bending moduli; lateral pressure profile; reactive aldehydes; mitochondrial
membrane protein; lipid—protein interaction; stored curvature elastic stress; protonophoric function

1. Introduction

Lipid heterogeneity, observed between the membranes of cells and cell organelles, as
well as between membrane leaflets and subdomains, is essential for proper cell function-
ing [1-5]. The most abundant lipids in cell membranes are phospholipids. Variations in
their structure lead to different shapes, which is related to their basic property, intrinsic
lipid curvature (Cy) [6-8]. Phosphatidylglycerol and phosphatidylcholine (PC), which
spontaneously assemble into lamellar bilayer structures at physiological concentration of
ions in water, have a cylindrical shape and negligible Cy (=0). Non-bilayer lipids or conical
lipids such as phosphatidylethanolamine (PE; Cy < 0) and lysolipids (lysoPC; Cy > 0) form
highly curved lipid structures such as HII phase (PE) or micelles. PE accounts for approxi-
mately 25% of all membrane lipids that significantly affect the mechanical properties of
membranes [9,10].

The embedding of conical lipids into a flat monolayer composed of cylindrical lipids
modifies the lateral pressure profile (LPP) so that the bending moment produced by LPP
in the monolayer is no longer zero [11]. The bending rigidity, quantified by the bending
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modulus, k, is an intrinsic mechanical material constant that defines the amount of energy re-
quired to deform a membrane out of the spontaneous state [12]. Membrane bending rigidity
is critical for membrane remodeling during vesicular transport, exocytosis, and endocyto-
sis. Maintaining the flatness of the lipid monolayer containing conical lipids leads to the
induction of the stored elastic curvature stress (SCES) in the bilayer membrane [13]. SCES
induced by PE supports the docking and insertion of membrane-associated /peripheral
proteins [10,14,15], membrane budding [16], and membrane remodeling [17,18]. SCES is
also suggested to influence the functioning of transmembrane proteins. However, only a
few studies have shown this relationship [13,19-24].

The role of conical lipids is especially apparent in the inner mitochondrial mem-
brane (IMM), which contains the highest percentage of phospholipids with a negative
Co (38—45% PE and 15—25% cardiolipin [CL]) [25,26]. Their shape supports the char-
acteristic architecture of the IMM, which is necessary for the proper functioning of the
mitochondrion [27-30]. Because PE senses membrane curvature, the curvature-driven
redistribution leads to its accumulation in strongly concave regions [31-34]. As an example,
CL and PE support adenosine 5-triphosphate (ATP) synthase dimer formation, generating
strong membrane curvature on the top of the cristae and thereby potentiating protein
activity [35,36].

Under oxidative stress conditions, membrane lipids undergo shape transformation.
The products of reactive oxygen species (ROS), which include the biologically important
reactive aldehydes (RAs) 4-hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal, covalently
modify the PE headgroup to form RA-PE adducts [37-40]. RA-PE adducts increase the
protonophoric activity of mitochondrial uncoupling protein 1 (UCP1), an essential player
in non-shivering thermogenesis [37]. Based on results obtained by mass spectrometry
and molecular dynamic (MD) simulations, we previously suggested that the formation
of RA-PE adducts reshapes PE, thereby changing the intrinsic curvature of this lipid [41].
Another contribution to the transformation of the lipid shape during oxidative stress in
mitochondria comes from the amplified action of membrane-bound phospholipase A2
(mPLAZ2) [42,43], which converts membrane lipids to lysolipids (Cy > 0) and free fatty
acids (FAs). The released FAs represent the raw material for the production of more RAs,
which then target the headgroup of the PE and form more RA-PE adducts. As a result of
these events, the ratio of lipids with opposite shapes in IMM can rapidly alter, leading to a
modification of the LPP and the bending rigidity of the IMM [44].

We hypothesized that the SCES change caused by the lipid shape transformation is a
crucial event by which IMM proteins (particularly uncoupling proteins) respond rapidly to
oxidative stress. To investigate the impact of ROS-modified lipids on mitochondrial protein
function, we combined experimental measurements of membrane elastic properties and
total conductance of membranes reconstituted with recombinant UCP1 and ANT1 with
calculations of membrane LPPs using MD simulations.

2. Materials and Methods
2.1. Chemicals

1,2-dioleoyl-sn-glycero-3-phosphocholine ~ (DOPC),  1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (OPC),
bovine heart cardiolipin (CL), arachidonic acid (AA), hexane, hexadecane, KCI, HEPES,
EDTA, NaySOy4, MES, Tris, adenosine 5-triphosphate (ATP), and guanosine 5-triphosphate
(GTP) were purchased from Sigma-Aldrich (Munich, Germany). MPC (1-myristoyl-2-
hydroxy-sn-glycero-3-phosphocholine) was obtained from Avanti Polar Lipids (Alabaster,
AL, USA). Plain silica beads (22-pm diameter) were from Microspheres-Nanospheres (Cor-
puscular Co., Cold Spring, NY, USA). Chloroform was purchased from Carl Roth (Karlsruhe,
Germany). 4-oxo-trans-2-nonenal (4-ONE) and 4-hydroxy-trans-2-nonenal (4-HNE) were
purchased from Cayman Chemical (Ann Arbor, MI, USA) or synthesized as previously
described [45].



Antioxidants 2022, 11, 2314

30f17

2.2. Reconstitution of UCP1 and ANT1 in Liposomes

Recombinant uncoupling protein (murine UCP1) and adenine nucleotide translocase 1
(murine ANT1) were purified from E. coli inclusion bodies and reconstituted into liposomes
made of DOPC, DOPE and CL as previously described [46,47]. AA (20:4, w6), at a concen-
tration of 15 mol%, and lyso-PCs (OPC and MPC), at the concentrations indicated in the
figure descriptions, were added to the lipid phase before membrane formation.

2.3. Formation of the Planar Lipid Bilayer Membranes and Measurements of the Membrane
Electrical Parameters

Solvent-depleted planar lipid bilayers for the experiments with the recombinant pro-
teins UCP1 and ANT1 were formed from proteoliposomes at the tip of a disposable plastic
pipette [48]. The disposable container was filled with 0.75 mL buffer containing 50 mM
NaySOy4, 10 mM MES, 10 mM Tris, and 0.6 mM EGTA at pH 7.32 and T = 305 K. Membrane
formation and bilayer quality were monitored by capacitance measurements. Current-voltage
(I-V) characteristics were measured by a patch-clamp amplifier (EPC 10; HEKA Elektronik
Dr Schulze GmbH, Lambrecht, Germany). Total membrane conductance G;; was calculated
from a linear fit of experimental data (I) at applied voltages (V) in the range of —50 mV to
50 mV [49]. The relative conductance, G,,, was calculated according to Equation (1):

Gu — Gy

Gy = M~ 20
rel GO _ GAA

)
where G, and Gy are the total membrane conductance of the lipid membranes reconstituted
with transmembrane protein and arachidonic acid (AA), with or without lysolipids, respec-

tively, while G4 is the total membrane conductance of the lipid membranes reconstituted
with AA alone.

2.4. Measurements of the Membrane Elastic Parameters

Bilayer lipid membranes (BLMs) for the experiments shown in Figure 1 were formed
by applying the “painting” technique to mesh openings [50]. In brief, the openings were
pretreated with a small drop of lipid mixture (10 mg/mL total lipid) dissolved in de-
cane:octane (1:1 v/v). The solvents were evaporated under a stream of argon. Then, a
small amount of the lipid mixture dissolved in squalene (20-30 mg/mL, total lipid) was
painted on the openings of the grid fixed at a small distance from the bottom of a Petri dish
filled with a buffer solution. BLMs formed spontaneously after the excess lipid solution
was forced to the periphery, forming a “toroidal meniscus”—a reservoir that maintains the
lateral tension of the lipid bilayer (Figure 1A). BLMs were made of DOPC, DOPE, CL, and
OPC in the ratios indicated in the figures. The experimental chamber was filled with buffer
containing 100 mM KCl, 10 mM HEPES, and 1 mM EDTA at pH 7 and room temperature
(295 K). We added RAs to the buffer solution, which surrounded the formed BLM in the
container and incubated for 15 min, then the nanotubes were pooled.

