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the catalytic activity and reduced

phototoxicity

Catalytic photooxygenation of Ab

under themouse skin was possible

Application of the

photooxygenation catalyst

diminished the intact Ab in the

mouse brain
A biocompatible photooxygenation catalyst that can selectively oxygenate and

degrade the pathogenic aggregation of Alzheimer’s disease (AD)-related

amyloid-b peptide (Ab) under near-infrared light irradiation has been developed.

The catalyst oxygenates Ab embedded under the skin of a living mouse and

diminishes the intact Ab level in an AD-model mouse brain. The new catalyst is

potentially applicable for the treatment of peripheral amyloid diseases and AD.
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The Bigger Picture

An artificial chemical catalysis that

can selectively transform toxic

aggregates of peptides and

proteins to non-toxic species

under physiologic conditions

would find therapeutic

applications to treat currently-

incurable amyloid diseases.

Because peptide and protein

aggregation generally depends

on intermolecular hydrophobic

interactions, covalent installation

of hydrophilic oxygen atoms from

aerobic oxygen to a peptide or

protein (i.e., oxygenation) would
SUMMARY

Toxic aggregationof amyloidpeptide andprotein is intimately related toanumber

of human diseases, including Alzheimer’s disease (AD). Here, we developed

biocompatible photooxygenation catalyst 9, which can selectively oxygenate

anddegrade thepathogenic aggregationofAD-related amyloid-bpeptide (Ab) un-

der near-infrared (NIR) light irradiation. On the basis of the structure of a fluores-

cent Ab probe, CRANAD-2, a bromine atom was introduced to increase the

production of singlet oxygen for photooxygenation. The use of julolidine and per-

fluoroalkylborate moieties as electron-donor and -acceptor components, respec-

tively, markedly enhanced the photocatalytic activity and reduced phototoxicity.

Photooxygenation of aggregated Ab by 9 under NIR irradiation in the presence

of cells attenuated the cytotoxicity of Ab. The tissue permeability of NIR enabled

catalytic photooxygenation of aggregated Ab under the mouse skin. Moreover,

injection of the catalyst to the AD-model mouse brain along with NIR light irradia-

tion led to a significant decrease in the intact Ab level in the brain.
decrease the aggregative

property. Here, we report a

biocompatible photooxygenation

catalyst that can selectively

oxygenate and degrade the

pathogenic aggregation of the

peptide responsible for

Alzheimer’s disease (AD) under

near-infrared light irradiation. The

detoxicating chemical catalysis

targeting aggregated amyloid-b

peptide proceeded in the AD-

model mouse brain. The results

obtained in this study are an

important step toward using

artificial catalysis as a potential

therapeutic strategy against

amyloid diseases.
INTRODUCTION

Aggregation of amyloid peptide and protein is generally toxic and intimately related

to a number of human diseases.1 Amyloid-b (Ab) is a representative amyloid peptide

whose aggregation is related to the pathogenesis of Alzheimer’s disease (AD). The

development of an artificial chemical system that selectively converts toxic amyloid

aggregates to non-toxic species under physiologic conditions, thereby potentially

suppressing the pathogenic process, could be a novel therapeutic strategy to treat

currently- incurable amyloid diseases, including AD. With this long-term goal in

mind, Suh et al.2 and Lim et al.3 developed metal complexes that hydrolytically

cleave Ab. Toshima et al.4–6 and Qu et al.7 reported Ab photodegradation using

fullerene and polyoxometalate derivatives, respectively, as photocatalysts. In addi-

tion, Park and co-workers reported that photoexcited dyes, such as rose bengal8 and

porphyrin,9 inhibit Ab aggregation and toxicity.

We envisioned that photocatalyzed aerobic oxygenation would be a suitable

chemical reaction to attenuate the pathogenic aggregative properties of Ab under

physiologic conditions. Because peptide and protein aggregation generally de-

pends on intermolecular hydrophobic interactions, covalent installation of hydro-

philic oxygen atoms to a peptide or protein (i.e., oxygenation) would decrease the

aggregative property by stabilizing hydrated states. We previously reported that

aerobic oxygenation of Ab proceeds in the presence of flavin-based photocatalysts

1 and 2 (Figure 1A), and the resulting oxygenated Ab exhibits very low aggregative

ability and toxicity.10 Thereafter, more selective photooxygenation catalysts 3 and 4

(Figure 1B), activated only when sensing a toxic higher-order amyloid structure (i.e.,
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Figure 1. Structures of Catalysts 1–10 and CRANAD-2
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cross-b-sheet structure), were developed on the basis of the thioflavin-T (ThT) struc-

ture, a fluorescence probe for aggregated amyloid peptide and protein.11,12 The

attachment of an Ab-binding peptide ligand moiety to the photocatalytically active

site, however, was necessary for Ab oxygenation in the presence of the cells (cata-

lysts 2 and 4). Moreover, in vivo application of 1–4 was unfeasible, because irradia-

tion with visible light (l = 500 nm), which has low tissue penetration, was necessary

for catalyst excitation. For in vivo application, photocatalysts must be able to func-

tion under excitation with longer wavelength light ranging from 650 to 1,200 nm,

referred to as the ‘‘optical window’’ in which living tissue absorbs relatively little

light.13–15 In photodynamic therapy, for example, 650–800 nm wavelength light is

used to excite photosensitizers.16–19
7These authors contributed equally
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RESULTS AND DISCUSSION

