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Abstract

Members of the multicopper oxidase (MCO) family of enzymes can be classified by their
substrate specificity; for example, ferroxidases oxidize ferrous iron, ascorbate oxidases oxidize
ascorbate, and laccases oxidize aromatic substrates such as diphenols. Our previous work on an
insect multicopper oxidase, MCO1, suggested that it may function as a ferroxidase. This
hypothesis was based on three lines of evidence: RNAi-mediated knock down of Drosophila
melanogaster MCO1 (DmMCQO1) affects iron homeostasis, DMMCOL1 has ferroxidase activity,
and DmMCOL has predicted iron binding residues. In our current study, we expanded our focus to
include MCO1 from Anopheles gambiae, Tribolium castaneum, and Manduca sexta. We verified
that MCO1 orthologs have similar expression profiles, and that the MCO1 protein is located on
the basal surface of cells where it is positioned to oxidize substrates in the hemolymph. In
addition, we determined that RNAi-mediated knock down of MCOL1 in A. gambiae affects iron
homeostasis. To further characterize the enzymatic activity of MCO1 orthologs, we purified
recombinant MCOL1 from all four insect species and performed kinetic analyses using ferrous iron,
ascorbate and two diphenols as substrates. We found that all of the MCOL1 orthologs are much
better at oxidizing ascorbate than they are at oxidizing ferrous iron or diphenols. This result is
surpring because ascorbate oxidases are thought to be specific to plants and fungi. An analysis of
three predicted iron binding residues in DmMCOL revealed that they are not required for
ferroxidase or laccase activity, but two of the residues (His374 and Asp380) influence oxidation of
ascorbate. These two residues are conserved in MCO1 orthologs from insects and crustaceans;
therefore, they are likely to be important for MCO1 function. The results of this study suggest that
MCOL1 orthologs function as ascorbate oxidases and influence iron homeostasis through an
unknown mechanism.
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1. Introduction

The multicopper oxidase (MCO) family of enzymes includes three main groups: laccases,
ferroxidases and ascorbate oxidases (Sakurai and Kataoka, 2007). Most studied multicopper
oxidases are categorized as laccases. They are present in invertebrates, plants, fungi and
bacteria (Hoegger et al., 2006). Laccases oxidize a broad range of substrates, including
diphenols and aromatic amines, and they have diverse functions (Nakamura and Go, 2005).
A smaller number of multicopper oxidases are ferroxidases. The well-characterized
ferroxidases are found in mammals, algae, and fungi (Kosman, 2010). They facilitate the
transport of iron across cell membranes by oxidizing ferrous iron to ferric iron (Kosman,
2010). The third major group of multicopper oxidases are the ascorbate oxidases, which
have been identified only in plants and fungi (Hoegger et al., 2006). They oxidize ascorbate
to monodehydroascorbate (Farver and Pecht, 1992; Skotland and Ljones, 1980). Ascorbate
oxidase activity changes the redox state of the plant apoplast and symplast, and thereby
influences various cell signaling pathways (Foyer and Noctor, 2011; Pignocchi and Foyer,
2003; Pignocchi et al., 2003; Sanmartin et al., 2003).

Despite their diverse functions, multicopper oxidases are structurally similar (Zhukhlistova
et al., 2008). A typical multicopper oxidase contains three contiguous cupredoxin-like
domains and binds four copper atoms within two highly conserved copper centers (Sakurai
and Kataoka, 2007). Conserved residues in domains | and 111 coordinate the four copper
ions, and residues in domains 11 and I11 form the substrate binding pocket (Quintanar et al.,
2007; Sakurai and Kataoka, 2007). During an oxidation event, an electron is transferred
from the substrate to the T1 copper atom near the substrate binding site and then to the
T2/T3 copper center (Kosman, 2010). Oxygen consumption occurs at the T2/T3 copper
center, where molecular oxygen is reduced to water after the transfer of four electrons
(Kosman, 2010).

The structural basis of substrate specificity in most multicopper oxidases is poorly
understood (Kosman, 2010; Quintanar et al., 2007). Laccases have particularly low substrate
specificity, and the substrate preferences of ferroxidases and ascorbate oxidases are not
absolute; for example, ferroxidases can oxidize diphenols and ascorbate with low catalytic
efficiency (Bielli and Calabrese, 2002; Osaki et al., 1964; Quintanar et al., 2007), and
ascorbate oxidases can oxidize diphenols and ferrocyanide (Dayan and Dawson, 1976;
O'Neill et al., 1984; Stark and Dawson, 1963).The structural basis of substrate preference is
best understood for a yeast ferroxidase, Fet3p (Quintanar et al, 2007). The substrate binding
pocket of Fet3p has three acidic residues that coordinate ferrous iron binding: Glu185,
Asp283 and Asp409 (Stoj et al., 2006). A mutation in any of these three residues decreases
the affinity of Fet3p for ferrous iron, while the E185A/D409A double mutant has greatly
diminished affinity; in contrast, these mutations have no effect on the ability of Fet3p to
oxidize hydroquinone (a diphenol) (Stoj et al., 2006). The effect of the double mutation on
substrate specificity is dramatic: the wild-type enzyme has a 375,000 fold preference for
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ferrous iron, whereas the double mutant has a 170 fold preference for hydroquinone
(Kosman, 2010). These kinetic analyses and other biochemical studies indicate that
oxidation of ferrous iron by Fet3p entails binding of ferrous iron by the three acidic residues
and transfer of an electron through either Glu185 or Asp409 to the T1 copper atom
(Quintanar et al, 2007). Unfortunately, this type of detailed information about substrate-
binding is not known for the laccases or ascorbate oxidases.

We have been interested in a conserved insect multicopper oxidase with unknown substrate
specificity and unknown physiological functions. This enzyme, MCO1, is present in all of
the insect genomes analyzed to date (Dittmer and Kanost, 2010). Our previous study of
Drosophila melanogaster MCO1 suggested that MCO1 may function as a ferroxidase (Lang
et al., 2012a). We found that DmMCOL has ferroxidase activity, that weak knock down of
DmMCOL affects iron homeostasis, and that strong knock down is lethal (Lang et al.,
2012a). An analysis of the DmMCO1 amino acid sequence suggested that Asp380 and
Glu552 may bind to ferrous iron in the substrate binding pocket (Lang et al., 2012a).
Immunohistochemistry experiments indicated that DmMCOL is present on the basal surface
of tissues, including midgut and Malphighian tubules (Lang et al., 2012a). Taken together,
these results suggested that MCO1 may oxidize ferrous iron in the hemolymph and facilitate
iron transport (Lang et al., 2012a).

The main goals of this study were to determine the substrate specificity of MCO1 orthologs
and to test the hypothesis that Asp380 and Glu552 are required for ferroxidase activity.
Although our previous studies of MCO1 have focused mainly on its function in D.
melanogaster, we are interested in the role of MCOL1 in a variety of insect species; therefore,
we expanded our focus to include MCO1 from Anopheles gambiae (a hematophagous
dipteran insect), Tribolium castaneum (a coleopteran species) and Manduca sexta (a
lepidopteran species). We found that the MCO1 orthologs were similar in expression,
protein localization, knock-down phenotype, and catalytic activity. These similarities
indicate that MCOL orthologs are likely to have similar physiological functions.
Surprisingly, recombinant forms of MCO1 were much more efficient at oxidizing ascorbate
than they were at oxidizing ferrous iron. In addition, we found that Asp380 and His374 have
an influence on ascorbate oxidase activity but not ferroxidase activity. Taken together, our
results suggest that MCO1 orthologs function as ascorbate oxidases and influence iron
homeostasis through an unknown mechanism.

