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Abstract 

Multicopper oxidases(MCOs) are a specific group of enzymes that contain multiple copper centers 

through which different substrates are oxidized. Main members of MCO family include ferroxidases, 

ascorbate oxidases, and laccases. MCO type of ferroxidases are key to iron transport across the 

plasma membrane. In Drosophila, there are four potential multiple oxidases, MCO1-4. No 

convincing evidence has been presented so far to indicate any of these, or even any insect 

multicopper oxidase, to be a ferroxidase. Here we show Drosophila MCO3(dMCO3) is highly likely 

a bona fide ferroxidase. In vitro activity assay with insect-cell-expressed dMCO3 demonstrated it 

has potent ferroxidase activity. Meanwhile, the ascorbate oxidase and laccase activities of dMCO3 

are much less significant. dMCO3 expression in vivo, albeit at low levels, appears mostly 

extracellular, reminiscent of mammalian ceruloplasmin in the serum. A null dMCO3 mutant, 

generated by CRISPR/Cas9 technology, showed disrupted iron homeostasis, evidenced by 

increased iron level and reduced metal importer Mvl expression. Notably, dMCO3-null flies 

phenotypically are largely normal at normal or iron stressed-conditions. We speculate the likely 

existence of a similar iron efflux apparatus as the mammalian ferroportin/ferroxidase in Drosophila. 

However, its importance to fly iron homeostasis is greatly minimized, which is instead dominated 

by another iron efflux avenue mediated by the ZIP13-ferritin axis along the ER/Golgi secretion 

pathway. 
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Introduction 

Iron is an essential micronutrient to almost all organisms. It is involved in various biological 

processes such as oxidative respiration, DNA synthesis, and dopamine production (Andersson et 

al., 1992; Clark, 1994; Warburg, 1925). At the cellular level, iron exists in the form of ferric iron and 

ferrous iron. Ferrous iron is a potent catalyst for the Fenton reaction, and could generate hazardous 

hydroxyl radicals by redox reactions and result in serious damages to various cell components such 

as lipid, DNA and proteins (Nichol et al., 2002; Sheftel et al., 2012). This property necessitates extra 

iron to be stored as the ferric form. The ferric iron is highly insoluble in vivo and commonly stored 

in the 24-subunit hollow sphere super complex called ferritin, which acts as an iron storage site as 

well as a likely iron delivery vehicle when secreted in Drosophila (Charlesworth et al., 1997; Li, 2010; 

Locke and Leung, 1984; Missirlis et al., 2007; Tang and Zhou, 2013a). 

Redox cycling of the two forms of iron in vivo is catalyzed by ferrireductase and ferroxidase 

(Kosman, 2010). In ferritin complex, the heavy chain is associated with ferroxidase activity and is 

responsible for the conversion of ferrous iron to ferric iron to be stored (Bou-Abdallah et al., 2008). 

Besides this source of ferroxidase, there are two other notable ferroxidases namely ceruloplasmin 

and hephaestin in mammalian organisms, both belonging to the family of enzymes called 

multicopper ferroxidase. Ceruloplasmin and hephaestin are two highly similar proteins and 

function to oxidize ferrous iron to ferric iron, facilitating a membrane transporter called ferroportin 

to move iron across the plasma membrane for iron efflux (Harris et al., 1999; Vulpe et al., 1999). 

Ceruloplasmin is primarily a soluble plasma ferroxidase of hepatic origin and plays a role in iron 

homeostasis in the liver and several other tissues, whereas hephaestin is a membrane protein that 

is highly expressed in the small intestine, and required for efficient dietary iron absorption. 

Hephaestin therefore is responsible for the uptake of iron from the diet, whereas ceruloplasmin 

helps in the redistribution of iron from the liver and other internal organs. These findings linked 

copper to iron, and led to the realization that copper homeostasis is intimately associated with iron 

metabolism (Fox, 2003). 

A similar multicopper ferroxidase, Fet3p, exists in yeast. However, different with 

ceruloplasmin and hephaestin in animals for iron transport out of the cell, Fet3p is involved in iron 

uptake from the outside in yeast cells. In this aspect, the iron import apparatus in yeast, which 
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requires the coordinated action of multicopper oxidase Fet3 and a membrane permease Ftr1, is 

somewhat similar to the iron efflux system in mammals (Askwith et al., 1994; Stearman et al., 1996). 

It is not known whether a similar multicopper ferroxidase/ferroportin iron efflux system exists 

in insects. Drosophila melanogaster, for example, lacks a sequence-similar protein to mammalian 

ferroportin in the genome. This is partially sensible since iron homeostasis in Drosophila differs 

from that of mammals; Although in mammals iron efflux is generally carried out by the multicopper 

ferroxidase/ferroportin system, in the fly iron is exported primarily, if not entirely, by ferritin 

secretion (Calap-Quintana et al., 2017; Mandilaras et al., 2013; Tang and Zhou, 2013b). In contrast 

to its predominantly cytosol-resident mammalian counterpart, Drosophila ferritin is secreted, 

thereby leading to iron excretion. In this scenario, fly ZIP13 (dZIP13) effluxes iron to the ER/Golgi 

secretion pathway, and the iron is then loaded to ferritin and subsequently secreted to the 

circulation for systemic use. Loss of dZIP13 or ferritin in Drosophila gut results in systemic iron 

deficiency (Tang and Zhou, 2013a; Xiao et al., 2014). 

