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ARTICLE INFO ABSTRACT

Keywords: In addition to its uptake across the Ca%* uniporter, intracellular calcium signals can stimulate mitochondrial
Mitochondria metabolism activating metabolite exchangers of the inner mitochondrial membrane belonging to the mito-
Mim,c}mndrial carrier chondrial carrier family (SLC25). One of these Ca%*-regulated mitochondrial carriers (CaMCs) are the reversible
gii)?uut?;n ATP-Mg?* /Pi transporters, or SCaMCs, required for maintaining optimal adenine nucleotide (AdN) levels in the
Protozoan mitochondrial matrix representing an alternative transporter to the ADP/ATP translocases (AAC). This CaMC has

a distinctive Calmodulin-like (CaM-like) domain fused to the carrier domain that makes its transport activity
strictly dependent on cytosolic Ca®* signals. Here we investigate about its origin analysing its distribution and
features in unicellular eukaryotes. Unexpectedly, we find two types of ATP-Mg?*/Pi carriers, the canonical ones
and shortened variants lacking the CaM-like domain. Phylogenetic analysis shows that both SCaMC variants have
a common origin, unrelated to AACs, suggesting in turn that recurrent losses of the regulatory module have
occurred in the different phyla. They are excluding variants that show a more limited distribution and less
conservation than AACs. Interestingly, these truncated variants of SCaMC are found almost exclusively in
parasitic protists, such as apicomplexans, kinetoplastides or animal-patogenic oomycetes, and in green algae,
suggesting that its lost could be related to certain life-styles. In addition, we find an intricate structural diversity
in these variants that may be associated with their pathogenicity. The consequences on SCaMC functions of these
new SCaMC-b variants are discussed.

ATP transport

1. Introduction by three tandem repeats of 100 amino acids, each containing two

transmembrane a-helices connected by a short matrix a-helix, with the

The role of Ca®" in mitochondrial energy metabolism has been
attributed to a single mechanism: Ca" entry in mitochondria through
the Cat uniporter complex (MCUC) and activation of mitochondrial
dehydrogenases and F1Fy-ATPsynthase [1,2]. However, the identifica-
tion of a kind of mitochondrial transporters belonging to the SLC25
family with Ca?"-binding domains facing the intermembrane space
[3-6] pointed to an alternative pathway for Ca®" signaling to mito-
chondria, not requiring Ca?" entry in the matrix. Ca®"-dependent
mitochondrial carriers (CaMCs) have a bipartite structure with a
carboxyl domain common to other SLC25 members as the ADP/ATP
translocases (AACs) or uncoupling proteins. These transporters are made

N- and C-ends exposed to the cytosol (reviewed in [7]). In addition, a
highly conserved signature motif, Px[DE]xx[KR], is found in the odd-
numbered o-helices in these transporters [7]. In CaMCs, the trans-
porter domain is fused to a regulatory N-terminal extension of about 180
residues containing Ca?*-binding domains [6,8]. The CaMCs fall on two
types, the aspartate/glutamate and ATP-Mg?"/Pi carriers [3-6,9,10],
which also show relevant differences in their regulatory N-terminal
domains [8,11-13].

The ATP-Mg2+/Pi carriers, or SCaMCs (“Small CaMC”), are the most
extended subfamily of mitochondrial transporters with five paralogs in
mammals depicting one of largest MC groups together with AACs [6,8].
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This profusion reflects its relevance and increases the repertoire of AdNs
transporters found in metazoans and plants organelles [14-17]. They
perform the exchange of ATP—Mg?* or ADP by Pi in an electro-neutral
and reversible way, and, thereby, this carrier controls the net levels of
adenine nucleotides (AdNs) in the matrix [18,19]. By modulating the
AdNs content, it was proposed that this carrier could affect different
mitochondrial functions such as respiration, the activity of ATP-
dependent enzymes in the matrix [18,20-22] or even mitochondrial
Ca?* buffering capacity by the formation of Ca%*-Pi (CaP) precipitates
[23,24] given that this process requires AdNs [25]. Its activity, there-
fore, provides a higher Ca?' retention capacity and consequently a
reduced sensitivity to mitochondrial permeability transition pore
opening and cell death [24]. In addition, as ADP/ATP translocases,
SCaMCs import glycolytic ATP that can be used for essential intra-
mitochondrial pathways in situations when OXPHOS reactions are
non-functional [26].

SCaMCs have a Calmodulin-like (CaM-like) N-extension containing
four EF-hands in a characteristic disposition [5]. Its activity is strictly
Ca?*-dependent at cytosolic micromolar concentration
[9,19,20,24,26-28]. The structure of its regulatory Ca2+-binding
domain has recently been resolved [11,13] providing relevant structural
insights on the mechanism by which the transport of AdNs by the carrier
is activated by Ca®" [11,13]. Thus, under conditions of low Ca®", the
transport domain is blocked by its interaction with one a-helix domain
that connects it with the N-regulatory domain, when Ca?* increases this
a-helix binds to the N-domain and opens the access to substrate [29].
Therefore, this CaM-like extension works as an autoinhibitory domain
for the transport, which could possibly be regulated not by substrate
availability but by Ca®" binding and, therefore, be coupled with cellular
Ca?" signaling.

