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b-Amyloids

Photoexcited Porphyrins as a Strong Suppressor of b-Amyloid
Aggregation and Synaptic Toxicity**
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Kweon Yu,* and Chan Beum Park*
Abstract: The abnormal assembly of b-amyloid (Ab) peptides
into neurotoxic, b-sheet-rich amyloid aggregates is a major
pathological hallmark of AlzheimerÏs disease (AD). Lightinduced photosensitizing molecules can regulate Ab amyloidogenesis. Multiple photochemical analyses using circular
dichroism, atomic force microscopy, dot blot, and native gel
electrophoresis verified that photoactivated meso-tetra(4-sulfonatophenyl)porphyrin (TPPS with M = 2H+, Zn2+, Cu2+,
Mn2+) successfully inhibits Ab aggregation in vitro. Furthermore, Ab toxicity was relieved in the photoexcited-TPPStreated Drosophila AD model. TPPS suppresses neural cell
death, synaptic toxicity, and behavioral defects in the Drosophila AD model under blue light illumination. Behavioral
phenotypes, including larval locomotion defect and short
lifespan caused by Ab overexpression, were also rescued by
blue light-excited TPPS.

Medical application of photoactive chemicals is a promising

therapeutic strategy for treating various diseases owing to its
temporal and spatial controllability and reduced side effects.[1]
Recently, optogenetic tools provide a new avenue to elucidate
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brain function and neurodegenerative diseases by transferring
light energy directly to the brain.[2] While the light-induced
treatment using organic photosensitizers is an attractive
option for curing various local diseases, only few studies
tested the possibility of light-induced inhibition of AlzheimerÏs Ab aggregation and reduced cytotoxicity against PC12
cells.[3] AlzheimerÏs disease (AD) is a progressive and neurodegenerative disorder that causes neuronal cell death and
a loss of cognitive ability.[4] Among pathological markers in
the AD brain, extracellular amyloid plaques and intracellular
neurofibrillary tangles are classical neuropathological hall
marks. The plaques are primarily composed of b-amyloid
peptides (Ab) derived from the sequential proteolysis of the
amyloid precursor protein (APP).[5] The aggregation of
soluble Ab monomers leads to the accumulation of spherical
deposits known as senile plaque. Here, we explored a photoinduced suppression of Ab neurotoxicity in vivo as well as Ab
aggregation in vitro by porphyrin molecules.
For several decades, numerous in vitro studies[6] on the
inhibition of Ab aggregation focused on screening small
organic molecules as potential candidates for the pharmacological treatment of AD.[7] To validate light-induced inhibition
of Ab aggregation by meso-tetra(4-sulfonatophenyl) porphyrin (TPPS) and to unveil the interaction between the photoexcited porphyrin molecule and Ab peptide, we performed
multiple photochemical analyses in vitro (Figure 1 a,b). After
incubation of Ab monomer solution for 24 h, circular dichroism (CD) analysis showed a negative peak at 215 nm and
a positive peak at 195 nm, which correspond to the typical
peaks of b-sheet-rich secondary structure.[8] In the absence of
TPPS, the b-sheet content of the Ab solution incubated under
light illumination did not show any notable decrease, implying
that light does not individually affect the aggregation pathway
of Ab. Likewise, in the dark, the porphyrin molecule
exhibited insignificant efficacy on the CD spectrum. In
contrast, the CD peaks disappeared upon light illumination
in the presence of TPPS, implying that the conversion of Ab
monomers into b-sheet-packed aggregates was strongly
inhibited by photoexcited TPPS.
We further investigated morphologic changes of Ab
aggregates using ex situ atomic force microscope (AFM).
The fully grown Ab fibrils of a few micrometer lengths were
observed in Ab solution incubated without TPPS both in the
dark (Figure 1 e) or under light (Figure 1 f), whereas only
small-sized aggregates and a limited number of very short
fibers were found in the TPPS-containing Ab solution under
light illumination (Figure 1 h), but not in the dark (Figure 1 g).
These results suggest strong inhibitory effects of photoexcited
TPPS on the assembly of Ab peptides into fibrillar aggregates.
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species (ROS) from TPPS photosensitization to limit antibody accessibility. The higher concentration of TPPS induced
the higher degree of inhibition under light irradiation
(Supporting Information, Figure S1 a,b). In the CD spectra,
the two peaks at 215 nm and 195 nm gradually decreased with
the increasing concentration of TPPS under light and
completely disappeared with 10 mm TPPS. Consistently, the
native gel electrophoresis result also showed that lesser Ab
monomers aggregated with higher concentrations of TPPS
(Supporting Information, Figure S2).
We verified that the variation in light wavelength also
affects the inhibitory effect of TPPS. LEDs that emit three
different wavelengths of light, including red (lmax = 630 nm),
green (lmax = 520 nm), and blue (lmax = 450 nm), were illuminated during the incubation of Ab solutions (Figure 2 a;

