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Paratrimastix pyriformis is a free-living flagellate thriving in low-oxygen freshwater sediments. It belongs to the
group Metamonada along with human parasites, such as Giardia and Trichomonas. Like other metamonads,
P. pyriformis has a mitochondrion-related organelle (MRO) which in this protist is primarily involved in one-
carbon folate metabolism. The MRO contains four members of the solute carrier family 25 (SLC25) respon-
sible for the exchange of metabolites across the mitochondrial inner membrane. Here, we characterise the
function of the adenine nucleotide carrier PpMC1 by thermostability shift and transport assays. We show that it

transports ATP, ADP and, to a lesser extent, AMP, but not phosphate. The carrier is distinct in function and origin
from both ADP/ATP carriers and ATP-Mg/phosphate carriers, and it most likely represents a distinct class of

adenine nucleotide carriers.

1. Introduction

In aerobic mitochondria, ATP is synthesised by oxidative phos-
phorylation and transported to the cytosol in exchange for ADP to
supply energy-requiring cellular processes [1]. In organisms that thrive
in low-oxygen environments, these organelles are modified to various
types of mitochondrion-related organelles (MRO), in which ATP is
synthesised by substrate-level phosphorylation (hydrogenosomes) or
not at all (mitosomes) [2]. As the import of proteins into mitochondria
and MROs is driven by ATP [3], all types of mitochondria, including
mitosomes, require an adenine nucleotide transporter to exchange ADP
and ATP. The transport of metabolites across the impermeable mito-
chondrial inner membrane is mediated primarily by proteins of the so-
lute carrier family 25 (SLC25) [4]. The number of SLC25 proteins is
organism-dependent and tends to be lower in organisms that possess
MROs: the human genome encodes 53 mitochondrial carriers [5]; eight
putative carriers were found in mitosomes of Cryptosporidium parvum

[6], and only one in Antonospora locustae [7].

SLC25 proteins share common features that can be identified on the
sequence level. The proteins contain three homologous domains, each of
approximately 100 amino acids [8], arranged three-fold pseudo-sym-
metrically around a central substrate-binding site. Each domain consists
of an odd-numbered transmembrane helix (H1, H3 or H5), a loop with a
short matrix helix (h12, h34 or h56) lying parallel to the plane of the
membrane, and an even-numbered transmembrane helix (H2, H4 or H6)
[9]. During transport, mitochondrial carriers cycle between two con-
formations, the cytoplasmic- and matrix-open states, thereby alternating
accessibility of a central binding site to both sides of the inner membrane
[10]. On the matrix side of each odd-numbered helix, a highly conserved
motif [PS]x[DE]xx[KR] is present, the charged residues of which form a
matrix salt bridge network in the cytoplasmic-open state [9,11,12].
These salt bridge residues can be braced by glutamine residues, which
provide additional inter-domain interactions that stabilise the network
[12]. In the matrix-open state, the even-numbered transmembrane

Abbreviations: PpMC1, distinct ADP/ATP carrier from Paratrimastix pyriformis; HsSAAC1, ADP/ATP carrier from Homo sapiens; BtAAC, ADP/ATP carrier from Bos
taurus; TtAac, ADP/ATP carrier from Thermothelomyces thermophila; ScAac2, ADP/ATP carrier from Saccharomyces cerevisiae; TgHMP31, distinct ADP/ATP carrier
from Trichomonas gallinae; BKA, bongkrekic acid; CATR, carboxyatractyloside; Tm, apparent melting temperature.

* Corresponding author.
** Corresponding author.

E-mail addresses: ek@mrc-mbu.cam.ac.uk (E.R.S. Kunji), vladimir.hampl@natur.cuni.cz (V. Hampl).

1 These authors contributed equally to this work.

https://doi.org/10.1016/j.abb.2023.109638

Received 7 April 2023; Received in revised form 12 May 2023; Accepted 13 May 2023

Available online 14 May 2023

0003-9861/© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:ek@mrc-mbu.cam.ac.uk
mailto:vladimir.hampl@natur.cuni.cz
www.sciencedirect.com/science/journal/00039861
https://www.elsevier.com/locate/yabbi
https://doi.org/10.1016/j.abb.2023.109638
https://doi.org/10.1016/j.abb.2023.109638
https://doi.org/10.1016/j.abb.2023.109638
http://crossmark.crossref.org/dialog/?doi=10.1016/j.abb.2023.109638&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Zitek et al.

helices come together towards the cytoplasmic side of the membrane,
enabling the charged residues of the [YF][DE]xx[KR] motif to interact
[13,14]. The tyrosine residues of the motif provide additional
inter-domain hydrogen bonds to the negatively charged residues,
bracing the network [15].