It has been proposed that SCaMCs emerged from the fusion of a CaM-
like domain fused to an ancestral MC domain related to the AACs
[11,29]. To date, excepting the SCaMC-3L/SLC25A41 paralogs in
mammals [30], all characterized SCaMCs have identical N-extensions
suggesting a common origin [5,31]. In order to gain insights about its
origin now we have performed a comprehensive analysis in distantly
related unicellular eukaryotes where SCaMCs remained uncharac-
terized. We have compiled SCaMC relatives in protozoans and estab-
lished their phylogenetic relationships. We find a higher structural
complexity than expected, despite of their common origin, with the
existence of truncated variants lacking the regulatory CaM-like domain
in parasitic protozoans and green algae. Since this CaM-like domain is
essential for the autoinhibitory mechanism of the carrier, we discuss the
significance of its absence in relation with the functions proposed for the
ATP-Mg?*/Pi carriers.

2. Results and discussion
2.1. Distribution of ATP-Mg?*/Pi carrier orthologs in protozoans

We examined protein databases to compile SCaMC-related proteins
across distantly related unicellular eukaryotes as described in the
methods section. Our scrutiny has confirmed the existence of SCaMC
relatives in some species belonging to the major protist groups such as
Amorphea, Excavata, Archaeplastida and the TSAR (Telonemia, Stra-
menopila, Alveolata, and Rhizaria) supergroups [32], being also detected
in parasitic organisms having highly reduced anaerobic mitochondria,
called as mitochondria-related organelles (MROs) [37], such as Crypto-
sporidium or Blastocystis. In Table S1 are listed the most relevant species
where we detected the presence of SCaMC orthologues. However, we
found an unequal distribution of canonical SCaMCs, containing Ca®*-
binding domains at the N-terminus, and an intricate structural diversity,
highlighting the existence of shortened isoforms, thereafter named as
SCaMC-b, lacking this regulatory CaM-like domain (Fig. 1A, B).

In addition to their broad distribution in Opisthokonta, previously
described [31] and no longer considered here, we have identified bona-
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fide SCaMC orthologs in numerous dictyostelids, the so-called cellular
slime molds belonging to Amoebozoa phylum, and in a low number of
protozoans included in three of the other four eukaryotic supergroups
(Fig. 1B, Table S1). We detected SCaMC counterparts across distant
eukaryotes as the apusozoan Thecamonas trahens, the discobans Anda-
lucia godoyi and Naegleria gruberi also in the haptophyte alga Emiliania
huxleyi or in different species belonging to SAR clade as the soil-borne
obligate parasite Plasmodiophora brassicae, the parasitic ciliate Ich-
thyophthirius multifiliis or the non-parasitic photosynthetic alga Vitrella
brassicaformis. However, all show a similar N-terminal extension of
160-180 residues containing the distinctive regulatory domain
described in mammalian SCaMCs ([5,11,31,13]. This regulatory CaM-
like module contain four EF-hands in a similar arrangement than CaM
but, as distinguishable characteristic, in SCaMCs it has lost six amino
acids of the flexible linker that connects the EF-1/EF-2 and EF-3/EF-4
pairs and produces a rigid structure ([5,8,11]; Yan et al., 2015)
(Fig. 1C). In SCaMC, EF pairs are positioned in proximity establishing
extensive hydrogen bonds and nonpolar interactions, which provides
structural constraints involved in the regulation of the transport by the
carrier domain (for additional information see Yan et al., 2015;
[11,29]). This compact EF-2/EF-3 configuration is exclusive of SCaMCs.
We failed to detect it in other known CaM-like proteins. However, this
shorter link connecting EF-2 and EF-3 is found in all orthologs identified
in protozoans, and, therefore, it may be considered as a featured
signature for the CaM-like regulatory module of the SCaMCs (Fig. 1C). In
addition, it also suggests the existence of a common mechanism of
regulation by calcium among SCaMCs. As earlier described for SCaMCs
in metazoans [31], the sequences of the EF-1 and EF-4 hands show a
lower degree of conservation among SCaMC orthologs of protozoans
(Fig. 1C), suggesting that these EF-hands may play a minor regulatory
role. Indeed, spliced isoforms lacking EF-1 hand or containing a dis-
rupted EF-4 hand have also been described in vertebrates [5,8,9].
Therefore, the presence of this highly specific “SCaMC signature” in
homologues from distant evolutionary groups suggests the existence of a
common origin for SCaMCs.

Next, we examined the presence of the classical AACs in these spe-
cies. It has been shown in yeast that Sallp, the ATP-Mg?*/Pi carrier
orthologue, becomes essential in mutant cells lacking the classical ADP/
ATP translocases [26,38,39]. Therefore, we were interested in deter-
mining if SCaMCs co-exist or not with AACs in protozoans. As expected
by their pivotal role in mitochondrial bioenergetics, we found a broader
distribution for AAC orthologs in protozoans (Fig. 1B and Table S1).
Moreover, only in one of the species devoid of AACs, the anaerobic
parasite Blastocystis hominis, we have detected the presence of a SCaMC-
b homologue (see below, Table S1). In other parasitic protozoans that
lack typical AACs, such as the amoebozoan Entamoeba histolytica or the
excavate Trichomonas vaginalis, we did not find SCaMC orthologs. In fact,
in these species other putative AdNs transporters, different from AAC or
SCaMC, have been identified [40-42]. Nevertheless, some of them, as
those identified in the MRO of T. vaginalis (Hmp-31, TVAG 051820,
TVAG 196220 and TVAG 262210) [41,43,44], show a significant ho-
mology with SCaMC proteins, specially TVAG 196220, and with the
plastidic AdN uniporter BT1 (Brittlel transporter, [16,45]).

Phylogenetic analysis indicates, as expected, that SCaMC and AAC
orthologues form unrelated entities confirming their independent
evolutionary origin (Fig. 2). Furthermore, AAC orthologs display shorter
branch lengths compared to SCaMCs, which form a more divergent
group with long branches (Fig. 2), demonstrating a higher degree of
conservation than for SCaMCs, as was observed between the corre-
sponding human orthologues [31].