Figure 1. a) Diagram for inhibition of Ab self-assembly into fibril by
blue LED light-sensitized TPPS. b) Analysis of photoexcited suppression on Ab42 aggregation by CD spectroscopy. The CD spectrum
clearly shows that the representative peaks of b-sheet structure of
a peptide (195 nm and 215 nm) (black, green, and red lines) are
completely disappeared by the light-induced inhibition (blue line).
c) Silver-stained native gel for detecting Ab42 monomer of 4.5 kDa.
Increasing band intensity indicates that higher concentration of photosensitized TPPS results in higher monomeric contents of peptide in Ab
solutions. d) Dot-blot assay using 6E10, Ab sequence (1–16) specific
antibody. e)–h) Ex situ AFM images of Ab aggregates formed in the
dark (e) and under blue LED light (f) and Ab incubated in the
presence of TPPS in the dark (g) and under blue LED light (h) (see
insets enlarged from panels). Scale bars: 2 mm. The fibrillation of Ab
was significantly inhibited with TPPS under the irradiation of blue LED.

We conducted native gel electrophoresis analysis to verify the
blocking of Ab aggregation by photoexcited TPPS. The low
intensity of the 4.5 kDa band corresponding to the Ab
monomer having 42 amino acids was observed both in
untreated Ab (Figure 1 c, lanes 1 and 2) and TPPS-treated
Ab in the dark (Figure 1 c, lane 3), which is attributed to the
aggregation of monomeric Abs into fibrils of much larger
molecular weight. Note that the bands for fully-grown fibers
were not observed in the gel test because of their large
molecular weight beyond the detection range of the native
gel. In the case of the Ab incubated with TPPS under light
(Figure 1 c, lane 4), intense signal was monitored in the
4.5 kDa band, indicating that photoexcited TPPS significantly
suppressed the aggregation of Ab monomers. A dot-blot
assay result of Ab aggregates with 6E10, a human Ab (1-16)specific antibody, is shown in Figure 1 d. Only in the presence
of both TPPS and light did the 24-hour-incubated Ab solution
show weak reactivity against 6E10, which suggests that 6E10
epitope was possibly damaged by generated reactive oxygen
Angew. Chem. Int. Ed. 2015, 54, 11472 –11476

Figure 2. a) CD spectrum showing effect of incident light wavelength
on inhibition of Ab aggregation by TPPS. (Inset: illumination of blue
450 nm, green 520 nm, and red 630 nm LED light). b) DNPH assay to
detect carbonyl content in Ab samples. A peak at 380 nm indicates
that the Ab sample incubated with photoexcited TPPS contains notable
amounts of carbonyl contents, implying that the peptide was highly
oxidized by the photosensitization. c,d) CD spectrum of Ab42 aggregation formed under aerobic (c) and anaerobic (d) conditions in the
presence of 0.2 mm TPPS with blue-light illumination. The anaerobic
experiment was conducted with an Ar-purged buffer containing 2 mm
of NaN3 as a singlet oxygen quencher.

