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ABSTRACT Prion diseases are progressive fatal neurodegenerative illnesses caused
by the accumulation of transmissible abnormal prion protein (PrP). To find treat-
ments for prion diseases, we searched for substances from natural resources that in-
hibit abnormal PrP formation in prion-infected cells. We found that high-molecular-
weight components from insect cuticle extracts reduced abnormal PrP levels. The
chemical nature of these components was consistent with that of melanin. In fact,
synthetic melanin produced from tyrosine or 3-hydroxy-L-tyrosine inhibited abnormal
PrP formation. Melanin did not modify cellular or cell surface PrP levels, nor did it
modify lipid raft or cellular cholesterol levels. Neither did it enhance autophagy or
lysosomal function. Melanin was capable of interacting with PrP at two N-terminal
domains. Specifically, it strongly interacted with the PrP region of amino acids 23 to
50 including a positively charged amino acid cluster and weakly interacted with the
PrP octarepeat peptide region of residues 51 to 90. However, the in vitro and in vivo
data were inconsistent with those of prion-infected cells. Abnormal PrP formation in
protein misfolding cyclic amplification was not inhibited by melanin. Survival after
prion infection was not significantly altered in albino mice or exogenously melanin-
injected mice compared with that of control mice. These data suggest that melanin,
a main determinant of skin color, is not likely to modify prion disease pathogenesis,
even though racial differences in the incidence of human prion diseases have been
reported. Thus, the findings identify an interaction between melanin and the N ter-
minus of PrP, but the pathophysiological roles of the PrP-melanin interaction remain
unclear.

IMPORTANCE The N-terminal region of PrP is reportedly important for neuroprotec-
tion, neurotoxicity, and abnormal PrP formation, as this region is bound by many
factors, such as metal ions, lipids, nucleic acids, antiprion compounds, and several
proteins, including abnormal PrP in prion disease and the A� oligomer in Alzhei-
mer’s disease. In the present study, melanin, a main determinant of skin color, was
newly found to interact with this N-terminal region and inhibits abnormal PrP for-
mation in prion-infected cells. However, the data for prion infection in mice lacking
melanin production suggest that melanin is not associated with the prion disease
mechanism, although the incidence of prion disease is reportedly much higher in
white people than in black people. Thus, the roles of the PrP-melanin interaction re-
main to be further elucidated, but melanin might be a useful competitive tool for
evaluating the functions of other ligands at the N-terminal region.
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Prion diseases, also called transmissible spongiform encephalopathies, are progres-
sive fatal neurodegenerative illnesses that include Creutzfeldt-Jakob disease in

humans and scrapie, bovine spongiform encephalopathy, and chronic wasting disease
in animals. These diseases are characterized by the accumulation in the brain of
abnormal prion protein (PrP), which is a main component of pathogens that is
conformationally converted from normal PrP (PrPc) (1). Abnormal PrP forms an insol-
uble protein polymer with a protease-resistant core (PrPres). The conversion of PrPc to
abnormal PrP is a key event in prion formation of prion diseases.

Regarding treatments for these diseases, dozens of compounds or substances have
been reported to either inhibit prion formation in prion-infected culture cells or
prolong incubation periods in prion-infected animals (2–4). Some of these agents have
been used in clinical trials against human prion diseases, but sufficiently beneficial
effects in patients have never been reported (5–10). In humans, most cases of prion
diseases sporadically occur mainly in elderly people, and obvious racial differences exist
in the incidence of the diseases. Surveillance of prion diseases in the United States
revealed that the age-adjusted incidence for white people is 2.7-fold higher than that
for black people (11). However, the genetic and nongenetic factors responsible for
disease susceptibility are largely unknown (12). These factors were similarly unveiled in
acquired forms of prion disease such as variant Creutzfeldt-Jakob disease, which occurs
unevenly in young people despite similar risks for prion infection (13).

To help in drug development for prion diseases, we searched for compounds or
substances that modify abnormal PrP formation in prion-infected cells. In earlier reports
(14, 15), medicinal compounds or natural products approved by the U.S. Food and Drug
Administration were extensively screened for antiprion activities, and thus, we focused
on the untouched materials of natural resources. In fact, we previously reported
antiprion substances extracted from natural products such as fucoidan (16) and
protein-bound polysaccharide K (17). The insect represents an undercultivated natural
resource that exists abundantly in both number and variety, and there is a possibility
to identify new insect-derived substances useful for either probing the PrP conversion
mechanism or developing therapeutic or prophylactic drugs for prion diseases. In fact,
anticancer, antiviral, or antimicrobial compounds are present in extracts from insects
(18–21). In this study, we report antiprion substances derived from insects that have not
been previously reported. The nature of the substances implicated that the antiprion
components are melanin-like. Thus, the antiprion action of melanin was further studied
in the present study, and we discuss the potential relevance of the findings.

RESULTS
Antiprion activities of insect extracts. Nine samples obtained from seven different

insect species via extraction with sodium hydroxide and autoclaving were examined in
neuroblastoma cells persistently infected with prion strain RML (ScN2a cells). All
samples were black or dark brown solutions. Cells were incubated with 0.5% (vol/vol)
insect extract samples equivalent to 0.5 mg of the initial materials per milliliter of
culture medium for 3 days. Then, PrPres was assayed by immunoblotting. Conse-
quently, all samples (Fig. 1A) except one extract sample (lane 4) significantly inhibited
abnormal PrP formation. In particular, samples from adults of Chalcosoma chiron
(Caucasus beetle), the larval shell of Graptopsaltria nigrofuscata (large brown cicada),
and adults of Allomyrina dichotoma (Japanese horned beetle) had more-potent activ-
ities (Fig. 1A, lanes 1, 2, and 6, respectively).

