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Abstract Plants are among the most versatile higher
eukaryotes in accommodating environmental copper
availability to largely variable demands. In particular,
copper deficiency in soils is a threat for plant survival since
it mostly affects reproductive structures. One of the strat-
egies that plant cells use to overcome this situation is to
increase copper levels by expressing high-affinity copper
transporters delivering the metal to the cytosol. In this
minireview, we discuss recent advances in the structure,
function, and regulation of the CTR/COPT family of
copper transporters, and pay special attention to the Ara-
bidopsis thaliana counterparts. These are constituted by
transmembrane polypeptides, containing several copper-
binding sequences of functional and/or regulatory value,
and assembling as trimers. Copper deficiency activates the
expression of some members of the COPT family via the
interaction of the SPL7 transcription factor with reiterative
GTAC motifs present in their promoters. Interestingly, the
regulation of the synthesis of these transporters by copper
itself constitutes a negative-feedback loop that could cause
a sustained oscillation in the cytosolic copper levels. We
analyze the theoretical conditions required for this hypo-
thetical copper oscillation and the potential advantages of
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synchronization with other cycles. Diverse data in other
organisms point to the relationship between copper
homeostasis and circadian cycles.
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Introduction

Plants use copper (Cu) as a redox cofactor for a wide
range of physiological processes, including photosynthe-
sis, mitochondrial respiration, superoxide scavenging, cell
wall metabolism, and ethylene perception. Besides being
essential, Cu is a potential toxic agent when in excess.
The reactivity of Cu ions can lead to the generation of
harmful reactive oxygen species via Fenton and Haber—
Weiss reactions that cause severe oxidative damage to
cells [1]. Cu is also at the top of the Irving—Williams
series and tightly binds to target sites in polypeptides [2].
Owing to their sessile nature, plants are probably among
the best adapted higher eukaryotes to accommodate their
Cu requirements to the wide range of environmental Cu
availability. The necessity for Cu varies not only during
the daily cycle as photosynthesis is probably the main
metal-requiring process, but also throughout plant devel-
opment green tissues and reproductive organs become
strong Cu nutrient sinks. To conciliate the dynamic
changes in Cu supply and demands, plants have evolved
sophisticated and tightly regulated homeostatic networks
that control Cu uptake, delivery to target proteins, and
detoxification. In Arabidopsis cells, Cut transport toward
the cytosol is mediated by the high-affinity COPTI1-
COPT®6 transporter family, and Cu™ efflux occurs through
P-type ATPases, including RAN1, PAAL, PAA2, HMAS,
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and HMAI1. Metallochaperones, including ATX1, CCH,
and CCS1, mediate Cu™ delivery to specific protein targets
(reviewed in [3-5]). Although Cu homeostasis network
components, primarily described in the yeast Saccharomy-
ces cerevisiae, are widely conserved among eukaryotes, the
transcription factors involved in Cu responses are divergent.
Because plants constitute one of the main entrances of
micronutrients into trophic chains, deciphering the regula-
tory mechanisms underlying Cu uptake and distribution to
edible products is relevant, to avoid toxic Cu levels in
agronomic plants when grown on Cu-contaminated soils
[6]. The Cu levels in shoots considered adequate are
6 ng g~ dry weight, and correspond to 6.2 uM in fresh
tissue [7]. This global concentration of endogenous Cu is
relatively high and does not reflect a homogeneous distri-
bution. Once mature cells have attained a sufficient Cu
level, the transporters involved in Cu efflux probably drive
the export of excess Cu to the vacuole and the cell wall,
which become the main Cu storage sites in cultured cells
[8]. Endogenous Cu storage is not only important for
detoxification, but is also a repository source to allow fur-
ther growth during eventual Cu-deficiency stages. Although
plants act as effective miners when Cu is scarce, under

severe restrictions they can show diverse deficiency
symptoms, which mostly affect fruit production and cause
important economic losses in agriculture [7].

