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Abstract

Mitochondrial carriers (MCs) belong to a eukaryotic protein family of transporters that in higher organisms is called
the solute carrier family 25 (SLC25). All MCs have characteristic triplicated sequence repeats forming a 3-fold sym-
metrical structure of a six-transmembrane a-helix bundle with a centrally located substrate-binding site.
Biochemical characterization has shown that MCs altogether transport a wide variety of substrates but can be di-
vided into subfamilies, each transporting a few specific substrates. We have investigated the intron positions in
the human MC genes and their orthologs of highly diversified organisms. The results demonstrate that several intron
positions are present in numerous MC sequences at the same specific points, of which some are 3-fold symmetry
related. Many of these frequent intron positions are also conserved in subfamilies or in groups of subfamilies trans-
porting similar substrates. The analyses of the frequent and conserved intron positions in MCs suggest phylogenetic
relationships not only between close but also distant homologs as well as a possible involvement of the intron posi-
tions in the evolution of the substrate specificity diversification of the MC family members.
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Introduction

Mitochondrial carriers (MCs) constitute a family of trans-
port proteins (the solute carrier SLC25 family), which are
found in the inner membrane of mitochondria with a
few exceptions in other organellar membranes (Palmieri
2004, 2013; Palmieri et al. 2011). They transport substrates
of variable size, ranging from protons, inorganic ions, and
small metabolites to nucleotides and large cofactors,
across the membrane. Most of these substrates have
been identified by the expression, purification, reconstitu-
tion into liposomes and transport assays (EPRA) approach
(Palmieri and Monné 2016). The transporter domain pro-
tein sequences of MCs have hallmark features: 3 tandem
100-residue repeats, each containing 2 transmembrane
segments connected by a signature motif sequence
(PX[DE]XX[KR]X[RK]XQX50_30[ED]GXXXX[YFW][RK]G;
PROSITE PS50920, PFAM PF00153, and IPR00193; Saraste
and Walker 1982; Palmieri 1994). The topology model
for MCs exhibits six-transmembrane segments with the
signature motifs toward the matrix side of the membrane
and the N- and C-termini localized in the intermembrane
space (Capobianco et al. 1991; Palmieri et al. 1993; Bisaccia

et al. 1994; Capobianco et al. 1995). The sequence features
of MCs are reflected in the three-dimensional (3D) struc-
tures of the ADP/ATP carrier (an MC family member),
which consists of 6 transmembrane o-helices (H1-H6) ar-
ranged in a 3-fold pseudosymmetric bundle that confines a
central pore for substrate binding and translocation
(Pebay-Peyroula et al. 2003; Ruprecht et al. 2014, 2019).
The central pore is alternatively closed by the “m-gate” to-
ward the mitochondrial matrix side of the membrane
(Pebay-Peyroula et al. 2003) or by the “c-gate” toward
the cytoplasmic (intermembrane space) side (Ruprecht
et al. 2019). The prolines of the signature motifs bend
the longitudinal axes of H1, H3, and H5, and the two fol-
lowing charged residues in the motif form a network of in-
terhelical salt bridges in the closed m-gate (Pebay-Peyroula
et al. 2003). The last glycines of the signature motifs mark
the beginning of H2, H4, and H6, each having a negatively
and a positively charged residue toward the cytoplasmic
side of the pore that interact in another salt bridge net-
work to close the c-gate (Ruprecht et al. 2019). In the
translocation pore, between the two gates, residues in
three specific positions in H2, H4, and H6 (contact points
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I, 11, and Ill, respectively) have been proposed to participate
in the substrate binding (Robinson and Kunji 2006). The
presence of G[IVLM], R[QHNT], or R[DE] in contact point
Il on H4 correlates with MCs transporting the three main
classes of substrates, that is, nucleotides, carboxylated me-
tabolites, and amino acids, respectively. Residues in the
other contact points and in their vicinity are thought to
provide the more precise substrate specificity (Robinson
and Kunji 2006; Marobbio et al. 2008; Palmieri et al.
2011; Monné et al. 2012; Montalvo-Acosta et al. 2027;
Mavridou et al. 2022). All the mentioned sequence/struc-
tural features play important roles in the conformational
changes involved in the transport mechanism of MCs. In
the transport cycle of MCs, the substrate enters through
the open c-gate into the pore with the m-gate closed
and binds the substrate-binding site, which induces closing
of the c-gate and opening of the m-gate, and exits into the
matrix (Klingenberg 1979; Indiveri et al. 1994; Palmieri and
Pierri 2010; Palmieri et al. 2011; Kunji et al. 2016; Palmieri
2027; Ruprecht and Kunji 2021). The MC is then ready
to receive a substrate from the matrix and transport it in
the opposite direction through the reversal of the con-
formational changes indicated above. Thus most MCs
are antiporters and only a few uniporters (Monné and
Palmieri 2014).

The specific sequence features of MCs have been used
to identify their genes in different genomes: 53 genes are
present in Homo sapiens, 35 in Saccharomyces cerevisiae,
and 60 in Arabidopsis thaliana (Palmieri and Pierri 2010;
Palmieri et al. 2011). All MC genes are found on nuclear eu-
karyotic chromosomes with one exception found in the
genome of a virus (Monné et al. 2007). Similarly to what
is found in the majority of the protein-encoding genes in
many eukaryotes, most MC genes have introns. Studies
of protein families other than the MC family have sug-
gested that in many distant family members the positions
of introns differ substantially, indicating that these genes
originated from duplications before the insertion of in-
trons (Rogozin et al. 2012). In contrast, the intron positions
(IPs) in orthologous sequences (of protein subfamilies)
from various species are usually highly conserved
(Rogozin et al. 2012). These observations support the hy-
pothesis that very early in eukaryogenesis massive intron
gains occurred in ancestral diversified paralogs and the
subsequent evolution of their orthologs in most lineages
of eukaryotes involved loss rather than gain of introns
(Rogozin et al. 2012; Wang et al. 2014). The analysis of
gene structure and intron distribution in protein families
may therefore be used to support phylogenetic recon-
struction, which otherwise is only based on protein se-
quence similarities (Hartung et al. 2002; Sampedro et al.
2005; Bockwoldt et al. 2019). Previously, some vertebrate
MC genes have been shown to contain conserved splice
sites and intronic sequences (Calvello et al. 2016, 2019;
Panaro et al. 2020, 2022). In this study, we have investi-
gated the IPs in the transporter domains of human MCs
and their orthologs from various species, and analyzed
the relationship between the frequent IPs and the specific
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sequence/structural features of MCs, their sequence simi-
larity, and transport function. The results suggest that the
frequent IPs are found at specific positions within the MC
structure and that an ancestral gene had a set of IPs, which
are selectively conserved in some MC subfamilies or
groups of subfamilies. These conclusions have implications
for the phylogenetic relationship between MC subfamilies
and the evolution of diversified substrate specificity.