The ADP/ATP carriers (AAC) and ATP-Mg/phosphate carriers (APC,
SCaMC) are responsible for the majority of adenine nucleotide exchange
in mitochondria. AAC display strict substrate specificity and facilitate
the equimolar exchange of cytosolic ADP for mitochondrial ATP pro-
duced by ATP synthase [16,17]. The mitochondrial ADP/ATP carrier is
the best-studied protein of the SLC25 family, and is widespread
throughout the eukaryotic tree, present also in organisms with MRO [6,
18,19]. Atomic resolution structures of the AAC have been determined
in the cytoplasmic-open state, inhibited with carboxyatractyloside
(CATR) [9,12], and in the matrix-open state, inhibited with bongkrekic
acid (BKA) [15]. Mitochondrial ATP-Mg/Pi carriers carry out the elec-
troneutral antiport of ATP-Mg and phosphate, and, therefore, can
change the mitochondrial adenine nucleotide pool [20]. Atypically for
members of the family, they consist of three domains: an N-terminal
calcium-regulatory domain with four EF-hands, an amphipathic helix,
and a C-terminal carrier domain, which transports substrates [20,21]. In
the presence of calcium, the amphipathic helix binds to the regulatory
domain, whereas in its absence it binds to the carrier domain, inhibiting
transport [20]. Compared to AAC, APC displays a broader substrate
specificity (ATP, ADP, AMP, their deoxy-variants, ATP-Mg, phosphate,
and pyrophosphate), yet its affinity to ATP is 10 to 100-fold lower than
that of AAC [20,22-24]. It has been speculated that APC evolved from
AAC after fusion with a calmodulin-like protein [21], however carriers
that lost these additional domains have also been reported [18,25].

Putative ADP/ATP carriers have been investigated in the MRO of
three parasitic protists (metamonad Trichomonas gallinae [26], micro-
sporidium Antonospora locustae [7], amoebozoan Entamoeba histolytica
[271), which are distinct from canonical AAC. Their biochemical prop-
erties differ from those of archetypal AAC, as they transport AMP in
addition to ADP and ATP. The Entamoeba histolytica carrier has even
broader  specificity, = exchanging = ATP  3'-phosphoadenosine
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5’-phosphosulfate (PAPS) as well [28]. Moreover, the amino acids
responsible for binding specific inhibitors of AAC in these species are not
well-conserved, thus these proteins are not inhibited by either BKA or
CATR [7,26,27].

Paratrimastix pyriformis is a free-living, freshwater flagellate that,
similarly to Trichomonas gallinae, belongs to the Metamonada group
[29]. Its MRO has been characterised by spatial proteomics, revealing
that the organelle is not involved in Fe-S cluster synthesis [30], a
common function of mitochondria and their reduced forms [31]. Yet,
P. pyriformis MRO is essential to produce formate and folate derivates,
which further supplies cytosolic one-carbon folate metabolism and the
methionine cycle [30,32]. The organelle has four proteins of the SLC25
family to mediate the exchange of approximately a dozen compounds
involved in the organellar metabolism, including adenine nucleotides
(Fig. 1). Besides protein import, the organelle requires ATP for the
activation of lipoic acid and polyglutamylation of folate species.
Although it produces ATP via one-carbon folate metabolism [30], the
ratio between ATP production and consumption within the organelle is
unknown. Due to the reduction of organelle metabolism and the low
number of putative substrates, P. pyriformis is an interesting model to
study the function of mitochondrial carriers.

Here we functionally characterise one of the four identified carriers
of P. pyriformis and demonstrate that it transports adenine nucleotides.
The carrier exhibits a combination of features distinct from both AAC
and APC and the phylogenetic analysis does not place it into either of the
two known classes.

2. Material and methods
2.1. Modelling of PpMC1 protein

The structural model of PpMCI1 in the cytoplasmic-open state was
predicted using AlphaFold [33]. The PpMC1 model in the matrix-open
state based on TtAac (Protein Data Bank entry; 6GCI) was calculated
using SWISS-MODEL [34]. To reveal whether the amino acids respon-
sible for the interaction with AAC inhibitors are conserved in PpMC1,
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Fig. 1. Putative metabolic roles of P. pyriformis mitochondrial carriers.

Schematic representation of mitochondrion-related organelle metabolism and putative substrates for SLC25 proteins. PpMC1-PpMC4, P. pyriformis mitochondrial
carriers 1-4; GCSH, glycine cleavage system H protein; PLP, phosphate pyridoxal; LA, lipoic acid; THF, tetrahydrofolate; Pi, phosphate; PPi, diphosphate.
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the sequence of the protein was aligned to BtAAC inhibited by CATR
(Protein Data Bank entry, 10KC) [9] and TtAac inhibited by BKA
(Protein Data Bank entry; 6GCI) [15].