We focused on two samples, and those from C. chiron and A. dichotoma were further
examined in three distinct prion strain-infected cells. Both samples displayed antiprion
activities in all three cell cultures (Fig. 1B). Although PrPc expression levels in N167 and
F3 cells are typically 5-fold that in ScN2a cells (22, 23), antiprion activities of these
samples appeared to be similarly potent in ScN2a and N167 cells but less potent in F3
cells, based on the 50% effective concentration value (EC50) of each sample. These data
suggest that both samples exert antiprion activities in a prion strain-dependent man-
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FIG 1 Antiprion activities of insect extracts. (A) Immunoblot data for PrPres in ScN2a cells treated with each insect extract. Lanes 1 to 9 correspond
to the extracts from the adult body of Chalcosoma chiron, the larval shell of Graptopsaltria nigrofuscata, the adult body of Halyomorpha halys, the
adult body of Agrus convolvuli, the adult body of Papilio protenor, the adult body of Allomyrina dichotoma, the adult body of Graptopsaltria
nigrofuscata, the larval head of Dorcus hopei binodulosus, and the remaining parts of the larva of Dorcus hopei binodulosus, respectively. Cells were

(Continued on next page)

Melanin and PrP Journal of Virology

March 2017 Volume 91 Issue 6 e01862-16 jvi.asm.org 3

http://jvi.asm.org


ner; the prion strain in F3 cells is likely to be less sensitive to both samples than the
other two prion strains.

These samples did not modify PrPc (Fig. 1C) or cell surface PrPc levels in N2a cells
(Fig. 1D). Compounds such as cholesterol modulators disturb the lipid raft microdomain
of the cell membrane, a possible site of PrP conversion or interaction between PrPc and
abnormal PrP (24–35). However, these samples did not modify PrPc localization in the
flotation assay fractions for detergent-insoluble lipid raft membrane complexes in N2a
cells (Fig. 1E). These data imply that the samples exert antiprion activities without
modifying PrPc turnover or metabolism.

Characterization of insect extracts. Using the sample of C. chiron as a represen-
tative, the antiprion components of the insect extract were characterized. Ultrafiltration
of membranes with four different pore sizes illustrated that the antiprion activity was
predominantly localized in a fraction larger than 100 kDa (Fig. 2A). Because cuticles are
predominantly included in insects, we examined whether high-molecular-weight com-
ponents of cuticles such as chitin, �-glucan, protein, and melanin are linked to the
antiprion activity. We treated the C. chiron sample with chitinase, zymolyase, and
proteinase K to enzymatically digest chitin, �-glucan, and protein, respectively. Subse-
quently, these treatments did not modify the antiprion activity of the sample (Fig. 2B).
We further examined the possibility of chitin involvement in the antiprion activity by
using the water-soluble chitin derivative hydroxypropyl chitin, but it was apparently
ineffective in inhibiting abnormal PrP formation (Fig. 2C).

Conversely, treatment with NaClO bleached the C. chiron sample and simultaneously
abolished its antiprion activity (Fig. 2D). In addition, cation exchange chromatography
revealed that antiprion components of the C. chiron sample were not bound to
sulfopropyl ion exchange resin (Fig. 2E), suggesting that the antiprion components are
negatively charged. Because melanin is known to be a naturally occurring cation
exchange material (36), all of the data suggest that melanin or a melanin-like substance,
especially eumelanin (see its representative structural formula in Fig. 2F), which is the
most common type observed in black and brown-colored biological substances, is
implicated in the antiprion activity.

Antiprion activities of synthetic melanin compounds. To test this implication, we
assayed two types of synthetic melanin, namely, commercially available melanin that
had been prepared via the oxidation of tyrosine (tyr-melanin) and melanin that we
prepared from 3-hydroxy-L-tyrosine (dopa-melanin). Both synthetic compounds inhib-
ited abnormal PrP formation in all three prion-infected cell cultures (Fig. 3A). These
compounds were similar to the samples of C. chiron and A. dichotoma in terms of both
being least potent in F3 cells; however, these compounds were obviously more potent
than the insect samples in ScN2a cells (Fig. 3A). Neither compound modified PrPc levels
in N2a cells (Fig. 3B), nor did either modify cell surface PrPc or cholera toxin B-binding
lipid raft levels in N2a cells (Fig. 3C). The compounds also did not modify PrPc
localization in the flotation assay fractions for detergent-insoluble lipid raft membrane
complexes in N2a cells (Fig. 3D). In addition, cholesterol levels were not changed in N2a
cells treated with either compound (Fig. 3E), and internalization of cell surface PrPc was
not modified in N2a cells treated with a melanin compound (Fig. 3F). These data

FIG 1 Legend (Continued)
treated with 0.5% insect extracts, which were equivalent to 0.5 mg of the initial insect materials per milliliter of culture medium. Signals for �-actin
are shown as controls for the integrity of samples used for PrPres detection. PrP signals were detected with the anti-PrP monoclonal antibody
SAF83 in this analysis and the following analyses, unless otherwise specified. Molecular size markers on the right indicate sizes in kilodaltons. The
bar graph shows averages and standard deviations for triplicate experiments (**, P � 0.01). Samples in lanes 1 and 6 were used for subsequent
analyses. (B) Immunoblot data for PrPres in three distinct prion strain-infected cell lines treated with two representative insect extracts from C.
chiron and A. dichotoma. The bar graph shows averages and standard deviations for triplicate experiments (**, P � 0.01). The 50% effective
concentration value (EC50) of each extract is also shown. (C) Immunoblot data for PrPc in N2a cells treated with extracts from C. chiron and A.
dichotoma. (D) Flow cytometry of cell surface PrPc in N2a cells treated with 0.5% (vol/vol) extracts from C. chiron and A. dichotoma. Blue and black
lines indicate insect extract-treated and untreated cells, respectively. The broken-line peaks on the left show their respective isotype controls. (E)
Immunoblot data of PrPc fractionated by the flotation assay in N2a cells treated with 0.5% (vol/vol) extracts from C. chiron and A. dichotoma. The
fraction numbers are indicated from the top to the bottom.
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suggest that synthetic melanin compounds exert antiprion activities without modifying
PrPc turnover or metabolism, as previously observed for insect extract samples.

