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Plastic degradation by insect hexamerins: Near-atomic
resolution structures of the polyethylene-degrading
proteins from the wax worm saliva
Mercedes Spínola-Amilibia1, Ramiro Illanes-Vicioso2, Elena Ruiz-L�opez2, Pere Colomer-Vidal3,
Francisco Ventura Rodriguez3, Rosa Peces Pérez3, Clemente F. Arias3,4, Tomas Torroba5,
Maria Sol�a2*, Ernesto Arias-Palomo1*, Federica Bertocchini3*

Plastic waste management is a pressing ecological, social, and economic challenge. The saliva of the lepidop-
teran Galleria mellonella larvae is capable of oxidizing and depolymerizing polyethylene in hours at room tem-
perature. Here, we analyze by cryo–electron microscopy (cryo-EM) G. mellonella’s saliva directly from the native
source. The three-dimensional reconstructions reveal that the buccal secretion is mainly composed of four hex-
amerins belonging to the hemocyanin/phenoloxidase family, renamed Demetra, Cibeles, Ceres, and a previous-
ly unidentified factor termed Cora. Functional assays show that this factor, as its counterparts Demetra and
Ceres, is also able to oxidize and degrade polyethylene. The cryo-EM data and the x-ray analysis from
purified fractions show that they self-assemble primarily into three macromolecular complexes with striking
structural differences that likely modulate their activity. Overall, these results establish the ground to further
explore the hexamerins’ functionalities, their role in vivo, and their eventual biotechnological application.
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INTRODUCTION
Plastic utilization has generated millions of tons of residues that
have been polluting our environment since the second half of the
20th century. The most produced and resistant plastic polymers,
polyethylene (PE), polypropylene (PP), polystyrene (PS), and poly-
vinyl chloride (PVC), account for 70% of total global plastic produc-
tion (1). These residues keep accumulating in any niche of the
planet. Finding an environmental sustainable solution has
become a priority among the various challenges human kind is
bound to face in this 21st century. Mechanical recycling, the recy-
cling technology mostly used so far, has been proved to be highly
inefficient and ineffective (2–4). In the absence of better alterna-
tives, plastic residues are either incinerated or disposed of into land-
fill sites.

In the past two decades, an emerging field started raising hopes
of a way to manage plastic residues, which is degradation by biolog-
ical means. One of these means, known as biodegradation, relies on
the capacity of microorganisms to break down plastic and metabo-
lize it (5–8). However, the ability of biological systems to degrade
plastics is not restricted to microorganisms. The capacity of some
Coleoptera and Lepidoptera larvae to break down PE and PS
opened the door to the use of insects as potential plastic degraders
(9–20). The fastest insects known to date are the larvae of lepidop-
teran Galleria mellonella, also known as wax worm (ww), which are
able to chemically modify PE by oxidizing the polymer within a few
hours from exposure at room temperature (12, 21). Since the first

studies on the larvae of lepidopteran Plodia interpunctella and co-
leopteran Tenebrio molitor (9–11), efforts have been concentrated
on the microbiome residing in the larvae’s gut, with the idea that
only microorganisms are capable of breaking down sturdy plastics
as a result of their metabolic activity (9, 10, 14–17, 19, 22). Despite
the intense effort in this direction, the data collected so far resulted
inconclusive, and doubts have been shed on the primary role of mi-
croorganisms in the insect larvae’s ability (13, 23). In this line,
recent studies further questioned a primary role of the invertebrates’
microbiome (24), showing that the larvae of G. mellonella oxidize
PE using their own saliva, defined as the liquid collected from the
buccal opening (21). In particular, proteins of the hexamerin family
present in the insect saliva proved to oxidize PE. The fact that these
proteins are produced by the very same invertebrate confirmed the
ww as the primary cause of PE degradation (21).

The discovery that the ww capability to oxidize and degrade PE
resides in their saliva and, particularly, in some of the proteins
therein contained laid the foundation of a new paradigm of
plastic degradation by biological means. The oxidation of the
polymer is widely recognized as the critical initial step in the deg-
radation of plastics. This resistance to oxidation is a purposely de-
signed feature responsible for plastic durability. While
microorganism can metabolize the short oxidized molecules deriv-
ing from the environmental plastic degradation, the initial step of
this process, namely, the introduction of oxygen within the poly-
meric structure, is the most problematic one. The ww hexamerins
can provide a fundamental complement or a potential alternative to
the currently available strategies of plastic degradation by biological
means, which rely on aggressive abiotic pretreatments to overcome
the oxidation step (7, 25). Keys in the understanding of this capa-
bility are the exact composition and molecular organization of these
ww factors in the saliva, which remain unknown to date.

To address these issues, we performed cryo–electron microscopy
(cryo-EM) analyses directly on native saliva samples. The three-
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dimensional (3D) classification of the cryo-EM particles confirmed
the presence in the saliva of three previously identified hexamerins
(21), together with another protein belonging to the same family.
One of these proteins, a methionine-rich hexamerin, is capable of
oxidizing PE. Analogously to the previously identified hexamerins,
treating PE with this protein at room temperature resulted in the
oxidation of the polymer and the formation of degradation products
after a few hours of exposure.

The combined cryo-EM and crystallography data presented here
show that these hexamerins exhibit striking disparities in their rel-
ative abundance, distinct posttranslational modifications, and
major structural differences in their metal-binding sites. Further-
more, the ww hexamerins do not seem to share a canonical well-
defined active site equivalent to that found in the related hemocy-
anins (Hcs) and phenoloxidases (POs). Such a high degree of struc-
tural divergence is in stark contrast with that of PETases, the only
other enzymes, to date, capable of degrading a synthetic polymer
[polyethylene terephthalate (PET)] (26–30). Despite the heteroge-
neous sources of PETases, their catalytic site is almost completely
conserved (31).

Our results reveal a much more complex landscape for the ww
hexamerins, where the structure/function relationship appears to be
more convoluted, and set the ground to characterize the precise role
of this poorly understood family of proteins. Collectively, the cryo-
EM and x-ray analyses provide the high-resolution structures of the
main proteins present in G. mellonella’s saliva and represent a nec-
essary and promising launching point to explore the emerging field
of PE degradation by insect proteins.