Nanotubes (NTs) were pulled from BLMs vertically using a fire-polished borosilicate
patch pipette with a tip diameter of ~1 um filled with the same buffer as the experimental
chamber. The tip of the pipette was placed in close contact with the BLM. The hydrostatic
pressure pulse ruptured the small membrane patch isolated inside the pipette while the
pipette rim remained in contact with the parent BLM. The cylindrical NT formed spon-
taneously when the pipette was slowly moved away from the membrane [51]. A precise
nanopositioning system (piezo linear actuator and Actuator Controller ESA-CSA, Newport,
Irvine, CA, USA) controlled the vertical position of the pipette (AL). The formation of
the NT was detected by conductance measurements using Ag/AgCl electrodes placed
in the pipette and bath solution. The NT radius was recalculated from the ion current I,
measured by an Axopatch 200 B amplifier (Molecular Devices, Sunnyvale, CA, USA), and
acquired by a low-noise data acquisition system (Axon Digidata 1550, Molecular Devices,
Sunnyvale, CA, USA). The amplifier was set in the voltage-clamp mode to measure the
ion conductance G = I/U. We used the hyperbolic approximation of G (AL) (Figure 1B) to
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fit the measured conductance dependence [50]. Briefly, the conductance of the NT lumen,
Gnr, was obtained as the difference between the G and the patch leakage conductance,
Gp (Gp = G at the infinite NT length): Gyt = G — Gp. The vertical asymptotes of the fit
provided the length measurement offset, which should be subtracted from AL to measure
the length of NT (Lyt). NT radius (rnT) was determined as given in Equation (2),

rar = ( /GNTLZTPNT> ?)

where the pnT denotes the specific electrical resistance of the electrolyte inside NT lu-
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nanopositioning system (piezo linear actuator and Actuator Controller ESA-CSA, New-
port) controlled the vertical position of the pipette (AL). The formation of the NT was de-
tected by conductance measurements using Ag/AgCl electrodes placed in the pipette and
bath solution. The NT radius was recalculated from the ion current I, measured by an
Axopatch 200 B amplifier (Molecular Devices, Sunnyvale, CA), and acquired by a low-
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at the “pipette’s tip” end of the NT (Figure 1A), the expansion of NT is non-uniform [52].
However, the hyperbolic dependence of G (AL) of such a non-cylindrical NT is preserved,
and the effective radius determined from the hyperbolic approximation of G (AL) is related
to the elastic characteristics of the membrane and the applied voltage by the Equation (3):

1 20 cpl?
(VNT + h)z k 3k

®)

where 1 = 2 nm is the monolayer thickness and cs,—the specific capacitance of BLM.
¢sp ~ 1 pF-cm ™2 for the membranes prepared from lipid solution in squalene [53].

Thus, ryT was measured at different U and the dependence (Nt + h)72 on U? was plotted.
The linear regression of this plot gave k as the tangent to the slope of the line and ¢ was
determined from the intersection of the line with the ordinate axis (Figure 1C).

2.5. Molecular Dynamics Simulations

We performed molecular dynamics (MD) simulations for lipid bilayers of differ-
ent compositions—DOPC, DOPC:DOPE (50:50), DOPC:ONE-PE (50:50), and DOPC:0OPC
(50:50). DOPC, DOPE, ONE-PE Schiff base adduct [37,41], and OPC were described with
Slipids force field [54-56]. All missing bonding and non-bonding parameters of lipid
molecules in the existing Slipids force field were updated with compatible CHARMM36
parameters [57] when needed. Atomic charges were recalculated by the standard Slipids
procedure using the Merz-Singh-Kollman scheme [58], which is composed of B3LYP/6-
31G (d) geometry optimization of the molecule of interest, a subsequent single point ESP
charge calculation using the BSLYP/cc-pVTZ method, and a final charge refinement with
the RESP method [59].

Bilayers containing 128 lipid molecules were constructed from two monolayers con-
taining 64 individual lipid molecules, with symmetrical lipid distribution across the
leaflets in mixed systems. All systems were placed in a unit cell and solvated by about
12,000 water molecules using the TIP3P water model [60]. The unit cell size was approxi-
mately 6.5 x 6.5 x 12.0 nm. Three-dimensional periodic boundary conditions were used
with long-range electrostatic interactions beyond the non-bonded cut-off of 1 nm using the
particle-mesh Ewald procedure [61] with a Fourier spacing of 1.2 nm. Real-space Coulomb
interactions were cut off at 1 nm, while van der Waals interactions were cut-off at 1.4 nm.
We performed 100 ns MD simulations with semi-isotropic pressure coupling, independently
in the directions parallel and perpendicular to the bilayer’s normal using the Parrinello—
Rahman algorithm [62]. The pressure was set to 1 bar, and a coupling constant of 10 ps !
was used. All simulations were performed at 310 K and controlled with the Nose-Hoover
thermostat [63] independently for the lipid—water sub-systems, with a coupling constant
of 0.5 ps~!. Bond lengths within the simulated molecules were constrained using the
LINCS [64]. Water bond lengths were kept constant by using the SETTLE method [65].
Equations of motion were integrated using the leap-frog algorithm with a time step of
2 fs. For the LPP, a custom version of GROMACS-LS package [66,67] was used to re-run
trajectories and output local stress tensors. Because long-range electrostatics via PME is not
available in GROMACS-LS, an increased cut-off distance of 2 nm was used for Coulomb
interaction calculations as suggested by the package developers [66].

2.6. Statistics

Data from the electrophysiological measurements are displayed as mean =+ standard
deviation of at least three technical replicates (on three different days). Each replicate was
the mean membrane conductance of three to ten bilayer membranes formed on the same
day. Error bars for pressure profiles of lipids were calculated as the difference between
symmetrized and unsymmetrized pressure profiles in different leaflets. Smoothed data
were obtained from the average of two points.
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3. Results
3.1. Impact of DOPE on Membrane Elastic Parameters and SCES

First, we examined how the presence of PE influences the elastic properties of lipid
bilayer membranes. To do so, we measured the radii (ry1) of nanotubes (NTs) pulled from
BLM at different voltage biases (L) applied to the NT interior (Figure 1A).

To evaluate the impact of PE on membrane elastic parameters, we compared NT pulled
from BLM made of either (i) DOPC:DOPE:CL (45:45:10 mol%), mimicking the IMM, or
(i) DOPC:CL (90:10 mol%), as a model of a PE-free membrane. The ryt was measured
for both lipid compositions at U values varying from 50 to 200 mV. The membrane bend-
ing rigidity modulus (k) and lateral tension (0) of BLMs were calculated from the linear
regression of (ryt + h)_2 (Uz) according to Equation (3) (see Section 2).

We found that membranes containing 45 mol% DOPE were considerably less resistant
to bending than DOPE-free membranes (Figure 1D). The measured bending modulus
decreased from k = (22.1 £ 2.0) kgT for PE-free membranes to k = (4.8 + 1.8) kgT for
PE-containing membranes.

This observation qualitatively confirmed the previously reported effect of membrane
softening by PE, demonstrating that the addition of 30 mol% DOPE significantly reduced
the k [68]. At the molecular level, the effect was attributed to the curvature-induced
redistribution of DOPE between NT monolayers and the reservoir membrane during NT
formation. Conical lipids with a pronounced Cy < 0 tend to accumulate in the inner
leaflet and to be deposited from the outer monolayer of the highly curved NT membrane,
which remained connected to a flat reservoir membrane during the measurement [32,33].
Reduction in the apparent bending rigidity modulus, k, due to curvature-driven DOPE
redistribution in the membrane can be estimated according to the Equation (4) [69]:

k
k= —— 4)
1+ akCi pope P(1—¢)
2ksT

where k is the bending modulus of membranes with a restricted PE curvature-composition
coupling, a—the area per lipid (about 0.7 nm?), Co,pope—the intrinsic curvature of DOPE,
and ¢p—the molar fraction of DOPE in the lipid reservoir.

For PE-containing membranes, we considered k equal to the bending modulus measured
for PE-free membranes and characteristic of DOPC membranes [50]. Using Equation (4),
we calculated Cy,pope =~ —0.45 nm ™!, which is in agreement with previously published
data obtained for DOPE in the inverted HII phase [70], confirming the reduction in ap-
parent bending rigidity of PE-containing membrane due to PE curvature-composition
coupling [44]. At the same time, lateral tension in PE-containing membranes was almost
twice as high (c=(1.4 + 0.4)-mN-m~! versus ¢ = (0.8 + 0.3) mN-m~! in PE-free membrane).
BLM is an open system, in which a lipid bilayer is connected to a large lipid reservoir that
defines the chemical potentials of the lipids. The lateral tension, o, is related to the surface
free energy, required for keeping lipids in a flat bilayer or the same SCES = 1kC2,, where
Cy is the average spontaneous curvature of the lipid mixture. Thus, the lateral tension of
BLM should increase with DOPE content by the SCES magnitude caused by the insertion
of conical PE lipids into a flat membrane. Indeed, we found that ¢ gradually increases in
DOPC membranes with increasing DOPE content, so that it almost doubles at 50 mol%
DOPE, confirming the direct contribution of SCES to the lateral tension of membranes
connected to the lipid reservoir.

