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Abstract

Background: The heme group constitutes a major functional form of iron, which plays vital roles in various biologi-
cal processes including oxygen transport and mitochondrial respiration. Heme is an essential nutrient, but its pro-
oxidant nature may have toxic cellular effects if present at high levels, and its synthesis is therefore tightly regulated.
Deficiency and excess of heme both lead to pathological processes; however, our current understanding of metazoan
heme transport is largely limited to work in mammals and the worm Caenorhabditis elegans, while functional analy-
ses of heme transport in the genetically amenable Drosophila melanogaster and other arthropods have not been
explored.

Results: We implemented a functional screening in Schneider 2 (S2) cells to identify putative heme transporters of
D. melanogaster. A few multidrug resistance-associated protein (MRP) members were found to be induced by hemin
and/or involved in heme export. Between the two plasma membrane-resident heme exporters CG4562 and CG7627,
the former is responsible for heme transit across the intestinal epithelium. CG4562 knockdown resulted in heme accu-
mulation in the intestine and lethality that could be alleviated by heme synthesis inhibition, human MRP5 (hMRP5)
expression, heme oxygenase (HO) expression, or zinc supplement. CG4562 is mainly expressed in the gastric caeca
and the anterior part of the midgut, suggesting this is the major site of heme absorption. It thus appears that CG4562
is the functional counterpart of mammalian MRP5. Mutation analyses in the transmembrane and nucleotide binding
domains of CG4562 characterized some potential binding sites and conservative ATP binding pockets for the heme
transport process. Furthermore, some homologs in Aedes aegypti, including that of CG4562, have also been character-
ized as heme exporters.

Conclusions: Together, our findings suggest a conserved heme homeostasis mechanism within insects, and
between insects and mammals. We propose the fly model may be a good complement to the existing platforms of
heme studies.
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Background

Heme is an important molecule in all organisms and
functions in oxygen delivery (globin), cellular energy
generation (cytochromes and oxidoreductases), tran-
scription regulation (Bachl) [1], circadian clock (nuclear
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a hemoglobin gene (globI) was identified displaying oxy-
gen-binding ability and is mainly expressed in tracheal
cells and fat body [8, 9]. Heme has also been shown to be
an essential cofactor for the synthesis of the steroid hor-
mone ecdysone [10]. The transcription factor Rev-erb is
associated with heme ligand controlling metabolism and
the clock in both mammals and D. melanogaster [11, 12].

In humans, heme originates from both de novo syn-
thesis and external uptake from the diet, while in Cae-
norhabditis elegans, heme is solely taken up exogenously.
The intracellular heme concentration is precisely and
dynamically controlled by heme synthesis and degra-
dation. Among all known cases, almost every organ-
ism shares a similar heme synthesis pathway named the
Shemin pathway, except for some metazoans [13]. Using
human genome as a reference, it has been found that
homologs of all genes pertaining to the heme biosyn-
thesis pathway exist in D. melanogaster and the blood-
feeding dipteran Aedes aegypti [14]. In D. melanogaster,
a single delta-aminolevulinate synthase (ALAS) gene
(dALAS) has been found. JALAS mRNA is ubiquitously
distributed and expression of the gene is inhibited by
heme [15]. Notably, only one heme oxygenase (HO) has
been identified in D. melanogaster and its catalytic effi-
ciency is lower than that of mammalian HOs due to a
quite different structure [16]. Ubiquitously knocking
down dHO resulted in larva and pupa death [17].

Our understanding of heme trafficking in general
is limited and arises mainly from mammalian and C.
elegans studies. HCP1 was initially identified as a heme
importer in the apical membrane of the intestine [18],
while later it was proved to have a higher affinity for folate
[19]. FLVCR1 is the cell surface receptor for feline leuke-
mia virus subgroup C, and a highly homologous protein
FLVCR2 was suggested to be an importer of extracellu-
lar heme [20]. In the presence of heme-binding protein,
FLVCRI1 could also export hemin [21, 22]. HRG-1 was
first identified as a heme importer in C. elegans and sub-
sequently proved to be conserved in mammals; the mam-
malian orthologue is predominantly expressed in the
endosomal compartment trafficking heme into the cyto-
sol [23]. Several papers reported that some proteins like
ABCB10, ABCB6, and ABCG2 (similar to the product of
white gene) may also be associated with heme transport
processes [24—26].

Multidrug-resistant proteins (MRPs) belong to the
ABCC family (ATP-binding-cassette subfamily C),
which functions as primary-active transporters requir-
ing ATP hydrolysis. MRP is so named because of its
high expression level and ability to efflux numerous
drugs, resulting in resistance of cancer cells to chem-
otherapy. Some physiological substrates of MRPs are
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determined, including folic acid, bilirubin, and oxi-
dized or reduced glutathione [27]. MRP5 was first dis-
covered as a heme exporter in the basolateral side of
the intestine in the worm and was subsequently proved
to be conserved in zebrafish and mammals [28]. Inter-
estingly, MRP5 in the worm was later characterized
as a vitamin B12 transporter important for the vita-
min transmission from the mother to its offspring
[29]. ABCC family in human consists of 12 members,
which are characterized as transporters of different
substrates often to cope with different physiological
stresses. Functions of several MRP family members
have been reported in D. melanogaster. Drosophila
MRP4 (Mrp4) was identified in dealing with oxy-
gen deprivation [30], and Drosophila MRP1 (Mrp) in
modulating toxicity of methylmercury [31]. Cftr was
studied in the fly gastrointestinal system to model the
cystic fibrosis disease [32]. Applying functional RNAIi
screens, 1(2)035659 was characterized as a bilirubin
transporter in D. melanogaster [33].

Aedes aegypti, the yellow fever mosquito, is an insect
capable of transmitting viruses whose infection could
lead to human mortality [34]. Blood-meal is essential
for mosquito growth and reproduction, which supplies
two key nutrients, amino acids and iron. Previously,
some putative heme importers or exporters have been
identified in yellow fever mosquito through transcrip-
tomic analyses. It is concluded that heme import may
be controlled by a redundant mechanism [35]. Also,
ABCBI10 was identified in Rhipicephalus (Boophilus)
microplus, which cannot self-synthesize heme, to func-
tion as the heme importer located in the hemosome of
the midgut [36, 37].

Drosophila melanogaster offers a great insect model
organism for researching many biological problems.
Unfortunately, heme transport in D. melanogaster is
virtually not explored [38]. Here, by taking advantage of
the fluorescent heme analog ZnMP, we systematically
screened an array of putative candidates for potential
heme exporters. Several were identified and charac-
terized with heme transport properties. Combining
genetic, biochemical, and immunofluorescent methods,
we revealed that CG4562 works as a heme exporter
in the intestine and plays a critical role in exporting
heme to the body (presumably hemolymph), analo-
gous to MRP5 in mammals. Furthermore, we found
that the homolog of CG4562 in yellow fever mosquito
also functioned as a heme exporter. We hope that D.
melanogaster will complement existing models of heme
studies and improve our understanding of insect heme
metabolism mechanisms, which may be of significance
in pest control in the future.
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Results

Screening the MRP family for heme transporters in S2 cells
The importance of heme physiology was appreciated
years ago. In D. melanogaster, heme synthesis is con-
served compared to the mammals and shared all the
heme synthesis proteins (Additional file 1: Fig. S1A).
Ubiquitous knockdown of the first rate-limiting heme
synthesis enzyme dALAS (CG3017) resulted in lethality,
which was rescuable by exogenous substrate ALA (Addi-
tional file 1: Fig. S1B). This suggests that endogenous
heme synthesis is essential for D. melanogaster survival,
alike to that in mammals and most other organisms but
different from the worm. Noteworthy is that a previous
study also identified dALAS required for apical trans-
cellular barrier formation in the skin of D. melanogaster
larva [39]. To study heme transport in D. melanogaster,
a convenient screen system was established to detect
heme transport in S2 cells. Zinc mesoporphyrin (ZnMP),
a fluorescent heme analog, can be easily monitored by
microscopy and flow cytometry [35, 40]. With increas-
ing concentrations and time, the fluorescence signals
grew simultaneously, indicating that ZnMP absorption is
dose- and time-dependent in S2 cells (Fig. 1A, B). Uptake
of ZnMP indeed happened as shown in the movie files
(Additional file 2: movie S1 and movie S2). ZnMP fluo-
rescence decreased following heme treatment, and the
signal was lower with higher levels of heme (Fig. 1C).
These data indicated that quantitative analysis of ZnMP
fluorescence in cells by flow cytometry offered us a useful
tool to identify heme transporters in S2 cells.