RESULTS
This section is structured as follows. A general description of the
saliva biological sample is followed by a detailed structural descrip-
tion of each of the identified protein complexes (Demetra/Cibeles
heterohexamer, Ceres homohexamer, and Cora homohexamer).
Last, a description of Cora activity on PE is presented.

Cryo-EM analysis reveals the molecular organization and
composition of the main proteins found in G.
mellonella’s saliva
A recent study showed that the PE-degrading activity ofG. mellonel-
la’s saliva is associated with the protein fraction of the buccal secre-
tion (21). Mass spectrometry (MS) data revealed that this fraction
contains a mix of proteins that belong to the hexamerin/PO super-
family (21). Given the high molecular mass of the complexes
formed by this type of proteins, we directly analyzed the buccal se-
cretion by cryo-EM as an initial step to understand the 3D architec-
ture and nature of such plastic-degrading factors. The cryo-EM
micrographs showed clean particles with good contrast (Fig. 1).
In addition, the initial reconstructions showed that the overall di-
mensions (~120 Å × 120 Å × 90 Å) were consistent with previous
gel filtration data that suggested large particle dimensions (~450
kDa) (21), and with the typical molecular organization of most
members of the hexamerin/PO superfamily (Fig. 1).

During treatment of the cryo-EM data, the initial attempts to
separate the different classes of protein particles present in the
saliva sample were challenging due to their overall structural simi-
larity. However, after several rounds of 3D classification, the quality
of the images allowed us to determine that the particles could be

divided into three distinct populations (Fig. 1, fig. S1, and table
S1). The three reconstructions finally converged at 2.3, 2.8, and
1.9 Å (fig. S2), which allowed us to model the corresponding poly-
peptide chains in the EM maps and unambiguously identify the se-
quence of the proteins (Fig. 1).

Thus, sequencing based on the cryo-EM maps clearly showed
four subpopulations composed of different proteins. Since the iden-
tification codes of these proteins are complex and nonintuitive, and
in addition their specific natural function and the reaction they cat-
alyze is completely unknown, no activity-related name could be as-
signed. Therefore, we decided to rename them following a previous
work (21), the name hereby indicated in brackets. The first subpo-
pulation was composed of a heterocomplex formed by
XP_026756396 (Demetra) (21) and a closely related protein (81%
sequence identity) g18163 or XP_026756460 (Cibeles) (21). The
second group corresponded to the hexamerin aJHSP1,
XP_026756459 (Ceres) (21), and finally, in the third reconstruction,
we identified a methionine-rich protein bJHSP1, XP_026749149
(Cora). Two of these hexamerins (Demetra and Ceres) have been
shown to oxidize and degrade PE (21).

All four proteins share a substantial sequence similarity (~30 to
32% sequence identity; see Fig. 2, A and B, for details) and belong to
the hexamerin family, which is part of a larger superfamily that in-
cludes groups of proteins with distantly related functions, such as
the oxygen carrier Hcs, pseudo-Hcs, and POs (32). The monomers
of the hexamerin family present a characteristic 3D fold, conserved
in the four proteins described here, which consist of an α-helical N-
terminal region (Fig. 2C), a middle subdomain, and an immuno-
globulin (Ig)–like C-terminal region rich in ß strands (these
domains are normally referred to as Hc-N, Hc-M, and Hc-C,
which stand for Hc N-terminal, middle, and C-terminal domains,
respectively) (Fig. 2C) (33, 34). The central subdomain in Hcs and
POs contains a di-copper active site rich in histidines, responsible
for oxygen binding (Hc) and other enzymatic activities (PO). In
contrast, such a conserved catalytic site is absent in all hexamerins,
including the four proteins hereby described (Fig. 2C). Typically,
these ~78-kDa monomers self-assemble into hetero- or homohex-
amers formed by two trimeric rings organized back to back in a
staggered configuration (i.e., a monomer docks into the crevice
formed between two monomers of the opposing ring) (Fig. 2C).
Overall, the cryo-EM analysis revealed that the saliva of the insect
larva contains four hexamerins that self-assemble into three main
oligomers and confirmed that the sequence of the family active
site is not conserved.

The mature forms of Demetra and Cibeles self-associate
predominantly into a 3:3 heterocomplex
During the early steps of image processing (Fig. 1 and fig. S1), the
first group of particles (152,240) appeared to contain identical
monomers, forming a homohexamer, and thus have D3 symmetry.
Although the density of the EM map matched the sequence of
Cibeles considerably well, some areas of the reconstruction suggest-
ed that it could contain a mixture of different molecules. Initial 3D
classification attempts were not successful and the heterogeneity
could only be resolved after processing the data using symmetry re-
laxation [as implemented in (35, 36)]. This procedure revealed that
more than 50% of the analyzed particles actually had C3 symmetry,
with clear differences between the two trimeric rings, and deter-
mined that Cibeles and Demetra mainly formed a 3:3
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heterohexamer (molecules A, B, C, and D, E, F, respectively; Fig. 3,
A and B and fig. S1).

The final 2.3 Å resolution map (Fig. 1 and fig. S1) allowed us to
model residues 17 to 696 and 17 to 694 from a total of 702 and 700 of
Cibeles and Demetra, respectively, in all subunits. Both proteins are
structurally very similar [root mean square deviation (RMSD) of Cα
positions between 678 aligned residues is 0.41 Å, below 0.5 Å as a
standard cutoff of negligible differences] and contain a high per-
centage of aromatic residues (Y + F + W content of 19.3% in
Cibeles and 18.9% in Demetra). Therefore, they can be classified
as a particular type of aromatic-rich hexamerins called arylphorins.
Close inspection of the atomic model revealed a complex interac-
tion network between subunits in a trimer but, more importantly,
each subunit of one trimer makes extensive contacts with a
monomer of the opposing ring, related by a twofold axis [surface
area between chains A/D 2258 Å2, B/E 2264 Å2, C/F 2269 Å2, and
−30 kcal/mol free energy for each dimer (37)], which is consistent
with a stable interaction. Therefore, the hexamer can be described as
a trimer of Cibeles-Demetra dimers (Fig. 3B), an arrangement that
has also been reported for other arylphorins (38, 39).