Nevertheless, there are four MCO genes (MCO1-4) in the Drosophila melanogaster genome 

that are homologous to ceruloplasmin/hephaestin (Dittmer and Kanost, 2010). The path to search 

for a MCO type ferroxidase in insects was not smooth. Of the four MCO proteins, MCO1 was initially 

been reported to be a ferroxidase, but later turned out to possess very low ferroxidase activity. 

Instead, MCO1, including its counterpart from Anopheles gambie, was shown to be a potent 

ascorbate oxidase (Lang et al., 2012; Peng et al., 2015). MCO2 is predicted to be a laccase and the 

function of MCO4 remains unclear (Dittmer and Kanost, 2010). Notably based on sequence 

comparison, Dan Kosman a few years before supposed that the fly MCO3 (dMCO3) might be a 

ferroxidase and consistently Fanis Missirlis with coworkers showed that one dMCO3 mutant allele, 

MCO3C359, accumulated more iron in the iron cell region of the midgut (Bettedi et al., 2011; Folwell 

et al., 2006). Overall, no MCO candidates have ever been convincingly shown to be a ferroxidase in 

the fly or even insects. In this work, we provided strong evidence to indicate the existence of a 

multicopper-oxidase-type ferroxidase in insects; Drosophila MCO3 is a ferroxidase, with little 

laccase and ascrobate oxidase activities; Drosophila MCO3-null mutant generated by CRISPR/Cas9 

displayed iron dyshomeostasis but insignificant overall survival phenotypes. 
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Results 

Recombinant dMCO3 is associated with potent ferroxidase activity in vitro 

To test whether dMCO3 has ferroxidase activity, we first tried to express dMCO3 in E. coli via 

intracellular or secretion expression, but neither approach was successful in expressing active 

dMCO3. We then expressed dMCO3 protein in Sf9 insect cell using the baculovirus expression 

system. The protein sequence of dMCO3 is predicted to contain a putative signal peptide according 

to SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/), with a potential cleavage site in 

between amino acid 51 and 52 from the N-terminal. To accomplish more efficient secreted 

expression for recombinant protein production, this putative signal peptide was substituted by 

gp67 signal peptide. The secreted protein was purified from the serum-free medium by Ni-NTA 

agarose. Purity of the recombinant dMCO3 (about 10μg) was confirmed by SDS-PAGE followed by 

Coomassie staining (Figure. 1A). 

Subsequently, the purified dMCO3 was analyzed for copper content by ICP-MS. Based on the 

protein concentration of the sample, the purified recombinant dMCO3 was estimated to contain 

2.87±0.07 copper atoms/molecule. The holoenzyme of MCO should theoretically contain 4 

copper/molecule in the holo form. Less than four copper per protein molecule indicates some of 

the proteins might be in the apo-protein form or something in between. This also happened to 

yeast Fet3p, another MCO ferroxidase which when purified was found to contain 1.5±0.1 Cu 

atoms/molecule (de Silva et al., 1997). Loss of copper could occur during the purification process 

of dMCO3. Another reason might be our protein is not homogeneous. The prepared dMCO3 was 

not stable and tended to aggregate, suggesting at least some fraction is not correctly folded. 

Careful examination of dMCO3 sequence revealed multiple Cys residues, which might reduce 

folding efficiency during the recombinant expression. 

One typical feature of type I copper proteins, as described in another well studied ferroxidase, 

Fet3p (Hassett et al., 1998), is a 600nm absorbance peak in the UV-visible spectrum This feature 

confers them the typical blue color. dMCO3 displayed a similar absorbance peak around 600nm. 

Addition of ferrous iron resulted in a drop of the signal (Figure. 1B). These results suggest MCO3 is 

a type 1 copper-containing enzyme, and the particular type I copper is directly involved in the 

conversion of ferrous iron to ferric iron. 
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Using ferrous ammonium sulfate (FAS) as a substrate, the ferroxidase activity of dMCO3 was 

quantitatively ascertained by the absorbance of Fe3+ at 310nm, which directly reflects the 

production of Fe3+ by the catalyzed reaction (Minotti and Ikeda-Saito, 1992). The absorbance 

readings of purified dMCO3 protein (about 2μg) and human ceruloplasmin (about 2μg) were 

kinetically monitored. The results showed that the obtained dMCO3 had more than 50% specific 

ferroxidase activity than that of human ceruloplasmin (Figure. 1C), indicating dMCO3 is a potent 

ferroxidase in vitro. 