2.2. A new variant devoid of the regulatory Ca®"-binding domain is found
in protozoan parasites

Next, we analysed the distribution of the shortened SCaMC-b vari-
ants to determine whether they may represent an ancestral precursor or
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Fig. 1. Characteristics and distribution of ATP-Mg?*/Pi carriers, SCaMCs, in eukaryotes. A) Scheme of the three structural domains composing SCaMCs; an N-
terminal Calmodulin-like calcium-binding domain, a carrier domain homologous to MCs both connected by a short regulatory a-helix («aH9) [11]. Truncated SCaMC-
b variants found in protozoans lack of regulatory N-domain. B) Distribution of SCaMC, SCaMC-b and AAC carriers in eukaryotes. The schematic tree was drawn as a
consensus of recent phylogenomic analyses ([32,33], and references therein), the positions that remain unresolved are indicated by dashed lines. Silhouettes were
taken from Wikipedia and www.phylopic.org. C) Alignment of the N-terminal regulatory domains of selected SCaMC and CaM orthologues. Only the region covering
the EF-hands has been aligned. Sequences are aligned using MUSCLE and formatted for display in Jalview. The positions of each calcium binding EF-hand indicating
their flanking a-helices (rectangles) and the calcium binding loop (line) identified by PSIPRED [34] are showed. Specie abbreviations used are; Mmu, Mus musculus;
Sar, Sphaeroforma arctica JP610; Tth, Thecamonas trahens; Aca, Acanthamoeba castellanii; Asu, Acytostelium subglobosum; Hal, Heterostelium album PN500; Cfa, Cav-
enderia fasciculate; Ddi, Dictyostelium discoideum; Ppa; Polysphondylium violaceum; Tla, Tieghemostelium lacteum; Ngr, Naegleria gruberi; Ehu, Emiliania huxleyi; Pbr,
Plasmodiophora brassicae; Vbr, Vitrella brassicaformis; Imu, Ichthyophthirius multifiliis. Species were coloured according to phylogeny showed in Fig. 2. Sequence IDs of

SCaMC homologues are provided in Additional Table S1.

whether the loss of this Ca?*-binding domain represents a subsequent
event. We detected SCaMC-b variants in green algae and in various
parasitic protists belonging to different supergoups of eukaryotes in
which archetypal SCaMCs were also identified in some of their species
(Figs. 1B, 2, Table S1). Nevertheless, we never observed the presence of
both variants together. Phylogenetic analysis indicates that both
SCaMC-b and SCaMCs variants are clustered together in each phyla
excluding that SCaMC-b may represent an ancestral form of the ATP-
Mg%*/Pi carriers (Fig. 2). SCaMC-b sequences show high similarity to
each other, around 60-65% at the carrier domain confirming that they
are certainly N-truncated SCaMC variants (Fig. 3), but they show short
extensions at the N-temini ranging from 30 to 150 amino acids that do
not present any homology each other or with those showed by typical
SCaMCs (see Fig. 3).

Putative SCaMC-b homologues are detected in some species of the
Alveolata and Stramenopila clades englobed in the TSAR supergroup
(Fig. 1B and Table S1). Among alveolates, there are SCaMC-b variants in
some species of parasitic apicomplexans belonging, among others, to the

genera Cryptosporidium, Plasmodium or Toxoplasma. They are found in
the gastric Cryptosporidium, C. muris and its closely related C. andersoni,
but are not in the intestinal C. parvum, C. hominis and C. ubiquitum. It
should be noted that comparative analyses between Cryptosporidium spp.
genomes have revealed an asymmetric reduction in the mitosome
genome and consequently in their metabolic pathways among Crypto-
sporidium spp. [46,47]. As a result, C. muris and C. andersoni can use both
the TCA cycle and glycolysis for energy metabolism and have a near
conventional oxidative phosphorylation system whereas C. parvum and
C. hominis, with a major reduction in gene content, lack the TCA cycle
and possess a reduced electron transport system [47]. Interestingly,
AACs homologues detected in gastric and intestinal cryptosporidians
also show significant differences. Thus, despite its high homology, C
parvum AAC has shown broader substrate specificity in transport assays
than eukaryotic AACs, a strictly ADP/ATP exchanger, which has been
associated to a specific cysteine residue in the putative translocation
pathway [48]. However, in AACs of gastric Cryptosporidium spp. a serine
residue, as in standard AACs, is found at the same position (not shown).
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Fig. 2. Phylogenetic analysis of AACs and SCaMCs in protozoans. The tree was generated using PhyML and drawing using TreeDyn in the Phylogeny.fr platform with
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AAC/SCaMC/SCaMC-b sequences are color-coded according to the Eukaryote Tree of Life (eToL, [32]) supergroups as indicated. Sequence IDs are provided

in Table S1.
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If these differences between cryptosporidian AACs could be related to
the absence of additional AdNs transporters is currently unknown.
SCaMC-b relatives are also observed in numerous Plasmodium spp., as
well as in Toxoplasma gondii and other related apicomplexans. However,
these SCaMC-b homologues show remarkable differences from those of
Cryptosporidium spp. (see below).

In Stramenopiles, SCaMC-b orthologs are found in oomycetes and, as
indicated, in the atypical stramenopile Blastocystis hominis. This human
parasite has MROs but still shows cristae, membrane potential and
organellar genome [49]. In addition, although Blastocystis shows a
reduced number of MCs [49,50], a SCaMC-b counterpart, which could
be involved in the exchange of AdNs with the cytosol, is retained. Also, a
putative ADP/ATP carrier was previously identified in the MRO of
Blastocystis (GSBLH_T00004392001; [501), however, this protein shows
a higher homology with the orthologs of SLC25A43, an orphan member
of the MCF related with the AdNs transporters. Blastocystis SCaMC-b is
the shorter variant, it has only 315 amino acids as it shows a very short
N-extension (see Fig. 3).