Copper transport by the Arabidopsis COPT family

In response to Cu deficiency, eukaryotes activate different
mechanisms to increase the availability of this essential
cofactor. One such mechanism is the expression of a con-
served family of small integral membrane proteins, known
as the CTR family of Cu transporters, which mediate high-
affinity Cu transport into the cytosol of eukaryotic cells
(reviewed in [9, 10]). Functional complementation studies
in yeast strains defective for high-affinity Cu uptake (ctri/4
strains) have identified CTR proteins in other organisms.
The model plant Arabidopsis thaliana contains a family of
six CTR proteins, known as the COPT family of copper
rransporters (Fig. 1, COPT1-COPT®6) [6, 11]. COPT1 was
the first COPT family member to be identified and
characterized [12, 13]. Several lines of evidence indicate
that COPT1 functions in soil Cu uptake in Arabidopsis
plants when Cu becomes limited [12]. Firstly, COPT1 is
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Fig. 1 The Arabidopsis COPT family of Cu transport proteins. a
Alignment of the putative Arabidopsis thaliana CTR-type Cu
transporters. The most relevant characteristics in COPT proteins are
represented from the amino terminus (left) to the carboxy terminus
(right). The conserved features include three transmembrane domains
(TMD1, TMD2, TMD3; in green), methionine-rich motifs (Mets-
motifs; consisting of methionine and histidine residues separated by
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two or fewer amino acids) and MxxxM motifs (in blue), GxxxG
motifs (in orange), and CxC cysteine motifs (in red). The predicted
amino acid length is shown on the right. b The proposed topological
structure of the CTR/COPT proteins. ¢ The spatial disposition of
TMD?2 in the human Ctrl homotrimer complex. Crucial methionines
from different monomers could coordinate Cu™ during its transport
toward the cytosol
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expressed in both primary and secondary root tips. Sec-
ondly, COPTI messenger RNA levels increase when Cu
availability diminishes. Thirdly, COPTI-defective plants
present a 50% decrease in Cu acquisition and accumula-
tion, as well as significant growth defects on Cu-deficient
media. Furthermore, the elevated expression levels of
COPTI messenger RNA in pollen grains and the pollen
defects observed in COPTI-defective plants indicate a
crucial function of Cu and COPT]1 in pollen development
[12]. Multiple data accumulated over the past decade
indicate that CTR proteins are highly specific for reduced
Cu™. Evidence includes the requirement of membrane-
associated metalloreductases, the enhancement of CTR-
associated Cu transport upon addition of reductants, and
the efficient inhibition of Cu uptake by competition with
the isoelectric Ag+ cation, but not with divalent metal ions
[14, 15). This seems to be the case for COPT1, whose **Cu
uptake rate in yeast is significantly inhibited when excess
cold Cu or Ag is added [11]. Although the identity of the
cell-surface Cu-reduction system in plants is currently
unknown, potential candidates include the Arabidopsis
family of FRO metalloreductases with a demonstrated
function in iron assimilation [16, 17]. Interestingly,
expression of the Arabidopsis FRO3 gene is induced upon
Cu limitation, whereas FROG6 levels are reduced [16].

Topological in vivo studies have demonstrated that CTR
proteins contain three transmembrane domains (TMDs)
with the amino terminus and the carboxy terminus local-
ized toward the extracellular space and the cytosol,
respectively [18-20] (see Fig. 1b for COPT topology). The
genetic and biochemical evidence from yeast CTRs sug-
gests that the function of extracellular methionine-rich
motifs (Mets-motifs in Fig. 1) is to selectively sequester
Cu" ions from an oxidizing environment and stabilize
them by coordinating the metal to thioester groups in
methionine residues for their subsequent translocation to
the cytosol [18, 21, 22]. All Arabidopsis COPT family
members, with the exception of COPT4, contain putative
methionine-rich motifs within their amino-terminal region
(Fig. 1a). It should be noted that the methionine-rich motifs
in Arabidopsis, humans, and flies, but not yeast, are also
rich in histidine residues. Furthermore, two recently iden-
tified CTR transporters from the unicellular green alga
Chlamydomonas reinhardtii, CtCTR1 and CrCTR2, pos-
sess six putative Cu-binding motifs, which contain both
methionine and cysteine residues that would increase the
scavenging capacity of the transporter [23].