Characterization of melanin antiprion activities. Our examination found that the
molecular sizes of antiprion activities in synthetic melanin compounds were also

FIG 2 Characterization of insect extracts. (A) Immunoblot data for PrPres in ScN2a cells treated with the retentate
(R) or filtrate (F) of 0.5% (vol/vol) C. chiron extract ultrafiltrated with membranes of designated molecular mass
cutoff values. (B) Immunoblot data for PrPres in ScN2a cells treated with enzymatically digested 0.5% (vol/vol)
C. chiron extract. (C) Immunoblot data for PrPres in ScN2a cells treated with water-soluble hydroxypropyl chitin.
(D) Immunoblot data for PrPres in ScN2a cells treated with 0.5% (vol/vol) C. chiron extract that had been
decomposed and decolored using NaClO. (E) Cation exchange chromatogram of C. chiron extract and immu-
noblot data of PrPres in ScN2a cells treated with the flowthrough or eluate. (F) Part of the structural formula of
the most common type of melanin, eumelanin. Eumelanin is a representative black- or brown-colored biological
pigment and is a conjugated polymer of orthoquinone, hydroquinone, and semiquinones.
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FIG 3 Antiprion activities of synthetic melanin compounds. (A) Immunoblot data for PrPres in three prion-infected cell lines treated with
tyr-melanin or dopa-melanin. DMSO was used for the vehicle, and the amount of DMSO was adjusted in every cell culture well to a concentration
of 0.2%. The bar graph shows averages and standard deviations for triplicate experiments (*, P � 0.05; **, P � 0.01). (B) Immunoblot data for PrPc

(Continued on next page)
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predominantly localized in a fraction larger than 100 kDa (Fig. 4A). Because we were
concerned that the method for obtaining extracts from insects might damage the
chemical structure of melanin, synthetic melanin was similarly treated with sodium
hydroxide alone or in combination with autoclaving. Melanin was hardly dissolved in
water or 0.01 N sodium hydroxide, although it was thoroughly dissolved in 0.1 or 1 N
sodium hydroxide, remaining soluble even after neutralization. This melanin solution
displayed antiprion activity similar to that of dimethyl sulfoxide (DMSO)-dissolved
melanin solution, and the antiprion activity was not affected by autoclaving (Fig. 4B). As
in the sample of C. chiron, synthetic melanin lost its antiprion activity when it was
bleached by treatment with NaClO or hydrogen peroxide (Fig. 4C). These data suggest
that the antiprion active substances of our insect extract samples are comparable with
those of synthetic melanin compounds.

Autophagy is reported to regulate abnormal PrP clearance (37). Thus, we examined
whether autophagosome formation is enhanced in melanin-treated ScN2a cells. Con-
sequently, melanin did not enhance autophagosome-related LC3-II levels in the cells
(Fig. 5A). In contrast, while lysosome is also reported to regulate abnormal PrP clear-
ance (38), lysosomal maturation, acidification, and overall degradation capacity are
reportedly inhibited because of the inability of Rab7 to attach to vesicular membranes
in prion-infected cells (39). Thus, we examined whether these impairments are reversed

FIG 3 Legend (Continued)
in N2a cells treated with tyr-melanin or dopa-melanin. (C) Flow cytometry of cell surface PrPc or cholera toxin B (CTB) binding lipid rafts in N2a
cells treated with melanin compounds or vehicle (DMSO). Tyr-melanin or dopa-melanin was used at a concentration of 1.5 �g/ml. Blue and black
lines indicate melanin- and DMSO-treated cells, respectively. The broken-line peaks on the left show their respective isotype controls. (D)
Immunoblot data for PrPc fractionated by the flotation assay in N2a cells treated with melanin compounds or vehicle (DMSO). Tyr-melanin or
dopa-melanin was used at a concentration of 1.5 �g/ml. Fraction numbers are indicated from the top to the bottom. (E) Cholesterol levels in N2a
cells treated with melanin compounds or vehicle. The data show averages and standard deviations for triplicate experiments. No statistically
significant difference was observed in any group comparisons. (F) Immunoblot data for pulse-chased, internalized cell surface PrPc in N2a cells
treated with 1.5 �g/ml tyr-melanin or vehicle (DMSO). Biotin-labeled cell surface PrPc was chased for 15 min, and internalized PrPc was captured
and analyzed. Triplicate experiment data are shown. The bar graph shows averages and standard deviations of the data, and no statistically
significant difference was observed between groups.

FIG 4 Characterization of the antiprion activities of melanin compounds. (A) Immunoblot data for PrPres
in ScN2a cells treated with nonultrafiltrated (U) or ultrafiltrated melanin samples (retentate [R]) or filtrate
[F]) from 1.5 �g/ml tyr-melanin or dopa-melanin. Ultrafiltration was performed with a 100-kDa cutoff
membrane. The photo on the right shows the retentates and filtrates of melanin compound solutions.
(B) Immunoblot data for PrPres in ScN2a cells treated with tyr-melanin, which had been treated with the
designated concentrations of NaOH with or without autoclaving. Tyr-melanin was used at a concentra-
tion of 1.5 �g/ml in culture medium. Tyr-melanin was hardly solubilized in water or 0.01 N NaOH
irrespective of heating. (C) Immunoblot data for PrPres in ScN2a cells treated with 1.5 �g/ml tyr-melanin
that had been decomposed and decolored by treatment with H2O2 or NaClO.
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and whether lysosomal function is enhanced in melanin-treated ScN2a cells. We found
that melanin did not modify the membrane-bound Rab7 expression levels (Fig. 5B), did
not modify the number of vesicles accumulating Lysotracker dye (Fig. 5C), and did not
enhance but rather reduced cathepsin B activity (Fig. 5D and E). These data suggest that
melanin maintains antiprion activity without enhancing autophagy or lysosomal func-
tion.