We considered the contribution of the CL curvature-composition coupling to the
apparent bending rigidity to be the same in both types of the membrane (PE-containing
and PE-free) because of its lower concentration (10 mol% of total lipid composition) and
smaller Cy (Co ¢ =~ —0.15 nm~! [70]) compared to PE.
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3.3. OPC Alters the Elastic Properties of the Lipid Bilayer Membrane

Next, we measured the impact of inverted conical lipid 1-hydroxy-2-oleoyl-sn-glycero-
3-phosphocholine (OPC; Cy opc > 0) on the elasticity of PE-containing membranes. The
presence of OPC mimics the accumulation of lysolipids in the IMM due to increased
phospholipase activity in response to oxidative stress [42,43]. Therefore, we measured
the changes in the o and k of DOPC membranes (Cy popc ~ 0) induced by the addition
of DOPE alone or simultaneously with OPC in the molar ratios indicated in the figure
descriptions (Figure 3 and Supplementary Figure S1C,D). In these particular studies, we
did not add CL to the BLM compositions because we aimed to use lipids whose molecular
shapes were as complementary as possible: the absolute Cy values of DOPE and OPC are
practically the same (Cy opc = 0.41 nm~! [70]).
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modulus of the membrane containing DOPC:DOPE:OPC (30:50:20) mol% was the lowest
(k=1[11.4 £ 0.79] kT). Thus, the OPC-induced changes in elastic parameters of PE-contain-
ing membranes (Figure 3) were similar to those caused by the accumulation of PE-RAs
adducts in the membrane (Figure 2A). Both OPC and PE-RA adducts diminished the SCES
initially produced by PE. 8of17
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DOPC with the lysolipid OPC abolished the DOPE-induced increase in ¢. This indicates

that the effect of OPC on SCES was due to the complementarity of DOPE and OPC shapes
(Figures 3B and S1D).

kik,

3.4. The IMM Proteins UCP1 and ANT1 Sense Stored Curvature Elastic Stress

To test our hypothesis about the impact of SCES on mitochondrial membrane protein
function, we performed measurements of total conductance (G;;) of membranes reconsti-
tuted with recombinant UCP1 and ANT1. Both proteins are known to assist FA in the
transport of protons from the cytosol to the mitochondrial matrix [73-76]. To test the
role of lipid shape and thus conditioned SCES in the lipid membrane, we reconstituted
UCP1 or ANT1 in lipid bilayer membranes containing lysolipids with pronounced positive
individual curvature, 1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine (MPC; 14:0) and
OPC (18:1). Because the acyl chain length defines the intrinsic lipid curvature (the shorter
the acyl chain, the higher the individual lipid curvature), we achieved different SCESs in
the lipid bilayer membrane at the same concentration of lysolipids.

We compared Gy, of membranes formed from (i) DOPE:DOPC:CL (45:45:10 mol%),
(it) MPC:DOPC:DOPE:CL (5:45:40:10 mol%), or (iii) OPC:DOPC:DOPE:CL X:(45 — X/2):
(45 — X/2):10, (X =5, 10, and 12.5 mol%), thereby keeping a constant protein to lipid ratio.
In all experiments, the UCP1 and ANT1 activities were measured in the presence of the
arachidonic acid (AA; 20:4, w6), because this fatty acid is released from phospholipids by
the activity of phospholipase A2 (PLA2) [77]. With 5 mol% MPC, the G;;, (MPC) increased
to (124.6 + 13.7) nS/cm?, in contrast to the G, = (79.9 + 5.3) nS/cm? in the absence
of MPC (Figure 4A). In the experiments with OPC, we demonstrated a concentration-
dependent increase in Gy, from G, = (89.9 £ 6.7) nS/ cm? in the absence of OPC to the
G (OPC) = (158.5 + 15.8) nS/cm? at 12.5 mol% OPC (Figure 4B). We failed to measure the
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(124.6 = 13.7) nS/cm?, in contrast to the Gn = (79.9 + 5.3) nS/cm? in the absence of MPC
(Figure 4A). In the experiments with OPC, we demonstrated a concentration-dependent
increase in Gm, from Gn=(89.9 + 6.7) nS/cm? in the absence of OPC to the G (OPC) = (1385

+15.8) nS/cm? at 12.5 mol% OPC (Figure 4B). We failed to measure the conductance of the
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3.5. Impact of Lipid Shape on the Lateral Pressure Profiles across the Lipid Bilayer Membrane

The results shown above suggest that lipids with different intrinsic curvatures pro-
mote activation of the membrane proteins to different extents. Therefore, we used MD
simulations to investigate the impact of lipid shape on the LPP in lipid membranes
comprising (i) DOPC, (ii) DOPC:ONE-DOPE, (iii) DOPC:OPC, and (iv) DOPC:DOPE
(Figures 5A—-C and S3). We omitted CL from our MD simulations because (1) CL has low
intrinsic curvature (Co cr, = —0.15 nm 1) [78], and (2) we focused only on lipids that change
shape as a consequence of oxidative stress, such as PE or lysolipids. The ONE-DOPE adduct
is chosen as a prototypical Schiff base adduct formed via the reaction of ONE with PE [37],
while OPC mimics lysolipids formed due to increased PLA2 activity. The LPP arises in the
lipid bilayer membrane due to the repulsive interaction in the lipid headgroup and acyl
chain regions and strong attraction at the lipid—water interface.
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comparing the membrane with DOPC membrane with near-neutral curvature (Cy ~ 0). In
contrast to OPC and ONE-PE, insertion of DOPE into the lipid bilayer slightly increased the
lateral pressure in the acyl chain region (Appopr = (PporE — Pporc) = 256.2 bar [27.5%]),
and slightly shifted the profile outwards from the bilayer center (Figure 5C). Importantly,
the changes in LPP caused by the introduction of DOPE or ONE-PE or OPC into the DOPC
bilayer are in qualitative agreement with the lateral stress measurements (Figures 2 and 3).

We quantified the distribution of LPP for each lipid bilayer by calculating the lateral
tension ¢, which is equal to the area under the pressure profile curve (Supplementary
Figure S3). This allowed us to determine ¢ for the headgroup, water-lipid interface, and
hydrophobic regions in the lipid bilayer membrane and compare the results for unmodified
and modified lipids (PE vs. ONE-PE, DOPC vs. OPC, and PE vs. PC) (Figure 5D-F).

Our results showed that transformation of the PE headgroup (PE—ONE-PE) re-
duced the o value by 29.6%, whereas deletion of the acyl chain (DOPC—OPC)—by 17%
(Figure 5D,E). More precisely, the decreases in the ¢ values for the PE-+ONE-PE and
DOPC—OPC modifications were 10% and 6.5% in the water-lipid interface region and
43.1% and 37.6% in the acyl chains region (Figure 5D,E). In contrast, PE insertion into the
lipid bilayer increased the ¢ value by only 4.3% in total, and by 11.9% in the acyl chain
(Figure 5F). These observations are in agreement with the data of Zoni et al. [79] that were
obtained for LPPs and areas under the curve in the hydrophobic core region for mixed
bilayers containing DOPC, DAG, DOPE, and DLPC, where DLPC can be considered a lipid
with a positive individual curvature [21].

Interestingly, the variability of the lipid acyl chains in the mitochondrion [80] could
also influence the modification of the PE headgroup. However, Bacot et al. [39] showed that
a reduction in the unsaturation of the mixed acyl chains (18:0/20:4 PE versus 18:0/22:6 PE)
only slightly reduced the modification of the PE headgroup by hydroxyalkenals (HHE,
HNE, and HDDE).

The results shown in Figure 5D (PE—ONE-PE) are consistent with the experimental
results obtained for the PE—+ONE-PE modification (Figure 2A). Figure 5E indicates the
weakening of the membrane lateral tension due to DOPC—OPC modification but it cannot
be directly compared with the result shown in Figure 3B, because the MD simulation
did not include DOPE (Figure 5E). As mentioned before, we applied MD simulations
exclusively to demonstrate the contribution of lipid shape change to lateral pressure. The
very small changes in surface tension, o, of the lipid bilayer due to the presence of DOPE
(Figure 5F) are consistent with published data [79,81]. In contrast, an increase of nearly 100%
is shown for the same composition of the membrane (Figure 3B). Due to the fundamental
difference between the applied experimental and in silico methods, obtained values in
Figures 3B and 5F are not directly comparable. A bilayer lipid membrane (Figure 3) is an
open system in which a lipid bilayer is connected to a large lipid reservoir. Therefore, lateral
tension, o, which arises in the lipid bilayer, is related to the surface free energy density of
the lipids from a lipid reservoir. The lateral tension of the membrane increases by the SCES
magnitude due to the insertion of the conical PE into the flat membrane.

In contrast, in the MD simulations (Figure 5), we consider a closed system consisting
of a certain number of lipid molecules. In this system, SCES does not directly contribute to
the lateral tension, which we calculate as the area under the curve obtained for the lateral
pressure distribution. MD simulations in this case show the qualitative change in direction
(increase/decrease), but not the quantitative magnitude of the change.