Results

The Intron Positions in the Human MC Sequences,
Topology Model, and 3-fold Pseudosymmetrical
Structure

We focused on the IPs in the transporter domains of MCs,
excluding the N- or C-terminal extensions (localized out-
side the three tandem repeats) and therefore also the
long N-terminal regulatory domains of the few calcium-
binding members of the MC family. The IPs of the 53
human SLC25 family members were mapped onto their
protein sequences, and these sequences were aligned
against that of the bovine mitochondrial ADP/ATP carrier
(supplementary fig. S1, Supplementary Material online).
Because a 3D structure has been determined for the bo-
vine mitochondrial ADP/ATP carrier (Pebay-Peyroula
et al. 2003), the IPs were also located within the secondary
and 3D structure of MCs. Sequence alignments of MCs are
very reliable, even for distant superfamily members with
low overall sequence identity, due to the highly conserved
signature motifs, which fix the positions of the sequences
at the end of the odd-numbered transmembrane and
matrix o-helices as well as at the beginning of the
even-numbered transmembrane a-helices. Insertions or
deletions in the alignment were found almost exclusively
in the loops connecting the secondary structure elements.
The analysis of the IPs of the human SLC25 members
shows that, with the exception of SLC25A2, SLC25A51,
SLC25A52, and SLC25A53 that lack introns, the transport-
er domain sequences of human MCs have between 2
(SLC25A44) and 12 (SLC25A50) introns, of which many
are located within the transmembrane a-helices. In add-
ition, many IPs in different MCs are located in exactly
the same (aligned) positions, from here on called frequent
IPs, or in their vicinity, whereas other IPs are located dis-
tantly from any other. In figure 1A, the frequent IPs were
displayed on the membrane topology model of MCs to fa-
cilitate inspection. The most frequent IPs among human
MCs were found in the first repeat, just after the first
part of the signature motif (PX[DEJXX[KR]X[RK]XQ) at
the end of H1 (in 34% of the human MCs), and in the se-
cond repeat exactly in the second glycine of the signature
motif ([ED]JGXXXX[YFW][RK]G) at the start of H4 (in 17%
of the human MCs; fig. 1A and supplementary fig. S1,
Supplementary Material online). Moreover, many of the
frequent IPs are found in exact or similar positions in
the 3-fold repeated sequence of MCs: in the middle of
the odd- and even-numbered transmembrane a-helices
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Fic. 1. Frequent IPs in human MCs analyzed in the topology model and 3-fold repeat structure. (A) The topology model of MCs contains six
transmembrane a-helices (H1-H6), which are linked on the matrix side by loops (L12, L34, and L56), helices (h12, h34, and h56) and loops
(112,134, and 156), and on the intermembrane space side by the loops L23 and L45. Each 100-residue sequence repeat consists of two transmem-
brane a-helices and their connecting segments. The most frequent IPs of the 53 human MCs are indicated by small circles colored according to
the following frequency intervals: 5-10% (yellow); 10-15% (orange); 17% (dark red); and 34% (black). (B) The number of IPs of the three repeat
sequences of all the 53 human MCs are mapped onto their 3-fold symmetry positions in the first repeat sequence of the bovine ADP/ATP carrier
(consisting of H1-L12-h12-112-H2) (dark gray graph). The numbers of IPs are summed in a 7-residue sliding window to identify aggregated IPs
(maxima numbered 1-6) in the repeat sequence (light gray graph). (C) The frequent IPs are mapped onto the structure of the first repeat do-
main of the bovine ADP/ATP carrier, which is displayed in cartoon with H1 (dark blue), L12 (light blue), h12 (cyan), 112 (cyan green), and H2
(green). The rest of the ADP/ATP carrier molecule is displayed in white. The frequent IPs are indicated as C,-spheres with frequencies 3-6%
(orange) and >6% (red, with frequencies indicated), which are above the average positional frequency of about 2%. The frequent IPs are grouped
into six distinct locations (encircled and corresponding to the peaks 1-6 in B) within the structure of the MC repeat domain: in the beginning
and middle of the transmembrane a-helices H1/H3/H5 (1 and 2, respectively); at the end of H1/H3/H5 (3); in the matrix loops L12/L34/L56 (4);
in the matrix loops 112/135/156 (5); and toward the end of the transmembrane a-helices H2/H4/H6 (6). The frequencies of IPs in these six loca-
tions are given in percentage.

(except for H6); toward the end of H1, H3, and H5; in the The relationship between the IPs and the 3-fold sym-
beginning and end of the matrix loops (except L12); at the metry of MCs was further analyzed by alignment of the
end of the even-numbered a-helices (except H6); and at three repeats of all human MCs on the first repeat se-
the beginning of the odd-numbered a-helices (except quence of the bovine ADP/ATP carrier. Both the exact
H1; fig. 1A). The latter two exceptions could be explained 3-fold-symmetry-related IPs and close positions within a
by the presence of introns in the N- and C-terminal exten- 7-residue proximity, which in o-helices corresponds to
sions or in upstream and downstream noncoding se- about one helix turn up and one helix turn down from
quences of their genes, that is, outside the MC each position, were counted (fig. 1B) and mapped onto
transporter domain. In conclusion, these analyses show the first repeat in the bovine ADP/ATP carrier structure
that many of the frequent IPs in human MCs are found (fig. 1C). The most frequent and exact IPs in the repeat se-
in specific positions within the MC sequences that may quences of MCs (fig. 1A and B) are found in the middle of
be related to the signature motifs, a-helical structure, H1/H3/H5 (in 10% of all the human MC repeats), just after
and 3-fold symmetry of these proteins. the first part of the signature motif toward the end of H1/
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H3/H5 (15%) and in the second glycine of the signature
motif second part at the start of H2/H4/H6 (14%;
fig. 1C). Closely located IPs are aggregated in six locations
in the repeat sequence (fig. 1B), which in the structure cor-
respond to: (1) the two initial helix turns of H1/H3/H5
(22% of all human MC repeats); (2) the middle of H1/
H3/H5 (23%); (3) the end of H1/H3/H5 (26%); (4) the start
of L12/L34/L56 (20%); (5) 11/13/15 (including the second
glycine of the signature motif second part; 23%); and (6)
toward the end of H2/H4/H6 (13%; fig. 1C). In conclusion,
this analysis strengthens the hypothesis that the frequent
exact and closely aggregated IPs in human MCs are found
in specific locations in the 3D structure, which are related
to its 3-fold pseudosymmetry.