Design and Properties of Photooxygenation Catalysts

To develop therapeutically acceptable light-driven catalysts (l > 650 nm), we

focused on the molecular structure of CRANAD-2, comprising a difluoroboron
808 Chem 4, 807–820, April 12, 2018

mailto:ysohma@mol.f.u-tokyo.ac.jp
mailto:kanai@mol.f.u-tokyo.ac.jp
https://doi.org/10.1016/j.chempr.2018.02.008


Table 1. Comparison of Photocatalysts

Entry Catalyst lmax (nm) Yield (%)a LC50 (Dark) (mM)b LC50 (Light) (mM)b

1 3 456 trace – –

2 CRANAD-2 579 trace – –

3 5 623 73 6.27 G 1.79 0.024 G 0.004

4 6 620 86 1.89 G 0.28 0.143 G 0.035

5 7 622 79 3.65 G 0.35 1.49 G 0.59c

6 7 622 41 3.90 G 1.34 2.91 G 0.47

7 8 645 52 >10 1.67 G 0.19

8 9 639 58 >10 >10

9 10 633 37 >10 >10

aPB (pH 7.4) containing pre-aggregated Ab1–42 (20 mM, prepared via incubation at 37�C for 3 hr) and

catalyst (2 mM) was photoirradiated at 660 nm (entries 1–5) or 780 nm (entries 6–9) at 37�C for 30 min,

and the reaction mixture was analyzed by MALDI-TOF MS. Yield (%) = 1003 (sum of MS peak intensities

for oxygenated Ab42)/(sum of MS peak intensities for remained starting material and oxygenated Ab42).
bPC12 cells were treated with photocatalyst (1 mM) in the dark or under photoirradiation conditions

(l = 660 nm for entries 1–5; l = 780 nm for entries 6–9) for 5 min at 37�C and incubated at 37�C under

5% CO2 for 48 hr, and cell viability was analyzed (n = 3; mean G SEM).
cp < 0.05 versus 5 (entry 3) and 6 (entry 4) under light irradiation (Tukey’s test).
1,3-diketonate (electron acceptor) and two N,N-dimethylaniline (electron donor)

moieties20 (Figure 1C). CRANAD-2 has affinity for the cross-b-sheet structure of

amyloids and fluoresces when it binds to the amyloid structure. Thus, like ThT,

CRANAD-2 comprises a molecular switch for sensing amyloids. The maximum

excitation wavelength of CRANAD-2, however, is longer (�600 nm) than that of

ThT (440 nm). Therefore, we expected that CRANAD-2-based photocatalysts could

furnish oxygenation activity under irradiation by a longer wavelength light.

Our design of photocatalysts based on the fluorescence probe included the

following three features. First, a bromine atomwas installed on the CRANAD-2 struc-

ture.21 Installation of a heavy atom (bromine) should facilitate intersystem crossing

from an excited singlet state of the catalysts generated through photoirradiation

to a triplet state, resulting in the generation of higher concentrations of singlet

oxygen (1O2) species reactive for Ab oxygenation. Second, to achieve excitation

with a longer wavelength light, the electron-donor and electron-acceptor abilities

were enhanced to decrease the energy gap between the HOMO (highest occupied

molecular orbital) and LUMO (lowest unoccupied molecular orbital) of the catalysts.

Third, to improve the solubility of the catalysts in aqueous solvents, we introduced a

carboxyl group. Thus, we synthesized catalysts 5–7 bearing a tetrahydroquinoline

moiety, which has a higher electron-donating ability than the N,N-dimethylaniline

moiety in CRANAD-2 and offers a handle for introducing a carboxyl group through

an alkyl linker at the nitrogen atom. Introduction of a carboxyl group sufficiently

improved the water solubility of the catalysts. Moreover, catalysts 6 and 7 contained

a fluoro perfluoroalkylboron group22–24 at the electron-acceptor moiety, a stronger

electron-withdrawing group than a difluoroboron group of 5.

The light absorption spectrum of catalyst 5 in the presence of aggregated Ab1–42

exhibited a broad band with an absorption maximum at l = 623 nm that was

44-nm red shifted in comparison with that of CRANAD-2 (l = 579 nm; Table 1)

and an approximately 4-fold stronger absorption intensity than that of CRANAD-2

(Figure S1). The significant red shift in the absorption maximum of 5 is likely due

to the higher electron-donating ability of the tetrahydroquinoline moiety of 5 than
Chem 4, 807–820, April 12, 2018 809



Figure 2. Comparative Properties of Photocatalysts 5–7

(A) Catalyzed photooxygenation of furfuryl alcohol: assessing the production yield of 1O2. A 30% glycerol-MeOH mixed solvent containing furfuryl

alcohol (2 mM) was photoirradiated (l = 660 nm) in the presence of 5, 6, or 7 (2 mM) at room temperature, and the reaction mixture was analyzed by liquid

chromatography/mass spectrometry (LC/MS) at arbitrary time points (t) (n = 3; error bars represent the mean G SD). Conversion of furfuryl alcohol (%) =

100 3 ([UV absorption of furfuryl alcohol at t = 0] – [UV absorption of furfuryl alcohol at t])/(UV absorption of furfuryl alcohol at t = 0).

