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ABSTRACT

Copper-transporting ATPases are a group of heavy metal-transporting proteins and which can be found in all
living organisms. In animals, they are generally referred to as ATP7 proteins and are involved in many different
physiological processes including the maintaining of copper homeostasis and the supply of copper to cuproen-
zymes. A single ATP7 gene is present in non-chordate animals while it is divided into ATP7A and ATP7B in
chordates. In humans, dysfunction of ATP7 proteins can lead to severe genetic disorders, such as, Menkes disease
and Wilson’s disease, which are characterized by abnormal copper transport and accumulation, causing signif-
icant health complications. Therefore, there is a substantial amount of research on ATP7 genes and ATP7 proteins
in humans and mice to understand pathophysiological conditions and find potential therapeutic interventions.
Copper-transporting ATPases have also been investigated in some non-mammalian vertebrates, protostomes,
single-cellular eukaryotes, prokaryotes, and archaea to gain useful evolutionary insights. However, ATP7 func-
tion in many animals has been somewhat neglected, particularly in non-bilaterians. Previous reviews on this
topic only broadly summarized the available information on the function and evolution of ATP7 genes and ATP7
proteins and included only the classic vertebrate and invertebrate models. Given this, and the fact that a
considerable amount of new information on this topic has been published in recent years, the present study was
undertaken to provide an up-to-date, comprehensive summary of ATP7s/ATP7s and give new insights into their
evolutionary relationships. Additionally, this work provides a framework for studying these genes and proteins in
non-bilaterians. As early branching animals, they are important to understand the evolution of function of these
proteins and their important role in copper homeostasis and neurotransmission.

1. Introduction

then, many studies have investigated these genes and their protein
products in humans and mice to understand pathophysiological condi-

In 1993, the landmark discovery of copper-related disease genes
ATP7A and ATP7B, encoding P(1B)-type copper-transporting ATPases
(Arguello et al., 2007), demonstrated the existence of proteins respon-
sible for copper transport and distribution (Bull et al., 1993; Chelly et al.,
1993; Mercer et al., 1993; Tanzi et al., 1993; Vulpe et al., 1993). Since

tions and find potential therapeutic interventions. Additionally, copper-
transporting ATPases have been investigated in a few non-mammalian
vertebrates, protostomes, single-cellular eukaryotes, prokaryotes, and
archaea to gain useful evolutionary insights.

An earlier review elegantly summarized that copper-transporting

Abbreviations: ATP7/ATP7, animal copper-transporting ATPase; ATP7A/ATP7A, animal copper-transporting ATPase A; ATP7B/ATP7B, animal copper-
transporting ATPase B; SLC31A1/CTR1, human high affinity copper uptake protein 1; DmATP7/DmATP7, Drosophila copper-transporting ATPase; ATOX1/
ATOX1, animal copper chaperon protein; CTR1A, gene encoding Drosophila high affinity copper uptake protein 1A; CTR1B, gene encoding Drosophila high affinity
copper uptake protein 1B; CTR1C, gene encoding Drosophila high affinity copper uptake protein 1C; PHM, peptidylglycine-a-hydroxylating mono-oxygenase protein;
CUA-1/CUA-1, Caenorhabditis copper-transporting ATPase; CUC-1, Caenorhabditis copper chaperon protein; ATX1, yeast copper chaperon protein; CHCA-1, gene

encoding Caenorhabditis high affinity copper uptake protein 1.
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ATPases were present in many different living organisms: from archaea
and bacteria through fungi to humans (Gupta and Lutsenko, 2012). In
prokaryotes, the original export function of these proteins, namely the
maintenance of proper intracellular copper concentration, has remained
the main role. However, new functions have also emerged and been
retained throughout evolution. For example, the role in the pathogenesis
of bacteria or the role in copper transfer through complex barriers (e.g.,
intestine, blood-brain barrier) (Gupta and Lutsenko, 2012). In eukary-
otes, the function of copper-transporting ATPases in supplying copper to
cuproenyzmes (e.g., ceruloplasmin, cytochrome c oxidase, superoxide
dismutase, tyrosinase) has become another equally important. In par-
allel with the functional evolution, copper-ATPases have changed from
non-trafficking plasma membrane proteins to trafficking ones (Lutsenko
et al., 2007). Previous reviews broadly summarized the available in-
formation on the function and evolution of animal copper-transporting
ATPases, generally referred to as ATP7 proteins, and included only the
classic vertebrate and invertebrate models. Moreover, new information
on ATP7 genes and ATP7 proteins has been published in recent years.
Keeping this in mind, the aim of the present study is to give a compre-
hensive summary of our current knowledge of ATP7s/ATP7s and to
provide new insights into the evolutionary relationships of copper-
transporting ATPases.

Our thorough searches in the available genome and/or tran-
scriptome data of deuterostome, protostome, and non-bilaterian animals
revealed candidate genes for ATP7 homologues in many taxa that had
not been previously investigated, such as placozoans, ctenophores, and
poriferans. Using Hidden Markov Models, we identified sequences in all
these four groups of pre-bilaterian metazoans. Then, using all-vs-all
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cluster-based methodologies (Fig. 1) and phylogenetic analyses
(Fig. 2), we confirmed the homology of these ATP7 proteins from non-
bilaterian animals. Detailed methodology of the analyses and the used
sequences are included in Supplementary File 1, 2, 3. Our phylogenies
support, for example, the idea that the ATP7 gene was already present in
the last common unicellular ancestor of animals and that ATP7A and
ATP7B are products of a duplication that occurred in the common an-
cestors of the vertebrates. The structure of ATP7 proteins is well-known:
a cytosolic N-terminal region with one to six metal-binding subdomains,
8 trans-membrane segments with important cytosolic functional do-
mains, and a cytosolic C-terminal region (Arguello et al., 2007; Bitter
et al.,, 2022; Gupta and Lutsenko, 2012). The alignment of the most
important motifs/functional sites (e.g., DKTG, SEHPL, TGND) of copper-
transporting ATPases in representative species from the Chordata,
Echinodermata, Protostomia, Placozoa, Cnidaria, Ctenophore, Porifera,
Tunicaraptor, and Choanoflagellata taxa revealed a high sequence
conservation (Fig. 3). Detailed methodology of the analysis is presented
in Supplementary File 1. Compared to previous studies, to the best of
our knowledge, these are the most detailed analyses of ATP7 proteins to
date.

In the next section, we review the available information on ATP7
genes and proteins in mammals, non-mammalian vertebrates, inverte-
brate deuterostomes, protostomes (arthropods, mollusks, nematodes),
and non-bilaterians. To note, in most cases, ATP7s/ATP7s were inves-
tigated only in classic model animals in the given taxa (e.g., Arthropoda
— Drosophila melanogaster, Nematoda — Caenorhabditis elegans). In addi-
tion to the conventional models, we also made an effort to collect in-
formation about ATP7 genes and proteins in non-classic model animals.

Copper transporting
ATPase (ATPase-A/B)

1e-100
||

Fig. 1. Cluster map of eukaryotic P-type ATPases showing the closely related phospholipid-, calcium-, copper-, sodium-potassium-, and polyamine-transporting
ATPases. The cluster containing the copper-transporting ATPases is marked with a black circle.
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Fig. 2. Phylogenetic tree showing the occurrence and relationships of copper-transporting ATPases. The tree shows that the ATP7A and ATP7B sequences are a
product of a gene duplication that occurred in the vertebrate lineage. Non-chordate deuterostomes and protostomes have only one ATP7 gene.

