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A B S T R A C T   

The mitochondrial oxidative phosphorylation system (OXPHOS) plays a central role in cellular energy meta
bolism by producing ATP. In this study, an in silico analysis conducted on nuclear somatically expressed 
Drosophila melanogaster OXPHOS genes, revealed shared features including widespread expression, presence of 
Nuclear Respiratory Gene (NRG) elements, and coordinated developmental-dependent expression, with two 
distinct peaks of expression during late embryonic and pupal stages. In contrast, OXPHOS paralog genes showed 
a unique pupal peak and were primarily expressed in adult testes. Furthermore, we conducted an extensive 
characterization of D. melanogaster mitochondrial phosphate carrier (Mpcp), a key player of OXPHOS. In 
Drosophila two genes, CG9090 and CG4994, encode putative Mpcp known as Mpcp1 and Mpcp2. Intriguingly, the 
expression patterns of Mpcps during development exhibited significant differences from each other and from 
those of other OXPHOS genes. This suggests that both isoforms contribute to ATP synthesis and are essential for 
the full organism development, with CG9090 also showing a connection with lifespan and aging processes. 
Functional complementation assays, swelling experiments carried out in the yeast mir1Δ strain and an extensive 
kinetic characterization of recombinant mature Mpcp2 confirmed that both isoforms transport phosphate. 
However, Mpcp1 displays a three folds lower activity compared to Mpcp2. Collectively, these findings suggest 
that mMpcp1 and mMpcp2 operate similarly to mammalian PiC-A and PiC-B, respectively. This provides a basis 
for exploring functional differences in mammals and gaining new insights into the mechanisms underlying 
OXPHOS-related diseases associated to deficiencies in human PiC transporters.   

1. Introduction 

The mitochondrial oxidative phosphorylation system (OXPHOS) is 
the main mechanism by which cells synthetize ATP, an important source 
of energy for many biological processes. The OXPHOS includes five 
multi-enzymatic complexes (complexes I–IV and complex V, also known 
as ATP synthase) and two mobile electron carriers (Coenzyme Q and 
cytochrome c (Cytc)) [1]. Furthermore, two proteins belonging to the 
mitochondrial carrier family [2], namely the phosphate carrier (PiC) 
and the adenine nucleotide transporter (ANT), should be regarded as 
integral components of the OXPHOS. This is because they transport 
phosphate and ADP into the matrix, enabling the correct functioning of 

complex V. In brief, PiC catalyzes the import of inorganic phosphate into 
mitochondria [3], while ANT catalyzes the exchange of cytoplasmic 
ADP for intramitochondrial ATP [4]. 

The deficiency of any component of the OXPHOS is responsible of a 
diverse and extensive group of human pathologies also known as 
OXPHOS diseases [5]. These disorders consist of a diverse and extensive 
group of pathologies, resulting from inborn errors of metabolism. This 
usually exhibit a broad spectrum of symptoms, varying severity, age of 
onset, and progression, ultimately leading to significant morbidity and 
premature mortality [5,6]. These pathologies are due to alterations in 
the ATP synthesis, resulting in an increased generation of reactive ox
ygen species (ROS), changes in mitochondrial membrane potential and 
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calcium homeostasis, as well as alteration of different cellular pathways 
involving mitochondria, which could also promote cancer development 
and progression [7–9]. Furthermore, the deficiencies of PiC or ANT lead 
to a defective oxidative phosphorylation [10–12]. 

It is evident that mitochondria are the primary targets for treating 
these diseases and a comprehensive understanding of the physiological 
processes involving these proteins would significantly enhance the 
advancement of drug development. [13,14]. In this context, substantial 
aid might stem from utilizing model organisms. Drosophila melanogaster 
should be considered a valuable one due to the presence of orthologs for 
approximately 75 % of human disease-associated genes [15]. This pe
culiarity makes it a frequently utilized organism to study human disease 
[16–18]. 

In human, the majority of the OXPHOS subunits are encoded by the 
nuclear genome (nDNA), whereas merely 13 proteins are encoded by the 
mitochondrial DNA (mtDNA), some of which constitute the core com
ponents of the mitochondrial respiratory chain complexes. Furthermore, 
nuclear OXPHOS genes and those involved in mitochondrial biogenesis 
and function are highly conserved from flies to humans and, in 
Drosophila can be easily identified by the presence of a DNA regulatory 
motif known as Nuclear Respiratory Gene (NRG) consisting of a palin
dromic 10-bp RTTAYRTAAY motifs [2,19,20]. Taken together, these 
features support the validity of D. melanogaster as a model for mito
chondrial disorders and more specifically for the deficiencies of 
OXPHOS genes [18,21–24]. As mentioned above, the mitochondrial 
phosphate carrier (PiC) is a critical component of OXPHOS [25]. In 
mammals, two mutually exclusive isoforms, PiC-A and PiC-B, are 
encoded by the SLC25A3 gene through the alternative splicing of exons 
3A and 3B, which in turn encode the N-termini of the mature proteins 
[26,27]. PiC-A is abundantly expressed in heart, skeletal muscle, and 
pancreas, while PiC-B is ubiquitously expressed and more active than 
isoform A [3,28,29]. The occurrence of SLC25A3 deficiency is quite rare 
in humans. So far, six out of seven homozygous mutations have been 
found to affect the PiC-A isoform [25,30,31]. Patients with these mu
tations typically display cardiomyopathy accompanied by skeletal 
myopathy and elevated blood lactate levels [25,31]. Furthermore, two 
heterozygous mutations, in both exon 4 and exon 6. have been identi
fied. These mutations, by constraining the required conformational 
changes for the regular transport function, affect both PiC isoforms 
function [30]. 