To further confirm these results, we separated the saliva protein
content by SDS–polyacrylamide gel electrophoresis (PAGE) and ex-
tracted the proteins from the corresponding bands, which were sub-
jected to N-terminal sequencing. The analysis confirmed that both

proteins were present in G. mellonella’s saliva and that they started
at amino acid number 17 (Cibeles, 17GYPQY21; Demetra, 17-
GYPLFNN23), indicating that the characteristic secretion signal
peptide commonly present in this type of proteins had been proteo-
lyzed (Fig. 2A). This event is expected in proteins found in a secre-
tion medium, such as the ww saliva. These results, thus, validated
our structural observations and corroborated that the reconstruc-
tion corresponds to secreted mature proteins.

The EM density also revealed clear sugar moieties present in
both proteins (Fig. 3, B and C). In particular, each monomer is gly-
cosylated at two sites, one located in the cleft formed at the Cibeles-
Demetra interface (Asn211 in both proteins) and the other found in
the external face of the monomer (Asn481 in Cibeles and Asn479 in
Demetra), branching out from the Ig-like subdomain and making
contact in cis with the N-terminal region of the same monomer (Fig
3, B and C). The presence of glycosylations has been described in
other arylphorins, in which they are frequently involved in
protein folding and stabilization (38–40).

Notably, although the 3D classification showed that the main
fraction (>50%) of Demetra and Cibeles molecules assemble into
a stoichiometric complex, the rest of the particles separated into
groups that apparently contained different protein ratios (fig. S1).
In these more variable groups, one ring is always formed by three

Fig. 1. Cryo–electronmicroscopy (cryo-EM) analysis ofG.mellonella saliva. The salivawas diluted and directly applied to carbon-coated cryo-EM grids. Single-particle
analysis revealed that wax worm (ww) buccal secretion is composed of three main oligomeric complexes formed by four proteins. ptcls, particles; sym, symmetry.
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molecules of Cibeles, but the density of the subunits of the second
ring did not allow unambiguous identification.

To further characterize the sample, we purified the ww saliva
with two consecutive ion exchange columns in which the peaks sep-
arated in the first run were re-loaded again so that a homogeneous
sample was obtained for crystallization. Different crystal types grew,
which showed x-ray diffraction of variable quality. Given that we did
not know the content of the crystals, the structure of the best dif-
fracting crystals was solved by molecular replacement (MR) by
using all different cryo-EM structures as searching models. The het-
erohexamer Demetra-Cibeles yielded the highest molecular replace-
ment score in all cases. However, after model refinement, the crystal
structures revealed the presence of a homohexamer of Cibeles, sup-
porting the idea that this protein can form different oligomeric as-
semblies (Fig. 3D and table S2). Before data collection, a metal scan
by x-ray fluorescence spectroscopy indicated the presence of
copper; thus, data were collected at the Cu absorption edge. The
corresponding anomalous difference maps showed six clear
peaks, one per monomer at the interface between the two rings of
Cibeles. Thus, a Cu was in an octahedral coordination sphere that
includes four oxygens on the plane and two in apical positions, from
Glu219 and Asp318 carboxylates, Gln299 main-chain carbonyl, and
from water molecules bound to by Asp220 and Asp319, all from
the same monomer, and facing the same arrangement in a second
subunit at an 11-Å distance (fig. S3A). The cryo-EM reconstruction

of the 3:3 heterocomplex showed a similar density in the three
monomers of Cibeles. However, the density in the equivalent posi-
tion in Demetra appeared smaller, likely due to the Asp318 to Gly318

substitution, and it was therefore modeled as a water molecule for
this protein (fig. S3B).

Overall, these results show that Demetra associates with the
highly related arylphorin Cibeles in G. mellonella saliva mainly to
form trimer of heterodimers, although other stoichiometries (in-
cluding Cibeles homohexamers) can also be found. Both factors
contain glycosylations, commonly found in this type of proteins,
and a metal ion can be localized (at least in each Cibeles
monomer) in a position unrelated to the Hc/PO site. When recom-
binant Cibeles homohexamers were applied on a PE film, no mod-
ification could be detected (as indicated by RAMAN analysis; fig.
S4A), confirming previous results (21).

Ceres is a metal-binding hexamerin
After image processing, a small subgroup of particles (18,461) con-
verged into a 2.8 Å reconstruction that clearly corresponded to a
homohexamer of Ceres (Fig. 1 and fig. S1), a protein that has
been previously identified in saliva and that has been shown to
have a PE-degrading activity (21). Ceres also belongs to the hexam-
erin family and shares the same overall fold and quaternary struc-
ture as Demetra and Cibeles (Cα RMSD between 622 aligned

Fig. 2. Sequence alignment and overall architecture of the four proteins present in G. mellonella saliva. (A) Amino acid sequence alignment colored by similarity.
Principal metal-coordinating residues are highlighted with squares, glycosylated residues are marked with triangles, and disulfide bridges are indicated with asterisk. (B)
Pairwise sequence identity percentage between the four factors. (C) Overall primary, tertiary, and quaternary structure of the hemocyanin/phenoloxidase (Hc/PO) family
members (Panulirus interruptus Hc, PDB code 1HCY, is used as example). Canonical copper-binding site is highlighted with red spheres.
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residues of 2.76 and 3.0 Å, respectively), although in this case the
protein exclusively self-assembles into homohexamers (Fig. 4A).

The quality of the reconstruction allowed us to model residues 31
to 695 from this 706–amino acid–long protein. Although the
limited amount of sample in SDS-PAGE prevented us from per-
forming N-terminal sequencing, a previous report also indicated
the presence of a signal peptide that is processed during the matu-
ration process of this factor (41). The density, moreover, revealed

the presence of two glycosylations, one located close to the threefold
symmetry axis of the structure (Asn73) and the other at the C-ter-
minal subdomain (Asn477) (Fig. 4A).