2. Materials and Methods

2.1. Insect culture

The w118 strain of D. melanogaster was cultured at 25°C on K12 High Efficiency diet
(USBiological). The G3 strain of A. gambiae was obtained from the Malaria Research and
Reference Reagent Resource Center, and the mosquitoes were cultured as described
previously (Lang et al., 2012b). The GA-1 strain of T. castaneum was reared at 30°C on
wheat flour supplemented with 5% brewer's yeast. M. sexta larvae were cultured at 26°C on
a wheat germ-based artificial diet.
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2.2. Immune challenge experiments

Adult D. melanogaster (4 - 5 days old females) were inoculated with bacteria by pricking
with a minuten pin dipped in a pellet of Escherichia coli (XL1 Blue) and Micrcococcus
luteus (ATCC# 4698). Untreated flies were used as negative controls. At 24 hours post-
inoculation, RNA was isolated from whole flies (eight flies per sample).

Larval M. sexta (one day old fifth instar) were injected with 100 pg freeze-dried M. luteus
(ATCCH# 4698) in sterile saline. Control larvae were injected with sterile saline. RNA was
isolated from fat body collected 24 hours post-inoculation. Each sample was from one larva.

For each immune induction experiment, total RNA isolation, cDNA synthesis, and real-time
PCR were done as described previously (Lang et al., 2012a). Real-time PCR reactions were
monitored on an iCycler (BioRad) or CFX96 Real-Time PCR system (BioRad). The
reference genes used were D. melanogaster ribosomal protein 49 (RP49) or M. sexta
ribosomal protein S3 (RPS3). Three biological replicates were done, and differences in
expression were assessed by performing an unpaired t test with GraphPad Prism 5.04
software. The primer sequences used for real-time PCR are listed in Table S1.

2.3. Developmental and tissue expression profiles of TcMCO1 and MsMCO1

TcMCOL expression profiles were determined by qualitative RT-PCR as described by Peng
et al. (2014). A developmental expression profile included RNA from eggs, early-, mid- and
late-stage larvae, 4 day old pupae, and 5 day old adults. A tissue expression profile analyzed
samples from adult females, including guts plus Malpighian tubules, ovaries, and abdominal
carcass. Each sample included at least ten individuals or tissues from 16 insects. Ribosomal
protein S3 (RPS3) was used as a reference gene. PCR primers are listed in Table S1.

MsMCO1 expression data was obtained from RNA sequence data (file
20140508RSEM_0OGS2_Gene_FPKM.xIsx) that was downloaded from the Manduca Base
website at the following link: ftp:/ftp.bioinformatics.ksu.edu/pub/Manduca/OGS2/

OSU files/. The gene prediction number for MsMCOL1 is Msex2.13042. The RNA
sequencing was done by the Baylor College of Medicine - Human Genome Sequencing
Center (www.hgsc.bcm.edu) and the Weill Cornel Medical College (weill.cornell.edu).

2.4. RNAi-mediated knock down of MCO1 in A. gambiae

Double stranded RNA that targets AQMCO1 or GFP (negative control) was synthesized with
a MEGAscript RNA kit (Life Technologies). To evaluate the dSRNA sequences for
specificity of knock down, we used E-RNAI (Horne and Boutros, 2010). The dsRNAs used
were predicted to have no off-targets. Newly eclosed adult females were injected with 2 g
dsRNA in 400 nl deionized water. To determine the efficiency of knock down at 4 days and
21 days after injection of dsSRNA, total RNA was isolated, and cDNA synthesis and real-
time PCR were done as described previously (Lang et al., 2012a). Ribosomal protein S7
(RPS7) was used as a reference gene. Three biological replicates were done, and differences
in expression were assessed by performing an unpaired t test with GraphPad Prism 5.04
software. The primer sequences used for dsSRNA template synthesis and real-time PCR are
listed in Table S1.
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2.5. Determination of iron content in A. gambiae

Many species of insects have midgut cells that contain a large amount of ferritin-bound iron,
which can be detected by histological staining (Mehta et al., 2009). Briefly, this staining
method involves fixing dissected midguts in 4% formaldehyde, permeabilizing with 1%
Tween-20, and incubating with 2% K4Fe(CN)g in 0.24 N HCI. We used this method to
analyze midguts from adult female mosquitoes that were fed 10% sucrose supplemented
with either 0.2 mM or 5 mM ferric ammonium citrate. Although we have used this method
to detect ferritin-bound iron in the midguts of D. melanogaster (Lang et al., 2012a), we did
not observe staining in A. gambiae midguts.

To determine the effect of MCO1 knock down in mosquitoes fed 10% sucrose, newly
eclosed adult females were injected with dsRNA that targets AgMCO1 or GFP (2 (ug per
insect), and insects were analyzed 9 days later. To determine the effect of MCO1 knock
down in mosquitoes fed 10% sucrose supplemented with a toxic concentration of iron,
injected mosquitoes were fed 10% sucrose for 3 days (to allow time for knock down to
occur), then 10% sucrose supplemented with 5 mM ferric ammonium citrate for 5 days, then
10% sucrose for one day (to allow time for the high iron diet to be cleared from the crop and
gut). To select against any mosquitoes retaining the high iron diet in the crop or midgut, the
iron-supplemented sucrose contained green food coloring, which was visible in the crop and
midgut. Whole body iron content was determined as described previously (Lang et al.,
2012a). Briefly, mosquitoes were homogenized in lysis buffer, the protein concentration of
each homogenate was determined using a bicinchoninic acid assay, and iron content was
determined using a Ferrozine-based assay (Missirlis et al., 2006). The sample size was 5
mosquitoes for the experiment involving sucrose fed mosquitoes and 7 for the experiment
involving mosquitoes fed iron supplemented sucrose. Three biological replicates were
performed, and differences in iron content (in nmole iron per mg protein) were assessed by
performing an unpaired t test with GraphPad Prism 5.04 software.

2.6. Generation of polyclonal antisera and immunoblot analysis

Production of polyclonal antiserum generated against DmMCO1 was described previously
(Lang et al., 2012a). The same methods were used to generate antiserum against AgMCO1
(Asp414 to GIn782), TcMCO1 (Asp191 to Met470), and MsMCO1 (llel to Pro126).
Antisera were used at a 1:2,000 dilution for immunoblot analysis.

2.7. Immunohistochemistry

To verify specificity of the AgMCOL1 antiserum, we confirmed that it did not cross-react
with the other four A. gambiae MCOs (Gorman et al., 2008). This was accomplished by
immunoblot analysis of 5 ng of the AgMCO1 antigen and 50 ng of AgMCO2, AgMCO3,
AgMO4 and AgMCOS5 antigens. Immunodetection using a 1:2,000 dilution of the polyclonal
antiserum resulted in a prominent band in the AgMCO1 antigen lane, and no bands
corresponding to the other MCOs (data not shown). To detect AgMCO1 in midguts and
Malpighian tubules, immunohistochemistry was performed as described previously (Lang et
al., 2012a). Because AgMCOL1 expression is upregulated in response to blood feeding
(Gorman et al., 2008), we analyzed tissues from mosquitoes that had taken a blood meal.
The tissues analyzed were female adult midguts (two days after a blood meal) and whole
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Malpighian tubules (four days after a blood meal). The secondary antibody used was Alexa
Fluor 488-conjugated goat anti-rabbit 1gG. Nuclei were stained with DAPI. Sections and
tissues were analyzed with a Zeiss LSM 510 META laser scanning confocal microscope
using excitation wavelengths of 405 and 488 nm and a 40x Plan-Neofluar oil objective with
a 1.3 numerical aperture.

