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From insects to mammals, metallothionein genes are in-
duced in response to heavy metal load by the transcrip-
tion factor MTF-1, which binds to short DNA sequence
motifs, termed metal response elements (MREs). Here
we describe a novel and seemingly paradoxical role for
MTF-1 in Drosophila in that it also mediates transcrip-
tional activation of Ctr1B, a copper importer, upon cop-
per depletion. Activation depends on the same type of
MRE motifs in the upstream region of the Ctr1B gene as
are normally required for metal induction. Thus, a single
transcription factor, MTF-1, plays a direct role in both
copper detoxification and acquisition by inducing the ex-
pression of metallothioneins and of a copper importer,
respectively.
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Copper is an essential trace element that serves as a cata-
lytic cofactor for several enzymes that are mainly in-
volved in respiration, iron transport, and oxidative stress
protection (Puig and Thiele 2002). However, an excess of
copper ions can catalyze cytotoxic reactions; thus, every
organism must be able to tightly regulate copper levels
(Halliwell and Gutteridge 1985). Copper imbalance in
humans is the cause of serious diseases, such as Menkes
syndrome and Wilson disease, and has also been impli-
cated in Alzheimer’s disease and prion-type diseases
(Harrison and Dameron 1999; Waggoner et al. 1999; Mer-
cer 2001). Copper homeostasis can be regulated at the
level of copper uptake, distribution, chelation, and ex-

port (Askwith and Kaplan 1998; Culotta et al. 1999). The
cellular proteins that are involved in copper homeosta-
sis, such as importers, exporters, and scavengers, are
regulated by different mechanisms including transcrip-
tional activation or repression, changes in protein stabil-
ity, and the modulation of protein trafficking (Petris et
al. 2003; Bertinato and L’Abbe 2004; Lane et al. 2004).

From insects to mammals, heavy metal detoxification
is controlled to a large extent by the zinc finger tran-
scription factor MTF-1 (metal response element-binding
transcription factor-1, also referred to as metal-respon-
sive transcription factor, or just metal transcription fac-
tor) (Westin and Schaffner 1988; Radtke et al. 1993; Lang-
made et al. 2000; Giedroc et al. 2001; Lichtlen and Schaf-
fner 2001; Zhang et al. 2001). Metal response elements
(MREs) of consensus TGCRCNC (where R stands for A
or G and N for any of the four bases) are cis-regulatory
DNA sequences that specifically bind MTF-1 and are
essential and sufficient for transcriptional induction
upon heavy metal load (Stuart et al. 1985; Westin and
Schaffner 1988). Major target genes of MTF-1 are the
genes encoding metallothioneins—short, cysteine-rich
proteins that have the ability to bind and thereby seques-
ter heavy metals (Kägi and Kojima 1987; Palmiter 1998).
In the mouse, MTF-1 is an essential gene, the knockout
of which results in embryonic lethality due to liver de-
generation (Günes et al. 1998). The strong up-regulation
of the transcription of metallothionein genes upon heavy
metal load was abrogated in MTF-1 knockout cells (Heu-
chel et al. 1994; Günes et al. 1998). A conditional knock-
out of MTF-1 in the mouse liver produced no phenotype
in normal laboratory conditions, but mice were more
susceptible to cadmium toxicity (Wang et al. 2004). As in
the case of mammals, in Drosophila a major function of
the MTF-1 (dMTF-1) is in the activation of metallothio-
nein genes in response to heavy metal load (Zhang et al.
2001; Egli et al. 2003). There are four metallothionein
genes in Drosophila, each harboring multiple MREs in
their enhancer/promoter region. However, unlike the
situation in the mouse, knockout of dMTF-1 is not lethal
in Drosophila. The mutant flies (dMTF-1140-1R) survive
well under laboratory conditions but are extremely sen-
sitive to elevated levels of heavy metals including zinc,
copper, and cadmium. Consistent with the phenotype,
exposure of dMTF-1 mutants to heavy metal load failed
to induce metallothionein genes (Egli et al. 2003; Bala-
murugan et al. 2004).