TM4-TM5 TM6-TM7 TM6-TM7 TM6-TM7 TM6-TM7

***: * Kk kK ****: * Kk kK ***:***
H. sapiens ATP7B ESLIEEFMPVT TVMFILRET I THGV VGTAEASEIIRGVAVTKY VLIEENYRKTAR AMVENERIEPALA
H. sapiens ATP7A ESLIEIIMPVA VVVFRLSRET I THGT VGTAESNZAAFIGTAITKY VLMEERYSKTAR AMVERE SREPALA
C. intestinalis ESVIHEs-MPVT TVVFILERET I THGE VGTAENAGZAGAAVVKR ILLEEMYKKTAK AMVESGRPEPALA
A. plancii ESLIEEs MPVY TIIFREEETITYGI VGTAEASEERIFRGAAVTRH VLLEERRKKTAD AMVENRIEPALY
C. elegans ESFIED MPVV TIVFREYET ITEGR SGATEALEIHHg (GNAVAAF VLLENYSKTAE AMV[ENGYWEIPALA
P. caudatus ESLVIGEWPVL AIVFPESYET I THAV ARTAEAS[HERg ASATRQI ILLEEYRKTAK AMV[ENGYWEPALA
D. pulex ESLIEEE MPVL TVVFIEEET I TRGF IGIAETNEEER (ASAITKE ALLEEMYKKTAK AMVENEREPALA
D. melanogaster ESLIEEE MPVA TVVFIEERET I THGT VGAAEQNEIg (ASATVHF VLLEENYKNTAA AMVEEREPALA
A. californica ESLIQEs-MPVP TVVFERETVTHGY AGTAET Sl (ASAILKY ILLEERYOKTAR AMV[ENGYIEPATLA
L. stagnalis ESLIQEs-MPVP VIVFRSRETITHGV AGTAETSFaElg (ASAILKY ILLEEMNOKTAK AMV{ENEGYUEPATLA
N. vectensis ESLIEY-MPVP AVVFIERRETLTHGK AGTAENSFAAFIGVAITTY VLLIENYKKTAM FAYWGDGIEN DS [N
T. adhaerens ESLIEEE MSVA VVIFEEETLTOGK AGAAESNEEEIFRAQATVOH IMVEERYRRTAE AMVERE SPEPALA
A. queenslandica ESLIQEs-MPVS AVIFRESYETLTHGK VGVAESNZAAFIGEAITAY LLLEMNIRRTAQ FAYWGDGIEND SN
T. wilhelma ESLIEIMPVP TVVEERET LTHGK VGLAESNZAAFRGVAVTNF VLLENYERTAR AMI[ENE SPEPALA
M. leydi EAMLE - MPVK ICVFRERETVTLGK AGTAESASERIFAGKATTGH FLLEMNIRTAV AMV{ENERIEPALY
T. unikontum ESMVEEs - AAVH IVLFEEEETLTVGK VASAEAGHAIZAGHALTAY AMVEERRASTAE AMVENERIEVALA
C. owczarzaki = —————-————-- AT TFPESYETT THGK LVCAESCEHZIGRATVOH WMVEERRIERTAR AMVENE SPEPALA

Fig. 3. Amino acid conservation of the most important functional motifs of copper-transporting ATPases in representative species from Chordata (Homo sapiens,
Ciona intestinalis), Echinodermata (Acanthaster plancii), Protostomia (Ceanorhabditis elegans, Priapulus caudatus, Daphnia pulex, Drosophila melanogaster, Aplysia cal-
ifornica, Lymnaea stagnalis) Placozoa (Trichoplax adhaerens), Cnidaria (Nematostella vectensis), Porifera (Amphimedon queenslandica, Tethya wilhelma), Ctenophore
(Mnemiopsis leydi), Tunicaraptor (Tunicaraptor unikontum), and Icthyosporean (Capsaspora owczarzaki). TGEA(S): phosphatase domain; DTKG: phosphorylation
domain; SEHPL(I): domain specific to heavy metal-transporting P-type ATPases only; TGDN: ATP-binding domain; GDGV(I)NDS: structural support.

The clinical aspects of ATP7 proteins are also presented briefly. 2. ATP7/ATP7 throughout the animal evolution
2.1. Mammals and clinical aspects of ATP7 proteins

As we delve into the multifaceted field of evolution, it is essential to
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acknowledge that mammals, while a subset of the animal kingdom, hold
a unique significance in the overall discourse. This is largely due to the
occurrence of humans within this lineage, an existence that has inher-
ently directed much of our scientific focus towards this specific group.
Consequently, most mammalian research is not only relevant from an
evolutionary perspective but also bears significant clinical implications.
This further underscores the unique status of mammals within the
broader context of evolutionary studies.

In adult mammals, ATP7A is expressed in most tissues but a much
lower expression is found in the liver (Chelly et al., 1993; Kwok and
Chan, 2019; Lenartowicz et al., 2010; Lenartowicz et al., 2015b; Vulpe
et al., 1993). In contrast, ATP7B has a more limited expression pattern:
its highest expression is in the liver but it is also expressed at lower levels
in the kidney, placenta, brain, heart, lung, mammary glands, and testis
(Bull et al., 1993; Michalezyk et al., 2008; Tanzi et al., 1993). Both ATP7
genes mostly have cell-specific expression patterns and have distinct
roles where co-expressed (Telianidis et al., 2013). It can be said that, in
general, ATP7A and ATP7B have a dual role in cells: they provide copper
to cuproenzymes at the trans-Golgi network and export excess copper
from the cells via trafficking to the basolateral (ATP7A) or the apical
(ATP7B) membrane (Telianidis et al., 2013). Many questions remain to
be answered regarding the expression of mammalian ATP7s. For
example, a recent study demonstrated that antibiotic treatment signifi-
cantly down-regulates the expression of ATP7A and SLC31A1 (which
encodes high affinity copper uptake protein 1 [CTR1]; Lee et al., 2000)
in the colon of mice and highlighted the potential connection between
gut microbiome and copper homeostasis (Miller et al., 2019).

In humans, dysfunction of ATP7 proteins can lead to severe inherited
recessive disorders, including Menkes disease and Wilson’s disease,
causing significant health complications. In Menkes disease, the intes-
tinal copper absorption is limited due to the loss of ATP7A function
leading to systemic copper deficiency and thus to a reduced activity of
cuproenzmyes (main symptoms: “kinky” hair, hypopigmentation,
growth failure, impaired neuronal development and neuro-
degeneration) (Kaler, 2011; Telianidis et al., 2013; Zeid et al., 2019). In
Wilson’s disease, the loss of ATP7B function leads to impaired biliary
copper excretion resulting in systematic copper accumulation (main
symptoms: vomiting, weakness, hepatitis, acute liver failure, tremors,
muscle stiffness, behavioural changes) (Ala et al., 2007; Czlonkowska
et al., 2018; Dev et al., 2022; Huster, 2010; Reed et al., 2018; Svetel
et al., 2009).

Mice with ATP7A gene mutation(s), known as mottled mutants, are
well-established models of Menkes disease (reviewed by (Lenartowicz
et al., 2015a; Wang et al., 2019)). These models closely represent the
phenotype of the disorder and are excellent for studying its patho-
physiology and for testing new therapeutic interventions. Mammalian
models have also been established to investigate Wilson’s disease: the
toxic-milk mouse, the Long-Evans Cinnamon rat, the ATP7B knockout
mouse, and the Labrador retriever (reviewed by (Hadrian and Przy-
bylkowski, 2021; Reed et al., 2018)). Although these models closely
exhibit the hepatic phenotype of Wilson’s disease patients, they do not
develop a neurological deficit.

2.2. Non-mammalian vertebrates and invertebrate deuterostomes

Although orthologues to ATP7A and ATP7B proteins have been
identified in many non-mammalian vertebrates and invertebrate deu-
terostomes (e.g., echinoderms, cephalochordates) by automated
computational analysis from the genomic sequences, information on the
function and structure of ATP7 proteins are limited in these species.

Until-recently, no crystal structure of eukaryotic ATP7 proteins was
available, but only that of the gram-negative bacterium Legionella
pneumophila was accessible to get insights into the molecular architec-
ture (Gourdon et al., 2011). To address this and to better understand the
unique features and physiological and pathological properties of ATP7
proteins, a recent paper described the first high-resolution cryo—electron
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microscopy (cryo-EM) structures of a vertebrate ATP7 protein, the E2-P;
state ATP7B of the western clawed frog (Xenopus tropicalis) (Bitter et al.,
2022). The study highlighted shared and distinct features among ATP7
proteins and provided molecular blueprint for understanding numerous
mutations associated with Wilson’s disease. Building on this, a more
recent paper presented the cryo-EM structure of human ATP7B in the E1
state in different forms and, by comparing the structures of the human
and the frog protein, proposed the ATP-driving copper transport model
of ATP7B (Yang et al., 2023). Importantly, these findings may also have
therapeutic implications and confirm the importance of non-mammalian
models.