In addition, in the EM map, strong electron density peaks sug-
gested that several metal ions, at least two per monomer, were
present close to histidine residues. Since metal-bound hexamerins
show the presence of copper at reaction centers rich in histidines, we
modeled them as Cu2+, although we cannot completely rule out that
they might correspond to other atoms with similar coordination ge-
ometry (Fig. 4B). One of these ions is coordinated by two histidines
(His314 and His319), each one contributed from a different
monomer (fig. S5A). A second metal ion is coordinated by a
cluster of histidines close to the dimerization interface (Fig. 4B,
right panel). This cluster is close to the surface of the protein and
located near the interface between trimeric rings, in sharp contrast
with the internal position of the di-copper binding site characteris-
tic of Hcs and POs (Figs. 2C and 4B). The His residues that typically
form the oxygen-binding pocket at the core of Hcs/POs are not con-
served in Ceres (same as in Demetra and Cibeles). Close to that po-
sition there is a cavity that contains an elongated density (Fig. 4C).
However, the flexibility and/or partial occupancy of this ligand did
not allow unambiguous identification.

Altogether, these results reveal that Ceres is a glycosylated metal-
binding hexamerin that seems to engage organic molecules and that
self-assembles into homohexamers. This protein, which appears to
bind a yet unidentified organic ligand in a cavity close to the posi-
tion of the canonical Hc/PO site, contains at least two metal ions
within each monomer in remarkably different positions compared
to the ones described in Cibeles, Hcs and POs.

Cora, a methionine-rich hexamerin, is the most abundant
protein in G. mellonella’s saliva
The largest group of particles (258,795 in the final reconstruction)
yielded an excellent EM reconstruction (Fig. 1 and fig. S1), with a
Fourier shell correlation that extended beyond the physical resolu-
tion limit (fig. S2, A and B). The 1.9-Å map, obtained using the
superresolution images, allowed us to trace the polypeptide and un-
ambiguously identify this factor as a methionine-rich hexamerin
that we have termed Cora (bJHSP1; XP_026749149) (Fig. 5A).
This result corroborates the finding in previous MS analysis that
showed the presence of this factor in the ww saliva (21). We
could model residues 34 to 739 (of the total 752 amino acids)
into the EM density, revealing that the protein, which is character-
ized by a high content in sulfur-containing amino acids (8.9% Met),
oligomerizes into a homohexamer that shares the overall fold and
quaternary organization of the previously described
factors (Fig. 5A).

Analysis of the monomer revealed the presence of two intramo-
lecular disulfide bonds (C293-C544 and C663-C668), which could
give this protein an increased stability and may in part explain the
high resolution of the data (Fig. 5B). In agreement with most me-
thionine-rich hexamerins, and in contrast with the other hexamer-
ins present in the saliva, Cora does not contain any glycosylation.
Strikingly, however, the C-terminal region of the protein folds
back into the cleft formed between the two rings and appears to
mimic the position of some of the glycans found in other
members of this family of proteins (Fig. 5C).

The EM reconstruction showed four peaks of density, coordinat-
ed in all cases by two histidines, which likely correspond to

Fig. 3. Three-dimensional structures of the arylphorins Demetra and Cibeles.
(A) Details of equivalent areas of different monomers in the reconstruction that
show that the quality of the electron microscopy (EM) map allowed to differentiate
and build the structures of Demetra and Cibeles. (B) Two orthogonal views of the
3:3 trimer of dimers formed by Demetra and Cibeles. Proteins are shown as surface
representation and glycosylations as sticks. One monomer of each trimer is high-
lighted as solid surface. (C) Detailed view of a Demetra-Cibeles dimer (right). Inset:
Close-up region showing the EM density and model of an oligosaccharide. (D)
Crystal structure of the Cibeles homohexamer.
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coordinated metal ions. As in the case of Ceres, we modeled them as
Cu2+ due to the coordination geometry and presence of this partic-
ular metal in other members of the superfamily (Fig. 5D, left panels,
and fig. S5B). The copper ions are not clustered in the Hc/PO site
that, similarly to all hexamerins, is not conserved in this factor
either. The metals can be found evenly distributed around the mo-
nomeric structure separated by long distances (ranging from ~20 to
50 Å), a feature that, to the best of our knowledge, has not been de-
scribed for this type of proteins (Fig. 5D, left panels, and fig. S5B). A
free tryptophan can be seen in a pocket stabilized by multiple inter-
actions (Fig. 5D, right panels). The role of this amino acid is yet
unclear. However, stably associated free tryptophan residues have
been described to play allosteric or structural roles in other proteins
(42, 43).

Together, the image analysis of the largest group of cryo-EM par-
ticles revealed that one of the principal proteins present in the ww
saliva is Cora. This factor, as opposed to the previously described
proteins, is an un-glycosylated, methionine-rich hexamerin
capable of binding free tryptophan. Furthermore, among the four
identified hexamerins, Cora shows an unusual abundance of
metal ions, strikingly all in a position unrelated with the classic
PO catalytic site.

Cora degrades PE
Demetra and Ceres have been previously shown to degrade PE to
different degrees (21). To test whether Cora had the capacity to
oxidize PE, drops of 5 μl of purified recombinant protein (concen-
tration, 1 to 2 μg/μl) were applied 8 to 10 consecutive times to a
commercial PE film. Confocal Raman microscopy/Raman spectro-
scopy (RAMAN) analysis indicated oxidation of the PE polymer
(Fig. 6, A and B), which was clearly evident when compared with
control PE, showing the classical PE signature (Fig. 6, C and D). In-
activated Cora did not cause any modification on the PE film
(fig. S4B).

Further, we analyzed the degradation by-products by gas chro-
matography–mass spectrometry (GC-MS). After 24 applications of
10 μl (concentration, 1 to 2 μg/μl), of 90 min each, compounds ap-
peared in the experimental sample consisting of 2-ketons of 10 to 22
carbons (Fig. 6E). A longer PE treatment with Cora, from 6 to 12
applications, generated a rise in the relative amount of the 2-
ketons of 14 to 18 carbons, and the appearance of 2-dodecanone,
which was not present after 6 applications (Fig. 6F). Thus, the
GC-MS outcome revealed that more compounds appeared with
longer exposure of PE to Cora.