In the fungi-like oomycetes, SCaMC-b homologues of around
350-370 amino acids are detected in species from genera Achlya,
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Aphanomyces and Saprolegnia, all with an animal-pathogenic lifestyle,
whereas are totally undetectable in other oomycetes as Pythium, Phy-
tophthora or Albugo spp. that are plant pathogens. Interestingly, in
oomycetes the expansion of genes encoding proteins involved in trans-
port has been associated with pathogenicity [78]. Indeed, a gene
encoding SLC25A43-related carrier was found amplified in Aphanomyces
euteiches (Ae_97AL5378; [51]), and we also detected an increased
number of gene copies for this carrier in Achlya hypogyna, Saprolegnia
parasitica and Aphanomyces spp., [51]. Therefore, these observations
indicate that these AdNs transporters may participate in the pathoge-
nicity of oomycetes and Blastocystis.

A third group of protozoan parasites showing this shortened trans-
porter is made by flagellated trypanosomatides that belong to the
Kinetoplastea class of Excavates (Figs. 1B, 2). SCaMC-b orthologues are
detected in Strigomonas culicis, Angomonas deanei and in numerous
Leishmania and Trypanosome spp. Interestingly, SCaMC-b counterparts in
trypanosomatides show insertions of amino acid stretches, of variable
lengths, at similar positions. These insertions mostly elongate the loops
connecting the transmembrane segments (TM) facing to cytosol, TM2/
TM3 and TM4/TM5, and occasionally the matrix-exposed loop

T.Cruzi ==-veeeeeneenna- MQTREVQQNENF SANAGVNTEEENVLSSE - - - -RPCEQH - = = = = === == s c v mmmmmne s BV IKRDSYTT - imioim o im = = miovmmrsinss & o o = miamimimisis LAT 48

A deanei - -------- MGKELPSSSSGTDKRSETSSSSSSSHSKDRSPPSG- - - -EPTDPHPNEAKTNTAELD I EEADGKNPLHATRDWY ST - - - - - - - oo e mm oo oo mm e e o o - FAT 75

C.muris MSPCDANVAFGNEIPLSVISNTDNIQSLSTKS!| IAYNAGSQ-------- QFQLERL I KSYYKVTLDLID- - - - - - BERLRRY I GNAA -« « = = = cmim oo s m o 2 s AlH 76

P.relictum NK= -« « ==« oennn- EDANIMRNAISNENYCS | YETNEQKKKMN - - - - YKNECN I NNKK - = = = = = = - oo e e e n ILKEFDIFIDKTNA -« ccuemmnaamnanannnn INS 84

S. parasitica - - MMTTRLQMVAATTPDPLSLDNASRFAHRPRSP I PRSMTAPSP - - - - HKADPETSTAPSLASHHEGRS - - - - - - LHASPAWWAEHVTAVRELVTIKPPQLTIE------- EKS 95

T.clavata MSMLPFEFEM- - - - - VAAVSLEKTSRCASRRMSSKYVEESSRPS - - - -SPESP - - - -LRRYVTQGENQ- - - - - - - LQASEVWWLEHVNKVRS - - - - - HVDLTIE------- QKS 82

A hypogyna MTAT - - - - - - - -- - ATSYSMEDPAPSTGHVAPLAGSGTDQTLT - - - -ADATVQWPSVRRYVTTGESRP - - - - - - LQAADAWWAEHVATLRELT - AHRP -LSIE------- QKS 84

A.astaci MK« - -« «ooennnnn LTQDHDATPSVDMSGDSAAAVVDDSSTDT - - - -PTIHTSTYSTRHYTA- - - - - - - - oo - - VQASSSWNQLSMLQETLFP-SFTSKLDVQ- - - - - - - QKs 77

A. stellatus MKVLSQDDHAVDDLSSTHVPSTHNGSVAVTDSPST | AATSSSSTASSYSPTQHAVNLARQYTTDQ- - - - - - -~ - - VQASSPWSQLLFLRDVL - - -PFSVELDVQ- - - - - - - QKS 94

H. fermentalgiana MDRNKDGR | VPEELKRSLLDLQLKASDGQI DKIVRRMSRVD - - - - - - - - TSDVRFGEFRKFLLLLPGNS - - - - - - LRHVFDSWAKDSSVDVGLGEDF GVPDEVEGGKPAY -LVN 99

B. hominis MG- - - - - - - - - - - -~ LQEENNNRKENSVDVHSPVVSF - - - - - - - - - - 35

M. Jus-1 LDKNNDGKITEPSE) VQSLQMLGLHI SEKQAEL I LQS I(DSDG 197
EF-3

T. cruzi v EEHLVTGPYQR-ISI FKSARLKDVFNL G FIIV SLRRYLLSLYEDG VEEEERRELEF I ST 156

A. deanei | 1 VBEGHL VQGSHGKSLKSRKHGRLVDVVK I [IVIKD! G IVESLRRYMSSLYDDC VEREQQRYNAALRR 184

C. muris VVMBI AKRNL = = = = =« = =« == = = HMD F APEILGLKEY | YEYYKSLLKYTRMKYLDKEKNLRKPGYSLN 177

P. relictum LI'sSAFAGI | SR FABL DRVKY | MBI TNNL - - - - - - - - - - - - - - KKD! F 1 1PELS I KMYSYEFMKLNVYNY - - - - - YNKTNSCVSYEENI 224