2.8. Identification of signal peptides, transmembrane regions and GPIl anchor sites

Signal sequences were predicted by Signal P (Bendtsen et al., 2004), and putative
transmembrane regions were predicted with TMPred software (Hofmann and Stoffel, 1993).
The presence or absence of GPI anchor sites was predicted with GPI-SOM (Frankhause and
Maser, 2005).

2.9. Protein structure prediction

I-TASSER software (Roy et al., 2010; Zhang, 2008) was used to predict the structure of
DmMCOL. The three predicted cupredoxin-like domains of DmMCOL1 (residues Val229
through Arg898) were used for modeling. PyMOL (Schrddinger) was used to visualize the
resulting homology model. The substrate binding pocket of a multicopper oxidase contains
the three residues that coordinate the T1 copper atom, which accepts an electron from the
substrate (Kosman, 2010). Based on this criterion, the pocket containing His379, Cys811
and His816 was predicted to be the substrate binding pocket of DmMCOL (see section 3.9).

2.10. cDNAs used for recombinant protein expression

The amino acid sequence of DMMCO1 (NCBI Reference Sequence NP_609287.3) and the
cDNA used for protein expression were described previously (Lang et al., 2012a). Some
regions of DMMCO1 were excluded from the recombinant protein. Briefly, in an effort to
circumvent problems associated with low protein expression and protein aggregation, we
generated a truncated DmMCO1 cDNA that encoded only the cysteine-rich region and
cupredoxin-like domains (and excluded the native signal peptide, amino-terminal von
Willebrand domains, and carboxyl-terminal hydrophobic region). The truncated cDNA was
cloned in-frame with the D. melanogaster Bip signal sequence so that the recombinant
protein would be secreted. The recombinant enzyme that this cDNA encodes was designated
DmMCOLT (Figure 1). We found that recombinant DmMCOLT in the cell culture medium
had been cleaved by an unidentified protease; therefore, we used site-directed mutagenesis
to create an Arg454Ala mutant form of DmMCOLT (DmMCOLT[R454A]). Site directed
mutagenesis was accomplished with the use of the QuickChange Multi Site-Directed
Mutagenesis Kit (Stratagene). Several additional mutant forms of DmMCO1T[R454A] were
made: DMMCOLT[R454A, H374S], DMMCO1T[R454A, D380A], DMMCO1T[R454A,
E552A], DMMCO1T[R454A, D380A, E552A], and DMMCOLT[R454A, H374S, D380A,
E552A].

The amino acid sequence of AgMCO1 (GenBank accession number AAN17505) is
described in Gorman et al. (2008). The cDNASs used to express AQMCOLT and
AgMCO1T[R542S] were analogous to the ones used to express DmMCOLT and
DmMCOLT[R454A]; that is, the cysteine-rich region and cupredoxin-like domains were
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cloned in-frame with the D. melanogaster Bip signal peptide, and an Arg542Ser mutation
was made to prevent proteolytic cleavage after residue 542 (Figure 1).

The amino acid sequence of TcMCO1 (synonym = TcLacl) was described previously
(Arakane et al., 2005). We used RT-PCR to clone a cDNA that encodes full-length
TcMCOL. The sequence was similar to NCBI Reference Sequence NP_001034514, but had
several substitutions: Val198lle, His429Tyr, Phe471Leu, Glu483Asp, Val554lle,
Lys613Arg, Val622lle, Ser656Pro, Ser664Ala, His665GIn, and Thr668Ser. (The residue
number refers to its position in the mature protein.) The Val198lle substitution was
identified in only one of the three cDNAs that we sequenced, but the other differences were
present in all three cDNAs indicating that they were not errors. Two truncated forms of the
TcMCO1 cDNA were made for protein expression: a shorter form, TcMCOL1Ts, which
encodes the start methionine through Val629, and a slightly longer form, TcMCO1T]I, which
encodes the start methionine through Ser658 (Figure 1).

The amino acid sequence of MsMCO1 (synonym = MsLac1) was described by Dittmer et al.
(2004). We used RT-PCR to clone a cDNA that encodes full-length MsMCQO1. The
sequence encodes a protein identical to GenBank accession number AAN17506 except for
four amino acid substitutions: lle1Phe, Ser7Phe, Ser181Asn, and lle775Val. (The residue
number refers to its position in the mature protein.) All of these substitutions are present in
at least two independent cDNA clones, so they are not likely to be errors. Two truncated
forms of the MsMCO1 cDNA were made for protein expression: a shorter form,
MsMCO1Ts, which encodes the start methionine through GIn724, and a slightly longer
form, MsMCO1T]I, which encodes the start methionine through Ser751 (Figure 1).

The cDNA used for TcLac2A expression is described in Gorman et al. (2012).

2.11. Recombinant baculovirus production

Production of recombinant baculoviruses was done as described previously (Lang et al.,
2012a). Briefly, cDNAs were inserted into the pOET3 transfer plasmid, and the flashBAC
GOLD system (Oxford Expression Technologies) was used to generate recombinant
baculoviruses. The baculovirus used for AgMCO3 expression was described in Lang et al.
(2012b).

2.12. Enzyme purification

Recombinant multicopper oxidases were expressed in cultured insect cells and purified as
described previously (Lang et al, 2012a). Briefly, recombinant baculoviruses were used to
infect cultured Sf9 cells, and the secreted enzymes were purified from the culture medium
by concanavalin-A-Sepharose, Q-Sepharose, and Superdex 200 chromatography. The
concentration of recombinant enzymes was determined as described previously (Lang et al.,
2012b). Yields ranged from 0.4 - 2.2 mg per liter of cell culture.

Laccase-a from Trametes versicolor (TvLac-a) was purified from a commercial preparation
of fungal laccases (Sigma, catalog number 51639). The sample was dialyzed against 20 mM
Tris, pH 8.0 (4°C), and purified by Q-Sepharose and Superdex 200 chromatography. The

Proteomics Center of the University of Nevada used peptide mass finger printing to identify
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the protein as TvLac-a (GenBank Accession Number = Q12718; Necochea et al., 2005;
Figure S1). Briefly, the laccase was subjected to SDS-PAGE followed by trypsin digestion
and LC/MS analysis. The LC/MS analysis was performed using a Thermo LTQ Orbitrap XL
with ETD coupled to a Michrom Paradigm MDLC and Michrom CaptiveSpray. Protein
identification analysis was performed on a SORCERER server using SEQUEST software.
The yield of TvLac-a was 0.26 mg from 100 mg starting material.

2.13. Amino-terminal sequencing

Purified recombinant proteins were subjected to SDS-PAGE, transferred to a PVDF
membrane, and stained with Coomassie blue R. Bands were excised from the membrane,
and Edman protein sequencing was done by Dr. Kathleen Schegg at the Nevada Proteomics
Center. An ABI 492 Procise sequencer was used to determine the first five residues of each
polypeptide.

2.14. Laccase assay

Laccase activity assays, determination of pH optima, and calculation of kinetic constants
were done as described previously (Gorman et al., 2012). Briefly, reactions were done by
mixing 0.5 -5 ug enzyme with substrate in a total volume of 200 ul and detecting product
formation with a microplate spectrophotometer. All of the recombinant forms of MCO1 had
activity at pH 6.0 -7.5 (data not shown); therefore, pH 7.0 (the approximate pH of insect
hemolymph) was used for determining kinetic constants. Two recombinant insect laccases,
TcLac2A and AgMCO3, were used as positive controls (Gorman et al., 2012; Lang et al.,
2012b).