(B) Stability of compounds 5–7. PB (pH 7.4) containing 5, 6, or 7 (10 mM) was photoirradiated (l = 660 nm, air or argon atmosphere) or kept in the dark (air

atmosphere) at 37�C for the indicated time periods (t) (n = 3; error bars represent the mean G SD; *p < 0.05, **p < 0.01, ***p < 0.001 versus 5 under light

irradiation, based on Tukey’s test), and the reaction mixtures were analyzed by high-performance liquid chromatography (HPLC).

(C) Sensitivity against singlet oxygen. A MeOH/PB (pH 7.4) (3/1) mixture that contained 5, 6, or 7 (10 mM) and EP-1 (50 mM) was kept in the dark at 37�C
for 16 hr (n = 3; error bars represent the mean G SD), and the reaction mixtures were analyzed by HPLC.
the N,N-dimethylaniline moiety of CRANAD-2. The absorbance of catalysts 6 and 7

was further enhanced to approximately 2.2-fold and 1.6-fold more than that of 5,

respectively (Figure S1), although the perfluoroalkyl group had no effect on the

absorption maximum. Therefore, we examined the oxygenation activity of

CRANAD-2 and 5–7 (10 mol %) for pre-aggregated Ab1–42 in phosphate buffer

(PB; pH 7.4) under 660-nm light irradiation (Table 1). Ab was efficiently oxygenated

in 73%–86% yield after 30 min with 5–7 (entries 3–5), whereas CRANAD-2 afforded

only a trace amount of oxygenation products under identical conditions (entry 2).

The bromine atom should promote the high oxygenation activity; the fluorescence

quantum yield of catalysts 5–7 (F < 0.01) in the presence of aggregated Ab was

clearly lower than that of CRANAD-2 (F = 0.420), suggesting that the excited states

of catalysts 5–7 decayed through intersystem crossing and subsequent energy trans-

fer to molecular oxygen, rather than light emission.25 Thus, the fluorescence probe

was successfully transformed into photocatalysts operative in aqueous media,

through structural modifications. Specifically, the catalyst activities of 6 and 7 con-

taining a fluoro perfluoroalkylboron group were higher (86% and 79%, respectively)

than those of 5 containing a difluoroboron group (73%).

The observed higher photooxygenation activity of 6 and 7 than that of 5 was due

both to their higher ability to generate 1O2 and to their photostability. When furfuryl

alcohol, which specifically reacts with 1O2,
26 was photooxygenated in the presence

of 5, 6, or 7 in 30% glycerol in methanol (glycerol attenuates the bond rotation of the

catalysts and turns the catalyst activity on as a result of the high solvent viscosity; see

section Cross-b-Sheet Sensing Catalyst Activation and Aggregated Ab-Selective

Oxygenation), the conversion of furfuryl alcohol was greater when 6 and 7 were

used (31%/26% and 54%/41% at t = 15 and 30 min, respectively) than when 5 was

used (16% and 33% at t = 15 and 30min, respectively, Figure 2A). The quantum yield

of catalysts 5, 6, and 7 [F(1O2)] for singlet oxygen production was 0.052, 0.086, and

0.075, respectively. Therefore, catalysts 6 and 7 produced higher concentrations of
1O2 than did 5. Moreover, although catalyst 5was stable in PB (pH 7.4) for 24 hr in the
810 Chem 4, 807–820, April 12, 2018



dark (>95% recovery), irradiation of the solution with 660-nm wavelength light led to

relatively fast decomposition; only 55% and 13% of 5 remained after 5 and 15 min,

respectively (Figure 2B). Catalysts 6 and 7, however, exhibited higher photostability

than 5; the percentage of 6 and 7 remaining after photoirradiation was 74% and 67%

after 5 min and 36% and 30% after 15 min, respectively (Figure 2B). The decompo-

sition process was dramatically suppressed when the photodegradation experi-

ments were conducted under an argon atmosphere, indicating that the catalyst

decomposition was due to the reactive oxygen species (ROS) generated by the cata-

lyst. Indeed, when catalysts 5–7 were subjected to 1O2 generated from 3-(1,4-dihy-

dro-1,4-epidioxy-4-methyl-1-naphthyl)propionic acid (EP-1) through thermolysis,27

the remaining amounts of 6 and 7 were greater than that of 5 (5: 67%, 6: 90%, 7:

90%; Figure 2C).28 The higher ROS tolerance of 6 and 7 than that of 5 is likely due

to the lowered HOMO energy level promoted by introducing the highly electron-

withdrawing perfluoroalkylboron group, which decreases the efficiency of the orbital

overlap with the LUMO of ROS—a prerequisite for oxidative degradation of the

catalysts. This was also supported by the density functional theory (DFT) calcula-

tions, revealing that the HOMO energy levels of 5, 6, and 7 were �5.376, �5.446,

and �5.469 eV, respectively (Figure S3).