Regarding expression and function, non-mammalian vertebrate
ATP7 proteins have been investigated in zebrafish (Danio rerio), the
widely used model for toxicological and biomedical research (Choi et al.,
2021; Dai et al., 2014). Although both ATP7A and ATP7B genes were
identified in D. rerio (Mendelsohn et al., 2006), most of the research was
performed on ATP7A/ATP7A. In developing embryos, ATP7A is
expressed in the notochord, while ATP7B is expressed in the liver and
brain (Mendelsohn et al., 2006; Reed et al., 2018). Embryos with a
mutated ATP7A gene (called calamity) lacked melanin pigment and had
a wavy notochord (Mendelsohn et al., 2006), mimicking the phenotypes
induced by copper deficiency in zebrafish (Mackenzie et al., 2004) and
the phenotypes observed in Menkes disease patients and mottled mice
(Lenartowicz et al., 2015a). This confirms the functional conservation of
ATP7A proteins. Moreover, copper metabolism was restored by human
ATP7A and transplantation experiments demonstrated that ATP7A
functions cell autonomously, indicating important potential therapeutic
implications. Interestingly, in a liver cell line of zebrafish (ZFL) and
adult zebrafish specimens, ATP7A was shown to be highly expressed in
the liver, while ATP7B was specifically expressed in the intestine (Leung
et al., 2014). This is opposite to that in human or mammals or other fish.
Functional investigations also demonstrated that ATP7B is responsible
for copper export despite ATP7B expression level being much lower than
ATP7A in ZFL cells (Kwok and Chan, 2019). There are still more ques-
tions to be answered, but zebrafish represent a promising model of
ATP7/ATP7-related diseases including the development of chelators
against copper-induced oxidative stress (Rakshit et al., 2018).

Not much information is available about ATP7 orthologues in
invertebrate deuterostomes such as Urochordates, Cephalochordates or
Ambulacrarians. However, our searches in the transcriptome and
genome data demonstrated that these species have only one ATP7 gene
(Fig. 1; Fig. 2), confirming that the appearance and functional special-
ization of ATP7A and ATP7B have most likely happened during the gene
duplication events of the chordate evolution (Fig. 2). The alignment of
functional sites (Fig. 3) suggests that these ATP7 candidates are likely
functional.

2.3. Arthropods

The fruit fly D. melanogaster, the famous invertebrate model of ge-
netics (Jennings, 2011), has been used for many years as a model for
metal-related human diseases and metal toxicity (reviewed by (Calap-
Quintana et al., 2017)). As a result, among invertebrates, ATP7 has been
investigated in greatest detail in this species. The orthologue of ATP7A
and ATP7B, called DmATP7, was identified in 2004 when the copper
homoeostasis was investigated in the S2 cell line (Southon et al., 2004).
Of note, other Drosophila homologues (e.g., ATOX1, CTR1A, CTRIB,
CTRIC) to proteins involved in mammalian copper homeostasis (Klomp
et al., 1997; Lee et al., 2000; Zhou and Gitschier, 1997) have also been
identified (Mercer and Burke, 2016; Southon et al., 2004; Zhou et al.,
2003). The first functional investigation revealed that suppression of
DmATP7 by RNAi significantly increased copper accumulation,
demonstrating that, in accordance with previous studies in mammalian
cells, DmATP?7 is essential for the efflux of excess copper (Southon et al.,
2004).

Subsequent investigations further demonstrated the conservation of
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function between DmATP7 and its mammalian orthologues by showing
that DmATP7 function is absolutely required in vivo for completion of
embryogenesis, early larval growth and development, and adult
pigmentation, and is likely to be required for dietary copper uptake
(Norgate et al., 2006). A later study also confirmed the role of DmATP7
in removing excess cellular copper and showed that copper homeostasis
in Drosophila is maintained by complex interplay of import, storage, and
behavioral avoidance (Balamurugan et al., 2007). The expression of
DmATP7 in neuronal tissues supported its assumed role in delivering
copper to cuproenzymes required for neuronal function which is similar
to ATP7A (Burke et al., 2008). Furthermore, its localization at or prox-
imal to the basolateral membrane of midgut cells supported its role in
export of copper from midgut cells (Burke et al., 2008). Gut-specific
RNAi-induced silencing of DmATP7 inhibited dietary copper absorp-
tion which resulted in an impaired neurological development during
metamorphosis and increased the pre-adult mortality which is similar to
Menkes patients and mottled-brindled mice (Bahadorani et al., 2010).
Although the adult survivors had a reduced copper content in the head
and the rest of the body, as well as being sensitized to oxidative stress,
they had a normal morphology (e.g., normal cuticle pigmentation) and
normal life span (Bahadorani et al., 2010). This is an important differ-
ence between mammals and Drosophila: a reduced copper supply during
adulthood leads to early death in humans, while copper deficiency
mainly causes mortality throughout the developmental stages in flies.
Comparative genomic analysis demonstrated motifs involved in baso-
lateral targeting and retention of ATP7A were conserved in DmATP7,
whereas ATP7B targeting motifs were not conserved (Southon et al.,
2010). Interestingly, copper dependent translocation (i.e. trans-Golgi
network — plasma membrane) of DmATP7 was not observed in
Drosophila or its two cultured cell lines but was seen in polarized
mammalian cells (Southon et al., 2010).

Functional investigations in the nervous system showed that inhi-
bition of DmATP7 expression by cell-specific RNAi led to a decrease in
mature amidated neuropeptides and the appearance of C-terminally Gly-
extended neuropeptides (Sellami et al., 2012). Given that C-terminal
amides in neuropeptides are produced by the sequential action of pep-
tidylglycine-a-hydroxylating mono-oxygenase (PHM) and peptidyl-
a-hydroxyglycine lyase (in vertebrates, this is implemented by the
bifunctional peptidylglycine a-amidating monooxygenase) and that
PHM requires copper for its normal function, the appearance of C-
terminally Gly-extended neuropeptides was probably due to the loss of
activity of PHM (Sellami et al., 2012). Pan-neuronal overexpression of
CTR1B and DmATP7 both resulted in reduced viability (copper toxicity
phenotype and neural copper deficiency, respectively) and adversely
affected the central nervous system (Hwang et al., 2014). In the
Drosophila model of Huntington’s disease (human huntingtin exonl-
polyQ expression), overexpression of DmATP7 significantly alleviated
the phenotype, conforming the copper-facilitated protein aggregation of
huntingtin (Xiao et al., 2013). Finally, a recent study demonstrated the
interaction(s) between DmATP7 with the conserved oligomeric Golgi
complex and that the integrity of Golgi-dependent copper homeostasis
mechanisms are necessary to maintain mitochondria functional integrity
and localization to synapse, resulting in the appropriate synaptic
morphology, transmission, and plasticity (Hartwig et al., 2021).

2.4. Mollusks

Not much information is available about ATP7 orthologues in
molluscan model species. In a paper about the neuronal transcriptome of
the sea hare (Aplysia californica), a well-recognized model of cellular and
molecular mechanisms of memory formation (reviewed by (Benjamin
et al., 2021; Hawkins et al., 2006; Moroz, 2011)), 104 orthologues of
146 human genes involved in 168 neurological diseases (e.g., Parkin-
son’s and Alzheimer’s disease) were identified (Moroz et al., 2006).
Importantly, a homologue for the vertebrate ATP7 genes was also among
the sequences identified. These findings suggested that the distinctive
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features of the simpler molluscan nervous system (reviewed by
(Benjamin et al., 2021; Fodor et al., 2020b; Fodor et al., 2021; Hawkins
et al., 2006; Kemenes and Benjamin, 2009; Moroz, 2011; Rivi et al.,
2020; Rivi et al., 2021)) also presented opportunities to study the
cellular and molecular functions of these genes and to develop relevant
disease models in mollusks.