In mammals, ferrous iron is transported across the membrane of the cell by ferroportin and 

then oxidized by hephaestin/ceruloplasmin to ferric iron before being delivered to apo-transferrin. 

In this process, the ferroxidase activity of hephaestin/ceruloplasmin is critical for the transition of 

ferrous to ferric iron and subsequent incorporation into apo-transferrin. Likewise, it is reported 

that yeast Fet3 can also function similarly (de Silva et al., 1997). Addition of human apo-transferrin, 

which binds the newly formed Fe3+ from the ferroxidase-catalyzed enzymatic reaction, can speed 

up the ferroxidation process. Using this method or transferrin loading assay (Johnson et al., 1967; 

Peng et al., 2015), a strong ferroxidase activity for dMCO3 was also observed; After subtracting the 

background due to auto-oxidation (which is very low as shown in figure 1C), the recombinant 

dMCO3 activity was estimated to be 50% of the positive control, ceruloplasmin , while that of the 

negative control laccase is much lower (Figure. 1D-E). The low activity of laccase is probably a 

background signal arising from the auto-oxidation of ferrous by oxygen. Using a separately 

prepared dMCO3 sample, we performed an enzyme concentration vs activity assay. dMCO3-

mediated apo-transferrin iron loading is in a liner concentration-dependent manner, and is about 

20% of that from ceruloplasmin (Figure. 1F). These results indicate dMCO3 is a potent ferroxidase, 

and depending on assays and preparations, it has roughly about 25-70% activity of that of human 

ceruloplasmin.  

Azide was reported to have an inhibitory role on the activity of multicopper oxidases due to 

its interference with type 1 or mononuclear copper sites in the enzymes (Curzon, 1966; Lovstad, 

1979). Consistently, the ferroxidase activity of dMCO3 was reduced about 47% by addition of 1mM 

azide to the reaction buffer, similar to that of human ceruloplasmin (53%) (Figure. 1G, Table 1).  

dMCO3 lacks strong laccase or ascorbate oxidase activity 

Depending on substrate specificity, major types of multicopper oxidase include laccases, 
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ferroxidases and ascorbate oxidases. Having demonstrated a potent ferroxidase activity, we 

wondered whether dMCO3 could also possibly be associated with laccase or ascorbate oxidase 

activity. Previously dMCO1 was initially reported to possess ferroxidase activity, and only later 

found to have very low ferroxidase activity but instead much stronger ascorbate oxidase activity 

(Peng et al., 2015). We used L-ascobic acid as a substrate for ascorbate oxidase and ABTS (2, 2’-

azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) for laccase activity monitoring. Ascorbate 

Oxidase from Cucurbita sp. and Laccase from Trametes versicolor were used respectively as the 

positive controls. The results showed dMCO3 has only very limited ascorbate oxidase or laccase 

activity (Figure. 2). 

 

 

dMCO3 expression is developmentally regulated and the protein is likely secreted 

According to the Flyatlas (http://flyatlas.org), dMCO3 is a low abundance gene expressed in 

multiple tissues in Drosophila. We first analyzed whether the gene expression changes through 

developmental stages by semi-quantitative PCR. dMCO3 mRNA has a low but comparably stronger 

expression at the 1st instar larvae and pupae stages, but very low level in the 2nd-3rd wandering 

larvae and adult stages (Figure. 3A), when its expression could hardly be detected with 30 cycles 

PCR reaction. 

We generated a homemade mouse polyclonal antiserum against dMCO3. When we used this 

antibody to stain the dMCO3-overexpressing Sf9 cells, some signals were found on the surface of 

the cells (Figure. 3Ba). However, when we removed the predicted signal peptide of the protein 

(Figure. 3C), the signal showed up in the cytosol (Figure. 3Bb). This suggests the antibody is 

specifically against dMCO3 because by modifying only the potential dMCO3 localization 

determining sequence, different spatial signals were observed. However, significant in vivo 

expression of dMCO3 was hard to detect with this antibody in the immuno-stained larval cells. 

Even when overexpressed, no expression was found in most tissues except on the surface of 

salivary gland cells (Figure. 3C). We suspect that normal expression of dMCO3 may be largely 

secreted and confined to the extracellular space, making the protein hard to detect even in the 

overexpressed state. Unfortunately, our antibody does not work on western so we were unable to 

check dMCO3 in the hemolymph.  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

7 
 

To confirm the extracellular localization of dMCO3, we over-expressed a C-terminal His-tagged 

dMCO3 in Sf9 cells, with its own N-terminal sequence, and checked the expression with Western 

Blot using the His-tag antibody. dMCO3 indeed appeared in the cell-free culture. When we 

removed partially the predicted signal peptide (the potential transmembrane domain), no dMCO3 

protein was found in the media (Figure. 3E), suggesting that when expressed in sf9 cells the 

potential secretion signal indeed led dMCO3 secreted.   

dMCO3 is involved in iron homeostasis 

The above biochemical analysis indicated that dMCO3 is a ferroxidase in vitro. We then studied 

whether dMCO3 is involved in iron export, as both in mammals and yeast the main function of 

multicopper ferroxidase is to facilitate iron transport across the membrane.  