Given that many IPs were found toward the extremities
of H1-H6 (locations 1, 3, 5, and 6; fig. 1C), the IPs separat-
ing the transmembrane o-helices in MCs were re-
evaluated by regarding the integrity of the core of these
a-helices (the about 20 residues between the charged resi-
dues of the m- and c-gates, excluding the beginning and
end of the helix). Between 74% and 78% of the human
MCs have at least one intron between the core of the
odd- and even-numbered transmembrane a-helices within
each repeat, that is, in the matrix helices, loops L and | of
each repeat (see top of fig. 2). In addition, 49% and 54% of
these MCs have introns dividing the MC repeats in the
cytoplasmic loops L23 and L45, respectively, that is, in
and close to locations 1 and 6 (fig. 1C). In contrast to
the commonly found IPs in these connecting segments,
those in the core of the transmembrane a-helices H1-
H6 are less common and found in 15-40% of human
MCs. Furthermore, the average frequency of introns per
residue in the core transmembrane a-helices is lower (ran-
ging 0.007-0.019 [fig. 2] and on average 0.015 + 0.003 [SE])
than that of the longer connecting segments (ranging
0.020-0.026 [fig. 2] and on average 0.024 + 0.003) with a
significant difference (Student’s t-test, P < 0.05). These re-
sults show that introns in human MCs are less often found
in core transmembrane a-helices than in the connecting
segments.

Comparing the Intron Positions of the Human MCs
All intron-containing human MCs have at least one IP
overlapping with an IP in another carrier and they may
be classified into groups based on their superimposed IPs
(fig. 2). Not surprisingly, many close homologs have all in-
trons in identical positions and are therefore presented in
figure 2 as one MC isoform representative, such as
SLC25A4-6 (89-93% sequence identity [SI]), SLC25A7-9
(58-73% SI), SLC25A12/13 (87% SI), SLC25A14/30
(80% SI), SLC25A18/22 (66% SI), SLC25A23-25/41
(55-76% SI), SLC25A28/37 (70% SI), SLC25A33/36 (59%
SI), SLC25A34/35 (51%), and SLC25A45/47 (41%). In add-
ition, there are close homologs with only one difference
in their IPs, for example, SLC25A49 and SLC25A50 (44%
SI) as well as SLC25A39 and SLC25A40 (51% SI), whereas
SLC25A48 has half of its six introns in positions identical
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to those of SLC25A45/47 (48% and 40% S, respectively).
Incidentally, the close homologs SLC25A51-53
(SLC25A51 and SLC25A52 have 97% SI and 34% S| with
SLC25A53) lack introns and the intron-free SLC25A2
(not included in fig. 2) is clearly a pseudogene of
SLC25A15 (88% SI) due to a quite recent evolutionary
event (Fiermonte et al. 2003). In contrast, some other close
MC homologs have only one IP in common, for example,
SLC25A4-6 compared with SLC25A31 (71-73% SI) and
SLC25A12/13 compared with SLC25A18/22 (38-40% SI).
The most frequent IPs among human MCs were found
in eleven positions (named A-K, of which A, E, and | are
in nonexact but closely spaced positions) and may be
used to further group MCs containing them (fig. 2).
Especially IPs B, C, and D, which are mutually exclusive, ap-
pear to divide many of the MCs into three groups.
Moreover, many carriers seem to have a combination of
frequent IPs in a pattern common with others, for ex-
ample, D is sometimes combined with H, and C with F,
H, or I, such as in SLC25A32 (C, F, and H) and
SLC25A7-9 (C, H, and K). In conclusion, many of the fre-
quent IPs in the human carriers seem to be present and
combined in specific subsets of MCs.

The frequent exact IPs (from fig. 2) were mapped onto a
phylogenetic tree of the human MCs with displayed SI
(>30%), substrates, and contact point Il residues (fig. 3)
to compare the possible groups of MCs based on these
classifications. SI and phylogeny divide human MCs into
four main clusters with high bootstrap values: the nucleo-
tide carriers (MC-NT: SLC25A4-6, SLC25A16, SLC25A19,
SLC25A23-25/41, SLC25A31, SLC25A43, and SLC25A42);
positively charged amino acid carriers (MC-AAP:
SLC25A2/15, SLC25A20 [Indiveri et al. 1997, 1998],
SLC25A29 [Porcelli et al. 2014], SLC25A45/47, and
SLC25A48); negatively charged amino acid carriers
(MC-AAN: SLC25A12/13 and SLC25A18/22); and carb-
oxylate carriers (MC-CA: SLC25A7-9, SLC25A10,
SLC25A11, SLC25A14/30, and SLC25A34/45; fig. 3). All
the other human MCs are only associated with their iso-
forms (through high SI) and not with any of the main clus-
ters (bootstrap values well below 50). Not surprisingly,
biochemical characterization has shown that many close
homologs and isoforms of MCs transport the same or
very similar substrates, such as ADP/ATP carriers
(SLC25A4-6 and SLC25A31; Dolce et al. 2005), ATP-Mg/
phosphate carriers (SLC25A23-25 and SLC25A47;
Fiermonte et al. 2004; Traba et al. 2009), the pyrimidine nu-
cleotide carriers (SLC25A33/36; Di Noia et al. 2014), the as-
partate/glutamate carriers (SLC25A12/13; Palmieri et al.
2001), the glutamate carriers (SLC25A18/22; Fiermonte
et al. 2002), the iron-transporting mitoferrins
(SLC25A28/37; Shaw et al. 2006) and the carriers for sulfur
oxyanions, phosphate, and dicarboxylates (SLC25A14/30;
(Gorgoglione et al. 2019; fig. 3). One exception is the un-
coupling protein SLC25A7 (UCP1), which transports pro-
tons (Klingenberg and Winkler 1985; Nicholls 2006),
whereas SLC25A8 (UCP2) transports aspartate, malate,
phosphate, and sulfate (Vozza et al. 2014). Considering
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Fic. 2. IPs in the sequences of human MCs. The IPs were derived from supplementary figure S1, Supplementary Material online. The topology
model of MCs (top) is displayed with the more frequent IPs as circles shown with the same colors as in figure 1A. The frequency of human MCs
with at least one intron in the segments confined by the blue lines are given in percentages and the average intron frequency per residue in the
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the same colors as in figure 1A or with white for not-frequent IPs. The names of the MCs are colored according to their contact point Il residue
classification: green for G[IMTVA] (nucleotides), red for [KR]X (where X is any amino acid except D or E; carboxylates), and blue for R[DE] (amino acids).
The exceptions are: SLC25A17 and SLC25A19 with LL and All, respectively, in brown. MCs with all introns in identical positions are merged together into an
isoform representative and those with almost identical IPs are grouped by brackets. The MCs are put in order to emphasize how they may be grouped
according to the presence of the most frequent IPs (groups A-K), where exact IPs are encircled with solid lines and less exact positions encircled with

dashed lines.