Interestingly, there was a notable difference in phototoxicity between 5 and per-

fluoroalkylboron-containing 6 and 7, although the toxicities of 5–7 in the dark

were similar (Table 1, entries 3–5). The half-maximal lethal concentration (LC50) of

5 under photoirradiation (l = 660 nm) was 0.024 mM for PC12 cells. The phototoxicity

of 6 and 7 was approximately 6-fold (LC50 = 0.143 mM) and 62-fold (LC50 = 1.49 mM)

lower than that of 5, respectively. Possibly, the steric bulkiness of the perfluoroalkyl

group is related to the lower toxicity; for example, non-specific binding of the

catalysts with biomolecules may be reduced by the steric hindrance. These results

indicate that CRANAD-2-derived photocatalysts 6 and 7 containing perfluoroalkyl-

boron groups are good candidates for further structural optimization.

Photooxygenation with NIR Light

We next studied photooxygenation of pre-aggregated Ab under 780-nm near-

infrared (NIR) light irradiation by using pentafluoroethylboron-containing catalyst 7,

which exhibited good reactivity under 660-nm light irradiation (79%; Table 1,

entry 5). The oxygenation yield significantly decreased, however, to 41% (Table 1,

entry 6). To develop catalysts that would be more active under NIR irradiation, we

introduced a stronger electron-donating julolidine group instead of the N,N-dime-

thylaniline group. Thus, compounds 8–10, containing julolidine and carboxyl group-

linked tetrahydroquinoline moieties as electron donors and various perfluoroalkyl-

boron groups as an electron acceptor, were synthesized (Figure 1D).29 Compared

with catalyst 7 (622 nm), catalysts 8–10 further red shifted the absorption maximum

(645, 639, and 633 nm, respectively) in the presence of pre-aggregated Ab, concom-

itant with a shoulder peak at approximately 780 nm (Figure S4 and Table 1, entries

7–9). The absorbances of 8 and 9 were much greater than that of 10.

We tested catalysts 8–10 for photooxygenation of aggregated Ab under 780-nm

light irradiation. Among these compounds, 9 exhibited the highest activity (58%;

Table 1 and Figure S5). The catalyst activity appears to be in accordance with

the light absorption efficiency (Figure S4), and the oxygenation yield of 8 (52%)

and 9 (58%), possessing trifluoromethyl and pentafluoroethyl groups, respectively,

was significantly higher than that of 10, which possesses a heptafluoropropyl

group (37%). Furthermore, 8–10, which comprise a julolidine moiety, had lower

toxicity for PC12 cells in both dark and light irradiation conditions than catalysts
Chem 4, 807–820, April 12, 2018 811



5–7, which comprise a dimethylaniline group. Specifically, the phototoxicity of 9

under irradiation with 780 nm light (LC50 > 10 mM; Table 1, entry 8) was much

lower than that of 7 (LC50 = 2.91 mM; entry 6), even though 9 had higher oxygen-

ation activity than 7 under identical conditions (58% versus 41%). Further, in a

comparison of the phototoxicity between 8 and 9, both containing a julilidine

moiety, catalyst 9, which comprises a pentafluoroethylboron group (Table 1,

entry 8), had much lower phototoxicity than catalyst 8, which comprises a trifluor-

omethyl group (8, LC50 = 1.67 mM; Table 1, entry 7). The results again support the

notion that the steric hindrance of the catalysts may be related to the lower

toxicity. These observations revealed 9 as the most suitable catalyst for application

in cell assays and in vivo assays in terms of photooxygenation activity and toxicity

under an NIR light source.

Cross-b-Sheet-Sensing Catalyst Activation and Aggregated Ab-Selective

Oxygenation

To investigate whether catalyst 9 furnishes a cross-b-sheet-sensing activation (on)

switch, we conducted the following experiments. First, we studied the dependency

of the generated 1O2 concentration on the viscosity of the reaction medium,30 which

affects the mobility of the key single bond between the electron donor (julolidine or

tetrahydroquinoline) and acceptor (boron 1,3-diketonate) moieties of catalyst 9 and

thus the efficiency of the non-radiation relaxation process. The 9-catalyzed photoox-

ygenation reaction rate of furfuryl alcohol, which specifically reacts with 1O2,
26

increased with an increase in the solvent viscosity (Figure 3A). The 9-catalyzed

photooxygenation of N-benzoyl-Met, a model substrate, was also accelerated

depending on the solvent viscosity (Figure S6). These observations support our

design hypothesis that interference of the free rotation of the key single bond of

9 leads to an increase in the quantum yield of 1O2 via increasing the concentration

of the catalyst in its excited triplet state. Second, the oxygenation yield of Ab by