Building on the findings in Aplysia, many aging- and disease-relevant
gene products, including the homologous sequence to vertebrate ATP7
proteins, were also identified in the neuronal transcriptome of another
widely-used molluscan model species, the great pond snail (Lymnaea
stagnalis) (Fodor et al., 2020a). Interestingly, although there is a ho-
mologue to human SLC31A1 gene in Lymnaea, no homologous sequence
to ATOX1 appears to be present in this species (our own unpublished
data). Also, a recent paper focusing on metal pollution has identified the
homologous sequences in the mangrove oyster Crassostrea gasar to genes
involved in copper homeostasis, further confirming the presence of
ATP7 in mollusks (Ferreira et al., 2022). Additionally, one can find
further sequences on NCBI generated by automated computational
analysis from genomic sequences. Based on cluster-map (Fig. 1) and
phylogeny (Fig. 2) together with the conserved motifs (Fig. 3), these
sequences are likely orthologues of ATP7 proteins.

Structural modelling or functional investigations have not yet been
performed in any molluscan species. Taking advantage of the novel
machine learning approach of AlphaFold (Jumper et al., 2021), we made
an in silico investigation on the Lymnaea sequence to provide the first
glimpse into the structure of molluscan ATP7 proteins (Fig. 4). Detailed
methodology of the analysis is presented in Supplementary File 1. The
predicted domain composition and organization of the Lymnaea ATP7
protein match well with previous studies (Barry et al., 2010; Gupta and
Lutsenko, 2012; Norgate et al., 2006; Reed et al., 2018; Telianidis et al.,
2013). Fig. 4A presents the predicted membrane topology and domain
organization of the protein which show a high conservation: there are
eight trans-membrane segments with the N- and C-termini (both ori-
ented towards the cytosol). The cytosolic portion contains more func-
tional domains: the N-terminal copper-binding domain, the actuator
domain, the nucleotide binding domain, the phosphorylation domain,
and the C-terminal. The functional sites of the domains also show a very
high conservation (Fig. 3). The N-terminal copper-binding domain
contains 5 sub-domains which support the previous idea that there is a
general trend of increasing the number of copper-binding sites from
lower to higher organisms (Gupta and Lutsenko, 2012). Of note, the first
domain of the N-terminal also has a ferredoxin-like fold (Bappaf) but
does not contain the highly conserved copper-binding GMxCxxC motif.
The predicted 3D structure of Lymnaea ATP7 protein (Fig. 4B) correlates
well with recently published 3D structural and atomic models of frog
and human ATP7B proteins derived from cryo-EM structure recon-
struction (Bitter et al., 2022; Yang et al., 2023). Computational model-
ling on the surface electron potential map was also made to provide an
insight into the potential copper transport pathway across the mem-
brane in mollusks (and invertebrates in general) (Fig. 4C).

2.5. Nematodes

The first invertebrate ATP7 homologue, CUA-1, was identified in
1997 in the extensively used invertebrate model organism of molecular
and developmental biology, the nematode C. elegans (Sambongi et al.,
1997). The functional sites of the protein exhibit high conservation
(Fig. 3). Research on the functions of CUA-1 confirmed, for example, the
importance of the CPC motif and that Asp phosphorylation in the DKTG
motif is essential for the proper function of ATP7 proteins (Sambongi
etal., 1997; Yoshimizu et al., 1998). In general, little is known about the
mechanisms by which intestinal cells transport copper to maintain
organismal copper homeostasis. A later study determined CUA-1 as a
key intestinal copper exporter and showed that its trafficking is regu-
lated with extraintestinal copper levels to maintain systemic copper
homeostasis (Chun et al., 2017). It is worth mentioning that the copper
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Fig. 4. Predicted structure of the ATP7 protein of L. stagnalis. (A) Predicted membrane topology and domain organization. The protein consists of eight trans-
membrane segments (M1-M8) with the N- and C-termini. The cytosolic portion contains the N-terminal copper-binding domain with 5 sub-domains (1-5), the
actuator (A) domain (yellow), the nucleotide binding (N) domain (purple), the phosphorylation (P) domain (blue), and the C-terminal. (B) Predicted 3D structure of
the protein. (C) Predicted surface electrostatic potential (red: —5 kT/e; white: neutral; blue: +5 kT/e). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

chaperon protein CUC-1, the C. elegans homologue to yeast ATX1 and
human ATOX1 (Klomp et al., 1997), has been identified and functionally
investigated (Wakabayashi et al., 1998; Zhang et al., 2020). Addition-
ally, CHCA-1, the homologue to mammalian CTR1, was also identified
and functionally characterized (Yuan et al., 2018).

2.6. Non-bilaterians

As some of the most ancient animal lineages, non-bilaterians provide
a unique opportunity to understand early animal evolution. Studying
their genetics, development, and physiology can help us trace the origins
of various biological processes and reconstruct the evolutionary history
of the animal kingdom. So far, there is no analysis of the physiological
role, localization, or single-cell expression pattern of ATP7 proteins in
any of these species. From the four evolutionarily ancient phyla of non-
bilaterian animals, ATP7 sequences can be found in Porifera, Placozoa,
and Cnidaria on NCBI, generated by automated analysis. However, to

the best of our knowledge, this is the first study to address ATP7 proteins
in these species. Currently, more and better-quality genome and/or
transcriptome data are available for Porifera (e.g., Amphimedon
queenslandica; (Srivastava et al., 2010)), Placozoa (e.g., Trichoplax
adhaerens; (Wong et al., 2019)), Ctenophora (e.g., Pleurobrachia bachei,
Hormiphora californiensis; (Moroz et al., 2014; Schultz et al., 2021)), and
Cnidaria (e.g., Hydra vulgaris, Nematostella vectensis; (Cazet et al., 2023;
Zimmermann et al., 2020)). In this study, our thorough searches for
potential homologous sequences using Hidden Markov Models confirm
that there are indeed homologues for ATP7 genes in cnidarian, placo-
zoan, and poriferan species. In addition, we demonstrate the presence of
ATP7 homologues in Ctenophores. The cluster-map (Fig. 1) and phy-
logeny (Fig. 2) together with the alignment of the functional sites
(Fig. 3) suggest that the protein products of these sequences are bona
fide ATP7 candidates in non-bilaterian animals. We hypothesize that the
functions of ATP7 proteins in these species are also the maintaining of
proper intracellular concentration of copper and to provide copper to
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cuproenzymes. Moreover, we suppose that, similar to DmATP7, ATP7
proteins are necessary for the maturation of neuropeptides in non-
bilaterians, including the neuron-less poriferans and placozoans,
where a recent paper demonstrated the presence of neuropeptide-
encoding genes (Yanez-Guerra et al., 2022). The presence of PHM
enzyme in various non-bilaterian species, including Cnidarians, Por-
iferans, and Placozoans (Attenborough et al., 2012), supports this
assumption.

3. Conclusions

The copper-transporting ATPases play a crucial role in copper
regulation across diverse organisms, ranging from prokaryotes to eu-
karyotes. Over the past 30 years, many studies have investigated ATP7
proteins in humans and mice to understand pathophysiological condi-
tions of Menkes and Wilson’s diseases, exemplifying the clinical signif-
icance of these genes. In addition to the clinical aspects, copper-
transporting ATPases represent an excellent object to study the evolu-
tion of large and complex proteins. For example, current research re-
veals that these genes underwent evolutionary transformations, leading
to their functional diversity, including copper transport through com-
plex barriers, copper supply to cuproenzymes, and their trafficking na-
ture. Also, ATP7/ATP7 homologues have been identified in various non-
mammalian vertebrates and invertebrate deuterostomes, opening ave-
nues for further exploration into the functions and evolutionary trajec-
tory of these copper-transporting ATPases. Although ATP7 proteins have
also been investigated in some members of non-mammalian vertebrates
and protostomes, other animals have been rather neglected. This is
particularly true for non-bilaterians, a relevant group of metazoans
which can provide important information about the evolution and
function of genes. Here, we identified the presence of ATP7 genes in
poriferans, ctenophores, cnidarians, and placozoans, providing new
evolutionary insights and the initial step into the study of these proteins
in non-bilaterians. In our opinion, the function of copper-transporting
ATPases in providing copper to cuproenzymes became even more
important when the first animals appeared and copper-dependent en-
zymes diversified. It is also possible that ATP7 proteins had some rele-
vance in the early evolution of neurotransmission, for example, by
providing copper to the neuropeptide-amidating enzymes.