the contact point Il residues, all human MCs are divided in
three main classes: carriers for nucleotides, amino acids,
and carboxylates, with the exception of SLC25A28/37,
SLC25A44, SLC25A46, and SLC25A49-50 (fig. 3). The nu-
cleotide carrier class, as defined by contact point Il resi-
dues, correlates well with the phylogenetic MC-NT
cluster and associated carriers SLC25A17, SLC25A32, and
SLC25A33/36; the carboxylate carrier class correlates
with the MC-CA cluster, although some carboxylate car-
riers are also found outside this cluster; and the amino
acid carrier class comprises not only the MC-AAP and
MC-AAN clusters but also MCs outside these clusters.
The mapping of the frequent IPs onto the other classifica-
tion systems shows that IP B is found mainly not only in
the MC-AAP cluster, but also in the dicarboxylate carrier
SLC25A10 (Fiermonte, Palmieri, et al. 1998) and the iron
transporters SLC25A28/37. The MCs with IP C include
most of the nucleotide carriers of the MC-NT cluster
and associated carriers (SLC25A4-6, SLC25A23-25/41,
SLC25A42 [Fiermonte et al. 2009], SLC25A19 [Rosenberg
et al. 2002; Lindhurst et al. 2006], SLC25A32, and
SLC25A17) as well as the phosphate carrier SLC25A3
(Fiermonte, Dolce, et al. 1998), the uncoupling proteins
SLC25A7-9, the outer mitochondrial membrane protein
insertases SLC25A49/50 (Guna et al. 2022) and
SLC25A46, which is also found in the outer mitochondrial
membrane and is involved in fusion (Abrams et al. 2015).

MCs with IP D belong to the MC-AAN cluster (the
asparate-glutamate carriers SLC25A12/13 and the gluta-
mate carriers SLC25A18/22) as well as some members of
the MC-CA cluster: the sulfur oxyanions/phosphate/dicar-
boxylate carriers SLC25A14/30 and the 2-oxoglutarate car-
rier SLC25A11 (Fiermonte et al. 1993). IP F is found not
only in MCs for nucleotides/adenine nucleotide cofactors,
such as SLC25A32 (FAD and/or folate; Titus and Moran
2000; Spaan et al. 2005), SLC25A17 (peroxisomal CoA,
FAD and NAD"; Agrimi et al. 2012), and the pyrimidine nu-
cleotide carriers SLC25A33/36 (Di Noia et al. 2014), but
also in SLC25A16 (unknown substrate) and the dicarbox-
ylate carrier SLC25A10 (Fiermonte, Palmieri, et al. 1998).
IP G is found in certain MCs, including the ATP-Mg/phos-
phate carriers SLC25A23-25/41, the iron transporter
SLC25A28/37 and the outermembrane insertase
SLC25A49/50, with no apparent similarity in substrates.
MCs with IP H, that is, SLC25A7-9, SLC25A11,
SLC25A12/13, SLC25A14/30, and SLC25A32, seem to com-
bine carriers that transport malate (SLC25A8, SLC25A11,
and SLC25A14/30), aspartate (SLC25A8, SLC25A12/13, and
SLC25A14) and glutamate (SLC25A12/13 and SLC25A14)
with FAD/folate (SLC25A32). The group with IP | combines
the ADP/ATP carriers SLC25A4-6 and SLC25A31 with
SLC25A26, which transports the adenosine derivatives
S-adenosylmethionine and S-adenosylhomocysteine (Agrimi
et al. 2004), and the hydrophobic branched chain amino
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Fic. 3. Phylogenetic tree of the human MCs with their sequence identities, contact point Il residue classification, main substrates, and frequent
IPs indicated. The phylogenetic tree of the 53 human MCs was constructed by using PhyML v3.1 from a multiple-sequence alignment with
ClustalO in Seaview4 and drawn in FigTree v1.4.2 (rooted to the left). Bootstrap values for 1,000 replicates are reported on the nodes that
are connected by lines indicating sequences exhibiting <30% SI (in gray) and at least 30% SI (in black). The names of the MCs are colored ac-
cording to figure 2 and SLC25A2, which has QE in contact point Il, in cyan. The names of MCs with known substrates are underlined and their
main substrates are indicated on the nodes. The four main phylogenetic clusters of MCs for nucleotides (MC-NT), positively charged amino acids
(MC-AAP), negatively charged amino acids (MC-AAN), and carboxylates (MC-CA) are indicated. The MCs that share frequent and exact IPs B, C,
D, F, G, H, 1, and K (from fig. 2) are linked together by colored lines on the right. +AA, positively charged amino acids; (d)ANT, (deoxy-)adenine
nucleotides; (d)NTPs, (deoxy-)nucleotides; (dP)CoA, (dephospho-)coenzyme A; (d)PyNTs, (deoxy-)pyrimidine nucleotides; GSH, glutathione;
PAP, adenosine 3’,5'-diphosphate; PEP, phosphoenolpyruvate; P, phosphate; SAHC, S-adenosylhomocysteine; SAM, S-adenosylmethionine;
ThMP, thiamine monophosphate; ThPP, thiamine pyrophosphate.
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acid carrier SLC25A44 (Yoneshiro et al. 2019). MCs with IP K
include the MC-CA cluster SLC25A7-9 and SLC25A10 as well
as SLC25A39/40. Among these last carriers SLC25A8 and
SLC25A10 have similar substrates, for example, malate, succin-
ate, sulfate, and phosphate, whereas SLC25A7 transports pro-
tons and SLC25A39/40 have been suggested to transport
glutathione (Wang et al. 2021). In conclusion, the frequent
IPs B, C, D, and F appear especially associated with MCs
for positively charged amino acids, nucleotides, carboxy-
lates/negatively charged amino acids, and nucleotide/aden-
ine nucleotide cofactors, respectively. Therefore, the
presence of the frequent IPs in MCs may be related to the
evolution and substrate specificity of the members of this
superfamily.