9 increased with an increase in the pre-incubation time; Ab samples pre-incubated

for 0 hr (little aggregated), 0.5 hr (moderately aggregated), and 1 hr (aggregated)

produced 18%, 25%, and 43% oxygenated Ab, respectively (Figure S7). Compound

9 also showed an ability to oxygenate homogeneous Ab oligomer samples (Fig-

ure S8). The solvent viscosity and Ab aggregation dependencies of the catalyst

activity were not observed when a riboflavin catalyst (1) lacking the cross-b-sheet-

sensing switch was used.11

In the absence of aggregated Ab, the catalyst activity is likely in an off-state because

of facile relaxation from the excited state through the bond rotation between the

electron-donor and -acceptor moieties. To support this notion, we carried out

DFT and time-dependent DFT calculations by using symmetric model compound

11 (Figure 3B). Compound 11 has two single bonds between the electron-donor

and -acceptor moieties (bonds A and B, Figure 3B). DFT calculations31 indicated

that the maximum energy barrier for bond rotation was smaller at bond A

(0.438 eV) than at bond B (0.555 eV) (Figure S9), suggesting more facile rotation

of bond A. A planar conformer bearing the dihedral angle (q) of 0� at bond A was

the most stable in the ground state (S0), whereas a perpendicular conformer with

q = 90� was the most stable (S10) in the excited state (Figure 3B). Therefore, upon

photoexcitation of the ground state S0 (q = 0�) to the excited state S1 (q = 0�),
bond A in S1 twists to afford the more stable excited state S10 (q = 90�).32 Relaxation
from excited state S10 to ground state S00 (q = 90�) should readily proceed because of

the small energy gap. With this sequence of relaxation processes, the absorbed

energy decays without generation of 1O2 when bond A freely rotates in the absence

of aggregated Ab. On the other hand, when the rotation of bond A is hindered at the
812 Chem 4, 807–820, April 12, 2018



Figure 3. Selective Activation and Oxygenation of Photocatalyst

(A) Conversion of furfuryl alcohol in the presence of 9 in glycerol-MeOH solutions with a varied glycerol ratio. A glycerol-MeOH solution of 9 (2 mM) and

furfuryl alcohol (2 mM) was photoirradiated at 780 nm at room temperature, and conversion of furfuryl alcohol was analyzed by LC/MS at the indicated

time points. The method for calculating the conversion of furfuryl alcohol is the same as in Figure 2A.

(B) DFT and time-dependent DFT calculations of potential energy (eV) at various dihedral angles q (�) of bond A at the ground (blue dots) and excited

(orange squares) states. The calculations were performed by B3LYP/LAV3P*. The potential energy is expressed in relation to the minimum ground-state

energy.

(C) Ab selectivity of the oxygenation. PB (pH 7.4) that contained pre-aggregated Ab (prepared via incubation at 37�C for 1 hr), angiotensin-IV (AT4),

Met-enkephalin (ME), or somatostatin (Sst) (20 mM each) was photoirradiated in the presence of 9 (5 mM) at 780 nm (7 mW) or riboflavin (1, 5 mM) at

500 nm at 37�C for 30 min, and the reaction mixture was analyzed by MALDI-TOF MS (n = 3; error bars represent the mean G SD). Oxygenation (%) =

100 3 (sum of MS peak intensities for oxygenated products)/(sum of MS peak intensities for remained starting material and oxygenated products).

Note that the yield with 9 (44%) was lower than that described in Table 1 (58%) because of the lower extent of aggregation of the Ab substrate and

weaker power of the light source.

(D) Catalytic photooxygenation of Ab by catalyst 9 (D-i and D-ii) or riboflavin 1 (D-ii) in brain lysate from an AD-model mouse. Mouse brain lysate

containing endogenous humanized Arctic-type Abs (Ab1–38 and Ab1–42) and catalyst 9 (100 mM) or 1 (50 mM) was photoirradiated (l = 780 nm for 9;

l = 500 nm for 1) at room temperature, and the reaction mixture was analyzed by MALDI-TOF MS at the indicated time points (t) (n = 3; error bars

represent the mean G SD). (D-i) Time-dependent conversion of Ab1–38 and Ab1–42 by photooxygenation with 9. Conversion of Ab (%) = 100 3 ([MS

intensity of Ab in relation to that of an internal standard at t = 0] – [MS intensity of remaining Ab in relation to that of an internal standard at t])/(MS

intensity of Ab in relation to that of an internal standard at t = 0). Ab1–40 added after the reaction was used as an internal standard. (D-ii) Comparative

conversion of Abs (Ab1–38 and Ab1–42) and off-target molecules (X, Y, and Z) by photooxygenation with catalysts 9 and 1 at t = 60 min. Conversion (%)

was calculated by the same method as in Figure 3D-i.
dihedral angle of 0� (S1) by binding to cross-b-sheet structures, decay through the

perpendicular conformer S10 is difficult, alternatively resulting in the enhancement

of intersystem crossing. Accordingly, rotation of the single bond between the elec-

tron-donor and -acceptor moieties of 9 depending on the presence or absence of

aggregated Ab containing the cross-b-sheet structures is the on-off switch for the

catalyst’s oxygenation activity.