MRP5, a short MRP belonging to the ABCC family,
was uncovered to function as a heme transporter so we
wondered whether there could be any MRP-like protein
taking part in heme homeostasis in D. melanogaster. A
BLASTP search using the protein sequences of 12 human
ABCC proteins, also named multidrug-resistant pro-
teins (MRPs), revealed that there exist 14 members of
the ABCC family in D. melanogaster (Additional file 1:
Fig. S1C). Based on the number of predicted trans-
membrane domains (TMDs), the ABCC family consists
of two groups—the long protein with three TMDs and
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the short proteins containing two. Sulfonylurea recep-
tor (SUR), one of the long MRPs members, is an ATP-
dependent potassium channel regulator and duplicates
to SURI and SUR2 in mammals [41]. There is only one
homolog of SUR1/SUR2 in D. melanogaster named Sur
[42], and CG7806 is closely homologous to MRP7. Pre-
viously, CG6214 (Mrp) in the flies was identified as the
close homolog of human MRP1 [43]. MRP1 and MRP7
are also the long MRPs reported facilitating some drugs
out of cancer cells [41]. The other eleven members of
the MRP family are short MRPs closely related to MRP5,
but they seem to be at least as close to MRP4 based on
the phylogenetic tree (Additional file 1: Fig. S1C). It is
unclear whether the eleven short MRPs are related to
heme homeostasis, so we implemented an ZnMP trans-
porting assay to check their heme transporting activity
in vitro. Considering that these eleven members are rela-
tively similar, we GFP-tagged them at the C-terminal and
over-expressed them in S2 cells. CD8-GFP was utilized
as a control (Fig. 1D). The ZnMP fluorescence of GFP-
positive cells was detected by flow cytometry after ZnMP
incubation and then the signal differences between CD8-
GFP and MRP-GFP proteins were analyzed (Fig. 1E).
Among the eleven genes tested, ZnMP fluorescence sig-
nal significantly decreased upon the expression of two
genes, indicative of direct heme export. Noteworthy
is that the CG7627 exporting activity was slightly more
potent than that of CG4562 (Fig. 1E). For reasons that
will become clear further below, we focused our analysis
on CG4562. A different assay using FACS analysis cor-
roborated our initial observation that this transporter
could export heme from S2 cells; the ZnMP signal after
transfection of the CG4562 was much lower than the
control (Fig. 1F). Additional movie files showed ZnMP
exported by CG4562-GFP compared to CD8-GFP (Addi-
tional file 2: movie S3 and movie S4).

Despite that a transcriptional analysis has been per-
formed in A. aegypti [35, 44, 45], there is no functional
study of heme export in mosquito species. As both the
model organism D. melanogaster and the mosquito spe-
cies A. aegypti belong to the Diptera and are therefore

(See figure on next page.)

experiment were shown

Fig. 1 Identifying putative Drosophila heme transporters in S2 cells. A, B S2 cells were incubated with the fluorescent heme analog
zinc-mesoporphyrin (ZnMP). ZnMP concentration effects on the fluorescence for 15 min treatment (A). The time course of the fluorescence with

5 UM ZnMP treatment (B). ZnMP detained in S2 cells after 15 min treatment was analyzed by flow cytometry. ZnMP MFI represents the mean
fluorescence intensity of ZnMP in S2 cells. All values are available in Additional file 3: Fig. 1A and Fig. 1B. C ZnMP transport was competitively
inhibited by heme in S2 cells. Various concentrations of heme were added together with ZnMP. ZnMP signal densities were analyzed in 15 min
competition assay. D The scheme of screening putative heme transporters in S2 cells by 5 uM ZnMP fluorescence measurement. E Quantitative
measurement of ZnMP fluorescence of different Drosophila MRP genes when overexpressed in S2 cells. All values are available in Additional file 3:
Fig. 1E. F FACS analysis of the ZnMP signal density of mCD8-GFP (black) and CG4562-GFP (red) transfected S2 cells. Numbers in the left two figures
indicated the frequency of transfected S2 cells in the gated region. G Quantitative measurement of ZnMP fluorescence when MRP4 homologous
genes of A. aegypti were expressed in S2 cells. All values are available in Additional file 3: Fig. 1G. Data are presented as the mean = SD by two-tailed
unpaired Student’s t test. *p < 0.05, **p < 0.01; ***p < 0.001. Experiments were repeated at least two times, and data from only one representative
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related in evolutionary terms, we wondered whether the
heme transporters identified in D. melanogaster are con-
served in A. aegypti. BLASTP searches using the protein
sequences of the eleven D. melanogaster MRP4 homol-
ogous proteins showed that the yellow fever mosquito

genome possesses eight proteins of this family (Addi-
tional file 1: Fig. S1D). Similarly, we repeated the ZnMP
screen in S2 cells expressing eight A. aegypti genes. The
results revealed that two genes had potential heme export
activity (Fig. 1G). Surprisingly, although AAEL012395
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was proposed to be a heme exporter in A. aegypti and
was upregulated by heme in the midgut [35], we did not
find any obvious alteration in heme effluxing activity
compared to S2 cells expressing CD8-GFP. Nevertheless,
two new genes AAEL005918 and AAEL018267 displayed
decreased ZnMP signals, with AAEL018267 as the more
potent transporter between the two (Fig. 1G). Addi-
tionally, the expression level of AAEL005918 increased
under exogenous heme stimulation (Additional file 1: Fig.
S2C). We proposed AAEL005918 and AAEL018267 as
potential heme exporters in the A. aegypti. Collectively,
two MRP4 homologs in D. melanogaster and A. aegypti
showed potential heme export activity in S2 cells based
on ZnMP assays.

Knockdown of heme-responsive CG4562 in the whole
body or gut resulted in a growth defect

After examining the heme efflux activity of various MRP
members, our assays identified two proteins that could
potentially transport ZnMP out of cells. We next ana-
lyzed the expression of these genes and their responses
to hemin in S2 cells and the gut. One of them, CG9270,
is endogenously expressed the highest in S2 cells while
[(2)03659 expressed the lowest (Fig. 2A). The endogenous
expression levels of these genes in S2 cells differed by
about ten thousand times. We then sought to determine
whether these MRP genes are regulated by exogenous
hemin. Under different heme-exposed concentrations,
CG11898 and CG4562 of the fourteen MRP genes were
significantly more differentially expressed, although to
a much less extent a few others also might be slightly
upregulated (Fig. 2B, Additional file 1: Figure S2B).
The robust responsiveness of CG4562 and CGI11898
to hemin suggested that these two genes may relate to
heme metabolism. Since it is known that besides as a
nutrient, heme is also a toxic molecule, we figured that
when absorption or synthesis of excess heme occurred,
a precise regulation to balance the heme concentration
should be evolved in the gut. One way of regulation is
to efflux the heme. To figure out which gene is respon-
sible for this heme transport process, we first evaluated
the endogenous MRP expression levels in the gut. Our
data showed that CG4562 has the highest expression in
the gut, consistent with the information reported in the
FlyBase database (Fig. 2C, Additional file 1: Fig. S3B).
CG4562 expression robustly responded to exogenous
hemin in vivo; rearing flies in hemin food upregulated
CG4562 expression in the gut, while the other MRP fam-
ily members did not manifest much change (Fig. 2D).
These initial pieces of evidence implied that CG4562
may function in the flies’ gut in response to exogenous
hemin. We next asked whether any of these MRP genes
has any physiological function in the flies. To this end,
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we first ubiquitously knocked down the MRP mem-
bers in the whole body by Actin-GAL4 (Fig. 2E). Of the
eleven MRP4 homologs, only CG4562 and CG7627 RNAi
exhibited growth lethality, corresponding interestingly
to the two candidates identified from the prior export
screen experiment. We then characterized the potential
function of these putative heme transporters in the gut.
Knocking down in the gut by NP3084-GAL4 showed that
only CG4562 produced a decrease of survival or eclo-
sion (Fig. 2F). Notably, CG7627 knockdown in the gut
did not manifest obvious defects, suggesting that CG7627
may primarily function in some places outside the gut.
Together, these data pinpointed CG4562 as the physi-
ologically vital and potential heme exporter in the gut.