Based on the analysis presented above, the individual curvature of the ONE-PE
should be more like that of OPC and, in any case, substantially different from the shape
of the endogenous PE. Taken together, our results suggest that membrane protein activity
increases if the lateral pressure at the water-lipid interface and in acyl chain regions
decreases due to lipid modification; otherwise, it stays unchanged.
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4. Discussion

The importance of the membrane lipid shape/reshaping for the mitochondria func-
tioning under oxidative stress conditions (Figure 6A) can be summarized in two related
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Notably, MD simulations suggested decreased lateral pressure over the whole mem-
brane profile for bilayer membranes containing ONE-PE adduct or OPC (Figure 6D). We
suggest that the altered lipid environment at the molecular level results in increased Gm
in the presence of UCP1 or ANT1. The changes in the lipid environment are caused by the
nature of the linid transformation in which the ratio (linid head)/(acv] chaineg) is increased
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More importantly, the impact of PE-adducts on the elastic parameters k and ¢ in the
order HHE < HNE < ONE perfectly matches their ability to enhance the UCP1-mediated
proton translocation in the presence of FAs in membranes of the same lipid composition
(Figure 4A) [37]. This supports the hypothesis that RA-induced changes in a lipid environment,
and not a modification of protein amino acid residues, increase the G;;. A zwitterionic lysoPC
lipids increased UCP1- and ANT1-mediated proton translocation similarly to PE adducts.
Thus, we propose that lipid shape and associated membrane mechanical properties, such
as bending rigidity and lateral pressure, play a regulatory role in the protonophoric activity
of UCPs and ANTs. In contrast, the membrane surface potential, which increases due to
the formation of RA-PEs [37], is most likely irrelevant for the activation of UCP1 and ANT],
because zwitterionic lysolipids do not affect the surface potential.

Notably, MD simulations suggested decreased lateral pressure over the whole mem-
brane profile for bilayer membranes containing ONE-PE adduct or OPC (Figure 6D). We
suggest that the altered lipid environment at the molecular level results in increased G, in
the presence of UCP1 or ANT1. The changes in the lipid environment are caused by the
nature of the lipid transformation, in which the ratio (lipid head)/(acyl chains) is increased
compared to the “initial form” of the lipid (e.g., DOPC—OPC, PE—+RA-PE). These modifi-
cations decreased both the bending modulus k and the lateral pressure p in the lipid bilayer
membrane (Figures 2A and 5A,B).

The insertion of PE into the PC lipid bilayer resulted in an increase in lateral tension
(Figure 3B), while the UCP1-mediated conductance remained unchanged (Figure 4A).
In the case of RA-PE and lysolipids, decreased lateral pressure in the acyl tail region
(Figure 6D) could increase the probability that anionic free fatty acids (i) reach the protein
binding site, which is located in the hydrophobic region on the matrix side of the IMM [74],
(ii) are protonated in the position near the center of the bilayer (asterisks in Figure 6D and
reference [82]), and dissociate from the protein. Eventually, the same lipid environment
supports the protein conformation change, ensuring faster FA™ translocation. Notably,
protein modifications, such as crosslinking of RA amino acid adducts or protein mutations,
can lead to loss of the protein transport function, whereas lipid modification potentiates the
protein-mediated FA™ translocation. Remarkably, in the absence of oxidative stress lipids
with distinctly positive curvature, such as lysolipids and phosphoinositides, are found only
in trace amounts (<1%) and are primarily involved in direct lipid—protein interaction and
signaling [9].

5. Conclusions

Identification of the mechanisms by which the transformation of lipid shape affects the
functioning of mitochondria helps to explain the onset of diseases associated with oxidative
stress in a way that has not been considered so far. Our results show that lysolipids and
PEs modified by RAs similarly affect membrane mechanical properties by decreasing the
bending modulus k and SCES. Furthermore, we showed that UCP1 and ANT1 sense SCES
and proposed a new mechanism for regulating the protonophoric function of IMM proteins
under oxidative stress.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox11122314/s1, Figure S1: The lipid shape changes the elastic properties of
the membrane; Figure S2: Lipid shape affects UCP1 and ANT1-mediated total membrane conductance;
Figure S3: Impact of lipids with pronounced intrinsic curvature on the lateral pressure profile.
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Abstract: Adenine nucleotide translocase (ANT) is a well-known mitochondrial exchanger of ATP
against ADP. In contrast, few studies have shown that ANT also mediates proton transport across the
inner mitochondrial membrane. The results of these studies are controversial and lead to different
hypotheses about molecular transport mechanisms. We hypothesized that the H-transport mediated
by ANT and uncoupling proteins (UCP) has a similar regulation pattern and can be explained by
the fatty acid cycling concept. The reconstitution of purified recombinant ANT1 in the planar lipid
bilayers allowed us to measure the membrane current after the direct application of transmembrane
potential AY, which would correspond to the mitochondrial states III and IV. Experimental results
reveal that ANT1 does not contribute to a basal proton leak. Instead, it mediates H* transport
only in the presence of long-chain fatty acids (FA), as already known for UCPs. It depends on FA
chain length and saturation, implying that FA’s transport is confined to the lipid-protein interface.
Purine nucleotides with the preference for ATP and ADP inhibited H* transport. Specific inhibitors
of ATP/ADP transport, carboxyatractyloside or bongkrekic acid, also decreased proton transport.
The H* turnover number was calculated based on ANT1 concentration determined by fluorescence
correlation spectroscopy and is equal to 14.6 4 2.5 s~1. Molecular dynamic simulations revealed a
large positively charged area at the protein/lipid interface that might facilitate FA anion’s transport
across the membrane. ANT’s dual function—ADP/ATP and H* transport in the presence of FA—
may be important for the regulation of mitochondrial membrane potential and thus for potential-
dependent processes in mitochondria. Moreover, the expansion of proton-transport modulating
drug targets to ANT1 may improve the therapy of obesity, cancer, steatosis, cardiovascular and
neurodegenerative diseases.

Keywords: fatty acid anion transport; proton transport; ADP/ATP carrier protein; mitochondrial
transporter; arachidonic acid; long-chain fatty acids

1. Introduction

In mitochondria, oxidative phosphorylation accounts for ATP production by phospho-
rylating ADP using proton (H*) gradient generated by the respiratory chain proteins (cou-
pling). H* can return to the matrix by alternative pathways (uncoupling): (i) inhibitor-non
sensitive basal H* leak (Jg) and (ii) protein-mediated inhibitor-sensitive proton transport
(Ju) [1-3]. ] is sensitive to the membrane potential, mitochondrial inner membrane surface
area, the composition of phospholipids and free fatty acids (FA) and was observed in
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mitochondria of all tissues [1]. Uncoupling proteins (UCP) are implicated in the media-
tion of Jy [4-9]. As several tissues such as liver, kidney, skin, and others lack any UCPs
under physiological conditions (for review, see [10]), mitochondrial adenine nucleotide
translocase (ANT, also cited in the literature as AAC or ADP/ATP carrier) was proposed
to provide an alternative pathway for proton transport alongside its well-known function
to exchange ADP for ATP [11-15].

The H* transporting function of ANT in the presence of palmitate has been first
observed in experiments with isolated mitochondria [16,17]. The addition of free FA to the
proteoliposomes reconstituted with purified ANT caused the transmembrane potential
(AD) decrease, which was restored by carboxyatractyloside (CATR) and bongkrekic acid
(BA) [18]. In brown-fat mitochondria from mice knockout for UCP1, fatty-acid-induced
uncoupling could also be inhibited by CATR [19]. The H* conductance of muscle mitochon-
dria from mice knockout for ANT1 was reported to be half that of wild-type controls [20].
Recently, ANT-mediated H" transport was observed in patched mitoplasts [21]. Although
the H* transporting function of ANT1 seems to be accepted, discrepancies in results ob-
tained in various experimental systems led to different views on the proton transport
mechanism. In the 1980-1990s, several groups recognized that the proton transport could
occur by the flip-flop of the protonated form of long-chain fatty acid (FA) without mem-
brane proteins’ participation [22,23]. However, a fatty acid anion (FA™) transport is a
rate-limiting step in FA circulation and has to be accelerated by proteins. In 1991, Sku-
lachev proposed the “fatty acid circuit hypothesis”, claiming that proteins such as ANT1
and UCP1 mediate the return of the FA" to the cytosolic side of the membrane, resulting
in net proton transport catalyzed by the protein [24]. Our previous results obtained for
UCP1-UCP3 can be well described based on the FA cycling model and are consistent with
the translocation of FA™ at the protein/lipid interface.

In contrast, Bertholet et al. proposed FA to be co-factors in H* transport by ANT
based on patch-clamp experiments [21]. In this model, FA is not translocated but stays
in one place as a part of the protein translocating pathway, where it is (de-)protonated.
This mechanism differed from the mechanism suggested by the same group for UCP1, in
which UCP1 was regarded as a FA™/H* symporter [25]. Moreover, this model does not
necessarily assume direct binding of H* to the FA anion and allows the proton transport in
both directions.

