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Arthropod phenoloxidase (PO) generates quinones and other toxic
compounds to sequester and kill pathogens during innate immune
responses. It is also involved in wound healing and other physio-
logical processes. Insect PO is activated from its inactive precursor,
prophenoloxidase (PPO), by specific proteolysis via a serine pro-
tease cascade. Here, we report the crystal structure of PPO from a
lepidopteran insect at a resolution of 1.97 A, which is the initial
structure for a PPO from the type 3 copper protein family. Manduca
sexta PPO is a heterodimer consisting of 2 homologous polypep-
tide chains, PPO1 and PPO2. The active site of each subunit contains
a canonical type 3 di-nuclear copper center, with each copper ion
coordinated with 3 structurally conserved histidines. The acidic
residue Glu-395 located at the active site of PPO2 may serve as a
general base for deprotonation of monophenolic substrates, which
is key to the ortho-hydroxylase activity of PO. The structure
provides unique insights into the mechanism by which type 3
copper proteins differ in their enzymatic activities, albeit sharing a
common active center. A drastic change in electrostatic surface
induced on cleavage at Arg-51 allows us to propose a model for
localized PPO activation in insects.

innate immune | tyrosinase | melanization | zymogen activation |
hemocyanin

henoloxidase (PO), a critical component of the innate im-

mune system in insects and crustaceans, is present as a
zymogen [prophenoloxidase (PPO)] in hemolymph and becomes
activated on wounding or infection (1, 2). Possessing o-
hydroxylase (EC 1.14.18.1) and o-di-PO (EC 1.10.3.1) activities,
PO converts a variety of monophenolic and o-diphenolic sub-
strates to o-quinones (3). Quinones can act as cross-linkers for
wound healing, and they also polymerize to form melanin
capsules around parasites and parasitoids (4—6). Quinones and
other reactive intermediates (e.g., 5,6-dihydroxyindole) directly
kill microbial pathogens (7). Although PO-generated com-
pounds are powerful weapons against pathogens, they could also
cause damage to host tissues and cells. Consequently, the
activation of PPO is mediated by a cascade of highly specific
serine proteases and regulated as a local transient reaction
against invading organisms (8).

The proteolytic activation of PPO requires a trypsin-like
serine protease, known as PPO activating protease (PAP) or
PPO activating enzyme, which cuts the protein substrate next to
an Arg residue near its amino-terminus (9-13). PAP contains
regulatory clip domain(s) followed by a catalytic domain that
hydrolyzes synthetic substrates at various ionic strengths and
cleaves PPO in low-salt buffers preferably. In some insects, PAP
generates active PO in the presence of an auxiliary factor
consisting of clip-domain serine protease homolog (SPH), which
lacks catalytic activity because of the substitution of the active
site Ser by Gly (14, 15). Unlike its precursor, active PO self-
associates into oligomers, binds to other proteins, and sticks to
column matrices; consequently, it has never been purified from
any arthropod species to near homogeneity for structural anal-
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ysis (16). PPO is synthesized by hemocytes; released to plasma
presumably because of cell lysis; and, in part, transported to
cuticle (17). When wounding or infection occurs, recognition
proteins associate with aberrant tissues or pathogens to trigger
an extracellular serine protease pathway. At the end of this
cascade, active PAP and, in some insects, high M, SPHs are
generated to activate PPO (18-20). Interestingly, certain chem-
ical compounds (e.g., cetylpyridinium chloride) that do not
cleave peptide bond can activate highly purified PPO, perhaps by
inducing a conformational change at the active site (21).