In light of the established role of MTF-1 under condi-
tions of heavy metal load, it came as a surprise that in
Drosophila, MTF-1 mutants also died at larval stages
when challenged with nutritional copper scarcity (Egli et
al. 2003). This seeming paradox prompted us to investi-
gate the role of MTF-1 during copper starvation. We con-
ducted microarray analysis and identified the copper im-
porter Ctr1B as a potential target gene of dMTF-1. There
are three Ctr-type copper transporters in Drosophila,
namely, Ctr1A, Ctr1B, and Ctr1C (Zhou et al. 2003).
Ctr1B function is important during larval stages, where
efficient copper uptake is essential for rapid growth.
Ctr1B knockout flies (Ctr1B3–4) survive well in normal
laboratory conditions but are extremely sensitive to nu-
tritional copper scarcity and, to a lesser degree, also to
copper load. The sensitivity of the mutants to copper
depletion is consistent with the copper uptake function
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of Ctr1B. It was speculated that the sensitivity of the
mutants to copper load was due to an inability to mobi-
lize copper to a potential copper-dependent protein or a
storage tissue (Zhou et al. 2003).

Here we demonstrate that the lethal phenotype of
dMTF-1 mutants under copper insufficiency conditions
is due to the failure of regulating the copper importer
Ctr1B. Interestingly, the upstream regulatory region of
the Ctr1B gene contains MREs that conform to the con-
sensus found in metallothionein genes. By genetic and
biochemical analyses we show that these MREs are,
however, not used for induction upon copper load, but
are essential for the activation of Ctr1B by dMTF-1 un-
der conditions of copper scarcity. Thus, we reveal a novel
mechanism whereby a single transcription factor, dMTF-
1, plays a central role in both copper detoxification and
acquisition, by directly activating transcription of metal-
lothioneins and a copper importer, respectively.

Results and Discussion

It was known from the dMTF-1 knockout study that the
Drosophila larvae were not only sensitive to excess cop-
per, zinc, and cadmium but also highly sensitive to cop-
per depletion, as tested by supplementing the food with
the specific copper chelator bathocuproinedisulfonate
(BCS) (Egli et al. 2003). To understand this phe-
notype, we assessed the transcriptome response
in a deletion mutant of the heavy metal regula-
tor dMTF-1 (dMTF-1140-1R). A comparison of mi-
croarray data from the dMTF-1 mutant and wild
type (WT) larvae revealed that transcripts of one
of the copper importers, Ctr1B, were reduced in
the dMTF-1 mutant, whereas expression of the
related genes Ctr1A and Ctr1C was not affected
(data not shown). A microarray analysis of genes
up-regulated in low copper conditions in wild-
type Drosophila, on the one hand, and genes
with decreased expression in the dMTF-1 dele-
tion mutant in normal food, on the other, re-
vealed Ctr1B as the only overlapping gene (Fig.
1A). These findings were confirmed by RNA
blotting, which showed in wild-type Dro-
sophila, an opposite regulation of the Ctr1B
gene as compared with a well-characterized tar-
get gene of MTF-1, metallothionein A (MtnA).
While the latter was strongly induced by excess
copper in the food, Ctr1B was at the same time
down-regulated, but induced by copper chelator
treatment. In the dMTF-1 mutant, the MtnA
transcripts were not detectable at any condition,
while Ctr1B transcripts were reduced in normal
food and could no longer be up-regulated in re-
sponse to copper chelator treatment (Fig. 1B).

The loss of regulation of Ctr1B in the dMTF-1
mutant prompted us to test whether Ctr1B was
responsible for the unexpected sensitivity to
copper deprivation of the dMTF-1 mutant Dro-
sophila. For this, we attempted to shortcut the
regulation by constitutively overexpressing
Ctr1B. Several transgenic fly lines were gener-
ated with a Ctr1B ORF driven by UASGAL. The
Ctr1B transgenic flies survived well but invari-
ably died if crossed with flies constitutively ex-
pressing the Gal4 transcription factor via the
actin5c promoter. To test whether this lethality