Essential residues for Cu transport include a methionine
allocated at approximately 20 amino acids before TMD1
(methionine 127 in yeast Ctrl; yCtrl) and an MxxxM motif
within TMD2. The mutagenesis of these methionines to
alanine or leucine, but not to serine or histidine, abrogates
most Cu transport capacity in yeast and human CTR

proteins, suggesting that Cu transiently coordinates to these
residues during its translocation pathway to the cytosol
[18]. Although these studies have not been performed in
Arabidopsis, all the COPT family members that fully or
partially complement the respiratory defect of a yeast ctri4
strain contain these critical methionines (see Fig. 1 for
motifs in COPTs). The only Arabidopsis COPT protein that
does not contain any of these essential methionines and that
therefore does not complement yeast ctriA cells [11] is
COPT4, which otherwise exhibits a fairly conserved amino
acid sequence including three putative TMDs (Fig. 1).

The biochemical and genetic evidence collected over the
past 10 years by different laboratories suggests that human
and yeast CTR proteins oligomerize and assemble at the
membrane as trimers [18, 20, 24-26]. The mutagenesis in
yCtrl of a strictly conserved GxxxG motif within TMD3
indicates that this motif acts as a glycine zipper, which is
essential for close helix packing and, therefore, for trimer
assembly and delivery of the functional transporter to its
final destination [27]. It is tempting to speculate that
COPT4, which contains the GxxxG motif but no crucial
methionines, could perform a regulatory function by
interacting with other COPT proteins by inhibiting their
Cu-transporting capacity. Recent structural data with the
human Ctrl (hCtrl) protein show that it assembles as
symmetrical homotrimers with a cone-shaped pore in the
center [28]. The second TMD, and especially its MxxxM
motif, is crucial to define the narrowest end (approximately
8 A) of the pore toward the extracellular side of the
membrane (Fig. 1c). The mutagenesis of a methionine
residue within the MxxxM motif to cysteine enables the
formation of disulfide bonds between cysteines from dif-
ferent monomers, which highlights the close proximity
between the MxxxM motifs in the structure [28]. In addi-
tion, genetic and biochemical data also suggest that Cu™
may simultaneously coordinate to three methionines from
different hCtrl monomers during the passage of the metal
through the pore [28]. Genetic evidence from yCtrl also
indicates cooperation between monomers during the Cu
transport mechanism. As the yeast cells which express a
Ctrl protein mutagenized at the extracellular methionine
residue 127 or at the MxxxM motif within TMD2 are
unable to transport Cu, the cells coexpressing both mutants
display a significant Cu uptake capacity [18]. Although
many of the structural and functional characteristics
described for yCtr1l and hCtrl could function in other CTR
proteins, including the Arabidopsis COPT family members,
it should be noted that the conservation of the primary
amino acid sequence between the CTR proteins is restric-
ted to the MxxxMx;,GxxxG signature motif (Fig. 1).
Therefore, it is possible that each transporter has developed
slightly different solutions to accommodate the require-
ments for assembly and Cu transport.
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Recent advances are contributing to clarification of the
role of the intracellular face of CTR proteins in their reg-
ulation and function. The structural data obtained for hCtrl
show that the contact between the subunits on the cytosolic
side is established by interactions between TMD2 and
TMD3 from adjacent monomers [28]. The findings of
studies with yCtrl and hCtrl indicate that although the
cytosolic carboxy-terminal domain (CTD) of these trans-
porters is dispensable for Cu transport, it is important to
protect cells against toxic concentrations of Cu in the
environment [29, 30]. In this sense, yeast cells expressing a
Ctrl protein with a CTD deletion are hypersensitive to Cu
[30]. The function of the CTD in Cu excess could merely
be to mediate Ctrl endocytosis and degradation as has been
described [29, 31-33]. However, recent complementation
and ®*Cu uptake experiments in yeast demonstrate that the
CTD mediates a rapid block of yCtrl Cu transport in
response to excess Cu [30]. It has been postulated that
cysteine-rich motifs within the yCtrl CTD, which bind
Cu™ in vitro [34] and confer Cu resistance when overex-
pressed [30], could sense elevated intracellular Cu levels
and, therefore, inactivate Ctrl-mediated Cu transport.
Interestingly, many CTR proteins, including Arabidopsis
COPT1, COPT2, and COPTS, contain cysteine residues
within their CTD (CxC motif in Fig. 1). Other than the
regulatory function, the CTD could also participate in the
mechanism of Cu* transfer to conserved cytosolic metal-
lochaperones, such as ATX1 and CCS1, which are
responsible for Cu delivery to the secretory pathway and
the Cu/zinc superoxide dismutase (Cu/ZnSOD), respec-
tively. In vitro studies demonstrated Cu exchange between
the CTD of yCtrl and yeast Atxl metallochaperone, sug-
gesting a direct Cu™ transfer between these two proteins
[35].