2.15. Ferroxidase assays

Two ferroxidase assays were used: a Ferrozine-based assay and an apo-transferrin-based
assay. The Ferrozine-based assays were done as described previously (de Silva et al., 1997)
with minor modifications. Briefly, reactions (100 ul) contained 5 ug enzyme and 0 - 240 uM
ferrous ammonium sulfate in 100 mM sodium acetate, 100 uM sodium citrate, pH 6.0.
Reactions were stopped at 0, 1, 2, 3, 4, or 5 min with the addition of 15 mM Ferrozine,
which forms a stable complex with ferrous iron. This complex, representing the amount of
unreacted substrate, was detected by measuring absorbance at 562 nm and using a molar
extinction coefficient of 27,900 cmt M1 (Stookey, 1970). The decrease in substrate
concentration was assumed to be equal to the concentration of product (ferric iron) formed.
An apo-transferrin-based assay was done as described previously (Osaki et al., 1966;
Johnson et al., 1967) with minor modifications. Human apo-transferrin (Sigma) was
dissolved in 50 mM Tris, 150 mM sodium chloride, 20 mM sodium bicarbonate, pH 7.3.
Reactions (200 pl) contained 20 - 80 ug enzyme, 780 g apo-transferrin, and ferrous
ammonium sulfate (0 - 240 M) in 100 mM sodium acetate, pH 6.0. The formation of holo-
transferrin from apo-transferrin was determined by measuring absorbance at 460 nm and
using a molar extinction coefficient of 2,500 cm™t M1, Human ceruloplasmin (1 pg per
reaction) (Sigma, catalog number C4519) was used as a positive control. A fungal laccase
(TvLac-a, 1 pg per reaction) and two insect laccases (TcLac2A and AgMCO3, 80 g per
reaction) were used as negative controls (Gorman et al., 2012; Lang et al., 2012b; Necochea
et al., 2005). Kinetic curves were made by plotting activity versus substrate concentration.

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng et al.

Page 9

The data were fit to the Michaelis-Menten equation by non-linear regression, and kinetic
constants were estimated from the fitted data. (An early kinetic analysis of ceruloplasmin
suggested that it has both a high affinity and low affinity iron binding site (resulting in two
Kms) (Osaki, 1966), but subsequent work suggested that this is not the case (Huber and
Frieden, 1970), and more recent studies have used the Michaelis-Menten equation to
characterize the kinetic properties of ceruloplasmin (Stoj and Kosman, 2003).)

2.16. Ascorbate oxidase assay

A spectrophotometric assay was used to detect ascorbate oxidase activity. Ascorbate
concentration is commonly monitored by measuring absorbance at 265 nm (Oberbacher and
Vines, 1963); however, to avoid excessively high absorbance readings when the
concentration of ascorbate was greater than 500 uM, we monitored ascorbate concentration
at 275 nm. We confirmed a linear relationship between absorbance at 275 nm and ascorbate
concentration from 5 - 600 uM (R? = 0.9997), and calculated a molar extinction coefficient
of 12,000 M1 cm-1 (data not shown). Reactions were done by mixing 0.1 or 0.2 ug MCO1
with ascorbic acid in 0.1 M sodium phosphate, pH 7.0, in a total volume of 100 ul and
observing a decrease in substrate concentration over time with a microplate
spectrophotometer. Blank reactions containing no enzyme measured the rate of non-
enzymatic oxidation. Ascorbate oxidase (1.2 ng per reaction) from Curbita sp. (Sigma,
catalog number A0157) was used as a positive control. Three laccases (0.2 g per reaction)
were used as negative controls: TvLac-a (Necochea et al., 2005), TcLac2A (Gorman et al.,
2012), and AgMCO3 (Lang et al., 2012b). Assays were done in duplicate. Kinetic curves
were made by plotting activity versus substrate concentration. The data were fit to the
Michaelis-Menten and allosteric sigmoidal equations by non-linear regression using
GraphPad Prism. Akaike's Information Criteria method was used to determine which
equation fit the data better. Kinetic constants were estimated from the fitted data.

2.17. Phylogenetic analysis

To identify MCO genes in non-insect invertebrates, we used the MsMCO1 sequence as a
query to perform a BLAST search of the National Center for Biotechnology Information
(NCBI) non-redundant protein database excluding sequences from vertebrates, insects, fungi
and plants. In addition, we searched the NCBI Transcriptome Shotgun Assembly to identify
additional MCO genes from invertebrates. From the sequences we identified, we selected
those that contained an amino-terminal cysteine-rich region and eleven predicted copper
binding residues (Dittmer and Kanost, 2010). We used these sequences and MCO sequences
from D. melanogaster, A. gambiae, T. castaneumand M. sexta to do a phylogenetic analysis.
(The insect MCO sequences are described in Dittmer and Kanost, 2010.) Phylogenetic
analysis was performed using MEGA 6.06 software. Sequences were aligned globally by
using the Clustal W option with default settings. The phylogenetic tree was constructed by
the Neighbor-Joining method with a Poisson correction model. Gaps were treated by the
pairwise deletion method. Statistical analysis was carried out by the bootstrap method with
5000 replications; branch points with bootstrap values less than 50% were collapsed.
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3.1. MCOLl is a conserved insect gene

The predicted amino acid sequences of MCOL1 orthologs from D. melanogaster, A. gambiae,
T. castaneum and M. sexta are 47-55% identical. All of the MCO1 sequences contain three
putative cupredoxin-like domains, which comprise the catalytic portion of multicopper
oxidases, and eleven conserved copper coordinating residues (Figure 1). They each have a
predicted signal peptide and carboxyl-terminal transmembrane region (Figure 1), and they
are predicted to be GPI-anchored; therefore, MCOL1 orthologs are expected to be attached to
the exterior of the plasma membrane through a carboxyl-terminal transmembrane region or a
GPl-anchor. Each of the four MCO1 sequences contains two acidic residues that were
predicted to bind ferrous iron in the substrate binding pocket (Figure 1) (Lang et al., 2012a).
The only notable difference among MCO1 sequences is that the dipteran sequences contain
amino-terminal von Willebrand factor domains, whereas MCO1 sequences from non-
dipteran insects do not (Figure 1). The function of the von Willebrand factor domains in the
dipteran MCOL1 orthologs is unknown (Dittmer and Kanost, 2010).

3.2. MCOL1 orthologs have similar expression profiles

DmMCOL1, AgMCO1 and MsMCO1 are expressed throughout development in many tissues,
including the midgut and Malpighian tubules (Baker et al., 2011; Chintapalli et al., 2007;
Dittmer et al, 2004; Gorman et al., 2008; Gravely et al., 2011; Lang et al., 2012a;
www.agripestbase.org/manduca). Using qualitative RT-PCR, we found that, like the other
MCOL1 orthologs, TcMCOL1 is expressed in all developmental stages and in each of the
tissues analyzed (Figure 2). Upregulation in response to immune challenge has been
observed for DMMCO1 and AgMCO1 (De Gregorio et al., 2001; Gorman et al., 2008), and
RNA sequence data suggest that MsMCO1 may also be immune responsive
(www.agripestbase.org/manduca). We used gPCR to determine the degree of upregulation
of DMMCO1 and MsMCO1 after injection of bacteria. The results suggest that MCO1
transcript abundance increases 2-3 fold 24 hours after an immune challenge (Figure 2).
Taken together, the gene expression data suggest that MCO1 orthologs have similar
expression profiles and, thus, support the hypothesis that MCO1 orthologs have similar
functions.

3.3. AMCOL1 is present on the basal surface of the midgut and Malpighian tubules

As described in section 3.1, MCOL is predicted to be membrane bound, with the enzyme
positioned to oxidize substrates in the hemolymph. We used immunohistochemistry to
determine the location of AgMCO1 within adult mosquitoes. As we observed for DmMCO1
(Lang et al., 2012a), AgMCOL1 was detected on the basal surface of the midgut and
Malpighian tubules (Figure 3).