PO belongs to a class of metalloproteins with type 3 copper
centers (22), which also includes hemocyanin, catechol oxidase,
and tyrosinase. Tyrosinase and PO catalyze 2 reactions: the
o-hydroxylation of monophenols to catechols and oxidization of
catechols to o-quinones (22, 23). Catechol oxidase catalyzes
exclusively in the latter reaction (24). The differences in enzy-
matic activities could not be predicted from their sequences (25,
26). Unlike these enzymes, hemocyanins are oxygen carrier
proteins in molluscs and some arthropods. Arthropod hemocya-
nins, greatly different from those of molluscs in sequence,
tertiary structure, and quaternary organization (reviewed in ref.
22), are built up in vivo as oligomers of hexamers, with each
hexamer composed of heterogeneous subunits with a M, of ~72
kDa (27). Arthropod hemocyanins are homologous to PPOs and
storage hexamerins in insect hemolymph (26). In comparison,
mollusc hemocyanins are decameric or di-decameric hollow
cylindrical structures with large M.s up to 9 MDa. Each subunit
has a M, of =400 kDa and appears as a string of 7 to 8 monomers
of =50 kDa arranged in a “beads-on-a-string” structure (28, 29).
Despite their differences in overall structure and function, all
type 3 copper proteins share a similar di-copper active center
(reviewed in ref. 23). Under certain conditions, such as limited
proteolysis or binding to small molecules (e.g., SDS), hemocya-
nins can be converted to enzymes displaying PO activities (30,
31). Although 0-di-PO activity of hemocyanins was observed
most of the time (32), mono-oxygenase activity was observed
from hemocyanins of a scorpion (33), a tarantula (34), and an
octopus (35).

The structure and function of hemocyanins and catechol
oxidases have been well studied in the past 2 decades (reviewed
in ref. 22). The crystal structure of a bacterial tyrosinase was
determined recently (36). However, the structural basis for the
functional differences between these type 3 copper proteins
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Fig. 1. Overall structure of M. sexta PPO. (A) The heterodimeric PPO is
formed in a back-to-back mode. PPO1 and PPO2 are shown in green and
yellow, respectively. (B) Domains of PPO2 are colored as follows: pro-region,
purple; domain |, blue; domain Il, yellow; domain Ill, green. The di-copper
atoms are located in domain Il and are shown as red spheres. The proteolytic
site R51 residue is shown in the stick. The amino-terminus and carboxyl-
terminus of PPO2 are indicated as N and C, respectively.

remains elusive. Here, we report the crystal structure of PPO
from Manduca sexta at a resolution of 1.97 A, which represents
the initial structure determined from any POs to date. The
structural data provide unique insights into the mechanism by
which this class of proteins differs in enzymatic activities. In
addition, we propose a model for insect PPO activation during
innate immune responses.

Results

Overall Structure of M. sexta PPO. The structure of M. sexta PPO
was determined by molecular replacement by using the structure
of an arthropod hemocyanin as a search model. The het-
erodimeric PPO consists of 2 polypeptides: PPO1 of 685 residues
and PPO2 of 695 residues (37) (Fig. 1). The final structure was
refined to a resolution of 1.97 A with excellent statistics (Table
S1). Most of the residues are well defined in the final model, with
only 25 disordered residues in the flexible regions (PPO1:
559-577, 618-619, and 4 residues at the carboxyl-terminus;
PPO2: 567-584, 624-628, and 2 residues at the carboxyl-
terminus). The structures of PPO1 and PPO2 closely resemble
each other, displaying a 0.96-A rmsd over 636 aligned residues
with ~48% sequence identity. Both structures adopt a fold
similar to that observed in arthropod hemocyanins (rmsd be-
tween PPO1 and 10XY is 1.27 A over 526 aligned residues, with
41.4% sequence identity). There are 2 disulfide bonds found in
each monomer (PPO1: Cys-580/Cys-622 and Cys-582/Cys-629;
PPO2: Cys-586/Cys-630 and Cys-588/Cys-637).

The PPO subunits adopt a compact structure that can be
divided into 4 domains (Fig. 1B): the pro-region (PPO1: 17-67,
PPO2: 17-70), the noncontiguous domain I (PPO1: 1-16 and
68-182, PPO2: 1-16 and 71-188), domain II (PPO1: 183-421,
PPO2: 189-427), and domain III (PPO1: 422-680, PPO2: 428-
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Fig. 2. Di-copper center in M. sexta PPO2. The active site of PPO2 can be
superimposed well with that of oxygenated Limulus polyphemus hemocyanin
(Lp-HC, PDB ID code 10XY). The secondary structures of PPO2 are shown in the
ribbon and colored in yellow. The 6 copper-coordinating His ligands are
shown as sticks, with those from Lp-HC colored green. The di-copper atoms are
shown as spheres: PPO2, red; Lp-HC, purple. The peroxide ion in Lp-HC is
shown as brown spheres. Notice the unique E395 in PPO2, which is located
near the substrate place holder F88. E395 could be a base for phenol depro-
tonation, which is key to the ortho-phenol hydroxylation activity of PPO.