Current data are consistent with a model for CTR-
mediated Cu transport in which Cu™ is firstly recruited to
the protein by extracellular methionine-rich motifs, sec-
ondly it is transported through the central pore by Cu-
exchange reactions between defined Cu'-binding sites
including the MxxxM motif in TMD2 and cysteine resi-
dues in the CTD, and thirdly it is transferred to cysteines
within cytosolic metallochaperones. Evidence from tryp-
sin digestions of hCtrl and fluorescence resonance
transfer studies with yCtrl suggests that the passage of Cu
through the protein and its transfer to cytosolic compo-
nents is associated with well-defined conformational
changes [19, 36]. Since, biochemical evidence obtained
with hCtrl indicates that CTR-mediated Cu transport is
ATP-independent [15], the driving force for Cu import
could be the higher stability of intracellular Cu*—cysteine
interactions compared with extracellular Cu"—methionine
interactions, as well as the elevated Cu-chelating capacity
of the cytosol.
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Other than the plasma-membrane-associated CTR pro-
teins that participate in cellular Cu acquisition, S. pombe
and S. cerevisiae possess intracellular CTR proteins that
localize to the membrane of the vacuole and mediate Cu
mobilization in response to extreme Cu limitation [37, 38].
Similarly to plasma membrane CTR proteins, the vacuolar
S. cerevisiae Ctr2 protein requires the participation of a Cu
metalloreductase to perform its Cu transport function [39].
The forced plasma membrane localization of the vacuolar
yeast Ctr2 protein induced by random mutagenesis further
supports that its mechanism of Cu transport is similar to
that of cell-surface transporters [38]. To date, however, the
signals that mediate the delivery of CTR proteins to the
vacuole or to another intracellular location have not yet
been identified, thus making any in silico prediction of
CTR localization difficult. The subcellular localization of
Arabidopsis COPT proteins has not yet been reported.
However, the functional complementation of ctriA yeast
mutants suggests that COPT1 and COPT2, which fully
complement ctrlA cells, could localize to the plasma
membrane, whereas COPT3 and COPTS, which only par-
tially complement the respiratory defect of yeast ctrl 4, are
probably intracellularly localized [11]. In many unicellular
organisms, including S. cerevisiae, S. pombe, and C.
reinhardtii, as well as multicellular organisms such as
Drosophila melanogaster and A. thaliana, plasma mem-
brane CTR genes are highly upregulated in response to Cu
deficiency (reviewed in [4, 6, 10, 40, 41]. Although the
mechanisms that mediate the CTR/COPT transcriptional
control in different organisms may be quite diverse, in the
next section we review recent advances in the character-
ization of mechanisms that mediate the Cu regulation of
COPTI, COPT2, and of other Arabidopsis genes.

Regulation of copper homeostasis in response
to copper deficiency

When Cu is limited, one of the strategies aimed to save Cu
for essential cuproproteins is the substitution of the dis-
pensable ones for other metalloproteins, which, by using a
different metal (usually iron), perform a similar task. A
well-known example is the replacement of chloroplastic
Cu/ZnSOD with the iron counterpart, iron superoxide dis-
mutase (FeSOD), to probably allocate Cu preferentially to
the indispensable plastocyanin [42]. This metalloenzyme
substitution is considered a hallmark strategy that under-
lines Cu deficiency responses in Arabidopsis, as well as in
other plants [43].