Supporting Information, Figure S3). We observed a maximum
hindrance effect under the blue LED, which is attributed to
the optical property of TPPS (absorption maximum of
TPPS = 414 nm); TPPS showed the highest degree of inhibition under the blue LED light that overlapped with its
absorption band. When the power density of the light source
was varied, the hindrance effect of TPPS was dependent on
the intensity of incident light (Supporting Information, Figure S4).
We attribute the photoinduced anti-amyloidogenenic
activity of TPPS to its binding affinity to Ab and the localized
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oxidative stress generated by photosensitization. According
to previous work,[9] aromatic rings of small molecule inhibitors, such as polyphenols, bind competitively to the aromatic
residues in Ab, preventing p–p stacking of the peptide
monomers, the major mechanism of amyloid fibrillation.[10]
Furthermore, an electrostatic interaction between deprotonated sulfonic acid groups in TPPS (pKa = 4.8)[11] and positively
charged residues in the peptide, such as His, Lys, Arg, or NH2
terminus, may also contribute to the binding affinity.[12] To
investigate a possible photooxidation of Ab by TPPS, we
performed a 2,4-dinitrophenylhydrazine (DNPH) assay for
the detection of Ab oxidation by ROS. DNPH reacts with
carbonyl groups that are generated on side chains of proteins
when they are oxidized, producing 2,4-dinitrophenylhydrazone. When Ab42 were incubated with photoexcited TPPS,
they showed a new absorption peak at around 380 nm, which
corresponds to the product from the DNPH reaction (Figure 2 b). This result indicates that Ab peptide was strongly
oxidized by TPPS under blue light. Furthermore, we observed
that the inhibitory effect of photoexcited TPPS in an
anaerobic environment decreased significantly (Figure 2 d)
compared to that in an aerobic environment (Figure 2 c),
which supports that ROS generation contributes to the
hindrance effect of photoexcited TPPS on Ab aggregation.
Although there are a couple of reports on the in vitro
study of light-driven suppression of Ab aggregation,[3] none of
them investigated possible recovery of Ab-induced neural
damages using in vivo model. According to our further study,
TPPS rescues postsynaptic toxicity and behavior defects in
the Drosophila AD model under blue-light illumination
(Figure 3 a). The Drosophila AD model induced by the
overexpression of Ab typically exhibits multiple neurodegenerative phenotypes, such as locomotion defects, lifespan
reduction, vacuolization of the brain,[13] and neuromuscular
junction (NMJ) morphology defects.[14] These phenotypes can
be analyzed and quantified in the Drosophila AD model to
understand molecular mechanisms of AD pathology. Furthermore, the Drosophila AD model can be used to explore
novel therapeutic targets of AD.[15] We found that photoexcited TPPS can reduce Ab42 toxicity and diminish vacuole
phenotype in the fly brain. In the 30 day-old fly brain, Ab42
overexpression in the neurons (elav > Ab42) showed the
severe vacuole phenotype in the cell body of the brain
(Supporting Information, Figure S5). In contrast, when TPPS
was fed to elav > Ab42 flies and excited by a blue LED light,
the size and number of vacuoles were dramatically reduced
compared with those of the non-TPPS-treated elav > Ab42 fly
brain (Supporting Information, Figure S5 f,h arrows). TPPStreated elav > Ab42 fly brains reduced the lost area by 20 %
(Figure 3 b). According to the previous study,[16] postsynaptic
overexpression of Ab42 (Mhc > Ab42) induces synaptic
toxicity as shown by the loss of circa 40 % NMJ synaptic
boutons on muscle 6/7 of the A3 segment (Supporting
Information, Figure S6 a,b). This defect was rescued by the
photoexcited TPPS in a concentration-dependent manner
when TPPS was fed to Mhc > Ab42 larvae (Figure 3 c;
Supporting Information, Figures S6 c, S7). Since synaptic
dysfunctions in Drosophila larval NMJ are closely related
with larval locomotion behavior,[17] postsynaptic Ab42 over-
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Figure 3. a) Blue LED light field exposure apparatus. Blue LED lightsensitized TPPS mixed with Drosophila food (right panel). b) Quantification of the vacuole size in adult head sections of indicated
geneotypes with or without TPPS treatment under dark and blue LED
light. Percentage of the area lost in the cell body areas are shown as
the averages  s.e.m. (n = 7–9 hemispheres). c) Quantification of the
effect of TPPS on the total number of boutons on muscle 6/7 of A3,
after normalization with bouton area. Flies of indicated genotypes
were incubated with 100 nm TPPS under dark and light conditions. N
indicates the number of animals analyzed. The error bars represent
means  s.e.m. Experiments were performed at least three times. *
P < 0.05, ** P < 0.01, *** P < 0.001. n.s. not significant.