Evolutionary Conservation of Intron Positions in
Human MC Orthologs

The IPs were mapped onto selected protein sequences of
human MC orthologs in highly diversified representative
species with confidently annotated genomes to investigate
their frequency and conservation (supplementary fig. S2,
Supplementary Material online). The analysis included
MC sequences from five organism groups: (1) vertebrates
(man, bird, amphibian, and fish; H. sapiens, Gallus gallus,
Xenopus tropicalis, and Danio rerio), (2) invertebrates ex-
cept insects (nematode, mollusc, tunicata, and echinoder-
mata; Caenorhabditis elegans, Aplysia californica, Ciona
intestinalis, and Acanthaster planci), (3) insects (diptera,
hemiptera, lepidoptera, hymenoptera, polyneoptera,
and coleoptera; Drosophila melanogaster, Bemisia
tabaci, Spodoptera frugiperda, Acromyrmex echinatior,
Cryptotermes secundus, and Dendroctonus ponderosae),
(4) plants (eudicot, monocot, bryophyta, and green algae;
Ar. thaliana, Oryza sativa, Physcomitrium patens, and
Chlamydomonas reinhardtii), and (5) fungi (Sa. cerevisiae,
Schizosaccharomyces pombe, Neurospora crassa, and
Aspergillus fumigatus). Thus, the list includes six species
of insects, as they constitute the most diversified and nu-
merous animal group. Moreover, Ar. thaliana and Sa. cere-
visiae, although all MC genes in the latter lack introns, were
included because many of their MCs have been biochem-
ically characterized (Palmieri and Monné 2016), which fa-
cilitated ortholog selection within their organism groups
and the subsequent alignments. A total of 2,883 introns
were found in the 654 sequences collected. From this inves-
tigation, it can be deduced that all the 211 IPs observed in
the human MC isoform groups are conserved in the other
vertebrates with very few exceptions. Although about 89%
of the vertebrate (human) IPs are also found in at least one
ortholog in the other organism groups considered, the IPs
were much less conserved between the different species
within each organism group compared with those of the
vertebrate group. To give a simplified view of these results,
the IPs of all orthologs were mapped onto the human MC
sequences and displayed schematically (fig. 4A). About 85%
of the vertebrate IPs were found in at least one noninsect
invertebrate, 57% in insects, 9% in plants, and 3% in fungi.

Thus, not surprisingly, the vertebrate IPs are more often
conserved in other animals (the noninsect invertebrate
and insect groups) than in plants and fungi. Moreover, add-
itional IPs not found in vertebrates were identified exclu-
sively in the other organism groups: 91 in noninsect
invertebrates, 101 in insects, 140 in plants, and 51 in fungj,
whereas 30 nonvertebrate IPs were found in two organism
groups other than vertebrates. This means that about a
third of the invertebrate IPs are uniquely found in this or-
ganism group and two-thirds are in common with verte-
brates. The same figures for insects are about half unique
and half shared with vertebrates, whereas about 90% of
the introns in plant and fungi are unique and only 10%
shared with vertebrates. Taken together, these results dem-
onstrate that (1) the human IPs are absolutely conserved
among vertebrates, (2) the majority of them are found in
other animals, and (3) some of them are found in plants
and fungi.

In figure 4, the frequent IPs of the human MCs were re-
analyzed including the ortholog carriers from the organ-
isms selected above on the basis of the IP frequency. In
contrast to the analysis of the human MCs, the exact posi-
tions of introns A, E, and ] could be defined and two new
frequent IPs (G and |") were added (fig. 4A and B). In gen-
eral, most of the frequent IPs observed in human MCs had
high frequency also among their orthologs with the excep-
tion of IPs E and I. The most frequent IP is C, which was
found in 150 sequences, followed by B and J, found in 71
and 67 sequences, respectively (fig. 4B). In many cases,
the frequent IPs are conserved (i.e,, present in several or-
ganism groups) in a subset of MCs. The most conserved
IPs in a single MC subfamily are C in SLC25A32 and one
between G and G’ in SLC25A38, which are found in species
from all five organism groups. Furthermore, many of the
IPs unique for an organism group are actually found in
the same position as frequent and conserved IPs in other
MC subfamilies, for example, IP B (which is conserved in
some MCs) is found only uniquely in plant SLC25A15
and SLC25A39/40 sequences, and IP C (which is conserved
in many MCs) is found in plant SLC25A16 and SLC25A26
sequences. This phenomenon might be interpreted as the
IP present in the ancestral gene (for these subfamilies) has
been lost in some lineages of organisms. Therefore, this
analysis suggests that most of the frequent IPs found in hu-
man MCs are partially conserved among orthologs and
that the groups of MCs with specific frequent IPs may
be enlarged due to their presence in orthologs.

The IPs in MC orthologs displayed in figure 4 strengthen
the conclusions inferred from the analysis of the human
ones regarding their relationship with the structure,
phylogeny, and function of MCs. Given that the frequent
MC ortholog IPs are found in the same or similar positions
as the human IPs, they correlated well as far as their
locations in the MC topology model and their 3-fold
symmetry-related positions in the sequence repeats and
structure are concerned (fig. 1). In fact, IPs A, F, and I’
are symmetry related in the middle of H1/H3/H5; B and
G are in quite similar positions in H1 and H3; D, H, and
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Fic. 4. IPs in human MCs and their orthologs. (A) The topology model of MCs (top) is displayed with the most frequent IPs in human MCs as
circles shown with the same colors as in figure 1A. The horizontal black lines (below) represent the human MC sequences (their names with the
color coding as in fig. 2) with the IPs of the human MCs and their orthologs represented as rectangles (as derived from supplementary fig. S2,
Supplementary Material online). The IPs found exclusively in one organism group are displayed as rectangles filled white: with black frames for
vertebrates (Homo sapiens, Gallus gallus, Xenopus tropicalis, and Danio rerio), with dark blue frames for noninsect invertebrates (Caenorhabditis
elegans, Aplysia californica, Ciona intestinalis, and Acanthaster planci), with light blue frames for insects (Drosophila melanogaster, Bemisia tabaci,
Spodoptera frugiperda, Acromyrmex echinatior, Cryptotermes secundus, and Dendroctonus ponderosae), with green frames for plants (Arabidopsis
thaliana, Oryza sativa, Physcomitrium patens, and Chlamydomonas reinhardtii) and red frames for fungi (Schizosaccharomyces pombe,
Neurospora crassa, and Aspergillus fumigatus). IPs found in more than one organism group are shown as rectangles filled with colors: in two
groups (green), in three groups (light blue), in four groups (dark blue), or in all five groups (black). The most frequent and exact IPs in human
MCs and their orthologs are encircled with solid lines and indicated A-K with the addition of G’ and I". The organism group that contains
orthologs of the human sequences is indicated to the right: vertebrates (V), noninsect invertebrates (NII), insects (1), plant (P), and fungi (F);
and put in parenthesis if only one sequence was found in that organism group; the star means that it is only found in higher vertebrates.
(B) The number of introns found at specific positions in the human MCs and their orthologs are plotted and aligned to the illustration in A. The dashed
line indicates a threshold, which was chosen as four times higher (36) than the average number of introns (9) per position.