The increase in the expression of FeSOD and of several
other genes involved in the metal homeostasis in response
to low Cu levels has been attributed to the presence of
reiterative cis regulatory elements (GTAC motifs) present
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in their promoters (Fig. 2) [44-46]. The trans factors
involved in the transcriptional activation in Cu deficiency
belong to the SQUAMOSA promoter binding protein (SBP)
family. SBPs were originally identified as the factors which
bind the promoter of the MADS-box floral meristem
identity gene SQUAMOSA in Antirrhinum majus [47].
SBPs form a diverse family of transcription factors specific
to photosynthetic eukaryotes, ranging from Chlamydo-
monas to higher plants [44—46]. The SBP domain contains
two particular types of zinc-finger binding sites formed by
eight cysteine and histidine residues. Except for the SBP
domain, the rest of the protein is quite divergent within the
different family members [48]. Arabidopsis has a 17-
member SQUAMOSA promoter binding like (SPL) protein
family of transcription factors [48]. Among the diverse
Arabidopsis SPL proteins, the SBP domain in SPL7 shows
the highest similarity to the SBP domain in the Cu response
regulator 1 (Crrl) transcription factor which regulates Cu
deficiency responses in Chlamydomonas [44]. Recent data
on Arabidopsis indicate that the transcriptional activation
of the different target genes involved in the response to Cu
deficiency, including those coding for the FeSOD and the
high-affinity Cu transporters COPT1 and COPT2, is med-
iated by SPL7 through the interaction with the reiterative
GTAC motifs present in their promoters [46]. As a result,

SPL7 SPL7
SBP - I SBP ;
= GTAC COPT == GTAC FeSOD
Y
COPT FeSOD
COPT FeSOD

T Cu-transport T Fe-proteins

Fig. 2 The response to Cu deficiency in A. thaliana. SQUAMOSA
promoter binding like protein 7 (SPL7) mediates the transcriptional
activation of the genes involved in Cu homeostasis, through binding
of its SQUAMOSA promoter binding protein (SBP) domain to the
GTAC motifs present in the promoters of the target genes. These
targets include the high-affinity Cu uptake transporters COPTI and
COPT2 (COPT). As a result, Arabidopsis plants respond to Cu
deficiency by increasing their Cu uptake capacity. The iron super-
oxide dismutase (FeSOD) gene is another SPL7 target that is
upregulated in low Cu conditions, probably to substitute its

cytosolic Cu uptake through the COPT transporters is
transcriptionally activated when there is a low environ-
mental Cu supply (Fig. 2).

As additional targets of the same regulatory response to
Cu deficiency, there is also a group of microRNAs that
target transcripts for cuproproteins, such as the Cu/ZnSOD,
plantacyanin, and laccases (Fig. 2). These are collectively
known as Cu-microRNAs and include miR397, miR398,
miR408, and miR857 [46, 49-52]. These Cu-microRNAs
present the reiterative GTAC motifs in their promoters that
allow their transcriptional activation in Cu deficiency by
SPL7 interaction. Cuproproteins that are targeted by
Cu-microRNAs are considered nonessential and are
reciprocally regulated by Cu in contrast to the microRNAs.
This means that they accumulate only if the Cu supply is
sufficient to fulfill the demands of essential cuproproteins
[50, 52]. This strategy contributes to the organization of a
dynamic and hierarchic use of Cu in cuproproteins in
accordance with their essentiality, the environmental Cu
availability, and the physiological plant demands. Despite
the expression of microRNAs apparently being a widely
used strategy in higher plants under nutrient deficiency, the
target proteins are different. Thus, with sulfur and phos-
phorus nutrient deficiencies, microRNA targets are part of
the machinery responsible for assimilation. The fact that