S. parasitica GNAHGHMCQE - - - - - - AS F TRESAVKEWAFSF | SSHFPNH- - - - - DQNRPLN- - ----- 189

T. clavata GNAHGHMCQE - - - - - - ’AS F TPESAVKEWAF SF | SSHFPHH - - - - - DQNRPLN- - - - - - - 176

A. hypogyna NAHGHMCQE - - - - - - AS F TPEs DQNRPLN- - - - - - - 178

A. astaci GHAHGGICQE - - - - - - AS F TREs FSFFSTHFPNH- - - - -EHGEPLC- - - - - - - 171

A. stellatus HAHGGVCQE - - - - - - AS F TREs FSFLSTHL--H-----DSDEPLT------- 186

H. fermentalgiana LMMTGNVSGR- - - - - = - - = - - - KE Y 11 PEs & Sflereiere EDPDNIR------- 187

B. hominis LMICSHGEHAL ----------- SES LFRET “«N----- IDTEHAD - - - - - - - 124

M. musculus-1 MM@V - - -HGSKSM- - - - - - - - - | ABET T e EEGQKLG- - - - - - - 285

H1 h1-2 H2

T.cruzi GCSPLDSEL - - i runes IIREVVMATYRNGEI AEF IRBLTENMY LEveMYsTAQaQl MMYRMRNYGMSRHNA 289
A deanei RIQEDKTSLDIRNLLINCTI WE | VKEGYRRGE@|I L DF MKBF T PNLV LEMGLYSSFQQS | MLYRMQI QGKTKKEA 353

C.muris SDLTLKHSVSNNYMYER! | ABG I'FNGALQTFNTCEBLRAFEREA I PAIV | BIACFEFKSLH- - - - - SKYKHE - VE
P.relictum N1P« -« - .- 11 KEF YNI YKNERCRNF CNMS | YDYLKENYF QT HNNNYKNDTLKS' 360
S.parasitica - -« -«----c--- IAHCLSS 1 vakDBvAGL DLALFFTMKEAY I - - - -NKYDHA - - - P| 282
T.clavata - ---v-ueune-n- iAHHLHs 1 VQRDE I AGL DLALFFTLKEAYV - - - -NKYEHA- - - P 269
A hypogyna - - ----------- N - BIAHCLSS1VaKD DLALFFTLKEAYM- - - -NKFEVA- - -P 271
Aastaci - ---------n-- K-SLWHC 1SS | AAKD DLALFFTLKESYT - - - - TKFEAP - - - P| 262
Astellatus - - ----cene-n- N-BLWHCISSILSTD DLALFFTFKEAFT- - - -RHFDVA- - - P| 277
H. fermentalgiana = - - - = == =« - - - - R - GIF HCL NRTVRYE | DLMVEMEEKESWI - - - - RAHPHEVDGP! 283
B. hominis - - - =« -« ----- R - @VWDVVNQT VRRE ELMVYSYLTDHFT - - - -RSNQHK- - - - 216
M. musculus-1 - -« - =« «-«--- s - @IlY GEAKK I LKHE IDLAVYELLKSYWL - - - - DNFAKDSVNB| 381

H3 h3-4 H4
T.cruzi ALSSMETAVYV - I_er 1--FIEMIRGK L ScmrviFELvakLBveDD- - - - - - - 385
A. deanei - - - 1 VKMVKSK | PAISAVTFMMFEKTQSLBILGDE - - - - - - - 449
C.muris - -SLLELsFGA I BSTL 68! MSWBl1 AL | RERMBVDE - MNGK -PRIY - - - - - TSIFGS- -LRHVIRTE L1 RAVERI STSWUYESTKNYBTTKVAINPIKL 385
P. relictum NVNCLSF LNNEIASNMLNNERKKI ks@sF1LYNIKKY 1 SITWFSYEFSMRKEQNN- - - - - - - - 502
S. parasitica - - SVGHV -MKBR - HVVY- - - - - MRDE - - LVK1I VaAH sVl SISYAVFBs VRNAN- - - -------- 372
T.clavata - - SVGHV -MKGR - HVVY - -LVKIVQSH SVPRI S1SYAVFETVKNSH- - - - - - - - .- 359
A. hypogyna - - SVGHV - -LVKIVQAH SV, ISISY‘AV‘F SVKNAR- - - - -« - oo 361
A.astaci - - SVGHV| AGR-PVIF - --LVKILQTH SVPRI S| SYAVFETVKDAN- - - - - - - - .- 352
A. stellatus - - SVGHV -MAGR-PVIF --FVKILQTH SVEA I SISYATFESVKNAR- - - - - - - .- 367
H. fermentalgiana - - GALTL - -FHKT I RDN L ATSYLVY ETRKAMS - - - ------- 375
B. hominis - - GVCSV - - 1KQl VQRR VA | SMKYMmY LLQEWF RVGDKMTST-- 315
M. musculus-1 - - GVMVL - ---FQRIVSKE LBAvciSYvVyEnvKaTBevAQK- - - - - - 475
H5 h5-6 H6