2.2. Phylogenetic analysis

The dataset of 141 sequences of mitochondrial AAC, APC and distinct
adenine nucleotide carriers representing a range of eukaryotic taxa was
obtained by BLAST search by using human AAC1/APC1, yeast Aac2/
Sallp, A. thaliana AAC1/APC1, T. vaginalis HMP31 (homolog of distinct
ADP/ATP carrier of T. gallinae) as a query. Additionally, the sequences of
SCaMC-b, an APC lacking a regulatory domain found mainly in parasitic
protists [18], the distinct ADP/ATP carrier of E. histolytica [27] and
A. locustae [7] were included in the dataset. The sequences were aligned
by MAFFT v7.453 [35] using the L-INS-I algorithm and a maximum of
1000 iterations. The obtained alignment was further trimmed by BMGE
v1.12 [36] with an entropy threshold set to 0.7, resulting in an align-
ment of 254 positions. The maximum likelihood tree was generated by
IQ-TREE v2.1.2 with the LG+F+R7 model suggested by ModelFinder
[37]. Branch supports were generated by ultra-fast bootstrap with 10,
000 replicates. The tree with four P. pyriformis carriers and reference
dataset (53 human carriers, 35 yeast carriers) was prepared in same way
as described above. The alignment of 214 position was used to generated
tree by LG + F + R6 model suggested by ModelFinder.

2.3. Protein expression in Saccharomyces cerevisiae

The gene for the putative ADP/ATP carrier from P. pyriformis was
codon-optimised (GenScript) for expression in Saccharomyces cerevisiae
strain W303-1B and cloned into a pYES2/CT vector (Invitrogen) under
the control of an inducible galactose promoter, as previously described
[38]. Transformants were selected on Sc-Ura+2% (w/v) glucose plates.
A preculture of cells grown in Sc-Ura+2% (w/v) glucose was inoculated
into 15 L of YPG + 0.1% (w/v) glucose medium. Cells were grown at
30 °C with shaking at 225 RPM for 20 h in flasks, induced with a final
concentration of 2% (w/v) galactose, grown for further 8 h, and har-
vested by centrifugation (4000xg, 20 min, 4 °C). Crude mitochondria
were prepared using a bead mill (Dyno-Mill Multilab, Willy A. Bachofen
AQG) by established methods [38].

2.4. Preparation of lipid for protein purification

Tetraoleoyl cardiolipin (18:1) powder was purchased from Avanti
Polar Lipids. Lipids were solubilised in 10% (w/v) dodecyl maltose
neopentyl glycol (Anatrace) by vortexing for 4 h to give 10 mg mL?
lipid/10% (w/v) detergent stock. The stocks were stored in liquid
nitrogen.

2.5. Protein purification by nickel affinity chromatography

Protein was prepared as previously described for the human ADP/
ATP carrier [39]. Crude mitochondria were solubilised in 1.5% (w/v)
dodecyl maltose neopentyl glycol, protease inhibitors (Roche), 40 mM
imidazole and 150 mM NacCl for 1 h by rotation at 4 °C. The insoluble
material was separated from the soluble fraction by centrifugation (200,
000xg, 45 min, 4 °C). Nickel sepharose slurry (0.5 mL, corresponding to
0.3 mL resin; GE healthcare) was added to the soluble fraction; the
mixture was stirred at 4 °C for 1 h. The nickel resin was harvested by
centrifugation (100xg, 10 min, 4 °C), transferred to a proteus 1-step
batch midi spin column (Generon), and washed with 40 column vol-
umes of buffer A (20 mM HEPES pH 7.0, 150 mM NacCl, 60 mM imid-
azole, 0.2 mg mL ! tetraoleoyl cardiolipin/0.2% (w/v) dodecyl maltose
neopentyl glycol) (100xg, 5 min, 4 °C); followed by 10 column volumes
of buffer B (20 mM HEPES pH 7.0, 50 mM NaCl, 0.2 mg mL ! tetraoleoyl
cardiolipin/0.2% (w/v) dodecyl maltose neopentyl glycol) (100xg, 5
min, 4 °C). The nickel resin was resuspended in buffer B and incubated
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with 10 mM imidazole, 20 pg factor Xa protease (NEB) and 5 mM CaCl,
with inversion at 10 °C overnight. The protein was eluted by centrifu-
gation on a spin column (100xg, 2 min, 4 °C), and the concentration
measured by spectrometry (NanoDrop Technologies) at 280 nm (PpMC1
extinction coefficient; 46,870 M~! em™, protein mass; 31.85 kDa).
Imidazole and NaCl were removed using a PD-10 desalting column ac-
cording to the manufacturer’s instructions (GE Healthcare) at 4 °C.
Protein was aliquoted, snap-frozen, and stored in liquid nitrogen.