Other potential heme transporters (non-MRP transporters)
in S2 cells and their physiological functions in the whole
body and the gut

In a similar approach, five other potential non-MRP D.
melanogaster heme transporters homologous to known
ones were identified, and their heme transporting activ-
ities were subsequently assayed in S2 cells (Fig. 3A).
HRG-1 was first identified in C. elegans functioning
as an importer and located in the plasma membrane
as well as the vesicle. Through protein blast, there is
no obvious HRG-1 homolog in D. melanogaster, so
whether there exists a functional HRG-1 counterpart
in D. melanogaster is not known. Only CG1358 was
found sharing homology with the FLVCR heme trans-
porter located on the plasma membrane (Fig. 3B). A
GAL4 inserted into the first intron of CG1358, when
reported by RFP, indicates that CG1358 is expressed
in the brain [46] and RNA interference of this gene in
circadian clock neurons disrupted rhythmic behav-
ior in D. melanogaster [47]. The other four poten-
tial D. melanogaster heme transporters homologous
respectively to HCP1, ABCB6, ABCB10, and ABCG2
are encoded by CG30345, Hmt-1, CG3156, and white
(Fig. 3A). Notably, white encodes a transporter mov-
ing pigment precursors and involves in zinc storage in
D. melanogaster [48], while Hmt-1 functions in heavy
metal detoxification [49]. We undertook the ZnMP
screen as described earlier to analyze these five genes’
heme transport activities. To our surprise, the ZnMP
fluorescence signal remained little changed when
these genes were overexpressed (Fig. 3C). Localization
studies revealed that unlike CG1358, which is located
on the plasma membrane, the other four genes’ prod-
ucts did not exhibit obvious plasma membrane sig-
nals (Fig. 3B). Their physiological indispensability in
flies was checked by knockdown studies in vivo. Nota-
bly, ubiquitous knockdown of CG1358 by Actin-GAL4
resulted in lethality, but there was no obvious survival
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Fig. 2 (CG4562 is heme-inducible and knocking down in the whole body and the gut resulted in growth defects. A Endogenous expressions of the
MRP genes in S2 cell without hemin treatment. Expressions quantified by real-time relative RT-PCR normalized to rp49. All values are available in
Additional file 3: Fig. 2A. B Transcription level changes of the MRP genes induced by 100 uM heme in S2 cell. Expressions of MRP genes after 4 h of
heme induction were quantified by gPCR normalized by rp49. Expression values are relative to those with DMSO treatment. All values are available
in Additional file 3: Fig. 2B. C Endogenous expressions of the MRP genes in the gut of the 3rd instar larva quantified by relative PCR normalized to
p49. All values are available in Additional file 3: Fig. 2C. D Relative transcription level changes of the MRP genes in the gut when supplementing 1
mM hemin in the food. Expressions quantified by relative PCR normalized to rp49. Expression is relative to that with DMSO treatment. All values are
available in Additional file 3: Fig. 2D. E Phenotypic analyses of the MRP genes after knocking down in the whole body by Actin-GAL4 directed RNAI.
Eclosion rate normalized to the control. All values are available in Additional file 3: Fig. 2E. F Phenotypic analyses of the MRP genes after knocking
down in the gut by NP3084-GAL4-directed RNAI. All values are available in Additional file 3: Fig. 2F. Data are presented as means % SD by two-tailed
unpaired Student’s t test. *p < 0.05, **p < 0.01; ***p < 0.001. Experiments were repeated at least two times, and data from only one representative
experiment were shown. The RNAI lines and their phenotype summary of this screening were attached in Additional file 1: Table S1

phenotype when knocking it down in the gut (Fig. 3D).

Given that CG1358 is expressed highest in the brain, we
then tested knockdown in the brain with Elav-GAL4

(Additional file 1: Fig S2D). The phenotype with brain
knockdown is similar to that seen with Actin-GAL4.
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Fig. 3 Characterization of some other potential Drosophila heme transporters (non-MRP transporters). A A list of other potential heme transporters
in Drosophila. B Localization of these potential heme transporters when overexpressed in fusion with GFP in S2 cells. Scale bar = 10 nm. C
Quantitative measurement of ZnMP fluorescence of these potential Drosophila heme transporters when overexpressed in S2 cells. All values

are available in Additional file 3: Fig. 3C. D, E Phenotypic analyses of these potential heme transporters when knocking down in the whole body
(Actin-GAL4) (D) and the gut (NP3084-GAL4) (E). Eclosion rate normalized to the control. All values are available in Additional file 3: Fig. 3D and Fig. 3E.
Data are presented as means £ SD by two-tailed unpaired Student’s t test. *p < 0.05, **p < 0.01; ***p < 0.001. The experiments were repeated at

least two times, and only one representative one was shown. The RNAI lines and their phenotype summary of this screening were attached in
Additional file 1: Table S1

Ubiquitous and gut-specific knockdown of the other potential heme transporters functions similarly to
four potential heme transporters did not present any CG4562 in the intestine. CG4562 seems to be the pri-
severe phenotype (Fig. 3E). Collectively, none of these mary plasma membrane-resident heme exporter in the
gut.
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Fig. 4 CG4562 expression is enriched in the intestine and at least partially localized to the basolateral side of the gut. A Relative CG4562 expressions
in different tissues to that of the brain as quantified by relative PCR normalized to rp49. All values are available in Additional file 3: Fig. 4A. B Relative
(CG4562 expressions in different parts of the 3rd instar larva gut relative to that of the midgut as quantified by relative PCR normalized to rp49. The
anterior midgut excluded the gastric caeca part. All values are available in Additional file 3: Fig. 4B. C, D Localization of over-expressed CG4562-Flag.
In the fat body, scale bar = 30 um (C) and in the gut (D), scale bar = 60 um. Data are presented as means =+ SD. The experiments were repeated at

CG4562 is highly expressed in the gut and localized

to the surface of the gut

Expression analyses of CG4562 revealed that CG4562 is
mainly expressed in the gut and much weaker in other
tissues (Fig. 4A). More refined expression studies showed
that CG4562 is mainly expressed in the gastric caeca
and the anterior midgut of the intestine, while rarely
expressed in the middle and posterior midguts (Fig. 4B).
In theory, the heme in the gut could be detoxified by
export into the lumen or to the hemolymph for systemic
use. If CG4562 functions in heme uptake in vivo, we
expect some expression of CG4562 in the plasma mem-
brane at the basolateral side of the gut. To identify the

subcellular localization of CG4562, we expressed GFP-
tagged CG4562 in S2 cells. The majority of fluorescence
signals appeared to be on the plasma membrane (Fig.
S2). Likewise, D. melanogaster close homolog of MRP4
shared a similar location in S2 cells (Additional file 1:
Fig. S2A). Introducing Flag-tagged CG4562 to D. mela-
nogaster revealed plasma membrane localization in the
fat body (Fig. 4C). Careful examination found the uneven
distribution of CG4562 on the basolateral membrane of
the enterocytes (Fig. 4D), with also expression on the
luminal side. Because this is tagged overexpression, we
cannot be sure whether all the expression pattern reflects
the physiological in vivo scenario. Nevertheless, this
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distribution pattern is consistent with the notion that
CG4562 executes the function of heme efflux from the
gut at least partially to the body for systemic use.

Knocking down CG4562 in the gut led to corresponding
heme accumulation and lethality rescuable by SA

or hMRP5 expression

One mutant of CG4562 is available in the fly database,
generated by a Flippase-excisable GAL4 insertion cas-
sette [46] in the first intron of the gene. Homozygotes of
this mutation are lethal. This lethality could be reversed
by Flippase-catalyzed excision and rescued by a sin-
gle UAS construct containing CG4562 cDNA (Fig. 5A),
excluding the possibility that the lethality arises from
other irrelevant mutations. In addition, UAS-hMRP5 was
able to rescue the mutant phenotype (Fig. 5B), indicating
CG4562 could be functionally substituted by ZMRPS.

