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ABSTRACT: Pathogenic protein aggregates, called amyloids, 
are etiologically relevant to various diseases, including neuro-
degenerative Alzheimer disease. Catalytic photooxygenation of 
amyloids, such as amyloid-β (Aβ), reduces their toxicity; how-
ever, the requirement for light irradiation may limit its utility 
in large animals, including humans, due to the low tissue per-
meability of light. Here, we report that Cypridina luciferin ana-
logs, dmCLA-Cl and dmCLA-Br, promoted selective oxygena-
tion of amyloids through chemiexcitation without external 
light irradiation. Further structural optimization of dmCLA-Cl 
led to the identification of a derivative with a polar carboxylate 
functional group and low cellular toxicity: dmCLA-Cl-acid. 
dmCLA-Cl-acid promoted oxygenation of Aβ amyloid and re-
duced its cellular toxicity without photoirradiation. The 
chemiexcited oxygenation developed in this study may be an 
effective approach to neutralizing the toxicity of amyloids, 
which can accumulate deep inside the body, and treating amy-
loidosis. 

Aberrant protein aggregates, amyloids, are related to the etiol-
ogy of various amyloidoses.1 There are more than 37 types of 
amyloidosis, including Alzheimer disease (AD), Parkinson dis-
ease (PD), and transthyretin amyloidosis (TTRA). Hallmarks of 
these amyloidoses are amyloids of amyloid-β (Aβ) and tau pro-
tein, α-synuclein (αSyn), and transthyretin (TTR), respectively. 
Amyloids share a common, characteristic quaternary structure, 
cross-β sheets, and accumulate either locally (e.g., in the central 
nervous system for AD and PD) or systemically (for TTRA). 
Many amyloidoses lack effective therapeutic treatments today. 
However, reduction of amyloid levels is recognized as an effec-
tive treatment, as is exemplified by the recently approved anti-
AD antibody drug, lecanemab.2 Identification of small-molecule 
amyloid modifiers or degraders functionally equivalent to such 
biologics is an important next step.3 

Chemical modification of amyloids, especially amyloid-selec-
tive photocatalyzed oxygenation (Figure 1A),4 is an emerging 
approach to neutralize and degrade amyloids.5 Although small-
molecule photocatalysts successfully oxygenated Aβ amyloid 
and decreased the amyloid level in AD-model mice,6 the pho-
tooxygenation strategy may be difficult to apply to humans due 
to the limited permeability of light through tissues.7 To over-
come this hurdle, we envisioned chemiexcitation process to 

generate an active species capable of oxygenation without pho-
toirradiation. Ran and coworkers developed chemiluminescent 
probes for fluorescence detection of Aβ amyloid in mice 
brains.8 More recently, the same group devised a bimolecular 
chemiluminescence resonance energy transfer (CRET) system 
comprised by a chemiluminescent molecule (ADLumin-4) and 
a diazirine-containing ligand molecule for Aβ amyloid 
(CRANAD-147), covalently modifying amyloid with carbene 
species photolytically generated from CRANAD-147 by the in-
ternal light generated from ADLumin-4, and consequently re-
ducing the Aβ level in mice brains (Figure 1B).9 Here we report 
single molecular, amyloid-selective chemiexcited oxygenation 
without relying on external light irradiation (Figure 1C).10 
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Figure 1. Chemical modifications and degradation of amyloids. 
A. Catalytic photooxygenation converts amyloids to less-toxic 
oxygenated forms susceptible to degradation by biological 
mechanisms.11 However, low tissue permeability of light is a 
possible hurdle for therapeutic applications. B. Chemilumines-
cence of ADLumin-4 facilitates carbene formation from 
CRANAD-147 binding to Aβ amyloid through CRET, leading to 
chemical modifications of the amyloid.9 C. This work: autooxi-
dation and decarboxylation of dmCLA-X generate excited state 
species (chemiexcitation). These chemiexcited species selec-
tively oxygenate amyloids without photoirradiation. 