We agree that further vertebrate models are needed which could be
utilised as ATP7/ATP7-related disease models. Notably, the recent
structural elucidation of ATP7 protein from Xenopus via cryo-EM has
provided critical insights into their molecular architecture, which could
potentially pave the way for developing therapeutic interventions (e.g.,
neuroprotective compounds for the management of Wilson’s disease).
However, we would like to highlight that, in addition to vertebrate
models, the study of invertebrates can also contribute to our under-
standing of the evolution of ATP7 proteins and may also have clinical
implications. Future research in these models will continue to shed light
on the critical role of ATP7 proteins in the maintenance of proper
intracellular copper concentrations and in the support of essential bio-
logical processes across the animal kingdom.

Funding

This work was supported by the National Brain Project (#NAP2022-
1-10/2022; Z.P.), the Hungarian Scientific Research Fund (#138039; Z.
P.), and the BBSRC Discovery fellowship (BB/W010305/1; L.A.Y.G.).

Author statement for copyright

The graphical abstract was adopted and modified from the following
paper: Jékely G & Budd GE. Animal Phylogeny: Resolving the Slugfest of
Ctenophores, Sponges and Acoels? Curr Biol 31 (2021) R202-R204. htt
ps://doi.org/10.1016/j.cub.2020.12.026.

Gene 885 (2023) 147720
CRediT authorship contribution statement

Istvan Fodor: Conceptualization, Investigation, Writing — original
draft, Data curation, Visualization. Luis Alfonso Yanez-Guerra:
Investigation, Writing — review & editing, Data curation, Visualization,
Funding acquisition. Bence Kiss: Investigation, Writing — review &
editing, Data curation, Visualization. Gergely Biiki: Writing — review &
editing. Zsolt Pirger: Writing — review & editing, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgement

The authors thank Dr. Gabor Marké (neurologist; St. Gyorgy Hospi-
tal, Székesfehérvar, Hungary) for one of his posts on Twitter that
inspired the idea of this work. Also, the authors thank Prof. Robert J.
Walker (University of Southampton; the UK) for checking the English of
the manuscript. Open access funding was provided by Eotvos Lorand
Research Network (ELKH).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gene.2023.147720.

References

Ala, A., Walker, A.P., Ashkan, K., Dooley, J.S., Schilsky, M.L., 2007. Wilson’s disease.
Lancet 369, 397-408. https://doi.org/10.1016/50140-6736(07)60196-2.

Arguello, J.M., Eren, E., Gonzalez-Guerrero, M., 2007. The structure and function of
heavy metal transport P1B-ATPases. Biometals 20, 233-248. https://doi.org/
10.1007/s10534-006-9055-6.

Attenborough, R.M., Hayward, D.C., Kitahara, M.V., Miller, D.J., Ball, E.E., 2012.

A “neural” enzyme in nonbilaterian animals and algae: preneural origins for
peptidylglycine alpha-amidating monooxygenase. Mol. Biol. Evol. 29, 3095-3109.
https://doi.org/10.1093/molbev/mss114.

Bahadorani, S., Bahadorani, P., Marcon, E., Walker, D.W., Hilliker, A.J., 2010.

A Drosophila model of Menkes disease reveals a role for DmATP7 in copper
absorption and neurodevelopment. Dis. Model Mech. 3, 84-91. https://doi.org/
10.1242/dmm.002642.

Balamurugan, K., Egli, D., Hua, H., Rajaram, R., Seisenbacher, G., Georgiev, O.,
Schaffner, W., 2007. Copper homeostasis in Drosophila by complex interplay of
import, storage and behavioral avoidance. EMBO J. 26, 1035-1044. https://doi.org/
10.1038/sj.emboj.7601543.

Barry, A.N., Shinde, U., Lutsenko, S., 2010. Structural organization of human Cu-
transporting ATPases: learning from building blocks. J. Biol. Inorg. Chem. 15, 47-59.
https://doi.org/10.1007/s00775-009-0595-4.

Benjamin, P.R., Kemenes, G., Staras, K., 2021. Molluscan Nervous Systems, Encyclopedia
of Life Science. John Wiley & Sons Ltd, Chichester, UK, pp. 1-15.

Bitter, R.M., Oh, S., Deng, Z., Rahman, S., Hite, R.K., Yuan, P., 2022. Structure of the
Wilson disease copper transporter ATP7B. Sci. Adv. 8 eabl5508, doi:10.1126/sciadv.
abl5508.

Bull, P.C., Thomas, G.R., Rommens, J.M., Forbes, J.R., Cox, D.W., 1993. The Wilson
disease gene is a putative copper transporting P-type ATPase similar to the Menkes
gene. Nat. Genet 5, 327-337. https://doi.org/10.1038/ng1293-327.

Burke, R., Commons, E., Camakaris, J., 2008. Expression and localisation of the essential
copper transporter DmATP7 in Drosophila neuronal and intestinal tissues. Int. J.
Biochem. Cell Biol. 40, 1850-1860. https://doi.org/10.1016/j.biocel.2008.01.021.

Calap-Quintana, P., Gonzalez-Fernandez, J., Sebastia-Ortega, N., Llorens, J.V., Molto, M.
D., 2017. Drosophila melanogaster Models of Metal-Related Human Diseases and
Metal Toxicity. Int. J. Mol. Sci. 18, 1456. https://doi.org/10.3390/ijms18071456.

Cazet, J.F., Siebert, S., Little, H.M., Bertemes, P., Primack, A.S., Ladurner, P.,
Achrainer, M., Fredriksen, M.T., Moreland, R.T., Singh, S., et al., 2023.

A chromosome-scale epigenetic map of the Hydra genome reveals conserved
regulators of cell state. Genome Res. 33, 283-298. https://doi.org/10.1101/
gr.277040.122.


https://doi.org/10.1016/j.cub.2020.12.026
https://doi.org/10.1016/j.cub.2020.12.026
https://doi.org/10.1016/j.gene.2023.147720
https://doi.org/10.1016/j.gene.2023.147720
https://doi.org/10.1016/S0140-6736(07)60196-2
https://doi.org/10.1007/s10534-006-9055-6
https://doi.org/10.1007/s10534-006-9055-6
https://doi.org/10.1093/molbev/mss114
https://doi.org/10.1242/dmm.002642
https://doi.org/10.1242/dmm.002642
https://doi.org/10.1038/sj.emboj.7601543
https://doi.org/10.1038/sj.emboj.7601543
https://doi.org/10.1007/s00775-009-0595-4
http://refhub.elsevier.com/S0378-1119(23)00561-9/h0035
http://refhub.elsevier.com/S0378-1119(23)00561-9/h0035
https://doi.org/10.1038/ng1293-327
https://doi.org/10.1016/j.biocel.2008.01.021
https://doi.org/10.3390/ijms18071456
https://doi.org/10.1101/gr.277040.122
https://doi.org/10.1101/gr.277040.122

L. Fodor et al.

Chelly, J., Tumer, Z., Tonnesen, T., Petterson, A., Ishikawa-Brush, Y., Tommerup, N.,
Horn, N., Monaco, A.P., 1993. Isolation of a candidate gene for Menkes disease that
encodes a potential heavy metal binding protein. Nat. Genet 3, 14-19. https://doi.
0rg/10.1038/ng0193-14.

Choi, T.Y., Choi, T.L, Lee, Y.R., Choe, S.K., Kim, C.H., 2021. Zebrafish as an animal
model for biomedical research. Exp. Mol. Med. 53, 310-317. https://doi.org/
10.1038/512276-021-00571-5.

Chun, H., Sharma, A.K., Lee, J., Chan, J., Jia, S., Kim, B.E., 2017. The Intestinal Copper
Exporter CUA-1 Is Required for Systemic Copper Homeostasis in Caenorhabditis
elegans. J. Biol. Chem. 292, 1-14. https://doi.org/10.1074/jbc.M116.760876.

Czlonkowska, A., Litwin, T., Dusek, P., Ferenci, P., Lutsenko, S., Medici, V.,
Rybakowski, J.K., Weiss, K.H., Schilsky, M.L., 2018. Wilson disease. Nat. Rev. Dis.
Primers 4, 21. https://doi.org/10.1038/541572-018-0018-3.

