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Abstract

Laccase (EC 1.10.3.2) is an enzyme wptdiphenol oxidase activity that is a member of a group of proteins collectively known
as multicopper, or blue copper, oxidases. Laccase is hypothesized to play an important role in insect cuticle sclerotization by
oxidizing catechols in the cuticle to their corresponding quinones, which then catalyze protein cross-linking reactions. To facilitate
studies of the structure, function and regulation of insect laccases, we have cloned two cDNAs for laccases from the tobacco
hornworm,Manduca sexta (MsLacl and2), and one from the malaria mosquitAnopheles gambiae (AgLacl). The MsLacl and
2 cDNAs encode proteins of 801 amino acids (aa) and 760 aa, respectively, whitglthel cDNA encodes a protein of 1009
aa. All three cDNAs contain putative secretion signal sequences, and the 10 histidines and one cysteine that form the copper-
binding centers, as well as a methionine in the T1 copper center. Novel to the insect laccases, relative to both fungal and plant
laccases, is a longer amino-terminal sequence characterized by a unique domain consisting of several conserved cysteine, aromatic
and charged residues. Northern blot analyses identified single transcripts of approximately 3.6, 3.5, and MslkéicigiMsLac2,
and AglLacl, respectively, and also showed thglLacl was expressed in all life stages of the mosquito. RT-PCR revealed that
the MsLacl transcript was most abundant in the midgut, Malpighian tubules, and epidermis, wheréds 2 transcript was
most abundant in the epidermiglsLac2 showed strong expression in the pharate pupal and reduced expression in the early pupal
epidermis, consistent with the laccases’ presumed role in cuticle sclerotization.
00 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The exoskeleton or cuticle of insects has contributed
greatly to their evolutionary success. It not only provides
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reactive quinones, a process known as sclerotization
(Andersen, 1985, 1990; Hopkins and Kramer, 1992).
The quinones are produced by the oxidation of catechals,
mainly the derivatives of dopamine and dihydroxyphen-
ylethanol (Hopkins and Kramer, 1992). Oxidation may
be carried out by two different types of phenoloxidases
present in the insect cuticle, tyrosinase and laccase.
Tyrosinase is able to hydroxylate monophenols to o-
diphenols (monophenol monooxygenase, EC 1.14.18.1),
and oxidize o-diphenals to their corresponding quinones
(catechol oxidase, o-diphenol oxidase, EC 1.10.3.1).
Laccase lacks the monooxygenase activity of tyrosinase
but is able to oxidize both o- and p-diphenols
(benzenediol:O, oxidoreductase, p-diphenol oxidase, EC
1.10.3.2). While tyrosinases have been extensively stud-
ied for their roles in melanization, wound healing, and
insect immunity (Ashida and Y amazaki, 1990; Suguma-
ran and Kanost, 1993; Marmaras et al., 1996; Ashida
and Brey, 1997), relatively little attention has been given
to characterizing the importance of laccases in insect
physiology. We are interested in identifying the roles
played by laccases in insect cuticle stabilization and
other physiological processes.

Severd lines of evidence suggest that the primary role
of laccase is in cuticle sclerotization, while tyrosinases
function in the cuticle primarily during wound healing
(Andersen, 1985, 1990; Ashida and Yamazaki, 1990;
Hopkins and Kramer, 1992). For example, phenylthio-
urea (PTU), an inhibitor of tyrosinase but not laccase,
has been shown to prevent melanization of wounds in
the cuticle of the caterpillar of Calpodes ethlius (Lai-
Fook, 1966), and the larva of the sheep blowfly, Lucilia
cuprina (Binnington and Barrett, 1988). Dennell (1958a)
noted that hydroquinone, a p-diphenol and thus a sub-
strate for laccase but not tyrosinase, might be involved
in hardening of the puparium of the bluebottle fly, Calli-
phora vomitoria. Furthermore, injection of PTU failed to
prevent puparium formation (Dennell, 1958b), indicating
that the phenoloxidase involved was not a tyrosinase.
Similarly, Sugumaran et al. (1992) demonstrated that the
phenoloxidase responsible for the hardening of the
puparium of Drosophila melanogaster was able to oxid-
ize the laccase-specific substrate syringaldazine, and that
this enzymatic activity was greatly reduced by the lac-
case inhibitors sodium azide and potassium cyanide but
not by PTU. Finally, the enzymatic activity of laccases
was shown to be more closely correlated with molting
than was that of tyrosinases. Tyrosinase activity rose
during the intermolt period but then dropped during
molting in L. cuprina (Hackman and Goldberg, 1967;
Barrett, 1987), the American cockroach, Periplaneta
americana (Mills et a., 1968), and the larva of the Egyp-
tian cotton worm, Spodoptera littoralis (Ishaaya and
Navon, 1974). Contrary to those observations, laccase
activity in the cuticle during larval development of D.
virilis (Yamazaki, 1969) and L. cuprina (Barrett, 1987),

as well as the larva of the silk moth, Bombyx mori
(Yamazaki, 1972), was very low during the intermolt
period, then increased dramatically at the time of molt-
ing.