Overall, these data showed the effectiveness of Cora in degrading
PE, which, together with the already described Demetra and Ceres
(21), is the third enzyme contained in the ww saliva with the capac-
ity of oxidizing plastic.

DISCUSSION
The findings presented here shed light on the composition and mo-
lecular organization of the main proteins found in G. mellonella’s
saliva. Cryo-EM analyses of the native sample provided valuable in-
formation that would be difficult to obtain from recombinant pro-
teins. The 3D reconstructions revealed that the buccal secretion
contains a mixture of four highly related proteins with very different
proportions and distinct structural features [see (21) and Fig. 1]. Of
these factors, recombinant Demetra, Ceres, and Cora showed the
ability to degrade PE.

The ability of the ww hexamerins to oxidize PE evidences their
potential interest in the development of biotechnological applica-
tions and paves the way to new approaches to plastic degradation
by biological means. The biodegradation of polyolefin such as PE,
PS, and PP is hindered to date by the inability of microorganisms to
effectively oxidize plastics, a crucial step in the subsequent microbial
bioassimilation (5). The proteins in the ww saliva might be used in
combination with classical biodegradation protocols to achieve the
biological conversion of plastics to CO2 and H2O (5, 7, 25). The

Fig. 4. Cryo–electron microscopy (cryo-EM) reconstruction of Ceres. (A) Overall organization of the homohexamer. Protein depicted as surface and glycosylations as
sticks. One of the six monomers is highlighted as solid surface. (B) Two views of a Ceres monomer. Metal ions shown as black spheres. Inset: Close-up view of the
coordination of one of the metal ions. (C) Depiction of the elongated density (visualized at a threshold value of 0.020) found at the core of Ceres monomers and
some of the surrounding residues.
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aggressive abiotic pretreatments currently used to oxidize the
polymer (5, 7) could be substituted by enzymatic activities operating
in the same environment as the bioassimilating microorganisms,
thus simplifying the logistic complexity of the process. Alternative-
ly, the ww proteins could be used in a purely enzymatic setting to-
gether with other potential factors capable of modifying the
degradation products resulting from PE oxidation, like the
ketones described here [and elsewhere (21)]. Transformation of
ketones in esters (or their carbonates) can be achieved using, for in-
stance, biocatalysts, being an active field of research for potential
biotechnology applications [reviewed in (44)]. Another possibility
envisions the deployment of the resulting short oxidized molecules
within an upcycling strategy framework. Aliphatic methyl ketones
are valuable compounds in the chemical industry, as revealed by
efforts in producing them via fermentation using engineered bacte-
ria (45–47).

The proteins in the saliva of ww belong to the hexamerin family,
a group of proteins widespread in insects. The extraordinary diver-
sity found within this family of proteins (48) has translated into a
highly heterogeneous nomenclature. Thus, while some hexamerins
were named juvenile hormone suppressible proteins owing to their
apparent regulation by this hormone (49), other hexamerin
members were termed according to their particular amino acid
content (50) or their ability to bind certain vitamins (51). Despite
the dispersed terminology, phylogenetic analyses have demonstrat-
ed that all hexamerins are actually orthologous proteins (48). To
date, some of these proteins are assumed to act as storage proteins,
with a supposed role in the insect ontogeny (52). However, the exact
function of most hexamerin members is unclear.

Hexamerins are phylogenetically related to Hcs and POs (32).
Hcs and POs are classified, together with tyrosinases and catechol
oxidases, as type 3 copper proteins, a protein family characterized
by the presence of two copper atoms each coordinated by three his-
tidines (53). Although the Cu active site location is highly conserved
among type 3 copper proteins, they exhibit a wide range of activities
and are involved in a variety of biological processes (53, 54). For
instance, despite sharing a common active site, only POs have
been cataloged as enzymes, capable of oxidizing phenols and in-
volved in cuticle sclerotization and melanization as an immune re-
sponse against invading microorganisms (55). In contrast, Hcs have
traditionally been considered oxygen transport proteins devoid of
any catalytic function. However, a Hc from a wood-boring crusta-
cean has been recently reported to be able to degrade lignin, while
other studies have revealed a hidden enzymatic activity in other Hc
members using different conditions and activation mechanisms
(56–61), highlighting the rich enzymatic potential of these proteins
(56–61).

Despite being relatively close homologs, hexamerins lost the
ability to bind copper in the Hc/PO canonical active site at some
point in evolution. In agreement with this observation, the residues
involved in Cu2+ coordination in Hcs and POs are not conserved in
any of the four main proteins present in the ww saliva (Fig. 7).
Instead of the conserved histidine residues found in POs and Hcs,
the cavity is mainly lined with a combination of aromatic/hydro-
phobic and charged residues (Fig. 7). The reconstructions revealed
the presence of abundant metal atoms in other markedly different
positions (Fig. 8A and fig. S6). The diverse location of metal sites,
sometimes present at interfaces between subunits, might point to a

Fig. 5. Three-dimensional architecture and analysis of Cora. (A) Two orthogonal views of the homocomplex. One of the six monomers is highlighted as solid surface.
(B) Detailed views of the two disulfide bridges present in the protein contoured at a threshold value of 0.013. (C) The C-terminal region of Cora occupies the same position
of some of the oligosaccharides present in the other hexamerins described in this work. (D) Cartoon representation of a monomer of the protein showing the localization
of the metals (black spheres) and the free tryptophan (yellow sticks). Insets: Detailed views of the interaction with one of the metal atoms (left) and the free trypto-
phan (right).
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structural or allosteric function, although it cannot be excluded that
the PE-modifying activity of these proteins is assisted by any of
these metals. The fact that metals are also present in Cibeles, the
hexamerin without any apparent effect on PE, adds to the conun-
drum. Thus, whether this activity lies in the Hc/PO internal pocket
or can be found in a more solvent-exposed position, as has been de-
scribed for other plastic and lignin-degrading enzymes (31, 62–64),
is an intriguing question. This issue is further complicated by the
fact that the sequence and structural similarities among the four
hexamerins do not clearly reveal a shared canonical catalytic site
(fig. S7).