FIG 5 Autophagy or lysosomal function in melanin-treated cells. (A) Immunoblot data for autophagosome-related
LC3-II in ScN2a cells treated with tyr-melanin. Trehalose-treated cell samples are shown as positive controls. (B)
Immunoblot data for membrane-bound and total Rab7 in ScN2a cells treated with 1.5 �g/ml tyr-melanin for
designated periods. The bar graph shows averages and standard deviations for triplicate experiments. No
statistically significant difference was observed among groups. (C) Fluorescence microscopic images of lysosomes
in ScN2a cells treated with 1.5 �g/ml tyr-melanin for designated periods. Lysosomes were stained with Lysotracker
Red DND-99, which accumulates in a pH-dependent manner in lysosomes. (D) Fluorescence microscopic images of
cathepsin B activity in ScN2a cells treated with 1.5 �g/ml tyr-melanin for designated periods. Cleavage activity was
observed for Magic Red cathepsin B substrate MR-RR2. (E) Cathepsin B activity in ScN2a cells treated with 1.5 �g/ml
tyr-melanin for designated periods. Cleavage activity for Magic Red cathepsin B substrate MR-RR2 was quantita-
tively analyzed by fluorescence plate reader in triplicate experiments (n.s., not significant; **, P � 0.01).
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In contrast, indole structures such as decarboxylated indole and 2-carboxyl indole
are commonly observed moieties in eumelanin (Fig. 2F). In addition, some indole
derivatives are known to inhibit abnormal PrP formation in prion-infected cells (40).
Thus, we examined whether the indole moieties themselves might play a role in the
antiprion activity of insect extract samples and synthetic melanin compounds. How-
ever, no antiprion activity was observed for three representative indole compounds:
5-hydroxy-2-carboxylic acid, (R)-indoline-2-carboxylic acid, and (S)-indoline-2-carboxylic
acid (Fig. 6A). Meanwhile, compounds such as tetracyclines (41) and polycationic
compounds (42) reportedly convert abnormal PrP molecules into less-protease-
resistant PrP molecules when cell lysates containing abnormal PrP molecules are
incubated with these compounds. Therefore, we tested whether melanin modifies the
protease sensitivity of abnormal PrP molecules. The results revealed that melanin did
not change the protease sensitivity of melanin-incubated abnormal PrP molecules.
Instead, some PrPc molecules exhibited disturbed mobility in SDS-PAGE gel following
incubation with a high concentration of melanin (Fig. 6B).

Interaction between melanin and PrP. According to the results illustrated in Fig.
6B, it was presumable that melanin has affinity for PrP, especially PrPc. We tested this
presumption using melanin-bound resin (melanin-SP) and other control resins. Conse-
quently, PrPc but not abnormal PrP had affinity for melanin-SP, although both PrPc and
abnormal PrP had affinity for DEAE-bound resin (Fig. 7A). This affinity was reduced in
accordance with increasing proton concentrations, indicating electrostatic interactions

FIG 6 Association of other factors with the antiprion activity of melanin. (A) Immunoblot data for PrPres
in ScN2a cells treated with the representative indole compounds. (B) Immunoblot data for PrPres or PrPc
from cell lysates directly incubated with tyr-melanin. The amount of DMSO was adjusted in every cell
lysate excluding “control” to a concentration of 2%. Respective SDS-PAGE gels used for blotting are
shown below the immunoblots.
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FIG 7 Interaction between melanin and PrP. (A) Immunoblot data for PrP absorbed from N2a or N167 cell lysates by
melanin-Sepharose or other Sepharose beads. For PrPres detection, N167 cell lysates were first absorbed by Sepharose beads,
and then both the supernatant and precipitate were digested with proteinase K. Control Sepharose and DEAE-Sepharose were
used as negative and positive controls, respectively. (B) Immunoblot data for PrPc absorbed from N2a cell lysate by
melanin-Sepharose under different pH conditions. Instead of normal lysis buffer as shown in panel C (0.5% deoxycholate, 0.5%
NP-40 in PBS, pH 7.4), lysis buffer containing 1% NP-40 in 10 mM phosphate buffer was used for testing the effects of pH (pH

(Continued on next page)
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between melanin and PrPc (Fig. 7B). Fine precipitates of the sample of C. chiron, which
appeared during relatively long-term storage at 4°C, produced results similar to those
obtained with melanin-SP (Fig. 7C). These results are consistent with previous results
suggesting that the active components of the insect extracts are melanin or melanin-
like substances.

Either melanin-SP or C. chiron extract-derived precipitates had affinity for PrPc
molecules of 24 kDa or larger (Fig. 7A and C). Because multiple bands of PrPc represent
both heterogeneously glycosylated PrPc and heterogeneously truncated PrPc, we
compared PrPc signals after enzymatic deglycosylation. The anti-PrP antibodies SAF83
and SAF32, which recognize epitopes within mouse PrP residues 125 to 163 and 58 to
88, respectively, detected a single PrPc band of 24 kDa but not truncated PrPc bands
smaller than 24 kDa after enzymatic deglycosylation (Fig. 7D). The results suggest that
either a C. chiron extract melanin-like substance or synthetic melanin binds to full-
length PrPc but not to the C-terminal fragments of PrPc.