Two mitochondrial phosphate carrier isoforms have been also 
identified in Saccharomyces cerevisiae. The primary PiC isoform in yeast 
is Mir1p, which is encoded by the MIR1 gene (YJR077c). Mir1p plays a 
crucial role in oxidative phosphorylation, as its deletion (mir1Δ) makes 
the yeast strain unable to grow on non-fermentable glycerol [32]. In 
addition to Mir1p, a second isoform of the phosphate carrier called 
Pic2p is present in yeast, encoded by the YER053c. The role and local
ization of this protein is still a matter of debate. On one hand, Hamel and 
colleagues found this protein to be localized into mitochondria and 
upregulated at high temperature, suggesting a functional role in specific 
stress conditions [33]. On the other hand, Takabatake and colleagues 
reported a vacuolar localization for this protein suggesting that, during 
evolution, PiC2p may have lost its function and/or mitochondrial tar
geting, hence retaining only Mir1p as the sole phosphate transporter in 
yeast mitochondria [34]. 

In D. melanogaster, two genes, CG9090 and CG4994, have been 
identified as encoding putative mitochondrial phosphate carriers, 
named Mpcp1 and Mpcp2, respectively [35]. Unlike other characterized 
mitochondrial carriers in Drosophila, where, in the presence of multiple 
isoforms only one is expressed in somatic tissues while the expression of 
other isoforms is confined to testis, [2,36–39], both Mpcp1 and Mpcp2 
are somatically expressed [35]. 

The existence of two distinct genes encoding mitochondrial phos
phate carriers in D. melanogaster can indeed be a valuable starting point 
for exploring the specific functional differences between the two 
mammalian isoforms. By studying the expression patterns, functional 

characteristics, and regulatory mechanisms of the Drosophila isoforms 
(Mpcp1 and Mpcp2), we could potentially gain new insights into the 
distinct properties and functions of each isoform. This knowledge can 
subsequently be utilized to elucidate the initiation and mechanisms of 
OXPHOS diseases caused by deficiencies in the PiC carriers in humans 
[25]. The Drosophila offers a valuable resource for enhancing our un
derstanding of isoform-specific deficiencies in human OXPHOS diseases 
and could contribute to the development of potential therapeutic 
strategies. 

In this work, the developmental-dependent expression of all 
OXPHOS genes in Drosophila has been investigated through an in silico 
study. The findings unveiled that the OXPHOS genes in Drosophila 
exhibit coordinated expression patterns during development, charac
terized by two peaks of expression at the late embryonic and pupal 
stages. Remarkably, the study has emphasized that both Drosophila 
phosphate carriers are classified as OXPHOS genes and hold pivotal roles 
in the organism’s survival across distinct developmental stages. Notably, 
their developmental-dependent expression diverges both from each 
other and from that of other OXPHOS genes. Studies carried out in 
S. cerevisiae demonstrated that both Drosophila isoforms, as the 
mammalian PiC, carry an N-terminal pre-sequence which is removed 
during their import in the yeast mitochondrial membrane. Functional 
complementation assays and swelling experiments conducted in 
S. cerevisiae mir1Δ strain confirmed the phosphate transport abilities of 
both isoforms. The phosphate transport activity of both isoforms was 
further confirmed by reconstituting the recombinant proteins into li
posomes where an extensive kinetic characterization of mature Mpcp2 
was carried out. Based on our results, it can be concluded that both 
Drosophila Mpcps isoforms operate as mitochondrial phosphate trans
porters and are involved in the oxidative phosphorylation. Crucially, 
their functions might differ throughout distinct developmental stages, 
indicating a stage-specific contribution to the maintenance of energy 
production. 

2. Material and methods 

2.1. Plasmids construction of full-length Mpcps and mature Mpcps in 
E. coli and in S. cerevisiae vectors 

Total RNA was extracted from Oregon R adult flies using the RNeasy 
Mini Kit (Quiagen) and reverse transcribed as previously described [40]. 
The cDNA corresponding to the mature coding sequences of Mpcps 
(mMpcps) were amplified by PCR from reversed-transcribed total RNA, 
cloned into the modified expression vector pET-21b/V5-His, and 
expressed in E. coli as previously described [41]. Forward and reverse 
primers were synthesized with additional NdeI and HindIII sites, 
respectively. In the case of swelling experiments, the mature forms of 
Mpcps (mMpcp1, and mMpcp2), and Mir1p were cloned into the yeast 
expression vector pYES2, which had been previously modified by 
cloning a target sequence coding for a V5 epitope followed by six his
tidines (pYES2/V5-His), into XhoI-XbaI sites under the control of the 
inducible GAL1 promoter (pYES2-GAL1/V5-His). For yeast functional 
complementation studies, the cDNAs encoding for the full-length and 
mature Mpcps and Mir1p were cloned into the pYES2-TDH3/V5-His 
yeast expression vector which permits the expression of proteins 
under the control of the constitutive TDH3 promoter instead of that of 
the inducible GAL1 [42]. For all yeast constructs, forward and reverse 
primers were synthesized with additional HindIII and XhoI sites, 
respectively. All plasmids were sequence-verified. The oligonucleotide 
primers used to generate plasmids are listed in Supplementary Table S1. 

2.2. Expression in E. coli, reconstitution into liposomes and transport 
assays 

mMpcp2 protein was overexpressed in the cytosol of E. coli BL21- 
CodonPlus(DE3)-RIL strain (Stratagene) as inclusion bodies [3]. The 
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inclusion bodies were purified on a sucrose density gradient and washed 
at 4 ◦C with TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 6.5). The 
recombinant mMpcp2 protein was solubilized by sarkosyl (N-dodeca
noyl-N-methylglycine sodium salt) and reconstituted into liposomes in 
the presence of substrates as previously described [43,44].The recon
stitution mixture contained solubilized proteins about 0.8/1.5 μg, 1.4 % 
Triton X-114, 1.4 % egg yolk phospholipids (Fluka) as sonicated lipo
somes, 20 mM substrate, 20 mM PIPES pH 6.5, and water to a final 
volume of 700 μl. The reconstitution mixture was mixed and recycled 13 
times through a hydrophobic column of Amberlite beads (Fluka) [38]. 
External substrate was removed on Sephadex G-75. Transport activity 
was determined as homologous phosphate/phosphate exchange [38]. 
Transport at 25 ◦C was started by adding [33P] phosphate (PerkinElmer) 
to proteoliposomes and terminated by the addition of 80 mM pyridoxal- 
5′-phosphate (PLP). In controls, the inhibitor was added at the beginning 
together with the radioactive substrate, according to the “inhibitor-stop” 
method [3]. All transport measurements were carried out at the same 
internal and external pH values (pH 6.5). Finally, the external substrate 
was removed on Sephadex G-75 columns, and the radioactivity into the 
liposomes was measured [45]. The experimental values were corrected 
by subtracting control values. The initial transport rate was calculated 
from the labeled substrate entered into proteoliposomes after 2 min (in 
the initial linear range of substrate uptake). The ability of the recon
stituted mMpcp2 to transport other substrates was also checked. 