Laccases are members of the blue oxidase family of
proteins along with ascorbic oxidases and ceruloplas-
mins. Members of this family are copper-containing
enzymes (multicopper oxidases) that couple the oxi-
dation of various substrates with the simultaneous
reduction of molecular oxygen to water (Messerschmidt
and Huber, 1990; Messerschmidt, 1993; Solomon et al.,
1996; Mayer and Staples, 2002). Roles attributed to
these enzymes include pigmentation in fungi and bac-
teria, lignification and delignification of plant cell walls,
as virulence factors, and copper and iron homeostasis.
Three types of copper-binding centers for these proteins
have been classified according to their spectroscopic
properties. Type-1 (T1) centers bind a single copper ion
and exhibit an absorption maximum in the oxidized state
at 600 nm that gives these proteins their characteristic
blue color. Type-2 (T2) centers also bind a single copper
but show no absorption pattern in the visible spectrum.
Type-3 (T3) centers bind two copper ions that are anti-
ferromagnetically coupled and have a strong absorption
maximum at 330 nm. Laccase, the simplest of this group
of proteins, binds four copper ions, one in a T1 center
and three in a T2/T3 hybrid center. The copper in the
T1 center serves as an acceptor of electrons from the
substrate. These electrons are then passed on to the
T2/T3 center, where molecular oxygen is reduced.

In addition to insects, laccases have been found in
plants, fungi, and bacteria (Messerschmidt and Huber,
1990; Messerschmidt, 1993; Thurston, 1994; Solomon
et a., 1996; Alexandre and Zhulin, 2000; Sanchez-Amat
et a., 2001; Hullo et a., 2001; Mayer and Staples, 2002;
Martins et a., 2002), with fungal laccases being the most
intensely studied. Laccases have a very broad substrate
range, being able to oxidize not only polyphenols but
aso aminophenols, methoxyphenols, and diamines. Lac-
case has also been shown to have ferroxidase activity,
similar to that of other blue oxidase family members
Fet3 and ceruloplasmin (Liu et a., 1999). These
enzymes have received considerable interest for possible
use in paper pulp bleaching, detoxification of textile
dyes, remova of phenolic compounds from wine, cre-
ation of biosensors to monitor environmental pollutants,
and bioremediation (Bollag et al., 1988; Smith et al.,
1997; Cohen et a., 2002; Mayer and Staples, 2002;
Claus et al., 2002; Soares et al., 2002). In addition, lac-
case has been identified as a virulence factor in the
human pathogen Cryptococcus neoformans
(Williamson, 1997).

Previously Thomas et a. (1989) used trypsin digestion
to solubilize a phenol oxidase present in the pharate pupal
cuticle of the tobacco hornworm, Manduca sexta, and
demonstrated that it possessed laccase-like activity
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through the use of specific substrates and inhibitors.
Here, we expand upon that study, and introduce alaccase
from the malaria mosquito, Anopheles gambiae. We
have cloned three laccase cDNAs, two from M. sexta
and one from A. gambiae. Analysis of their deduced
amino acid segquences confirmed that these cDNAs con-
tain al of the residues necessary for the formation of the
copper-binding centers. Furthermore, the putative insect
proteins have a relatively long amino terminus with a
unique domain not found in either plant or fungal lacc-
ases. Northern blotting and RT-PCR analyses revealed
that their genes are expressed in multiple tissues in both
a constitutive and regulated manner. Significantly, the
transcripts for the M. sexta laccases are upregulated in
the pharate pupa and pupal epidermis at the time when
pupal cuticle sclerotization occurs.

2. Materials and methods
2.1. Insect cultures

M. sexta larvae were reared using an artificial diet at
27 °C as described by Bell and Joachim (1976), with a
photoperiod of 16 h of light and 8 h of darkness. A.
gambiae (strain 4arr) were maintained at 26-29 °C and
approximately 70% relative humidity as described pre-
viously (Gorman and Paskewitz, 1997).

2.2. Cloning of A. gambiae and M. sexta laccase
cDNAs

Degenerate primers were designed based on con-
served regions in fungal and plant laccases, as well as a
bilirubin oxidase from the insect Trachyderma tsunodae
(GenBank AB006824). The forward primer 5'-ACGA-
GYATHCAYTGGCAYGG-3' (where H = A, C, or T,
and Y = C or T) was derived from the amino acid
sequence TSIHWHG, and the reverse primer 5'-
GTGGAAGTCDATRTGRCARTG-3' (whereD = A, G,
or T, and R = A or G) was derived from the amino acid
sequence HCHIDFH. Lambda phage DNA isolated from
a M. sexta bacterial-challenged, larval fat body cDNA
library (F. Schultz and M. Kanost, unpublished data) was
used as atemplate in a polymerase chain reaction (PCR)
under the following conditions: initial denaturation at 94
°C for 2 min, followed by 40 cycles of denaturation at
94 °Cfor 30 s, annealing at 55 °C for 30 s, and extension
at 72 °C for 90 s. One microliter from this reaction was
used directly as a template in a second, nested PCR
under the same cycling conditions. The nested forward
primer 5'-GGAACAAAYTGGGCNGAYGG-3' (where
N =A, G, C, or T) was derived from the amino acid
sequence GTNWADG, and the nested reverse primer 5'-
GAACCACGGRCCNGGRTTRTC-3' was derived from
the amino acid sequence DNPGPWF. A cDNA of

approximately 1.2 kb was amplified and cloned into the
pGEM-T vector (Promega). Sequencing of this product
confirmed that it encoded a laccase-like protein. How-
ever, screening of the M. sexta cDNA library with this
product failed to identify any positive clones.