Using deletion mutants of PrPc expressed in PrP-less HpL3-4 neuronal cells, we
identified the PrPc domains that interact with melanin (Fig. 7E). Mutant PrPc with
deletion of residues 23 to 50 (Δ23–50) lost affinity for melanin. Mutant PrP with deletion
of residues 51 to 90 (Δ51–90) had relatively weak affinity for melanin compared to
full-length PrPc or mutant PrP with deletion of residues 91 to 110 (Δ91–110). As
demonstrated previously, after deglycosylation, SAF83 detected a single untruncated
band of mutant PrPc or full-length PrPc of 19 to 24 kDa in size, although SAF83 did not
detect a truncated PrPc band of approximately 16 kDa in size, which corresponds to
the C1 peptide fragment. These data indicate that melanin has strong affinity for the
N-terminal region containing a positively charged cluster, as well as weak affinity for the
octarepeat peptide region.

Efficacy of melanin in vitro and in vivo. From the previously presented data, it was
presumable that melanin inhibits abnormal PrP formation through a direct interaction
with the N-terminal portion of PrP in prion-infected cells. Then, we further examined
whether melanin modifies the conversion of PrPc to abnormal PrP in vitro. The results
illustrated that melanin did not modify the conversion reaction during protein misfold-
ing cyclic amplification (PMCA) within a concentration range (2 to 20 �g/ml) in which
the vehicle did not affect the reaction (Fig. 8A).

Next, as the incidence of prion disease is reportedly much higher in white people
than in black people (11), we were interested in investigating whether melanin in the
periphery modifies the progression of the disease in prion-infected animals. We tested
two animal models: an endogenous melanin-lacking model and a model injected
exogenously with melanin. Albino B10.C-Tyr�c�/Hir mice, lacking melanin production
in melanocytes and retinal pigment epithelial cells, and control C57BL/10JMsHir mice
were used to compare survival times after intracerebral or intraperitoneal infection with
the prion strain 22L. As shown in Fig. 8B, no significant difference was observed
between these two mouse groups following intracerebral infection (163.8 � 3.1 days in
albino female mice versus 164.0 � 4.5 days in control female mice, P � 0.84 in log-rank
test; 167.4 � 1.9 days in albino male mice versus 164.6 � 5.4 days in control male mice,
P � 0.39) or intraperitoneal infection (248.3 � 6.4 days in albino female mice versus
249.5 � 26.5 days in control female mice, P � 0.75; 261.6 � 8.5 days in albino male mice
versus 264.1 � 24.4 days in control male mice, P � 0.12). Meanwhile, a tolerance dose
injection of tyr-melanin (50 mg) was performed 3 days after intraperitoneal infection
with prion strain 263K in hamster PrP-overexpressing Tg7 mice. As shown in Fig. 8C,

FIG 7 Legend (Continued)
5.7, 6.5, and 7.4). (C) Immunoblot data for PrPc absorbed from N2a cell lysate by C. chiron extract-derived precipitation. (D)
Immunoblot data for the deglycosylation products of PrPc absorbed from N2a cell lysate by C. chiron extract-derived
precipitation. SAF83 recognizing an epitope within mouse PrP residues 125 to 163 was first used for probing PrP signals. Then,
subsequent to stripping the antibody, SAF32 recognizing an epitope within mouse PrP residues 58 to 88 was used for
reprobing. Nonspecific signals are indicated by asterisks. (E) Immunoblot data for PrPc absorbed from the PrP deletion
mutant-expressing HpL3-4 cell lysates by melanin-Sepharose. Data for PrPc before or after enzymatic deglycosylation (PNGase
F � or �) are shown. PrPΔ23–50 did not contain a C1 fragment as previously reported (87).
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FIG 8 Efficacy of melanin in vitro and in vivo. (A) Immunoblot data for 263K prion-derived PrPres after PMCA reaction in
the presence of tyr-melanin. Representative data from duplicate experiments are shown. Anti-PrP monoclonal antibody
3F4 was used for PrP detection. (B) Kaplan-Meier graph of the albino and control animals. Both albino B10.C-Tyr�c�/Hir
and control C57BL/10JMsHir mice were infected intracerebrally or intraperitoneally with 22L prion and observed until the
disease became terminal. (C) Kaplan-Meier graph of animals treated with melanin. Female Tg7 mice intraperitoneally
infected with 263K prion were given a single subcutaneous injection of tyr-melanin at a tolerance dose (50 mg) or vehicle
3 days postinfection and observed until the disease became terminal.
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melanin treatment did not affect the survival times of the mice (293.8 � 101.4 days in
the melanin-treated group versus 266.0 � 68.0 days in the vehicle group, P � 0.44).
Pharmacokinetics of injected melanin was not evaluated, but the bioavailability of
injected melanin was likely limited because a large portion of injected melanin re-
mained around the subcutaneous injection site on the backs of animals until the
disease progressed to the end stage.

DISCUSSION

In the present study, we found that black- to dark brown-colored water-soluble
extracts from insect materials inhibited abnormal PrP formation in prion-infected cells.
Representative extract samples displayed concentration-dependent antiprion activities.
The antiprion components in these samples were implicated to be melanin or a
melanin-like substance based on the data; specifically, the antiprion components were
high-molecular-weight molecules that were resistant to a strong hydrolytic condition
and digestive treatments with chitinase, zymolyase, and proteinase K, sensitive to
bleaching treatment, and negatively charged. Thereafter, synthetic melanin com-
pounds produced data consistent with those of the insect samples. Consequently, we
concluded that melanin, especially eumelanin, exerts antiprion activity in prion-infected
cells.

Melanin, a pigment distributed in most organisms, has a heterogeneous chemical
structure produced by the oxidation of tyrosine and tyrosine derivatives followed by
polymerization (43). Eumelanin is the most common type of melanin, and it is con-
tained in black or brown biological substances. It comprises numerous cross-linked
2-carboxyl indole and decarboxylated indole polymers (Fig. 2F), although another type
of melanin, pheomelanin, is a cysteine-containing red-brown polymer of benzothiazine
units. In the case of insects, eumelanin is synthesized for the formation of body color,
insect innate immunity against invading pathogens, and insect hemostasis (44). In
insect cuticles, eumelanin is involved in brown-black pigmentation and cuticle hard-
ening during the ecdysis process. Therefore, it is presumable that melanin, especially
eumelanin, is a predominant component in the extracts of tested insect materials,
including cicada shells.