Dai, Y.J., Jia, Y.F., Chen, N., Bian, W.P., Li, Q.K., Ma, Y.B., Chen, Y.L., Pei, D.S., 2014.
Zebrafish as a model system to study toxicology. Environ. Toxicol. Chem. 33, 11-17.
https://doi.org/10.1002/etc.2406.

Dev, S., Kruse, R.L., Hamilton, J.P., Lutsenko, S., 2022. Wilson Disease: Update on
Pathophysiology and Treatment. Front. Cell Dev. Biol. 10, 871877 https://doi.org/
10.3389/fcell.2022.871877.

Ferreira, C.P., Moreira, R.S., Toledo-Silva, G., Schroeder, D.C., Bainy, A.C.D.,
Luchmann, K.H., 2022. Analysis of Crassostrea gasar transcriptome reveals candidate
genes involved in metal metabolism. Chemosphere 307, 136009. https://doi.org/
10.1016/j.chemosphere.2022.136009.

Fodor, 1., Urban, P., Kemenes, G., Koene, J.M., Pirger, Z., 2020a. Aging and disease-
relevant gene products in the neuronal transcriptome of the great pond snail
(Lymnaea stagnalis): a potential model of aging, age-related memory loss, and
neurodegenerative diseases. Invert. Neurosci. 20, 9. https://doi.org/10.1007/
5s10158-020-00242-6.

Fodor, L., Hussein, A.A., Benjamin, P.R., Koene, J.M., Pirger, Z., 2020b. The unlimited
potential of the great pond snail, Lymnaea stagnalis. eLife 9, e56962.

Fodor, L., Svigruha, R., Kemenes, G., Kemenes, 1., Pirger, Z., 2021. The great pond snail
(Lymnaea stagnalis) as a model of ageing and age-related memory impairment: an
overview. J. Gerontol. A Biol. Sci. Med. Sci. 76, 975-982. https://doi.org/10.1093/
gerona/glab014.

Gourdon, P., Liu, X.Y., Skjorringe, T., Morth, J.P., Moller, L.B., Pedersen, B.P., Nissen, P.,
2011. Crystal structure of a copper-transporting PIB-type ATPase. Nature 475,
59-64. https://doi.org/10.1038/nature10191.

Gupta, A., Lutsenko, S., 2012. Evolution of copper transporting ATPases in eukaryotic
organisms. Curr. Genomics 13, 124-133. https://doi.org/10.2174/
138920212799860661.

Hadrian, K., Przybylkowski, A., 2021. Toxic milk mice models of Wilson’s disease. Mol.
Biol. Rep. 48, 1903-1914. https://doi.org/10.1007/s11033-021-06192-5.

Hartwig, C., Mendez, G.M., Bhattacharjee, S., Vrailas-Mortimer, A.D., Zlatic, S.A.,
Freeman, A.A.H., Gokhale, A., Concilli, M., Werner, E., Sapp Savas, C., et al., 2021.
Golgi-Dependent Copper Homeostasis Sustains Synaptic Development and
Mitochondrial Content. J. Neurosci. 41, 215-233. https://doi.org/10.1523/
JNEUROSCI.1284-20.2020.

Hawkins, R.D., Kandel, E.R., Bailey, C.H., 2006. Molecular mechanisms of memory
storage in Aplysia. Biol. Bull. 210, 174-191. https://doi.org/10.2307/4134556.

Huster, D., 2010. Wilson disease. Best Pract. Res. Clin. Gastroenterol. 24, 531-539.
https://doi.org/10.1016/j.bpg.2010.07.014.

Hwang, J.E., de Bruyne, M., Warr, C.G., Burke, R., 2014. Copper overload and deficiency
both adversely affect the central nervous system of Drosophila. Metallomics 6,
2223-2229. https://doi.org/10.1039/c4mt00140k.

Jennings, B.H., 2011. Drosophila - a versatile model in biology & medicine. Mater. Today
14, 190-195. https://doi.org/10.1016/51369-7021(11)70113-4.

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O.,
Tunyasuvunakool, K., Bates, R., Zidek, A., Potapenko, A., et al., 2021. Highly
accurate protein structure prediction with AlphaFold. Nature 596, 583-589. https://
doi.org/10.1038/541586-021-03819-2.

Kaler, S.G., 2011. ATP7A-related copper transport diseases-emerging concepts and future
trends. Nat. Rev. Neurol. 7, 15-29. https://doi.org/10.1038/nrneurol.2010.180.

Kemenes, G., Benjamin, P.R., 2009. Lymnaea. Curr. Biol. 19, R9-R. https://doi.org/
10.1016/j.cub.2008.10.013.

Klomp, L.W., Lin, S.J., Yuan, D.S., Klausner, R.D., Culotta, V.C., Gitlin, J.D., 1997.
Identification and functional expression of HAH1, a novel human gene involved in
copper homeostasis. J. Biol. Chem. 272, 9221-9226. https://doi.org/10.1074/
jbc.272.14.9221.

Kwok, M.L., Chan, K.M., 2019. Functional characterization of copper transporters zCtrl,
zAtox1, zAtp7a and zAtp7b in zebrafish liver cell line ZFL. Metallomics 11,
1532-1546. https://doi.org/10.1039/cO9mt00159j.

Lee, J., Prohaska, J.R., Dagenais, S.L., Glover, T.W., Thiele, D.J., 2000. Isolation of a
murine copper transporter gene, tissue specific expression and functional
complementation of a yeast copper transport mutant. Gene 254, 87-96. https://doi.
org/10.1016/s0378-1119(00)00287-0.

Lenartowicz, M., Wieczerzak, K., Krzeptowski, W., Dobosz, P., Grzmil, P., Starzynski, R.,
Lipinski, P., 2010. Developmental changes in the expression of the Atp7a gene in the
liver of mice during the postnatal period. J. Exp. Zool. A Ecol. Genet Physiol. 313,
209-217. https://doi.org/10.1002/jez.586.

Lenartowicz, M., Krzeptowski, W., Lipinski, P., Grzmil, P., Starzynski, R., Pierzchala, O.,
Moller, L.B., 2015a. Mottled Mice and Non-Mammalian Models of Menkes Disease.
Front. Mol. Neurosci. 8, 72. https://doi.org/10.3389/fnmol.2015.00072.

Lenartowicz, M., Kennedy, C., Hayes, H., McArdle, H.J., 2015b. Transcriptional
regulation of copper metabolism genes in the liver of fetal and neonatal control and
iron-deficient rats. Biometals 28, 51-59. https://doi.org/10.1007/s10534-014-
9802-z.

Gene 885 (2023) 147720

Leung, K.P., Chen, D., Chan, K.M., 2014. Understanding copper sensitivity in zebrafish
(Danio rerio) through the intracellular localization of copper transporters in a
hepatocyte cell-line ZFL and the tissue expression profiles of copper transporters.
Metallomics 6, 1057-1067. https://doi.org/10.1039/c3mt00366¢.

Lutsenko, S., Barnes, N.L., Bartee, M.Y., Dmitriev, O.Y., 2007. Function and regulation of
human copper-transporting ATPases. Physiol. Rev. 87, 1011-1046. https://doi.org/
10.1152/physrev.00004.2006.

Mackenzie, N.C., Brito, M., Reyes, A.E., Allende, M.L., 2004. Cloning, expression pattern
and essentiality of the high-affinity copper transporter 1 (ctrl) gene in zebrafish.
Gene 328, 113-120. https://doi.org/10.1016/j.gene.2003.11.019.

Mendelsohn, B.A,, Yin, C., Johnson, S.L., Wilm, T.P., Solnica-Krezel, L., Gitlin, J.D., 2006.
Atp7a determines a hierarchy of copper metabolism essential for notochord
development. Cell Metab 4, 155-162. https://doi.org/10.1016/j.cmet.2006.05.001.

Mercer, S.W., Burke, R., 2016. Evidence for a role for the putative Drosophila hGRX1
orthologue in copper homeostasis. Biometals 29, 705-713. https://doi.org/10.1007/
510534-016-9946-0.

Mercer, J.F., Livingston, J., Hall, B., Paynter, J.A., Begy, C., Chandrasekharappa, S.,
Lockhart, P., Grimes, A., Bhave, M., Siemieniak, D., et al., 1993. Isolation of a partial
candidate gene for Menkes disease by positional cloning. Nat. Genet 3, 20-25.
https://doi.org/10.1038/ng0193-20.