Surface analysis of the proteins showed a variable distribution of
charges [which on average agreed with their isoelectric point (pI)
values] and the presence of different clefts and cavities that, in
some cases, are occupied by glycosylations (Fig. 8B and fig. S6B).
In addition, the high-resolution structures pointed out that no co-
factors implicated in typical oxidation processes (such as nicotin-
amide or flavin derivatives) are present in the analyzed ww
proteins, in agreement with the absence of these types of molecules

Fig. 6. RAMAN analysis and identification via gas chromatography–mass spectrometry (GC-MS) of the degradation by-products of polyethylene (PE) film
treated with purified recombinant Cora. (A and B) PE film treated with Cora. The peaks between 1500 and 2400 cm−1 indicate PE deterioration. Oxidation is indicated
between 1600 and 1800 cm−1 (carbonyl group) and 3000 and 3500 cm−1 (hydroxyl group) [evident in (B)]. (C) Control PE film. PE signature is characterized by the peaks at
1061, 1128, 1294, 1440, 2846, and 2880 cm−1. (D) Overlapping normalized profiles (A to C). (E) Chromatogram of the fragmentgram of the ion mass/charge ratio (m/z) 58
from methyl ketones of PE treated with the enzyme. The arrows indicated the peaks corresponding to 2-ketones with different numbers of carbons. (F) Variation of PE
degradation by-products via GC-MS after different increases of ketone formation as degradation products from 6 to 12 applications of Cora to PE, with an increase of 2-
ketones formation by doubling applications of the enzyme to PE.

Fig. 7. Comparison between the metal-binding site of hemocyanins (Hcs) and
the equivalent residues of the hexamerins present in G. mellonella. Canonical
di-copper binding center in P. interruptus Hc (PDB code 1HCY) and the correspond-
ing sites of the hexamerins present in wax worm (ww) buccal secretion.
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in the Hc/PO family. However, the structures of Ceres and Cora
contain extra densities in similarly positioned binding pockets
(Fig. 8A). Although the flexibility (and perhaps partial occupancy)
did not allow unambiguous identification, the cryo-EM density
shows that Ceres engages an elongated molecule in this position
(Figs. 4C and 8A). The cryo-EM density in Cora, on the other
hand, clearly corresponds to a free tryptophan (Fig. 5D, right
panels, and 8A). Whether these molecules participate in PE modi-
fication or have a regulatory role needs to be established.

Our results show that elucidating at this point the precise mech-
anism of action of the ww hexamerins is far from trivial, due to their
structural variability and heterogeneous posttranslational modifica-
tions, together with the lack of a known natural substrate. The dif-
ficulty to characterize the mechanisms underlying the enzymatic
degradation of plastics is well illustrated by the case of PETases,
enzymes that exhibit a highly efficient degradation activity toward
PET (26–30). In contrast to the factors presented here, PETases
belong to the cutinase/hydrolase family, a well-characterized
group of monomeric proteins that act on their substrates through
a highly conserved catalytic triad (28, 30, 62, 65, 66). Despite the
relative homogeneity of these enzymes, it took years of collective
efforts to shed light on their substrates and mechanism of action,
highlighting the extent of complexity common to this type
of studies.

Considering that these proteins did not evolve to degrade PE,
understanding the role of these hexamerins in the life cycle of G.

mellonella remains an outstanding question, fundamental also to
addressing their ability to degrade PE. Why the ww produces four
similar but different proteins, all of which find their way into the
worm buccal cavity? A potential answer to this question emerges
from the ability of hexamerins to bind small organic metabolites
like riboflavin (51) or biliverdin (67) with high affinity. The capacity
to interact with small molecules is also reflected in the reported
binding to insecticides, which points to a role in detoxification of
xenobiotics (68). In this regard, members of this family have been
shown to neutralize the action of toxic phenolics (69), a chemical
defense widely used by plants against herbivore insects. Although
G. mellonella larvae are not directly herbivores, they live inside bee-
hives, where they are exposed to awide range of compounds of plant
origin, such as pollen, propolis, and honey, all rich in phenolics. The
necessity to interact with and neutralize phenolics could be related
to their PE-degrading activity, as discussed elsewhere (21).
However, future studies are required to confirm or discard this idea.

Overall, the PE-degrading activity described in this work and
elsewhere (21) highlights the functional plasticity and biotechnolog-
ical potential of the hexameric factors found in the ww saliva. The
discovery of these factors widens the potential application of biolog-
ical systems to manage plastic waste, beyond the current paradigm
of biodegradation by microorganisms. This path is not free of chal-
lenges, both at the basic research level (for example, potential deg-
radation of mixed plastics or blends) and at the industrial level
(scaling up of protein production, optimization of reaction

Fig. 8. Structural comparison between the four hexamerins in wax worm (ww) buccal secretion. (A) Two orthogonal views of Cibeles (purple), Demetra (green),
Ceres (yellow), and Cora (red). The position of the classic di-copper hemocyanin/phenoloxidase (Hc/PO) binding center is indicated with a blue asterisk. (B) Electrostatic
surface potential. The negatively and positively charged surfaces are colored in red and blue, respectively.
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efficiency, etc.) The detailed structural characterization described
here is a necessary step toward the development of this emerging
field. The combined analyses of x-ray crystallography and cryo-
EM reveal a rich and complex landscape within a group of inverte-
brate proteins, which has received very limited attention in life sci-
ences. The observed heterogeneity of this type of proteins suggests a
convoluted relationship between structure and function. Future
studies will contribute to unveiling the molecular basis underlying
the activity of these proteins, together with their role in the biology
of G. mellonella larvae, opening new venues for plastic degradation
based on highly efficient natural means.

METHODS
Sample preparation for structural analysis and N-terminal
sequencing
Saliva from G. mellonella larvae was extracted using a glass capillary
connected to a mouth pipette. The sample was mixed 1:1 with a
buffer containing 50 mM tris-HCl (pH 8), 100 mM NaCl, and 2
mM DL-dithiothreitol (DTT), aliquoted, and flash-frozen in liquid
nitrogen. For N-terminal sequencing, the sample was run on an
SDS-PAGE gel and the bands were transferred to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad). N-terminal Edman degra-
dation was carried out using the Procise 494 HT Sequencing System
(Applied Biosystems, Foster City, CA, USA) according to the man-
ufacturer’s instructions.