Regarding the mechanism by which melanin alters abnormal PrP formation in
prion-infected cells, melanin did not affect abnormal PrP formation-related factors such
as total and cell surface PrPc levels, cell surface PrPc turnover, cholesterol and lipid raft
microdomain levels, and autophagosome levels. Melanin also did not enhance lyso-
somal function. The present study has revealed that melanin has strong affinity for the
PrP N-terminal region, including a positively charged cluster (amino acids 23 to 28), as
well as weak affinity for the octarepeat peptide region (amino acids 51 to 91). This
interaction is similar to that of heparin, a representative polyanionic glycan known to
inhibit abnormal PrP formation in prion-infected cells. In our previous report (45), a
disaccharide unit of heparin, (2-deoxy-2-sulfoamido-6-O-sulfo-�-D-glycopyranosyl)-(1–
4)-O-(2-O-sulfo-�-L-idopyranosyluronic acid), influenced the potency for inhibiting the
formation of abnormal PrP and exerted strong affinity for the N-terminal portion of PrP
(PrP residues 23 to 89). Therefore, it is strongly suggested that melanin and heparin
inhibit the conversion of PrP by directly interacting with the N terminus of PrP as
previously implicated for other anionic antiprion compounds (46–49).

Coincident findings for melanin and heparin were also observed in the results of
PMCA using the hamster-adapted scrapie prion 263K. In the present study, melanin did
not modify the conversion reaction in PMCA within a concentration range in which the
vehicle did not affect the PMCA reaction. In PMCA reactions, polyanionic substances
such as RNA and sulfated glycans reportedly modify the conversion of PrPc to abnormal
PrP (50–52). However, heparin reportedly enhances the PMCA reaction for the variant
Creutzfeldt-Jakob disease prion, but it does not modify the reaction for the hamster-
adapted scrapie prion 263K (50). These findings suggest that agents that interact with
the PrP N-terminal domain might not modify the in vitro PrP conversion reaction for
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prion 263K, and this effect might be prion strain dependent. However, this implication
remains to be further evaluated.

In humans and other animals, melanin and melanin-related metabolites are pro-
duced in a specialized group of cells, such as melanocytes and retinal pigment
epithelial cells. It is known that most of these melanin compounds are retained in the
cells, but some are secreted into blood, circulated in the body, and then excreted into
urine in accordance with the degree of pigmentation in the body (53–55). Meanwhile,
an epidemiological study on human prion diseases in the United States revealed that
the age-adjusted incidence of human prion diseases for white people is 2.7-fold higher
than that for black people (11). These findings imply that melanin might be an
endogenous factor influencing racial variations in the incidence of human prion
diseases. However, to our knowledge, neither endogenous melanin in a physiological
condition nor exogenous melanin in a tolerance dose altered the disease course of
prion diseases, even when prions were inoculated via a peripheral route. Thus, it is
suggested that melanin, a main determinant of skin color, does not modify prion
disease pathogenesis.

Conversely, melanin in the brain is observed in a limited number of cells: meningeal
melanocytes in localized areas of the meninges (56) and catecholaminergic neurons of
the substantia nigra and locus coeruleus in the brainstem (57). Meningeal melanocytes
are reportedly distributed sparsely in the meninges surrounding the olfactory bulb, the
meninges between the cerebellum and cortex, and the cranial floor meninges sur-
rounding the pterygopalatine artery in mice (56). Catecholaminergic neurons contain
melanin called neuromelanin, which is biosynthesized in complicated pathways that
vary from those of peripheral melanin (58, 59). Thus, albinos who lack tyrosinase display
normally pigmented substantia nigra (60) but have no pigmented cells in the meninges
(56). Neuromelanin concentrations increase during aging (61), and human brains
contain the largest amounts of neuromelanin; however, lesser amounts are reported in
other primates (57). Neuromelanin appears to be absent or present only in very small
amounts in mice and many other species (57, 62). We examined the substantia nigra by
Fontana-Masson staining and observed no positive signal in the brain of either albino
or control black mice in the current study (data not shown), although histochemically
stained signals for neuromelanin have been reported in the substantia nigra of aged
mouse brains (63). Because the brainstem regions in humans, including substantia nigra
and locus coeruleus, are primarily spared from neurodegenerative changes owing to a
prion disease (64), it is interesting to consider whether neuromelanin is protective
against prion formation in the brain.

The positively charged cluster (amino acids 23 to 28) and octapeptide repeat region
(amino acids 51 to 91) at the N-terminal portion of PrPc are reportedly capable of
interacting with many endogenous factors such as metal ions (65–69), anionic lipids
(70–72), nucleic acids (73–76), sulfated glycosaminoglycans (77–79), hemin (80), and
proteins, including low-density lipoprotein receptor-related protein 1 (81), abnormal
PrP (82, 83), and A� oligomers (84). These interactions are suggested to be associated
with multiple functions such as PrPc endocytosis, PrPc nuclear targeting, neuroprotec-
tion, neurotoxicity, transduction of polypeptides, antimicrobial activity, DNA transfer,
and PrP conversion (85). In addition, the positively charged cluster is reported to
regulate the efficiency of �-cleavage (86–88), which leads to the release of the PrP N1
peptide (amino acids 23 to 110), which possesses neuroprotective activity (83, 89, 90).
Thus, melanin might be capable of interfering with these interactions and be a useful
tool for elucidating their functions.