We wondered why the loss of CG4562 is lethal. Accord-
ing to MRP5 studies in mammals, we suspected CG4562
might efflux heme from the gut and play a role in heme
absorption. If this is the case, the lethality should come
from heme deficiency in the body or alternatively heme
accumulation somewhere such as in the gut. To inves-
tigate these possibilities, we knocked down this gene
with different tissue-specific GAL4 drivers (Table 1).
CG4562 knockdown mediated by RNAi in the whole
body, directed with Da-GAL4 or Actin-GAL4, was lethal,
mimicking the mutant phenotype just described. Mean-
while, knockdown in the gut by NP3084-GAL4 showed
a reduced eclosion rate, growth retardation of 5-6 days,
smaller pupa, and adult phenotypes (Fig. 5C). In compar-
ison, knocking down this gene in many other tissues pro-
duced no obvious phenotypes (Table 1), indicating the
gut as one of the principal functional areas of CG4562.
To further delineate which kind of gut cells is involved in
CG4562 function, we exploited different gut GAL4s to
knock down CG4562 in discrete cells (Additional file 1:
Fig. S3A). Knocking down by esg-GAL4 and pros-GAL4
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produced no obvious phenotypes, while myolA-GAL4
directed CG4562 knockdown caused a similar pheno-
type as that by NP3084-GAL4 (Fig. 5D), supporting that
CG4562 is indispensable in the enterocyte cells of the
midgut rather than intestinal stem cells or enteroendo-
crine cells.

One possible cause underlying the lethality of CG4562
knockdown may arise from heme accumulation in the
gut. To explore this possibility, we first tested the expres-
sion of some heme-sensitive gene markers. CG4562
knockdown in the gut upregulated D. melanogaster heme
oxygenase gene and strongly repressed dALAS expres-
sion (Fig. 5E), consistent with the expectation of heme
elevation in the gut. This means that CG4562 may nor-
mally efflux heme from the gut. If this is indeed the case,
we expect blocking endogenous heme synthesis could
rescue the phenotype. SA (succinyl-acetone) is a heme
synthesis inhibitor targeting ALAD, the third enzyme of
the Shemin pathway. As expected, SA well rescued the
lethality as a result of the CG4562 knockdown. Interest-
ingly, zinc supplementation also rescued but FAC aggra-
vated the phenotype (Fig. 5F). This is likely due to that
heme requires iron incorporation, and there may exist
an antagonism between zinc and iron, which is also
observed under some other scenarios [50-52].

If CG4562 functions analogously as hMRP5 and export
heme, we anticipate that besides hMRP5, dHO could also
relieve heme toxicity in the gut and rescue CG4562 RNAi
(knockdown) phenotypes. We have mentioned that ubig-
uitous hMRP5 expression rescued CG4562 RNAI in the
whole body (Fig. 5G). Indeed, dHO overexpression could
also well rescue the CG4562 RNAi phenotype (Fig. 5H).

To obtain more direct pieces of evidence affirming
the heme-effluxing function of CG4562, we monitored
whether heme is accumulated after its disruption. Heme
accumulation after CG4562 knockdown in the gut was
proved directly by UPLC (Fig. 5I). In addition, we utilized
ZnMP to trace heme movement. Compared to normal

(See figure on next page.)

Fig.5 Knocking down CG4562 in the gut led to an eclosion defect rescuable by SA, zinc, and expression of hMRP5 or HO. A, B The CG4562* mutant
lethality could be rescued by insertion excision after FLP introduction. CG4562* is a mutation caused by the insertion of a Flippase-excisable
GAL4 cassette into the first intron of CG4562. When crossing with Flippase flies (A) or UAS-hMRP5 and UAS-CG4562 flies (B), lethality was reversed.
All values are available in Additional file 3: Fig. 5A and Fig. 5B. C A picture showing the flies and pupae after CG4562 knockdown in the gut by
NP3084-GAL4. D Eclosion rates after knocking down CG4562 by different gut Gal4s. esg-GAL4 expresses in the I1SCs, myo1A-GAL4 expresses in

the EC cells, pros-GAL4 expresses in the EE cells, and the NP3084-GAL4 expresses in the whole midgut. All values are available in Additional file 3:
Fig. 5D. E Expression levels of several heme-related genes after knocking down CG4562 in the 3rd instar larva gut by NP3084-GAL4. Quantification
was by relative PCR normalized to rp49. All values are available in Additional file 3: Fig. 5E. F Chemical rescue of CG4562 knockdown in the gut

by NP3084-GAL4. Chemical concentrations used in this experiment: SA, 0.1 mg/ml; ZnCl,, 2 mM; MnCl,, 2 mM; CuCl,, 0.25 mM; FAC, 2 mM. All
values are available in Additional file 3: Fig. 5F. G hMRP5 expression rescued CG4562 knockdown. Expression directed by the whole-body Da-GAL4
driver. UAS-GFP was used as the control. All values are available in Additional file 3: Fig. 5G. H dHO OFE rescued CG4562 knockdown in the gut by
NP3084-GAL4. All values are available in Additional file 3: Fig. 5H. I Intestinal heme level was increased after knocking down CG4562 in the gut by

NP3084-GAL4. All values are available in Additional file 3: Fig. 51. J Distribution of the heme analog (ZnMP) when knocking down CG4562 in the gut
by NP3084-GAL4. Scale bar for the two-upper pictures: 300 um. The below panel is zoomed-in pictures for the white boxed regions. Scale bar for the
below panel: 100 um. Data are presented as means £ SD by two-tailed unpaired Student’s t test except for F, which is by one-way ANOVA test. *p <
0.05, **p < 0.01; ***p < 0.001. Experiments were repeated at least two times, and data from only one representative experiment were shown
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larvae, CG4562 RNAi larvae fed with ZnMP diet dis- gut (Fig. 5]). Altogether, we conclude that CG4562 func-
played an obvious fluorescent signal in the anterior mid-  tions as a heme exporter in the gut, analogous to MRP5.
gut while there was no difference in other parts of the In that sense, CG4562 is dMRP5. While our phylogenic
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Table 1 Phenotypic analyses of knocking-down CG4562 in different tissues by different GAL4 lines

GAL4 Expression tissue Knockdown phenotype (THU1025, 4562R-1)
Actin/Cyo Whole body Lethal

Daughterless Whole body Lethal at the 2" instar larva

NP3084 Midgut Growth delay for 5-6 days and smaller flies

A9 Wing Normal

GMR Eye Normal

Eyeless Eye Normal

Lsp Fat body Normal

Muscle Most in muscle Normal

Elav Neuron Normal

Mhc Muscle Normal

esg ISC cells Normal

pros EE cells Normal

myolA EC cells Growth delay for 5-6 days and smaller flies, same as NP3084

tree displays a closer relationship between CG4562 and
MRP4, different analyses may produce slightly different
results. The overall sequence similarity between CG4562
and MRP4 is rather comparable to that between CG4562
and MRP5.

CG4562/dMRP5 transport mechanism in S2 cells
After identifying CG4562/dMRP5 as the essential heme
exporter in D. melanogaster gut, some biochemical char-
acterization was subsequently carried out of the gene.
Heme transporting by CG4562/dMRP5 is heme concen-
tration-dependent. As ZnMP concentrations increased,
the differences to the CD8-GFP control widened (Addi-
tional file 1: Fig. S4A). The mechanism of how MRP5
transporting heme has yet to be elucidated. For one,
the crystal structure information related to heme trans-
port remained obscure. Primary structure alignment of
CG4562/dMRP5 to several human MRP family members
highlights conservation of two transmembrane domains
(TMD) and two nucleotide-binding domains (NBD),
shared by MRP4, MRP5, MRP8, and MRP9 (Fig. 6A).

By homology model construction to CFTR [53], we
obtained a preliminary structure of CG4562/dMRP5.
Like other typical ABCC family members, CG4562/

dMRP5 contains an N-terminal lasso motif, the first
transmembrane domain (TMD1), the first nucleotide-
binding domain (NBDI1), the second transmembrane
domain (TMD2), and the second nucleotide-binding
domain (NBD2) (Additional file 1: Fig. S4B).