2.3. Yeast strains, growth conditions and functional complementation of 
mir1Δ yeast strain 

BY4742 (wild-type) and YJR077c (mir1Δ) yeast strains were pro
vided by the EUROFAN resource center EUROSCARF (Frankfurt, Ger
many). The genotype of YJR077c is BY4742; MATα; his3Δ1; leu2Δ0; 
lys2Δ0; ura3Δ0; YJR077c::kanMX4. 

The transformation of mir1Δ yeast strain with the aforementioned 
constructs was carried out using the lithium acetate method [42]. 
BY4742 and the mir1Δ yeast strains were also transformed with the 
empty vectors and used as positive and negative controls, respectively. 
Transformants were selected on synthetic complete (SC) medium lack
ing uracil, supplemented with 2 % glucose. Functional complementation 
was accomplished on liquid YP medium (1 % Bacto yeast extract, 2 % 
Bacto Peptone, pH 5.0) in the presence of 2 % glucose (YPD) or 3 % 
glycerol (YPG) as sole carbon sources. Cultures were started from me
dium log precultures grown in YPD; then, cells were washed, diluted to 
an optical density of 0.01 at 600 nm and grown in YPD or YPG. Simul
taneously, four-fold serial dilutions of washed cells were spotted on YPD 
or YPG plates and incubated for 72 h at 30 ◦C. 

2.4. Isolation and swelling of yeast mitochondria 

All yeast strains, transformed with the various pYES2-GAL1/V5-His 
constructs and with the empty plasmid, were grown to exponential 
phase in YPD, galactose (0.4 %) was added 6 h before harvesting. 
Mitochondria were isolated according to published procedures [46,47]. 
The rate of mitochondrial swelling was measured by recording the 
decrease in A546 using a Jenway 7315 spectrophotometer, as described 
before [32]. The swelling assay was initiated by adding 100 μg of yeast 
mitochondrial protein to a glass cuvette with 1 ml of solution containing 
20 mM Tris, 1 mM EDTA, 5 μM rotenone, 0.1 μM antimycin, and various 
ammonium salts (NH4Cl (120 mM) or NH4Pi (120 mM) or NH4Asp (80 
mM), pH 7.4. 

2.5. Purification of recombinant mMpcps by Ni+-nitrilotriacetic acid- 
agarose affinity column 

Mitochondria from yeast strains were prepared as previously 
described procedures [46,47] and stored at − 80 ◦C until use. Aliquots 
(6–7 mg of proteins) were thawed and centrifuged at 25,000 ×g for 20 

min at 4 ◦C. The pellet was solubilized, at a final concentration of 12–14 
mg protein/ml, with a buffer containing 2.5 % Triton X-114 (w/v), 20 
mM NaCl, 2 mg/ml cardiolipin, 20 mM Na2HPO4, pH 6.5. After 20 min 
at 0 ◦C, the mixture was centrifuged at 25,000 ×g for 20 min at 4 ◦C to 
obtain a clear supernatant referred to as the extract. Next, 600 μl of the 
extract was chromatographed on Ni+-nitrilotriacetic acid-agarose af
finity column (Quiagen). Unspecifically bound proteins were washed 
with the solubilization buffer supplemented with increasing concen
trations of histidine. The purified proteins were recovered at a histidine 
concentration of 10 mM. All chromatographic steps were performed at 
4 ◦C. The transport activity of the purified proteins was assayed as 
described above. 

2.6. Other methods 

Yeast total proteins were obtained as previously described [48]. 
Proteins were analyzed by SDS-PAGE and stained with Coomassie Blue 
dye or transferred to nitrocellulose membranes. The amount of purified 
Mpcps was estimated by laser densitometry of stained samples using 
carbonic anhydrase as a protein standard as described before [49,50]. 
Western blotting was carried out using a rabbit anti-V5 monoclonal 
antibody or anti-Cor1 and 2 subunits as previously described [51]. The 
human sequence of the mitochondrial phosphate carrier was used to 
screen the Flybase database (www.fruitfly.org) using the BlastP pro
gram. Expression pattern of OXPOS gene during development were 
obtained from modENCODE data. Amino acid sequences were aligned 
using SnapGene® software, (Insightful Science, San Diego, CA, USA) 
[52,53]. Statistical analysis was performed as previously described [54]. 

3. Results 

3.1. Sequence characteristics and expression of OXPHOS genes during 
Drosophila development 

The D. melanogaster complexes I-V subunits (complex I, http://fly 
base.org/reports/FBgg0000487; complex II, http://flybase.org/repor 
ts/FBgg0000485; complex III, http://flybase.org/reports/FBgg 
0000484; complex IV, http://flybase.org/reports/FBgg0000488; com
plex V/ATPase, http://flybase.org/reports/FBgg0000491), Cytc, PiC 
and AAC (http://flybase.org/), were analyzed for the presence or 
absence of NRG element (Supplementary Table S2) and for their 
expression levels during organism development (Supplementary 
Table S3). Since the NRG element is present only in the OXPHOS com
plexes subunits encoded by the nDNA [20], those encoded by the 
mtDNA genes were excluded from this analysis. 