 

We employed the chemiluminescent probe dmCLA-H12 as a 
lead compound due to its high quantum yield and the structural 
similarity to a turn-on amyloid-sensing fluorescent probe, thi-
oflavin-T (ThT).13 dmCLA-H converts to an excited singlet state 
(S1) of dmAmide-H [S1(dmAmide-H)] through two chemical 
steps: aerobic oxidation affording dioxetanone intermediate 1, 
followed by decarboxylation under physiological conditions 
(Figure 1C).12 Thus, we began our study by evaluating the am-
yloid-selectivity of the relaxation process from S1(dmAmide-
H) with the emitted fluorescence in the presence of Aβ1-42 or 
other non-amyloid proteins/peptides. Our hypothesis for the 
amyloid-selective fluorescence emission is shown in Figure 2A. 
In the absence of amyloid, S1(dmAmide-H) is supposed to de-
cay through a non-radiation pathway with a twisted intramo-
lecular charge transfer (TICT) state (S1’)14 generated via bond 
rotation between the dimethylamino phenyl and pyrazine moi-
eties. In the presence of amyloid, however, this bond rotation 
would be inhibited by interactions with amyloid, leading to flu-
orescence emission. Indeed, we observed chemiluminescence 
when dmCLA-H and Aβ amyloid coexisted (Figure 2B). The lu-
minescence gradually decreased according to the time course 
accompanied by the conversion of dmCLA-H to dmAmide-H. 
The luminescence in the presence of monomer Aβ was likely 
due to amyloid formation during the measurement. There was 
no luminescence with other non-amyloid proteins (RNase A 
and lysozyme) and peptides (angiotensin IV and neurokinin A), 
showcasing the amyloid-selective chemiluminescence of 
dmCLA-H. dmCLA-H was also chemiluminescent with tau (Fig-
ure S1A) and αSyn (Figure S1B) amyloids, suggesting its gen-
eral applicability to amyloids containing the cross-β sheet 
structure. 

 

 

Figure 2. Photochemical pathways and luminescence proper-
ties of dmCLA-X and dmAmide-X. A. Overview of the photo-
chemical pathways. B. Luminescence profiles of dmCLA-H 
(500 µM) in the presence of various peptides (20 µM) or pro-
teins (90 µg/mL) in 0.1 M phosphate buffer (PB) (pH 7.4). Aβ 
amyloid: Aβ isopeptide15 dissolved in 0.1 M PB and preincu-
bated for 3 h. Aβ monomer: Aβ isopeptide dissolved in 0.1 M PB 
and used immediately. RNase A: ribonuclease A. LZM: lysozyme. 
Ang IV: angiotensin IV. NKA: neurokinin A. C. Fluorescence 
spectra of dmAmide-H (10 µM) with (+) or without (-) Aβ am-
yloid (10 µM). D. Reaction scheme of ESIPT from S1(dmAmide-
H).  

 

To gain mechanistic insight into the relaxation process in the 
presence of amyloid, we next studied the fluorescence proper-
ties of dmAmide-H. The excited state [S1(dmAmide-H)] is 
identical through chemiexcitation of dmCLA-H and photoexci-
tation of dmAmide-H (Figure 2A). The fluorescence of dmA-
mide-H was markedly enhanced by the presence of Aβ amyloid 
compared with its absence (Figure 2C), indicating the interac-
tion between Aβ and dmAmide-H and modulation of the relax-
ation process. The presumed fluorescence mechanism involv-
ing the inhibition of the TICT pathway by interaction with am-
yloid was in part supported by the enhanced dmCLA-H fluores-
cence in viscous solutions composed of a glycerol-water mix-
ture (Figure S2A). However, the maximum fluorescence wave-
length differed between the two conditions: λmax = 450 nm in 
the presence of Aβ amyloid (Figure 2C), whereas λmax = 375 nm 
in 75% glycerol in water (Figure S2B). dmAmide-H exhibited 
a large Stokes shift in the presence of Aβ amyloid: the maxi-
mum wavelengths of absorption and fluorescence were 340 
nm (Figure S3) and 450 nm (Figure 2C), respectively. This 
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suggests an alternative relaxation pathway from S1(dmAmide-
H) by the interaction with amyloid. 

Based on theoretical studies, we attributed this photochemical 
property of dmAmide-H to an excited-state intramolecular 
proton-transfer (ESIPT)16 process (Figures 2D, S4A, and S4B). 
In low-polar environments, which mimics the binding site in Aβ, 
S1(dmAmide-H) decays through proton transfer and isomeri-
zation to afford 3 containing an intramolecular hydrogen bond, 
followed by fluorescence emission. The calculated fluorescence 
wavelength through ESIPT (434 nm) matched with the ob-
served value (450 nm) (Figure S4B). In contrast, non-lumines-
cent TICT pathway is favorable in water environments (Figures 
S4C and S4D). The dependency of the relaxation mechanism on 
the environmental polarity was also supported by solvato-
chromism of dmAmide-H; the fluorescence wavelength in di-
chloromethane (480 nm) was closer to that in the presence of 
Aβ amyloid (450 nm, Figure 2C) than that in water (370 nm, 
Figure S5). The fluorescence intensity was significantly greater 
in dichloromethane than in water. Thus, dmAmide-H fluo-
resces in the presence of Aβ amyloid by binding and inhibiting 
generation of the TICT state, as well as promoting the ESIPT 
pathway by sensing the hydrophobic environment of amy-
loid.17 