3.4. AQMCOLl is required for iron homeostasis

Our previous work demonstrated that RNAi-mediated knock down of DmMCOL increases
the longevity of flies fed a toxic concentration of iron, decreases the amount of iron in
specialized midgut cells, and decreases whole body iron content. We wanted to know if
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knock down of MCOL1 in A. gambiae affects iron homeostasis in a similar manner. First,
gPCR was used to verify that injection of dsSRNA would decrease the amount of AQMCO1
mMRNA in adult female mosquitoes. RNAi was successful 4 days after injection of dsSRNA,
but by 21 days, the knock-down effect was gone (Figure 4). Because of the transient nature
of the knock down, RNAI could not be used to evaluate the effect of MCO1 knock down on
longevity. Next, we used a histological method to determine whether A. gambiae adult
females have detectable ferritin-bound iron in the midgut. No staining of the midgut was
observed (data not shown); therefore, this method could not be used to assess whether
AgMCOL1 activity affects the amount of ferritin-bound iron in midgut cells. To determine
whether AQMCO1 knock down results in a decrease in whole body iron content, we used a
Ferrozine-based method to estimate the amount of iron in homogenates of adult females.
Newly eclosed mosquitoes were injected with dsSRNA, and iron content was analyzed 9 days
later. The experiment was done twice, once with insects fed 10% sucrose and once with
insects fed 10% sucrose plus 5 mM ferric ammonium citrate. Under both conditions, knock
down of AgMCO1 was associated with a decrease in iron content (Figure 4). This result
suggests that AgMCO1, like DmMCOQO1, plays a role in iron homeostasis.

3.5. Expression and purification of recombinant forms of MCO1

To evaluate the substrate specificity of MCO1 orthologs, we analyzed two recombinant
forms of each of the four MCO1 orthologs (Figure 1). All of the recombinant enzymes
lacked the predicted carboxyl-terminal transmembrane region so that they could be purified
from the cell culture medium. DmMCO1T and AgMCOAT also lack the amino-terminal von
Willebrand factor domains, which are unlikely to influence substrate specificity. We found
that the two dipteran enzymes were cleaved by an unidentified protease (Figure 5). The
cleavage site, which was identified by amino-terminal sequencing, was at an arginine
residue that is conserved in dipteran MCOL1 sequences (Figure 1). Uncleaved enzymes,
DmMCOL1T[R454A] and AgMCO1T[R542S], were made by mutating the arginine codon.
Two recombinant variants of TcMCO1 and MsMCO1 were purified: a longer form that is
missing only the predicted carboxyl-terminal transmembrane region (TcMCO1TI and
MsMCO1TI) and a shorter form that is missing a slightly larger portion of the carboxyl-end
(TcMCO1Ts and MsMCO1Ts) (Figure 1). The secreted proteins were purified from serum-
free medium with the use of lectin affinity, anion exchange, and size-exclusion
chromatography. SDS-PAGE analysis demonstrated that each of the recombinant enzymes
was highly purified (Figure 5). The identity of the recombinant proteins was verified by
immunoblot analysis (Figure 5). A comparison of the migration of DmMCOL1T and
AgMCOLT under reducing and non-reducing conditions indicated that the polypeptides
generated by proteolytic cleavage were connected by a disulfide bond (Figure 5).
Surprisingly, MsMCO1TI and MsMCO1Ts formed stable multimers when they were heated
in SDS sample buffer containing f-mercaptoethanol (Figure 5). We do not know what
caused this unusual behavior.

3.6. MCOL1 orthologs have low laccase activity

A Kinetic analysis of DMMCO1T[R454A] demonstrated that it has very low laccase activity
(Lang et al., 2012a). To analyze the laccase activity of the other MCOL1 variants, we used
two laccase substrates: hydroquinone and dopamine. Hydroquinone is a p-diphenol that is
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commonly used in studies of multicopper oxidases, and dopamine is an o-diphenol that is an
endogenous substrate of insect laccase-2 (Gorman et al., 2012). All of the MCO1 variants
had low affinity for the diphenols (with K ranging from 10 to 62 mM), and, thus, very low
catalytic efficiency (Table 1). These results strongly suggest that MCO1 orthologs do not
function as laccases.

3.7. MCOL1 orthologs have low ferroxidase activity

An in-gel ferroxidase assay indicated that DMMCO1T[R454A] has ferroxidase activity
(Lang et al., 2012a), but to evaluate whether this activity is significant, we needed to use an
assay that provides a quantitative measure of activity. The most accurate method for
analyzing the activity of multicopper ferroxidases is to measure the consumption of oxygen
during the reaction (Hassett et al., 1998); however, this method requires more enzyme than
we can purify from cultured insect cells. A second commonly used method makes use of
Ferrozine to detect the substrate (ferrous iron) remaining in the reaction (de Silva et al.,
1997). This method works well when the substrate concentration is low, but we experienced
poor reproducibility when ferrous iron concentrations above 100 uM were used (data not
shown). A third method (Osaki et al., 1966) that makes use of apo-transferrin to detect
product formation resulted in much better reproducibility. In addition, results obtained with
the apo-transferrin method were similar to those obtained with the Ferrozine and oxygen
consumption methods (see kinetic constants for DMMCO1T[R454A] and ceruloplasmin in
Table 2). For these reasons, we used the apo-transferrin method for kinetic characterization
of ferroxidase activity. The analysis of DmMMCOL activity confirmed that DmMCO1 does
have ferroxidase activity, but its affinity for ferrous iron is relatively low (Table 2). The K,
of DMMCOLT was estimated to be 260 uM, whereas the well-studied ferroxidases have Kys
in the range of 2 - 20 uM (Griffiths et al., 2005; Stoj and Kosman, 2003; Stoj et al., 2006).
The catalytic efficiency of DmMCO1T was estimated to be 160 min"t mM-1 (Table 2).
Kinetic characterization of the MCO1 orthologs from other species demonstrated that they
had catalytic efficiencies ranging from 5-30 min"t mM-1, values that were not much higher
than those of two insect laccases (Table 2). These results suggest that MCO1 orthologs may
not function as ferroxidases.

3.8. MCO1 orthologs are much better at oxidizing ascorbate than they are at oxidizing
diphenols or ferrous iron

Almost all of the well-studied multicopper oxidases are laccases, ferroxidases or ascorbate
oxidases (Nakamura and Go, 2005). Because the MCO1 orthologs had low laccase and
ferroxidase activity, we decided to assess their ability to oxidize ascorbate. We used a
slightly modified version of a spectrophotometric assay that detects the amount of ascorbate
in the reaction (Oberbacher and Vines, 1963). To validate this method, we analyzed the
activity of ascorbate oxidase from Cucurbita sp. and compared our results to those obtained
with an oxygen consumption method (Wimalasena and Dharmasena, 1994). The kinetic
constants estimated by both assays were similar (Table 3). Kinetic characterization of the
MCO1 orthologs demonstrated that they all have significant ascorbate oxidase activity
(Table 3). Most of the recombinant forms of MCOL1 had kinetic curves that fit an allosteric
sigmoidal equation slightly better than the Michaelis-Menten equation, so instead of
calculating a Ky, for those variants, we calculated an equivalent Kinetic constant, Kpgs.
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(MCOL1 orthologs may form functional dimers similar to plant ascorbate oxidases
(Messerschmidt et al., 1989), and this property may explain the kinetic curves that we
observed.) Recombinant forms of MCOL1 had K, or Kng Values of 0.12 - 0.77 mM, Kggt
values of 570 - 12,900 min-1, and catalytic efficiencies of 2,780 - 39,770 min"t mM1.
Collectively, the kinetic properties of MCO1 orthologs indicate that they are much better at
oxidizing ascorbate than they are at oxidizing ferrous iron or diphenols (Table 4).