Remarkably, with very few exceptions, we found that the 74 genes 
annotated by FlyBase as encoding constituents of the OXPHOS com
plexes exhibited common features: i) presence of the NRG element 
(Supplementary Table S2); ii) presence of a human orthologue (Sup
plementary Table S2); iii) ubiquitous expression (data available on fly
base); and iv) a characteristic developmental expression pattern 
characterized by the presence of two expression-induced peaks. The first 
peak starts during the late embryogenesis (22–24 h) and persists 
throughout larval stages L1–L3 (12h). The second peak, more pro
nounced, initiates during the pupal stage (day 2), reaches its maximum 
level in the late pupal stage (day 4), and subsequently decreases with 
age, irrespective of sex (Fig. 1A, B and Supplementary Table S3). 

The heatmap reported in Fig. 1A clearly shows the dual-phase gene 
expression characterizing D. melanogaster’s development. In addition, 
the evident lower expression of the first two complexes of the electron 
transport chain is in full agreement with the highly conserved stoi
chiometric ratio between the different OXPHOS complexes ([1]cI: 
[1–1.5]cII:[3]cIII:[6–7.5]cIV:[3–4]cV) reported by several groups in 
different mammalian species [55,56]. In order to graphically highlight 
the two expression peaks in larval and late pupal stages, we normalized 
the various developmental expression levels of each subunit to the 
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Fig. 1. Expression of OXPHOS genes during Drosophila development. (A) Expression profile of OXPHOS genes containing the Nuclear Respiratory Gene (NRG) 
element throughout development. The expression data was obtained from modENCODE. (B) Postembryonic reinduction (00− 02 h) of OXPHOS genes containing the 
NRG element. The expression data was obtained from modENCODE. (C) Expression profile of OXPHOS genes lacking the NRG element during the development. 
RPKM (Reads Per Kilobase of transcript per Million mapped reads). 
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expression of itself during the embryonic stage (0− 2h) (Fig. 1B). 
The above characteristics were missing in few subunits of OXPHOS 

complexes classified as somatic genes in FlyBase. Specifically, the NRG 
element was not found in the complex V subunits CG15458, CG15459, 
and CG17300. These genes are testis-specific and exhibit a develop
mental expression pattern identical to that characterizing the paralo
gous genes (detailed below). This suggests that, similarly to the 
previously reported CG17300 [57], CG15458 and CG15459 might also 
represent testis-specific paralogs of the ATP synthase subunits. 
Furthermore, two complex I genes, containing the NRG element, 
CG15434 and CG34439, showed sex- and tissue-specific expression 
[58], respectively. Of note, no human orthologs have been identified for 
the complex I (CG9034) and complex IV (CG7630) subunits, as well as 
no temporal expression data were available for the complex III subunit, 
CG3560. 

The 26 genes annotated as paralogs by Flybase share distinctive 
features: i) absence of the NRG element; ii) expression primarily 
restricted to the adult testis; and iii) presence of a single expression peak 
that initiates at the pupal stage (1-day) and increases throughout 
development, reaching its maximum in adult males at 5 or 30 days 
depending on the gene considered (Fig. 1C and Supplementary 
Table S3). We also found a few exceptions: the genes for complex I 
(CG40472) and complex IV (CG34172) were not expressed in a sex- 
specific manner. Additionally, CG40472 was expressed ubiquitously. 

The study was completed by analyzing the cytochrome c and the two 
mitochondrial carriers essential for ATP synthesis. Cytochrome c in 
Drosophila is encoded by two genes, CG17903 and CG13263, both of 
which contain the NRG element but differ in their expression during 
development (CG17903 shows all features of NRG-containing OXPHOS 
genes, whereas CG13263 is expressed only in testis and follows the 
typical expression pattern of paralogous genes). In humans, there is a 
somatically expressed cytochrome c gene [59] and a pseudogene [60]. 

The Drosophila expresses two adenine nucleotide translocator iso
forms. The first, named sesB or ANT and encoded by the gene CG16944, 
contains multiple copies of the NRG element (11 NRG sites) and displays 
all features of NRG-containing OXPHOS genes (Fig. 2 and Supplemen
tary Tables S2 and S3). 

(A) Developmental expression profile of genes CG16944 (adenine 
nucleotide translocator, sesB or ANT), CG9090 and CG4994 (phosphate 
carrier isoforms, Mpcp1 and Mpcp2, respectively) in male and (B) fe
male. RPKM (Reads Per Kilobase of transcript per Million mapped 
reads). Expression values were obtained from the modENCODE dataset. 

The second, encoded by the gene CG1683, lacks the NRG element, 
and is annotated in FlyBase as a paralog showing all features of paral
ogous genes (Supplementary Table S3). A very striking developmental 
expression pattern has been observed for the genes encoding the 

phosphate carrier. In Drosophila, there are two isoforms, Mpcp1 and 
Mpcp2, encoded by the genes CG9090 and CG4994, respectively. Both 
genes contain the NRG element, but the CG9090 gene shows only one 
expression peak during the pupal stage and is predominantly expressed 
in the adult organism. The CG4994 gene is ubiquitously expressed and 
displays its first expression peak during the larval stage. However, the 
peak expression during the pupal stage is much less prominent 
compared to that observed in CG9090 and all other OXPHOS genes 
(Fig. 2 and Supplementary Tables S2 and S3). 

3.2. Mpcp1 and Mpcp2 function as phosphate transporters in S. cerevisiae 

The sequence alignment of human, Drosophila, and yeast PiC proteins 
(Fig. 3) suggests that, similar to higher eukaryotes, Drosophila PiCs may 
have an N-terminal pre-sequence. 

To test this hypothesis, two hypothetical mature proteins (mMpcp1 
and mMpcp2) were constructed by removing the first 60 and 44 residues 
from the full-length Mpcp1 and Mpcp2 proteins, respectively. 