was due to uncontrolled copper import or another effect,
we raised the larvae in food with increasing amounts of
copper chelator. The results were clear, in that the flies
survived only in the presence of high chelator concen-
trations, while wild-type flies survived under all condi-
tions (Fig. 1C). These observations suggest that the lar-
vae died from copper toxicosis, even in normal food, due
to the strong, ectopic expression of Ctr1B. We used the
same system to test whether this constitutive expression
of Ctr1B could rescue the lethal phenotype of the
dMTF-1 mutant under low copper conditions. dMTF-1
mutant Drosophila are developmentally arrested and die
at second or third instar larval stages when the concen-
tration of BCS reaches 50 µM in the food. Strikingly,
constitutive Ctr1B expression rescued the developmen-
tal arrest and larval lethality of the dMTF-1 mutants un-
der copper depletion, and several viable dMTF-1 mutant
flies were obtained from food containing 50 or even 100
µM BCS (Fig. 1D; Supplementary Table 1). The rescued
dMTF-1 mutant flies were normal and fertile (Supple-
mentary Fig. 1; data not shown). The constitutive Ctr1B
expression and lack of tissue specificity probably pre-
vented a complete rescue of dMTF-1 mutants in all con-
centrations of BCS tested.

While these results demonstrated that Ctr1B is an es-
sential downstream target gene of dMTF-1 under copper

Figure 1. Drosophila copper importer Ctr1B is a target gene of MTF-1. (A) Sum-
mary diagram of microarray experiments to identify dMTF-1 target genes in cop-
per depletion (the complete microarray data will be presented elsewhere). Sixty-
nine genes were up-regulated more than twofold when wild-type larvae fed with
BCS (copper chelator) containing food were compared with larvae fed with normal
food (p-value < 0.05). In Drosophila larvae lacking dMTF-1, 43 genes were down-
regulated in normal food, when compared with wild-type controls (p-
value < 0.05). Ctr1B was the only overlapping gene in these two experimental
conditions. (B) Regulation of Ctr1B upon copper starvation is lost in the absence
of dMTF-1. RNA blotting analysis of total RNA obtained from third instar larvae
at different conditions. (WT) Wild type; (NF) normal food; (rRNA) reference. (C)
Lethality of Ctr1B overexpression in normal food is rescued by BCS. Ctr1B over-
expression, y w; actin-Gal4/UAS-Ctr1B; control, y w; +/UAS-Ctr1B. y w; UAS-
Ctr1B/UAS-Ctr1B (homozygous) flies were crossed with y w; actin-Gal4/+ (het-
erozygous) flies and were allowed to lay eggs in different food as indicated. The
flies from the F1 generation of this cross were counted, and an average from two
different experiments is presented. (D) Constitutive expression of Ctr1B rescues
the developmental arrest and lethality of the dMTF-1 mutants under copper scar-
city. dMTF-1+/+, y w third instar larvae; dMTF-1−/−, dMTF-1140-1R mutant larvae
(lethality under copper starvation occurs at second or third instar stages); dMTF-
1−/− and Ctr1B overexpression, y w; dMTF-1140-1R, actin-Gal4/dMTF-1140-1R, UAS-
Ctr1B larvae. Flies were allowed to deposit eggs in the respective food and larval
pictures were taken 5 d after egg deposition. Bar, 1 mm.
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starvation, the question remained whether the response
was direct or indirect. Inspection of the upstream se-
quences of the Ctr1B gene revealed a cluster of three
metal response elements, designated MRE1–MRE3, and
a fourth one set apart from them (Fig. 2B). To determine
the significance of these MREs, we made a comparison
to the several related species of Drosophila whose ge-
nome sequences are available in the database. We also
amplified and sequenced the Ctr1B genomic region from
Drosophila virilis and included these data in our com-
parison. While the majority of upstream sequences have
diverged considerably, the MRE cluster is highly con-
served, both regarding the MREs themselves and their
flanking sequences, among the four species (Supplemen-
tary Fig. 2). The comparisons also revealed that the
fourth MRE, which lacks the typical flanking sequences
of good MREs, is not conserved in the other Drosophila
species. To test whether dMTF-1 can bind to the MREs
of Ctr1B, we conducted electrophoretic mobility shift
assay (EMSA) experiments. Drosophila S2 cells were
transfected with either Drosophila MTF-1 or human
MTF-1 expression plasmids, and extracts from these
cells were tested with radiolabeled oligonucleotides con-
taining MREs from the Ctr1B upstream region. Indeed,
both MRE1 and an oligo containing the closely spaced
MRE2 and MRE3 of Ctr1B bound strongly to dMTF-1
and hMTF-1 and are well comparable to the binding of a
consensus oligo designated MRE-s (Fig. 2A).