3.9. Predicted iron binding residues of DmMMCOL1 are involved in oxidation of ascorbate but
not ferrous iron or diphenols

Our previous analysis of the DmMCO1 amino acid sequence suggested that Asp380 and
Glu552 may bind to ferrous iron in the substrate binding pocket (Lang et al., 2012a). These
residues align with the iron binding residues Glu185 and Asp283 in the yeast ferroxidase
Fet3p, and they are conserved in MCOL1 orthologs (Lang et al., 2012a). To identify
additional putative iron binding residues, we generated a homology model of DmMCO1
(Figure 6) and searched the putative substrate binding pocket for residues that are known to
bind iron (aspartic acid, glutamic acid, histidine and tyrosine). We assumed that substrate
binding residues should be conserved, so we screened candidate residues for their presence
in MCOL sequences from 10 insect species. From this analysis, we identified His374 as a
third putative binding residue (Figure 6).

To evaluate the requirement of the three putative iron binding residues for ferroxidase
activity, we purified five mutant forms of DMMCOLT (DmMCOLT[R454A, H374S],
DmMCOLT[R454A, D380A], DMMCOI1T[R454A, E552A], DMMCOILT[R454A, D380A,
E552A], and DMMCOLT[R454A, H374S, D380A, E552A]). We then compared their
activity with the activity of the wild-type form (DmMCO1T[R454A]). As expected, the
mutations had no detectable effect on laccase activity (Table S2). Surprisingly, the
mutations also had no detectable effect on ferroxidase activity (Table 5). Even the triple
mutant had kinetic constants that were similar to those of the wild-type enzyme. These
results strongly suggest that the three putative iron binding residues do not bind iron and are
not required for ferroxidase activity. The substrate binding residues in ascorbate oxidases are
unknown, but because Asp, Glu and His can form bonds with ascorbate, we predicted that
the three conserved residues may influence the affinity of DmMCOL1 for ascorbate. The
mutants showed no difference in affinity (i.e., the Ky, values for the mutants were not higher
than that of the wild-type enzyme); however, some unexpected differences in activity were
observed for two of the mutants (Table 5). The H374S mutation resulted in a five fold
decrease in the turnover number (k.5 and a four fold decrease in catalytic efficiency (Keat/
K- The D380A mutant had a six fold lower kg5 and five fold lower K, resulting in a
catalytic efficiency that was similar to that of the wild-type enzyme. These results suggest
that His374 and Asp380 are involved in oxidation of ascorbate. The E552A mutation had
little effect on activity, as did the D380A/E552A double mutation; however, the triple
mutant had no detectable ascorbate oxidase activity. Taken together, our kinetic analyses
suggest that His374 and Asp380 influence oxidation of ascorbate but not ferrous iron or
diphenols.
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3.10. Putative MCOL1 orthologs are present in crustacean genomes

Recently, MCO1-like genes were identified in invertebrates other than insects (Asano,
2014). We were interested in what types of non-insect invertebrates have MCO1 orthologs
and whether the three residues described above (His374, Asp380, and Glu552) are
conserved. Our phylogenetic analysis suggests that there are orthologous genes in some
crustaceans (two in Daphnia pulex and one in Litopenaeus vannamei), but no definitive
orthologs in the other invertebrates analyzed (Figure 7). Of the three residues discussed in
Section 3.9, the histidine and aspartate residues are conserved in the putative crustacean
MCOL1 orthologs (Figure 7). This result further supports the hypothesis that His374 and
Asp380 are important to the function of MCOL1. Interestingly, there is a cluster of
multicopper oxidases in crustaceans that have the conserved aspartate but an arginine in
place of the histidine (Figure 7). Because arginine can sometimes act as a conservative
substitution for histidine, this group of multicopper oxidases may have a catalytic function
similar to that of the MCO1 orthologs. Some additional multicopper oxidases of interest
include mollusc sequences with the conserved histidine and aspartate, and crustacean,
mollusc, and echinoderm sequences with only the conserved histidine. The evolutionary
relationship between these proteins and MCO1 orthologs is not clear.

4. Discussion

Before undertaking this study, our working model of MCO1 was that it functions as a
ferroxidase. This model was based on the knowledge that DmMCO?1 has predicted iron
binding residues and detectable ferroxidase activity, and that RNAi-mediated knock down of
DmMCOL affects iron homeostasis (Lang et al., 2012a). Consistent with this model is our
finding that RNAi-mediated knock down of MCOL1 affects iron homeostasis in A. gambiae.
However, the Kinetic characterization of MCO1 orthologs from four species of insects
strongly suggests that MCO1 is not a ferroxidase. Compared with the activity of known
ferroxidases, all of the MCOZ1 variants had low ferroxidase activity due to high K, values,
ranging from 0.1 - 1.7 mM. The concentration of ferrous iron in hemolymph (where MCO1
is situated) is unknown, but ferrous iron concentrations in biological fluids are extremely
low. The high Ks seem to be inconsistent with the hypothesis that MCO1 oxidizes iron in
the hemolymph. In addition, we found that the putative iron binding residues in DmMCO1
are not required for ferroxidase activity and are, thus, not likely to bind ferrous iron.

In contrast, the results of our kinetic analyses are consistent with the hypothesis that MCO1
functions as an ascorbate oxidase. MCO1 from all four species oxidized ascorbate with a
much higher catalytic efficiency than they oxidized ferrous iron or diphenols, and they had
Km or Knai Values ranging from 0.1 - 0.8 mM ascorbate. The concentration of ascorbate in
the hemolymph of most insects is unknown, but the concentration is approximately 2.5 mM
in the hemolymph of M. sexta larvae and 0.06 - 0.3 mM in the hemolymph of Schistocerca
gregaria (Kramer and Seib, 1982); therefore, the K, and Kpg¢ values are compatible with
the concentration of ascorbate in hemolymph. In addition, two of the conserved residues in
the predicted substrate binding pocket of DMMCO1 have considerable influence on
ascorbate oxidase activity. These results support the hypothesis that MCO1 orthologs may
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function as ascorbate oxidases. This result is somewhat surprising because ascorbate
oxidases from animals have not been reported.

We identified His374, Asp380, and Glu552 as possible iron binding residues in DmMCOL1.
All three residues are conserved in insect MCO1 sequences; His374 and Asp380 are
conserved in crustaceans. Because we expected the three residues to be involved in iron
binding, we were surprised that a triple mutant had essentially wild-type ferroxidase activity.
These results strongly suggest that the three putative iron binding residues do not bind iron;
therefore, an iron binding site remains unidentified. Given that the oxidation of ferrous iron
by DmMCOL1 is very inefficient, it is possible that MCO1 does not have a specific iron
binding site. The substrate binding residues in ascorbate oxidases are unknown, but because
His, Asp, and Glu can form bonds with ascorbate, we decided to evaluate the mutants for
ascorbate oxidase activity. The E552A mutation had little effect on activity, but the H374S
and D380A mutants had a lower turnover number (ke4). In addition, the triple mutant had no
detectable ascorbate oxidase activity. These results demonstrate that His374 and Asp380
influence ascorbate oxidase activity; however, because the single mutants retained
considerable activity, neither residue is essential for full catalytic activity. Mutating charged
residues may disrupt the microenvironment of the substrate binding pocket, leading to a
conformational change that interferes with catalytic activity when ascorbate is the substrate.