Firstly, considering that the yeast MIR1 null mutant does not grow on 
respiratory carbon sources [32], we examined whether the expression of 
full-length and putative mature Mpcps could rescue the growth defect of 
the mir1Δ yeast strain. As shown in Fig. 4(A, B), both mature mMpcp1 
and mMpcp2 fully restored the growth defect of the mir1Δ yeast strain 
on glycerol-containing media. Interestingly, the full-length form of 
Mpcp1 did not show any complementation, whereas the full-length form 
of Mpcp2 partially restored the mir1Δ phenotype. 

The effective expression of Drosophila proteins and their correct 
localization were verified by Western blotting carried out on whole cell 
lysate and purified mitochondria. All proteins were detected in the cell 
lysates (Fig. 4C) as well as in the purified mitochondria (Fig. 4D). Fig. 4D 
clearly demonstrated that yeast mitochondria processed the N-terminal 
sequence present in the full-length proteins. Remarkably, the mito
chondrial amounts of mature proteins derived from the processed full- 
length forms of Mpcps were significantly lower than those expressed 
as putative mature proteins, suggesting that, although yeast was able to 
process the Drosophila full-length forms and import them into mito
chondria, this occurred with a limited efficiency. These findings suggest 
that both Mpcps carry an N-terminal sequence that must be cleaved to 
become the mature active form of Mpcps. Given that the further ex
periments were carried out with the mature forms. 

Furthermore, we verified whether the Drosophila phosphate carrier 
isoforms catalyzed a proton-assisted phosphate symport as the yeast and 
mammalian orthologs [3,32]. The anion/H+ symport can be efficiently 
assayed through mitochondrial swelling experiments conducted in an 
isosmotic solution of the target anion ammonium salt [61]. As expected, 
mitochondria derived from BY4742 swelled in ammonium phosphate 

Fig. 2. Expression of mitochondrial carrier protein genes during Drosophila development.  
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whereas no swelling was observed with those purified from the mir1Δ 
strain. 

Both mitochondria did not swell in ammonium chloride, which was 
used as a negative control. The integrity of both mitochondria was 
verified in ammonium aspartate, checking the swelling produced by the 
proton-assisted aspartate symport catalyzed by the yeast mitochondrial 
aspartate/glutamate carrier (Agc1p) [61]. The swelling in ammonium 
phosphate observed in mir1Δ strain mitochondria expressing Mir1p, 
mMpcp1p, and mMpcp2p, indicate that both Drosophila proteins cata
lyze a unidirectional proton-coupled phosphate transport as the 
endogenous yeast Mir1p (Fig. 4E). 

3.3. Expression and functional characterization of recombinant mature 
Mpcps 

Mature Mpcp2 (mMpcp2) was overexpressed at high levels as in
clusion bodies (IB) in E. coli BL21-CodonPlus(DE3)-RIL. In contrast, no 
significant expression was obtained with both Mpcp1 and mMpcp1. The 
IB-purified mMpcp2 gave a single band by SDS-PAGE with an apparent 
molecular mass of about 36.9 kDa (data not shown). 

Approximately 15–20 mg of mMpcp2 per liter of culture were ob
tained. Recombinant mMpcp2 reconstituted into proteoliposomes was 
assayed in homo-exchange reactions, using the same substrate inside 
and outside (20 and 1 mM, respectively). It catalyzed an active [33P]- 
phosphate/phosphate exchange, no detectable transport activity was 
found with malate, 2-oxoglutarate, citrate, carnitine, glutamate and 
aspartate (data not shown). No exchange activity was detected by 
incorporating into proteoliposomes mMpcp2 that had been previously 
boiled, or by reconstituting sarcosyl-solubilized material obtained from 
bacterial cells either lacking the expression vector for mMpcp2 or har
vested immediately before the induction of expression (data not shown). 

Fig. 5A shows the kinetics of the uptake of 1 mM [33P]phosphate into 
proteoliposomes reconstituted with mMpcp2 in the presence of 20 mM 
internal phosphate (exchange) or absence of substrate (unidirectional 

transport). The exchange and uniport reactions followed first-order ki
netics with isotopic equilibrium being approached exponentially. 
Maximum uptake was approached after 60 min. 

The corresponding values at infinite time were 616.31 and 32.61 
μmol/mg of protein. The ratio of maximal substrate uptake by exchange 
and by uniport was 18.89, in agreement with the value of 20 expected 
from the intraliposomal concentrations at equilibrium (20 and 1 mM for 
exchange and uniport, respectively). The initial rates of phosphate ex
change and uniport, deduced from the respective time courses, were 
79.44 and 4.20 μmol/min/mg of protein, respectively. After incubation 
with 1 mM [33P]phosphate for 60 min, when radioactive uptake had 
almost approached equilibrium, the addition of 10 mM unlabeled 
phosphate to proteoliposomes caused an extensive efflux of radiolabeled 
phosphate from both phosphate-loaded and unloaded proteoliposomes 
(data not shown). This efflux indicates that [33P]phosphate taken up by 
exchange or unidirectional transport is released in exchange with 
externally added substrate. The substrate specificity of mMpcp2 was 
further investigated by measuring the uptake of [33P]phosphate in 
proteoliposomes previously loaded with various potential substrates 
(Fig. 5B). Consistent with previous reports for bovine PiCs expressed in 
E. coli and reconstituted in liposomes [3], high uptake was observed 
when proteoliposomes contained Pi or arsenate, the mMpcp2 was also 
able to transport sulfate and thiosulfate, although to a lesser extent. 
Virtually no exchange was observed with internal malate, fosfomicyn, or 
ADP (Fig. 5B). 