K are symmetry related at the start of H2/H4/H6 (figs. 1
and 4). In supplementary table S1, Supplementary
Material online, the MCs with frequent and conserved
IPs were compared with the phylogenetic analysis and bio-
chemical function. Furthermore, a phylogenetic tree was
constructed from the 654 orthologous MC sequences
(supplementary fig. S3, Supplementary Material online)
showing that (1) all the orthologs within each MC subfam-
ily are clustered closely together confirming the ortholog
selection; (2) all MCs within the main clusters (MC-NT,
-AAP, -AAN, and -CA), as observed in the tree for the hu-
man MCs (fig. 3), are verified with only one exception re-
presented by SLC25A34/35, which is outside the MC-CA
cluster; and (3) at variance with figure 3 bootstrap values
above 50 indicate that only SLC25A51-53 and SLC25A1
are significantly different than all the other MCs. The dif-
ferences between the two phylogenetic trees of figure 3
and supplementary figure S3, Supplementary Material on-
line may be explained partly by uneven diversification of
ortholog sequences in specific lineages due to different
evolutionary pressures and rates. Therefore, the main

8

phylogenetic clusters as inferred from the human MCs
(fig. 3) are substantially valid. Interestingly, some of the fre-
quent MC ortholog IPs are found in MCs belonging to all
or almost all four phylogenetic clusters, that is, D, H, ), and
K, of which, notably, D, H, and K are symmetry related.
Other IPs appear in a more limited number of groups of
MCGs: A is found in the MC-CA and MC-AAP clusters as
well as in SLC25A21; B in the MC-CA and MC-AAP
clusters, and in SLC25A28/37 and SLC25A39/40; C is a
hallmark for the MC-NT cluster, its associated
carriers, SLC25A7-9 and in some additional carriers
(supplementary table S1, Supplementary Material online).
In addition, there is a tendency for IPs co-variation (fig. 4):
Cis combined with the IPs E, F or G, and H or |; many MCs
with D have an H IP; | is mutually exclusive with A, B, G’
and F; C and D are almost mutually exclusive. It is note-
worthy that all frequent and conserved IPs are found in
at least one member of the MC-CA cluster. In conclusion,
the frequent IPs found in human MCs and their orthologs
show that there are relationships between their locations
and the MC structure, and that sets of them are not
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Fic. 5. Reconstructed phylogenetic tree based on the frequent and conserved IPs. The tree is based on the assumption that the total set of fre-
quent IPs was present in the MC original ancestor followed by minimized events of repeated loss of introns. The nodes indicate the MC cluster
ancestors and the ancestor for the SLCA25 subfamily orthologs (indicated with A and the specific SLCA25 number) of the nucleotide (green),
carboxylate (red), and amino acid (blue) classes based on contact point Il residues as in figure 2. Black arrows indicate loss of the frequent IPs
indicated in red. Dashed black lines indicate alternative links. Orange arrows indicate massive loss of frequent IPs (not specified). The orange
arrows originating from MC-CA ancestor could just as well have originated from the MC original ancestor.

only conserved in orthologs but also, at least partially, in
different subfamilies, of which several display similarities
in their substrates.

Reconstruction of an MC Superfamily Phylogenetic
Tree by Using the Information of the Frequent and
Conserved Intron Positions

The presence of the same frequent and conserved IPs in di-
verse sets of MCs from various clusters of the phylogenetic
tree (figs. 3 and 4) indicates that these IPs were present early
in evolution before the diversification of this family of pro-
teins. Based on this observation, which is coherent with a
scenario where the MC original ancestor contained the total
or nearly total set of frequent IPs followed by subsequent par-
tial loss of introns, a phylogenetic tree can be reconstructed
through minimization of repeated intron-loss events in the
branches (fig. 5). The common ancestors of each main MC
cluster, therefore, possess all the IPs found among its members
(supplementary table S2, Supplementary Material online).
Given that the MC-CA cluster ancestor contains all frequent
IPs, as they are all found in at least one of its members, whereas
the MC-NT, MC-AAP, and MC-AAN ancestors contain a lim-
ited set of IPs, it is not possible to discriminate between the
MC-CA ancestor and the original MC ancestor (fig. 5 and
supplementary table S2, Supplementary Material online). It
is also apparent that the IPs D and ) cannot be used to discrim-
inate among the ancestors of each main MC cluster, as they
are found in members of all four clusters (supplementary
table S2, Supplementary Material online). That said, as

illustrated in the IP-reconstructed phylogenetic tree (fig. 5),
the MC-NT ancestor branch deviated from the MC origin-
al/MC-CA ancestor due to the loss of IPs A, B, and I, and
the MC-AAN/MC-AAP ancestors due to the loss of IPs C,
F, G, and G’ (fig. 5). Subsequently, the MC-AAN ancestor di-
verged because of the loss of IPs A, B, and K from the MC-AAP
ancestor, which then lost H. Furthermore, as reported below,
the frequent and conserved IPs in the MC subfamilies, which
are found outside the main clusters, were used to link them to
one of the ancestors of the four clusters, always through min-
imum repeated intron-loss events. In particular, the subfamily
members of SLC25A3, SLC25A21, SLC25A26, and SLC25A28/
37 all contain IPs that are lacking in the MC-NT, MC-AAN, and
MC-AAP cluster ancestors and, therefore, most likely origi-
nated from the MC-CA ancestor or, just as likely, directly
from the MC original ancestor (fig. 5 and supplementary
table S2, Supplementary Material online). The ancestors of
the SLC25A17, SLC25A32, SLC25A33/36, SLC25A44,
SLC25A46, SLC25A49/50, and SLC25A51-53 subfamilies all de-
rived from the MC-NT ancestor because they contain IPs not
present in the MC-AAN or MC-AAP ancestors and would
have lost an inferior number of frequent introns than if
they would have been derived from MC-CA ancestor. Based
on the same arguments SLC25A1 and SLC25A38 subfamilies
derived from MC-AAN ancestor, and SLC25A39/40 subfamily
from the MC-AAP ancestor. In addition, the various
branches of the main cluster members developed similarly
and were drawn in figure 5 also with the help of the
bootstrap-supported branching of figure 3. For example,
SLC25A23-25/41 orthologs contain all frequent IPs of the
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MC-NT ancestor with the exception of G’, whereas all the
other MC-NT members lack IPs D, G, H, and K. Although
the repeated loss of IPs was minimized in the latter cluster,
it was unavoidable that some IPs, such as F, G, and C, were
lost in more than one event. In the same way, the MC-CA,
MC-AAN, and MC-AAP cluster members most likely diverged
as illustrated in figure 5 with some repeated IP loss events. In
conclusion, at variance with the previous phylogenetic trees
(fig. 3 and supplementary fig. S3, Supplementary Material on-
line), the analysis including the frequent and conserved IPs in-
dicates that (1) SLC25A44, SLC25A46, SLC25A49/50, and
SLC25A51-53 are related to the nucleotide and nucleotide-
associated carriers; (2) SLC25A3, SLC25A21, SLC25A26, and
SLC25A28/37 are derived from the MC-CA cluster ancestor
or the original MC ancestor; (3) SLC25A1 and SLC25A38
have come from the MC-AAN cluster ancestor; and (4)
SLC25A39/40 is related to the MC-AAP cluster.