2.6. Thermostability analysis

Protein thermostability was determined as previously described [40]
using the CPM thiol-specific fluorescent probe (N-[4-(7-dieth-
ylamino-4-methyl-3-coumarinyl)phenyl] maleimide) [41] and
Rotor-Gene-Q (Qiagen), using a modified protocol [42,43]. PpMC1 has 2
cysteines: C10 and C209. The CPM stocks (5 mg mL~! in DMSO) were
diluted to 0.1 mg mL™! and equilibrated with purification buffer B for
10 min in the dark, before mixing with 12 ug purified protein and 10 mM
compound (5 mM for NAD™) to a final volume of 50 pL. When required,
inhibitors were added to a final concentration of 10 pM. The mixture was
equilibrated for a further 10 min in the dark at 4 °C. The fluorescent
intensity was measured at 460 nm (excitation) and 510 nm (emission)
from 25 °C to 90 °C with a ramp of 1 °C every 15 s. Data analysis and
determination of the apparent melting temperature (Tm) of the protein
were carried out with the software provided with the instrument. ATm
was calculated by subtracting the apparent melting temperature of
protein without compound from the apparent melting temperature in
the presence of compound: a positive ATm suggests the compound binds
protein.

2.7. Protein reconstitution into liposomes

A mix containing E. coli polar lipid extract, egg r-a-phosphatidyl-
choline and tetraoleoyl cardiolipin (all from Avanti Polar Lipids) in a
15:5:1 (w/w) ratio was dried under a stream of nitrogen. The lipids were
rehydrated in 20 mM HEPES pH 7.0 and 50 mM NaCl. The detergent
pentaethylene glycol monodecyl ether (CioEs) was added to a final
concentration of 2.5% (v/v) and the lipids were solubilised by vortexing
and incubated on ice: the equivalent of 30 pg protein was added per
sample. The pentaethylene glycol monodecyl was removed by SM-2 bio-
beads (Bio-Rad): five additions of bio-beads were made to the master
mix every 20 min with inversion at 4 °C: four of 30 mg, and the final of
240 mg per sample. The samples were incubated overnight at 4 °C with
rolling. Bio-beads were removed by passage through empty micro-bio
spin columns (Bio-Rad). Compound, to a final concentration of 5 mM,
was internalized by freeze-thaw-extrusion [39]. When required, in-
hibitors were added to a final concentration of 10 pM. The sample was
subjected to three cycles of freeze-thawing in liquid nitrogen for 2 min,
followed by thawing in a room temperature water bath for 10 min. The
proteoliposomes were subsequently extruded by 21 passages through a
0.4-pm filter (Millipore) [39]. The external substrate was removed and
exchanged into buffer (20 mM HEPES, pH 7.0 and 50 mM NacCl) using a
PD10 desalting column (GE Healthcare).

2.8. Transport assays

Transport assays were performed using the Hamilton MicroLab Star
robot (Hamilton Robotics Ltd). The proteoliposomes (100 pL) were
loaded into the wells of a MultiScreenHTS + HA 96-well filter plate
(pore size 0.45-pm, Millipore). Uptake of radiolabel was initiated by the
addition of 100 pL buffer containing 5 pM [33P]-ATP (Hartmann Ana-
lytic). Uptake was stopped after 0, 10, 20, 30, 45, 60, 150, 300, 450 and
600 s by filtration and washing thrice with 200 pL ice-cold buffer (20
mM HEPES, pH 7.0, 50 mM NacCl). For Km analysis, 1 mM ATP was
internalized by freeze-thaw-extrusion. Eight concentrations of *3p1-
ATP were prepared, and uptake of radiolabel was initiated by the
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addition of 100 pL buffer containing: 0.5 pM (5 GBq mmol™1), 1 uM (5
GBq mmol 1), 2.5 pM (5 GBq mmol 1), 5 puM (5 GBq mmol 1), 10 pM (1
GBq mmol ™), 25 pM (1 GBq mmol 1), 50 uM (1 GBq mmol ) and 100
pM (1 GBq mmol ). Uptake was stopped after 0, 10, 20, 30, 40, 50, 60,
90, and 150 s by filtration and washing. The plates were dried overnight,
200 pL MicroScint-20 (PerkinElmer) was added, and levels of radioac-
tivity were determined using a TopCount scintillation counter (Perki-
nElmer). The initial rates were determined from the linear part of the
uptake curve (60 s).