To explore the in vivo physiological functions of dMCO3 in Drosophila, a null mutant is 

generated using the CRISPR-CAS9 system (Ren et al., 2013; Ren et al., 2014) (Figure. 4A). Reverse-

transcription PCR (RT-PCR) analysis revealed that the gene is truly removed (Figure. 4B). To 

ascertain the role of dMCO3 in iron metabolism, we measured total iron content of the whole fly 

and head using inductively coupled plasma-mass spectrometry (ICP-MS). The results show that 

dMCO3 knockout flies displayed approximately 30% and 100% higher total iron content when 

raised on normal food and 5mM iron-supplemented food respectively than the wild-type flies 

(Figure. 4C-D). In the head of dMCO3 knockout flies, the iron level had 20% increase compared 

with wild type flies (Figure. 4E). When dMCO3 was overexpressed, the total iron content decreased 

about 20% on iron food (Figure. 4D). Consistently, real-time quantitative PCR result showed that 

the iron-responsive Malvolio (Mvl), a potential fly orthologue of the mammalian iron importer 

DMT1, was also downregulated in the head of dMCO3-null flies (Figure. 4F). These results indicate 

that dMCO3 functions to modulate iron homeostasis and the absence of dMCO3 leads to iron 

accumulation in the head. 

Previously it was reported that one Mvl mutant allele, MCO3C359, accumulated more iron in 

the iron cell region of gut. We stained the gut from dMCO3-null mutant fly larvae for ferric iron, 

and consistently we found stronger signals in the iron cell region. Under 5mM iron food, the signal 

at the anterior midgut of dMCO3 knockout flies also became further increased (Figure. 4G). 

Ferrozine based assay indicated that dMCO3-null mutant guts accumulated about 2/3 more iron 

than those of the control flies (Figure. 4H).  
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We further analyzed how genes involved in iron homeostasis might respond to the loss of 

dMCO3 in the gut, such as Mvl, dZIP13 and ferritin genes (Missirlis et al., 2007; Tang and Zhou, 

2013a; Xiao et al., 2014). Our real-time qRT-PCR result showed that the mRNA level of Mvl 

decreased on both normal food and iron-supplemented food, while dZIP13 increased under both 

food conditions for dMCO3 knockout flies (Figure. 4I). Ferritin expression was however not much 

altered. The results are consistent with a decrease in iron import and an increase in export through 

the secretory pathway, suggesting that iron is accumulated in the gut of dMCO3 knockout flies, 

which may result a compensatory expression change of other genes involved in iron metabolism. 

Homozygous dMCO3 mutant flies were viable and displayed no obvious external phenotypes 

under normal conditions (Figure. 5A). To examine whether the knockout flies are susceptible to 

iron-stress, first instar larvae were raised to adulthood on a range of iron-chelated and iron-

supplemented media. Homozygous mutant larvae still displayed no obvious survival defects (such 

as eclosion) on this low-iron or high-iron media (Figure. 5B), suggesting dMCO3 is not essential 

under normal or iron-stressed conditions. This lack of obvious overt phenotype suggests although 

dMCO3 is involved in iron homeostasis in the fly, the extent of influence in not great enough to 

cause obvious external abnormality. The adverse physiological effects caused by dMCO3 removal 

might be largely bypassed by other compensatory mechanisms as analyzed above.  

 

Discussion 

The oxidation of ferrous iron to ferric iron, as mediated by multicopper ferroxidases, is an essential 

step in iron transport for mammals and yeast. However, whether there exists a similar gene or 

biological process in Drosophila remains unknown until now. Here, we identified dMCO3 as a 

Drosophila ferroxidase. Specifically, we found dMCO3 has potent ferroxidase activity but little 

laccase or ascorbate oxidase activity in vitro using recombinant dMCO3 protein. Further analyses 

indicate that in vivo dMCO3 affects iron homeostasis, and is possibly a secreted protein. In this 

sense, dMCO3 is reminiscent of the serum form of ceruloplasmin in mammals.  

In mammals, mutations in hephaestin and ceruloplasmin result respectively in overall iron 

deficiency/anemia and iron accumulation in several tissues (Chen et al., 2004; Jeong and David, 

2006; Jiang et al., 2015). However, at the cellular level, both multicopper ferroxidases are involved 
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in cellular iron efflux (Chen et al., 2009; Jeong and David, 2003). Interestingly in this work, dMCO3 

loss also results increased iron content, implying that a similar process might exist in the fly. Notably, 

in the fly, iron export is mainly carried out through ferritin secretion. It has been shown that ferritin 

is the key to Drosophila dietary iron absorption (Tang and Zhou, 2013a). Fanis Missirlis et.al 

reported that the ferroxidase activity of Fer1HCH is essential for the fly survival (Missirlis et al., 

2007), a conclusion further supported by the study that expression of mutant ferroxidase Fer1HCH 

cannot rescue the lethality of the Fer1HCH mutant(Gonzalez-Morales et al., 2015). When dZIP13 

expression is suppressed, iron loading is much reduced in ferritin, causing a similar iron 

dyshomeostasis phenotype as ferritin down-regulation (Xiao et al., 2014). A proposed scenario is 

that Drosophila ZIP13 exports iron to the ER/Golgi, where iron is oxidized and loaded to ferritin. 