To obtain a full-length cDNA sequence (MsLacl),
rapid amplification of cDNA ends (RACE)-PCR was
performed using the GeneRacer Kit (Invitrogen) accord-
ing to the manufacturer’s instructions. Single-stranded
cDNA to be used as template for RACE-PCR was
reverse transcribed from total RNA isolated from the
epidermis of pharate pupae using the Glassmax RNA
Microisolation Spin Cartridge System (Invitrogen). 3'-
RACE was performed using the MslLacl-specific for-
ward primer 5'-GCGTTTGACGAAGCAGGGCTGCTG
AAAAGA-3', and a reverse primer supplied with the
GeneRacer Kit. Touchdown PCR was performed as fol-
lows: initial denaturation at 94 °C for 2 min, followed
by five cycles of denaturation at 94 °C for 30 s,
annealing and extension at 72 °C for 3 min; five cycles
of denaturation at 94 °C for 30 s, annealing and exten-
sion at 70 °C for 3 min; 25 cycles of denaturation at 94
°C for 30 s, annealing at 68 °C for 30 s, and extension
a 72 °C for 3 min. A cDNA of approximately 1.3 kb
was amplified, cloned into the vector pCR4-TOPO
(Invitrogen), and sequenced to confirm that it overlapped
with the original 1.2 kb clone.

The same cycling conditions were used for 5’-RACE
with a forward primer supplied with the GeneRacer Kit,
and the MsLacl-specific reverse primer 5'-TCCCCTGA
AGAGTGGTGGTGGTCGGTGAAC-3'. One microliter
from this reaction was used in a second PCR using a
nested forward primer supplied with the GeneRacer Kit,
and the MsLacl-specific nested reverse primer 5'-ACA
GAGACTCATAAGGCTCTTGGGACTTG-3';  touch-
down PCR was performed as described above, except
that the annealing and extension temperatures were low-
ered to 65 and 68 °C, respectively, for the last 25 cycles.
A cDNA of approximately 1.1 kb was amplified, cloned
into the vector pCR4-TOPO, and sequenced to confirm
that it overlapped with the original 1.2 kb clone.

A second M. sexta laccase cDNA (MsLac2) wasident-
ified when a primer used in 3'-RACE-PCR (5'-
GGTACCGCTCTTCAGTTAGG-3') for the M. sexta
chitin synthase cDNA (Zhu et a., 2002) amplified a1.36
kb fragment that encoded the first 412 amino acids of a
laccase-like protein. Again, 3'-RACE-PCR was used to
clone the remainder of the cDNA, utilizing the M. sexta
bacterial-challenged, larval fat body cDNA library as
template. Amplification was performed using the
MsL ac2-specific forward primer 5'-TGACGCTGCTGA
GAGATATCC-3', and the nested forward primer 5'-
GGTAAAGGACAATTCAGGGA-3', with a reverse
primer specific to the T7 RNA polymerase promoter in
the library vector. PCR was performed for 45 cycles
using the same cycling conditions as described above for
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the amplification of the 1.2 kb MsLacl fragment. A
cDNA of approximately 2 kb was amplified, cloned into
the pGEM-T vector, and sequenced to confirm that it
overlapped with the 1.36 kb clone.

The approach used to clone MsLacl was aso taken
with A. gambiae, using a larval cDNA library (Barillas-
Mury et al., 1996) as template for PCR. The second,
nested, PCR amplified a cDNA of approximately 1.0 kb,
and sequencing confirmed that it also encoded a laccase-
like protein. This PCR product was subsequently used
to screen and identify clones in the A. gambiae cDNA
library.

2.3. Sequence analysis

All programs, except for PileUp, were available
through links with the Swiss Institute of Bioinformatics
ExPASy Molecular Biology Server
(http://us.expasy.org/). The SignalP (v. 2.0) prediction
server (Nielsen et al., 1997) was used to predict the puta-
tive signal peptides of the deduced amino acid sequences
for the laccase cDNA clones. The mature proteins were
then aligned using the PileUp program of SeqWeb (v.
2) (aweb-based sequence analysis programs of the GCG
Wisconsin Package), and the signal peptides then added
to the aligned sequences. The program parameters used
were the BLOSUM 62 scoring matrix with a gap creation
penalty of 8 and a gap extension penalty of 2 (all default
settings). Potential glycosylation sites were identified
using the NetNGlyc 1.0 (Guptaet a., in preparation) and
NetOGlyc 2.0 (Hansen et al., 1995, 1997, 1998) predic-
tion servers. The big-Pl Predictor (Eisenhaber et al.,
1999) was used to identify potential GPI anchor sites.

2.4. Phylogenetic analysis

Insect, plant, and fungal laccase protein segquences
were aligned using the T-Coffee program (Notredame et
a., 2000) available on the EXPASy molecular biology
server  (http://usa.expasy.org). Preliminary anaysis
identified several regions with varying degrees of simi-
larity. Areas where the alignment was poor were omitted
from further analysis to avoid undue influence by these
ambiguous regions. The final alignment was constructed
from a region of approximately 280 amino acids in the
amino-terminal halves of the proteins. This corresponded
to 1193-M475 in MsLacl, V200-P478 in MsLac2, 1334-
Y497 plus 1598-P703 in AglLacl, and the equivalent
regions in the plant and fungal proteins. The gap in
AgLacl is due to the presence of a 100 amino acid
sequence that does not have a homologous region in the
other laccases except the D. melanogaster clone
CG3759. PAUPx* 4.0b10 (Swofford, 2002) was used for
data analysis. Gaps in the aignment were treated as
characters. The phylogenetic tree was constructed by the
parsimony method using a heuristic search algorithm.