The cavity formed by TMD1 and TMD2 is assumed
to bind and transport heme. Based on a previous study,
there exist several potential heme-binding amino acids
such as H, M, C, Y, and K [54]. Among them, histidine
is the dominant residue found in the heme-binding pro-
teins. Furthermore, the side-chain orientation of the
amino acid in the heme-binding pocket is also vital for
its association with heme. Thus, we selected putative
heme-binding residues located in the TMDs and with the
inward side chain and constructed expression plasmids
of all these CG4562/dMRP5 variants.

These CG4562/dMRP5 mutants were subject to heme-
transporting assays after introducing into S2 cells. Non-
functional sites of TMD domains had been ruled out
(Additional file 1: Fig. S4E); some mutations appeared to
confer higher activities. We have found different patterns
of heme-associated residues in the TMD1 and TMD2
domains. In TMD1, M154, H155, Y157, M158 in helix 2,
and Y216 in helix 3 formed a “portaledge” which may be

(See figure on next page.)

Fig. 6 Critical sites for CG4562/dMRP5 heme transport. A CG4562/dMRP5 structure was homology modeled based on human CFTR. The
transmembrane domain TMD1 (green), TMD2 (cyan), and NBD domains (gray) are marked respectively. The side chains of functional residues in
TMD1 and TMD?2 are labeled in red. B, C Potential heme-binding amino acids, of which side chains are inward were selected and mutated into

alanine. ZnMP retention signals were analyzed with S2 cells expressing CG4562/dMRP5 TMD1 (B) and TMD2 (C) mutants. All values are available in
Additional file 3: Fig. 6B and Fig. 6C. D The nucleotide binding domains of CG4562/dMRP5. NBD1 (wheat) and NBD2 (green) form two ATP binding
sites consisted of the consensus site (blue box) and the degenerate site (purple box). E Detailed features of the consensus and degenerate sites
are shown and key amino acid residues are highlighted (red). F, G Key amino acids from the consensus (F) and degenerate (G) sites were mutated.
ZnMP signal density was analyzed. Zoom-in views of the consensus and degenerate sites are on the right side. All values are available in Additional
file 3: Fig. 6F and Fig. 6G. Data are presented as means =+ SD by two-tailed unpaired Student’s t test. *p < 0.05, **p < 0.01; ***p < 0.001. Experiments
were repeated at least two times, and data from only one representative experiment were shown
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indispensable for heme binding and efflux. Meanwhile,
Y291 in the bottom of TMD1 also affects the heme trans-
port activity of CG4562/dMRP5, likely due to its role in
maintaining structural stability as it is located between
helix 4 and helix 5. Another possible explanation is that
Y291 at the bottom of TMD1 may function to recruit labile
heme in the cytosol. K346 and Y359 mutations also block
the heme-transporting activity which may act as the exit of
heme (Fig. 6B).

Unlike the residues in TMD]1, the functional amino acids
(H845, Y916, K924, Y935, H968, Y973) in TMD?2 disperse
from bottom to middle of the cavity. Together with Y291,
K346, and Y359 in TMD1, we assume that these residues
in TMD2 work as “pitons” for heme efflux from the cytosol
to the extracellular space (Fig. 6C). All the affected mutants
do not have localization changes (Additional file 1: Fig.
$4G). The potential heme-binding residues of TMDs are
shown in Additional file 1: Fig. S4D.

The bottom-view of CG4562/dMRP5 presents the classi-
cal “head-to-tail” configuration of NBD dimer as reported
in all ABC transporters (Fig. 6D). The hallmark of the
ABCC subfamily is the replacement of the active gluta-
mate residue of the Walker B motif in the NBD1 domain
with aspartate, which maintains the ATP binding activity
but loses the ATP hydrolysis activity (Fig. 6E). Thus, the
CG4562/dMRP5 NBD dimer formed two ATP binding
sites, namely the consensus site and the degenerate site. A
close-up view of the consensus site showed that the signa-
ture motif LSGGQ of the NBD1 domain and the Walker
A motif, Q loop, Walker B motif, H loop, and A loop
from the NBD2 domain formed the consensus site which
binds and hydrolyses ATP, offering energy for conforma-
tion change and cargo transport. We have generated the
consensus sites’ variants and validated that these variants
lack the heme transporting activity (Fig. 6F). Meanwhile, a
zoom-in view indicated that the signature motif FSVGQ of
the NBD2 domain and the Walker A motif, Q loop, Walker
B motif, and H loop from the NBD1 domain enclosed
and formed the degenerate site. Mutants of representa-
tive residues in the degenerative site failed to export heme
(Fig. 6G). Through amino acid sequence alignment and
structure information, we also selected two “A loop” candi-
date sites of NBD1 (W452 and T460) and constructed the
corresponding mutants. However, mutations in these two
sites did not affect heme exporting activity, indicating that
there may exist a noncanonical motif that functions like the
A loop (Additional file 1: Fig. S4F).
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Vanadate shares a similar structure to that of ATP, which
could be used to block ATP-dependent transporters. Vana-
date treatment significantly blocked the transport activity
of CG4562/dMRP5. Noteworthy is that the vanadate treat-
ment also somewhat reduced ZnMP fluorescence signal
in the control, implying that some other ATP-dependent
transporter might function in the basal ZnMP absorption
(Additional file 1: Fig. S4C).

In sum, with these biochemistry assays, we propose the
working model of how heme is transported by CG4562/
dMRPS5: the active sites in TMD domains bind and stabilize
heme in the cavity among the TMD domains, while NBD1
and NBD2 form two ATP-binding sites wherein some con-
sensus sites hydrolyze ATP and offer energy for the confor-
mation change of TMD helixes, releasing heme out to the
extracellular space (Fig. 7).

Discussion

ZnMP has previously been used in mosquito cells to moni-
tor heme transport [35]. In this work, we implemented a
ZnMP screen system with some improvement to identify
potential heme transporters in S2 cells. In that assay, tran-
scriptional expression analyses were undertaken to reveal
genes responsive to heme. Because heme transporter genes
are not all transcriptionally regulated by heme, some may
be regulated translationally or post-translationally, or con-
ceivably some even may not respond to heme at all. On
the other hand, transcriptionally responsive genes may
not possess transporting activity. In our study, CG11898 is
transcriptionally regulated by exogenous heme in S2 cells
but there is no heme transport activity associated with it.
Vice versa, CG7627 could actively transport heme out
of cells, but the mRNA level did not change under heme
exposure. Therefore, the gain of function screen through
overexpression is a functionally more relevant assay to ver-
ify heme transport activity.

CG4562/dMRP5 functions at the surface of the gut as
a heme exporter, and knocking down this gene resulted
in severe phenotypes in D. melanogaster. Ubiquitously
knocking down CG4562/dMRPS caused embryotic lethal-
ity in D. melanogaster, while loss of expression in the gut
only resulted in an eclosion decrease. We speculate that
CG4562/dMRP5 may also function in some other tissues
besides the intestine, although none of the more than 10
drivers we tested reproduced the lethality. Disruption of
MRP5 in the worm and zebrafish both produced severe
phenotypes [28]. However, MrpS5 knockout mice are via-
ble with no overt phenotypes [55]. One explanation for

(See figure on next page.)

Fig. 7 Transport mechanism and physiological function of CG4562/dMRP5. CG4562/dMRP5, which is a typical ABC transporter, facilitates heme
transport out of cells with ATP hydrolysis. Heme, as an alternative iron source, is absorbed from outside of cells or synthesized in the mitochondria
of the flies. Excess heme in the gut cells is degraded by heme oxygenase or detoxifies/effluxes by CG4562/dMRP5 located on the basolateral side of

the enterocyte
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this discrepancy is that there might be another redundant
MRP member in the mammal. Supporting this notion is
that recently MRP5 and its closest homolog MRP9 were
reported to play a concerted role in regulating male repro-
ductive function [56]. Our studies uncovered two proteins
of the MRP family which could transport heme out of cells.
In D. melanogaster, a lower organism, the two proteins may
share the same function but act in different parts of the
body. For the human being, the regulation or responsive
system could be more complex. It thus could be envisioned
that in higher organisms some proteins may be function-
ally redundant to overcome the unexpected damage. Con-
sistently, another protein FLVCRla has been reported
participating in exporting de novo synthesized heme
from mammalian intestinal cells, and loss of FLVCRI1a
in the duodenum impaired the normal cell proliferation
[57]. Interestingly, the D. melanogaster FLVCR homolog
CG1358 failed to present heme export activity in our S2
cell assays, whereas the only one FLVCR homolog identi-
fied in Leishmania parasite has been shown to function as
a porphyrin importer [58]. It could be speculated but worth
testing in the future, whether CG1358, which is function-
ally similar to FLVCR2 rather than FLVCR1a, plays a role in
heme import process.