693). The pro-region is mainly composed of an a-helix contain-
ing the proteolytic cleavage site Arg-51 flanked by a short,
2-stranded, parallel B-sheet. Domains I and II are predominantly
a-helical. Domain III is mainly composed of a twisted,
7-stranded, antiparallel B-sheet. PPO1 and PPO?2 are related by
a pseudo—2-fold symmetry and interact with each other in a
back-to-back fashion, displaying a butterfly shape with dimen-
sions of ~140 A X 70 A X 80 A (Fig. 1A4).

Active Site: the Di-Nuclear Copper Center. The active site is com-
posed of 2 copper atoms (CuA and CuB) forming the di-copper
center, with each copper atom coordinated with the N2 atoms
of 3 conserved His residues in a distorted, trigonal, planar
geometry (Fig. 2). The di-nuclear copper center is buried in the
center of domain II and is inaccessible to the exterior solvent. In
PPO1, CuA is coordinated with His-209, His-213, and His-239,
whereas CuB is coordinated with His-366, His-370, and His-406.
In PPO2, CuA is coordinated with His-215, His-219, and His 245,
whereas CuB is coordinated with His-368, His-372, and His-408.
There is an additional solvent molecule coordinated to both of
the copper atoms in PPO2 only, at an average distance of 2.57
A. The 2 copper atoms in both PPO1 and PPO2 are separated
by a large distance (CuA-CuB distances in PPO1 and PPO?2 are
4.53 A and 4.87 A, respectively), which resembles the deoxy form
of other type 3 copper proteins, such as arthropod hemocyanins
(38). Therefore, the current PPO structure represents the inac-
tive deoxy state of the enzyme.

In addition to the di-nuclear copper center, a conserved Phe
residue in each PPO subunit (Phe-85 in PPO1 and Phe-88 in
PPO2) located on a loop in domain I protrudes into the active
site and stacks onto the imidazole ring of one of the CuB-
coordinating His ligands (His-370 in PPO1 and His-372 in PPO2,
Fig. 2). The Phe residue is considered as the “place holder” for
phenolic substrates (see below). Surprisingly, there is a unique
Glu residue in PPO2 (Glu-395) but not in PPO1, which is located
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near CuA site and in close vicinity to Phe-88, the place holder.
Glu-395 is flexible, and its carboxylate head group adopts dual
conformations, one of which occupies a position at a distance of
~3 A from C¥¢ of Phe-88. We postulate that this unique residue,
Glu-395, is the basic residue responsible for deprotonation of the
hydroxyl group in monophenolic substrates, which is essential for
the o-hydroxylase (i.e., mono-oxygenase) activity of the enzyme
(see below).

Dimer Interface. PPO was found to exist mainly as a heterodimer
at physiological ionic strength (37). We reanalyzed the purified
protein sample used for crystallization on a high-resolution size
exclusion column under physiological conditions and found PPO
displaying a single sharp peak on the chromatograph, corre-
sponding to a dimer with an M, of ~160 kDa. In the crystal
structure, we found 2 types of dimer association: a very tight
heterodimer in the asymmetric unit and a loose heterodimer
formed by a PPO1 and a symmetry-related PPO2 molecule
through crystal lattice contacts. The tight dimer is formed
between PPO1 and PPO2 in a back-to-back fashion along a
pseudo-2-fold axis (Fig. 1). The association mode closely re-
sembles that of the tight dimer found in an arthropod hemocy-
anin (39). The dimer interface can be separated into 2 regions
(Fig. S1). Interactions in region 1 mainly involve the pro-region,
domain I, and a loop region between 2 B-strands extended from
domain III (Fig. S1). Interactions in region 2 mainly involve
domain II from both PPO1 and PPO2. The tight PPO het-
erodimer is “glued” together through extensive hydrophobic and
charge-charge interactions, burying a solvent-accessible surface
area of ~4,660 A2, which is approximately twice the size of that
in the arthropod hemocyanin (PDB ID code 1hcy). In compar-
ison, the loose dimer formed through crystallography symmetry
has a much smaller interface, with only ~915 A? buried.
Therefore, we consider the tight dimer as the biological dimer,
which is consistent with the suggestion from the PISA web server
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html).