Statistical analysis was performed by the bootstrap
method using 10,000 repetitions.

The sequences used for phylogenetic analysis were as
follows: for insects, A. gambiae, AgLacl (GenBank

AY135184), agCP15239 (GenBank EAA10244),
agCP15381 (GenBank EAA10258), agCP15439
(GenBank  EAA10119), agCP5969  (GenBank

EAA11475), D. melanogaster, CG30437 (GenBank NM
165431), CG5959 (GenBank NM 143184), CG3759
(GenBank NM 135443), CG32557 (GenBank NM
133021), M. sexta, MsLacl (GenBank AY135185),
MsLac2 (GenBank AY135186), Pimpla hypochon-
driaca, PhLacl (GenBank AJ427356); for fungi, Cori-
olus hirsutus, ChLacl (SwissProt Q02497), Phlebia rad-
iata, PrLacl (SwissProt QO01679), Thanatephorus
cucumeris, TcLac3 (SwissProt Q02079), Trametes ver-
sicolor, Tvelac4 (SwissProt Q12719), Trametes villosa,
TviLac2 (SwissProt Q99046); for plants, Lolium per-
enne, LpLac2-1 (Genbank AF465469), Liriodendron
tulipifera, LtLac2-1 (GenBank AAB17191), Nicotiana
tabacum, NtLacl (GenBank U43542), Pinus taeda,
PtLacl (GenBank AF132119). Rhus vernicifera, RvLacl
(GenBank AB062449).

2.5. RT-PCR and northern blot analyses

For M. sexta, three insects were dissected for each
data point and total RNA was prepared using TRI
Reagent (Sigma) (Chomczynski, 1993). To examine the
tissue distribution, a cDNA pool for each tissue was cre-
ated. One microgram of total RNA from each time point
was combined (7 ug total) and reverse transcribed with
an oligo(dT) primer (5'-GGAGTACTCTAGAAGC(T
)17-3") and SUPERSCRIPT Il RNase H~ Reverse Tran-
scriptase (Invitrogen) in atotal volume of 30 pl, accord-
ing to the manufacturer’s directions. One microliter of
each cDNA pool was then utilized for PCR under the
following conditions: initial denaturation at 94 °C for 2
min, followed by 35 cycles of denaturation at 94 °C for
30 s, annedling at 60 °C for 30 s, and extension at 72
°C for 90 s. The primers used for amplification were
(forward) 5'-CAAGTCCCAAGAGCCTTATGAGTC-3'
and (reverse) 5'-GGGTTATCAGCTTTGAATCTG
ATC-3' for MsLacl; (forward) 5'-GTTGAGAACCACA
TGGAAGGTATGG-3' and (reverse) 5'-CACGAAGAA
ACGGAACGGCAAGAA-3' for MsLac2.

The developmental expression of MsLacl and 2 in
various tissues was examined by northern blot analysis.
Ten micrograms of total RNA were loaded per lane and
fractionated in a 1% agarose/1.2% formaldehyde gel.
After electrophoresis, the RNA was transferred to a neu-
tral nylon membrane (GeneScreen, Perkin Elmer) by
standard capillary blotting and stained with 0.02% meth-
ylene blue in 0.3 M sodium acetate, pH 5.2, for 5 min
to verify that an equal amount of RNA was present in
each lane. The membranes were first prehybridized in
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ULTRAyb buffer (Ambion), then hybridized overnight
at 42 °C with a®2P-dCTP (Perkin Elmer) labeled probes
at a concentration of 1 x 10° dpm per milliliter of buffer.
The MsLacl and 2 cDNAs were used as probes and radi-
olabeled by the random primer method (RadPrime DNA
Labeling System, Invitrogen). Following hybridization,
the membranes were washed twice in 2x SSC/0.1%
sodium dodecy! sulfate (SDS) at 42 °C (2x SSC is 0.3
M sodium chloride/30 mM sodium citrate/pH 7.0), twice
in 0.1x SSC/0.1% SDS at 60 °C, and twice in 0.1x
SSC/0.1% SDS at 65 °C; each wash was for 15 min.
The membranes were then subjected to autoradiography
with an intensifying screen at —70 °C.

For A. gambiae, total RNA was isolated from embryos
(014 h), larvae (days 5 and 9), pupae, and adults (days
0 and 4) using Ultraspec reagent (Biotecx). Ten
micrograms of total RNA were |oaded per lane and frac-
tionated in a 1% agarose/2.5% formaldehyde gel, and
transferred to a nylon membrane (Hybond-N, Amersham
Pharmacia) by standard capillary blotting. After transfer,
the membrane was stained with methylene blue as
described above. A 2.3 kb AgLacl cDNA fragment was
gel purified and radiolabeled with a random primer kit
(Boehringer, Mannheim). The membrane was hybridized
with the laccase probe in ULTRAhyb buffer at 42 °C,
then washed twice at 65 °C with 2x SSC/0.1% SDS for
5 min each, and twice with 0.1x SSC/0.1% SDS for 15
min each. Autoradiography was performed with an
intensifying screen at —70 °C.