We have to point out that although our screen assay is
robust in detecting heme export out of the cells, it would
not be so in identifying proteins with intracellular heme
transport ability. Therefore, while we identified two genes
with heme exporting property, we cannot state that the
others do not possess heme transporting activity. Having
said that, adapting this system for importing assay would
be possible. It remains to be seen whether there exists an
HRG-1 like or plasma membrane-located transporters
functioning for heme absorption in the flies.

Conclusions
In this work, we embarked on a systemic characteriza-
tion of heme transport in the model organism D. mela-
nogaster and expanded our research to potential heme
transporters in A. aegypti. Our results suggest that the
heme homeostasis scheme in D. melanogaster appears
overall resembling that of mammals. Some conserved
proteins between mammals and D. melanogaster shared
similar functions. Through analysis of a homology-mod-
eled structure of CG4562/dMRP5, we provided some
insights into the ATP binding pockets and the transport
path during this heme excretion process. Collectively,
D. melanogaster as a model organism may shed light not
only in mammalian studies but also in pests, and heme
metabolism studies in insects may offer potential new
targets for pests’ control in the future.

Altogether, our findings characterized some potential
heme transporters in D. melanogaster and A. aegypti. In

Page 150f 18

mammals, possibly due to the high demand for heme, a
complex heme regulation system has evolved. In D. mela-
nogaster, the heme transport process appears to be more
ancient. Nevertheless, some prototypes of heme homeo-
stasis schemes might be similar in insects and mammals.
We hope that our heme metabolism studies in D. mela-
nogaster will complement existing heme research.

Methods

Plasmids

The D. melanogaster and A. aegypti candidate heme
transporter genes were generated by PCR amplification
of the coding region from D. melanogaster or A. aegypti
cDNA. ORFs of these proteins were in-frame fused with
C-terminal GFP tags and cloned into S2 cell expression
vector pAC5.1. CG4562 was cloned into the Drosophila
expression vector pUAST-attB, and UAS-hMRP5 was
generated by PCR amplification of a plasmid from Igbal
Hamza laboratory and cloned into pUAST. Transgenic
flies were made by microinjection into embryos with a
vasa-driven phiC31 transgene and an attP insertion at the
attB site (a gift from Dr. Guanjun Gao, School of Life Sci-
ence and Technology, ShanghaiTech University) or w'!/8
background flies. Mutation of the genes was generated
by overlapping PCR. All the constructs were verified by
sequencing.

Fly stocks, culture media, and transgenic flies

Fly stocks were raised at 18 °C, and all the experiments
were performed at 25 °C (12 h daytime and 12 h night-
time, 60% humidity) on standard cornmeal food. If nec-
essary, the food was supplemented with other chemicals.
Fly stocks Actin-GAL4/CyO (Bloomington #4414), Da-
GAL4 (Bloomington #8641), and UAS-EGFP (Blooming-
ton#5130) were obtained from the Bloomington Stock
Center (Bloomington, IN, USA); NP3084-GAL4 (DGRC#
113094) was from the Drosophila Genetic Resource
Center at the Kyoto Institute of Technology (Kyoto,
Japan). Esg-GAL4, pros-GAL4, and myolA-GAL4 are a
gift from Wei Zhang lab (Tsinghua University, China).
The RNAI lines used for the screen were attached in the
supplement Additional file 1: Table S1.

Hemin was dissolved in DMSO at 100 mM. 4,6-Dioxo-
heptanoic acid (succinylacetone, SA) was dissolved in
H,O at 50 mg/ml, and the zinc-mesoporphyrin (Logan,
UT) was prepared in DMSO at 100 mM.

Transfection and ZnMP assay

Vector transfections were performed by Effectene (Qia-
gen, German) following the standard transfection pro-
tocol with cells at 70-80% confluency. Specifically, 25 pl
Buffer EC, 1 ug of the specific vector, 2 pl enhancer, and
2 ul Effectene were used for each 24-well plate. A control
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CD8 with a C-terminal GFP tag was performed with each
experiment. At 2 days post-transfection, the cells were
incubated with 5 uM ZnMP for 15 min at room tempera-
ture. The ZnMP and the GFP signal were analyzed by
cytometry.

Fly survival assay

GAL4 homozygous flies were crossed with different
transgenic flies, and the progeny were reared on differ-
ent diets, as indicated in each experiment. The density of
each vial was controlled to 50 larvae, and the total num-
ber of emerged adults of each genotype was counted.

RNA isolation, semi-quantitative RT-PCR, and quantitative
real-time PCR

Total RNA was extracted from adults, or 3rd instar larvae
using the Trizol reagent (Invitrogen, Carlsbad, CA, USA).
cDNA was reverse-transcribed from 1 ug total RNA
with TransScript First-Strand cDNA Synthesis SuperMix
(TransGen Biotech Co., Ltd., Beijing, China), under the
manufacturer’s instructions.

Real-time PCR was performed on CFX96 Touch Real-
Time PCR System (Bio-Rad) using SYBR Green PCR
Master Mix (TransGen Biotech Co., Ltd., Beijing, China).
Fold change was determined by comparing target gene
expression with the reference gene expression (rp49) in
Drosophila and AAEL-Actin in A. aegypti. The primers
used for real-time PCR were attached in the supplement
Additional file 1: Table S2 and Additional file 1: Table S3.

Immunofluorescence, ZnMP staining, and microscopy

For immunofluorescence examination of Drosophila, 3rd
instar larvae were collected and dissected in phosphate-
buffered saline (PBS), fixed with paraformaldehyde. For
nuclear staining, samples were incubated in 50 ng/mL
DAPI for 10 min and washed three times in PBS. Slides
were mounted with 50% glycerol/PBS. ZnMP staining
for flies is similar to immunofluorescence except for the
sample treatment. Third instar larvae were reared on
100 uM ZnMP food for 1 day before dissection, and the
following steps were the same as in the immunofluores-
cence analysis.

For immunofluorescence examination of cells, trans-
fected cells were fixed with 10% paraformaldehyde, incu-
bated in 5% Triton PBS buffer for 10 min, and nuclei
DAPI stained. Slides were mounted with 50% glycerol/
PBS for confocal picturing observed by Olympus FV3000.

Total cellular heme quantification

Twenty 3rd instar larval guts were dissected, weighed,
and homogenized. Hemin was extracted from the aque-
ous sample homogenated using four volumes of the
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extraction solvent, which was made of four volumes of
ethyl acetate and one volume of glacial acetic acid. The
resulting phases were separated by spinning in a micro-
centrifuge for 10 s at the maximum speed. Ten micro-
liters of the supernatant was injected into a Waters
(Millford, MA) Acquity ultra-performance liquid
chromatography (UPLC) system consisting of a binary
solvent manager, sample manager, column heater,
a photodiode array (PDA) detector, and an Acquity
UPLC BEH C18, 1.7 uM, 2.1 x 100 mm column. The
hemin peak was measured at an absorption maximum
of 398 nm and quantified relative to a standard solution
subjected to the same extraction method.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-022-01332-0.

Additional file 1: Figure S1. The phylogenetic tree of MRP family
members in D. melanogaster and the A. aegypti, related to Fig. 1. Figure
S2. Localizations of Drosophila MRPs in S2 cell and their expressions
under hemin supplementation in S2 or Aag2 cells. Figure S3. Phenotypic
analysis of CG4562 and MRPs expression level in adults’intestine, related
to Fig. 5. Figure S4. Some residues of CG4562/dMRP5 could be mutated
without influencing the transport activity, related to Fig. 6. Table S1.
RNAi List of D. melanogaster. Table S2. gPCR Primers of D. melanogaster.
Table S3. gPCR Primers of A. aegypti.

Additional file 2: Movie S1. ZnMP uptake by S2 cells at room tempera-
ture. Movie S2. ZnMP uptake by S2 cells at 4°C. Movie S3. ZnMP exported
by CD8-GFP cell at room temperature. Movie S4. ZnMP exported by
CG4562/dMRP5-GFP cell at room temperature.