Here, we hypothesized that the H*-transport mediated by ANT has a regulation
pattern similar to UCPs and can be explained by the FA cycling concept. The goals of
this study were (i) to investigate the dependence of ANT-mediated H* transport on FA
structure, (ii) to estimate ANT-specific H" turnover number, and (iii) to examine whether
the specific ANT substrates inhibit H* transport.

2. Results
2.1. ANT1-Mediated Substrate Transport

To evaluate whether recombinant murine ANT1 was correctly refolded in proteolipo-
somes, we performed ADP/ATP transport measurements using proteoliposomes initially
filled with radioactively labeled SH-ATP [26]. After adding ADP to the bulk solution, we
measured the release of >H-ATP with time (Supplementary Figure S2). The determined
ADP/ATP exchange rate depends on ANT1 content (kanT = 5.53 = 0.74 mmol/min/g)
and corresponds well to the reported results for ANT reconstituted into liposomes (Supple-
mentary Table S1) [26-29].

2.2. Basal Proton Leak

We further investigated the controversially discussed ANT1 involvement in the basal
leak [20,21]. For this, we formed planar bilayer lipid membranes from proteoliposomes
reconstituted with recombinant ANT1 [26]. Figure 1 demonstrates that the total specific
conductances, Gn, and Gy, of bilayer membranes made from DOPC, DOPE, and cardiolipin
were similar in the presence and absence of ANT1 (G, =10.0 £+ 2.0 nS/ cm? and Gy =8.4
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2.5. Inhibition of ANT1-Mediated Proton Transport

Specific inhibitors of nucleotide transport lock ANT either in its cytosolic-opened
c-side (CATR) or in its matrix-opened m-side (BA) [15] and inhibit both ADP/ATP ex-
change and FA-mediated proton leak. The comparison of CATR and BA effect on G,
(Figure 4a) showed that inhibition by CATR was more effective than by BA. It is displayed
by the EC50 values of 18.9 & 1.8 uM for CATR and 32.3 £ 11.4 uM for BA, respectively
(Figure 4b and Supplementary Table S4). Maximum inhibition values (Imax = 64.2 = 2.8%
and Imax = 44.3 = 5.7% in the presence of CATR or BA) indicate that ANT conformation
in the bilayer is approximately 60% in the c-state and 40% in the m-state in our system
(Figure 4c and Supplementary Table 54).
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2.6. Analysis of the ANT s Surface Electrostatic Potential using Molecular Dynamic Simulations

The high similarity of the ANT activation pattern to those of UCP1, UCP2 and
UCP3 [6,7,35] leads to the hypothesis that the H* transport can be explained by the FA
cycling mechanism. We analyzed the ANT’s surface electrostatic potential in the DOPC
bilayers to test whether a possible FA translocation pathway may be localized at the lipid-
protein interface. The calculation revealed a large positively charged patch (Figure 6a) that
might facilitate FA anion’s sliding alongside the protein. The ATP binding significantly
decreased the positive electrostatic potential (Figure 6b) due to its strong screening at the
bottom of the cavity [37]. The existence of such a patch would explain the inhibition of H*
transport by ATP observed in electrophysiological experiments. GTP has less effect on the
positive electrostatic potential (Figure 6c) because of its different orientation in the cavity
(Figure 6d) and its “weaker interaction with the hydrophobic pocket that binds the adenine
moiety” [36].
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3. Discussion

We investigated the regulation of H* transport using planar bilayer membranes
reconstituted with the recombinant mouse ANT1. This model allowed us (i) to measure
membrane conductance at precisely defined lipid and buffer composition, (ii) to apply
mitochondria-relevant potentials directly, and (iii) to separate the ANT1-originated effects
from the simultaneous effects of other proteins. The latter is a main disadvantage by
the interpretation of experiments on (isolated) mitochondria or mitoplasts representing
swollen mitochondria lacking an intact outer membrane.

We confirmed that ANT1 has a dual function performing H* transport additionally
to the substrate transport. Proton transport occurs only in the presence of the long-chain
FAs and reveals high sensitivity to the FA chain length and saturation (Figure 7). The data
on ANT1 activation showed remarkable similarity to the activation pattern of uncoupling
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the ANT cavity and act as a co-factor of H* transport [21]. The authors based their
model on the experiments showing that non-protonable sulfonated FA failed to induce
any transmembrane current in isolated mitoplasts. The use of sulfonated FA is very
controversial, as chemical and geometrical properties of the crucial head group are altered
compared to the carboxylic head group of native FA. However, the absence of any transient
current by non-protonable FA acids is well described by the FA cycling model, in which
the net charge transport of H* is impaired by the inability of the sulfonated FA to transport
a proton across the membrane [41,42]. Upon FA addition to the mitoplast matrix, Bertholet
et al. [21] observed no current in contrast to the FA addition to the cytosolic side, showing
that the H* transport is independent of ANT conformation. The authors claimed that FA
reaches its putative binding site inside ANT only from the cytosolic side. However, it is
questionable how FAs should activate H* transport inside ANT, as protons have to cross at
least one salt-bridge network [29], independent of ANT conformation. The FA binding to
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ANT and subsequently H* binding to the FA in the protein cavity will most probably not
provide the energy of roughly 10 kcal/mol to break the strong salt-bridge network [42-46].

The inhibition of H* transport in the FA co-factor model can be clearly described as a
competition between FA and purine nucleotides for the binding site that we also observed
for UCP1 and UCP3 [7]. However, the FA binding site is not further characterized, and it is
not clear if there is a common binding target for the FA anion and the adenine nucleotides
and/or specific transport inhibitors. Nevertheless, the dependency on FA chain length
and unsaturation would imply a loose binding of FAs inside the protein to account for
the different structures, which contrasts the high energy required to break the salt-bridge
network. Thus, the model proposed by Bertholet et al. [21] seems to fail in describing our
experimental results.

We determined the ANT-specific H* turnover number of 14.6 £+ 2.5 H* /s, which
is similar to turnover numbers determined earlier for UCPs. Besides ANT and UCPs,
FA-activated H* leak was also shown for other mitochondrial carriers, including the
aspartate/glutamate carrier, dicarboxylate carrier, 2-oxoglutarate carrier, and the phosphate
carrier [47-50]. Thus, it is reasonable to conclude a dual transport function for the before
mentioned proteins: (i) the substrate transport to maintain mitochondrial respiration and
(ii) the proton transport, which may affect the inner mitochondrial membrane potential.
We speculate that these carriers have a similar mechanism of FA-mediated activation
of H* transport due to their high homology. Simultaneous activation of several proton
transporters could ensure an essential drop in potential. The latter is crucial for regulating
potential-dependent processes in mitochondria, such as reactive oxygen species production,
cell death, autophagy, protein secretion, metabolic adaptations, and cell signaling [51]. The
controlling of the mitochondrial uncoupling can be used to treat several human diseases,
such as obesity, cardiovascular diseases, or neurological disorders.

4. Methods
4.1. Chemicals

Agarose (#3810), KCI (#6781), NapSO4 (#8560), 2-(N-morpholino)ethanesulfonic acid
(MES, #4256), sodium dodecyl sulfate (SDS, #0183), tris(hydroxymethyl)-aminomethane
(Tris, #AE15), chloroform (#AE54) and ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid (EGTA, #3054) were purchased from Carl Roth GmbH & Co. KG (Karlsruhe,
Germany). Hexane (#296090), hexadecane (#296317), palmitic acid (#20500), stearic acid
(#54751), arachidic acid (#A3631), linoleic acid (#L1376) and arachidonic acid (#A3611),
dimethyl sulfoxide (DMSO, #472301), the purine nucleotides adenine and guanine tri-,
di-, and mono-phosphate (ATP, #A2383; ADD, #A2754; AMP, #01930; GTP #G8877; GDP,
#G7127; and GMP, #G8377), carboxyatractyloside (CATR, #C4992) and bongkrekic acid (BA,
#B6179) were purchased from Sigma-Aldrich (Vienna, Austria). 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC, #850375P), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE,
#850725P) and cardiolipin (CL, #710335P) came from Avanti Polar Lipids Inc. (Alabaster,
AL, USA).

4.2. Cloning, Purification and Reconstitution of Murine ANT1

Cloning, purification and reconstitution of murine ANT1 followed a previously es-
tablished protocol [26]. The protein concentration in proteoliposomes was measured with
the Micro BCA™ Protein Assay Kit (Thermo Fisher Scientific, Prod. #23235, Waltham,
MA, USA). Protein purity was verified by SDS-PAGE and silver staining (Supplementary
Figure S1).