We evaluated the effect of externally added inhibitors on the [33P] 
phosphate/phosphate exchange reaction catalyzed by mMpcp2 
(Fig. 5C). The carrier was almost fully inhibited by pyridoxal 5′-phos
phate (PLP), mersalyl, p-chloromercuribenzoate (PCMB), p-chlor
omercuribenzenesulfonate (PCMBS), and mercuric chloride (HgCl2). A 
similar inhibitor sensitivity had been previously reported for PiC in 
intact mitochondria [62] and for the mammalian PiC overexpressed in 
E. coli and reconstituted into liposomes [3,63]. Furthermore, mMpcp2 
was strongly inhibited by tannic acid, 2- 

Fig. 3. Alignment of H. sapiens, D. melanogaster, and S. cerevisiae PiC proteins. The arrow indicates the H. sapiens mature form.  
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aminoethylmethanethiosulfonate (MTSEA), bathophenanthroline 
(BAT), and to a lesser extent, by 2-sulfonatoethylmethanethiosulfonate 
(MTSES). In contrast, butylmalonate and n-ethylmaleimide (NEM), 
known inhibitors of several mitochondrial carriers [37,61], scarcely 
affected the transport activity. No significant inhibition was observed 
with bongkrekic acid and 1,2,3-benzenetricarboxylate [64], which are 
specific inhibitors of the ADP/ATP and citrate carriers, respectively 
(data not shown). In addition, the reconstituted [33P]phosphate/phos
phate exchange reaction was inhibited by the external addition of 
arsenate, sulfate and thiosulfate. 

The kinetic constants of the recombinant purified mMpcp2 were 
determined by measuring the initial transport rate at various external 
[33P]phosphate concentrations, while maintaining a constant saturating 
internal concentration of phosphate (20 mM). The Km and Vmax values 
(measured at 25 ◦C) were 0.9 ± 0.045 mM and 144.096 ± 7.22 μmol/ 
min/mg protein, respectively (five experiments). The activity was 
calculated by taking into consideration the amount of mMpcp2 recov
ered from the proteoliposomes after reconstitution. 

To prove that mMpcp1 is also a phosphate transporter, both 
Drosophila mMpcp isoforms were expressed in mir1Δ yeast strain, puri
fied from mitochondria by a Ni+-NTA affinity chromatography, recon
stituted into liposomes and assayed for their transport function. The data 
shown in Table 1 highlight that both purified isoforms catalyze a 
phosphate transport, although mMpcp1 exhibits a lower efficiency 
compared to mMpcp2. 

4. Discussion 

Likewise, the somatic genes encoding mitochondrial proteins [20], 
Drosophila nuclear genes encoding somatic subunits of OXPHOS) are 
characterized by the presence of the NRG element (Table S2). Moreover, 
we have observed that they exhibit a synchronized developmental- 
dependent expression pattern that aligns with the energy demands at 

Fig. 4. D. melanogaster Pic isoforms function as phosphate transporters in yeast cells. (A, B) Growth behavior of Saccharomyces cerevisiae BY4742 (wild-type) and 
mir1Δ cells expressing full-length (Mpcps) and mature (mMpcps) D. melanogaster PiC isoforms grown on liquid (A) or solid medium (B) containing glucose or glycerol 
as the sole carbon source. (A) Various transformed yeast strains were inoculated, starting from the same optical density (0.01), in YP medium in the presence of 2 % 
glucose or 3 % glycerol. The values of optical density at 600 nm refer to cell cultures after the indicated times of growth. (B) Various transformed yeast strains were 
normalized in water to an optical density of 0.4 at 600 nm. Four serial dilutions of the different cell models were spotted onto YP plates in the presence of 2 % glucose 
or 3 % glycerol. Plates were grown at 30 ◦C, and pictures were taken after 3 days. (C) A representative immunoblot of total yeast extract expressing the V5-tagged 
Mpcps and mMpcps proteins in the mir1Δ yeast strain. (D) A representative immunoblot of yeast mitochondria expressing the V5-tagged Mpcps and mMpcps proteins 
in the mir1Δ yeast strain. A yeast anti-Cor1/Cor2 antiserum was used for protein normalization. (E) Swelling of wild-type BY4742, mir1Δ and mir1Δ expressing 
mMpcps and Mir1p yeast mitochondria in isosmotic ammonium solutions of various anions. Mitochondria (0.1 mg of protein) were suspended at 25 ◦C in a solution 
containing ammonium salts (120 mM NH4Cl and NH4Pi; 80 mM ammonium aspartate (NH4Asp)), 20 mM Tris, pH 7.4, 1 mM EDTA, 0.1 μM antimycin, and 5 μM 
rotenone in a final volume of 1 ml. Turbidity changes of the mitochondrial suspensions were recorded at 546 nm (see text for more details). A representative 
experiment from three independent experiments is shown in A, B, and E). 

Fig. 5. The bacterial recombinant mMpcp2 catalyzed a phosphate transport. (A) Kinetics of [33P]phosphate uniport and [33P]phosphate/phosphate exchange 
catalyzed by mMpcp2. Proteoliposomes were reconstituted with mMpcp2. 1 mM [33P]phosphate was added to proteoliposomes containing 20 mM phosphate 
(exchange, □) or 10 mM NaCl and no substrate (uniport, ■). Similar results were obtained in three independent experiments. (B) Dependence of mMpcp2 transport 
activity on internal substrate. Proteoliposomes were preloaded internally with various substrates (concentration 20 mM). Transport was started by adding 1 mM 
[33Pi]phosphate to proteoliposomes reconstituted with mMpcp2 and terminated after 2 min. Data are means ± S.D. of at least three independent experiments. (C) 
Effect of inhibitors and externally added substrates on the activity of recombinant and reconstituted mMpcp2. Proteoliposomes were loaded with 20 mM phosphate 
and transport was started by adding 1 mM [33P]phosphate. The incubation time was 2 min. Thiol reagents were added 2 min before the labeled substrate whereas the 
other inhibitors and external anions were added together with [33P]phosphate. The final concentrations of the inhibitors were 0.1 mM (mersalyl; NEM, n-ethyl
maleimide; p-CMB, p-(chloromercuri)benzene acid; p-CMBS, p-(chloromercuri)benzenesulfonic acid), 1 mM (METSEA, 2-aminoethyl methanethiosulfonate hydro
bromide; METSES, sodium(2-sulfonatoethyl)-methanethiosulfonate) 20 μM (HgCl2), 10 mM (pyridoxal 5′-phosphate; bathophenanthroline; butymalonate), 0.1 % 
(tannic acid). Externally-added substrates were used at 5 mM. The control values of uninhibited [33P]phosphate/phosphate exchange (in the absence of inhibitor) 
were 142 ± 7 μmol/2 min/mg protein. The data represent the means ± S.D. of % inhibition obtained from three independent experiments. 