Discussion

Mechanism of Tyrosine Hydroxylation Activity: Catalytic Residues for
Phenol Deprotonation. Crystal structures of many type 3 copper
proteins are available, including arthropod and mollusc hemo-
cyanins (29, 38-40), a sweet potato catechol oxidase (41), and a
Streptomyces tyrosinase (36). In all these structures, the en-
trances to the di-copper center are blocked by hydrophobic
residues that need to be dislocated for activation (reviewed in
refs. 22 and 42). The blocker is a Leu residue in the mollusc
hemocyanin and a highly conserved Phe residue in all known
arthropod hemocyanins. In the tyrosinase structure, a Tyr
residue is provided by an associated caddie protein (ORF378)
(36). This Tyr residue was kept away from the active center by
the caddie protein at a sufficient distance to avoid a reaction. In
the catechol oxidase structure, an inhibitor (1-phenyl-2-
thiourea) was located in the equivalent position (41). Because
the aromatic rings of these blocking residues could be well
superimposed on each other, they were suggested as the place
holders for incoming substrates and are stabilized by stacking
interactions with a His residue at the CuB site (reviewed in ref.
23). In the PPO structure, Phe-85 and Phe-88 act as the place
holders and stack on His-370 and His-372 in PPO1 and PPO2,
respectively. Therefore, the activation of PPO probably involves
pulling out of the 2 bulky residues from their current positions.

Although the di-copper active sites of all these type 3 copper
proteins could be well superimposed, interesting differences
occur mainly at the CuA site. In the mollusc hemocyanin,
catechol oxidase, and tyrosinase structures, one of the copper-
coordinating histidine ligands at the CuA site is provided from
a loop. This is distinctively different from that in arthropod
hemocyanins: the corresponding His residue is located on the

17004 | www.pnas.org/cgi/doi/10.1073/pnas.0906095106
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Fig. 3. Different histidine coordination at CuA site. The active sites of 4
representative type 3 copper proteins are shown in the ribbons. Limulus
polyphemus hemocyanin (Lp-HC, PDB ID code 1oxy), cyan (A); sweet potato
Ipomoea batatas catechol oxidase (/b-CO, PDB ID code 1bug), yellow (B);
Octopus dofleini hemocyanin (Odg-HC, PDB ID code 1js8), green (C); and
Streptomyces castaneoglobisporus tyrosinase (Sc-Tyr, PDB ID code 1wx5),
salmon (D). The di-copper atoms and their 6-histidine ligands are shown in
spheres and sticks, respectively. The unique histidine ligands at CuA sites are
colored in red for comparison. The structurally conserved a-helix, where a
second histidine locates, is colored in orange for reference in each structure.
In Lp-HC, the histidine in comparison is located on the same a-helix where
another histidine ligand resides. Notice that the thioether bond in /b-CO is
formed between 2 secondary structures, tethering the histidine residue at the
CuA site, which resembles the CuA coordination in Lp-HC. In comparison, the
equivalent histidine residues in both Odg-HC and Sc-Tyr are flexible. The
thioether bond in Odg-HC is formed within the flexible loop, whereas that in
Sc-Tyr does not form any thioether bonds.

same a-helix where a second CuA-coordinating histidine resides
(Fig. 3). Interestingly, an unusual thioether bond was observed
between the C? atom of a unique His residue on the loop and a
neighboring Cys residue in mollusc hemocyanin (29), catechol
oxidase (41), and Neurospora crassa tyrosinase (43). A closer
analysis of these unique covalent linkages reveals a fundamental
difference. In the catechol oxidase structure, the thioether bond
tethers the His on the loop to an a-helix, where a second
CuA-coordinating histidine is located (Fig. 3B), to stabilize the
residue at the CuA site (41), yielding essentially the same CuA
coordination as in arthropod hemocyanins (Fig. 3 4 and B). In
comparison, the thioether bonds in both mollusc hemocyanin
and Neurospora tyrosinase link the unique histidine to a flanking
Cys residue within the same flexible loop (29, 43) (Fig. 3C).
Therefore, it seems that these histidines in the latter proteins are
flexible, similar to the equivalent histidine (His-54) found in the
Streptomyces tyrosinase structure, which lacks the thioether bond
(36) (Fig. 3D). We propose that these unique flexible His
residues are involved in deprotonation of the hydroxyl group of
monophenols before o-hydroxylation of the substrates (i.e.,
mono-oxygenase activity) (see below).