4.3. Exchange Rate Measurements of mANT1

ANT-mediated exchange of ADP/ATP was measured radioactively using *H-ATP
(Prod. #NET420250UC, Perkin Elmer, Waltham, MA, USA) following the protocol as
described elsewhere [26] (Supplementary Figure S2).
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4.4. Electrophysiological Measurements of mANT1

Planar lipid bilayers were formed from proteoliposomes as described previously [31,52].
FAs were added to the lipid phase before membrane formation. Proper membrane formation
was verified by measuring membrane capacitance (C = 0.72 & 0.05 uF/ cm?), which is inde-
pendent of the presence of protein, FA and inhibitor. Current-voltage (I-U) measurements
were performed with a patch-clamp amplifier (EPC 10USB, Werner Instruments, Holliston,
MA, USA). The specific total membrane conductance (Gp,) at 0 mV was obtained as the
slope of a linear fit of the experimental data at applied voltages from —50 mV to + 50 mV
and normalized to the membrane area in cm?. Purine nucleotides (solved in distilled water,
pH =7.34) and ANT-specific inhibitors BA and CATR (solved in DMSO) were added to the
buffer solution before forming bilayer membranes. The concentrations of each substrate
are indicated in the figure legends. Membrane conductance expressed in relative units was
calculated according to [7].

Measurement and calculation of H* turnover rate of ANT followed the established
protocol [31]. The addition of Tris increased the pH value of the buffer solution on the cis
side of the membrane to a value of pH = 8.34.

4.5. Fluorescence Correlation Spectroscopy (FCS)

The average number of ANT1 per liposome was measured using FCS [32,53]. In brief,
proteoliposomes obtained after reconstitution of the ANT1 were extruded using a Mini-
Extruder system (Avanti Polar Lipids Inc., Alabaster, AL, USA) with a membrane nanopore
filter with a pore diameter of 100 nm (Avestin Europe GmbH, Mannheim, Germany, LFM-
100). ANT1 was labeled with ATTO 488-maleimide [54] (Sigma-Aldrich, Vienna, Austria;
28562-1MG-F). We used size exclusion chromatography (Sephadex® G-50 Superfine, Merck,
Vienna, Austria; GE17-0041-01) to remove the unbound dye. The average residence time,
Tp, and ANT1- containing proteoliposomes number in the focal volume were derived from
the autocorrelation function (G(7)) of the temporal fluorescence signal (Supplementary
Figure S5). To measure the signal, a commercial laser scanning microscope (LSM 510
META /ConfoCor 3, Carl Zeiss, Jena, Germany) equipped with avalanche diodes and a
40 x water immersion objective was used. The standard model for two-component free 3D
diffusion was applied [55]:

G(1)=1+1/(n (1+ /1)) )

where the number of fluorescent particles, n, in the detection volume, V¢, was determined
as n = Vg C, where C is the particle concentration. The diffusion coefficient (D) was
determined as D = w?/4tp, where w = 0.16 um is the diameter of the confocal volume
cross-section as determined from the calibration experiments.

Dissolving the liposomes with 2% (v/v) SDS was expected to increase the particle
number if liposomes contained more than one ANT1. The average number of ANT1
per liposome, <N anT1>, Was obtained from the ratio of the particle number per confocal
volume after and before the addition of SDS.

The protein per lipid ratio (p) was estimated by:

N <N >
p— NANTL _ ANTI @)

~ Nipids < NLipids > Liposomes
The average number of lipids per liposomes (<NLjp;gs>) is calculated by the ratio of

the surface area of the liposome with radius r and the average area per lipid (Ar ~ 0.6 nm?)
of a membrane containing DOPC, DOPE and CL [56,57]:

47r?
< NLipids >= ZTL ®3)
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Thus, Equation (2) gives:

1 Ap
=<N ——
p ANT1 > 3 2

4)

4.6. Molecular Dynamics Simulations

We performed all-atom molecular dynamics (MD) simulations of ANT1 protein in a
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayer. Residues (residue 1 and residues
294-297) missing from the crystal structure of ANT1 (PDB code: 1lokc) [40] without
CATR were added using Modeller 9 [58] and implemented into the DOPC bilayer us-
ing CHARMM-GUI (http:/ /www.charmm-gui.org/ (accessed on 7 January 2021)) [59-61].
Three system setups were prepared—the wild-type ANT1, the wild-type ANT1 with ATP*~
bound in the cytosolic-open state (c-state) [43], as well as GTP*~ bound in the same posi-
tion. All simulation boxes contained ANT1 protein (with a total charge of +19), 73 DOPC
molecules per leaflet (146 per system), ~11,500 water molecules, and the necessary number
of CI" anions to neutralize the net charge, depending on whether ATP*~ or GTP*~ are
added to the system. All systems were first minimized and equilibrated in six steps using
the CHARMM-GUI protocol [62] and then simulated for a further 100 ns without any
restraints with a 2 fs time step in a periodic rectangular box of 7.9 nm x 7.9 nm x 9.4 nm
using the isobaric-isothermal ensemble (NPT) and periodic boundary conditions in all
directions at T = 310 K, maintained via Nosé-Hoover thermostat [63] independently for
the DOPC, water/ions and protein subsystems with a coupling constant of 1.0 ps~!. The
pressure was set to 1.013 bar and controlled with a semi-isotropic Parrinello-Rahman
barostat [64] with a time constant for pressure coupling of 5 ps~!. Long-range electro-
statics were calculated using the particle-mesh Ewald (PME) method [65] with real space
Coulomb interactions cut off at 1.2 nm using a Fourier spacing of 0.12 nm and a Verlet
cut-off scheme. All simulated systems were described by the CHARMMS36m force field [66].
The electrostatic potential maps of all systems were calculated using VMD’s PMEPOT
plugin [67]. All simulations were run with the GROMACS 5.1.4 software package [68] and
visualized with the VMD molecular graphics program [69].

4.7. Statistics

Data analysis and fitting of electrophysiological measurements were performed using
Sigma Plot 12.5 (Systat Software GmbH, Erkrath, Germany) and displayed as mean 4 SD
of at least three independent measurements.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1422-006
7/22/5/2490/s1.
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3. Conclusions

In this study, we made a discovery finding that OGC increases proton conductance when in the
presence of natural and chemical protonophores. The increase in OGC activity directly
correlates with the increase in the number of unsaturated bonds of the FA. We identified
arginine 90 as a crucial residue for the binding of FAs, substrates 2-oxoglutarate and malate,

and inhibitors ATP and phenyl succinate.

Moreover, our results show that the protonophoric effect of DNP is not only significantly
increased by OGC, but also by other mitochondrial carriers, such as ANT1 and UCP1-UCP3 as
well. Thus, we highlight the importance of studying DNP as a very potent chemical
protonophore that interacts with both biological membranes and multiple mitochondrial
carriers. Furthermore, by using site-directed mutagenesis and molecular dynamics simulations,
we showed that arginine 79 of ANT1, a homolog of arginine 90 of OGC, is crucial for DNP's
binding to the protein. We showed that this amino acid residue is also crucial for the binding of

FAs, ANT1 s substrates, and inhibitors, in a manner similar to OGC.

Finally, we proved that the protein-mediated proton conductance is indirectly enhanced by a
covalent modification of membrane lipids by oxidative stress products, such as RAs. This
modification decreases the bending modulus in lipid bilayers and potentiates FA turnover,

which consequently increases protein-mediated protonophoric activity.

Taken together, our results point to a preserved mechanism of proton-transport mediation
among the SLC25 family, which resembles the fatty-acid cycling hypothesis and is strongly

affected by increased oxidative stress.
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4. Discussion

4.1. Advantages and shortages of model membrane systems

Biological membranes have complex compositions made out of lipids, proteins, and
carbohydrates, where their ratios and presence depend on the membrane type. Doing
experimental work with these membranes is often challenging, due to the difficult processes of

isolating and maintaining them in their native conditions (van Meer et al. 2008).

On the other hand, model membrane systems have a defined lipid composition, and are used to
mimic natural membranes. Unlike biological membranes, model membranes are easier to form
and maintain, and given the predefined conditions, they are easier to obtain data from using
them. They can be divided into lipid monolayers, lipid vesicles, and supported or tethered lipid
bilayer systems (Labbé & Buriez 2021). In our case, the model membrane system is a unique
patented system (US20060228402A1), where a lipid bilayer is created on the surface of a
conventional plastic tip (Fig. 9) (Beck et al. 2006). The additional advantages of this system
are: (1) no organic solution is used; (i) the diameter of the membrane of approx. 300 um enables
the insertion of multiple protein copies (~107) into a single bilayer, which is important for the
investigation of transporters; (iii) transmembrane voltages up to 200 mV can be applied; (iv)

all components of the system are known and pre-defined (Beck et al. 2006).