2.9. SDS-PAGE analysis and protein quantification

Protein was visualised by SDS-PAGE analysis using 4-12% bis-tris
mPAGE gels (Merck) according to the manufacturer’s instructions and
stained using InstantBlue (Abcam). The reconstitution efficiency was
determined by comparing the amount of protein incorporated into
proteoliposomes with a standard curve of known amounts of purified

protein.

3. Results
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3.1. Mitochondrial carriers of Paratrimastix pyriformis

We built a phylogenetic tree containing the four known P. pyriformis
carriers and human and yeast SLC25 proteins to provide a basis for
substrate specificity prediction (Fig. S1). The analysis showed that
P. pyriformis mitochondrial carriers 2-4 clustered with human NAD,
folate/FAD, and outer membrane carriers, respectively. P. pyriformis
mitochondrial carrier 1 (PpMC1, UniProt accession code: BOF463)
grouped in the clan of thiamine pyrophosphate (TPP), AAC, APC, and
coenzyme A (CoA) carriers. As none of the enzymes present in the MRO
of P. pyriformis require TPP or CoA [30] (Fig. 1), it is unlikely that
PpMC1 transports these cofactors. Hence, we considered PpMC1 as the
most likely candidate for an adenine nucleotide carrier.
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Hs.APC1 452 MKVLPAVGISYVVYENMKQTLGVTQK 477
AtAPC1 455 FKV I PSASISYLVYEAMKKNLALD 478
Po.MC1 241MKAVPQTAIQFALLESMTAMWIRFNRARAAARKVQPGLEPHK 282

Fig. 2. Alignment of PpMC1 with selected AAC and APC carriers.

Repeats 1, 2 and 3 that contain odd-numbered transmembrane a-helix (H1, H3, H5), matrix o-helix (h12, h34, h56), and even-numbered transmembrane a-helix (H2,
H4, H6) are coloured blue, yellow and red, respectively. Cardiolipin binding sites [YWF][RK]G, matrix salt-bridge network [PS]x[DE]xx[KR], glutamine braces [Q],
cytosolic salt-bridge network [YF][DE]xx[KR] are highlighted. The contact points of substrate binding sites are shown in black circles. Red triangles indicate the
positively charged amino acids interacting with phosphate groups of ADP/ATP and orange triangles are highlighting residues interacting with adenine ring of
transported substrates. The peculiar features of PpMC1 are highlighted by asterisk symbol. Amino acids are coloured according to their properties: acidic D, E are
blue; basic K, R, H are red; polar C, N, Q, S, T are magenta; aliphatic P, G, A, I, L, M, V are yellow; aromatic F, Y, W are orange. Cp, Cryptosporidium parvum; Tb,
Trypanosoma brucei; Hs, Homo sapiens; Sc, Saccharomyces cerevisiae; Tt, Thermothelomyces thermophila; At, Arabidopsis thaliana; Pp, Paratrimastix pyriformis.
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3.2. Sequence analysis of the putative adenine nucleotide carrier of
Paratrimastix pyriformis

To reveal whether PpPMC1 possesses features of adenine nucleotide
carriers, we compared its sequence with experimentally confirmed AAC
proteins [6,13,17,44,45] and the carrier domain of APC [22,24,46] from
different organisms. The key features common to all members of the
SLC25 protein family, namely cardiolipin binding sites [9,12], matrix
[9,11,12] and cytosolic salt bridge networks [10,12,13,15,47], gluta-
mine [12] and tyrosine braces [15], and proline kinks [9,12] are
conserved in PpMC1 (Fig. 2, Fig. 3a). The three contact points (I-III)
located in the centre of the cavity are the main interaction sites [47,48].
The residues of contact point II distinguish between the classes of
transported substrates: the typical residue for nucleotide transporters at
contact point II is a G residue, followed by an aliphatic residue [[VLM].
Contact point I discriminates within substrates of the same class, and
contact point III usually exhibits a positively charged amino acid [47,
49]. PpMC1 has the same residues in all three contact points as AAC and
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APC (positively charged residues in I and III and a glycine residue in II).
The only noticeable difference is a glutamine residue, next to glycine in
contact point I, instead of the typical aliphatic residue [IVLM] (Fig. 2).