SPL7
sBP

oY
=GTAC _ miR398 y~ - Cu/znSOD o™

v |

miR398 Cu/ZnSOD

non-essential
Cu-proteins

nonessential cuproprotein counterpart (Cu/Zn superoxide dismutase,
Cu/ZnSOD). In response to low Cu supply, the SPL7 transcription
factor also activates the expression of microRNAs: miR397, miR398,
miR408, and miR857 (Cu-microRNAs). Then, Cu-microRNAs drive
the degradation of messenger RNAs encoding nonessential cupro-
proteins. As an example, miR398 and the degradation of its target, the
Cu/ZnSOD, is shown. As a consequence, the synthesis of nonessential
Cu proteins decreases to obtain a better balance between nutritional
supply and physiological demands
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only Cu-microRNAs mediate the downregulatory effects
on cuproproteins has been attributed to the tight Cu binding
capacity of the target proteins, which forces their elimi-
nation when Cu becomes scarce (reviewed in [3]).

Changes in gene expression under Cu deficiency in both
Arabidopsis and Chlamydomonas have been attributed to
the function of SBPs as transcriptional activators. Suffi-
cient Cu has been suggested to possibly cause a change in
SBP binding and/or activity by either a displacement of
zinc by Cu at the zinc-finger domain or Cu binding to a
metallothionein-like domain present at the carboxy-termi-
nal part of the Crrl protein [44]. However, the regulation of
Cu homeostasis factors by Cu in bryophytes has been
attributed to the negative regulation (repression under high
Cu conditions) of the Physcomitrella patens transcription
factor PpSBP2 [45]. Therefore, although recent progress
made in transcriptional regulation of Cu-microRNAs and
SPL7 functioning has notably contributed to our under-
standing of the responses under Cu deficiency, the picture
is far from complete. Both the specific requirements in the
cis elements and the diverse functions of the trans-acting
factors deserve further study to understand how their
combinatorial effects contribute to the adaptive adjustment
to various Cu environmental conditions.

Copper autoregulatory feedback loop

In a highly simplified model, the cytosolic Cu concentra-
tion depends on the balance between influx transport
(mostly due to COPT family members under a low Cu
supply) and efflux transport, either outside the cell or to
storage compartments (driven by pumps). As mentioned
previously, the expression of several members of the
Arabidopsis COPT family, including COPTI and COPT2,
is downregulated by Cu [11]. Repeated GTAC motifs
within their promoters could account for the SPL-mediated
expression under Cu deficiency [46]. Remarkably, the
COPT-mediated Cu transport activity and the Cu-inhibited
expression of COPT genes integrate a negative autoregu-
latory feedback loop. This loop could serve a homeostatic
function (i.e., to stabilize a steady concentration of cyto-
solic Cu), but it could also fulfill the conditions of a bio-
chemical oscillator [53] if the negative-feedback signal is
sufficiently delayed (through COPT transcription and
translation, and Cu transport) to avoid settling on a stable
steady state. A more detailed analysis of this possibility is
given in the electronic supplementary material. Briefly, a
low cytosolic Cu level induces the synthesis of COPT
transporters (Fig. 3a), releasing Cu from internal stores.
Once a high cytosolic level of Cu has been achieved, the
synthesis of COPTs is inhibited (Fig. 3a), and their turn-
over allows the pumping of the Cu back to storage sites,

@ Springer

SPL7

SBP

\LCu q =GTAC COPT ) -
—- "

~atac COPT _:- == TCu

b

3 TCu (Cu-dependent)
2

g SPL7 switch

]

3 lCu (Cu-sensitive)

0 12 24 36 48 60 72
Time (h)