Single-particle cryo-EM
For the EM experiments, G. mellonella saliva was serially diluted
250 times in 20 mM Hepes (pH 7.5), 50 mM NaCl, 0.5% glycerol,
and 0.015% NP-40. Three microliters of the sample was applied to
glow-discharged Quantifoil R 2/1 300 mesh grids (Quantifoil,
Germany), covered with a homemade continuous carbon film, in-
cubated during 1 min, blotted for 2 s (blot force 0), and frozen in
liquid ethane using a Vitrobot Mark IV plunging system (Thermo
Fisher Scientific).

Cryo-EM grids were first prescreened in a JEOL 1230 micro-
scope equipped with a TemCam-F416 (TVIPS, Gauting,
Germany) camera. High-resolution cryo–electron micrographs
were recorded at a nominal magnification of 81,000x on a Titan
Krios electron microscope (Thermo Fisher Scientific) operated at
300 kV using a Gatan BioQuantum K3 direct electron detector
(LISCB, Leicester University). The images were collected in super-
resolution counting mode using EPU (Thermo Fisher Scientific) at
a calibrated pixel size of 1.086 Å/pixel (0.543 Å/pixel superresolu-
tion). The total dose was 58.3 electrons/Å2 equally fractionated in
60 frames.

The collected movies were imported into Relion-3.1 (70) for data
processing, where they were motion-corrected using motioncor2
(71). The contrast transfer functions (CTFs) were estimated using
gctf (72). A total of 6089 micrographs were selected, after eliminat-
ing images with poor CTF estimation and ice contamination, and
picked using templates that were generated using a small subset of
the images. Following 2D classification, a total of 1,309,500 particles
were selected from the initial ~1.82 million and extracted at 1.086 Å/
pixel. These particles were subjected to a first round of 3D classifi-
cation followed by 3D refinement, using D3 symmetry, which
showed that the particles could be initially divided into two main
groups. The largest group corresponded to Cora. 3D refinement

of this population showed that the resolution was limited by the
physical pixel size of the images and, therefore, the particles were
re-extracted from the superresolution movies at 0.8 Å/pixel,
which allowed us to obtain a 1.9 Å resolution structure of this
factor. Close inspection of the second group particles indicated
the presence of heterogeneity. These particles were subjected to a
second and third rounds of 3D classification and refinement that
revealed that this population was composed of a small subgroup
that corresponded to Ceres (2.8 Å) and a larger one that clearly cor-
responded to the arylphorins. Although the high sequence similar-
ity (81%) did not initially allow to differentiate Demetra from
Cibeles, performing a 3D classification run with local searches
and symmetry relaxation allowed us to determine that this group
of particles was formed by Demetra-Cibeles heterocomplexes
mainly in a 3:3 ratio (>50% of the particles) (note that, since the
official distribution only supports symmetry relaxation for cyclic
symmetries, this step was carried out with the Relion-3.1 version
compiled by S. Ilca; https://github.com/serbanilca/relion-3.1-
relax). The particles from the Demetra-Cibeles trimer of dimers
were further refined with C3 symmetry to produce a 2.3 Å map.

Homology models of the proteins were generated using SWISS-
MODEL server (73) and used as starting points to manually build
the individual monomers in COOT (74). The monomers were then
subjected to iterative rounds of model building and real-space re-
finement with COOT and PHENIX (75) using Ramachandran,
rotamer, geometry, and secondary structure restraints. The com-
plete models were generated applying D3 (to Ceres and Cora mono-
mers) and C3 (to the Demetra-Cibeles heterodimer) symmetry
operators to the asymmetric units. The final model was achieved
by consecutive rounds of real-space refinement performed with
PHENIX applying non-crystallographic symmetry (NCS) con-
straints. The quality of the model was assessed with MolProbity
from Phenix package, the validation tool from PDB (OneDep),
and different validation tools from COOT. All structure figures
were generated with ChimeraX 1.4 (76).

Protein crystallization and x-ray data collection
Aliquots of 120 μl of saliva extracted from several ww individuals
were diluted in buffer A [10 mM tris-Cl (pH 8) and 50 mM
NaCl], flash-frozen in liquid nitrogen, and stored at −80°C. For
crystallization trials and optimization, one aliquot was thawed on
ice, centrifuged for 10 min at 16,000 rpm, filtered with 0.45-μm
pore filters, loaded to an Q FF anion exchange chromatography
column (Thermo Fisher Scientific) equilibrated with buffer A,
and washed until recovery of the buffer baseline. It followed a gra-
dient with buffer B [10 mM tris-Cl (pH 8) and 500 mM NaCl], and
eluting fractions were analyzed by 12% SDS-PAGE. All fractions
showing proteins of hexamerin size were pooled, the NaCl concen-
tration estimated to subsequently dilute the salt concentration to 25
mM (totaling 200 ml), and loaded to a monoQ 5/50 GL ion ex-
change column (Cytiva) equilibrated with buffer A. After a wash
step, a gradient with buffer B was applied. The different hexamerins
had very similar molecular mass but they eluted in different yet not
completely well-resolved peaks from the monoQ. To detect hetero-
geneity that would impair crystallization, the protein concentration
was estimated for each fraction and equal amounts of sample were
loaded in a 10% SDS-PAGE run at 50 V. Only those fractions cor-
responding to the same chromatographic peak and showing a single
band in SDS-PAGE were pooled, diluted to reach 25 mM NaCl and
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reloaded to the monoQ. The eluted fractions from every chromato-
graphic peak and single band in SDS-PAGE were pooled, concen-
trated to 1 mg/ml, and set for crystallization screenings with sitting-
drop 96-well plates (Molecular Dimensions) at the Automated
Crystallization Platform at the Barcelona Science Park. The success-
ful crystallization conditions were manually optimized with 24-well
plates. Cibeles homohexamer crystallized in 35% 2-methyl-2,4-pen-
tanediol (MPD), 100 mM Li2SO4, and 100 mM MES (pH 6). Crys-
tals were cryoprotected with 20% glycerol added to the
crystallization solution and flash-frozen in liquid nitrogen.