In conclusion, the findings newly identify melanin as a factor that interacts with the
N terminus of PrP. The pathophysiological roles of the melanin-PrP interaction remain
unclear, but peripheral melanin is incapable of modifying the disease course of prion
disease in mice. The findings suggest that peripheral melanin or skin color is not a
relevant factor regarding why the incidence of human prion disease is much higher in
white people than in black people.
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MATERIALS AND METHODS
Insect extracts and synthetic compounds. Insects or insect parts were obtained from a local insect

shop or around the laboratory. They included adults of the following species: Agrus convolvuli (large
hawk-moth), Allomyrina dichotoma (Japanese horned beetle), Chalcosoma chiron (Caucasus beetle),
Graptopsaltria nigrofuscata (large brown cicada), Halyomorpha halys (brown marmorated stink bug), and
Papilio protenor (spangle butterfly). They also included larvae of Dorcus hopei binodulosus (Japanese stag
beetle) and the larval shell of Graptopsaltria nigrofuscata. They were frozen for euthanasia and chopped
into pieces. Insect materials were immersed in 10 volumes of 1 N NaOH and autoclaved at 121°C for 4
h. After neutralization, the extract solution was dialyzed with distilled water. After centrifugation at
20,000 � g, a black- or dark brown-colored extract solution was obtained and stored at 4°C until use.

Hydroxypropyl chitin was synthesized from chitin (Wako Pure Chemical Industries, Osaka, Japan) as
described previously (91). Synthetic melanin derived from tyrosine (tyr-melanin) was purchased (Sigma-
Aldrich, St. Louis, MO), and synthetic melanin produced from 3-hydroxy-L-tyrosine (dopa-melanin) was
synthesized as described previously (92).

Analyses of PrP and other factors in cells. We used N2a mouse neuroblastoma cells as well as three
types of distinct prion strain-infected N2a-derived cells: ScN2a cells infected with prion RML, N167 cells
infected with prion 22L, and F3 cells infected with prion Fukuoka-1. N167 and F3 cells derived from
N2a#58 cells express 5-fold the PrPc levels of N2a or ScN2a cells (22, 23). Cells were treated with the test
materials for 3 days (i.e., from cell seeding to time of confluence) or other defined time periods if stated,
as previously described (93–95). Cell lysate was prepared using lysis buffer (0.5% sodium deoxycholate,
0.5% Nonidet P-40, phosphate-buffered saline [PBS], pH 7.4). The toxicity of test compounds to cells was
evaluated by assaying protein concentrations in the cell lysates, as described previously (96). The
amounts of PrPres, PrPc, or �-actin in the cell lysates were analyzed using immunoblotting with anti-PrP
monoclonal antibody SAF83 (Bertin Pharma, Montigny-le-Bretonneux, France) or anti-�-actin monoclonal
antibody, as described previously (96). To analyze cell surface PrPc or lipid raft microdomain levels, flow
cytometry was performed with N2a cells using anti-PrP monoclonal antibody SAF83 or fluorescence-
conjugated cholera toxin B as described previously (96). A flotation assay of detergent-insoluble
membrane complexes was also performed to analyze the distribution of lipid raft-associated PrPc as
described previously (96, 97). The cholesterol content of cells was analyzed as described previously (98).

Cell surface PrPc internalization was analyzed as described previously (99). Briefly, cell surface
molecules were biotinylated with 1 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific Inc.,
Waltham, MA) in PBS (pH 8.0) at 4°C for 30 min and subsequently washed with 100 mM glycine in PBS
to quench free sulfo-biotin. Cells were incubated at 37°C for 15 min in a culture medium containing 1.5
�g/ml tyr-melanin or vehicle to internalize cell surface molecules. Subsequently, to remove disulfide-
linked biotin from the cell surface, cells were incubated twice at 4°C for 30 min in 20 mM sodium
2-mercaptoethanesulfonate solution (containing 150 mM NaCl, 20 mM Tris-HCl [pH 8.6], 1 mM EDTA, and
0.2% bovine serum albumin) and once at 4°C for 15 min in Hanks’ balanced salt solution containing 20
mM iodoacetamide. Cell lysates were then prepared with lysis buffer, and biotinylated molecules were
captured with avidin beads. Captured molecules were analyzed by immunoblotting with the anti-PrP
antibody SAF83, as described previously (96).

As an indicator of autophagy, autophagosome formation was analyzed in cells by immunoblotting
for microtubule-associated protein 1A/1B-light chain 3 (LC3), as previously described (96). Membrane-
bound Rab7 expression, lysosomal acidification, and lysosomal enzyme activity were all analyzed in cells
as factors associated with lysosomal function. Because membrane-bound Rab7 expression is reportedly
reduced in prion-infected cells, resulting in impaired lysosomal maturation and degradation capacity
(39), membrane-bound Rab7 expression and total Rab7 expression were analyzed together by immu-
noblotting with anti-Rab7 antibody (Cell Signaling Technology, Danvers, MA). Crude membrane fractions
were prepared for analyzing membrane-bound Rab7, as described previously (39), and cell lysate for
analyzing total Rab7 was prepared with the lysis buffer. Lysosomal acidification, also reportedly reduced
in prion-infected cells (39), was analyzed by fluorescence microscopy. Cells were stained with Lysotracker
Red DND-99 (Thermo Fisher Scientific Inc.), which accumulates in lysosomes in a pH-dependent manner.
As a representative lysosomal enzyme, cathepsin B was examined. Activity was visualized in cells by
Magic Red cathepsin B substrate MR-RR2 (Immunochemistry Technologies, Bloomington, MN) and then
analyzed by fluorescence microscopy or fluorescence plate reader, according to the manufacturer’s
instruction.