Table 1 
Transport activities of mMpcp1 and mMpcp2 from mitochondria of mir1Δ yeast 
strain. Extract refers to solubilized and reconstituted mitochondria from various 
yeast strains (mir1Δ and mir1Δ transformed with Mir1p, mMpcp1 and mMpcp2). 
Ni2+-NTA eluate refers to mMpcp1 and mMpcp2 purified, by affinity chroma
tography, from mitochondria of various transformed mir1Δ yeast strains. The 
proteoliposomes were preloaded internally with 20 mM phosphate and the ex
change was started by adding 1 mM [33Pi]phosphate and terminated after 1 min. 
The values are means of three experiments.  

Reconstituted proteins [33Pi]Phosphate uptake 
(μmol/1 min × mg of protein) 

mir1Δ extract 0.008 ± 0.0004 
mir1Δ expressing Mir1p extract 0.035 ± 0.0018 
mir1Δ expressing mMpcp1 extract 0.013 ± 0.0007 
mir1Δ expressing mMpcp2 extract 0.049 ± 0.0024 
mMpcp1 — Ni2+-NTA eluate 24.9 ± 1.245 
mMpcp2 — Ni2+-NTA eluate 78.125 ± 3.906  
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different developmental stages. This pattern (Fig. 1A, B and Supple
mentary Table S3) fully overlaps the gene expression data throughout 
the entire life cycle of Drosophila previously reported [65]. The presence 
of the first peak, which starts in the late phase of embryogenesis and 
persists throughout all the subsequent larval stages, can be attributed to 
the complex metabolic processes that occur during these developmental 
stages (Fig. 1A, B and Supplementary Table S3). Recent studies indicate 
that larvae undergo significant metabolic changes compared to other 
stages [66]. In the larval stage, the organism undergoes a simultaneous 
increase in body mass and synthesis of triacylglycerol and glycogen, 
crucial to support pupation and metamorphosis [67,68]. While the high 
levels of glycolytic enzymes and increased lactate dehydrogenase ac
tivity in Drosophila suggest that ATP synthesis relies essentially on aer
obic glycolysis, it should be noted that an impaired oxidative 
phosphorylation has a significant impact on organism development 
[66]. The second peak, significantly more pronounced than the first one, 
occurs during the late pupal stage (Fig. 1A, B and Supplementary 
Table S3), is well explained by the structural changes that occur during 
pupal metamorphosis, rendering this phase highly dependent on 
oxidative phosphorylation [69]. This remodeling is evident in processes 
such as programmed cell death in the larval salivary glands [70,71] and 
in the growth and differentiation of neuroblasts [72]. Furthermore, this 
second peak well correlates with the U-shaped metabolic curve observed 
in the measurement of oxygen consumption in D. melanogaster pupae 
during metamorphosis [73], suggesting that starting from the 2-day 
pupal stage, ATP synthesis becomes strictly dependent on oxidative 
phosphorylation. We further extended this analysis to the phosphate and 
the adenine nucleotide carriers, two members of the mitochondrial 
carrier family [2]. Although they are not usually classified as part of the 
OXPHOS, it should be emphasized that both transporters provide the 
intramitochondrial substrates necessary for the correct functioning of 
the complex V and their loss will affect the whole functioning of 
OXPHOS. Thus, these two mitochondrial transporters should be 
included in the OXPHOS genes. Since both carriers are encoded by so
matic nuclear genes, we verified whether they exhibited the same fea
tures characterizing the OXPHOS genes. As expected, the adenine 
nucleotide carrier isoform expressed somatically, which is encoded by 
the CG16944 gene, exhibits all the distinctive features observed in other 
somatically expressed OXPHOS genes. On the other hand, the isoform 
testis-specific, encoded by the CG1683 gene, adheres to the rules gov
erning its paralogous genes. 

A more complex analysis was required for the mitochondrial phos
phate carrier since in Drosophila are presence two genes coding for 
(Mpcp) isoforms and none of them was reported as a paralog gene. The 
analysis of the developmental-dependent expression of the two genes 
encoding Mpcp isoforms (CG9090 and CG4994) yielded results different 
from those observed for ANT and all the other OXPHOS genes (Figs. 1A, 
B, and 2). In silico tissue distribution analysis revealed that CG9090 is 
predominantly expressed in the adult organism, while CG4994 is ubiq
uitously expressed (http://flybase.org/reports/FBgn0034497; http://fl 
ybase.org/reports/FBgn0026409). Furthermore, the temporal expres
sion of the two genes differs, as CG9090 shows only a peak of expression 
in the late pupal stage, whereas CG4994 displays the two characteristic 
peaks of OXPHOS genes. However, it should be noted that the trend of 
the second peak in CG4994 is significantly lower than those of CG9090 
and the other OXPHOS genes (Figs. 1A, B, and 2). These findings 
strongly indicate that both isoforms are essential to meet the ATP syn
thesis requirements necessary for the complete development of the or
ganism and that not all genes presenting the NRG element exhibit the 
two developmental-dependent expression peaks. This conclusion is 
further supported by the developmental lethality observed when the two 
genes are individually lost in Drosophila (phenotype data from flybase. 
org). Moreover, the observed reduction in CG9090 mRNA levels dur
ing the aging process, particularly in female flies (Fig. 2B), along with 
literature data, suggest that the expression of CG9090, unlike that of 
CG4994, is associated with the lifespan and aging of the organism 

(Fig. 2B). Microarray data show a down-regulation of CG9090 in older 
flies regardless of sex or genotype [74]. CG9090 is down-regulated in 
mated females crossed with wild-type males [75], a phenomenon well 
known to be responsible for life shortening in Drosophila females [76]. 
Moreover, similar to other OXPHOS genes, CG9090 is up-regulated in 
the Lethal-line of a temperature-sensitive conditional lethal 
D. melanogaster model [77], suggesting that it has a compensatory 
phosphate transport activity necessary to counteract the suboptimal 
mitochondrial function in L-line flies. 