AAC and APC share similar substrate binding sites [14,21,47] that
involve other residues in addition to the three contact points [12,14,15,
47,48]. Five positively charged amino acids at positions K30, R88
(contact point I), R197, R246, R287 in Thermothelomyces thermophila
AAC (TtAac) have been demonstrated to be crucial for carrier function
and proposed to interact with negatively charged phosphate groups of
the substrate [12,48], four of which are conserved in PpMC1 (K19, K71,
R207, K242) (Fig. 2, red triangles). The exception is the third positively
charged residue, which is aspartic acid (D156) in PpMC1. Other
important residues thought to be relevant for interaction with the
adenine moiety are N85, N96, L135, V138, G192 (contact point II), and
Y196 in TtAac [48]. PpMC1 exhibits mostly similar amino acids in the
three key positions (V107, G151, Y155) (Fig. 2, orange triangles). In case
of the APC, two negatively charged residues (E264/D361 in human
APC1, E318/D424 in yeast Sallp) were proposed to be binding sites for
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Fig. 3. PpMCI has all of the key features of a functional ADP/ATP, but lacks residues involved in CATR and BKA binding. a) Structural models of PpMC1, in the
matrix-open state (left), based on TtAac (Protein Data Bank entry; 6GCI), and cytoplasmic-open state (right), predicted from AlphaFold. The residues of the cyto-
plasmic network (orange), tyrosine-brace (red), hydrophobic plug (yellow), pro-kink (grey), matrix network (cyan), contact points (green) and glutamine-brace
(blue) are indicated. Residues and interactions involved in b) BKA (TtAac, 6GCI) and ¢) CATR (BtAAC, 10KC) binding are shown in light grey with interactions

as light grey dashed lines; equivalent residues in PpMC1 are shown in colour.
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Mg2+ [14,21,47]. These residues are not conserved in AAC [14,21,47],
and are also absent in PpMC1. A comparison of the sequence of PpMC1
with AAC and APC indicates that this carrier may transport adenine
nucleotides, although exhibiting some divergent features (Fig. 2, high-
lighted with an asterisk).

To reveal whether the amino acids responsible for the interaction
with CATR and BKA are conserved, we compared a model of PpMC1
with the structure of TtAac in complex with BKA [15] (Fig. 3b), and with
the ADP/ATP carrier of Bos taurus (BtAAC) in complex with CATR [9]
(Fig. 3c). Most amino acids involved in the interaction with CATR or
BKA are not conserved in PpMC1, hence rendering their binding to the
carrier unlikely.

3.3. Screening of potential PpPMC1 substrates by thermostability shift
assay

To screen potential substrates of PpMC1, we first expressed the
protein in Saccharomyces cerevisiae [38] and purified it in the detergent
dodecyl maltose neopentyl glycol (Fig. 4a). A protein of about 60 kDa
co-purified with PpMC1 (32 kDa), confirmed by mass spectrometry to be
the yeast chaperone Hsp60, a common contaminant observed in carrier
purifications. Next, we used thermostability analysis to evaluate its
protein stability. As the protein unfolds in a temperature ramp, previ-
ously inaccessible cysteines become available to react with the
thiol-specific probe CPM, leading to an increase in fluorescence [41,42].
This assay produces an apparent melting temperature (Tm), which
represents the temperature at which approximately half the protein
population is unfolded in a homogeneous sample. PpMC1 indeed pro-
duced an unfolding curve, confirming that the protein is folded (Fig. 4b).
The apparent melting temperature for PpMC1 (Tm = 50.7 + 0.3 °C) is
similar to the Tm of other mitochondrial ADP/ATP carrier proteins
(human AAC1, apparent Tm = 47.0 + 1 °C [39]; T. thermophila Aac,
apparent Tm = 50.2 £+ 0.6 °C [13,48]; S. cerevisiae Aac2, apparent Tm =
44.7 + 0.3 °C [42]).

It has been previously shown that both inhibitors [39,42,50] and
substrates [40,48] of transport proteins can specifically stabilise pro-
teins in thermal denaturation assays, thus providing a simple and
high-throughput tool for screening libraries of potential binders. We
constructed a library of 15 compounds, which included nucleotides,
inorganic ions, and the canonical AAC inhibitors CATR and BKA and
screened it against detergent-solubilised, purified protein. To quantify
the effect of a compound, a temperature shift (ATm) was calculated,
which is the difference in apparent melting temperature in the presence
and absence of compound. A positive ATm suggests that the protein is
stabilised by the compound because of binding, generating substrate
candidate. Among the tested compounds only ATP (ATm = 8.7 +
0.1 °C), ADP (ATm = 12.2 + 0.8 °C), CATR (ATm = 4.3 £ 0.2 °C) and
TTP (ATm = 3.4 £ 0.1 °C), stabilised the protein by more than 3 °C
(Fig. 4c).