Amplifier

Ag/AgCl eectrode( Ag/AgCl e|PCtr0dE‘>

buffer solution pipette tip

Lipid bilayer

Figure 9. The lipid bilayer is created on the surface of a conventional plastic tip by a continuous insertion of the
tip into the lipid-containing solution. The net current over the lipid bilayer is measured by silver chloride electrodes

and amplified. Image created with BioRender.
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One of the disadvantages of model membranes is the simplification of usually very complex
and organized systems. It is possible to include up to four different lipid species in a model
membrane, but natural membranes have more than hundreds (Muro et al. 2014). Natural
membranes also contain cytoskeletal components as well as a variety of proteins, which are
conditions rather difficult to replicate in model membranes. The preparation of model
membranes can also be troublesome and often requires the use of organic solvents (Gustafson
& Tagesson 1985). Therefore, one might doubt that the effects noticed on model membranes
happen in a living organism. However, over the years, model membranes became more
sophisticated which opened up the possibility of incorporating intricate and complex mixtures
of lipids, asymmetric lipid bilayers, and membrane proteins into the system (Gutsmann et al.

2015, Pabst & Keller 2024).

Working with biological membranes offers a higher degree of similarity to the living system,
but it does not guarantee any specificity. For example, one could study the contribution of only
one protein to FA-mediated uncoupling by adding a certain amount of FA to the isolated
mitoplasts containing the protein of interest overexpressed and measuring the net current, while
comparing it to wild-type mitochondria and concluding that only that protein increases the
current. However, given the complexity of the IMM, there might be many off-targeted or
compensatory effects that come into place when a certain protein is overexpressed or activated.
In the case of the SLC25 family and the high homology between its members, there are probably
more undiscovered proteins that can uncouple the MMP in the presence of FAs, as was the case
with OGC (Zuna et al. 2024). Therefore, purifying and reconstituting only one membrane
protein in a model lipid bilayer system is the only way to know for sure if that protein is capable

and directly responsible for performing a specific function.
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4.2. Conserved mechanism of proton-transport mediation among the
SLC25 family

Our findings suggest that SLC25 proteins that facilitate FA or DNP-mediated proton transport
share a common mechanism for protonophore transport. This notion is supported by the high
sequence homology between the carriers (Fig. 10) and structures that closely resemble each
other. ANT1 and UCP1 are the only carriers in the family with resolved 3D structures (Pebay-
Peyroula et al. 2003, Harding et al. 2020, Jones et al. 2023, Kang & Chen 2023), which differ
only in a wider part of the cavity which determines the substrate specificity. Sequence
prediction and artificial intelligence-based structural models anticipate that the other SLC25
carriers share the same structure as ANT1 and UCP1. Moreover, Kunji & Robinson proposed
a common binding site for substrates, which consists of three distinct amino acid residues that

are conserved across the entire protein family (Kunji & Robinson 2006).
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Figure 10. Sequence alignment of murine ANT1, OGC, and UCP1-3. Generated with ClustalW and colored
with ESPript 3.0. The most conserved amino acid residues in mitochondrial signature motifs and the substrate

binding sites are colored in dark red.
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4.2.1. Competitive inhibition points to a common binding site for substrates and
protonophores

We found that OGC, ANT1, and UCP1-UCP3 similarly interact with FA and DNP and that the
binding site for protonophores overlaps partly with the substrate binding site. The increase in
the protein-mediated protonophoric activity happened only in the presence of FAs/DNP, and in

line with the increase in FA chain length and the number of unsaturated bonds (Kreiter et al.

2021, Zuna et al. 2021, Zuna et al. 2024).

In the case of both FA and DNP-mediated proton transport, the increase in proton conductance
was inhibitable when we applied ATP to the protein-containing system. This implies the
existence of competitive inhibition between the two molecules and the protein’s substrate
binding site (Kreiter et al. 2021, Zuna et al. 2021, Zuna et al. 2024). Furthermore, the increase
in protein-mediated proton transport in the presence of FA was diminished when we applied
protein-specific substrates (2-oxoglutarate and malate for OGC, ADP/ATP for ANT1) and
inhibitors (phenyl succinate for OGC, CATR, and BKA for ANT1), further implying a common
binding site for all. By using site-directed mutagenesis and molecular dynamics simulations,
we identified R90 of OGC as crucial for binding FAs (Zuna et al. 2024), and its homolog in
ANTI, R79, for binding DNP (Zuna et al. 2021). This is in agreement with other results where
R79 was identified as crucial for binding DNP in UCP1 (Kang & Chen 2023), ATP in UCP1
and UCP3 (Macher et al. 2017, Kang & Chen 2023), and ADP, ATP, CATR and BKA in ANT1
(Pebay-Peyroula et al. 2003, Robinson et al. 2008, Wang & Tajkhorshid 2008, Ruprecht &
Kunji 2019). It was also later proposed as a crucial part of the newly proposed ANT1’s FA
sliding pathway, which supports the fatty acid cycling mechanism (Kreiter et al. 2023).

The proposed “FA sliding” pathway for ANT1 (Kreiter et al. 2023) supports the fatty acid
cycling pathway and involves protein parts that are conserved throughout the whole protein
family. For example, positively charged residues on the matrix side that attract negatively
charged FAs, the positively charged protein-lipid interface, and homologs to the R79 contact
point and the D134 FA-protonation site, are conserved in OGC, UCP1-3, DIC, PiC, and AGC.
Experimentally based evidence and high sequence homology across the family shows that

SLC25 proteins are not transporters of protons, but rather transporters of FA anions.
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4.2.2. Transient proton transport can rapidly shield cells from oxidative stress

Our results are of physiological significance because they show that proton uncoupling can be
potentiated with multiple SLC25 carriers, probably even simultaneously. It would be more
feasible for the cell to utilize all proton transport facilitating proteins at the same time compared

to the time and energy-consuming overexpression of only one carrier.

Many members of the SLC25 family have already been identified as proton transport mediators,
and given the high homology across the family, there are more to come. Proteins such as UCP2
and UCP3, which were originally considered only as proton transport facilitators, were proven
to be substrate transporters as well (Vozza et al. 2014, Kreiter et al. 2023, De Leonardis et al.
2024). On the other hand, we proved that OGC, originally known and most studied for its
substrate-transporting function, additionally functions as a facilitator of proton transport in the
presence of FAs or DNP (Zuna et al. 2024). The same was shown for AGC (Samartsev et al.
1997, Samartsev & Mokhova 1997), PiC (Zackova et al. 2000, Engstova et al. 2001), and DIC
(Wieckowski & Wojtczak 1997). Therefore, this “dual-functionality” is most likely a common
feature of all proteins of the SLC25 family.

© O ©0 O
Qo 0

@t 4

TR =R v

| -
cytc /
NADH  FADH, L% ADP + PiI\ATP

0, 0,

ALPT QﬂFA -+ FA

7N Iy
FA > @FA « FA

Figure 11. Under high oxidative stress, OGC potentiates FA-mediated uncoupling. Reactive oxygen species

matrix

cytosol

are created throughout the electron transport chain, and they activate phospholipase A (PLA), which cleaves
FAs from the IMM. After neutralization and transfer to the matrix, FAs release protons and decrease MMP.
FA anions are transported back to the cytosol by OGC and other SLC25 proteins. Image created with
BioRender.
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One might question the physiological state in which these proteins' cavities are free from
substrates bound in either m- or c-state. However, it has been shown that the concentration of
FAs in cells increases due to an increase in oxidative stress (ROS levels) and the activity of
phospholipase A (Asai et al. 2003). Furthermore, we have shown that free radicals damage
membrane lipids and create RAs, which in turn potentiate FA-mediated uncoupling, and
consequently increase protein-mediated proton transport (Jovanovic et al. 2022). Under
stressful conditions, the cell decreases the need for oxidative phosphorylation and decreases the
amount of Kreb's cycle intermediates. For example, the levels of free 2-oxoglutarate and malate
in plasma were shown to be significantly reduced in diabetes (Wu et al. 2017) or breast cancer
(Mullen et al. 2011), when mitochondrial function has been impaired. In these conditions, OGC
and other carriers most likely participate in FA-mediated uncoupling to prevent further

mitochondrial damage through a transient decrease of MMP (Fig. 11).

4.3. Protein-mediated uncoupling holds promise for metabolic
disorders, oxidative stress, and cancer treatment

4.3.1. Treatment and prevention of metabolic disorders

Uncoupling causes a decrease of MMP, needed for proper ATP production, which increases the
nutrient demand to replenish the lost energy. Cells start utilizing FA oxidation more, which
depletes stored FAs and prevents further accumulation. For this reason, uncoupling is
considered a prospective tool in the fight against metabolic disorders like obesity, fatty liver

disease, and type II diabetes (Harper et al. 2001, Bartelt et al. 2012).