Fig. 3. Multiple sequence alignment of protozoan SCaMC-b proteins. Multiple alignment of selected SCaMC-b variants and the Mus musculus SCaMC-1 orthologue are
shown. Sequences are aligned using MUSCLE and formatted for display in Jalview. Conservation of residues is indicated colouring in accordance with percentage
identity (Jalview; darker blue is more conserved). The positions of the transmembrane a-helices (H1-H6) and matrix a-helices (h1-2, h3-4, and h5-6), identified by
PSIPRED [34] in the M. musculus SCaMC-1 orthologue, are showed. By arrows are indicated the positions where contigous amino acids stretches are removed from
cytosolic loops in Trypanosoma cruzi, Angomonas deanei and Plasmodium falciparum SCaMC-b orthologues. EF-3 and EF-4 domains in the N-terminal extension of Mus
musculus SCaMC-1 are indicated. Species were coloured according to phylogeny showed in Fig. 2. Sequence IDs of SCaMC-b homologues are provided in Addi-

tional Table S1.
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connecting TM1/TM2. Equivalent insertions are also found in the
SCaMC-b orthologs of some apicomplexam parasites as C. muris, C.
andersoni, Toxoplasma gondii, Neospora caninum, Cyclospora cayetanensis
and in different Plasmodium and Eimeria species, and in the SCaMC
isoform of the Alveolate V. brassicaformis. However, some differences
are observed between both groups. Indeed, the longer insertions are
found in the TM2/TM3 connector in trypanosomatides and in Crypto-
sporidium and V. brassicaformis, whereas in the rest of apicomplexans
they are detected in the cytosolic loop TM4/TM5 with the exception of
T. gondii where long insertions are found in both cytosolic loops.
Furthermore, mainly in apicomplexan SCaMC-b proteins, these in-
sertions contain homorepeats, repeats of a single amino acid residue,
mainly made up of glutamine (C. cayetanensis), alanine (Eimeria mitis),
serine (N. caninum) or asparagine (Plasmodium falciparum), amino acids
that are often found in homorepeats in eukaryotes [52]. These homo-
repeats are also found in other regions of SCaMC-b, mainly those near to

A

Micromonas pusilla SCaMC/BT1-L
1 | E Ostreococcus tauri SCaMC/BT1-L
Bathycoccus prasinus SCaMC/BT1-L

Monoraphidium neglectum SCaMC/BT1-L

Coccomyxa subellipsoidea SCaMC/BT1-L
0.92 — Volvox carteri SCaMC/BT1-L
q Chlamydomonas reinhardtii SCaMC/BT1-L
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the N-temini. In P. falciparum, although numerous proteins that contain
homorepeats have been identified [53], their presence was not previ-
ously observed in other MCs [54]. Interestingly, the homorepeats are
associated with intrinsically disordered regions (IDRs) [55], which are
frequently found in the proteins involved in host/parasite interactions in
P. falciparum [56]. Indeed, it has been proposed that the structural
plasticity provided by these IDRs may contribute, by different ways, to
the invasion and survival of the parasite within the host [56].

2.3. A new MC containing a CaM-like regulatory domain is detected in
green algae

Finally, a more complex situation is found in unicellular green algae,
in the Clorophyta clade, in agreement with the expansion of transporters
of adenine nucleotides and derived compounds found in cytosolic or-
ganelles in plants [14-17,45]. In this group we found two types of
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Fig. 4. SCaMC-related variants in unicellular green algae. A) Phylogenetic relationships between SCaMC-related proteins and AACs in green algae. The tree unrooted
was generated as indicated in Fig. 2. The WAG substitution model was selected assuming an estimated proportion of invariant sites (of 0.000) and 4 gamma-
distributed rate categories to account for rate heterogeneity across sites. The gamma shape parameter was estimated directly from the data (gamma = 0.903).
Taxa names are coloured according to their belonging to each AAC/SCaMC/SCaMC-b/SCaMC/BT1-L branch. The numbers indicate bootstrap values for each branch
above 80% from PhyML. 1 = 100% of 100 bootstrap replicates. The scale bar indicates the inferred number of substitutions per site. B) Scheme of the distinctive
domains present in SCaMC-b, SCaMC and SCaMC/BT1-L proteins. The canonical EF-hand domains (EF) at the regulatory N-terminal region are indicated, the low
conserved EF-domain is shadowed C) Alignment of the calcium-binding sites corresponding to the EF-2 and EF-3 hands and its connecting linker of CaM, SCaMC and
SCaMC/BT1-L proteins from the indicated species. The sequences are aligned using MUSCLE and formatted for display in Jalview. The positions and structural
features of EF-hand are indicated as in Fig. 1C. Sequence IDs of SCaMC and SCaMC/BT1-L proteins are provided in Table S1.
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SCaMC-related proteins, ones containing a CaM-like N-terminal domain
but fused to a transport domain homologous to the plastidic AAN uni-
porter BT1 (named here as SCaMC/BT1-L “Small Calcium-binding
Mitochondrial Carriers BT-1 Like™”) [16,45] and a second type lacking
the regulatory N-extensions and whose transport domain displays a
remarkable homology with that of the Arabidopsis thaliana ATP-Mg?*/Pi
carriers (Table S1) [28,57,58]. SCaMC/BT1-L would represent a novel
plastidial Ca?"-dependent AdNs transporter, or of structurally related
compounds, different to those previously described in green algae and
land plants [58]. On the other side, the shorter carriers are SCaMC-
counterparts that show a significant similarity, around 60%, with
these isoforms. Phylogenetic analysis confirms their clustering in two
differentiated sorts of transporters entirely independent from each other
and, as showed for SCaMCs, from that formed by AACs (Fig. 4A). These
novel SCaMC-related proteins are probably exclusive of green algae, as
we were unable to detect them in other members of the Chlorophyta
clade such as Embryophytes or Charophytes. Orthologues for both
“SCaMC” classes are detected in several species of chlorophytes as
Volvox carteri, Coccomyxa subellipsoidea or Chlamydomonas reinhardtii,
whereas SCaMC/BT1-L transporters are only found in the early
diverging prasinophytes as Bathycoccus prasinos or Ostreococcus tauri
(Fig. 4A, Table S1). However, SCaMC-b was only found in treboux-
iophytes, included the parasitic/pathogenic genus Helicosporidium, and
in chlorophytes (Fig. 4A).