3.4. Substrate specificity and kinetics of PpMC1

To test whether a particular compound is transported, we loaded
proteoliposomes with 5 mM substrate by freeze-thaw-extrusion [39] and
initialized exchange by the addition of 5 pM radiolabeled [**P]-ATP on
the outside. Only when the internalized compound is a transportable
substrate of the carrier will uptake of radiolabel occur. Uptake was
observed for ATP (19.1 + 2.8 nmol [>*P]-ATP mg™! min~!), ADP (18.6
+ 1.2 nmol [33P]—ATP rng’1 min’l), and, to a lesser extent, AMP (8.3 +
3.9 nmol [33P]-ATP mg’1 min~ 1) (Fig. 4d and e). GTP, TTP, and phos-
phate were not transported by PpMC1 (Fig. 4e). As expected, neither
CATR nor BKA inhibited uptake of [3%p]-ATP (Fig. 4e), given the lack of
conservation in their binding sites (Fig. 3b and c). We also determined
the apparent Ky, of the transport, which is the concentration of substrate
at half maximal rate (Fig. 4f and g). The K, of PpMC1 was 38 uM (95%
confidence interval = 28-53 pM), an order of magnitude higher than the
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Ky, observed of the human AAC1 (3.2 pM) [39], but comparable to the
K of human APC1 (31 pM) [21].

3.5. Phylogenetic analysis of PpMC1 protein

To elucidate the relationship of PpMC1 with AAC and APC, we built a
dataset of 141 sequences: 82 AAC, 44 APC with and without calmodulin-
like regulatory domain [18,25], 13 sequences of SLC25 proteins from
metamonads (including the carrier of T. gallinae [26]) and the previously
described distinct ADP/ATP carriers from E. histolytica [27] and
A. locustae [7]. As expected, AAC and APC orthologues formed separate
groups and none of the transporters from parasitic protists previously
described as distinct ADP/ATP carriers clustered with them (Fig. 5,
Fig. 52), but formed two groupings closer to APC in the unrooted tree.
The long branch of PpMC1 indicates that the sequence of this protein is
divergent even within its clan. The phylogenetic position of the carriers
from previously described parasitic protists, as well as PpMCl1, revealed
that these carriers are distinct from canonical AAC and APC, thus may
represent a distinct class (es) of adenine nucleotide carriers.

4. Discussion

In this study, we have functionally and phylogenetically charac-
terised one of the four carriers from the modified mitochondrion of the
free-living protist P. pyriformis. Phylogenetic analysis and sequence
comparison of PpMC1 with AAC and APC indicated its potential role in
nucleotide transport. Of the 15 compounds tested in thermostability
shift analyses, only ATP and ADP caused a noticeable shift of apparent
melting temperature indicating that they bound to PpMC1 (Fig. 4b and
c). Interestingly, the addition of CATR also resulted in an increase in
protein stability of 4.3 & 0.2 °C, but the stabilisation is much smaller
than observed for mitochondrial ADP/ATP carriers (HSAAC1, ATm =
33.0°C [39]; TtAac, ATm = 33.0 °C [13]; ScAac2, ATm = 27.5 °C [42]).
BKA, the other canonical inhibitor of archetypal AAC, did not lead to a
significant stabilisation to the protein (ATm = 0.4 + 0.1 °C). The results
of the thermostability shift assay are consistent with altered inhibitor
binding sites revealed by the sequence alignment of PpMC1 with AAC
and APC proteins (Fig. 2) as well as the comparison of the PpMC1 model
with structure of BtAAC and TtAac (Fig. 3b and c).

The transport assay with proteoliposomes demonstrated that PpMC1
exhibits similar biochemical properties to the previously described
ADP/ATP carriers of E. histolytica [27,28], A. locustae [7] and T. gallinae
[26]. The substrate specificity of PpMC1 is limited to ATP, ADP, and, to a
lesser extent AMP, as observed for the SLC25 protein of A. locustae. The
substrate specificity of E. histolytica carrier was shown to be broader
(ATP, ADP, AMP, PAPS), while the T. gallinae hydrogenosomal protein
31 (TgHMP31) transported only ATP and ADP. The K, of PpMC1 (38
pM) was comparable to the Ky, of the mitosomal carrier of A. locustae
(31.2 pM) [7] and 3.5-fold lower than the Ky, of the T. gallinae carrier
(134.2 pM) [26]. In comparison to HSAAC1 (Km = 3.2 pM), PpMC1 has a
10-fold lower affinity to ATP and instead resembles the affinity of the
APC to ATP [22,23]. Furthermore, PpMC1, as with the three previously
characterised parasitic protist carriers, is insensitive to the canonical
AAC inhibitors. Finally, it was proposed that the carrier present in
E. histolytica mitosomes, in a similar fashion to APC, mediated electro-
neutral exchange of substrates that did not depend on membrane po-
tential, since the transport assay was not affected by valinomycin [22,
27]. Despite the number of commonalities with APC, none of these
carriers are capable of phosphate transport (Fig. 4c and e), lack the
conserved negatively charged residues considered to interact with Mg?*,
and do not possess the additional calmodulin-like regulatory domain
typical of APC.