As a result of its cross-b-sheet-sensing catalyst activation property, catalyst 9 ex-

hibited high selectivity toward aggregated Ab. We studied the photooxygenation
Chem 4, 807–820, April 12, 2018 813



reaction of three off-target peptides: angiotensin-IV (VYIHPF), Met-enkephalin

(YGGFM), and somatostatin (AGCKNFFWKTFTSC). In PB at 37�C, 9 (25 mol %)

oxygenated pre-aggregated Ab in 44% yield under photoirradiation (l = 780 nm)

after 30 min (Figure 3C). The oxygenation yield of the three off-target substrates

was below 5%, however, under identical reaction conditions. In sharp contrast, ribo-

flavin (1), a control catalyst without a cross-b-sheet-sensing function,10,11 was

non-selective; the yield of oxygenated Abwas almost identical (43%, l = 500 nm irra-

diation) to that obtained with the off-target substrates (angiotensin-IV, 35%;

Met-enkephalin, 50%; somatostatin, 60%). Selective photooxygenation of aggre-

gated Ab by 9 was also confirmed in a mixed system comprising pre-aggregated

Ab1–42 and angiotensin-IV (Figure S11). This level of target selectivity is critical

for selective photooxygenation of aggregated Ab in brain lysate and in the presence

of cells (see below).

Further, Ab selectivity of the photooxygenation in AD-model mouse brain lysate

was studied. Brain lysate was prepared from an 8-month-old App knockin

(AppNL-G-F/NL-G-F) mouse expressing human Abs with the Arctic mutation

(E22G).33 Arctic Ab1–38 and 1–42 were detected by MALDI-TOF mass spectrom-

etry (MS) analysis of the lysate. Catalyst 9 (100 mM) was mixed with the lysate

suspension, and photooxygenation was conducted under 780-nm wavelength light

irradiation.34 Conversions of Ab were verified by reduction of peak intensities in

MALDI-TOF MS analysis; 36%/53%/74% of Arctic Ab1–38 and 43%/60%/83% of

Arctic Ab1–42 peak intensities were reduced after the reaction for 30, 60, and

150 min, respectively (Figure 3D-i), whereas only weak intensity peaks derived

from the oxygenated Abs were detected in this assay in comparison with the

reaction conducted in PB (Figure S5).35 A control experiment conducted in dark

conditions confirmed that photoirradiation was crucial for the observed Ab reduc-

tion (Figure S13). When Ab1–38 and Ab1–42 were converted by 9 with yields of

53% and 60%, respectively (t = 60 min), peak heights of non-Ab endogenous

substances X, Y, and Z, with m/z values that are close to that of Ab (3,770, 4,286,

and 4,968, respectively), were intact in comparison with those at t = 0 min (Figures

3D-ii and S14A). In sharp contrast, when similar amounts of Ab1–38 and Ab1–42

were converted by a riboflavin catalyst (1) without a cross-b-sheet-sensing function,

X, Y, and Z also converted to a substantial degree (Figures 3D-ii and S14B).

Analyses using sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) also suggested that many soluble proteins in the hippocampus were

degraded by photooxygenation with riboflavin, whereas they remained almost

intact under photooxygenation with 9 (Figure S15A). These results again confirmed

the high fidelity of 9 for the selective photooxygenation of Ab, even in brain lysate

containing a physiologically relevant low concentration of knocked in endogenous

Ab and a large number of off-target molecules.

Photooxygenation of Ab in the Presence of the Cells

We conducted photooxygenation of Ab by using catalyst 9 under more physiologi-

cally relevant conditions in the presence of living cells. Thus, a mixture of pre-aggre-

gated Ab (10 mM) and 9 (1 mM) in cell-culture medium (0.1% horse serum included)

was photoirradiated (l = 780 nm) in the presence of PC12 cells for 5 min at 37�C,
affording oxygenated Ab in 24% yield. Next, the cells were incubated for 48 hr

before cell viability was evaluated (Figures 4A and S16).36 Cell viability was signifi-

cantly higher in the photooxygenated sample than in the sample without photoirra-

diation (lane G versus H, Figures 4A and S17). Therefore, the toxicity of aggregated

Ab was markedly attenuated by 9-catalyzed photooxygenation. The results of the

ThT aggregation assay and atomic force microscopy analysis also indicated that
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Figure 4. Application of Catalyst 9 to Bio-relevant Conditions

(A) Cell-viability assay. A cell-culture medium that contained pre-aggregated Ab (10 mM) and 9 (1 mM) was photoirradiated (l = 780 nm) for 5 min at 37�C
in PC12 cell-seeded wells and incubated at 37�C under 5% CO2 for 48 hr, and cell viability was analyzed (n = 3; mean G SEM; **p < 0.01, ***p < 0.001

versus lane A or in the indicated pair, based on Tukey’s test). Microscopic images of cells treated with Ab and 9 without irradiation (lane G) and with

irradiation (lane H) are shown in Figure S17.

(B) Photooxygenation of Ab by catalysts 9 and 3 under mouse skin. (B-i) A photo of the experiment. (B-ii) A PB (pH 7.4) containing Ab1–42 (20 mM) and 9 or

3 (2 mM) was photoirradiated (l = 780 nm for 9; l = 500 nm for 3) for 30 min under the skin or outside the mouse, and the ratio of the oxygenation yield

(yield for the reaction under the skin versus yield for outside) was analyzed by MALDI-TOF MS (n = 3; mean G SD).