Analysis of insect extracts. For chemical property evaluation via digestive treatments, insect
extracts were treated with chitinase (120 �g/ml; Sigma-Aldrich), zymolyase (180 �g/ml; Nacalai Tesque,
Kyoto, Japan), or proteinase K (90 �g/ml; Merck Millipore, Darmstadt, Germany) at 37°C for 30 h. Each
enzymatic reaction was stopped by heat treatment at 95°C for 10 min. For the evaluation using bleach
treatment, each insect extract was treated with 4% NaClO at room temperature for 2 weeks. The reaction
solution was neutralized and dialyzed with distilled water.

Molecular weight fractionation of insect extracts or synthetic melanin compounds was performed
using centrifugal ultrafiltration devices (Merck Millipore).

Mechanism of the antiprion action of melanin. Melanin was treated with 4% NaClO or 27% H2O2

solution at room temperature for 2 weeks. After neutralization and dialysis with deionized water, each
sample was added to cells at a final concentration of 1.5 �g/ml.

Melanin-Sepharose was prepared using 18 mg of tyr-melanin in 0.1 N NaOH, which was coupled with
250 mg of epoxy-activated Sepharose 6B (GE Healthcare, Little Chalfont, UK) according to the manufac-
turer’s instructions. Control Sepharose was prepared using no substrate in 0.1 N NaOH coupled with
epoxy-activated Sepharose 6B. DEAE-Sepharose was purchased from GE Healthcare. The batch or spin
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cup method was used for affinity purification. Briefly, 100 �l of N2a cell lysate was applied to a Sepharose
gel slurry corresponding to 600 �g of dry beads and incubated for 1 h in a tube or spin cup column.
Double volumes of cell lysate and gel slurry were used for abnormal PrP detection from N167 cells. After
centrifugation, supernatant was used for immunoblot analysis, and precipitated gel was prepared for
immunoblot analysis after washing twice with lysis buffer. For PrPres detection, either 120 �l of
supernatants or precipitates resuspended in 120 �l of lysis buffer were treated with proteinase K as
previously described (96). Immunoblotting was performed by using antiPrP monoclonal antibody SAF83,
recognizing an epitope within mouse PrP residues 125 to 163, or SAF32, recognizing an epitope within
mouse PrP residues 58 to 88 (Bertin Pharma), as previously described (96). Regarding the deglycosylation
of PrP molecules, samples were digested for 2 h with the recombinant glycopeptide N-glycosidase F
(PNGase F; New England BioLabs, Ipswich, MA) according to the manufacturer’s instructions.

Expression of PrP deletion mutant. Full-length mouse PrP (residues 23 to 231) DNA was cloned
from mouse genomic DNA using PCR and inserted into a pcDNA mammalian expression vector
(Invitrogen, Carlsbad, CA). Subsequently, this expression vector was used to obtain three types of PrP
deletion mutant expression vectors by PCR: N terminus-deleted mutant PrP (PrPΔ23–50), octarepeat
region-deleted mutant PrP (PrPΔ51–90), and middle region-deleted mutant PrP (PrPΔ91–110). The
sequence was confirmed using a DNA sequencer. These expression vectors were introduced into PrP-less
HpL3-4 neuronal cells (100) using TransFectin Lipid Reagent (Bio-Rad, Hercules, CA), and transiently
expressed PrP molecules were assayed by immunoblotting with anti-PrP monoclonal antibody SAF83.

Protein misfolding cyclic amplification. According to a previously described method (50), a
reaction mixture containing 0.1% 263K prion-infected hamster brain homogenate and 10% normal
hamster brain homogenate was subjected to 96 cycles of sonication and incubation with an automatic
cross-ultrasonic apparatus (Elestein 070-GOTW; Elekon Science Corp., Chiba, Japan). Tyr-melanin in DMSO
was added to the reaction mixture before starting the PMCA reactions at a concentration of 2 or 20
�g/ml. After the reactions, the samples were digested with 100 �g/ml proteinase K at 37°C for 1 h, and
the levels of PrPres were detected by immunoblotting using anti-hamster PrP monoclonal antibody 3F4
(BioLegend, Inc., San Diego, CA).

Animal study. Both albino B10.C-Tyr�c�/Hir (101) and control C57BL/10JMsHir mice were provided
by the Riken BRC through the National Bio-Resource Project of the MEXT, Japan. Eight- to ten-week-old
B10.C-Tyr�c�/Hir and C57BL/10JMsHir mice were intracerebrally or intraperitoneally infected with 20 or
100 �l, respectively, of 1% brain homogenate from a prion 22L-infected terminally ill mouse. The animals
were monitored daily until the disease became terminal, at which time the mice were akinetic (with a lack
of grooming behavior, coordination, and parachute reaction) or exhibited a rigid tail, an arched back, and
weight loss of approximately 10% within 1 week. The survival time, which was defined in this study as
the duration from infection to terminal disease, was assayed. Similarly, 8- to 10-week-old female Tg7 mice
overexpressing hamster PrPc (102), which were kindly provided by Bruce Chesebro of the Laboratory of
Persistent Viral Diseases of NIAID’s Rocky Mountain Laboratories (Hamilton, MT), were used to analyze the
effectiveness of exogenously administered melanin. A single bolus of a 100-�l solution containing a
mixture of tyr-melanin (50 mg) and albumin (10 mg) was injected subcutaneously into the backs of mice
3 days postintraperitoneal infection. Infection was achieved via inoculation with 100 �l of the 1% brain
homogenate of a prion 263K-infected terminally ill hamster.

The animal experiments described in this study were performed in accordance with the
Guidelines for Animal Experimentation of Tohoku University under the review and approval of the
Institutional Animal Care and Use Committee of Tohoku University (approval numbers 2013MdA-194
and 2015MdA-191).

Statistical analysis. Data were evaluated on the basis of the results of triplicate experiments using
one-way analysis of variance followed by Dunnett’s test or the Tukey-Kramer method for multiple-group
comparisons or using t test for two-group comparisons. The survival rate was calculated using the
Kaplan-Meier method, and significance was evaluated using the log rank method as previously described
(103).
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