The three previously characterised carriers of parasitic protists were
described as distinct ADP/ATP carriers based not only on biochemical
properties, but also their phylogenetic origin. None of them clustered
amongst AAC carriers in the phylogenetic tree, and the A. locustae carrier
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Fig. 4. Expression, purification, and biophysical characterization of PpMC1. a) Instant-blue stained SDS-PAGE gel of purified PpMC1. The contaminant (at
approximately 60 kDa) is Hsp60 (identified by mass spectrometry). b) Typical unfolding curves of 12 pg PpMC1 without compound (black trace), PpMC1+10 mM
ATP (red trace), PpMC1+10 mM ADP (blue trace) and PpMC1+10 mM AMP (maroon trace). The peak in the derivative of the unfolding curve (dF/dT) is the apparent
melting temperature (Tm). ¢) Thermostability screening of PpPMC1 against 10 mM compound (5 mM for NAD*, 10 uM for CATR and BKA). The temperature shift
(ATm) is the apparent melting temperature in the presence of compound minus the apparent melting temperature in the absence of compound. The data are
represented by the mean and standard deviation of at least three biological repeats. d) [>*P]-ATP uptake curves of PpMC1 reconstituted into proteoliposomes loaded
without substrate (black circles), 5 mM ATP (red trace), 5 mM ADP (blue trace) or 5 mM AMP (maroon trace). Transport was initiated by the external addition of 5
pM [*3P]-ATP. e) Proteoliposomes were loaded with 5 mM substrate by freeze-thaw-extrusion. Where indicated, inhibitors were added to a final concentration of 10
pM. Initial transport rates were calculated from the linear part of the uptake curve (60 s). The data represent the mean and standard deviation of three biological
repeats, each the average of two technical repeats. Student’s t-tests assuming unequal variances were performed for the significance analysis (0.05<p-value: not
significant; 0.01<p-value<0.05: *; 0.001 <p-value<0.01: **; 0.0001 <p-value<0.001: ***; p-value<0.0001: ****). f) Proteoliposomes containing PpMC1 were loaded
with 1 mM ATP, and transport initiated by the addition of externally added [**P]-ATP at either 0.5 (black circles), 1.0 (black squares), 2.5 (black up triangles), 5.0
(black down triangles), 10 (open circles), 25 (open squares), 50 (open up triangles) or 100 (open down triangles) pM. The initial rate was calculated over the linear
part of the uptake curve (60 s) by linear regression. The data represent the average and standard deviation of three technical repeats. g) Kinetics of [3P]-ATP uptake.
The apparent Km was determined using the Michaelis-Menten function in Prism (GraphPad). The data represent the mean and standard deviation of three tech-
nical repeats.
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The maximum likelihood tree was generated by IQ-TREE with the LG+F+R7 model suggested by ModelFinder. Tree support was calculated using ultrafast bootstrap

analysis. The support values are shown only for main branches.

was placed within the group of NAD and FAD/folate transporters [7,26,
27]. To corroborate the position of these distinct ADP/ATP carriers
using a richer dataset available today, we built a tree with APC and AAC
proteins from different groups of eukaryotes. As in the recent study by
Catalan et al. (2021) [18], orthologs of these two types of carriers
formed separate groups, suggesting their independent origin (Fig. 4,
Fig. S2). ADP/ATP carriers are more widespread, present in most eu-
karyotes with a few exceptions [18,19,51,52] and are clearly distinct
from APC. PpMC1, TgHMP31 and the putative adenine nucleotide car-
riers from other metamonads, as well as the carriers from E. histolytica
and A. locustae, cluster neither within the AAC or the APC groups, but
formed two branches in the vicinity of APC. Given the functional and
structural differences from APC, it is likely these carriers represent a
distinct class or classes of adenine nucleotide carriers from both AAC
and APC.

The lower affinity to ATP of PpMC1, TgHMP31 and the carrier of
A. locustae than HsAAC1 may indicate that the production and export of
ATP is not the primary role of MROs present in these organisms. In
aerobic mitochondria, AAC mediate the extremely high ADP and ATP
transport rates required for oxidative phosphorylation, which in humans
is estimated to be equivalent to our own body weight every day [53]. On
the other hand, ATP is not produced in mitosomes, and therefore it needs
to be imported into the organelle to supply its metabolism and to power
import of proteins [2]. The MRO of P. pyriformis requires ATP to activate
lipoic acid (cofactor of the H protein of the glycine cleavage system) and
for polyglutamylation of folate species to maintain its pool in the
organelle (Fig. 1) [30]. At the same time, the MRO is capable of

producing ATP in the reaction resulting in formate production [30].
Therefore, the PpMC1 characterised in this study is likely used to bal-
ance the adenine nucleotide pool of the organelle and the cell.
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