We then developed compounds capable of selective Aβ oxygen-
ation without photoirradiation, based on the dmCLA-H struc-
ture. Aiming at enhancing intersystem crossing (ISC) to gener-
ate an excited triplet state of dmAmide-H [T(dmAmide-H)] 
(Figure 2A), we synthesized dmCLA-Cl and dmCLA-Br con-
taining the heavy atoms,18 Cl and Br, respectively (Figure 1C). 
After oxygenation of Aβ [20 µM in 0.1 M PB (pH 7.4)] using 
dmCLA-H, dmCLA-Cl, or dmCLA-Br (500 µM, 37 °C for 24 h in 
the dark), oxygenation yield was evaluated by analyzing the ox-
ygenated products with matrix assisted laser desorption/ioni-
zation time of flight mass spectrometry (MALDI TOF-MS) to be 
19%, 26%, or 29% (Figure S6). Enzymatic digestion of the 
products and MS analysis of the peptide fragments revealed 
that the main oxygenated amino acid residue was 35Met (Fig-
ures 3A and S7). Consistent with previous reports,19 oxygen-
ated Aβ furnished reduced amyloidogenic properties, as was 
represented by the reduced fluorescence with ThT (Figure S8). 
We also confirmed that dmCLA-Cl oxygenated αSyn and tau 
amyloids (Figures S9 and S10). 

 

 
Figure 3. Amyloid-selective chemiexcited oxygenation with 
dmCLA-X. A. Amino acid sequence of Aβ1-42. The oxygenation 
site Met is colored in red. B. Evaluation of amyloid selectivity. 
A mixture of Aβ, Ang IV, LE, SST, and NKA (4 µM each in 0.1 M 
PB) was incubated at 37 °C for 24 h, and oxygenation yield of 
each peptide was calculated by MALDI TOF-MS (ND: not de-
tected). As a control, photooxygenation of the mixture with ri-
boflavin (1 µM) was also conducted. The values are obtained by 
subtracting the oxygenation yield without the addition of 
dmCLA-X. Amino acid sequences of off-target model peptides; 
Ang IV: VYIHPF. LE: PyrEHWSYLLPR (Pyr: pyroglutamic acid). 
SST: AGCKNFFWKTFTSC (two C’s form an intramolecular disul-
fide bond). NKA: HKTDSFVGLM-NH2. C. Energy diagram of the 
relaxation process in the presence of amyloids. 

 

Subsequently, we evaluated the Aβ amyloid-selectivity of the 
chemiexcited oxygenation compared to non-amyloid off-target 
model peptides containing oxidation-sensitive amino acids res-
idues, angiotensin IV (Ang IV), leuprorelin (LE), somatostatin 
(SST), and neurokinin A (NKA) (Figure 3B). Photooxygenation 
with riboflavin, a non-selective photosensitizer, resulted in the 
oxygenation of all the peptides. However, dmCLA-X furnished 
amyloid selectivity with dmCLA-Br as the most reactive and 
selective compound, producing a >8:1 selectivity of Aβ amyloid 
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vs. NKA. Oxygenation of Ang IV, LE, and SST were not detected. 
The amyloid selectivity is likely due to the above-described, 
amyloid-dependent relaxation pathway from S1(dmAmide-X), 
generated by chemiexcitation of dmCLA-X. 

On the basis of theoretical calculations, a plausible relaxation 
pathway from 4 is proposed in Figure 3C using dmCLA-Cl as a 
representative molecule. S1(4) derived from dmCLA-Cl 
through chemiexcitation and ESIPT is first distorted along the 
imine C=N bond (4tw). At the distorted state, energies of S1 and 
T2 states are almost degenerate, and the spin-orbit coupling 
(SOC) constant is non-zero, which enhances ISC between 
S1(4tw) and T2(4tw) states. After ISC and the internal conversion, 
dmCLA-Cl reaches T1(4). The reaction between T1(4) and Met 
affords the radical state D0(5) and Met•, which acts as a precur-
sor to sulfoxide.20, 21 The activation free energy of this Met• gen-
eration step is approximately 12 kcal/mol, suggesting the facile 
progression of this step at room temperature (Figure S11). 
Electron transfer from D0(5) to O2 and subsequent proton 
transfer afford hydroperoxyl radical (HOO•) in equilibrium 
with superoxide (O2•–) and S0(4), which further isomerizes to 
afford dmAmide-Cl at the ground state. 