Uncoupling was previously used as an obesity treatment in the form of DNP, which was
extremely effective for weight loss (Colman 2007). Unfortunately, taking DNP as a weight-loss
agent resulted in severe toxicities and deaths. There was no antidote because the mechanism of
DNP-mediated uncoupling was unknown at the time, and it remained so ever since. For the first
time, almost one hundred years after the discovery of DNP (Cutting et al. 1933), we showed
that it interacts not only with lipid membranes but also with carriers of the SLC25 family,
namely ANT1 and UCP1-3 (Zuna et al. 2021). This was later confirmed by the Kirichok group
for ANT1 and UCP1 in isolated mitochondria (Bertholet et al. 2022), and we additionally
proved it for OGC in a well-defined lipid-bilayer system (Zuna et al. 2024). DNP presumably

acts similarly on other proton transport mediating SLC25 carriers. As proteins make up more
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than 70% of the IMM (Cooper 2000), their participation in DNP’s action is equally significant

to lipid membranes.

Notably, physiologically-induced proton transport can also be used to stimulate weight loss and
prevent the development of metabolic disorders. Previous research has shown that the
overexpression of UCP1 prevents the development of obesity in mice (Krauss et al 2005), while
the depletion of UCPI1 in mice augments the development of obesity (Feldmann et al. 2009).
Ectopic expression of UCPI in skeletal muscle in mice delayed the diet-induced development
of obesity (Li et al. 2000, Keipert et al. 2013, Ost et al. 2014). UCP3, which is present in muscle
in minute amounts, could also be used to lose weight. Even though UCP3 s presence in skeletal
muscle is only 1% of UCP1’s presence in BAT, it should be noted that skeletal muscle is of
much greater mass than BAT, and UCP3’s expression can be stimulated through muscle

contraction (Clapham et al. 2000).

Finally, it was shown that UCP2 regulates the secretion of insulin through mild uncoupling in
pancreatic B cells (Chan & Harper 2006). By lowering MMP, uncoupling prevents insulin
secretion and regulates the switch between glucose and FA oxidation metabolism (Chan &

Harper 2006), which can be used to prevent or treat diabetic conditions.

4.3.2. Reactive oxygen species and oxidative stress

It was previously shown that oxidative damage products, such as RAs, indirectly potentiate the
proton-transporting function of proteins of the SLC25 family in the presence of FAs (Echtay et
al. 2002, Echtay et al. 2003). Furthermore, Mailloux & Harper showed that the activation of
uncoupling in UCP2 and UCP3 is directly controlled by ROS via a covalent modification of
glutathione and that they may play a protective role in decreasing mitochondrial ROS
production (Mailloux & Harper 2011). On the other hand, some groups found no experimental
support for ROS regulation of proton-transport in UCPs (Couplan et al. 2002, Shabalina et al.
2006, Lombardi et al. 2008). The exact molecular mechanism of the interaction of ROS and

ROS products, lipids, and mitochondrial proteins remained unclear.

Our results shed further light on the changes that oxidative stress has on the proton-transporting
function of ANT1 and UCP1. Namely, we showed that ROS influence changes in the lipid
environment by changing lipid shapes and creating lipid adducts, and not by covalently
modifying the proteins (Jovanovic et al. 2022). This is in agreement with previous data showing

that RAs do not activate proteins (in this case UCP1 and UCP2) directly, but that they rather
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potentiate the uncoupling effect of FAs, which in turn increases the protein-mediated proton

conductance (Esteves et al. 2006, Malingriaux et al. 2013, Jovanovic et al. 2015).

Given the high homology between members of the SLC25 family and localization in the IMM,
other proteins that mediate proton transport such as OGC, AGC, PiC, and DIC, are most likely
also affected by ROS-induced lipid reshaping in a similar manner. Since the increased proton
transport rate neutralizes excess ROS in a negative feedback loop, any further oxidative damage
to the cell may be prevented. In this way, the induction of proton-transport by the proteins of
the SLC25 family in the presence of protonophores could be artificially potentiated to prevent
cognitive disorders, inflammation, male infertility, aging, and other conditions caused or

supported by high oxidative stress (Zhao et al. 2019, Shields et al. 2021).

4.3.3. Cancer and chemotherapy

We discovered that OGC belongs to a group of SLC25 proteins that exhibit protonophoric
activity in the presence of natural and chemical uncouplers. Our results also showed that OGC,
much like ANTSs, is expressed throughout the whole organism (Zuna et al. 2024). Furthermore,
we showed that the mechanism of protein-mediated proton transport is most likely conserved
throughout the SLC25 family, both in the presence of FAs and DNP (Kreiter et al. 2021, Zuna
et al. 2021, Zuna et al. 2024). These concepts have important implications for the potential use

of potentiated proton transport in cancer treatment.

First, it is thought that the accumulation of ROS contributes to the early conversion of healthy
cells to cancer cells by introducing DNA mutations and mediating the overall genetic instability.
In fact, cancer cells constantly maintain high levels of ROS (Trachootham et al. 2009), and their
IMMs are significantly more polarized than those of healthy cells (Weancer mm ~ -220 mV in
comparison to Wheaithy imm ~-140 mV) (Chen 1988). This makes them susceptible to attracting
negatively charged and potent chemical protonophores, such as DNP, FCCP, CCP,
niclosamide, nitazoxanide, oxyclozanide, BAMI15, and others. These chemical agents already
show great potential for the treatment of cancers in vifro and in vivo (Shreshta et al. 2021),
mainly because they induce a total collapse of their MMP and subsequent apoptosis.
Furthermore, we have shown that five different proteins (OGC, ANTI1, UCP1-UCP3)
significantly augment DNP-mediated proton transport (Zuna et al. 2021, Zuna et al. 2024). The
same was shown by Bertholet et al. for the interaction between chemical uncouplers DNP,

BAMI15, and FCCP, and the proteins ANT1 and UCP1 (Bertholet et al. 2022).
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Second, by neutralizing ROS in the early stages of cancer development, it might be possible to
prevent healthy cells from accumulating more oxidative damage and becoming malignant. As
cancer can develop from any healthy cell in the body, this approach can work more efficiently
by targeting proteins that are ubiquitously expressed, such as OGC and ANTs. Because their
mechanism of mediating proton transport is conserved, they can be targeted at the same time

with the same protonophore.

This approach can also work in the later stages of malignancy. In the late stages of malignancy,
cancer cells may exploit uncoupling to protect themselves against chemotherapy, because many
chemotherapeutic agents work on introducing high amounts of ROS to induce apoptosis. This
has been proven in the case of UCP2, where overexpressing UCP2 in cancer cells protected
them against chemotherapy (Derdak et al. 2008), while a knock-out restored sensitivity to
chemotherapy (Pfefferle et al. 2013) and significantly increased the amount of ROS (Dando et
al. 2013). Along those lines, targeted proton transport by several SLC25 proteins can be
exploited at the same time to help with the side effects of radiation therapy. Namely, radiation
often introduces oxidative damage to healthy cells (Wei et al. 2019), and proton transport could

help decrease or prevent it.

However, the main obstacle to the use of chemical uncouplers in cancer therapy is the narrow
concentration range between a therapeutic effect and toxicity. In addition, the exact mechanism
of how these agents interact with natural membranes and membrane proteins (e.g., SLC25

carriers) is not clear yet and needs to be further investigated.
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5. List of abbreviations

ADP - Adenosine diphosphate

AGC — Aspartate/glutamate carrier

ANT - Adenine nucleotide translocase

ATP - Adenosine triphosphate

BA - Bongkrekic acid

BAMIS - ((2-fluorophenyl)6-[(2-fluorophenyl) amino] (1,2,5-oxadiazolo[3,4-e]pyrazin-5-
yl)amine)

BAT - Brown adipose tissue

C12TPP - Dodecyltriphenylphosphonium

CATR — Carboxyatractyloside

CCCP - Carbonylcyanide-3-chlorophenylhydrazone
cDNA — complementary DNA

CIC — Citrate carrier

CoA — Coenzyme A

DIC — Dicarboxylate carrier

DNA - Deoxyribonucleic acid

DNP - 2,4-dinitrophenol

ETC — Electron transport chain

FA — Fatty acid

FADH: - Flavin adenine dinucleotide

FCCP - Carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone
HNE - 4-hydroxy-2-nonenal

IMM - Inner mitochondrial membrane

IMS - Intermembrane space

OGC — 2-oxoglutarate/malate carrier

MC — Mitochondrial carrier

MMP — Mitochondrial membrane potential

NAAA — N-acyl aminoacids

NADH - Nicotinamide adenine dinucleotide
NADPH - Nicotinamide adenine dinucleotide phosphate
NMR - Nuclear magnetic resonance

RA — Reactive alkenals

RNA - Ribonucleic acid

PIC — Phosphate carrier

pKa - Acid dissociation constant

ROS - Reactive oxygen species

SLC25 - Solute carrier family 25

OMM - Outer mitochondrial membrane

UCP - Uncoupling protein
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