The iron-loaded ferritin then carries with it iron to deliver to other parts of the body (Tang and 

Zhou, 2013b). The lack of serious phenotype of dMCO3-null flies, therefore, suggests to us that 

although a similar multicopper/ferroportin system might exist in the fly, the presence of the 

predominant dZIP13-ferritin iron export system may make it physiologically less significant.       

In Drosophlia, whether there exists a functional homolog of ferroportin is still unclear. 

Database search reveals no annotated proteins with significant similarity to mammalian 

ferroportin. If there is really one ferroportin counterpart in the fly, then the sequence might be too 

divergent from ferroportin. If on the other hand there is none, it would be hard to conceive how 

ferroxidase such as dMCO3 might work. The observation that dMCO3-null flies displayed iron 

homeostasis implicates the existence of a similarly functional ferroportin counterpart in the fly. 

Additionally baffling is that no obvious MCO3 exists in some other insects such as Anopheles 

gambie; there are only three potential MCOs in the mosquito, and the mosquito MCO3 appears 

quite different from fly MCO3 (i.e., they are not orthologous). These observations suggest that the 

multicopper/ferroportin iron efflux process might indeed become dispensable or even get lost in 

some insects during evolution, considering that the major iron export process in this evolution tree 

branch could be replaced by the ZIP13-ferritin axis along the secretion pathway.  

 

Methods and Materials 

dMCO3 expression in insect cell 
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A cDNA fragment encoding amino acid (AA) 52-677 of dMCO3, which excludes the signal peptide 

(AA 1-51) as predicted by SignalP 4.1 Server, was amplified and cloned into pFast-Bac-Dual vector 

(Invitrogen, Carlsbad, CA, USA) for recombinant baculovirus preparation. To accomplish more 

efficient secreted expression, a GP67 signal peptide was added at the N-terminal in-frame with 

dMCO3. A 6Xhis tag was fused to the C-terminal of dMCO3. The recombinant baculovirus was 

transfected to Sf9 cells and the secreted enzyme was purified by Ni-NTA Agarose 

(Qiagen,Hilden,Germany). 

UV-visible spectrum assay of dMCO3 

The UV-visible spectrum of dMCO3 was detected from 250nm to 800nm by Spectrophotometry 

(Multikcan Go, Thermo Electron Corp, Waltham, MA, USA). To study iron influence, 80μM final 

concentration of freshly made ferrous ammonium sulfate was added to the dMCO3 solution 

(3.3mg/ml, in 100mM MES, 150mM NaCl, pH5.8) to analyze possible spectrum change. 

Ferroxidase activity assay 

Ferroxidase activity measurement was performed as described previously (Wong et al., 2014). 

Briefly, the enzymatic reaction was performed in a 96 well microplate. 2μg protein was added into 

reaction buffer containing 0.1M Hepes, pH6.5. 0.1mM freshly made ferrous ammonium sulfate 

was used as the substrate. Absorbance at 310nm, reflecting the production of ferric iron, was 

kinetically monitored over one hour at intervals of 30s at room temperature. Human ceruloplasmin 

(BioVision, #4096-1000, Milpitas,USA) was used as a positive control. For transferrin-loading-based 

ferroxidase activity assay, the reaction was performed in a 96 well microplate in 0.1M MES buffer, 

pH6.5. Reactions (100μl) contained about 8μg enzyme, 780μg Apo-Transferrin (Sigma, #T1147-

100MG, St. Louis, MO, USA), 0.1mM ferrous ammonium sulfate. The formation of Fe3+-transferrin 

complex was determined by measuring absorbance at 460nm, using a molar extinction coefficient 

of2500 M-1 cm-1 (Peng et al., 2015). 

Laccase and ascorbate oxidase activity assays 

Laccase and ascorbate oxidase activity assays were performed in 0.1M MES buffer, pH6.5. The 

absorbance is monitored respectively with the laccase at 420nm and ascorbate oxidase at 275nm, 

at intervals of 30s until the reaction reaches plateau (Peng et al., 2015). The reactions of both 

assays were performed in a total volume of 200ul including equal amounts of positive control and 

dMCO3(about 5μg), 0.5mM ABTS (2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 
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diammonium salt, Sigma,#A1888,St. Louis, MO, USA) for laccase, 0.5mM L-ascorbic acid(Sigma, 

#A0278, St. Louis, MO, USA) for ascorbate oxidase. Laccase from Trametes versicolor (Sigma, 

#38429, St. Louis, MO, USA) and Ascorbate Oxidase from Cucurbita sp. (Sigma, #A0157-100UN, St. 