To narrow the region responsible for copper regula-

tion, we tested transgenic flies with deletion constructs
driving a fluorescent protein reporter. In one of these, the
EGFP coding sequence was fused to the last codon pre-
ceding the stop codon of Ctr1B, thereby preserving not
only the coding sequence but also the introns that might
harbor regulatory sequences (AH3). In another construct,
the first codon of Ctr1B was fused to EGFP (AH2) (Fig.
2B). Transgene expression was found to be strongly in-
duced in the larval gut by BCS-supplemented food (Fig.
3A, panel AH3; for AH2, see Supplementary Fig. 3A).
Consistent with the role of Ctr1B in copper import,
plasma-membrane-localized green fluorescence was ob-
served in the cells of the larval gut of AH3 transgenic
flies (Fig. 3C). Removal of the Ctr1B upstream region
harboring the MRE1–MRE3 cluster (AH1) had a dramatic
effect, in that the reporter gene was no longer inducible
by copper depletion (Supplementary Fig. 3A). The quan-
tification of the EGFP transcripts from whole larvae re-
vealed a two- to threefold up-regulation of transcription
in BCS-containing food (Fig. 3B; Supplementary Fig. 3B).
In line with a role of MTF-1 in Ctr1B regulation, there
was no green fluorescence from AH2 and AH3 trans-
genes in the gut of dMTF-1 knockout larvae (Fig. 3A;
Supplementary Fig. 3A). We also generated a genomic
deletion of the Ctr1B locus by imprecise excision of an
adjacent P element. One deletion of 685 bp including the
region that harbors the MREs was recovered (Fig. 2B).
This Ctr1B allele, designated Ctr1B11–19, was no longer

Figure 2. (A) MREs of Ctr1B bind MTF-1 very strongly. Drosophila
S2 cells were transfected with dMTF-1 (lanes 1–3) or hMTF-1 (lane
4). (Lanes 2,3) Competitions with 200-fold excess of cold specific and
nonspecific competitor oligos, respectively. Human MTF-1, due to
its high proline content, migrates more slowly than dMTF-1. Note
the double shift with the oligo containing MRE2 and MRE3. (B)
Schematic view of the Ctr1B genomic region, Ctr1B mutant
Ctr1B11–19 and constructs with either wild-type enhancer/promoter
region (AH2, AH3), large deletion (AH1), or specific mutations (MRE
m1-m2-m3-m4; MRE m1-m2-3-4; MRE m1-2-3-4). (C) Ctr1B allele
(Ctr1B11–19) with a deletion in the upstream region shows loss of
copper regulation. RNA blotting analysis of total RNA obtained
from third instar larvae at different conditions. (WT) wild type, y w;
(NF) normal food; (rRNA) reference.

Figure 3. MREs and dMTF-1 are essential for up-regulation of
Ctr1B upon copper depletion. (A) Transgenic flies with AH3 as a
reporter show a clear up-regulation of green fluorescence in copper
starvation. Induction is lost upon MRE mutations in the reporter
constructs (lower panel) and also when AH3 transgenics were tested
in the dMTF-1 mutant genetic background (BCS, dMTF−/−). For de-
tails, see Supplementary Figure 3. (B) Quantification of EGFP tran-
scripts by S1 nuclease protection assay from total RNA extracted
from Drosophila third instar larvae. (C) Plasma membrane localiza-
tion of Ctr1B–EGFP fusion protein in the gut of transgenic larvae
when fed with BCS. Nuclei were stained with Hoechst 33342 (blue).
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induced by copper starvation (Fig. 2C). For further eluci-
dation of the role of MREs, we constructed several trans-
genic fly lines that contained point mutations in indi-
vidual Ctr1B promoter MREs (Fig. 2B). The results with
transgenic larvae showed that MREs are, indeed, critical
for the up-regulation of Ctr1B transcription under copper
limiting conditions; these specific mutations abolished
the expression in low copper, indistinguishable from a
deletion of the entire cluster. Even the mutation of a
single motif (MRE1) had the same detrimental effect (Fig.
3A; Supplementary Fig. 4).