The generation of O2•– was experimentally supported. Thus, a 
mixture of dmCLA-Cl (500 µM), Aβ (20 µM), and a ROS detector 
[nitro blue tetrazolium (NBT)22 for O2•– or furfuryl alcohol 
(FFA)23 for singlet oxygen (1O2); 500 µM] (Figure S12A) was in-
cubated at 37 °C for 24 h, and the remaining detector was quan-
tified by HPLC analysis. Consequently, while a 20% decrease of 
NBT and purple precipitate of formazan were observed using 
NBT, there was no detectable decrease of FFA (Figures S12B 
and S12C). Reactions using ROS scavengers (sodium L-ascor-
bate for superoxide and sodium azide for 1O2)24 also supported 
the generation of superoxide, but not 1O2 (Figure S12D). 

We also examined the origin of the oxygenation activity differ-
ence between three dmCLA-X (X = H, Cl, Br). The SOC value at 
ISC is significantly larger when X = Br than when X = H and Cl, 
leading to faster ISC (Figures S13). This rationalizes the high 
oxygenation activity of dmCLA-Br. However, differences in the 
SOC value and the activation energy for the Met oxidation step 
(Figure S11) between X = H and Cl are small and cannot explain 
the reactivity difference between dmCLA-H and dmCLA-Cl. 
Therefore, we searched for parameters to dictate the difference 
and found that the binding affinity to amyloid may be critical.25 
Dissociation constant (Kd) of dmCLA-Cl (Kd = 0.72 µM) was sig-
nificantly smaller than dmCLA-H (Kd = 5.0 µM) (Table S1), sug-
gesting that dmCLA-Cl binds more strongly to amyloids than 
dmCLA-H. 

 

 

Figure 4. Cell viability assays of dmCLA-X and dmCLA-Cl-acid. 
A. PC12 cell viability after incubation with dmCLA-H, -Cl, -Br, 
or -Cl-acid (25 µM) in DMEM at 37 ℃ for 2 days. Data are aver-
ages of six experimental runs. Error bars indicate standard de-
viation. B. Structure of dmCLA-Cl-acid. C. PC12 cell viability af-
ter incubation with Aβ (5 µM) and dmCLA-Cl-acid (25 µM) in 
DMEM at 37 ℃ for 2 days. Data are averages of six experimental 
runs. Error bars indicate standard deviation (*** P < 0.001 by 
Tukey’s test). 

 

Finally, we studied the effects of Aβ amyloid oxygenation by 
dmCLA-X in the experiments using PC12 cells (Figure 4). In the 
absence of Aβ, however, the three dmCLA-X, especially 
dmCLA-Cl and -Br were cytotoxic by themselves under the 
conditions where Aβ was sufficiently oxygenated (Figure 4A). 
dmCLA-Cl demonstrated lower toxicity than dmCLA-Br. 
Therefore, to reduce the toxicity, we started by modifying the 
structure of dmCLA-Cl. We synthesized dmCLA-Cl-acid by in-
troducing a carboxylic acid group to prevent cell penetration 
and enhance water solubility (Figure 4B). As expected, dmCLA-
Cl-acid showed much lower toxicity (LC50 = 50 µM) without di-
minishing oxygenation reactivity to amyloid (18% yield under 
the conditions of Figure 3B). Using dmCLA-Cl-acid, we per-
formed a live cell rescue assay in the presence of Aβ amyloid 
(Figure 4C). Aβ alone decreased the cell viability to ca. 40%, 
whereas the cell viability increased to approximately 80% in 
the presence of dmCLA-Cl-acid. This result demonstrated that 
dmCLA-Cl-acid reduced toxicity of Aβ amyloid through selec-
tive oxygenation in the presence of living cells without relying 
on photoirradiation. 

In summary, we developed the unimolecular chemiexcited ox-
ygenation of amyloids based on Cypridina luciferin analogs 
dmCLA-Cl, -Br, and -Cl-acid. The ability to proceed without 
photoirradiation is the principal advantage of this approach 
over the previous photooxygenation method. Due to the amy-
loid-specific relaxation process from the chemiexcited state in-
volving ESIPT and ISC, the oxygenation reaction targeted and 
neutralized amyloids even in the presence of off-targets and in 
experiments using cells. This unimolecular system is simpler 
than the previous bimolecular system using CRET,9 and thus 
might have a potential for more straightforward clinical 
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applications in the future. Further studies toward in vivo appli-
cations are ongoing. 
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