Crystals (of unknown content) were tested at ID30B beamline
from the European Synchrotron Radiation Facility (ESRF; Greno-
ble, France). Crystals were systematically scanned for metals in
the range from 6 to 20 keV, which covers most of the elements nat-
urally present in macromolecules. X-ray diffraction data were col-
lected from different crystal regions and at the corresponding
metal absorption edge . Data were processed, scaled, and merged
with XDS and XSCALE (77) with unmerged Friedel pairs. Molecu-
lar replacement (MR) was followed by PHASER (78) using all cryo-
EM structures as searching models. Demetra/Cibeles cryo-EM het-
erohexamer systematically rendered the highest score in all cases
[Translation function Z-score (TFZ) 97.1 versus 14 to 17 with the
other cryo-EM structures], so the crystal with the highest resolution
(2.2 Å) collected slightly above the Cu absorption edge (9.2 keV)
was used for automated model building with PHENIX (75) in
P212121 as determined by MR. Visual inspection of the structure
and real-space refinement was done with COOT (74), which alter-
nated with automatic refinement of atomic positions with PHENIX
(74). The atomic refinement clearly indicated the presence of a
Cibeles homohexamer. Stereochemistry validation was done with
the Protein Data Bank validation service. The metal scan rendered
a fluorescence peak at 8.03 keV, consistent with Cu2+ emission. Cal-
culation of an anomalous map resulted in a clear peak consistent
with a metal coordinated by aspartic and glutamic carboxylates
and a carbonyl, at a distance of 2.3 Å slightly large for Cu
coordination.

Cora recombinant protein production and utilization
Basic Juvenile Hormone Suppressor 1 (bJHSP1) (termed Cora) was
produced by GenScript, using the baculovirus expression system in
insect cells, according to the manufacturer. Briefly, Sf9 cells were
infected with P2 baculovirus, flasks were incubated at 27°C for 48
to 72 hours, and media were harvested. Then, cells were removed,
and transfection medium was applied for purification. The pro-
duced proteins were resuspended in 50 mM tris-Cl, 500 mM
NaCl, 10% glycerol, 0.5% sodium lauroyl sarcosine, 2 mM tris(2-
carboxyethyl)phosphine (TCEP), and 2 mM glutathione (pH 7.5).
The degradation assay was as previously described (21). The same
buffer alone was used as negative control.

RAMAN analysis
PE film was treated with recombinant protein as follows: 5 μl of
protein (concentration between 1 and 5 μg/ml) was applied eight
times on PE film 90 min each time. For the control with inactivated
protein, recombinant protein was denatured at 100°C for 10 min.
Treated and control films were washed with water and ethanol.
RAMAN analyses were performed on (treated and control) PE
films using Alpha300R – Alpha300A AFM Witec equipment with

5 mW power, 50× (numerical aperture 0.8) objective, integration
time 1, accumulation 30, and wavelength 532 nm.

Gas chromatography–mass spectrometry
Following procedures previously described in (21), an amount of 20
mg of PE 4000 was placed in a 1.5-ml Eppendorf tube. PE was
exposed to 10 μl (1.5 mg/ml) of recombinant Cora, 24 times for
90 min. Prolonged treatment was also performed for Cora (days 1
and 2), six applications per day of 10 μl (1.5 mg/ml) for 90 min each.
As control, the same experiment was repeated using the protein
buffer. Afterward, samples were centrifuged with an Eppendorf
centrifuge 5810 R at 19,083g for 30 s and the supernatant was trans-
ferred to a new 1.5-ml Eppendorf tube. Samples and controls were
extracted using a QuEChERS (quick, easy, cheap, effective, and safe)
method (79) based on the conditions used in a previous work (80)
with some modifications. Briefly, 50 μl of diphenyl phthalate [inter-
nal standard (IS)] at a concentration of 1 mg/ml was added to each
sample and extracted with 300 μl of dichloromethane (DCM) and
5% [volume/mass (v/m)] of NaCl. The tube was vortexed for 30 s
and sonicated in a bath (50/60 Hz) for 15 min at room temperature,
followed by centrifugation with an Eppendorf centrifuge 5810 R at
20°C and 19,083g for 10 min. Finally, DCM located as the superna-
tant was collected and placed in an insert before analysis (21).

DCM (CAS no.: 75-09-2) for GC-MS was SupraSolv grade purity
and obtained from Sigma-Aldrich (Darmstadt, Germany). Sodium
chloride (NaCl; ≥99.5%; CAS no.: 7647-14-5) and ultrapure water
from a Milli-Q system were supplied by Merck (Darmstadt,
Germany). Crystalline granular powder PE (PE 4000; CAS no.:
9002-88-4, specification sheet in https://www.sigmaaldrich.com/
ES/es/product/aldrich/427772) was supplied by Sigma-Aldrich
(Saint Louis, USA) (21).

Chromatographic analyses were performed with GC-MS 7980A-
5975C from Agilent Technologies. Separation of the metabolites
was performed on the DB-5th Column coated with polyimide (30
m length, 0.25 mm inner diameter, and 0.1 μm film thickness;
Agilent Technologies, USA) for proper separation of substances,
and helium (He) was used as a carrier gas. The analysis was per-
formed using a split injector at 350°C and an injection volume of
1 μl. The ion source temperature was 230°C, the °C mass spectral
analysis was performed in scan mode, the quadrupole temperature
was 150°C, and the fragmentation voltage was 70 eV. The oven
program started at 60°C for 3 min, then 20°C/min to 350°C for 1
min. The total run time was 18.5 and 19.5 min for derivatized
samples. The resulting chromatograms were processed using the
software MSD ChemStation E.01.00.237 from Agilent Technologies
Inc., while for the identification NIST11 library was used (21).

The evaluation of the prolonged treatment was based on the rel-
ative abundance of each untargeted compound, which consists of
the quotient of the area under the peak of each compound
divided by the area under the peak of the IS.

Mass spectrometry
The protein identification by nano-scale liquid chromatographic–
tandem mass spectrometry (nLC-MS/MS) was carried out in the
Proteomics and Genomics Facility (CIB-CSIC), a member of Prote-
oRed-ISCIII network.
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Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Tables S1 and S2
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