To assess the biological importance of MREs in Ctr1B
gene regulation, we tested the ability of the Ctr1B con-
structs to rescue Ctr1B-null mutant flies in low and high
copper concentrations. The results confirm the impor-
tance of the MREs in the Ctr1B gene in that only the
Ctr1B–EGFP construct with the wild-type promoter
(AH3), but none of the constructs with MRE mutations,
rescued the Ctr1B-null mutants from lethality in low
copper (Table 1). These results lend further credence to a
scenario in which Ctr1B gene transcription is induced
upon copper depletion via upstream MRE sequences and
transcription factor MTF-1. As mentioned above, Ctr1B-
null mutants are also more sensitive to copper load than
wild type. The exact reason for this remains to be eluci-
dated; in any case, we find that the high-copper sensitiv-
ity can be rescued to a large extent even by a Ctr1B
transgene lacking the triple MREs. Thus, the main role of
these MREs is in copper scarcity, rather than copper load.

The results obtained so far demonstrate that dMTF-1
is not only essential for the activation of metallothio-
neins and other target genes upon heavy metal load, but
also to regulate transcription of Ctr1B under copper star-
vation (see also Supplementary Fig. 5). Because in the
case of other transcription factors, subtle differences in
the DNA-binding site can determine whether the factor
interacts with a coactivator or a corepressor (e.g., Dostert
and Heinzel 2004), we considered it possible that the
MRE motifs of Ctr1B themselves could bring about tran-
scriptional induction at low copper. To this end, we gen-
erated two types of reporter transgenes with a synthetic
“minipromoter,” one containing the four MRE motifs
from the Ctr1B gene with hardly any intervening se-
quences, arranged in tandem arrays, and another one
where only MRE1 was multimerized to four copies (Fig.
4A). We compared these two reporter transgenes with a
similar synthetic minipromoter, which contains a tan-
dem array of MRE motifs derived from the metallothio-
nein B (MtnB) gene (Zhang et al. 2001). Interestingly, all
three reporter transgenes behaved like a genuine metal-
lothionein promoter: They were strongly induced when
the larvae were fed with copper, but were not responsive
to low copper (Fig. 4B; data not shown). Also in cell cul-
ture, all three reporter constructs were robustly induced
by copper treatment (Fig. 4C). Thus, the Ctr1B MREs on
their own are not sufficient to confer transcriptional in-
duction upon copper depletion, but rather respond to
metal load. This suggests that sequences in addition to
MREs in the Ctr1B enhancer/promoter region contribute
to the regulatory characteristics of that gene.

How could one transcription factor exert two dia-
metrically different functions? One possibility could be
that this special architecture of the MREs in the Ctr1B
enhancer/promoter facilitates cooperative binding be-
tween dMTF-1 and a hypothetical copper-dependent re-
pressor protein. Under normal conditions, this repressor
would be partially removed, resulting in a moderate ex-
pression, while under copper starvation it would disso-
ciate from dMTF-1 completely, yielding higher expres-
sion. Further experiments will be required to elucidate
the exact mechanism of Ctr1B activation via dMTF-1
under conditions of copper starvation.

How do other organisms handle copper excess and cop-
per starvation? In the yeast Saccharomyces cerevisiae,
the two extremes require different transcription factors.
The homologs of Ctr1 that import copper are activated
upon copper starvation by the Mac1 transcription factor
(Yamaguchi-Iwai et al. 1997); the activation of metallo-
thionein genes upon copper load is driven by the tran-
scription factor Ace1 (Thiele 1988; Winge 1998; Ruther-
ford and Bird 2004). In mammals, there are two Ctr ho-
mologs, Ctr1 and Ctr2. Neither of them is apparently
regulated at the level of transcription by copper avail-
ability (Lee et al. 2001, 2002), and we also did not find
any MREs in their enhancer/promoter region (data not
shown). In conclusion, the major role of MTF-1 is to
handle heavy metal load; accordingly, MREs are found in
the metallothionein genes and other metal-responsive
genes from insects to mammals. In contrast, regulation
of the Ctr1B copper importer via MREs/MTF-1 appears
to have evolved specifically in Drosophilidae as an effi-
cient way to cope with copper starvation. This represents a
novel regulatory mechanism in which one and the same
transcription factor serves as an activator of different
genes in response to opposite environmental conditions.