3. Resaults
3.1. cDNAs and N-terminal domains

3.1.1. Cloning and analysis of laccase cDNAs

We have cloned two putative laccase cDNASs from M.
sexta and one from A. gambiae by a combination of
library screening and RT-PCR methods. The first M.
sexta laccase cDNA, which we have designated as
MslLacl, is 3.5 kb long and contains an open reading
frame (ORF) of 2403 bp that encodes a putative 801
amino acid protein with a theoretical molecular weight
for the mature protein of 88,561 Da and an isoelectric
point (pl) of pH 5.15. Surprisingly, the GTNWADG
sequence, from which the nested forward primer was
designed, is not conserved between fungi and the insect
laccase cDNASs that we isolated. However, the last 10
nucleotides of the nested forward primer matched the
codon usage for the sequence RADG, similar to the
sequence WADG of the nested forward primer, located
at positions 289-292 of MsLacl (Fig. 1). The nested
reverse primer hybridized to the sequence encoding the
amino acids DNPGYWL, residues 697—703, and the
resulting PCR amplified product was 1.2 kb. 5'- and 3'-

RACE-PCR were then used to clone the remainder of
the cDNA.

The second M. sexta laccase cDNA, MsLac?, is 3.3
kb long with a 2280 bp ORF that encodes a 760 amino
acid protein. The calculated molecular weight and pl for
the mature protein are 81,426 Da and pH 6.36, respect-
ively. As described in Section 2.2, it was fortuitously
identified during the cloning of the M. sexta chitin syn-
thase cDNA. Because MsLacl and MsLac2 were con-
structed from various PCR products and not isolated as
complete clones from a cDNA library, we designed pri-
mers that flanked the ORFs of their sequences and per-
formed PCR using cDNA that had been reverse tran-
scribed from total RNA isolated from the epidermis of
pharate pupae. cDNA fragments of the expected size
were amplified, and sequencing confirmed that they
matched the sequences of the MsLacl and MsLac2
clones, athough some polymorphism was observed (data
not shown). Additionally, the calculated molecular
weights of the mature proteins were within the 70-90
kDa range previously estimated for a partially purified
laccase-like enzyme from the integument of M. sexta
(Thomeas et a., 1989).

The longest A. gambiae cDNA identified by library
screening, AgLacl, is 4 kb long with a 3027 bp ORF
that encodes a 1009 amino acid protein. The calculated
molecular weight and pl for the mature protein are
110,162 Da and pH 5.52, respectively. Similar to the
initial PCR amplification for MsLacl, the last nine
nucleotides of the nested forward primer matched the
codon usage for the sequence GRR, located at positions
608-610 of AgLacl (Fig. 1). The AgLacl sequence from
G608 through W934 was encoded by the 1 kb product
initially amplified by PCR. We mapped the position of
AgLacl on polytene chromosomes by in situ hybridiz-
ation to a single band in division 16B (data not shown).
The map location was assigned based on the polytene
chromosome maps available on the Anopheles Genetic
Resource Information Project website
(http://klab.agsci.col ostate.edu/~mbenedic/), which is an
updated interpretation of an older map (Coluzzi and Sab-
atini, 1967). Thislocation is consistent with its estimated
position as determined by the A. gambiae sequencing
project.

All three insect laccases contain the 10 histidines and
one cysteine important for the binding of copper ions
(Fig. 1). Surprisingly, nearly unique to the insect lacc-
ases is a methionine in the T1 copper center (M716 in
MsLacl, M728 in MsLac2, and M948 in AglLacl),
whereas most fungal and plant laccases have either a
phenylalanine or a leucine at this position. We utilized
several computer software programs available to further
analyze the deduced amino acid sequences. All three
putative proteins were predicted to have secretion signd
peptides (Fig. 1). In addition, several potential N- and
O-linked glycosylation sites were identified. Seven N-
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Fig. 1. Alignment of the deduced amino acid sequences of AgLacl, MsLacl, and MsLac2. Alignment of the sequences is described in Section
2.3. Dots in the sequences represent gaps introduced to optimize the alignment. The numbering on the right indicates the position of the last amino
acid in that line. Residues identical in al three sequences are boxed in black. Conservative substitutions are boxed in grey. The putative signal
peptides are indicated with a heavy underline. The numbers 1, 2, and 3, above the sequence indicate the amino acids involved in coordinating the

T1, T2, and T3 copper centers.

linked glycosylation sites were predicted for MsLacl,
while MsLac2 and AgLacl were predicted to have three
and eight each, respectively. AgLacl had the most puta-
tive O-linked glycosylation sites with 14, while MsLacl

and 2 had three and six

However, most of these sites appear to be unique, as
only two sites are conserved between the three sequences
(data not shown) and none are conserved when al avail-
able insect laccase sequences are compared (see below).

Both MsLacl and AglLacl had several hydrophobic
residues in their carboxyl-terminal ends. Therefore, we
investigated whether these enzymes may be glycosyl-

phosphatidylinositol (GPI) lipid anchored extracellular
membrane proteins using the big-Pl Predictor software.
AglLacl had two potential GPI-modification sites at
S982 and G983, with P-values for false positives of

potential sites, respectively. <1%. No such site was predicted for MsLacl as the

residue with the best score, S776, had a P-value of 2%,
which was greater than the 1% cutoff value employed
by the program. Similarly, no GPI anchor was predicted
for MsLac2, which is missing this hydrophobic tail.

A search of GenBank identified five additional puta-
tive insect laccase cDNASs, four from D. melanogaster
and one from the ichneumonid wasp, Pimpla hypochon-
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driaca (PhLacl) (Parkinson et al., 2003). The percentage
identity between their deduced amino acid sequences
varies from 33% to 80%, with the highest similarity
between MsLac2 and the D. melanogaster clone
CG30437-PA (Table 1). We performed a trandated
BLAST search (Altschul et al., 1997) of the Drosophila
genome (Adams et a., 2000), using MsLac2 for com-
parison, and identified potential alternative exons that
encode the last 262 amino acids of the Drosophila pro-
tein, resulting in the possibility of several splice variants
(data not shown). The D. melanogaster clone CG30437-
PC (GenBank NM 136326) likely represents one such
variant as it is 96% identical with CG30437-PA.