Previous studies collectively suggest the CuA site to be critical
for the mono-oxygenase activity of type 3 copper proteins (22,
23, 36, 44). In the crystal structure of catechol oxidase, a bulky
Phe residue covers the CuA site and blocks its access to the
substrate, which was suggested as the basis for the lack of
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mono-oxygenase activity. This could now be additionally sup-
plemented with the unique thioether bond between 2 secondary
structures (Fig. 3B). By using model and enzymatic systems, the
mechanism of the mono-oxygenase activity was demonstrated to
be electrophilic aromatic substitution (44). Deprotonation of the
phenol is an essential step for coordination of the phenolic
oxygen to one of the copper atoms and subsequent o-
hydroxylation of phenols to catechols (44, 45). The flexible
His-54 in the Streptomyces tyrosinase may act as a base for
deprotonation of monophenolic substrates (36). We propose
that the flexible CuA-coordinating histidines in mollusc hemo-
cyanin (Fig. 3C) and N. crassa tyrosinase could function in the
same way, and thus be responsible for their mono-oxygenase
activities (35, 43). Such a flexible CuA-coordinating His ligand
cannot be found in PPO structures, which adopt near-identical
di-nuclear copper centers as in most arthropod hemocyanins
(Figs. 2 and 3A4). However, we found the unique acidic residue
Glu-395 in PPO2 structures at the CuA site close to the substrate
holder Phe-88 (Fig. 2). Similar acidic residues were not observed
in any other type 3 copper proteins. We propose that Glu-395
may be the base to abstract a proton from the phenolic substrate,
allowing the phenolate to coordinate with CuA, which is nec-
essary for the subsequent ortho-hydroxylation. The equivalent
position in PPO2 is occupied by a Ser residue. Therefore, it is
likely that only PPO?2 is responsible for the tyrosine hydroxyla-
tion activity of M. sexta PPO. Our proposed mechanism could
thus explain why only di-PO activities were found from most
arthropod hemocyanins, which do not have a residue acting as a
general base at the active site. To explain why mono-oxygenase
activities are found in hemocyanins from the scorpion (33) and
tarantula (34) after activation, we suggest that the residues
responsible for phenol deprotonation might be contributed by
neighboring subunits in the oligomers after conformational changes
induced by limited proteolysis or detergent treatment. This is
consistent with the data showing that only oligomeric forms of
these hemocyanins possess mono-oxygenase activities (33, 34).