Fig. 3 Proposed model for the oscillation of cytosolic Cu concen-
tration and its interaction with circadian rhythms. a Model for the
transcriptional regulation of the COPT transporters and the resulting
cytosolic Cu oscillation. SPL7 functions under low Cu supply as a
transcriptional activator of the COPT! and COPT2 (COPT) trans-
porters through binding to the GTAC motifs within their promoters.
As a consequence of COPT expression, Cu uptake to the cytosol
would increase until high Cu levels prevent SPL7 function.
Afterwards, COPT turnover without replacement would decrease
the cytosolic Cu influx, allowing the efflux pumps to reinstate the
initial low Cu conditions. b Oscillation in the cytosolic Cu levels and
its synchronization to the circadian rhythm. The Cu feedback loop
shown in a might cause a cytosolic biochemical Cu oscillation around
the concentration responsible for the sensor SPL7 transcriptional
switch. The period of this oscillation may be synchronized to the
environmental or endogenous rhythms represented here as the light/
dark cycle (see the text for further details)

returning the Cu level to the initial low level in the cytosol.
Taking reasonable assumptions for turnover rates, efflux
pumping, and Cu concentrations at both compartments, the
system produces a cytosolic Cu oscillation, based on a
delayed negative-feedback loop. The theoretical require-
ments and characteristics of this self-sustained oscillation
of cytosolic Cu levels have been mathematically analyzed
(see the electronic supplementary material for details). The
oscillation occurs for a certain range of values of the
parameters which, while plausible, still await to be exper-
imentally ascertained. Unfortunately, a complex Cu com-
partmentalization pattern and the lack of a reliable
endogenous indicator of the cytosolic Cu level currently
hinder any straightforward experimental determination of
the presumed oscillation. If Cu levels oscillate, a still
unanswered question is the exact location of the Cu store
involved in the oscillatory mechanism. In this sense, vac-
uoles or internal endocytic pathway derived vesicles are the
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main candidates to serve this task, where the efflux trans-
porters would pump Cu and members of the COPT family
could participate in the return Cu influx. It is likely that
even plasma membrane COPT transporters could be
internalized to intracellular vesicles in plants, as previously
described for CTRs in other organisms [29, 32, 33]. In this
sense, the subcellular localization of the different COPT
family members is crucial to assess their role in this
process.

Although the cytosolic Cu oscillation can be of small
amplitude, it must encompass the critical concentration
triggering the sensor SPL7 regulatory switch (Fig. 3b),
which is part of the feedback mechanism. As a conse-
quence, transcription of additional target genes would
operate cyclically. This would allow the scheduling of
favorable processes taking place at the highest Cu con-
centrations (Cu-dependent) in preference to those processes
which are more prone to occur at the lowest Cu levels (Cu-
sensitive) at different phases of the cycle (Fig. 3b). An
additional advantage would result from the synchronization
of the putative Cu oscillation to other cellular cycles, since
living beings obtain adaptive advantages when their met-
abolic functions are arranged in a coherent schedule tuned
to environmental rhythms [54]. The presence of a GTAC
motif, which has been shown to be sufficient for the Cu-
deficiency response [46], within the promoters of the
nuclear components of the Arabidopsis central oscillator
suggests a plausible explanation as to how Cu affects the
expression of the circadian clock. In turn, the COPT2 and
COPTI promoters also possess putative circadian ele-
ments, suggesting an input from the clock in the oscillation
of the expression of the high-affinity Cu transporters. If
these putative regulatory elements are functional at the
transcriptional level, the reciprocal regulation between Cu
transport and the circadian clock could lead to synchroni-
zation and inseparable outputs from the two coupled
cycles.

Finally, several reports reinforce the interconnection
between Cu and the circadian rhythms in organisms other
than Arabidopsis. Two members of the P. patens SPL
family are regulated by the circadian clock [55]. In Neu-
rospora crassa, a Cu metallothionein expression follows a
circadian cycle [56]. In mammals, the expression of a
pineal ATPase, a variant of a Cu transporter, also displays a
dramatic circadian rhythm [57]. Metal-binding prion pro-
teins are involved in Cu metabolism and their absence has
been associated with alterations in sleep and the daily
rhythms of many hormones [58]. Should this mutual
influence between Cu homeostasis and the circadian
rhythms be an extended feature among higher eukaryotes,
as the above observations suggest, a wealth of new
experimental approaches could be envisaged to further
address important open questions, such as the role of Cu in

neurodegenerative disorders in humans, by introducing the
temporal dimension in Cu-dependent processes of the cell.
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