Ascorbate has multiple functions in animals and plants, including acting as an antioxidant,
serving as a cofactor for various enzymes, and participating in cell signalling (Corti et al.,
2010; Foyer and Noctor, 2011; Goggin et al., 2010; Pignocchi and Foyer, 2003). Ascorbate
is present in animals and plants as ascorbate (reduced form), monodehydroascorbate (a
radical that is formed after the loss of one electron), and dehydroascorbate (a somewhat
more stable oxidized form that is created by the loss of two electrons). All three forms of
ascorbate have biological activity (Corti et al, 2010; Gest et al., 2013; Smirnoff, 2000).
Ascorbate oxidase removes one electron from ascorbate to produce monodehydroascorbate
(Farver and Pecht, 1992; Skotland and Ljones, 1980). Monodehydroascorbate is an unstable,
short-lived radical that can undergo disproportionation to produce dehydroascorbate and
ascorbate; therefore, dehydroascorbate is often considered the final product of ascorbate
oxidase activity. In mammals, which have no known ascorbate oxidase, ascorbate is
oxidized when it participates in antioxidant or enzyme-mediated reactions (Corti et al.,
2010). In mammals and plants, reductases reduce monodehydroascorbate and
dehydroascorbate to ascorbate (Corti, et al., 2010; Smirnoff, 2000).

It is not obvious what the physiological functions of an ascorbate oxidase might be in insect
hemolymph. Like MCOZ1, plant ascorbate oxidase is an extracellular enzyme. It is present in
the apoplast, where ascorbate is present at millimolar concentrations (Pignocchi and Foyer,
2003). Plants that over express ascorbate oxidase have more dehydroascorbate than
ascorbate in the apoplast, whereas plants with decreased ascorbate oxidase activity have the
reverse phenotype (Pignocchi et al., 2003). The resulting changes in the apoplastic redox
state have been implicated in cell signalling events that influence plant growth, defense and
response to stress (Foyer and Noctor, 2011; Pignocchi and Foyer, 2003; Smirnoff, 2000).
Whether the redox state of ascorbate in hemolymph influences cell signalling in insects is
unknown. A second hypothesis about MCO1 function in insects is based on differences in
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ascorbate and dehydroascorbate transport in mammals. In mammals, the reduced and
oxidized forms of ascorbate are transported into cells by distinct transporters that have
different expression patterns (Corti et al., 2010). It is unknown how ascorbate influx occurs
in insects, but if some insect cells take up dehydroascorbate rather than ascorbate, then
MCO1 may participate in ascorbate uptake by producing dehydroascorbate.

Several experiments have demonstrated that knock down of MCO1 affects iron homeostasis
in D. melanogaster and A. gambiae. Our original interpretation of these results was that the
disruption in iron homeostasis was related to the ferroxidase activity of MCO1 (Lang et al.,
2012a). Given the newly determined kinetic properties of MCO1, we now think this
interpretation is unlikely. It seems much more likely that MCO1 knock down affects iron
homeostasis indirectly, possibly through a disturbance in ascorbate metabolism. Iron
homeostasis and ascorbate homeostasis are linked via redox homeostasis (Foyer and Noctor,
2011; Valko et al., 2005); therefore, a disturbance in ascorbate metabolism due to MCO1
knock down could lead indirectly to a change in iron metabolism. On the other hand, recent
studies in plants and animals have identified putative iron transport mechanisms that involve
ascorbate (Grillet et al., 2014; Lane and Richardson, 2014); therefore, another possibility is
that the changes in iron homeostasis are a direct result of changes in ascorbate redox state.
Additional experiments are needed to determine whether MCO1 does function as an
ascorbate oxidase, and, if so, how this function is related to iron homeostasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Alignment of four MCOL orthologs. Predicted signal peptides are indicated by bold italics.
Von Willebrand factor domains are in purple text. Cysteine-rich regions are in green.
Putative carboxyl-terminal transmembrane regions are in blue. Predicted copper binding
residues are in orange. Three predicted cupredoxin-like domains are delineated with blue
vertical lines. The sequences that were used to express recombinant enzymes are between
red vertical lines. The extra residues present in the longer versions of TcMCO1 and
MsMCO1 are in red. The arginine residue that was mutated in DmMCO1 and AgMCOL to
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generate uncleaved recombinant protein is highlighted in black. Three putative iron binding
residues are indicated by highlighting. Asp380 (magenta) and Glu552 (green) were
identified by their alignment with iron binding residues in Fet3p. His374 (yellow) was
identified by analyzing a homology model of DmMCOL1 (see section 3.9).
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Figure 2.
Expression profiles of MCOL1 orthologs. Qualitative RT-PCR was used to determine

expression profiles of TcMCO1. TcMCO1 expression was detected in all of the
developmental stages (A) and tissues (B) analyzed. Quantitative RT-PCR was used to
determine the degree of immune-induced upregulation of DmMCO1 (C) and MsMCO1 (D).
gPCR data were from three biological replicates. Means + SD are shown. Differences in
expression were assessed by performing an unpaired t test. (Abbreviations for A and B: E,
eggs; L1, early-stage larvae; L2, mid-stage larvae; L3, late-stage larvae; P, pupae; A, adults;
G/M, midguts plus Malpighian tubules; O, ovaries; C, abdominal carcass. Abbreviations for
C and D: C, control; | = 24 hours post-immune induction.)
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Figure 3.
Immunolocalization of AgMCO1 in adult female mosquitoes. Cryosections of midguts (A

and B) and unsectioned Malpighian tubules (C and D) were immunostained with AgMCO1
antiserum (A and C) or pre-immune serum (B and D). Anti-MCO1 antibodies were detected
with Alexa Fluor 488-conjugated anti-rabbit 1gG antibodies (green). Nuclei were stained
with DAPI (blue). AgMCO1 immunoreactivity was detected along the basal surface of the
epithelial cells of the midgut and Malpighian tubules (A and C). No signal was observed in
samples incubated with preimmune serum (B and D). (Scale bars: 10 um)

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peng et al. Page 25

A day 4 B day 21
o 1.5- o 1.5 NS
(@)} (@)}
S &
c 1.0~ c 1.0+
(&) (&)
B 0.54 B 0.5+
LCL> *kk LCL>
0.0~ 0.0~
C KD C KD
C D
sucrose sucrose + Fe
£ =
o 2
o o
o o
()] (®)]
S £
@ @
L L
g g
= C KD = C KD

Figure 4.
Effect of MCO1 knock down on iron content in adult mosquitoes. Quantitative RT-PCR was

used to determine the extent of knock down of AgMCOL 4 days (A) and 21 days (B) after
injection of dsRNA. Knock down was apparent at 4 days but not 21 days post-injection. A
Ferrozine-based assay was used to determine the iron content in control and AQMCO1
knock down mosquitoes. A decrease in iron content was observed for insects that were fed
10% sucrose (C) and for those that were fed 10% sucrose supplemented with 5 mM ferric
ammonium citrate (D). Data were from three biological replicates. Means + SD are shown.
Differences in expression and in iron content were assessed by performing an unpaired t test.
(*P < 0.05, ***P < 0.001, NS = no statistically significant difference.) (Abbreviations: C,
control; KD, knock down.)
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Figure 5.