(C) Catalytic photooxygenation of Ab by catalyst 9 in the living brain of an AD-model mouse. (C-i) A scheme of the experimental procedure. Catalyst 9

(100 mM in PBS, 4.5 mL) was injected through a guide into the right hippocampus of an AD-model mouse over 15 min. The right hippocampus was

irradiated with 780 nm LED light with optical fiber for 30 min. This operation was conducted seven times (once per day, 4 days + 1 day rest + 3 days). The

Ab1–42 concentration of the injected region was determined by sandwich enzyme-linked immunosorbent assay and was compared with the left

hippocampus without treatment with 9 and light. (C-ii) Ab concentration ratio (%) on ‘‘right’’ = 100 3 (Ab concentration in the right hippocampus)/

(Ab concentration in the left hippocampus). n = 3; mean G SD; **p < 0.01 versus ‘‘left’’ on Tukey’s test.
the formation of toxic Ab aggregates was suppressed by photooxygenation (Fig-

ure S18).36 Notably, there was no background phototoxicity (lane F) because catalyst

9 exhibited no oxygenation activity in the absence of aggregated Ab. In contrast, our

previous catalysts 210 and 411 required Ab-binding peptide conjugation to achieve

photooxygenation and detoxification of aggregated Ab in the presence of PC12

cells.
Photooxygenation under Mouse Skin

To demonstrate the utility of catalyst 9 for photooxygenation of amyloid peptides

and proteins in vivo, we investigated the reaction under mouse skin. This experiment
Chem 4, 807–820, April 12, 2018 815



can be regarded as a model for the treatment of peripheral amyloid disease. A mi-

crotube containing a PB solution of Ab1–42 (20 mM, pre-aggregated for 3 hr) and

catalyst 9 (2 mM) was implanted under the skin in the back of a wild-type mouse,

and 780-nm wavelength light was irradiated by an LED lamp from outside the mouse

body for 30min (Figure 4B-i). As a control experiment, another microtube containing

the same ingredients was directly irradiated outside the mouse body. The ratio of

the oxygenation yield of catalyst 9 for the reaction under the skin to that for the

reaction outside the mouse was 65% (Figure 4B-ii). In contrast, when the same set

of experiments was performed with ThT-based 3 (10 mM) under 500-nm light irradi-

ation, the ratio was only 12%. The differences in the results between the two sets of

experiments using catalysts 9 and 3 are due to differences in the light intensity after

permeation through the skin. These results, although preliminary, clearly demon-

strate that the NIR photoactivatable oxygenation catalyst 9 is suitable for in vivo

photooxygenation of toxic aggregated amyloid peptides and proteins.
Photooxygenation in the Brain of an AD Model Mouse

To demonstrate the applicability of catalytic photooxygenation to Ab in the living

brain, an 8-month-old App knock-in (AppNL-G-F/NL-G-F) mouse expressing human

Arctic Abs was treated with 9 along with photoirradiation (Figure 4C-i). Catalyst 9

was injected into the right hippocampus through a guide catheter and photoirradia-

tion with 780-nm light for 30 min was conducted by insertion of an LED-equipped

optical fiber. The operation (injection of 9 and subsequent photoirradiation) was

repeated seven times over 7 days. At 24 hr after the final treatment, the right hippo-

campus was extracted. As a control, the left hippocampus, which was not treated

with 9 and light, was also extracted.37 The concentration of Ab1–42 in each side of

the hippocampus was then determined by sandwich enzyme-linked immunosorbent

assay (sandwich ELISA). As a result, the concentration of Ab1–42 in the right hippo-

campus treated by photooxygenation was significantly lower (47% reduction, Fig-

ure 4C-ii) than that in the control (left) side. Concentrations of other proteins,

however, which were comparable between the right and left hippocampus, sug-

gested that non-specific degradation of off-target proteins by photooxygenation

using 9 was negligible (Figure S15B). Thus, catalyst 9 can induce photooxygenation

of Ab1–42 in the brains of living mice, leading to significant reduction of Ab1–42 in

the brain.
Conclusion

We developed photooxygenation catalysts 5–10, containing a cross-b-sheet-

sensing switch that can be activated by long wavelength light (l > 650 nm). Among

these catalysts, 9 exhibited the highest reactivity with very low cytotoxicity under

NIR photoirradiation (l = 780 nm). Photooxygenation of Ab by 9 attenuated

the aggregation potency and toxicity of Ab. Catalyst 9 exhibited four main advan-

tages over the previously reported catalysts 1–4 for degrading aggregated and

toxic Ab:

(1) High selectivity for aggregated Ab as a result of the cross-b-sheet-sensing

on/off switch for the catalyst activity. The precise target selectivity allowed

for photooxygenation of aggregated Ab in the presence of the cells and in

mouse brain lysate without requiring an Ab-binding peptide tag.

(2) Low toxicity to the cells. Introduction of the julolidine group to the donor part

and the perfluoroalkyl group on the boron center markedly reduced the cyto-

toxicity of the catalyst both in the dark and under NIR irradiation.
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(3) High oxygenation potency under NIR photoirradiation. As a result of tissue

permeability of NIR light, photooxygenation of aggregated Ab under the

mouse skin was possible in high yield when catalyst 9 was used.