A search of the A. gambiae genome (Holt et a., 2002)
identified five potential laccases in the mosquito. Our
AgLacl cDNA corresponds to the hypothetical protein
€biP5549 (GenBank EAA05994), though that sequence
is truncated and is missing the regions corresponding to
amino acids 1-345, 501-594, 680-719, and 956-1009
of our clone. Of notable interest are the theoretical gene
products agCP5969 and agCP5995. Similar to the
CG30437-PA clone described above for Drosophila,
agCP5969 shares 81% identity (85% similarity) to
MsLac2 and therefore likely represents an ortholog. Sig-
nificantly, agCP5995 is located only 4 kb downstream
of agCP5969 and is 82% identical (87% similar) to the
last 260 amino acids of that sequence. Thus, it appears
that agCP5995 represents aternative exons of
agCP5969, allowing for the possibility of several splice
variants. The three remaining potential laccase proteins
in the A. gambiae genome are agCP15239, agCP15381,
and agCP15439. However, since no corresponding
cDNAS have as yet been cloned, the validity of their
sequences remains to be confirmed.

3.1.2. Unique N-terminal domains

Novel to the insect laccases, relative to both fungal
and plant laccases, is a much longer amino-terminal
region. Whereas many fungal and plant laccases have
approximately 60 residues upstream of the first copper-
binding histidine in the mature protein, MsLacl and
MsLac2 have 216 and 221 residues, respectively, while
AgLacl has 340 residues. These amino-terminal exten-

Table 1
Percentage identity (and similarity) between putative insect laccases

sions show little similarity when the deduced sequences
are aligned together. Considerable similarity began at a
C—X—R-X—-C motif located 90 residues upstream of the
first copper-binding histidine (Fig. 1). This motif begins
an approximately 45 amino acid-long domain present in
al insect laccase sequences available in the databases
(Fig. 2A), but not present in plant or fungal laccases.
This domain contains six conserved cysteines, as well
as severa conserved charged, hydrophobic, and aro-
matic residues.

A second unigue amino-terminal domain was disco-
vered in the deduced amino acid sequence of AgLacl.
The first 250 amino acids of the putative mature protein
showed similarity to hemocytin of B. mori (b-Hmc)
(Kotani et a., 1995) and hemolectin of D. melanogaster
(d-Hml) (Goto et a., 2001). This similarity was restric-
ted to the von Willebrand factor (VWF) type B and C
domains of these proteins. An aignment of the amino-
terminus of AgLacl with these domains indicated that
AglLacl had two VWF type B and two VWF type C
domainsin tandem (Fig. 2B). An analysis of the deduced
amino acid segquences of the other putative insect lacc-
ases indicated that the D. melanogaster laccase CG3759
also contained two putative VWF type C domains (Fig.
2B). Neither MsLacl nor MsLac2 showed similarity to
any known domains in its amino-terminus.

3.2. Phylogenetic analysis

We investigated the phylogenetic relationship of the
insect laccases with representatives from plants and
fungi. Only the amino-terminal halves of the insect,
plant, and fungal laccases were used for anaysis since
only these regions produced a meaningful alignment
between the three taxa (see Section 2.4.). This aignment,
including gaps, was 291 characters long, of which 245
were informative. Analysis by the parsimony method
produced only one most-parsimonioustree in 1804 steps.
The consistency and retention indices were 72% and
69%, respectively. This analysis revealed that laccases
from each taxon clustered in their own group (Fig. 3).
This outcome, as well as the relationships within the
insects, was the same regardless of which group was

Aglacl DMCG3759 DmCG5959 DmCG30437 DmCG32557 Mslacl MsLac2 PhLacl

Aglacl 52 40 38 44 51 38 40
DmMCG3759 (61) 39 38 44 51 36 39
DmMCG5959 (50) (47 34 42 35 36 33
DmMCG30437 (48) (48) (45) 34 37 80 50
DMCG32557 (51) (51) (47) (43) a4 36 36
MsLacl (60) (60) (46) (48) (51) 36 39
Mslac2 (46) (46) (46) (83) (45) @7 49
PhLacl (50) (48) (44) (59) (45) (48) (59)
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Fig. 2. Unique N-terminal domains. Alignments of the cysteine-rich (A) and von Willebrand factor (B) domains of insect laccases. The position
of the last amino acid in aline is indicated to the right of the alignment. Ag, A. gambiae; Bm, B. mori; Dm, D. melanogaster; Hmc, hemocytin;
Hml, hemolectin; Ms, M. sexta; Ph, P. hypochondriaca; vVWFB, von Willebrand factor type B domain; VWFC, von Willebrand factor type C
domain. Identical residues are boxed in black and written in upper case in the consensus sequence. Conservative residues are boxed in grey and
written in lower case in the consensus sequence. A dagger (1) indicates conceptual proteins identified by a search of the Anopheles genome database
but for which no corresponding cDNAs have yet been cloned. The symbols above the alignment in (A) indicate amino acid characteristics. An
asterisk (x) marks conserved cysteines; (+) or (=), charged residues; a, aromatic residues; h, hydrophobic residues.

designated as the outgroup. Within the insects, MsLacl
and MsLac2 each fell into separate branches with rep-
resentatives from both A. gambiae and D. melanogaster.
All three genes in the “Anopheles-specific” branch lie
within a 30 kb region on chromosome 3 (as determined
by the A. gambiae genome sequence), and potentially
represent a duplication event that occurred in mos-
quitoes. Whether this branch or the “Drosophila-spe-
cific’ branch are species- or family-group specific may
only be resolved as more insect laccase genes are disco-
vered and included in the phylogenetic analysis.