Since the in silico analysis suggested that both genes encode a protein 
essential for organism development, we verified their phosphate trans
port function. We initially checked whether Drosophila Mpcps carried an 
N-terminal pre-sequence, similar to mammalian PiCs [26,78,79], as 
indicated by the alignment of Drosophila, human, and yeast phosphate 
carriers (Fig. 3). The authenticity of the identified pre-sequence was 
verified by assessing the capability of both the full-length and putative 
mature isoforms to rescue the growth defect on a non-fermentable car
bon source of a yeast strain lacking the endogenous mitochondrial 
phosphate transporter Mir1p (mir1Δ) [32]. The finding that only the 
mature Mpcp isoforms were detected in mitochondria of the yeast strain 
transformed with the full-length ORFs (Fig. 4D), indicated that the 
Drosophila proteins possess a processed pre-sequence. Interestingly, 
although the full-length Mpcps were processed in mature forms they 
were unable to efficiently complement the growth defect on glycerol of 
the yeast mir1Δ strain (Fig. 4A, B). Conversely, the mir1Δ strain trans
formed with constructs expressing the putative mature isoforms did not 
show any significant growth delay on glycerol. This apparent discrep
ancy can be explained by the poor efficiency of the yeast mitochondrial 
import apparatus on mitochondrial proteins carrying a pre-sequence 
[32] as also demonstrated by the lower amount of mMpcps found in 
the mitochondria of yeast strains transformed with the full-length con
structs (Fig. 4D). The complementation of the yeast MIR1 null mutant 
expressing both mature Mpcps provides indirect evidence of their 
phosphate transport function (Fig. 4A, B). Swelling experiments carried 
out on mir1Δ mitochondria expressing mMpcps confirmed that both 
isoforms catalyzed a proton-coupled symport of phosphate similar to the 
yeast and mammalian orthologs (Fig. 4E). The phosphate transport 
function of both mMpcps was further verified by reconstituting the His- 
tagged purified proteins into liposomes. Both proteins catalyzed an 
efficient Pi/Pi exchange reaction although mMpcp1 was three folds less 
active than mMpcp2 (Table 1). This different transport activity may 
explain the lower complementation efficiency of mMpcp1 in the mir1Δ 
strain (Fig. 4A, B). 

A complete functional characterization of the bacterial recombinant 
mMpcp2 revealed that this protein has kinetic properties similar to those 
found for the bovine phosphate carrier isoform B [3]. In fact, they 
exhibit comparable Km values (0.9 mM mMpcp2 versus 0.78 mM PiC-B) 
and an overlapping substrate specificity, as they efficiently transport 
phosphate and arsenate (Fig. 5B). Surprisingly, the Drosophila protein is 
also able to catalyze the transport of sulfate and thiosulfate, albeit with 
lower efficiency (Fig. 5B). Although the results regarding the function of 
Mpcps need to be validated directly in Drosophila, based on data ac
quired from in silico, in vitro, and in vivo experiments, it is apparent that 
mMpcp1and mMpcp2 may function as the Drosophila counterparts of the 
mammalian PiC-A and PiC-B isoforms, respectively. 

In fact, similarly to PiC-A and PiC-B, mMpcp1 exhibits a lower ac
tivity compared to mMpcp2 and is expressed exclusively in adult stages 
when the demand for ATP synthesis via oxidative phosphorylation in
creases. It is worth noting that PiC-A is mainly expressed in muscles and 
heart which rely heavily on oxidative phosphorylation for their ener
getic needs. In contrast, Mpcp2, like PiC-B, is ubiquitously expressed, 
display a transport activity higher than that of its counterpart isoform, 
and has a Km value similar to that of bovine PiC-B [3]. 

In conclusion, the coexistence of two isoforms (Mpcp1 and Mpcp2) 
encoded by distinct genes (CG9090 and CG4994, respectively) in 
Drosophila, along with their functional similarity to mammalian 
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isoforms (PiC-A and PiC-B), provide a promising basis for exploring the 
specific functional differences of the two human isoforms arisen by an 
alternative splicing. A further dissecting of the different physiological 
role of Mpcps may help to better understanding the onset and the 
pathogenic mechanism of OXPHOS diseases due to the deficiency of the 
two human PiC isoforms [12,25,31]. The functional analysis of mito
chondrial phosphate transporters in fruit flies represents a milestone in 
understanding the metabolic processes involved during the organism 
development. Our study further supports the suitability of 
D. melanogaster as an effective model organism for delving into genetics 
and developmental biology. However, in order to gain a deeper under
standing of how the complex transcriptional and expression patterns of 
OXPHOS genes regulate specific metabolic pathways at different 
developmental stages of the fruit fly, additional research involving gain 
and loss of function studies is required. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbamcr.2023.119615. 

Abbreviations 

ANT adenine nucleotide transporter 
METSEA 2-aminoethyl methanethiosulfonate hydrobromide 
METSES sodium(2-sulfonatoethyl)-methanethiosulfonate) 
MIR1 mitochondrial phosphate carrier (in yeast) 
Mpcp mitochondrial phosphate carrier protein (in Drosophila) 
NEM n-ethylmaleimide 
NRG Nuclear Respiratory Gene 
OXPHOS oxidative phosphorylation system 
p-CMB p-(chloromercuri)benzene acid 
p-CMBS p-(chloromercuri)benzenesulfonic acid 
PiC phosphate carrier 
PLP pyridoxal-5′-phosphate 
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