Table 1. MREs are essential for the function of Ctr1B under
copper starvation

Genetic rescue shows the importance of MREs for Ctr1B acti-
vation under copper starvation. The reporter transgenes that
carry the Ctr1B gene fused to EGFP with the wild-type promoter
and MRE mutations thereof were combined with the Ctr1B null
mutants. The poxMRD transgenic flies seerved as a positive
control for the rescue experiment; the poxMRD construct car-
ries the complete Ctr1B genomic region including upstream and
downstream genes without EGFP fusion. The flies were allowed
to lay 200 eggs in the respective food and the parents were
removed after 4 d. Results are the mean of three independent
experiments and the numbers indicate the percentage of adult
flies eclosing.
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Materials and methods

Fly food, fly stocks, and genetics
Flies were raised on standard cornmeal-based food; 200 µM BCS or 200
µM copper was supplemented to the food for all the fluorescence analyses
except for the experiment with the AH3 and AH2 transgene in a dMTF-1
mutant background, where 40 µM BCS was used. Both AH3 and AH2 are
well inducible at 40 µM BCS (data not shown). The homozygous null
allele for dMTF-1 (dMTF-1140-1R) is indicated throughout the manuscript
as dMTF-1−/−. The EP(3)0833 line, which harbors a single P element 800
bp upstream of the Ctr1B transcription start site, was obtained from the
Bloomington Stock Center. To generate a Drosophila Ctr1B promoter
deletion (allele Ctr1B11–19), an imprecise P-element excision strategy was
used as described in Zhou et al. (2003). A complete list of fly stocks
generated is included in the Supplemental Material.

DNA constructs
See Supplemental Material.

GFP expression analysis and microscopy
For the EGFP or EYFP reporter analysis, flies were allowed to deposit eggs
in the food and raised until third instar larvae. The larval gut was dis-
sected and analyzed under a Leica DRB fluorescence stereomicroscope.
The images in Figure 3A are magnified 5×, and all the other larval gut
images were made at 2.5× magnification. For the subcellular localization
of Ctr1B, Drosophila larval gut was analyzed at 63× magnification using
a LEICA TCS SP spectral confocal microscope.

Cell culture and transient transfection assay
Drosophila S2 cells were grown at 25°C under standard culture condi-
tions. Various OVEC reporter constructs driven by Drosophila promoters
were transfected together with an expression vector for dMTF-1 driven
by the Drosophila actin5c promoter using the calcium-phosphate copre-
cipitation method (Westin et al. 1987). Seventy-two hours post-transfec-
tion, cells were treated with the indicated concentrations of CuSO4 or
BCS and incubated for another 24 h before harvesting.

RNA extraction, S1 nuclease protection assay, and RNA blotting
Flies with various genotypes were grown in normal, BCS-supplemented,
or copper-supplemented food, and the third instar larvae were harvested
for total RNA extraction using the TRIzol reagent (Invitrogen). The S1
nuclease protection assay was performed using 100 µg of total RNA as
described previously (Weaver and Weissmann 1979). The gels were de-
veloped using a PhosphorImager, and bands were quantified using Image-
QuaNT software. For quantification of EGFP transcripts, endogenous
actin5c was used for normalization. RNA blotting experiments were per-
formed using the Ctr1B and MtnA cDNA as 32P-labeled probes. rRNA
(reference) was stained with ethidium bromide.

Electrophoretic mobility shift assay (EMSA)
Transient transfections in Drosophila S2 cells were carried out as men-
tioned above. The nuclear extracts were prepared and EMSA was per-
formed as described previously (Radtke et al. 1993). Binding reactions
were performed by incubating 25 fmol of 32P end-labeled, a 28-bp-long
oligonucleotide containing the MRE1 motif from Ctr1B promoter, a 40-
bp-long oligonucleotide containing the closely spaced MRE2 and MRE3
from Ctr1B, or a 31-bp-long DNA oligonucleotide containing an MRE
core consensus sequence TGCACAC designated MRE-s (Radtke et al.
1993) as a positive control for MTF-1 binding. For competition experi-
ments, 5 pmol of unlabeled oligo (either specific or nonspecific) was
added to the reaction mixture prior to addition of the extracts. For com-
plete oligonucleotide sequences, see Supplemental Material.

Database searches and computer analysis of the sequences
Database homology searches were carried out using the University of
California, Santa Cruz, blat server (http://www.genome.ucsc.edu). The
alignment was done in CLUSTALW.
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