3.3. Tissue distribution and developmental expression

We used RT-PCR to examine the expression of
MsLacl and MsLac? genes in various tissues throughout
the fifth instar and early pupa stages. The MsLacl
MRNA was very abundant in the midgut and Malpighian
tubules, and dightly less so in the epidermis and fat body
(Fig. 4A). The MsLac2 transcript showed its strongest
expression in the epidermis, with reduced expression in
the midgut and Malpighian tubules, and very low
expression in the fat body (Fig. 4A). Both the MsLacl
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Fig. 3. Phylogenetic relationship of insect, plant, and fungal laccases.
The cladogram was constructed by the parsimony method. Full names
and database accession numbers of the sequences used are listed in
Section 2.3. Bootstrap values, in percentages, are indicated above the
branches. An asterisk (*) indicates conceptua proteins identified by a
search of the Anopheles genome but for which no corresponding
cDNAs have yet been cloned.

and MsLac2 mRNAs exhibited very low expression in
hemocytes.

Aswe are interested in elucidating the role of laccases
in cuticle sclerotization, we looked at the expression of
MsLacl and MsLac? in the epidermis at severa time
points during the fifth larval instar and pupal stages by
northern blot analysis. A single transcript of 3.5 kb was
detected for MsLac2, having very strong expression in
the pharate pupa and low expression during the fifth
instar day-0 and pupa day-0 (Fig. 4B); this pattern of
expression is similar to that observed for the M. sexta
cuticle proteins CP20 and CP36 (Suderman et al., 2003).
The MsLacl mRNA surprisingly showed low basal
expression with elevated levels during the fifth instar
day-4 and pharate pupa stages (Fig. 4C).

The unexpected high levels of MsLacl transcripts
detected in the Malpighian tubules and midgut led us to
investigate the temporal expression of its gene in these
tissues as well. Our results indicate that MsLacl is
expressed constitutively in these tissues during the feed-

ing stage, then disappears soon after the larva begins
wandering behavior (Fig. 4D and E). A single transcript
of approximately 3.6 kb was detected for MsLacl in all
tissues examined.

Northern blot analysis of AglLacl detected a single
transcript of 4.4 kb in al developmenta stages. AgLacl
MRNA varied in abundance, from barely detectable in
eggs to easily detectable in mature adult females (Fig.
4F). Its high expression in adults suggests functions in
addition to cuticle sclerotization.

4, Discussion

Cuticle sclerotization is a critical event shared by al
insects. Sclerotization occurs when proteins in the cuticle
are crosslinked by highly reactive quinones formed
from the oxidation of catechols by specific phenoloxi-
dases. Laccase, one such type of phenoloxidase, has been
detected in the cuticles of several insect species (see
Table 4 in Thomas et al. (1989) and references within;
Charalambidis et al., 1994). In the dipterans D. virilis
(Yamazaki, 1969) and L. cuprina (Barrett, 1987), as well
as in the lepidopteran B. mori (Yamazaki, 1972), this
activity has been correlated with periods of molting, sug-
gesting a link to new cuticle formation. The overall aim
of our research isto replicate in vitro the events of cuti-
cle sclerotization. As a first step towards this goal, we
have cloned three cDNAs for insect laccases from two
Species.

All three clones contain the conserved histidines and
cysteine that were identified in other laccases as being
necessary for binding copper. However, nearly unique
to the insect laccases is the presence of a methionine
in the T1 copper center, whereas most plant and fungal
laccases have either a phenylalanine or leucine at this
position. The methionine is able to interact weakly with
the bound copper ion, while phenylaanine and leucine
do not. This difference results in dightly different geo-
metries of their respective copper centers, causing alt-
ered redox potentials (Canters and Gilardi, 1993; Xu et
al., 1996, 1999). Eggert et a. (1998) have proposed cate-
gorizing plant laccases based on the amino acids present
in the T1 copper center. Enzymes containing a methion-
ine, which often exhibit the lowest redox potentials,
belong to class 1, while enzymes containing a leucine
belong to class 2, and those with a phenylalanine, which
often have the highest redox potentials, belong to class 3.
Under this classification system, al three of these insect
laccases would be categorized as class 1 laccases.