Louis, MO, USA) were used as positive controls. Molar extinction coefficients for ascorbate oxidase 

activity assay and that of laccase are 12,000 M-1 cm-1 and 36,000 M-1 cm-1 respectively. 

dMCO3-null mutant generation 

The dMCO3-null mutant was prepared as reported previously (Ren et al., 2013). The two sgRNA 

(sgRNA1: 5’-ATCGAGTGGCCAGTTGCCCG-3’, sgRNA2: 5’-GGCGGTGCTGAAGATCGGTG-3’) plasmids 

were injected into y[1] sc[1] v[1] P{y[+t7.7]=nos-phiC31\int.NLS}X; P{y[+t7.7]=CaryP}attP40 (the 

host control) fly embryos followed by screening for vermillion+ marker present in the  plasmid. The 

transgenic flies were then crossed to nos-Cas9 flies with the same genetic background. dMCO3 

knockout was screened by PCR using genomic DNA. Two pairs of primers were used to validate the 

knockout flies. primer1# (F: 5’-TCTGTATGCTTCATTGCGAGCTC-3’, R: 5’-

ACTGGAACTTGAGGAGGTTACAGATA-3’) and primer2# (F: 5’-TCTCTACCAGGACGATAGATACTTC-3’ R: 

5’-TGCTTCAACATGGCAATGATATAGC-3’). 

Metal content assay by ICP-MS 

Equal numbers of mixed male and female 5-day-old adult flies (30 in total per group for head and 

6 for whole body) were collected. For flies raised on iron-supplemented diet, they were transferred 

to normal diet for 24 h to clear the high-iron food from the gut lumen before metal content analysis. 

Samples were digested in 0.3ml nitric acid, brought to 6ml in volume and then subjected to metal 

content analysis by inductively coupled plasma-mass spectrometry (ICP-MS) XII (Thermo Electron 

Corp, Waltham, MA, USA) at Peking University Health Science Center (Beijing, China).  

Ferrozine-based iron content assay 

To estimate whether dMCO3 knockout can alter the iron level in the gut, we used a Ferrozine-based 

assay as described previously (Lang et al., 2012). Fly gut were dissected in PBS buffer and lysed in 

1% NP-40 Buffer. Samples were centrifuged to remove insoluble material. The iron concentration 

was calculated based on a molar extinct ion coefficient of the iron–Ferrozine complex of 27,900M− 

1cm−1(Carter, 1971). 

Preparation of anti-dMCO3 polyclonal antiserum 

Mouse polyclonal antibodies were raised against recombinant dMCO3 expressed in E. coli. Briefly, 
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a cDNA fragment encoding AA 52-677 was amplified and cloned into pGEX-6p-1(GE Healthcare). A 

10×histidine tag was added to the N-terminal for Ni-NTA Agarose (Qiagen,Hilden,Germany) 

purification. The recombinant protein, in the form of inclusion body, was solubilized with urea and 

purified. The purified protein was dialyzed for partial refolding and subsequently injected into mice 

for antibody generation by Proteintech Group (Wuhan, China). The anti-serum was further purified 

by Protein A Agarose (Sigma, St. Louis, MO, USA) for use. Specificity of the antibody was checked 

initially by comparing the staining signals from dMCO3 overexpression and knockout larvae, and 

later further validated by staining dMCO3 overexpressed in sf9 cells. See the text for more details. 

Eclosion and longevity assays 

To explore in vivo functions of dMCO3 in the fly, we reared the progeny on food containing different 

metals or metal chelators. The concentrations of supplemented metals or metal chelators used 

were as follows: 5mM Ferric ammonium citrate (FAC), 0.2mM Bathophenanthrolinedisulfonic acid 

disodium (BPS) (Sigma, St. Louis, MO, USA). Each vial contained about 50 progenies. The total 

number adult flies were counted after eclosion. For longevity assay, 3-day-old adult males were 

collected and placed in a food vial with 20 flies each at 29°C with 60% humidity under a 12-hr light–

dark cycle. Food vials were changed every 3 days, and dead flies were counted. At least 4 replicates 

were conducted for each group. Data were calculated as described previously (Xiao et al., 2014). 