(4) Applicability to the living animal brain in vivo. The concentration of intact Ab

level in the brain of the AD-model mouse could be diminished with catalyst 9

and NIR photoirradiation.

The results obtained in this study are an important step toward applying artificial

catalysis as a potential therapeutic strategy for treating amyloid diseases. As a clin-

ical application, the photocatalytic strategy might be more suitable for degrading

amyloid peptide and protein aggregates associated with peripheral amyloid dis-

eases, such as amylin (type 2 diabetes), b2-microglobulin (hemodialysis amyloid-

osis), and transthyretin (senile systemic amyloidosis), than degrading aggregated

Ab, which accumulates in the central nervous system.1 Targeting peripheral amy-

loid aggregates, the catalyst can be activated by photoirradiation from outside

the body in a less invasive way, as preliminarily described in the section Photoox-

ygenation under Mouse Skin. Because amyloid aggregates commonly maintain a

cross-b-sheet structure, the NIR photoactivatable catalysts should be effective to

degrade all those amyloid peptides and proteins.11 Interestingly, recent studies

suggest that amyloids in peripheral tissues and in the central nervous system are

intimately correlated. Thus, it is suggested that central-neurologic-disease-associ-

ated amyloid peptides and proteins, such as Ab (AD), tau (AD, Pick disease, fron-

totemporal dementia, etc.), and a-synuclein (Parkinson disease), initially aggregate

at peripheral sites and then their aggregates propagate into the brain.38–43 More-

over, Ab aggregation is markedly accelerated by cross-seeding of amylin-derived

amyloid aggregates both in vitro and in vivo.44–46 These observations suggest

that peripheral amyloids significantly affect the concentration of amyloid aggre-

gates in the brain. Therefore, degrading the amyloid aggregates by catalytic

photooxygenation at peripheral sites might act to preemptively treat amyloid

diseases in the central nervous system.
EXPERIMENTAL PROCEDURES

Oxygenation in Mouse Brain Lysate

All experiments using animals in this study were performed according to the guide-

lines provided by the Institutional Animal Care Committee of the Graduate School of

Pharmaceutical Sciences at the University of Tokyo (protocol no. P25-6). All animals

were maintained on a 12 hr light/dark cycle with food and water available ad libitum.

The brain excised from a 7- to 8-month-old App knockin (AppNL-G-F/NL-G-F) mouse

was separated into cortex, hippocampus, and remaining brain tissue. The cortex

and hippocampus were combined and homogenized in PBS (Na2HPO4$12H2O,

8 mM; NaH2PO4$2H2O, 2 mM; NaCl, 130 mM) or TS buffer (Tris, 50 mM; NaCl,

150 mM), and the suspensions were stored at �80�C until use. Catalyst 9 or 1 was

added to the PBS-lysate suspension (final 100 or 50 mM, respectively) and photoirra-

diated (l = 780 nm for 9; l = 500 nm for 1) or kept in the dark at room temperature. At

arbitrary time points, an aliquot of the reaction mixture was diluted with formic acid

(final 70% concentration), evaporated, and redissolved in 6 M aqueous urea. An

internal standard (Ab1–40, Peptide Institute) was added, and the resulting mixture

was treated with ZipTip and analyzed by MALDI-TOF MS. Instead, the reaction

mixture of TS buffer-lysate was centrifuged, and the resulting supernatant (TS

fraction) was analyzed by SDS-PAGE in the same manner described in the

Supplemental Information (SDS-PAGE Analysis of a Water-Soluble Fraction at

Hippocampus Extracted from Mouse).
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Oxygenation under Mouse Skin

PB solution (pH 7.4) containing Ab1–42 (3 hr-preaggregated, 20 mM) and catalyst 9

(2 mM) or 3 (10 mM) was prepared, and a microtube including the solution was

implanted under the back skin of a wild-type mouse. Photoirradiation was

performed with LED (l = 780 nm for 9; l = 500 nm for 3). As a control experiment,

another unimplanted tube outside the mouse was irradiated. The reaction mixture

was analyzed by MALDI-TOF MS following ZipTip treatment. The ratio of oxygena-

tion under/outside the skin was calculated as follows: (oxygenation ratio under skin)/

(oxygenation ratio outside) 3 100.

Oxygenation in Living Mouse Brain

Catalyst 9 (100 mM in PBS, 4.5 mL) was directly injected into the right hippocampus of

an 8-month-old App knockin (AppNL-G-F/NL-G-F) mouse over 15 min through a guide

penetrating the skull. After injection, the right hippocampus was irradiated with

780 nm LED light (1.7 mW) with optical fiber for 30 min. This operation was conduct-

ed seven times (once per day, 4 days + 1 day rest + 3 days). At 24 hr after final

irradiation, the injected region of right hippocampus was extracted. As a control,

the left side of the hippocampus, which was not treated with 9 and light, was also

extracted. The concentration of Ab1–42, determined by sandwich ELISA, was

compared between the right and left hippocampus. For determination of the

concentration of Ab1–42 and SDS-PAGE analysis of other substances in the hippo-

campus, see the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

42 figures, and 1 scheme and can be found with this article online at https://doi.

org/10.1016/j.chempr.2018.02.008.
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