Discussion

In this study, the positions of introns in the MC superfam-
ily genes and their relationship to protein structure, func-
tion, and evolution have been analyzed. The main findings
are that many of the frequent and conserved IPs in MCs
are found (1) at specific positions centrally and toward
the extremities of the transmembrane a-helices that are
related to the 3-fold symmetry of MC sequences and struc-
ture; and (2) in specific subfamilies or groups of subfamilies
with similar substrates or class of substrates. Based on
these observations drawn from the IPs in MC sequences
of various organisms living today, we would like to specu-
late on the gene architecture and the evolution of the MC
superfamily members.

MCs are thought to have evolved from the triplication
of a gene encoding a single 100-residue repeat; then the re-
sulting about 300-residue ancestral MC has been multi-
plied into paralogs with diversified substrate specificity,
which initiated the formation of MC subfamilies (Saraste
and Walker 1982; Kuan and Saier 1993; Palmieri 1994;
Fiermonte et al. 1999). Given that even the simple eukary-
ote Sa. cerevisiae has 35 MCs and almost all of them have
orthologs among the 53 human MCs, a large part of the
formation of the ancestral MC paralogs took place early
in evolution, presumably during eukaryogenesis, before
the fungi branch deviated from the other eukaryotes. As
demonstrated in the analysis of the IPs in human MCs
and their orthologs reported here, many frequent and con-
served IPs are found in the same positions even in distant
MC members. This observation suggests that many of the
frequent IPs were already present in an ancestral MC gene
and maybe already in the gene of the single 100-residue re-
peat. Although the positions of the intron insertions dur-
ing evolution is not totally random, as they tend to be
inserted in sequences that are already almost exact splice
sites (proto-splice sites; Fedorov et al. 2002; Rogozin et al.
2012), it is unlikely that these introns were inserted inde-
pendently and repeatedly in exactly the same correspond-
ing positions in diversified MCs. Therefore, very probably
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the frequent and conserved IPs appeared before the for-
mation of the ancestral MC paralogs and some of them
were subsequently lost in certain eukaryotic lineages. It is
noteworthy that remnant IPs, that could have taken part
in the original triplication fusion of the repeat sequence,
exist but they are less frequent and less conserved (in
L23 and L45; IPs E and 1). Taken together, our results point
toward the possibility that the ancestral MC gene con-
tained all the frequent and conserved IPs (A, B, C, D, F,
G, G, H, I',J, and K as hypothesized in fig. 5), or at least
IP D, H, J, and K, which are found in genes of virtually all
main MC clusters. This would mean that the architecture
of the original MC gene is partially conserved in the pre-
sent genes of MCs.

Early on in eukaryotic evolution the intron-containing
ancestral MC gene was repeatedly duplicated and diversi-
fied by mutations to form the various ancestral paralogs
with different substrate specificity to provide the min-
imum of transport functions necessary for the early mito-
chondrion. Given the regularity of the frequent and
conserved IPs in MCs centrally and toward the extremities
of the transmembrane a-helices, exon shuffling may also
have played a role in the diversification of the substrate-
binding sites of the ancestral MC paralogs through exon/
intron reorganization. For example, new combinations of
substrate-binding sites in the primordial MC genes could
have arisen by insertions/deletions or substitutions of
exons encoding one of the transmembrane a-helices, an
MC repeat or parts of them, which would have been facili-
tated by many of these exons having similar boundaries
and being in the same reading frame. Alternatively or in
cooperation, exon shuffling involving the IPs centrally lo-
cated in the transmembrane a-helices could have led to
changes of the residues in the substrate-binding site direct-
ly. Furthermore, the relocation of intron-exon boundaries
of these last IPs over short distances within a range of a few
nucleotides (2-3 residues) in the process called intron slid-
ing (Rogozin et al. 2012) may also have contributed to the
diversification of the substrate-binding site. During the
evolution from the ancestral MC paralogs to their ortho-
logs of the MC subfamilies in different eukaryotic species,
some of the original introns were conserved but many of
them were lost and a few new introns were also gained
in some organism groups (as may be inferred from
fig. 4). This situation is similar to what has been suggested
for other protein families where the IPs often differ be-
tween distant paralogs but are conserved in orthologs
(protein subfamilies; Fedorov et al. 2002; Rogozin et al.
2012; Wang et al. 2014). In conclusion, the regular arrange-
ment of the IPs in the partially conserved gene structure of
MC genes suggests that the repositioning of IPs and exon
shuffling might have contributed to the diversification of
the substrate specificity in MC superfamily members.

As already mentioned, some of the frequent and con-
served MC IPs, especially A, B, C, and D, appear more of-
ten in certain subfamilies or groups of subfamilies with
similar substrates or class of substrates. Thus, IP C is main-
ly found and conserved in orthologs of the MC-NT
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cluster; IPs A and/or B in the MC-CA and MC-AAP clus-
ters; and IP D in the MC-AAN and MC-CA clusters (fig. 4
and supplementary table S1, Supplementary Material on-
line). It is noteworthy that the presence of IP C is mutu-
ally exclusive with IP A and/or B in MC genes and that all
these three IPs are also found in MCs outside the four
main clusters. IP C is present in orthologs of SLC25A17,
SLC25A26, and SLC25A32, which transport nucleotide
derivatives, and IPs A and/or B in SLC25A21 (Fiermonte
et al. 2001) and SLC25A39/40 (Wang et al. 2021), which
have substrates similar to the MC-CA and MC-AAP clus-
ter members, respectively. The fact that the four frequent
and conserved IPs A, B, C, and D are found mostly in the
orthologs of MC subfamilies with similar substrates re-
flects evolutionary relationships that may help in the cur-
rent attempts to identify the substrates of MCs with
unknown transport function, especially of those that
have very low SI with any already characterized carrier
or unclear contact point Il residue classification.