Michalczyk, A., Bastow, E., Greenough, M., Camakaris, J., Freestone, D., Taylor, P.,
Linder, M., Mercer, J., Ackland, M.L., 2008. ATP7B expression in human breast
epithelial cells is mediated by lactational hormones. J. Histochem. Cytochem. 56,
389-399. https://doi.org/10.1369/jhc.7A7300.2008.

Miller, K.A., Vicentini, F.A., Hirota, S.A., Sharkey, K.A., Wieser, M.E., 2019. Antibiotic
treatment affects the expression levels of copper transporters and the isotopic
composition of copper in the colon of mice. Proc. Natl. Acad. Sci. USA 116,
5955-5960. https://doi.org/10.1073/pnas.1814047116.

Moroz, L.L., 2011. Aplysia. Curr. Biol. 21, R60-R61. https://doi.org/10.1016/j.
cub.2010.11.028.

Moroz, L.L., Edwards, J.R., Puthanveettil, S.V., Kohn, A.B., Ha, T., Heyland, A.,
Knudsen, B., Sahni, A., Yu, F., Liu, L., et al., 2006. Neuronal transcriptome of Aplysia:
neuronal compartments and circuitry. Cell 127, 1453-1467. https://doi.org/
10.1016/j.cell.2006.09.052.

Moroz, L.L., Kocot, K.M., Citarella, M.R., Dosung, S., Norekian, T.P., Povolotskaya, .S.,
Grigorenko, A.P., Dailey, C., Berezikov, E., Buckley, K.M., et al., 2014. The
ctenophore genome and the evolutionary origins of neural systems. Nature 510,
109-114. https://doi.org/10.1038/nature13400.

Norgate, M., Lee, E., Southon, A., Farlow, A., Batterham, P., Camakaris, J., Burke, R.,
2006. Essential roles in development and pigmentation for the Drosophila copper
transporter DmATP7. Mol. Biol. Cell 17, 475-484. https://doi.org/10.1091/mbc.
€05-06-0492.

Rakshit, A., Khatua, K., Shanbhag, V., Comba, P., Datta, A., 2018. Cu(2+) selective
chelators relieve copper-induced oxidative stress in vivo. Chem. Sci 9, 7916-7930.
https://doi.org/10.1039/c8sc04041a.

Reed, E., Lutsenko, S., Bandmann, O., 2018. Animal models of Wilson disease.

J. Neurochem. 146, 356-373. https://doi.org/10.1111/jnc.14323.

Rivi, V., Benatti, C., Colliva, C., Radighieri, G., Brunello, N., Tascedda, F., Blom, J.M.C.,
2020. Lymnaea stagnalis as model for translational neuroscience research: From pond
to bench. Neurosci. Biobehav. Rev. 108, 602-616. https://doi.org/10.1016/j.
neubiorev.2019.11.020.

Rivi, V., Benatti, C., Lukowiak, K., Colliva, C., Alboni, S., Tascedda, F., Blom, J.M.C.,
2021. What can we teach Lymnaea and what can Lymnaea teach us? Biol. Rev. Camb.
Philos. Soc. 96, 1590-1602. https://doi.org/10.1111/brv.12716.

Sambongi, Y., Wakabayashi, T., Yoshimizu, T., Omote, H., Oka, T., Futai, M., 1997.
Caenorhabditis elegans cDNA for a Menkes/Wilson disease gene homologue and its
function in a yeast CCC2 gene deletion mutant. J. Biochem. 121, 1169-1175.
https://doi.org/10.1093/oxfordjournals.jbchem.a021711.

Schultz, D.T., Francis, W.R., McBroome, J.D., Christianson, L.M., Haddock, S.H.D.,
Green, R.E. A chromosome-scale genome assembly and karyotype of the ctenophore
Hormiphora californensis. G3 (Bethesda) 11, 2021, jkab302, doi:10.1093/g3journal/
jkab302.

Sellami, A., Wegener, C., Veenstra, J.A., 2012. Functional significance of the copper
transporter ATP7 in peptidergic neurons and endocrine cells in Drosophila
melanogaster. FEBS Lett. 586, 3633-3638. https://doi.org/10.1016/j.
febslet.2012.08.009.

Southon, A., Burke, R., Norgate, M., Batterham, P., Camakaris, J., 2004. Copper
homoeostasis in Drosophila melanogaster S2 cells. Biochem J. 383, 303-309. https://
doi.org/10.1042/BJ20040745.

Southon, A., Palstra, N., Veldhuis, N., Gaeth, A., Robin, C., Burke, R., Camakaris, J.,
2010. Conservation of copper-transporting P(IB)-type ATPase function. Biometals
23, 681-694. https://doi.org/10.1007/s10534-010-9332-2.

Srivastava, M., Simakov, O., Chapman, J., Fahey, B., Gauthier, M.E., Mitros, T.,
Richards, G.S., Conaco, C., Dacre, M., Hellsten, U., et al., 2010. The Amphimedon
queenslandica genome and the evolution of animal complexity. Nature 466, 720-726.
https://doi.org/10.1038/nature09201.

Svetel, M., Potrebic, A., Pekmezovic, T., Tomic, A., Kresojevic, N., Jesic, R.,
Dragasevic, N., Kostic, V.S., 2009. Neuropsychiatric aspects of treated Wilson’s
disease. Parkinsonism Relat. Disord. 15, 772-775. https://doi.org/10.1016/j.
parkreldis.2009.01.010.

Tanzi, R.E., Petrukhin, K., Chernov, I., Pellequer, J.L., Wasco, W., Ross, B., Romano, D.
M., Parano, E., Pavone, L., Brzustowicz, L.M., et al., 1993. The Wilson disease gene is
a copper transporting ATPase with homology to the Menkes disease gene. Nat. Genet
5, 344-350. https://doi.org/10.1038/ng1293-344.


https://doi.org/10.1038/ng0193-14
https://doi.org/10.1038/ng0193-14
https://doi.org/10.1038/s12276-021-00571-5
https://doi.org/10.1038/s12276-021-00571-5
https://doi.org/10.1074/jbc.M116.760876
https://doi.org/10.1038/s41572-018-0018-3
https://doi.org/10.1002/etc.2406
https://doi.org/10.3389/fcell.2022.871877
https://doi.org/10.3389/fcell.2022.871877
https://doi.org/10.1016/j.chemosphere.2022.136009
https://doi.org/10.1016/j.chemosphere.2022.136009
https://doi.org/10.1007/s10158-020-00242-6
https://doi.org/10.1007/s10158-020-00242-6
http://refhub.elsevier.com/S0378-1119(23)00561-9/h0105
http://refhub.elsevier.com/S0378-1119(23)00561-9/h0105
https://doi.org/10.1093/gerona/glab014
https://doi.org/10.1093/gerona/glab014
https://doi.org/10.1038/nature10191
https://doi.org/10.2174/138920212799860661
https://doi.org/10.2174/138920212799860661
https://doi.org/10.1007/s11033-021-06192-5
https://doi.org/10.1523/JNEUROSCI.1284-20.2020
https://doi.org/10.1523/JNEUROSCI.1284-20.2020
https://doi.org/10.2307/4134556
https://doi.org/10.1016/j.bpg.2010.07.014
https://doi.org/10.1039/c4mt00140k
https://doi.org/10.1016/S1369-7021(11)70113-4
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/nrneurol.2010.180
https://doi.org/10.1016/j.cub.2008.10.013
https://doi.org/10.1016/j.cub.2008.10.013
https://doi.org/10.1074/jbc.272.14.9221
https://doi.org/10.1074/jbc.272.14.9221
https://doi.org/10.1039/c9mt00159j
https://doi.org/10.1016/s0378-1119(00)00287-0
https://doi.org/10.1016/s0378-1119(00)00287-0
https://doi.org/10.1002/jez.586
https://doi.org/10.3389/fnmol.2015.00072
https://doi.org/10.1007/s10534-014-9802-z
https://doi.org/10.1007/s10534-014-9802-z
https://doi.org/10.1039/c3mt00366c
https://doi.org/10.1152/physrev.00004.2006
https://doi.org/10.1152/physrev.00004.2006
https://doi.org/10.1016/j.gene.2003.11.019
https://doi.org/10.1016/j.cmet.2006.05.001
https://doi.org/10.1007/s10534-016-9946-0
https://doi.org/10.1007/s10534-016-9946-0
https://doi.org/10.1038/ng0193-20
https://doi.org/10.1369/jhc.7A7300.2008
https://doi.org/10.1073/pnas.1814047116
https://doi.org/10.1016/j.cub.2010.11.028
https://doi.org/10.1016/j.cub.2010.11.028
https://doi.org/10.1016/j.cell.2006.09.052
https://doi.org/10.1016/j.cell.2006.09.052
https://doi.org/10.1038/nature13400
https://doi.org/10.1091/mbc.e05-06-0492
https://doi.org/10.1091/mbc.e05-06-0492
https://doi.org/10.1039/c8sc04041a
https://doi.org/10.1111/jnc.14323
https://doi.org/10.1016/j.neubiorev.2019.11.020
https://doi.org/10.1016/j.neubiorev.2019.11.020
https://doi.org/10.1111/brv.12716
https://doi.org/10.1093/oxfordjournals.jbchem.a021711
https://doi.org/10.1016/j.febslet.2012.08.009
https://doi.org/10.1016/j.febslet.2012.08.009
https://doi.org/10.1042/BJ20040745
https://doi.org/10.1042/BJ20040745
https://doi.org/10.1007/s10534-010-9332-2
https://doi.org/10.1038/nature09201
https://doi.org/10.1016/j.parkreldis.2009.01.010
https://doi.org/10.1016/j.parkreldis.2009.01.010
https://doi.org/10.1038/ng1293-344