RNA extraction and real-time RT-PCR 

To analyze temporal expression profile of dMCO3, fly samples at different developmental stages 

were collected for RNA extraction. Total RNA was extracted with TRIzol Reagent (Invitrogen, 

Carlsbad, CA, USA). cDNA was reverse transcribed from 1μg total RNA with TransScript Reverse 

Transcriptase (TransGen Biotech Co., Beijing, China). Real-time RT-PCR was performed as described 

previously (Wang et al., 2009). The primes for RP49 , MCO3 and Mvl were described previously 

(Bettedi et al., 2011). dZIP13-F: 5’-ATTCCCGCTGATCATCATTC-3’; dZIP13-R: 5’-

GCAGGGATGGGTGACTAGAA-3’ 

Immunostaining  

Sf9 cells were maintained in Sf-900™ III SFM (Gibco,Gaithersburg, MD, USA) at 27°C. 24hrs after 

infection with baculovirus containing dMCO3, cells were fixed, taken pictures after staining with 

MCO3 antibody. For dMCO3 staining in fly samples, salivary glands were dissected, fixed, stained, 

and mounted as described previously (Pastor-Pareja and Xu, 2011). Goat anti-mouse IgG 
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conjugated to FITC (ZhongshanGoldenbridge Biotechnology, Beijing, China) (1:500) was used as the 

secondary antibody. For DAPI staining, samples were incubated in 50ng/ml DAPI for 10 min. Slides 

were mounted with 50% glycerol/PBS. Confocal images were taken with a Zeiss LSM710 Meta 

confocal microscope. 

Western Blot 

The baculovirus infected supernant were collected and separated on 12% SDS-PAGE, and 

transferred to PVDF membranes (Millipore, Watford, UK). Anti-His Mouse mAb (1:4000) was 

obtained from Abmart (Shanghai, China). HRP-linked Anti-Mouse IgG (1:2000) was from Cell 

Signaling Technology (Danvers, MA, USA). Signals were detected with ECL method. 

Statistical analysis 

All statistical analyses were performed using Prism 6.0 software (GraphPad, La Jolla, CA). Data were 

analyzed by Student's t-test between groups, and while multiple groups were compared ANOVA 

was used. Statistical results were presented as means ± SEM. Asterisks indicate critical levels of 

significance (*p<0.05, **p<0.01, and ***p<0.001). 
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Figure legends  

Figure 1. dMCO3 has strong ferroxidase activity in vitro. 

A Coomassie staining of purified dMCO3. BSA was used to quantify the concentration of dMCO3. 

5μl and 10μl of the purified of recombinant dMCO3 were estimated respectively to be around 2 

and 4μg.  

B UV-visible spectrum of dMCO3. The spectra were detected at room temperature in buffer with 

100μM MES, 200mM NaCl, pH5.8. The concentration of dMCO3 was 3.3mg/ml. 80μM freshly made 

ferrous ammonium sulfate (FAS) was added to monitor the spectrum change at 600nm of dMCO3. 

C Kinetics of dMCO3 ferroxidase activity. Absorbance at 310nm measures conversion of Fe2+ to Fe3+. 

The reaction was performed at room temperature in 0.1M Hepes, pH6.5 with 0.1mM freshly made 

ferrous ammonium sulfate (FAS). Human ceruloplasmin was used as the positive control. NC refers 

to the blank buffer control containing ferrous ammonium sulfate (FAS). 

D-E dMCO3 ferroxidase activity measurement by transferrin loading assay. The assay was 

performed in 0.1M MES, pH6.5 containing 780μg apo-Transferrin at room temperature. The 

formation of Fe3+-transferrin was monitored at 460nm. The buffer control without enzyme or the 

background, which is very low (as shown in figure 1C), was already subtracted from the results. 

Laccase from Trametes versicolor was used as the negative control. 

F Incorporation of Fe (II) into Apo-transferrin by dMCO3and ceruloplasmin. Reactions were carried 

out in 100μl volume containing 780μg Apo-transferrin, 100μM ferrous ammonium sulfate and 

different amounts of dMCO3. The Fe (III)-transferrin complex was monitored at 460 nm. Shown 

results are background-subtracted. 

G Effect of azide on dMCO3 ferroxidase and ceruloplasmin activity. The assay was performed 

according to transferrin lodaing assay with the addition of 1mM azide. Azide led to about 47% 

reduction of dMCO3 ferroxidase activity and 53% of ceruloplasmin activity respectively. The buffer 

control without enzyme acts as the background control, and the results are background-subtracted. 

 

Figure 2. dMCO3 has no strong ascorbate oxidase and laccase activities. 

A Ascorbate oxidase activity of dMCO3 was monitored at 275nm with L-ascorbic acid (500μM) as 

the substrate. Ascorbate Oxidase from Cucurbita sp. was used as the positive control. The buffer 

control without enzyme was subtracted from the results. 

B Laccase activity of dMCO3 was performed at 420nm in the presence of ABTS (500μM). Laccase 

from Trametes versicolor was used as the positive control. Background was subtracted from the 

results. The two assays (A-B) were both measured in 0.1M MES, pH6.5 buffer 

 

Figure 3. dMCO3 is likely predominantly secreted. 

A Real-time RT-PCR analysis of dMCO3 at different developmental stages. Abbreviations: L1, 1st 

instar larvae; L2, 2nd instar larvae; L3, 3rd instar larvae; Means±SD are shown. Data were 

normalized to rp49 expression. 

B (a). The localization of dMCO3 in dMCO3-expressing Sf9 cell. DAPI was use to mark the nucleus.  

(b). Confocal images of dMCO3*(removing the potential secretion signal and the transmembrane 

helix). DAPI was used to mark the nucleus. Scale bars: 20μm.  