In comparison with plant and fungal laccases, insect
laccases have an extended amino-termina region. In
addition to the sequences reported here, al putative
insect laccases found in the databases (including the
Anophel es genome sequences) show similarity beginning
with the sequence C-X-R—X—C, and all but the Droso-
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Fig. 4. Developmental expression of laccase genes. (A) Tissue distribution of MsLacl and 2 during the fifth instar was determined by RT-PCR;
samples were visualized by agarose gel electrophoresis and staining with ethidium bromide. The number of amplification cycles performed is noted
to the right of each figure. Ep, epidermis; Fb, fat body; H, hemocyte; Mg, midgut; Mt, Malpighian tubules. (B—E) Northern blot analysis of gene
expression in various tissues throughout the fifth instar and early pupal stages in M. sexta. Methylene blue stained ribosomal RNA is shown below
each autoradiograph to indicate equal loading of RNA in each lane. Abbreviations used are: 5-0, 2, 4, fifth instar feeding larva days O, 2, and 4;
P-0, pupa day 0O; PhP, pharate pupal; W-0, 2, fifth instar wandering larva days 0 and 2. MsLac2 expression in the epidermis is shown in (B).
Mslacl expression is shown for the epidermis (C), midgut (D), and Malphigian tubules (E). (F) Expression of AgLacl during different developmental
stages of A. gambiae as determined by northern blot analysis. E, embryo; F-0, 4, adult females days 0 and 4; L-5, 9, larval days 5 and 9; M-0,
4, adult males days 0 and 4; P, pupal.
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phila clone CG32557 have six conserved cysteines in
this unique region (CG32557 has five of the six
cysteines). This domain also contains several conserved
aromatic and charged residues and is similar in charac-
teristics to several classes of carbohydrate-binding pro-
teins (Beintema, 1994; Powell and Varki, 1995; Tomme
et al., 1995; Shen and Jacobs-Lorena, 1999; Hakansson
and Reid, 2000; Van Dellen et al., 2002). Since chitin is
an abundant carbohydrate in the cuticle and peritrophic
matrix, it is intriguing to speculate that this cysteine-rich
region may serve as a novel chitin-binding domain that
may function to anchor laccase to these chitinous struc-
tures. Additionally, both MsLacl and AgLacl have
hydrophobic tails that may serve as GPI anchor sites. If
some laccases are integral membrane proteins, this may
help to explain the requirement for mild proteolysis to
solubilize these enzymes from extracts of integuments
(Yamazaki, 1972; Andersen, 1978; Thomas et al., 1989).

The degree of amino acid sequence identity between
insect laccases varies widely from less than 40% to over
80%. This amount of variation may well reflect the func-
tion of laccases in insect physiology and thus the sub-
strates they oxidize. For example, MsLacl and MsLac2,
which share only 36% identity in their protein sequence,
have very different expression patterns in different
tissues. The MsLac2 mRNA is expressed most abun-
dantly in the epidermisin a regulated manner, suggesting
that the primary role of MsLac2 is the oxidation of cat-
echols for protein cross-linking during cuticle sclerotiz-
ation (Kramer et a., 2001). On the other hand, in
addition to being expressed in the epidermis, MsLacl is
also highly expressed in the Malpighian tubules and
midgut in a constitutive manner. Since these tissues
function in insect detoxification systems (Ahmed et al.,
1986; Lindroth, 1991), MsLacl could beinvolved in oxi-
dizing toxic compounds acquired from the diet. Alterna-
tively, given the importance of the related multicopper
oxidases Fet3 and ceruloplasmin in iron metabolism
(Askwith and Kaplan, 1998; Aisen et a., 2001), and the
reported ferroxidase activity of a Cryptococcus neofor-
mans laccase (Liu et a., 1999), laccase may also play
a role in insect iron metabolism (Nichol et a., 2002).
Previously Sidjanski et al. (1997) reported the localiz-
ation of laccase-like phenoloxidases in the midgut of the
adult female mosquito A. stephensi.

Although we currently do not know the exact function
of MslLacl, its expression in tissues other than the epi-
dermisindicates that laccases are involved in physiologi-
cal processes other than cuticle sclerotization. Using
microarray analysis, De Gregorio et al. (2001) identified
the D. melanogaster putative laccase gene CG3759 as
being upregulated in adult flies upon septic injury, sug-
gesting a role for laccase in the melanization pathway
during the insect’s immune response. Interestingly, both
CG3759 and AgLacl show sequence similarity to b-
Hmc and d-Hml in their vWF type C domains. This

domain has been found in mucins, thrombospondins, and
fibrillar collagens, and has been proposed to function in
oligomerization and complex formation (Bork, 1993).
Both b-hmc and d-hml were found to be upregulated in
immune-challenged insects (Kotani et al., 1995; Goto et
a., 2001). Significantly, a recombinant C-termina por-
tion of b-Hmc containing a carbohydrate-recognition
domain and the vVWF type B and C domains caused hem-
ocyte aggregation in the hemolymph of B. mori larvae
(Kotani et al., 1995).

The high amino acid sequence similarity between
MsLac2 and laccases from two dipteran species suggests
that this form of the enzyme has a highly conserved role.
The primary catechols present in the insect cuticle are
derivatives of dopamine and dihydroxyphenylethanal,
which differ only in the presence of either an amino or
hydroxyl group attached to the a-carbon, respectively
(Hopkins and Kramer, 1992). It might be expected that
fewer amino acid mutations would accumulate in an
enzyme whose primary function is to oxidize such struc-
turaly similar compounds. It is interesting to note that
the putative Drosophila and Anopheles orthologs to
MsLac? have the potential for aternative splicing over
the last 220 amino acids of their respective proteins.
These different isoforms may show preferences for the
different catechols present in the cuticle. The high
sequence similarity between MsLac2 and its dipteran
counterparts, along with their variants, alows a unique
opportunity to examine the relationship between the pri-
mary amino acid sequence and substrate specificity of
these enzymes. The continued investigation of gene
structures, functions, and regulation of insect laccases
will not only further our understanding of the vital pro-
cess of cuticle sclerotization, but should also contribute
to our overall knowledge of thisimportant class of multi-
copper oxidases and their roles in insect physiology.
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