The regulatory domain of SCaMC/BT1-L shows less homology to
CaM proteins than SCaMCs. The EF-4 hands are hardly detectable and
the EF-1 hands are also lost in the orthologs of chlorophytes. However,
in spite of its lower homology, this CaM-like domain shows remarkable
similarities with those present in SCaMCs. Thus, the length of the N-
extension and the organization of its EF-hands 1 to 3 are very similar.
Notably, the organization and the composition of the central EF-2 and
EF-3 hands are well conserved between SCaMC/BT1-L and SCaMCs,
included the featured shortening of the loop connecting the EF-2/EF-3
hands (Fig. 4B; C). Therefore, a mechanism similar to that proposed
for SCaMCs can also be involved in the regulation by Ca®* of SCaMC/
BT1-L. Furthermore, the identification of this novel SCaMC-related
transporter indicates that the regulation by cytosolic Ca®* of MCs may
be a mechanism more widespread than it is believed to date.

2.4. Evolutionary insights from SCaMC-b variants in protozoans

From this scenario in protozoans some questions arise regarding
these new SCaMC-b variants such as their origin and the functional
consequences of the regulatory module loss. Given that both paralogs,
classical and shorter SCaMC variants, coexist in most of the eukaryotic
supergroups it is tempting to propose that truncated SCaMC-b types
could have evolved independently in each lineage and, consequently,
the loss of the regulatory domain would represent an adaptive acquisi-
tion occurred recurrently associated to their specific lifestyles. Indeed,
SCaMC-b homologues from chlorophytes, apicomplexans, oomycetes or
trypanosomatides appear clustered indicating a close evolutionary
relationship inside each branch (Fig. 2). Moreover, out of Opisthokonta
phyla, and with the exception of dictyostelids, kinetoplastids and some
species of oomycetes, we detected SCaMC relatives in a reduced number
of species scattered throughout the different groups of protists, that
contrasts with the widespread presence of AACs (Fig. 1B, Table S1).
Their distribution indicates that they were probably lost several times
during the evolution of protozoans. Consequently, it is reasonable to
propose that the redundancy with other AdNs transport systems may
have endorsed its loss. This fact may also explain the less degree of
conservation observed between SCaMC orthologues (Fig. 2). Neverthe-
less, we cannot rule out that their presence in some groups may be due to
horizontal gene transfer (HGT) events, widely demonstrated as an
important mechanism by which unicellular eukaryotic organisms adapt
to new environments [33,50,59].

Interestingly, while the repertoire of MCs in parasitic protists is
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markedly reduced [37,60,61], reflecting the decrease of the metabolic
capabilities of their mitochondria, ATP—Mg2+/Pi carriers are maintained
in some of these groups as Blastocystis or some Cryptosporium. In addi-
tion, they maintain mostly the SCaMC-b variants, and, consequently,
probably it will not require the binding of Ca?* to carry out the transport
of nucleotides. This loss will be substantial for its functionality because it
could now allow the “free” import of ATP from cytosol by the mito-
chondria or MROs. This activity has been proposed for AACs operating
in reverse mode in the mitochondria of these parasites [40,60] and for
members of the family of bacterial nucleotide transports (NTT) resident
in the mitosomes of the microsporidia Encephalitozoon cuniculi [62,63].
Although transport assays for SCaMC-b proteins have not been yet car-
ried out, their high homology with metazoan homologues suggests that
they could indeed transport AdNs. Moreover, the loss of the regulatory
domain probably does not preclude its transport activity as reported for
mouse SCaMC-3L/Slc25a41, a shorter isoform lacking this domain [30],
neither for shortened recombinant versions of human SCaMCs recon-
stituted into proteoliposome [9]. Similarly, a constitutive activation is
observed in some isoforms of the calcium-dependent protein kinases
(CDPKs) after the loss of a regulatory module containing EF-hands [64].
CDPKs are cytosolic serine/threonine protein kinases found in plants
and apicomplexans that contain a regulatory CaM-like domain which
provides an activation mechanism upon Ca?*-binding similar to that
described for SCaMCs [29,65,66]. Nevertheless, its regulation may also
be subjected to additional mechanisms. Indeed, as previously observed
for CDPKs in T. gondii [67], the reexpression of a truncated version
devoid of the Ca?*-binding domain does not reverse the phenotype
caused by the absence of functional SCaMC alleles in Drosophila [27].

On the other hand, in contrast to its reduction in protozoans,
archetypal SCaMCs, are nearly the only form in opisthokonts [31],
where they are part of the invariant repertoire of MCs presents in
mitochondria [5,30,31,68]. Its prevalence, especially in multicellular
metazoans, could reflect its functional relevance in the transduction of
Ca?* signals to mitochondria as previously  proposed
[6,20-22,24,26,27,38]. It is well recognized that its activation by
cytosolic Ca®* signals stimulates the mitochondrial respiration and the
activity of matrix enzymes [18,20,22,26]. Therefore, it appeared
reasonable to think that SCaMC-b could not fulfill this function. How-
ever, the substrate transported by SCaMCs is AdNs which can also
facilitate the formation of CaPi precipitates [23,25] and, as a result,
modulate the levels of free calcium in the matrix and the mitochondrial
Ca* buffering capacity as has been reported for SCaMCs in mammals
[22,24]. Indeed, SCaMC-3/SLC25A23 deficiency decreases mitochon-
drial Ca®" uptake and reduces cytosolic Ca?* clearance after histamine
stimulation [69].