expression (Mhc > Ab42) larvae showed a circa 30 % reduction of locomotion compared to the Mhc-GAL4/ + control at
the third instar larval stage (Supporting Information, Figure S8 a,b). Importantly, photoexcited-TPPS treatment to
Mhc > Ab42 larvae restored the locomotion defect to the
level of the control. To further explore the effects of TPPS in
the Drosophila AD model, we examined the lifespan of flies
under various conditions. Reduced maximum lifespan caused
by the overexpression of Ab42 in neurons (elav > Ab42) was
significantly attenuated (ca. 20 %) by the photoexcited TPPS
(Supporting Information, Figure S9). Consistently, photoexcited TPPS suppressed cell lethality induced by Ab42
aggregates in a dose-dependent manner in PC12 cells
according to MTT assay (Supporting Information, Figure S10). These results indicate that photoexcited TPPS can
suppress Ab42 toxicity and defects in the Drosophila AD
model and mammalian cells. We further examined whether,
after the treatment of TPPS under blue light, the reduced
accumulation of Ab aggregates in vitro would be associated
with decreased synaptic toxicity in Drosophilia. Interestingly,
TPPS selectively blocked the synaptic bouton loss phenotype
caused by the postsynaptic overexpression of Ab42 only
under blue LED light (Supporting Information, Figure S11).
Metal ions, such as Zn2+ or Cu2+, are observed in high
concentration near senile plaques in the brains of AD
patients,[18] thus growing interests have developed regarding
the role of metal ions in Ab42 aggregation. To explore the
effects of metalloporphyrin derivatives with Zn, Cu, and Mn
centers (ZnTPPS, CuTPPS, and MnTPPS) on Ab amyloido-
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genesis, we monitored the effects through CD analysis in vitro
and NMJ morphology in the Drosophila AD model, respectively. According to our results, metalloporphyrins showed
different degrees of inhibition against Ab42 aggregation
under blue light (Supporting Information, Figure S12 b),
while negligible effects were observed in the dark (Figure S12 a). For quantitative comparison, we calculated the
percentage of inhibition using the CD values at 215 nm
compared to that of the Ab solution incubated under dark
without any porphyrin. TPPS and ZnTPPS had higher
inhibitory effects on Ab42 aggregation (44 % and 47 %,
respectively) than those by MnTPPS and CuTPPS (17 % and
15 %, respectively; Figure 4 a). The bouton loss phenotype
caused by the postsynaptic toxicity of Ab42 was effectively
restored by ZnTPPS under blue light, but not by CuTPPS or
MnTPPS (Figure 4 b). ZnTPPS appeared to be more effective
than TPPS in vivo, but with only a small and non-significant
shift (Supporting Information, Figure S13). We attribute the
variation in the degree of inhibition to the difference in the
porphyrin optical properties and degree of singlet oxygen
generation, rather than the effect of metal ions themselves.
The photosensitized inhibition by porphyrin molecules was