Additional file 3. The individual raw data values of figures and Additional
files for number of replicates < 6. All the data are cited in the figure
legend.

Acknowledgements

We greatly appreciate the fly stocks from the Drosophila Genetic Resource
Center at the Kyoto Institute of Technology, the Bloomington Stock Center,
Vienna Drosophila RNAi Center, and the Tsinghua Fly Center. We also thank
Prof. Igbal Hamza (University of Maryland) for DNA vector, Dr. Guanjun Gao
(School of Life Science and Technology, ShanghaiTech University) for the vasa-
driven phiC31 transgene flies, and Prof. Caiyong Chen (Zhejiang University,
China) for valuable advice. The A. aegypti cDNA is from Prof. Gong Cheng
(Tsinghua University, China) and Dr. Yibin Zhu of Gong Cheng Lab provided
invaluable technical help.

Authors’ contributions

ZW contributed to the methodology, investigation, data curation, formal
analysis, conceptualization, and writing—original draft and writing—review.
PZ contributed to the methodology, data curation, and manuscript editing.
BZ contributed to the conceptualization, writing—review and editing, project
administration, supervision, and funding acquisition. All authors read and
approved the final manuscript.

Funding

This study was supported by the National Basic Research Program of China
(2018YFA0900100) and the National Science Foundation of China (31971087,
9164911).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its supplementary information files.


https://doi.org/10.1186/s12915-022-01332-0
https://doi.org/10.1186/s12915-022-01332-0

Wang et al. BMC Biology =~ (2022) 20:126

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'State Key Laboratory of Membrane Biology, School of Life Sciences, Tsinghua
University, Beijing 100084, China. *Institute for Immunology, Tsinghua-

Peking Center for Life Sciences, School of Medicine, Tsinghua University,
Beijing 100084, China. Shenzhen Institute of Synthetic Biology, Shenzhen
Institutes of Advanced Technology, Chinese Academy of Sciences, Shenz-
hen 518055, China.

Received: 5 October 2021 Accepted: 17 May 2022
Published online: 02 June 2022

References

1. Ogawa K, Sun J, Taketani S, Nakajima O, Nishitani C, Sassa S, et al. Heme
mediates derepression of Maf recognition element through direct bind-
ing to transcription repressor Bach1. EMBO J. 2001;20(11):2835-43.

2. YinL,Wu N, Curtin JC, Qatanani M, Szwergold NR, Reid RA, et al. Rev-
erbalpha, a heme sensor that coordinates metabolic and circadian
pathways. Science. 2007;318(5857):1786-9.

3. Kaasik K, Lee CC. Reciprocal regulation of haem biosynthesis and the
circadian clock in mammals. Nature. 2004:430(6998):467-71.

4. Faller M, Matsunaga M, Yin S, Loo JA, Guo F. Heme is involved in micro-
RNA processing. Nat Struct Mol Biol. 2007;14(1):23-9.

5. Guengerich FP. Destruction of heme and hemoproteins mediated by liver
microsomal reduced nicotinamide adenine dinucleotide phosphate-
cytochrome P-450 reductase. Biochemistry. 1978;17(17):3633-9.

6. Ponka P, Sheftel AD, English AM, Scott Bohle D, Garcia-Santos D. Do mam-
malian cells really need to export and import heme? Trends Biochem Sci.
2017;42(5):395-406.

7. Chambers IG, Willoughby MM, Hamza |, Reddi AR. One ring to bring
them all and in the darkness bind them: the trafficking of heme without
deliverers. Biochim Biophys Acta, Mol Cell Res. 2021;1868(1):118881.

8. Burmester T, Hankeln T. A globin gene of Drosophila melanogaster. Mol
Biol Evol. 1999;16(12):1809-11.

9. HankelnT, Jaenicke V, Kiger L, Dewilde S, Ungerechts G, Schmidt M, et al.
Characterization of Drosophila hemoglobin. Evidence for hemoglobin-
mediated respiration in insects. J Biol Chem. 2002;277(32):29012-7.

10. Huynh N, Ou Q, Cox P, Lill R, King-Jones K. Glycogen branching enzyme
controls cellular iron homeostasis via iron regulatory protein 1 and
mitoNEET. Nat Commun. 2019;10(1):5463.

11. Preitner N, Damiola F, Lopez-Molina L, Zakany J, Duboule D, Albrecht U,
et al. The orphan nuclear receptor REV-ERBalpha controls circadian tran-
scription within the positive limb of the mammalian circadian oscillator.
Cell. 2002;110(2):251-60.

12. Reinking J, Lam MM, Pardee K, Sampson HM, Liu S, Yang P, et al. The
Drosophila nuclear receptor e75 contains heme and is gas responsive.
Cell. 2005;122(2):195-207.

13. Rao AU, Carta LK, Lesuisse E, Hamza I. Lack of heme synthesis in a free-
living eukaryote. Proc Natl Acad Sci U S A. 2005;102(12):4270-5.

14. Perner J, Gasser RB, Oliveira PL, Kopacek P. Haem biology in metazoan
parasites - 'the bright side of haem' Trends Parasitol. 2019;35(3):213-25.

15. Ruiz de Mena |, Fernandez-Moreno MA, Bornstein B, Kaguni LS, Garesse R.
Structure and regulated expression of the delta-aminolevulinate synthase
gene from Drosophila melanogaster. J Biol Chem. 1999;274(52):37321-8.

16. Zhang X, Sato M, Sasahara M, Migita CT, Yoshida T. Unique features of
recombinant heme oxygenase of Drosophila melanogaster com-
pared with those of other heme oxygenases studied. Eur J Biochem.
2004;271(9):1713-24.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Page 17 of 18

Cui L, Yoshioka Y, Suyari O, Kohno Y, Zhang X, AdachiY, et al. Relevant
expression of Drosophila heme oxygenase is necessary for the normal
development of insect tissues. Biochem Biophys Res Commun.
2008;377(4):1156-61.

Shayeghi M, Latunde-Dada GO, Oakhill JS, Laftah AH, Takeuchi K,
Halliday N, et al. Identification of an intestinal heme transporter. Cell.
2005;122(5):789-801.

Qiu A, Jansen M, Sakaris A, Min SH, Chattopadhyay S, Tsai E, et al. Iden-
tification of an intestinal folate transporter and the molecular basis for
hereditary folate malabsorption. Cell. 2006;127(5):917-28.

Duffy SP, Shing J, Saraon P, Berger LC, Eiden MV, Wilde A, et al. The Fowler
syndrome-associated protein FLVCR2 is an importer of heme. Mol Cell
Biol. 2010;30(22):5318-24.

Yang Z, Philips JD, Doty RT, Giraudi P, Ostrow JD, Tiribelli C, et al. Kinetics
and specificity of feline leukemia virus subgroup C receptor (FLVCR)
export function and its dependence on hemopexin. J Biol Chem.
2010;285(37):28874-82.

Quigley JG, Yang Z, Worthington MT, Phillips JD, Sabo KM, Sabath DE,

et al. Identification of a human heme exporter that is essential for eryth-
ropoiesis. Cell. 2004;118(6):757-66.

Rajagopal A, Rao AU, Amigo J, Tian M, Upadhyay SK, Hall C, et al. Haem
homeostasis is regulated by the conserved and concerted functions of
HRG-1 proteins. Nature. 2008;453(7198):1127-31.

Seguin A, Takahashi-Makise N, Yien YY, Huston NC, Whitman JC, Musso
G, et al. Reductions in the mitochondrial ABC transporter Abcb10 affect
the transcriptional profile of heme biosynthesis genes. J Biol Chem.
2017;292(39):16284-99.

Desuzinges-Mandon E, Arnaud O, Martinez L, Huche F, Di Pietro A, Falson
P ABCG2 transports and transfers heme to albumin through its large
extracellular loop. J Biol Chem. 2010;285(43):33123-33.

Krishnamurthy PC, Du G, Fukuda Y, Sun D, Sampath J, Mercer KE, et al.
Identification of a mammalian mitochondrial porphyrin transporter.
Nature. 2006;443(7111):586-9.

Slot AJ, Molinski SV, Cole SP. Mammalian multidrug-resistance proteins
(MRPs). Essays Biochem. 2011;50(1):179-207.