In protozoans, intracellular Ca®* signaling is essential for cell
mobility, invasion and egress of the host cell and cell differentiation
[70]. However, except for the Ca®*-sensitive pyruvate dehydrogenase
phosphatase described in some Trypanosome spp [71], the knowledge of
the roles of Ca?' in mitochondria are more limited than in mammals
because Ca®* regulated dehydrogenases are either not present or remain
uncharacterized [70,72,73]. Nevertheless, Trypanosome and Plasmodium
mitochondria are also capable of acting as effective buffers of cytosolic
Ca?* [70,73,74]. For this reason, we hypothesized that SCaMC-b could
also be involved in mitochondrial calcium homeostasis and we were
interest in knowing if its distribution coincides with that of MCUC, the
highly selective channel involved in mitochondrial Ca?*-uptake
[75,76]. To address this, we examined the presence of MCUC compo-
nents in those protozoans showing SCaMCs. Homologues of MCU, the
channel-forming protein, and MICU, the Ca®*-sensing component of the
complex [1], were compiled from a recent survey [76] and from data-
bases Although, MCU and MICU orthologs are not found in certain
protozoans and fungal lineages [73,75,76], we detected them in all
those protist species that show typical SCaMCs (Table S1). In addition,
we also found the presence of both MCUC components in unicellular
green algae, kinetoplastids and oomycetes, all of them groups containing
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the MCUCG [1] is shown. Their transport activity regulates the capacity of Ca%* buffering in mitochondria. Under the scheme are indicate the protozoan groups that
display SCaMC, SCaMC-b and the mentioned MCUC components. Taxa names are color-coded as in Fig. 2.

the SCaMC-b variants. However, as previously reported [75,76], we
failed to detect MCUC components in apicomplexans despite that in
some apicomplexan species such as P. falciparum an increase in mito-
chondrial Ca®" concentration was observed in response to signals that
cause increases in cytosolic Ca?* levels [70]. In sum, these data indicate
that, excepting apicomplexans, the distribution of MCUC components
matches well that of SCaMC paralogs, of both together, suggesting that
their activities could cooperate in the control of Ca®* homeostasis in
mitochondria (Fig. 5).

3. Conclusions

SCaMCs are an alternative system to AACs for AdNs transport across
the inner mitochondrial membrane that allow to regulate the AdNs
levels in the matrix favoring oxidative phosphorylation reactions, the
activity of ATP-dependent enzymes or the capacity of mitochondrial
Ca?" buffering. Furthermore, unlike other MCs, they have an extra
domain that permits to regulate transport activity not by the availability
of substrates but by Ca" signals, and therefore, coupling its activity to
cell physiology.

To investigate its evolutionary origin, we have examined their

orthologs in unicellular eukaryotes. We have identified archetypal
SCaMCs homologues in most eukaryotic groups, indicating that their
primitive form was already like a Ca®*-dependent transporter. However,
our analyses also reveal an unanticipated structural diversity in some
groups of parasitic protozoans, as kinetoplastides or apicomplexans, and
in green algae. These distant groups show shortened variants lacking the
regulatory domain. This reveals an adaptative capacity in SCaMCs
probably due to their distinctive modular structure. Interestingly,
although these variants could be functional alternatives to the typical
SCaMCs, this loss could have functional effects favoring a constitutive
activity of the transporter and providing benefits to the parasitic life-
style. Therefore, its appearance could be related with the pathoge-
nicity of these groups, suggested by the recurrent losses of the regulatory
CaM-like domain in different groups of parasitic protozoans. In accor-
dance with its involvement in pathogenicity, some of them show fea-
tures common to proteins involved in pathogenicity as the presence of
homorepeats. This study in protozoans completes the characterization of
the SCaMCs, the ATP-Mg?*/Pi transporters, one of the Ca?-dependent
mitochondrial carriers, proving its relevance and discovering new var-
iants. The specificity of these SCaMC-b variants makes them potential
targets to for the development of new strategies against these pathogenic
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protozoans.

4. Methods
4.1. Sequence retrieval and analysis

To identify SCaMC related proteins in unicellular eukaryotes we
perform a homology- and domain-based sequence analysis using char-
acterized SCaMC and AAC proteins as query [5,20,26,38]. Searches in
protein databases were performed using the BLASTP and BLAT algo-
rithms. We used NCBI (http://blast.ncbi.nlm.nih.gov), Ensembl (www.
ensembl.org) and EnsemblProtists (https://protists.ensembl.org). For
all BLAST searches low-complexity regions in the query sequence
(default parameter) were filtered out to minimize the number of false
positives. Sequences derived from the most closely related phylogenetic
species were used as query in each search. Protein homology was
determined using the BLASTP algorithm.

Secondary structure prediction was performed using PSI-blast based
secondary structure Prediction (PSIPRED) (http://bioinf.cs.ucl.ac.uk/ps
ipred/) [34]. The presence of homorepeats was analysed by using the
dAPE program [77].

4.2. Phylogenetic analysis

Multiple sequence alignment was performed using CLustalW or
MUSCLE server of EBI (https://www.ebi.ac.uk/Tools/msa/) [78] and
visualized using Jalview (www.jalview.org). The phylogeny analysis
was done by using the webtool Phylogeny.fr (https://www.phylogeny.
fr/) in advanced mode [35]. The phylogenetic tree was reconstructed
using the maximum likelihood method implemented in the PhyML
program (v3.1/3.0 aLRT). The WAG substitution model was selected
with an estimated proportion of invariant sites and 4 gamma-distributed
rate categories to account for rate heterogeneity across sites. The gamma
shape parameter was estimated directly from the data. Reliability for
internal branch was assessed using the bootstrapping method (100
bootstrap replicates). Graphical representation and edition of the
phylogenetic tree were performed with TreeDyn (v198.3).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamcr.2021.119038.
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