SDS-PAGE and immunoblot analysis of recombinant forms of MCO1. A) Purified
recombinant forms of MCO1 were analyzed by SDS-PAGE using reducing (R) or non-
reducing (NR) conditions followed by Coomassie staining. Each lane contains 1 pug protein.
B) Purified recombinant forms of MCO1 were analyzed by SDS-PAGE using reducing
conditions followed by immunodetection. Each lane contains 50 ng protein. DMMCO1T and
AgMCOLT cleavage products that are linked by a disulfide bond under non-reducing
conditions are indicated by an asterisk. A minor, uncharacterized cleavage product of
DmMCOL is indicated by a plus sign. Multimers of MsMCOL1 that form after heating in
reducing SDS-PAGE sample buffer are indicated by an arrow head. Note that the highest
molecular mass multimers are not visible in panel B because proteins 200 kDa or greater did
not transfer to the nitrocellulose membrane. The expected mass of each recombinant protein:
DmMCOLT, 79.8 kDa, DmMMCOLT amino-terminal cleavage product, 34.1 kDa;
DmMCOLT carboxyl-terminal cleavage product, 45.7 kDa; DMMCO1T[R454A], 79.8 kDa;
AgMCOLT, 81.3 kDa; AgMCOLT amino-terminal cleavage product, 35.3kDa (plus possible
O-linked glycosylation, which may explain why this product co-migrates with the 46.1 kDa
carboxyl-terminal product); AQMCOLT carboxyl-terminal cleavage product, 46.1 kDa;
AgMCOLT[R542S], 81.3 kDa; TcMCO1Ts, 72.1 kDa; TcMCOA1TI, 75.3 kDa; MsMCO1Ts,
82.8 kDa; MsMCO1TI, 86.0 kDa. (Abbreviations: DmT, DmMMCO1T; DmT[RA],
DmMCOLT[R454A]; AgT, AgMCOLT; AgT[RS], AgMCO1T[R542S]; TcTs, TcMCO1Ts;
TcTIl, TcMCO1TI; MsTs, MsMCO1Ts; MsTl, MsMCO1TI.)
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Figure 6.
Homology model of the putative substrate binding pocket of DmMCOL. I-TASSER was

used to create a homology model of DmMCQ1. The three residues that are expected to
coordinate the T1 copper are shown in orange. His374, Asp380 and Glu552 are conserved
residues that were predicted to bind to iron in the putative substrate binding pocket.
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Figure 7.
Phylogenetic analysis of MCO genes from insects and other invertebrates. A bootstrap

consensus tree constructed by the neighbor-joining method is shown. The numbers above
the branches are bootstrap values expressed as a percentage. All branches with bootstrap
values less than 50 were collapsed. A cluster of putative MCO1 orthologs is indicated by red
branches. The residues corresponding to His374, Asp380 and Glu552 in DmMCOL are
listed after each gene name. Symbols indicate sequences from crustaceans (open red
diamond), echinoderms (green triangle), insects (closed red diamond), molluscs (blue
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circle), or rotifers (black square). Abbreviations used are: Acal, Aplysia californica; Ajap,
Apostichopus japonicas, Aamu, Asterias amurensis; Afor, Asterias forbesi; Bsia, Bithynia
siamensis goniomphalos; Bcal, Brachionus calyciflorus; Cfin, Calanus finmarchicus; Cqua,
Cherax quadricarinatus; Cgig, Crassostrea gigas; Dpul, Daphnia pulex; Espi, Echinaster
spinulosus; Ecom, Elliptio complanata; Esin, Eriocheir sinensis; Echo, Evechinus
chloroticus; Lvan, Litopenaeus vannamei; Lgig, Lottia gigantean; Lsta, Lymnaea stagnalis;
Lvar, Lytechinus variegatus;, Mros, Macrobrachium rosenbergii; Oech, Ophiocoma
echinata; Pmon, Penaeus monodon; Plep, Pontastacus leptodactylus; Pcla, Procambarus
clarkii; Spur, Strongylocentrotus purpuratus; Tcal, Tigriopus californicus; Vlie, Villosa
lienosa.
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Kinetic characterization of the ferroxidase activity of MCO1 orthologs.

Table 2

Ferrous iron

method Keat Km Keat/Km
(mint) (mM)  (mint mM1)
DmMCO1 isoforms
DmMCO1T apoTf 40+24 0.26 £ 0.02 156
apoTf 42 2.7 0.12 £ 0.02 359
DMMCO1T[R454A]
Ferrozine 20+19 0.06 +£0.01 351
AgMCOL1 isoforms
AgMCO1T apoTf 3+0.2 0.12 +£0.01 30
AgMCOLT[R542S] apoTf 2+0.2 0.11+0.03 16
TcMCOL1 isoforms
TcMCO1Ts apoTf 3+£0.7 0.45+0.16 7
TcMCO1TI apoTf 9+6.8 1.71+1.49 5
MsMCOL1 isoforms
MsMCO1Ts apoTf 3+0.2 0.21+£0.02 16
MsMCO1TI apoTf 9+19 1.41+0.35 6
Insect laccases
AgMCO3 apoTf 0.4+0.0 0.09 +0.02 5
TcLac2A apoTf 1+0.1 0.33 £0.05 3
Fungal laccase
TvLac-a apoTf 372+6.6 0.15 + 0.005 2,407
Ferroxidases
hcp@ O, uptake 30.3+1.6 0.0083 +0.0015 3,650
hCp apoTf ~ 120+80  0.023%0.0052 5,106
Fet3pP Oy uptake  40.1+1.4 0.0049 +0.0008 8,000

Note: the kinetic constants reported are best-fit values with standard errors

aData are from Stoj and Kosman, 2003

bData are from Stoj et al., 2006
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Kinetic characterization of the ascorbate oxidase activity of MCO1 orthologs.

Table 3

Ascorbate
model@ Keat  Knar or K Keat/Km
(mint) (mM)  (mint mM1)

DmMCOT1 isoforms
DmMCO1T AS 2570+315 0.29+0.05 8,806
DmMCOI1T[R454A] AS 1,480+ 170 0.27 £0.05 5,516
AgMCOL1 isoforms
AgMCO1T AS 916 £84 0.12+0.02 7,559
AgMCO1T[R542S] MM 568 +43 0.20+0.04 2,785
TcMCO1 isoforms
TcMCO1Ts AS 12,912 +492  0.32+0.01 39,766
TcMCO1TI AS 10,541 £504 0.42 +0.02 25,357
MsMCOL1 isoforms
MsMCO1Ts AS 3,013+497 0.62+0.16 4,838
MsMCO1TI AS 4,059 +889 0.77+0.27 5,244
Insect laccases
AgMCO3 MM 148+36 0.64+0.26 233
TcLac2A activity too low to characterize
Fungal laccase
TvLac-a MM 29+3.4 0.21+0.06 135
Ascorbate oxidase
Curcubita AOP 40,920 +2,040  0.20 +0.03 204,600
Curcubita AO AS 21,264+996 0.17+0.01 127,558

Note: the kinetic constants reported are best-fit values with standard errors

aAS = allosteric sigmoidal; MM = Michaelis-Menten

bData are from Wimalasena and Dharmasena, 1994

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 April 01.

Page 33



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Peng et al.

Comparison of the catalytic efficiency of MCO1 orthologs with four substrates.

Table 4

Hydroquinone Dopamine Ferrousiron Ascorbate
DmMCOL isoforms
DmMCO1T 4 3 156 8,806
DMMCO1T[R454A] 6 2 359 5,516
AgMCOL1 isoforms
AgMCO1T 3 0.4 30 7,559
AgMCOI1T[R542S] 2 0.2 16 2,785
TcMCOL1 isoforms
TcMCO1Ts 29 0.4 7 39,766
TcMCO1TI 24 0.3 5 25,357
MsMCOL1 isoforms
MsMCO1Ts 0.8 0.8 16 4,838
MsMCO1TI 0.8 0.9 6 5,244
Insect laccases
AgMCO3 302 171 5 233
TcLac2A 213 51 3 very low
Fungal laccase
TvLac-a 51,661 12,597 2,407 135
Ferroxidase
Fetapa 5 NDbP 8,000 ND
Ascorbate oxidase
Curcubita AO ND ND ND 127,558

Note: catalytic efficiency is reported as min-L mm-1

aData are from Stoj et al., 2006

bND = not determined
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