Korolnek T, Zhang J, Beardsley S, Scheffer GL, Hamza I. Control of meta-
zoan heme homeostasis by a conserved multidrug resistance protein.
Cell Metab. 2014;19(6):1008-19.

Na H, Ponomarova O, Giese GE, Walhout AJM. C. elegans MRP-5 exports
vitamin B12 from mother to offspring to support embryonic develop-
ment. Cell Rep. 2018;22(12):3126-33.

Huang H, Haddad GG. Drosophila dMRP4 regulates responsiveness to
02 deprivation and development under hypoxia. Physiol Genomics.
2007,29(3):260-6.

Prince L, Korbas M, Davidson P, Broberg K, Rand MD. Target organ specific
activity of drosophila MRP (ABCC1) moderates developmental toxicity of
methylmercury. Toxicol Sci. 2014;140(2):425-35.

Kim K, Lane EA, Saftien A, Wang H, Xu'Y, Wirtz-Peitz F, et al. Drosophila as a
model for studying cystic fibrosis pathophysiology of the gastrointestinal
system. Proc Natl Acad Sci U S A. 2020;117(19):10357-67.

Yeh JT, Nam K, Yeh JT, Perrimon N. eUnaG: a new ligand-inducible fluo-
rescent reporter to detect drug transporter activity in live cells. Sci Rep.
2017;7:41619.

Kuno G.The absence of yellow fever in Asia: history, hypotheses,

vector dispersal, possibility of YF in Asia, and other enigmas. Viruses.
2020;12(12):1349.

Eggleston H, Adelman ZN. Transcriptomic analyses of Aedes aegypti
cultured cells and ex vivo midguts in response to an excess or deficiency
of heme: a quest for transcriptionally-regulated heme transporters. BMC
Genomics. 2020;21(1):604.

Lara FA, Pohl PC, Gandara AC, Ferreira Jda S, Nascimento-Silva MC,
Bechara GH, et al. ATP binding cassette transporter mediates both

heme and pesticide detoxification in tick midgut cells. PLoS One.
2015;10(8):e0134779.

Braz GR, Coelho HS, Masuda H, Oliveira PL. A missing metabolic pathway
in the cattle tick Boophilus microplus. Curr Biol. 1999,9(13):703-6.
Mandilaras K, Pathmanathan T, Missirlis F. Iron absorption in Drosophila
melanogaster. Nutrients. 2013;5(5):1622-47.

Shaik KS, Meyer F, Vazquez AV, Flotenmeyer M, Cerdan ME, Moussian

B. delta-Aminolevulinate synthase is required for apical transcellular



Wang et al. BMC Biology

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.

51

52.

53.
54.

55.

56.

57.

58.

(2022) 20:126

barrier formation in the skin of the Drosophila larva. Eur J Cell Biol.
2012,91(3):204-15.

Worthington MT, Cohn SM, Miller SK, Luo RQ, Berg CL. Characterization of
a human plasma membrane heme transporter in intestinal and hepato-
cyte cell lines. Am J Phys. 2001;280(6):G1172-7.

Deeley RG, Westlake C, Cole SP. Transmembrane transport of endo- and
xenobiotics by mammalian ATP-binding cassette multidrug resistance
proteins. Physiol Rev. 2006;86(3):849-99.

Nasonkin I, Alikasifoglu A, Ambrose C, Cahill b, Cheng M, Sarniak A,

et al. A novel sulfonylurea receptor family member expressed in the
embryonic Drosophila dorsal vessel and tracheal system. J Biol Chem.
1999,274(41):29420-5.

Tarnay N, Szeri F, llias A, Annilo T, Sung C, Le Saux O, et al. The dMRP/
CG6214 gene of Drosophila is evolutionarily and functionally related to
the human multidrug resistance-associated protein family. Insect Mol
Biol. 2004;13(5):539-48.

Bonizzoni M, Dunn WA, Campbell CL, Olson KE, Dimon MT, Marinotti O,
et al. RNA-seq analyses of blood-induced changes in gene expression in
the mosquito vector species, Aedes aegypti. BMC Genomics. 2011;12:82.
Bottino-Rojas V, Talyuli OA, Jupatanakul N, Sim S, Dimopoulos G, Venancio
TM, et al. Heme signaling impacts global gene expression, immunity and
dengue virus infectivity in Aedes aegypti. PLoS One. 2015;10(8):e0135985.
Lee PT, Zirin J, Kanca O, Lin WW, Schulze KL, Li-Kroeger D, et al. A gene-
specific T2A-GAL4 library for Drosophila. Elife. 2018;7:e35574.

Mandilaras K, Missirlis F. Genes for iron metabolism influence circadian
rhythms in Drosophila melanogaster. Metallomics. 2012;4(9):928-36.
Tejeda-Guzman C, Rosas-Arellano A, Kroll T, Webb SM, Barajas-Aceves M,
Osorio B, et al. Biogenesis of zinc storage granules in Drosophila mela-
nogaster. J Exp Biol. 2018;221(Pt 6);jeb168419.

Sooksa-Nguan T, Yakubov B, Kozlovskyy VI, Barkume CM, Howe KJ,
Thannhauser TW, et al. Drosophila ABC transporter, DmHMT-1, confers
tolerance to cadmium. DmHMT-1 and its yeast homolog, SpHMT-1, are
not essential for vacuolar phytochelatin sequestration. J Biol Chem.
2009;284(1):354-62.

Solomons NW. Competitive interaction of iron and zinc in the diet: conse-
quences for human nutrition. J Nutr. 1986;116(6):927-35.

Qiang W, Huang Y, Wan Z, Zhou B. Metal-metal interaction mediates

the iron induction of Drosophila MtnB. Biochem Biophys Res Commun.
2017;487(3):646-52.

Xiao G, Zhao M, Liu Z, Du F, Zhou B. Zinc antagonizes iron-regulation of
tyrosine hydroxylase activity and dopamine production in Drosophila
melanogaster. BMC Biol. 2021;19(1):236.

Liu F, Zhang Z, Csanady L, Gadsby DC, Chen J. Molecular structure of the
human CFTR ion channel. Cell. 2017;169(1):85-95 €88.

LiT, Bonkovsky HL, Guo JT. Structural analysis of heme proteins: implica-
tions for design and prediction. BMC Struct Biol. 2011;11:13.

de Wolf CJ, Yamaguchi H, van der Heijden |, Wielinga PR, Hundscheid SL,
Ono N, et al. cGMP transport by vesicles from human and mouse erythro-
cytes. FEBS J. 2007,274(2):439-50.

Chambers IG, Kumar P, Lichtenberg J, Wang P, Yu J, Phillips JD, et al. MRP5
and MRP9 play a concerted role in male reproduction and mitochondrial
function. Proc Natl Acad Sci U S A. 2022;119(6):e2111617119.

Fiorito V, Forni M, Silengo L, Altruda F, Tolosano E. Crucial role of FLVCR1a
in the maintenance of intestinal heme homeostasis. Antioxid Redox
Signal. 2015;23(18):1410-23.

Cabello-Donayre M, Orrego LM, Herraez E, Vargas P, Martinez-Garcia M,
Campos-Salinas J, et al. Leishmania heme uptake involves LmFLVCRb, a
novel porphyrin transporter essential for the parasite. Cell Mol Life Sci.
2020;77(9):1827-45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 18 of 18

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Identification and characterization of a heme exporter from the MRP family in Drosophila melanogaster
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Screening the MRP family for heme transporters in S2 cells
	Knockdown of heme-responsive CG4562 in the whole body or gut resulted in a growth defect
	Other potential heme transporters (non-MRP transporters) in S2 cells and their physiological functions in the whole body and the gut
	CG4562 is highly expressed in the gut and localized to the surface of the gut
	Knocking down CG4562 in the gut led to corresponding heme accumulation and lethality rescuable by SA or hMRP5 expression
	CG4562dMRP5 transport mechanism in S2 cells

	Discussion
	Conclusions
	Methods
	Plasmids
	Fly stocks, culture media, and transgenic flies
	Transfection and ZnMP assay
	Fly survival assay
	RNA isolation, semi-quantitative RT-PCR, and quantitative real-time PCR
	Immunofluorescence, ZnMP staining, and microscopy
	Total cellular heme quantification

	Acknowledgements
	References