Figure 4. a) Degree of light-induced inhibition by different metalloporphyrins (10 mm) and molar extinction coefficient at their absorption
maximum (emax) of each porphyrins at their absorbance maxima. The
inhibition degrees were calculated based on the absolute value of CD
spectrum at 215 nm relative to that of the fully-grown Ab fiber.
b) Quantification of NMJ bouton numbers of Mhc > Ab42 by the
treatment of 100 nm of TPPS, ZnTPPS, CuTPPS, and MnTPPS under
dark and blue LED light. Experiments were performed at least three
times. * P < 0.05, ** P < 0.01, *** P < 0.001. n.s. not significant.
Angew. Chem. Int. Ed. 2015, 54, 11472 –11476

affected strongly by their maximum molar extinction coefficient (emax);[19] emax of TPPS (5.30 × 10¢5 L mol¢1 cm¢1) and
ZnTPPS (6.83 × 10¢5 L mol¢1 cm¢1) are higher than those of
MnTPPS (0.95 × 10¢5 L mol¢1 cm¢1) and CuTPPS (1.91 ×
10¢5 L mol¢1 cm¢1; Figure 4 a). Furthermore, when we analyzed the formation of 1O2 under blue LED light using
a singlet-oxygen sensor green (SOSG) reagent that emits
fluorescence at 525 nm in the presence of 1O2,[20] a progressive
increase in the fluorescence intensity at 525 nm was observed
under light illumination for TPPS and ZnTPPS (Supporting
Information, Figure S14). In the cases of MnTPPS and
CuTPPS, however, the increase in accordance with the
irradiation time was insignificant, indicating that the yield of
1
O2 under blue LED light was much lower than TPPS and
ZnTPPS. As shown in the Supporting Information, Figure S15, the triplet-state energy levels of TPPS and ZnTPPS
were 33.2 kcal mol¢1 and 37.1 kcal mol¢1, respectively, which
are high enough to produce 1O2 with respect to ground singlet
state.[19a] While TPPS and ZnTPPS have excellent fluorescent
properties, emissions of MnTPPS and CuTPPS are radiationless or luminescent due to the extensive interaction between p
electrons of the ring and the electron of central metal ion
according to previous reports.[21] To examine possible incorporation of indigenous metal ions into the porphyrin ring, we
investigated the interaction between TPPS and Zn2+ under
our experimental conditions in vitro (Supporting Information, Figure S16). Our results indicate that ZnTPPS and TPPS
in the presence of Zn2+ are photodegraded under blue light.
We acknowledge that the possibility of ZnTPPS formation
from TPPS and Zn2+ cannot be excluded. Further studies are
needed to identify the photodegraded products and to
unequivocally describe the interaction between Zn2+ and
TPPS under light illumination.
In summary, photoactivated TPPS successfully inhibits Ab
aggregation in vitro according to multiple photochemical
analyses using CD, AFM, dot blot, and native gel electrophoresis. The light-driven efficacy against Ab aggregation is
attributed to the binding affinity of TPPS to Ab and the
photooxidation of Ab. Moreover, the variation in optical
properties of metals in the center of porphyrin rings induced
differential effect on photoinduced inhibition of Ab aggregation and its toxicity. Furthermore, we show that Drosophila
AD model is a sensitive and suitable in vivo model system for
the light-responsive chemical screening toward the suppression of Ab toxicity. We found that Ab toxicity was relieved in
the photoexcited-TPPS-treated Drosophila AD model, which
suggests high potential of TPPS as a phototherapeutic agent
for treating AD. Our results provide new insights into
photodynamic therapy of neurodegenerative diseases by
showing that photoexcited porphyrin is an effective inhibitor
against Ab toxicity. For clinical applications, further studies
are needed by adapting human brain-optimized light-irradiation system.
Keywords: Alzheimer’s disease · Drosophila model ·
photosensitizers · porphyrins · b-amyloids
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