The reconstructed phylogenetic tree depicted in figure
5 underlines the relevance of the four main MC clusters,
each characterized by human MCs related through signifi-
cant bootstrap values and by the frequent and conserved
IPs found in them and their orthologs. Mainly due to the
grouping of MCs with the IPs A, B, C, and D, as indicated
in the previous paragraph, the original ancestral MC
gene is suggested to have diverged into three main
branches corresponding to the MC-NT, MC-CA, and
MC-AAN/MC-AAP clusters, of which the last one sepa-
rated into the two well-differentiated MC-AAP and
MC-AAN clusters. The IP-reconstructed phylogenetic
tree also indicates that MCs outside the main clusters
may be linked to one of them through minimized events
of frequent IP loss. Not surprisingly, the branch with the
MC-NT cluster is connected to the nucleotide(-cofactor)
carriers  (orthologs of SLC25A17, SLC25A32, and
SLC25A33/36) and the extremely diverged NAD®
-transporting SLC25A51-52 (Girardi et al. 2020; Kory
et al. 2020; Luongo et al. 2020; Ziegler et al. 2021) (the
link between the last carriers SLC25A51-53 and the
MC-NT cluster is supported by the presence of the IP F
in a few species, although an event of intron gain cannot
be excluded in this case). The other MCs associated with
the MC-NT ancestor (SLC25A44, SLC25A46, and
SLC25A49/50) seem to have been derived from the
MC-NT cluster (in this case, there is no apparent function-
al similarity, which, however, does not exclude an evolu-
tionary link). It is noteworthy that SLC25A44, SLC25A46,
SLC25A49/50, and SLC25A51-53 orthologs clearly belong
to the MC superfamily in view of the presence of the fre-
quent and conserved MC IPs, although they all lack char-
acteristic features of this superfamily, such as many of the
conserved signature motif residues, and some of them also
the transport function. The subfamilies of SLC25A3,
SLC25A21, SLC25A26, and SLC25A28/37 have most likely
derived from the MC-CA cluster ancestor or the original
MC ancestor. Among these last carriers, SLC25A21 has
substrates similar to those of other MC-CA members

and SLC25A3 transports phosphate, which is also trans-
ported by many of the MC-CA cluster members, whereas
SLC25A26 and SLC25A28/37 have substrates different
from those of the MC-CA cluster, suggesting that they
may have been derived more likely from the original MC
ancestor. The associations of SLC25A1 and SLC25A38 to
the MC-AAN cluster, due to minimized events of repeated
IP loss, are weak because they contain one and no discrim-
inating frequent IP, respectively. However, SLC25A38
transports glycine (Lunetti et al. 2016) and, therefore, its
association to the MC-AAN cluster is feasible. Another
connection based on the presence of only one IP, that is,
IP B, is the association of the glutathione-transporting
SLC25A39/40 subfamily to the MC-AAP cluster, which,
however, is supported by the similarity of the substrates
they transport. In summary, the reconstruction of the
phylogenetic tree based on minimized events of frequent
and conserved IP loss seems to complement the evolution-
ary relationships established by sequence analysis rather
well, that is, most close homologs (with high Sl and boot-
strap linking them) have many IPs in common. However,
the analysis presented here also proposes evolutionary re-
lationships between distant MC paralogs (with low SI and
nonsignificant phylogenetic linkage) when frequent IPs are
shared. This conclusion is substantiated by our observation
that some IPs are more conserved than sequences, prob-
ably due to different evolutionary pressures on intron
and coding sequences.

The reasons underlying the conservation of some IPs in
the genes of specific MC subfamilies or groups of subfam-
ilies are not yet clear. It might be that the positions and
lengths of the introns are important for the positioning
of different parts of the genes, such as promoters, transcrip-
tion start sites, exons, or regulatory sequences, within the
chromosomal architecture. Moreover, the introns of the
conserved IPs may contain sequences important for gene
expression regulation of MCs involved in specific metabolic
pathways and cellular processes. Based only on the groups
of MCs with conserved IPs in common, one might specu-
late, for example, that IP B contains a DNA element for
regulating basic amino acid metabolism, IP C for mitochon-
drial oxidative phosphorylation/energy metabolism/prolif-
eration, and IP D for the malate-aspartate shuttle/
glutamate oxidation. Therefore, future studies are needed
to analyze the intron sequences at the frequent and con-
served IPs of MCs to associate them with regulatory ele-
ments, potential functions, and other genes.

Materials and Methods

NCBI Gene was used to collect the protein sequences of
the human MCs (SLC25A1-A53) based on their SLC no-
menclature. Ortholog protein sequences of the H. sapiens
MCs and/or of the biochemically characterized MCs from
Ar. thaliana and Sa. cerevisiae were searched in the NCBI
nonredundant protein sequence database of the NCBI an-
notated genomes (of the species indicated in Results sec-
tion) with BLASTP (https://blast.ncbi.nlm.nih.gov/ with
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default parameters: BLOSUM62 matrix; existence and ex-
tension gap penalties of 11 and 1, respectively). The ortho-
log protein sequences were selected based on
unambiguous reciprocal highest Sl and at least 70% se-
quence cover with the query sequence. Multiple protein
sequence alignments were done with Clustal Omega in
Seaview4 with default parameters (Gouy et al. 2010;
Sievers et al. 2011). Genome Data Viewer (in NCBI Gene)
was used to visualize the exons and introns in
“transcription-translation aligned” sequences of the gen-
omic DNA, ¢cDNA and protein of each of the human
MCs and their orthologs to detect the IPs, which were
mapped onto the protein sequence alignments manually.
The IPs in the protein sequence alignments were carefully
transferred into the schematic figures maintaining their
proportional relative positions. The phylogenetic trees
were constructed by using the protein alignments with
PhyML v3.1 (Guindon et al. 2010) in Seaview4 with boot-
strap values calculated for 1,000 or 100 replicates (and
otherwise default parameters: model: LG; amino acid equi-
librium frequencies: model-given; invariable sites: none;
across site variation: optimized; tree searching operations:
NNI; starting tree: BioN) with optimized tree topology).
The resulting phylogenetic trees were drawn in FigTree
v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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