C Sequence of dMCO3 protein. The underlined segment is the predicted signal peptide. A 

potential transmembrane sequence is highlighted in red. 
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D Cryosections of larval salivary glands of control (normal), dMCO3 knockout (dMCO3 KO) and 

dMCO3 over-expression (Da>UAS-dMCO3) strains were immunostained with Protein G-purified 

dMCO3 polyclonal antiserum. Scale bars: 50μm.The immunofluorescence staining showed some 

dMCO3 was present on the cell membrane of salivary gland cells. Scale bars: 50μm. 

E Western Blot analysis of dMCO3 in the supernant of sf9 cell. dMCO3*is a dMCO3 mutant 

removing partially the predicted signal peptide. NC, blank sf9 cell supernant as the negative control. 

PC, purified dMCO3 protein as the positive control. Roughly equal total protein was loaded for each 

lane except for the PC control. Coomassie Brilliant Blue(CBB) staining was performed in parallel for 

the loaded supernatants. 

 

Figure 4. dMCO3 is involved in iron homeostasis. 

A Schematic diagram of generating dMCO3-null flies by CRISPR-CAS9. The genomic region between 

sgRNA1 and sgRNA2 was deleted. Two pairs of primers, primer1# and primer2#, were later used 

to validate dMCO3 knockout.  

B Results of validation for the dMCO3-null mutant using the two pairs of testing primers.  

Primer1# is expected to amplify a 0.5 kb DNA fragment from the mutant and a 2.5kb fragment 

from the control. However, with a PCR extension time of 50 seconds in our assays, this 2.5kb band 

normally is not amplified from the control.     

C-D Metal content analysis by ICP-MS in the adult fly reared on normal food (C) food supplemented 

with 5mM iron (D). The level of iron increased in the whole body on both normal and iron food for 

dMCO3 knockout flies whereas decreased in the ubiquitously overexpressed dMCO3 flies. Other 

metals including Zn, Cu, Mn did not obviously change. Metal content results are presented as 

means±SEM; n = 3. *p<0.05, **p<0.01; two-tailed Student's t test. For dMCO3 over expression, 

Ubiquitous expressed Da-Gal4was crossed to UAS-dMCO3/Cyo and and non-Cyo progeny were 

selected for further experiments. The control strain was the host strain used for injection (see 

Methods and Materials) 

E Iron content is also increased in the head of dMCO3 knockout flies. Metal content results are 

presented as means±SEM; n = 3. *p<0.05, **p<0.01; two-tailed Student's t test.  

F Real-time qPCR analysis of Mvl in the head of dMCO3-null mutant. Knockout of dMCO3 resulted 

in a decrease in Mvl mRNA level in the head. Data were normalized to rp49 expression. Data are 

from three biological replicates. Means±SD are shown. Differences in expression were assessed by 

performing an unpaired t test (*p<0.05, **p<0.01, ***p<0.001). 

G Staining of ferric iron in the larval gut reared on normal food (NF) and food with 5mM iron 

(ammonium ferric citrate, FAC) supplement. Iron cell region was more intensely stained in the 

dMCO3 knockout. Anterior midgut staining appeared in the presence of iron supplementation, 

and it was also stronger in the dMCO3 knockout.  

H Larval gut iron content assayed by Ferrozine. dMCO3 knockout led to more iron accumulated in 

the gut. Metal content results are presented as means±SEM; n = 3. *p<0.05, **p<0.01; two-tailed 

Student's t test. 

I Real-time qPCR analysis of Mvl and dZip13 in the larval gut of dMCO3 knockout reared on normal 

food and 5mM iron supplemented food. Knockout of dMCO3 resulted in a decrease in Mvl mRNA 

level and increase in dZip13 mRNA level in the gut. Data are normalized to rp49 expression and are 

from three biological replicates. Means±SD are shown. Differences in expression are assessed by 

performing an unpaired t test (*p<0.05, **p<0.01, ***p<0.001). 
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Figure 5. dMCO3 knockout had little overt effect on lifespan and eclosion in D.melanogaster. 

A Longevity analysis of dMCO3 mutant at 29°C. Control was the injection strain (see Methods and 

Materials).  

B Eclosion rate of dMCO3 mutant on iron-regulated food at 25°C. No significant changes were 

observed.  
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Table 1. Azide has an inhibitory effect on dMCO3 ferroxidase activity  

Condition V(μM/min) Percent activity (%) 

Ceruloplasmin 3.2 100 

Ceruloplasmin+1mM NaN3 1.5 47 

dMCO3 1.5 100 

dMCO3+1mM NaN3 0.8 53 
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Highlights 

1. Drosophila MCO3(dMCO3) is associated with potent in vitro ferroxidase activity.  

2. dMCO3 lacks significant laccase and ascorbate oxidase activities. 

3. dMCO3 deletion results in altered iron metabolism. 

4. dMCO3 mutant has no significant survival defects.  
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