Mechanism of PPO Activation in Insects. PPO is synthesized by
hemocytes and released to plasma, and some of the precursors
are transported to cuticles (17). In the silkworm, Bombyx mori,
oxidation of certain methionine residues deprives the potential
of the precursor to be transported (46). The previously proposed
surface methionines of B. mori PPO (46) can now be confirmed
from the current crystal structure. The activation of M. sexta
PPO requires the presence of PPO, PAP, and SPHs simulta-
neously (20). It has been shown that without SPHs, PPO can be
cleaved by PAP at the correct position but does not display PO
activities. The clip domains in PAP and SPHs seem to be
essential for PPO activation (18, 47). The solution structure of
PAP-2 dual-clip domains suggests a PPO-binding site, a bacteria-
interacting region, and a negatively charged surface for activator/
adaptor docking in each domain. The purified complexes of M.
sexta SPHs have an average M, of 790 kDa (19). Based on these
observations, we hypothesize that PPO activation is carried out
by a PAP on the surface of a large complex of SPHs (19).
Although a direct interaction between SPHs and PO has not yet
been confirmed, SPHs probably play a role in conformational
change of PO, which is a part of its activation process to dislodge
the substrate place holders Phe-85 and Phe-85 in PPO1 and
PPO2, respectively. In the current PPO structure, Arg-51 at the
proteolytic site is located in an a-helix (45-54) in the pro-region,
which might be disrupted on cleavage. We compared the surface
properties of PPO before and after the presumed disruption of
the a-helix containing the cleavage site by computer modeling.
Interestingly, there is a drastic electrostatic switch on cleavage,
resulting in a change of surface potential from largely negative
to mainly positive in this region (Fig. 4 4 and B). We postulate
that this electrostatic switching might be important for interac-
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Fig. 4. Electrostatic surface potential switching of M. sexta PPO2 on cleav-
age. The negatively and positively charged surfaces are colored in red and
blue, respectively. (A) The intact PPO2 structure. (B) Computer-modeled PPO2
structure after simulated cleavage at R51 and removal of the a-helix where it
locates. Notice the oppositely charged surface after cleavage as indicated in
white circles. (C) Crystal structure of an SPH from H. diomphalia (PDB ID code
2B9L). The clip domain is shown as an electropotential surface, whereas the
rest of the protein is shown in the ribbon. Notice the predominantly negative-
charged surface of the clip domain. (D) Superimposition of the structures of
PPO2 (purple) and Lp-HC (PDB ID code 10XY, yellow). The N-terminus of PPO2
flanking the proteolytic site R51 (shown in the red stick) is colored in cyan.
Notice that «0 (1-16) of PPO2 superimposes well with one of the conserved
a-helices in domain | of Lp-HC. Therefore, a0 is considered as part of domain
Iin PPO2, which may still be associated with the rest of the PO structure even
after the proteolytic cleavage.

tions of PPO with the PAP and SPHs, perhaps through their clip
domains. Indeed, the crystal structure of an SPH from Ho-
lotrichia diomphalia (18) displayed a predominantly negatively
charged surface on its clip domain central cleft region, which was
suggested to be the functional unit for binding PO (Fig. 4C). The
PAP-2 dual-clip domains (47) contain 3 positively charged areas,
one of which may be involved in initial association with the PPO.
On proteolytic cleavage, the remarkable change in electrostatic
potential may lead to an exchange of partner, with the PPO-
interacting clip domain of PAP passing the cleaved PPO (i.e.,
PO) to a clip domain of SPHs. The association of SPHs with PO
could trigger the conformational changes in PO domain I that
lead to the subsequent dislocation of the substrate place holder
Phe-85/PPO1 or Phe-88/PPO2, resulting in PO activation. The
high M, complex of M. sexta SPH-1 and SPH-2 was found to
associate loosely with PAP-1/PAP-3 and PPO to form a ternary
activation complex (19, 20). The SPH oligomers in H. diomphalia
displayed a 2-tiered hexameric ring structure from cryogenic
electron microscopy study, which might serve as the scaffold for
PPO activation (18). Whether the clip domain SPHs in M. sexta
also adopt a similar quaternary organization is not known.
Nevertheless, the crystal structure described here provides a
solid foundation for further investigation of PPO activation.

It was shown that PPO could be alternatively activated by in
vitro treatment of cationic detergent without proteolytic en-
zymes (21). The current PPO structure displays a predominantly
negative charge at the proteolytic site (Fig. 44). The cationic
detergents might interact with this region through electrostatic
interactions, which could cause conformational changes of PPO.
As a result, the pro-region and domain I could move as a single
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piece because of their strong association (Fig. 4D), resulting in
disposition of the substrate place holders and subsequent PPO
activation without peptide bond cleavage. However, the exact
detergent binding sites on PPO are not known; therefore, the
detailed mechanism by which detergent activates PPO needs
further investigation.

Materials and Methods

Structure Determination and Analysis. PPO from M. sexta was purified as
described inref. 37 and was concentrated to 10 mg/mL. Crystals were obtained
under conditions containing 20% PEG10K and 100 mM Hepes (pH 7.5) at room
temperature for a week. Twenty percent glycerol was added to the crystalli-
zation condition for cryoprotection. A set of data was collected to a resolution
of 1.97 A at 100 K at the Advanced Photon Source, beam-line 19-ID, Argonne
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