L. Fodor et al.

Telianidis, J., Hung, Y.H., Materia, S., Fontaine, S.L., 2013. Role of the P-Type ATPases,
ATP7A and ATP7B in brain copper homeostasis. Front Aging Neurosci. 5, 44.
https://doi.org/10.3389/fnagi.2013.00044.

Vulpe, C., Levinson, B., Whitney, S., Packman, S., Gitschier, J., 1993. Isolation of a
candidate gene for Menkes disease and evidence that it encodes a copper-
transporting ATPase. Nat. Genet 3, 7-13. https://doi.org/10.1038/ng0193-7.

Wakabayashi, T., Nakamura, N., Sambongi, Y., Wada, Y., Oka, T., Futai, M., 1998.
Identification of the copper chaperone, CUC-1, in Caenorhabditis elegans: tissue
specific co-expression with the copper transporting ATPase, CUA-1. FEBS Lett. 440,
141-146. https://doi.org/10.1016/50014-5793(98)01431-8.

Wang, X., Garrick, M.D., Collins, J.F., 2019. Animal Models of Normal and Disturbed Iron
and Copper Metabolism. J. Nutr. 149, 2085-2100. https://doi.org/10.1093/jn/
nxz172.

Wong, Y.Y., Le, P., Elkhatib, W., Piekut, T., Senatore, A., 2019. Transcriptome profiling
of Trichoplax adhaerens highlights its digestive epithelium and a rich set of genes for
fast electrogenic and slow neuromodulatory cellular signaling. Research Square
preprint. https://doi.org/10.21203/rs.2.14504/v1.

Xiao, G., Fan, Q., Wang, X., Zhou, B., 2013. Huntington disease arises from a
combinatory toxicity of polyglutamine and copper binding. Proc. Natl. Acad. Sci.
USA 110, 14995-15000. https://doi.org/10.1073/pnas.1308535110.

Yanez-Guerra, L.A., Thiel, D., Jekely, G. Premetazoan, 2022. Origin of Neuropeptide
Signaling. Mol. Biol. Evol. 39, msac051, doi:10.1093/molbev/msac051.

Yang, G.M., Xu, L., Wang, R.M., Tao, X., Zheng, Z.W., Chang, S., Ma, D., Zhao, C.,
Dong, Y., Wu, S, et al., 2023. Structures of the human Wilson disease copper
transporter ATP7B. Cell Rep 42, 112417. https://doi.org/10.1016/j.
celrep.2023.112417.

Gene 885 (2023) 147720

Yoshimizu, T., Omote, H., Wakabayashi, T., Sambongi, Y., Futai, M., 1998. Essential Cys-
Pro-Cys motif of Caenorhabditis elegans copper transport ATPase. Biosci. Biotechnol.
Biochem. 62, 1258-1260. https://doi.org/10.1271/bbb.62.1258.

Yuan, S., Sharma, A.K., Richart, A., Lee, J., Kim, B.E., 2018. CHCA-1 is a copper-
regulated CTR1 homolog required for normal development, copper accumulation,
and copper-sensing behavior in Caenorhabditis elegans. J. Biol. Chem. 293,
10911-10925. https://doi.org/10.1074/jbc.RA118.003503.

Zeid, A.C., Yi, L., Kaler, S.G., 2019. Chapter 43 - Menkes Disease and Other Disorders
Related to ATP7A. In: Kerkar, N., Roberts, E. (Eds.), Clinical and Translational
Perspectives on WILSON DISEASE. Academic Press. ISBN: 9780128105320.

Zhang, X., Blockhuys, S., Devkota, R., Pilon, M., Wittung-Stafshede, P., 2020. The
Caenorhabditis elegans homolog of human copper chaperone Atox1, CUC-1, aids in
distal tip cell migration. Biometals 33, 147-157. https://doi.org/10.1007/s10534-
020-00239-z.

Zhou, H., Cadigan, K.M., Thiele, D.J., 2003. A copper-regulated transporter required for
copper acquisition, pigmentation, and specific stages of development in Drosophila
melanogaster. J. Biol. Chem. 278, 48210-48218. https://doi.org/10.1074/jbc.
M309820200.

Zhou, B., Gitschier, J., 1997. hCTR1: a human gene for copper uptake identified by
complementation in yeast. Proc. Natl. Acad. Sci. USA 94, 7481-7486. https://doi.
org/10.1073/pnas.94.14.7481.

Zimmermann, B., Robb, S.M.C., Genikhovich, G., Fropf, W.J., Weilguny, L., He, S.,
Chen, S., Lovegrove-Walsh, J., Hill, E.M., Chen, C.-Y., et al., 2020. Sea anemone
genomes reveal ancestral metazoan chromosomal macrosynteny. BioRxiv preprint.
https://doi.org/10.1101,/2020.10.30.359448.


https://doi.org/10.3389/fnagi.2013.00044
https://doi.org/10.1038/ng0193-7
https://doi.org/10.1016/s0014-5793(98)01431-8
https://doi.org/10.1093/jn/nxz172
https://doi.org/10.1093/jn/nxz172
https://doi.org/10.21203/rs.2.14504/v1
https://doi.org/10.1073/pnas.1308535110
https://doi.org/10.1016/j.celrep.2023.112417
https://doi.org/10.1016/j.celrep.2023.112417
https://doi.org/10.1271/bbb.62.1258
https://doi.org/10.1074/jbc.RA118.003503
http://refhub.elsevier.com/S0378-1119(23)00561-9/h0370
http://refhub.elsevier.com/S0378-1119(23)00561-9/h0370
http://refhub.elsevier.com/S0378-1119(23)00561-9/h0370
https://doi.org/10.1007/s10534-020-00239-z
https://doi.org/10.1007/s10534-020-00239-z
https://doi.org/10.1074/jbc.M309820200
https://doi.org/10.1074/jbc.M309820200
https://doi.org/10.1073/pnas.94.14.7481
https://doi.org/10.1073/pnas.94.14.7481
https://doi.org/10.1101/2020.10.30.359448

	Copper-transporting ATPases throughout the animal evolution – From clinics to basal neuron-less animals
	1 Introduction
	2 ATP7/ATP7 throughout the animal evolution
	2.1 Mammals and clinical aspects of ATP7 proteins
	2.2 Non-mammalian vertebrates and invertebrate deuterostomes
	2.3 Arthropods
	2.4 Mollusks
	2.5 Nematodes
	2.6 Non-bilaterians

	3 Conclusions
	Funding
	Author statement for copyright
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


